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Abstract 
Synaptic vesicle exocytosis, which is a fundamental process to life, leads to neurotransmitter 

release at nerve terminals. Dysfunctional exocytosis has been associated with various 

conditions, including schizophrenia and Obsessive-Compulsive Disorder (OCD). SNARE 

proteins are the machinery that drives exocytosis, which makes them particularly good targets 

for studying what happens at the cell level using various standard, diffraction-limited and 

super-resolution microscopy techniques. While classical antibody-based approaches have been 

used to fluorescently label SNAREs for standard confocal microscopy, the inherent properties 

of antibodies impose limits on super-resolution microscopy techniques required for studying 

the SNAREs.  

Meanwhile, Botulinum Neurotoxins (BoNTs), also known as Botox, are among some of the 

most lethal substances known to man. Their toxicity is due to their natural ability to bind and 

specifically cleave SNARE proteins. This causes Botulism, a condition characterised by 

impairment of neurotransmission and paralysis.  

 Since BoNTs naturally bind and specifically target neuronal SNAREs, my work has focused 

on re-engineering BoNTs in a way that these may still bind while not cleaving their target 

SNAREs. I propose that botulinum neurotoxins, and re-engineered enzymes in general, may 

provide, upon optimisation, a good platform for the next-generation of detection agents. 
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1   Introduction 

 
 
1.1 Exocytosis and its machinery: SNAREs 

1.1.1 Unravelling cell: cell communication strategies in neurons 

throughout the ages 

Early theories regarding the relay of information within the nervous system were 

formulated by the Greek physician and philosopher Galen of Pergamon in the second 

century AD. Influenced by the ancient worldview, Galen believed that an animal spirit, - 

pneuma psychikon - conveyed information about the world to the brain, then regarded as 

the house of consciousness [1, 2]. Sensory and motor nerves were regarded as the mere 

hollow communication channels that enabled this flow of information [3, 4]. Whilst some 

of Galen’s conceptions were inaccurate, his experiments with animals involving 

vivisections and nerve ligations resulted in a legacy that laid the foundation of biomedical 

understanding for the following millennium. Galen’s theories were also embraced by 

Descartes [4-6] and remained the default explanation for the workings of the brain and 

nervous system leading to muscle contraction until Galvani, through his experiments with 

frogs, demonstrated that nerves and muscles generate electricity – bioelectricity. Hence, 

electricity was identified as the mysterious fluid or ‘‘animal spirit’’ responsible for nerve 

conduction and muscle contraction [5, 6]. An alternative and satisfactory theory of nerve 

function became then available [7] Galvani’s studies led to the birth of electrophysiology 

and to the discovery that brain function and, therefore, animal behaviour, depends upon 

electrophysiological processes, driven by animal intrinsic electricity.  

As the result of multiple electrophysiological studies, neuron impulse generation and 

propagation were once thought of as being of an exclusively electrical nature, which led 

to the introduction of the Hodgkin-Huxley model of the action potential [8]. Nevertheless, 

empirical and experimental evidence gathered over the last two centuries have suggested 

that neural communication, also known as neural signalling, is of an electro-chemical 

nature. The discovery that individual cells organised in networks possessed the ability to 

generate electrical signals posed the question as to what mechanisms might be responsible 

for the sequential transition of the electrical currents between cells [4]. 

The discovery of neurotransmitters was marked by controversy between physiologists 

and pharmacologists and resulted from about four decades of studies and accumulating 
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evidence pointing towards the existence of biomolecules capable of mimicking the effect 

of certain drugs on visceral organs [9] . With their studies demonstrating the importance 

of chemical transmitters (e.g. adrenaline) for conveying the nerve impulse at sympathetic 

and parasympathetic nerves, Langley & Gaskell and colleagues laid the foundation for 

what is now known as the autonomic system [9]. Additionally, Loewi’s landmark 

experiments with winter frogs as well as Dale and colleagues’ work providing evidence 

for (1) chemical transmitter secretion at all peripheral synapses and (2) acetylcholine 

release by both autonomic preganglionic nerves emerging from the spinal cord and spinal 

nerves innervating skeletal muscle, collectively demonstrated neurohormonal 

transmission. These findings won Loewi and Dale the Nobel Prize in Physiology or 

Medicine in 1936 [10].  

 
1.1.2 Quantal nature of exocytosis, influence of Ca and discovery of 

vesicles  

In 1950s, evidence suggested the existence of an end-plate potential at neuromuscular 

junctions in frogs, statistically generated by small all-or-none units of identical size – 

synaptic vesicles [11]. This quantal nature of vesicles as a unit to generate synaptic 

potentials led researchers to hypothesize that exocytosis of synaptic vesicles, in response 

to fluctuations in Ca2+ [11-14] concentration, was the mechanism behind neurotransmitter 

release. Electron microscopy at presynaptic membranes of chemically fixed, frozen 

samples of nerve terminals revealed pocket-like structures that were suggestive of 

exocytosis [14, 15]. Nonetheless, it was not until the invention of the quick-freezing 

machine (developed for this purpose based on earlier designs by Van Harreveld) in 

conjunction with the use of 4-aminopyridine (4-AP) to stimulate and increase release 

duration that exocytosis was captured [15]. Exocytosis, the term coined to describe 

“release of cell contents” had been found to occur in the order of microseconds (Fig. 1.1). 

Further analysis provided evidence that (1) exocytosis of synaptic vesicles occurred next 

to the active zone at nerve terminals concomitantly with neurotransmitter release and (2) 

exocytic figures were similar in number to the amount of quanta released. Accumulating 

evidence suggest that synaptic vesicle exocytosis was a form of regulated exocytosis 

responsible for neurotransmitter release at nerve terminals. Nerve impulse generation and 

propagation are now known to comprise two components, an intercellular and an 

intracellular one, which correspond to the electrical and chemical aspects of this chain of 

events, respectively [3]. 
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Figure 1.1 Vesicles undergo exocytosis to release contents. 
Exocytosis is a ubiquitous cellular process that occurs in a constitutive or regulated 
fashion where three main steps take place sequentially. i | An exocytic vesicle is 
transported across the cytosol as it approaches for docking at the cell membrane. ii | 
Priming follows allowing the two membranes to come into close proximity and merge, 
eventually leading to fusion. iii | Fusion is the last step that leads to the release of the 
vesicle contents (e.g. neurotransmitters, hormones, cytokines) into the extracellular 
environment. 
 
  
Figure 1.1 | Vesicles undergo exocytosis to release contents. Exocytosis is a ubiquitous 
cellular process that occurs in a constitutive or regulated fashion where three main steps take 
place sequentially. i | An exocytic vesicle is transported across the cytosol as it approaches for 
docking at the cell membrane. ii | Priming follows allowing the two membranes to come into 
close proximity and merge, eventually leading to fusion. iii | Fusion is the last step that leads to 
the release of the vesicle contents (e.g. neurotransmitters, hormones, cytokines) into the extra-
cellular environment.   
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The rapid conduction of action potentials, which are of an all-or-none nature, enables 

internal communication in neurons. The intercellular component, however, relies on the 

transmission of chemical signals encrypted in the form of neurotransmitters and 

neuropeptides. In 1992, insights into this process came from studies of tetanus and 

botulinum neurotoxins which demonstrated the ability of TeNT (Tetanus Neurotoxin) and 

BoNT/B (Botulinum Neurotoxin B) to impair synaptic vesicle fusion through cleavage 

of one of the SNARE proteins, Synaptobrevin-2/VAMP-2 [16], Other serotypes of 

BoNTs were in subsequent years shown to block neurotransmitter release again as a 

consequence of proteolytic cleavage of other presynaptic membrane proteins, including 

SNAP-25 and Syntaxin-1 [16, 17]. This provided evidence of a vital role for 

Synaptobrevin-2, SNAP-25 and Syntaxin-1 as the components of the presynaptic 

membrane fusion machinery [16, 18].  

In parallel to this, also Rothman and colleagues isolated and investigated the vital role of 

N-ethylmaleimide-sensitive factor (NSF) and NSF-adaptor proteins - SNAPs - for in vitro 

fusion events [19, 20]. These NSF and SNAPs were extracted and used as an affinity 

matrix to purify the so-called SNAP receptors, later coined SNARE proteins - SNAP-25, 

Synaptobrevin-2 and Syntaxin-1 - from brain, since these were most abundant in this type 

of tissue [21, 22]. The discovery of four conserved groups of key molecules involved in 

distinct and multiple intracellular vesicular transport steps led to a theory – The SNARE 

hypothesis - proposing the existence of a universal general vesicular transport machinery 

[22]. It is currently known that this machinery is composed of soluble N-ethylmaleimide-

sensitive factor attachment protein receptors (SNARE) proteins, tethering factors/adaptor 

proteins and Sec/Munc18 (SM), proteins that allow docking and fusion at all cell 

membranes, thereby catalysing exocytosis [23]. Further investigation into the SNARE 

proteins resulted in the discovery that not individual SNAREs but only SNAP-25, 

Synaptobrevin-2 and Syntaxin-1 associated in a stable and tight complex showed the 

ability to bind to SNAPs and NSF [24, 25]. Additionally, it was also found that this 

complex could be dissociated by NSF but not when exposed to sodium dodecyl sulphate 

(SDS) [24, 25]. This SDS-resistance constitutes one of the most remarkable features of 

the SNARE complex. 

Taken together, while these studies suggested that SNARE complexes were likely 

mediators of fusion of the synaptic vesicle and presynaptic plasma membranes, the exact 

fusion mechanism was still to be discovered. It was unclear whether SNAREs were either 

the actual fusion proteins or rather receptors that conferred specificity to the fusion 

Commented [VDMEOB1]: Corrected 
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reaction possibly catalysed by NSF and SNAPs following assembly of the SNARE 

complexes [22, 26, 27]. Wickner and colleagues helped to elucidate this question through 

studies in yeast by showing that NSF plays a role in activation and recycling of SNAREs 

but is not directly involved in membrane fusion events [28]. In addition, further studies 

provided evidence that SNARE complexes are formed by zippering in an N- to C-terminal 

direction. C-terminal transmembrane regions of SNAREs are then brought into close 

proximity, causing the membranes to fuse (Fig. 1.2) [29]. This has been the standard 

model widely accepted in the field of SNAREs and exocytosis [23, 30]. 

Concomitantly with the discovery of SNAREs, other components of the fusion machinery 

not directly involved in fusion were investigated, using SNAREs (i.e, Syntaxin-1) as 

immobilised matrices for affinity chromatography [21]. This led to the discovery of 

Munc-18-1, a homologous protein of unc18 in C. elegans, that binds to Syntaxin-1 with 

high affinity. Several studies raised controversy regarding the biological function of 

Munc18-1 and its homologs, encoded by a gene family collectively referred to as 

Sec1/Munc18-like proteins [31]. While either deletion in Drosophila or knockout in mice 

of Munc-18-1 was shown to impair synaptic transmission and neurotransmitter release, 

respectively [32-34] Munc-18-1 was also seen to bind to the “closed” Syntaxin-1 

conformation, in which the N-terminal Habc-domain of Syntaxin-1 - a conserved domain 

among syntaxins - interacts with its SNARE motif, which would prevent assembly of the 

SNARE complex and consequently, neuronal exocytosis [32]. This seemingly 

contradictory data was clarified by further studies which proved that Munc-18-1 

alternates between two modes that bind to either “closed” Syntaxin - through interaction 

with the N-peptide of Syntaxin-1 - or “open” Syntaxin-1 – assembled through its N-

peptide into SNARE complexes – allowing for interactions between Munc-18-1 and other 

SNAREs and also for exocytosis to proceed [35]. Binding of Munc-18-1 to “closed” 

Syntaxin-1 seems to stabilise both proteins and also regulate the rate of exocytosis. 

However, studies have suggested that only binding of Munc-18-1 to “open” Syntaxin-1 

is required for fusion [35]. Recent studies suggest that, in conjunction with SNAP-25 and 

VAMP-2 the transition of the Munc18-1/syntaxin-1 complex to the SNARE complex is 

regulated by Munc13-1. Munc-13 is another Sec1/Munc18-like protein, a mammalian 

homolog of C.elegans unc-13p.  [36-38]. Munc13 and Munc18 have been shown to 

increase the Ca2+-triggered amplitude of exocytosis [37, 39]  Munc13-1 interacts with 

the membrane-proximal linker region of synaptobrevin-2, thereby recruiting 

synaptobrevin-2- embedded vesicles to the target membrane. This causes the Commented [VDMEOB2]: Corrected 
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synaptobrevin-2 SNARE motif to facilitate the access of synaptobrevin-2 SNARE motif 

to the Munc18-1/syntaxin-1 complex [38]. The Munc18-1/syntaxin-1 complex is then 

dissociated upon entry of SNAP-25 that triggers a half-zippered SNARE assembly to 

complete SNARE complex formation [38].The data suggest that Munc18-1 and Munc13-

1 together serve as a functional template to orchestrate SNARE complex assembly [38].  

Another accessory protein, complexin has been reported to assist in the spatial 

organisation of the trans-SNARE complex in the pre-fusion stage[40] to synchronize 

fusion by increasing the pool of arrested synaptic vesicles at the docking step. Complexin 

refers to any one of a family of small cytosolic accessory proteins i.e CPLXI, CPLX2 and 

CPLX3 that have SNARE complex binding abilities [25, 41]  Whilst the core domain of 

complexin-1 binds to the SNARE complex, the C-terminus of complexin attaches to the 

membrane phosphatidylserine lipids (PI) [42]. Complexin has to undergo a 

conformational change from “open” to “closed” so that fusion is triggered by 

synaptotagmin following Ca2+ stimuli [43]. Synaptotagmin is well known to play various 

roles in regulating the SNARE-mediated exocytosis. Synaptotagmin-1 mediates vesicle 

docking in Ca2+-independent exocytosis[44]. In addition, Synaptotagmin is a Ca2+ sensor 

composed of two C2 domains (C2A and C2B) that contain Ca2+ binding sites and are 

connected by a flexible loop. These two domains have been proposed to bind and insert 

into the membrane upon Ca2+ influx, creating a local curvature on the membrane that 

facilitates exocytosis by significantly decreasing the energy barrier for fusion pore 

formation [45-48]. Additionally, binding of synaptotagmin to the SNARE complex is 

thought to displace complexin via release of the force clamp, thereby facilitating the force 

transfer to the apposing membranes in a Ca2+-dependent manner (Fig.1.2) [49]. 

Collectively, the concerted action of interactions between synaptotagmin and both 

membranes and also, between multiple SNARE complexes and bound synaptotagmin 

creates a synergistic effect that facilitates the fusion pore formation and expansion upon 

Ca2+ binding [50]. This results in a fusion reaction at ultrafast speed in order of the sub-

millisecond timescale [47]. The current accepted model of exocytosis is depicted in figure 

1.2. 
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Figure 1.2 SNARE proteins drive exocytosis in a cyclic fashion. 
Neuronal exocytosis occurs in several steps driven by SNAREs (SNAP-25, syntaxin-I 
and synaptobrevin) and Sec/Munc proteins. Upon Ca2+ stimulation proteins undergo 
conformational changes throughout the process which ultimately lead to 
neurotransmitter release. i | Docking. As the vesicle appproaches, the cell membrane 
synaptobrevin comes into close contact with syntaxin-I and SNAP-25. At this stage, 
Munc-18 is associated with syntaxin-I initially in its closed conformation where its Habc-
domain folds back onto its SNARE motif preventing interactions with synaptobrevin and 
SNAP-25 to form the pre-SNARE complex. Syntaxin-I then opens during SNARE-
complex assembly as Munc-18 binds to the SNARE complex by interacting with the 
syntaxin-I N-peptide. ii | Priming I. The trans-SNARE complex is formed by syntaxin I, 
synaptobrevin and SNAP-25. Complexin joins the complex to activate the pre-fusion 
SNARE/Sec/Munc complex and to further enhance priming leading to the next step. iii | 
Priming II. Synaptotagmin-I is bound to the trans-SNARE complex. Ca2+ then binds to 
synaptotagim-I triggering fusion-pore opening. iv | Fusion-pore opening. All three 
SNAREs are forming a stable SNARE complex. Synaptotagmin-I undergoes further 
conformational changes to promote fusion by interacting with SNARE and membrane 
phospholipids. v | Fusion completion. During the last step SNAREs undergo 
conformational changes driven by NSF and SNAPs in an ATP-dependent manner, 
causing cis-SNARE complexes to disassemble. Fusion is complete allowing 
neurotransmitter release. Synaptotagmin-I returns to its initial position prior to Ca2+ 
stimulation. SNAREs and Sec/Munc proteins have disassociated and are poised, ready 
for another round of exocytosis. 
 
  

Figure 1.2 | SNARE proteins drive exocytosis in a cyclic fashion. Neuronal exocytosis 
occurs in several steps driven by SNAREs (SNAP-25, syntaxin-I and synaptobrevin) and Sec/-
Munc proteins. Upon Ca2+ stimulation proteins undergo conformational changes throughout the 
process which ultimately lead to neurotransmitter release. i | Docking. As the vesicle 
appproaches, the cell membrane synaptobrevin comes into close contact with syntaxin-I and 
SNAP-25. At this stage, Munc-18 is associated with syntaxin-I initially in its closed conformation 
where its Habc-domain folds back onto its SNARE motif preventing interactions with synapto-
brevin and SNAP-25 to form the pre-SNARE complex. Syntaxin-I then opens during 
SNARE-complex assembly as Munc-18 binds to the SNARE complex by interacting with the 
syntaxin-I N-peptide. ii | Priming I. The trans-SNARE complex is formed by syntaxin I, synapto-
brevin and SNAP-25. Complexin joins the complex to activate the pre-fusion SNARE/Sec/Munc 
complex and to further enhance priming leading to the next step. iii | Priming II. Synaptotag-
min-I is bound to the trans-SNARE complex. Ca2+ then binds to synaptotagim-I triggering 
fusion-pore opening. iv | Fusion-pore opening. All three SNAREs are forming a stable 
SNARE complex. Synaptotagmin-I undergoes further conformational changes to promote 
fusion by interacting with SNARE and membrane phospholipids. v | Fusion completion. 
During the last step SNAREs undergo conformational changes driven by NSF and SNAPs in an 
ATP-dependent manner, causing cis-SNARE complexes to disassemble. Fusion is complete 
allowing neurotransmitter release. Synaptotagmin-I returns to its initial position prior to Ca2+ 
stimulation. SNAREs and Sec/Munc proteins have disassociated and are poised, ready for 
another round of exocytosis.           
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1.2 SNAREs and the SNARE complex: morphology and function 

1.2.1 SNARE proteins 

SNARE proteins are a large family of over 60 members in mammalian cells and at least 

24 members in yeast [51]. Neuronal SNAREs, which are involved in synaptic vesicle 

exocytosis are some of the best-studied SNAREs and the ones that will be discussed 

below. 

Synaptosomal-associated protein 25 (SNAP-25), Syntaxin-1 and Synaptobrevin-

2/Vesicle associated membrane protein-2 (VAMP-2) are the three SNARE proteins that 

combine to form the early trans- and late cis- SNARE complex that promotes membrane 

fusion and drives synaptic vesicle exocytosis. All three SNAREs share the same SNARE 

motif - 60-70 residues composed of eight heptad repeats - as part of their cytosolic domain 

[52].  

On the basis of their function, SNARE proteins can be divided into vesicular-SNAREs 

(v-SNAREs) and target-SNAREs (t-SNAREs). Synaptobrevin-2 is a v-SNARE since it 

has a transmembrane domain embedded in the vesicle membrane. SNAP-25 and 

Syntaxin-1, however, are t-SNAREs since these rely on their palmitoyl group and 

transmembrane domain, respectively, for anchoring to the target/cytoplasmic membrane 

[53, 54].  

Prior to fusion, a synaptobrevin-2-containing synaptic vesicle membrane is brought into 

closer proximity with the SNAP-25 and Syntaxin-1-containing cell membrane. At this 

stage both membranes are poised for fusion and SNAREs folded as part of non-SNARE 

complexes. Priming then follows hypothetically in response to synaptotagmin sensing 

calcium release, at which stage the three SNAREs undergo zippering in an N- to C- 

direction that results in assembly of trans-SNARE complexes to which Munc18-1/SM 

then associates via interactions with Syntaxin-I N-terminus [31]. This trans-SNARE 

complex consists of a four-helix coiled coil which comprises two helices SNARE motifs 

from SNAP-25 and one helix SNARE motif from each of the other two SNAREs, 

Synaptobrevin-2 and Syntaxin-1 [55, 56]. In the centre of the SNARE complex a 

hydrophilic layer of interacting amino acids forms, comprising an arginine residue 

provided by Synaptobrevin-2, and three glutamine residues provided by SNAP-25 and 

Syntaxin-1. Hydrophobic interactions hold it together and the fully assembled SNARE 

complex forces the membranes apart, causing a fusion pore to open, hypothetically, also 
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assisted by SM proteins. Upon opening of the fusion pore, which allows neurotransmitter 

(i.e. acetylcholine) release, the two membranes are merged, and trans-SNARE complexes 

converted into cis-SNARE complexes, as all SNAREs are then found on the same 

membrane [31] . Post fusion, the ATPase NSF comes closer to the membrane and acts 

upon the cis-SNARE complexes assisted by its adaptors a/b/g-SNAPs causing the 

complexes to disassemble and another round of exocytosis to start again [57]. 

Structurally, SNAREs can also be classified as R-SNAREs if they contribute with one 

arginine residue or, alternatively, Q-SNAREs – Qa, Qb and Qc - if they contribute with 

a glutamine residue to the central hydrophilic layer/zero ionic layer [58]. 

 

1.2.2 Neurotoxins  

Neurotoxins are toxins of either exogenous or endogenous origin that specifically target 

and disable key neuronal components, hence having noxious effects on the nervous 

system. These represent neurological insults which act either by targeting ion 

concentrations across the cell membrane [59] or by interfering in the communication 

between neurons at synapses [60]. At the cell level, neuron apoptosis, excitotoxicity and 

glial cell damage may ensue [61, 62]. At the organism level, damage of the peripheral 

nervous system may give rise to neuropathies and myopathies. Additionally, neurotoxin 

exposure may result in widespread impairment of the central nervous system, resulting in 

conditions including cognitive disability, behavioural disorders, memory impairments, 

epilepsy, dementia and in the most severe cases, death [63-65]. Some of the most well 

studied classes of neurotoxins are of bacterial, plant and animal origin and a few will be 

reviewed briefly below on the basis of their targets. Great emphasis will be placed on 

synaptic vesicle exocytosis inhibitors, in particular on Botulinum Neurotoxins for their 

actions on the SNARE proteins, herein described as one of the major focus of our studies. 

 

1.2.3 Receptor agonists and antagonists 

Anatoxin-a is a cyanotoxin that mimics the action of acetylcholine. It acts as an agonist 

upon a certain subset of ion channels - nicotinic acetylcholine receptors (nAChRs) α4β2 

and α4 - present in the Central Nervous System (CNS) and also upon α12βγδ at 

neuromuscular junctions, leading to their subsequent desensitization upon continued 

stimulation [66].  
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Bungarotoxins (BTX) 𝛼, 𝛽, 𝛾	𝑎𝑛𝑑	𝜅 are neurotoxins in the three-finger toxin superfamily 

of animal origin that can be isolated from the venom of snakes of the genus Bungarus. 

	𝛼-Bungarotoxin acts as a competitive antagonist to acetylcholine that targets different 

nicotinic acetylcholine receptors (nAChRs) causing paralysis and even death through 

binding to nAChRs at neuromuscular junctions of e.g. diaphragm muscle [66]. 𝛽			is 

structurally similar to 𝛾 and is composed of two chains - A and B - that confer the toxin 

its toxicity, showing toxic phospholipase activity and inhibiting certain voltage-gated 

potassium channels pre-synaptically, which results in abrogation of neurotransmission 

[67]. Literature suggests that the star fruit toxin - caramboxin,- also known as Averrhoa 

carambola toxin, is thought to interfere with the binding of inhibitory gamma-

aminobutyric acid at GABA receptors postsynaptically [68]. Clinically, caramboxin 

exposure has been associated with intractable hiccups, epileptic seizures and various 

reduced levels of consciousness in patients with renal failure [69-72]. In mice, exposure 

to increasing concentrations of caramboxin has been shown to cause behavioural changes, 

triggering partial limbic seizures, ultimately leading to a status epilepticus [68]. These 

clinical manifestations are thought be a consequence of poor inhibition at 

neurotransmitter gamma-aminobutyric acid (GABA) receptors, hence responsible for the 

toxin’s neurotoxicity. Little is known about the chemical structure of caramboxin [68]. 

 

1.2.4 Ion channel inhibitors 

Tetrodotoxin (TTX) is a low molecular weight and one of the most lethal neurotoxins 

known with no known antidote [73].  Among other sources, TTX is produced by 

endosymbiotic bacteria commonly found in pufferfish though it has now been detected in 

both marine and terrestrial species [73]. TTX inserts itself into voltage-gated Na+ 

channels and so acts by blocking their opening in nerve, cardiac and muscle tissue, 

thereby preventing the influx of Na+ ions. Action potentials cannot propagate past the 

obstructed region. This results in decreased excitability of vital tissues by hindering 

propagation of the nerve impulse [73].  

Chlorotoxin (CTX) is a small 36 amino-acid peptide that can be extracted from the venom 

of the scorpion Leiurus quinquestriatus. CTX acts as a high affinity ligand that reversibly 

and selectively binds to small conductance chloride channels causing their closure, 

thereby preventing Cl- flux [74, 75]  This subset of chloride channels is in low abundance 

in human healthy tissues. However, these are often upregulated in gliomas. Thus, 
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chlorotoxin has been used in a therapeutic setting as a pharmacological tool to treat 

aggressive forms of brain tumour by potently blocking overexpressed small conductance 

chloride channels. Conotoxins are typically low molecular weight molecules composed 

of 12-30 amino acids produced by all 500 different species snails of the Conus genus [76]. 

   These peptides are characterised by compact structures stabilised by intramolecular 

disulphide bonds and post-translational modifications. The majority of conotoxins target 

receptors and ion channels associated with excitable tissues and are typically grouped into 

families  on the basis of cysteine bond structure, homology and function. ω-conopeptides 

are known to act by blocking subtypes of voltage-gated calcium channels, presynaptically 

inhibiting calcium entry into cells to block acetylcholine release [76, 77].  μ- and μO- 

onopeptides have been found to block volltage-gated sodium channels. κ- and κA-

conopeptides block certain subsets of voltage-gated potassium channels [76]. 

 

1.2.5 Blood brain barrier and cytoskeleton inhibitors  

The blood brain barrier (BBB) is a specialised structure composed of endothelial cells 

that form a continuous layer characterized by tight junctions. Here adjoining cells 

physically merge, separating the Central Nervous System (CNS) from the blood also 

negating oncotic and osmotic forces normally responsible for blood-tissue exchange [78]. 

This has a protective effect by preventing most substances from reaching the CNS. 

Mercury, a nonessential element which can be inhaled as a vapor or ingested through fish 

(i.e due to its accumulation down the food chain) has been found to cross the BBB. It 

does so, hypothetically via interaction through -SH with amino acid carriers present in 

the BBB. Mercury causes high toxicity to the CNS by inhibiting enzyme catalysed 

reactions and protein synthesis [78].  Arsenic is another element that can have toxic 

effects on the nervous system by inactivating a range of cytoskeleton enzymes, such as 

those required for DNA synthesis and repair as well as cellular energy pathways. Reduced 

acetylcholinesterase activity, oxidative stress and thiamine deficiency may result causing 

neurotoxicity [79] 

1.3 Exocytosis inhibitors: Botulinum Neurotoxins 

1.3.1 An overview of structure and mechanism of action 

Botulinum neurotoxins (BoNTs) are one of the most lethal substances currently known 

to man with lethal doses ranging from ~ 1.3 ng/kg to ~13 ng/kg depending on serotype 
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and administration route [60]. All BoNTs isoforms and also the closely related tetanus 

neurotoxin (TeNT) are Zn2+ metalloproteases that inhibit neurotransmitter release at 

peripheral cholinergic synapses, through specific binding and proteolytic cleavage of the 

SNARE proteins in neurons (Fig.1.3). This causes the neuroparalytic illness botulism. 

Different SNAREs are targeted in a specific manner on the basis of the BoNT serotype 

involved [80, 81]. Since the discovery of BoNT/B in 1897 by Ermengem, seven 

serotypically distinct BoNTs have been identified and well-studied [82-89]. These share 

a highly conserved primary sequence and can be produced by six phylogenetically 

different clostridia (Groups I-VI). Among these, the species Clostridium botulinum 

(Groups I-IV) accounts for the production of all known serotypes A-G potentially 

including a recently described eighth serotype, BoNT/H also known as X [81, 90]. 

Additionally, C. barati (Group V) and C. butyricum (Group VI) also produce BoNT/F 

and BoNT/E, respectively. In addition to this, strains expressing silent genes, mosaic 

toxins and several subtypes within each serotype have also been described extensively 

[91, 92] and will not be the focus of this review. 

In a similar way to all of the other Botulinum neurotoxins, botulinum neurotoxin C 

(BoNT/C)  which will be one of the focusses of our research, is an enzyme naturally 

produced as progenitor toxin complexes (PTCs) - multiprotein complexes of high 

molecular weight - ranging from ~300-900 kDa and composed of a single BoNT 

polypeptide (~150 kDa) in association with non-toxic neurotoxin-associated proteins 

(NAPs) which comprise four clostridial proteins, three hemagglutinin proteins (HA-17, 

HA-33, and HA-70) and a non-haemagglutinin (NTNHA) protein [93] (Fig.1.3). NAPs 

have been shown to play a protective role towards BoNTs by preventing their degradation 

in the harsh environment of the gastrointestinal tract, also ensuring their transport across 

epithelial cells into the bloodstream [94]. 

Upon PTC dissociation, the free single BoNT polypeptide of ~150kDa is post-

translationally cleaved into two distinct units, a (~100kDa) heavy chain (HC) and a 

(~50kDa) light chain (LC). The HC comprises two domains, the C-terminal domain (HC), 

which functions as the cell surface receptor-binding domain, and the N-terminal domain  
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Figure 1.3 | Botulinum neurotoxins (BoNTs) come in larger complexes. 
(A) BoNTs are encoded/expressed as progenitor complexes composed of BoNT and 
Non-toxic neurotoxin-associated proteins (NAPs). NAPs consist of Haemagglutinins 
(HA1, HA2, HA3) and Non-Toxic Non-Haemagglutinins (NTNHA). Some serotypes exist 
as an 19S toxin whereas others consist of medium- and small-sized complexes. (B) 
Zoom-in on chromosomal region (in orange) encoding the BoNT moiety of BoNT 
complexes. Highlighted are the domains that compose the BoNT moiety. (C) Schematic 
diagram showing the structures of the SNARE proteins synaptobrevin, SNAP-25 and 
syntaxin-I. Breaks are visible highlighting the specific sites where cleavage occurs by the 
action of BoNTs, as shown by the arrows. Whilst BoNT has exactly one specific target 
SNARE target, with the exception of BoNT/C, which can cleave both SNAP-25 and 
syntaxin-I, each of the SNAREs can be cleaved by more than one BoNT serotype. 
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(HN) or translocation domain. The LC contains the catalytic site of the enzyme and has 

Zn2+-dependent endopeptidase activity. It is this moiety that binds to and cleaves 

SNARE proteins [95, 96]. 

 
1.3.2 The intoxication process 

When BoNT encounters a motoneuron at a neuromuscular junction the HC recognises and 

binds to glycosphingolipids enriched at nerve terminals - polysialogangliosides (PSGs), 

and to protein receptors - components of the vesicle membrane (Fig.1.4). This dual 

receptor binding ensures high cell specificity and uptake [95, 97]. Binding of BoNT HC 

to negatively charged PSGs provides the first anchoring interaction to the neuronal 

membrane. Often, some of the distinct serotypes bind to different combinations of the 

same pool of PSGs. BoNT/C, BoNT/A, BoNT/B and BoNT/F are known to bind a 

trisialo-ganglioside - GT1b - and two disialo-gangliosides, GD1b and GD1a, whereas 

BoNT/E, for instance, binds only to GT1b and GD1a [98]. BoNTs then take advantage 

of the synaptic recycling pathway for their uptake by neurons. Thus, internalisation and 

binding to proteins receptors (i.e. Synaptobrevin-2) that may be only transiently present 

on the plasma membrane immediately post fusion represents the second intoxication step. 

Interestingly, the protein receptor/s for BoNT/C remain unknown [97, 99]. Once the toxin 

has been internalised by endocytosis the acidic pH generated by an ATPase proton pump 

is thought to cause the HN to change conformation. HN then inserts and forms a transient 

translocation channel that functions as a chaperone, assisting in the delivery of the LC 

into the cytosol. However, reduction of the disulphide bond that holds the HC and LC 

together is the final step required for LC release (Fig.1.4) [97, 99]. Upon reduction 

mediated by the thioredoxin reductase- thioredoxin system TrxR-Trx the LC Zn2+ 

protease is separated from the HN of the HC (Fig 1.4). The LC is then free to act upon its 

target SNAREs, which vary on a serotype dependent-manner [100]. The LC of BoNT/A 

(BoNT/A-LC), for instance, cleaves exactly one SNARE, SNAP-25, at a specific site 

between residues. For SNAP-25 cleavage occurs between Arg176 and Gln177 [56]. 

Since, as seen, the LC of BoNT/A (BoNT/A-LC) binds to and cleaves SNAREs 

independently from the HC, only BoNT/A-LC will be used and referred to throughout 

our studies. 
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Figure 1.4 Intoxication of a neuron by Botulinum Neurotoxins. 
BoNT complexes composed of a  Heavy-Chain (HC), a translocation domain/N-terminal domain 
(HN) and a Light Chain (LC) are transported in the bloodstream and cross the Blood Brain Barrier 
(BBB) reaching neurons.  i | A type of neuronal receptors present on the presynaptic membrane- 
PolySialoGanglioside (PSG)  receptors - have affinity for the carboxy-terminal end of the HC 
domain (HC-C). Thus, interactions between the HC of BoNTs immediately followed by binding of 
HC to SV2 or synaptotagmin (depending on the BoNT serotype) anchor the toxin to the 
membrane. ii | As ATPase drives endocytosis for neurotransmitter uptake, BoNTs are also 
endocytosed into a protonated environment, which leads to their translocation accross the 
membrane. iii | The thioredoxin reductase-thioredoxin system (Trx-Trx) cleaves the disulphide 
bond connecting the HC to the LC which results in the release of the LC into the cytosol. The LC 
is the enzymatic moiety of BoNT capable of binding with high afffnity to and catalysing cleavage 
of the SNARE proteins. iv | Depending on the serotype of the BoNTs involved, different SNAREs 
will be specificallly targeted and cleaved. BoNTs B,D, F and X target and cleave synaptobrevin. 
BoNT/C cleaves syntaxin-I and SNAP-25. BoNT/A in red specifically binds to and cleaves SNAP-
25 and was the BoNT used in our studies. Cleavage of any of these SNARE proteins (SNAP-25, 
syntaxin-I or synaptobrevin) impairs neuronal exocytosis therefore abrogating neurotransmitter 
release and causing paralysis.    
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Figure 1.4 | Intoxication of a neuron by Botulinum Neurotoxins (BoNTs). BoNT complexes 
composed of a  Heavy-Chain (HC), a translocation domain/N-terminal domain (HN) and a Light Chain 
(LC) are transported in the bloodstream and cross the Blood Brain Barrier (BBB) reaching neurons. 
 i | A type of neuronal receptors present on the presynaptic membrane- PolySialoGanglioside (PSG)  
receptors - have affinity for the carboxy-terminal end of the HC domain (HC-C). Thus, interactions 
between the HC of BoNTs immediately followed by binding of HC to SV2 or synaptotagmin (depending 
on the BoNT serotype) anchor the toxin to the membrane. ii | As ATPase drives endocytosis for 
neurotransmitter uptake, BoNTs are also endocytosed into a protonated environment, which leads to 
their translocation accross the membrane. iii | The thioredoxin reductase-thioredoxin system (TrxX-Trx) 
cleaves the disulphide bond connecting the HC to the LC which results in the release of the LC into the 
cytosol. The LC is the enzymatic moiety of BoNT capable of binding with high afffnity to and catalysing 
cleavage of the SNARE proteins. iv | Depending on the serotype of the BoNTs involved, different 
SNAREs will be specificallly targeted and cleaved. BoNTs B,D, F and X target and cleave synaptobre-
vin. BoNT/C cleaves syntaxin-I and SNAP-25. BoNT/A in red spefically binds to and cleaves SNAP-25 
and was the BoNT used in our studies. Cleavage of any of these SNARE proteins (SNAP-25, syntaxin-I 
or synaptobrevin) impairs neuronal exocytosis therefore abrogating neurotransmitter release and caus-
ing paralysis.      
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1.4 Current advances in microscopy allow the visualization of 
nanostructures   

1.4.1 Fluorescence microscopy as a powerful tool to investigate cell 

processes/ SNARE proteins 

SNARE function has been investigated through different co-immunoprecipitation and 

biochemical approaches. Assays involving the inhibition of fusion by peptides and 

SNARE-specific neurotoxins i.e Botulism neurotoxins as well as fusion of cells 

expressing SNAREs in a flipped orientation have provided evidence of a role for the 

SNARE proteins in membrane fusion events [101-103]. Struck et al. [104] developed the 

first lipid mixing ensemble assay involving Forster resonance energy transfer (FRET) 

between a N-(7-nitro-2,1,3-benz-oxadiazol-4-yl) donor and a rhodamine acceptor, which 

has been utilised to study SNARE function [105]. Here purified neuronal v- and t-SNARE 

proteins are reconstituted into distinct populations of liposomes. Macroscopic 

dequenching of phospholipid dyes present in a single liposome population can be used as 

a readout of membrane bilayer mixing and fusion [80, 105, 106]. Nonetheless, the 

shortcomings of the aforementioned approaches. i.e. their inability to track individual 

fusion events, as reviewed by Brunger et al., 2015 pose an issue when it comes to gaining 

a higher insight into particular steps involved in exocytosis. Electron microscopy (EM) 

has been used to further elucidate certain aspects of SNARE distribution and formation 

of clusters [107, 108] . Syntaxin-1, for one, was once reported to form cholesterol-

dependent clusters of 200 nm [108]. However, EM does not allow for specific multi-

colour labelling, and live-cell imaging [109]. In addition, the analysis of immunogold 

particle distributions is complex [110].   

Thus, there was a need to seek more direct observational methods (i.e. in a similar vein 

to EM) that would, however, meet certain requirements (e.g. enable live cell imaging to 

study SNARE organisation/function in vivo). Fluorescence microscopy then represented 

a very important addition to the scientific arsenal of tools in the field of SNARE biology. 

 

1.4.2 Imaging single membrane fusion events mediated by SNARE 

proteins  
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Total internal reflection fluorescence (TIRF) microscopy is a fluorescence microscopy 

technique developed in the early 1980s [111, 112]. Amongst its multiple applications in 

the field of the life sciences, TIRF has proven useful in identifying secretory carriers close 

to the membrane and investigating the fusion of single vesicles during exocytosis [113-

115]. TIRF exploits the spatially restricted excitation of fluorophores in the evanescent 

field to allow observation of fusion of single exocytic vesicles at high spatial and temporal 

resolution [116]. The selective illumination of fluorophores close to the coverslip, within 

60~100 nm, results in high-contrast images of fluorophores at the plasma membrane. 

Other advantages include, reduced background levels from intracellular regions, 

decreased cellular photodamage and rapid exposure times [116].   

Three initial studies [110, 117, 118] used TIRF looking to develop a single particle assay 

that would mimic native conditions in terms of the geometry of the plasma membrane. In 

these studies, either a vesicle content marker - calcein - or lipid dyes such a (7-nitrobenz-

2-oxa-1,3-diazole)-1,2-dipalmitoyl-sn-glycerol-3-phosphatidylethanolamine (NBD-

DPPE) and N-(lyssa- mine Rhodamine B sulfonyl)-1,2-dipalmitoyl-sn–glycerol-3- 

phosphatidyl–ethanolamine (Rh-DPPE) were used to monitor docking, undocking and 

lipid mixing [110, 117].  However, altogether these studies produced ambiguous results 

where SNAP-25 did not seem to be required for SNARE complex formation and laser-

induced heating was a trigger for content mixing. Many studies followed that involved 

the use of more sophisticated supported bilayers alongside TIRF providing conclusive 

evidence that docking, hemifusion and fusion were dependent on all three neuronal 

SNAREs [119-122].  

Nonetheless, the ability to visualize exocytic events was still being hindered by the lack 

of high resolution/high sensitivity (in situ) imaging tools. The exact way in which SNARE 

proteins change conformation and interact sequentially in vivo during exocytosis 

(spatiotemporal dynamics) remained unclear. In this context, advances in fluorescence 

microscopy have proven useful, providing a higher insight into single steps of SNARE 

mediated vesicle trafficking at the molecular level.  Some of the most recently developed 

techniques have looked to elucidate these molecular events and will be described in some 

detail below. 

 

1.4.3 Super-resolution microscopy techniques  
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Traditionally, far-field fluorescence microscopy, which includes conventional widefield 

(WF) microscopy, confocal microscopy and TIRF has been used as the most popular 

imaging approach in life sciences [123]. Nonetheless, for a significant number of 

biological applications these techniques have imposed a resolution limit caused by the 

natural diffraction pattern generated when light goes through an optical system. 

According to Abbe’s Law, the diffraction barrier is given by l/2NA, where l is the 

emission wavelength and NA refers to the numerical aperture [124].  

In a conventional system 200-300 nm is the diffraction limit laterally. Axially, the 

diffraction limit is given by 2l/nxSin2q and so the diffraction barrier is 500-800 nm  [125, 

126] which is twice the lateral diffraction barrier and the scale of many macromolecules 

and distances between them [127] .  

In this context, Super-Resolution Microscopy (SRM) refers to a group of the collectively 

called far field super-resolution microscopy techniques that enable visualisation of 

biological structures beyond the diffraction limit ~200 laterally and/or 500 nm axially 

[126, 128]. Several SRM techniques have been developed over the last few years (Fig. 

1.5 and 1.6), having gained a lot of traction owing to their potential to be applied to the 

life sciences (i.e fundamental cell biology and immunotherapy) [126, 127]. They prove 

particularly useful when studying structures in the order of a few nanometres and/or when 

looking at dynamics and interactions between structures (i.e proteins) whose distance is 

below the diffraction limit. 

SRM techniques can be grouped into two main categories, (1) super resolution structured 

illumination microscopy (SR-SIM) and (2) diffraction-unlimited SRM techniques [127]. 

The first category of techniques includes traditional interference-based linear 2D/3D SIM 

and point/multi point scanning SIM approaches [129] [127]. Classical 2D/3D SIM exploit 

the sinusoidal interference pattern generated upon nonuniform widefield illumination of 

a sample in conjunction with mathematical reconstruction to produce super-resolved 

images with doubled resolution in xy and z, therefore reaching a lateral resolution of 100 

nm and an axial resolution of 300 nm, respectively [127, 130]. Ease of sample 

preparation, great suitability for live cell imaging and high photon efficiency are 

advantages of these techniques, however, requirement for mathematical post processing 

and well calibrated equipment increase the likelihood of artifacts [127]. 
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Figure 1.5 Spatial resolution of diffraction-limited and super-resolution 
microscopy (SRM) techniques. Different techniques can be characterised and 
selected in an experimental context on the basis of certain features that determine the 
suitability of a given technique to answer a specific biological question. In grey are 
techniques that were not used in our experiments. From left to right the theoretical 
resolution for each technique is shown in ovals and rectangles in the x,y and z 
dimensions, taking into account chromatic aberrations where appropriate. Beige ovals 
and rectangles represent techniques that were not used in our experiments. The 
resolving power of a technique divides far-field fluorescence microscopy into two main 
groups (1) conventional microscopy and (2) super-resolution microscopy (SRM). In 
conventional microscopy and some diffraction-limited SRM techniques resolution 
depends essentially on the ability of the microscopy to gather light - numerical aperture 
(NA) - and on the wavelength of the light used (λ). In diffraction-unlimited SRM, also 
known as nanoscopy, resolution depends on other factors such as photon count, 
localisation precision and labelling density. MINFLUX is an emerging SMLM technique 
that is not yet widely commercially available and claims to allow for a resolution of 1~nm. 
Resolution is often regarded as the determining factor when selecting a technique, 
depending on the order of magnitude of the structures we are looking to study. TIRF 
allows imaging of a thin section 0.2 μm close to the coverslip.  
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Figure 1.6 Properties of diffraction-limited and super resolution microscopy 
techniques. Different techniques can be characterised and selected in an experimental 
context on the basis of certain features that determine the suitability of a given technique 
to answer a specific biological question. In grey are techniques that were not used in our 
experiments. (A) | Imaging depth. From left to right techniques are distributed on the 
basis of their suitability to analyse samples of increasing thickness. (B) | Acquisition 
speed. The duration of the imaging procedure depends on imaging area/volume and 
throughput and determines the length of an experiment. It is particularly important when 
it comes to capturing certain processes in live cell-imaging. (C) | Photodamage. Higher 
light intensities are associated with increased photodamage to the sample and are less 
suitable for exposure during long periods of time and. It may be a determining factor 
when selecting a certain technique for live-cell imaging where toxicity may be an issue. 
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Point/multi-point scanning SIM approaches (e.g Airyscan, iSIM) have been developed 

from similar confocal setups, the latter however taking advantage of high speed, multi-

pixel detectors to compensate for loss of signal caused by pinholes of reduced size [130]. 

The second category consists of diffraction-unlimited techniques, also known as 

nanoscopy, that rely on either deterministic or stochastic approaches to break the 

diffraction barrier by modulating or switching on/off fluorescence emission [127]. Whilst 

in theory, nanoscopy is able to push resolution levels down to infinitesimally minute 

scales (~5nm), in reality some experimental aspects such as sample depth, labelling 

density as well as phototoxicity derived from long exposure periods may impose some 

restrictions on the resolving power of such techniques (Fig. 1.6) [127]. Amongst its most 

popular techniques, nanoscopy includes deterministic Stimulated Emission Depletion 

(STED) microscopy and stochastic Single Molecule Localisation Microscopy (SMLM). 

PhotoActivated Localisation Microscopy (PALM) and (direct) Stochastic Optical 

Reconstruction Microscopy (d)STORM are amongst the most widely utilised SMLM 

techniques and were used in our studies. These will be herein described. 

 

1.5 Nanoscopy 

1.5.1 STED microscopy  

Stimulated Emission Depletion (STED) microscopy is a deterministic super-resolution 

microscopy technique first developed in 1994 that makes use of two different types of 

laser, an excitation laser and a depletion/STED laser to produce images with a resolution 

below the diffraction limit, typically achieving a resolution of ~ 30-80 nm laterally and 

between 30-100 nm axially [131-134]. 

In STED an excitation laser is reflected and irradiated through the sample which then 

emits light of a longer wavelength. In addition, a second doughnut shaped beam laser – 

depletion/STED laser – is also reflected onto the sample which then returns light to the 

detector [132, 133, 135]. Unlike the excitation laser, the STED laser acts by de-exciting 

all the electrons back to their ground state, in the region surrounding the focal point 

generated by the first excitation laser. Thus, each time the excitation laser acts followed 

by the depletion laser that reduces the Point Spread Function (PSF), a super-resolved 

image is generated [136]. RESOLFT REversible Saturable OpticaL 

Fluorescence Transitions (RESOLFT) relies on reversibly phtoswitchable fluorescent 
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labels to achieve fluorescence inhibition and has been used to achieve STED - 

STED/RESOLFT [130, 137]. In STED/RESOLFT the intensity of the depletion laser can 

be controlled to improve spatial resolution whereas multiple scanning beams allow to 

enhance image acquisition times [127].  

The first STED was demonstrated using [138] mode-locked (pulsed) lasers for depletion. 

STED was later demonstrated using Continuous Wavelength (CW) depletion lasers [139]. 

CW has a lower peak intensity which determines its depletion efficiency. In practice, CW 

STED requires at least 3 times more laser power to achieve a similar resolution to pulsed 

laser STED. The gated-STED (g-STED) detection scheme is sensitive to the time of 

arrival of photons and takes advantage of the lifetime information of excited molecules, 

thereby partly overcoming resolution issues [140]. The short-life of stimulated emission 

photons allows them to be rejected if there is a time delay such that only the fluorescence 

(spontaneous emission) from the molecules is captured as part of the detection scheme 

[141]. STED allows fast scanning speeds which can be further enhanced using resonant 

scanners, reducing photobleaching effects [125, 142].  

Two-colour and three-colour 2D/3D STED are available. Unlike in 2D membrane/surface 

studies, 3D resolution is essential for imaging of cells in different z sections. The addition 

of another anular phase to the vortex plates (responsible for lateral resolution) allows for 

axial resolution that in conjunction with the lateral resolution enables 3D resolution at the 

nanoscale [138]. STED– 4pi methods can also be used to enhance axial resolution. Two-

colour and three-colour STED nanoscopy is useful in that it allows to infer regarding 

interactions between  distinct molecules. In two-colour STED, either two excitation lasers 

and one depletion laser or two pairs of excitation and depletion beams are used [143]. 

Three-colour STED is achieved by using information regarding the fluorophore lifetime 

[144, 145].  

Three different types of optical aberrations may still affect the quality image formation 

of the STED microscope. These can be caused by the depletion beam, the fluorescence 

detection path and the excitation beam [146]. Adaptive Optics (AO) refers to strategies 

employed to correct aberrations caused by difference in refractive indexes and has been 

used with STED imaging.  The inclusion of Spatial Light Modulators (SLM) in the 

depletion beam path allows for correction of system aberrations, specimen-induced 

aberrations and alignment [131, 147]. 
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In STED optical systems where two overlapping depletion foci can be generated by the 

same SLM, the SLM simultaneous provides the beam-shaping phase mask and aberration 

correction.  

The resolution (RSTED) achieved by STED microscopy depends on the conventional 

diffraction limit (Rdiff) intensity of the depletion laser (I) and is given by [141, 148, 149]:  

 

 

 

I represents the intensity of the depletion laser and Is denotes saturation intensity and it 

depends on the characteristics of the dye. Is is the STED laser intensity at which the 

fluorophore emission drops by 1/e.  

Some advantages of STED include improved resolution in direct cell image acquisition 

relative to standard confocal imaging and no requirement for image post-processing 

[136]. 

 

1.5.2 SMLM 

Single Molecule Localisation Microscopy (SMLM) refers to a subset of super-resolution 

techniques that utilise the photoswitchable or photoactivatable properties of some dyes 

(i.e Alexa and Atto) to separate molecules spatiotemporally, achieving lateral resolutions 

below 20 nm and axial resolutions below 30-50 nm [109, 127, 134, 150].  SMLM includes 

techniques such as GSDIM, DNA-PAINT, STORM/dSTORM, PALM and the more 

recently developed MINFLUX The resolution limit for SMLM depends on localisation 

precision of individual fluorophores as can be described as [149]:  

 

 

where RSMLM is the theoretical resolution attained by SMLM, Rdiff represents the 

conventional diffraction limit and N is the number of photons detected in a single 

fluorescence spot [149]. In all SMLM techniques only certain subsets of individual 

STED
R = Rdiff

√1+I/Is

R = Rdiff
N√

SMLM
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fluorophores are randomly/stochastically activated or switched on/off sequentially in 

consecutive rounds of image acquisition [126]. The main difference between distinct 

SMLM techniques is the type of fluorophores used and switching concept [127]. 

dSTORM and PALM are two SMLM techniques utilised for the localisation and study of 

the interactions and dynamics of single molecules (i.e. proteins of interest) and will be 

described below. 

 

1.5.2.1 dSTORM  

Direct Stochastic Optical Reconstruction Microscopy (dSTORM) is a stochastic super-

resolution microscopy technique that achieves lateral resolutions typically between 10-

40 nm and axial resolutions between 10-50 nm [134, 151-153]. In dSTORM the intrinsic 

photoswitchable properties of some organic dyes are exploited to produce super-resolved 

images [152, 154]. In the absence of an activator fluorophore in aqueous buffer containing 

millimolar concentrations of a reducing thiol compound such as dithiothreitol (DTT) 

glutathione (GSH) or mercaptoethylamine (MEA) light-induced switching is achieved 

[152, 154, 155]. A stable non-fluorescent reduced state - dark state – is generated through 

quenching of the fluorophore’s triplet state by the reducing thiol. The fluorescent state is 

recovered spontaneously or in a light-induced fashion through oxidation with molecular 

oxygen present at micromolar concentrations (~250 μΜ) in aqueous solvents [152]. The 

transition of a fluorophore between its stable non-fluorescent and its fluorescent state is 

described as blinking. Blinking occurs in a stochastic fashion, reducing the likelihood that 

fluorophores in close proximity which are associated with the protein of interest undergo 

blinking at the same time. The blinking produced by a photoswitchable fluorophore 

associated with a protein of interest separates molecules temporally and spatially by 

allowing the signal stochastically emitted by molecules that are further apart than the 

diffraction limit to be detected. An optimal labelling density is vital [154]. Since several 

frames are collected over time, this information should be enough in terms of molecule 

localisations for a super-resolved image of a cell to be reconstructed and generated based 

on mathematical algorithms [109, 150].  Originally, the STORM blinking effect was 

achieved by the Cy3/Cy5 activator-acceptor FRET pair, relying on the proximity of the 

two fluorophores. dSTORM has now largely replaced STORM owing to the ease of 

sample preparation as only one dye is required.    
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Some of the advantages of dSTORM include its high resolution ability compared to 

STED and other techniques as well as offering the possibility of doing 3- to 6-colour 

imaging of cells. dSTORM live imaging can also be performed under certain conditions 

[109]. Some disadvantages of this technique include limitations regarding the type of 

fluorophores that can be used, special requirements regarding sample preparation (i.e. 

specific buffers), length of the image acquisition process and also complexity of data 

analysis [127, 134, 150]. 

 

1.5.2.2 PALM  

In PhotoActivated Localisation Microscopy (PALM) genetically encoded 

photoactivatable fluorescent proteins (FPs) can be achieved from a dark state to a bright 

state through exposure to UV light. Photoswitchable FPs (e.g. PamCherry) can 

alternatively undergo on/off switching with specific illumination [156, 157]. Thus, FP 

fused to the protein of interest (PI) go through consecutive rounds of activation, imaging 

and bleaching, which prevents repeated counts [156]. The use of lasers of increasing laser 

power as cycles go on ensures a progressive activation of molecules that have not yet 

been activated, followed by imaging and bleaching, which prevents repeated counts [158, 

159]. 

Thus, since each molecule only blinks once, localisations and molecules can be counted, 

as opposed to dSTORM. PALM (i.e. Single-particle tracking PALM - sptPALM) is a 

powerful tool that enables studying protein dynamics [160] 3D (f)PALM utilises a beam-

splitter which divides the fluorescence light into a shorter and a longer path to form two 

detection planes that enable determination of the z-position. Biplane (BP) (f)PALM has 

been shown to attain ~ 30 nm lateral resolution and ~75 nm axial resolution [161]. iPALM 

is an interferometric approach that has been used to increase axial resolution allowing 

below 20 nm 3D protein localisation [162]. 

 Two colour PALM is available. PALM has been used to observe the machinery of 

exocytosis [163]. Discoveries in the field of the SNAREs using the super-resolution 

techniques described above will be reviewed below in chronological order until the 

current day.  
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1.6 Super-resolving membrane fusion events mediated by SNAREs 

proteins 

As seen, recent advances in optical physics have shown that the diffraction barrier of far-

field fluorescence microscopy can be surpassed [105, 151, 164]. Super- resolution 

techniques have been developed that can be combined with pre-existing assays, for one, 

helping to overcome the shortcomings of ensemble lipid or content mixing fusion assays 

to allow imaging of protein-protein interactions in real time at the molecular level. Single 

molecule assays can still be combined with single molecule FRET [105, 165]. 

Stimulated Emission Depletion (STED) is a microscopy technique that despite relying on 

conventional lenses and a confocal-like setup is able to surpass the diffraction barrier 

imposed by traditional fluorescence microscopy techniques [151, 164]. Willig et al., 2006 

carried out pioneer studies super-resolving exocytosis using STED. Results suggested 

that at least some vesicle constituents remained together during recycling since 

synaptotagmin-I was shown to remain clustered in segregated patches on the presynaptic 

membrane following synaptic vesicle exocytosis, regardless of the intensity of 

stimulation at nerve terminals [164]. Further studies imaging PC12 cells using STED also 

showed that syntaxin-I formed 50-60 nm diameter clusters composed of 75 syntaxin units 

that compacted and conformationally constrained the molecules [166]. Additionally, 

using STED syntaxin-I was shown to form clusters driven by electrostatic interactions in 

a phosphatidylinositol-(4,5)-bisphosphate (PI(4,5)P2) dependent manner [167]. However, 

phosphatidylinositol-(3,4,5)-triphosphate – (PI(3,4,5)P3) – was,  similarly to PI(4,5)P2 

later localized to syntaxin-1 enriched membrane clusters using SIM with evidence 

suggesting that (PI(3,4,5)P3) but not (PI(4,5)P2) was essential for neurotransmission in 

Drosophila melanogaster [168].  Since (PI(3,4,5)P3) and (PI(4,5)P2) do not have an 

overlapping distribution across the plasma membrane and that the two have a similar 

molecular structure, it is reasonable to hypothesize that (PI(3,4,5)P3)  might have been 

mistaken for (PI(4,5)P2) in previous reports. STED was also used to image 

VAMP2/synaptobrevin as to infer as regards its spatial distribution at the synaptosome in 

vitro [169]. 

  STED and to a lower extent, SIM, were remarkable in allowing to provide a higher 

insight into dynamics never observed before. Nevertheless, findings regarding SNARE 

clustering were still the product of indirect observation based on the relative increase in 

size or intensity of spots at best resolved at 30-80 nm full width at half maximum 
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(FWHW) in STED images of real clusters. Hence individual clusters ranging from could 

still not be resolved. A one-colour fluorescence super resolution microscopy assay 

involving another subset of diffraction unlimited techniques - single molecule 

localization microscopy techniques (SMLM) - was used to enable the visualization of 

individual clusters.  

Rickman et al., 2010 [163] used PALM to study the behaviour of overexpressed syntaxin-

I tagged with a photoactivatable RFP analog where results suggested that 30-40 syntaxins 

concentrated within a 50 nm diameter membrane area.  TIRF-SMLM was used in further 

cluster related studies [170]. Overexpression of GFP tagged syntaxin-I and SNAP-25 

revealed that 50-70 molecules were present in 50 nm diameter membrane regions for both 

proteins. Since here the signal arising from endogenous protein was accounted for, these 

results were in agreement with previous reports [163]. STED was also used to image 

VAMP2/synaptobrevin to infer as regards its spatial distribution at the synaptosome in 

vivo [169]. Direct Stochastic Optical Reconstruction Microscopy (dSTORM) was used 

by Bar-On et al. 2012 [171] used to super resolve individual molecules and clusters in 

PC12 cells suggesting that the density of syntaxins and SNAP-25 within their respective 

clusters decreases towards the periphery of the cluster. Small clusters were also found to 

associate with each other to form higher order structures, the so-called super-clusters 

[171].  

A two-colour fluorescence super resolution microscopy assay was later developed to 

enable the visualisation of molecular interactions between Sec1/Mun18-like proteins and 

SNARE in situ [106]. STORM and PALM were the two SMLM techniques utilised.  Here 

SNAP-25, Syntaxin-1 and Munc-18 were discovered to be present in the same 50-100 nm 

diameter clusters (at a 13-nm FWHM resolution) containing at least on average 10 copies 

of each molecule [106].  

The distribution of SNAP-25 at the active zone at human neuromuscular junctions 

(NMJs) was assessed by performing dSTORM. SNAP-25 displayed a punctate 

distribution, as revealed by dSTORM imaging, similar to that described in a previous 

report [172]. Previously, STED microscopy experiments studying active zone proteins 

had shown a similar subcellular distribution, revealing a density of ~15 per μm2 for 

SNAP-25 [173]. dSTORM, however, brought the novelty of allowing quantitative 

analysis and localisation at a higher imaging resolution [172]. 
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Currently what exactly happens regarding interactions between v-SNAREs and t-

SNARES and their spatiotemporal organisation/distribution immediately before and after 

exocytosis remains unclear. For instance, it is not known whether following membrane 

fusion  t-SNARES syntaxin-I and SNAP-25 are re-incorporated into the membrane (Fig 

1.2). Since the proteins involved in this process are of extremely reduced size and the 

currently available labelling agents (e.g. antibodies) have several disadvantages, at 

present our studies look to develop novel labelling agents to label our proteins of interest 

and observe exocytosis.   

 

1.7 Labelling agents in SRM microscopy 

1.7.1 Current labelling agents and their limitations  

Dynamic processes occur in single cells within the millisecond range (e.g. exocytosis). 

The use of appropriate fluorescent molecules in the field of microscopy enables highly 

specific labelling of molecules of interest to reveal the dynamic processes and movements 

of fixed and living cells. 

Fluorescent molecules function as light sources which are located within specific areas, 

attached to particular structures i.e. proteins in a specimen, indicating their location with 

a specific colour. This corresponds to the colour associated with energy of the wavelength 

of light emitted by a given fluorophore upon excitation with a certain excitation light 

(each fluorochrome has a well-defined emission and excitation spectra) provided by the 

microscope light source. The wavelength of the excitation light is always lower than the 

emission wavelength due to the Stokes shift phenomenon [174]. This enables detection 

and collection of excitation light, followed by observation of the emission light. Ideally, 

a fluorescent probe has a long half-life, reduced molecular weight, high brightness and 

can be monovalently attached to a certain molecule e.g. protein of interest (PI) [175].   

While currently existing fluorescent molecules can effectively be used as labelling and 

detection agents in diffraction-limited microscopy (Fig.1.7), there are limitations imposed 

by these on SRM, due to properties that are intrinsic to these fluorescent molecules [149]. 

For instance, the fluorescence lifetime of a molecule and its maximum photon budget i.e. 

resistance to photobleaching that can be used as a measure of photostability, determine 

the lower and upper thresholds that allow studying molecular dynamics [149, 176]. The 

size and dipole orientation of labelling agents such as antibodies, dyes and protein tags is 
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often associated with steric hindrance and linkage errors. The achievable labelling density 

also affects resolution [149]. 

 

 

 

 

 

Figure 1.7 Common native target labelling agents in microscopy. 
Some of the most commonly utilised currently available labelling agents are displayed 
by size in the picture. Grey spheres represent conserved regions whereas blue and 
yellow spheres represent variable residues. The average antibody size is ~160kDa which 
is on its own close to the diffraction limit ~200 nm. F(ab’) and nanobodies are potential 
alternatives to antibodies which are smaller in size, making for better labelling agents in 
SRM.  Nevertheless, their limitations regarding stability or cumbersome production 
procedures demote otherwise good candidates to suboptimal labelling agents which are 
not consistently suitable for all types of microscopy.  
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Regarding protein labelling strategies, two major classes of labelling agents can be 

identified. Genetic tagging, also known as modified target approaches since involves the 

modification of the protein to be labelled, normally by fusion of a fluorescent tag to it 

[177]. Conversely, affinity staining, also known as native target staining approaches, does 

not require modification of the native structure of the protein, using fluorescent affinity 

ligands to achieve labelling instead [177]. As yet, native target approaches comprise (1) 

in vitro staining, (2) immunofluorescence (e.g. antibodies, nanobodies), (3) interacting 

proteins (e.g. fluorescent ligands) and (4) aptamers. On the other hand, modified target 

approaches include (1) fluorescent proteins (e.g. GFP, PamCherry), (2) peptide tags (e.g. 

SNAP-, HALO-tag) and (3) in vivo insertion of analogons (e.g incorporation of 

fluorescent amino acids) [177] . 

The majority of SRM primarily uses (1) recombinant proteins either fused to 

photoactivatable fluorescent proteins (FPs) or fluorescent enzyme-tags, such as the BC2- 

, CLIP-, HALO- or SNAP-tag or (2) immunofluorescence by antibodies. FLAG-, HA-,  

Myc-tag and the more recent α-tag are small peptides which have recently been made 

available for labelling purposes, however, these still do not provide dense labelling 

sufficient for high-quality SRM [176, 177, 180].  

As far as native targets are concerned, antibodies are probably the most widely used 

labelling agents in immunohistochemistry and microscopy [176].  

They can easily be produced by injecting the antigen of interest (i.e. protein fragment) 

into animals and are regarded as having high affinity for their targets [176]. 

Nonetheless, antibodies have a high molecular weight (~150kDa) and large dimensions 

at ~12-15nm each [178]. Additionally, since most immunostaining procedures require the 

use of a fluorescent secondary antibody attached to a primary antibody that is bound to 

the protein of interest, the effective displacement between the fluorophore and the protein 

of interest is further increased. This results in a localisation error that varies between ± 

30-60nm [178, 179]. While this might be fairly negligible in standard diffraction-limited 

microscopy, it becomes an issue when imaging at resolutions below ~200 nm 

significantly deteriorating the precision and accuracy that could be achieved by SRM 

[178, 179] where often the distance between two given proteins is in the same range as 

the antibody size [178, 179].  Additionally, some antibodies have been shown not to be 

as reproducible as thought previously [180]. 



 32 

In this context, the recently introduced nanobodies coupled to organic dyes would be a 

promising alternative to antibodies in SRM, since they are antibody fragments of much 

smaller dimensions (3-4nm) that can be generated to bind proteins of interest [181, 182]. 

Ideally, labelling should be site-specific, so that the remaining small displacement 

between epitope and fluorescent dye can be predicted and corrected for in the 

measurements. Nanobodies can only be obtained from a heavy-chain-only antibodies of 

a limited number of genus/species i.e. camelids, llamas and sharks. Nanobodies targeting 

components of the nuclear pore complex, tubulin, or vimentin have been described for 

dSTORM imaging [183-185]. While their minute size is compatible with SRM, their 

mass production and validation is cumbersome, time-consuming and costly with a low 

yield which accounts for their limited availability at present [186, 187]. 

Aptamers are negatively charged RNA structures which are difficult to produce and 

involve screening for random sequences that need to be complementary to sequences 

from the protein of interest. While these are similar to antibodies and are suitable for live 

cell imaging, their use is limited by their low availability. Also, owing to their negative 

charge, these tend to bind to negatively charged proteins with very low affinities.[177]. 

F(ab′)2 fragment are fragments that contain the antigen-binding activity and result from 

digestion of antibodies by the enzyme papain. Again, while these would be within 

desirable size range, they are extremely unstable, which causes them to be poor labelling 

agents. 

There is a need for development of novel labelling agents that can be stable, reproducible, 

relatively easy to manufacture and compatible with methodologies used to answer 

biological questions. Since using high molecular weight (MW) labelling agents at high 

resolutions can lead to spatial inaccuracies regarding molecule localisations it is 

important that labelling agents evolve alongside the advances in SRM as to maximise the 

resolution power of cutting-edge technologies.  

 

1.8 Research hypothesis : From natural catalysts to detection agents - 

Enzymostaining 

Currently what exactly happens regarding interactions between v-SNAREs and t-

SNARES and their spatiotemporal organisation/distribution immediately before and after 

exocytosis remains unclear. For instance, it is not known whether following membrane 
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fusion  t-SNARES syntaxin-I and SNAP-25 are re-incorporated into the cell membrane 

(see Figure 1.2). Thus, this will be one of the focusses of our studies. In addition, since 

the proteins involved in this process are of extremely reduced size and the currently 

available labelling agents (e.g. antibodies) have several disadvantages, at present our 

studies look to develop novel labelling agents to label our proteins of interest and observe 

exocytosis 

Re-engineered BoNTs and enzymes in general could offer several advantages over 

current labelling and detection agents for standard confocal and super-resolution 

microscopy. Enzymes have been evolving for millions of years and are a natural resource, 

which does not hold true for antibodies generated artificially. Enzymes naturally have 

high specificity and affinity for their substrate and low affinity for their product. 

However, by re-engineering enzymes in such a way that allows the binding step to take 

place while preventing the catalytic step occurring, these could be turned into promising 

labelling agents. I propose that these would label more effectively providing (1) increased 

localisation accuracy (2) reduced noise from unbound fluorophore used to label protein 

of interest and (3) reduced repeated signals coming from the same protein owing to a 1:1 

(substrate: enzyme) stoichiometry. Most enzymes have a molecular weight between 15-

35kDa, which is significantly lower than that of most antibodies. 

Enzymes can also be more informative to probe certain protein conformations and protein 

interactions as they may bind to their target only under certain biological/physiological 

circumstances. Enzyme production would be animal free as only bacteria are required to 

produce this labelling agent in massive amounts. Similarly, to antibodies, these could also 

be monovalent or polyvalent. Additionally, sample labelling can be carried out following 

a standard immunostaining protocol, using dilutions similar to the ones used for 

antibodies (i.e. 1:250-1:500). However, it would be easier and faster than with antibodies, 

as there is no requirement for labelling with a secondary antibody. These would also be 

more cost effective than traditional antibodies, since massive production of labelling 

agents, could be carried out in the lab.  

To the best of our knowledge we are the first to suggest that enzymes could be used as 

effective labelling and detection agents. 
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2   Methods 

 

2.1 Cell culture & imaging techniques 

2.1.1 Cell lines  

The pheochromocytoma 12 (PC12) cell line was cultured in phenol-red RPMI 1640 

Medium (Gibco™ 21875034) supplemented with 1% GlutaMAX™ Supplement 

(Gibco™ 1574466),  1% Penicillin-Streptomycin (5,000 U/mL) [Gibco™ 15070063], 

10% (v/v) Donor Equine Serum (U.S.), Heat Inactivated (Fisher scientific 12319822) and 

10% (v/v) Foetal Bovine Serum (Heat Inactivated) [Origin: E.U. Approved (South 

American) [Fisher scientificTM 11550356]. PC12 were used as the neuronal model of 

exocytosis to observe endogenous SNAP-25. Additionally, a range of different cell lines 

were cultured in DMEM, High Glucose, No Glutamine [Gibco™ 11960044] 

supplemented with 1% (v/v) GlutaMAX™ Supplement (Gibco™ 1574466), 1% (v/v) 

Penicillin-Streptomycin (5,000 U/mL) [Gibco™ 15070063] and 10% (v/v) Foetal Bovine 

Serum (Fisher scientificTM 11550356) to monitor the expression of exogenously 

expressed SNARE proteins (e.g. SNAP-25). Negative control cell lines included Human 

embryonic kidney cells 293 (HEK293) and Human Bone Osteosarcoma Epithelial Cells 

(U2OS).  

2.1.2 Preparation of Poly-D-Lysine and collagen IV coated coverslips  

SLS Coverslips No 1.5 25mm Dia (Scientific Laboratory SuppliesTM  MIC3350) were 

washed in ultrasonic bath containing 400 mL of 5% pre-warmed (50-60oC)  Hellmanex® 

III solution for 10 minutes using coverslip rack.  

After the ultrasonic bath, rack was sequentially submerged in three beakers containing 1 

L of MiliQ water in each, one beaker containing ~250 mL of 100% ethanol, one beaker 

containing ~250 mL of 100% acetone and finally one beaker containing 1 L of MiliQ 

water to remove acetone. Rack was placed on clean lab tissue to soak up excess water 

and SLS Coverslips No 1.5 25mm Dia (Scientific Laboratory SuppliesTM  MIC3350) were 

added one by one (by first blotting the edges to remove extra liquid) to a Petri dish 

(Thermo fisher scientificTM 10117320) containing 50 or 100 µg/mL Poly-D-Lysine 

(PDL) solution (Merk MilliporeTM  A-003-E) in water. 30-60 seconds was the time 

elapsed before overlapping coverslips in the Petri dish (Thermo fisher scientificTM 

10117320). Petri dish (Thermo fisher scientificTM 10117320) was placed on IKA® 
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ROCKER 2D and SLS Coverslips No 1.5 25mm Dia (Scientific Laboratory SuppliesTM  

MIC3350) were allowed to wash for 2 hours. After 2 hours, PDL (Merk MilliporeTM  A-

003-E)  was drained off and coverslips were rinsed in MiliQ water. Excess water was 

carefully blotted off and coverslips were added one by one to a Petri dish (Thermo fisher 

scientificTM 10117320) containing 250 µg/mL collagen from human placenta Bornstein 

and Traub Type IV (Sigma-AldrichTM C5533-5MG) dissolved in D-PBS Dulbecco’s 

Phosphate Buffered Saline (1X) liquid (Gibco™ 14190094). 30-60 s was the time elapsed 

before overlapping SLS Coverslips No 1.5 25mm Dia (Scientific Laboratory SuppliesTM  

MIC3350) in the Petri dish (Thermo fisher scientificTM 10117320). Petri dish (Thermo 

fisher scientificTM 10117320) was placed on IKA® ROCKER 2D and SLS Coverslips No 

1.5 25mm Dia (Scientific Laboratory SuppliesTM  MIC3350) were allowed to wash for 2 

hours. After 2 hours, collagen from human placenta Bornstein and Traub Type IV 

(Sigma-AldrichTM C5533-5MG) was drained off and SLS Coverslips No 1.5 25mm Dia 

(Scientific Laboratory SuppliesTM  MIC3350) were rinsed by submerging them 

individually in MiliQ water. SLS Coverslips No 1.5 25mm Dia (Scientific Laboratory 

SuppliesTM MIC3350) were then placed on a dry pre-soaked tissue with ethanol and 

allowed to sterilise and dry for 1 hour using portable lamp, or overnight if using integral 

laminar hood. When ready, SLS Coverslips No 1.5 25mm Dia (Scientific Laboratory 

SuppliesTM MIC3350) were stored individually at 4oC in 6-well plates with scratched 

surfaces.  

2.1.3 Cell Plating 

Cells were passaged using TrypLE Express Enzyme (1X) and phenol-red-free RPMI 

1640 Medium (Gibco™ 21875034) supplemented with 1% (v/v) GlutaMAX™ (Gibco™ 

1574466),  1% (v/v) Penicillin-Streptomycin (5,000 U/mL) [Gibco™ 15070063], 1% 

(v/v) Sodium Pyruvate (100 mM) [GibcoTM 11360039], 10% (v/v) Donor Equine Serum 

(U.S.), Heat Inactivated (Fisher scientificTM 12319822) and 10% (v/v) Foetal Bovine 

Serum (Heat Inactivated) [Origin: E.U. Approved (South American) [Fisher scientificTM 

11550356] for PC12. For other cell lines, DMEM, high glucose, no glutamine, no phenol 

red (Gibco™ 31053044) supplemented with 1% (v/v) GlutaMAX™ Supplement 

(Gibco™ 1574466), 1% (v/v) Penicillin-Streptomycin (5,000 U/mL) [Gibco™ 

15070063] and 10% Foetal Bovine Serum (Fisher scientificTM 11550356) was used. 

Density of cells in the flask was determined using a haemocytometer (NeubauerTM 

AC2000). The cell solution was then diluted to the required density per mL (2x105cells) 

in a total volume of 2 mL per well, using phenol-red-free (clear) medium. 2 mL of cell 
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solution were placed in each well of a 6-well plate containing PDL only or PDL/IV 

collagen coated SLS Coverslips No 1.5 25mm Dia (Scientific Laboratory SuppliesTM 

MIC3350) (see also 2.1.2 Preparation of Poly-D-Lysine and collagen IV coated 

coverslips). 

2.1.4 Cell Transfections  

Transfections were carried out using Lipofectamine 3000 Transfection Reagent (Fisher 

scientificTM 15292465) according to the manufacturer’s guidelines, and serum free 

DMEM, high glucose, no glutamine, no phenol red (Gibco™ 31053044) or serum free 

phenol-red-free RPMI 1640 Medium (Gibco™ 21875034), depending on the cell line to 

be used. Mammalian expression DNA plasmids and/or the expressed protein BoNT/A-

LC[E224Q, Y366F] were used for transfections with control cell lines (e,g, HEK293).  

Medium was replaced on the cells with fresh RPMI 1640 Medium (Gibco™ 21875034) 

supplemented with 1% (v/v) GlutaMAX™ Supplement (Gibco™ 1574466), 1% (v/v) 

Penicillin-Streptomycin (5,000 U/mL) [Gibco™ 15070063], 10% (v/v) Donor Equine 

Serum (U.S.), Heat Inactivated (Fisher scientificTM 12319822) and 10% (v/v) Foetal 

Bovine Serum (Fisher scientificTM 11550356) for PC12. For other cell lines, DMEM, high 

glucose, no glutamine, no phenol red (Gibco™ 31053044) supplemented with 1% (v/v) 

GlutaMAX™ Supplement (Gibco™ 1574466), 1% (v/v) Penicillin-Streptomycin (5,000 

U/mL) [Gibco™ 15070063] and 10% (v/v) Foetal Bovine Serum (Fisher scientificTM 

11550356) was used. 500 µL of transfection mix were then added to cells in a dropwise 

manner. Lastly, cells were incubated at 37°C for 24-48 hours (depending on cells and 

plasmid/protein transfection efficiency). 

2.1.5 Fixation and Enzymostaining 

Cells were washed twice with D-PBS Dulbecco’s Phosphate Buffered Saline (1X) liquid  

(Gibco™ 14190094) and incubated for 90 mins in 4% formaldehyde (TAAB 

LaboratoriesTM F017) at RT. Cells were then washed twice with D-PBS Dulbecco’s 

Phosphate Buffered Saline (1X) liquid [without Calcium Magnesium or Phenol Red] 

[Gibco™ 14190094] and incubated for 10 min in 50 mM NH4Cl. Following the 10-

minute-incubation, cells were again washed twice with D-PBS Dulbecco’s Phosphate 

Buffered Saline (1X) liquid (Gibco™ 14190094) Cells were incubated with 0.05% 

Triton® X-100 (Sigma-AldrichTM T8787) diluted in D-PBS Dulbecco’s Phosphate 

Buffered Saline (1X) liquid (Gibco™ 14190094) for 4 minutes to promote solubilisation 
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of the membranes. Cells were then washed with D-PBS Dulbecco’s Phosphate Buffered 

Saline (1X) liquid (Gibco™ 14190094) twice and incubated with staining buffer for 15 

minutes (1X D-PBS + 0.5% fish skin gelatine - a non-specific protein which acts as a 

blocker for spurious antibody binding (0.25g in 50 mL PBS). Cells were washed with D-

PBS Dulbecco’s Phosphate Buffered Saline (1X) liquid (Gibco™ 14190094) twice. The 

enzyme, BoNT/A-LC [E224Q, Y366F] was diluted in staining buffer at dilutions 1:1000, 

1:400 and 1:250 and mixed. 470 µL of this solution were added in each well to cover each 

coverslip completely. These were incubated at RT for 3 hours. Following incubation, cells 

were washed by adding 1 mL of staining buffer to each well and placing plates on IKA® 

ROCKER 2D for at least 5 minutes and staining buffer was removed to be replaced with 

fresh one. This washing step was repeated two times. Cells were then washed by adding 

1 mL of  D-PBS Dulbecco’s Phosphate Buffered Saline (1X) liquid (Gibco™ 14190094). 

This washing step was repeated three times. Samples were ready to mount. 

 

2.1.6 Immunostaining  

Cells were washed twice with D-PBS Dulbecco’s Phosphate Buffered Saline (1X) liquid 

(Gibco™ 14190094)  and incubated for 90 mins in 4% formaldehyde (TAAB 

LaboratoriesTM F017) at RT. Cells were then washed twice with  D-PBS Dulbecco’s 

Phosphate Buffered Saline (1X) liquid (Gibco™ 14190094) and incubated for 10 min in 

50 mM NH4Cl ( Sigma-AldrichTM A9434). Following the 10 minute-incubation, cells 

were again washed twice with D-PBS Dulbecco’s Phosphate Buffered Saline (1X) liquid 

[without Calcium Magnesium or Phenol Red] [Gibco™ 14190094]. Cells were incubated 

with 0.5% Triton® X-100 (Sigma-AldrichTM T8787) diluted in D-PBS Dulbecco’s 

Phosphate Buffered Saline (1X) liquid (Gibco™ 14190094) for 7 minutes to promote 

solubilisation of the membranes. Cells were then washed with  D-PBS Dulbecco’s 

Phosphate Buffered Saline (1X) liquid [Gibco™ 14190094] twice and incubated with 

staining buffer for 15 minutes (PBS + 0.5% fish skin gelatine - a non-specific protein 

which acts as a blocker for spurious antibody binding (0.25g in 50mL PBS). Cells were 

washed with D-PBS Dulbecco’s Phosphate Buffered Saline (1X) liquid [without Calcium 

Magnesium or Phenol Red] [Gibco™ 14190094] twice. Primary antibody was diluted 

1:200 in D-PBS Dulbecco’s Phosphate Buffered Saline (1X) liquid [Gibco™ 14190094]+ 

0.5% fish skin gelatine and mixed. This antibody solution was added in each well (470µl) 

and cells were left to incubate at room temperature for 3 hours or, alternatively overnight 
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at 4oC. After 3 hours, 1 mL of  D-PBS Dulbecco’s Phosphate Buffered Saline (1X) liquid 

[without Calcium Magnesium or Phenol Red] [Gibco™ 14190094] was added to the cells 

in each well and these were allowed to wash on IKA® ROCKER 2D. This step was 

repeated three times. 1:300 of secondary antibody was added and left to incubate for 1 

hour only. Cells were washed with D-PBS Dulbecco’s Phosphate Buffered Saline (1X) 

liquid [without Calcium Magnesium or Phenol Red] [Gibco™ 14190094] was on IKA® 

ROCKER 2D four times, to reduce background.  

 

2.1.7 Antibodies & enzymes 

Anti-SNAP25 antibody (AbcamTM ab66066) was used as the primary antibody in 

immunostaining/microscopy experiments at an optimal dilution of 1:200. 488 Anti-

Mouse IgG F(ab) Atto 488 (H+L) [HypermolTM 2112-250UG] was utilised as the 

secondary antibody at an optimal dilution of 1:300. BoNT/A-LC [E224Q, Y366F] was 

produced in our laboratory by expressing and purifying the pQE-80L-BoNTA-LC 

[E224Q,Y366F] plasmid (see 2.3.1. Plasmids and Plasmid Construction) in LOBSTR or 

BL21 E. coli strains by affinity chromatography as described (refer to 2.4. Protein 

biochemistry techniques). BoNT/A-LC [E224Q, Y366F] was then conjugated to Alexa® 

647 using Alexa Fluor® 647 Protein Labelling Kit (A20173) [Fischer 

ScientificTM10544823]. BoNT/A-LC [E224Q, Y366F]-Alexa 647 was used at an optimal 

dilution of 1:400.WT BoNT/A-LC was purified in a similar way and also conjugated to 

Alexa® 647 for some experiments. 

 

2.1.8 Mounting  

Mounting was carried out following immunostaining/enzymostaining. If mounting cells 

on slides, slides were wiped, firstly with ethanol (EtOH) and then with acetone. This 

removes any dust, etc on the slide surface and reduces background. One drop of either 

ProLong Gold®/ProLong Glass®, if doing confocal, was added to the slides. If doing 

dSTORM, (d)STORM buffer (50mM Cysteamine, 0.5 mg/ml glucose oxidase, 40 µg/ml 

catalase, 10% (w/v) glucose was added to the slides. If doing dSTORM, buffer was 

incubated under UV light (e.g. Trans-illumination (Gel imager)) for a few minutes to 

bleach off any particles in buffer prior to adding to cells.  Each SLS Coverslip No 1.5 

25mm Dia (Scientific Laboratory SuppliesTM  MIC3350)  was carefully removed from the 
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well and placed onto the slide, with cells facing down to touch the mounting medium and 

the slide. Coverslip sealants (CoverGripTM 23005) or Picodent twinsil® (for dSTORM) 

were used to seal the samples. 

 

2.1.9 Microscopy and imaging analysis software 

Wide-field imaging was carried out on FLoid™ Cell Imaging Station (ThermofisherTM 

4471136). Normal White light and 390/40 (Blue) were the excitation wavelength utilised. 

Confocal and STED images were obtained on Leica® TCS SP8 STED 3X using 63x oil 

for confocal objective lenses to carry out one/two/three channel confocal or STED 

microscopy. Excitation lasers used were 488, 561 and 633 at  2-40% laser power. in 

addition, 775 at 30% was the depletion laser  utilised for STED imaging. Hybrid detectors 

(HyD) were used for detection and collection of the emission spectra. 

Huygens deconvolution software was used to run deconvolution on stacks to be used for 

analysis. ImageJ/Fiji was used to carry out image processing. The Fiji plugin 

EzColocalisation was used to run colocalization analysis as previously described [188]. 

dSTORM/ STORM imaging was carried out on Olympus IX81 using Olympus UAPON 

150x Oil TIRF Microscope Objective to carry out dSTORM microscopy. Excitation laser 

640 was used at 100% for dSTORM imaging.  Image acquisition was carried out using 

Xcellence rt12old software. 

 
2.2 Bacterial growth media and solutions  

2xTY  
1% Tryptone 
1% Yeast extract  
86 mM NaCl  
 
LB medium 
1% Tryptone 
0.5% Yeast extract 
86mM NaCl 
 
SDS Sample Buffer (4X)  
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200 mM Tris-HCl, pH 6.8 6.4% SDS 
5 mM EDTA 
16% Glycerol  
A few grains of Bromophenol blue  
 
SDS-PAGE Running Buffer  
25 mM Tris 0.2 M Glycine 0.1% SDS  
PBS, pH 7.4  
20 mM Phosphate (3.8 mM NaH2PO4/16.2 mM Na2HPO4)  
150 mM NaCl  
 
Resuspension Buffer 
20 mM Tris-HCl (pH7.4) 
50 mM NaCl 
1 mM EDTA 
 
Buffer A (Degassed) 
20 mM Tris-HCl, pH 7.4 
500 mM NaCl,  
20 mM imidazole  
5% Glycerol 
0.05% Tween-20 
1 mM DTT  
 
Binding buffer/Low Salt Wash buffer (Filtered) 
20mM Tris-HCl (pH7.4) 
100 mM  NaCl 
1 mM EDTA 
0.1 % v/v Triton X-100 
 
High Salt Wash Buffer 
20 mM Tris-HCl (pH7.4) 
1 M NaCl 
1 mM EDTA 
0.1 % v/v Triton X-100 
 
Buffer B (Degassed)  
20 mM Tris-HCl pH 7.4 
500 mM NaCl 
500 mM imidazole 
5% Glycerol 
0.05% Tween-20 
1 mM DTT 
 
Coomassie stain  
10% Methanol 
20% Acetic acid 
200 mg/L Coomassie G-250  
 
2.3 Cloning and molecular biology techniques 

2.3.1 Plasmids and Plasmid Construction 
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A plasmid encoding the wild type (WT) BoNT/A-LC (residues  2–420),  was expressed 

with a N-terminal 6-histidine tag (6x) His-tag using the pQE-30 vector system [189]. 

SNAP-25  (residues 141–204) and SNAP-25-mCherry had been subcloned into the 

pGEX-KG vector for bacterial expression which had been prepared as described 

previously [189]. A PQE-80L plasmid encoding the mutant version of the light chain of 

BoNT/A had been created and amplified by introducing two-point mutations in the 

original WT BoNT/A-LC sequence, using the Q5® Site-Directed Mutagenesis Kit 

Protocol (E0554) for PCR-based mutagenesis. This mutant, BoNT/A-LC [E224Q, 

Y366F]	(residues  2–420),	  had been recreated according to the guidelines previously 

described [189] for bacterial expression. All coding regions were sequenced to confirm 

the absence of PCR-induced errors. Regarding mammalian expression constructs, 

pmCherry-N1-SNAP-25,  pmCherry-C1, pEGFP-C2-SNAP25b (Mouse) and pEGFP-C3 

were used for mammalian expression of exogenous SNAP-25. Plasmids maps were 

designed using Geneious® software. 

 
2.3.2 Transformations 

LB agar plates were either poured under aseptic conditions at the time or warmed in 

bacteria incubator approximately 1 hour before setting up cultures. A tube of either XL-

10 Gold ultracompetent or LOBSTR competent bacteria (200 μL) was left on ice for 10 

minutes. 50 μL of cells were placed in Eppendorf tubes and 0 (for control) or 1 μL plasmid 

were added to them. The tube was flicked 7 times to mix the cells with the plasmid. The 

cells were then incubated on ice for 10 mins. Following this, cells were then heat shocked 

for 30 seconds at 420C in a bead bath. Cells were then incubated on ice for 5 mins. 450 

μL of LB medium was then added and incubated at 37 ºC, shaking at 200 rpm for 30-60 

mins to promote expression of antibiotic resistance genes. 10 μL or 100 μL were 

inoculated and spread onto the LB Agar plate, using a metal spreader. Cultures were 

incubated overnight (~16h) at 37 ºC. 

 

2.3.3 Miniprep 

A Fisherbrand™ Polystyrene Petri Dish (Fisherbrand™  12664785)  LB agar plate 

containing transformed bacteria and one unused plate were placed in bacteria incubator 

approximately 1 hour before setting up cultures. 6 sections were made on warmed LB 

plate and numbered 1 – 6. 6 colonies were picked using sterile bacteria loop and each 
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colony was added to a universal tube (labelled #1 - #6) containing 5 mL LB and 5 μL of 

antibiotic (antibiotic stock solutions stored at -20 ºC). Each of these were added using a 

loop to their numbered section on LB Agar plate. Tubes were incubated overnight in 

Multitron Standard® incubator orbital shaker (INFORS HTTM 4242101) at 37 ºC, 200 

rpm, and plated at 37ºC in bacteria incubator.  

Segmented plate/replica plate was checked for bacterial growth and stored at 4 ºC. Tubes 

were balanced to within 0.1 g to then centrifuge bacterial cultures for 20 mins at 3000 x 

g at 4ºC. Supernatant was decanted and all remaining medium was removed. The 

Miniprep itself was carried out as per manufacturer’s instructions using GeneJET Plasmid 

Miniprep kit (Thermo Scientific).  

 

2.3.4 Maxiprep 

An LB agar plate containing transformed bacteria and one unused plate were placed in 

bacteria incubator approximately 1 hour before setting up cultures. Universal tubes were 

set up containing 5 mL LB and 5 μL antibiotic.  A colony from sectioned plate (if from 

miniprep) was added to each tube. Tubes were incubated for 4 to 6 hours at 37ºC, 200 

rpm, in Multitron Standard® incubator orbital shaker (INFORS HTTM 4242101).  

Contents of tubes were added to 1 L flask containing 200 mL LB and 200 μL antibiotic. 

Flask was incubated overnight at 37 ºC, 200 rpm, in Multitron Standard® incubator 

orbital shaker (INFORS HTTM 4242101). On the day after, cultures were transferred to 

maxiprep centrifuge containers. Containers were balanced to within 0.1 g prior to 

centrifugation. Bacterial cultures were then centrifuged at 4oC for 30 mins at 3000 x g. 

Supernatant was decanted and all the remaining medium was removed. The following 

steps of the Maxiprep were carried out as per manufacturer’s instructions, using PureLink 

HiPure Plasmid DNA Purification Kit (InvitrogenTM K210004). 

 

 
2.3.5 SDS-PAGE Gel Electrophoresis 

Samples were prepared by adding SDS Sample Buffer (4X), as required. These samples 

were used for the actual SDS-PAGE gel electrophoresis. All SDS-PAGE was performed 

using the Mini Protean III gel system (Bio Rad) and pre-cast 12% Ready Gels (Bio Rad). 

Samples were then loaded onto the pre-cast ready gel (prepared according to the 
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manufacturer's instructions) and run in SDS PAGE running buffer for 45 min at a constant 

voltage of 170 V. Under these conditions, the dye front was stopped just before exiting 

the polyacrylamide gel. Gels were then placed in appropriate containers, covered with 

Coomassie stain, boiled in the microwave and allowed to stain on IKA® ROCKER 2D 

for at least 15 minutes. Following this, stain was removed and replaced with MiliQ water, 

boiled and allowed to wash on IKA® ROCKER 2D for at least 15 minutes. After 15 

minutes water was replaced with fresh water and allowed to wash on IKA® ROCKER 2D 

for at least another 15 minutes or overnight, prior to imaging of gels.  

  

2.3.6 DNA Sequencing 

Nucleic acid concentration was measured using NanoDrop™ 2000 Spectrophotometer 

(Thermo ScientificTM   ND-2000). Samples were then diluted down to the required 

concentration, as per Source Bioscience sample requirements, to be submitted and sent 

off for sequencing. Sequencing was ordered from the Source Bioscience website. 

 

2.4 Protein biochemistry techniques 

2.4.1 Protein expression 

Plates with transformed bacteria i.e. Low background strain (LOBSTR) or BL21 E. coli 

strains containing the plasmid coding for the protein of interest were warmed and as many 

colonies as the number of litres of protein we wanted to express were added to the same 

number of 50 mL flasks of 2xTY medium, (one colony per flask) containing antibiotic 

(50 μL). Flasks were allowed to incubate for 6 hours at 37oC in Multitron Standard® 

incubator orbital shaker (INFORS HTTM 4242101) . 4x 1 L flasks 2x TY medium 

containing antibiotic (1 mL)  were warmed at 37 °C for >1 hour prior to transferring the 

cultures. After transferring the cultures to the four warmed 1 L flasks 2xTY medium 

containing antibiotic (1 mL) they were allowed to incubate for 2 hours at 37oC in 

Multitron Standard® incubator orbital shaker (INFORS HTTM 4242101). To promote 

protein expression 1 mM isopropyl-D-thiogalactopyranoside (IPTG) was added to a final 

concentration of 1mM (1 mL). Flasks were allowed to incubate overnight at 19 °C in 

Multitron Standard® incubator orbital shaker (INFORS HTTM 4242101), ensuring 

window was covered in foil. Cultures were centrifuged at 5000 x g for 30 minutes at 4°C. 

Supernatant was removed, and pellet stored at -80 °C until ready to use (or at least for 1 

hour). 
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2.4.2 Preparation of Cell lysate 

Pellets were kept on ice. An EDTA-free protease inhibitor tablet (Sigma AldrichTM 

04693132001) was added to 50 mL resuspension buffer containing 20 mM Tris-HCl (pH 

7.4), 150 mM NaCl, 10 mM Imidazole and 1 mM DTT - first dissolved in about 15 mL 

then topped up to 50 mL. 12.5 mL of buffer were added to each 1 L frozen bacteria pellets 

and re-suspended at ~8 °C in bottom Multitron Standard® incubator orbital shaker 

(INFORS HTTM 4242101) for 30-60 mins 200 rpm. Up to 2 % (v/v) Triton® X-100 

(Sigma-AldrichTM  T8787) was added to the re-suspended pellet (e.g. 5 mL 20 % (v/v) 

stock in ~40 mL resuspension. Resuspension was gently inverted to mix and incubate on 

ice for 5 mins. Bacteria were lysed via sonication in a Falcon® 50 mL Conical Centrifuge 

tube on ice at 80 % amplitude for 10 s on, 10 s off for 10 mins, mixing suspension during 

"off" time once a minute to keep it cool.Bacterial fragments were removed by 

centrifugation at 25,000 x g for 30 mins, at 4 °C. 

 

2.4.3 Immobilised Metal Ion Affinity Chromatography (IMAC) 

IMAC, in this case, Nickel Chromatography was performed on AKTA (GE Healthcare) 

using a Histrap FF crude 1 mL column HisTrapTM FF column (GE Healthcare, Fisher 

ScientificTM 10571680) . Two buffers were used: Elution buffer and binding buffer.  

 Binding buffer (degassed) contained 20 mM Tris-HCl (pH 7.4), 500 mM NaCl, 5% 

Glycerol, 0.05% TWEEN-20 and 1 mM DTT. Elution buffer contained 20 mM Tris-HCl 

(pH 7.4), 500 mM NaCl, 200 mM imidazole, 5% Glycerol, 0.05% and 1 mM DTT. 

 

2.4.4 Gel filtration/Size exclusion Chromatography 

Fractions from IMAC were combined and concentrated using a Molecular weight cut off 

MWCO spin concentrator (Vivascience) prior to gel filtration. The gel filtration buffer 

used  contained 1XPBS (pH 7.4), 0.05% Tween-20, 5% glycerol buffer and 1 mM DTT. 

The Superdex 200 16/60 column (GE Healthcare) was used and connected to AKTA (GE 

Healthcare) and protein samples were added using 5 mL loop. Column was equilibrated 

overnight prior to use with buffer. Gel filtration was performed on AKTA (GE 

Healthcare) using the equilibrated Superdex 200 16/60 column (GE Healthcare) the 

following day. 
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2.4.5 Glutathione S-transferase (GST) GST bead purification 

 
2.4.5.1 Preparation of  GST beads.  

A minimum of 0.5 mL GST beads per pellet from a 1 L of bacterial culture were placed 

into a Falcon® 50 mL Conical Centrifuge tube (i.e. for 2 pellets with 0.5 mL beads). The 

beads were then washed once to remove ethanol using 20 mL binding buffer by vortexing, 

followed by centrifugation at 500xg for 1 min in swinging bucket. The supernatant was 

aspirated and discarded. 

 

2.4.5.2 Glutathione S-transferase (GST) Purification.  

1 - 2 mL of binding buffer were added to the GST beads, to achieve a 30 - 50% v/v of 

beads in solution. Bacterial lysate was added to the beads and incubated for 1 hour at 4ºC 

in carrousel rotating machine to gently agitate mixture. This mixture was then centrifuged 

at 500xg for 1 min. The GST-protein beads were transferred to a Falcon® 15 mL 

Conical Centrifuge tube. Binding buffer was added in the new tube once all beads had 

been transferred to top it up to 15 mL mark and were then mixed. Two washing steps 

followed where the mixture was centrifuged at 500xg for 1 minute and the supernatant 

was removed. The GST-protein beads were then topped up to 15 mL with high-salt wash 

buffer, vortexed, centrifuged at 500xg for 1 minute and had their supernatant aspirated. 

This step was repeated two additional times. The GST-protein beads were washed with 

low-salt/binding buffer by topping them up to 15 mL, vortexing, centrifuging at 500xg 

for 1 minute and discarding the supernatant.  The GST-protein beads were then topped 

up to 7 mL with binding buffer. If storing for further purification (e.g Gel filtration) at a 

later time or for pull-down assays (refer to methods section 2.8.2 Pull-down assays) The 

GST-protein beads were topped to 14 mL with glycerol, mixed gently and stored at -20oC 

until required.  

 

Thrombin Digestion. This step cleaved the GST-tag on the proteins, therefore removing 

them from the GST beads. Binding buffer was used at all stages. OPTIONAL STEPS: 

Removal of glycerol if using samples stored in 50 % v/v glycerol. 
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The samples were placed on ice for 5 minutes, then centrifuged at 1000xg for 2 minutes.. 

Supernatants were discarded and the  samples were combined into one of the Falcon® 15 

mL Conical Centrifuge tubes. Then continued as below. 

COMPULSORY STEPS: if continuing directly from Glutathione S-transferase 

(GST) Purification. The volume of the GST-protein beads mixture was adjusted and 200 

μL of thrombin (20 U/mL) were added to the mixture dissolved in binding buffer and 

placed in Multitron Standard® incubator orbital shaker (INFORS HTTM 4242101) for 17-

22 hours at 21 ºC at 250 rpm. An EDTA-free-tablet (Sigma AldrichTM 04693132001) was 

dissolved in 1mL of ultrapure water. 500 μL of the latter solution were added to the GST-

protein mixture to stop the reaction and prevent thrombin degrading protein. The sample 

was centrifuged to a volume of 3mL or less for loading onto gel filtration column, which 

should have been equilibrated with buffer the day before (see 2.4.4. Gel filtration/Size 

exclusion Chromatography). 

 

2.4.6 Dialysis 

Dialysis of proteins was carried out using Thermo Scientific Slide-A-Lyser cassettes. For 

each sample, four litres of storage buffer were prepared. Correct size cassette was 

available and chosen accordingly, dependent on i.e. Molecular weight cut-off (MWCO) 

and capacity. 

The fractions to be dialysed were pooled. Small samples (15-30 µL) of our protein(s) 

were taken before dialysis for SDS-PAGE electrophoresis. Two litres of 1XPBS (pH 7.4), 

0.05% Tween-20, 5% glycerol and 1 mM DTT buffer were set up mixing in a bucket, at 

RT. The cassette(s) were wet as per manufacturer’s instructions, 2 minutes prior to use. 

Protein was carefully pipetted into the cassette using either stripettes or Hamilton syringe, 

depending on sample volume and cassette used. Air was carefully squeezed out of the 

cassette as the protein was being added, taking care not to squeeze out sample or break 

membrane. Top of the cassette was sealed. The cassette(s) was placed inside the bucket 

containing 1XPBS (pH 7.4), 0.05% Tween-20, 5% glycerol, 1mM DTT buffer and stir 

bar to equilibrate for 1 – 2 hours at room temperature. Buffer was replaced after ~2 hours 

with fresh one and cassette(s) containing the  protein of interest were left in buffer inside 

bucket at 4oC overnight. On the following day, the protein was removed from the cassette 

and stored on ice. The protein concentration was measured on NanoDrop™ 2000 
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Spectrophotometer (Thermo ScientificTM   ND-2000(using the protein extinction 

coefficient). SDS-PAGE electrophoresis was run to represent the pooled, dialysed 

protein. The protein was stored in 200-500 µl aliquots at -80oC for long term storage. 

 

2.5 Analysis of protein:protein interactions 

 
2.5.1 Cleavage assays  

Cleavage/digestion assays were carried out to assess the cleavage ability of  BoNT/A-LC 

[E224Q Y366F] and WT BoNT/A-LC.  SNAP-25-mCherry was incubated with either 

WT BoNT/A-LC or BoNT/A-LC [E224Q Y366F] at 4oC, 21oC or 37oC in 1XPBS (pH 

7.4) buffer for 1 hour, 24h or 48h. SNAP-25-mCherry and BoNT/A-LC or BoNT/A-LC 

[E224Q, Y366F] were incubated at equimolar ratios. For time-course and endpoint 

reactions, samples were collected  (as described in chapter 3) at suitable points in time. 

For longer-term reactions performed only at 4oC, samples were taken after 1 week, 2 

weeks and 1 month. SDS Sample Buffer (4X) was added to all of the cleavage assay 

samples for analysis by SDS-PAGE. 

2.5.2 Pull-down assays 

1 x 15 µL or 2 x 15 µL samples of protein on GST beads that had been stored in binding 

buffer/glycerol in a 15 mL tube from previous GST purification were taken for SDS-

PAGE electrophoresis – sample 0. Sample 1 was taken (15 µL) consisting of the protein 

that should bind to protein on GST beads, here referred to as protein B.  n x 200 µL 

samples of slurry containing protein on GST beads were taken and centrifuged at 1700xg 

for 1 minute to remove the glycerol. The supernatant was discarded. Binding buffer was 

used to top samples up to 200 µL and wash them again by centrifuging them at 1700xg 

for 1 minute and discarding the supernatant. OPTIONAL STEP: Tubes were topped up 

to 100 µL. Different volumes (n) of protein B were then added to the n tubes containing 

protein on GST beads. The n tubes were topped up to 100 µL-1000 µL with binding 

buffer. The tubes were vortexed, and sample set 2 was taken (n x 15 µL) from each. 

Incubation for 60-90 minutes with mixing activity followed. After incubation, the 

samples were spun down at 1700xg for 1 minute. The supernatant was collected and 
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sample set 3 was taken (n x 15 µL) as this might contain unbound protein B. The tubes 

were topped up to 100 µL with binding buffer, centrifuged 1700xg for 1 minute and the 

supernatant was collected. OPTIONAL STEP: Sample set 3.1 was taken (15 µL) at this 

point.  The washing step was repeated. OPTIONAL STEP: The supernatant was 

collected and  sample set 3.2 was taken (15 µL). The n x tubes were topped up to 100 µL, 

resuspended and sample set 4 was taken (15 µL). SDS-PAGE electrophoresis was carried 

out using all the 15 µL samples collected throughout the protocol.  

 

2.5.3 Microscale Thermophoresis (MST)

2.5.3.1 Labelling of protein for MST 

Protein was labelled according to the manufacturer’s instructions (Nanotemper 

Technologies). L001 Monolith™ NT.115 Protein Labelling Kit RED-NHS (Amine 

Reactive) and/or Atto 647 were used to label SNAP-25 and BoNT/A-LC [E224Q, 

Y366F]. These dyes take advantage of N-Hydroxysuccinimide (NHS)–ester chemistry, 

reacting efficiently with the primary amines of proteins to form highly stable dye–protein 

conjugate complexes. NT.115 Protein Labelling Kit RED-MALEIMIDE (Cysteine 

Reactive) Thermophoresis (MST) was also used to label  BoNT/A-LC [E224Q, Y366F]. 

The dye carries a reactive maleimide group that modifies the amino acid cysteine. In 

addition, Monolith His-Tag Labelling Kit RED-tris-NTA 2nd Generation by NanoTemper 

Technologies was the final strategy used to label  BoNT/A-LC [E224Q, Y366F]. 

A similar labelling protocol was used for all three labelling strategies utilised  (see results 

chapter 4). The protein dissolved in a suitable labelling buffer 

at the correct pH for the labelling step. The protein concentration was adjusted 

to 2–20 μM using the labelling buffer provided in Monolith™ NT.115 Protein Labelling 

Kits. The solid fluorescent dye was dissolved in 100% DMSO at a concentration of about 

1.3 mM and mixed thoroughly. Before mixing the protein and the dye, the concentration 

of the dye was adjusted to 2–3-fold concentration of the protein, using the labelling buffer. 

Free dye was eliminated by passing the labelled protein through gravity flow column B 

included in the labelling kit L001 (Nanotemper Technologies, 2018). 
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2.5.3.2 MST assay setup and optimisation 

MST experiments were performed on a NanoTemper® Monolith NT.115 with blue/red 

detection channels  (NanoTemper Technologies GmbH, Munich, Germany). Sixteen 200 

μL micro reaction tubes were labelled from 1 to 16. Samples were prepared in different 

buffers 1XPBS, 1XPBS 0.1% Tween or MST buffer. 10 μL of the assay buffer were 

added to all sixteen tubes. 20 μL of the highest concentration of the ligand, either 

BoNT/A-LC [E224Q, Y366F] or SNAP-25, were added to tube 1 of the two-fold 16-step-

serial dilution series. 1. 10 μL of the ligand were then transferred from tube 1 to tube 2 

and mixed with the 10 μL of the pre-existing assay buffer. This step was repeated between 

tubes 2 and 3, 3 and 4, 4 and 5 and so on through to tube 16.  10 μL of  labelled protein 

were then added to all 16 tubes containing the different ligand concentrations of the two-

fold dilution series. Samples were centrifuged at 1300xg for 5 minutes mixed and loaded 

into NT.115 Standard Treated Capillaries from NanoTemper Technologies and onto MST tray in 

Monolith NT.115.  On MST machine, the red detection channel was selected. 

Measurements were performed at 19-22°C, using  medium MST power with laser off/on 

times of 5 s and 20s, and MST power with laser off/on times of 5 s and 20 s. Laser powers 

of 2%, 40% and 60% were used depending on fluorescence intensity requirements of the 

labelled species. All experiments were repeated at least three times for each measurement. 

If required, should the first run show very low signal to noise ratios, an additional 1 μL 

of 20% Tween-20 was added into all sixteen tubes and these were centrifuged at 1300xg 

for 5 minutes, to improve the signal to noise ratio. 

 

2.5.3.3 MST data acquisition and analysis.  

The data were acquired on  Monolith NT.115 (Nanotemper Technologies GmbH)  with 

MO. Control 1.5.3 (NanoTemper Technologies GmbH). Recorded data were analysed 

with MO. Affinity Analysis 2.2.7 (NanoTemper Technologies GmbH). The MST on-time 

yielding the highest signal-to-noise ratio was used for the KD determination. The data 

were fitted using a KD fit model that describes a molecular interaction with a 1:1 

stoichiometry according to the law of mass action. The KD constants between a protein 

and 

its ligand can be calculated using the saturation binding curve at equilibrium. The fitting 

function is derived from the law of mass action and may be used to estimate the KD: 
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Where  f(c) is the fraction bound at a given ligand concentration c; Unbound is the Fnorm 

signal of the target; Bound refers to the Fnorm signal of the complex; KD is the 

dissociation constant or binding affinity; and the ctarget is the final concentration of 

target in the assay. 

 f(c) = Unbound + (Bound – Unbound) x      
2c  target

targetc + c        + K       (c + c        +K )     4cc  target target D
2

D
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2.5.4 Analysis of High salt and EDTA Resistance 

 
The ability of BoNT/A-LC [E224Q, Y366F] and SNAP-25 to form High salt (5M NaCl) 

and EDTA (50Mm) resistant complexes was analysed by SDS-PAGE. Preincubated 

mixtures of the BoNT/A-LC [E224Q, Y366F] and SNAP-25 proteins were solubilized in 

SDS containing sample buffer (final concentrations of 1XPBS, 0.05% Tween-20 pH 7.4, 

1% SDS) incubated at RT (not boiled)  for 10 min before loading onto a Mini-

PROTEAN® TGX™ Precast Gels (Bio- RadTM  456-9034). Gels were stained with 

Coomassie Blue. 

 
2.5.5 Analysis of SDS Resistance 

The ability of BoNT/A-LC [E224Q, Y366F] and SNAP-25 to form SDS-resistant 

complexes was analysed by SDS-PAGE. Preincubated mixtures of the BoNT/A-LC 

[E224Q, Y366F] and SNAP-25  proteins were solubilized in SDS containing sample 

buffer (final concentrations of 1XPBS, 0.05% Tween-20 pH 7.4, 0.5%, 1% or 2% SDS) 

incubated at RT (not boiled)  for 10 min before loading onto a Mini-PROTEAN® TGX™ 

Precast Gels (Bio- RadTM 456-9034). Gels were stained with Coomassie stain. BoNT/A-

LC [E224Q, Y366F]/SNAP-25 complexes were formed by mixing approximately equal 

molar amounts of the relevant proteins and incubating at 37°C for an hour. Fractions were 

analysed by SDS-PAGE or, in cases where the complex was not SDS-resistant, by pull-

down assays. 
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3  Characterising the properties of re-engineered BoNT/A-LC 

[E224Q, Y366F] 

 
 
3.1 Introduction 

Enzymes are biological catalysts present in all living organisms. They have evolved over 

millions of years to show increased affinity for their target substrates and bind to them 

with high stability and specificity. These stable binding properties provide some of the 

grounds for their manipulation and use as novel fluorescent labelling agents. Enzymes, 

as detection agents, would offer clear advantages over antibodies due to their smaller size, 

substrate specificity and the option to produce them recombinantly. Botulinum 

neurotoxins are enzymes which cause Botulism through specific binding and proteolytic 

cleavage of the SNARE proteins in neurons. Similarly to all of the other Botulinum 

neurotoxins, serotypes A-G and the most recently discovered X, botulinum neurotoxin A 

(BoNT/A) is an enzyme composed of two distinct units, a heavy chain (~100kDa) and a 

light chain (~50kDa). While the heavy chain is responsible for botulinum neurotoxin 

toxicity, the light chain is the subunit with the proteolytic activity that specifically cleaves 

the SNARE proteins. I created a mutant of the BoNT/A light chain (BoNT/A-LC [E224Q 

Y366F]), which, while retaining high affinity for its substrate, will not cleave and convert 

them into the product. Nonetheless, in vitro testing using a variety of biochemical assays 

was required to validate the binding ability of BoNT/A-LC [E224, Y366F] at the early 

stages. 

 
3.2 Results 

3.2.1 Creating a mutant version of BoNT/A-LC 

Previous reports [189, 190] suggested that a mutant version of the light chain of 

Botulinum Neurotoxin A (BoNT/A-LC), BoNT/A-LC [E224Q Y366F] retained its 

binding properties while not being catalytically active, hence not being able to cleave its 

target SNAP-25. Whilst this was an interesting concept, it was not further exploited 

beyond the context of biochemical studies focusing on evaluating the role of key residues 

in the catalytic activity of SNAP-25.  My studies, however, had a major focus on creating 

and validating a labelling agent that would allow me to study SNARE proteins utilising 

diffraction and super-resolution microscopy  
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Figure 3.1 | The making of the mutant version of Botulinum Neurotoxin (BoNT/A-LC). 
BoNT/A-LC [E224Q Y366F], which lacks catalytic activity, was created in a stepwise fashion 
based on previous research. (A) The plasmid map for the plasmid construct P057 (in Rickman 
lab) coding for BoNT/A-LC [E224Q, Y366F] and designed using Geneious® is shown above. 
Here, restriction sites, (6x) His-Tag region, antibiotic resistance and the two point mutations 
E224Q and Y366F are highlighted within the DNA sequence. (B) A 3D representation of BoNT/A-
LC [E224Q, Y366F] (in red) was created using PyMOL software to simulate the 3D protein 
conformation and highlight the binding pocket where SNAP-25 (in green) fits running along the 
groove of WT BoNT/A-LC. (C) Schematic representation of SNAP-25 highlighting the cleavage 
sites for different BoNT serotypes including BoNT/A-LC between residues 197-198. This results 
in the removal of nine residues from the C terminus of SNAP-25, giving a potent and persistent 
blockade of neurotransmitter release (D) Left: Some more detail is shown into the structure of WT 
BoNT/A-LC where a zinc cation (Zn2+) is the cofactor required for the catalytic activity of the 
enzyme. Right: Two residues (in red) are replaced in the mutant version of BoNT/A-LC which 
should not affect the binding ability of the toxin while abolishing its cleavage ability. In later steps, 
the mutant was labelled with Alexa FlourTM 647 NHS ester for microscopy.  
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techniques. As such, I thought that harnessing the binding potential of BoNT/A-LC 

[E224Q Y366F] may be a step towards creating a more effective labelling agent for 

SNAP-25.  The plasmid map construct was created by ordering the sequence encoding 

wild-type (WT) BoNT/A-LC [E224Q Y366F]  and inserting two mutations as previously 

described [189]. Site-directed mutagenesis was used. The construct was  subcloned into 

a pQE-80L non-mammalian, bacterial expression vector containing several different 

restriction sites, and an antibiotic resistance region i.e. kanamycin.  Geneious® software 

was utilised to design the plasmid construct map highlighting all coding sequences and 

regions of interest (Fig. 3.1A). The (6x) His-Tag coding region was essential for 

purification of the protein by affinity chromatography upon bacterial culture of either 

LOBSTR or BL21 Escherichia coli (E. coli) for protein expression. Figure 3.1B also 

shows a 3-dimensional representation of WT BoNT/A-LC and SNAP-25 interacting. As 

seen, SNAP-25 fits and runs along the groove of BoNT/A-LC [E224Q Y366F]. In 

addition,  Fig. 3.1C shows a schematic representation of SNAP-25, highlighting all its 

cleavage sites by the different BoNTs, including the WT BoNT/A-LC, whereas figure 

3.1D illustrates the concept underlying the making of the mutant. Zn2+ is a cofactor 

required for the catalytic activity of the WT BoNT/A-LC. In the mutant, this is still 

present, however, the mutations inserted should substitute the original residues E by Q at 

224 and Y by F at 366 causing the mutant to be non-catalytically active, therefore not 

being able to cleave, while still binding to its target SNAP-25. Following cloning, the 

next steps involved expressing and purifying BoNT/A-LC [E224Q Y366F]. 

 
3.2.2 Purifying BoNT/A-LC [E224Q, Y366F] 

I had to first carry out  transformations using LOBSTR and/or BL21 E. coli to express 

and purify the mutant BoNT/A-LC [E224Q, Y366F], using said construct (Fig. 3.1A) as 

I aimed to assess the usefulness of such properties with a view to later exploiting them 

for microscopy. Additionally, a miniprep and/or a maxiprep were also carried out to 

produce copies of my construct that could be sequenced by Source Bioscience and, in the 

case of the maxiprep also increase the stock of the construct for long-term storage at -

80oC. Sequencing results were compared against the known sequence which showed that 

the sequence of the construct was as expected and so purification was carried out. 

Purification was carried out by affinity chromatography using a HisTrapTM FF column 

(GE Healthcare, Fisher ScientificTM 10571680) for Nickel chromatography on an 

AKTATM purifier  
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Figure | 3.2 Protein purification of BoNT/A-LC [E224Q, Y366F]. 
A bacterial culture of 6L was grown expressing the protein of interest, BoNT/A-LC [E224Q, 
Y366F] the mutant version of BoNT/A-LC. BoNT/A-LC [E224Q, Y366F] was then purified  by 
Nickel chromatography (HisTrap purification). SDS-PAGE electrophoresis was used to 
qualitatively assess the yield of protein. (A) Gel showing the fractions of protein (A1-A12) that 
were first eluted during purification. (B) Fractions B1-B12 were eluted. (C) Here fractions D6-D12 
and E1-E2 are shown as these also contained BoNT/A-LC [E224Q, Y366F]. Bands corresponding 
to a higher molecular weight ~100 kDa are also visible  (A) to (C) suggesting that a fraction of our 
50 kDa protein monomers may have associated to form higher order structures - dimers - of about 
100 kDa. (D) Here d1 corresponds to fractions A9-B4 combined in HisTrap elution buffer (20mM 
Tris-HCl pH 7.4, 500 mM NaCl, 500 mM imidazole, 5% Glycerol, 0.05% Tween-20, 1mM DTT) . 
d2 corresponds to the final purified BoNT/A-LC [E224Q, Y366F] after buffer exchange in dialysis 
buffer (1XPBS pH 7.4, 1mM DTT, 0.05% TWEEN, 5% Glycerol).  
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Figure 3.2 | Protein purification of BoNT/A-LC [E224Q, Y366F]. A bacterial culture of 6L was 
grown expressing the protein of interest, BoNT/A-LC [E224Q, Y336F] the mutant version of 
BoNT/A-LC. BoNT/A-LC [E224Q, Y336F] was then purified  by Nickel chromatography (HisTrap 
purification). SDS-PAGE electrophoresis was used to qualitatively assess the yield of protein. 
(A) Gel showing the fractions of protein (A1-A12) that were first eluted during purification. (B) 
Fractions B1-B12 were eluted afterwards. (C) Here fractions D6-D12 and E1-E2 are shown as 
these also contained BoNT/A-LC [E224Q, Y336F]. Bands corresponding to a higher molecular 
weight ~100 kDa are also visible  (A) to (C) suggesting that a fraction of our 50 kDa protein mon-
omers may have associated to form higher order structures - dimers - of about 100 kDa. (D) 
Here d1 corresponds to fractions A9-B4 combined in HisTrap elution buffer (20mM Tris-HCl pH 
7.4, 500 mM NaCl, 500 mM imidazole, 5% Glycerol, 0.05% Tween-20, 1mM DTT) . d2 corre-
sponds to the final purified BoNT/A-LC [E224Q, Y366F] after buffer exchange in dialysis buffer 
(1XPBS pH 7.4, 1mM DTT, 0.05% TWEEN, 5% Glycerol).           
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system.  Previous protocols utilised in my laboratory for this protein purification 

procedure had not included Tween-20 in the buffer composition, however, I found that 

adding Tween-20 greatly improved the purity of the protein fractions obtained by 

removing low molecular weight impurities that were often present.  Results are shown in 

figure 3.2. The purified protein was about 50 kDa as expected. A band corresponding to 

a higher molecular weight of about 100 kDa was also seen consistently present across 

rows A7-E2 (Fig. 3.2) and was hypothesised to be dimers as this had been seen by me 

and others to be a common occurrence during this type of purification, even in the 

presence of Dithiothreitol (DTT) [191]. Apart from that, as seen, other bands were non-

existent, suggesting virtually no impurities, sign of a very successful purification process. 

Additionally, the absence of additional bands allowed me  to bypass gel filtration, which 

would normally follow nickel chromatography, had low molecular weight impurities 

been observed. This allowed a more time effective protein purification protocol which 

took 48 hours instead of 72 hours, also contributing to an overall reduced loss of the 

amount of pure protein obtained. Fractions A9-A12 and B1-B4 were collected and 

combined to yield a single highly concentrated fraction of purified protein (Fig. 3.2d1). 

However, the band showing highly concentrated and pure protein only became clear after 

dialysis which removed the imidazole thought to be causing dimer formation in the 

protein buffer (figure 3.2d2). Dialysis successfully resulted in a single, thick 50 kDa 

dimer-free band representing BoNT/A-LC [E224Q, Y366F] in 1XPBS, 0.05% Tween-

20, 5% glycerol, 1 mM DTT buffer. 

 
3.2.3 Screening for the BoNT/A-LC [E224Q, Y366F] : SNAP-25 

interaction 

Once the protein was purified,  in order to ensure that the binding was really occurring, a 

pull-down assay was carried out to qualitatively screen for any binding before any further 

complex testing. Pull-down assays are a commonly used method for detection of 

protein:protein interactions [192, 193]. In pull-down assays a bait protein bound and 

immobilised on beads, often glutathione S-transferase (GST beads), can trap a protein 

binding partner. Here SNAP-25 immobilised on GST beads was used as the bait protein 

initially to screen for the interaction with BoNT/A-LC [E224Q, Y366F]. 

BoNT/A-LC [E224Q, Y366F] was incubated with SNAP-25 immobilised on glutathione 

S-transferase (GST) beads. If the binding had taken place, I should be able to visualise it 

upon some washing steps as two bands present in lane 11  
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Figure 3.3 | Pull-down assays using SNAP-25 immobilised on GST beads. 
From left to right lanes (L) are numbered L1-L11 with each lane containing representing a sample 
from the pull-down assay. Samples were taken at different stages of the pull-down assay and 
analysed by SDS-PAGE electrophoresis after incubation with SDS sample buffer. (A) Pull-down 
assay of syntaxin-I incubated with SNAP-25 immobilised on GST beads. L1 - GST-SNAP-25 in 
glycerol only; L2 - Syntaxin-I; L3 - GST-SNAP-25 after resuspension in binding buffer; L4 - GST-
SNAP-25 with syntaxin-I post a 1-hour-incubation; L5 to L9 - Supernatants post 1 hour incubation 
and sequential washing of GST-SNAP-25/syntaxin-I with binding buffer; L10 - Gap, 
polyacrylamide gel control; L11- Protein:protein interaction between SNAP-25 and syntaxin-I - 
SNAP-25/syntaxin-I complex. (B) Pull-down assay of BoNT/A-LC [E224Q, Y366F] incubated with 
SNAP-25 immobilised on GST beads. Samples were taken at different stages of the pull-down 
assay and analysed by SDS-PAGE electrophoresis. L1 - GST-SNAP-25 in glycerol only; L2 - 
BoNT/A-LC [E224Q, Y366F]; L3 - GST-SNAP-25 after resuspension in binding buffer; L4 - GST-
SNAP-25 with BoNT/A-LC [E224Q, Y366F] post 1 hour incubation; L5 to L9 - Supernatants post 
a 1-hour-incubation and sequential washing of GST-SNAP-25/BoNT/A-LC  [E224Q, Y366F] with 
binding buffer; L10 - Gap, Polyacrylamide gel control; L11- Protein:protein interaction between 
SNAP-25 and BoNT/A-LC [E224Q, Y366F] should be visible. Athough SNAP-25 was functional 
as seen in (A) the BoNT/A-LC [E224Q, Y366F] : SNAP-25 interactioncould not be observed in 
(B). 
  

Figure 3.3 | Pull-down assays using SNAP-25 immobilised on GST beads. From left to right 
lanes (L) are numbered L1-L11 with each lane containing representing a sample from the 
pull-down assay. Samples were taken at different stages of the pull-down assay and analysed 
by SDS-PAGE electrophoresis after incubation with SDS sample buffer. (A) Pull-down assay of 
syntaxin-I incubated with SNAP-25 immobilised on GST beads. L1 - GST-SNAP-25 in glycerol 
only; L2 - Syntaxin-I; L3 - GST-SNAP-25 after resuspension in binding bufffer; L4 - 
GST-SNAP-25 with syntaxin-I post a 1-hour-incubation; L5 to L9 - Supernatants post 1 hour 
incubation and sequential washing of GST-SNAP-25/syntaxin-I with binding buffer; L10 - Gap, 
polyacrylamide gel control; L11- Protein:protein interaction between SNAP-25 and syntaxin-I - 
SNAP-25/syntaxin-I complex. (B) Pull-down assay of BoNT/A-LC [E224Q, Y366F] incubated 
with SNAP-25 immobilised on GST beads. Samples were taken at different stages of the 
pull-down assay and analysed by SDS-PAGE electrophoresis. L1 - GST-SNAP-25 in glycerol 
only; L2 - BoNT/A-LC [E224Q, Y366F]; L3 - GST-SNAP-25 after resuspension in binding 
bufffer; L4 - GST-SNAP-25 with BoNT/A-LC [E224Q, Y366F] post 1 hour incubation; L5 to L9 - 
Supernatants post a 1-hour-incubation and sequential washing of GST-SNAP-25/BoNT/A-LC  
[E224Q, Y366F] with binding buffer; L10 - Gap, Polyacrylamide gel control; L11- Protein:protein 
interaction between SNAP-25 and BoNT/A-LC [E224Q, Y366F] should be visible. Athough 
SNAP-25 was functional as seen in (A) the BoNT/A-LC [E224Q, Y366F] : SNAP-25 interaction-
could not be observed in (B).      
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(L11) (Fig. 3.3).  In L11 (Fig 3.3A) only GST-SNAP-25 and any protein that may have 

bound to it should have been retained. Syntaxin-I was also incubated with GST-SNAP-

25 and used as a positive control as syntaxin-I is well-known to bind to SNAP-25 during 

the formation of the SNARE complex  [80, 105, 194]. This has been shown in vitro and 

in vivo [163, 195]. As expected, two bands were then visible in L11 of the positive control 

(Fig. 3.3A) showing that upon incubation syntaxin-I remained bound to GST-SNAP-25 

even after all the washing steps. This set of experiments was insightful as the positive 

control also confirmed that the SNAP-25 was functional.  Surprisingly, however, the 

experimental group, where GST-SNAP-25 had been incubated with BoNT/A-LC 

[E224Q, Y366F] showed no binding, as clearly seen by the absence of a second band. 

Only one band corresponding to GST-SNAP-25 was clearly visible (Fig. 3.3B). In 

addition, the washing steps observed from L5-L9 showed that BoNT/A-LC [E224Q, 

Y366F] had been eluted as part of the supernatant. This result was consistently obtained 

(n>3) and led me to question whether BoNT/A-LC [E224Q, Y366F] really bound to 

SNAP-25 despite my assumption based on Breidenbach and Brunger. [189] where the 

crystal structure of BoNT/A-LC [E224Q, Y366F] bound to SNAP-25 had provided solid 

evidence of the binding. I was then led to reconsider my initial assumption and decided 

to carry out similar pull-down assays utilising WT BoNT/A-LC instead. WT BoNT/A-

LC is known to bind to SNAP-25, as proven by its cleavage activity observed by me  and 

others [18, 196, 197]. I hypothesised that should the WT BoNT/A-LC cleave the SNAP-

25 immobilised on the GST beads, I might still be able to see an additional band of low 

molecular weight or even WT BoNT/A bound to SNAP-25, should WT BoNT/A be 

unable to cleave SNAP-25 immobilised on GST beads. In addition, it was hypothesised 

that the presence of  EDTA at a concentration of 5mM might cause inhibition of the 

cleavage ability of WT BoNT/A-LC, whilst allowing WT BoNT/A-LC to still bind to 

SNAP-25. Pull-down assays were then carried out either in the presence or in the absence 

of 5mM EDTA. Results are shown in figure 3.4. Findings suggested that the binding 

activity of the WT BoNT/A-LC could not be assessed either way by means of a pull-

down. When no EDTA was added, WT BoNT/A-LC seemed to be removed by the 

washing steps which followed the 30-minute-incubation at 21oC of SNAP-25 with WT 

BoNT/A-LC. Based on observations by me regarding the catalytic activity of WT 

BoNT/A-LC, 30 minutes should provide enough time for about 90% SNAP-25 to have 

been bound to and cleaved by WT BoNT/A-LC. Hypothetically, if the reaction were 

stopped before all the SNAP-25 had been cleaved some binding might still have been 

observed. Nevertheless, no bound WT BoNT/A-LC was observed in L11 for either   
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Figure 3.4 | Pull-down assays using GST-SNAP-25 and WT BoNT/A-LC. 
Samples were taken at different stages of the pull-down assay and analysed by SDS-PAGE 
electrophoresis. (A) Pull-down assay of WT BoNT/A-LC incubated with SNAP-25 immobilised on 
GST beads.  (B) Pull-down assay of WT BoNT/A-LC incubated with SNAP-25 immobilised on 
GST similarly to (A), however, EDTA had been added to a final concentration of 5mM. Lanes 1-
11 (L1-L11) represent the samples taken at different steps of the pull-down assay. L1 - GST-
SNAP-25 in glycerol only; L2 - WT BoNT/A-LC ; L3 - GST-SNAP-25 after resuspension in binding 
bufffer; L4 - GST-SNAP-25 with WT BoNT/A-LC post a 30-minute-incubation; L5 to L9 - 
Supernatants post a 1-hour-incubation and sequential washing of GST-SNAP-25/BoNT/A-LC 
[E224Q, Y366F] with binding buffer; L10 - Gap, Polyacrylamide gel control; L11- Protein: protein 
interaction between GST-SNAP-25 and WT BoNT/A-LC. 
  

Figure 3.4 | Pull-down assays using GST-SNAP-25 and WT BoNT/A-LC. Samples were 
taken at different stages of the pull-down assay and analysed by SDS-PAGE electrophoresis. 
(A) Pull-down assay of WT BoNT/A-LC incubated with SNAP-25 immobilised on GST beads.  
(B) Pull-down assay of WT BoNT/A-LC incubated with SNAP-25 immobilised on GST similarly 
to (A), however, EDTA had been added to a final concentration of 5mM. Lanes 1-11 (L1-L11) 
represent the samples taken at different steps of the pull-down assay. L1 - GST-SNAP-25 in 
glycerol only; L2 - WT BoNT/A-LC ; L3 - GST-SNAP-25 after resuspension in binding bufffer; L4 
- GST-SNAP-25 with WT BoNT/A-LC post a 30-minute-incubation; L5 to L9 - Supernatants post 
a 1-hour-incubation and sequential washing of GST-SNAP-25/BoNT/A-LC [E224Q, Y366F] with 
binding buffer; L10 - Gap, Polyacrylamide gel control; L11- Protein: protein interaction between 
GST-SNAP-25 and WT BoNT/A-LC. 
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reaction (Fig. 3.4A and 3.4B). In both, WT BoNT/A-LC was observed to be profusely 

eluted from L5 to L9. These findings suggested that in the absence of EDTA WT 

BoNT/A-LC may still have been binding and cleaving the SNAP-25 immobilised on the 

GST beads, producing a 9-residues-long band of low molecular weight that was not 

visible on the gel. In the presence of EDTA, however, similar results in terms of the bands 

observed suggested that EDTA was preventing WT BoNT/A-LC from binding to the 

SNAP-25 immobilised on the GST beads. This was an interesting finding since EDTA at 

concentrations as low as 1-5mM had previously been seen by me  and others to inhibit 

cleavage of SNAP-25 alone when incubated with WT BoNT/A-LC [90, 198]. Taken 

together, the cleavage assay in conjunction with the pull-down assay (Fig 3.4B) suggested 

that in the presence of EDTA, WT BoNT/A-LC could not cleave SNAP-25 due to its 

inability to bind to it, hypothetically caused by chelation of the Zinc cation (Zn2) required 

for the catalytic/cleavage ability of WT BoNT/A-LC.  Unfortunately, these findings were 

not very conclusive when it came to providing some insight regarding the binding pattern 

that would be expected of BoNT/A-LC [E224Q, Y366F] based on what had been 

observed for WT BoNT/A-LC. 

 
3.2.4 Optimising the pull-down assays and assessing functionality of 

BoNT/A-LC [E224Q, Y366F]  

Another possibility was that a regular pull-down might not allow me  to visualise the 

binding reaction due to either (1) the presence of a contaminant that might be preventing 

the binding from occurring  or (2) the reduced levels of functional BoNT/A-LC [E224Q, 

Y366F], which might not have allowed me to visualise the binding due to the single 

molecule level of the interaction between the two proteins. 

 In a last attempt to try and screen for binding I added Tween-20 to the pull-down assay 

to a final concentration of 0.05% (Fig. 3.5A). Apart from being a mild, non-ionic 

detergent quite often used in cell lysate and protein buffers due to its ability to stabilise 

and solubilise protein membranes, Tween-20 has also been shown to disrupt various 

protein:lipid, lipid:lipid and protein:nucleic acid interactions but not protein:protein 

interactions [199, 200]. I hypothesised that if there was a contaminant competing for the 

binding site of BoNT/A-LC [E224Q, Y366F] and interfering with the BoNT/A-LC 

[E224Q, Y366F]:SNAP-25 interaction, Tween-20 might be able to disrupt it and allow 

to observe the BoNT/A-LC [E224Q, Y366F]:SNAP-25 interaction. 
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Figure 3.5 | Optimising pull-down assays using GST-SNAP-25 and BoNT/A-LC [E224Q 
Y366F]. 
Samples were taken at different stages of the pull-down assay and analysed by SDS-PAGE 
electrophoresis. (A) Pull-down assay of BoNT/A-LC [E224Q, Y366F] incubated with SNAP-25 
immobilised on GST beads. Lanes 1-11 (L1-L11) represent the samples taken at different steps 
of the pull-down assay. L1 - GST-SNAP-25 in glycerol only; L2 - BoNT/A-LC [E224Q, Y366F]; L3 
- GST-SNAP-25 after resuspension in binding buffer; L4 - GST-SNAP-25 with BoNT/A-LC 
[E224Q, Y366F] post a 1-hour-incubation in 0.05% Tween binding buffer solution; L5 to L9 - 
Supernatants post 1-hour-incubation and sequential washing of GST-SNAP-25/BoNT/A [E224Q, 
Y366F] with binding buffer; L10 - Gap, Polyacrylamide gel control; L11- Protein: protein interaction 
between GST-SNAP-25 and BoNT/A-LC [E224Q, Y366F] - GST-SNAP-25/BoNT/A-LC [E224Q, 
Y366F] complex. (B) is similar to (A) however, 90 U/mL or Benzonase® Nuclease had been added 
instead of 0.05% Tween-20. (C) Pull-down assay where SNAP-25 immobilised on GST beads 
was incubated with the eluted fraction of BoNT/A-LC [E224Q, Y366F] from L5 in (A). Samples in 
L1-L11 were similar to the ones from previous pull-down assays without any extra Tween-20 or 
Benzonase® Nuclease having been added over the course of this assay. This assay failed to 
show the interaction between GST-SNAP-25 and BoNT/A-LC [E224Q, Y366F] complex. (D) Pull-
down assay where SNAP-25 immobilised on GST beads was incubated with the eluted fraction 
of BoNT/A-LC [E224Q, Y366F] from (B). Samples in L1-L11 were similar to the ones from 
previous pull-down assays without any extra Tween-20 or Benzonase® Nuclease having been 
added over the course of this assay. Further binding was observed. 
  

Figure 3.5 | Optimising pull-down assays using GST-SNAP-25 and BoNT/A-LC [E224Q, 
Y366F].Samples were taken at different stages of the pull-down assay and analysed by 
SDS-PAGE electrophoresis. (A) Pull-down assay of BoNT/A-LC [E224Q, Y366F] incubated 
with SNAP-25 immobilised on GST beads. Lanes 1-11 (L1-L11) represent the samples taken 
at different steps of the pull-down assay. L1 - GST-SNAP-25 in glycerol only; L2 - BoNT/A-LC 
[E224Q, Y366F]; L3 - GST-SNAP-25 after resuspension in binding bufffer; L4 - GST-SNAP-25 
with BoNT/A-LC [E224Q, Y366F] post a 1-hour-incubation in 0.05% Tween binding buffer 
solution; L5 to L9 - Supernatants post 1-hour-incubation and sequential washing of 
GST-SNAP-25/BoNT/A [E224Q, Y366F] with binding buffer; L10 - Gap, Polyacrylamide gel 
control; L11- Protein: protein interaction between GST-SNAP-25 and BoNT/A-LC [E224Q, 
Y366F] - GST-SNAP-25/BoNT/A-LC [E224Q, Y366F] complex. (B) is similar to (A) however, 90 
U/mL or Benzonase® Nuclease had been added instead of 0.05% Tween-20. (C) Pull-down 
assay  where SNAP-25 immobilised on GST beads was incubated with the eluted fraction of 
BoNT/A-LC [E224Q, Y366F] from L5 in (A). Samples in L1-L11 were similar to the ones from 
previous pull-down assays without any extra Tween-20 or Benzonase® Nuclease having been 
added over the course of this assay. This assay failed to show the interaction between 
GST-SNAP-25 and BoNT/A-LC [E224Q, Y366F] complex. (D) Pull-down assay where 
SNAP-25 immobilised on GST beads was incubated with the eluted fraction of BoNT/A-LC 
[E224Q, Y366F] from (B). Samples in L1-L11 were similar to the ones from previous pull-down 
assays without any extra Tween-20 or Benzonase® Nuclease having been added over the 
course of this assay. Further binding was observed.
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Interestingly, for the first time some binding was observed on the gel (Fig.3.5A). This 

suggested that rather than the mutant not being able to bind to SNAP-25 due to its intrinsic 

properties such as loss of binding ability, there might be something related to the 

experimental conditions that was affecting the binding. In addition, the positive control 

(Fig. 3.3A)  had showed that Tween-20 was not necessarily required for every binding 

reaction involving BoNT/A-LC [E224Q, Y366F] to be detected and observed. This 

further led me to hypothesise that there was something specific to the reaction between 

BoNT/A-LC [E224Q, Y366F] and SNAP-25 that was preventing the interaction.  I 

hypothesised that perhaps without Tween-20 the assay did not work due to the presence 

of contaminants that interfered with this binding reaction, hypothetically, a nucleic acid 

hydrophobically attached to BoNT/A-LC [E224Q, Y366F] that Tween-20 may be able to 

displace. By neutralising this non-specific interaction, it might have been facilitating the 

interaction between BoNT/A-LC [E224Q, Y366F]:SNAP-25. Since no additional bands 

of significant width or darkness were visible on the gel for the purified BoNT/A LC 

[E224Q, Y366F] it was unlikely that there were protein contaminants interfering with the 

binding. 

As there was some suspicion that there might be nucleic acids, hypothetically, DNA 

contaminants bound to BoNT/A-LC [E224Q, Y366F], which might have been 

compromising and preventing the binding of BoNT/A-LC [E224Q, Y366F] to GST-

SNAP-25, I adopted a procedure involving pre-treatment of BoNT/A-LC [E224Q, 

Y366F]  with a DNA degrading enzyme (DNAse)  Benzonase® Nuclease (Sigma Aldrich, 

2019) to test my hypothesis. Benzonase® Nuclease is a genetically engineered dimeric 

endonuclease derived from Serratia marcescens, a species of Gram-negative bacteria. It 

degrades all forms of DNA and RNA into 2-5 oligonucleotide fragments  [201, 202]. 

Bearing in mind protein studies involving Munc-18 and syntaxin-I [201, 202] where 

Benzonase® Nuclease had been added to the cell lysis buffer or post-Munc-18 

purification, to remove any nucleic acids present and allow for the study of interactions 

between Munc-18 and syntaxin-I, I hypothesised that a similar phenomenon of DNA 

interference might be taking place, similarly, preventing BoNT/A-LC [E224Q, Y366F] 

from binding to SNAP-25. Furthermore, looking back at the positively charged groove, 

in the structure of BoNT/A-LC [E224Q, Y366F] along which SNAP-25 ran taking a 

helix-like shape (Fig 3.1) it was considered likely that a helicoidal DNA molecule might 

spatially represent as good a fit as the actual substrate, SNAP-25. Benzonase® Nuclease 

was added to the purified BoNT/A-LC [E224Q, Y366F] to an optimal concentration of 

90 U/ mL and supplemented with 5mM MgCl2 pre-incubation with GST-SNAP-25 for 
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the pull-down assay. Following this, Benzonase® Nuclease-treated-BoNT/A-LC [E224Q, 

Y366F] was used for pull-downs (Fig. 3.5B). Some binding was then observed, which 

seemed to support my theory regarding DNA preventing the binding. In fact, the results 

achieved by adding Tween-20 or Benzonase® Nuclease were similar (Fig. 3.5A and Fig. 

3.5B) however, seemingly cleaner protein samples than the ones which had been observed 

in previous similar experiments when using Tween-20 instead of  Benzonase® Nuclease 

were seen, suggesting that DNA was likely to be the cause for no binding being observed. 

Yet, since the molecular weight of BoNT/A-LC [E224Q Y366F] was similar to the to 

GST-SNAP-25 it was likely that the bands observed consisted of degradation bands 

originated from BoNT/A-LC [E224Q Y366F] due to their slightly reduced molecular size 

that retained affinity for GST-SNAP-25 making it possible to visualise signs of 

interaction upon incubation with GST-SNAP-25. . Further in vitro testing was carried out 

to characterise the interaction between BoNT/A-LC [E224Q Y366F] and/or its 

degradation fragments, have been and will be herein simply referred to as BoNT/A-LC 

[E224Q Y366F]. Circular dichroic analysis might have been useful to determine 

conformation and functionality of BoNT/A-LC [E224Q Y366F] and/or its derivatives, 

however, more methodologies were still to be used by me to confirm that BoNT/A-LC 

[E224Q Y366F] formed a stable complex with SNAP-25 

 
3.2.5 Characterising the binding affinity of the BoNT/A-LC [E224Q, 

Y366F]/ SNAP-25 complex 

A repeat of the successful pull-down assay was carried out where SNAP-25 immobilised 

on GST beads was washed in binding buffer and incubated with BoNT/A-LC [E224Q 

Y366F] for 1 hour at 37oC. The duration of the incubation was decided by me based on 

the reaction rate when it came to the ability of WT BoNT/A-LC to cause full cleavage of 

similar concentrations of SNAP-25 in similar conditions to the ones that were being used 

Commented [VDMEOB39]: Corrected 



 66 

here.

 

 

Figure 3.6 | Characterising the binding affinity of the GST-SNAP-25/BoNT/A-LC [E224Q 
Y366F] complex. 
(A) Pull-down assay of BoNT/A-LC [E224Q, Y366F] incubated with SNAP-25 immobilised on GST 
beads. Samples were taken at different stages of the pull-down assay and analysed by SDS-
PAGE electrophoresis. Lanes 1-11 (L1-L11) represent the samples taken at different steps of the 
pull-down assay. L1 - GST-SNAP-25 in glycerol only; L2 - BoNT/A-LC [E224Q, Y366F]; L3 - GST-
SNAP-25 after resuspension in binding buffer; L4 - GST-SNAP-25 with BoNT/A-LC [E224Q, 
Y366F] post a 1-hour-incubation; L5 to L9 - Supernatants post 1-hour-incubation and sequential 
washing of GST-SNAP-25/BoNT/A-LC [E224Q, Y366F] with binding buffer; L10 - Gap, 
Polyacrylamide gel control; L11- Protein: protein interaction between GST-SNAP-25 and BoNT/A-
LC [E224Q, Y366F] - GST-SNAP-25/BoNT/A-LC [E224Q, Y366F] complex. (B) Pull down 
complex affinity assays to determine the resistance of the GST-SNAP-25/BoNT/A [E224Q, 
Y366F] complex to a high salt wash and EDTA. L1 - GST-SNAP-25/BoNT/A-LC [E224Q, Y366F] 
complex; L2 - GST-SNAP-25/BoNT/A-LC [E224Q, Y366F] complex post 10 minute-incubation 
with 5M NaCl solution. L3  to L4  - Supernatants post a 10-minute-incubation with 5M NaCl 
solution and sequential washing of GST-SNAP-25/BoNT/A-LC [E224Q, Y366F] with binding 
buffer. L5 - Resuspended GST-SNAP-25/BoNT/A-LC [E224Q, Y366F] complex post 10 minute-
incubation with 5M NaCl solution and sequential washing steps with binding buffer. L6 - Gap, 
polyacrylamide gel control; L7 - GST-SNAP-25/BoNT/A-LC [E224Q, Y366F] complex 
immediately post purification as seen in (AL11) after purification; L8 - GST-SNAP-25/BoNT/A-LC 
[E224Q, Y366F] complex post 10 - minute-incubation with 50 mM EDTA solution. L9 to L10 - 
Supernatants post 10-minute-incubation with 50 mM EDTA solution and sequential washing of 
GST-SNAP-25/BoNT/A-LC [E224Q, Y366F] with binding buffer. L11 - Resuspended GST-SNAP-
25/BoNT/A-LC [E224Q, Y366F] complex post 10 minute-incubation with 50mM EDTA  solution 
and sequential washing steps with binding buffer. 
  

  

Figure 3.6 | Characterising the binding affinity of the GST-SNAP-25/BoNT/A-LC [E224Q, 
Y366F] complex. (A) Pull-down assay of BoNT/A-LC [E224Q, Y366F] incubated with 
SNAP-25 immobilised on GST beads. Samples were taken at different stages of the pull-down 
assay and analysed by SDS-PAGE electrophoresis. Lanes 1-11 (L1-L11) represent the sam-
ples taken at different steps of the pull-down assay. L1 - GST-SNAP-25 in glycerol only; L2 - 
BoNT/A-LC [E224Q, Y366F]; L3 - GST-SNAP-25 after resuspension in binding bufffer; L4 - 
GST-SNAP-25 with BoNT/A-LC [E224Q, Y366F] post a 1-hour-incubation; L5 to L9 - Superna-
tants post 1-hour-incubation and sequential washing of GST-SNAP-25/BoNT/A-LC [E224Q, 
Y366F] with binding buffer; L10 - Gap, Polyacrylamide gel control; L11- Protein: protein interac-
tion between GST-SNAP-25 and BoNT/A-LC [E224Q, Y366F] - GST-SNAP-25/BoNT/A-LC 
[E224Q, Y366F] complex. (B) Pull down complex affinity assays to determine the resistance of 
the GST-SNAP-25/BoNT/A [E224Q, Y366F] complex to a high salt wash and EDTA. L1 - 
GST-SNAP-25/BoNT/A-LC [E224Q, Y366F] complex; L2 - GST-SNAP-25/BoNT/A-LC [E224Q, 
Y366F] complex post 10 minute-incubation with 5M NaCl solution. L3  to L4  - Supernatants 
post a 10-minute-incubation with 5M NaCl solution and sequential washing of 
GST-SNAP-25/BoNT/A-LC [E224Q, Y366F] with binding buffer. L5 - Resuspended 
GST-SNAP-25/BoNT/A-LC [E224Q, Y366F] complex post 10 minute-incubation with 5M NaCl 
solution and sequential washing steps with binding buffer. L6 - Gap, polyacrylamide gel control; 
L7 - GST-SNAP-25/BoNT/A-LC [E224Q, Y366F] complex immediately post purification as seen 
in (AL11) after purification; L8 - GST-SNAP-25/BoNT/A-LC [E224Q, Y366F] complex post 10 - 
minute-incubation with 50 mM EDTA solution. L9 to L10 - Supernatants post 10-minute-incuba-
tion with 50 mM EDTA solution and sequential washing of GST-SNAP-25/BoNT/A-LC [E224Q, 
Y366F] with binding buffer. L11 - Resuspended GST-SNAP-25/BoNT/A-LC [E224Q, Y366F] 
complex post 10 minute-incubation with 50mM EDTA  solution and sequential washing steps 
with binding buffer.                  
      .           
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Upon incubation, the GST beads on which SNAP-25 was immobilised were washed 

extensively throughout five washing steps to ensure that any unbound protein would be 

separated from  SNAP-25 and eluted as part of the supernatant. Unbound BoNT/A-LC 

[E224Q, Y366F] was profusely eluted as part of the first supernatant collected, as seen in 

L5 (Fig. 3.6A). Less significant elution was observed in subsequent washing steps 

throughout L6-L9 (Fig. 3.6A). The fraction of protein that was bound was seen in L11 

(Fig.3.6A) where the BoNT/A-LC [E224Q, Y366F]/SNAP-25 complex was observed.  

Pull-down complex affinity assays were carried out where the previously formed 

BoNT/A-LC [E224Q, Y366F]/SNAP-25 complex from successful pull-down assays was 

incubated for 10 minutes either with a high concentration saline solution of 5M NaCl  or 

Ethylenediamine tetra-acetic acid (EDTA) at a concentration of 50 mM. Since the 

solubility of NaCl at 21oC in water is around 5.9 moles/L, 5M NaCl represents the highest 

concentration at which NaCl can be stably kept in solution before precipitation [203]. 100 

mM EDTA was well above (by twenty-fold) the 5 mM concentration that was here used 

in assays involving chelation by EDTA, including cleavage and pull-down assays. In 

addition, EDTA is known to inhibit the activity of the WT BoNT/A-LC by chelating its 

Zn2+cofactor, since Zn2+ is required for the catalytic activity of WT BoNT/A-LC [198, 

204].  Upon incubation, the GST beads on which the SNAP-25/BoNT/A-LC [E224Q, 

Y366F] complex was immobilised were washed throughout two washing steps to see 

whether either 5M NaCl or 100 mM EDTA had successfully disrupted the SNAP-

25/BoNT/A-LC [E224Q, Y366F] complex, causing SNAP-25 and BoNT/A-LC [E224Q, 

Y366F] to dissociate from each other. The washing steps would remove and cause elution 

of any unbound protein, potentially BoNT/A-LC [E224Q, Y366F], that might have been 

dissociated from the complex post-incubation. However, no bands corresponding to the 

supernatant samples appeared on the gel (Fig. 3.6B) in lanes L3/L4 or L9/L10 post-

incubation with 5M NaCl or 100 mM EDTA, respectively, suggesting that none of these 

could dissociate the complex to significant levels that were visible, as shown (Fig. 3.6B). 

This seemed to point towards a strong interaction between BoNT/A-LC [E224Q, Y366F] 

and GST-SNAP-25. 

 
3.2.6 Testing the resistance of the BoNT/A-LC [E224Q, Y366F]/ SNAP-

25 complex to SDS 
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Following EDTA and NaCl experiments, experiments involving Sodium Dodecyl 

Sulphate (SDS) were carried out to test the ability of the SNAP-25/BoNT/A-LC [E224Q, 

Y366F] complex to resist denaturation by SDS. SDS is a well-known ionic detergent 

valuable in the field of structural biology and protein folding/unfolding [205]. 

Preincubated GST-SNAP-25/BoNT/A-LC [E224Q Y366F] complexes were incubated 

with SDS at 0.5%, 1% or 2% for 10 minutes. The GST beads on which SNAP-

25/BoNT/A-LC [E224Q, Y366F] were immobilised were then washed thrice to remove 

any SDS that might still be present in the mixture. As seen in L2 (Fig. 3.7A, 3.7B and 

3.7C), however, GST-SNAP-25/BoNT/A-LC [E224Q Y366F] was present in the 

supernatant, suggesting that GST-SNAP-25 and, consequently, BoNT/A-LC [E224Q, 

Y366F] had been removed from the beads in the supernatant, regardless of the SDS 

concentration, for concentrations as low as 0.5%. Notably, at 0.5% the complex was 

removed in two washing steps, represented in L2 and L3 (Fig. 3.7A). Moreover, no bands 

were visible in L5, (Fig. 3.7A, 3.7B and 3.7C) which confirmed that GST-SNAP-25 had 

been removed from the beads. It was unclear, however, whether GST-SNAP-25 and 

BoNT/A-LC [E224Q, Y366F] were removed as a complex or as separate entities. Thus, 

for my next experiment, preincubated mixtures of BoNT/A-LC [E224Q, Y366F] and 

(GST-free) SNAP-25 were solubilized in SDS containing sample buffer at final 

concentrations of 1XPBS (pH 7.4) , 0.05% Tween-20, 0.5% or 2% SDS  incubated  at 

room temperature for 10 min. Similar protocols had been previously described, for testing 

the ability of the SNARE proteins to form SDS-resistant complexes [206, 207]. 

As seen (Fig. 3.7D and 3.7E), upon incubation in either 0.5% or 2% SDS, preincubated 

mixtures of BoNT/A-LC [E224Q, Y366F] and (GST-free) SNAP-25 appeared on the gel 

as separate bands of 50 kDa and 25 kDa, representing BoNT/A-LC [E224Q, Y366F] and 

SNAP-25, respectively. Because SNAP-25 was in its GST-tag-free form, if SNAP-25 and 

BoNT/A-LC [E224Q, Y366F]  had remained together as a complex, only one band of 

approximately 75 kDa would be visible on the gel. This observation made it clear that 

even at 0.5% SDS, the BoNT/A-LC [E224Q, Y366F] /SNAP-25 complex was not SDS-

resistant. 
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Figure 3.7 | Resistance of the GST-SNAP-25/BoNT/A-LC [E224Q, Y366F] complex to 
SDS denaturation. 
Lanes 1-5 (L1-5) in (A), (B) and (C) represent the samples taken at 0.5%, 1% and 2% SDS, 
respectively, upon incubation with GST-SNAP-25/BoNT/A-LC [E224Q, Y366F] complexes. 
Samples were analysed by SDS-PAGE. L1 - GST-SNAP-25 with BoNT/A-LC [E224Q, Y366F]  
post a 10-min-incubation with SDS;  L2 to L4 - Supernatants post a 10-min-incubation and 
sequential washing of GST-SNAP-25/BoNT/A-LC [E224Q, Y366F] with binding buffer. L5 - GST-
SNAP-25/BoNT/A-LC [E224Q, Y366F] complex after resuspension in binding buffer. No  visible 
protein due to SDS causing separation of SNAP-25 from the GST beads. (D) SNAP-25 had been 
incubated with BoNT/A-LC [E224Q, Y366F]  and the complex was dissolved in 0.5% SDS 
solution. (E) SNAP-25 had been incubated with BoNT/A-LC [E224Q, Y366F]  and the complex 
was dissolved in 2% SDS solution. 
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Figure 3.7 | Resistance of the GST-SNAP-25/BoNT/A-LC [E224Q, Y366F] complex to SDS 
denaturation  Lanes 1-5 (L1-5) in (A), (B) and (C) represent the samples taken at 0.5%, 1% 
and 2% SDS, respectively, upon incubation with GST-SNAP-25/BoNT/A-LC [E224Q, Y366F] 
complexes. Samples were analysed by SDS-PAGE. L1 - GST-SNAP-25 with BoNT/A-LC 
[E224Q, Y366F]  post a 10-min-incubation with SDS;  L2 to L4 - Supernatants post a 10-min-in-
cubation and sequential washing of GST-SNAP-25/BoNT/A-LC [E224Q, Y366F] with binding 
buffer. L5 - GST-SNAP-25/BoNT/A-LC [E224Q, Y366F] complex after resuspension in binding 
bufffer. No  visible protein due to SDS causing separation of SNAP-25 from the GST beads. (D) 
SNAP-25 had been incubated with BoNT/A-LC [E224Q, Y366F]  and the complex was 
dissolved in 0.5% SDS solution. (E) SNAP-25 had been incubated with BoNT/A-LC [E224Q, 
Y366F]  and the complex was dissolved in 2% SDS solution. 
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3.2.7 Assessing the cleavage ability of BoNT/A-LC [E224Q, Y366F] 

Another concern regarding BoNT/A-LC [E224Q, Y366F] was that it might still cleave 

its target SNAP-25 to some extent. To test the cleavage ability of BoNT/A-LC [E224Q, 

Y366F]  was an important step towards the validation of BoNT/A-LC [E224Q, Y366F] 

as a suitable labelling agent. The SNAP-25-mCherry construct which had been created 

and expressed in my laboratory was here used for fluorescent detection of cleaved SNAP-

25 when exposed to UV light on Transluminator. Since cleavage of SNAP-25-mCherry 

by WT BoNT/A-LC, and if applicable, by BoNT/A-LC [E224Q, Y366F] would normally 

produce a 9-residue-long oligopeptide, [190] using SNAP-25-mCherry would have the 

additional benefit of creating a larger fragment resulting from the addition of -mCherry 

to the C-terminus of SNAP-25. This would allow detection of cleavage bands even in 

white light (WL) while not affecting the binding and/or cleavage sites of SNAP-25 

required for interaction with WT BoNT/A-LC or BoNT/A-LC [E224Q, Y366F]. 

  Thus, cleavage assays were carried out reproducing labelling conditions with a view to 

determining the suitability of using BoNT/A-LC [E224Q, Y366F] in a microscopy 

context where BoNT/A-LC [E224Q, Y366F] should not degrade or cause sample 

degradation over time. It should instead bind to its SNAP-25 target without cleaving it as 

this would result in sample degradation.  

Firstly, the cleavage assays were carried out at 21oC and 37oC. 21oC was the default air 

temperature in my laboratory which represented normal labelling conditions temperature-

wise. 37oC is the temperature that represents physiological conditions and would be 

important when looking to carry out cell studies involving live cell imaging. At those 

temperatures, both BoNT/A-LC [E224Q, Y366F] and WT BoNT/A-LC were tested. WT 

BoNT/A-LC was used as the positive control since full cleavage was observed after 1 

hour at 21oC and/or 37oC (Fig. 3.8B1/B4 and 3.8C1/C4). At 37oC cleavage occurred 

faster than at 21oC when SNAP-25-mCherry was incubated with WT BoNT/A-LC. 

Whilst at 21oC one hour was required to fully cleave SNAP-25 (Fig. 3.8B2/B4) at 37oC, 

SNAP-25-mCherry had been fully cleaved by WT BoNT/A-LC by t=30 mins, as seen, 

(Fig. 3.8C2/C4). However, over the same period of time of one hour, BoNT/A-LC 

[E224Q, Y366F] did not produce any cleavage bands when incubated with SNAP-25-

mCherry regardless of the temperature used for the 1-hour-incubation (Fig. 3.8B1/B3 and 

3.8C1/C3). The assay was further extended for 24 and 48 hours at which points samples 

were collected (Fig. 3.9A). As expected, all of the SNAP-25-mCherry which had been 
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incubated with WT BoNT/A-LC was in its cleaved form by t=24 hours and t=48 hours. 

Regarding the SNAP-25 which had been incubated with BoNT/A-LC [E224Q, Y366F], 

no cleavage was observed after 24 hours at 21oC and/or 37oC. After 48 hours no cleavage 

of SNAP-25 had occurred by BoNT/A-LC [E224Q, Y366F] to an extent that was clearly 

visible. Nevertheless, a dim band of lower molecular weight suggest that, either SNAP-

25 degraded to low levels after 48 hours at 21oC/37oC or that BoNT/A-LC [E224Q, 

Y366F] might have retained some catalytic activity that would only become visible after 

48 hours. In either case, these findings were encouraging since microscopy samples 

would not normally be stored at either 21oC or 37oC. Likewise, labelling of samples for 

microscopy would never take longer than 3-4 hours at room temperature and live-cell 

experiments would not be of a duration superior to 48 hours at which, even if cleavage 

occurred it would be to a very low extent.   

Secondly, the cleavage assays were also carried out at 4oC to reproduce real short and 

long-term storage conditions (Fig. 3.8A1-A4 and 3.9B). No cleavage bands were 

produced by BoNT/A-LC [E224Q, Y366F] upon incubation with SNAP-25 for as long 

as 48 hours. As seen, at this low temperature even the WT version of BoNT/A-LC did 

not cleave very efficiently, only producing almost undetectable cleavage bands from t = 

5 mins until t = 1 hour. Only post a 24-hour-incubation did the cleavage of SNAP-25 

become apparent. Hence, this provided further evidence that the temperature had a 

significant impact on the catalytic activity of the enzyme by slowing it down. However, 

bearing in mind that the long-term storage of samples would normally vary between one 

week and one month at 4oC, I then moved on to test the stability of samples that had been 

incubated over these periods of time. As shown, (Fig. 3.9B) after one week full cleavage 

had been achieved by WT BoNT/A-LC whereas no cleavage band had been produced by 

BoNT/A-LC [E224Q, Y366F]. Looking further ahead, there were no cleavage bands 

produced by BoNT/A-LC [E224Q, Y366F] even after one month, suggesting that 

BoNT/A-LC [E224Q, Y366F] would not degrade the samples by showing some catalytic 

activity towards its target during long-term storage. These findings were encouraging 

since a month would be the longest duration of this assay as normally samples would not 

be deemed  suitable for microscopy purposes should they have been kept for longer than 

this. 
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Figure 3.8 | Time course of cleavage assays using WT BoNT/A-LC and BoNT/A-LC 
[E224Q, Y366F]. 
BoNT/A-LC was added to recombinant SNAP-25-mCherry and incubated at three different 
temperatures: 4, 21 and 37 degrees Celsius in time course reactions to monitor cleavage for 1 
hour prior to the addition of SDS buffer and analysed by SDS-PAGE. Imaging was carried out by 
exposure to white light (WL) as shown in black boxed images of polyacrylamide gels and/or UV 
light (UV) as seen in red boxed polyacrylamide gel images obtained on Transluminator. Lanes 1 
to 9 (L1-L9) in black boxed gel images represent different samples involved in the time course:  
L1 - BoNT/A-LC [E224Q, Y366F] (left)  or WT (right) only;  L2 - SNAP-25-mCherry only; L3 - t = 
0 mins; L4 - t = 1 mins; L5 - t=5 mins, L6 - t=10 mins; L7 - t = 15 mins; L8 - t =  30 mins; L9 - 60 
mins. Lanes 2 to 8 (L2-L8) in red boxed gel images are similar, however the first lane (L1) was 
ommitted since the BoNT/A-LC [E224Q, Y366F] was not fluorescent and therefore not visible 
under UV light. (A1) and (A3) WT BoNT/A-LC was incubated with SNAP-25-mCherry at 4 degrees 
Celsius. (A2) and (A4) BoNT/A-LC [E224Q, Y366F] was incubated with SNAP-25-mCherry at 4 
degrees Celsius. (B1) and (B3) WT BoNT/A-LC was incubated with SNAP-25-mCherry at 21 
degrees Celsius. (B2) and (B4) BoNT/A-LC [E224Q, Y366F] was incubated with SNAP-25-
mCherry at 21 degrees Celsius.  (C1) and  (C3) WT BoNT/A-LC BoNT/A-LC [E224Q, Y366F] was 
incubated with SNAP-25-mCherry at 37 degrees Celsius. (C2) and (C4) BoNT/A-LC [E224Q, 
Y366F] was incubated with SNAP-25-mCherry at 37 degrees Celsius. 

Figure 3.8 | Time course of cleavage assays using WT BoNT/A-LC and BoNT/A-LC 
[E224Q, Y366F]. BoNT/A-LC was added to recombinant SNAP-25-mCherry and incubated at three 
different temperatures: 4, 21 and 37 degrees Celsius in time course reactions to monitor cleavage for 
1 hour prior to the addition of SDS buffer and analysed by SDS-PAGE. Imaging was carried out by 
exposure to white light (WL) as shown in black boxed images of polyacrylamide gels and/or UV light 
(UV) as seen in red boxed polyacrylamide gel images obtained on Transluminator. Lanes 1 to 9 
(L1-L9) in black boxed gel images represent different samples involved in the time course:  L1 - 
BoNT/A-LC [E224Q, Y366F] (left)  or WT (right) only;  L2 - SNAP-25-mCherry only; L3 - t = 0 mins; 
L4 - t = 1 mins; L5 - t=5 mins, L6 - t=10 mins; L7 - t = 15 mins; L8 - t =  30 mins; L9 - 60 mins. Lanes 
2 to 8 (L2-L8) in red boxed gel images are similar, however the first lane (L1) was ommitted since the 
BoNT/A-LC [E224Q, Y366F] was not fluorescent and therefore not visible under UV light. (A1) and 
(A3) WT BoNT/A-LC was incubated with SNAP-25-mCherry at 4 degrees Celsius. (A2) and (A4) 
BoNT/A-LC [E224Q, Y366F] was incubated with SNAP-25-mCherry at 4 degrees Celsius. (B1) and 
(B3). WT BoNT/A-LC was incubated with SNAP-25-mCherry at 21 degrees Celsius. (B2) and (B4) 
BoNT/A-LC [E224Q, Y366F] was incubated with SNAP-25-mCherry at 21 degrees Celsius.  (C1) and  
(C3) WT BoNT/A-LC BoNT/A-LC [E224Q, Y366F] was incubated with SNAP-25-mCherry at 37 
degrees Celsius. (C2) and (C4) BoNT/A-LC [E224Q, Y366F] was incubated with SNAP-25-mCherry 
at 37 degrees Celsius.     .     
 

   (kDa)
                 50 - 

   (kDa)
                 50 - 

    (kDa)
                 50 - 

   (kDa)
                 50 - 

   (kDa)
                 50 - 

    (kDa)
                 50 - 

37oC

21oC

4oC

BoNT/A [E224Q, Y366F] WT BoNT/A

t (mins)

 L1 L2  L3  L4 L5 L6  L7 L8  L9   

 L2 L3  L4   L5  L6   L7 L8   L9  L2 L3  L4   L5  L6   L7 L8  L9 

 L1 L2  L3  L4 L5 L6  L7 L8  L9   

WL

UV

WL

WL

UV

UV

 L1 L2  L3  L4 L5 L6  L7 L8  L9   

 L2   L3  L4 L5  L6  L7 L8   L9

 L1 L2  L3  L4 L5 L6  L7 L8  L9   

 L2   L3 L4 L5  L6 L7  L8   L9

 L2   L3  L4 L5  L6  L7   L8  L9

 L1 L2  L3  L4 L5 L6  L7 L8  L9    L1 L2  L3  L4 L5 L6  L7 L8  L9   

 L2   L3  L4 L5  L6  L7 L8   L9 

(A1)

(A4)

(A2)

(A3)

(B1) (B2)

(B3) (B4)

(C4)(C3)

(C2)(C1)



 73 

 
 
 
Figure 3.9 | End-point cleavage assays using WT BoNT/A-LC and BoNT/A-LC [E224Q, 
Y366F]. 
BoNT/A-LC was added to recombinant SNAP-25-mCherry and incubated at three different 
temperatures: 4, 21 and 37 degrees Celsius in end-point reactions of 24h and 48h duration prior 
to the addition of SDS buffer and analysed by SDS-PAGE. Imaging was carried out by exposure 
to UV light as seen in red boxed polyacrylamide gels and post-Coomassie staining by exposure 
to white light (WL) as shown in black boxed images of polyacrylamide gels obtained on 
Transluminator. (A) Lanes 1 to 2 (L1-L2) are shown representing: L1 - SNAP-25-mCherry was 
incubated with BoNT/A-LC [E224Q, Y366F] over a period of 24h or 48h; L2 -SNAP-25-mCherry 
was incubated with WT BoNT/A over a period of 24h or 48h. Similar polyacrylamide gel images 
are shown next to each other, with white light (WL) images being displayed on the left and 
ultraviolet (UV) gel images being displayed on the right. (B) The 4 degrees Celsius cleavage 
assay was further extended to simulate storage conditions of microscopy samples. Lanes 1-8 are 
under UV and WL once again. L1, L4 and L7 - SNAP-25 was incubated with BoNT/A-LC [E224Q, 
Y366F] for 1 week, 2 weeks or 1 month; L2, L5 and L8 - SNAP-25 was incubated with WT BoNT/A-
LC for 1 week, 2 weeks or 1 month. L3, L6 - Gap; polyacrylamide gel control. 
 

Figure 3.9 | End-point cleavage assays using WT BoNT/A-LC and BoNT/A-LC [E224Q, 
Y366F] to determine stability in long-term storage conditions. BoNT/A-LC was added to 
recombinant SNAP-25-mCherry and incubated at three different temperatures: 4, 21 and 37 
degrees Celsius in end-point reactions of 24h and 48h duration prior to the addition of SDS 
buffer and analysed by SDS-PAGE. Imaging was carried out by exposure to UV light as seen 
in red boxed polyacrylamide gels and post-Coomassie staining by exposure to white light (WL) 
as shown in black boxed images of polyacrylamide gels obtained on Transluminator. (A) Lanes 
1 to 2 (L1-L2) are shown representing: L1 - SNAP-25-mCherry was incubated with BoNT/A-LC 
[E224Q, Y366F] over a period of 24h or 48h; L2 -SNAP-25-mCherry was incubated with WT 
BoNT/A over a period of 24h or 48h. Similar polyacrylamide gel images are shown next to each 
other, with white light (WL) images being displayed on the left and ultraviolet (UV) gel images 
being displayed on the right. (B) The 4 degrees Celsius cleavage assay was further extended 
to simulate storage conditions of microscopy samples. Lanes 1-8 are under UV and WL once 
again. L1, L4 and L7 - SNAP-25 was incubated with BoNT/A-LC [E224Q, Y366F] for 1 week, 
2 weeks or 1 month; L2, L5 and L8 - SNAP-25 was incubated with WT BoNT/A-LC for 1 week, 
2 weeks or 1 month. L3, L6 - Gap; polyacrylamide gel control.   
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3.2.8 Testing the inhibitory activity of BoNT/A-LC [E224Q, Y366F] 

In one of the last sets of experiments involving the study of the binding properties of 

BoNT/A-LC [E224Q, Y366F] in vitro, I intended to determine whether BoNT/A-LC 

[E224Q, Y366F] alone and even BoNT/A-LC [E224Q, Y366F] conjugated to the 

fluorescent Atto 647 dye to be used for protein:protein interaction quantification for 

microscopy purposes would be able to inhibit the WT BoNT/A-LC by competing for the 

binding site of SNAP-25, in physiological conditions. Whilst it might have therapeutic 

implications, this experiment was also an attempt at developing an easier and quicker 

assay model to test the binding ability of BoNT/A-LC [E224Q, Y366F] to SNAP-25. It 

would potentially allow me to infer some more regarding the strength of the BoNT/A-LC 

[E224Q, Y366F]/SNAP-25 interaction as well as regarding the ability of BoNT/A-LC 

[E224Q, Y366F] to suppress the action of its WT BoNT/A-LC counterpart.  

SNAP-25-mCherry was then incubated with BoNT/A-LC [E224Q, Y366F] for 30 

minutes before adding WT BoNT/A-LC (Fig. 3.10). As shown, a negative control 

inhibition assay was used for comparison, where another Botulinum Neurotoxins light 

chain serotype, Botulinum Neurotoxin B (BoNT/B-LC), here used instead of BoNT/A-

LC [E224Q, Y366F], was incubated with SNAP-25 before adding WT BoNT/A-LC. As 

shown, WT BoNT/A-LC cleaved at the highest rate (t=10 mins) when SNAP-25-mCherry 

had been incubated with BoNT/B (Fig. 3.10C) ,in a way similar to what had been 

observed for the cleavage assay using only WT BoNT/A-LC incubated with SNAP-25 at 

37oC (Fig. 3.8C1 and 3.8C3). Conversely, for both assays where SNAP-25 had been 

incubated with BoNT/A-LC [E224Q, Y366F] before adding WT BoNT/A-LC (Fig. 

3.10A and 3.10B) the cleavage rate was lower with the SNAP-25 only being completely 

cleaved at t=30 minutes when BoNT/A-LC [E224Q, Y366F] was used. The BoNT/A-LC 

[E224Q, Y366F] conjugated to the Atto 647  dye, BoNT/A-LC [E224Q, Y366F]-Atto 67, 

also showed some inhibitory activity (Fig. 3.10B), with full cleavage being achieved by 

t=15 minutes, which was still longer than t=10 minutes, as seen for the control. This 

suggested that BoNT/A-LC [E224Q, Y366F] could, to some extent, reduce the rate at 

which WT BoNT/A-LC cleaved SNAP-25. 
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Figure 3.10 | Testing the inhibitory activity of BoNT/A-LC [E224Q Y366F] over WT 
BoNT/A-LC. 
SNAP-25 was incubated with BoNT/A-LC [E224Q, Y366F] at 37 degrees Celsius with BoNT/A-
LC [E224Q, Y366F] and WT BoNT/A-LC or WT BoNT/A-LC only. Imaging was carried out by 
exposure to UV light as seen in red boxed polyacrylamide gels and post-Coomassie staining by 
exposure to white light (WL) as shown in black boxed images of polyacrylamide gels obtained on 
Transluminator. (A) SNAP-25 was incubated with  BoNT/A-LC [E224Q, Y366F] for 30 minutes 
after which WT BoNT/A-LC was added to the reaction. BoNT/A-LC [E224Q, Y366F] and WT 
BoNT/A-LC were added at 1:1 ratio. (B) SNAP-25 was incubated with BoNT/A-LC [E224Q, 
Y366F]-Atto 647 for 30 minutes after which WT BoNT/A-LC was added to the reaction. (C) SNAP-
25 was incubated with BoNT/B-LC for 30 minutes after which WT BoNT/A-LC was added to the 
reaction. The inhbition assay started upon adding WT to the reaction (t=0 mins). Lanes 1 to 7 (L1-
L7) are shown representing the samples taken at specific points in time. L1 -  t=0 mins; L2 - t=1 
min; L3 - t=10 mins; L4 - t=15 mins; L5 - t=30 mins; L6 - t=60 mins; L7 - t=24h hrs. 
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3.3 Summary 

 
The mutant version of BoNT/A-LC, BoNT/A-LC [E224Q, Y336F] was recreated in my 

laboratory. Protein expression and purification represented key steps towards carrying 

out in vitro biochemical assays which required optimisation to meet certain requirements 

in order for the proteins involved (e.g., BoNT/A-LC [E224Q, Y336F])  to be pure and 

functional. My optimised protocol for HisTrap purification rendered highly concentrated 

and pure BoNT/A-LC [E224Q, Y366F]. Benzonase® Nuclease was proven to be essential 

in ensuring the removal of any nucleic acid contaminants following BoNT/A-LC [E224Q, 

Y336F] purification. Pull-downs and cleavage assays using WT BoNT/A-LC and 

BoNT/A-LC [E224Q, Y336F] were used to check for binding and cleavage ability, 

respectively. Collectively, both assays provided some information regarding the 

properties of the interaction between BoNT/A-LC [E224Q Y336F] and SNAP-25 such 

as SDS resistance, resistance to  high salt concentration and to EDTA-mediated chelation. 

Work was carried out towards developing a quick, time-efficient assay that may test the 

binding of  BoNT/A-LC [E224Q Y336F] by competing with and inhibiting its WT 

BoNT/A-LC counterpart for SNAP-25. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
  

Commented [VDMEOB42]: Corrected 
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4  Quantifying the binding affininty (KD) of the BoNT/A-LC [E224Q, 

Y366F]:SNAP-25 interaction 

 
 
4.1 Introduction 

Pull-downs, cleavage assays, complex binding affinity and inhibitory assays carried out 

previously provided accumulating evidence that the genetically engineered BoNT/A-LC 

[E224Q, Y366F] had robust binding abilities that could be further exploited to convert 

BoNT/A-LC [E224Q, Y366F] into a labelling agent. However, quantification of the 

binding affinity associated with the BoNT/A-LC [E224Q, Y366F]:SNAP-25 interaction, 

defined as the strength of these interactions, is translated into physico-chemical terms by 

means of a dissociation constant (KD) which would provide an additional, more accurate 

way of measuring the binding affinity between BoNT/A-LC [E224Q, Y366F] and SNAP-

25. In this context,  Microscale Thermophoresis  (MST), a recently developed technique 

for measuring the strength of interactions between various biomolecules, [208] was the 

biochemical assay optimised throughout my work and exploited by me to determine 

dissociation constants (Fig. 4.1). This is a powerful new method for the quantitative 

analysis of protein:protein interactions (PPIs) with low sample consumption [209]. The 

technique is based on the motion of molecules along microscopic temperature gradients 

– thermophoresis - under constant buffer conditions, and it detects changes in their 

hydration shell, charge or size [210, 211]. Classically, one binding partner is fluorescently 

labelled, while the other binding partner remains label-free. A temperature difference ΔT 

in space leads to a depletion of the solvated biomolecules in the region of elevated 

temperature, quantified by the Soret coefficient ST: chot/ccold = exp(-STΔT). This 

thermophoretic depletion depends on the interface between the molecules and the solvent 

[208, 209]. The thermophoresis of a protein typically differs significantly from the 

thermophoresis of a protein/ligand complex as a result of binding-induced changes in 

size, charge, and solvation energy (Fig. 4.1). I developed and used a protocol that allows 

to confirm the interaction and determine the binding affinity by MST of my genetically 

engineered BoNT/A-LC [E224Q, Y366F] and SNAP-25. The application of this MST 

method to the genetically engineered BoNT/A-LC [E224Q, Y366F] and SNAP-25  

allowed me, for the first time, to determine the affinity of the complex formed between 

BoNT/A [E224Q Y366F] and its ligand SNAP-25.  Commented [VDMEOB43]: Corrected 
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Figure 4.1 | Principles underlying Microscale thermophoresis (MST) 
(A) For MST, a microscale (µm-sized) temperature gradient is induced by an IR laser focused 
through an objective into the capillary to produce a microscopic temperature gradient. 
Simultaneously, the fluorophores in solution are excited and their emitted fluorescence is 
collected through the same objective as the IR laser. (B) The variation in fluorescence 
intensity is then measured over time, and plotted as relative fluorescence (or normalised 
fluorescence), Fnorm was detected in capillaries which contain a solution of fluorescent 
molecules. For MST, the fluorescence across all 16 capillaries of the dilution series should 
only fluctuate within the tolerance threshold of ± 10% fluorescent counts from the average. 
(C) Sample heating occurs upon absorption of the IR light by water molecules. This energy 
absorption results in an initial rapid increase in temperature. The spatially defined increase 
in sample temperature results in changes in sample fluorescence and also triggers 
thermophoretic movement of molecules in the sample. Normally, a decrease in fluorescence 
is observed upon activation of the IR laser, and is caused by a combination of fluorescence 
loss due to temperature increase and molecule depletion due to positive thermophoresis. 
Conversely, an increase in fluorescence is less frequently observed, and is referred to as 
negative thermophoresis. This thermophoretic movement may be used to generate MST 
traces (in green) that reflect different aspects of thermophoreis and to derive KD values. 
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4.2 Results 

4.2.1 Attempting to determine the KD  between BoNT/A-LC [E224Q, 

Y366F] and SNAP-25 via NHS-647 labelling of BoNT/A-LC 

[E224Q, Y366F]To carry out MST, in the first instance, the already 

purified BoNT/A-LC [E224Q, Y366F] was labelled using a labelling 

strategy that could in theory be used for both MST and microscopy.  

As seen in figure  4.2 the capillary scans for BoNT/A-LC [E224Q, Y366F] conjugated to 

Atto 647 had the same fluorescence at ~1500 ± 10% fluorescent counts. Likewise, both 

MST traces showed a consistent pattern, suggesting that the pre-assay conditions, 

including the assay buffer composition and temperature, had been validated and were 

ideal to carry out MST. Results shown in Fig. 4.2 showed that the capillary scans for the 

16 samples from the MST assay displayed some homogeneity issues amongst themselves, 

with all samples being within the desirable range of ~200-2000 fluorescent counts 

(Nanotemper Technologies, 2019), yet, with some samples being outwith the  ± 10% 

tolerance range in relation to the average value detected in this specific run, here, 656 

fluorescent counts, which was lower than the fluorescence observed for BoNT/A-LC 

[E22Q, Y366F] alone. The MST traces were surprisingly poorly defined, showing a noisy 

pattern and a low signal to noise ratio below 5, which is the threshold above which an 

MST assay is considered successful. This suggested that the assay did not work and 

required optimisation, which prevented me from carrying out further analysis using this 

data set. I hypothesised that the labelling of lysines via NHS-chemistry, potentially in the 

active site of BoNT/A-LC [E224Q, Y366F], might have been causing some steric 

hindrance that might have been interfering with the binding at low levels. Hypothetically, 

this might be preventing the MST affinity assay from working due to its high sensitivity.   

 
4.2.2 Attempting to determine the KD  between BoNT/A-LC [E224Q, 

Y366F] and SNAP-25 RED-MALEIMIDE labelling of BoNT/A-LC 

[E224Q, Y366F] 

Since MST using BoNT/A-LC [E224Q, Y366F] labelled with Atto 647 had not been 

successful and seemed to require further optimisation on several levels, I decided to re- 
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Figure 4.2 | Microscale thermophoresis (MST) using NHS-647-labelled-BoNT/A-LC 
[E224Q, Y366F] 
An initial attempt at Microscale thermophoresis (MST) was made using BoNT/A-LC [E224Q, 
Y366F] labelled with Atto 647. (A) Left: Capillary scan of 2 capillaries containing BoNT/A-LC 
[E224Q, Y366F] labelled with Atto 647 only. Right: Pre-test screening MST trace of BoNT/A-
LC [E224Q, Y366F] labelled with Atto 647 only. (B) Left: Capillary scan of all 16 capillaries 
required for the MST binding affinity assay showing initial fluorescence of BoNT/A-LC 
[E224Q, Y366F] labelled with NHS-647 at 20 nM in 1XPBS, 0.1% Tween-20 buffer at 
different concentrations of SNAP-25 ranging from 12.5 μΜ to 6.36 x 10-5 μΜ. The variation 
in fluorescence between the different points of the dilution range accross the 16 capillaries 
of the dilution series  was outwith the tolerance range (±10%). Right: MST traces of BoNT/A-
LC [E224Q, Y366F] for the MST binding affinity assay did not provide well-defined curves. 
The cold region had been set to 0s (blue) and the hot region to 5s (red). 
 
 
 

 

 

 

 

 

 

 

 

 

Figure 4.2 | Microscale thermophoresis (MST) using NHS-647-labelled-BoNT/A-LC 
[E224Q, Y366F]. An initial attempt at Microscale thermophoresis (MST) was made using 
BoNT/A-LC [E224Q, Y366F] labelled with Atto 647. (A) Left: Capillary scan of 2 capillaries 
containing BoNT/A-LC [E224Q, Y366F] labelled with Atto 647 only. Right: Pre-test screening 
MST trace of BoNT/A-LC [E224Q, Y366F] labelled with Atto 647 only. (B) Left: Capillary scan of 
all 16 capillaries required for the MST binding affinity assay showing initial fluorescence of 
BoNT/A-LC [E224Q, Y366F] labelled with NHS-647 at 20 nM in 1XPBS, 0.1% Tween-20 buffer 
at different concentrations of SNAP-25 ranging from 12.5 μΜ to 6.36 x 10-5 μΜ. The variation in 
fluorescence between the different points of the dilution range accross the 16 capillaries of the 
dilution series  was outwith the tolerance range (±10%). Right: MST traces of BoNT/A-LC 
[E224Q, Y366F] for  the MST binding affinity assay did not provide well-defined curves. The cold 
region had been set to 0s (blue) and the hot region to 5s (red).        
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label BoNT/A-LC [E224Q, Y366F] using a different labelling strategy which is known 

to represent one the most common causes for unsuccessful MST assays (NanoTemper 

Technologies, 2019). This time, however, BoNT/A-LC [E224Q, Y366F] was labelled 

using Monolith NT Protein Labelling kit RED-MALEIMIDE by NanotemperTM. 

hypothesised that, should it work, this type of labelling might be even more accurate if 

and when applied at later stages to super-resolution microscopy, since only two cysteines 

per BoNT/A-LC [E224Q, Y366F] would be labelled  and it was hypothesised that 

labelling these would not interfere with the binding reaction. Upon labelling of BoNT/A-

LC [E224Q, Y366F], pre-scan tests were run, followed by an MST binding affinity assay, 

as shown (Fig. 4.3). Although there was some fluorescence variation between different 

capillaries, this was still within the ± 10 tolerance threshold relative to the average number 

of fluorescent counts for the initial fluorescence of  BoNT/A-LC [E224Q, Y366F] which 

was on the high end of the suitable range of 200-2000 at 1700 fluorescent counts (Fig 

4.3A). The MST traces for the labelled BoNT/A-LC [E224Q, Y366F] alone showed well-

defined curves showing a relative fluorescence ranging from 0.80-1.00 (Fig. 4.3A). The 

pre-assay conditions were then validated, and the MST binding affinity was carried out. 

The capillary scans displayed homogeneity across the dilution series (Fig. 4.3B)  and 

were all within the ± 10 tolerance threshold from the average of about 803 fluorescent 

counts. MST traces showed well-defined curves, however, the signal to noise returned 

was 2.4, which was below the minimum of 5, in order for the assay to be considered 

robust. The binding was not detected and so it was questioned whether MST could be 

used to detect the BoNT/A-LC [E224Q, Y366F]/SNAP-25 complex. After performing 

MST using two different labelling strategies, it was hypothesised that MST might not be 

able to detect this molecular interaction, hypothetically, due to the lack of a significant 

change in terms of the thermophoretic properties of unbound versus bound BoNT/A-LC 

[E224Q, Y366F]. Another possibility was that none of the labelling strategies utilised had 

been suitable, resulting in noisy assays where, despite the quality of the capillary scans 

and  MST traces, no binding curves could be fitted. 

Although initially I had not deemed it an issue, later I hypothesised that the C-terminal 

cysteine at the end of BoNT/A-LC [E224Q, Y366F] that would be labelled by RED-

MALEIMIDE might have been reacting and forming disulphide bonds with an internal 

cysteine, thereby interfering with the binding assay. Dithiothreitol (DTT) is a well 

established reducing agent effective at breaking disulphide bonds, however, this could 

not be used to prevent disulphide bonds as it is known to interfere with the MST 

assay[241].   Commented [VDMEOB44]:  Corrected 
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Figure 4.3 | Microscale thermophoresis (MST) using RED-MALEIMIDE-labelled-
BoNT/A-LC [E224Q, Y366F] 
Another attempt at Microscale thermophoresis (MST) was made this time using BoNT/A-LC 
[E224Q, Y366F] labelled with Monolith NT Protein Labelling kit RED-MALEIMIDE 
(Nanotemper Technologies). (A) Left: Capillary scan of 2 capillaries containing BoNT/A-LC 
[E224Q, Y366F] labelled with RED-MALEIMIDE only. Right: Pre-test screening MST trace 
of BoNT/A-LC [E224Q, Y366F] labelled with Atto 647 only. (B) Left: Capillary scan of all 16 
capillaries required for the MST binding affinity assay showing initial fluorescence of BoNT/A-
LC [E224Q, Y366F] labelled with RED-MALEIMIDE in 1XPBS, 0.1% Tween-20 buffer (20 
nM) at different concentrations of SNAP-25 ranging from 12.5 μΜ to 3.81 x 10-4 μΜ. The 
variation in fluorescence between the different points of the dilution range across the 16 
capillaries of the dilution series was within the tolerance range ( ±10%). Right: MST traces 
of BoNT/A-LC [E224Q, Y366F] for the MST binding affinity assay provided well-defined 
curves. The cold region had been set to 0s (blue) and the hot region to 5s (red). 
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Figure 4.3 | Microscale thermophoresis (MST) using RED-MALEIMIDE-labelled-
BoNT/A-LC [E224Q, Y366F]. Another attempt at Microscale thermophoresis (MST) was made 
this time using BoNT/A-LC [E224Q, Y366F] labelled with Monolith NT Protein Labeling kit 
RED-MALEIMIDE (Nanotemper Technologies). (A) Left: Capillary scan of 2 capillaries contain-
ing BoNT/A-LC [E224Q, Y366F] labelled with RED-MALEIMIDE only. Right: Pre-test screen-
ing MST trace of BoNT/A-LC [E224Q, Y366F] labelled with Atto 647 only. (B) Left: Capillary 
scan of all 16 capillaries required for the MST binding affinity assay showing initial fluorescence 
of BoNT/A-LC [E224Q, Y366F] labelled with RED-MALEIMIDE in 1XPBS, 0.1% Tween-20 
buffer (20 nM) at different concentrations of SNAP-25 ranging from 12.5 μΜ to 3.81 x 10-4 μΜ. 
The variation in fluorescence between the different points of the dilution range accross the 16 
capillaries of the dilution series was within the tolerance range ( ±10%). Right: MST traces of 
BoNT/A-LC [E224Q, Y366F] for the MST binding affinity assay provided well-defined curves. 
The cold region had been set to 0s (blue) and the hot region to 5s (red).         
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4.2.3 Reversing the MST binding affinity assay to detect the SNAP-25 : 

BoNT/A-LC [E224Q, Y366F] interaction via RED-NHS labelling of 

SNAP-25 

4.2.3.1 Testing the ability to detect the  SNAP-25:syntaxin-I interaction  

Given the inconsistency observed in previous attempts, SNAP-25 was labelled using the 

RED-NHS kit from Nanotemper Technologies, a similar strategy to the one that had been 

initially used to label BoNT/A-LC [E224Q, Y366F]. I intended to see whether the binding 

reaction could be detected should BoNT/A-LC [E224Q, Y366F] become the unlabelled 

species, with the SNAP-25 being the labelled species instead. Unlike BoNT/A-LC 

[E224Q, Y366F], which hypothetically should only bind to SNAP-25 and do so with great 

specificity, SNAP-25 is known to interact with other molecules such as the SNARE 

proteins, for instance, syntaxin-I [212, 213]. This was also supported by my pull-down 

assays (see chapter 3 Fig. 3.3). I then thought I would use the binding reaction of SNAP-

25 with syntaxin-I as a positive control for the MST assay to confirm (1) that at least 

SNAP-25 remained functional during the assay and also (2) that MST could work and 

successfully detect molecular interactions which were known to occur.  

  For the first time over the course of an MST binding affinity assay, as seen  (Fig. 4.4), 

the capillary scans suggested homogeneity across all 16 samples of the dilution series 

containing different concentrations of syntaxin-I, all of them within the ± 10% tolerance 

threshold relative to an average of ~1450 ± 10 fluorescent counts. Furthermore, the MST 

traces showing the relative fluorescence of the labelled SNAP-25 were represented as a 

function of time and exhibited a well-defined pattern, (Fig 4.4) showing curves and 

regions that were in agreement with what would be expected in the presence of a 

successful MST assay where the binding had been detected (Fig 4.1).  No signs of 

adhesion or aggregation were visible. 

The binding was detected by the MO. Control (x86) software on Monolith NT.115 

(Nanotemper Technologies MO-G0070) and a sigmoidal dose-response curve was then 

generated from this thermophoretic data using the MO. Affinity Analysis (x86) software. 

ΔFNorm [‰], which started out at almost undetectable levels of BoNT/A-LC[E224Q, 

Y366F] as represented the normalised fluorescence of the labelled SNAP-25 against the 

various concentrations of the ligand syntaxin-I across the dilution  Commented [VDMEOB45]: Corrected 
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Figure 4.4 | Microscale thermophoresis (MST) using SNAP-25 labelled with the 
Labelling Kit RED-NHS (Amine Reactive) 
MST using BoNT/A-LC[E224Q, Y366F] was not successful and so SNAP-25 was labelled 
instead to see whether the binding could be detected. (A) Left: Capillary scan of 2 capillaries 
containing SNAP-25 labelled with RED-NHS from NanoTemper Technologies. Right: Pre-
test screening MST trace containing SNAP-25 labelled with RED-NHS from NanoTemper 
Technologies. (B) Left: Capillary scan of all 16 capillaries required for the MST binding 
affinity assay showing initial fluorescence of SNAP-25 labelled with RED-NHS from 
NanoTemper Technologies (20nM) while the concentration of the non-labelled binding 
partner syntaxin-I in buffer ranged between 7.75 μΜ to 2.37 x 10-4 μΜ. The variation in 
fluorescence between the different points of the dilution range across the 16 capillaries of 
the dilution series was within the tolerance range (±10%). Right: MST traces of SNAP-25 
labelled with  RED-NHS from NanoTemper Technologies  for  the binding affinity assay 
provided well-defined curves. The cold region had been set to 0s (blue) and the hot region 
to 5s (red). (C) A KD of 1.38 ± 0.74 µM was derived for this interaction (n = 4 independent 
measurements, error bars represent the standard deviation).  

Figure 4.4 | Microscale thermophoresis (MST) using SNAP-25 labelled with the Labeling 
Kit RED-NHS (Amine Reactive). MST using BoNT/A [E224Q, Y366F] was not succesful and 
so SNAP-25 was labelled instead to see whether the binding could be detected. (A) Left: Capil-
lary scan of 2 capillaries containing SNAP-25 labelled with RED-NHS from NanoTemper Tech-
nologies. Right: Pre-test screening MST trace containing SNAP-25 labelled with RED-NHS 
from NanoTemper Technologies.. (B) Left: Capillary scan of all 16 capillaries required for the 
MST binding affinity assay showing initial fluorescence of SNAP-25 labelled with RED-NHS 
from NanoTemper Technologies (20nM) while the concentration of the non-labelled binding 
partner syntaxin-I in buffer ranged between 7.75 μΜ to 2.37 x 10-4 μΜ.The variation in fluores-
cence between the different points of the dilution range across the 16 capillaries of the dilution 
series was within the tolerance range (±10%). Right: MST traces of SNAP-25 labelled with  
RED-NHS from NanoTemper Technologies  for  the binding affinity assay provided well-defined 
curves. The cold region had been set to 0s (blue) and the hot region to 5s (red). (C) A KD of 1.38 
± 0.74 µM was derived for this interaction (n = 4 independent measurements, error bars repre-
sent the standard deviation).
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series. A dissociation constant (KD) of  1.38 ±0.74 μΜ was extrapolated from the curve 

(Fig. 4.4), which was only slightly higher than some of the reported values for the 

dissociation constant (KD) between syntaxin-I and SNAP-25 [214]. This assay showed 

that MST could indeed detect protein:protein interactions, possibly with high accuracy, 

and that the SNAP-25 remained functional throughout the MST assay in ideal MST 

conditions at a temperature of 21°C, as per usual, to prevent convection reactions, and in 

1XPBS 0.1% (v/v) Tween-20. This temperature was suitable for my reaction since my 

pull-down assays had been carried out at that same temperature. Also, as suggested by 

cleavage assay experiments, the wild-type, and hypothetically, BoNT/A-LC [E224Q, 

Y366F], had high binding activity at this temperature (see chapter 3). After testing 

different MST buffers, including 1XPBS only, and MST buffer from Nanotemper 

Technologies, 1XPBS, 0.1% Tween-20 had been seen to be produce the best results. 

 
4.2.3.2 Testing the ability to detect the  SNAP-25:BoNT/A-LC [E224Q, Y366F] 

interaction 

Since the pre-assay conditions had already been validated for the labelled SNAP-25 

alone, as well as for an MST binding affinity assay, as shown in figure 4.4, an attempt 

was then made at screening for the interaction between SNAP-25 and BoNT/A-LC 

[E224Q, Y366F] using the RED-NHS labelled SNAP-25. Some brightness fluctuations 

were visible in the samples as some showed brightness levels slightly outwith the 

tolerance threshold of 350 ± 10%  fluorescent counts (Fig 4.5A). Nevertheless, it was the 

first time that an MST assay rendered well-defined MST traces which highlighted the 

interaction between SNAP-25 and BoNT/A-LC [E224Q, Y366F] (Fig.4.5B).  This was a 

surprising result since poorly defined MST traces had been obtained when attempting to 

detect the same binding reaction using labelled BoNT/A-LC [E224Q, Y366F] and 

unlabelled SNAP-25 previously. Additionally, the signal to noise ratio for this assay, at 

6.1, was one-fold higher than the requirement of 5 in order for the binding to be detected.  

As such, a dose-response curve could be generated which would allow me to try and 

quantify the binding. I moved on to analyse the data and quantify properties of the SNAP-

25/BoNT/A-LC [E224Q, Y366F] . The binding curve relating the ligand concentration to 

the normalised fluorescence could be fitted (Fig. 4.6B). Similarly to what had been 

observed for the SNAP-25/syntaxin-I reaction, more thermal depletion was observed for 

the complexes than for the unbound SNAP-25, as evidenced by the positive slope of the 

curve (Fig. 4.6B).  The signal to noise ratio, at 6.1, was reduced compared with that  
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Figure 4.5 | SNAP-25/BoNT/A-LC [E224Q, Y366F] MST assay using RED-NHS (Amine 
Reactive) labelled SNAP-25MST assay using RED-NHS (Amine Reactive) labelled 
SNAP-25. 
MST was carried out using SNAP-25 labelled with the Labelling Kit RED-NHS (Amine 
Reactive) from NanoTemper Technologies. After a short incubation the samples were loaded 
into Monolith NT.115 Standard Treated Capillaries (NanoTemper Technologies) and the 
MST measurement was performed using the Monolith NT.115 (NanoTemper Technologies). 
(A) Initial fluorescence of BoNT/A-LC [E224Q, Y366F] in 1XPBS, 0.1% Tween-20 buffer at 
different concentrations of SNAP-25. The variation in fluorescence between the different 
points of the dilution range was outwith the tolerance threshold ( ±10%). (B) MST traces of 
SNAP-25/BoNT/A-LC [E224Q, Y366F] provided well-defined curves at 2% laser power. The 
cold region was set to 0s (blue) and the hot region to 5s (red) to determine the KD of the 
interaction. Despite some fluorescence inhomogeneity the average signal to noise ratio 
allowed the binding to be detected. 
 

Figure 4.5 | SNAP-25/BoNT/A-LC [E224Q, Y366F] MST assay using RED-NHS (Amine 
Reactive) labelled SNAP-25. MST was carried out using SNAP-25 labelled with the Labeling 
Kit RED-NHS (Amine Reactive) from NanoTemper Technologies. After a short incubation the 
samples were loaded into Monolith NT.115 Standard Treated Capillaries (NanoTemper Tech-
nologies) and the MST measurement was performed using the Monolith NT.115 (NanoTemper 
Technologies). (A) Initial fluorescence of BoNT/A-LC [E224Q, Y366F] in 1XPBS, 0.1% 
Tween-20 buffer at different concentrations of SNAP-25. The variation in fluorescence 
between the different points of the dilution range was outwith the tolerance threshold ( ±10%). 
(B) MST traces of SNAP-25/BoNT/A-LC [E224Q, Y366F] provided well-defined curves at 2% 
laser power. The cold region was set to 0s (blue) and the hot region to 5s (red) to determine 
the KD of the interaction. Despite some fluorescence inhomogeneity the average signal to 
noise ratio allowed the binding to be detected.

SNAP-25/ BoNT/A-LC [E224Q, Y366F] 

SNAP-25/ BoNT/A-LC [E224Q, Y366F] 

(A)

(B)

Figure 4.4 | Microscale thermophoresis (MST) using SNAP-25 labelled with the Labeling 
Kit RED-NHS (Amine Reactive). MST using BoNT/A [E224Q, Y366F] was not succesful and 
so SNAP-25 was labelled instead to see whether the binding could be detected. (A) Left: Capil-
lary scan of 2 capillaries containing SNAP-25 labelled with RED-NHS from NanoTemper Tech-
nologies. Right: Pre-test screening MST trace containing SNAP-25 labelled with RED-NHS 
from NanoTemper Technologies.. (B) Left: Capillary scan of all 16 capillaries required for the 
MST binding affinity assay showing initial fluorescence of SNAP-25 labelled with RED-NHS 
from NanoTemper Technologies (20nM) while the concentration of the non-labelled binding 
partner syntaxin-I in buffer ranged between 7.75 μΜ to 2.37 x 10-4 μΜ.The variation in fluores-
cence between the different points of the dilution range across the 16 capillaries of the dilution 
series was within the tolerance range (±10%). Right: MST traces of SNAP-25 labelled with  
RED-NHS from NanoTemper Technologies  for  the binding affinity assay provided well-defined 
curves. The cold region had been set to 0s (blue) and the hot region to 5s (red). (C) A KD of 1.38 
± 0.74 µM was derived for this interaction (n = 4 independent measurements, error bars repre-
sent the standard deviation).

SNAP-25/Syntaxin-I

(A)

(B)

(C)

Capillary position
   2       4       6       8      10      12     14    16

Fl
uo

re
sc

en
ce

 (c
ou

nt
s) 1500

1000

500

0

      0.6   0.8  1.0   1.2  1.4  1.6   1.8  2.0   2.2   2.4

Fl
uo

re
sc

en
ce

 (c
ou

nt
s)

1500

1000

500

2000

0

SNAP-25

       0             5           10          15           20

       0             5           10          15           20

SNAP-25/Syntaxin-I

R
el

at
iv

e 
flu

or
es

ce
nc

e

0.85

0.90

0.95

1.00

0.80

ΜST experiment timeCapillary position

0.85

0.90

0.95

1.00

0.80R
el

at
iv

e 
flu

or
es

ce
nc

e

       1.0E-1   1.0E-09  1.0E-08  1.0E-07 1.0E-06   1.0E-05   1.0E-04

  Δ
 F

N
or

m
 [‰

]

  -30

  -20

  -10

     0

ΜST experiment time

Ligand concentration

SNAP-25 

SNAP-25/Syntaxin-I

Commented [VDMEOB46]: Corrected 



 88 

 
Figure 4.6 | Quantifying the SNAP-25/BoNT/A-LC [E224Q, Y366F] complex interaction 
using RED-NHS-labelled-SNAP-25 
MST was carried out using SNAP-25 labelled with the Labelling Kit RED-NHS (Amine 
Reactive) (Cat# MO-L001) from NanoTemper Technologies. In this MST experiment the 
concentration of SNAP-25 was kept constant (20 nM), while the concentration of the non-
labelled binding partner BoNT/A-LC [E224Q, Y366F] ranged from 12.5 µM to 3.81 x 10-4 
μΜ. (A) The fraction bound was plottted against ligand concentration for the binding 
reactions. (B) A KD of 1.30 µM ± 0.33 µM was derived for this interaction at 2% laser power 
(n = 3 independent measurements, error bars represent the standard deviation). 
  

SNAP-25/ BoNT/A-LC [E224Q, Y366F] 
SNAP-25/BoNT/B

SNAP-25/ BoNT/A-LC [E224Q, Y366F] 
SNAP-25/BoNT/B

Figure 4.6 | Quantifying the SNAP-25/BoNT/A-LC [E224Q, Y366F] complex interaction 
using RED-NHS (Amine Reactive)-labelled-SNAP-25. MST was carried out using SNAP-25 
labelled with the Labeling Kit RED-NHS (Amine Reactive) (Cat# MO-L001) from NanoTemper 
Technologies. In this MST experiment the concentration of SNAP-25 was kept constant (20 
nM), while the concentration of the non-labelled binding partner BoNT/A-LC [E224Q, Y366F] 
ranged from 12.5 µM to 3.81 x 10-4 μΜ . (A)  The fraction bound was plottted against ligand 
concentration for the binding reactions. (B)  A KD of 1.30 µM ± 0.33 µM was derived for this 
interaction at 2% laser power (n = 3 independent measurements, error bars represent the 
standard deviation).

(A)

(B)
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observed for the complexes than for the unbound SNAP-25, as evidenced by the positive 

slope of the curve (Fig. 4.6B).  The signal to noise ratio, at 6.1, was reduced compared 

with that observed in previous experiments. Thus, this further supported my theory that 

the 1XPBS. 0.1% Tween-20 buffer might be the most suitable buffer to study the 

interaction of SNAP-25 with BoNT/A-LC [E224Q, Y366F]. The same experiments had 

been conducted using 1XPBS and MST 1X buffer and did not produce presentable results 

that could be used, unlike those obtained using 1XPBS, 0.1% Tween-20 buffer. The 

1XPBS, 0.1% Tween-20 buffer was thus retained for further investigations. The control 

consisted of another BoNT-LC, BoNT/B-LC, incubated with SNAP-25 and did not 

produce a binding curve (Fig. 4.6A).  This was expected since VAMP-2 but not SNAP-

25 is a target of BoNT/B-LC [215]. 

 

4.2.4 Determining the KD  of the BoNT/A-LC [E224Q, Y366F]:SNAP-25 

interaction via His-tag labelling of BoNT/A-LC [E224Q, Y366F] 

 
The fact that MST was shown to have the ability to detect the SNAP-25:BoNT/A-LC 

[E224Q, Y336F] interaction using a labelling strategy that had not worked  when 

BoNT/A-LC  [E224Q, Y336F] had been the labelled species, provided evidence that (1) 

MST could detect the interaction between SNAP-25 and the BoNT/A-LC [E224Q, 

Y366F] and (2) the lack of compatibility between the labelling strategy and the species 

to be labelled was likely to be the cause of past issues concerning the ability of the MST 

binding affinity assay to detect the interaction. I proceeded to labelling of the BoNT/A-

LC [E224Q, Y366F] using a different labelling strategy to the ones utilised previously. 

Since BoNT/A-LC [E224Q, Y366F] is a His-tagged protein, I hypothesised that His-tag 

labelling for MST might be an option to solve the problem. Because the (6x) His-Tag was 

guaranteed to not take part in the binding reaction, labelling of this moiety should not 

interfere with the binding, hence providing high enough signal: noise ratios that would 

enable determining of the KD.  

The capillary scans showed that the initial fluorescence of the MST samples containing 

different concentrations of SNAP-25 and a constant concentration of labelled BoNT/A-

LC [E224Q Y366F] exhibited a similar number of fluorescent counts (Fig. 4.7A). This 

was within the desirable range (200-2000) at an average of 250 fluorescent counts and  
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Figure 4.7 | Optimised MST assay using His-Tag-647-labelled-BoNT/A-LC [E224Q, 
Y366F]. 
MST was carried out using re-purified high purity BoNT/A-LC [E224Q, Y366F] labelled with 
the Monolith His-Tag labelling Kit RED-tris-NTA 2nd Generation from NanoTemper 
Technologies. (A) Initial fluorescence of BoNT/A-LC [E224Q, Y366F] in 11XPBS, 0.1% 
Tween-20 buffer at different concentrations of SNAP-25. The variation in fluorescence 
between the different points of the dilution range was within the tolerance threshold (±10%). 
(B) MST traces of BoNT/A-LC [E224Q, Y366F] provided well-defined curves at 40% and 
60% laser powers. The control (in green) also showed a well-defined curve however no 
binding was detected and resulted in a complete overlap of MST traces regardless of the 
laser power used. The cold region was set to 0s (blue) and the hot region to 20s (red) to 
determine the KD of the interaction (and to avoid potential convection phenomena).  

Figure 4.7 | Optimised MST assay using His-Tag-64-labelled-BoNT/A-LC [E224Q, Y366F] 
. MST was carried out using re-purified high purity BoNT/A-LC [E224Q, Y366F] labelled with 
the Monolith His-Tag labelling Kit RED-tris-NTA 2nd Generation from NanoTemper Technolo-
gies. (A) Initial fluorescence of BoNT/A-LC [E224Q, Y366F] in 11XPBS, 0.1% Tween-20 buffer 
at different concentrations of SNAP-25. The variation in fluorescence between the different 
points of the dilution range was within the tolerance threshold (±10%). (B) MST traces of 
BoNT/A-LC [E224Q, Y366F] provided well-defined curves at 40% and 60% laser powers. The 
control (in green) also showed a well-defined curve however no binding was detected and 
resulted in a complete overlap of MST traces regardless of the laser power used. The cold 
region was set to 0s (blue) and the hot region to 20s (red) to determine the KD of the interaction 
(and to avoid potential convection phenomena).

BoNT/A-LC [E224Q Y366F]/SNAP-25 (40%)
BoNT/A-LC [E224Q Y366F]/SNAP-25 (60%)
BoNT/A-LC [E224Q Y366F]/Syntaxin-I

(A)

(B)

SNAP-25/ BoNT/A-LC [E224Q, Y366F] 
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within the tolerance threshold (± 10%) relative to the average fluorescence value, making 

for a homogeneous and consistent sample set in terms of fluorescence (Fig. 4.7A). 

Since 40% and 60% were the recommended lower and upper thresholds for MST assays 

(Nanotemper Technologies, 2019), I decided I would take four sets of measurements at 

each laser power. These are represented in figure 4.7 where MST traces showing no signs 

of adhesion or aggregation were obtained for the reaction between labelled BoNT/A-LC 

[E224Q, Y366F] and SNAP-25 at 40% (in blue, n=4) at 60% laser power (in red, n=4). 

As seen, for both laser intensities the MST traces were similar and overlapped almost 

completely. The positive gradient of the curves within each group suggested that a 

binding reaction was occurring. A third and fourth MST traces (in green) are also 

represented for the reaction between BoNT/A [E224Q Y366F] and syntaxin-I,  here used 

as the negative control at 40% and 60% laser power. BoNT/A [E224Q Y366F] was 

incubated with syntaxin-I to verify the inability to detect binding with a non-relevant 

protein in an optimised assay. 

The binding curve relating the ligand concentration to the normalised fluorescence could 

be fitted (Fig. 4.8B). The complexes formed showed more thermal depletion than the 

unbound BoNT/A-LC [E224Q, Y366F], as evidenced by the positive gradient of the 

curve (Fig. 4.8). In addition, the total amplitude of the signal was higher than the typical 

requirements, as the amplitude was at least two-fold higher than the noise level, achieving 

a value of ~13 in some instances. The background signal was reduced, compared to those 

in previous experiments.  The experiment was repeated. Each point in figure 4.8 

represents the mean of four sets of measurements. Although the curve does not have a 

perfectly defined saturation phase, possibly due to the limited solubility of the ligand 

SNAP-25, it was possible to determine the KD between my two proteins. The binding of  

BoNT/A-LC [E224Q, Y366F] with SNAP-25 in 0.1% Tween 1XPBS buffer had an 

affinity of 5.5 μM ± 3.2 μM (Fig. 4.8). In addition, the syntaxin-I control protein had no 

affinity for BoNT/A-LC [E224Q Y366F].  
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Figure 4.8 | Quantifying the BoNT/A-LC [E224Q, Y366F]/SNAP-25 complex interaction 
and determining the KD using His-Tag-647-labelled-BoNT/A-LC [E224Q, Y366F] 
MST was carried out using re-purified high purity BoNT/A-LC [E224Q, Y366F] labelled with 
the Monolith His-Tag labelling Kit RED-tris-NTA 2nd Generation from NanoTemper 
Technologies.  In this MST experiment the concentration of the BoNT/A-LC [E224Q, Y366F] 
was kept constant (20 nM), while the concentration of the non-labelled binding partner SNAP-
25 was varied from 12.5 µM to 3.81 x 10-4 µM. After a short incubation the samples were 
loaded into Monolith NT.115 Standard Treated Capillaries (NanoTemper Technologies) and 
the MST measurement was performed using the Monolith NT.115 (NanoTemper 
Technologies). (A) The fraction bound was plottted against ligand concentration for the 
binding reactions. (B) A KD of 5.54 ± 3.4 µM  was derived for this interaction at 40% laser 
power (n = 4 independent measurements, error bars represent the standard deviation). At 
60%, a KD of 5.44 ± 3.0 µM was derived (n = 4 independent measurements, error bars 
represent the standard deviation) An average KD of 5.5 ± 3.2 µM was derived for this 
interaction when merging the results obtained for both laser powers. The control did not 
produce a curve.  

BoNT/A-LC [E224Q, Y366F]/SNAP-25 (40%)
BoNT/A-LC [E224Q, Y366F]/SNAP-25 (60%)
BoNT/A-LC [E224Q, Y366F]/Syntaxin-I

BoNT/A-LC [E224Q, Y366F]/SNAP-25 (40%)
BoNT/A-LC [E224Q, Y366F]/SNAP-25 (60%)
BoNT/A-LC [E224Q, Y366F]/Syntaxin-I

Figure 4.8 | Quantifying the BoNT/A-LC [E224Q, Y366F]/SNAP-25 interaction and determ-
ing the KD using His-Tag-647-labelled-BoNT/A [E224Q, Y366F]. MST was carried out using 
re-purified high purity BoNT/A-LC [E224Q, Y366F] labelled with the Monolith His-Tag labelling 
Kit RED-tris-NTA 2nd Generation from NanoTemper Technologies.  In this MST experiment the 
concentration of the BoNT/A-LC [E224Q, Y366F] was kept constant (20 nM), while the concen-
tration of the non-labelled binding partner SNAP-25 was varied from 12.5 µM to 3.81 x 10-4 µM. 
After a short incubation the samples were loaded into Monolith NT.115 Standard Treated Capil-
laries (NanoTemper Technologies) and the MST measurement was performed using the Mono-
lith NT.115 (NanoTemper Technologies). (A) The fraction bound was plottted against ligand 
concentration for the binding reactions. (B) A KD of 5.54 ± 3.4 µM  was derived for this interac-
tion at 40% laser power (n = 4 independent measurements, error bars represent the standard 
deviation). At 60%, a KD of 5.44 ± 3.0 µM was derived (n = 4 independent measurements, error 
bars represent the standard deviation) An average KD of 5.5 ± 3.2 µM was derived for this inter-
action when merging the results obtained for both laser powers. The control did not produce a 
curve.

(A)

(B)
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4.3 Summary 

Microscale thermophoresis (MST) is a recently developed, powerful technique that has 

gained some traction for detection and quantification of protein:protein interactions. 

Classically, one binding protein is fluorescently labelled, while its ligand protein remains 

unlabelled. The interaction between BoNT/A-LC [E224Q, Y336] and SNAP-25 was 

confirmed and quantified by using labelled SNAP-25/BoNT/A-LC [E224Q, Y366F] and 

labelled BoNT/A-LC [E224Q, Y366F]/SNAP-25. An amine ester labelling strategy was 

used to label SNAP-25. Nonetheless, it was seen that this amine ester labelling strategy 

could not be used for BoNT/A [E224Q, Y336], hypothetically, due to it causing steric 

hindrance which interfered with the binding reaction to some extent, making for noisy 

MST assays. An attempt at MST was also made via RED-Maleimide labelling of 

BoNT/A-LC [E224Q, Y336F]. However,  low signal: noise ratios made it impossible to 

visualise or quantify the binding reaction in this way. I hypothesised that the formation 

of a disulphide bridge between two cysteine residues might have prevented the binding 

reaction from being detected.  

His-Tag labelling of BoNT/A-LC [E224Q Y336] had to be adopted to carry out an 

optimised assay that could provide evidence of the same binding and return a dissociation 

constant (KD) for the reaction. The KD for the BoNT/A-LC [E224Q Y336]/ SNAP-25 

reaction was found to be 5.5 μM ± 3.2 μM. This was a higher value than expected, 

however, this could be due to limitations concerning the use of recombinant BoNT/A-LC 

[E224Q Y336] rather than using the full-length enzyme. 
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5   Imaging using BoNT/A-LC [E224Q, Y366F] 

 
 
 
 
5.1 Introduction 

Following the first stages of in vitro testing validation of BoNT/A-LC [E224Q, Y366F],  

BoNT/A-LC was yet to be validated as having binding properties whose potential could 

be exploited for labelling and imaging purposes. The Pheochromocytoma cell line (PC12) 

was the main cell line used in my experiments as this is known to be the neuronal cell 

model that is thought to best represent neuronal exocytosis regarding the neuronal 

proteins involved and to express SNAP-25 endogenously [216, 217]. Research focusing 

on characterising the SNARE proteins have used this cell line extensively [216, 217] . 

Additionally,  the Human Embryonic cell line (HEK293) and the Human Bone 

Osteosarcoma Epithelial Cells (U2OS) were utilised as negative control cell lines where 

SNAP-25 was overexpressed to test the ability of BoNT/A-LC [E224Q, Y366F] to 

specifically label exogenous SNAP-25.   

This inactive form of BoNT/A light chain, BoNT/A-LC [E224Q, Y366F], was then 

fluorescently labelled and used to enzymostain cells. BoNT/A-LC [E224Q, Y366F] was 

conjugated to Alexa Fluor® 647 using the Alexa Fluor® 647 Protein Labelling Kit 

(A20173) (ThermofisherTM, A20173), labelled as described by manufacturer’s 

instructions. BoNT/A-LC [E224Q, Y366F] conjugated to Alexa Fluor® 647, herein 

referred to as BoNT/A-LC [E224Q, Y366F]-Alexa 647. BoNT/A-LC [E224Q, Y366F]-

Alexa 647 was then tested to assess its labelling potential at the cell level, demonstrated 

using both diffraction-limited microscopy and super-resolution microscopy.  

 
5.2 Results 

5.2.1 Wide-field imaging of PC12 (enzymo)stained by BoNT/A-LC 

[E224Q, Y366F] 

Firstly, the pheochromocytoma 12 (PC12) cell line was cultured in supplemented RPMI 

medium (see Materials & Methods) and plated for about 36 hours  
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Figure 5.1 | Wide-field imaging of enzymostained PC12 cells. 
PC12 cells were cultured in phenol-red-free RPMI 1640 medium supplemented with 10% 
Foetal Bovine Serum, 10% Donor Equine Serum, 1% GlutaMAX, 1% Penicillin/Streptomycin, 
1% Sodium Pyruvate. PC12 were then enzymostained post-fixation with 4% formaldehyde 
36 hours after plating. BoNT/A-LC [E224Q, Y366F]-Alexa 647 was titrated at different 
concentrations. Imaging was carried out on FLoid® Cell Imaging Station (Invitrogen™ 
4471136) . (A) White light image of PC12 cells. (B) Blue light image of unstained PC12 which 
was here used as the negative control where fluorescence associated with the outline of cells 
was not observed. (C) BoNT/A-LC [E224Q, Y366F]-Alexa 647 at a 1:1000 dilution. (D) 
BoNT/A-LC [E224Q, Y366F]-Alexa 647 at a 1:400 dilution. (E) BoNT/A-LC [E224Q Y366F]-
Alexa 647 at a 1:250 dilution. Scale bar as shown. 
  

Figure 5.1 | Wide-field imaging of enzymostained PC12 cells. Südhof were cultured in 
phenol-red RPMI 1640 medium supplemented with 10% Foetal Bovine Serum, 10% Donor 
Equine Serum, 1% GlutaMAX, 1% Penicillin/Streptomycin, 1% Sodium Pyruvate. PC12 were 
then enzymostained post-fixation with 4% formaldehyde 36 hours after plating. BoNT/A-LC 
[E224Q, Y366F]-Alexa 647 was titrated at different concentrations. Imaging was carried out on 
FLoid® Cell Imaging Station (Invitrogen™ 4471136) . (A) White light image of PC12 cells. (B) 
Blue light image of unstained PC12 which was here used as the negative control where fluores-
cence associated with the outline of cells was not observed. (C) BoNT/A-LC [E224Q, Y366F]-Al-
exa 647 at a 1:1000 dilution. (D) BoNT/A-LC [E224Q, Y366F]-Alexa 647 at a 1:400 dilution. (E) 
BoNT/A-LC [E224Q, Y366F]-Alexa 647 at a 1:1250 dilution. Scale bar as shown.
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in 6-well plates containing coverslips coated with type IV collagen required for adhesion 

of PC12. After 36 hours, PC12 were then enzymostained using BoNT/A-LC [E224Q, 

Y366F]-Alexa 647. Wide-field imaging was carried out on FLoid® Cell Imaging Station 

(Invitrogen™ 4471136) and results are shown (Fig 5.1). BoNT/A-LC [E224Q, Y366F]-

Alexa 647 dilutions of 1:250, 1:400 and 1:1000 were tested to determine the best 

concentration at which carry out wide-field imaging. Images suggested that 1:250 was 

the best titration of BoNT/A-LC [E224Q, Y366F]-Alexa 647 to be used for wide-field 

imaging, resulting in higher brightness and higher signal to noise ratios. At 1:400 and 

1:1000, the labelling was still detected, however the brightness levels were inferior and 

produced a dimmer, lower quality image than the one obtained at 1:250 (Fig. 5.1). PC12 

samples to which no  BoNT/A-LC [E224Q, Y366F]-Alexa 647 had been added are shown 

in figure 5.1B. Images of PC12 exposed to white light are also shown (Fig 5.1). Wide-

field microscopy offers the advantage of allowing the visualisation of stained cells in a 

wide field of view providing a relatively inexpensive, user-friendly and time efficient way 

of verifying the ability of the fluorophore to label (structures) in cells  (Fig 5.1). However, 

for structures of an order of magnitude below 10-12 µm this is not a particularly useful 

technique for determining optimal antibody/enzyme dilutions and for carrying out more 

complex (e.g. colocalisation) studies. Since the maximum magnification achieved was 

460X at a resolution limit above 200 nm it was not possible to observe and analyse the 

distribution of BoNT/A-LC [E224Q, Y366F]-Alexa 647 within cells. Nonetheless, it 

confirmed my initial hypothesis that BoNT/A-LC [E224Q, Y366F]-Alexa 647 could be 

used to label cells. 

5.2.2 Confocal imaging of PC12 (enzymo)stained by BoNT/A-LC 

[E224Q, Y366F]  

Upon labelling for wide-field microscopy, PC12 were enzymostained using BoNT/A-LC 

[E224Q, Y366F]-Alexa 647, once again at three different concentrations to determine 

which would be the most suitable dilution to visually observe the distribution of the 

staining in the cells. 1:250, 1:400 and 1:1000 were the dilutions used. Results are shown 

in figure 5.2. Images of groups of PC12 cells provided an overview of the staining pattern 

for a wider field of view at a magnification power superior to the one observed in figure 

5.1. The distribution pattern observed located the labelling target, presumably, 

endogenous SNAP-25, to the edges of the cell, which would be expected, based on 

previous reports [105, 218, 219]. At 1:250, overlabelling of cells occurred. Whilst 1:1000 

and 1:400 were  
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Figure 5.2 | Confocal imaging of PC12 enzymostained with BoNT/A-LC [E224Q, 
Y366F]-Alexa 647. 
PC12 cells were enzymostained post-fixation with the BoNT/A-LC [E224Q, Y366F]-Alexa 
647 titrated at different concentrations. Images showing groups of PC12 are shown on the 
left-hand side for a given dilution whereas zoom-ins of single cells in those groups are shown 
on the right-hand side. (A) BoNT/A-LC [E224Q, Y366F]-Alexa 647 at a 1:250 dilution. (B) 
BoNT/A-LC [E224Q, Y366F]-Alexa 647 at a 1:400 dilution. (C) BoNT/A-LC [E224Q, Y366F]-
Alexa 647 at a 1:1000 dilution. Scale bars as shown. 
 

 

Figure 5.2 | Confocal imaging of PC12 enzymostained with BoNT/A-LC [E224Q, 
Y366F]-Alexa 647. PC12 cells were fixed with 4% formaldehyde and enzymostained post-fixa-
tion with the BoNT/A-LC [E224Q, Y366F]-Alexa 647 titrated at different concentrations. Images 
showing groups of PC12 are shown on the left-hand side for a given dilution whereas zoom-ins 
of single cells in those groups are shown on the right-hand side. (A) BoNT/A-LC [E224Q, 
Y366F]-Alexa 647 at a 1:250 dilution. (B) BoNT/A-LC [E224Q, Y366F]-Alexa 647 at a 1:400 
dilution. (C) BoNT/A-LC [E224Q, Y366F]-Alexa 647 at a 1:1000 dilution. Scale bars as shown. 
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similar in terms of the labelling pattern achieved (Fig 5.2) 1:400 was determined to 

represent the best dilution due to higher levels of signal to noise ratio when compared to 

1:1000. At 1:1000 some detail was lost and a higher laser power (10%) had to be used to 

achieve brightness levels comparable to 1:400, resulting in a lower signal to noise ratio. 

Validation of the suitability of BoNT/A-LC [E224Q, Y366F]-Alexa 647 for confocal 

imaging and determination of an optimal working dilution was also required to proceed 

to the next step of testing involving super resolution microscopy (SRM) techniques.  

 
5.2.3 Stimulated Emission Depletion (STED) imaging of PC12 

(enzymo)stained by BoNT/A-LC [E224Q, Y366F] 

Following on from the successful attempts at imaging PC12 using BoNT/A-LC [E224Q, 

Y366F] as a labelling and detection agent, presumably, for its target substrate SNAP-25, 

PC12 were then enzymostained for STED. Through imaging using Stimulated Emission 

Depletion (STED), super-resolved images of PC12 were obtained (Fig. 5.3). Since STED 

is conceptually similar to confocal, a similar dilution of 1:400 that had been used for 

confocal was here used as well. Both confocal and STED imaging allowed me to visualise 

enzymostained structures in the peripheral regions of the PC12, hypothetically SNAP-25, 

as supported by my in vitro data. As seen, (Fig. 5.3) images provided further evidence 

that BoNT/A-LC [E224Q, Y366F]-Alexa 647 could be used to effectively label cell 

structures/molecules, hypothetically, SNAP-25, even in a super-resolution context. The 

well-defined outline as well as the extensions visible on PC12  that give them a roughly 

stellar shape provided tangible evidence that those cells were healthy [217]. PC12 

extensions were resolved in confocal and STED, however, STED imaging resulted in 

reduced out-of-focus fluorescence and more well-defined staining profiles (Fig. 5.3). This 

reflected on the line plot shown for the STED image (Fig. 5.3) which represented sharper 

peaks and higher intensity discrepancies between cellular and non-cellular regions, when 

compared against the line plot obtained for the same region when performing standard 

confocal microscopy. This was consistent with the STED imaging model, since the point 

spread function (PSF) that introduces blurriness in confocal should have been narrowed 

down to a significant extent up to three-fold laterally and six-fold axially  by the STED 

depletion laser [220]. Some PC12 extensions, as seen (Fig 5.3), were estimated to be 

about 80 nm, as suggested by the scale bar, providing evidence that imaging was carried 

out at an 80 nm resolution limit or less, which was expected. The surface plot of the STED 

showed a clear distribution of higher intensities of BoNT/A-LC [E224Q, Y366F]-Alexa  
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Figure 5.3 | Confocal vs STED imaging of PC12 cells using BoNT/A-LC [E224Q, 
Y366F]-Alexa 647 
(A) Left: PC12 were enzymostained with BoNT/A-LC [E224Q, Y366F]-Alexa 647 for confocal 
(top row) and STED imaging (bottom row). Middle: Zoom-in on fine extensions at the 
membrane region of PC12 cell. A white line was drawn from bottom left to upper right to 
generate line plots corresponding to the same region. Arrow heads highlighting PC12 
extension whose width in xy was measured in STED and estimated to be about 80 nm.  
Right: Line plots showing pixel intensities profile for area spanned by the white line shown 
(Middle). Pixel intensities are represented in grey scale as a function of the distance to the 
start of the white line drawn from bottom left to upper right. d = 0 μm represents the start of 
the line whereas d = 3 μm represents the end of the line. (B) Surface plot of STED image 
showing 3D representation of the intensities of pixels in regions of PC12 enzymostained by 
BoNT/A-LC [E224Q, Y366F]-Alexa 647 plotted against the distribution of BoNT/A-LC 
[E224Q, Y366F]-Alexa 647 within the cell. 
 

Figure 5.3 | Confocal vs STED imaging of PC12 cells using BoNT/A-LC [E224Q, 
Y366F]-Alexa 647. (A) Left: PC12 were enzymostained with BoNT/A-LC [E224Q, Y366F]-Al-
exa 647 for confocal (top row) and STED imaging (bottom row). Middle: Zoom-in on fine exten-
sions at the membrane region of PC12 cell. A white line was drawn from bottom left to upper 
right to generate line plots corresponding to the same region. Arrow heads higlighting PC12 
extension whose width in xy was measured in STED and estimated to be about 80 nm.  Right: 
Line plots showing pixel intensities profile for area spanned by the white line shown (Middle). 
Pixel intensities are represented in grey scale as a function of the distance to the start of the 
white line drawn from bottom left to upper right. d = 0 μm represents the start of the line whereas 
d = 3 μm represents the end of the line. (B) Surface plot of STED image showing 3D representa-
tion of the intensities of pixels in regions of PC12 enzymostained by BoNT/A-LC [E224Q, 
Y366F]-Alexa 647 plotted against the distribution of BoNT/A-LC [E224Q, Y366F]-Alexa 647 
within the cell. 
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647 skewed towards the edges of the cell. The staining achieved by BoNT/A-LC [E224Q, 

Y366F]-Alexa 647 in confocal and STED imaging allowed me to visualise 

enzymostained structures, hypothetically SNAP-25, in the peripheral regions of the PC12, 

as supported by my in vitro data. I then proceeded to testing of the suitability of using  

BoNT/A-LC [E224Q, Y366F]-Alexa 647 for a different class of super resolution 

techniques, Single Molecule Localisation Microscopy (SMLM). 

 
5.2.4 SMLM:dSTORM imaging of PC12  

Since the interactions between proteins are only visible at the nanoscale BoNT/A-LC 

[E224Q, Y366F]-Alexa 647 was then used to enzymostain PC12 to be imaged using 

Direct Stochastic Optical Reconstruction Microscopy (dSTORM), a single molecule 

technique. As discussed, the pool of labelling agents suitable for this type of microscopy 

is limited. Hence, developing a novel class of labelling agents easy and affordable to 

produce in great amounts whilst showing reproducibility, a high colocalisation level of 

the label with its target molecule and also exhibiting the physico-chemical properties 

required for dSTORM, is paramount [149, 176].  Protein labelling density is one of the 

key features which determine the ability to accurately determine localisations in 

dSTORM [221]. Additionally, dSTORM relies on the stochastic switching of fluorescent 

molecules between a bright and a dark state. The presence of a few molecules in a 

fluorescent state at any time allows the temporal localisation of each molecule to be 

individually determined with high precision [220]. due to the super-resolving power of 

this technique when compared with, for instance, confocal microscopy. Thus, BoNT/A-

LC [E224Q, Y366F]-Alexa 647 was initially tested at the concentrations of 1:250, 1:400 

and 1:1000. Samples were mounted using dSTORM buffer as previously described [154, 

222]. Nevertheless, dSTORM could not be achieved neither at 1:250 nor 1:400.  The 

overlabelling by my fluorescent tag of PC12 cells prevented visualisation of the blinking 

phenomenon required for the reconstruction of quality images during post-processing 

using ThunderSTORM, from the localisations obtained. Thus, 1:1000 was the only 

dilution that at a 100% laser allowed dSTORM (Fig. 5.4). The summed image initially 

obtained (Fig. 5.4) showed the outline of a PC12 cell provided by the localisations 

obtained during image acquisition (n=2029 frames). Further, it was seen that the 

fluorescence intensity values varied  
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Figure 5.4 | dSTORM imaging of PC12 using BoNT/A-LC [E224Q, Y366F]-Alexa 647 
Due to dSTORM being conceptually different to confocal and STED imaging, post-
processing relies on mathematical algorithms that utilise the localisations detected to then 
allow for image reconstruction. Thus, different dilutions of  BoNT/A-LC [E224Q, Y366F]-
Alexa 647 had to be tested. PC12 were enzymostained with BoNT/A-LC [E224Q, Y366F]-
Alexa 647 at 1:250, 1:400 and 1:1000, however, only 1:1000  exhibited a labelling density 
that was suitable for dSTORM. (A) dSTORM summed image resulting from the summation 
of 2029 PC12 frames as seen before further processing using ThunderSTORM. (B) 
Histogram showing minimum (1736) and maximum (65535) fluorescence intensity values for 
all 9000 frames. The minimum value of 1736 corresponds to the base level [A/D counts] 
parameter required for analysis using ThunderSTORM. (C) Drift graph showing the drift along 
the x and y axes over the course of the dSTORM experiment (frames 1-9000). The image of 
the PC12 enzymostained by BoNT/A-LC [E224Q, Y366F]-Alexa 647 was corrected as part 
of the post-processing to determine the number of localisations. (D) Left: Super-resolved 
dSTORM image of PC12 post-processing using ThunderSTORM. Boxed ROI is shown 
containing fine extension of PC12. Right: Zoom-in on ROI showing localisations at the 
nanoscale beyond the resolution limit of  200 nm (0.2 μm) using BoNT/A-LC [E224Q, Y366F]-
Alexa 647.  

Figure 5.4 | dSTORM imaging of PC12 using BoNT/A-LC [E224Q, Y366F]-Alexa 647. Due to 
dSTORM being conceptually different to confocal and STED imaging, post-processing relies on 
mathematical algorithms that utilise the localisations detected to then allow for image recon-
struction. Thus, different dilutions of  BoNT/A-LC [E224Q, Y366F]-Alexa 647 had to be tested. 
PC12 were enzymostained with BoNT/A-LC [E224Q, Y366F]-Alexa 647 at 1:250, 1:400 and 
1:1000, however, only 1:1000  exhibited a labelling density that was suitable for dSTORM. (A) 
dSTORM summed image resulting from the summation of 2029 PC12 frames as seen before 
futher processing using ThunderSTORM. (B) Histogram showing minimum (1736) and maxi-
mum (65535) fluorescence intensity values for all 9000 frames. The minimum value of 1736 
corresponds to the base level [A/D counts] parameter required for analysis using Thunder-
STORM. (C) Drift graph showing the drift along the x and y axes over the course of the dSTORM 
experiment (frames 1-9000). The image of the PC12 enzymostained by BoNT/A-LC [E224Q, 
Y366F]-Alexa 647 was corrected as part of the post-processing to determine the number of 
localisations. (D) Left: Super-resolved dSTORM image of PC12 post-processing using Thuder-
STORM. Boxed ROI is shown containing fine extension of PC12. Right: Zoom-in on ROI show-
ing localisations at the nanoscale beyond the resolution limit of  200 nm (0.2 μm) using 
BoNT/A-LC [E224Q, Y366F]-Alexa 647.
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between 1736 and 65535 (Fig.5.4B). This information was required for thresholding of 

the relevant values in terms of the localisations to be used for post-processing. 

Additionally, the image was also corrected for the drift observed over the course of the 

experiment, which would have otherwise contributed to a substantial amount of error 

introduced along the y-axis coordinates, as seen (Fig. 5.4C). Some drift was also observed 

along the x-axis, however, to a lower extent. The image in Fig. 5.4D was then obtained 

following  a last step involving merging of all the overlapping localisations across all 

2029 frames. Structures visible within the region of interest could be resolved down to 

under the 80 nm range. Notably, the resolution was so high, even when compared against 

STED (Fig 5.3), that the extensions in dSTORM (Fig. 5.4) were visualised as more 

fragmented, discontinuous structures. 

5.2.5 Assessing the specificity of BoNT/A-LC [E224Q, Y366F]-Alexa 

647 

In order to investigate the specificity of enzymostaining and ascertain the usefulness of 

my recently developed protocol, further experiments were carried out to determine 

whether BoNT/A-LC [E224Q, Y366F]-Alexa 647 was binding to and successfully 

labelling my protein of interest, SNAP-25. Thus, PC12 cells and HEK293 were both 

enzymo and immunostained using BoNT/A-LC [E224Q, Y366F]-Alexa 647 and anti-

SNAP-25+Atto 488 Anti-Mouse IgG F(ab) Atto 488 (H+L), respectively. The anti-

SNAP-25 (AbcamTM ab66066) is a higher specificity and affinity antibody compared to 

the SMI-81 mouse monoclonal antibody that has been used to study SNAP-25 in various 

neuronal studies [223-227]. 

The pattern produced by enzymostaining PC12 using BoNT/A-LC [E224Q, Y366F]-

Alexa 647 appeared to coincide with the outline of the cells obtained by immunostaining 

using the anti-SNAP-25 antibody. This seemed to provide further evidence that BoNT/A-

LC [E224Q, Y366F]-Alexa 647 may be used in similar contexts to anti-SNAP-25. 

Hypothetically, BoNT/A- LC [E224Q, Y366F]-Alexa 647 might be superior due to its 

reduced molecular size when compared against the anti-SNAP-25 antibody alternatives. 

Thus, these PC12 samples were retained for further colocalisation analysis, as shown 

(Fig. 5.6). 

Surprisingly, HEK293, here used as the negative control cell line, did not behave as 

expected. HEK293 had been used as a non-secretory, non-SNAP-25 expressing, very 

easily transfectable cell line. Nevertheless, upon transfection of HEK293 with GFP- 
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Figure 5.5 | Assessing the specificity of BoNT/A-LC [E224Q, Y366F]-Alexa 647 
(A) PC12 were fixed with 4% formaldehyde, enzymostained with BoNT/A-LC [E224Q, 
Y366F]-647and immunostained with anti-SNAP-25 antibody as the primary and Atto 488 
Anti-Mouse IgG F(ab’) Atto 488 (H+L) as the secondary antibodies for comparison of the 
staining profiles. Channel 1- BoNT/A-LC [E224Q, Y366F]-Alexa 647; Channel 2 - anti-SNAP-
25. Overlay refers to the merging of channels 1 and to look at overlapping cellular regions 
between both channels. (B) HEK293 were transfected with mCherry-SNAP-25 for 
exogenous expression of mCherry-SNAP-25, enzymostained with BoNT/A-LC [E224Q, 
Y366F]-Alexa 647 and immunostained with anti-SNAP-25 antibody as the primary and  Atto 
488 Anti-Mouse IgG F(ab) Atto 488 (H+L) as the secondary antibodies. HEK293 were then 
imaged using three-channel microscopy. Channel 1 - mCherry-SNAP-25; Channel 2 - 
BoNT/A-LC [E224Q, Y366F]-Alexa 647; Channel 3 - anti-SNAP-25. Overlay refers to the 
merging of channels 1, 2 and 3 to look at overlapping cellular regions between all three 
channels, for comparison of the staining profiles. 
  

Figure 5.5 | Assessing the specificity of BoNT/A-LC [E224Q, Y366F]-Alexa 647. (A) PC12 
were fixed with 4% formaldehyde, enzymostained with BoNT/A-LC [E224Q, Y366F]-647and 
immunostained with anti-SNAP-25 antibody as the primary and Atto 488 Anti-Mouse IgG F(ab) 
Atto 488 (H+L) as the secondary antibodies for comparison of the staining profiles. Channel 1- 
BoNT/A-LC [E224Q, Y366F]-Alexa 647; Channel 2 - anti-SNAP-25. Overlay refers to the merg-
ing of channels 1 and to look at overlapping cellular regions between both channels. (B) 
HEK293 were transfected with mCherry-SNAP-25 for exogenous expression of mCher-
ry-SNAP-25, enzymostained with BoNT/A-LC [E224Q, Y366F]-Alexa 647 and immunostained 
with anti-SNAP-25 antibody as the primary and  Atto 488 Anti-Mouse IgG F(ab) Atto 488 (H+L) 
as the secondary antibodies. HEK293 were then imaged using three-channel microscopy. 
Channel 1 - mCherry-SNAP-25; Channel 2 - BoNT/A-LC [E224Q, Y366F]-Alexa 647; Channel 
3 - anti-SNAP-25. Overlay refers to the merging of channels 1, 2 and 3 to look at overlapping 
cellular regions between all three channels.for comparison of the staining profiles. 
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SNAP-25 or mCherry-SNAP-25, and enzymo and immunostaining the cells, the anti-

SNAP-25 antibody exhibited a specific distribution of the staining. When it came to the 

BoNT/A-LC [E224Q, Y366F]-Alexa 647, however, a non-specific distribution of the 

staining was observed, which was not expected. A significant amount of non-specific 

staining was observed that included non-transfected cellular regions. HEK293 which had 

only been transfected using an -mCherry empty vector that did not contain the DNA 

sequence to allow for expression of SNAP-25 exhibited a similar staining pattern, as if 

they were labelling the exogenous SNAP-25. 

 
5.2.6 Colocalisation between BoNT/A-LC [E224Q, Y366F]-Alexa 647 

and anti-SNAP-25 antibody in PC12 

Images of PC12 cells were selected and the intensity of reporter signals were examined 

using cellular heat maps and scatterplots (Fig. 5.6). It was found that SNAP-25: BoNT/A-

LC [E224Q, Y366F]-Alexa 647 and SNAP-25/Atto 488  colocalise to some extent at high 

and low signal levels, however, there was a complex relationship between the signal 

intensities (Fig. 5.6B). Colocalisation was quantified using various parameters. Mean and 

median Pearson Correlation Coefficients (PCC) of 0.46 and 0.54 suggested colocalisation 

between the two channels.  Colocalisation was also quantified using Manders’ M1, M2 

and M3 which reflected upon the Manders’ Colocalisation Coefficient (MCC) and 

threshold overlap score (TOS). The mean and median MCC values for the BoNT/A-LC 

[E224Q, Y366F]-Alexa 647 channel, at 0.49 and 0.55, respectively, suggested that 

BoNT/A-LC [E224Q, Y366F]-Alexa 647 had some colocalisation with the anti-SNAP-

25 antibody (Fig. 5.6D). The mean and median MCC values for the anti-SNAP-25 

antibody, at 0.63 and 0.73, indicated that the anti-SNAP-25 antibody had high 

colocalisation with  BoNT/A-LC [E224Q, Y366F]-Alexa 647. Threshold values (T 

values) were evaluated by generating a metric matrix with median TOS values. The 

metric matrix for TOS (Fig. 5.6C) indicated colocalisation at different thresholds for all 

of the signal intensities of BoNT/A-LC [E224Q, Y366F]-Alexa 647 and anti-SNAP-

25/Atto 488, as suggested by the bright red shades of the matrix.  At sites in cells where 

SNAP-25: BoNT/A-LC [E224Q, Y366F]-Alexa 647 and SNAP-25: Atto 488 have the 

highest intensity signal (top 10% of pixels for each channel), the median TOS value is 

0.40 (n = 139). This positive value indicated colocalisation, which is consistent with the 

impression obtained from the heat maps, PCC and MCC.   
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Figure 5.6 | Colocalisation analysis of PC12 enzymostained by BoNT/A-LC [E224Q, 
Y366F]-Alexa 647 and immunostained by anti-SNAP-25 antibody 
(A) Heat maps with cellular normalisation showing localisation regions of signal intensity for the 
cell shown in panel B of figure 5.5. (B) Scatterplot showing the relationship between the signal 
intensity for two reporter channels for a random cell in the sample. Pixels with the highest intensity 
signal for each reporter channel have high as well as low intensity levels for the other reporter, 
which indicates some colocalisation. (C) TOS(linear) Median values returned as an intensity map 
showing the correlation between the signal intensities (FT) for SNAP-25 in the Atto 488 channel 
(SNAP-25-Atto 488) and for SNAP-25 in the BoNT/A-LC [E224Q, Y366F]-Alexa 647 channel. 
TOS(linear) is a measure of the overlap of pixels above the threshold for two channels, normalised 
for the expected overlap to occur by chance, which is rescaled so the value is a fraction of the 
difference between the null hypothesis and the maximum possible colocalisation for the selected 
percentages (D) Outputs obtained showing the Pearson’s Correlation Coefficient (PCC) and the 
Manders’ Correlation Coeffcients (MCC) following colocalisation analysis using Ezcolocalisation 
software. PCC measures the correlation between the pixel values for two reporter channels. MCC 
comprises the Manders’ 1, Manders’ 2 and Manders’ 3 Coefficient and measures the intensity 
weighted proportion of signal in a given channel which overlaps above the thresholds for two 
channels. For both PCC and MCC, 0 represents complete anticolocalisation whereas 1 indicates 
complete colocalisation. Channel 1 represents the BoNT/A-LC [E224Q, Y366F]-Alexa 647 
whereas channel 2 represents anti-SNAP-25/Atto 488. 
 

Figure 5.6 | Colocalisation analysis of PC12 enzymostained by BoNT/A-LC [E224Q, 
Y366F]-Alexa 647 and immunostained by anti-SNAP-25 antibody. (A) Heat maps with cellu-
lar normalisation showing localisation regions of signal intensity for the cell shown in panel B of 
figure 5.5. (B) Scatterplot showing the relationship betweeen the signal intensity for two reporter 
channels for a random cell in the sample. Pixels with the highest intensity signal for each report-
er channel have high as well as low intensity levels for the other reporter, which indicates some 
colocalisation. (C) TOS(linear) Median values returned as an intensity map showing the correla-
tion between the signal intensities (FT) for SNAP-25 in the Atto 488 channel (SNAP-25 : Atto 
488) and for SNAP-25 in the BoNT/A-LC [E224Q, Y366F]-Alexa 647 channel.TOS(linear) is a 
measure of the overlap of pixels above the threshold for two channels, normalised for the 
expected overlap to occur by chance, which is rescaled so the value is a fraction of the differ-
ence between the null hypothesis and the maximum possible colocalisation for the selected 
percenatages (D) Outputs obtained showing the Pearson’s Correlation Coefficient (PCC) and 
the Manders’ Correlation Coeffcients (MCC) following colocalisation analysis using Ezcolocali-
sation software. PCC measures the correlation between the pixel values for two reporter chan-
nels. MCC comprises the Manders’ 1, Manders’ 2 and Manders’ 3 Coefficient and measures the 
intensity weighted proportion of signal in a given channel which overlaps above the thresholds 
for two channels. For both PCC and MCC, 0 represents complete anticolocalisation whereas 1 
indicates complete colocalisation. Channel 1 represents the BoNT/A-LC [E224Q, Y366F]-Alexa 
647 whereas channel 2 represents anti-SNAP-25/Atto 488.
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5.2.7 Investigating the non-specific staining pattern in HEK293  

As seen (Fig. 5.5) HEK293 which had not been transfected (Fig. 5.5B) displayed an 

identical profile to the one observed for HEK293 which had been transfected with 

mCherry-SNAP-25 or -mCherry empty vector. The exacerbated, non-specific nature of 

the staining achieved in cells that did not express endogenous SNAP-25, led me  to 

suspect of the existence of either hydrophobic or electrostatic interactions that were 

interfering with the quality of the enzymostaining pattern achieved by BoNT/A-LC 

[E224Q, Y366F]-Alexa 647. It was then hypothesised that utilising an alternative 

blocking agent to the one used previously might be the solution to improve the signal and 

reduce non-specific fluorescence. Blocking agents are solutions routinely used in 

immunohistochemistry to prevent non-specific fluorescence thought to result from either 

non-specific antibody (Ab) binding to endogenous Fc receptors (FcRs) or a combination 

of ionic and hydrophobic interactions [228] The blocking agent used in past experiments 

- Fish Skin Gelatine (FSG) - had been previously validated for enzymo and 

immunostaining protocols involving PC12 cells, however, not for HEK293. It was also 

hypothesised that 10% FBS or 10% fatty acid free Bovine Serum Albumin (BSA) might 

be a good alternative as blocking agents to prevent the non-specific binding observed in 

HEK293 that had never been observed in PC12 cells. Alternatively, it was also 

hypothesised that 5M NaCl might be able to disrupt non-specific interactions, should they 

be of a hydrophobic nature. HEK293 were then fixed with 4% formaldehyde and treated 

accordingly. Just before adding BoNT/A-LC [E224Q, Y366F]-Alexa 647 to the cells, 

HEK293 were incubated for 1 hour with 5M NaCl, 10% FBS or 10% fatty acid free 

Bovine serum albumin (BSA) solutions (Fig.5.7). The samples were then washed with 

cold 1XDPBS twice and then BoNT/A-LC [E224Q, Y366F]-Alexa 647 was diluted in 

5M NaCl, 10% FBS or fatty acid-free Bovine serum albumin (BSA) solution. Following  

a 3-hour-incubation with BoNT/A-LC [E224Q, Y366F]-Alexa 647 in each and every one 

of these solutions, 3 washing steps followed using each of the aforementioned solutions. 

Cold 1XDPBS was then again used to quickly wash the cells upon exposure to the 

different solutions. Samples were mounted and confocal imaging was carried out. 

However, as seen, all three different treatments seemed to have a similar effect, also 

showing no difference to what had been observed in previous experiments when using 

Fish Skin gelatine (FSG) (Fig. 5.5B). As seen, cells which had been exposed to 5M NaCl 

still displayed a non-specific staining pattern in the BoNT/A-LC [E224Q, Y366F]-Alexa 

647 channel (Fig. 5.7A) which did not fully  
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Figure 5.7 | Using different blocking and precipitation agents to remove non-specific 
staining 
HEK293 were washed and incubated using a variety of blocking/precipitation buffers 
pre/during and/or post-addition of BoNT/A-LC [E224Q, Y366F]-Alexa 647 to assess the 
impact these might have on fine-tuning the specificity  of BoNT/A-LC [E224Q, Y366F]-Alexa 
647. (A) HEK293 were incubated and washed with 5M NaCl before, during and after a 3-
hour-incubation with BoNT/A-LC [E224Q, Y366F]-Alexa 647. (B) HEK293 were incubated 
and washed with 10% Foetal Bovine Serum (FBS) before, throughout and after a 3-hour-
incubation with BoNT/A-LC [E224Q, Y366F]-Alexa 647. (C) HEK293 were incubated and 
washed with fatty acid free Bovine Serum Albumin (BSA) before, during and after a 3-hour-
incubation with BoNT/A-LC [E224Q, Y366F]-Alexa 647. Scale bar as shown.  

Figure 5.7 | Using different blocking and precipitation agents to remove non-specific 
staining. HEK293 were washed and incubated using a variety of blocking/precipitation buffers 
pre-/during and/or post-addition of BoNT/A-LC [E224Q, Y366F]-Alexa 647 to assess the impact 
these might have on fine-tuning the specificity  of BoNT/A-LC [E224Q, Y366F]-Alexa 647. (A) 
HEK293 were incubated and washed with 5M NaCl before, during and after a 3-hour-incubation 
with BoNT/A-LC [E224Q, Y366F]-Alexa 647. (B) HEK293 were incubated and washed with 
10% Foetal Bovine Serum (FBS) before, throughout and after a 3-hour-incubation with 
BoNT/A-LC [E224Q, Y366F]-Alexa 647.(C) HEK293 were incubated and washed with fatty acid 
free (BSA) before, during and after a 3 hour incubation with BoNT/A-LC [E224Q, Y366F]-Alexa 
647. Scale bar as shown.
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coincide with the pattern observed in the mCherry-SNAP-25 channel, where only SNAP-

25 was visible. This observation allowed me to exclude the theory that hydrophobic 

interactions were causing lack of specificity since 5M NaCl would likely have been able 

to disrupt them if that were the case. On the other hand, although there was some 

suspicion that the binding reactions causing non-specific binding might still be of an ionic 

and/or hydrophobic nature, instead this did not seem to be supported by exposure to 10%  

FBS or 10% fatty acid free BSA. In theory, FBS and BSA (Fig. 5.7B and 5.7C) should 

be very similar and have the same effect on specificity, working as sources of carrier 

proteins that would saturate any non-specific binding sites, that FSG might have not been 

able to bind to. [229, 230]. However, the fatty acid free version of BSA should prevent 

interactions between fatty acids that might be present in non-fatty acid free BSA so that 

all of BSA would be available to bind and neutralise regions prone to non-specific 

interactions. In addition, 10% BSA was used, instead of the usual 2% BSA [230], which 

should have increased its blocking ability.  

5.2.8 Using a different cell line to check for binding specificity 

Following previous experiments with HEK293, I decided to try using a  different cell line 

with similar properties to HEK293 in terms of transfection efficiencies and growth rate 

that did not express endogenous SNAP-25 to assess whether this non-specific staining 

pattern would still be observed. Human Bone Osteosarcoma Epithelial Cells (U2OS) 

were then used as alternative model of SNAP-25 non-secretory cells. Additionally, one 

of the potential advantages of U2OS relative to HEK293 and PC12 were that U2OS are 

a more strongly adherent cell line compared to HEK293 [231] which I hypothesised might 

make them more similar to PC12 in terms of their general behaviour and staining patterns, 

potentially.  U2OS were then cultured and fixed 48 hours upon transfection and treated 

as described in figure 5.8.  

As seen, stained U2OS were visible in all three different channels, mCherry-SNAP-25, 

BoNT/A-LC [E224Q, Y366F]-Alexa 647 and anti-SNAP-25/Atto 488. However, whilst 

there is an almost complete overlap between the staining obtained in the mCherry-SNAP-

25 and the anti-SNAP-25/Atto 488 channels, as shown, a non-specific staining pattern 

was still observed. This was similar to what had been previously observed for HEK293 

(Fig. 5.5B and Fig. 5.7) and allowed me  to conclude that this non-specific binding was 

not associated with a particular cell line. This led me  to hypothesise that there might be 

some type of non-specific interaction occurring caused by properties intrinsic to the   



 110 

 
Figure 5.8 | Using U2OS to look at the specificity of BoNT/A-LC [E224Q, Y366F]-Alexa 
647. 
All samples were imaged using three-channel microscopy. Channel 1 - mCherry-SNAP-25; 
Channel 2 - BoNT/A-LC [E224Q, Y366F]-Alexa 647; Channel 3 - anti-SNAP-25. Overlay 
refers to the merging of channels 1, 2 and 3 to look at overlapping cellular regions between 
all three channels. (A) U2OS were transfected with mCherry-SNAP-25, enzymostained with 
BoNT/A-LC [E224Q, Y366F]-Alexa 647 and immunostained with anti-SNAP-25 antibody as 
the primary and  Atto 488 Anti-Mouse IgG F(ab’) Atto 488 (H+L) as the secondary antibodies 
for comparison of the staining profiles obtained. (B) U2OS were not transfected with 
mCherry-SNAP-25 but were enzymostained with BoNT/A-LC [E224Q, Y366F] and 
immunostained with anti-SNAP-25 antibody as the primary and Atto 488 Anti-Mouse IgG 
F(ab) Atto 488 (H+L) as the secondary antibodies for comparison of the staining profiles 
obtained. Scale bar as shown.  

Figure 5.8 | Using U2OS to look at the specificity of BoNT/A-LC [E224Q, Y366F]-Alexa 647. 
All samples were imaged using three-channel microscopy. Channel 1 - mCherry-SNAP-25; 
Channel 2 - BoNT/A-LC [E224Q, Y366F]-Alexa 647; Channel 3 - anti-SNAP-25. Overlay refers 
to the merging of channels 1, 2 and 3 to look at overlapping cellular regions between all three 
channels. (A) U2OS were transfected with mCherry--SNAP-25, enzymostained with BoNT/A-LC 
[E224Q, Y366F]-Alexa 647 and immunostained with anti-SNAP-25 antibody as the primary and  
Atto 488 Anti-Mouse IgG F(ab) Atto 488 (H+L) as the secondary antibodies for comparison of the 
staining profiles obtained (B) U2OS were not transfected with mCherry-SNAP-25 but were enzy-
mostained with BoNT/A [E224Q, Y366F] and immunostained with anti-SNAP-25 nti-SNAP-25 
antibody as the primary and  Atto 488 Anti-Mouse IgG F(ab) Atto 488 (H+L) as the secondary 
antibodies for comparison of the staining profiles obtained. Scale bar as shown.
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BoNT/A-LC [E224Q, Y366F]-Alexa 647. Hypothetically, it might be that BoNT/A-LC 

[E224Q, Y366F]-Alexa 647 was binding to molecules present at the membrane either on 

the inside or on the outside of the cell.  

 
5.2.9 Permeabilisation requirements for enzymostaining in HEK293 

The consistency in terms of an apparent non-specific outline-like staining pattern at the 

membrane across different negative control cell lines which did not stain the coverslips 

nor areas in the vicinity of the cells, led me to hypothesise that  BoNT/A-LC [E224Q, 

Y366F]-Alexa 647 might adhere to the edges either on the outside or the inside of the 

cells. 

In order to determine whether BoNT/A-LC [E224Q, Y366F]-Alexa 647 might have been 

binding to non-specific target(s) in either outside or inside regions of the cell two different 

approaches were taken. On one hand, the enzymostaining protocol was modified at 

crucial steps of the procedure involving keys steps in determining the ease of entry of the 

BoNT/A-LC [E224Q, Y366F]-Alexa 647 in cells. On the other hand, studies were carried 

out using live cells to test whether the BoNT/A-LC [E224Q, Y366F]-Alexa 647 could be 

delivered into the cells to produce a successful and specific labelling pattern, without 

exposing the cells to any other treatments that might have compromised specificity. The 

latter approach intended to remove any confounding variables which may have influenced 

the specificity of the staining pattern observed for fixed cells. A surfactant-mediated 

permeabilisation step is well-known to be required to allow penetration of probes into 

fixed cells or tissues for staining of intracellular proteins [232]. Thus, it was hypothesised 

that “overpermeabilisation”, a phenomenon observed by others [232, 233]  might have 

caused the toxin to insert itself into poorly defined regions at the membrane.  

Traditionally, Triton® X-100 (TX-100) is the non-ionic surfactant most commonly used 

for immunofluorescence at concentrations ranging 0.1-0.5% at 21oC for a maximum of 

10 minutes (Fig. 5.9). The protocol utilised in previous experiments where a non-specific 

staining pattern had been observed included a 4-7 minutes maximum incubation step in 

0.5 % TX-100 at 21oC. Since this was the upper threshold concentration recommended, 

it was hypothesised that reducing the concentration, TX-100 might reduce the 

permeability of the membrane to allow the entry of BoNT/A-LC [E224Q, Y366F]-Alexa 

647, while not compromising the integrity of the membrane in a way that might cause the 

BoNT/A-LC [E224Q, Y366F]-Alexa 647 to be inserted into poorly defined regions at the 

membrane. 
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Figure 5.9 | Fixed HEK293 can be enzymostained by BoNT/A-LC [E224Q, Y366F]-647 
without Triton X-100 (TX-100) permeabilisation. 
(A) No TX-100 was added to HEK293 post fixation after a 48h-transfection and incubation at 
37 degrees Celsius 5% CO2. 0.1% TX-100 was added to  HEK293 post fixation after 48h-
transfection and incubation at 37 degrees Celsius 5% CO2. (B) 0.1% Triton X-100  was added 
to HEK293 post fixation after 48h incubation. (C) 0.5% TX-100 was added to HEK293 post 
fixation after a 48h-transfection and incubation at 37 degrees Celsius 5% CO2. At higher 
confluencies and transfection efficiencies (11/21=50%) a large proportion of non-transfected 
cells gives a positive signal for BoNT/A-LC [E224Q, Y366F]-Alexa 647. At considerably lower 
confluencies and transfection efficiencies, even in the absence of the permeabilisation 
reagent TX-100, there seems to be a similar tendency.  
Figure 5.9 | Fixed HEK293 can be enzymostained by BoNT/A-LC [E224Q, Y366F]- 647 
without Triton X-100 (TX-100) permeabilisation. (A) No TX-100 was added to HEK293 post 
fixation after a 48h-transfection and incubation. (B) 0.1% Triton X-100  was added to HEK293 
post fixation after a 48h-transfection and incubation. (C) 0.5% TX-100 was added to HEK293 
post fixation after a 48h-transfection and incubation. At higher confluencies and transfection 
effciencies (11/21=50%) a large proportion of non-transfected cells gives a positive signal for 
BoNT/A-LC [E224Q, Y366F]-Alexa 647. At considerably lower confluencies and transfection 
effciencies, even in the absence of the permeabilisation reagent TX-100, there seems to be a 
similar tendency.
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Surprisingly, the outline-like staining pattern was still visible same when the 

concentration of TX-100 was reduced to 0.1% (Fig 5.9B). Notably, even the negative 

control (Fig 5.9A), which did not contain TX-100 exhibited a positive signal just slight 

weaker than for images of HEK293 treated with 0.1% TX-100 or  0.5% TX-100 (Fig 5.9B 

and 5.9C). This was an unexpected result that  seemed to suggest that BoNT/A-LC 

[E224Q, Y366F]-Alexa 647 might be binding to something on the outside of the cell 

membrane. Alternatively, I also hypothesised that formaldehyde might be increasing the 

permeability of the cell membrane. Since SNAP-25 is located at the membrane on the 

inside of the cell, it could be easily labelled had the permeability been slightly increased. 

 
5.2.10  Delivering BoNT/A-LC [E224Q, Y366F]-Alexa 647 to live 

HEK293 

In parallel, live cell studies were carried out which involved designing of a transfection 

protocol where HEK293 were transfected with mCherry-SNAP-25 DNA plasmid 

followed by a protein transfection using BoNT/A-LC [E224Q, Y366F]-Alexa 647. Since 

on live cells permeabilisation needs to be much gentler or non-existent, transfecting the 

cells with my enzyme toxin was the approach taken. On one hand, there was no available 

recombinant fluorescent BoNT/A-LC [E224Q, Y366F] DNA plasmid in a mammalian 

expression vector, since  BoNT/A-LC would not normally be expressed in mammalian 

cells and its expression alongside mCherry-SNAP-25 might interfere with the expression 

of the latter. On the other hand, it was desirable to keep constant conditions as much as 

possible, in terms of the dye being used for microscopy. Thus,  HEK293 were transfected 

with BoNT/A-LC [E224Q, Y366F]-Alexa 647 and left to incubate for about 3 hours, 48h 

post transfection with the mCherry-SNAP-25 DNA plasmid. 

 While many methods have been described for the delivery of proteins into cells, the 

intracellular delivery of biologically active proteins remains a formidable challenge in 

biomedical research [234]. Nevertheless, it has been shown that biomedically relevant 

enzymes can be delivered into cells using a DNA transfection reagent, Lipofectamine 

3000, allowing assessment of their intracellular functions [234, 235]. Such studies have 

also compared lipofectamine transfections against various transfection procedures, 

including electroporation, microinjection and scrape-loading [234, 235]. While the latter 

approaches suffer severe limitations, Lipofectamine 3000 has been shown to represent a 

simple and inexpensive strategy to deliver enzymes into cells in a way that allows them 

to remain biochemically and biologically active. 
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Figure 5.10 | Delivering BoNT/A-LC [E224Q, Y366F]-Alex 647 to live HEK293 cells 
All samples were imaged using two-channel microscopy. Channel 1 - mCherry-SNAP-25; 
Channel 2 - BoNT/A-LC [E224Q, Y366F]-Alexa 647. Overlay refers to the merging of 
channels 1 and 2 to look at overlapping cellular regions between both channels. Arrow heads 
highlight areas where some overlapping between channels was visible to varying degrees. 
(A) HEK293 were transfected for 48 hours with mCherry-SNAP-25 24 hours upon cell plating. 
At 48 hours, the cells were transfected with BoNT/A-LC [E224Q, Y366F]-Alexa 647 for 3 
hours at 37 degrees Celsius 5% CO2 after which the cells were fixed with 4% formaldehyde 
for 90 minutes at RT. Imaging was carried out after mounting of the samples. (B) HEK293 
were transfected for 48 hours with mCherry-SNAP-25 24 hours upon cell plating. At 48 hours 
BoNT/A-LC [E224Q, Y366F]-Alexa 647 was added to the medium and incubated with the 
cells for 3 hours at 37 degrees Celsius 5% CO2, after which the cells were fixed with 4% 
formaldehyde for 90 minutes.  Imaging was carried out after mounting of the samples. (C) 
HEK293 were transfected with mCherry-SNAP-25 for 48 hours 24 hours after plating. At 48 
hours, the cells were fixed with 4% formaldehyde for 90 minutes and enzymostained post-
fixation with BoNT/A-LC [E224Q, Y366F]-Alexa 647 for 3 hours upon which the cells were 
washed and mounted. Imaging was carried out after mounting of the samples. Scale bar as 
shown. 
 

  

Figure 5.10 | Delivering BoNT/A-LC [E224Q, Y366F]-Alexa 647 to live HEK293 cells. All 
samples were imaged using two-channel microscopy. Channel 1 - mCherry-SNAP-25; Channel 
2 - BoNT/A-LC [E224Q, Y366F]-Alexa 647. Overlay refers to the merging of channels 1 and 2 
to look at overlapping cellular regions between both channels. Arrow heads highlight areas 
where some overlapping between channels was visible to varying degrees. (A) HEK293 were 
transfected for 48 hours with mCherry-SNAP-25 24 hours upon cell plating. At 48 hours, the 
cells were transfected with BoNT/A-LC [E224Q, Y366F]-Alexa 647 for 3 hours at 37 degrees 
Celsius 5% CO2 after which the cells were fixed wih 4% formaldehyde for 90 minutes at R.T. 
Imaging was carried out after mounting of the samples. (B) HEK293 were transfected for 48 
hours with mCherry-SNAP-25 24 hours upon cell plating. At 48 hours BoNT/A-LC [E224Q, 
Y366F]-Alexa 647 was added to the medium and incubated with the cells for 3 hours at 37 
degrees Celsius 5% CO2. after which the cells were fixed wih 4% formaldehyde for 90 minutes.  
Imaging was carried out after mounting of the samples. (C) HEK293 were transfected with 
mCherry-SNAP-25 for 48 hours 24 hours after plating. At 48 hours, the cells were fixed with 4% 
formaldehyde for 90 minutes and enzymostained post-fixation with BoNT/A-LC [E224Q, 
Y366F]-Alexa 647 for 3 hours upon which the cells were washed and mounted. Imaging was 
carried out after mounting of the samples. Scale bar as shown.
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Thus, my protocol was designed taking into account the guidelines used for normal DNA 

transfections utilising Lipofectamine 3000, procedures described by others [235] and 

also, requirements specific to my protein BoNT/A-LC [E224Q, Y366F]-Alexa 647. To 

the best of my knowledge, although others have studied the effects of cleavage of 

SNAREs by BoNT/D-LC using Lipofectamine 3000-mediated protein transfections 

[235], this was the first time that a protein was transfected into cells post labelling with a 

dye (e.g. Alexa dyes) with a view to carrying out microscopy. 

As seen, (Fig. 5.10A) HEK293 were transfected with BoNT/A-LC [E224Q, Y366F]-

Alexa 647 via lipofectamine and left to incubate for about 3 hours, 48 hours upon a 

lipofectamine-mediated transfection with the mCherry-SNAP-25 DNA plasmid. 

Alternatively, HEK293 were transfected with mCherry-SNAP-25 DNA plasmid and had 

BoNT/A-LC [E224Q, Y366F]-Alexa 647 added to them for 3 hours, 48 hours upon 

transfection (Fig 5.10B). It was observed that, whilst the transfection efficiency was quite 

high in the mCherry-SNAP-25 channel, at about 80%, the transfection efficiency in the 

BoNT/A-LC [E224Q, Y366F]-Alexa 647 channel was quite low, at about 20%. This was 

expected, since the intracellular delivery of biologically active proteins remains a 

challenge in biomedical research [235] mainly due to the proteins’ molecular weight. 

Conversely, figure 5.10 showed that BoNT/A-LC [E224Q, Y366F]-Alexa 647 alone 

could not gain entry into live cells on its own and required a delivery method such as 

lipofectamine to stain its intracellular target(s). This was expected since the BoNT/A-LC 

heavy chain (BoNT/A-HC) would normally be required to deliver BoNT/A-LC   into the 

cells.   

No untransfected HEK293 were clearly seen to be stained by BoNT/A-LC [E224Q, 

Y366F]-Alexa 647. Additionally, some regions of high brightness intensity were 

observed (Fig.5.10), which I hypothesised might be regions of accumulated free dye since 

this did not coincide with cellular regions and did not show the same pattern of non-

specific staining, as shown in the overlay (Fig. 5.10B). Whilst this was expected, it 

opposed the theory that BoNT/A-LC [E224Q, Y366F]-Alexa 647 might be staining 

regions outside the cell, as suggested by previous experiments involving TX-100. When 

compared to figures 5.5 and 5.7  where HEK293 had been enzymostained with BoNT/A-

LC [E224Q, Y366F]-Alexa 647 post-fixation,  in a similar way to previous times, the 

staining achieved by transfection of BoNT/A-LC [E224Q, Y366F]-Alexa 647 in (Fig. 

10A) was significantly lower. However, there were not many signs of the non-specific 

staining which had been observed when following the enzymostaining protocol. 
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5.2.11  Fine-tuning the specificity pf BoNT/A-LC [E224Q, Y366F] 

Taken together these experiments provided further evidence that BoNT/A-LC [E224Q, 

Y366F]-Alexa 647 may have been binding to molecules at the inner portion of the cell 

membrane. It was hypothesised that  transfecting the cells using BoNT/A-LC [E224Q, 

Y366F]-Alexa 647 would result in a more selective binding by bypassing fixation and 

further permeabilisation. On the other hand, the poor transfection efficiency might also 

cause BoNT/A-LC [E224Q, Y366F]-Alexa 647 to saturate more easily by binding 

preferentially to its primary target, SNAP-25, rather than to non-specific targets. After 

observing this, I then looked to see whether similar results could be obtained by using 

fixed HEK293.  

Since BoNT/A-LC [E224Q, Y366F]-Alexa 647 may have been binding to potentially 

non-specific targets with a fairly high affinity (see figure 5.7) it was hypothesised that 

this binding potential could be harnessed by using BoNT/A-LC [E224Q, Y366F] 

(unlabelled) as a blocking agent pre-permeabilisation. Should BoNT/A-LC [E224Q, 

Y366F] fail to act as a blocking agent, that would probably mean that the cause for non-

specific staining would be on the inside of the cell. Otherwise, it would mean that 

BoNT/A-LC [E224Q, Y366F]-Alexa 647 was likely to have been binding to molecules 

in the outer region of the cell membrane.  

HEK293 were fixed as per usual using 4% formaldehyde (Fig. 5.11) However, this time 

HEK293 were exposed to  BoNT/A-LC [E224Q, Y366F] not conjugated to Alexa 647 

from the same batch of the BoNT/A-LC [E224Q, Y366F] that had been conjugated to 

Alexa 647. HEK293 were treated using a blocking buffer composed of 10% BoNT/A-LC 

[E224Q, Y366F] not conjugated to Alexa 647 diluted in 1XDPBS. However, after 

exposure to 10% BoNT/A-LC [E224Q, Y366F] not conjugated to Alexa 647 pre-TX-100 

permeabilisation, a concentration 40X superior to the concentration of BoNT/A-LC 

[E224Q, Y366F]-Alexa 647 that was added for enzymostaining, still it could not prevent 

the non-specific binding pattern that had been observed before (Fig. 5.11A). Conversely, 

HEK293 treated using blocking buffer containing 100% BoNT/A-LC [E224Q, Y366F] 

not conjugated to Alexa 647, at a concentration 400X superior to the concentration of 

BoNT/A-LC [E224Q, Y366F]-Alexa 647 added for enzymostaining, did not show any  
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Figure 5.11 | Blocking non-specific binding using BoNT/A-LC [E224Q, Y366F] not 
conjugated to Alexa 647 
BoNT/A-LC [E224Q, Y366F]-Alexa 647  was utilised as a blocking agent in fixed cells pre-
permeabilisation. All samples were imaged using two-channel microscopy. Channel 1 - 
mCherry-SNAP-25; Channel 2 - BoNT/A-LC [E224Q, Y366F]-Alexa 647. Overlay refers to 
the merging of channels 1 and 2 to look at overlapping cellular regions between both 
channels. HEK293 were transfected with mCherry-SNAP-25  and enzymostained with 
BoNT/A-LC [E224Q, Y366F]-Alexa 647 for 3 hours at RT. (A) 10 % BoNT/A-LC [E224Q, 
Y366F] (not conjugated to Alexa 647) blocking solution was used during a 1-hour-incubation 
post-fixation and pre-permeabilisation. The non-specific staining pattern was still observed. 
(B) 100% BoNT/A-LC [E224Q, Y366F] (unconjugated to Alexa 647) blocking solution was 
used during a 1-hour-incubation post-fixation and pre-permeabilisation. No staining was 
observed which suggested that high enough concentrations BoNT/A-LC [E224Q, Y366F] 
(unconjugated to Alexa 647) can block the labelling activity of BoNT/A-LC [E224Q, Y366F]-
Alexa 647. Scale bars as shown.   

Overlay of 2 chan-
n e l s 

Figure 5.11 | Blocking non-specific binding using BoNT/A-LC [E224Q, Y366F] not conju-
gated to Alexa 647. BoNT/A-LC [E224Q, Y366F]-Alexa 647  was utilised as a blocking agent 
in fixed cells pre-permeabilisation. All samples were imaged using two-channel microscopy. 
Channel 1 - mCherry-SNAP-25; Channel 2 - BoNT/A-LC [E224Q, Y366F]-Alexa 647. Overlay 
refers to the merging of channels 1 and 2 to look at overlapping cellular regions between both 
channels. a) HEK293 were transfected with mCherry-SNAP-25  and enzymostained with 
BoNT/A-LC [E224Q, Y366F]-Alexa 647 for 3 hours at RT. (A) 10 % BoNT/A-LC [E224Q, Y366F] 
(unlabelled) blocking solution was used during a 1-hour-incubation post-fixation and pre-perme-
abilisation. The non-specific staining pattern was still observed. (B) 100% BoNT/A-LC [E224Q, 
Y366F] (unconjugated to Alexa 647) blocking solution was used during a 1-hour-incubation 
post-fixation and pre-permeabilisation. No staining was observed which suggested that high 
enough concetrations BoNT/A-LC [E224Q, Y366F] (unconjugated to Alexa 647) can block the 
labelling activity of BoNT/A-LC [E224Q, Y366F]-Alexa 647. Scale bars as shown. 
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non-specific staining in the BoNT/A-LC [E224Q, Y366F]-Alexa 647 channel (Fig. 5.11). 

This suggested that at high enough concentrations, BoNT/A-LC [E224Q, Y366F] alone, 

not conjugated to a fluorescent dye such as Alexa 647, could successfully be used as a 

powerful blocking agent. Nevertheless, regions inside the cell that hypothetically 

contained SNAP-25 and where staining would have occurred in a specific-manner were 

not stained either. This suggested that the BoNT/A-LC [E224Q, Y366F] not conjugated 

to Alexa 647 gained entry to the cells and may have been preventing specific binding by 

competing with BoNT/A-LC [E224Q, Y366F]-Alexa 647 for SNAP-25. Since BoNT/A-

LC [E224Q, Y366F] not conjugated to Alexa 647 had been added pre-TX-100 

permeabilisation, once again, it was hypothesised that 4% formaldehyde may have been 

responsible for increasing the permeability in HEK293. 

 
 
5.3 Summary 

BoNT/A-LC [E224Q, Y366F]-Alexa 647 has been validated as a potential labelling agent 

regarding its physiochemical properties. BoNT/A-LC [E224Q, Y366F]-Alexa 647 has 

been able to stain PC12 structures consistently and effectively using diffraction-limited 

(e.g. confocal) and non-diffraction-limited techniques, such as STED and dSTORM, 

allowing me  to visualise fine cell structures in detail at the cell membrane, presumably 

by staining SNAP-25, since this is located at the membrane region of the cell. This 

staining pattern would be consistent with BoNT/A-LC [E224Q, Y366F]-Alexa 647 

specifically staining SNAP-25, further supported by colocalisation studies in PC12 cells. 

However, control cell lines were used which showed that some non-specific staining may 

also be occurring, regardless of the control cell line used. Many approaches were taken 

to try and ascertain how to best fine-tune the specificity of BoNT/A-LC [E224Q, Y366F]-

Alexa 647, however, it is still unclear what the source of non-specificity is. Nonetheless, 

the last of my recent studies showed interesting results suggesting that fine-tuning this 

specificity might entail using unlabelled BoNT/A-LC [E224Q, Y366F] as a blocking 

agent in BoNT/A-LC [E224Q, Y366F]-Alexa 647-mediated enzymostaining. 
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6   Discussion 

 
 
 
6.1 The Novelty and Originality of my Research 

Through their studies involving protein crystallography, Breidenbach and Brunger [189] 

had previously claimed that a mutant version of the enzyme toxin Botulinum Neurotoxin 

A light chain (BoNT/A-LC), BoNT/A-LC [E224Q, Y366F], retained binding affinity 

while having its catalytic activity abrogated.  Herein, with my studies I aim to introduce 

a novel class of labelling agents and establish the new field of enzymostaining. I suggest 

that the mutant version of the Botulinum Neurotoxin A light chain (BoNT/A-LC), 

BoNT/A-LC [E224Q, Y366F] be exploited and have its specificity redirected with a view 

to being utilised for far-field fluorescence microscopy with a special focus on super-

resolution microscopy. Although the importance of using reliable detection agents is 

widely recognised, particularly in the field of non-diffraction-limited techniques, robust 

labelling agents are lacking and the use of sub-optimal, unoptimised labelling and 

detection agents is rife [175, 176]. I have sought to establish novel protocols to validate 

the genetically engineered BoNT/A-LC [E224Q, Y366F] as a novel labelling and 

detection agent that would be a useful tool in the field of SNARE biology and vesicle 

fusion, compatible with both diffraction-limited and non-diffraction-limited techniques. 

Most importantly, I know that the mutations do not affect the conformation of BoNT/A-

LC [E224Q, Y366F] in a way that prevents it binding to whilst not cleaving SNAP-25. 

My in vitro and ex vivo studies  suggest that BoNTs and enzymes might be used as 

labelling agents upon testing and optimisation.  

Not only was the mutant BoNT/A-LC [E224Q, Y366F] recreated in my laboratory, but  

BoNT/A-LC [E224Q, Y366F] was also expressed and tested extensively using a variety 

of protein purification strategies as well as in vitro biochemical and fluorescence assays, 

respectively, before using it for diffraction-limited and super resolution microscopy. The 

protocol for purification of BoNT/A-LC [E224Q, Y366F] was successfully optimised by 

adding 0.05% Tween-20 to the buffers for Nickel chromatography which allowed me to 

reduce the duration of the whole purification process while increasing the yield of high 

purity protein obtained. I suggest that this protocol could be further extended to different 

His-tagged proteins. In fact, the latter was tested for another protein purified in my 
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laboratory, the fluorescent protein (HbeGFP), with success, which further supports this 

theory. 

Cleavage assays were key to assess the catalytic ability of BoNT/A-LC [E224Q, Y366F] 

in order to ensure that the mutations inserted had successfully abolished its catalytic 

activity or at least reduced it to almost undetectable levels that might only become slightly 

visible upon 48h-incubations at 21oC and 37oC but not 4oC. This was evidenced using 

WT BoNT/A-LC for comparison by carrying out equivalent assays, where cleavage was 

clearly visible, as previously described [190]. Even after incubation periods as long as 

one month BoNT/A-LC [E224Q, Y366F] did not show cleavage activity. These findings 

were encouraging and represented a  key step towards determining optimal labelling 

conditions for enzymostaining of cells at later stages when carrying out microscopy.  

As seen in results chapter 3, pull-down assays proved essential to screen for and to 

visualise binding. They have then been herein validated as a useful qualitative tool to 

screen for and to detect protein:protein interactions. Similarly, pull-down complex 

affinity assays were also useful for characterising the strength of the interaction between 

BoNT/A-LC [E224Q, Y366F] and SNAP-25. Even high concentrations of NaCl at 5M 

and Ethylenediamine tetra-acetic acid (EDTA), a chelating reagent, at 100 mM, could not 

disrupt the BoNT/A-LC [E224Q, Y366F]/SNAP-25 complex, which seemed to point 

towards a high affinity interaction. Nevertheless, the complex was not resistant to Sodium 

dodecyl sulphate (SDS). Initially this could not be observed since SDS was found to 

remove the GST-SNAP-25 from the beads, however, my second set of experiments 

successfully revealed that preincubated BoNT/A-LC [E224Q, Y366F]/SNAP-25 

complexes were dissociated by SDS. Whilst most proteins will automatically denature in 

the presence of SDS, it has been proven that SNARE proteins, including SNAP-25, are 

involved in SDS-resistant reactions [55, 207, 236]. This was my main motivation for 

carrying out SDS-resistance experiments where I followed a protocol similar to the ones 

previously described [55, 207, 236].  

Some authors have used pull-downs to determine dissociation constants (KD) and assess 

binding affinity [192, 237, 238]. However, most pull-downs lack accuracy and sensitivity 

to detect interactions at the single molecule level which has recently led to the 

development of  single-molecule pull-down assays (SiMPull) for studying protein 

interactions to overcome this limitation [239, 240].  
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Nevertheless, a different, more advanced technology was here used instead to 

quantitatively detect protein:protein interactions as well as determine dissociation 

constants (KD) with a higher level of accuracy. Microscale scale thermophoresis (MST) 

is a relatively recently developed technique which has shown potential for confirming 

and quantifying molecular interactions which are known to occur [241, 242]. In my hands, 

MST proved quite cumbersome and time-consuming and much work was required to 

optimise the assay. One of my first observations was that the assay buffer should contain 

0.1% Tween-20 in order for the assays to be successful, presumably, by preventing 

aggregation and to ensure optimal fluorescence, as well as sample homogeneity. This is 

in line with recent reports by other research groups [208, 211, 242]. Sparks and Fratti 

[243] used Atto 647 to carry out MST on components of the fusion machinery Sec-

18/lipids, however, following a similar protocol, I found that neither Atto 647 nor NHS-

647 from NanoTemper Technologies could be used to successfully label BoNT/A-LC 

[E224Q, Y366F] for an optimised MST assay. I hypothesised that the association of the 

dye molecules with a lysine residue in the binding pocket of BoNT/A-LC [E224Q, 

Y366F] might be interfering with the ability of BoNT/A-LC [E224Q, Y366F] to bind to 

SNAP-25 to some extent, causing the MST assay not to work. The labelling strategy was 

changed twice. BoNT/A-LC [E224Q, Y366F] was then labelled using the Monolith His-

Tag labelling Kit RED-tris-NTA 2nd Generation (Cat# MO-L018), which made for a 

successful MST assay. The average KD value for the reaction between BoNT/A-LC 

[E224Q, Y366F] and SNAP-25 was found to be 5.5± 3.2 μM which is within the normal 

range, just slightly higher than expected since the binding affinity (KD) between many 

antibodies and their target molecules has been estimated to be in the low micromolar 

(μM) or nanomolar (nM) range [244]. I could not accurately compare it against the KD 

value obtained when using labelled SNAP-25 for the MST binding affinity assay since 

the latter was retrieved from an assay that had not been fully optimised. Even so, to the 

best of my knowledge, this is an original finding since no other group has ever (1) 

determined the KD for  such reaction or (2) used MST to achieve it. In addition, since I 

used the syntaxin-I reaction with SNAP-25 as a positive control for MST, the KD value 

for that reaction was also determined. There is some controversy regarding this, with 

some reports placing the KD  between syntaxin-I and SNAP-25 in the nanomolar (nM) 

and others in the micromolar (μM) range. Notably, to this day, whilst MST studies have 

been carried out to quantify the interaction between SNARE-associated proteins and/or 

SNAREs and lipids [241, 243, 245] never has a group determined the KD for the reactions 

between two given SNARE proteins using MST. Pull-downs have been the most 
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commonly utilised approach which I hypothesise may have led to some variation and 

introduced some error in terms of the values obtained by different research groups. 

Nevertheless, 1.38±0.74 μM was the KD obtained by me for the latter reaction using MST 

which is similar to the value reported by Ininger et al. [214] where the KD between SNAP-

25 and Syntaxin-I was found to be 0.4 μM using a pull-down assay. I suggest that the 

value obtained by me may be the most accurate since MST was used instead, which in 

theory should make for more reliable results. Additionally, one of the next steps could 

involve seeking to determine the KD between BoNT/A-LC [E224Q, Y366F] and  SNAP-

25 from PC12 cell lysate. It is noteworthy, however, that MST is quite sensitive to 

labelling strategies and so optimisation is paramount so that these are tailored to the 

binding reaction in question.  

Regarding later stages of testing, ex vivo data indicate that BoNT/A-LC [E224Q, Y366F]-

Alexa 647 could successfully be used to stain cells – the so called enzymostaining – by 

following a set of procedures established by me which are very similar to pre-existing 

immunostaining protocols. These would not require training and would represent more 

time-efficient strategies, involving fewer steps at the enzymostaining stage, that could 

easily replace more time-consuming, currently existing ones. This would make it easier 

and more widely applicable to different scientific contexts. Moreover BoNT/A-LC 

[E224Q, Y366F]-Alexa 647 was shown to be able to label cells both in a diffraction-

limited and in a super resolution (e.g. STED, dSTORM) contexts. My findings were 

particularly encouraging regarding dSTORM, since this single molecule technique 

heavily relies on the fluorophore utilised. The images obtained suggested that the dense 

labelling pattern and efficiency achieved by BoNT/A-LC [E224Q, Y366F]-Alexa 647 

may be higher and require lower dilutions e.g. below 1:1000 than what has been observed 

for other labelling agents. This would be a positive since smaller amounts of BoNT/A-

LC [E224Q, Y366F]-Alexa 647 would allow me to carry out more experiments. A similar 

staining pattern had been seen for an anti-EGPF nanobody made in my lab. I have 

hypothesised that BoNT/A-LC [E224Q, Y366F]-Alexa 647 and potentially other 

enzymes, might be able to label a larger fraction of a given target protein than their 

antibody counterparts. Nevertheless, more research will be required to investigate this 

matter, as this might be conceptually difficult to assess. Three-colour dSTORM of a non-

SNAP-25-expressing cell line transfected with GFP-SNAP-25/mCherry-SNAP-25 and 

immunostained with anti-SNAP-25 and enzymostained with BoNT/A-LC [E224Q, 

Y366F]-Alexa 647 might  clarify this, however, further optimisation may be required to 
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fine-tune the specificity of  BoNT/A-LC [E224Q, Y366F]-Alexa 647 before carrying out 

such studies.  

Colocalisation studies using the recently developed Ezcolocalisation software [188] 

suggested that there was some colocalisation between the two channels as suggested by 

the Pearson’s Correlation Coefficient (PCC) above 0 and Manders’ Coefficients (MC), 

and  that there was high colocalisation between the two channels, as shown by the TOS 

values. Taken together the analysis suggests a complex colocalisation pattern where a 

significant proportion of the staining pattern achieved by BoNT/A-LC [E224Q, Y366F]-

Alexa 647 was found to partially coincide with that of the anti-SNAP-25 antibody in 

PC12 cells, however, covering more regions. 

Contrary to my initial theory, this seems to suggest that BoNT/A-LC [E224Q, Y366F]-

Alexa 647, unlike the anti-SNAP-25 antibody, might be able to bind to SNAP-25, 

regardless of the different conformations and/or post-translational modifications 

undergone by the latter. Alternatively, it might also suggest that non-specific binding 

might have been occurring. This would fit my hypothesis regarding the ability of 

BoNT/A-LC [E224Q, Y366F]-Alexa 647 to attain higher labelling efficiencies than the 

anti-SNAP-25. In HEK293 cells, however, images revealed a more complex relationship 

between the outline pattern observed by recombinant mCherry-SNAP-25 and by the anti-

SNAP-25 antibody when compared against the staining profile obtained by using 

BoNT/A-LC [E224Q, Y366F]-Alexa 647. As expected, an identical profile was observed 

for mCherry-SNAP-25 and anti-SNAP-25. Conversely, BoNT/A-LC [E224Q, Y366F]-

Alexa 647 was seen to bind non-specifically in HEK293 that had not been transfected and 

were not expressing SNAP-25. Initially I had considered that the anti-SNAP-25 antibody 

might not be able to bind to exogenous SNAP-25 efficiently due to the non-occurrence 

of N-terminal acetylation, as observed previously [246], and that BoNT/A-LC [E224Q, 

Y366F]-Alexa 647 might suffer from the same limitation, in which case I would not have 

been able to look at specificity in this way. Contrary to my initial theory, however, this 

was not the case. Surprisingly, whilst the anti-SNAP-25 antibody was seen to label 

specifically, when it came to BoNT/A-LC [E224Q, Y366F]-Alexa 647, overlabelling of 

untransfected HEK293 occurred instead. The latter disproved my theory regarding the 

specificity of BoNT/A-LC [E224Q, Y366F]-Alexa 647 in labelling exogenous SNAP-25 

specifically in HEK293. Moreover, this raised some suspicion regarding the ability of 

BoNT/A-LC [E224Q, Y366F]-Alexa 647 to specifically bind  to endogenous SNAP-25 

in PC12. The latter was conceptually difficult to prove since SNAP-25 is endogenously 
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expressed in all PC12 cells, and so, all should give a positive signal in the BoNT/A-LC 

[E224Q, Y366F]-Alexa 647 channel, which would be rather inconclusive. As such, I 

decided to run another set of experiments using U2OS as a different negative control cell 

line. Nonetheless, the same pattern was observed. This irregular distribution of the 

staining led me to hypothesise that perhaps the specificity of BoNT/A-LC [E224Q, 

Y366F]-Alexa 647 might be caused by electrostatic and/or hydrophobic interactions that 

might be abolished by adding the right blocking agent that would remove non-specific 

signal. 0.05% FSG, 10% FBS, 5M NaCl and 10% fatty acid free BSA were used, 

however, much to my surprise, none of these were able to remove the non-specific 

staining. Whilst their concentrations could be further increased, it is noteworthy that fatty 

acid free BSA was used at an usually high concentration compared to previous reports 

where 2-3% BSA has been the maximum concentration used [229].  

Live cell studies also suggested that (1) BoNT/A-LC [E224Q, Y366F]-Alexa 647 could 

not gain entry into the cell alone and that (2) a delivery mechanism e.g. Lipofectamine 

3000 was required to deliver BoNT/A-LC [E224Q, Y366F]-Alexa 647 to the cells. It has 

been shown that biomedically relevant enzymes can be delivered/transfected into cells 

using a DNA transfection reagent, Lipofectamine 3000, allowing assessment of their 

intracellular functions [234, 235]. Notably, Rust et al. [235] used Lipofectamine 3000 to 

deliver BoNT/D to macrophages, resulting in the cleavage of VAMPs. To the best of my 

knowledge, my protein transfection experiments represented the first time that a protein 

was transfected into cells post labelling with a dye (e.g. Alexa dyes) with a view to 

carrying out microscopy. Furthermore, not only was BoNT/A-LC [E224Q, Y366F]-

Alexa 647 successfully delivered to the cells but this delivery mechanism also seemed to 

improve the staining profile obtained. Hypothetically, lower concentrations of BoNT/A-

LC [E224Q, Y366F]-Alexa 647 delivered to live cells may result in BoNT/A-LC [E224Q, 

Y366F]-Alexa 647 becoming saturated by binding to its primary target SNAP-25 instead, 

leading to a more specific staining profile. 

Finally, one of my last experiments looked at including BoNT/A-LC [E224Q, Y366F] 

not conjugated to Alexa 647 in the blocking buffer as a way of removing the non-specific 

staining. Notably, the latter strategy would be most useful should the source of non-

specificity be originated outside the cell. Yet, my live cells studies did not support the 

notion that the source of non-specificity originated outside the cell. BoNT/A-LC [E224Q, 

Y366F]-Alexa 647 could enzymostain fixed non-TX-100-permeabilised PC12 and 

HEK293, but not live or even dead cells that had not been fixed as seen by some side 
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experiments. Thus, I have hypothesised that adding fixative, here 4% formaldehyde, may 

have increased the permeability of the membrane and facilitated the entry of BoNT/A-

LC [E224Q, Y366F]-Alexa 647 in cells. In fact, this is supported by literature since the 

action of formaldehyde has been well-documented [247, 248]. Due to time constraints, I 

could not take this further, however one next experiment to help confirm my theory could 

entail adding 4% formaldehyde to dead PC12/HEK293 that had had BoNT/A-LC 

[E224Q, Y366F]-Alexa 647 added to them previously. If after adding 4% formaldehyde 

and enzymostaining PC12/HEK293 the cells became fluorescently stained, that would 

provide tangible evidence that formaldehyde must have affected the permeability of the 

cells.   

Interestingly some side experiments carried out by me using WT BoNT/A-LC conjugated 

to Alexa 647, in a similar way to the ones using  BoNT/A-LC [E224Q, Y366F]-Alexa 

647, showed that WT BoNT/A-LC conjugated to Alexa 647 also binds, producing a non-

specific staining profile. This was an interesting observation since (1) it may have 

biological meaning in terms of natural targets of WT BoNT/A and (2) it reinforces the 

notion that the mutations inserted in WT BoNT/A-LC affected the affinity of the toxin 

for its target and did not cause a non-specific staining profile. Additionally, since the same 

staining profile has been observed across different control cell lines i.e. HEK293 and 

U2OS, I have hypothesised that the toxin might bind loosely to molecules e.g lipids at the 

inner portion of the cell membrane to try and increase toxicity. Upon entering cells during 

the intoxication process, sequestering of BoNT/A-LC could cause toxicity to increase, by 

maintaining the toxin in the vicinity of the cell membrane to more easily target SNAP-

25. 

6.2 Future Work 

Regarding my attempts to fine-tune specificity in HEK293, a future direction could entail 

attempting to create a version of  BoNT/A-LC [E224Q, Y366F] whose binding activity 

towards SNAP-25 has been abrogated. This would likely represent a very specific 

blocking agent. This blocking agent could be added either to live or fixed cells. 

Furthermore, Western blotting of PC12 lysates, RNA silencing, or CRISPR/Cas 

technologies could be useful strategies to assist in answering the question whether 

BoNT/A-LC [E224Q, Y366F] binds to any other endogenous cell component(s) other 

than SNAP-25. I suggest that a PC12 knockout cell line for SNAP-25 could be developed 

to look into this.  Dissecting what other cell components it is binding to may be a key step 
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towards fine-tuning the specificity of BoNT/A-LC [E224Q, Y366F], while giving me 

some insight into potential targets of the WT BoNT/A-LC. I suggest that mCherry- a 

GFP- recombinant version of BoNT/A-LC [E224Q, Y366F] be created and cloned into a 

mammalian expression vector to improve expression efficiency for live cell staining, to 

see whether labelling efficiency can be improved in this way. Cytotoxicity assays could 

be performed if aiming to carry out live cell imaging, potentially looking to use it for 

sptPALM, live STORM/dSTORM and Minflux, as new techniques are developed. 

It would also be interesting to explore the avenue of therapeutic potential of BoNT/A-LC 

[E224Q, Y366F]. More inhibition assays using higher concentrations of BoNT/A-LC 

[E224Q, Y366F] and generally, higher BoNT/A-LC [E224Q, Y366F] : WT BoNT/A-LC 

ratios such as 2:1, 3:1, 4:1. This would help determine whether there is a high enough 

ratio at given concentrations of BoNT/A-LC [E224Q, Y366F], WT BoNT/A-LC and 

SNAP-25 that can cause complete inhibition of WT BoNT/A-LC by saturation of all of 

the SNAP-25 binding sites hence preventing WT BoNT/A-LC from binding it and 

cleaving it. 

Mutant of different Botulinum Neurotoxin serotypes could be created bearing in mind 

conserved regions. Some preliminary work has been done to create a mutant version of 

BoNT/C-LC that would bind to t-SNARES SNAP-25 and syntaxin-I.  Likewise, other 

toxins that could label additional SNAREs (i.e Synaptobrevin-2), BoNT/B-LC and 

Tetanus toxin light chain (TeNT-LC), have been engineered in my lab, however, these 

have not undergone the stages of testing herein described. I have made some progress in 

this respect, having created two single mutants of TeNT-LC and a double mutant of 

TeNT-LC. Following the guidelines herein presented, similar stages of testing could be 

carried out while addressing issues that might arise, some of which are likely to have been 

addressed during my first attempt using BoNT/A-LC [E224Q, Y366F]. 

Enzymes as labelling agents could be further exploited to multiplexed Western Blotting 

and to stain well-defined classes of proteins, rather than a single and specific protein, at 

once. The field of e.g. ubiquitin ligases is such an example of one of the protein classes 

that could benefit from this labelling approach.  

In parallel to developing novel labels, future work would be looking to further investigate 

the distribution of SNAREs and associated proteins (i.e. synaptotagmin) and their 

interactions during and after fusion events using cocktails of antibodies/nanobodies 
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already available in conjunction with an increasing number of proteolytically inactive 

toxin labels as they are made  available in the laboratory.  

Looking further ahead an approach to study the post-fusion distribution of SNAREs 

would involve testing a range of fixatives to induce exocytosis and trap vesicles in a post-

fusion state prior to endocytosis. 4% paraformaldehyde has been used (PFA) as the 

fixative agent. However, in future I would be looking to try using different fixatives.  At 

concentrations <3%  PFA could be utilised to reduce non-specific background derived  

from  overpermeabilisation of samples. An alternative to PFA would be a combination of 

2%PFA and 01-0.2% glutaraldehyde as this mix has been seen to achieve better results 

in synaptic release studies [249]. Glutaraldehyde has been seen by me to quench GFP, 

however, Glyoxal is another fixative that might be considered since this has been proven 

to fix cells more effectively, giving better samples overall, in terms of brightness, cellular 

and organellar morphology than just PFA [250]. This would probably allow the lifecycle 

of post fusion reorganisation to be observed at the single molecule level.  Another 

approach would entail doing live cell imaging using single molecule FRET (SmFRET) 

and PALM to probe interactions between SNAREs in real-time. Ultimately, upon 

validation of the mutants created in my lab via a multitude of different strategies, 

including biochemical assays (cleavage assays and MST binding affinity assays), 

confocal microscopy and several different live and non-live cell approaches in 

combination with super-resolution microscopy techniques including STED, PALM and 

dSTORM. I believe this would provide a higher insight into the spatiotemporal 

distribution of SNAREs and dynamics of their interactions immediately before and after 

exocytosis.  

 
6.3 Concluding remarks: 

 
The work herein presented provides a framework of testing that could easily be followed 

to carry out research with a view to validating a myriad of enzymes as novel labelling 

agents and ex vivo and in vivo across the fields of the life sciences. My work covers both 

in vitro and ex vivo strategies, highlighting the importance of their suitability for super-

resolution microscopy.  It also covers issues that might arise as well as solutions and also 

suggestions for future work to overcome hurdles towards further optimisation of this class 

of labelling agents. I propose that, upon further optimisation, the field of enzymostaining 

could also be applied to in vivo imaging. 
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