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Abstract 

Title: Creating recombinant fusion protein conjugates for targeting SNARE protease 

into neuroendocrine cells 

 

Author: Nilesh Baliram Patil  
Chronic pain poses major healthcare and economic burdens.  The aim of this study was to 

develop a strategy for pain management by generating a biotherapeutic that requires 

targeting of soluble N-ethylmaleimide-sensitive fusion protein (NSF) attachment protein 

receptor (SNARE) within the hyper-active sensory nerves. This entailed conjugating nerve 

growth factor (NGF) and the SNARE-cleaving protease and internalization domains of 

botulinum neurotoxin A (BoNT/A). The methodology involved genetic fusion and use of a 

protein stapling technology with a view to replacing the BoNT/A C-terminal neuronal 

binding subdomain (HCC) with ɓNGF which is a specific ligand for preferential sensory 

neuronal targeting. A first generation of BoNT/AȹHCC fused to ɓNGF was expressed in E. 

coli and purified.  An alternative strategy was also adopted with a view to stapling a 

recombinant BoNT/AȹHCC-SNAP-25 protein (without the neuronal binding domain) with 

Vamp2.ɓNGF produced in E. coli, and a synthetic syntaxin-1 peptide via SNARE complex 

formation. Treatment of PC-12 cells with BoNT/AȹHCC fused to ɓNGF did not give any 

cleavage of intracellular SNAP-25. Failure to redirect BoNT/A protease into PC-12 cells 

was attributed to inactivity of the ɓNGF producing E. coli. After a number of attempts, the 

precursor peptide (Pre-Pro signal peptide) of NGF was identified as an essential element in 

making a biologically-active ɓNGF. Encouragingly, after inclusion of this leader peptide 

sequence into a Vamp2.ɓNGF construct, it was expressed as an active protein, although 

with low yield. The latter was addressed by creating a construct encoding a Pre-Pro signal 

peptide followed by ɓNGF.Vamp2 in the hope of increasing the yield. Expression of the 



 

xx 

   

resultant protein was not attempted. In summary, expression of functionally-active 

ɓNGF.Vamp2 was achieved. Further optimization is needed before its conjugation to the 

BoNT core-therapeutic domains, for redirecting SNARE-cleaving protease into hyper-

active sensory nerves. 
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Preamble 

A European consensus report by Pfizer (Chronic pain management 2010) revealed that the 

total costs to the Irish GDP arising from chronic pain were estimated at ú5.34bn per year. 

The same report asserted that one in three people in Ireland who have chronic pain are 

struggling with their condition and fear that their illness and absences from work may 

mean loss of their jobs. Effective means to manage chronic pain are urgently needed to 

both improve the quality of life of sufferers and reduce health care costs (Katz et al. 2010, 

Lippe et al. 2010). This is borne out by a survey on chronic pain within 16 European 

countries conducted by Breivik et al. 2006, which stated that chronic pain occurred in 19% 

of 46394 respondents, two thirds of which were moderately affected and one third were 

severe cases, having a negative impact on their daily activities, social and working lives. 

Another study carried out by Rafferty et al. 2011 in the Republic of Ireland reported that 

chronic pain was prevalent within 35.5% of the 1204 respondents. Their study reported that 

12% of respondents were unemployed or were working on reduced working hours due to 

chronic pain. Blyth et al. 2003 highlighted the effects of chronic pain on the ability to work 

and the consequent implications for the economy. This report included factors such as, the 

cost related to the loss of productivity due to time off work, reduced work effectiveness 

and the cost in loss of skills in cases where people reduced their working hours or stopped 

working altogether.  

The International association for the study of pain (IASP) published on their website a 

meta-analysis on prevalence of chronic pain based on 13 worldwide studies. The data 

reported in these studies indicate a higher prevalence of chronic pain suffers among 

females and significant use of health care resources by chronic pain sufferers. The 

prevalence figures show that the costs associated with severe chronic pain are significant 
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for health systems in the countries surveyed (International association for study of pain 

2003). 

 Neurobiology of pain 1.1

IASP defines pain as an unpleasant sensory and emotional experience associated with 

actual or potential tissue damage or described in terms of such damage (Bonica 1979; 

National institute of Health 2014). The word pain is derived from the Greek word meaning 

ópenaltyô. 

1.1.1  Nociceptors 

Receptors on the peripheral ending of different nerves respond to a variety of stimuli. Their 

shape, location and field of reception indicate that they are designed for response to their 

stimuli. The pain receptors (nociceptors) have primitively-organized nerve endings and a 

weed-like appearance. The strength of the stimulus is a critical factor in the production of 

pain. When a certain threshold of intensity has been surpassed, any stimulus can be 

interpreted as painful to nociceptors. This threshold stimulus is called the noxious stimulus 

and it causes tissue damage (Hall 2002; Julius and Basbaum 2001). 

1.1.2 Afferent fibers 

An afferent nerve fiber is the nerve fiber (axon) of an afferent neuron (sensory neuron). 

First order afferent nerve fibers are classified according to their size and conduction rates 

(Fig.1). A-fibers are the largest in diameter and most rapid in conduction rates. B-fibers are 

intermediate in size and have a slow conduction rate. C-fibers are smallest in size and 

slowest conduction rate.  
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There are two types of primary afferent nociceptors, Aŭ and C fibers. Aŭ is one of four 

types of A-fibers (AŬ, Aɓ, Aɔ, Aŭ). Aŭs are the most rapid pain conducting fibers 

compared to C conducting fibers. Pain signals conducted  by Aŭ fibers are described as 

sharp, shooting and intense,  with a velocity of ~6-25 m/s. Aŭ fibers are lightly myelinated, 

medium diameter size (1-5 ɛm) and have free nerve endings that transduce high threshold 

thermal, mechanical and chemical noxious stimuli. Aŭ fibers make up 20% of pain 

afferents and mediate pain from superficial areas such as skin. C fibers are the slowest pain 

conducting. The pain conducted by C fibers is described as steady slow (<2 m/s) and 

constant. C fibers are unmyelinated and their diameters are small in size. C fibers account 

for 80 % afferent pain fibers and arise from non-localized polymodal nociceptors i.e. 

nociceptors that respond to wide range of noxious stimuli. Cell bodies of C fibers are 

located in dorsal root (spinal cord) or trigeminal ganglia (brain) of spinal cord and their 

axons terminate in the dorsal horn Hall James 2002; Julius and Basbaum 2001). 

 

   

A B 
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Fig.1 Classification of nociceptors.  A) Peripheral nerves consist of myelinated afferent fibers 

Aŭ (medium-diameter), AŬ, ɓ (large-diameter) and unmyelinated afferent C fibers (small diameter). 

B) Schematic of peripheral nerve action potential. Aŭ and C fibers differ in their conduction velocity 

(6-25 and ~1 m/s, respectively) and represent their first and second responses to painful stimuli. 

Image taken from Julius and Basbaum, 2001. 

1.1.3 The spinal cord and transmission of signal 

The role of the spinal cord in the transmission mechanism of pain is important because 

information processing occurs in the dorsal horn grey matter. The spinal cord consists of 

two symmetrical halves, the dorsal median sulcus and the ventral median fissure separated 

with a small central canal in the center. The canal is surrounded by grey matter composed 

of nerve cell bodies, dendrites and synaptic connections. The outer region of the spinal 

cord contains white matter comprising of ascending and descending nerve fibers. The grey 

matter forms an H butterfly shape and the dorsal horn forms an arrangement of six layers 

(numbered in Fig. 2) as per their Rexed classification system (identified in the early 1950s 

by Bror Rexed to label portions of the grey columns of the spinal cord). Acute nociceptive 

pain, stimulates the release of pain mediators from primary afferent terminals that project 

to laminae I, IV and V in the spinal cord dorsal horn. Having been relayed to the lateral 

spinothalmic tract, pain signals from Aŭ fibers travel to the ventrobasal to posterior nuclei 

or to the thalmic relay nuclei and after that to the post central somatosensory area of the 

cerebral cortex. Similarly, signals sent by the C fibers having reached the medial nucleus of 

the thalamus, continue to the prefrontal somatosensory region of the cerebral cortex 

(Rudolf et al 2007). 
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Fig. 2 Spinal cord and transmission of pain signals.  Pain receptors transmit pain signals 

to the dorsal horn of spinal cord. Primary afferent terminals that project to dorsal horn laminae I, IV 

and V, release pain mediators upon acute pain stimulation. Aɓ, Aŭ and C fibers also project to 

laminae IIïVI. Dorsal root ganglia (DRG) propagate pain signal to dorsal spinal cord, brain stem 

and eventually to the brain where pain is perceived. Image taken from Milligan and Watkins, 2009. 

1.1.4 Classification of pain 

Pain is an unpleasant subjective sensory experience induced by noxious stimuli, 

inflammation or damage to the nervous system which can be classified according to its 

type (Fig. 3). Nociceptive pain is the most widely experienced short-acting sensation to a 

noxious stimulus. It acts as an essential alarm system to alert the nociceptors i.e. sensory 

receptors in the peripheral nervous system, which are activated by painful stimuli. These 

pain signals are propagated from the periphery through the spinal cord, brain stem, and 

thalamus to the cerebral cortex, where the sensation is perceived. Nociceptive pain is an 

  

Laminae 
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important and essential alarm system that alerts the individual of fore coming danger to 

prevent the body from damage. Those that have inefficient nociceptive control systems, 

including patients with congenital analgesia (resulting from a nerve growth factor tyrosine 

kinase A mutation that leads to a loss of high-threshold sensory neurons), have reduced life 

expectancies due to their inability to protect themselves from harmful noxious stimuli 

(Miranda et al.,2002).  

Acute, inflammatory pain  is produced by tissue damage resulting in the release of 

peripheral inflammatory mediators to the affected inflamed area.  The purpose of this 

short-term response is to encourage healing. Following inflammation, the sensory nervous 

system adapts by lowering the nociceptor activation threshold, so that normally non-painful 

stimuli produce pain (allodynia) and responses to noxious stimuli are enhanced 

(hyperalgesia).  Once the site of injury heals, this pain usually subsides; however, in some 

cases it may become chronic.  

Where there are lesions to the peripheral or central nervous systems, neuropathic pain 

results because of alterations in plasticity and the lowering of nociceptive thresholds, 

which in turn produce allodynia, hyperalgesia and secondary hyperalgesia (transfer of 

sensitivity to the non-injured area). (Woolf, 2004; Miranda et al. 2002).  
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Fig. 3 Classification of pain. Pain can be divided according to its types (nociceptive, 

inflammatory, and neuropathic).  Nociceptive pain is produced in response to noxious stimuli, while 

inflammatory pain arises from tissue damage. Neuropathic pain is caused by lesion to the 

peripheral or central nervous systems. Image taken from Woolf, 2004.   
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 Chronic pain 1.2

Long-term inflammatory, neuropathic and functional pain is described as chronic pain 

which can arise in a range of conditions as for example arthritis, multiple sclerosis, chronic 

shoulder and back pain, chronic migraine and myofascial pain. 

1.2.1 Peripheral sensitization and central sensitization 

The presence of repeated stimuli in chronic pain situations reduces the threshold of 

nociceptive afferents and enhances the responsiveness of the peripheral terminals of 

nociceptors, resulting in what is termed as peripheral sensitization. This peripheral 

sensitization, resulting in normally innocuous insults being perceived as noxious, is 

induced by the action of neuropeptides and inflammatory mediators released by either Ca
+2

 

regulated exocytosis such as substance P, CGRP, bradykinin, nerve growth factor, 

serotonin or neuropeptide Y or by non-exocytosis mechanisms (e.g. nitric oxide, 

prostaglandins or H
+
) (Dray, 1995). Released neuropeptides and inflammatory mediators 

amplify the conduction of nociceptive impulses and, thereby, transfer to the cell bodies in 

the dorsal root or trigeminal ganglia, producing central sensitization (Latremoliere and 

Woolf, 2009; Woolf, 2011). Both sensitizations contribute enormously to inappropriate 

hyper-responsiveness to signaling substances. 

1.2.2 Elevated levels of ɓNGF in chronic pain 

NGF was discovered more than half a century ago as a protein involved in a variety of 

processes including cell signaling, cell differentiation, cell survival, and cell death within 

the peripheral nervous system (Wiesmann et al. 1999; McKelvey et al. 2013). There is 

growing evidence that NGF contributes to a variety of chronic states. McKelvey et al. 
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(2013) asserts that NGF plays an important role in mediating chronic pain, based on their 

findings that levels of NGF are abnormally elevated in a number of health conditions 

including rheumatoid arthritis, spondyloarthritis (Aloe et al. 1992; Halliday et al. 1998; 

Barthel et al. 2009), neurogenic overactive bladder, interstitial cystitis (Lowe et al. 1997; 

Oddiah et al. 1998; Jacobs et al. 2010; Liu et al. 2010) and cancer-induced pain (Manthy et 

al. 2010; Ye et al. 2011). In regard to the latter, Bradshaw et al. (2015) suggest that NGF 

and Pro-NGF (a precursor form of NGF) regulate breast cancer cell survival and enhance 

cell invasion, respectively. They suggested that prostate cancer cells over-express ProNGF 

whereby they induce neuritogenesis which increases cancer progression. The mechanism 

for this process remains unclear. Genetic mutations in the NGF and TrkA genes result in 

rare and severe condition of congenital insensitivity (loss of pain perception) (Indo et al. 

1996; Einarsdottir et al. 2004; Carvalho et al. 2011; McKelvey et al. 2013). Genetic 

mutations in NGF or its receptor TrkA can cause the inability in humans to perceive pain 

(Rotthier et al. 2012 and McKelvey et al. 2013). These conditions come under the broader 

category of hereditary sensory autonomic neuropathies (HSANs) (Rotthier et al. 2012). 

Five types of HSANôs have been suggested (McKelvey et al. 2013; Rotthier et al. 2012), 

where in each condition the affected person loses the ability to perceive pain. HSAN IV 

and HSAN V are caused by mutations in TrkA and NGF, respectively (McKelvey et al. 

2013).  
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1.2.3 Mechanisms of NGF in pain mediation 

A subset of sensory neurons express TrkA (Fang et al. 2005; Franklin et al. 2009) and 

TRPV1 (a non-selective ligand-gated cation channel). In nociceptive neurons, transmission 

of the pain signal results when an external or internal source such as thermal, mechanical 

or chemical (acids and lipids) stimulate the influx of Ca
2+

 via the opening of a channel e.g. 

TRPV1 (Moran et al. 2004; Ramsey et al. 2006). Lewin et al. (2014) provided a detailed 

description of how NGF regulates pain in nociceptive neurons via the action on mast cells 

(Fig 4). Following injury or inflammation, innate immune response mechanisms involving 

the action of mast cells, interleukins (IL -1, IL3), cytokines etc. are activated in the affected 

area. While the mechanism is unclear, it has been hypothesized (Lewin et al. 2014) that 

these cells cause an increase in NGF expression. NGF decreases the threshold for action 

potential generation through (1) producing an internalized NGF-TrkA complex that 

activates phospholipase C in sensory neurons. Breakdown of phosphotidyl inositol 

phosphates (PiPs) by the latter causes a decrease in threshold at which the transient 

receptor potential vanilloid type I (TRPV1) (which binds PiPs) channel opens (also known 

as TRPV1 sensitization) (Chuang et al. 2001), and (2) NGF induces an upregulation of 

TRPV1 expression and its trafficking to the plasma membrane (Stein et al. 2006 and Ji et 

al. 2002; McKelvey et al. 2013). Kawamoto et al. (2002) suggests that NGF plays a crucial 

role in sensitizing the adjacent nociceptive neurons of the PNS. They stated that NGF 

facilitates the release of both other pain mediators such as histamines and prostaglandin 

and causes release of NGF from mast cells, leading to the formation of a positive feed-back 

loop in the transmission of pain signal. Hefti et al. (2006) and Mantyh et al. (2011) stated 

that NGF additionally plays an important part in sensitizing nociceptive neurons in the 

CNS via the upregulation of genes encoding substance-P, sodium ion channels such as 

Nav1.8, brain-derived neurotrophic factor; this central role of NGF signaling in pain is not 
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relevant to this study described here and will not be discussed further. Rather I will focus 

on the peripheral role of NGF signaling in pain. 

 

 

 

 

 

 

 

 

 

Fig. 4 Mechanisms through which NGF facilitates pain transmission. An increase in 

NGF expression follows injury or inflammation. The factor binds to TrkA and activates 

phospholipase C (PLC) which leads to TRPV1 sensitization. NGF also increases expression and 

trafficking to the plasma membrane of TRPV1 and other nociceptive channels such as 

mechanosensitive channels (MEC), which decrease the threshold for action potential generation in 

nociceptive neurons. NGF also induces the release of pain mediators such as histamine, 

prostaglandins and NGF itself from mast cells which result in a positive-feedback loop that 

sensitizes nociceptive neurons (McKelvey et al. 2013). Image taken from Lewin et al. 2014. 
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1.2.4 Structure of NGF, TrkA and NGF-TrkA complex 

To understand the molecular mechanisms of NGF in mediating pain, it is important to 

understand the structure of NGF, Tropomyosin-related kinase A (TrkA) and the NGF-TrkA 

complex, described in Fig 5, 6 and 7.  

1.2.4.1 Structure of NGF 

The following description of the NGF follows that given by Weismann et al. (2001). NGF, 

as found in the submandibular salivary glands of mice, is a complex 7S structure, which 

consists of two copies of Ŭ-NGF, two copies of ɔ-NGF and a homo-dimer of ɓNGF. The 

stoichiometric arrangement is described as a2b2g2, around a two-fold symmetry axis 

relating the two ɓNGF molecules (Fig. 5A). To stabilize the a2b2g2 complex, conditions 

are created to allow two zinc ions to bind at the interfaces between the ɓNGF and the ɔ-

NGF. 

The Ŭ-NGF and ɔ-NGF belong to kallikrein family of serine proteases. The homo-dimer 

ɓNGF is the biologically-active form. The molecular weight of the ɓNGF monomer (Fig. 

5B) is 13 kDa. The two ɓNGF monomers have three di-sulphide bridges linking them. 

Each ɓ-NGF monomer is expressed in an immature form namely, Pre-Pro peptide 

consisting of an 18 amino acid signal peptide (Pre), as well as a 103 residue Pro peptide. 

The ɔ-NGF is a specific protease which cleaves the Pre-Pro signal to its mature form, the 

ɓNGF monomer. The Ŭ-NGF is inactive and has been described as a ólocked zymogenô. 

The importance of the Pre signal and the Pro peptide in the ɓNGF monomer became 
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evident in the course of this study for reasons which will be discussed in detail in Chapter 

3. The homo-dimer ɓNGF is referred to as NGF in the following pages of this report. 

Neurons respond to NGF via two cell surface receptors, namely TrkA and p75 (Luberg et 

al. 2015). In this study, p75 was not examined for a number reasons including the literature 

caveat that it causes cell apoptosis (Rabizadeh & Bredesen 2003). On the other hand, 

evidence from the literature intimated that TrkA receptor was responsible for cell survival 

and development (Huang & Reichardt 2003). Therefore, the experiments employed in this 

study were designed to exploit the reported benefits of TrkA. 

The signaling of NGF in nociceptor neurons is mediated through two cell surface receptors, 

namely TrkA and p75 (Luberg et al. 2015). NGF binds to TrkA with high affinity (Kd ~10
-

11
 M) by comparison with p75 (Kd ~10

-9
 M). In this study, p75 was not examined for a 

number reasons including the literature caveat that it causes cell apoptosis (Rabizadeh & 

Bredesen 2003). Instead, the experiments focused on TrkA for the following reasons: (1) 

TrkA signaling mediates neurotropic effects such as cell survival, differentiation and cell 

development. (2) NGF/TrkA signaling mediates the nociceptive functions of sensory 

neurons i.e. NGF/TrkA signaling pathway leads to the generation of action potentials for 

neuronal signaling as described in section 1.2.3  
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Fig. 5 Structure of the 7S NGF complex (PDB access code I SGF) and the NGF 

monomer (Protein Data Bank code 1BFT:  (A) 7S NGF complex with the homo-dimer of 

ɓNGF, depicted in red at the center, two copies of Ŭ-NGF shown in green, and two copies of ɔ-NGF 

in blue. (B) The secondary structure elements of NGF monomer are labelled and depicted 

according to McDonald et al. (1991). The termini as well as the loop regions, L1-L4, are labelled in 

red, and the cysteine residues forming the cysteine-knot motif near the top of the molecule are 

shown in gray and yellow in ball-and-stick rendering. Images taken from Weismann et al 2001. 

1.2.4.2  Structure of TrkA  

Three forms of Tropomyosin receptor kinase (Trk) are expressed on cell surface of host of 

cells, TrkA, TrkB and TrkC; NGF binds to TrkA with a binding affinity of 10 
-11

KD,  

whereas different growth factors bind to the others (Luberg et al. 2015).  

A B 



  Chapter 1  

16 

   

Trk receptors are glycoproteins that possess an extracellular ligand-binding domain, a 

hydrophobic transmembrane domain and a cytoplasmic tyrosine kinase domain. 

Extracellularly, Trk receptors contain an arrangement of three leucine-rich 24-residue 

(LRR1-3) motifs which are bordered by two cysteine clusters (C1 and C2), followed by 

two immunoglobulin-like domains (Ig1 and Ig2). These are followed by a single 

transmembrane and a cytoplasmic domain that consists of a tyrosine kinase and several 

tyrosine-containing motifs. Phosphorylation of the cytoplasmic tyrosine in the TrkA 

receptor, regulates tyrosine kinase activity and provides phosphorylation-dependent 

recruitment sites for adaptor molecules and enzymes that mediate initiation of intracellular 

signaling cascades (Huang & Reichardt 2003; Marlin et al. 2015, Rabizadeh & Bredesen 

2003) (Fig. 6).  

 

Fig. 6 Schematic presentation of the TrkA receptor. The three leucine-rich motifs (LRR1-

3) are flanked by two cysteine clusters (C1 and C2) and after these the two Ig domains. The 
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tyrosine kinase domain is located at the intracellular domain. Image modified from Allen and 

Dawbarn 2006.  

Resolution of the crystal structure of the NGF-TrkA complex showed that NGF engages 

with the second immunoglobulin-like domain, known as domain 5 (d5)(Fig. 6) of TrkA 

through two distinct patches. The first patch involves the four ɓ-sheets present in the center 

of NGF molecule together with the first loop. The second patch is formed by the N-

terminus of NGF, which is important in binding to TrkA (Wiesmann et al. 1999; Butte 

2001).  

The transduction of signal between NGF-TrkA is crucial in the development and growth in 

various host cells of peripheral nervous system (Huang & Reichardt 2003), including 

sensory neurons mediating pain (Marmigère 2006), postganglionic sympathetic neurons 

(Smeyne et al. 1994) and basal forebrain cholinergic neurons (Fagan et al. 1997). NGF 

secreted by the target cell interacts with TrkA on the axonal tip. The interaction of NGF to 

the extracellular domain Ig-C2 domain of TrkA leads to conformational changes inducing 

TrkA receptor dimerization, followed by rapid transphosphorylation of five tyrosine 

residues on the cytoplasmic tail by the neighboring TrkA receptors. These phosphorylated 

sites on TrkA receptors serve as docking sites for adaptor for proteins containing 

phosphotyrosine-binding (PTB) or Sarcoma tyrosine-protein kinase (Src) homology 2 

(SH2) domains such as Shc  (Huang & Reichardt 2003). These cytoplasmic adaptor 

proteins bind to phosphorylation sites on the cytoplasmic tail where they are 

phosphorylated leading to activation of intracellular signaling pathways, Ras-mitogen 

activated protein kinase (MAPK) cascade pathway, the phosphatidylinositol-3-kinase 

(PI3K)/Akt kinase pathway and  phospholipase C ɔ -1 (PLC-ɔ1) (Huang & Reichardt 2003; 

Sanse et al. 2011; Marlin et al. 2015).  
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 The signals arising NGF/TrkA complex are transported from the tip of axons to cell soma 

and then into dendrites by retrograde transport (An axonal transport mechanism 

responsible for moving molecules destined for degradation by lysomes from the axon back 

to the cell body) by the mechanism of internalization and signaling endosome formation.  

TrkA undergoes internalization following engagement to NGF and this internalization at 

the tip of axons seems to be essential for retrograde survival signaling. Receptor-mediated 

endocytosis mechanisms can be broadly classified as being either clathrin-dependent or 

clathrin-independent, and recent findings suggest that TrkA may be internalized by both 

mechanisms. Controversy exists regarding the precise mechanism of TrkA internalization 

(Harrington and Ginty 2013; Doherty and McMahon 2009). 

 In clathrin-dependent mechanism for the endocytosis of TRKA, NGF causes a 

redistribution of the clathrin heavy chain to the plasma membrane and promotes the 

formation of protein complexes that contain TRKA, clathrin and adaptor protein 2 (AP2) 

(Doherty and McMahon 2009).  Clathrin-independent mechanism (macropinocytosis) 

underlying TRKA endocytosis involves the formation of plasma membrane protrusions 

that eventually fuse together and engulf large volumes of membrane and extracellular fluid. 

Pincher, an NGF-upregulated GTPase, is involved in this mechanism of TRKA 

internalization
 
(Harrington and Ginty 2013;Shao et al. 2002). The signaling events of both 

clathrin-mediated and pincher-mediated endocytosis for the internalization of TRKA and 

initiation of the NGF retrograde signal are poorly understood.  

As mentioned earlier in this section, three major effector pathways for TRKA are the PI3K, 

ERK and PLCɔ pathways. Of these, the PI3K and PLCɔ pathways have the most important 

roles in receptor internalization. PI3K is activated by TRKA via the adaptor protein GAB1 

(GRB2-associated-binding protein 1) (Harrington and Ginty 2013; Kaplan et al. 2000).  
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PI3K itself participates in internalization and the phosophoinositide products of its 

enzymatic activity bind and regulate several proteins implicated in endocytosis, including 

dynamin Krag et al. 2010, RAS-related protein RAB5 (Harrington and Ginty 2013; 

Christoforidis et al. 1999), AP2 (Harrington and Ginty 2013; Abe  et al. 2008) and 

synaptotagmin (Harrington and Ginty 2013; Radhakrishnan  et al. 2009). Dynamin, a 

GTPase involved in pinching off the endocytic vesicle from the plasma membrane, is a 

required component for NGFïTRKA internalization and subsequent retrograde transport 

(Harrington and Ginty 2013; Zhang et al. 2000). The pleckstrin homology (PH) domain of 

dynamin is required for its function in clathrin-mediated endocytosis. This activity requires 

the binding of phosphoinostides to the PH domain (Harrington and Ginty 2013; Bethoney  

et al. 2009) . Phosphoinostides themselves participate in vesicle coat formation and vesicle 

targeting through recruitment of AP2. Thus, PI3K activity is probably required at multiple 

stages in TRK-mediated endocytosis (Harrington and Ginty 2013).  

Phosphorylation of TRKA at Tyr785 following NGF binding leads to recruitment and 

activation of PLCɔ (Harrington and Ginty 2013; Vetter  et al  1991). PLCɔ is a 

multifunctional enzyme, acting as both a lipase and as an interacting partner for additional 

receptor tyrosine effectors through its SRC homology domains (Harrington and Ginty 

2013; Bunney and Katan et al.  2011). The downstream effects of PLCɔ can be categorized 

as those mediated by the second messengers of its lipase activity (that is, diacylglycerol 

(DAG) and inositol 1,4,5-triphosphate (IP3)) and those mediated by direct interactions. A 

recent study found that PLCɔ activity is required for ligand-mediated TRKA internalization 

(Bodmer  et al.  2011; Harrington and Ginty 2013;) possibly through the control of 

dynamin. Indeed, the release of Ca2+ from internal stores into the cytoplasm that is caused 

by PLCɔ-mediated formation of IP3 activates the phosphatase calcineurin, which in turn 

catalyses dephosphorylation of key dynamin residues that are required for receptor 
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internalization (Harrington and Ginty 2013). Thus, events that are essential for different 

steps of TRK internalization are controlled by the early effectors PI3K and PLCɔ 

Harrington and Ginty 2013). 

Literature evidence suggests that the NGF-TrkA complex is proposed to be sorted into 

short lived recycling endosomes or long-lived signaling endosomes. The long-lived 

signaling endosomes are proposed to promote the cell survival and differentiation signals, 

during their journey towards the somatodendritic area via the retrograde transport 

mechanism (Harrington et al. 2011; Harrington et al. 2013). The fate of endocytosed NGF-

TrkA is complex and it is unclear whether it is sorted into recycling (short lived) or long-

lived signaling endosomes (Marlin et al. 2015). This ability of NGF-TrkA complex to be 

sorted into endosomes may enable the LC of BoNT/A to be targeted to sensory neurons 

(see later). Exploitation of this is the key objective of this study 

.
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Fig. 7 NGF - TrkA complex A) Sequence of events when NGF binds to TrkA. The biologically 

active forms of ɓNGF are dimers of identical 13 kDa peptide chains. The ɓNGF dimer binds to the 

TrkA protein. The binding induces two TrkA receptors to dimerize. This NGF-TrkA complex leads to 

transphosphorylation of five tyrosine residues on the cytoplasmic tail of the adjacent TrkA receptor. 

The cytoplasmic adaptor proteins such as Shc) bind to specific phosphorylation sites on the 

cytoplasmic tail where these substrates are phosphorylated. The bound adaptor proteins provide 

docking sites for downstream signaling proteins PI3 Kinase and PLC- ɔ1. Image adapted from 

Sanes et al. 2011. (B) Mechanisms of neurotrophin internalization, signalling and retrograde 

transport. (a) It has been proposed that internalization of tropomyosin receptor kinase A (TRKA) 

following binding to nerve growth factor (NGF) occurs through clathrin-dependent and clathrin-

independent mechanisms. Although clathrin-mediated endocytosis results in the formation of early 

endosomes, internalization via macropinocytosis leads to the generation of multivesicular bodies. 

(b) Newly internalized TRKA endosomes must overcome an F-actin barrier before docking with 

microtubules for long distance transport. This is achieved by activation of RAS-related C3 

botulinum toxin substrate 1 (RAC1), which leads to actin depolymerization through recruitment of 

cofilin to the signalling endosome. (c) TRKA endosomes that are competent for transport are linked 

to the retrograde motor protein dynein and move towards the neuronôs soma. Signalling from the 

phosphatidylinositol 3-kinase (PI3K), extracellular signal-regulated kinase (ERK) and 

phospholipase Cɔ (PLCɔ) signalling pathways persists during endosome transport. The specific 

RAB composition of these endosomes remains controversial. DAG, diacylglycerol; GRB2, growth 

factor receptor-bound protein 2; IP
3
, inositol 1,4,5-triphosphate; SOS, son of sevenless. Imahe take 

from Harrington and Ginty 2013. 
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 Chronic pain management 1.3

The prevalence of chronic pain in modern societies has been discussed in the preamble to 

this chapter and the cost, in terms of quality of life and the drain on the exchequer, 

indicated. The need for governments to address the relevant issues through adequate and 

fit -for-purpose health services has been noted. In general, the treatments currently applied 

focus on pharmacological methods on the one hand and, on the other, education programs 

to inform healthy lifestyle decisions. 

1.3.1 Current pharmacological treatment and limitations 

The most commonly prescribed drugs for chronic pain in 15 European countries reported 

by Breivik et al. 2006 were NSAIDs (Nonsteroidal anti-inflammatory drug) (44%), weak 

opioid analgesics e.g. codeine (23%), paracetamol (18%) and strong opioid analgesic e.g. 

morphine (5%). Out of the 124 from UK and 129 from Ireland, 12% and 13 % used strong 

opioids. Kalso et al. 2003 and the pain society (2004) provided comprehensive guidance on 

the use for opioids to non-cancer-related pain.  

Combating the side effects of medication is a matter of urgent concern. Much of the 

literature supports the view that, despite significant advances in the understanding of the 

pathophysiology of chronic pain (Gold et al. 2010) its management continues to challenge 

physicians and fails to serve patients. Breivik et al. 2006 reported that NSAIDs have 

adverse effects on the cardiovascular, and the gastrointestinal system where an overdose of 

paracetamol, for example, has the risk of hepatotoxicity. Their study highlighted that all 

analgesics have side effects including stomach upset, constipation, diarrhea, dizziness, or 

headache. Stannard and Johnson, 2003 reported that over one-third of respondents were 

concerned about the dangers of becoming addicted to pain medications and the remaining 
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two third expressed concern about other side effects. On the other hand, 64 % of 

respondents to one study of chronic pain patients using prescribed pain medications 

reported that they were inadequate to control their pain (Breivik et al. 2006). They also 

reported that 74% of GPs in the UK cited side effects of drugs as a major barrier to pain 

control.  

Whelton et al. 2000 and Benyamin et al. 2008 give further examples of the need to address 

the side effects and risks of analgesic drugs in clinical practice. It is accepted that, as stated 

by Manthy et al. 2011, there are very few treatments that efficiently regulate chronic pain 

without unwanted side effects. The work reviewed in this report sought to maximise the 

wanted and minimise the unwanted side effects of pain killers. Currently, international best 

practise guidelines recommend a multimodal combination of pharmacologic and non-

pharmacological modalities as the most effective strategy to manage the disability 

associated with chronic pain (Kimura et al. 2010). The approach used in this study focuses 

on the pharmacological ones. There are unmet needs which require the advancement of 

drug discovery research dealing with chronic pain for development of new class of drugs 

with long-lasting effect and which do not contribute towards side effects like drug 

dependence. 

This study describes a new approach that seeks to exploit the ability of BoNT/A in the 

management of pain. Therefore, it is important to understand its structure and its role in 

blocking the exocytosis mechanism. This is illustrated in the next section. 

1.3.2  Botulinum toxin type A as an emerging therapeutic 

Since approval of Botox
®
 in 1989 in the United States, Allergan has confirmed its safety as 

a therapeutic for the treatment of strabismus, benign essential blepharospasm and 
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conditions of the VII
th
 nerve. As demonstrated by fluorescent immuno-microscopy in a 

study of rodent nerve-muscle preparations paralysed with BoNT/A, its ability to 

accumulate the mediator Calcitonin gene-related peptide (CGRP) in the pre-synapse 

presented the first clues to its potential benefits in pain (Lande et al. 1989). Further 

evidence of pain relief was provided by successful treatment of dystonia patients with 

intra-muscular injections of BOTOX
®
 (Brin et al. 1987).  In the treatment of migraine, the 

injection of BOTOX
® 

caused a reduction in the severity and the frequency of migraine 

episodes (Binder et al. 1998). Its success has encouraged a new interest in BoNT as a 

potential anti-nociceptive. A study of 30 migraine suffers revealed that BOTOX
®
 treatment 

of any severity of migraine was well tolerated and that it relieved in a significant manner 

the frequency of migraine attacks at day 90, and the frequency of severe attacks at day 60 

and 90 (Barrientos and Chana, 2003). In a study to discover its success in treatment of 

chronic tension type headaches, local injections of BOTOX® resulted in less headaches 

and precranial muscle tenderness (Relja and Telarovic, 2004). In a study on 29 patients 

with focal painful neuropathies and mechanical allodynia, BOTOX
®
 resulted in a direct 

pain-killing effect on muscle tone of these subjects (Ranoux et al. 2008). Their effect on 

refractory neck pain was investigated on 47 subjects, showing a significant decrease in the 

mean pain intensity (Miller et al. 2009). More recently (Diener et al. 2010), in a large trial 

with 1384 chronic migraine suffers treated with onabotulinumtoxinA (BOTOX
®
), the 

results showed after one dose the occurrence of headache days was significantly reduced 

and this benefit lasted for six months. Following such encouraging results from these 

clinical studies, Allergan Inc. was granted approval by the FDA  and MHRA for BOTOX
®
 

as a treatment for chronic migraineuers (headaches for 15 days or more per month) in the 

United States and UK, respectively (Aoki and Francis, 2011). BoNT have been exploited 

as muscular relaxant and in treatment of chronic pain. Because this study exploits the 
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ability of BoNT/A in the management of pain, it is important to understand the structure 

and the mechanisms of BoNT. 

1.3.3 Botulinum neurotoxin 

Botulinum neurotoxin (BoNT) is produced from Clostridum botulinum, a rod shaped gram-

positive bacterium which grows in anaerobic conditions (Karalewitz et al. 2012). BoNT 

causes flaccid paralysis or botulism. Clostridium botulinum was cultured and isolated 

successfully in 1944 by Edward Schantz. Its success in the blocking of neuro-muscular 

transmission was reported by Burgen in 1949. In the last decade, BoNT/A research has 

gained considerable pace because of its impact on public health, potential utilization as a 

bio-terrorist molecule, and clinical applications in medical industry (Poulain et al. 2008). 

Seven categories of BoNTs from A-G, all of which are toxic to non-human primates have 

been identified, described and reviewed (Poulain et al. 2008). Type A toxin is the most 

broadly studied and applied for therapeutic treatments (Davletov et al., 2005; Foran et al., 

2003; Jankovic, 2004).   

1.3.3.1 Structure 

BoNT/A consists of three independent functional domains, namely, (1) a heavy chain C-

terminal domain which binds to the acceptors (HC), described below. (2) a translocation 

domain (HN). (3) a light chain which is a zinc-dependent catalytic endopeptidase (LC) (Fig. 

8). The 150k single-chain BoNT/A becomes activated upon proteolysis by endogenous 

bacterial proteases (or by trypsin when proteolysis is carried out in vitro). Proteolysis leads 

to di-chains of HN.HCN.HCC and LC, linked via a disulphide bond and non-covalent 

interactions. The molecular weight of each of the three BoNT/A domains is ~50 k. The C-

terminal acceptor-binding (HC) domain is sub-divided further into two structural domains: 
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C terminal domain (HCC) and N terminal domain (HCN). Both play an important role in 

binding to gangliosides and high affinity protein synaptic vesicle protein (Chai et al. 2006; 

Jin et al. 2006). The N terminus of the HC (HCN) appears to form jelly-roll folds similar to 

legume seed lecithin-like structures (L-type lecitins) and the C-terminus of HC (HCC) 

appears to form a ɓ-trefoil fold similar to ricinïtype lectins (R-type) (Karalewitz et al. 

2012; Varki et al. 2009; Thomas et al. 2009). HCN consists of a series of anti-parallel 

strands, which are connected by short loops, to form two ɓ-sheets (Karalewitz et al. 2012). 

The function of HCN was reported to facilitate neurotoxin entry in co-ordination with HCC. 

However, its independent function is unclear (Rummel et al. 2011). The HCC is known as 

the receptor binding domain, which binds to gangliosides and protein acceptor contributing 

to neuronal tropism of BoNT/A (Karalewitz et al. 2012). An engineered variant of 

BoNT/AæHCC lacking the HCC domain of BoNT/A created in ICNT displayed a greatly 

decreased ability to enter neurons isolated from the dorsal root ganglia (unpublished data). 

This has been exploited in this study as a control in the experiments described in Chapter 3. 

It is reported that HN consists of long helices which appears as a tunnel via which the LC 

passes into the neuronal cytosol (Fischer et al. 2007, Fischer et al. 2009). The LC is a zinc 

dependent metalloprotease, which cleaves SNARE proteins. LC is joined to HN by a 

disulphide bond and non-covalent interactions by a loop from HN, referred as the belt, 

around the LC region (Karalewitz et al. 2012). The literature provides evidence on 

recombinant variants of LHN, described later in this chapter. Because this report focuses on 

BoNT/A and its entry into motor neurons leading to the blockage of neurotransmission 

signal, a description of the exocytosis mechanism follows.  
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Fig. 8 BoNT/A (a) Schematic of BoNT/A. (b) Structure of BoNT/A. Proteases cleave BoNT into 

their active forms which consists of a Mr ~100 k heavy chain (HC) and a Mr ~50 k light chain (LC) 

linked by a disulphide and non-covalent bonds.  The HC region is important for binding to 

gangliosides and protein acceptor, the HN for translocation and the LC for protease activity. Image 

taken from Dolly and O'Connell (2012). 

1.3.3.2  Exocytosis mechanism 

The fusion of an intracellular trafficking vesicle with the plasma membrane is described as 

exocytosis. It plays a crucial role for growth and differentiation because it is the only 

mechanism whereby a cell can add additional membrane to the plasmalemma (a semi-

permeable membrane enclosing the cytoplasm of a cell). Exocytosis regulates delivery of 

secretory products such as neurotransmitters, transporters, enzymes, or channels. At the 

molecular level, exocytosis involves specialized protein families such as the SNAREs, the 

Rab/ypt proteins, and the Sec1/Munc18-like (SM) protein family. Because of the relevance 

of SNAREs to this study, their role in exocytosis is described below (Jahn et al. 2004).  

SNAREs represent membrane-anchored proteins and are crucial for intracellular fusion 

events (Jahn et al. 2003; Jahn et al. 1999; Rizo et al. 2002; Fasshauer et al. 2003). 

  

HC LC 
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SNAREs referred   to in this study include 1) the syntaxin-1 and 2) SNAP-25, localized on 

the plasma membrane, and 3) the synaptobrevin (also known as Vamp), concentrated on 

the membrane of synaptic and neurosecretory vesicles.  

SNARE motifs show a tendency to homo-oligomerize into helical bundles (Fig 9). 

Literature suggests that during neuronal exocytosis, a synaptosomal associated protein with 

molecular weight 25 kDa (SNAP-25) is commonly bound on the plasma membrane due to 

various palmitoyl chains that include cysteine amino acids. Syntaxin-1 and Vamp, on the 

other hand, are bound on plasma and synaptic vesicle membranes, respectively, via their C-

terminal domains (Foran et al. 2003; Humeau et al. 2000; Yamasaki et al. 1994). From the 

combination of syntaxin-1, Vamp and SNAP-25, a tight SNARE complex emerges, 

represented by elongated bundles of four Ŭ helices each of which is contributed by one of 

the participating SNARE motifs (two from SNAP-25), with the transmembrane domains 

being located at one end of the bundle (Hanson  et al. 1997;Sutton et al. 1998). The core of 

the bundle consists of the helices, connected by 16 layers of hydrophobic amino acid side 

chains. The assembled SNARE complex is stable and resistant to treatment with the 

detergents sodium dodecyl sulfate (Hayashi et al. 1995; Fasshauer et al. 2002), a property 

exploited for bi-chemical coupling of recombinants (Darios et al. 2010) described in 

Chapter 3. Formation of the SNARE complex is triggered by Ca
2+ 

at micro-molar 

concentrations (Rizzo et al. 2002). In addition to the three SNARE proteins, a large 

number of accessory proteins exist that enhance the SNARE-driven exocytosis process 

(Barclay et al. 2005).  

A Ca2+
 

sensor namely, synaptotagmin interacts with SNAP-25 in early synaptic vesicle 

docking within the presynaptic membrane. The C-terminal cytoplasmic region of 

synaptotagmin binds to Ca2+
 

and its N-terminal domain is present within the lumen of pre-
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synaptic vesicle (Littleton et al. 2001). Upon binding to Ca2+, synaptotagmin facilitates the 

Ca2+-evoked synaptic vesicle fusion with the presynaptic membrane (Humeau et al. 2000). 

Truncation caused by cleavage of the SNARE proteins by BoNTs prevents the formation 

of SNARE complex (Fig.9) and inhibits exocytosis. 

 

 

 

 

 

 

 

 

 

Fig.9 SNARE complex and synaptotagmin driven exocytosis. (A-C) represents topology 

and organization of the synaptic fusion complex. (A) Showing backbone ribbon structure of 

neuronal SNARE core complex. Synaptobrevin 2 (Sb) is shown in blue; Syntaxin 1 (Sx) is in red; 

and SNAP-25 (Sn1 and Sn2) is in green. (B) Organization of the SNARE core complex shows 15 

hydrophobic layers and 1 ionic ñ0ò layer. CŬ traces (grey), local helical axes (blue, red and green 

for synaptobrevin-II, syntaxin-1A and SNAP-25B, respectively), the super-helical axis (black), and 

layers refer to the Ca carbons that are closest to the center of the four helix bundle (0, red;-1, +1 

and +2, blue; all others black; layer numbering is centered at the ionic layer) are shown for one of 

the three complexes in the asymmetric unit. (C) The structure of the central ionic ñ0ò layer of the 

C D 

A 

B 
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synaptic fusion complex. Side chains involved in the layer are shown as balls and sticks; backbone 

is shown as a ribbon. The total buried surface area for the sidechain atoms in this layer is 742A° 

(Picture is adapted from Sutton 1998) (D) The core of SNARE complex consists of Ŭ-tetra helices; 

two from SNAP-25 and one each from Vamp and syntaxin-1; synaptotagmin (Ca
2+ 

sensor) that 

maintains SNARE zipping and vesicle fusion. Synaptotagmin consists of an N-terminal 

transmembrane region and two C-terminal domains namely, C2A and C2B, which bind to 

Ca
+2

(Image is adapted from Carr and Munson, 2007). 

1.3.3.3  Blockage of the exocytosis mechanism  

There are four steps (Fig. 10A) by which BoNTs causes blockage of the exocytosis 

mechanism, namely, 1) the binding domain (HC) attaches to the ecto-acceptors on 

cholinergic nerve terminals, 2) acceptor-mediated endocytosis and 3) translocation of a 

zinc-dependent catalytic endopeptidase LC 4) cleavage and inactivation of protein(s) 

essential for neurotransmitter release (Dolly and Lawrence 2014). 

Specifically in relation to BoNT/A mechanisms, on entry into the neuronal cytoplasm, the 

zinc dependent LC/A selectively cleaves 9 amino acids from the C-terminal of SNAP-25. 

As already mentioned cleavage of SNAP-25 blocks the fusion of small clear synaptic 

vesicles (SCSVs) and large dense-core vesicles (LDCVs) to the plasma membrane and 

thereby blocks the exocytosis of neurotransmitters (Black and Dolly 1986; Dolly et al. 

1984; Dolly et al. 1994; Humeau et al. 2000; Schiavo et al. 2000; Simpson 1979, Simpson 

et al. 1981).  

Step 1: binding to the ecto-acceptors 

BoNT/A recognizes cholinergic neurons by its HCC, ganglioside and synaptic vesicle 

protein binding domain (Baldwin et al. 2007, Emsley et al. 2000, Shapiro et al. 1997, 

Rummel et al. 2004, Stenmark et al. 2008, Chai et al. 2006, Jin et al. 2006). Yowler et al. 






























































































































































































