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Abstract

Title: Creating recombinant fusion protein conjugates for targeting SNARE protease

into neuroendocrine cells

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

develop a strategy fopain mangement by geerating a biotherapeutic that requires
targeting of soluble Pethylmaleimidesensitive fusion protein (NSF) attachment protein
receptor (SNAREWithin thehyperactive sensory nerveghis entailed conjugating nerve
growth factor (NGF) andhe SNARE-cleaving protease anidternalizationdomains of
botulinum neurotoxin A (BNT/A). The methodology involvedenetic fusion and use of a
protein stapling technologyvith a view toreplacing theBoNT/A C-terminal neuronal
binding subdomain (k&) with bNGF which isa specific ligand for preferéal sensory
neuronal targetingAfi r st gener at egcousefd BoNDNLPHPHEwa s
coli and purified. An alternative strategy was also adoptéd a view to staplinga
recombi nan tcc-SRAPRT grotemp(without the neuronal binding domainjth
Vamp2b NGF p r oM ogoti,and a synthetic syntaxih peptide via SNARE complex
formation. Treatment of PC2 cells withBo NT/ &fpH s e d tdad nob giv& &ny
cleavage of intracellular SNARS. Failure to redirect BoONT/A protease into R€ cells
was attributed tanactivity of thebNGF producinge. coli. After a number of attemptthe
precursompeptide(PrePro signal peptide) oNGF was identified as an essential element in
making a biologically-active b N G EEncouragingly, after inclusion of this leadmeptide
sequence into aamp2b NGF ¢ o it wds expredsed as an activetpno, although
with low vyield. The latter was addressed lngating a construct encoding a fAr® sigral

peptd e f ol | o we dmpdinythe hdNeGdF incveasing the yielExpression of the

XiX



resultant protein was noattempted In summary, expregs of functionallyactive
b N GVVamp2was achieved. Furthaptimizationis needed before its conjugation to the
BoNT ooretherapeutic domains, for redirecting SNARIEaving protease into hyper

active sensory nerge

XX
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1 Introduction



Chapter 1

Preamble

A Europearconsensus report by Pfizer (Chronic pain manage2@h®) revealed that the
total costs to the Irish GDP arisingfm chr oni ¢ pain were estim
The same report asserted tloae in three peoplen Irelandwho have chronic pain are
struggling with their condition and fear that their illness and absences farn may
mean loss of their job&ffective means to manage chronic pain are urgently needed to
bothimprove the quality of life of suffererand reduce health care costs (Ketal. 2010,

Lippe et al. 2010). This is borne out ba survey on chronic pain within 16 European
countries conductely Breivik et al. 2006, which stated that chronic pain occurred in 19%
of 46394 respondentstwo thirds of whitbh were moderately affected and one thivdre
severe casesavinga negative impact on their daily activities, social and working lives.
Anotherstudy carried out by Raffertgt al. 2011 in the Republic of Ireland reported that
chronic pain was prevalent within 35.5% of t#04respondents. Their study reported that
12% of respondents were unemployed or were working on reduced working houcs due t
chronic painBlyth etal. 2003highlighted the effects of chronic pain on the ability to work
and the consequent implicatis for the economy. This repantluded factors such as, the
cost related to the loss of productivity due to time off woeklued work effectiveness
andthe cost in loss of skills in cases where people reduced their working haiogped

working altogether.

The International association for the study of palASP) published on their websita
metaanalysis on prevalence of ramic pain based on 13 worldwide studidhe 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 tsoassociated with severe chiopain aresignificant
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for health systems in the countries surveyedernational association for study of pain

2003).

1.1 Neurobiology of pain

IASP defines pain as an unpleasant sensory and emotional experience associated with
actual or potential tissue damage or describeteims of such damage (Bonid®79
National institute of Health 20)4The word pain is derived from the Greek word meaning

6penal tyod.

1.1.1 Nociceptors

Receptors on the peripheral ending of different nensgsored to a variety of stimuli. Their
shape, location and field of reception indicate that theydasggned foresponse to their
stimuli. The pain receptor@ociceptors) have primitivelgrganized nerve endingsid a
weedlike appearance. The strengthtbé 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 naaptors. This threshold stimulus is called the noxious stisnul

and it causes tissuahageg(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 orderafferent nerve fibers are classified according to their size and conduction rates
(Fig.1). A-fibers are the largest in diameter andshrapid in conduction rates-fibers are
intermediate in sizend have a slow conduction ra-fibers are smallest in sizand

slowestconduction rate
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There are two types of pnd C fibars A Uiseohef okfoue n t n

types of Af i bers ( AU, Ab, A 0 , rapid pajn.condaiing fibers e t |
compared to Gonducting fibes. Pain signdc onduct ed by A0 fiber
sharp, shooting and intense, wdtkielocity of 6-25m/ s. AU fi bers are |
medium diameter size&8 e m) and have free nerve endin
thermal, mebanical and chemical noxious stimuli AG f i ber s frnpaike up
afferents and mediate pain from superficial areas such as skin. C fibers si@itbst 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 smaleirCsfibers account

for 80 % afferent pain fibers and arise from #ocalized polymodal nociceptorise.
nociceptors that respond to wide range of noxious stimuli. Cell bodies of C fibers are
located in dorsal root (spinal cord) or trigeminal gangliaiffrof spinal cordand their

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

A B
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Time (ms)

Nociception
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Unmyelinated
Small diameter
Innocuous temperature, itch -43°C
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(mechanical, thermal, chemical)

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

AU ( mediiaimme t er ) , -diardeter) &nd gnmyelinated afferent C fibers (small diameter).
B) Schematic of peripheral nerve action potential.
(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 ofthe spinal cord in the transmission mechanism of pgirmportantbecause
informaion procesig occurs in the dorsal hogrey matterThe spinal ord consists of

two symmetrical halveghe dorsal median sulcus and the ventral median fisaparated
with a small central canal in the center. The canal is surrounded by grey matp@sedm

of nerve cell bodies, dendrites and synaptic connections. The outer region of the spinal
cord contains white matter comprising of ascending and descendingfibergeThe grey
matter formsanH butterfly shape and the dorsal horn forms an arrangeofiesix layers
(numbered irFig. 2) as per theiRexedclassificationsystem(identified in the early 1950s

by Bror Rexed to label portions of tigeey columns of the spinal cordcute nociceptive
pain, stimulates the release of pain mediators fromma afferent terminals that project

to laminae I, IV and V in the spinal cord dorsal hdfaving been relayed to the lateral
spinothalmic tractpain signals from Al fiberstravel to the ventrobasal to posterior nuclei
or to the thalmic relay nuclei arafter that to the post central somatosensory area of the
cerebral cortex. Similarly, signals sent by théd@rshaving reached the medial nucleus of
the thalamus, continue to the prefrontal somatosenssgionr of the cerebral cortex

(Rudolfet al20079).
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Pain signals to brain —
. ‘ Lightly myelinated,

stem and brain \ Large cell
(through secondary | To supraspinal A fibres &
pain-projection targets

neurons)

\\ Heavily
' . myelinated |
. Laminae A fibres |
: TS mall cell |
bodies |
: Unmyelinated
¢ C fibres

H
~— Pain-projection |
neurons

Pain signals to spinal cord
(through primary afferents)

acute pain
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 st i mfibéradlsb project toADb ,
laminae IIi VI. 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,

Al

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

type (Fig. 3). Nociceptive painis the most widely experiencezhortacting sensation to a

noxious stimulus. It actas an essential alarm system to alertrtbeiceptord.e. sensory

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

pain signals are propagated from the pempliarough the spinal cord, brain stem, and
thalamus to the cerebral cortex, where the sensation is perchizeideptive pain is an

6
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important and essential alarm system that alerts the individual of fore coming danger to

prevent the body from damag€hose that have inefficient nociceptive control systems,
including patients witltongenital analgesigresulting from a nerve growth factor tyrosine

kinase A mutation that leads to a loss of hilgleshold sensory neurons), have reduced life
expectancies du& 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 purpdbkes of
shortterm reponse is to encourage healifgpllowing inflammation, the sensory nervous
system adapts by lowering the nociceptor activation threshold, so that normapgintud
stimuli produce pain(allodynia) and responses to noxious stimuli aemhanced
(hyperalgesia). Once the site of injury heals, this pain usually subsides; however, | som

cases it may become chronic.

Where there are lesions to the peripheral or central nervous sysienngpathic pain
results because dilterations in msticity and the lowering of nociceptive thresholds,
which in turn produce allodynia, hyperalgesia a®tondary hyperalgesigtransfer of

sensitivity to the nonjured area)(Woolf, 2004;Mirandaet al.2002)
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A. Nociceptive Pain
Noxious Peripheral Stimuli
Heat Pain
Autonomic Response
Cold Withdrawal Reflex
Intense @
Mechanical
Force } Nociceplor Sensory Neuron
°
cal ) Brain
Irritants
Spinal Cord
B. Inflammatory Pain
Inflammation
Pain
Macrophage ) Pain Hypersensitivity
Mastcell B Reduced Threshold: Allodynia
N il e Increased Response: Hyperalgesia
g 9 ©
Tissue Damage Nociceptor Sensory Neuron
o P Brain
—
Spinal Cord
Spontaneous Pain
C. Neuropathic Pain > Pain Hypersensitivity
0' ;; @
.'. Peripheral Nerve
. Damage —) Brain
Stroke
Spinal Cord Injury
O. Functional Paln Spontaneous Pain
Pain Hypersensitivity
\ @
7
—) Brain
Normal Peripheral
Tissue and Nerves
Abnormal Central
Processing

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 tiss

ue damage. Neuropathic pain is caused by lesion to the

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

Long-term nflammatory, neuropathic anidinctional pain is described as chronic pain
which can asein a range of conditionasfor examplearthritis, multiple scleysis, chronic

shoulder and bagbain, chronic migraine and myofascial pain.

1.2.1 Peripheral sensitization and entral sensitization

The presence of repeated stimuli in chronic pain situations reduces the threshold of
nociceptive afferents and enhances the msipeness of the peripheral terminals of
nociceptors, resulting in what is termed peripheral sensitization This peripheral
sensitization resulting in normally innocuousinsults being perceived as noxiouss
induced by the action afeuropeptides aridflammatorymediators released by either’€a
regulated exocytosis such ambstance P, CGRP, bradykinin, nerve growth factor,
serotonin or neuropeptide Y or by nerocytosis mechanisms (e.g. nitric oxide,

prostaglandins or F (Dray, 1995).Releasecheuropeptides and inflammatory mediators

amplify theconduction ofnociceptiveimpulses angthereby transferto the cell bodiesn
the dorsal root otrigeminal ganglia, producingentral sensitization (Latremoliere and
Woolf, 20®; Woolf, 2011). Both senstations contribute enormously foappropriate

hyperresponsiveness to signaling substances.

1.2.2 Elevated levels obNGF in chronic pain

NGF was discovered more than half a century agaa protein involved in a variety of
processes including cedignaling cell differentiation, cell survival, and cell death within
the peripheral nervous system (Wiesmatral. 1999; McKelvey et al. 2013). There is

growing evidence that NGF contributes to a variety of chronic st&teKelvey et al.
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(2013 asserts that NGFlays an important role in mediating chronic pain, based on their

findings that levels of NGF are abnormally elevatedaimumber ofhealth conditions
including rheumatoid arthritis, spondyloarthritis (Alee al. 1992; Hallidayet al. 1998;
Barthelet al. 2009), neurogenic overactive bladder, interstitial cystitis (Letval. 1997,
Oddiahet al. 1998; Jacobst al.2010; Liuet al. 2010) and cancenduced pain (Manthgt

al. 2010; Yeet al. 2011). In regard to the lattdBradshawet al. (2015)suggest tat NGF

and PreNGF (a precursor form of NGHFegulte breast cancer cell survivahd enhance
cell invasion, respectively. They suggestthat prostate cancer cells ovexpress ProNGF
whereby they induce neuritogenesis which increases cancer progrd$somechanism
for this process remainanclear.Genetic mutations in the NGF and TrkA genes result in
rare and severe condition of congenital insensitivity (losgaai perception)(Indo et al.
1996; Einarsdottiret al. 2004; Carvalhoet al. 2011; McKelvey et al. 2013. Genetic
mutations in NGF or its receptor TrkA can cause the inability in humans to perceive pain
(Rotthieret al. 2012 andVicKelvey et al. 2013). These conditions come under the broader
category ofhereditary sensory autonomic neuropati{idSANSs) (Rotthier et al. 2012).
Fivetypesof HSANOGs h av eMcKaveyret ak 2013 Retthieret dl. 2012),
where in each conditiothe affected person loses the ability to perceive pain. HSAN IV
and HSAN V are caused by mutations in TrkA andA\@spectively(McKelvey et al.

2013.
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1.2.3 Mechanisms of NGF in painmediation

A subset of sensory neuroegpress TrkA (Fan@t al. 2005; Franklinet al. 2009) and
TRPV1 @ nonselective liganehated cation channelln nociceptive neurons, transmission
of the pain signal resultwhen an external or internal source such as thermal, mechanical
or chemical (acids and lipidsjimulate the influx of CA via the opening of a channelg.
TRPV1 (Moranet al. 2004; Ramset al. 2006).Lewin et al. (2014) provided a detailed
description of how NGF regulates pain in nociceptive nesixoa the action omast cells
(Fig 4). Following injury or inflammationinnate immune response mechanisms involving
the action of mast cellgmterleukins (IL-1, IL3), cytokinesetc. are activated in the affected
area. While the mechanism is unclear, it has been hypothesized (keafir2014) that
these cells cause an increase in NGF expresBiG# decreasgthe threshold for action
potential generation through (Jgroducing an internalized NGFTrkA complex that
activates phospholipase @ sensory neurons. Breakdown of phosphotidyl inositol
phosphates (PiPs) by the latteauses a decrease in threshold at whileh transient
receptor potential vanilloid type | (TRPVWhich binds Pi3) channel opes (also known

as TRPV1 sensitaion) (Chuanget al. 2001), and (2) NGF induces an upregulation of
TRPV1 expression and its trafficking to the plasma membrane (&t@h2006 and Jet

al. 2002 McKelveyet al.2013. Kawamotoet al. (2002) suggests that NGF plays a crucial
role in sensitizing the adjacent nociceptive neurons of the PNS. They stateddGhRa
facilitates the releasef both other pain mediatorsuch ashistamines and prostaglandin
andcaussrelease oNGF from mast ells, leading to the formation of a positive fesatck
loop in the transmission of pain signal. Hedtial. (2006) and Mantylet al. (2011) stated
that NGF additionally plays an important part in sensitizing nociceptive neurons in the
CNS via the upreguteon of genes encoding substafResodium ion cannet such as
Nav1l.8,brain-derived neurotrophic factpthis central role of NGBignalingin pain is not
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relevant to this study described here anlll not be discussed further. Rather | will focus

on theperipheral role of NGF signaling in pain.
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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 NGFppomyosinrelated kinase ATrkA) andthe NGFTrkA

complex, describem Fig 5, 6 and 7
1.2.4.1 Structure of NGF

The following descriptin of the NGF followghatgiven by Weismaneet al. (2001). NGF,

as found in the submandibular salivary glands of mice, is a comifiestructure, which
consi sts of -NGRytwo copigmi f eN&F andl shdthod i me rNGR The b
stoichiometric arrangement is described a292g2, around a twdold symmetry axis

relaing the twobNGF molecules (Fig. B). To stabilize thea2b2g2 complex, conditions

are created to allow two zinc ions to bindtla interface between theNGF and t he

NGF.

TheNGF aNGF belong to kallikrein family of sere proteases. The horaimer
bNGF is the biologicallyactive form.The molecular weight alhe bBNGF monomer Fig.

5B) is 13kDa. Thetwo bNGF monomes hawe three disulphide bridgesinking them.

E a ¢ ANGFb monomer is expressed in annmiature form namelyPre-Pro peptide
consisting of an 18 amino acsiignal peptideRre), as well as 103 residuePro peptide.
T h eNG¥ is a spefic protease which cleavebe Re-Pro signalto its mature formthe
bNGF monomer. Thé&)/ NGF i s inactive and has been de

The importance of thé@re signal and the @ pe pt i d e NGF monbntee became
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evident in the course of this study for reasonschwill be discussed in detail Chapter

3. ThehomodimerbNGF is referred to as NGF in the followigges of this repart

Neurons respond to NGF via two cell surface receptaelyTrkA and p75Luberget

al. 2015). In this studyp75 was not examedfor anumber 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 & Remfut 2003). Thereforghe 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 p7%Luberget al.2015) NGF bnds to TrkA with high affinity (k~10

1'M) by comparison wittp75 (Kg ~10° M). In this study, p75 was not examinéat a
number reasons including the literature caveat that it causes cell apoptosis (Rabizadeh &
Bredesen 2003)nstead the experiment$ocused on TrkA for the following reasons: (1)
TrkA signalingmediates neurotropic effects such as cell survival, differentiation and cell
development. (2)NGF/TrkA signaling mediates the nociceptive functions of sensory
neuronsi.e. NGF/TrkA signalingpathway 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 | SGF) and the NGF
monomer (Protein Data Bank code 1BFT: (A) 7S NGF complex with the homo-dimer of
bNGF, depicted in red at the center, two copies of UNGFs hown i n green, aGH
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 formsof Tropomyosin receptor kinag@rk) areexpressed onell surfaceof hostof
cells, TrkA, TrkB and TrkC;NGF binds to TrkAwith a binding affinityof 10 KD,

whereas different growth factors bind to the ott{erserget al. 2015)
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Trk receptors are glycopm@ns that possess an extracellular lighimling domain, a

hydrophobic transmembrane domain and a cytoplasmic tyrosine kinase domain.
Extracellularly, Trk receptors contain an arrangement of three ledcime24residue
(LRR1-3) motifs whichare borderel by two cysteine disters (C1 and C2), followed by

two immunoglobulinlike domains (Igl and 1g3. These arefollowed by a single
transmembrane and a cytoplasmic domain that consists of a tyrosine kinase and several
tyrosinecontaining motifs. Phosphorylanh of the cytoplasmic tyrosinen the TrkA
receptor, regulates tyrosine kinase activity and previghosmorylationdependent
recruitment sites for adaptor molecules and enzymes that mediate initiation of intracellular
signalingcascades (Huang & Reiclar2003 Marlin et al. 2015 Rabizadeh & Bredesen

2003 (Fig. 6).

D1 C1
D2 LRR1-3
D3 Cc2
D4 Ig1
L PO 3 .
D5 A% 192

'y -

A IWAUREL Y
AR W

Tyrosine
kinase

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 thfe NGFTrkA complex showed that NGF engages
with the second immunoglobuliike domain, kewn as domain 5 (d&jig. 6) of TrkA
through two distinct pat c hsghsetsprdshnein tiognters t
of NGF molecule together with the first loop. The second patclorimed by the N
terminus of NGF, whichs important in binding to TrkA (Wiesmaret al 1999; Butte
2001).

The transduction of signal between NGFKA is crucial in the development and growth in
various host cells of peripheral nervous systétuahg & Reichardt 2003 including
sensory neurons mediating pakarmigere 2006, postganglioré sympathetic neurons
(Smeyneet al. 1994 and basal forebrain cholinergic neurof@dganet al. 1997). NGF
secreted by the target cell interacts with TrkA on the axonarltip.interaction of NGF to
the extracellular domain 1§, domain of TrkA leads t@onformational changes inducing
TrkA receptor dimerization, followed by rapid transphosphorylation of five tyrosine
residues on the cytoplasmic tail by theighboringTrkA receptorsThese phosphorylated
sites on TrkA receptors serve as docking sites d&daptor for proteins containing
phogphotyrosinebinding (PTB) or Sarcomayrosineprotein kinase(Sr¢ homology 2
(SH2) domainssuch as Shc (Huang & Reichardt 2003)These cytoplasmic adaptor
proteins bind to phosphorylation sites dhe cytoplasmic tailwhere they are
phosphorylatedeading to activation of intracellular signalingathways Rasmitogen
activated protein kinase (MAPK) cascade pathway, the phosphatidylin@$itodse
(PI13K)/Akt kinasepathway andphospholipase G-1 (PLC-2 1(Huang & Rechardt 2003

Sanseet al. 2011;Marlin et al.2015).
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The signals arising NGF/TrkA complex d@ransported from the tip of axons to cell soma

and then into dendrites by retrograde transpdh (axonal transportmechanism
responsible for moving moleculégstined for degradatidsy lysomedrom the axon back

to the cell body) by the mechanismitiernalization andignaling endosome formation

TrkA undergoes internalization folving engagemento NGF and this internalization at
the tip of axons seemse be essential for retrograde wual signaling Receptoimediated
endocytosis mechanisms can be broadly classified as being either afisibeimdent or
clathrinrindepen@nt, and recent findgs suggest that TA&Kmay be internalized by both
mechanismsControversy exists regarding the precise mechanism of TrkA internalization
(Harrington and Ginty 2013; Doherty and McMahon 2009)

In clathrindependent mechanism for the endocytosis of TRKA, NGF causes a
redistribution of the clathrin heavy chain to thasma membrane and promotes the
formation of protein complexes that contain TRKA, clathrin and adaptor protein 2 (AP2)
(Doherty and McMahon 2009). Clathimdependent mechanism (macropinocytosis)
underlying TRKA endocytosis involves the formation ofsplea membrane protrusions
that eventually fuse together and engulf large volumes of membrane and extracellular fluid.
Pincher, an NGHhipregulated GTPase, is involved in this mechanism of TRKA
internalization(Harrington and Ginty 20tShaoet al. 2002) The signaling events dboth
clathrinmediated and pinchenediated endocytosis for the internalization of TRKA and
initiation of the NGF retrograde sigraale poorly understood.

As mentioned earlier in this section, three major édiepathwaysor TRKA are the PI3K
ERK and PLCo pathways. Of these, the Pl 3K
roles in receptor internalization. PI3K is activated by TRKA via the adaptor protein GAB1

(GRB2associatedbinding protein 1YHarrington and Ginty 203 Xaplanet al.2000).
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PI3K itself participates in intealization and the phosophoinositide products of its

enzymatic activity bind and regulate several proteins cafgd in endocytosis, including
dynamin Krag et al. 2010 RASrelated protein RAB5 Harrington and Gint 2013
Christoforidis et al. 1999, AP2 Harrington and Ginty 2013Abe et al. 2008 and
synaptotagin (Harrington and Ginty 2013Radhakrishnan et al 2009). Dynamin, a
GTPase involved in pinching off the endocytic vesicle from the plasma membrane, is
required component for NGFRKA internalization and subsequent retrograde transport
(Harrington and Ginty 203¥hanget al. 2000. The plecktrin homology (PH) domain of
dynamn is requiredor its function in clathrirmediated endocytosis. This adtyrequires

the binding of phosphointides to the PH domaifHarrington and Ginty 2031 38ethoney

et al.2009 . Phosphoinostides themselves participate in vesicle coat formation and vesicle
targetng through recruitment of AP2. Thus, PI3K activitypi®bably required at multiple
stages in TRKmediated endocytos{siarrington and Ginty 2013

Phosphorylation of TRKA at Tyr785 following NGF binding leads to recruitment and
acti vat i of(darrington ahd Giomty 2013Vetter et al 1991) PLCo i s
multifunctional enzyme, acting as both a lipase and as an interacting partner for additional
receptor tyrosine effectors through its SRC homology doméitasrington and Ginty

2013 Bunney and Katapet al. 2011) The downstream ef breedt s o1
as those mediated by the second messengers of its lipase activity (that is, diacylglycerol
(DAG) and inositol 1,4, 8riphosphate (IB)) and those mediated by direct interactions. A
recent study found that -Pédi@tel TRKA internalizatipn i s
(Bodmer et al. 2011, Harrington and Ginty 2018 possibly through the control of
dynamin. Indeed, the release of2Z2drom internal stores into the cytoplasm that is caused
by P-mhediated formation of [P activates the phosphata calcineurin, which in turn

catalyses dephosphorylation of key dynamin residues that are required for receptor
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internalization(Harrington and Ginty 2093 Thus, events that are essential for different

steps of TRK internalization are controlled by tkear | 'y ef fect or s Pl

Harrington and Ginty 2013

Literature evidence suggests that the NGKA complex is proposed to be sorted into
short lived recycling endosomes or leinged signaling endosomes. The loAyed
signalingendosomes are propbto promote the cell survival and differentiation signals,
during their journey towards the somatodendritic area via the retrograde transport
mechanism (Harringtoat al.2011; Harringtoret al.2013).The fate of endocytosed NGF
TrkA is complex and its uncleamwhetherit is sorted into recyclingshort lived)or long

lived signalingendosomeg¢Marlin et al. 2015).This ability of NGFTrkA complex to be
sorted ito endosomesnay enable the LC of BONT/A tbe targeted to sensory neurons

(see later)Exploitation of this is the key objectivae 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 DNGF are dimers of i dimemnbindsdoaHe
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- 2 1Image 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

phosphatidylinositol  3-kinase (PI3K), extracellular signal-regulated kinase (ERK) and
phospholipase Co (PLC2) signalling pathways
RAB composition of these endosomes remains controversial. DAG, diacylglycerol; GRB2, growth

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

from Harrington and Ginty 2013.
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1.3 Chronic pain management

The prevalence of chronic pain in modern societies has been discussecgmramble to

this chapter and the cqsin terms of quality of life andhe drain on the examuer,
indicated. The need for governments to address the relevant issues through adequate and
fit-for-purpose health services has been ndtedeneral, he treatmentsurrentlyapplied

focuson pharmacological methods on the one hand amthe othereducationprograms

to inform healthy lifestyle decisions.

1.3.1 Current pharmacological treatment and limitations

The most commonly presbed drugs for chronic pain in suropean countries reported
by Breivik et al. 2006 were NSAIDs (Nonsteroidal antflamméory drug) (44%), weak
opioid analgesice.g.codeine(23%), paracetamol (18%) and strong opioid analgesgc
morphine(5%). Out ofthe 124 from UK and 12ffom Ireland 12% and 13 %ised strong
opioids.Kalsoetal. 2003andthe pain society (2004 provided compehensive guidance on

the use foopioids to norcancerrelated pain.

Combating theside effects of medication is matter of urgentconcern.Much of the
literature supportshe view that, despite significant advances in the understanding of the
pathophysiology of chronic pain (Goéd al. 2010) its management continues to challenge
physicians and fails to serve patients. Breieikal. 2006 reported thatNSAIDs have
adverse effeston the cardiovascular, anthe gastrointestinal system where @arerdose of
paracetamol, for exampléas the risk of hepatotoxicity. Their study highlighted that all
analgesics have side effects including stomach upset, constipation, diarrhea, dizziness, or
headacheStannardand Johnson 2003 reported that over orhird 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 eff@dts.the other hand, 64 % of

respondents to one study of chronic pain patients using predqodin medications
reported thathey were inadequate to control their paBrejvik 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.

Wheltonet al.2000 and Benyamiat al. 2008 gve further examples of the need to address
the side effects and risks of analgesic drugs in clinical prattiseaccepted that, as stated
by Manthyet al. 2011, there are very few treatments that efficiently regullatenic pain
without unwanted sideffects. The work reviewed in this report sought to maximise the
wanted and minimise the unwanted side effects of pain killers. Curren#ygnational best
practise guidelines recommend a multimodal combination of pharmacologic and non
pharmacological mwdalities as the most effective strategy to manage the disability
associated with chronic pain (Kimueaal.2010). The approach used in this study focuses
on the pharmacological oseThere are unmet needs which require the advancement of
drug discoveryresearch dealing with chronic pain for development of new class of drugs
with longlasting effect and which do not contribute towards side effects like drug

dependence.

This studydescribes a new approach that seeks to exghleitability of BONT/A in the
management of pain. Therefoiiejs 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 asan emerging herapeutic

Since approval oBotox® in 1989in the United StatesAllerganhas confirmed its safety as

a therapeuticfor the treatment of strabismus, benign essential blepharospasm and
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conditions of the VII' nerve As demonstrated bffuorescentimmuncmicroscopyin a

study of rodent nervenuscle prepations paralysed with BoNT/Aits ability to
accumulate the mediataCalcitonin geneelated peptide(CGRB in the pre-synapse
presented the first clues its potential benefits in pairfLande et al. 1989) Further
evidence of pain relief was provided kByccessful treatment afystonia patientsvith
intramuscular injections of BOTOX(Brin et al. 1987). In the treatment of migraine, the
injection of BOTOX® causeda reduction in the severity and the frequency of migraine
episodes(Binder et al. 1998) Its success has encouraged a new intereBoMT asa
potential antinociceptive A study of 30 migraine suffers revealed tB®TOX® treatment

of any severityof migraine waswell toleratedand that it relieved in a significant manner
the frequency of migiine attacks at day 90, and the frequency of severe attacks at day 60
and 90(Barrientos and Chana, 2003 a study to discover its success in treatment of
chronic tension type headaches, local injectionBOTOX® resulted in leshieadaches
and precranal muscle tendernsg(Relja and Telarovic, 2004 a study on29 patients
with focal painful neuropathies and mechanical allody@®TOX® resultedin a direct
painkilling effect on muscle ton®f these subjectRanouxet al. 2008). Their effect on
refractory neck pain was investigated 4n subjectsshowing a significandlecrease in the
mean pain intensity (Milleret al. 2009).More recently(Dieneret al.2010) in a large trial
with 1384 chronic migraine sufferseated withonabotulinumtoxinA (BOT®&®), the
results showed aftayne dosehe occurrence of headache dayas significantly reduced
and this benefit lasted for six monthsollowing such encouraging results from these
clinical studies, Allergan Inc. was granted approval by the Fi»Wl MHRAfor BOTOX®

as a treatment for chronic migraineuers (headaches for 15 days or more per month) in the
United States and UKgspectively(Aoki and Francis, 2011BoNT have been exploited

as muscular relaxant and in treatment of chronic pain. Becausetutlis exploits the
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ability of BONT/A in the management of pain,istimportant to understaritie structure

and themechanismm of BONT.

1.3.3 Botulinum neurotoxin

Botulinum neurotoxin (BoNT) is produced froGiostridum botulinuma rod shaped gram
positive bacteum which grows in anaerobic conditiofi€aralewitz et al. 2012. BoNT

causes flaccid paralysis or botulis@lostridium botulinumwas cultured and isolated
successfully in 1944 b¥dward Schantz. Its success in the blocking of newsscular
transmissionwas 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 moleculeand clinical applications in medical industry (Poulainal. 2008).

Seven categories of Bol§Trrom AG, all of which are toxic to nehuman pimates have

been identifieddescribedand reviewed Foulainet al. 2008. Type A toxin isthe most
broadly studied and applied for therapeutic treatments (Davégtal, 2005; Foanet al,

2003; Jankovic, 2004).

1.3.3.1 Structure

BoNT/A consistsof three indeperght functional domains, nameld) a heavy chainC-
terminal domain wich binds to the acceptors {H described below(2) a translocation
domain (H,). (3) alight chain whichis a zinc-dependent catalytic endopeptidase (&Y.

8). The 150ksinglechain BoNT/A becomes activated upon proteolysis by endogenous
bacterial proteasgsr by trypsin when proteolysis is carried autvitro). Proteolysis lads

to dichains of H HcyHee and LC, linked via a disulphide bond and remvalent
interactions. The molecular weight of each of the three BONT/A damgin50 k TheC-

terminal acceptebinding (H:) domainis subdivided further into twastructuraldomains
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C terminal domain (b)) and N terminal domain (). Both play an important role in

binding to gangliosides and high affinity protein synaptic vesicle protein @lzi2006;
Jinet al. 2006).The N terminus of the &(Hcn) appears to form jellyoll folds similar to
legure seed lecithilike structures (ktype lecitirs) and the @erminus of K (Hcc)
appear s ttefoilffotdrsimilarato rkiritype lectins (Rype) (Karalewitzet al.
2012; Varki et al. 2009; Thomaset al. 2009). Hcy consists ofa series of antparallel
strands, which are connected by short loops, to formbtaloeets (Karalewz et al. 2012).
The function of Ky wasreported to facilitate neurotoxentry in ceordination with Hc.
However, its independent function isnclear (Rummeet al. 2011). The Hc is known as
the receptor binding domain, which binds to gangliosidespamigin acceptor contributing
to neuronal tropism of BoONT/A (Karalewitet al. 2012). An engineered variant of
BoNT/AaHcc lacking the H:c domain of BoNT/Acreated in ICNTdisplayeda greatly
decrease ability to enter neurons isolated from thersalroot ganglia (unpublished data).

This has been exploidn this study asa controlin the experiments described in Chayge

It is reported that Kl consists of long helices which appears as a tunnel via which the LC
passes into the neuronal cytosol (Fisatteal. 2007, Fischeet al.2009). The LC is aiac
dependent metalloprotease, which cleaves SNARE protef@sis joned to H, by a
disulphide bond and netovalentinteractions by a loop from \ referred as the belt,
around the LC region (Karalewitet al. 2012). The literature provides evidemcon
recombinant variants of L described latein this chapterBecausehtis reportfocuses on
BoNT/A and itsentry into motor neurons leading to the blage of neurotransmission

signal a description of thexocytosis mechanisfollows.
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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 H¢ region is important for binding to
gangliosides and protein acceptor, the Hy 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 thegplea membrane is described as
exocytosis.It plays a crucial role fogrowth and differentiatiorbecause it is the only
mechanism whereby a cell can add additional membrane to the plasmalans®an (
permeablemembraneenclosingthe cytoplasmof a cell). Exocytosis regulates delivery of
secretory products such as neurotrattens, transporters, enzymes, or channels. At the
molecular level, exocytosis involves specialized protein families such as the SNAREs, the
Rab/ypt proteins, and tieecl/Muncl8ike (SM) protein family Because of the relevance

of SNARES to this studyheir role in exocytosis is described below (Jahal 2004).

SNAREs represent membraaachored proteins and are crucial for intracellular fusion

events (Jahret al. 2003; Jahnet al. 1999 Rizo et al. 2002; Fasshaueet al. 2003).
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SNAREs referred to in this study include 1) theyataxin1 and 2) SNAP25, localized on

the plasma membranand 3) the synaptobrevifalso known as/amp), concentrated on

the membrane of synaptic and neurosecretory vesicles.

SNARE motifs show a tendency to howmligomerize into helical bundles(Fig 9).
Literature suggests that during neuronal exocyteasgnaptosomal associated protein with
molecular weight 25 kDa (SNAP5) is commonly bound on the plasma membrane due to
various palmitoyl chains that include cysteine amatids Syntaxinl andVamp, on the

other handare bound on plasma and synaptic vesicle membranes, respectively, via their C
terminal domains (Foraet al. 2003; Humeatet al. 2000; Yamasaket al. 1994).Fromthe
combination of syntaxil, Vamp and SNARS5, a tight SNARE complex emerges,
represented by etgated bundieo f f o u r eathoflhwkidhis coatisbuted by one of

the participating SNARE motiféwo from SNAR25), with the transmembrane domains
being located at one end of the bundle (Hanesbal. 1997;Sutton et al998).Thecore of

the bundle consists diie 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 (Hayahal. 1995; Fasshaueat al. 2002), a property
exploited for bichemical coupling of recombinants (Daries al. 2010) described in
Chapter 3.Formation of the SNARE complex is triggered I8 at micromolar
concentrationgRizzo et al. 2002. In addition to the three SNARE proteins, a large
number of accessory pesns exist that enhance the SNARdiven exocytosigprocess

(Barclayet al.2005).

A Ca&* sensor namely, synaptotagmin interacts with SNeAPIn early synaptic vesicle

docking within the presynaptic membrane. Thete@ninal cytoplasmic regionof

synaptotgmin binds to C&* andits N-terminal domain is present within the lumen of-pre
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synaptic vesid (Littleton et al. 2001). Upon binding to G4 synaptotagmin facilitates the

Ca**-evoked synaptic vesicle fusion with the presynaptic membrane (Hueted12000).

Truncation caused by cleavagf theSNARE proteins by BoNTs prevents the formation

of SNARE compleXFig.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 (Snl and Sn2) is in green. (B) Organization of the SNARE core complex shows 15
hydrophobic |l ayers and 1 ionic fi00o | ayer. cu
for synaptobrevin-Il, 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 i o n i tayerio0 the
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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 ¢ o n s i s-tesa halies; U

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

+2
Ca (Image is adapted from Carr and Munson, 2007).

1.3.3.3 Blockage of the exocytosis mechanism

There are foursteps(Fig. 10A) by which BoNTs causes blockage tife exocytosis
medanism namely, 1)the binding domain (b attaches to the ectxceptors 0
cholinergic nerve terminals, Zcceptormediated endocytosis and 8anslocation of a
zinc-dependent catalyti endopeptidase LC 4gleavage and inactivation of protein(s)

essenal for neurotransmitter releagBolly and Lawrence 2014)

Specifically in relation to BNT/A mechanisms, on entry intbhe neuronal cytoplasm, the
zinc dependent LC/A selectively cleaves 9 amino attm® the Gterminalof SNAP-25.

As alreadymentionedcleavage of SNAR2S5 blocks the fusion of small clear synaptic
vesicles (SCSVs) and large dermsge vesicles (LDCY¥) to the plasma membrane and
therebyblocks the exocytosis of neurotransmittéBdack and Dolly1986; Dolly et al.
1984; Dollyet al. 1994;Humeauet al. 2000; Schiavet al.2000; Simpsori979, Simpson

et al.1981).

Stepl: bindingto the ecteacceptors

BoNT/A recognizescholinergic nerors by its Hcc ganglioside and synaptic vesicle
protein binding domain (Baldwiret al. 2007, Emsleyet al 2000, Shapircet al. 1997,

Rummelet al. 2004, Stenmarkt al. 2008, Chaiet al. 2006, Jinet al. 2006). Yowleret al.
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