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ABSTRACT

Brain derived neurotrophic factor is a neurotropdirvital importance for

neuron survival.

It may therefore be of great help to people afeéchy sensorineural
hearing loss and cochlear implant users, as it hmeady been
demonstrated that it maintains neuronal cells adiad this proved to be

necessary for the device to work.

The issue with its clinical application is relatedits large size that makes

it difficult to deliver.
In this thesis | took on one of the tasks of a [paem project.

The objective of the Nanoear project is the creawwd multifunctional
nanoparticles that could be used as drug carrera farget delivery in the

inner ear.

The final aim is to find a substitute for BDNF pet, able to mimic its
action but small enough to be attached to the retiojes and carry them

to their target in the inner ear.

The best method to obtain small peptides with tHeawres is the phage
display. This technique allows selection of a poblspecific peptides

binding specifically to an immobilized target.

In collaboration with an English company involvedthe project as well,
we worked to set all the parameters in order toertak phage display for

this project feasible.

As our goal was attaining BDNF mimetic peptides tauget had to be its

functional receptor, TrkB.



Starting from a polyA+ RNA library from adult humdmain we could get
the genes coding for TrkB and BDNF and follow ak process up to the

expression of the two proteins in bacteria andukaeyotic cells, as well.

In order to include into nanoparticles the mostc#pme peptides many
approaches for the phage display were taken intasideration and

experimented on.

This technique was in fact performed in vivo onmnga pigs and all the
parameters were set for different trials in vitrthher on eukaryotic cells or

on the specific binding domain purified from bater

Therefore the results and the data obtained instiidy can lead to a new

generation of drug with great clinical potential.
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1 INTRODUCTION

Hearing impairment is a full or partial decreasdha ability to detect or

understand sounds which can be caused by a wide Hrfactors.

It has a huge impact on the population as it affeebre than 560 million
people worldwide (80 million just in Europe) andoab one sixth of the

population of Italy.

According to the World Health Organization it isrydikely that by 2050,

hearing loss will rise to 900 million worldwide.

The incapability of hearing has disastrous effextspeople’s social and
working life because it eventually leads to thdagon of the individual by

limiting his skill to communicate with the rest thie world.

Those born with a severe hearing loss have venyedhthance of learning
to speak and develop oral language because ofaimplete absence of
sound input and this could eventually lead to poedeicational outcomes.

As for the adults who develop a severe hearing lossg vocational skills

and social interaction proves to be traumatic.

Furthermore, individuals with a severe to profoumearing loss often

exhibit signs of paranoia and depression (Mailletl1995).

Subjects with hearing impairment are likely to beren vulnerable to

depression but also physical and mental illnesgas Oyen et al, 2001).

Moreover hearing impairment will represent an iasieg challenge to

public health as lifespan increases and the gepepallation ages.



There are different types of hearing loss accordmghe part that is

actually damaged.

The ear consists of three parts: the outer eanmniddle ear and the inner

ear.
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Figure 1.1 scheme of the ear (image from www.utdol.com)

Based on the area affected we can then refer tducbime or sensorineural

hearing loss.

Conductive hearing loss is caused by a mechaniollem in the ear canal
or the middle ear that blocks the conduction ofnsbut can be easily

corrected with hearing aids.

Sensorineural hearing loss is caused by damadeetmber ear, auditory

nerve or auditory nerve pathways in the brain.

Cochlear hearing loss occurs when the structurgslanthe cochlea are
damaged. This can occur in several different waygh as exposure to
ototoxic chemicals or intense sounds, infectiontafelic disfunctions,

allergies, or as a result of genetic factors (Wa€&r1999).

The damage may extend beyond the cochlea to indligheer centres in

the auditory pathway. The more general term of @@msural hearing loss
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is used to describe a hearing loss where damagesoiceither the cochlea

or neural structures.

About the 90% of the people with hearing impairmgotesent damage to
the cochlear structures and one out of a thoushidren is affected by a

congenital sensorineural deafness.

In contrast with other species which can produceegenerate cells (Stone
et al, 2007) involved in hearing throughout thée,Imammalians hair cell

when deteriorated are lost thus creating an irssker situation.

1.1 The cochlear implant

While patients with a partial hearing loss couldhlegped with hearing aids,
which just amplify the loudness of sounds, in caséere the auditory
system is more profoundly damaged and the funditgnaf the organ is
compromised the only possible treatment is thehleac implant:

regardless of how amplified the sounds are thelynail be perceived.

Usually in patients with a severe hearing loss giqgo of the auditory
nerve cells is still functional, and cochlear ials are meant to
electrically stimulate those neuronal cells, thypdssing the damaged

parts of the auditory system.

In cochlear implants, also called bionic ear, tla@ndged structures are
replaced with a wire that is implanted in the ceehl

The hearing process is stimulated when sound waxegerceived by a
microphone that hangs over the back of the ean, sbends are passed via
a thin wire to a speech processor that amplifies fdters sounds before

converting it into digital signals.



These are sent back via the same wire to a tralesmahich in turn sends
radio signals to a receiving unit embedded understialp. This stimulates
the wire implanted in the cochlea enabling it tacselear signals to the

auditory nerve.

Q.
Figure 1.2 The cochlear implant (images taken from Cochleaat Medel

websites)

Although the surgery permanently damages the cactile implants can
greatly improve hearing, even in people who arefquradly deaf and

nowadays many patients can benefit from this systedhhear again.

Implant recipients have shown great improvemeries gktting the bionic

ear, as many studies demonstrated (Oh et al., 2003)

Moreover Blamey et al in 1996 could prove ongoingpriovements in
patients performances were related to the duratiemplant use.



Therefore the use of cochlear implants really igr@at benefit for deaf
people as they can hear again, their tinnitus ysdakcreases and they can

get their confidence back which helps improvinglogir conditions.

Children implanted have especially shown greatea@ments in particular
when it comes to learning to speak and so in tbanversational fluency
(Rubinstein, 2002; Tye-Murray, 2003) which helpdterh get better

educational and vocational chances.

The prosthesis however, has sometimes proven sfesdtry because of

the poor perception/discrimination of words or éasthetic reasons.

Many factors can determine great differences inividdal outcomes,
though, such as the age at onset of deafnessgthatamplantation, the
duration of this condition, the extent of residoahkring and the experience
with the implant (Tong et al, 1988).

This means that many improvements can still be don#he bionic ear in
order to enhance its performance and allow deaplpeto have better
hearing capabilities (Wilson et al 2003).

Several studies were brought on to enhance theaeffiof the cochlear
implant either on the electronic device or on thlessility of using a
combined pharmacological strategy to halt the amgand irreversible

degeneration in the damaged auditory system.

Indeed prosthesis function depends on survivaledectrical excitability of
the cochlear neurons (Nadol JB et al, 1989) buthteaand loss of cochlear
inner hair cells causes a series of events thaitriest in the retraction of
the peripheral processes of the auditory nerve, fecaation in the organ
of Corti, and over the course of months to yeaesltiss of auditory nerve
cell bodies (spiral ganglion cells).



Degeneration of the auditory nerve occurs afteiofes of its peripheral
target field (organ of Corti), specifically, inclung) loss of inner hair cells
(IHCs).

But a local treatment of the cochlea may enhanceival of auditory

neurons.

Several strategies have been taken into consideratitrying to ameliorate

or prevent this pathological condition.

The mechanism of cell death in the cochlea has baahed showing its
two possible pathways: necrotic cell death mediatedery loud noise, or
apoptosis, mediated by the activation of the casgas cysteine protease

family within the cells.

A pharmacological intervention on each of these mexhanisms: necrosis
and apoptosis could provide the possibility to mdand, in some cases, to

prevent cochlear cell death.

Among the prevention strategies considered the afsentioxidants,
glutamate receptor antagonists, neurotrophins (Blara et al, 2002;
Gillespie et al, 2004) and NOS inhibitors were aa&dd (Fetoni, 2005).

Many investigated the role of antioxidant agentsdifierent models of
peripheral hearing disorders and it resulted thdikogidants protect the
cochlea from noise-induced trauma, as well as aispl and

aminoglycoside exposure.

Protection of auditory sensory cells from one & thajor ototoxic drugs,
that is cisplatin, is carried out at the molecuéel by three mechanisms:
prevention of ROS formation; neutralization of txproducts, and

blockage of apoptotic pathways(Ciorba et al, 2@&haizadeh et al 1997).

Nowadays even cell regeneration through genic flyer@ppears as a
feasible approach (Edge AS, 2008)
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Cochlear hair cells and supporting cells derivanfrthe same precursor
cells during the embryogenesis but then differéatihanks to many genes

and factors.

Recent experiments have given promising resultsermmg the processes
related to inner ear damage. In the mammalian ludati system,
Kawamoto shown that hair cell regeneration can oaguder certain

circumstances (Kawamoto et al, 2009).

In the auditory system there is evidence of hait oegeneration in
newborn mice given explants from cochlea and inae@pg the damaged
hair cells by converting the supporting cells usthg gene Math 1 (

Kawamoto et al. 2003).

Math 1 gene has been shown to act as a "pro-hlhigeee” and it has a
crucial role in the differentiation of hair cellf multipotent progenitors.

In 2005 Izumikawa et al. demonstrated that by ugiege therapy the lost
hair cells in mammals can regenerate and thatrgeanay be returned to

the profoundly deaf mammalian ear.

New hopes were raised after observing a spontanecosery of hearing
after noise trauma in humans which implies thatoresy the hearing

function may be possible.

Despite the fact that the mechanisms lying benteahrecovery have not
yet been fully delineated, there is noteworthy ewwk that cochlear
damage induced by noise can be prevented by tHeapm of different
pharmacologically active substances.

A feasible way of delivering drugs to the inner eaunder investigation
because not all the approaches known are clinicalig technically

possible.

11



Drugs can reach the cochlea either locally, from tiiddle ear over the
round window membrane (RWM) through permeationdioectly injected

through the RWM or the oval window or with an osimgaump (passing
through the lateral wall of the cochlea) or by ewst application (orally,

intravenously or via the cerebrospinal fluid) .

A new approach that has been considered is theneoé/ing the use of
nanoparticles which can carry drugs and reach #wercells in the inner

ear.

| joined a European project whose goal is to dgvelavel multifunctional
nanoparticles (MFNPs), which are targetable tocsetkcell populations,
biodegradable, and with a high efficacy of transfec by biological

surface modification.
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Figure 1.3 Nanoparticles comparison (from Nanoear website)

One of the “challenges” of this project is the specell targeting of the

nanoparticles.

My particular aim is therefore to find targetingppides mimicking the
endogenous ligands, which can bind to specificp&ee present on spiral

ganglion cells, the TrkB receptors.
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Peptides will be identified with the phage dispsayeening. Such selection
technique is also known as biopanning, and resalthighly selective

peptides binding to specified receptors, thus afigvaccurate targeting.

1.2 Anatomy of the inner ear

The human auditory system comprises the ears andctbnnections to and

within the central nervous system.

The auditory system can be divided into the outeddle, and inner ears,

the auditory nerve, and the central auditory pajiswa

CRURA OF STAPES FACIAL MNERVE
PROMINENCE OF LATERAL SEMICIRCULAR CAMAL FOOTPLATE OF STAPES IN OVAL WINDOW
INCUS VESTIBULE
MALLEUS SEMICIRCULAR CANALS, UTRICLE
AND SACCULE

INTERMNAL ACOUSTIC MEATUS
COCHLEAR NERVE

VESTIBULAR NERVE

FACIAL NERVI

OF CORTI
CAVITY OF MIDDLE EAR

PROMONTORY i < o
RSORS INB S ili‘ia-
A o
/

EUSTACHIAN TUBE

(EAR CAMNAL
SCALA VESTIBULI
EAR DRUM COCHLEAR DUCT
(TYMPANIC MEMBRANE) CONTAINING ORGAN = COCHLEA

Figure 1.4 Anatomy of the inner ear (picture from Netter)
The oval window separates the middle from the iraer

This consists of sensory organs of hearing (théleay and of balance (the

semicircular canals, utricle, and saccule) whoseenia vestibular system.
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The cochlea forms a cone-shaped spiral with aboah® % turns. It is

widest at the base and it narrows towards the apex.

Figure 1.5 The cochlea (image taken from Gray)

Two membranes, Reissner's membrane and the basdmbrane, divide
the cochlea along its length into three differehimabers: scala media,

scala vestibuli, and scala tympani.

The Organ of Corti, which is located on the bagiteambrane in the scala
media consists of a single row of inner hair c@Cs), three to five rows

of outer hair cells (OHCs), different types of sagmg cells, and the pillar

cells forming the tunnel of Corti which divides t©¢1Cs from the IHCs.

Most sensory hearing loss is due to poor hair telttion due to age,

disease, damage or deformity of the cells.

Either cochlear or vestibular sensory cells arkeddiair cells because they
are characterised by having a cuticular plate pnwtibh a variable number

of stereocilia bathing in the surrounding endolymph
The cell body itself is instead located in the lyenph compartment.

These two types of cells, inner hair cells and ohger cells, differ by their

position, shape and pattern of the stereocilia.
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There are approximately 3500 IHCs and 12 000 OHCshe cochlea
(Simpson, 2007).

IHCs are supported by phalangeal cells which hoéd rounded base.

The outer hair cells are longer and smaller andsapported by Dieter
Cells. Inner and outer hair cells differ from eather structurally, as well
as functionally. The flask-shaped IHCs contain agehusystem of
tubulovessicular endoplasmic reticulum, Golgi appas and mitochondria
(Lim, 1986).

outer hair cell tectorial membrane
cells of e — :
Hensen ’ — :

-~ = e e ' hair bundle
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Boettcher tunnel of Corti R
basilar cells of nerve fibres
membrane

Deiters

Figure 1.6 The organ of Corti (taken from ourworld.compusereen)

This is probably a hint of a high level of metabdictivity, which may be
related to the transduction of mechanical to ebetiemical energy.

Outer hair cells have a much more developed endata reticulum
system and also contain contractile proteins ae®@tdia and cuticular
plates which enable them to actively contract dodgate (Slepecky et al,
1988).
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On top of the cuticular plate present at the serfaicboth inner and outer
hair cells there are the stereocilia whose numlsies based on the

tonotopy.

Each OHC contains as many as 150 stereocilia didke and their number
decrease to about 60 at the apex. Inner hair d¢ellee circa 50-70
stereocilia each that differ from the OCHSs' for faet they do not change

in number and they are thicker.

Another difference is that whereas OHC stereoail@in contact with the
overlying tectorial membrane, IHC stereocilia serhave not to have

contact with it.

1.3 Perception of sound in the auditory system

The tympanic membrane vibrates when it receives dbend waves

travelling along the auditory canal.

Its transmitted vibrations then pass through thddhei ear and the three
ossicles, the malleus, incus and stapes, to réscbovial window at the base

of the cochlea.

The vibrations delivered to the oval window cause lhasilar membrane to

move.

This movement in turn stimulates a sideways motidnthe tectorial

membrane and of the stereocilia in contact with it.

OCHs cilia bend because of a direct contact whigelHCs' will follow the

fluid movement that comes with the tectorial memiets vibration.

When stereocilia bend transduction pores on thaifase open allowing

access to a channel through which ions can pass.

16



Immediately after in the space between the halracel the afferent nerve a
neurotransmitter is released causing an excitatesponse along the

auditory nerve.
This process transforms mechanical energy intdredatenergy.

The signal is then carried through the central tanglisystem to the

auditory cortex in the brain.
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Figure 1.7 Schematic representation of the way acoustic $sgaa passed
from the basilar membrane to the auditory nerv&kdtafrom Simpson A,
2007)

Inner hair cells therefore are important as thegnglate mechanical
movements in the cochlea into electrical stimulil a@ural activity. They
play a crucial role in conveying information abaatnd from the cochlea

to higher auditory pathways via the afferent nearon

Outer hair cells instead influence the responsé¢hefbasilar membrane
changing their length, shape and stiffness in nespa®o sound, so they are

just a part of an “active mechanism” in the cochlea

Each hair cell has several contacts with neuronally ending in the spiral

ganglion inside the modiolus.
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Both types of hair cells are innervated by speddiferent and efferent

systems forming a loop to and from the brainstem.

Figure 1.8 Innervation of the hair cells (from Promenade mduthe

cochlea website)

The radial afferents (blue) and the lateral effeyegpink) innervate the
inner hair cells; the spiral afferents (green) #mel medial efferents (red)
innervate the outer hair cells (Spoendlin, 1978518nd 1988).

IHCs are synaptically connected to all type | dpganglion neurons

forming the radial afferent system (blue) goingie cochlear nuclei.

The lateral efferent system (pink) coming from #meall neurons in the
ipsilateral lateral superior olivary complex cresagefeedback control to the

IHC/type | afferent synapse (Altschuler and Fex3d)9

1- Cochlear nuclei

2- Lateral superior alive
3- Medial superior olve
4 Floor or dth wventricle

Figure 1.9IHC innervation (from Promenade 'round the cochhezbsite)
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On average, one IHC is innervated by ten synaptigptexes from afferent

dendrites.

These are made up of a radial afferent bouton Yldnd a lateral efferent

ending (pink).

1- Cochlear nuclei

2- Lateral superior olve
2- Medial superior oliwe
& Floar ar dth wentricle

Type Ul

Figure 1.10 OHC innervations (from Promenade 'round the cochlea

website)

The OHCs only synapse with a small number of seradings from type I

spiral ganglion neurons, making up the spiral afi¢system (green).

Large neurons of the medial efferent system (rigdjn both sides of the
medial superior olivary complex, form axo-somaioapses with the OHC
(Pujol, 1994).

At the synaptic pole of the outer hair cells thare an afferent bouton

(green) from a type Il ganglion neuron and a meefi@rent ending (red).

The spiral ganglion derives from the primitive otst It differentiates very
early, before the organ of Corti (Torres and GiealdL998)

In man, it is composed of 30 to 35,000 bipolar nasrof two main types.

Large and myelinated type | neurons (around the @6%he total) are

connected to inner hair cells; small and unmyedidaiype Il neurons are
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connected to outer hair cells. Both types haverakm@ixons delivering

signals to the cochlear nuclei.

In mammals type | spiral ganglion neurons (95%hef ganglion neurons)

have a single ending radially connected to IHCg@B@d, Ryugo, 1987)

Type Il small, unmyelinated neurons penetrate tigaro of Corti and spiral
before branching to contact about ten OHCs, gegenalthe same row
(Brown et al, 1988).

Cutarhar eells

Cpmal ganglion cells

"
o

Fro supattar clivary complex (efferants)

Figure 1.11 Innervation of the cochlea (taken from Gillespje004)

Cochlear implants can restore people's hearing dsypg the damaged
areas of the auditory system but their efficacyetels totally upon SGN

survival (Marzella and Clark, 1999)

Response to electrical stimulation by neurons gligi affected by loss of
dendrites, demyelination of axons and soma andhisgge of neurons
themselves (Leake and Hradek, 1988).
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Patients could benefit from the cochlear prosthasstsf the SGNs and the
auditory nerve are alive and functional and thecess of the device

depends almost entirely upon the survival of trstgectures.

Many studies on animals have shown that the ongdaggeneration of the
neural cells close to the implant, could severeimngromise the effects of

the hearing device.

Indeed Shepherd and Javel, 1997 and Hardie anch&ite999 revealed
that in implanted animals ongoing SGN degeneratiaae perception of

sound get worse.

Despite this fact the same effect on humans cayrginochlear implant has

not yet been demonstrated.

Ylikoski in the nineties remarked that SGNs couldvs/e only if they
maintain communication through synapses with themget and are
supported by neurothrophins (generally expressduabycells).

As the neuronal degeneration in the inner ear dpart being irreversible
Is also progressive in time, a way to improve thesfhesis performances

could be preventing this process from starting.

This could be achieved developing a pharmacologitategy able to halt
or at least slow down neuronal degeneration in itheer ear, thus

improving cochlear implants' performances too.

Moreover, while conflicting results have been réporabout the survival
effects of chronic electrical stimulation on SGMshas been proven that
BDNF delivery in conjunction with electrical stination of the nerve
through a cochlear implant in deaf animals may Itasuenhanced SGN

survival (Serruto et al, 2003).

This could mean that allowing spiral ganglion nesrto live longer trying

to promote their survival or blocking their degeatem may greatly
21



improve the hearing possibilities of cochlear inmpdarecipients and thus

have a great potential both clinically and commnadhgi
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1.4 BDNF and the neurotrophic factors

Neurotrophins are a family of homologous proteiat ttightly regulate the
development and maintenance of the vertebrate heystem (Fritzsch et
al, 1997)

The neurotrophins, best known through the nervevtirdfactor (NGF)
discovered by Levi-Montalcini in 1952, have six fghmembers among
vertebrates with a well-characterized moleculaucttire and an emerging

evolutionary history.

They are: the Nerve growth factor (NGF), brain-dedi neurotrophic
factor (BDNF), neurotrophin-3 (NT-3; also hippocatgerived
neurotrophic factor or HDNF), neurotrophin-4/5 (M7#5), neurotrophin-6
(NT-6) and neurotrophin-7 (NT-7) (Lewin and Bard896).

They are small, basic homodimers consisting of tmanomers, each of
~120 residues, their dimeric form cause the receghitoerization during
the interaction.

Neurotrophins share similar biochemical charadiess and are all
synthesized as soluble precursor proteins, thenifimddoy cleavage to

mature forms, and secreted.

Neurotrophins have a quite similar genetic pateesnthey all have a single
3’ coding exon and many upstream 5’ non coding sxa@parated by large
introns (Liu et al, 2006).

Different transcription processes result in theegation of many distinct
neurotrophins transcripts which eventually evole identical protein
(fig.1.12).

23



Exond

Bxonl Exon2  EBxond Exond  EBxonb EXoné Bxon?

AAA

R i «— mature —»
Hutr pe

- ok
I Coding region pre-pro

Figure 1.12 Schematic picture showing BDNF gene and protetajéed
from Rantamaki T, 2006)

These trophic factors are synthesized as 30-35kD&Ts (Seidah et al.,
1996a; Seidah et al.1996b), which are then direittenigh therans-Golgi
apparatus to either constitutive (non-Ca2+-depemaemegulatory (Ca2+-

dependent) secretory vesicles (Lessmann et al,2003)

Pro-NTs are cleaved inside the cell by differemety of enzymes as furin
or proconvertases , by matrix metalloproteases (Mspecifically MMP-3
and MMP-7) or by plasmin giving the mature protéi@bao and Bothwell,
2002; Seidah et al, 1996 a,b).

Then they all form non-covalent-linked homodimetsene each monomer

Is approximately 13-15 Kda.

About half of the amino acid residues in the mapnaein are common to
all neurotrophins and they all share six cysteiesidues at identical

positions.
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This leads to the formation of the disulfide bridgand the similar tertiary
structure of the molecules.

Neurotrophins are all basic proteins with isoelecfroints above 9.0.
Because of the characteristic formation of a doubdp formed by two
disulphide bonds, in which a third disulphide basdinserted, they are
classed as part of the Cysteine Knot Superfamilis@d et al, 1999).

X-ray cristal structures revealed that the neupdtnios have a common
structure: each monomer consists of seven betadstr@ontributing to the
three longitudinal antiparallel beta sheets) cotetedy three solvent-
exposed hairpin loops (loops 1, 2 and 4) and adotapp (number 3) and
contains three disulfide bridges between six futlgnserved cysteine
residues arranged in a cysteine-knot motif, whicltharacteristic of this
growth factor superfamily (Narhi, 1993; Zhongcaakt2003).

However in contrast to most of the other memberthefsuperfamily, the
neurotrophin monomers are arranged in the dimarparallel fashion, and
are held together exclusively by non-covalent (igostydrophobic)

interactions.

All of the neurotrophins show different distribut®through the peripheral
nervous system and central nervous system witkrdift and overlapping
specificity towards the populations of sensory nearof both neural crest

and neural placode origin (Shelton et al, 1995fd&taet al, 1992).
The expression of NTs in the brain is regulatedndudevelopment.

Highest levels of BDNF mRNA, NGF mRNA and NT-3 mRNA the
adult brain are found in the hippocampus, with Bes more BDNF
MRNA being present than NGF mRNA.
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NT-3 is most abundantly expressed in the perinatain whereas in the

adult brain its expression is significantly reduced

BDNF mRNA expression levels increase significantlythe first weeks
after birth and even in the adult brain BDNF ighly expressed, in
particular the presence of great quantities wascem in the hippocampus

and the cortex.

In the basal forebrain and hippocampus there ajie levels of NGF but
significant quantities can also be found in otheyas of CNS, spinal cord

included.

NT-4/5 is expressed most in the postnatal and adigpocampus,

neocortex and thalamic nuclei.

Overall, BDNF seems to be more widely expressed ttlee other
neurotrophins in the adult CNS.

NT-3 is the most highly expressed in the immatuS@nd its expression

dramatically lowers down with maturation (Rantamak2006).

In the central nervous system, neurotrophins areergdly expressed by

neurons however glial cells express as well NT-@® di-4/5.

In situ hybridization has shown that two neurotiagh(brain-derived
neurotrophic factor, BDNF; and neurotrophin 3, NTa®d their specific
high-affinity tyrosine kinase receptors (trkB amkiQ) are expressed in the

ear and its innervating sensory neurons (Pirvoid, €t992).

Several studies on various neurotrophins and neynioin receptor mutants
have established a crucial role for these two reypbins and their
receptors for the embryonic survival of the afféremervation of the ear
(Schimmang et al, 1995).
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Brain-derived neurotrophic factor (BDNF) was origig purified from pig
brain by Barde et al. in 1982.

It is able to promote survival and differentiatiohseveral populations of
neurons, including mesencephalic dopaminergic msjraotor neurons,
and cholinergic neurons, and to protect them agaiesirotoxicity and

ischemia (Binder and Scharfman, 2004).

BDNF plays an important role in the nervous systegulating neuron
survival and differentiation during development angostnatally

maintaining its functionality (Bibel and Barde, 200

Different BDNF mRNAs transcripts are localized aedulated differently

indicating the biological significance of their steénce.

BDNF and all the neurotrophins exert their actiorotgh interactions with
neuron cell surface receptors, whose two famileegehoeen identified: the
high affinity and specific Trk receptors 4 10°%), and a generic, lower
affinity p75 receptor (K~ 10™) (Barbacid, M.; 1994).

27



1.5 Neurotrophin receptors

Neurotrophins bind and activate two different typgstransmembrane
receptors: a high affinity one, which mediate thagtions and a common

low affinity one, whose function is still not conaély clear, p75NTR.
The Trk (tropomyosin related kinase) family consishigh-affinity
(~10™'M dissociation constant) ligand-selective receptors

Despite the high similarity every neurotrophin pesific for a particular
receptor: NGF binds primarily to TrkA, while BDNF@& NT-4/5 to TrkB
and NT-3 to TrkC.

Probably NT-4/5 and BDNF interact with TrkB in di&it domains which
gives BDNF a higher affinity to TrkB than NT-4/5 lgih et al, 1991-
1992).

NT-3 can also bind and activate TrkA and TrkB reoeg but with a much
lower efficacy (Ip et al, 1993; Ryden and Iban€x94).

Both BDNF and neurotrophin NT4/5 induce TrkB autogphorylation and
so its activation (Ip et al, 1992; Fandl et al 1994

Tropomyosin related kinase receptors exist in tbffié isoformsirkA gene
codes for two tyrosine kinase containing TrkA isafs with just a

difference of 6 aminoacids.

trkB gene instead code for more than 8 different trapisproducts ranging
in size from 0.7 to 9.0 kb which finally result at least two types of
receptors: full-length and truncated TrkB (Barbadi€lo4).

Their extracellular regions are identical but tratec receptors lack the

entire catalytic tyrosine kinase domain.
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Localizations of NTs and their receptor genes irman
genome

chromosome protein References

1921-g22 TrkA (Weier et al, 1995)
9¢g22.1 TrkB (Nakagawara et al, 1995)
15925 TrkC (Valent et al, 1997)

1p22 NGF (Francke et al, 1983)
11p13 BDNF (Maisonpierre et al, 1991)
12p13 NT-3 (Maisonpierre et al, 1991)
19g13.3 NT-4/5 (Berkemeier et al, 1992)
17921-q22 pP75SNTR (Huebner et al, 1986)

Two truncated TrkB receptors have been found iremégl TrkB.T1 and
TrkB.T2, of which TrkB.T1 is largely expressed iretr brain (Baxter et al,
1997), the same happens in human (Middlemas &94l,).

Another member, TrkB.Shc, has been subsequenttyided in the human

brain (Stoilov et al., 2002), but the two specsdfaorms’ are quite similar.
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Figure 1.13 Alignment of peptide sequences of three humarn($tkslton et
al, 1995)

Neurotrophins actions are mediated by transmembfalheength Trk

gE% BE® AE1

BEE

8% EE%

B88 %2z REs

receptors possessing tyrosine kinase activity.
Specifically NGF binds and activates primarily TtkBDNF and NT-4/5
TrkB and NT-3 TrkC (fig.1.14).

There are also truncated TrkB and TrkC receptomspbetely lacking the
intracellular region and so the enzymatic domaitictv is the signal

transductor.

All the neurotrophins also bind with equal affinity a common low-
affinity (~10°M dissociation constant) receptor, called p75NTRufBto et
al., 1991).

It was demonstrated that p75NTR (belonging tottimour necrosis family
receptor super family) has an important role in iy Trk receptor
signalling and, in the absence of neurotrophingnay cause neuronal

apoptosis.

30



Receptor TrkA TrkB TrkC p75NTR

NGF

BDNF
Ligand N"l‘:3

NT-4/5

@]
Extracellular
domain
Transmembrane ssssslsessnel
domain | 99COAQPEGCGC | S0C00d POOGC D000l Puctod | 0000 PO0aD COCOC Pooon | il BANANA
Intracellular :”mh,
. omam

domain

Figure 1.14 The receptors for neurotrophins (taken from Rantdnma,
2006)

Figure 1.15 TrkB protein (from DBB)

In the central nervous system of the adults, Trk8 &rkC receptors can be
found in the hippocampus and throughout the cortelkile TrkA is
expressed mainly in the basal forebrain (HuangReidhardt, 2001).
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The full-length Trk receptors are predominantly wéuronal origin,
truncated forms of these receptors are often egpde®y non-neuronal

cells like glia instead.

Fritzsch in 1999 could show the differences in éxpression patterns of

the full-length and truncated TrkB receptors dumieyelopment.

Full-length TrkB in particular is expressed alreapgrinatally while

truncated TrkB starts to be expressed a few wed&s. |

Binding of BDNF to TrkB initiates dimerization andtrans-
autophosphorylation of the tyrosine residues initii@cellular domain of
the receptor (Reichardt, 2006).

These phosphotyrosine residues act as docking feitesffector proteins
that will trigger downstream signaling cascadesadieg to various
responses as the activation of protein kinase dascaC&" mobilization,

and gene expression.

BDNF activates TrkB receptors in the same or neaginly cells to promote

their survival and may also enhance synaptic liagti

Although TrkB levels change during development ahdw cell-specific
expression patterns, not much is known about thehem@sms that regulate

TrkB expression.

At least four isoforms of trkB are produced by aitgive splicing of the

primary transcripts of the TrkBene.

Of these, only the full-length isoform, which cadnt an intracellular
tyrosine kinase domain, is known to be capable ediating BDNF

signaling.
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The other three truncated isoforms (T1, T2, anchd)swhich lack the
intracellular kinase domain but possess the sanimcetular BDNF
binding domain as full length receptors, can als® denerated by

alternative splicing.

T1 is prominently expressed in the brain and prbbabts as a dominant
negative inhibitor of BDNF signaling by forming leebdimers with full-
length trkB.

Ten conserved phosphorylation-regulated tyrosisgdues are present in

Trk receptors intracellular region.

After binding the dimeric ligand, Trk receptors @inze itself and become

autophosphorylateh transin the intracellular catalytic domain.

Moreover autophosphorylation at the Trk kinase danmmaay induce the

phosphorylation of other tyrosine residues in #weptor.

The phosphorylated tyrosines serve as docking $aesmany of the
intracellular enzymes and adaptors containing Sk2 lomology) or PTB

(phosphotyrosine binding domain) region (Huang Re@thardt, 2003).

Following the phosphorylation of the tyrosine residr816 phospholipase-
Cyl (PLGA) is activated (Middlemas et al, 1994).

Hydrolysing the phosphatidyl inositides (PI) of theembrane, activated
PLCyl can generate inositol tris-phosphate (IP3) andcydglycerol

(DAG), two typical intracellular signalling messeang.

IP3 increases [CG4i by stimulating the release of Edrom intracellular
compartments so activating the signalling of a theacellular C&"-

dependent molecules.
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DAG activates DAG-dependent protein kinase-C isofrwhich in turn
can regulate the ERK (extracellular signal-regulakénase) signalling

cascade.

Phospho-Y515 is the docking site for Shc adaptoteom, which eventually
activates Ras-ERK and PI3k-Akt cascades.

BDNF effects are exerted: Ras-ERK pathway regulatesironal
differentiation and PI3k-Akt following events arenportant for cell

survival and maintenance (Reichardt, 2006).
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Figure 1.16 Major intracellular signalling cascades regulatedy b
neurotrophins. (taken from Rantamaki T, 2006)

All Trk receptors are homologous in sequence, eachprising about 800
amino acids with the amino terminal ~400 residuesming the
extracellular portion of the receptor where bindioigthe neurotrophins

takes place.
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They are multidomain transmembrane proteins thahsisb of an
extracellular ligand binding domain containing tegsteine rich regions
separated by a leucine rich domain (Haniu et &5).9a transmembrane
region, and a intracellular part with the juxtameam®z domain that
includes a Shc binding site, a tyrosine kinase donaad a tail region

containing a PLG¢binding site.

Although the precise three-dimensional structuréhefentire extracellular
fragment is not known, recognized sequence moéfehed to division of
these receptors into five domains: one 3 tandewririetrich motif flanked
by two cysteine cluster regions (domains 1-3,d1-ti8owed by two

immunoglobulin domains (d4 and d5) of the C2 tymdobging to the
Immunoglobulin superfamily (Banfield et al, 2001).

Trk B is one of the most widely distributed NTRs time brain, whose
expression is high in such areas as the neocdripgpcampus, striatum,

and brainstem.

The second class of trk B receptors has the sammacelular and
transmembrane domain as the other but containsoa sitoplasmic

domain of 23 amino acids, lacking the entire kineatalytic region.

Although, the Trk B locus is widely expressed ire tbentral nervous
system and peripheral nervous system, not all theBttranscripts are

distributed equally.
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2. MATERIALS AND METHODS

2.1 cDNA LIBRARY

To get the cDNA library we used the Creator SMARDNA Library
Construction Kit by Clontech Laboratories Inc (Teké&io).

This way we generated a full length cDNA Librargrfr 1ug of poly A+
RNA, as shown in fig. 2.1.

The library construction employed long-distance HCR PCR; Barnes et
al., 1994) for generating full-length cDNA.

In this protocol a modified oligo(dT) primer (CD3/3' PCR Primer)
primed the first-strand synthesis reaction, andSNART IV Oligo served
as a short, extended template at the 5' end ohRISA.

When the RT reaches the 5' end, the enzyme’s tatrmemsferase activity
adds a few additional nucleotides, primarily degiigbne, to the 3' end of
the cDNA.

The SMART IV Oligo, which has an oligo (G) sequeiatdts 3' end, base-
pairs with the deoxycytidine stretch, creating ateeded template.

RT then switches templates and continues repligatinthe end of the

oligonucleotide.

The resulting full length ss cDNA contains the céetgp 5' end of the
MRNA, as well as the sequence complementary t&GMART [V Oligo,
which then serves as a universal priming site (SMAdtchor) in the
subsequent amplification by LD PCR (Chenchik et1£98).

Only those ss cDNAs having a SMART anchor sequandke 5' end can
serve as a template and can be exponentially aetplif
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Figure 2.1 Getting a cDNA library from RNApolyA+ (from Clontekit)

Incomplete cDNAs and cDNA transcribed from polyANR lack the

SMART anchor so are not amplified. Thus, contannimaty genomic
DNA and poly A— RNA is eliminated.

This selective amplification allowed me to constracDNA library with a

high percentage of full-length clones using a ngcam of poly A+ RNA.

The next step in library construction was primeteasion (Sambrook J. &
Russell, D.W., 2001).
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Similar to the first-strand cDNA synthesis desdiilaove, the CDS I111/3'
primer was used to prime the first-strand reactimg the SMART IV
Oligo served as a short, extended template at'thiedbof the mRNA. After
first-strand cDNA synthesis, the primer-extensidepsgenerated full-
length, ds cDNA.

2.1.1 FIRST-STRAND cDNA SYNTHESIS
The following reagents were combined in a sterilerotentrifuge tube:
e 1 ul RNA sample (lug poly A+RNA)
 1ul SMART IV Oligonucleotide (12:M)
5-AAGCAGTGGTATCAACGCAGAGTGGCCATTACGGCCGGG-3'
« 1l CDS IlI/3' PCR Primer (12M)
5-ATTCTAGAGGCCGAGGCGGCCGACATG-d(T)30N—1N-3'
(N=AG,C,orT;N-1=A,G,0rC)

deionized HO was added to a total volume ofil5

The tube was spun briefly in a microcentrifuge &ftlincubating at 72°C
for 2 min, then it was cooled down on ice for 2 maind spun again to

collect the contents at the bottom.
To each reaction tube were added:

2.0 ul 5X First-Strand Buffer
e 250 mM Tris (pH 8.3)
¢ 30 mM MgCI2
o 375 mM KCI
1.0ul DTT (dithiothreitol, 20 mM)
1.0ul dNTP Mix (dATP, dCTP, dGTP, dTTP; 10 mM each)
1.0ul Super Script Reverse Transcriptase2U/

to a total volume of 10.Ql.
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After mixing and pipetting ten times, the tube vilmsubated at 42°C for 1

hr and placed on ice to terminate first-strand lsgsis.

Then 1ul of Sodium Hydroxide (25mM) was added to the t@ioedegrade
RNA).

And it was left on ice after a incubation at 688 30 min.

2.1.2 DOUBLE STRANDED cDNA SYNTHESIS BY PRIMER
EXTENSION

Preheated PCR thermal cycler has to be at 95°C.

11 pl First-Strand cDNA

35 ul Deionized H20

50 ul 2X Tag pfu mix

2l 5" PCR Primer (12M)
5-AAGCAGTGGTATCAACGCAGAGT-3'

2 ul CDS II/3' PCR Primer (12M)
5'-ATTCTAGAGGCCGAGGCGGCCGACATG-d(T)30N—-1N-3'

were mixed together to a total volume of 100

the content was gently mixed and collected by deg@tion at the bottom
of the tube.

PCR reaction :

95°C preheated

72°C 10 minutes

95°C 1 minute

3 cycles 95°C 15 seconds; 68°C 8 minutes

A 5-ul sample of the product was analyzed on a 1.1%03@#ttBr gel,

alongside a 1-kb DNA size marker. The ds cDNA apgeas a 0.1-9 kb
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smear on the gel, with some bright bands probabtyesponding to the
abundant mRNAs for the brain.

2.1.3 TRK B AMPLIFICATION
Specific primers were designed, corresponding ®© ARG and the TAG

codon which represent in turn the start and theoéitide gene:
PCR reaction:
F 5 ATGTCGTCCTGGATAAGGTGGC 3

R 5 CTAGCCTAGAATGTCCAGGTAG 3

2 X Taq polymerase mix* 501

Template (cDNA library ) 1ul

F primer (100mM) 1l

R primer (100 mM) 1ul

dd water 44

Total 100l
Taqg+ mix 2X

1 ml 10x buffer

(100mM Tris-Cl pH 7.6 at 25°C, 100mM MgCV5mM DTT)
200pl Pfu 5UMl

30 ul cresol red dye

250l dNTPs mix 40mM (10mM each)

10% glycerol
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Water up to 10 ml

2X PCR MIX 10 mi

200ul Taq 5Upl

2,5 ml sorbitol 2 M

0,5 ml dNTPS 40mM

0,6ml MgClI2 50mM

2 ml Buffer 10X

(670mM Tris-Cl; 150mM (NH),SO;; 0,1% tween20 pH 8.8)
0,8 ml DMSO

70l cresol red

Water up to 10 mi

PCR reaction
95°C 3 minutes
3 cycles

95°C 1 minute
55°C 1 minute
72°C 2 minutes
25 cycles

95°C 30 seconds
60°C 30 seconds
72°C 2 minutes

Check on agarose gel 1.3%

After proving that the gene amplified was actudltkB full length (2469),

the same PCR reaction was performed using a Tagneoase mixed with
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a Pfu polymerase which possesses 3' to 5' exorsgcleaoofreading
activity in order to have nucleotide-misincorpooatierrors corrected.
Then the polymerase-generated PCR fragment hae toebted with just
Tag polymerase before being cloned into pGEM-T-aastor in order to
get a polyA overhang.

So the purified PCR product was mixed with the 2 Tix and left

at 95°C 1 minute (denaturation step)

and at 72°C for 10 minutes (elongation step).

An electrophoresis was performed and the band weisesl from the gel,
transferred to a tube with the binding buffer of ttel DNA purification kit
(from Yorkshire Bioscience Ltd) and melted at 50260

The fragment was purified with the specific spitucens and inserted into

a cloning vector.

2.1.4 INSERTION IN pGEM-T-Easy
The fragment was ligated in pGEM-T-Easy from Proa&dy/N 16°C

ng of vector x kb size of insert
kb size of vector

X Insert:vector molar ratio = ng of insert

Control ligation
insert 125ng
pGEM-T-easy 50ng 50ng
T4 ligase 3U 3U
2Xligase mix (Promega) and water Up to ui30 Up to 3Qul

PCR products generated using a nonproofreadvg polymerase such

asTaq DNA polymerase, which lacks -3’5 exonuclease activity, have a
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single template-independent nucleotide at the 8 @nthe DNA strand
(Newton and Graham, 1994).

This single-nucleotide overhang, which is most camiy an A residue,
allows hybridization with and cloning into pGEM-Ecators, which have a

complementary 3" single T overhang.

We used the high-copy-number pGEM-T Easy Vectorcivigontains T7
and SP6 RNA polymerase promoters flanking a mualtigdbning region

within the coding region for the-peptide off-galactosidase.

Inactivation by insertion of the-peptide allows recombinant clones to be
directly identified by colour screening on indicafdates containing X-Gal
and IPTG.

After ligation the incubation period was extendedl6 hours at 4°C in

order to increase the number of colonies afteistamation.

Xmnl 2009
77l s
Scal 1830 Masl 2707 Apal 1:1 start
1 Aatll 20
11 ori Sphi 26
BstZl 3
i {afe]] ar
Amp' rBS[Z I | 43
PGEM"-T Easy  lacZ sacll | 4
Vector ¥ EcoRl | 52
(350D
Spel B4
EcoRl 70
Mat! I
Bt 77
Fsti ag
ori Sall a0
[Mdel a7
Sacl 109
Bstxl |1 _IJE &
sl 1:1‘. g
Too
SPE 5

Figure 2.2 pGEM-T-Easy Vector (Promega)
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2.1.5 DNA CONCENTRATION

DNA was precipitated adding @l glycogen and 2,5 volumes of 96%
Ethanol, left in a tube at -70°C for an hours, cirged at 13.5 K rpm in a
bench centrifuge.

The supernatant was discarded and the pellet Vila® ldry, then a small

amount of ddEHO was added.

2.1.6 ELECTROTRANSFORMATION

E.coli DH5a electrocompetent cells were thawed on ice and &ftal
were added to the DNA (in a pre-chilled centrifuigiee).

After mixing, cell suspension was transferred i@tgorecooled cuvette
which has two aluminium electrodes on its sides gnd in the
electroporator.

After the 0.5 seconds pulse the suspension was dnatedy transferred
into a tube with prewarmed SOC medium which is mafde

. 2% w/v bacto-tryptone

. 0,5% wi/v bacto-yeast extract

. 10mM NacCl

. 2,5mM KCI

. ddH,O to 1000 mL

Added fresh

. 10mM MgCI2

. 20mM glucose

and left in the orbital shaker at 37°C for abouhauar before plating about
100ul onto LB agar Carbenicillin( Cb ) plates 1@@ml.

White colonies were chosen and an analysis of rbocwant vectors by

colony PCR and restriction enzyme digestion hadet@erformed because
in pGEM-T vectors the insert can be cloned in eitfieection but just one

Is the correct one for transcription and transtabbthe gene.

Either a colony PCR with internal primers was done.

45



Fin5 GGGAACATCTCTCGGTCTATGC 3
Rin 5 GCCAAACTTGGAGTGTCTTGCC 3

To mend the mutations found in Trk B it had to beéfcom pGEM-T easy,
made blunt and inserted in pBluescript KS +(pB3ight Stratagene.

To get the proper amount of DNA we inoculated ba@atéom a single
colony obtained with a transformation of the oraiplasmid and grew it
overnight in LB-Carbenicillin. Purification with & plasmid DNA
purification kit from Yorkshire Bioscience followed

VECTOR DIGESTION

TrkB in pGEM-T-easy 0,29

Eco RI 2 units
Buffer Eco RI 10ul

Dd water Up to10G
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ampicillin lacZ’
II.' .'{ —Kpn |
| ]
|' | pBluescript MCS
II | 3.0 kb ~—Sacl
Sk
'll Lp lac
pUC :::-n_J -
Ha=H T7 Promoter = Kpn %gll: el o | -.:'f'.;lcfl

] T I | 1 I
TTGTAAAACGACGECCAGTGAGCGCGOGTAATACGACT CACTATAGEECEAAT TEGETACCGEGCCCCOCCTCGAGETCGAC. - .

F412 —20 pamer hinding ste T7 primer binding si= K5 primer binding site._.,
B=n 104 teat
l‘_Fg 1 T nd Elcor 1 ?mﬁ | T:l ,If,-n: | ?c-n!— 1 ?p-e-l iu:al IE:|;|! Bl | Sacll Zac |
. GGTATCGATAAGCTTGATATCGAATTCCTGCOAGCC EGEGG‘EATC CACTAGTTCTAGAGCGGCCGCCACCGOGETGGAGCTC . .
K5 primer binding s = =K primer hinding sie
- T3 Promoder r?ﬂ" [} Iﬂﬂ:_:l z-frogment
A CAGCTTTTGTTCCCTTTAGTGAGGETTAATTGLGCGL TTGECEGTAATCATGETCATAGCTGTTTCE
e T2 primer binding site 1413 Eevarze primes hinding sfe

Figure 2.3 pBluescript vector from Stratagene and the mudtgdbning site
(598-826 in the sequence)

pBluescript(+) was cut with the restriction enzynkéiad Il and Bam HI
O/N 37°C to eliminate Hind llI site in its MCS (itiple cloning site) and

made blunt, too.
Cutting Bam HI — Hind 1l fragment
For this purpose 0.bg of DNA clone were separately digested with:

2 units of BamHI (& GATCC; Amersham Pharmacia Biotech) in 20 mM
Tris-HCI pH 8.5, 10 mM MgCI2, 1 mM dithiothreitiol,00 mM KClI;
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and 2 units of Hindlll (A¥ AGCTT; Amersham Pharmacia Biotech) in 10
mM Tris-HCI pH 7.5, 10 mM MgCI2, 1 mM dithiothreati, 50 mM NacCl;

in 25l of reaction mix, incubated for 1 h at 37°C

 Getting both TrkB fragment and

pBluescript (+) blunt

=nzyme l\— @ « 2X Tag mix was added to both DNA

< : solution

e 95°C 1 minute

Anneal synthetic y ’
mutated fragment ° 72 C 10 mlnuteS

of interest

o e then 4°C.

Flasimid with
desired mutation

TrkB insertion into pBluescript (+) O/N 16°C

TrkB cDNA was ligated into pBluescript (+) cloningctor, with 2u of T4
ligase (NEB) in 50 mM Tris-HCI, 10 mM MgCI2, 1 mMT#, 10 mM
Dithiothreitol pH 7.5, at 16°C over night.

2.1.6 CHEMICAL TRANSFORMATION

Chemical competent cells from Novagen were thawedce, the ligation

mix was in a pre-chilled tube on ice.

After mixing them together, the cell suspension \efis10 minutes on ice,
then heat shocked at 42°C for 30 seconds and inate&dput on ice for 2
minutes before transferring it all in a tube comitag 250 pl SOC.
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Cells were left shaking (220 rpm) at 37°C for aleutiour and then 1Q0
were plated on LB-Cb agar dishes.

Cutting TrkB pBSK(+) HindllI/Ndel
For this purpose 0.bg of DNA clone were separately digested with:

2 units of Hindlll (AYAGCTT,; Amersham Pharmacia Biotech) in 10 mM
Tris-HCl pH 7.5, 10 mM MgCI2, 1 mM dithiothreitich0 mM NacCl;

and 2 units of Ndel (CATATG; Amersham Pharmacia Biotech) in 20
mM Tris-acetate, 50 mM potassium acetate, 10 mMmidamym Acetate, 1
mM Dithiothreitol pH 7.9 in 251l of reaction mix, incubated for 1 h at
37°C

Getting pBSK(+) blunt

pPBSK(+) 0.5ug
Blunting enzyme Fermentas 2 units
2X reaction Buffer 2@l
Water Up to 4Qul

After reinserting TrkB fragment into pBluescripttivia ligation a site
specific mutagenesis was performed cutting the lfbfragment in which
both the mutations were found with two appropriastriction enzymes:
Hind Il and Nde | and inserting it into a pGEM-asy vector.

To mend mutations 6 primers were synthesized:

F pre Hind 5' GCATTTCCGATTGGAGCCTAAC 3'

R post Nde 5' CTACAAGATTTTCCGCCACACAAG 3

and
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Mut1f 5 CATTTCTGAAAAACAGCAACCTGC 3
Mut 1r 5 GCAGGTTGCTGTTTTTCAGAAATG 3
Mut 2 f 5' GCAGATACCCAATTGTGGTTTGC 3'
Mut 2 r 5' GCAAACCACAATTGGGTATCTGC 3

After several amplifications the mutations werergually mended as the

sequencing reaction with many internal primers icored.
trkB s1F 5 GTGGAGGAAGGAAAGTCTATC 3

trkB s1R 5’GGATCACCTGCCACACTAC 3’

trkB s2F 5’ GGTCTATGCTGTGGTGGTG 3’

trkB s2R 5’CACCACCACAGCATAGACC 3

trkB s3F 5CGTCTGCGTGGAGGGCG 3

trkB s3R 5TGGAGGTTGGTCAGGAGC 3’

In the first step mutation number one was fixechgsas a template the
final products of F pre Hind — Mutl R and MutlR-post Nde PCR

reactions

After checking the sequencing results the secorg glve the whole
fragment aligning with the natural TrkB receptorrfpeming a PCR
reaction with F preHind-R postNde and using asvptate the products of
F pre Hind-Mut2 r and Mut2 F-R postNde.

2.1.7 REINSERTION OF THE TRKB FRAGMENT INTO FULL
LENGHT TRKB

The fragment with the two fixed mutations was tleeh from pBSK with

Hind Il and Nde | and reinserted into the pGEM-Brk
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After several attempts the gene was complete andestried to insert it
into a prokaryotic expression vector (pET29) inesrtb have it produced

in a large amount by bacteria.

Results were not good as the whole gene was prpbadlarge and in any

case too difficult to produce via bacteria becaafats chemical nature.

Being a transmembrane receptor means that theimprbtes either a
hydrophobic and a polar nature, not mentioning thaeeds many post-
translational modifications to be active, and th@se not feasible by

bacteria.

2.2 INSERTING TRKB FL INTO PCDNAS.1

CMVY promoter

Sgill {13) Nnel (208}
p— | MitA (229) T7 pro r
SSRGS AN o) ey o—
| _ b | (BOG)

i F
4 Hindlil (912)

Sont (4908) /' SnaBl (581)
3 S AndS (B18)

Ampicillin  Pvd 476y
resistance
AspE| (4506}

A Kpnl (922)
" BamHI (930)
’ __EcoRi (953)
== EcoRv (9685
TSI Nod | (980)
e Xhol (885}
. Xbal (292

Apal (1002)

cDNA31
i BGH Paly-A

Origin :
of replication —

" F1 intergenic region

. SV40 promoter

BT 3r {100 0% s
d LK L ! .le . H\_‘.H
f \ \, St 1 @059 ™ Oprigin
Rsril(2781) "'-\ \ Srra | (2078) g .
\ Narl (2265) of replication
BasHl (2662) Msc | (2347}
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resistance gene

Figure 2.4 pcDNA3.1 (adapted from stanxterm.aecom.yu.edu)
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pcDNA 3.1 was chosen as it could be transfectexl@nkaryotic cells.

Being TrkB gene human, it would be much better ggenfng a phage
display on eukaryotic cells as, in contrast witletbaa, they can provide

the required post-translational modifications te taceptor.

After the transformation 3 clones resulted positweghe colony PCR and
have been transfected, proving their efficiency.

To obtain the green fluorescent protein (GFP) tmaking TrkB traceable
in transfected cells, two suitable primers weragies:

F egfp Bam 5’CTTGGATCCGACATGGTGAGCAAG 3
R egfp Bam 5’ACGGATCCCTTGTACAGCTCGTCC 3’

After obtaining GFP gene from an old constructwas amplified and
digestion with the restriction enzyme Bam HI fottbthe vector and insert
(pcDNAS.1-TrkBfl) followed. An overnight ligation ta 16°C was
performed.

Cells were actually transfected using Jet Pei fRatyplus.

A cell line derived from human cervical cancer (ld¢was used.

2.2.1 CELL CULTURE

Cells were cultured in a 37°C and 5% Lcubator, in medium

containing:

« DMEM (Dulbecco Modified Eagles’s Medium):
 10% FBS (Fetal Bovine Serum);

* 5% HS (Horse Serum);

* 1% PS (Penicillline-Streptomycine);

e L-Glutammine 2mM.
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2.2.2 TRANSFECTION

Cells were grown in six wells plates containingsglaoverslips till they

reached a confluence around 50-70% and then tiidedfasing JetPEl.

jetPEI™ compacts DNA into positively charged pdesc - called
complexes - capable of interacting with anionictgoglycans at the cell

surface.

Upon binding to the cell membrane, the complexes iaternalized via
endocytosis. Once inside the endosomal compartmigat, DNA is

protected from degradation by jetPEI™. This is artpdue to the unique
property of this polymer to act as a "proton spdnadich in turn buffers

the pH within the endosome.

This mechanism ultimately cause the breaking of@hdosome and the
release of the DNA and the complexes into the dsBip, thereby allowing

nuclear transport for subsequent transcription.
Transfection procedure in a 6-well plate:

Per well, 3 ug of DNA were diluted in 150 mM NacCl to a final wohe of
100ul, mixed gently and spun down briefly.

The same was done with 6 of jetPEI™ per well. They were diluted in
150 mM NaCl to a final volume of 100l. Vortexed and spun down
briefly.

The 100ul jetPEI™ solution was added tbe 100ul DNA solution in the

following order:
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Figure 2.5 Transfection with jetPEI
The solution was vortexed immediately and spun dbuigfly.
A 15 to 30 minutes incubation at room temperatatieded.

The 200ul jetPEI™/DNA mix was added dropwise to the cefisliml of
serum-containing medium. The plate was then gerslyirled to

homogenize.

The next day, the medium was changed and immunefgence was
performed within 24 to 48h following transfection.

2.2.3 IMMUNOCYTOLOGY ASSAY

Cells on the coverslips were washed in PBS andl fingaraformaldehyde

4% in PBS 1X for half an hour at room temperature.

After washing with PBS cells were permeabilized wRBS-Tween20

0.1% for 15 minutes at room temperature.

A blocking buffer made with 5% goat serum in PBS&wen added for 30

minutes at 37°C in order to block aspecific sites.

Subsequently cells were left in a 1% solution & pnimary antibody (anti
TrkB rabbit polyclonal 1gG, from Santa Cruz with ethepitope
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corresponding to amino acids 160-340 mapping withie extracellular

domain of TrkB of human origin) in PBS overnight4acC.

On the next day, following PBS washes cells wecailbated in the dark at
room temperature for 45 minutes with the secondantybody diluted in

PBS at different concentrations.

Secondary antibody from Santa Cruz biotechnology, I@alifornia was

raised in goat and FITC conjugated.

Pictures were taken using a NIKON fluorescence osimope at a

wavelength of 494 nm.

2.2.4 IMMUNOHISTOCHEMISTRY ASSAY

To check the effectiveness of the antibody some unwhistochemical

assays on cochleas' sections were made.

The cochlea sections from rat, mouse and guineavpig@ stained using

Vectastain ABC kit from Vector Laboratories.

The paraffin embedded section slides were dippadxylene and ethanol

solutions at various concentrations and then washeeter and PBS.

After permeabilizing with PBS and Triton 0.1%, sl&dwere covered with
the blocking buffer for 40 minutes and then lefemight with the primary
antibody at 4°C in a humidified chamber.

The next day the primary antibody was washed awayaa incubation of
30 minutes with the secondary antibody at room tratpre in the dark

followed.

The secondary antibody was detected with the awdiotin complex

technique using a Vectastain Elite ABC kit ( fronec¥or Laboratories,
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CA) and developed with DAB (diaminobenzidine) frothe same

company.

Pictures were acquired with an eclipse 80i Nikomrgiscope.

2.2.5 TRKB BINDING DOMAIN

PCR using the whole gene as a template was perfomnd these two

primers
F2 5" CGCATATG GCACCAACTATCACATTTCTCGAATCTC 3
R2 5' GAGGATCCCTATTAATGTTCCCGACCGGTTTTATC 3

The PCR product was subcloned into pET15b to crédseexpression
vector pET15b-TrkBIg2.

The amino acid residues from 286 to 430 comprisecand Ig-like domain

of TrkB which has a beta sandwich structure.

In addition there are a further 21 residues at Nh& terminus, which

constitute the histidine tag and associated throrol@iavage sequence.

Chemical transformation was done using a spedtatoli strain,
BL21(DE3)pLysS, which is especially meant for tixpression of proteins

and produce themselves lisozyme.
Expression was carried out in accordance with tE (Novagen) manual.

Cells were grown in LB (10 g of NaCl; 10 g of trgpe; 5 g of yeast
extract; in 1L deionized @) in two-litre flasks shaking at about 160 rpm
in the orbital shaker at 37°C till they reached GaB. comprised between

0,4 and 1 (more or less 3 hours).

Protein expression was induced with addition ofM RTG, for about 3-4

hours.
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Harvested cells were resuspended in 10% glycebfrazen at -80°C.

Expression of the protein was checked at diffetené with SDS PAGE

analysis according to the Criterion manual fromHZad.

Pellets were frozen and thawed to let the lysozywmokk and then sonicated

for about 500 seconds, then washed with differehitti®ns.
Solution 1
e 20 mM sodium phosphate buffers (pH 8-8.5)
* 0.1% Triton X-100
0.1 M NaCl
centrifuged at 4°C for 30-60 minutes 4500 rpm
Solution 2 (3 washes)
e 20 mM sodium phosphate buffers (pH 8-8.5)
e 1% Triton X-100
0.1 M NaCl
centrifuged at 4°C for 30-60 minutes 4500 rpm
Solution 3 (3 washes)
« 20 mM sodium phosphate buffers (pH 8-8.5)
* 1% Triton X-100
« 1M NaCl
centrifuged at 4°C for 30-60 minutes 4500 rpm

These washes removed all soluble matter, leavirgusion bodies
containing insoluble protein, while the centrifugat helped avoiding

clogging of protein aggregates or cell debris aNirNTA column,
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2.2.6 PURIFICATION ON NI-NTA GEL

Purified inclusion bodies were solubilised in 8 Mea buffer (20 mM
sodium phosphate, pH 8.5, 1 mM DTT) and incubated@m temperature
for 2-24h with gentle shaking. TrkBlgrotein was purified on a His-Select
Nickel Affinity Gel from Sigma.

This is an immobilized metal-ion affinity chromataghy (IMAC) product
consisting of a quadridentate chelate on beadedosgacharged with

nickel that is designed to specifically bind histglcontaining proteins.

HIS-Select Nickel Affinity matrix is 6% beaded agse and is selective for
recombinant proteins with histidine tags while @sha low non-specific

binding of other proteins.

The affinity gel was poured into a clean chromaapyy column, washed
with 1-2 volumes of deionized water to remove tliearol storage

solution and then equilibrated with 3-5 volumega@dilibration buffer.
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Figure 2.6 The interaction between Ni-Nta beads and the Hrstidag

(from Qiagen Qiaexpressionist)

Purification was carried out under reducing coodsi (20 mM sodium
phosphate, pH 8.5, 8 M urea, 10 mM imidazole), elnted using 300 mM

imidazole after defining the best concentrationtfa elution.
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2.2.7 SDS PAGE
After the elution on Ni-Nta column and the gelrition other SDS PAGE

assays were performed following the Criterion Mdnmgtructions, so
running buffer (1x 25 mM Tris; 192 mM glycine; 0.18DS) and loading
buffer ( 62.5 mM Tris-HCI, pH 6.8; 2% SDS; 25% glycerol; 1%
Bromophenol Blue; 350 mM DTT) were prepared.

Negative
Electrode | 554 samples hers™ s,

| N Buffer ; H

) 3 LN i
| Running Gel big proteins i |‘
by 4 J 1L |
| ! “"1-17Glass
» 14 " l’ 'l' t | 7 Plates
Positive |- ‘
SRl
Electrode - SRR : J, J' Al e e
i -small proteins [y
)
An illustration of an | [ \7-5'-1
et =

apparatus used for SDS PAGE.

Figure2.7 SDS PAGE vertical gel (from http://web.chemistijegh)

An unstained molecular weight marker was purch&sed Fermentas with
bands at 116; 66.2; 45; 35; 25; 18.4; 14.4 Kda. Twdecular weight
marker was heated for 5 minutes at 95°C while sasnpl after being
diluted in the loading buffer were heated at 65°C for 20 minutes as the

protein could be damaged by such a high temperature

The different samples were then loaded on a precastrion Tris-HCI
gradient gel 10-20% from Bio-Rad which provides b&st resolutions for
proteins weighing 10-100KDa.

After the running step — generally performed owvginhiwith a low constant
voltage—gel was washed three times with deionizatemfor at least 15

minutes to remove SDS and dyes.
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About 50 ml of the staining solution (Bio-Safe Caassie from BioRad)
were added and left incubating for 30-60 minuteaksly from time to

time.

In the destaining step the gel was washed in watean extended period

(either overnight, or over a couple of days) toabetter resolution.

2.2.8 REFOLDING

Refolding took place under nonreducing conditio2€ (mM sodium
phosphate, pH 8.5, 100 mM NaCl) on a Superdex 204ilgation column

(Amersham bioscience).

Superdex prep grade is a preparative gel filtratmedium with a
composite matrix of dextran and agarose. This mdfig 2.8) combines
the gel filtration properties of cross-linked dextr(Sephadex) with the
physical and chemical stabilities of highly crosdéd agarose, providing

high selectivity and resolution.

Figure 2.8 Hypothetical view of a section through a bead frBaoperdex
(Amersham Bioscience) whose mean particle sizéus.

150 ml of the Superdex 200 slurry were poured atdK 26/40 column
avoiding bubbles. Void volume (61 ml circa) wascatted loading a
saturated solution of bromophenol blue and bludrdaxsee figure).
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Figure 2.9 Experimental measure of the void volume in thefigehtion
column

Fractions eluted from the NiNta column were conedatl with an Amicon
Ultra centrifugal filter device, 5.000 NMWL .

The tubes were spun at 2000g for about 45-60
Cap

minutes and concentrated to the final volume of 2-
— Filter unit
3 ml maximum.

Flow rate was approximately 1.50 ml/minute.

Cenirifuge tube
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Figure 2.10 Gel filtration technique

The presence of the protein in the fractions wasclkbd mixing some
microliters of Biosafe staining solution with thuted and comparing it
with a known concentration of BSA and coomassie.

Figure 2.11 Checking the presence of BSA protein in the foastieluted
from the superdex column

TrkBlg, monomer was found in fractions collected 100-13D atfter
loading the sample.

Separation from dimer and aggregate was finallyiewgldl as it was

demonstrated further.
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An SDS PAGE and a native PAGE gel were ran to confihe presence of
TrkB binding domain, fractions from the peak copasding to a
molecular weight of approximately 18.5 kDa actualtyntained TrkBlg2

monomer.

For the native gel, proteins were prepared in aethrcing, nondenaturing
sample buffer that maintained the proteins’ secondaucture and native
charge density. All the conditions were the saméedsre apart from the
fact that DTT and SDS were not used.

PHAGE DISPLAY

Phage display is a selection technique in whichrary of bacteriophages,
each displaying a different peptide sequence, ppged to an immobilized
target (Smith and Petrenko, 1997; Arap, 2005)

After the incubation the unbound phage is washealyamhile specifically
bound phages stick to the target.

Elution of the phages from the receptor is donehvaswith an excess of

its natural ligand .

Phages eluted from the target are used to infecteba and thus be

amplified, this process has to be repeated at Beast times.
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Figure 2.12 The phage display technique in brief
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Single colonies are then chosen isolated and seqden

2.2.7 THROMBIN CLEAVAGE

Fractions eluted from the gel filtration column taning TrkBIg2 were

incubated with Ni-Nta gel, phages and thrombinr{fi8igma) in a solution

containing 20 mM Tris-Cl, 150 mM NacCl, pH 8.4.

The protein is fused with a His tag and presentsleavage site for

thrombin before the actual binding domain.

T7 promater primer

T7 promoter lac operator Xhal
AEATCTCEATCCCGLEAAA TTAATACEAC TCACTATAGGERAAT TE TEAGCEEA TAACAATTCCCCTCTARAAATAATTTTET TTAACTT TAAGAAGEAL A
Neo| His-Tag Ndsl _ xho| Bamti|
TATACCATGEECAGC AGCCATCATCATCATCATCACAGCAGC GECL TEET GCCECGLEGCAGCCATATECTCRAR II
Metl|ySerSerH isHisHisHisH i sH 15853erSerE| yLeuVn IProArgl lyS5erH i sMetleul ludsoP ’."- af,

——
thrombin TT7 terminator

AAGGAAGCTGAGT TG [[ II [ [[ [ [[ [[ [ A\GCAATAAC TAGCATAACCCCTTEEEGECC TCTAAMACGEETCT TEAGGEGTTTTT TG

LvsGlul laB | uLeuh | af uls InEnd

T7 terminator primer

Figure 2.13 Thrombin Cleavage site in pET-15b
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To this effect only the phages actually attachedh® protein can be
washed away and eluted after thrombin’s cut, winke beads and the His

tag will remain in the tube.

2.3 BDNF

Concerning brain derived neurothrophic factor wkofeed more or less

the same scheme as the one used for TrkB.

We obtained the gene from the same human brain chiMary using the

specific primers:
F 5’ATGACCATCCTTTTCCTTAC 3
R 5 CTATCTTCCCCTTTTAATGG 3

With a PCR reaction with Taq polymerase
95°C 3 minutes

3 cycles

95°C 1 minute

55°C 1 minute

72°C 1 minute

25 cycles

95°C 30 seconds

60°C 30 seconds

72°C 40seconds

Checked on agarose gel 1.3% (as in figure, baiid4tip)

After confirming the size of the neurothrophin gemel amplifying it with
Tag/Pfu polymerases mix we inserted it into pGEMaGy with the
technique of T/A cloning.
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We then inserted the gene into pet28 and transfbrBie21(DE3)pLysS
cells from Novagen, following PET manual to obttie expression of the

protein.

We checked translatability of BDNF codongHrcoli with a program based
on codons usage in Dbacteria found on the website
http://www.faculty.ucr.edu/~mmaduro/codonusage/aedagtranslated

and the fraction of sense codons below threshol.(0):was 60/247

(24%), as in figure.

i)

|
Codm.
.28

.............
TECE AT AR LA RT

Codr

e Ad

Colors:B= less than 10% of codons for same amino #idat least 10%

Figure 2.14 E.coli codon usage analysis

A new BDNF gene was synthesized using five diffemimers each about
100bp long which included two suitable restrictgites, a histidine tag, a
thrombin cleavage site and the ribosome bindirgy(§BS).

The 100-mers, HPLC purified were provided by YoikslBioscience

BDNF - F1
S'TATACCATGGGCAGCAGCCATCATCATCATCATCACAGCAGCG
GCCTGGTGCCGCGCGGCAGCCACTCCGACCCGGLCTCGTCGTGGT
GAACTGTCCGTTTG 3

BDNF — F2
S'GGCTCGTCGTGGTGAACTGTCCGTTTGCGACTCCATCTCCGAA
TGGGTTACCGCTGCTGACAAAAAAACCGCTGTTGACATGTCCGG
TGGTACCGTTACCTTC 3’

BDNF —F3
S'GTCCGGTGGTACCGTTACCGTTCTGGAAAAAGTTCCGGTTTCC
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AAAGGTCAGCTGAAACAGTACTTCTACGAAACCAAATGCAACCC
GATGGGTTACACC 3’

BDNF —F4
5'GCAACCCGATGGGTTACACCAAAGAAGGTTGCCGTGGTATCG
ACAAACGTCACTGGAACTCCCAGTGCCGTACCACCCAGTCCTAC
GTTCGTGCTCTGACTATGG 3'

BDNF —F5
5'CGTTCGTGCTCTGACTATGGACTCCAAAAAACGTATCGGTTGG
CGTTTCATCCGTATCGACACCTCCTGCGTTTGCA
CCCTGACCATCAAACGTGGTCGTTAGCTCGAGAC 3'

The amplification of this brand new gene was pend in successive
steps and the final product was inserted into aMdEeasy vector.

Two mutations were detected therefore a mutagehesido be done with

the undermentioned primers:

Fix first mut F: 55CGAATGGGTTACCGCTGCTGACAAAAAAAC 3

Fix first mut R: 5GAGATGGAGTCGCAAACGGACAGTTCACC 3

Fix second mut F: S5TTTGCACCCTGACCATCAAACGTG 3
Fix second mut r: 55CGCAGGAGGTGTCGATACGGATG 3

Afterwards BDNF was inserted into pET28a and exgad<yE.coli cells.

As for TrkBlg2 purification inclusion bodies wereolected after

harvesting and sonicating the biomass.

Clarified inclusion bodies were poured into a N&-eblumn and the protein

was finally eluted washing with an imidazole sauat(200mM).

The most suitable refolding strategy is under eatadu.
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2.4 PHAGE DISPLAY ON GUINEA PIGS

Guinea pigs were chosen as models for the in vhagp display as they
had bigger ears and cochleas thus resulting ¢adieandle.

Caviae at different ages were weighed (400-800ggsthetized and

shaved.
Behind the ear, an incision was cut allowing thegysan to operate.

A cochleostomy was done with the subsequent imgeadf 10ul phages

into the perilymphatic space through the round wimanembrane.
The hole was closed with some tissue and dentaticem
After 15-45 minutes the animals were sacrificed emchleas explanted.

They were washed in different solutions of waté8ST(50 mM Tris-HCI
(pH 7.5), 150 mM NaCl) and TBS Tween and dried witipauze.

After putting the cochleas in a tube they were ¢$redsand crashed with a
pestle and incubated with glycine chloride buffer 5 minutes at room

temperature.

The supernatant was taken after centrifuging onemlclv centrifuge at

10krpm (rotation per minute) and a solution of HigpH 8.9 was added.
Titering followed.

About 10Qul were used to infect 300ml bacteria cells in LBtheir log

phase.

Biomass was grown in an orbital shaker at 37 °C3fdrhours and 0.5 ml

chloroform were added.
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Following centrifugation the supernatant was céddcand mixed with 1/6
volumes of PEG-NaCl (20% (w/v) polyethylene gly&d00, 2.5 M
NacCl).

A succession of centrifugations and resuspensiongBBS and PEGNacClI

was performed resulting in a final pellet contagnthe amplified phages.

These phages after being titered could be usethtbanew round of the

selection.
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3 RESULTS AND DISCUSSION

The neurotrophic factors are released by neur@mngkt tissue in order to
regulate differentiation of the neurons during depment and assure their
survival throughout adult life (Maness et al. 19%drenghi; 1999).
Furthermore it has been demonstrated that neutotrepcould promote
nerve survival after an injury (Gillespie et alQ02) which makes them
potential therapeutic agents against neurodegemerat

Brain derived neurotrophic factor is also of vitalportance for neuron
survival and especially in the inner ear, as itsealbe leads to an almost
complete loss of innervation and consequently, tianality (Fritzsch et al
1997).

The binding of this neurotrophic factor to its matueceptor TrkB triggers
signalling which is crucial for axonal outgrowtheuronal survival,
neurotransmitter release and synaptic plasticity.

It may be therefore of great help in people affecy sensorineural
hearing loss and using cochlear implants, as it bhlasady been
demonstrated that it maintains neuronal cells adiad this proved to be

necessary for the efficacy of the prosthesis.

| joined a European project which is working at tlkeeation of
multifunctional nanoparticles that could be usedras carriers for a target

delivery, in particular in spiral ganglion neuralls in the ear.

BDNF could direct nanoparticles to this target whamding to its specific

neuronal transmembrane receptor TrkB.

The issue with its application is related to g &ize that makes it difficult

to deliver it.
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Our aim was then to find some smaller peptides oking BDNF action
and affinity for its receptor TrkB in order to attathem to these new

generation nanoparticles and direct them to thediular target.

As our goal was attaining BDNF mimetic peptides, warked to get its
full length receptor purified in order to perforhretphage display on it.

Our starting material was a polyA+ RNA library frdmuman adult brain
from which we could finally obtain TrkB gene witlheg PCR having
designed the proper primers.

After subcloning it into a cloning vector and figinhe mutations occurred
during the DNA amplification, we finally inserted in a prokaryotic

expression vector.

Due to its transmembrane protein nature, thougpression in bacteria

proved to be very complex and difficult.

The coexistence of the hydrophobic and hydrophdbenains makes the

production of the protein almost impossible forkayotic cells.
This fact forced us to find a different solution.

We obtained a cDNA library from RNA polyA+ from thghole adult
human brain using Creator SMART cDNA Library Couostion Kit.

Our aim was getting the gene coding for the tym$imase receptor TrkB
as it was the target of the phage display.

Random peptides 12-mers expressed at the N-tern@hwas minor coat
protein of the M13 phage have to stick to the remepinding domain
(Smith, G.P. and Scott, J.K.; 1993).

This domain is exposed outside the cell thus inetkteacellular domain of

the protein.
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In our study we also needed the intracellular lendsmain as we wanted

to check the efficacy of the interaction after tineding.

Investigating in literature | found many differeisbforms of TrkB gene
(Klein et al 1989, 1990) according to the typeisdue they were expressed
and | chose the one representing the full lengtbptor.

Despite the fact it was longer than the other vasiave decided to go for it
as we also wanted the protein structure to be lbsest possible to the

natural one expressed in the neurons of the gparaglion in the inner ear.

In literature the sequence 2469 bp (base pair) lwag selected: it codes
for the full length functional receptor for braiertyed neurotrophic factor
(Shelton et al., 1995).

All three domains are represented in this 822 aagis long protein: the
extracellular domain, the single transmembrane sagmand the
intracellular one possessing a tyrosine-kinasenieag (Shelton et al.,
1995)

Figure 3.1 TrkB on the gel, 2469 bp.
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Specific primers based on the coding sequence designed, the forward
one called F1 including the three bases correspgntli the start of the
gene and the reverse one starting from the TAG rceduch represent the
end of the gene (R1).

Using lug of the cDNA library taken from human brain aseaplate a
number of polymerase chain reactions were perforimexder to amplify

the gene sequence and so get a good amount oNAe D

After getting the DNA and checking the size ofnitgel (2469 bp as shown
in figure 3.1) we subcloned it into a pGEM-T-Ea®ctor with the method
of the T/A cloning.

PCR products generated using a nonproofreading pdlyimerase such as
Tag DNA polymerase, which lacks -335" exonuclease activity, have a
single template-independent nucleotide at the 8 aérthe DNA strand.
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Figure 3.2 TrkB full length in pGEM-T-easy

The best of the clones was aligning with TrkB buegented three
mutations at 343, 578, 2337 bases (see figure 3.2).

One of the mutations (at 2337) was not signifiets it did not affect the

final translation into protein whereas the otheo tvad to be fixed.
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With a site specific mutagenesis the mutations weentually mended and
the fragment (fig.3.3) cut with the appropriatetiieson enzymes could be
reinserted into the original pGEM-T easy vectortaomng the other part

of the gene.

Mt [riim)
muotstten?
mmls fiom 1
Hanll1] [ gu) kR L

Figure 3.3 Position of mutations and primers in TrkB full ¢gim

After several attempts the gene was complete andestried to insert it
into a prokaryotic expression vector (pET29) thiédveed to get a large
amount of the protein which is the target of thagehdisplay.

Results were not good as the whole gene was prpbadlarge and in any
case too difficult to produce via bacteria becaafats chemical nature.

Being a transmembrane receptor infact, means lieapitotein has either a
hydrophobic and a polar nature, not mentioning thaeeds many post-
translational modifications to be active, and these not feasible by

bacteria.

In literature | could find numerous studies aimiatgdetermining which
part of the TrkB extracellular domain was specific the neurotrophin

binding.

The LRMs of TrkA and TrkB have been reported agmsal for ligand
binding, in particular the second LRM. Many studiesnonstrated that
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interaction with the Ig-like domains of TrkA is @ial for NGF binding
(Ultsch, M H et al., 1999; Urfer et al, 1995).

In particular the second Ig-like domain, closesttlte transmembrane-
spanning region, provides the main contact for d&+ binding to TrkA
and NT3 binding to TrkC (Urfer et al, 1998).

In various articles (Haniu et al, 1997; Naylor df 8002) it was

demonstrated that the actual binding domain ofréoceptor is a small part
of the protein spanning from nucleotides 953 to7189the human TrkB
gene, which corresponds to amino acid residuest@8@30 of the mature

protein

Naylor et al. (2002), fully proved the efficacy thfe ligand binding with
surface plasmon resonance assays so confirmingthtkasecond Ig-like
domain of TrkB is the main docking region for BDN&o we designed
new primers to obtain only the binding domain frima whole gene. After
subcloning the PCR product we created the expmesssctor pET15b-
TrkBIg2.

The plasmid contained an N-terminal His-tag withadracent thrombin
cleavage site.

This enabled an easier purification of the proteith a commonly used
technique in which recombinant proteins tagged w0 poly Histidines
can be purified in one step by ion metal affinibyamatography (IMAC)
as described in Porath et al., 1975.

This purification method takes advantage of the ttaat several metal ions,
and in particular Nickel and Cobalt exhibit affijnito Histidine residues
(Schmitt, J., Hess, H., and Stunneberg, H.G.; 1B®@@iner et al, 1992) .

Transformation was done using a speé&aloli strain, BL21(DE3)pLysS,
especially meant for the expression of proteingytlin fact produce

themselves lisozyme allowing their own degradatiomractice.
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The presence of the protein and the best parametebacteria induction
and washing were checked every time, step by stigpSIDS PAGE assays
as shown in fig 3.4.confirming the data of a presi@rticle by Naylor et
al.; 2002 (see fig.3.4)

Figure 3.4 TrkBlg, expression in different clones. Lanes 1 to 4, 78nd
uninduced cells, time zero. Lanes 5, 6, 9, 10 egwa after 2 hours
induction with IPTG, 11 BL21(DE 3)pLysS not tramsfed with the
plasmid pET15b- TrkBlg 12 molecular weight marker, lanes 13 to 18
expression after 24 hours induction.

Bacteria had expressed the protein TrkB in inclusiodies (Bowden et al,

1991) which resulted to be around 20 KDa, as it exqmected.

After harvested cells were sonicated we could sfarifying the inclusion
bodies containing the protein followiktalmer, |, Wingfield, PT 1995

Purified inclusion bodies were solubilised in aauo®ntaining buffer as in

our reference article protein was found in the tg@able fractions.

A chromatographic Ni-nta column was used, undeuced) conditions in
order to obtain only the secondary structure, miaeourable for the

protein-bead interaction.
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TrkBIg, was then eluted trying different concentrationsiraidazole in

order to find the one that most suited the puriftca

300mM imidazale

100mM I pH 6 pH 5|
imidazole

Figure 3.5 The protein TrkBlg eluted from the column at different
concentration of Imidazole

In the end we found out the best concentration 3¢ MM Imidazole as

shown in figure 3.5.

The fractions containing the protein eluted from thhmobilized metal ion
affinity chromatography, were concentrated and edunto a Superdex
200 gel-filtration column. Nonreducing conditionsene maintained in
order to get the protein refolded as close as bles$o its natural 3D
structure (Jaenicke and Rudolph, 1990).
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Figure 3.6 Checking the presence of the protein in the eltrtions

In the first row there are various concentrationfsBSA and the staining
solution, from the first well of the second rowtbare are all the fractions
eluted from the gel filtration column. In well nuenb5 is visible a big
amount of protein due to the presence of aggregaiekthe dimer and
from well 31 on the second peak of TrkBlg2 monaméetectable.

We aimed to get the protein refolded in its natwahformation (figure
3.7), thus able to interact with its natural ligaord as TrkB had to be used

the target for the phage display - a 12mer peptide.

Figure 3.7 The model BDNF-TrkBIg2 complex (dark red—dark blue)
Taken from Naylor’s article, 2002
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Figure 3.8 Fractions eluted from the gel filtration column

- ; v i B doh SD QL9 e~

Figure 3.9 Fractions eluted from the gel filtration column

In the first well fractions eluted from the Ni-rgal before loading them on
the superdex column, from well 2 on fractions @éd progressively from
the gel filtration column (superdex)

Comparing TrkB purification progress with othergfpemed with known
molecular weight proteins like BSA and Lysozyme, @gimated that the
protein had to be eluted approximately after aatertolume of buffer had

flowed through.
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The binding domain was found in the pool of eluiattion but unluckily
the presence of another protein weighting aboubD4Slprobably naturally

produced by thé&.coli, was as well detected, as shown in figures 3%, 3.

We then performed a native protein electrophones@der to investigate
on the presence of the contaminant or aggregdtesigarious fractions and

to know if the protein could be somehow detachethfits dimer.

This technique does not use any denaturant agesti¢ving the proteins

intact, in their native form, as they have to bedus the phage selection.

This allowed separation of TrkBlg2 monomer from dinand aggregate.
And we could eventually see that fractions from pleak corresponding to
a molecular weight of approximately 18.5 kDa comd TrkBlg
monomer.

Figure 3.10 In the native gel, the monomer is separated fragrdimer

We then pooled all the fractions and added the tdi-Byel in order to
immobilize the His tagged binding domain to thedsealhis represented

the first step of the phage display.

Our idea was letting the phages stick to the NidaInd protein, washing
away the aspecific phages and subsequently cutti@grotein from the

beads taking advantage of the presence of a throohkavage site between
the His tag and the protein.
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We found that a similar experiment had been perormn Nickel-beads-

attached protein with a different enzyme (Clack§phowman H, 2004).
This way we could perform the phage display teanaiip just one go.

When using phage display in fact, it is always seagy to “subtract” from
the selected phages the ones that did not actbatly the target but

something else like, in this case, the beads doeild

Cutting the protein with thrombin instead, the leaudth the His tag
(which is obviously not a part of the binding domaand the phages

attached would be left, while only the specific gbawould be collected.

The parameters to set the thrombin cleavage indoeacke set.

BDNF

As during phage display a wash with a competitoneasded to have the
phages detached from the target, we worked to gd® Thatural ligand,
BDNF.

The gene was scratched from the same cDNA libraoyn fadult human

brain obtained while we were studying TrkB.

In literature many isoforms of the neurotrophin Idole found but as they
have mainly the same coding sequence we chosedlefraquent which
is a DNA fragment 744 bp long (Lewin and Barde, @99

The gene, amplified by specific primers, was ireg#rninto a prokaryotic
expression vector. After transforming the propditscand inducing them
we realized in an SDS page assay that the protas it expressed by
E.Coli.
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This could be probably due to the fact tka€oli and bacteria in general
have a different codon usage from the eukaryotgiamisms (Phillips et al ,
1987)

So we ‘“translated” all the nucleotide sequence DNB in something that

could be more easily “read” by bacteria (figurel3.1

Moreover we found out that we could try to get jumg mature form of the

NT synthesized which was about 300bp shorter.

€1ETATGTRARGEA ARG TCLACAE R CACCET A F CACTTT S AR TACACT ARCETCEL 2 A CCTAT TTC ARCT TGO CCAL CT A CACTCT ACA S FT T CTA CLILCCTT
AR T AT o T T TAR T TR 3 AT AR RTA N AR T EA AR FEEET A A CR AR 5 AR T3 0TI AR BT GEI TET A BT COTCTAGEGA

o AT T T AT 3 T T T 3AR T T CAT BeAGCC A AR B D AR T T I D A TOACDRT COGCCT T TS 0T A TCIGT O IOTCCTTOE0MATTIR
Lenigo Aedwas TFHRFCHS EAERZELSVC[3TIEW TARTERTAV I G “r.mu:r EV3T3 ‘_.KQY"T" = CRa] mﬁma;;:mgaa VI THDSTER TGVRE RIIISCTCILT ITRGEE

Positien 1 2 il " i @ Ity

Colors:l= less than 10% of codons for same amino &&wat least 10%

Fraction of sense codons below threshold (=10@@}%0 (0%)
Figure 3.11 E. coli Codon Usage Analysis for the new BDNF

So we designed a completely new “easily translataBIDNF and we
finally obtained the DNA, performing many ampliftean cycles with 10

overlapping primers.

When the BDNF gene was successively inserted irglorang vector and
sequenced some mutations were found, due to pexbfrg mistakes by the

polymerase and they were fixed with a site speaiiitagenesis.

After sequencing BDNF gene it was inserted intoEAI 28 expression
vector and the protein expressior&rtoli was achieved as shown in figure
3.12.
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Figure3.12 E. coli BL21cells expressing BDNF, selecting thstlzlone
and setting the time of induction

TRK B FULL LENGTH

We also took into consideration the possibility pdrforming a phage
display in vitro on the real protein, expressedhbitaryotic cells, thus more
reliable as a model.

Trk receptors are heaviN-glycosylated in their extracellular portions.

As Watson et al. in 1999 demonstrated, glycosyhlaserves two distinct
functions: regulation of Trk surface expression anelvention of ligand-

independent Trk activity.

Trk core protein is continuously actiuevitro.
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Consequently, factors that alter Trk receptbglycosylation can
profoundly modulate the activation capacity of teeeptor.

This could represent a problem in production of Blik E.coli as the
receptor will certainly not be N-glycosilated.

N-glycosylation is instead a normal post-transtaigrocess in eukaryotic
cells.

This was the reason why eukaryotic cells were amhésgroduce the best
targets for the selection of peptides despite thehmlonger time the
process requires.

We prepared a plasmid containing TrkB full lengémg inserted into an
eukaryotic vector, pcDNA3.1 (the structure is showfigure 3.13).

The starting material for the transfection was # lbee derived from

human cervical cancer cells (HeLa).

About 40 hours after the transfection, we couldvprthat the receptor was

actually expressed by the cells as the immunocgtoéssay confirmed.

Cells’ fluorescence was in fact detectable follayvime immunoreaction,
(figures 3.14), thus demonstrating first of alltthiae sequence coded for
the protein and subsequently that Hela cells cbaldsed for both transient

and stable transfection.

The presence of the BDNF receptor was also condirnme cochleas’
sections from mouse, rat and guinea pig with an umohistochemical

assay (fig 3.15).

TrkB was especially detected in cavia’s inner @ais fact made us take
into consideration that the phage display on cuipig could be as well
performed, giving comparable results to the oneaioktd on the human
model.
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Figure 3.13 TrkB full length in pcDNA3.1

Figure 3.14 Immunocytofluorescence of Hela cells. a) negatordrol, b)

transfected cells
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Figure 3.15 TrkB detected in cochleas from rat (first lanepuse (second

lane) and guinea pig (third lane).

A simpler and quicker method to detect the ectdpkB is having it fused
with a fluorescent protein like GFP.

Having the receptor traceable in transfected ocetisld help us in the

creation of a stable cell line containing TrkB.

Green fluorescent protein is one of the most usedpbrter genes for
marking transfected celis vivg, it is expressed in the outer dermal layer of

the Pacific Northwest jellyfish Aequorea victoria.

GFP autofluorescence provides a green bioluminésigh to the jellyfish
in response to a calcium-dependent energy trasségrinvolving a GFP-

associated protein called aequorin.
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Exposure to ultraviolet light causes GFP to autofdgce a bright green
color within living cells, even in the absence efjaorin, calcium, or any

other cofactor or substrate.

Bglli(13)
amp resi st\ > I ' Ndel (485)
« TATA

PUTATIVE TRANSCRIPTIONAL STARI1
A\ . HindII(912)

\>L BamHI(930)

_— EGFP
PCDNA3.1-egfp-trkb BamHI (1656)
8572h)
572bp e HindIlI (1927)
- Ndel (2380)
/ \ ‘ Byl (2452)
neomycin \ trkb fl

~ BgllI(3361)

orf 2 Xbal (4136)
F1 origin

Figure 3.16 pcDNAS3.1 construct with TrkB and the gene codinygtlie
green fluorescent protein GFP.

We excised GFP sequence from the backbone of anPEg@Etor and

inserted that in the pcDNA3.1-TrkB vector we alnghdd.

We successfully transfected cells as shown in 8gui6.
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Figure 3.17 Hela cells transfected with GFP-TrkB full length

As the huge therapeutic potential of neurotropisrishown many attempts
were made to obtain smaller and handier peptidesalh of them were
successful and many times the mimetic moleculesiltegs in being

antagonists instead (O’Leary and Hughes, 2003; gtairet al, 2003).

A good way to narrow the different options is comipg peptides

sequences obtained from different sources.

Considering the great homology of neurotrophic destwithin species
(Shelton et al, 1995) we took into consideratiore thossibility of
performing the peptide selection in vivo, too afad been done already
(Rajotte et al 1998 Sergeeva et al, 2006).

We infact performed the same technique on guinga @chleas.
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After cochleostomy and incubation of the phagesjasawere sacrificed
and cochleas collected.

Harvested phages were used to infect bacteria,tt@gool of peptides

could still be enriched as three rounds were peréaor.

89



4. CONCLUSIONS

Communication disability in profoundly deaf indivals can be alleviated
by cochlear implants, which are electromagneticiaisy that directly

stimulate the sensory neurons.

In most cases in fact, auditory impairment resiutisn the death of sensory
hair cells in the Organ of Corti, while the audytonerve remains

functional.

This fact has great significance as cochlear iniplavork only if suitable

numbers of sensory neurons are preserved.

The auditory sensory neurons usually undergo a,stmarly complete
degeneration in the absence of hair cells and dbgenerative process

accelerates when the entire Organ of Corti degé&era

Prevention of death of auditory sensory neurottisus of great therapeutic

importance, even if hair cells cannot be rescueg@enerated.

A target delivery of therapeutic agents to the aesrof the spiral ganglion

in the cochlea could be a huge enhancement irsdnise.

The Brain Derived Neurotrophic Factor has beenrtak& consideration
to direct nanoparticles with a payload of drugs dmg TrkB receptors

expressed in neurons’ membrane.

Smaller peptides mimicking its effect have to beduss BDNF can’t be

administered.

One of the aims of the Nanoear European projecakgeinvolved in is
attaching these peptides to nanoparticles thatidbein be injected into the

inner ear.

In collaboration with Yorkshire Bioscience Ltd | vked to set all the

parameters to perform the phage display technique.
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This technique allows the selection of specifictigs using the natural

receptor as a target.

My task was then to provide the target and the lbesditions for the

experiment to be carried on.

A study in literature was taken on to find the mospresentative target
which is an isoform of BDNF receptor expressedartipular in the inner

ear.

The gene coding for this receptor, TrkB, was oladiand transfected in
mammalian cells in order to get the protein wighriaitural structure and all

the post-translational modifications.

The more specific binding domain of the protein vedso expressed in

large quantities in bacteria and a protocol tofgutiwas optimized.

Based on the great homology among species, arvanphage display was

also performed using guinea pigs’ cochleas, wiscdtill in progress.

This study lays the foundations for the screenihgeaptides mimicking
BDNF and hopefully ameliorating cochear implant iges and

performances.

Even if the road to walk is still long, the resulistained here are the first
promising steps in the process of finding whas ivery likely to become a

new kind of drug.

The peptides that are about to be screened, irgtlmdeanoparticles easier
to administer in the inner ear in fact have a gpedential either for the
target delivery and, as drugs themselves, for thateption and the

maintenance of the auditory system in cochleartpesss users.
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