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Abstract

Protein misolding and aggregation are dahg features of a wide range of human
conditions which have been collectively termed protein misfgldiisease$PMDs). These
include disorders with diverse pathologies and symptang,c h as Al zhei mer 6
Parkinsonds di seas eWhicbeyes thdir pathbgenesisovevarthkevasn d c¢ an
majority of PMDs remain to datedarable and impse avery high socieeconomic burden on

humanity.

To address this unmet medical need, in this thesis we report the development of a novel
integrated hcterialplatformfor the discovery of potential therapeutics against a wide range of
PMDs. In this systm, Escherichia colcellsare genetically engineered in order to perform two
simultaneous tasks: (i) producembinatorial libraries of more than 200 million dslilge,
headto-tail cyclic oligopeptidesusing proteirsplicing technology and (ii) enable the
identification of the bioactive cyclic peptides tlatrect the problematic folding and/or inhibit
the aggregation of diseaassociated misfoldinrgrone proteins (MisPs) usirgggenetiassay
that links the folding of the target MisP with a fluoresqamgnotype. In this way, the bioactive
cyclic peptide hits can be identified in an ultrahtbhoughput manner usirftpw cytometric
cell sorting, thus significantly decreasing the overall cost, time and complexity ofdeagly

discovery for PMDs.

We utilized the developeplatform against four unrelated targets: (i) a carcinogenic
variant of the tumour suppressor protein p53, which contains a tyrosine to cysteine substitution
at position 220 (p53(Y220C)), (ii) the 42 residue form of the amyiqeptide (A42), widely
associated with Al zhei merds disease, (i i)
alanine to valine substitution at position 4 (SOD1(A4V)), which is linked with amyotrophic

lateral sclerosis and (iv) a pathogenic varianthaohtingtin containing a 9@lutamine

XVil



expansion(HT® 7Q) , which i s associated with Hunti

the isolation of four distinct bacterial populations that produce cyclic peptides with the ability
to rescue protein misfoldg and aggregation of the respective target MisP. The identified hits
against p53(Y220C) andb42 were further testeth vitro andin vivoin order to verify their

bioactivity.

Specifically, using this system, we were able to identify six putative rescuers of
p53(Y220C) misfolding,which were furtherevaluated for their ability to increase the
themodynamic stability of the target protein, inhibit its aggregation and restore its
physiological function in mammalian cell lines. The majority of the selected hits were found
to affect cancer cellgrowth, with oneof them exhibiting apronouncedanticaner effect.
Furthermorein vitro evaluationof the selected hits revealed that the latialic peptidewas
able to significantly stabilize p53(Y220C)while two other cyclic peptides were able to
interfere with the aggregation of p53(Y220@jthout affecting its thermodynamic stability.
This indicaes that the bacterial platform enables the identification of bioactive cyclic peptides

that rescue the pathogenic misfolding of p53(Y220C) by different mechanisms.

Moreover, using this system we were able dentify more than 400 putative

modulators of &42 aggregation, which we divided into 20 distinct clusters sharing similar

sequence characteristics. Two representative members of the two most dominant clusters were

chemically synthesized and evaluaiedvitro andin vivo. Both selected macrocycles wer
found to potently inhibit the aggregation ob42 in vitro at substoichiometric ratios, by
interfering with both the primary and secondary nucleation step$4® Aggregation, albeit
to a different extent. This suggests that members from differestectumay ameliorate the
pathogenesis of B42 by diverse inhibitory mechanisms. Furthermore, when testédo
Caenorhabditis eleganmmod el s of Al z bothicyuolee rpépsdes dviers abée sce
protect from the A42 aggregation associated cytotoxiciy decreasing the®2 deposits

XVili

n



found in the wormsdé body wall muscle cell s,
paralysis.Finally, a combination of deep sequencing anddirtected mutagenesis analyses
allowed therapid definition of structwe-activity relationships and consensustifs required

for optimal bioactiviy among each selected cluster.

Overall, the herein described approach represeatdighly adaptable ultrahigh
throughputstrategythat enables the facilend costeffectiveinvedigation of more than 200
million different moleculesand thediscovery and characterization of poteescuersof
pathogenic protein misfolding and/or aggregation. To our knowledge, this constitutes the
largest functional screen of drlige molecular erities described to date, with potential

applicability against a broad range of PMDs.
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Chapter 1- Protein misfolding and its

association with human diseases

1.1.Protein folding

Proteins aredhe mostessential molecules in living stems, playing crucial tes in

every biological procesHl]. In order to function, most proteins need ¢tdfinto a specific

threedimensional structure characterized dpyod stability under physiological conditions.

Protein foldings typically a highly efficient but complex processhose elucidatiohas been
of fundamental interest fanodern sciencdioreering work from Anfinsen and agorkers in
the 1960s suggested thaproteins can fold reversibly into their lowest fremergy
conformationknown as the native state, aaltithe necessarynformation for achievinghisis
encoded in the proteim aminoadd sequencég?]. Shortly afterwardsl.evinthalindicatedthat
due to the vastumber ofpossible configurations, thtene needed for arotein to randomly
find its native state isxorbitant(e.g.10°2years for a 10@esidue protein)whereagproteins
usually fold ina timeframe omilliseconds to second8]. He laterproposedha folding occurs
through a predefined and sequential pathviays confiningt he pr ot ei noés
spaceand folding time (sequential mod¢H]. Since thenmanyfolding mechanism models
have been proposed, such as the nuclegtiowth mechanisni5-7], the diffusiorrcollision
model [8,9], the framework mode[10], the jigsawpuzzle model[11], the hydrophobic
collapse mode[12-14] and the nucleaticnondensation modgll516]. However,none of

these models/ere able to resolve Levintlialparadox.

In the late 28 century, Sali, Shakhnovich and Karplus proposed a new nkadein
as t he i[h7k providing @ dedinitive solution tthe Levinthal paradaxThis model,

1
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replaces thedea of apathwaycontaininga predetermined sequence of stepgh a funnel
describingparallel eventslt proposegshat proteins fold in a diffusiehke procesg18-21], in

which an ensemble of intermediat®nformationsnavigate tle freeenergy landscape, all
finding their way to the same thermodynamically favored native @tagarel.1). The energy
landscape of each protein is encoded by its amino acid sequence and has naturally evolved to

afford rapid and efficient foldinf22].

N

Figure 1.1. Schematic repreentation of a complex energy landscapeThe verticaldirection of the funnel
represents the internal free energyd the horizontalplane represerd the conformation coordinates. Each
conformation is regsented by a point on the energy surface. N is the native conformation. Hills represent high
energy conformation®e(. g . u n f a anglesyvallbys eorreépong tconformationanore favourable than
othersnearby[23].

However, more recent studies have showngbaeral proteins seH{ssociateforming
insoluble and usually inactive aggregated states that are more tlymanucally faored
compared to their native state. In these cases, the latter is m&yeyminimum in the energy
landscae, kinetically trapped from the aggregated global minini24®25]. Therefore, nder
physiological conditions, proteins adopt their native form only as a metastable state, due to the

high kinetic barries associated with aggregation.



The aggegation processcanbeincor@pdred i n a pr ot egrambat f ol di

showsall its possible conformational statésgure1.2). The shape of thaggregatiorfunnel
depends on theropensityof a protein toaggregate as well as theusture of the formed
aggregates. For example, proteins sucb-agnuclein(U-syn), that do not form stable native

states but create highly structured aggregates have a \apyadd sharp aggregation funnel

[26].
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Figure 1.2. Schematic representationof a combined energy landscape for both protein folding and

aggregation[27].



1.2.1n vivo protein folding and homeostasis

While the fundamental principles of proteifolding are universaljin vivo protein
folding is governed bymany additional factors Firstly, the cellular environment is
exceptionally crowdedconsisting of ~80 g/l of macromoleculesthus increasing the
encounter rateand favoring aggregatiof28]. Furthermore,a variety ofproteins are only
marginally stable at physiological conditighging at constant risk of misfolding, while others
even n their nativestate canselfassemble, eventualfprming nativelike toxic aggregates
[29,30]. Moreower, approximately 180% of mammalian proteins are comprised of
intrinsically disadered proteins i.e. proteins that partially oentirely lack a unique 3D
structure- that have been associated with vasgorotein aggregation disea484]. Finally,
the high turnover oproteins in the cell, which requires full or partial unfolding, further
increases the opportunities for inappropriate imidecular interactions leading to misfolding
and eventually aggregatidB82]. The variousconformational states that polypeptide chain
can asume #er its biosynthesiandthe inbetween transformations of the different staiess

summarized irFigurel1.3.
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In order toassist propen vivoprotein folding and teounteractheintrinsic propensity
of proteinsto form thermodynamically stable aggregat@s|ogical systems have evolved a
guality control system that assists protein folding prevents protein aggregation. This system
is referred to as t hoensistspfrnolécelar shiapemnesd coet wor k
chaperones as well as protein degradation processes, such as the yioigiisome system
(UPS),autophagyas well asendoplasnic reticulumassociated degradation (ERA®igure
1.4 andFigurel.5) [22,33]. The frst discovery of a chaperosgstenresulted from studies of
the heatshock responsi84,39]. It was found that cultured cellas well as whole organisms
respond to conditions of increased stresuch as elevated temperature, by increasing the
concentration of a number of proteingermed heashock proteins (Hs), which are

categorizedy their size in kDge.g.Hsp40,Hsp60, etc.).
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To date, more than 330 human molecular chaperoaes been identified and have
been categorized into nine chaperone families: Hsp40, Hsp60, Hsp70, Hsp204,small
Hsps (sHsps) prefoldin, tetratricopeptide repeat (TRiR)mairrcontaining and chaperones
involved in the #funf eERdaaddmitgchoodtice(UFRand BRRP ons e 0
respectively]36]. These act at different stages of the folding prof&4si.e. they may interact
with the nascenpolypeptide chain as it emerges from the ribosome in order to promote its
folding, they may assisthe formation of protein complex¢88], they may inhibitprotein
aggregation of misfolded proteins and finalhyy may convertoxic oligomers into higher
order assembliega order toalleviate their toxicityFigurel.4) [39]. Furthermore, chaperones
also participate in protein degradation via the UPS or autophagy, by either aidimayrtied

catabolism of native proteins after they have fulfilled their functionality or by disassembling



aggregated specigsigure 1.4) [33]. Finally, chagrones contribute tehe trafficking of
proteins to their correct locatiamthe cell, and also prevent the secretiomdfolded proteins

by the Golgi apparatug?]. Interestingly, recent studies have also revealed that molecular
chaperones, such as clusterin, are secreted in the extracellulagvapareethey interaowith
aggregatiorproneproteinspecies and inhibit their propagation, thus offering an additional line
of defense againgtarmful protein aggregation40]. Importantly, in all casesmolecular
chaperones act by guiding proteinstheir expected fate rather thday accelerating the
individual steps of the folding proceg?]. The latter is performed by folding catalysts, such
as peptidyprolyl isomerases, that accelerate the cis/trans isomerization of peptide bonds N
terminal to proline residugd1], andoxidoreductsases anlisulphide isomerases that catalyse

the formation and reorganization of disulphide bomespectivelyj42].

The importance of the proteostasis netwvigggardingcellular fithesshas been wk
documentedas its decline anthilure have beenrepeatedlyassociatedvith humandiseases
[33]. Indeed mutations in parkin, a regulator of protein detation in the UPS, have been
directly associ at e #43,while defedsanrthdyisosmnaldegradationi s e a s €
of variousbiomolecules, such as proteins, lipahd glycanshave been associated witkier
70 different human disorders collectively termedlyaosomalstorage diseasdg4]. It is
believed that a number of factosach as aginggenetic mutations, obegiand oxidative stress
promote protein aggregation and result in the collapse of the proteostasis rji8tlofging
in particular is widely considered bethe leading 8k factor for protein aggregation as an
increasing body of evidence links aging with proteostasis network failure. Speciiicalged
human brain tissuespproximately 30% of chaperonage downregulatefB6], while others
are sequestered by tlaecumulatecprotein aggregateshus decreasing their celluldevels
[49]. Furthermore, thactivity of both theUPSand the autophagy machinery has been found

to be severely affected by aging, as a result of the decrease of the |leaaiseproteasome



complexes and autophagglated proteins respectively, amongst other fadi8gi7]. It is
therefore not surprising that a number ofdatset diseases such as Al ADei mer 6
and Par ki n@D)havesbeah assaeiatedd avith protein aggregadiad the collapse

of the proteostasis network.

1.3.Protein Misfolding Diseass

The phenomenon of protein misfolding and aggregation gefaing feature of
numeroushuman diseases that have been collectively termed protein misfolding diseases
(PMDs), proteinopathies or conformational diseag#%44,48-50]. These include conditions
of very high socioeconomic impact and unmet medical §86d Importantly, although for
some PMDs symptomatic therapies do exist, there are no approved disease modifying therapies
that canprevent, delay or reverse the progression of the digeasige vast majority of these
conditions [51-53]. Notable exceptions are tafamidis and migalastat, twallsnolecule
pharmacological chaperones that rescue the misfolding of transthyretin, associated with
transthyretin familial amyloid polyneuropathy (TIRAP), andU-galactosidase, associated
with Fabry disease, respectivghs,55], as well ashe pharmacological chaperonescaftor,
lumacaftor andezacatior, combinations of which have been approved for treatwfecystic

fibrosis[56-60].

PMDs include diseases with diverse pathologies, ranging from neurodegeneration
disorders to cancerhese can be (i) familial, suck Buntingtoi® diseas€HD), (ii) sporadic,
such asmost cases of P[iii) iatrogenic, such as dialysislated amyloidosisaand (iV)
infectious, such a€reutzfeldtJacob diseasg0]. All PMDs however irrespetive of their
pathologieshave been associated with the aberrant foldmdpr aggregation of one or more

misfolded proteis (MisPs). The nature of the associated MisP varies gr¢a@ly MisPs can
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be globulaysuch as mutants of the tumour suppressor proteiaggiated with certain forms
of cancerpr intrinsically disorderedsuch aghe amyloidb peptide (%) associated with AD.
Furthermore, MisPs can be localized in (i) the nuglsush as p53ji) the cytosol, such dg-
syn associated with PD(iii) it can be membranembedded such as theystic fibrosis
transmembrane conductance regulator (CFaggociated with cystic fibrosigr even (iv)
extracellularly secreted, such aé.AJnderstandingnore oneach MisPcontributiord $o its

respective disease is fundamental for the development of successful therapeutics.

1.3.1.Mechanisms of PMDs

As mentioned earlierthe decline of the proteostasis network can resulttha
accumulation of aggregated proteargdthe onset of human diseases, thig isby no means
the only mechanism by which PMDs emerge. Indeed, PMDs can be classified into five

categories according to their mecharssrhpathogenesifs1]:

1.3.1.1. Enhancement of the proteostasis network leading tomproper protein

degradation

Although the proteostasis network is essential for celfittass,a hyperactivity of the
degradation systemsan sometimes result in human disease. This occurs through the
degradation of mutated but still fairly functional proteins, whosal deficiencyinducesthe
manifestation of a more severe disedséypical example is cystic fibrosig serious disease
caused by mutations IICFTR the most common mutation being the deletion of the
phenylalanine residue at position 5@8-608)[62]. In this case, CFTRE508)is misfolded
and degraded by the proteasome before reaching the plasma membrane, where it normally
functions as a chloride channel. Studies performed by Balch andré@rs[63] as well as

Cyr and ceworkers[64] have demonstrated that inhibition of proteasomal degoadkgtads

10



to a somewhatstable and partially functiona FTR(#508) This indicates that although
mutated, the protein is still able to reach its proper location, i.e. the plasma menabicne,
therefore, a therapeutic stratelgygeting the activity of thproteostasis networkvould result

in increased cellular levels &FTR(F508)that could be valuable for indiduals carrying

this mutation65].

Lysosomal storage disders, such as Fabry disease and Gaucher disa&salso
associated with enhanced protein degrad4tidh Specifically,in Gauchedisease, mutations
in b-glucocerebraidaseaffectt he enzy me 6 s itsbubdtrateglycosyloerantide g r a d e
which resultsnt h e | irtracellalarataimulation anthducesof a variety of symptoms
such as bone damage, enlarged liver and spleen and hematdiogitnalitiesn different
degreeg66]. Studies by Ron and Horowi{£7] have revealed that this variability is strongly
correlated to the degree of EBention and proteasomal degradation, as the mutated protein
can still remain partially functiohalndeed, evenndividuals with the same genotype can

exhibit disease heterogeneity due to different extenERofetention and degradation.

1.3.1.2.Mutations leading to dominant-negativeeffects

An alternativemechanism by which PMDs can manifesthsotigh the antagonism of
a mutated proteirwith its wild-type form leading to a dominanegative phenotype in
heterozygote individual#\ classic example of this categorytige tumour suppressor protein
p53,a homotetrameric transcription factor thattpois the genome from carcinogeng6ig.
Mutant forms of p53 have been associated ajtfroximately 50% of human cancer casas
a | oss of notmaldungianeads® unnodtsolledcell proliferation[68]. Moreover
mutant p53 is still able to associate with its wijghe form leading to the formation of
heterotetramers thatmilarly do not function properly69. In addition, althoughhe cellular

levels of p53 are strictly regulated by the proteostasis netwonkitant p53 is sometimes
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degradedo asmallerextent leadindgo a prevalencef the mutant form over the witype and
thus decreasinghe probabilityof formation of a funcbnal homotetrameric proteifv(].
Furthermore, mutant p53 can alsoaggregate with its wild type form as well agh its
paralogs p63 and p7&adingto intracellularaccumulation ofaggregated speciethat are
targeted by the proteostasis netwpr]. This results in a@eficiency of transcription factors

that control cell growth and apoptosis and therefloegrogression of the diseal#l].

Another exampleof a dominanihegative PMDis epidermolysis bullosa simplex, an
inherited connective tissue disorder caused by mutant forms of the keratin proteins KRT5 and
KRT14[72]. Normally, multiple keratin molecules form filametitsit providestructure to the
skinds @©p theother mangmutated keratin is misfolded and creates intracellular
aggre@tes[73]. In heterozygote indidualsthese keratirfilaments are constructed by both
wild-type and mutarforms this impairgheiroverallfunction anccausegells to rupture when

subjected to mechanical str¢z4].

1.3.1.3. Aberrant localization of aggregationprone proteins

After proper folding, proteins are directed to their appropriate locatiorderto fulfil
their normal function. Mutations in a number of proteins associated with PMDs have been
found to destabilize their structure and inhibit their intracellular trafficking. Improper
localization of misfolded proteins can also result in dual toxicity as the protein will be absent
from itsproperlocation and therefoneill be unable tdunctionnormally butfurthermore will
accumulateat animproperlocation resulting in protein aggregatiandpossiblyexhibiting a

dominantnegative phenotype

One example of this category is the mutation Wif-antitrypsin, a serine protease
inhibitor (serpin). Mrmally, Ul-antitrypsin is produced in hepatocytes and secreted into the

bloodstream where it inhibits the elastolytic destruction of lung tissue. Mutations in this
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protein can thereforeauseliver damage, due to increased protein aggregation, as well as

emphysema due tancontrolled elastase activity5].

A different PMD associated with improper Ildigation is synpolydactylya congenital
limb malformation disorder caused tmytations in the transcription factor Hoxd¥®|. Under
physiological conditions, Hoxd1® sequestered in the nucleus where it regulates the
transcription of a variety of genes involved in the development of limbs. Mutant forms of
Hoxd13 comaining polyalanine expansiorare traffickedrom the nucleus into the cytoplasm
where theyorm large amorphous aggregates, thus inhibiting their normal function and leading
to the manifestation of the dised3&]. Interestingly, mutariloxd13 is ceaggregated with its

wild-type formresultingin a dominaniegaive phenotypg77].

Most PMDs associated with madfled membrane proteitiall into this categoryFor
example, retinitis pigmentosa, a group of retinal degenerative diseases characterized by
progressive vision lossias been associated with over 120 point mutations in rhodopsin, a G
proteincoupled receptor (GPCR) composed of #poprotein opsin and the -tis-retinal
chromophorg78]. Class Il mutations in rhodopsin leadamisfolding of the receptor arah
inability to incorporate into the plasma membrane where it normally fung¢@@hdn addition,
these mutants form intracellular aggregatest impair cell fithesseventually leading to

apoptosig78,79|.

Another exampleés CharcotMarie-Tooth disease (CMTDRgssociated with mutations
in the gene encoding the peripheral myelin protein 22 (PMP22). PMP22 is normally
synthesized in Schwann cells and trafficke the plasma membrane, where it plays a crucial
role in the development and maintenance of my@aj. In individuals with CMTD type 1E,
point mutations in PMP22 lead to failure afofein trafficking from the ER to the plasma

membrane anthus causerotein accumulation in the ERolgi intermediate compartment
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[80]. Furthermore, mutant PMP22 mayg-aggregatewith wild-type PMP22 exhibiting a
dominantnegative toxic effedi81]. Both mechanismesultin defective myelin stability, with

mild to severe symptoms of neuropathy.

Similarly, a rare neurological disordealled episodic ataxig/pe-2 is associated with
mutations in thevoltagegated calcium channdlCa/) [82]. The most common mutations
appear in the G&.1. subuni@ffecting protein foldingand resulting in ER sequestion and
proteasomal degradatiorin additon, mutant Ca2.1. subunits bind to their wHtype
counterparts and induce their degradatiiis decreasing overall channel activity even in

heterozygotef33].

1.3.1.4. Alterations on the protei n6s physi ol leadingctaa nowlttoxicct ur e

function

Another mechanism associated with PMD pathogenesis involves the acquisition of
protein conformations that deviate from their pro@& structureand lead toa novel
pathogenic function and delar toxicity. A representative example s&ckle-cell anemiathe
first known PMD, which is characterized by decreased red blood cell elasticity that causes
extreme pain, cell damage and anerf®,85]. In this disease, a point mutation in
hemoglobulinof red blood cells exposea hydrophobicregion aito the proteins surface
ultimatelyresultingin protein aggregatiof84,85]. Interestingly, the disease manifests only in
homozygote individuals indicating that hemo

dominat-negative mechanism.

Another example is apolipoprotein E, a lipid transport molecule #xadts in three
common variants known as E2, E3 and E4. The ApoE4 vaeanésents a major risk factor
for AD and correspondi a more rigid protein structurdadilized by a salt bridge that is

missing in the wilekype ApoE386]. As ApoE4 is not as flexible, its binding to lipid molecules
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is affectedresultng in disruption of mitochondrial functiof87] and reductionof neurite
outgrowth[88]. Furthermore, ApoE4 has been associated @iitmanced levels of th&b42

peptide whose aggregation has been strongly implicatesDr{89].

A noteworthyclass of proteins with aberrant folding that leads toadisgathogenesis
are oncogenic proteins, whielnemutated in a diversity of cancers leading in uncontrolled cell
proliferation. A representative example of this classhe nonreceptor tyrosine kinase SRC.
Mutant SRC is highly unstable compared to iidvype formand thus activatethe Hsp90
chaperone to assist its folding and proper membrane localiZ&hrin this manner, Hsp90

ultimately increasethe mutanSRC activity andeads tacancer development

Importantly, a specific PMD can occur through different mechan&mosrding to the
nature of the proteinbds mutati onasa, Elass IV e x amp
mutationsresult in correcoverall protein folding and localization bwbnstitute the protein
unable to associateith its chromophore substraf@8]. This structural alteration eventually

leads in decreased protein stability aisduedegeneration.

1.3.1.5.Amyloid accumulation

Probably the most studied mechanism of PMD pathogenesis is associated with the
formation of intracBular or extracellular amyloideposits Theseassembliearecharacterized
by a highly orderearossb architecture consisted giarallel or antiparalleb-sheetswhose
constituenb-strandsareperpendiculato the fibril axis[30,91,92]. Notably, this is a common
feature of amyloid fibrils faned by proteinsvith differentprimary sequensgindicating that
the overallstructure is held together by interactionshe polypeptide backbonepmmon in
all proteins[91]. On the contraryside chain variations affespacing of théb-strands, and

kinetics of the amipid formation mechanism amongst othE3§].
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The formation of an amyloid fibril is a multistep process involving three macroscopic

stages: a lag phase, a growth phase and theefipalibrationphaseThese are charaamized

by four microscopic stages, i.e. primary nucleation, secondary nucleation, elongation a

fragmentationnvolving a variety of protein species ranging from oligomers to higher order

aggregatesHigure1.6) [94].
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Figure 1.6. Schematic of the amyloid aggregation mechanisnThe aggregation process initiates from a

monomeric unfolded, partially folded or correctly folded precursor thatsslkiciates forming various oligomeric

species, prefibrillar assemblies and ultimately amyloid fibrils. Black and green arrows represent primary and

secondary pathways respectiveaT fluorescence is commonly used to follow the aggregation reaction. Adapted

from [95].

The formation of amyloid fibrils has been associatéith wwver 50 PMDs with very

different pathologies;anging fran neurodegenerative disordéoscataraci30]. These have

been collectively termed amyloidoses and can be dithalized or systemic, i.e. the amigo

deposits may appear only in a specific tissue/organ, or in multiple organs respectively.

Neurodegenerative PMOBIPMDs)have been extensively studiedecent times, due

to thedramatic increasef their incidence ratand the financial burden that thenpose to the

health care systenattributed mainly to the increased aging populatii@&. Eachof these
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NPMDs, although exhibiting diverse pathologies, they arasdbciated with thitracellular

or extracellular formation of amyloid aggregates of differ@nbteins, which can be
intrinsically disordered, aberrantly overexpressed, or mufdt@dFor example, AD has been
linked with e aggregatiop § PD with Usyn and HD with polyglutamine exmsions of
huntingtn (polyQHTT). Interestingly, some aggregatipnone proteins have been associated
with multiple NPMDs suggesting thaheir misfolding may not be a cause but an effect of
diseaseaelated cell stress, however, resultingfurther increasedissuedamage ad faster

progression of the diseaf#7].

Two representative examples of systemmymidosisare light chain amyloidos{#\L),
associated with mutations in the immunoglobulin light ch&gin€) that increase their
aggregation propensit}8] and TTRFAP, associated with destabilizing mutations in the
tetrameric transporter transthyretif9]. In both cases, amyloid accumulation appears in

various organs and resultsartensivaissue damage and organ failure

Interestingly, although in some disegsasch a®\L amyloidosis and cataract, toxicity
is caused by fibril accumulatioj8,100101], in others, such a3TR-FAP, AD and PD
amyloid deposits arbelieved to bea protective cellular mechanism thegquesterthe truly
toxic oligomerig or in TTRFAP also monomerigpeciesnitigating their patholog{39,107.
However, even in these cases, the amyloid fibrdybe involved in the transmissionmfotein

aggregation between cellsontributing in disease progressid®3-106|.

Notably, the formation of amyloid fibrils is halways associated with a pathogenic
state. Indeed in several living systems, including bacteria, syaadthumans, a number of
endogenous proteins are converted into amyloid fibrils that fulfil a specific function. Proteins
that form functional amyloids microbes antiumansare summarized imablel.1 andTable

1.2 [30,107).
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Table 1.1. List of proteins forming functional amyloids in microbesand their physiologic role[107].

Protein name

Species

Physiological role

Escherichia coli,

Biofilm formation and interaction with

Curli .
Salmonella enterica host
FapC Pseudomonaspecies Biofilm formation
TasA Bacillus subtilis Biofilm formation
Mycobacterium - _ _
MTP _ Pili formation Cell adhesion
tuberculosis
Als Candida albicans Cell adhesion
Formation of hydrophobic layer that
Chaplin Streptomyces coelicolor enables aerial growth and
differentiation
Hydrophobin Fungi Coat formation

Microcin E492

Klebsiella pneumoniae

Sequestration of toxispecies

HpaG

Xanthomonaspecies

Virulence factor

Sup35p

Saccharomyces cerevisig

Regulation of translation terminatior
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Table 1.2. List of polypeptides forming functional amyloids in humans and their phgiologic role[30].

Peptide or protein name Physiological role

Intralumenal domain of melanocyte | Production of fibrous striations inside

protein PMEL melanosomes, upon which melanin granules fg

Various peptle hormones in pituitary o
Natural storage in pituitary secretory granules
secretory granules

Receptotinteracting serine/threonine| Mediation of the tumor necrosis factorduced

protein kinase 1/3 (RIP1/RIP3) programmed cell death
Fragments of prostatecid Unknown for humans, utilized by the HIV virus
phosphatase and semenogelins for infection

1.3.2.PMDs with respect togain and loss of function

The aforementioned mechanismsgolving PMDscan have two distinct impaats the
associated proteingi) loss of physiological function dii) gain of toxic function. In losef-
function PMDstheassociated protein is misfolded and unable to fulfil its physiologic role thus
resulting in the progression of disease. Examples of thegaey include cysticilbrosis
phenylketonuriaand lysosomal storage disorders, such as Gaucher disease and Fabry disease
[108109. In gainof-toxic-functiondiseases, the affected MisPs form toxic aggregated species
thatimpair cell fithess andesult in a pathologal phenotype These diseases include sickle
cell anemia, typ@ diabetes and neurodegenerative diseaseh as AD and amyotrophic later
sclerosis (ALS)[30]. Importantly, some proteinsiay exhibit both a los®f-function and a
gainof-toxic-function phenotype. As mentiodieearlier, mutation in both p53 andll-
antitrypsin inhibit the proteis @hysiological functios but also leado the formation of
intracellular aggregatesont r i buti ng t o t[h&Y. BampessRMDé pr og

with their asociated protein and underlying mechanism are presented in the following table.
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Table 1.3. Examples of protein misfolding diseases and their associated Misp39,110,.

Associated diseases

Peptide or protein name

Gain-of-function diseases

Alzheimer disease
Parkinson disease
Transmissible spongiform
encephalopathy

Huntington disease

Light-chain amyloidosis

Heavychain amyloidosis (mainly rena
AA amyloidosis

Type 2diabetes

Amyotrophic lateral sclerosis

Sickle cell anemia

Familial amyloidotic polyneuropathy
Dialysisrelated amyloidosis
Fibrinogen amyloidosis (mainly renal)

Spinocerebellar ataxia 1

Amyloid-b pept itadiprotdh Ab ) ,

Ussynuclein(U-ssyn), tau protein

Prion protein (PrP)

poly-glutaminded huntingtin exon 1 (polyQ
HTT)

Fragments of immunoglobulin light chains

Fragments of immunoglobulin heavy chains

Full or N-term fragments of serum amyloid A
protein

Islet amyloid polypeptide (IAPP)
Cu/Zn superoxide dismutas€30D1)
Hemoglobin

Transthyretin (TTR)

bani crogl emul i n
o-¢hairf i

(b2

Fragment s bri nog¢

Ataxin-1

Lossof-function diseases

Cystic fibrosis

Gaucher6s disease
Fabry disease

Hypogonadotropic hypogonadism
Nephrogenic diabetes insipidus

Retinitis pigmentosa

Cystic fibrosis transmembrane conductance
regulator

Glucocerebosidase
U-galactosidase
Gonadotropirreleasing hormone
Vasopressin recept@r

Rhodopsin

Both Loss and Gainof-function diseases

U Antitrypsin deficiency

Cancer

U 4Antitrypsin

Transcription factor p53
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1.3.3.p53related canceras a PMD

The tumor suppressor protein p53 is a transcription factor widadingrole in
protecting cells from carcinogenegdisusoften called théiguardian of the genorag68]. Upon
cellular stress, such as DNA damagé&gpoxia,p53 is activated through a cascade of events,
resulting in the expression of target genes that are involved oyl arrest, DNAepair,

and if damage o extensive, ulmately apoptosisHigurel.7) [111]].
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Figure 1.7. Functions of p53 in response to stress signdlkl]].

p53 isa homotetrameric protein, whose sequence comdiats intrinsically disordered
N-terminal transactivation domain, a proklineh region, a structured DNAinding core
domain, a tetramerization domain and an intringiaisordered @erminal regulatory domain
(Figure 1.8) [112. The DNA-binding core domain consists ofbasandwich scaffold and a
DNA-binding surface, which is formed by two loops (L2 and L3) tethered by a zinc atom, and
a loopsheethelix motif (Figure1.9) [112. Besides thisstrc t ur e d r [gh levelrof p536
intrinsic disordermprovides a dual function: (Bnables the interaction with different proteins
thus facilitating its diverse biological functioaad (ii) lowers the protei@ stability and haif
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life, thus hindering ts uncontrollable function that wouldtherwiselead to inappropriate
apoptosis and senesceifit&3-115. In order tofurtheravoid hyperactivity of p53ts cellular
protein levels arstrictly controlledby theubiquitin ligasesMDM2 and MDMX, which act by
targeting p53 for proteasomal degradation and also binding to its transactivation domain and
inhibiting[1&306s functi on
248 273
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Figure18.Schematic of p536s domain structure indicating t

for each position[117].

Figure 1.9. Ribbon diagram of the DNA-binding domain of p53 bound to a target DNA segence Mutations
at positions at or near the DN#inding site, such as R273 and R280, are called contact mutationsvalsieat

positions located at the periphery of p53C, such as V143, Y220 and F270, are called structural rfiL&dtions
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The 1 mpor t guadianshipfis higlBightéedsby the fact that in almost every
cancer p53s inactivated either by mutations in tA€53 gene or by deregulation of its
signaling pathwayglL17]. Notably, while in most casd®53mutations are acquired, in a rare
hereditary syndrome called -Eraumeni, germline mutations in TP53 result in the
development of various types of cancer starting at a youn@ld@e The vast majority of
TP53 mutations appear at ther o t BNARbihding core domain(p53C) as illustrated in
Figure1.8. These carme dividedinto two categories: contact mutations, which appear at or
near theDNA-binding domain of p53 andirectly abolishDNA-p53 binding and structural
mutations, whichappear at the peripheof the coredomain anccreate local conformational
changes to p53-{gurel.9) [119. Due to themarginal stability 0p53, these changeanresult
in the denaturation anthereforginactivation ofp53at body temperature, whereas the protein
remains active at lower temperatuf@g9d. Interestingly,secondsite mutations that increase
p 5 3tlleemodynamic stability, have also been found capable of resthengisfolding of

structural mutants of p53 amestoring their proper functidii2q.

The most common structural mutant of p53 is the substitutidywasineat position
220 with cysteine p53(Y220C), pparing in ~ 10@00 new cancer cases each y&ap]. This
substitution results in the development of
degabilizes it thermodynamicallpy ~ 4 kcal/mol, making more than 80% of the protein
unfolded at body temperatur&2l]. Therefore, protein misfolding results in a kagsfunction
phenotypeand uncontrolled cell proliferatiodt the same timgp53(Y220C) has been found
to acquire a gahof-toxic-function phenotype, as interact with p63 and p73 isoforms
inhibiting their normal functiof122 andalso to accumulate in tumour cells due to insufficient
degradation by MDM2123. All together, hese features make p53(Y220C) a highly attractive

target for the discovery of rescuers of protein misfolding.
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1.3.4. Al zhei mer 6s -bgpepsde ase and the amyl oi

Al z hei me r(AD3}is alprogressive aeurodegenerative disorder named after the
German physician who first deflmed the disease in 190724, with clinical symptomshat
include progressiveognitive impairmentchanges irbehaviourand, ultimately, deatfil25.
Currently, it is the most common cause of dementia affedingpst ® million people
worldwide, a number #t is predicted to rise tover 130 million by 2050126127].
Importantly, AD remains to date in@ble, despite the enormous effdids the development
of prevention and therapeutic strategesi represents a substantial economic burden on our

society.

Age is the strongest risk factor for AD, with the majority of cases manifesting after 65
years 6 age (late onset ADhowever, in ~ 5% of AD cases, the symptoms can occur before
the age of 60 (early onset ADhGin some cases as early3syears of aggl27,128. Late
onset AD is considered of a sporadic nature, resulting by a combination of enviroremental
geneticfactors,including, but not limited tothe aforenentioned AoE4 risk factof{129. On
the contrary, early onset AB caused by autosomal dominant mutatiappearingn three
distinctgenes, namely th&PP gene which encodes the amyloid precursor pro(&RP), and
the PSEN1and PSENZ2genes, which encode tipeoteinspresenilin 1 and ZPS1 and PS2)
[129. Importantly, allthree proteins are involved inhe production ofAb, supporting its

involvement in the patholggof AD (Figure1.10) [13Q.
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Figure 1.10. Schematic of APP processing to release the diseassociatedAb peptide. APP is first cleaved
b y-seuretase BACE producing the sAPPbHb fragment and the C ter
t h esecretase complex, which includes the PS1 and PS2 subunits. This process results in the release of the

disaseassoci ated Ab p¢lpll.i de. Adapted from

Pathadogically, bothlate and early onset Alre characterizetly the presence of
extracellular amyloid depositspnsisting mainly oAb, as well as intracellular neurofibrillary

tangles, consisting of hypghosphorylatedorms of thetauprotein(Figure1.11) [132.

Normal AD
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Figure 1.11. Schematic of brain tissue from normal patients and AD patientg133.
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Until recently,there was a general consenthest the formation of thesebfamyloid
plaques was responsible for the disease pathogenesis, giving rise toectiledamyloid
hypothesid134]. However, as amyloid plaque density was found to correlate poorly with the
severity of the disease, research was directed towards other species involved in this aggregation
processThis ultimately gave i s e toxw AltoH @ gfo me r 0, which ptipulatestisai s
soluble 4 oligomeric species, ranging from dimers to larger solubldiprélar assemblies,
are actually responsible for the neurotoxicity in AL35. Indeed, it is now widely believed
that the amyloid plaques are probably the consequence of a protective cellular mechanism that
sequsters the toxic oligomeric@species, while the occasional adverse effects associated with
AD fibrils can be attributed to their fragmentation into smaller species with enhanced toxicity
[39,136. To corroborate thisaccumulating amount of evidensaggests that the observed

toxicity is inversely correlated to the molecular size of theggregated speciéSigurel.12)

[137).

——

sajebaibbe jo azig

Figure 1.12. Schematic representatiorof the energy landscapef Ab aggregationdepicting the relationship
between the size of A aggregated species to their associated toxicif37].
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The mechanisnby which theAb oligomeric speciegxert their toxicity is largely
unknown. However, recent studies support that they interact with a wide range of receptors
causing their malfunction, and also affect the cell membrane permeathlity impaing
calcium homeostasid36138. Moreover Ab oligomers have also been associated with the
degradation of the UPS, which could lead to the intracellular accumulation and subsequent
aggregation of other proteins, such as tau, resulting in increased cellular toxicity and neuronal
death136138139. Interestinglyrecent studies suggest thath oligomers ashmature fibrils
areinvolved in the neuronal transmissionmbtein aggregation by a pridike mechanism,

thus contributing to disease progresqib93134.

Overall, while the mechanisms that underlie AD are not entirely clear, there is strong
evidence supporting thatbAplays a key role in AD pathogenesis and thasgeting the

aggregation DAD represents a highly promisitigerapeutic approach.

1.4. Therapeutic strategies against PMDs

As PMDs include notorious and mostly incurable disease with very high-socio
economic impact, there is anma medical need to develop effective therapeugigainst
these diseases. While all PMDs are associated with protein aggregation, they have very
different pathologies andiversesymptoms. For this reason, thpproved treatments that are
currently usedrary greatly, ranging frorsurgery, such as liveransplantation to treat TFR
FAP [14Q and fibrinogen amyloidosigl4]] or cataract surgerjl47), to substrate reduction
therapyand enzyme replacement therapy to treat lysosomal storage digad8:t44]. In the
following section the most common approacthes are currently followed for the development

of new and effective therapeutics are presented.
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1.4.1.Manipulating the proteostasis network

As mentioned earlier, cells have evolved a robust quality control system comprising of
molecular chaperones and degradation processes, in order to protect them from aggregation.
Exploiting this systenby either enhancintipefunctionof molecular chaperasor stimulating
aggregate degradatiorowdd be an effective strategy for the treatment of different PMDs.
Indeed, activation of the heahock response has been used as a therapeutic approach against
various diseases such AB, PD, HD and cancerFor example, activation of the heat shock
factor 1 (HSF1) by celastrol has exhibited cytoprotective effects from polyglutamine toxicity
associated with HO145. Likewise, overexpressionf ddsp70 has been associated with
decreased toxicity and neurodegeneratiomodels ofHD andPD [146,147]. Notably, the
small molecule Hsp70 activator arimoclomol is currently in Phase 3 trials for the treatment of

ALS.

On the other handnhibition of Hsp90 has been utilized as a therapeutic approach
againstvarious PMDsFor examplethe Hsp90 inhibitoNVP-AUY992 has been found to
promotedegradation of poly€HTT [14§ and 17AAG hasbeen found to reduce the levels of
wild-type and mutant LRRK2, which has been associated wittoteget P[0149, as well as
severalp53 mutant§150. Notably, ganetespib, another Hsp90 inhibitsrcurrently under
Phase | andtirase Il trials for the treatmenf various types of cancer such as ovarian, breast

and ling[15]]

Based on similar principlesactivation of the cellular degradation processes can be
promising for the gatment of PMDsFor example, thémmunosuppressamapamycin has
been found to induce autophagy and enhance clearanésyof tau andpolyglutamine or
polyalanine-expanded proteinshus mitigatingtheir associated toxicitj152153. Likewise,

activation of UPR-associated transcription factonsas been found to selectively reduce
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secretion ofdestabilizedTTR mutants andamyloidogenicLC, resulting in heir subsequent

degradation and decreased aggregate formptiohl55.

1.4.2.Enhancing aggregate clearance by immunization

Another approach to enhance clearance of protein aggregated species is by utilizing
antibodies which bind to such species and promote their degradation by anrtiedinted
phagocytosisThis approach has been widely used against AD with many antibodies currently
in clinical trials. For examplantibodies aducanumab and gantenerumab specifically bind to
aggregated forms ¢f band enhance their clearance resultingoreased cognitive function
[156157]. Similarly, the anbody crenezumab binds o boligomers and higher order
aggregates and antibody BAN2401 selectively recognidegrAtofibrils, bothpreventing
plaque formation and disease progres$i&8159. On the same notantibodies against tau,
such as BIIB076, ABBWE12 and RO7105705 have also been studied for the treatment of AD

and are currently in clinical ti&[97].

BesidesAD, immunization has been considered a potential therapeutic approach for
other PMDs as well. For example, two antibodies, BIIBO54 and RO7046015 have been
developed against aggregated formdJsiyn and are both currentiyy Phase 2 trials for the
treatment of PD[160,161]. Similarly, the UmiSOD1 antibody currently in preclinical
development for ALS treatmenselectively recognises misfoldedariants of the Cu/Zn
superoxide dismutase $QDJ), reducing its aggregation and its associated neurodegeneration

and[167.

1.4.3.Targeting the production of MisPs

One of the mosbbvious approaches towards tmesvenion of the aggregation of a

specificdiseasel associated MisP, is the selective decreasesafellular levels. Indeed this

29



approach has been employagainstmany PMDs.l n t he case of thel zhei m
diseaseassociateg b p e p troddced by mwoteglytic cleavage of theecretaséBACE-

1) and ao-secretas€Figure1.10). Inhibitorsof both enzymes have been extensively stydied
however results so far have been unsatisfad@rl. Specifically,semagacestathe onlyo-
secrease inhibitorthat hasreached Phase dinical trials,was withdrawn due to adverse
reactions that led tancreased incidence of skin cancer and infectigh@&3, while next
generatioro-secretase inhibitors, such as avagacestat, that were developed in an attempt to
alleviate these toxic effects, were not abl@atbieve the intended goalsd the related trials

have since been haltdd64]. On the other handjrst-generatio BACE-1 inhibitors had
unfavourable physicochemical propertiesile later frontrunnerssuch as verubecestatere
withdrawn from clinical trials due to insufficient efficag97,165. However,otherBACE-1
inhibitors are still being evaluated in clinical trials in the hope of positive effelsts taking

into account that innovative clinical trial design, including patients in the early and

asymptomatic di sease stages, may play an i mp

Notably, proteolysis has been involved in the production of other aggregatoe
proteins, besides A Some examples includslpain cleavage and caspdc@rocessing of
huntingtin [166167], caspasenediated cleavage of the MNerminal segment of polyQ
expanded ataxiB [168169, proteasomenediated Germinal cleavage offsyn[170171],
caspaseanediated G&erminal processing of t72173 and sequential cleavage of gelsolin
by furin and MThmatrix metalloproteinasg¢174]. However, selective targeting of the

corresponding proteases with minimal side effects, remains a challenge for drug development.

Another posttranslational modificatiorthat results in the production of aggraegat
prone protein species is phosphorylation. Indegoerphosphorylation ofau has been linked
with many tauopathies, such as AD and frontotemporal demueinitna parkinsonisml?,
implicating the GSK3 and CDK5kinasesamong othes [175176. Interestingly, GSK3

30



inhibition by lithium or the small molecule AR014418, resuled in decreased tau
phosphorylabn and reduced neurodegenerationmice carrying the diseaseassociated

variant P301L[177,178).

Anotherapproach to reduce the levels of a Pi§sociated protesnis using gene
silencing by RNAinterference (RNAi)or antisense drug technologim 2018, two such
molecules, the RNAI therapeutic Onpattro and the antisense Tegsedi were approved for the
treatmentof TTR-amyloidosis[179, while three antisense drugEDNIS-HTTrx, IONIS-

SODXRkx and IONIS-MAPTRrx, which target the production of TH, SOD1 and tau
respectively,are currently in clinicatrials with very encouraging preliminary resuj&y].
Importantly, the reently developed CRISRRas9 technology has also been used for gene
editing of proteins associated with PMDs, such as pd#iQ [180 andUL-antitrypsin[181],

and is believed to hold great promise fexageneration PMD therapeutig$87.

1.4.4.Stabilizing the native state of MisPs

Another approach to targeting PMDs is the stabilization of the native statebafaglo
MisPs. Onerery successful example of this category is tafamidis, an approvedmpiatiule
drugfor the treatment of TTHFAP, whichfunctions by stabilizing mutated transthyretintto
native homotetrameric form, preventing its misfolding and aggi@yand therefore, delaying
disease progressiofb4]. Similarly, lumacaftor and tezacaftowhich have recently been
approved for the treatment of cystic fibigsincrease the stability ahe CFTR@F508)
mutationand therefore enhance its trafficking to the cellular membrane where it normally

functions[183184].

Otherprotein target that could benefit from native state stabilizatioa destabilized
mutants of p53, such #seaforementioned pg3220C)structural variant. Indeeétersht and
co-workers havalreadyidentifiedtwo p53(Y220C) stabilizetsPhiKan083and PK7088that
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bind tothe mutated protein and restore its apoptotic fundtl®5186. However there isno

published worknvolving clinical studiesf these molecules

Similarly, paint mutations inSODJ, which is associatewith ALS [187], have been
found to increase the homodi merds dissociati
and onset of the disease. In 20D&nsburyand ceworkers identified various smatholecule
stabilizers of SOD1 mutanfd88, however, there results were later disproven and attributed
to experimental eor [189. Nevertheless, Samar Hasnain andwookers have recently
identified another SOD1 stabilizer, ebselen, whietcues the misfolding of muté®©D1 and

alleviates the associated toxic[t}0(.

1.4.5.Inhibiting the toxic aggregationof MisPs

The identification of aggregation inhibitors is probably the most widely used
therapeutic approach. Indeeth extensive range of compounds have been identified that
operate either by inhibiting theifferent stages of the protein aggregation mechanism or by
directing the pr opgeati mwaaygobheseaaatbelassified into twé o f f

categoriessmall chemical compounds and peptides.

1.4.5.1. Small chemical compound inhibitors

Small molecules are generally preferred by researchers and pharmaceutical companies
due to their drugike properties, such as improved pharmacokinetics and #dcaid barrer
permeability, and therefore it is not surprising that they have Wabgly studied as PMD
therapeuticsindeed a wide range of smatloleculesynthetic and naturalompounds have
been identified as inhibitors of diseas&sociated protein aggregatiovith several of them
exhibiting a broad activity against PMDs of different patholodi®s.examplecurcuminhas

been found t o i nHlisymandtheislgtgmymid polypemticeARP[193 b ,
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while rosmarinic acid inhibits aggregation obAau andcrystallinamong other§192-194].
Likewise, Congo Red has been found to inhibit fibrillogenesismflAsyn polyQ-HTT and
protein kinase § whose aggregation has been associated with spinocerebellartgpax14
[195197]. Furthermore, compoundsom the catechol chemical class have been shown to

inhibit the aggregation d#-syn, Ab and LC[198-20(.

Moreover epigallocatechifB-gallate (EGCG) has been shown to inhibit the associated
toxicity of various MisPs, such as poly@I' T, Usyn Ab, tau, LC, IAPPand several prius,
by binding to oligomeric or higher order aggregates @ndirecting their aggregation off
pathway, thereby inhibiting the formation of toxic aggregated spd@ed. Similarly,
resveratrol inhibits mutant p53 aggregation aneéalgthe | baggregatioroff-pathway by
assisting the production of naaxic oligomers and fibril§202203. Interestingly, both
compounds are currently in clinical trials with EG@®amined as &reatment of AD[204]

and resveratrdbr type 2 diabetes, Friedreighataxig HD and AD among othel[205-20§.

Other noteworthy aggregation inhibitors include myrigetich inhibits tau and}
synfibrillization [209,210], baicalein and rifampicin, both inhibiting the aggregatioktsfn
[210211], maysin and bexarotenavhich inhibit Ab oligomer formation[212213, and
NPT20011 and LMTX which inhibitthe aggregation of}synand tay respetively, andare
currently in clinical trials for the treatmenttbie associated diseag@44,215. Although maiy
small molecules have been identified as potent inhibitors |#ukiof efficacy in clinical trials,
increasedoxicity, lack of specificity and in most cases unclear mechanism of action, render

them unsuccessful drug candiddqtEs4].

1.4.5.2. Peptide inhibitors

Another strategy for identifying aggregation inhibitorghe rational design of short

peptides that target the protein region associated withiprotsfolding andthe protein
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protein interactioa that result in protein aggregatiomhese peptides usually include a
complementaryto the MisP segmentand a disruptive feature which hinders protein
aggregation, such as noatural amino acid€)-sheet breakercharged residuesr bulky
groups[21q. For examplethe peptides KLVFFKKKK andKLVFFEEEE, which comprise of
the A hs20 Sequencend a short tail of charged amino acids, have beemdftm inhibit Ab
aggregation and its associated toxi¢®§7]. The samenotif of Ab has been uized by other
research teams by incorporating bulky groups such as cholif2Zaéd N-methyl amino acids
[219, b-sheet breaker$220221] and Damino acids[222223. Be s i d &%, otieb
amyl oi dogeni c 89 tha GxExG mstitacdiGteangal) Abiragments have

also been utilized successfully for the rational design baggregationnhibitors[224-224.

Similarly, peptide inhibitor®f the aggregation of other diseasesociated MisPs have
also been identified. For example, Eisenberg andaders have identified ReACp53, a-17
residue p53 aggregationhibitor, which comprises of the p&3258 aggregatiorprone region
LTHTLE and apoly-arginine tag that creates steric hindrance and inhibits adhering of other
p53 molecule$227]. Likewise, Engel and caworkers have identified several shpaptides
complementary to the SOk 111 aggregatiorprone sequence that were able to inhibit protein
aggregation and affect aggregate morphol®@8g. Based on similar principleg\rgon and
co-workers have designed TATISS, an inhibitor of immunoglobuiilight chain agregation
associated with Al[229; Fraser and cavorkers have deghed two hexapeptides that inhibit
IAPP aggregation associated wigipe2 diabete$230; Wiman and ceworkers have identified
a peptidethat corresponds to the -@rminal p53s1382 Sectionand restors the apoptotic
function of p53 mutants in cancer cell liN@381]; and Lopez & la Paz and cavorkershave

identified severalau aggregation inhibitors containingabnino acid§223.

Besides rational desigmpmbinatorial library screening has also been used for the
identification of potenpeptide inhibitorsagainst PMDs. For example, Moffet andworkers
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have identified three short peptide inhibitors that mimic aggregatione regionsf Ab, using
a highthroughput bacterial screening as$ag?, while Kamijo and ceworkers identified
eight peptide A aggregation inhibitors that wereh in arginineresidues, using phage display

[233.

In conclusion, peptide aggregation inhibitors have many advestagnpared to small
molecule inhibitors as they are highly specific and exhibit limited toxicity. However, their poor
pharmacokinetic propertiesuch as rapid degradation and low cell membrane permeation,
render them problematfor drug developmerj234]. Nevertheless, recent advances in peptide
chemistry includingpeptide design, synthesis, formulation and delivieayerevived nterest
in peptide therapews, especially for use against difficult targets, such as prqtein

interactions and protein aggregation.
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1.5.Thesisaims and outline

As discussed in the previous sectiariarge number of human diseasesned protein
misfolding diseases (PMDsarise from a common molecular mechanism, i.e. the inability of
a specific protein to adopt its proper 3D conformafi@B5. These include diseases with
varying pathologies, such @D, PD, cystic fibrosis and canc¢B0,44,48-50]. Importantly,
while some of these conditions are rather rare, such &€ €sosis [236], othershave a
significant socioeconomic impact, suchAd3, whichdue to the increasing numbdrpatients

worldwidehas been recent Ycye nmteufrey[28@lida gguoe das a 21

Despite the many advances in the understanding of the biology and mechanisms that
underlie PMDs, most of them remain incurable and new diseasdying agents are in urgent
demand. The delay in drug development against PMDs can be attributed to a number of factors,
including limited chemical diversity of the test compounds and-tiamsuming screening
methodologies. Indeed, the diveyditf thefrequentlytested smalmoleculdibraries isusually
not higher than 101° [23§. This numberis significantly limited compared to thel(f°
theoretically possibléow-molecularweight structure$239. Furthermore, even when larger
chemical libraries are available, the drug discovery process is hampered by the inability of most
screening methodologies to idépbioactive hits in a higithroughput manner. To corroborate
this, the most commonly used functional screening assays utilize-waliltformats and

thereforebecomevery laborious and impractical for libraries with more th&+10' members

As part ofan alternative strategy, some drdigcovery programsely on ultrahigh-
throughputscreeningechnologies, such as phage displaRNA displayand DNA-encoded
library technology which enable the generation @fstlibraries containing up to #®test
compunds adtheirsubsequent screenifgy bindingaffinity to an immobilized targg24Q,.

Indeed, these approaches have found great success in many cases and especially agains
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notoriously difficult targets, such as protgunotein inteéactions[241,247. However, their
inability to select for bioactivity rather than mere binding, ultimately increases the cost,
complexity and time of thkit identificationprocess significantlj241]. Therefae, in order to
accelerate earlgrug dscovery, ultrahigkithroughput methodologies that allow the deeper
investigation of chemical space and the identification of hits with the desirable bioactivity are

urgently required.

To thatend, we have developed a synthetic biotechnology plattbaneablesthe
biosynthesisof molecularlibraries with greatly expanded diversitiaed their simultaneous
functional screening for the facile identification of potent aggregation inhibitors. Specifically
combinatorial libraries of macrocyclic peptides witkpanded diversities are biosynthesized
in the cytoplasm oEscherichia colicells and simultaneously screened for their ability to
correct the problematic folding of diseasgsociatedisPs, using an ultrahighthroughput
screening assay thiks the agregation of MisP with a selectable phenotyye used this
system to generate a library of ~200 million peptide macrocycles and to perform simultaneous
functional screening fothe discovery of putative therapeutic compouadainst twomajor
human diseass, cancer and @, which although exhibit different pathologies, they have both

been extensively associated with protein misfolding.

This thesis is organised in nine chapters. Chapter 1 presented the theoretical background
related to protein folding andisfolding, the mechanisms by which the latter can lead to human
disease and the current therapeutic strategies against such diseases. Emphasis wasegiven in

two targeted PMDs, i.€ancer and B.

Chapter 2 describes thgenetic engineering oE. coli cells in order to produce

combinatorial libraries of more th&90 milliondruglike headto-tail cyclic peptides. This is
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performed by utilizingprotein splicing elementsalled inteins, which are widely used in

protein engineering and biotechnology.

Chaper 3 describes thelevelopment of a generalized genetic assay for monitoring
protein misfoldingn vivo. This assay is based amonitoring the aggregation and misfolding
of a MisP of interest bymeasuringthe fluorescence levels @&. coli cells that prodce
recombinanfusions of the MisP with a fluorescence protein. The generality of this assay was
demonstrated by monitoring the aggregation of four unrelated proteins, i.e.p=)B1 and
polyQ-HTT, and variants thereof that have been associated aitbec, AD, ALS and HD

respectively.

Chapter 4 describes the combination of the constrditieaty with the generalized
genetic assay in order to identify macrocyclic rescuers of protein misfolding and/or aggregation
in an ultrdnigh-throughputmanner. Thisvasachievedby introducing fluorescence activated
cell sorting (FACS) intahesystem, in order tenable rapid screening expanded librariesf
cyclic peptides and seléah of hitsthat enhance bacterial fluorescence due to an aggregation
inhibitory activity. This system was successfully appliedainst four protein targets:
p53(Y220C), A42, SOD1(A4V) and HTd-97Q, resulting in the selection of numerous

bioactive or potentially bioactive cyclic peptides.

Chapter Slescribes thevaluation of theedected hits against p53(Y220i)vitro and
in cancer cell linesarrying this mutationNotably, e majority of the selected hits were found
to promote cancer cell death, with one cyclic peptide exhibiting a signiicéirtancereffect
Moreover,in vitro assessment of the selected hits revealed that the latter macrocycle was able
to thermodynamically stabilizp53(Y220C) while two othercyclic peptideswere able to

interfere withthe aggregation of p53(Y220C) without affecting its thermodynamidisyab
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Chapter 6describes thevaluation of the selected hagainst A& aggregationwhich
resulted in the identification of >400 putative inhibitors, forming distinct clusters with different
sequence characteristics. Representative members of the tstodoroinant clusters were
testedn vitro and in establishe@aenorhabditis eleganmaodels of AD and demonstrated their
aggregation inhibitory and neuroprotective function. Furthermore, a combination of deep
sequencing and sHdirected mutagenesis analgselemonstrated how this system can
accelerate the determination of structaotivity relationshipdSAR) and define consensus

motifs required for high bioactivity in the discovered molecules.

Finally, in Chaptes 7 and 8the results presented in thepoeis chapters and the future
perspectivesare discussed and in Chapterti® methods used throughout this thesis are

presented.

In conclusion, the work presented in this thesis describes the development of a highly
adaptable system that enables the disgpvand characterization of potent aggregation
inhibitors in a fully unbiased manner. Importantly, this system allows the facile investigation
of more than 200 million different molecules and thus comprises the largest, to our knowledge,
in vivo high-throughput functional screeagainst protein aggregation thngts been reported

date.
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Chapter 21 Construction and biosynthesisof a
combinatorial cyclic peptide library with

expanded diversiy

2.1.Peptides in drug discovery

In recent years, there has beemwval of interest in peptiddased mlecules in drug
discovey and developmengpecifically, during the past two decad85,new peptide drugs
targeting metabolic diseasecancer, cardiovascular disegsenfectious disease and
neurological disorders amosigothers, have entered the marketile over 150 arewrently

in active developmenj243.

Overall, peptides possess several favourable characteristics, thus bridgjnijieant
gap between small molecule and biotagitherapeuticsForemost, e high chemical and
structural diversityf peptides render theextremelyversatile thusincreasing the chances of
interaction withpharmaceutical targe{f®44. Furthermore, their functional groups can be
altered chemically, producing molecules with improved properifeseover peptides are
often characterized by high specificity abehding affinity to their targe$, due to their
extensie interaction surface area, as well as owivo toxicity due to their nontoxic amino
acid metabolited24(. Finally, the small sizeof peptides enables the interaction with
intracellular drug targes that arehardly accessible by larger biologif349. The last two

characteristics make peptides ideal candidageshsinotorious targets, such poteinprotein
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interactions,as they provide larger interaction surfaces compared to -smosicules and

enhanced accessibility compared to prokeaiogics [246.

However, linear peptides exhibit some characteristics that are rawditte in drug
development i.e. high protease susceptibility, making them highly unstable under
physiological conditionsand poor oral bioavailability andcell membrane permeability
compared to smalholecules making themess suitableagainst intracellular targef234.
One of the most promising approaches to overcome these obganlekzation of the linear
peptide Protecting the amino and carboxyl termini of the peptiyesyclization dramatically
increases their stabiliiy vivoas itreducegproteolytic degradation by both exopeptidases and
endopeptidase$247]. Furthermore,in some cases the restricted conformation of cyclic
peptides and the absencdé charged termini have been found iacrease membrane
permeability, although it has been also shown,ttiexre are some exceptions to this 248
25]]. Finally, the binding affinity of cyclic peptidastypically highly improved compared to
their more flexiblelinear analogues d@ke propensity fob-turn formation is increased aiad
cyclization enhanceghe rigidity of their structureesultingin lower entropic penalty upon
binding to their target and formation of favoured siti@in conformationghat facilitate the

molecular recognition procef244,257.

2.2.Methods forthe preparation of cyclic peptide libraries

The increased interest in cyclic peptides during the pass yes encouraged the
development of various methofts' the productiorof combinatorial libraries of this type of
molecules divided into two main categorie§) syntheticmethods, which include chemical

synthesis in solution and solghaseand(ii) geneic methodswhich includecellulardisplay
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technologies, such as phage, yeast or bacterial displaygetiotar display technologies, such

as mMRNA and ribosome displaand inteinbased techniques

In general synthetic approaches have matrgwbacksompared to genetic methods,
with thetwo most imporant being thathe preparation of large cyclic peptililerariesis very
laborious, and whethese are synthesized pooled formad hit deconvolutionis highly
challenging253. However, a very promising synthetic approachrieasntlyemergedwhere
DNA-encoded peptide libraries cha synthesized on solghase suppottsing splitandpool
synthesig254]. Using this methodibraries of trillions ofmembers have been creataod
screened against various targetsilavhit identificationcan be easily performed through DNA

sequencing255-257.

In both cellular and noncellular display technologies the same principle a&spla
library of peptides is first displayed onto the surface of biological entities, such as
bacteriophages, yeasts, bacteria, mMRNAs or ribosomes, then cyclized either via disulphide
bridges between Cys residues, or eeemical linkersand finally screeed forbinding to an
protein target [258262. The top hits can beasily selected through multiple cycles of
screening and identified through simple sequenoinipe respectiv®NA sequencéFigure
2.1) [258262. In mRNA and ribosome display technologies, the use of flexizymes, i
flexible tRNA acylation ribozymes, has also enabled the incorporation of a broad range of
artificial amino acids into the translated peptide sequence, which can then be cyclized via cross
linking [263. These have been successfullylized by the RaPID (Random nonstandard
peptide integrated discovery) system, a combination ofstemdard peptide translation and
vitro mMRNA display, which has proven highly effective against multiple tafgét§. Notably,

phage and mRNA display technologies have also enabled the production and screening of
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bicyclic peptides, that contaieither two independent loops or loops knotted ird a

conformation, by using carefully selecteceofical linkers and click chemistf265264.
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Figure 2.1. Display technologies for the production and higithroughput screening of cyclic peptides(A)

In MRNA display a library of transcribed mRNA is coupled to a pyromymioleculevia a DNA spacerUpon

in vitro trarslation of the mRNA library, pyromycin is coupled to the end of the peptide chain, thus linking each
translated peptide with it encoding mRNPhe library is then screened for binding affinity to an immobilized

target and selected hits are reversely trdined to their respective cDNA amanplified via PCR. After multiple

rounds of selection the isolated hits @mentified via DNA sequencingB) Ribosome display is similar to mRNA

display with the main difference being that the library of transcribed AsR8Icoupled to an RNA spaacsithout

a stop codon. This spacer provides sufficient distance between the ribosome and the translated peptide sequence,
thus enabling its interaction with protein targets, and at the same time prevents the release tid¢Hhfeque phe
tRNA/mMRNA/ribosome complex, thus enabling phenotyggenotype conjugation(C) In phage displaya
bacterigphage library is initially produced by coupling a gene library, which encodes the peptides of interest, to
the gene of a bacteriophagell surface protein, such as pH. coli cells are thelinfected with the constructed
phage | ibrary, whose DNA is amplified and transl ated,
surface. Phages are then released from therimeted screened for binding activity to an immobilized protein

target. The selected phages subsequenidlyfeet E. colicells and after multiple rounds, the enriched population

is identified via DNA sequencingAdapted fron]267).

Using displaytechnologieslibraries of up to 1¥ members have been developed and
screened with great succe10259266]. Despite their many advantages and successful
application against various targets, one important drawback of these approachethesythat
can only be used for the identification of strong binders and no information on their biological
function can be acquired. For example, Kiessling and/adkers utilized the phage display
technology for the identification of Aaggregation modulatongsing either monomeric or
aggregated B[268. However, none of the peptides that could bind to monomérghawed
any effect on its aggregation, while thoggh binding affinity to the aggregated states in fact
accelerated the aggregation reaction. This illustrates that there is no guarantee that the selected
hits from display assays will have the desirable activity, whitmately increases the cost,

compkxity and time of the screening process significaf##].
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An alternative genetic method for cyclic peptide productiotiésn vivo split-intein
circular ligation of peptides and proteins (SICLOPPZB927(. Inteinsare proten splicing
elements thatre widely used in protein engineering and biotechnalogypplications such as
tagless protein purificatiorsegmental isotopic labelling of large proteinsrfaclear magnetic
resonance NMR) studies,in vitro and in vivo protan semisynthesis, development of
molecular switches using conditional protein splicingl dast but not least hedd-tail
cyclizationof peptides and proteirji271,2727. Similarly with RNA splicing, protein slicings
an autocatalytic processr which an intervening polypeptide (inteiry selfexcised while
concomitantly ligating its two flanking sequences (exteinsh aihative amide bondFigure

2.2A).

While most inteins are encoded by one gene forming a contiguous domain, some inteins
arenaurally, or engineered to bencoded by two separate gef@sning asplit intein, which
comprises an Nerminal (In) and a Gterminal domain d) [273. These domains remain
inactive until encountergntheir counterpart, whereupon they undergo protein -sphsing
(Figure2.2B). The SICLOPPS technique utilises a rearrangedisp#in so that theclprecedes
the kflanking a peptide sequence in the fowrpEptide-In[274]. Uponinteraction of the two
intein doméans, the two ends of the intervening peptide are ligated dmehdto-tail cyclic
peptide is release(Figure 2.2C). Notably, SICLOPPS has been recently combined with
ribosome display, leading to the production @yblic peptides in the cytoplasm &. coli
[279, while inteins have also been used for the sgmthetic production of macrocyclic
organicpeptide hybrids (MOrPHYR76277 and bicyclic organgeptide hybrids (BOrPHS)

[278.
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Figure 2.2. Schematic of protein splicingin (A) cis, (B) trans and (C) using the SICLOPPS technology.

The SICLOPPSechnologyhas been successfully employad to nowin E. coli
yeass, human cellandC. elegas, and libraries with up td0’ memberdor E. coli, 1¢ for
yeass and 10 for human cells have been constructed and subsequently screened against
different targets[274]. However, compared toother aforementionedechniques,;such as
MRNA displaythe theoretical diversity of the cyclic peptide libraries picetivia SICLOPPS
is significantly smaller, restricted by thenumber of possible combinations of amino acids
allowed by the specific library design and theximum transformation efficiency of the host
organism (~1810° transformants forE. coli, ~10¢° transformants forSaccharomyces
cerevisiag ~10* transformants for mammalian célidNeverthelessthis methodis highly
valuable as the cyclic peptide libraries are producsidécells, and therefore can be screened
using cellbased functional assal74,279. This is an important advantage as cyclic peptides

produced by this approadan be selected accandi to their bioactivity and not just their
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binding affinity to a given target, eliminating the possibility of identifying cyclic peptides that
are strong binders but are either completely inactive or with the opposite thfecthe

originally intended.

A noteworthyapplication of theSICLOPPStechnology in early stage drug discovery
is for the identification of cyclic peptides thiahibit U-syn toxicity, which is associated with
PD [28(0. Lindquist and cewvorkersapplied the SICLOPS technology irS. cerevisiady
constructing a library of 5 million cyclic octapeptides and screening them for suppreksion
Ussyntoxicity. This methodology resulted in the identification of two potent suppressors that
were also able toescue neuronalegeneration in &. elegansmodel of gnucleinopathy.
Furthermore, thpeptidic nature of the selected compounds allowed the rapid determination of
structureactivity relationships, resulting in the identification of a common bioactive motif
[280. Recently one of the selectebioactivesequences wadsosuccessfullygrafted onto a
alternative, more rigid macrocyclic peptideaffold called cyclotide using inteinmediated
protein transsplicing demonstrating that cyclotid®asedlibraries can also be used for

phenotypic screening iyeast{281].

2.3. Construction of a combinatorial cyclic peptide library with

expanded diversity using the SICLOPPS technology

Theheadto-tail cyclic oligopeptiddibrary presented herein was constructed using the
SICLOPPS technology and tBgnechocystisp PCC6803 DnakE inte{®sp DnaE)287. This
intein was selected dueits low toxicity compared to other novel inteins atsdelativelylow
sensitivity to the extein sequence, thus allowing the successful cyclization of a wide range of

peptides[283. The only requementin order for the splicing mechanism to ocasirthe
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presence o& nucleophile cysteine, serine or threonaisethe first amino acid of the extein

sequencé€Figure2.3).

We chose to studgyclic tetra, penta, hexa and heptapeptide sequenceish the
general formula NuxX2..Xn, where X is any one of the 20 natural amino acids,-Bl=8nd
Nu=Cys, Ser, or ThiThese molecular libraries haae average molecular weight of <770 Da,
thuspotentially exhibitinghe advantages of botsmall molecules and larger peptidbat are
typically <900 D4 284]. Specifically, tetrapeptides have an avenagdecular weight of ~ 440
Da andgenerallyc o mp |l y wi t h
and heptapeptides occypmn averagean area of chemical space beyond the rule oiRD%

space), where different rules for drligeness applyf286,287]. Furthermore,lte maximum

Li pi ngaliily 289, whilelpenta thdxa 5

f

theoretcal diversity of the combined library is more than 200 million different sequences

(Table2.1), therefore enabling the investigation of a greatly expasded ofchemical space

[239.

Table 2.1. Theoretical diversity of the constructed combinatorial cycleNuX1X2Xs-Xe oligopeptide library.

Peptide Type General Formula Theoretic Diversity
Tetrapeptides cyclo-NuX1X2X3 3x20°=24,000
Pentapeptides cyclo-NuXiX2X3X4 3x20'=480,000
Hexapeptides cyclo-NuX1X2X3X4Xs 3x2(°=9,600,000
Heptapeptides cyclo-NuX1X2X3X4X5Xe 3x2(P=192,000,000

Combined Library

cyclo-NuX1X2X3-Xe

202,104,000
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Figure 2.3. SICLOPPS mechanism standarcathway and side reactions(1) Formation of an active intein;
(2) N-to-S acyl shift yields a thioester intermediate; (3) Transesterification with acls@e nucleophile (Cys,
Seror Thr, Z=0 or S and R=H or CH3 accordingly) to produce a lariat inteatap@) Asn side chain cyclization
releases the lactone product; (5%a2N acyl shift produces the thermodynamically favored cyclic peptide.
Adapted fron{288].
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The libraries of genes encodinigese cyclic oligpeptide libraries were constructed
using degenerate FROprimers, in which the randomized amino acids (X) were encoded using
random NNS codons, where N=A, T, G®and S=G or CThe degenerate codoascode all
of the 20 natural amino acids without including the stop codons UAA and @A Ser, and
Thr wete encoded on these primers by utilizing the codons UGC, AGC, and ACC, respectively,
which are the most frequently utilized codons for these amino aclksdali. The generated
peptideencoding gene libraries were cloned into the vgeB®ICLOPP 3287, as described in
the Materials and Methods sectida,form the pSICLOPPSNuX1X2X3X4-Xe vector library
(Figure2.4). These vectors express a combnal library of fusion proteins comprising four
parts: (i) the Nterminal domain of the Ssp DnaE intein, (ii) a NXXXz3-Xs oligopeptide
sequence, (iii) the @rminal domain of the Ssp DnaE intein, and (iv) a ctbtimding domain
(CBD) for immunodetegdbn and/or purification, under the control of the\®promoter and its
inducer L(+)arabinose Kigure 2.4). Cloning of the resulting gene libraries into the
pSICLOPPS plasmid yielded a total 3 x 1 independentransformants as judged by

plating exgriments after serial dilutions.
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Figure 2.4. Schematic of the generation of the cyclitNuX1X2X3-Xe peptide libraries via the SICLOPPS
technology (Left) Represent&in of the pSICLOPPSBIuX1X2X3-X6 vector library encoding the combinatorial
heptapeptide library cyclbluX1X2X3-X6. Nu: Cys, Ser, or Thr; X: any of the 20 natural amino acids; NNS:
randomized codons, where N=A, T, C or G and S=G or C; K&r@inal domairof the Ssp DnaE splintein;

IN: N-terminal domain of the Ssp DnaE sgiitein; CBD: chitinbinding domain. (Right) Peptide cyclization
using the SICLOPPS construct. Upon interaction between the two intein domains IC and IN, the encoded IC
NuX1X2X3-X6-IN-CBD fusions undergo intein splicing and peptide cyclization, leading to the production of the
cyclo-NuX1X2X3-X6 library.

2.4.Quality assessment of the constructed combinatorial library of

random cyclic oligopeptides.

In order to assess the quality afra@onstructed library, we randomly selectetbtal of
274 clones fronthe combined pSICLOPPSNuX2X3-Xeg library and performed colony PCR
and diagnostic digestioto verify insert size. Furthermore, we performsatiium dodecyl
sulfate polyacrylamide gelextrophoresis§DSPAGE) andwesternblot analyses to verify

production of the precursor fusion protémolecular mass ~25 kDa), and processing of the
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intein by monitoring the appearance of a lower molecular weight band (molecular mass ~20
kDa), which coresponds to the fierminal intein domain fused to CBOyWCBD) and indicates
successful intein splicing and cyclic peptide formatigure2.5). This analysis revealed that

all constructed subbraries,apart fran cyclo-ThrXi1X2X3X4Xs, appear to produce sufficient
number ofcyclic peptides in order to covéretheoretical diversityf each subibrary by at

least one timéTable2.2).

DNA sequencing of the peptigacodingregions of the pSICLOPPS plasmid from 23
randomly selected clones revealed the presence of all three Nu amino acids Cys, Ser, and Thr
at position 1 and a good representation of the twenty natural amino acids at all other positions
within the tetra, pentaand hexapeptide sequenateit with an overepresentation of codons

corresponding to GlyTable2.1 andTable2.3).

kDa O = N M <
— N M < 1N O N 0O O —H —=A —=H —

26— - « I--Peptide-I\-CBD precursor
19— z - we — I-CBD processed product
Figure 2.5. Indicative western blot analysis using an antCBD antibody of fourteen randomly selected
individual clones from the constructed cycleNuX1X2X3X4Xs hexapeptide sublibrary, demonstrating that
individual clones can exhibit variable levels of expresion Lanes 4, 6, 11 and 12 correspond to clones that

contain stop codons or frameshifts and, thus, do not expresslenigth IGpeptideIN-CBD tetrapartite fusion

or generate cyclic peptide product.
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Table 2.2. Quality assessment of the constructed library via molecular biology techniques

SDSPAGE analysis

X1X2X3X4X5Xs

PCR
= lysis
ana
g General Formula | Transformants an)(; etra Actual Library
& . . partite IN-CBD | piversity | Coverage
» dl.agnO'StIC fusion | product
digestion precursor
CysXiX2X3 770,000 8/13 8/18 6/18 256,667 32.1
3
= SerxiXoXs 710,000 11/13 10/18 7/18 276,111 345
S
g ThrXi1X2X3 500,000 11/13 16/18 13/18 361,111 45.1
|_
combined
1,980,000 30/39 34/54 26/54 893,889 37.2
NUX1X2X3
CysXiX2X3X4 1,236,000 11/15 13/18 13/18 892,667 5.6
3
k< SerXiXoX3Xa 604,000 17/25 7/18 6/18 201,333 1.3
S ThrXX2X3X4 836,000 9/10 15/18 15/18 696,667 4.4
a
combined
2,676,000 37/50 35/54 34/54 1,790,667 11.2
NUX1X2X3X4
CysX1X2X3X4Xs 12,870,000 9/15 15/18 14/18 10,010,000 3.1
L Ser
= 8,784,000 12/15 10/18 8/18 3,904,000 1.22
8_ X1 XoX3XaXs5
©
x
L | ThrX1X2X3X4Xs 5,316,000 8/15 14/18 5/18 1,476,667 0.5
combined Nu
26,970,000 29/45 39/54 27/54 15,390,667 4.8
X1 X2X3X4Xs
Cys
410,460,000 42/90 37/90 37/90 | 168,740,556 2.6
X1 X2X3X4X5X6
g Ser
= 504,233,600 19/30 17/30 16/30 | 268,924,587 4.2
(] X1X2X3X4X5Xe
g
§ Thr-
T 319,000,000 21/30 20/30 14/30 | 148,866,667 2.3
X1 X2X3X 4X5X 6
combined Nu
1,233,683,600| 82/150 74/150 67/150 | 586,531,809 9.2
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Table 2.3. Sequencing results of the peptidencoding regions of 23 randomly selected clones from the
constructed pSICLOPPSNuX1X2X3, pSICLOPPSNuX1X2X3X4, and pSICLOPPSNuX1X2X3X4Xs vector
subr-libraries.

Clonenumber | DNA sequence of peptigencoding gen{ Encoded peptide sequern
C4-1 TGC GGC AAG GTG CGKV
C4-2 TGC CGC CAC CGG CRHR
C4-3 AGC GCG TCC GGG SASG
C44 AGC ACG CGC CGG STRR
C4-5 ACC AAC TGG GTC TNWV
C4-6 ACC AGG GCC TCC TRAS
C4-7 AGC CGG GTG CTC SRVL
C4-8 ACC AAC TGG CCG TNWP
C51 TGC AACTTG GTC TGG CNLVW
C52 TGC TGC GCG GCG GGG CCAAG
C53 TGC GCG TCG CGG GGG CASRG
C54 AGC TTC GTG GAG GGG SFVEG
C55 ACC TGC CCC GTG TAG TCPV*
C56 ACC CCG GCG CGG TGC TPARC
C57 ACC TCG GGC GCG TAG TSGA*
Ce-1 TGC GGG CGG GGG TGG ACG CGRGWT
C6-2 TGC TGC AGC GGC TGC CGG CCSGCR
C6-3 TGC AAG TCG GGG CAC GGC CKSGHG
C64 AGC TTG GTG CCG TAC CTG SLVPYL
C65 AGC GCC TAG GGC GGG CCC SA*GGP
C6-6 AGC GAG GGG GGG GGG G Frame shift
C6-7 ACC TCG CTC TAG TCC CAC TSL*SH
C6-8 ACC AGG GGG GGC AGG GGG TRGGRG

*: stop codon
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To evaluate the quality of the constructed libraries further, we characterized in more
detail the amino acid diversiteencoded within the generated oligopeptide libraries by
performing deep sequeing analysis of the peptieencoding region of the combined
pSICLOPPSNuX1X2X3-Xe vectorlibrary. Out of the ~3.7 million DNA sequences that were
analysed, ~76% were unique and %94f those were found to encode unique cyclic peptide
sequencesl@ble2.4). Again, all amino acids were found to be encodeglvatypositions of
the generated library, albeit with an owepresentation of residues corresponding todaly

Arg (Figure2.6).
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Table 2.4. Deep sequencing analysis of the peptigacoding regions of ~3.7 million clones from the

constructed pSICLOPPSNuX1X2X3-Xs library

Number of | Unique DNA Unique peptide
reads sequences sejuences
cyclo-CysXiX2X3 sublibrary 619 530 (86%) 438 (83%)
cyclo-SerxiX2Xz sublibrary 1,348 1,018 (76%) 729 (72%)
cyclo-ThrX:X2X3 sublibrary 1,197 1,100 (92%) 867 (79%)
Combined cycleNuX1X2X3 sub
_ 3,164 2,648 (84%) 2,034 (77%)
library
cyclo-CysXiX2X3X4 sublibrary 1,456 1,313 (90%) 1,150 (88%)
cyclo-SerXiX2X3X4 sublibrary 2,765 2,304 (83%) 1,761 (76%)
cyclo-ThrXi1X2X3X4 sublibrary 2,127 1,902 (89%) 1,626 (85%)
Combined cycleNuX1X2X3X4 sub
. 6,348 5,519 (87%) 4,537 (82%)
library
cyclo-CysXiX2X3XsXs sublibrary 93,785 76,341 (81%) 60,493 (79%)

cyclo-SerxiX2X3XaXs sublibrary 73,570 63,493 (86%) 48,843 (77%)
cyclo-ThrXiX2X3X4Xs sublibrary 83,401 73,929 (89%) 58,666 (79%)
Combined cycleNuX1X2X3X4Xs
_ 250,756 | 213,763 (85%) 168,002 (79%)
sublibrary
_ 1,023,580
cyclo-CysXiX2X3X4XsXe sublibrary | 1,305,675 (78%) 978,803 (96%)
0
cyclo-SerXiX2X3X4XsXe subrlibrary | 1,318,365 | 885,393 (67%) 824,134 (93%)
cyclo-ThrX1X2X3XaXsXe sublibrary | 769,605 | 652,099 (85%) 636,647 (98%)
Combined cycleNuX1X2X3X4X5Xe 2,561,072
_ 3,393,645 2,439,584 (95%)
sublibrary (75%)
Combined cycloNuX1X2X3-Xs 2,783,002
_ 3,653,913 2,614,157 (94%)
library (76%)
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Figure 2.6. Heat map representation of the amino acid distribution at each mition of the constructed cycle
CysXiX2X3-Xs (top), cycloSerXiX2X3-Xs (middle) and cyclo-Thr X1X2Xs-Xe (bottom) sub-libraries, as
demonstrated by the deep sequencing analysis results
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However the deep sequencing analysis revealed another importang fiheircycle

CysXiX2X3X4Xs and cycleSerXiX2X3X4Xs subrlibraries are highly enriched with two DNA

sequences that encode peptides CGGTGR and SGGTGR and which appear approximately 700

and 40 times more frequently than the succeeding sequEalklke2.5). This defectould be

attributed toan inheried preference in thelegenerate PCR primers; the ability of these

almost identical sequences to promBtecoli fitness, leading to their enrichment during cell

growth Despite this drawback however, our results suggest that we have constructed a very

high-diversity library, which shoulte encoding the vast majority the theoretically possible

tetra, penta, hexa and heptapeptide cyclduX1X2X3-Xe SEequUences.

Table 2.5. Top 10 most frequent sequences of the cyeldysXiX2X3X4Xs and cyclo-SerXiX2X3X4Xs sub-

libraries as demonstrated by the deep sequencing analysis

cyclo-CysXiX2X3XaXs cyclo-SerXiX2X3XaXs
-S'E DNA sequence Protein g DNA sequence Protein
Y sequence| sequence
8153| TGCGGCGGCACCGGGCG( CGGTGR| 1459| AGCGGCGGCACCGGGCG( SGGTGR
12 | TGCGCCGGCACCGGGCG( CAGTGR| 38 | AGCATGCCGTCCAGGGCG SMPSRA
12 | TGCGGCGGCACCGGGCG( CGGTGR| 32 | AGCGGCGGGCACTTGTGG SGGHLW
9 | TGCCAGCAGATCATGCAG| CQQIMQ | 21 |AGCGGGGGGGGGGGGGG| SGGGGG
8 | TGCGAGGGCACGCCCGCA CEGTPA| 19 | AGCTGGCCGCGGGGCGC( SWPRGA
6 | TGCGGGAACCACGCGGG(JCGNHAG| 18 | AGCACGGGGTTGAGGATG| STGLRM
6 | TGCGGCAACCAGAACTCG| CGNQNS| 17 | AGCGGGGCGATGCGGCTQ SGAMRL
6 TGCCCGCTGCTGCGCCGQ CPLLRR | 16 |AGCTGGCGGAGCGGGGG | SWRSGG
6 | TGCGACAGGGGGTTGTTC| CDRGLF| 15 | AGCTTCTGGGCGTGGAGG SFWAWR
5 | TGCATCGACGCGGAGTCG| CIDAES | 14 | AGCGGCTCCTAGGGGGTG SGS*GV
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2.5.Discussion

In conclusion,we haveutilized a straightforwardbiotechnology technique called
SICLOPPSwhich permits then vivo biosynthesis of libraries of cyclic peptides in a -quo
reaction requiring just theSICLOPPS vector, a few degenerate PCR primers aodpzle of
simple molecular biology step74]. Using this technology we constructed a gene library that
encodes more than 200 million cyclic oligopeptides with tme g formulacyclo-NuX1X2X 3-

Xe, Where Nu iCys, Ser, or Thr and X is any one of the 20 natural amino.adniisis, to our

knowledge, the largest library of cyclic peptides ever produced using SICLOPPS.

The quality of this library wathenassessed usj: (i) molecular biology techniques,
including colony PCR, diagnostic digestion and SEYSGE/westeriblot analysis and (ii) deep
sequencing analysis. These techniques complatdeach othewery well: on the one hand
colony PCR ad diagnostic digestionfier the possibility ofdetecing the presence of the
correct insert an@stimatingthe cloning success rate alBDSPAGE/westerrblot analysis
permit the detection of the overexprespeelcursomprotein and its subsequent processing to
yield the cyclic pptide. On the other handeep sequencing analysis offers the possibility of
evaluating the diversity of the constructed library and identifying biasabe peptide

sequencem great detail

Overall, our results suggest that we have constructed a megtydiversity library,
which should be encoding the vast majority of the theoretically possile million cyclo-

NuX1X2X3-Xe SEQUENCES.
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Chapter 317 Development of a generalized
genetic screen for monitoring protein misfolding

and aggregation

3.1. Screens for the identification of aggregation inhibitors as

potential therapeutics against PMDs

Once a drug target has been identified, the next step in the drug discovery pipeline is
the development and implementation of screening assays in order to idatdifgnd,
subsequentlytherapeuticleads. As PMDs have been associated with the misfolding and
aggregation of one or more MisRargeting this aggregation process has been the most widely
investigated therapeutic approach. Indeed, aensixe number of screenirggsays have been
developed against PMDs which can be divided in three categiorigfico, in vitro and celf

based screening.

3.1.1. In silico screening assays for the identification of protein aggregation

inhibitors

The most broadly usad silico methal is structurébased design and highroughput
screening (HTS). It consists of using ther ot ei ndés st r vwraytNMRahd dat a
cryogenic electron microscopy (cHgEM) studiesand performing molecular docking to dete
possible ligandbinding in a database of test compoundsersht and cavorkers have
successfully used this methodstreen a collection of ~ 2 million commercially available drug

like small moleculs and resulted in 80 potentlaihdersagainst p53C(Y220CPDne ofthese
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named PhiKaB59, exhibited desirabli| vitro results[185. Subsequently, theame group
screened a library of designed PhiKan059 analogues and identified PhikkamGi&8
exhibited improved binding affinifyvalidated by Xray studies Importantly, PhiKan083vas
found able to stabilize p33(Y220C) in vitro, increasing its halflife significantly [185.
Similarly, Amaro and ceworkers have identified cavity between loop L1 and sheet S3 of p53
and virtually screened,324 compounds identifying stictic acid agl@emical rescuer of the
misfolding ofvarious p53 mutan{®89. Indeedin vitro andin vivostudies demonstrated that
stictic acid was able to stabilize thermodynamically p53 mutantscapdrtially restore p53

activity in cancer cell lines.

On arelated notgVendruscolo, Knowles, Dobson andworkers have utilized a quasi
structurebased design approgalihere instead of using the structure of primary nucleifipf A
which are very difficult to characterize experimentally, they utilized the knowledge gained
from a known A aggregation inhibitor, bexarotene, and screened for small molecules that
shared similar chemical properti&9(Q. This process resulted in the indiéication of 12 small
molecules, whose aggregation inhibitory effects were validatad kitro chemical kinetic

experimentandin vivo C. elegansnodels

Anotherin silico method widely used in drug discovery mdmemntbased design
which refers tothe production of compound fragments from repogetive smaHmolecules
and their subsequent screening usiogipound repositorieend databasese identify potential
therapeuticsthat are chemically related to the initial fragmentising this approach
Vendruscolo, Knowles, Dobson andworkers have generated three distiinaggmentbased
libraries with potential aggregation inhibitors obAau andJsyn containing 16,850, 11,800
and 14,735 compoundeespectively{297]]. In vitro studies of the A library resulted in the
identification ofthe aforementioned compoubexarotene as a potenb Aggregation inhibitor
[212.
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In conclusion,jn silico assays have the gteadvantage that they can easily and cost
efficiently screen a huge number of compounds to identify novel therapeutics. Furthermore,
their ability to screenavailable databases with approvetedicationsallows for drug
repositioning, which results in a sifjcant reduction in drug development time and cost.
However,these assays only identifyutative hitsand all results need to kmibsequently
validated byin vitro andin vivo assaysMoreover,the limitedstructural informatiorfor the
majority of diseseassociated MisPsenders structurbased design unsuitable for most

PMDs.

3.1.2 In vitro screening assays for the identification of protein aggregation

inhibitors

A wide range of techniques have been developed for monitoring protein misfmiding
vitro, including ones that enable aggregateproteincharacterization, such as Thioflavin T
(ThT) and differential scanning fluorimeti¥pSF), methods that provide secondary structure
information, such as circular dichroism (CBhd Fourier transfam infrared spectroscopy
(FTIR), andtechniques that enable the visual representatidheoggregated samples, such

as tansmissiorelectron microscopy (TEM) andaamic force microscopy (AFM)297.

ThT binding assays have been excessively usethéidentification ofaggregation
inhibitors against PMB. Vendruscolo, Knowles, Dobson and-workers have recently
described in detail the microscopic processes involved yicahformationof Ab42 as well
as the rate constants and reaction rates governing each process, thus offeringcansignif
advancement in the fie[®4]. This knowledge was latettilized to identify inhibitors of A42
with diverse inhibitory mechanismi212290291,293. Recently the same groupas also
developed a novel approach termed struekimetic activity relationship (SKAR), where a

parent molecule is chemically modified creating a library of derivativepooimds, which are
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then screened using a Th3say,ultimately resulting in the rational design of molecules with
enhanced potend®94. At the same time, Ventura and-emrkers have developed anplate

ThT assay for theapid identification ofU-syn aggregation inhibitorf295. Using this assay
they were able to screen 14,000 compounds resulting idisicevery of 47novel strong
modulators ofJsyn aggregationone of which was shown to protect dopaminergic neurons

from U-syn-associated toxicity in &. elegansn vivo PD mode[295296].

Another method that has been usedifiovitro screeningagainst MisP aggregatios
DSF, a fluorescencbased assay that enables the identificatiasoofpounds that bind to and
stabilizea test proteinUsing DSF, Pérez and cwvorkers have screened a commercial library
of 10,000 compounds and identified eighhal molecules that stabilize mutants of
phosphomannomutase 2 (PMM2) that have been associated with congenital disorder of

glycosylation (CDG)andrestore he enzymeé6s activity [29].a cel |l

One of the most higthroughpuin vitro methods used for the discovery of aggregation
inhibitors involves screening of phage display libraries. As discussed earlier, this technique
involves the construittn of a rationally or randomly designed library, which is screened
vitro for the identification of binders to an immobilized protein targ&9. Using this
technique, Rotter and amorkers constructed two peptide phage display libraries and identified
several peptides that could bind to mutant p53 and induce proper folding and restore p53
activity [298. Furthermore, Kamijo and eworkers constructed a randomized heptapeptide
library and identified eight peptide that coulohdb to Ab and inhibit its aggregation, while
Linse and ceworkers screened two commercially available libraries of recombinant antibodies

and identified secondary nucleation inhibitors @faggregation.

In conclusion, although vitro assays offer impaaint information on the biophysical

and biochemical properties of the test proteins and can result in the identification -of well
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characterized inhibitors, they require the availability of purified test protein with reproducible
behaviour, which in the cagd MisPs can be very challenginigloreover,in vitro assays are
usually performed in mulivell formats which increases the time and cost of screening or
requires a high degree of automation. Finadly,notably demonstrated by Kiessling and co
workers, te inconsistency of displatechnologiesto identify binders with the desirable
biological activityultimately rendersthemas costly and inefficienasother conventionah

vitro technique$241,269).

3.1.3.Cell based screens fothe identification of protein aggregation inhibitors

While a wide range of techniques exist for the investigation of protein misfalding
vitro, the complexity of the cellular environment makes the developmenaoimaliancell-
based aggregation screening assays derably more challenging. Indeed various presumed
protein aggregation inhibitorgentified through mammalian assaysere later proven tobe
false positivesdue to norspecific biological actionOne notable example is the first p53
reactivating compouty CR31398, which although initially reported to stabilize p53 and
promote p53nediated apoptosif299, it was latershown to intercalate with DNA and

promote cytotoxidy in a p53independent mann¢d0(Q.

Microbial hosts, such as bacteria and ygasffer theoppatunity of studying protein
aggregation in simplified, but still physiologically relevant conditions, as several protein
folding and misfoldingeaturescan bereliably generated in both prokaryotic and eukaryotic
microorganismaMost importantlymicrobid hosts enable the developmenhajh-throughput
and affordablecreenswhich result in biologically active compound hits. Indeedide range
of microbial €reens have been developed for monitoring and rescuing protein misfolding
which have been thoughly reviewed by Skretas and-emrkers[96]. A notable example is

the development of a yeast mod&lPD, where the increased expressiotsiynresulted in
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the formation ofJ-syninclusion bodies and severe cytotoxidi®@1]. This system was used to
screen various small molecule librarig1-303, as well asan cyclic octapeptidébrary
produced via the@forementioned SICLOPRS8chnology{280, resulting in the identification

of severabiologically activecompoundsgainst PD.

An engineering approadhat has been repeatedly usedthe identification of protein
aggregation inhibitorss coupling adiseaseassociatedMisP with a reporter protei(RP), in
such a way thdunctionof RP wil depend on the correfilding of MisP. These fusions can
be either endo-end or insertional, meaning that the MisP is inserted into an internal position
of RP. A widely used entb-endMisP fusionis with a fluorescent protein, such as the green
fluorescent protein (GFP). Hecht and-workers first fused B42 to GFP and showethat
bacterialoverexpression of B42-GFP resulted in intracellulansolubleaggregates anldck
of green fluorescenc804]. Subsequently, theperformed a genetic screen resulting in the
identification of Ab42 variants which contrary to the wildype protein, exhibited reduced
aggregation propensitand increased green fluorescen@94 and also,utilized this
methodology to screen two smatlolecule librariesresulting in the identification ofarious
ADb aggregation inhibitors, one of which was able to reduce toxicityb#2An anin vivo
Drosophilamodel of AD[305306. Using the same principles, Moffet andworkers have
screenedwo combinatorial peptide library anidentified three peptide inhibitors off b

aggregatiorwith diverse mechanisnj237.

Interestingly, the GHBased screen has been utilized tonitos the aggregation of
other diseasassociated MisPs, besidesb4®. Specifically, Moffet and cavorkers
overexpressed alAPP-GFP fusionin E. coli cells and performed a genetic screen, which
resulted in the identification of IAPP variants that, compared to thetyplkel protein, exhibited
reduced protein aggregatiand incrased green fluoresceng®07]. Furthermore, Fersht and
co-workers demonstrated that the thermodynamic stalfityarious p53 mutantsorrelaes
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well with the aggrgation propensity of thef6FP fusions and their cellular fluorescence, when

overexpressed iB. coli[30§.

Another noteworthy example is the insertional fusion of MisPs tb-taetamase (bla)
enzyme, with provides bacterial resistance to the antibiotic ampicillin. Bardwell and co
workers first demonstrated thaserting an unstable giein between residues 196 and 197 of
bla results in increased protein degradation and ampicillin suscepf{iBily On the contrary,
when the inserted protein is correctly folded the two bla domakasseciate and confer
antibiotic resistance. Using thigpartite fusion system, Radford andworkers identified one
inhibitors of IAPP and demonstrated that this system can be applied for the identification of
aggregation inhibitors against various MisPs associated with different PNDG.
Importantly, by coupling this system with electrospray ionization mobility spectrometry
mass spectrometry (E8VS/MS) they were able to validate compoupibtein binding and
determine the different aggregation spedhat were present in the sample, thus enatiilag

selection of hits with the desired mechanism of adtdir).

An alternativeapproach formonitoiing protein aggregatiorin vivo is by utilizing
protein dyeswith the ability to specifically bind to hydrophobic surfaces of amyloid or
amyloidlike aggregates and exhibit increased fluorescence. In this way, by measuring cell
fluorescence using fluorimetry ofofv cytometry, one can monitor the aggregate formation
inside living cells without the need of purified protein preparat[@d4]. Thioflavin S (ThS)
and the recently developed fluorescent dye Proteostat, havddmrhsuccessfully used for
monitoring amyloid formation in microorganisms and screening for aggregation inhibitors

[311-316.
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3.2. Development ofa generalized genetic screefor monitoring
protein aggregationin vivo

As protein misfolding and aggregation ammmondefining features oall PMDs, we
attemptedo developa genetic screen with potentially wide applicability, that would facilitate
monitoring of themisfolding and aggregation of different MisPs associated with PMBthe
aforementioned GFP assay has been suadBssmployed for monitoring the aggregation of
Ab42, IAPP and certain p58utants, we reasoned that by generalizing this systerould
provide an important tool for identifying protein aggregation inhibitors against multiple PMDs

that remain incurable.

Specifically, due to the aggregation propensity diseaseassociatedMisPs we
hypothesizedhat overexpression of Misi&FP fusions irE. coli cells would result in the
accumulation ofinsoluble incusion bodiesexhibiting decreasedluorescence. Gntrary,
conditions thatrescue MisP misfolding and/onhibit its aggregationwould resut in the

formation of soluble MisFGFP fusions exhibiting enhanced fluorescertgégure3.1).

In order to test this hypothesis wengloyed the MisFGFP assay fomonitoring the
misfolding and aggregation of p53, SOD1 and pelQrlex: variants, which have been

associated with cancer, ALS and HD respectively.
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Figure 3.1. Schematic of tle MisP-GFP genetic system for monitoring MisP folding ancaggregation.

3.2.1 Monitoring the aggregation of p53 oncogenic variants

Structural mutéions in the core domain @53 - that destabilize and subsequently
inactivate theprotein- appear in ~1%20% of human cancer casasd thereforeconstitute
important target$or cancer therap§317]. For this reason, wiested whethethe MisRGFP
assay could be used fmonitoiing the aggregatioof threep53 core domaistructural mutants
namely, the substitution of vale at position 143 by alanin@/143A), the substitution of
tyrosineat position 220 by cystein&220C) andhe substitution of phenylalare at position

270 by leucine (F270L).

We started by introducinthese mutations into tlewre domain oWild-type p53(p53C
wt) anda highlystabilized variant of p53 (p530), which has wiletypelike properties and
as demonstrated by-My studies,almost identical structureapart from thefour point
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mutations (M133L, V203A, N239Y and N268D) that confer additional stability and make the
protein easier to work witf318319. Then, we produak recombinantfusions of the
constructed p53 variants with GRfdd monitored their bacterial fluorescence and protein
aggregation. Interestinglyye found bat he fluorescence intensity of the construg@@G

GFP fusions correlated very well with their thermodynamic stability and the accumulating
amounts of solublgrotein(Figure3.3 andFigure3.3). These results indicatbat the MisP

GFP assay is able to reliably monitor p53C misfolding and aggregatttherefore could be

utilized for the discovery of potential rescs®f destabilized forms of p53

72



5.0

2.5

AAG (kcal/mol)

'5'0 I I 1 1 1
O N A 2
& (bo“ti\ sl &
K o S v v
Q N O O
& & &
Q Q <
B
= 100
@
<
S 751
O
w
o
S 501
e
g
= 254
©
@
x
U._
S N O
& N o ,\Q\Z\ o O
SO SR U LN UL
Q O\. O\" O O\ Q\ @)
L N M ML )
> © > &

Figure 3.2. Monitoring the aggregation of p53 oncogenic variants(A) Thermodynamic stability of the p53
core domain wvariants. indheBee erergy o sréaducesl unfohllieg caubed byg e
mutations in wildt y pe p 53 ( iggplenruaspiéterinined biFersht and cevorkers [121,327. (B)
Relative fluorescence d. coliBL21(DE3) cells overexpressing p53&FP fusions from pETp53GFP. Mean

values * s.e.m. are reported.
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Figure 3.3. Solubility analysis of E. coli BL21(DE3) cells overexpressing53C-GFP fusions Total (left) and
soluble (right) lysates of cells overexpressing different pS3EP fusionsproduced as irFigure 3.2B were
analysed by SD®AGE and visualized by western blotting usthg antiGFPantibody.

3.2.2 Monitoring the aggregation of SOD1 variants

As mutations in th&OD1genethat causé¢hermal destabilization and/or aggregation
of SOD1have been widely associated with familial AGBLS) [187,321,322, we nexttestd
whether we could detect mutatiomduced folding changes to SOD1 usirng tMisRGFP
assay. For this reason, weoduce endto endfusions of SOD1 variants with GHR E. coli
cells in order toand monitored their fluorescence atite aggregationstatus of the
overexpressed fusiongVe testd four SOD1 variants, namely the stitution of alanine at
position 4 by valine (A4V), of glycine at position 37 by arginine (G37R), of glycine at position
85 by arginine (G85R) and of glycine at posit@® by alanine (G93A)These were selected
from asetof over 1% fALS-associated SODrutations as they exhibit differeaggregation

propensities andisease phenotypéfable3.1) [323324].
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Table 3.1. Statistics for fALS patients with the herein studied SOD1 mutationsAdapted from [323).

_ Mean age at onset Mean life
Mutation
(years) expectancy (years)
SOD1(A4V) 47.0 £ 13.7 1.5
SOD1(G37R) 29.3+1.2 18
SOD1(G85R) 55.5+12.6 6.5
SOD1(G93A) 43.1 £ 16.6 2.5

Indeed using the MisPGFP assaywe were able to follow SOD1 aggpation
efficiently asall variants exhibited decreased levels of GFP fluorescence and solubility,
compared to the generally npathogenic wileype SOD1 (Figure 3.4). Interestingly,
SOD1(A4V), which has been assmted with the most aggressive type of fALRble 3.1)
exhibited the most pronounced decrease in GFP fluorescence, in relation to the accumulating
amount of soluble proteirf{gure 3.4). Notably, whenthe SOD1 variants wengroduced in
unfused, GFHree form,their soluble levels were also welbrrelated with their aggregation
propensity as all pathogenic variants exhibdedreased levels of solubility compared to the

wild-type protein(Figure 3.5).
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Figure 3.4. Monitoring the folding and misfolding of SOD1 variants using the MisPGFP assay(A) Relative
fluorescence oE. coliBL21(DE3) cells overexpressing SOIEFP fusions from pETSODGFP.Mean values
+ s.e.m. are reported from one experiment performed in triplig@gSolubility analysis as in (A), using SBS
PAGE/western blotting and probing with the a@#P antibody.
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Figure 3.5. Solubility analysis of SOD1 variants overexpressed i&. coli Origami2(DE3). Production of the
GFPRfree SOD1 variants was performed from the corresponding pET$@&4drs Total (left), soluble (midle)
and insoluble (right) lysates were analysed by $FI2&E and visualized by western blotting using the-kii

antibody.Experiments were performed by Stefania Panoutsou at the NHRF.
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3.2.3 Monitoring the aggregation of polyQHTT ex1 variants

HD is an inherited neurodegenerative disease caused by polyglutaminated (polyQ)
expansions at the -drminal region of huntingtin (HTT), a highly polymorphic protein
normally containingess than 3%lutamine residueg325. These polyQ Neminal regions,
which are encodedithin the first exon of the corresponding gene (Bl have been found
to assemble intoaeurotoxic aggregateteading to neurodegeneratif32g. Importantly, the
severity of the HD phenotype is inversely correlated with the length of the polyQ expansion,

as individuals with lager polyQ expansions develop the disease at youngef3ygs

In order totest whether we couldhonitor the aggregationf @olyQ variantswith
different lengthausing e MisRGFP assaywe producd endto-end fusions of poly€HT Tex:
with GFPin E. coli cellsand monitored their fluorescence ahe aggregatiorstatus of the
overexpressed proteing/e assessd three poly@QHT Tex: variants, one containing a normal
25Q expansion and two expansioasultingin HD pathogenesis, namely 46Q and 9323 .
Interestingly, the levels of GFP fluorescenc&otolicellsand the amounts of solulpelyQ-
GFP fusiongproducedvere inversely proportional to the polyQ lengtgire3.6), suggesting
that this system is capable of monitoring the aggregation of pdljQx: variants and @uld

be utilized for discovery of potential polyQT Texi-aggregation inhibitors.
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Figure 3.6. Monitoring the aggregation of polyQHTT ex: variants using the MisRGFP assay (A) Relative
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3.2.4 Optimization of the MisP-GFP assay

As the expressionfMisP-GFP has been associated with cell toxif889, we opted
to determine the optimal conditions fitre expression of different MisBFP constructs. We
started ly testing a range of different expression vectors, inducer concentrations, incubation
temperatures and incubation periods for the productidasadns of GFP witlp53Cor SOD1

variants Figure3.7 andFigure3.8).

In the case of p53C, these experiments revealed that conditions that enable rapid protein
production, such as use of T7 promoteincubation at 37°C and increased inducer
concentrationresult in increased fluoreswee intensity differences between the widlded
protein and thelestabilizedvariants Figure3.7). Contrary in the case of SODZXonditions
that detain protein expression, such as decreased inducer conceatrdtiocubation at lower
temperatures, resul enhanced differences in the fluoresceimtensity of wild-type SOD1
and the diseasassociated variant§igure 3.8). These results indicate that, while the MisP
GFP @&say can be utilized against different protein targets, the-BEP expression conditions

should be independently optimized whenever a new target is pursued.
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Figure 3.7. Effect of different optimization parameters on the bacterial fluorescence dt. coli BL21(DE3)
cells producing p53CGGFP fusions (A) Investigation of different expression vectors, (B) IPTG concentratio
(C) incubation temperatures a(id) incubation periods. In all panels, ovexpresion was performed using the
pPET28 vector, unless otherwise stated and the fluorescence of the bacterial population progd3Ggwias

arbitrarily set to 100. Mean values + s.e.m. are presented. Each experiment was performed in triplicates.
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Figure 3.8. Effect of varying incubation temperatures and IPTG concentrations on thebacterial
fluorescence ofE. coli Origami2(DES3) cells overexpressingOD1-GFP fusionsfrom the pET28 vector. The
fluorescence of thbacterial population producifgOD1 wtwas arbitrarily set to 100. Mean values + s.e.m. are

presented. Each experiment was performed in triplicates.

In paralle| we tested whetheéhe GFP reporter is the madeal fluorescence partner
for monitoring potein misfolding and aggregatioRor this, weproduce recombinant fusions
of p53C variants with the blue fluorescent protein (B&Rhe red fluorescent protein (RFP),
and measured theiracterial fluoescence and protein aggregatiéig(re 3.9). Interestingly,
GFP and BFP fusions with-p53C and Tp53C(Y220C) exhibited similar fluorescence
intensity differences, indicating that both fluorescent proteamsbe appropriately employed
for monitoring protein misfolthg and aggregatiori-{gure3.9). Contrary, the differences in T
p53CGRFP and Tp53C(Y220C)RFP fluorescence intensities were decreased compared to the
GFP and BFP fusions, indicating that this fluorescent partdesssefficientfor this purpose

(Figure3.9).
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Figure 3.9. Effect of different fluorescent protein partners for monitoring protein aggregation inE. coli
Tuner(DE3) cells Protein productiorwas performed using the pET28 vectmd the bacterial population

producing Fp53C was arbitrarily set to 100. Mean values * s.e.m. are presented. Each experiment was performed
in triplicates.
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3.3.Discussion

In conclusion,in this chapter we describe the development of a generalized genetic
assay for monitoring the misfolding and aggregation of MisPs associated with different PMDs.
As a large number of PMDs still remain incurable, the development of such assays constitute
powerful tools for addressing this unmet medical need and facilitate the identification of

rescuers of pathogenic protein misfolding and/or aggregation.

The herein describegenetic assay is based the recombinant production i coli
cells of endto-endfusions ofdiseaseassociated MisPwith the fluorescent protein GFh
this manner misfolding and/or aggregation of the MisP directly afettte folding and
fluorescence of GFP, and therefore, by measuring#uterial fluorescence one can easily

moritor the folding status of the investigated MisP

We illustrate the generality of this assay by targeting three unrelated proteins, p53,
SOD1 and HTT, whose variants have been associated with cancer, ALS and HD respectively.
In all cases, w found that th bacterial fluorescence Bf colicells producing different MisP
GFP fusionsas well agheir accumulating soluble protein levels, strongly correlate with the

aggregation propensity of the investigated MiaRdtheir associated pathogenicity.

Overall we demonstrate thdhe hereindescribedgenetic assagan be utilized for
distinguishing between pathogenic and 4{pathogenic MisP variant@ssociated with
numerous PMDsnd, importantly, for the discovery of potential rescuesatfiogenigrotein

misfolding and/or aggregation.
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Chapter 4- Development of & integrated
bacterial systemfor the discovery of potential

PMD therapeutics

In order to accelerate the early drug discovery process and addrasspérative
medical need for potential therapeutics agaifMDs, ultrahigkthroughput methodologies that
allow deeper investigation of chemical spacauagentlyrequired. Towards this, waeveloped
a novel ultrahighthroughput biotechnology system, whele coli cells are genetically
engineeredn order topeform two simultaneous tasks: (groduce expanded molecular
libraries such as the onpresented in Chapter @mprisingmore than 200 million cyclic
peptidesand (ii) enable their direct functional screening using MisP-GFP genetic assay

described irChapter 3

This approach enables the identification of cyclic peptides with the ability to bind to
the MisP of interest and rescue its misfolding and/or aggregation, by monitoring their effect on
the fluorescence ofhe recombinant MislSFP fusions. Spefitally, since thebacterial
fluorescence oft. coli cells producing MisFGFP fusions is strongly correlated to the
aggregation propensity of the MisPesells producing such cyclic peptides will exhibit
significantly increased levels of GFP fluorescenaepdrtantly, as both cyclic peptide
production and their functional screening are performed inside living beltserial clones
producing such cyclic peptides can be isolatedarnultrahighthroughput manner using
fluorescenceactivated cell sorting (FAS), therefore enabling the rapid and facile

identification of bioactive hit¢Figure4.1).
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Figure 4.1. Schematic of the utilized bacterial platform for discovering nhibitors of protein aggregation.
pMisP-GFP: plasmid encoding a misfolded prot@RP fusion; pSICLOPRSuUX:1X2X3-Xe: vector library
encoding the combinatorial tetrgpenta, hexa or heptapeptide library cyclNuXiX2Xs-Xe; Nu: Cys, Ser, or

Thr; X: any ofthe 20 natural amino acids; FSC forward scatter; SSE: side scatter; P: sorting gate.

In this chapter we present the employment of this ultratiighughput systenfior
identifying folding rescuers and/or aggregation inhibitors against four tapp€.(Y220C),
Ab42, SOD1(A4V) and HT&1-97Q, which have been associated with cancer, AD, ALS and

HD respectively.
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4.1. Targeting cancer - Identification of p53C(Y220C) folding
rescuers using the generated ultrahigfthroughput biotechnology

platform

For the identification 6 cyclic peptides that would stabilize the p53C(Y220C) variant
we performed three attempts. In the firseatpt we utilized a twplasmid system comprising
a pET28 expression vector producing the p53C(Y22BE fusioni.e. pETp53C(Y22C)-
GFP,and the pSICLOPPS vector library describe@apter 2that produced the cyclic tetra
, pentaand hexapeptidese. pSICLOPPSNuX1X2X3-Xe (Figure4.2). Protein epression was
performed at 37C using 0.1 mMsopropytb-D-thiogalactosid€¢IPTG) and 0.002 % arabinose
as described in the Materials and Methods section. @elks gated on a siekeatter (SSEH)
versus forwarescatter (FS€H) plot in order to eliminatenon-cellular events,and were
subjected to FACS sorting for the isolation of the bacterial population exhibiting the top ~2%
fluorescence. Uter these conditions arafter two rounds of sorting, the selected bacterial
population exhibited a very small fltesscence increase comparedthe initial population
(~10%), while no further fluorescence increase was observed after additional ré&igue (

4.3).
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Figure 4.2. Sthematic of the utilized twoplasmid system and the gating strategy for FACS sorting for the
identification of rescuers of MisRGFP misfolding and aggregation pETMisPR-GFP: plasmids encoding a
MisP-GFPfusion; pSICLOPPSNuX;1X2X3-Xe: vector library encodinghe combinatorial tetrapenta, hexa or
heptapeptide library cyclbluXi1X2Xs-Xe; Nu: Cys, Ser, or Thr; X: any oh¢ 20 natural amino acids; FSC

forward scatter; SS@.: side scatteriR1 and RN1: sorting gates.
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Figure 4.3. Histograms of BL21(DE3) cells ceexpressing p53C(Y220C) and the initial cycldNuX1X2X3-Xs
oligopeptide library (grey) or the enriched library after the second round of sorting (green)M=mean GFP

fluorescence in arbitrary units. FAGsorting was performed at the University of Texas at Austin.
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We nextisolated140 individual cyclic peptide sequences from the sorted population
and evaluatedtheir ability to enhancehe fluorescence levels d-p53QY220C)}GFP. We
found that 21of them exhibited reproducibly a significarituorescenceincreasewhen T-
p53QY220C)GFP was producedfrom the pETT-p53Q'Y220C)}GFP vector, in which case
proteinoverexressioris controlled by the T7 promot@figure4.4A). However, these effects
were found to be promotapecifig asthe selected peptide clones were unable to enhance the
fluorescence of T-p53C(Y220C)GFP fusions when produced from the pASKT
p53C(Y220C)GFP vector, in which case protein production is adlgd by the tetracycline
(Tet) promoter Figure 4.4B). Furthermore, the observed phenotypes were found to be p53
nonspecific as the select@eptide clones were also able to increase the fluorescence levels of
ADb42-GFP fusionswhen produced from the pETE2-GFP vector(Figure 4.4A). In total,
these results indicate that the selected cyclic peptide clones are probahbby$itise hisand
function in a p5ahon-specific manneby probablymodulating the protein expression by the

T7 RNA polymerase/promoter system.
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Figure 4.4. First attempt of FACS sorting for the identification of p53C(Y220C) folding rescuers (A)
Fluoregence ok. coliBL21(DE3) cells ceexpressing -p53C(Y220C)G F P o r-GFR in4h@ presence of 12
individually selected cyclic peptide sequences from the second round of FACS sorting showrMisRAGFP
production was performed from the pET28 vector. (B) As in (A) but using the pASK75 vector-for T
p53C(Y220C)GFP production. In both panel$et fluorescence of bacterial cells producingS3C(Y220C)

GF P o r-GFR fogether with a random cyclic peptidem the initial unsorted cycldluXi1X2>Xs-Xs library

(Random 1) was arbitrarily set to 100. Meagetn are presented of one expemt performed in triplicates.
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In our second attempive modifiedour system in order to eliminate the possibility of
isolating false-positive cyclic peptideswith a p53nonspecific effect For this reason, &
started by ogrexpressing the-p53C(Y220C)GFP fusion from the pET-p53C(Y220C)GFP
vector and isolated the bacterial population exhibiting enhghomescenceia FACS Eigure
4.5, top). Thenafter two rounds of sorting wealated the séar enriched population and-re
transformed the selected pSICLOPPS vectors Hitocoli cells thatcarry the pASKT
p53C(Y220C)GFP vector and thyzroduce the same GFP fusiout from the pASK75 vector
(Figure4.5, botton). This procedureauld enable the isolation of a bacterial population that
exhibits increased levels of fluorescence irrespectively of the promoter utilized for

overexpression.
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Figure 4.5. Schematic of the utilized tweplasmid system and the gating strategy utilized in our second
attempt of FACS sorting for the identification of T-p53C(Y220C) folding rescuersinitially, overexpression
of T-p53C(Y220C)GFP was performed under the cohtwbthe T7 promoter (A) and then under the control of
the Tet promoter (B). pETP53C(Y220C)GFP and pASKIp53C(Y220C)GFP: plasmids encoding the T
p53C(Y220C)GFPfusionunder the control of the T7 or Tet promoter respectiy@BICLOPPSNuX1X2X3-Xe:
vedor library encoding the combinatorial tefr@enta, hexa or heptapeptide library cyclNuX:X>Xs-Xe; Nu:
Cys, Ser, or Thr; X: any ohe 20 natural amino acids; FSC forward scatter; SS@.: side scattefR1l and RN1:

sorting gates.
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After a total offive rounds of sorting we observed an almost ttiode increase of the
bacterial fluorescence, which was unaltered after additional rotiglsr€ 4.6). We isolated
530 individual bacterial clones from the enriclhedterial population and 84 of them exkebi
a significantincrease in Ip53QY220C)GFP fluorescencémportantly, most of the selected
bacterial clones exhibited a pSBecific effect as indicated by assessing their effect on the

levels of A42-GFP fluaescenceKigure4.7A).

Next, we opted to determine whether the observed phenotype was dependent on the
ability of the Ssp DnakE intein to splice and forgyalic peptide. For this reason, we introduced
the double ammo acid subtution H24L/F26A into the @erminal domain of the Ssp DnaE
intein, which is known to abolish asparagine cyclization atdhextein junction and prevent
extein splicing and peptide cyclizatip28(. We foundone clore (clone2), which was able to
increase the fluorescenceP53C(Y220C)GFP in a splicinglependent manner, indicating
that intein processing and the possible production of the cyclic peptide is necessary for the
observed phenotypé-igure 4.7B). However, the above mentioned uks were not always
reproducible Importantly, sequencing of the selected clone revealed thexicoded the
CGGTGR peptide sequence, which was the most abundequence of the unsorted
pSICLOPPS vector library, appearing ~700 times more frequently than its succeeding
sequenceTable2.5). These observations suggested that the selected clone could, in fact, be a
false positive and that FACS sortingisvnot successful in providing an enriched-kiary,

with enhanced bacterial fluorescence.
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Figure 4.6. Histograms of BL21(DE3) cells ceexpressing Fp53C(Y220C) and the initial cycloNuX1X2X3-
Xs oligopeptide library or the enriched libraries after three, four or five rounds of sorting. M=mean GFP

fluorescence in arbitrary units. FACS sorting was performed at the University of Texas at Austin.
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Figure 4.7. Secondattempt of FACS sorting for the identification of p53C(Y220C) folding rescuergA)
Relative fluorescence d&. coli BL21(DE3) overexpressing-p53C(Y220C)GFP (green bars) or B2-GFP

(white bars) and four individually selected cyclic peptide clones from the fifth round of FACS sorting shown in
(Figure4.6). (B) Relative fluorescence &. coliBL21(DES3) cells overexpressingd@s3C(Y220C)GFP and the

four selected cyclic peptide clones as in (A) and utilizing either atwid split Ssp DnaE intein (green bars) or
the splicingdeficient variant H24L/F26A32 (white bars). The fluorescence of bacterial cells produeing T
p53C(Y220C)GFP or A42-GFP together with a random cyclic peptide (Random 1) was arbitrarily set to 100.

Mean = sem are presented of one experiment performed in triplicates.
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As in the first two attempts the isolated bacterial population mostly exhibited-a p53
nonspecific fluaescence increase, we decided to further modify our system in order to select
the bacterial population that exhibits gp%3C(Y220C)GFP fluorescence increase but at the
same time has no effect on the fluorescencetd2’GFP. For this reason, we chose to insert
the T-p53C(Y220C)BFP construct into the pCBEo vector and generate a th@asmid
system comprising of pCDFT-p53C(Y220C)BFP, pETA42-GFP and thepSICLOPPS
NuX1X2X3-Xe vector librariesdescribed irChapter 2that produced the cyclic tetrgenta,

hexa and heptapeptide librarieBigure4.9).

We decided to utilize the pCBEb vector as: i) the difference between the levels of
fluorescence of P53CGBFP and Fp53C(Y220C)BFP were comparable to the ones observed
when the pET28 vector was usétgure3.7 andFigure4.8), ii) pCDF is compatible with #n
pPET28 and pSICLOPPS vectors used so far and iii) it contains the same promoteAB4$HET
GFP,and therefordy selecting a bacterial population with increased BFP fluoresdmrice

unaffectedsFP fluorescence, the possibilitymmoterspecific falsepositivesis eliminated

%)

~ 100+

) ~
? 9

Relative fluorescence
N
v

o
I

T-p53C T-p53C(Y220C)

Figure 4.8. Relative fluorescence ofE. coli Tuner(DE3) cels overexpressing Tp53C-BFP and T-
p53(Y220C)}BFP from the pCDFT-p53C-BFP and pCDFT-p53(Y220C)}BFP vectors. The fluorescace of
bacterial cells producing-p53GBFP was arbitrarily set to 100. Mean + sem are presented of one experiment

performed in triplicates.
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Figure 4.9. Schematic of the utilized threeplasmid system andhe gating strategy for FACS sorting for the
identification of p53C(Y220C) folding rescuers pCDFT-p53C(Y220C)BFP: plasmid encoding the-T
p53C(Y220CBFP f usi o AGF Pp E TpA Bads2mi d e-@RP dudionnp§ICLOR RS UM K2K2
X6: vector library enoding the combinatorial tetsgpenta, hexa or heptapeptide library cyclNuX1X2X3-X6;
Nu: Cys, Ser, or Thr; X: any of the 20 natural amino acids;-RSforward scatter; SS@.: side scatter; R1 and

RN1: sorting gates.

Using this threglasmid system,we simultaneously overexpressed thie
p53C(Y220C)BFP and A42-GFP fisions using 0.1 mM IPTG, as well as thgclo-
NuX1X2X3-Xe oligopeptide librariesising 0.005 % arabinose described in the Materials and
Methods sectionFor FACS sorting, we firsgated cells based on their SS€ and FSGH
properties and then we isolatedhe bacterial population exhibiting the top ~2% BFP
fluorescencegas well asan unaltered GFP fluorescendedure 4.9). After five roundsof
sorting for the tetra penta and heptapeptide libraries as well as four rounds of sorting for the
hexapeptide library we observed a signifiaantease of the bacteriBFPfluorescence, which
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was undiered after additional roundBEigure4.10). Importantly, this bacterial population did

not exhibit an increase of the GFP fluorescence, which corresponds tbAR&AP fusion.
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Figure 4.10. FACS sorting of E. coli Tuner(DE3) cells overexpressing -p53(Y220C}YBFP, A b 4&-P and
the cyclo-NuX1X2X3-Xs libraries. Histograms of cells cexpressing 1p53(Y220C}B F P, -@HP4rd (A)
the cycloNuXiX2Xs tetrapeptide library, (B) the cycluXiX2X3Xs4 pentapeptide library,Q) the cycle

NuX1X2X3XsXs hexapeptide library and (D) the cydduXi1X2X3X4XsXe heptapeptide library. In all panels, the

initial library is shown in grey and the enriched sorted library in blue. M=mean BFP fluorescence in arbitrary

units. FACS sorting wasepformed at the University of Texas at Austin.
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We isolatel 200 individual bacterial clones from each enriched bacterial population and
identified six bacterial clones that were able to increase the fluorescence and solubiity of T
p53C(Y220C)GFP in a p8-specific mannerthatwasaso dependent on peptide cyclization
as illustrated using the splicing deficient Ssp DnaE irj@#q] (Figure4.11 andFigure4.12).

DNA sequencing of the peptidmcoding region of the selected clones revealed the presence
of four tetrapeptide sequences, termed p53CP53C416, p53@-19 andp53C421 (P53
targetingcyclic 4-peptide numbed, 16, 19 and 21 respectively, one gntapeptide sequence
termed p53CA.8 (p53targetingcyclic 5-peptide numbel8) and one heptapeptide sequence
termed p53C+10 (p53-targetingeyclic 7-peptide numbetQ) (Table4.1). The selected cyclic
peptides wereurther evaluated to determine their ability to bind to p53C(Y220C), increase its

thermodynamic stability and restore its apoptotic functi@mafpter %.
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Figure 4.11. Identification of p53C(Y220C) folding rescuers via FACS sorting(A)Relative fluorescence of

E. coli Tuner(DE3) cells overexpressinggb3(Y220C)YGFP ( gr e e n B@Pr (whjite bars) and Bid 2
selected cyclic peptide clones isolated from tiréesl populations shown Figure4.10. (B) Relative fluorescence

of E. coli Tuner(DE3) cells overexpressingp®3(Y220C)GFP and the six selected cyclic peptide clones from
(A) and utilizing either a wildype split Ssp DnaE intein (green bars) or the splieitgdicient variant
H24L/F26A32 (white bars). The fluorescence of bacterial cells producip§3{Y220C}GF P o r-GFRb 4 2
together with a random cyclic peptide (Random 1) was arbitrarily set to 100. Mean + serasarged of one

experiment performed in triplicates.
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Figure 4.12. Solubility analysis of E. coli Tuner(DE3) cells overexpressingl-p53C(Y220C)YGFP and the

five individual cyclic peptide sequencesWegern blotanalysisof soluble lysates ofells overexpressing-T
p53C(Y220C)GFP and five of the selected cyclic peptide sequences testeayumg4.11), utilizing either a
wild-type split Ssp DnakE intein or the mihg-deficient variant H24L/F26A32 (denoted as s.d.). The predicted
molecular mass of the-p53C(Y220C)GFP fsion is ~53 kDa. Blotting was performed using the-&HP
antibody.

Table 4.1. Cyclic oligopeptide sequences encoded by the selected bactedhmines exhibiting enhanced T
p53C(Y220C)}GFP fluorescence

Name of isolated _ . _ Encoded peptide
clone DNA sequence of peptideencoding region sequence
p53C44 TGC TTC TCC TCC CFSS
p53C416 TGC CTC GAG CAG CLEQ
p53C419 TGC CTC CGG CGC CLRR
p53C421 TGC GCG GCC CAG CAAQ
p53C518 ACC CGG GGG GGC TGC TRGGC
p5S3C*#10 AGC AAG CGG AGC GGG ATG CAG SKRSGMQ
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4.2. Targeting AD T ldentification of Ab42 aggregation inhibitors

using the generated ultrahighthroughput biotechnology platform

In order to identifyputative 42 aggregation inhibitors, in this thesis we screened the
constructedcyclo-NuX1X2X3X4XsXe heptgpeptide sublibrary, described inChapter 2 as
screening of theyclic tetra, penta and hexapeptides for the same target has been the subject

of the PhD thesis of llias Matis from our IE&3(Q.

For this reason, we utilized a tvpbasmid system comprising a pET28 expression

vector producing the @2-GFP fusion and the pSICLOPPS vector library describ&hapter

2, which produced theyclo-NuX1X2X3X4X5Xs heptgpeptide subibrary (Figure4.2). Protein
expression wasarried outat 37°C using 0.1 mM IPTG and 0.005 % arabinoseesdbed in
the Materials and Methods section. Celkre gated on a siexatter (SS€H) veraus forward
scatter (FS€H) plot in order to eliminate necellular eventsand were sukected to FACS
sorting for the isolation of the bacterial population eximigithe top ~2% fluorescence. After
seven rounds of sorting we observed an almosfodik increase of the bacteridbFP
fluorescencecompared to the initial libraryF{gure 4.13). No further substantial increase in

fluorescence was observed after additional rounds of sorting.
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Figure 4.13. FACS sorting ofE.coliTuner ( DE3) <cel | s -GRPandehe gpomiEnedciyclicy Ab 4 2
heptapeptide library. M: mean GFP fluorescence in arbitrary units. Experiments were performed at the

University of Texas at Austin.

We randomly selected ten individual clones from theesbpopulation, isolated their
peptideencoding vectors, rFansformed them into fredh. coli Tuner(DE3) cells carrying
p E T #85&FRand induced proteproduction from both vectors. Interestingly, we found that
in the presence of all selected cydlieptpeptides, the fluorescence ofb#2-GFP was
dramatically increased c¢ o mp-&FPSubiontindhe presences e x p
of two cyclic peptide sequenctsat were randomly selectém the initial unsorteayclo-
NuX1X2X3-Xs library (Figure4.14A). Furthermore, all isolated clones expressed ddualjth
intein-peptide fusion (~25 kDa), which could undergo processing to yield a lower molecular
weight band corresponding to exciseddBD (~20 kDa), thusuggesting successful intein
processing and possible formation of a cyclic peptide proéiguie4.14C). Importantly, the
observed phenotypic effects were found to bdAspecific, as the selected peptide cloned did

not enhance the levels ofpb3QY220C)GFP, and alsdahey weredependent on peptide
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cyclization as illustrated using the splicing deficient Ssp Dnak if2&id (Figure4.14 A and
8

B).
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Figure 4.14. Identification of Ab42 aggregation inhibitors via FACS sorting (A) Relative fluorescence @.
coiTuner ( DE3) c¢ el | s-GBPvaad tanxapdoralsselécted)cychcbhdptapeptide clones isolated
after the seventh round of FACS sorting showrFigyre4.13) and utilizing either the wildype split Ssp DnaE

intein (green bars) or the splickutpficient variant H24L/F26A32 (white bars). Two randomly selected cyclic
peptide sequences (random 1 and 2) from the initial unsoytdotNuX1X2X3-Xs library were used as a negative
control. The fluorescence of the bacterial population producing cyclideeapihdom 1 was arbitrarily set to 100.

Mean values £ s.e.m. are presented (n= 3 independent experiments, each one performed in three replicates). (B)
Relative fluorescence &:. coli Tuner(DE3) cells overexpressing p53C(Y22d&hiP and the ten selectedcty
heptapeptide clones tested in (A). The fluorescence of the bacterial population producing the random cyclic
peptide was arbitrarily set to 100. Experiments were carried out in triplicates and the reported values correspond
to the mean value + s.e.fC) Western blot analysis of the ten selected clones (A) using a@BbBtiantibody.

The upper band of ~25 kDa corresponds to thgelptide sequeneg-CBD precursor, while the lower band of

~20 kDa corresponds to the processe@€BD product, whose appearce is an indication of successful cyclic
peptide formation. For each clone, (a) represents atwle intein where cyclic peptide formation is allowed,

while (b) represents the H24L/F26A splicing deficient variant where no cyclic peptide is produced.

Anal ysis of t hGFP fasopsrbSBDSPAGE andbwés?ern blotting
revealed that the bacterial clones expressing the selected cyclic heptapeptides produce
significantly 1 ncr e-@FPeanpdred tthe taredonogtlic geptitles,b | e | ¢
despite the fact t haGFParot@nuremaihed dt sinoilar lewdlBgure ot al
4.15, top). Furthermore, when the same cell lysates were analyzed by native PAGE and western
blotting, we observed thatoexpression of the selected cyclic peptides reduced the
accumulation of higheo r d e r -GFPbadgg2egates, which could not enter the gel, and
increased the amounts of species with higher electrophoretic mobBilggyré 4.15, bottom
|l eft). These higher electrophoretic mobility
GFP that exhibits fluorescencd-igure 4.15, bottom right). Since the solubility and
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fluorescenceob act er i al | y -GEKhas been $oand to pebirvésely proportional
to the aggr egat i[304305) thexrgsdtndeiibedyabeoef sjubgdg2ze st t hat

aggregation is significantly decreased in the presence of the selected cyclic heptapeptides.
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Figure 4.15. Solubility analysisofE.coliTuner ( DE3) <cel | s -GRPamdthetenindivsdaal ng Ab 4 2

cyclic peptide sequences(top) Western blot analysis of total (left) and soluble (right) lysates of cells

over expr e-&RPiandghe feifidd¥idual cyclic peptide sequences testédjume4.14. The predicted

mol ecul ar maGFP fusioh is +32 kDa.Abbttbr2) Western blotting using theAfti ant i body 6E1
(left) and ingel fluorescence (right) analyses of total lysates following nd@&6&E of cellscee x pr es s ng ADb 4~
GFP and the teindividual cyclic peptide sequences testefigure4.14.

| mportantly, similar results were acquire

free form.When we tested the effects betselected cyclic heptapemida on | b42 aggr e

with anin vivo assay using wholeell stainingé i ntracel l ul ar formati o

with thioflavin S (ThS)313], we observed that garoduction of the selected peptides resulted

in decreased levels @S fluorescence, further indicating reduced aggregate form&iiguré

4.16).
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Figure 4.16. Emission spectra ofE. coliTuner ( DE3)

600

cell s

o Vv e rita foprrofettes i n g

selected cyclic heptapeptide sequences tested®) énd stainedwith ThS. The maximum fluorescence of the

bacterial population producing random 1 was arbitrarily set to 100. Mean values + s.e.m. are presented (n= 1

experiment performed ithree replicates).

DNA sequencing of the ten selected clones revealed five distinct cyclic heptapeptide

sequences: cyclGKVWQLL (present six times among the sequenced clones), cyclo

CRVWTEL, cycloCKVWMPL, cycloo-CRVWQTV and cycleCRIVPSL (Table 4.2). The

selected cyclic peptides were further evaluatedtro andin vivoto determine their ability to

inhibit the aggregation of 82 and the associated neurotoxici§h@pter 8.
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Table 4.2. Cyclic heptapeptide sequences encoded by the selected bacterial clones exhibiting enhanced
A b 4&FP fluorescence

Isolated Clone #| DNA sequence of peptideencoding region Encoded peptide
sequence
1 TGC AGG GTG TGG ACG GAG TTG CRVWTEL
2 TGC AAG GTG TGG CAG TTG TTG CKVWQLL
3 TGC AAG GTG TGG CAG TTG TTG CKVWQLL
4 TGC ATC GTC GTC CCG TCG ATC CIVVPSI
5 TGC AAG GTC TGG ATG CCG CTC CKVWMPL
6 TGC AAG GTG TGG CAGTTG TTG CKVWQLL
7 TGC AAG GTG TGG CAG TTG TTG CKVWQLL
8 TGC AAG GTG TGG CAGTTG TTG CKVWQLL
9 TGC CGC ATC GTC CCC AGC TTG CRIVPSL
10 TGC AAG GTG TGG CAG TTG TTG CKVWQLL
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4.3. Targeting ALST Identification of SOD1(A4V) folding rescuers

using the generated ultrahighthroughput biotechnology platform

For the identification of cyclic peptides that would rescue the misfolding of
SOD1(A4V) we utilized the twplasmid systerpreviously described:omprising of a pET28
expression vector producing t8®D1(A4V)GFP fusion and the pSICLOPPS vector library
producing the cyclic tetrapenta, hexa and heptapeptidesigure 4.2). Protein expression
was performed aB7 °C using 0.01 mM IPTG and 0.005 % arabinose as described in the
Materials and Methods section, while FACS gating was performed as mentioned previously
(Figured4.2). After four rounds of sorting we observed a g&rgng, more than #ld increase
of the bacterial GFP fluorescence compared to the initial libFagyi(e4.17), while no further
substantial inease in fluorescence was observed after additional rounds ofgsortie
evaluation of the tetrapenta and hexapeptide sorted libraries has been the subjetfahz
Panoutso@ PhD thesi§33(Q, while the heptapeptide sorted libramge currentlyevaluatedas

partofMar i a Gi &hDrthedist thedNstional Hellenic Research FoundatidhiRF).
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Figure 4.17. FACS sorting for the identification of SODI1(A4V) folding rescuers Histograms of
Origami2(DE3) cells cexpressing SOD1(A4V) and (A) the cyaNuX1X,X3 tetrapeptide library, (B) the cyclo
NuX1X2X3Xs pertapeptide library, (C) the cyclNuXiX2X3X4Xs hexapeptide library and (D) the cyelo

NuX1X2X3X4XsXe heptapeptide library. In all panels, the initial library is shown in grey and the enriched sorted

libraries in green. M=mean GFP fluorescence in arbitraitg URACS sorting was performed at the University of

Texas at Austin.
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4.4. Targeting HD 7 Identification of HTT x1-97Q aggregation
inhibitors using the generated ultrahighthroughput biotechnology

platform

For the identification of cyclic peptides thabuld inhibit the aggregation of HERL-
97Qwe utilizedthe same plasmid system and gating strategy as in ta@t&OD1, with the
only differencebeingthe production of HTdx-97Q-GFP by the pET28 vector using 0.1 mM
IPTG (Figure4.2). After six rounds of sorting we observed an almost-fold increase of the
bacterial GFP fluorescence compared to the initial libr&igufe 4.18), while no trther
substantial increase fluorescence was observed after additional rounds of sorting. The sorted
populations are currently being evaluated for the discovery of putative aggregations inhibitors

of HTTex-97Q.
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Figure 4.18. FACS sorting for the identification of HTT ex-97Q aggregation inhibitors Histograms of
Tuner(DE3) cells ceexpressing HTT ex87Q and (A) the cycliNuX1X2X3 tetrapeptide library, (B) the cyclo
NuXi1X2X3X4 pentapeptide library, (C) the cyehuXiX2X3XaXs hexapeptle library and (D) the cyclo
NuX1X2X3XsX5Xs heptapeptide library. In all panels, the initial library is shown in grey and the enriched sorted
libraries in green. M=mean GFP fluorescence in arbitrary units. FACS sorting was performed at the University of

Texas at Austin.
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4.5. Discussion

In this chapter we present the development of an ultrahiglughpuin vivoscreening
systemthat enables(i) the construction o€tyclic peptidelibrarieswith expanded diversities
and (ii) their direct functional sceaingusing a FACSbased assay that enables the rapid and
facile identification ofmacrocycles with the ability to rescpathogenigorotein misfolding

and aggregatian

We employed this system against four MisP targg3C(Y220C), A42, SOD1(A4V)
or HTTex1-97Q, and isolatedour distinct bacterial populations that produce cyclic peptides
with the ability to rescue protein misfolding and aggregation ofebgectiveMisP of interest
Notably, while for the majority of the targets shprocess was very straightforward, in the case
of p53C(Y220C), it was rather laborious. However, the high adaptability of the reported
bacterial system that enables the isolation of bacterial populations with specific properties,
finally allowed us to islate a bacterial population with the desired effects on p53C(Y220C)

misfolding and aggregation.

The cyclic peptides identified against p53C(Y220C) abdarefurther evaluated in
Chapters 5 and fespectively, while evaluation of the selected rescuers against SOD1(A4V)
will be presented in the PhD theses of S. Panoutsou and M. Giannakou. Finally, the identified
cyclic peptides against HEI-97Q aggregson are currently being evaluated in our

laboratory.
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Chapter 517 Evaluation of the selected cyclic
peptides on their ability to rescue the misfolding
of p53(Y220C) in vitro and restore its pro

apoptotic function in cancer cells lines

5.1. Biosynthesis and isolabn of selected cyclic peptides from

bacterial cells

First, we sought to chemically synthesize the selected cyclic peptides, in order to further
evaluate their ability to bind td-p53C(Y220C), increase its thermodynamic stability and
restore its apoptotifunction. However, the hean-tail cyclization of the p53G46, p53C5
18 and p53C4A0 proved very laborious andntie consumingwhile chemical synthesis of
cyclic peptides p53CG44, p53C419 and p53C41 has not beepossibleso far Sincein the
literatureefforts to synthesize hedd-tail cyclic peptides with small ring sizes usitigditional
synthetic approaches have been repeatbdifly dcallenging [331,332, we decidedto
producethe selected cyclic peptidescombinantlyin E. colicells and then isolate them using
affinity chromatographyAs we did not wish to affect the ring size of the selected cyclic
peptides by introducing a tag, such as the HPQ motif, that would enable direct purification of
the desirable cyclic peptid¢280,333, we opted tasolate the biosynthesized cyclic peptides
in an indirect manner, by t akiar taglessaplotemnt a g e

purification[334]. For this reason, we overexpressed the{eddite fusion proteinctpeptide
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In-CBD containing theselected peptide sequencegincoliand attempted to immobilize the
precursor protein onto a cimtresin, thus allowing thiag-less purification of theyclic peptide
upon intein splicingFigure5.1A andB). However, the overexpressed fusion exhibited low
affinity for the chitin beads, as illustrated by western blotting of the saropliested during
the purification processF(gure 5.1C), rendering purificatiorof the cylic peptide by this

methodvery difficult.

A

Overexpression in E.coli of the Lysis of the cultured cells and .
tetra-partite I--peptide-Iy-CBD l:> isolation of the I:> Loaglnr:xg) ?riéhciiiior:u:clleuxiate
fusion protein soluble lysate fraction

Washing of the column to J

<:l reduce non-specific binding
of other E.coli proteins

induce on-column

Incubation of the column to
protein splicing

Elution of the cj
{ free cyclic peptide }

B
. Incubation at
CBD In _ peptide pH 7.8 for 24h
Chitin —> Oi‘!gg) —> Qig + @
beads
I Intein bound Free
¢ to the resin cyclic peptide
C

T S FTWiwze B T S FTWLW2E B

- I-peptide-I-CBD (25 kDa)
<— I,-CBD (20 kDa)

pET-Random pSICLOPPS-Random

Figure 5.1. Cyclic peptide production and purification via on-column protein splicing using chitin affinity
chromatography. (A) Flow chartof the oncolumn purifcation procesqB) Schematic of the eoolumn intein
mediated circular ligation reaction. (C) Western blotting using theGBID antibody of samples collected during
the cyclic peptide purification procedure described in (A). Protein overexpressiger@sned using the pET28
(left) or pSICLOPPS (right) vector. T: total lysate, S: soluble lysate, FT:thaungh, W1: first wash, W2: second

wash, E: elution and B: chitin beads after cyclic peptide elution.
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For this reason, we introduced a polyhiste tag upstream of the tetgartite fusion
and attempted protein purification a similar manner but usingsteadimmobilized metal
affinity chromatography (IMAC) and a nickel resin {NiTA) (Figure5.2A). Indeedpy using
this method we were able selectivelycapturethe precursor protein onto the nickel resin and
upon incubation at room temperataed at a pH permissive for intein splicify 72 h we
observed significant intein processing, as indicated byanrebtotting of the samples collected
during the purification proces§igure5.2B). Importantly, nass spectrometry of the elution
fractionsafter the orcolumn splicing reaction verified the presence of the frebocgeptides

(Figure5.3).

1.  Peptide Incubation at
pH 6.3 for 90 h

Vol o egd e . @

I Intein bound Free
N . . .
to the resin cyclic peptide

<+— I,-CBD (20 kDa)

' ; ' < Hisg-I-peptide-Iy-CBD (25 kDa)
- -

- = # B <« Hiss-Ic (4 kDa)
p53C4-4 p53C4-16 Random

Figure 5.2. Cyclic peptide production and purification via on-column protein splicing using IMAC. (A)
Schematic of the enolumn inteinmediated circlar ligation reaction (C) SDSPAGE of samples collected

during the cyclic peptide purification procedure of p531;453C416 and a random peptide from the unsorted
pSICLOPPS library, as described Figure5.1A) and with the only difference being the utilization ofNTA

instead of a chitin resin. In all cases, the 1st and 3rd lane depict samples containing nickel resin loaded with the
soluble lysates, before and after incubation at RT for 90 h inr @odnduce protein splicing. The 2nd lane

represents the elution sample containing the free cyclic peptide.
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Figure 5.3. Full scan spectrum (ESIMS) of the sample containing the free cyclic peptide afterrecolumn
intein-mediated circular ligation. The main [M+Na]+ peak represents the singiarged sodium adduct of the

cyclic peptide. Mass spectrometry experiments were performed by Ms. Eleni Siapi at the NHRF.

5.2. Evaluation of the selected cyclic pejutesd ability to promote

cell death of a cancer cell line expressing the p53(Y220C) mutation

In order toeval uat e t h e abiity tol promotecanpet celdl deatly we
investigated the effect of the selected peptides on the cell viability bémha&n melanoma cell
line WM164carryingthe p53(Y220C) mutatiof835. Cells were grown in 96vell plates for
24 h and then incubatdar 48 h in the presence of 1% or 10% v/v of elufiactionsafter on
column purification of the selected cyclic peptidésg(re 5.4). Interestingly, all cyclic
peptides except the heptapeptide p5307were foand to reduce the viability of WM164 cells
when administered at the highest concentratimportantly, p53C416 exhibited a significant
decrease of cell viability of ~55 % compared to ¢k#s treated witmandom peptide sample

(Figure5.4). However, a we were unable to precisely measure the concentration of the cyclic
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peptides after owolumn intein splicingnor determine their ability to permeate cell
membranes, the reduced effect of the rest ofcthrapoundsmay be due toinsufficient

intracellular cyclic peptide levels.
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Figure 5.4. Viability of melanoma WM164 (p53(Y220C)) cells after treatment for 48 h with 1% or 10% v/v

of the selected cyclic peptides, as deterngd by the MTT assay Cell viability of samples treated with a random
peptide from the unsorted pSICLOPPS library was arbitrarily set to 100. Mean values + sd are presented (n=6
replicate wells per condition). Experiments were performed by Dr. Zachdvioalalaki under the supervision of

Dr. Vassiliki Pletsa at the NHRF.

Encouraged by the results presented above, we synthesized-p63¥4solidphase
chemical synthesis at mg scékegure5.5). To further evaluathe efficacy of p53C416, we
investigatedncreasing concentrations syntheticp53C416 for their ability to promotesell
death of the WM164 cancer cell lingigure5.6). Notably,the selected cyclic peptide wailsle
to affect cell viability in a dosedependent manner and at concentratteb@0 eM (Figure
5.6A). Furthermore when ceadministered with thevidely utilized chemotherapeutic drug
cisplatin, p53C4L6 was able to further decrease cell viability, resultiregnmost completeell

death Figure5.6B).

117



Negative
Intensity
100

E 94335

o0 [2MH]-
8{1—
6{1—2
S{J—E

404

E""'l"lk'"'II""‘I'J""I""I""I'""'I""|I""Il""l""I""I""I""I""I""ll""
400 500 600 700 800 900 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900

m/z

Figure 5.5. Full scan spectrum (EStMS) of the synthesized p53C4L6 by solidphase chemical synthesis
The [M-H]- peak represents the negatively charged cyelgtige, after one proton is removed. The {2} peak
represents the dimer formed by the association eH|Mwith its neutral counterpart, commonly created due to

high sample concentration. Scfithase synthesis and MS analysis were performed by Gen$¢gp).
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Figure 5.6. Viability of melanoma WM164 (p53(Y220C)) cells after treatment for 48 h with different
concentration of p53C416, as determined by the MTT asay in (A) the absence or (B) the peence of 330
€M (100 eg/ml) cisplatin. p53C416 was able to reduce cell viability in a dasspendent manner and also
enhance the apoptotic effect of the known chemotherapeutic agent cisplabilityvof untreated cellsvas
arbitrarily set to 100. Mean values + atk presented (n=@plicate wells per condition). Experiments were

performed by Dr. Zacharoula Linardaki under the supervision of Dr. Vassiliki Pletsa at the NHRF.
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In order to support that p53€l6 has selective toxicity towards cancer cell linves,
determinel its effect on the viability othe highly sensitive humamesenchymal stem cells
derived from WHSC){386h thhdeedJwaile latythe higthést concentration
p53C416 exhibits a small cell viability decreadéiqure 5.7), this effect is not considered
significant enough to support a general cytotoxic effect of the selected cyclic peptide,

supporting the notion that p53a4 is able to selectively promote cell death of cancer cells.
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Figure57. Vi ability of human mesenchymal cells derived f

with different concentration of p53C4-16, as determined by the MTT assayViability of untreated cells was
arbitrarily set to 100. Mean valuassd are presented (n=3 replicate wells per condition). Experiments were

performed by Elena Taki under the supervision of Dr. Vassilis Zoumpourlis at the NHRF.
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5.3. Biosynthesis and purification of T-p53C and T-p53C(Y220C)
for use inin vitro experiments

For the execution of thiellowing in vitro experiments, we firstly neededismlate the
proteinsof interest in a pure form. For this reason, we proddasions of Fp53C or F
p53(Y220C)alongwith a His affinity tagin E. coli. Upon overexpressi the proteins of
interest were purified usingMAC (Figure5.8), followed by sizeexclusion chromatography
using theHiLoad 16/600 Superde200 pg column Figure5.9) as desibed in the Materials
and Methods sectionThis procedure resulted in thpreparationof T-p53C and T

p53C(Y220C)at high purity

Flow- Elutions with increasing concentrations
through ofimidazole

o —
— —
~ g .

===
- '.. "'u 42

10—

Figure 58. SDSPAGE of samples coll ected @3BCI2RY)IHBsby Niei n puri

IMAC after overexpression in E. coli Tuner(DES3).
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Figure 5.9. Sizeexclusion chromatography (SEC) of Fp53C-Hiss (top) and T-p53C(Y220C}Hiss (bottom)
after the IMAC purification shown in Figure 5.8. As expected, in the samples before SEQSBGHIis6 was
mostly present in a monomeric form, while the aggregation prep&3C(Y220C)His6 waspresent in higher

order aggregates.

5.4. Evaluation of the selected cyclic peptidés a bto indrebsg

the thermodynamic stability of T-p53C(Y220C)in vitro

In order to investigate the potential of the selected cyclic peptides to increase the
thermodymmic stability of Fp53C(Y220C)we usedlifferential scanning fluorimetry (DSF)
and thedye SYPRO orangewhich exhibits a significarftuorescencencrease upon binding
to hydrophobigrotein regionsKigure5.10). Thi s met hod enabl es the es
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melting temperature (Tm), which is proportional to its thermodynamic statbitgimply

monitoring thes a m p flueréscence levels during thermal unfoig[337].
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Figure 5.10. Characteristic diagram of fluorescence intensity vs. temperature of a representative globular

protein in the presence of SYPRO orangdnitially, SYPRO orange is unable to bind to the folded protein thus
emitting low levels of fluorescence (represented by green arrows). Upon thermal denaturation, the dye binds to
the proteinds expo(depicted im greyy ang emdsbréased levelg of fluarescence at 610

nm (represented by red arrows). Further temperature increase results in protein aggregation and precipitation and
gradual fluorescence decrease. Adapted fi&83].

We first optedto determine the Tm of -p53C and Ip53C(Y220C) in the absence of
any test compound using DSF. For this reason we prepared samplegb8CTand T
p53C(Y220C) in the presence of SYPRO orange amedsored their fluorescence while
gradually increasing t hetimeRORpnktrerseat. Thiepmopessr at ur
generated a sigmoidal curve whose inflection point (Tm) was calculated by determining the
maximum ofthe first derivative [d(RFUYT] (Figure5.11) and br more accurate resultsy
fitting the data to the Boltzmann equation using the OriginPro softwaablé¢ 5.1 and

AppendixA).
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Figure 5.11. Thermal denaturation analysis of T-p53C and T-p53C(Y220C) using DSF (A) Relative
fluorescence of P53C and Tp53C(Y220C) in the presence of SYPRO orange and during gradual temperature
increase. (B) Plot of the firsterivative of (A) enabling the estimation of Tm values. In both panels mean values

of one experiment performed in triplicates are presented.

Table 5.1. Calculated Tm valuesof T-p53C and T-p53C(Y220C)after fitting to the Boltzmann equation

Sample Calculated Tm (°C) Mean Tm (°C)

T-p53C 4401 +0.12 44.22+0.11 4423+0.09| 44.15+0.11

T-p53C(Y220C)| 37.95+0.03 37.98+0.03 38.01+0.04| 37.98+0.03

Next, we studied the effect of p53CH6 onthe Tm of T-p53C(Y220C) Interestingly,
by increasing the concentration of p5308, we noticed a graduahift of the fluorescence
curve ofT-p53C(Y220C) in the presence of SYPRO orange, which reached its maxirhém a
molar equivalents of p53CH#6 (Figure5.12). At this concentration, p53CH6 was able to
increase the Tm of-p53C(Y220C) by ~0.8C, which iscomparabldo other published small
molecule reactivators of Tp53C(Y220C)[186. In addition in the presence of increasing

concentrations of p53C#6 we noticed a gradual decrease in theels of fluorescence,
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indicating that the exposed hydrophobic surfaces-pb3C(Y220C) were reduced and thus,

that the protein is more stable in the presence of pA&JFigure5.12).
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Figure 5.12. Effect of p53C416 to the thermal stability of T-p53C(Y220C) using DSE (A) Relative
fluorescenged3CH YRROLNY T n the absene@asmeasuped wsiageDSE e o f
and the SYPRO orange dye. (Blot of the first derivative of (A) enabling the estimation of Tm values. In both
panels mean values of one experiment performed in triplicates are presented. (C) Concentration dependent thermal
stabilization of Fp53C(Y220C) by increasing concentratiamigp53C416 as measured by DSF.
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Table 5.2. Calculated Tm values of Fp53C(Y220C) in the absence or presence of increasing concentration

of p53C416, after fitting to the Boltzmann equation

Sample Calculated Tm (°C) Mean Tm (°C)

No peptide 3419+ 005 34.26 £ 0.06 34.33 £ 0.08 34.26 £ 0.06
75 &M -pe5| 34.60+0.06 34.37+0.05 34.49 + 0.06 34.49 £ 0.06
150 e M-16! 3456+0.06 3459+0.05 34.63+0.05 | 34.59+0.06
250 e M-161{ 35.02+0.05 35.07+0.06 34.99 + 0.06 35.03 £ 0.06
350 e M-16] 3494+£0.04 34.99+0.04 35.03 £0.05 34.98 +£ 0.04

Similarly, we monitored the thermal denaturation gb33C(Y220C) in the presence
of p53C518 and p53C-10. Neither of the cyclic peptides were fouable to increase the
proteinbds Tm even vididenolar exdessitneiDSK assafEighreml8, a 20
Figure 5.14 and Table 5.3). However, the fluorescence levels &famples containing -T
p53C(Y220C), SYPRO orge andincreasing concentrations pb3C518 weregradually
decreased compared to the no peptide samples, indicatinghéhaxposed hydrophobic

surfaces of Ip53C(Y220C) were reduced and thus, that the protein is morke stakthe

presence of p53CH8 (Figure5.13).
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Figure 5.13. Effect of p53C518 to the thermal stability of T-p53C(Y220C) using DSF. (A) Relative
fl uor es c e n epb3C220C) i theeabkerite or presence of increasing concentrations ofJ#f%53€5
measuredy DSF and the SYPRO orange dye. (B) Plot of the first derivative of (A) enabling the estimation of

Tm values. In both panefsean values of one experiment performed in triplicates are presented.

Figure 5.14. Effect of p53C*%10 to the thermal stability of T-p53C(Y220C) using DSF. (A) Relative
fl uor es c e n epb3C(r220C)irtthe akddende or presence of increasing concentrations of {128&Y
measured using DSF and the SYPRO orange dye. (B) Plot of the first derivative of (A) enabling the estimation of

Tm values. In both panels mean values of one experiment performqaligates are presented.
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