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Hepiinyn

H mpofinuatiky avadimAmorn mpoTelvedv Kot 1 ETIKEIUEV] GLOCOUATMGY| TOLG
amoteAEl KOWO HOPLOKO YOPOKINPIOTIKO Mg TANOmpog avOpdmiveov acbBeveldv mov
ovopalovtor acOéveleg mpoPAnuoTIKnG avaditimong tpmteivov (protein misfolding diseases,
PMDs). Ztic PMDs nepiappdvovtor acéveleg pe moikileg maboloyieg Kot cuumtduoTo, Omme
n vooog Alzheimer, n vooog Parkinson, n kvotikr| ivmon kot o kapkivoc. AveEaptnto pue tnv
nafoyévesn Tovg, 1 cuvTpurtikn TAsoyneio twv PMDS givan eni tng mapodong aviotn kot
emPAArel €va TEPACTIO KOWMVIKO-OIKOVOMKO OVTIKTUTO oty avOpomdmra. Zuven®g, M
AVOKOADYT] LOPL®V e TNV IKOVOTNTA VO, ETLO0PODOVOVY TNV avadITA®OT) TV TPOPANUATIKOV
QVTOV TPOTEIVOV amoTterel pio evoiwVN TPOGEYYIoN Yo TNV AVATTLEN VEOV QOPUAK®OV KATA

tov PMDs.

["a to oxomd avtd, oTNV TAPOVGA SWOAKTOPIKT dATPIPN avapépetar 1 ovamTuén piog
KOWVOTOLOL PBOKTNPLOKNG TAATOOPLLOG Y10 TV OVAKAALYN €V OLVALEL BEPOUTEVTIKDV EVOCEDV
Kotd gvOg gupéog paouatog PMDs. e avtd to ovotnpo, Paktnplakd kottapo Escherichia
coli tpomomoOnKoV YEVETIKA MGTE VO, EKTELOVV dVO ToTOYPOVES depyacieg: (i) va mapdyovv
oLVOLOCTIKEG PiPAodNKeg pe mive amd 200 exaToppbiplo S10POPETIKA KUKAIKA OAlyOmENTIOW
kot (i) vo emTPEMOLY TNV TAVTOTOINGCN TOV PLOJPUCTIKMY EVAOGEMV LE TNV KOVOTNTA VO
eMA0pOADOVOLV TNV TPOPANUATIKY OVASITAMGT TOV TPOTEIVOV-GTOHY®V /KL VO OVOGTEAAOVY
TNV TBOAOYIKT] GLGCOUATOGCT] TOVG, YPNCULOTOUDVTAG £VOL OTAO GUGTN O YEVETIKNG EMAOYTG.
To cvomua avtd ompiletoar ot cHVOESN TG TPOPANUATIKNG AVASITA®GNG TNG TPMOTEIVIG-
oTOYOV HE TNV €UPAvioT evoc eBopilovio PovOTLTTOV, LE OTOTEAECUO VO, EMITPEMETAL O
EVTOMIGUOG KOl 1] ATOUOVOOT) TV PLOOPUCTIKMOV EVOGEMV YPTCILOTOUDVTAG KUTTOPOUETPiOL
poNG VYNANG amddoong. Me Tov TpOTO aVTO, HEIMVETOL CNUOVTIKG 0 XPOVOG KaOMDS Kol TO

KOGTOG TG avakdAvY”N g THAvOY BepanenTikdv evdcewv Katd twv PMDs.
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H ev Mdyw peBodoroyio ypnoiponombnke Katd T€e6GAPOV UN-GLVAP®OV TPOTEIVIKOV
otoymv: (i) plag Kopkvoyovov mapaAloyng TG ovOpOTIVIG 0YKOKATAGTUATIKNG TPOTEIVIG
P53 oL TEPIEYEL TNV AVTIKATAGTOOT THG TVPOGivng ot Béom 220 and kvoteivn (p53(Y220C)),
(i) Tov apvroeoig B mentidiov (AP42) mov Exel cvoyetichel vpémg pe ™ voco Alzheimer,
(i) piog petodhoyuévng popeng g dtopovtdons tov vrepotediov 1 mov mepiéyel v
avtikoTaotoon g ahaviviig ot 0éon 4 amd Porivin (SODL1(A4V)) kar n omoio €xet
oVLOYETIGOEL Le FPYDTATEG LOPPES TNG VOGO TOL KIVITIKOV vevpmva kat (1V) pe pio maboydvo
nopo1 ¢ mpwteivng huntingtin mov wepiéyel 97 kotdrowro yrovtapivng (HTT-97Q), kot n
omoia €xel ovoyetiobei pe v vooco tov Huntington. Xpnoonoudvtag 10 v AOY® GOLOTIHO
Ntav dvvatn M AToUdVMOOT TEGCAP®V O0KPITAOV PaKTNPOK®V TANOLGUOV TOL TAPAYOLV
KUKAKG TETTION pe TNV 1KovoTnTo Vo EmdopOdvouy TV TpoPANUaTiKy avaditAwmon /Kot va
avaoTEALOLY TNV TOHOAOYIKT] GLCCOUATMGT| TV TPAOTEIVOV-0TOY®V. Ta EMAEYUEVA KUKAIKA
nentidwo katd g p53(Y220C) kot tng AP42 e€etdotnray Tepartépm in Vitro kot in Vivo pe

okomd v emPePfainon g ProdpacTikOTNTAG TOVC.

Yvykekpiéva, ommv mepintoon g P53(Y220C), epapuoyn TG TOPOTAVE®
Bloteyvoroywkne pebodoroyiag odnynoe omv  avakdiovyn €61 evadcewmv pe  mbovn
Blodpaotikdtnra. Ot evOoelg avTéG EEETACTNKOV TEPAITEP® MG TPOG TNV KAVOTNTA TOVS VOl
avédvouv Tt Oeppodvvopiky] otabfepdtnro TS TPOTEIVING-GTOXOV, VO OVOCTEAAOLY 1N
CLCOCOUATOGN TNG KOl VO 0ToKaO1GTOOV TN PLGIOAOYIKN AElTOLPYiOG TNG O Pio KOPKIVIKY|
oelpd avOpomvov pelavmpatog mov eépel Ty Y220C petdAroln. Ztnv mAsioyneiog Toug, ol
EMAEYIEVESG EVOGELS BpédnKay tKavEg va emBpadhvouy Tov aveSEAEYKTO TOAATANGIOGLO TOV
KOPKIVIKOV KVTTApOV, pe pia €€’ avtdv va Tapovctdalel a&ldAoyn avVTIKOPKIVIKY ETiOpOoT.
EmnAéov, n évoon avt Bpédnke va avldver onpaviikd tn Beppodvvopuxn otabepdtnta e
p53(Y220C) petaAloyfg, evd dVO €K TOV VIOAOWMMOV eVOCE®V Ppédnkav 1koavég va

OVOOGTEALOLV TN GLGGOUATMOOT TS TPWOTEIVNG, YWPig va ennpedlovy ) OepUOdLVOLIKT TNG
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otabepdra. Ta amoteAéopata oV Td VITOINAMVOLY OTL TO PAKTNPLOKO COGTNLO EMTPETEL TV
avakdAvym v dvvapel Oepanevtikdv evooewv katd g pS3(Y220C) petariayng pe mbavn

Opdion HECH SUPOPETIKMV LOPLOKADV UNYOVIGHLDYV.

Ymv mepintoon g AP42, n epapproyn Tov PoKITNPLOKOD CLGTHUOTOC EXETPEYE TOV
evromiopod mapoamdve ord 400 kKuklMkov Tentidiov pe mhovn dpdon KoTd TG CLGCOUATOONG
™G AP42, ta onoia opadoromOnkay ce 20 dlakpitég otkoyEveleg PAGEL TG TEXTIOKNG TOVG
akolovBiog. XN ovvérewn, 000 AVTITPOCMOMEVTIKG TEMTIOW TV OVO EMKPATOVVIWOV
OIKOYEVELDV GLVTEOMKAV 0pyaviKd Kot eEETAoTNKAY TEPOUITEP® N Vitro ko in Vivo. Ot peléteg
OVTEG AVESELEQV TNV IKOVOTNTO KOt TOV 000 EMAEYUEVOV KUKAIK®OV TENTIOIWV VL 0VAGTEAALOVY
™ ovooopdtowon g AP42 pe peydhn amoteleouatikdétro. Emiong, to 600 memtidin
Bpénkoav vo emmpedlovv o€ deopeTikd Pabud TNV TPOTOYEVH Kol OEVTEPOYEVN
TUPNVOYEVEST TNG SAOIKAGI0G GLGCOUATMONGS, VITOINADGVOVTOS OTL LOPLOL ATTO OLOPOPETIKES
OIKOYEVELEG UTOPEL VoL SpoVV PECH JLOPOPETIKGV Unxavicpov. Koatdmy, ot dvo emieyuéveg
KUKAMKEG evOOEC HEAETNONKAY o€  Sloyovidlokd oOTEAEYY TOV  VNUOTMOON GKOANKO
Caenorhabditis elegans mov Aettovpyovv wg povtéda g vocov Alzheimer kot Bpébnkov
wKavé vo TpocsTaTEVOLY T (MO amd TNV KLTTAPOTOEIKY cvsomudtmon g APR42 kabog
odnNynoav o€ peiwon TV evormoficemy e TPMOTEIVIG 6TO KUTTAPO TOV GKOANK®OV, adENon
™G KwNTKOTTAS TOovg Ko peiwon tov pulud mapdivong tove. Télog, epappolovrog
aAANAoVy oM VEAG YEVIAG KOl GTOYXEVUEVT LETAAAAELYEVEGT EMTEDYDEL 1| Yp1|YOPT) TAWTOTOINON
TOV OYECEWV  OOUNG-OPOCTIKOTNTOS TMV KUKMKOV TENTOIOV Kol TO  amopaitnta

YOPOKTNPLOTIKA Y10 LEYLOTT OPACTIKOTNTA.

Yuvolkd, M Poktnplokn TAATEOPUE TOV TAPOVLGIALETOL GTNV TAPOLGH EPYOCia
amotedel pio 1O1UTEPMG EVTPOCAPUOGTN TEYVOAOYIDL TOL EMTPEMEL TNV YPNYOPN KOl
ooVOLKY] 0E0AdGYNoN Ttopamdve amd 200 ekaToppLPIOV SOPOPETIKMY KUKAMK®OV TEXTIOIMV
LLE GKOTO TNV OVOKAALYT KO TOV XOPOKTIPIOUO EVOGEMV LE TNV IKOVOTNTA VAL EMO10pOdVOLV

XV



TNV TPOPANUATIKY ovadiTAmon 1)/Kat TV GVCCOUATMOOT] TOV TPOTEVOV-0TOYWV. EE’ d6cmv
yvopilovpe, T0 YEYOVOG 0vTO TNV KOOIGTA TO TPOTO GVOTNUO CAP®ONG HoploV TTov EYEl
avaeepbel péxpt onuepa otn PiprAoypaeio, Tov emrpénet Ty a&loAdYNoN eVOg TPOTOPAVOHS
aplOpoy EVOGEWMV, LLE KPITNPLO TN AEITOVPYIKOTNTA TOVG £vavTl TG TABOYEVOLS TPMTEIVIKNG

avadimAwong Kot To omoio £xel mbavn epapuoyn o€ £va evpv eaoua PMDs.
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Abstract

Protein misfolding and aggregation are defining features of a wide range of human
conditions which have been collectively termed protein misfolding diseases (PMDs). These
include disorders with diverse pathologies and symptoms, such as Alzheimer’s disease,
Parkinson’s disease, cystic fibrosis and cancer. Whichever their pathogenesis however, the vast
majority of PMDs remain to date incurable and impose a very high socio-economic burden on

humanity.

To address this unmet medical need, in this thesis we report the development of a novel
integrated bacterial platform for the discovery of potential therapeutics against a wide range of
PMDs. In this system, Escherichia coli cells are genetically engineered in order to perform two
simultaneous tasks: (i) produce combinatorial libraries of more than 200 million drug-like,
head-to-tail cyclic oligopeptides using protein-splicing technology and (ii) enable the
identification of the bioactive cyclic peptides that correct the problematic folding and/or inhibit
the aggregation of disease-associated misfolding-prone proteins (MisPs) using a genetic assay
that links the folding of the target MisP with a fluorescent phenotype. In this way, the bioactive
cyclic peptide hits can be identified in an ultrahigh-throughput manner using flow cytometric
cell sorting, thus significantly decreasing the overall cost, time and complexity of early drug

discovery for PMDs.

We utilized the developed platform 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 amyloid  peptide (Ap42), widely
associated with Alzheimer’s disease, (iii) the Cu/Zn superoxide dismutase 1 containing an
alanine to valine substitution at position 4 (SOD1(A4V)), which is linked with amyotrophic

lateral sclerosis and (iv) a pathogenic variant of huntingtin containing a 97-glutamine
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expansion (HTT-97Q), which is associated with Huntington’s disease. This process resulted in
the isolation of four distinct bacterial populations that produce cyclic peptides with the ability
to rescue protein misfolding and aggregation of the respective target MisP. The identified hits
against p53(Y220C) and Ap42 were further tested in vitro and in vivo in order to verify their

bioactivity.

Specifically, using this system, we were able to identify six putative rescuers of
p53(Y220C) misfolding, which were further evaluated for their ability to increase the
thermodynamic 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 cell growth, with one of them exhibiting a pronounced anti-cancer effect.
Furthermore, in vitro evaluation of the selected hits revealed that the latter cyclic peptide was
able to significantly stabilize p53(Y220C), while two other cyclic peptides were able to
interfere with the aggregation of p53(Y220C), without affecting its thermodynamic stability.
This indicates 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 to identify more than 400 putative
modulators of AB42 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 evaluated in vitro and in vivo. Both selected macrocycles were
found to potently inhibit the aggregation of AB42 in vitro at sub-stoichiometric ratios, by
interfering with both the primary and secondary nucleation steps of AB42 aggregation, albeit
to a different extent. This suggests that members from different clusters may ameliorate the
pathogenesis of AB42 by diverse inhibitory mechanisms. Furthermore, when tested in two
Caenorhabditis elegans models of Alzheimer’s disease both cyclic peptides were able to
protect from the AB42 aggregation associated cytotoxicity, by decreasing the Ap42 deposits
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found in the worms’ body wall muscle cells, increasing their locomotion and delaying their
paralysis. Finally, a combination of deep sequencing and site-directed mutagenesis analyses
allowed the rapid definition of structure-activity relationships and consensus motifs required

for optimal bioactivity among each selected cluster.

Overall, the herein described approach represents a highly adaptable ultrahigh-
throughput strategy that enables the facile and cost-effective investigation of more than 200
million different molecules and the discovery and characterization of potent rescuers of
pathogenic protein misfolding and/or aggregation. To our knowledge, this constitutes the
largest functional screen of drug-like molecular entities described to date, with potential

applicability against a broad range of PMDs.
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Chapter1- Protein misfolding and its

association with human diseases

1.1. Protein folding

Proteins are the most essential molecules in living systems, playing crucial roles in
every biological process [1]. In order to function, most proteins need to fold into a specific
three-dimensional structure characterized by good stability under physiological conditions.
Protein folding is typically a highly efficient but complex process, whose elucidation has been
of fundamental interest for modern science. Pioneering work from Anfinsen and co-workers in
the 1960s, suggested that proteins can fold reversibly into their lowest free-energy
conformation, known as the native state, and all the necessary information for achieving this is
encoded in the protein’s amino acid sequence [2]. Shortly afterwards, Levinthal indicated that
due to the vast number of possible configurations, the time needed for a protein to randomly
find its native state is exorbitant (e.g. 10° years for a 100-residue protein), whereas proteins
usually fold in a timeframe of milliseconds to seconds [3]. He later proposed that folding occurs
through a predefined and sequential pathway, thus confining the protein’s conformational
space and folding time (sequential model) [4]. Since then, many folding mechanism models
have been proposed, such as the nucleation-growth mechanism [5-7], the diffusion-collision
model [8,9], the framework model [10], the jigsaw-puzzle model [11], the hydrophobic
collapse model [12-14] and the nucleation-condensation model [15,16]. However, none of

these models were able to resolve Levinthal’s paradox.

In the late 20" century, Sali, Shakhnovich and Karplus proposed a new model known
as the “new view” [17], providing a definitive solution to the Levinthal paradox. This model,

1



replaces the idea of a pathway containing a predetermined sequence of steps, with a funnel
describing parallel events. It proposes that proteins fold in a diffusion-like process [18-21], in
which an ensemble of intermediate conformations navigate the free-energy landscape, all
finding their way to the same thermodynamically favored native state (Figure 1.1). The energy
landscape of each protein is encoded by its amino acid sequence and has naturally evolved to

afford rapid and efficient folding [22].

N

Figure 1.1. Schematic representation of a complex energy landscape. The vertical direction of the funnel
represents the internal free energy and the horizontal plane represents the conformation coordinates. Each
conformation is represented by a point on the energy surface. N is the native conformation. Hills represent high
energy conformations (e.g. unfavourable ¢ y angles); valleys correspond to conformations more favourable than
others nearby [23].

However, more recent studies have shown that several proteins self-associate, forming
insoluble and usually inactive aggregated states that are more thermodynamically favored
compared to their native state. In these cases, the latter is merely a local minimum in the energy
landscape, kinetically trapped from the aggregated global minimum [24,25]. Therefore, under
physiological conditions, proteins adopt their native form only as a metastable state, due to the

high kinetic barriers associated with aggregation.



The aggregation process can be incorporated in a protein’s folding funnel diagram that
shows all its possible conformational states (Figure 1.2). The shape of the aggregation funnel
depends on the propensity of a protein to aggregate as well as the structure of the formed
aggregates. For example, proteins such as a-synuclein (a-syn), that do not form stable native

states but create highly structured aggregates have a very deep and sharp aggregation funnel

[26].

Entropy

unfolded state

amorphous
aggregate

ordered
aggregate

Energy
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Figure 1.2. Schematic representation of a combined energy landscape for both protein folding and

aggregation [27].



1.2. Invivo protein folding and homeostasis

While the fundamental principles of protein folding are universal, in vivo protein
folding is governed by many additional factors. Firstly, the cellular environment is
exceptionally crowded, consisting of ~400 g/l of macromolecules, thus increasing their
encounter rate and favoring aggregation [28]. Furthermore, a variety of proteins are only
marginally stable at physiological conditions, being at constant risk of misfolding, while others,
even in their native-state, can self-assemble, eventually forming native-like toxic aggregates
[29,30]. Moreover, approximately 15-30% of mammalian proteins are comprised of
intrinsically disordered proteins - i.e. proteins that partially or entirely lack a unique 3D
structure - that have been associated with various protein aggregation diseases [31]. Finally,
the high turnover of proteins in the cell, which requires full or partial unfolding, further
increases the opportunities for inappropriate intra-molecular interactions leading to misfolding
and eventually aggregation [32]. The various conformational states that a polypeptide chain
can assume after its biosynthesis and the in-between transformations of the different states are

summarized in Figure 1.3.
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In order to assist proper in vivo protein folding and to counteract the intrinsic propensity
of proteins to form thermodynamically stable aggregates, biological systems have evolved a
quality control system that assists protein folding and prevents protein aggregation. This system
is referred to as the “proteostasis network™ and consists of molecular chaperones and co-
chaperones as well as protein degradation processes, such as the ubiquitin-proteasome system
(UPS), autophagy as well as endoplasmic reticulum-associated degradation (ERAD) (Figure
1.4 and Figure 1.5) [22,33]. The first discovery of a chaperone system resulted from studies of
the heat-shock response [34,35]. It was found that cultured cells, as well as whole organisms,
respond to conditions of increased stress, such as elevated temperature, by increasing the
concentration of a number of proteins, termed heat-shock proteins (Hsps), which are

categorized by their size in kDa (e.g. Hsp40, Hsp60, etc.).
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assisted by molecular chaperones and folding catalysts. Correctly folded proteins are released from the ER, while

misfolded proteins are targeted for ubiquitination and proteasomal degradation [22].

To date, more than 330 human molecular chaperones have been identified and have
been categorized into nine chaperone families: Hsp40, Hsp60, Hsp70, Hsp90, Hsp104, small
Hsps (sHsps), prefoldin, tetratricopeptide repeat (TRP)-domain-containing and chaperones
involved in the “unfolded protein response” of the ER and mitochondria (UPRER and UPR™
respectively) [36]. These act at different stages of the folding process [37], i.e. they may interact
with the nascent polypeptide chain as it emerges from the ribosome in order to promote its
folding, they may assist the formation of protein complexes [38], they may inhibit protein
aggregation of misfolded proteins and finally they may convert toxic oligomers into higher
order assemblies in order to alleviate their toxicity (Figure 1.4) [39]. Furthermore, chaperones
also participate in protein degradation via the UPS or autophagy, by either aiding the normal

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



aggregated species (Figure 1.4) [33]. Finally, chaperones contribute to the trafficking of
proteins to their correct location in the cell, and also prevent the secretion of misfolded proteins
by the Golgi apparatus [22]. Interestingly, recent studies have also revealed that molecular
chaperones, such as clusterin, are secreted in the extracellular space, where they interact with
aggregation-prone protein species and inhibit their propagation, thus offering an additional line
of defense against harmful protein aggregation [40]. Importantly, in all cases, molecular
chaperones act by guiding proteins to their expected fate rather than by accelerating the
individual steps of the folding process [22]. The latter is performed by folding catalysts, such
as peptidyl-prolyl isomerases, that accelerate the cis/trans isomerization of peptide bonds N-
terminal to proline residues [41], and oxidoreductsases and disulphide isomerases that catalyse

the formation and reorganization of disulphide bonds, respectively [42].

The importance of the proteostasis network regarding cellular fitness has been well-
documented as its decline and failure have been repeatedly associated with human diseases
[33]. Indeed, mutations in parkin, a regulator of protein degradation in the UPS, have been
directly associated with Parkinson’s disease [43], while defects in the lysosomal degradation
of various biomolecules, such as proteins, lipids and glycans, have been associated with over
70 different human disorders collectively termed as lysosomal storage diseases [44]. It is
believed that a number of factors, such as aging, genetic mutations, obesity and oxidative stress
promote protein aggregation and result in the collapse of the proteostasis network [30]. Aging
in particular is widely considered to be the leading risk factor for protein aggregation as an
increasing body of evidence links aging with proteostasis network failure. Specifically, in aged
human brain tissues approximately 30% of chaperones are downregulated [36], while others
are sequestered by the accumulated protein aggregates, thus decreasing their cellular levels
[45]. Furthermore, the activity of both the UPS and the autophagy machinery has been found

to be severely affected by aging, as a result of the decrease of the levels of active proteasome



complexes and autophagy-related proteins respectively, amongst other factors [46,47]. It is
therefore not surprising that a number of late-onset diseases, such as Alzheimer’s disease (AD)
and Parkinson’s disease (PD) have been associated with protein aggregation and the collapse

of the proteostasis network.

1.3. Protein Misfolding Diseases

The phenomenon of protein misfolding and aggregation is a defining feature of
numerous human diseases that have been collectively termed protein misfolding diseases
(PMDs), proteinopathies or conformational diseases [30,44,48-50]. These include conditions
of very high socioeconomic impact and unmet medical need [30]. Importantly, although for
some PMDs symptomatic therapies do exist, there are no approved disease modifying therapies
that can prevent, delay or reverse the progression of the disease for the vast majority of these
conditions [51-53]. Notable exceptions are tafamidis and migalastat, two small-molecule
pharmacological chaperones that rescue the misfolding of transthyretin, associated with
transthyretin familial amyloid polyneuropathy (TTR-FAP), and o-galactosidase, associated
with Fabry disease, respectively [54,55], as well as the pharmacological chaperones ivacaftor,
lumacaftor and tezacaftor, combinations of which have been approved for treatment of cystic

fibrosis [56-60].

PMDs include diseases with diverse pathologies, ranging from neurodegeneration
disorders to cancer. These can be (i) familial, such as Huntington’s disease (HD), (ii) sporadic,
such as most cases of PD, (iii) iatrogenic, such as dialysis-related amyloidosis and (iv)
infectious, such as Creutzfeldt-Jacob disease [30]. All PMDs however, irrespective of their
pathologies, have been associated with the aberrant folding and/or aggregation of one or more

misfolded proteins (MisPs). The nature of the associated MisP varies greatly [30]: MisPs can



be globular, such as mutants of the tumour suppressor protein p53 associated with certain forms
of cancer, or intrinsically disordered, such as the amyloid-f3 peptide (AB) associated with AD.
Furthermore, MisPs can be localized in (i) the nucleus, such as p53, (ii) the cytosol, such as a-
syn associated with PD, (iii) it can be membrane-embedded, such as the cystic fibrosis
transmembrane conductance regulator (CFTR) associated with cystic fibrosis or even (iv)
extracellularly secreted, such as AB. Understanding more on each MisP contribution’s to its

respective disease is fundamental for the development of successful therapeutics.

1.3.1. Mechanisms of PMDs

As mentioned earlier, the decline of the proteostasis network can result in the
accumulation of aggregated proteins and the onset of human diseases, but this is by no means
the only mechanism by which PMDs emerge. Indeed, PMDs can be classified into five

categories according to their mechanisms of pathogenesis [61]:

1.3.1.1. Enhancement of the proteostasis network leading to improper protein

degradation

Although the proteostasis network is essential for cellular fitness, a hyperactivity of the
degradation systems can sometimes result in human disease. This occurs through the
degradation of mutated but still fairly functional proteins, whose total deficiency induces the
manifestation of a more severe disease. A typical example is cystic fibrosis, a serious disease
caused by mutations in CFTR, the most common mutation being the deletion of the
phenylalanine residue at position 508 (AF508) [62]. In this case, CFTR(AF508) is misfolded
and degraded by the proteasome before reaching the plasma membrane, where it normally
functions as a chloride channel. Studies performed by Balch and co-workers [63] as well as

Cyr and co-workers [64] have demonstrated that inhibition of proteasomal degradation leads
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to a somewhat stable and partially functional CFTR(AF508). This indicates that although
mutated, the protein is still able to reach its proper location, i.e. the plasma membrane, and
therefore, a therapeutic strategy targeting the activity of the proteostasis network, would result
in increased cellular levels of CFTR(AF508) that could be valuable for individuals carrying

this mutation [65].

Lysosomal storage disorders, such as Fabry disease and Gaucher disease, are also
associated with enhanced protein degradation [44]. Specifically, in Gaucher disease, mutations
in B-glucocerebrosidase affect the enzyme’s ability to degrade its substrate, glucosylceramide,
which results in the latter’s intracellular accumulation and induces of a variety of symptoms,
such as bone damage, enlarged liver and spleen and hematologic abnormalities in different
degrees [66]. Studies by Ron and Horowitz [67] have revealed that this variability is strongly
correlated to the degree of ER retention and proteasomal degradation, as the mutated protein
can still remain partially functional. Indeed, even individuals with the same genotype can

exhibit disease heterogeneity due to different extents of ER retention and degradation.

1.3.1.2. Mutations leading to dominant-negative effects

An alternative mechanism by which PMDs can manifest is through the antagonism of
a mutated protein with its wild-type form leading to a dominant-negative phenotype in
heterozygote individuals. A classic example of this category is the tumour suppressor protein
p53, a homotetrameric transcription factor that protects the genome from carcinogenesis [68].
Mutant forms of p53 have been associated with approximately 50% of human cancer cases, as
a loss of the protein’s normal function leads to uncontrolled cell proliferation [68]. Moreover,
mutant p53 is still able to associate with its wild-type form leading to the formation of
heterotetramers that similarly do not function properly [69]. In addition, although the cellular

levels of p53 are strictly regulated by the proteostasis network, mutant p53 is sometimes
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degraded to a smaller extent leading to a prevalence of the mutant form over the wild-type and,
thus, decreasing the probability of formation of a functional homotetrameric protein [70].
Furthermore, mutant p53 can also co-aggregate with its wild type form as well as with its
paralogs p63 and p73, leading to intracellular accumulation of aggregated species, that are
targeted by the proteostasis network [71]. This results in a deficiency of transcription factors

that control cell growth and apoptosis and therefore the progression of the disease [71].

Another example of a dominant-negative PMD is 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 filaments that provide structure to the
skin’s epidermis. On the other hand, mutated keratin is misfolded and creates intracellular
aggregates [73]. In heterozygote individuals these keratin filaments are constructed by both
wild-type and mutant forms; this impairs their overall function and causes cells to rupture when

subjected to mechanical stress [74].

1.3.1.3. Aberrant localization of aggregation-prone proteins

After proper folding, proteins are directed to their appropriate location in order to 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 its proper location and therefore will be unable to function normally but furthermore, will
accumulate at an improper location resulting in protein aggregation and possibly exhibiting a

dominant-negative phenotype.

One example of this category is the mutation of al-antitrypsin, a serine protease
inhibitor (serpin). Normally, al-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 therefore cause liver damage, due to increased protein aggregation, as well as

emphysema due to uncontrolled elastase activity [75].

A different PMD associated with improper localization is synpolydactyly, a congenital
limb malformation disorder caused by mutations in the transcription factor Hoxd13 [76]. Under
physiological conditions, Hoxd13 is sequestered in the nucleus where it regulates the
transcription of a variety of genes involved in the development of limbs. Mutant forms of
Hoxd13 containing poly-alanine expansions are trafficked from the nucleus into the cytoplasm
where they form large amorphous aggregates, thus inhibiting their normal function and leading
to the manifestation of the disease [77]. Interestingly, mutant Hoxd13 is co-aggregated with its

wild-type form resulting in a dominant-negative phenotype [77].

Most PMDs associated with misfolded membrane proteins fall into this category. For
example, retinitis pigmentosa, a group of retinal degenerative diseases characterized by
progressive vision loss, has been associated with over 120 point mutations in rhodopsin, a G-
protein-coupled receptor (GPCR) composed of the apoprotein opsin and the 11-cis-retinal
chromophore [78]. Class Il mutations in rhodopsin lead to a misfolding of the receptor and an
inability to incorporate into the plasma membrane where it normally functions [78]. In addition,
these mutants form intracellular aggregates that impair cell fitness, eventually leading to

apoptosis [78,79].

Another example is Charcot-Marie-Tooth disease (CMTD), associated with mutations
in the gene encoding the peripheral myelin protein 22 (PMP22). PMP22 is normally
synthesized in Schwann cells and trafficked to the plasma membrane, where it plays a crucial
role in the development and maintenance of myelin [80]. In individuals with CMTD type 1E,
point mutations in PMP22 lead to failure of protein trafficking from the ER to the plasma

membrane and thus cause protein accumulation in the ER-Golgi intermediate compartment
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[80]. Furthermore, mutant PMP22 may co-aggregate with wild-type PMP22, exhibiting a
dominant-negative toxic effect [81]. Both mechanisms result in defective myelin stability, with

mild to severe symptoms of neuropathy.

Similarly, a rare neurological disorder called episodic ataxia type-2 is associated with
mutations in the voltage-gated calcium channel (Cav) [82]. The most common mutations
appear in the Cav2.1. subunit affecting protein folding and resulting in ER sequestration and
proteasomal degradation. In addition, mutant Cav2.1. subunits bind to their wild-type
counterparts and induce their degradation, thus decreasing overall channel activity even in

heterozygotes [83].

1.3.1.4. Alterations on the protein’s physiological structure leading to a novel toxic

function

Another mechanism associated with PMD pathogenesis involves the acquisition of
protein conformations that deviate from their proper 3D structure and lead to a novel
pathogenic function and cellular toxicity. A representative example is sickle-cell anemia, the
first known PMD, which is characterized by decreased red blood cell elasticity that causes
extreme pain, cell damage and anemia [84,85]. In this disease, a point mutation in
hemoglobulin of red blood cells exposes a hydrophobic region onto the proteins surface
ultimately resulting in protein aggregation [84,85]. Interestingly, the disease manifests only in
homozygote individuals indicating that hemoglobulin’s aggregation does not operate via a

dominant-negative mechanism.

Another example is apolipoprotein E, a lipid transport molecule that exists in three
common variants known as E2, E3 and E4. The ApoE4 variant represents a major risk factor
for AD and corresponds to a more rigid protein structure stabilized by a salt bridge that is

missing in the wild-type ApoE3 [86]. As ApoE4 is not as flexible, its binding to lipid molecules
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is affected resulting in disruption of mitochondrial function [87] and reduction of neurite
outgrowth [88]. Furthermore, ApoE4 has been associated with enhanced levels of the AB42

peptide, whose aggregation has been strongly implicated in AD [89].

A noteworthy class of proteins with aberrant folding that leads to disease pathogenesis
are oncogenic proteins, which are mutated in a diversity of cancers leading in uncontrolled cell
proliferation. A representative example of this class is the non-receptor tyrosine kinase SRC.
Mutant SRC is highly unstable compared to its wild-type form and thus activates the Hsp90
chaperone to assist its folding and proper membrane localization [90]. In this manner, Hsp90

ultimately increases the mutant SRC activity and leads to cancer development.

Importantly, a specific PMD can occur through different mechanisms according to the
nature of the protein’s mutation. For example, in the case of retinitis pigmentosa, Class IV
mutations result in correct overall protein folding and localization but constitute the protein
unable to associate with its chromophore substrate [78]. This structural alteration eventually

leads in decreased protein stability and tissue degeneration.

1.3.1.5. Amyloid accumulation

Probably the most studied mechanism of PMD pathogenesis is associated with the
formation of intracellular or extracellular amyloid deposits. These assemblies are characterized
by a highly ordered cross-p architecture consisted of parallel or antiparallel B-sheets whose
constituent B-strands are perpendicular to the fibril axis [30,91,92]. Notably, this is a common
feature of amyloid fibrils formed by proteins with different primary sequences, indicating that
the overall structure is held together by interactions of the polypeptide backbone, common in
all proteins [91]. On the contrary, side chain variations affect spacing of the B-strands, and

kinetics of the amyloid formation mechanism amongst others [93].
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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 the final equilibration phase. These are characterized
by four microscopic stages, i.e. primary nucleation, secondary nucleation, elongation and
fragmentation involving a variety of protein species ranging from oligomers to higher order

aggregates (Figure 1.6) [94].
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Figure 1.6. Schematic of the amyloid aggregation mechanism. The aggregation process initiates from a
monomeric unfolded, partially folded or correctly folded precursor that self-associates forming various oligomeric
species, prefibrillar assemblies and ultimately amyloid fibrils. Black and green arrows represent primary and
secondary pathways respectively. ThT fluorescence is commonly used to follow the aggregation reaction. Adapted
from [95].

The formation of amyloid fibrils has been associated with over 50 PMDs with very
different pathologies, ranging from neurodegenerative disorders to cataract [30]. These have
been collectively termed amyloidoses and can be either localized or systemic, i.e. the amyloid

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

Neurodegenerative PMDs (NPMDs) have been extensively studied in recent times, due
to the dramatic increase of their incidence rate and the financial burden that they impose to the

health care system, attributed mainly to the increased aging populations [96]. Each of these
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NPMDs, although exhibiting diverse pathologies, they are all associated with the intracellular
or extracellular formation of amyloid aggregates of different proteins, which can be
intrinsically disordered, aberrantly overexpressed, or mutated [30]. For example, AD has been
linked with the aggregation Ap, PD with a-syn and HD with polyglutamine expansions of
huntingtin (polyQ-HTT). Interestingly, some aggregation-prone proteins have been associated
with multiple NPMDs suggesting that their misfolding may not be a cause but an effect of
disease-related cell stress, however, resulting in further increased tissue damage and faster

progression of the disease [97].

Two representative examples of systemic amyloidosis are light chain amyloidosis (AL),
associated with mutations in the immunoglobulin light chains (LC) that increase their
aggregation propensity [98] and TTR-FAP, associated with destabilizing mutations in the
tetrameric transporter transthyretin [99]. In both cases, amyloid accumulation appears in

various organs and results in extensive tissue damage and organ failure.

Interestingly, although in some diseases, such as AL amyloidosis and cataract, toxicity
is caused by fibril accumulation [98,100,101], in others, such as TTR-FAP, AD and PD,
amyloid deposits are believed to be a protective cellular mechanism that sequesters the truly
toxic oligomeric, or in TTR-FAP also monomeric, species mitigating their pathology [39,102].
However, even in these cases, the amyloid fibrils may be involved in the transmission of protein

aggregation between cells, contributing in disease progression [103-106].

Notably, the formation of amyloid fibrils is not always associated with a pathogenic
state. Indeed in several living systems, including bacteria, yeasts and humans, a number of
endogenous proteins are converted into amyloid fibrils that fulfil a specific function. Proteins
that form functional amyloids in microbes and humans are summarized in Table 1.1 and Table

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

Protein name

Species

Physiological role

Escherichia coli,

Biofilm formation and interaction with

Curli _
Salmonella enterica host
FapC Pseudomonas species Biofilm formation
TasA Bacillus subtilis Biofilm formation
Mycobacterium N ) _
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 toxic species

HpaG

Xanthomonas species

Virulence factor

Sup35p

Saccharomyces cerevisiae

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

Peptide or protein name Physiological role
Intralumenal domain of melanocyte Production of fibrous striations inside
protein PMEL melanosomes, upon which melanin granules form

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

Receptor-interacting serine/threonine- | Mediation of the tumor necrosis factor—-induced

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

1.3.2. PMDs with respect to gain and loss of function

The aforementioned mechanisms involving PMDs can have two distinct impacts on the
associated proteins: (i) loss of physiological function or (ii) gain of toxic function. In loss-of-
function PMDs, the associated protein is misfolded and unable to fulfil its physiologic role thus
resulting in the progression of disease. Examples of this category include cystic fibrosis,
phenylketonuria and lysosomal storage disorders, such as Gaucher disease and Fabry disease
[108,109]. In gain-of-toxic-function diseases, the affected MisPs form toxic aggregated species
that impair cell fitness and result in a pathological phenotype. These diseases include sickle-
cell anemia, type 2 diabetes and neurodegenerative diseases, such as AD and amyotrophic later
sclerosis (ALS) [30]. Importantly, some proteins may exhibit both a loss-of-function and a
gain-of-toxic-function phenotype. As mentioned earlier, mutation in both p53 and al-
antitrypsin inhibit the proteins’ physiological functions but also lead to the formation of
intracellular aggregates contributing to the diseases’ progression [71,75]. Examples of PMDs

with their associated 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 MisPs [30,110].

Associated diseases

Peptide or protein name

Gain-of-function diseases

Alzheimer disease
Parkinson disease
Transmissible spongiform
encephalopathy

Huntington disease

Light-chain amyloidosis

Heavy-chain amyloidosis (mainly renal)
AA amyloidosis

Type 2 diabetes

Amyotrophic lateral sclerosis

Sickle cell anemia

Familial amyloidotic polyneuropathy
Dialysis-related amyloidosis
Fibrinogen amyloidosis (mainly renal)

Spinocerebellar ataxia 1

Amyloid-f peptide (Ap), tau protein
a-synuclein (a-syn), tau protein

Prion protein (PrP)

poly-glutaminated 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 dismutase 1 (SOD1)
Hemoglobin

Transthyretin (TTR)

B2-microglobulin (f2-m)

Fragments of fibrinogen a-chain

Ataxin-1

Loss-of-function diseases

Cystic fibrosis

Gaucher’s disease

Fabry disease

Hypogonadotropic hypogonadism
Nephrogenic diabetes insipidus

Retinitis pigmentosa

Cystic fibrosis transmembrane conductance
regulator

Glucocerebrosidase
a-galactosidase
Gonadotropin-releasing hormone
Vasopressin receptor 2

Rhodopsin

Both Loss- and Gain-of-function diseases

al-Antitrypsin deficiency

Cancer

al-Antitrypsin

Transcription factor p53
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1.3.3. p53-related cancer as a PMD

The tumor suppressor protein p53 is a transcription factor with a leading role in
protecting cells from carcinogenesis, thus often called the “guardian of the genome” [68]. Upon
cellular stress, such as DNA damage or hypoxia, p53 is activated through a cascade of events,
resulting in the expression of target genes that are involved in cell-cycle arrest, DNA repair,

and if damage is too extensive, ultimately apoptosis (Figure 1.7) [111].
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Figure 1.7. Functions of p53 in response to stress signals [111].

p53 is a homotetrameric protein, whose sequence consists of an intrinsically disordered
N-terminal transactivation domain, a proline-rich region, a structured DNA-binding core
domain, a tetramerization domain and an intrinsically disordered C-terminal regulatory domain
(Figure 1.8) [112]. The DNA-binding core domain consists of a B-sandwich scaffold and a
DNA-binding surface, which is formed by two loops (L2 and L3) tethered by a zinc atom, and
a loop-sheet-helix motif (Figure 1.9) [112]. Besides this structured region, p53’s high level of
intrinsic disorder provides a dual function: (i) enables the interaction with different proteins,
thus facilitating its diverse biological functions and (ii) lowers the protein’s stability and half-
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life, thus hindering its uncontrollable function that would otherwise lead to inappropriate
apoptosis and senescence [113-115]. In order to further avoid hyperactivity of p53, its cellular
protein levels are strictly controlled by the ubiquitin ligases MDM2 and MDMX, which act by
targeting p53 for proteasomal degradation and also binding to its transactivation domain and
inhibiting p53’s function [116].
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Figure 1.8. Schematic of p53’s domain structure indicating the relative frequency of oncogenic mutations

for each position [112].

Figure 1.9. Ribbon diagram of the DNA-binding domain of p53 bound to a target DNA sequence. Mutations
at positions at or near the DNA-binding site, such as R273 and R280, are called contact mutations while those at

positions located at the periphery of p53C, such as V143, Y220 and F270, are called structural mutations [112].
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The importance of p53°s guardianship is highlighted by the fact that in almost every
cancer p53 is inactivated either by mutations in the TP53 gene or by deregulation of its
signaling pathways [117]. Notably, while in most cases TP53 mutations are acquired, in a rare
hereditary syndrome called Li-Fraumeni, germ-line mutations in TP53 result in the
development of various types of cancer starting at a young age [118]. The vast majority of
TP53 mutations appear at the protein’s DNA-binding core domain (p53C) as illustrated in
Figure 1.8. These can be divided into two categories: contact mutations, which appear at or
near the DNA-binding domain of p53 and directly abolish DNA-p53 binding, and structural
mutations, which appear at the periphery of the core domain and create local conformational
changes to p53 (Figure 1.9) [119]. Due to the marginal stability of p53, these changes can result
in the denaturation and, therefore, inactivation of p53 at body temperature, whereas the protein
remains active at lower temperatures [119]. Interestingly, second-site mutations that increase
p53’s thermodynamic stability, have also been found capable of rescuing the misfolding of

structural mutants of p53 and restoring their proper function [120].

The most common structural mutant of p53 is the substitution of tyrosine at position
220 with cysteine p53(Y220C), appearing in ~ 100,000 new cancer cases each year [112]. This
substitution results in the development of a crevice at the periphery of p53’s core domain that
destabilizes it thermodynamically by ~ 4 kcal/mol, making more than 80% of the protein
unfolded at body temperature [121]. Therefore, protein misfolding results in a loss-of-function
phenotype and uncontrolled cell proliferation. At the same time, p53(Y220C) has been found
to acquire a gain-of-toxic-function phenotype, as it interact with p63 and p73 isoforms
inhibiting their normal function [122] and also to accumulate in tumour cells due to insufficient
degradation by MDM2 [123]. All together, these features make p53(Y220C) a highly attractive

target for the discovery of rescuers of protein misfolding.
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1.3.4. Alzheimer’s disease and the amyloid-p peptide

Alzheimer’s disease (AD) is a progressive neurodegenerative disorder named after the
German physician who first described the disease in 1907 [124], with clinical symptoms that
include progressive cognitive impairment, changes in behaviour and, ultimately, death [125].
Currently, it is the most common cause of dementia affecting almost 50 million people
worldwide, a number that is predicted to rise to over 130 million by 2050 [126,127].
Importantly, AD remains to date incurable, despite the enormous efforts for the development
of prevention and therapeutic strategies, and 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 of age (late onset AD), however, in ~ 5% of AD cases, the symptoms can occur before
the age of 60 (early onset AD) and in some cases as early as 30 years of age [127,128]. Late
onset AD is considered of a sporadic nature, resulting by a combination of environmental and
genetic factors, including, but not limited to, the aforementioned ApoE4 risk factor [129]. On
the contrary, early onset AD is caused by autosomal dominant mutations appearing in three
distinct genes, namely the APP gene, which encodes the amyloid precursor protein (APP), and
the PSEN1 and PSEN2 genes, which encode the proteins presenilin 1 and 2 (PS1 and PS2)
[129]. Importantly, all three proteins are involved in the production of AB, supporting its

involvement in the pathology of AD (Figure 1.10) [130].
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Figure 1.10. Schematic of APP processing to release the disease-associated Ap peptide. APP is first cleaved
by B-secretase BACE-1 producing the sAPPJ fragment and the C terminus CTFp. The latter is then processed by
the y-secretase complex, which includes the PS1 and PS2 subunits. This process results in the release of the

disease-associated AP peptide. Adapted from [131].

Pathologically, both late and early onset AD are characterized by the presence of
extracellular amyloid deposits, consisting mainly of Ap, as well as intracellular neurofibrillary

tangles, consisting of hyper-phosphorylated forms of the tau protein (Figure 1.11) [132].
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Figure 1.11. Schematic of brain tissue from normal patients and AD patients [133].
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Until recently, there was a general consensus that the formation of these Ap amyloid
plaques was responsible for the disease pathogenesis, giving rise to the so-called amyloid
hypothesis [134]. However, as amyloid plague density was found to correlate poorly with the
severity of the disease, research was directed towards other species involved in this aggregation
process. This ultimately gave rise to the “toxic Ap oligomer” hypothesis, which stipulates that
soluble AB oligomeric species, ranging from dimers to larger soluble pre-fibrillar assemblies,
are actually responsible for the neurotoxicity in AD [135]. Indeed, it is now widely believed
that the amyloid plaques are probably the consequence of a protective cellular mechanism that
sequesters the toxic oligomeric A species, while the occasional adverse effects associated with
AP fibrils can be attributed to their fragmentation into smaller species with enhanced toxicity
[39,136]. To corroborate this, accumulating amount of evidence suggests that the observed
toxicity is inversely correlated to the molecular size of the AP aggregated species (Figure 1.12)

[137].
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Figure 1.12. Schematic representation of the energy landscape of Ap aggregation depicting the relationship
between the size of AB aggregated species to their associated toxicity [137].
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The mechanism by which the AB oligomeric species exert 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 permeability, thus impairing
calcium homeostasis [136,138]. 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
death [136,138,139]. Interestingly, recent studies suggest that both oligomers and mature fibrils
are involved in the neuronal transmission of protein aggregation by a prion-like mechanism,

thus contributing to disease progression [103,136].

Overall, while the mechanisms that underlie AD are not entirely clear, there is strong
evidence supporting that AB plays a key role in AD pathogenesis and thus, targeting the

aggregation of A represents a highly promising therapeutic approach.

1.4. Therapeutic strategies against PMDs

As PMDs include notorious and mostly incurable disease with very high socio-
economic impact, there is an unmet medical need to develop effective therapeutics against
these diseases. While all PMDs are associated with protein aggregation, they have very
different pathologies and diverse symptoms. For this reason, the approved treatments that are
currently used vary greatly, ranging from surgery, such as liver transplantation to treat TTR-
FAP [140] and fibrinogen amyloidosis [141] or cataract surgery [142], to substrate reduction
therapy and enzyme replacement therapy to treat lysosomal storage disorders [143,144]. In the
following section the most common approaches that 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 system by either enhancing the function of molecular chaperones or stimulating
aggregate degradation could be an effective strategy for the treatment of different PMDs.
Indeed, activation of the heat-shock response has been used as a therapeutic approach against
various diseases such as AD, PD, HD and cancer. For example, activation of the heat shock
factor 1 (HSF1) by celastrol has exhibited cytoprotective effects from polyglutamine toxicity
associated with HD [145]. Likewise, overexpression of Hsp70 has been associated with
decreased toxicity and neurodegeneration in models of HD and PD [146,147]. Notably, the
small molecule Hsp70 activator arimoclomol is currently in Phase 3 trials for the treatment of

ALS.

On the other hand, inhibition of Hsp90 has been utilized as a therapeutic approach
against various PMDs. For example, the Hsp90 inhibitor NVP-AUY992 has been found to
promote degradation of polyQ-HTT [148] and 17-AAG has been found to reduce the levels of
wild-type and mutant LRRK2, which has been associated with late-onset PD [149], as well as
several p53 mutants [150]. Notably, ganetespib, another Hsp90 inhibitor, is currently under
Phase I and Phase Il trials for the treatment of various types of cancer such as ovarian, breast

and lung [151]

Based on similar principles, activation of the cellular degradation processes can be
promising for the treatment of PMDs. For example, the immunosuppressant rapamycin has
been found to induce autophagy and enhance clearance of a-syn, tau and polyglutamine- or
polyalanine-expanded proteins, thus mitigating their associated toxicity [152,153]. Likewise,

activation of UPR-associated transcription factors, has been found to selectively reduce
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secretion of destabilized TTR mutants and amyloidogenic LC, resulting in their subsequent

degradation and decreased aggregate formation [154,155].

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 antibody-mediated
phagocytosis. This approach has been widely used against AD with many antibodies currently
in clinical trials. For example, antibodies aducanumab and gantenerumab specifically bind to
aggregated forms of Ap and enhance their clearance resulting in increased cognitive function
[156,157]. Similarly, the antibody crenezumab binds to AP oligomers and higher order
aggregates and antibody BAN2401 selectively recognised AP protofibrils, both preventing
plaque formation and disease progression [158,159]. On the same note, antibodies against tau,
such as BIIB076, ABBV-8E12 and RO7105705 have also been studied for the treatment of AD

and are currently in clinical trials [97].

Besides AD, immunization has been considered a potential therapeutic approach for
other PMDs as well. For example, two antibodies, BIIB054 and RO7046015 have been
developed against aggregated forms of a-syn and are both currently in Phase 2 trials for the
treatment of PD [160,161]. Similarly, the a-miSOD1 antibody, currently in pre-clinical
development for ALS treatment, selectively recognises misfolded variants of the Cu/Zn
superoxide dismutase 1 (SOD1), reducing its aggregation and its associated neurodegeneration

and [162].

1.4.3. Targeting the production of MisPs

One of the most obvious approaches towards the prevention of the aggregation of a

specific disease —associated MisP, is the selective decrease of its cellular levels. Indeed this
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approach has been employed against many PMDs. In the case of Alzheimer’s disease, the
disease-associated A peptide is produced by proteolytic cleavage of the p-secretase (BACE-
1) and a y-secretase (Figure 1.10). Inhibitors of both enzymes have been extensively studied,
however results so far have been unsatisfactory [97]. Specifically, semagacestat, the only y-
secretase inhibitor that has reached Phase 3 clinical trials, was withdrawn due to adverse
reactions that led to increased incidence of skin cancer and infections [163], while next-
generation y-secretase inhibitors, such as avagacestat, that were developed in an attempt to
alleviate these toxic effects, were not able to achieve the intended goals and the related trials
have since been halted [164]. On the other hand, first-generation BACE-1 inhibitors had
unfavourable physicochemical properties, while later frontrunners, such as verubecestat, were
withdrawn from clinical trials due to insufficient efficacy [97,165]. However, other BACE-1
inhibitors are still being evaluated in clinical trials in the hope of positive effects, also taking
into account that innovative clinical trial design, including patients in the early and

asymptomatic disease stages, may play an important role in the trials’ results.

Notably, proteolysis has been involved in the production of other aggregation-prone
proteins, besides AB. Some examples include calpain cleavage and caspace-6 processing of
huntingtin [166,167], caspase-mediated cleavage of the N-terminal segment of polyQ
expanded ataxin-3 [168,169], proteasome-mediated C-terminal cleavage of a-syn [170,171],
caspase-mediated C-terminal processing of tau [172,173] and sequential cleavage of gelsolin
by furin and MTI-matrix metalloproteinase [174]. However, selective targeting of the

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

Another post-translational modification that results in the production of aggregation-
prone protein species is phosphorylation. Indeed hyper-phosphorylation of tau has been linked
with many tauopathies, such as AD and frontotemporal dementia with parkinsonism-17,
implicating the GSK3 and CDKS5 kinases among others [175,176]. Interestingly, GSK3

30



inhibition by lithium or the small molecule AR-A014418, resulted in decreased tau
phosphorylation and reduced neurodegeneration in mice carrying the disease —associated

variant P301L [177,178].

Another approach to reduce the levels of a PMD-associated proteins is using gene
silencing by RNA interference (RNAI) or antisense drug technology. In 2018, two such
molecules, the RNAI therapeutic Onpattro and the antisense Tegsedi were approved for the
treatment of TTR-amyloidosis [179], while three antisense drugs, IONIS-HTTrx, IONIS-
SOD1rx and IONIS-MAPTRrx, which target the production of HTT, SOD1 and tau,
respectively, are currently in clinical trials with very encouraging preliminary results [97].
Importantly, the recently developed CRISPR-Cas9 technology has also been used for gene
editing of proteins associated with PMDs, such as polyQ-HTT [180] and al-antitrypsin [181],

and is believed to hold great promise for next-generation PMD therapeutics [182].

1.4.4. Stabilizing the native state of MisPs

Another approach to targeting PMDs is the stabilization of the native state of globular
MisPs. One very successful example of this category is tafamidis, an approved small-molecule
drug for the treatment of TTR-FAP, which functions by stabilizing mutated transthyretin to its
native homotetrameric form, preventing its misfolding and aggregation and therefore, delaying
disease progression [54]. Similarly, lumacaftor and tezacaftor, which have recently been
approved for the treatment of cystic fibrosis, increase the stability of the CFTR(AF508)
mutation and therefore enhance its trafficking to the cellular membrane where it normally

functions [183,184].

Other protein targets that could benefit from native state stabilization are destabilized
mutants of p53, such as the aforementioned p53(Y220C) structural variant. Indeed, Fersht and
co-workers have already identified two p53(Y220C) stabilizers, PhiKan083 and PK7088, that
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bind to the mutated protein and restore its apoptotic function [185,186]. However, there is no

published work involving clinical studies of these molecules.

Similarly, point mutations in SOD1, which is associated with ALS [187], have been
found to increase the homodimer’s dissociation rate, leading to misfolding, protein aggregation
and onset of the disease. In 2005, Lansbury and co-workers identified various small-molecule
stabilizers of SOD1 mutants [188], however, there results were later disproven and attributed
to experimental error [189]. Nevertheless, Samar Hasnain and co-workers have recently
identified another SOD1 stabilizer, ebselen, which rescues the misfolding of mutant SOD1 and

alleviates the associated toxicity [190].

1.4.5. Inhibiting the toxic aggregation of MisPs

The identification of aggregation inhibitors is probably the most widely used
therapeutic approach. Indeed an extensive range of compounds have been identified that
operate either by inhibiting the different stages of the protein aggregation mechanism or by
directing the protein aggregation to “off-pathway” routes. These can be classified into two

categories: small 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 drug-like properties, such as improved pharmacokinetics and blood-brain barrier
permeability, and therefore it is not surprising that they have been widely studied as PMD
therapeutics. Indeed a wide range of small-molecule synthetic and natural compounds have
been identified as inhibitors of disease-associated protein aggregation, with several of them
exhibiting a broad activity against PMDs of different pathologies. For example, curcumin has

been found to inhibit aggregation of AP, a-syn and the islet amyloid polypeptide (IAPP) [191],
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while rosmarinic acid inhibits aggregation of AP, tau and crystallin among others [192-194].
Likewise, Congo Red has been found to inhibit fibrillogenesis of AB, a-syn, polyQ-HTT and
protein kinase Cy, whose aggregation has been associated with spinocerebellar ataxia type 14
[195-197]. Furthermore, compounds from the catechol chemical class have been shown to

inhibit the aggregation of a-syn, Ap and LC [198-200].

Moreover, epigallocatechin-3-gallate (EGCG) has been shown to inhibit the associated
toxicity of various MisPs, such as polyQ-HTT, a-syn, AB, tau, LC, IAPP and several prions,
by binding to oligomeric or higher order aggregates and re-directing their aggregation off-
pathway, thereby inhibiting the formation of toxic aggregated species [201]. Similarly,
resveratrol inhibits mutant p53 aggregation and directs the AP aggregation off-pathway by
assisting the production of non-toxic oligomers and fibrils [202,203]. Interestingly, both
compounds are currently in clinical trials with EGCG examined as a treatment of AD [204]

and resveratrol for type 2 diabetes, Friedreich’s ataxia, HD and AD among others [205-208].

Other noteworthy aggregation inhibitors include myricetin, which inhibits tau and a-
syn fibrillization [209,210], baicalein and rifampicin, both inhibiting the aggregation of a-syn
[210,211], maysin and bexarotene, which inhibit Ap oligomer formation [212,213], and
NPT200-11 and LMTX, which inhibit the aggregation of a-syn and tau, respectively, and are
currently in clinical trials for the treatment of the associated diseases [214,215]. Although many
small molecules have been identified as potent inhibitors, their lack of efficacy in clinical trials,
increased toxicity, lack of specificity and in most cases unclear mechanism of action, render

them unsuccessful drug candidates [194].

1.4.5.2. Peptide inhibitors

Another strategy for identifying aggregation inhibitors is the rational design of short

peptides that target the protein region associated with protein misfolding and the protein-
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protein interactions that result in protein aggregation. These peptides usually include a
complementary to the MisP segment and a disruptive feature which hinders protein
aggregation, such as non-natural amino acids, B-sheet breakers, charged residues or bulky
groups [216]. For example, the peptides KLVFFKKKK and KLVFFEEEE, which comprise of
the AP1s-20 Sequence and a short tail of charged amino acids, have been found to inhibit AP
aggregation and its associated toxicity [217]. The same motif of Ap has been utilized by other
research teams by incorporating bulky groups such as cholic acid [218], N-methyl amino acids
[219], B-sheet breakers [220,221] and D-amino acids [222,223]. Besides APis-20, Other
amyloidogenic motifs, such as AP2s.35, the GXMxG motif and C-terminal A fragments, have

also been utilized successfully for the rational design of AP aggregation inhibitors [224-226].

Similarly, peptide inhibitors of the aggregation of other disease-associated MisPs have
also been identified. For example, Eisenberg and co-workers have identified ReACp53, a 17-
residue p53 aggregation inhibitor, which comprises of the p532s2-258 aggregation-prone region
LTHTLE and a poly-arginine tag that creates steric hindrance and inhibits adhering of other
p53 molecules [227]. Likewise, Engel and co-workers have identified several short peptides
complementary to the SOD1106-111 aggregation-prone sequence that were able to inhibit protein
aggregation and affect aggregate morphology [228]. Based on similar principles, Argon and
co-workers have designed TAT-TISS, an inhibitor of immunoglobulin light chain aggregation
associated with AL [229]; Fraser and co-workers have designed two hexapeptides that inhibit
I APP aggregation associated with type 2 diabetes [230]; Wiman and co-workers have identified
a peptide that corresponds to the C-terminal p53s61-332 Section and restores the apoptotic
function of p53 mutants in cancer cell lines [231]; and Lopez de la Paz and co-workers have

identified several tau aggregation inhibitors containing D-amino acids [223].

Besides rational design, combinatorial library screening has also been used for the
identification of potent peptide inhibitors against PMDs. For example, Moffet and co-workers
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have identified three short peptide inhibitors that mimic aggregation-prone regions of Ap, using
a high-throughput bacterial screening assay [232], while Kamijo and co-workers identified
eight peptide Ap aggregation inhibitors that were rich in arginine residues, using phage display

[233].

In conclusion, peptide aggregation inhibitors have many advantages compared to small
molecule inhibitors as they are highly specific and exhibit limited toxicity. However, their poor
pharmacokinetic properties, such as rapid degradation and low cell membrane permeation,
render them problematic for drug development [234]. Nevertheless, recent advances in peptide
chemistry, including peptide design, synthesis, formulation and delivery, have revived interest
in peptide therapeutics, especially for use against difficult targets, such as protein-protein

interactions and protein aggregation.
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1.5. Thesis aims and outline

As discussed in the previous section, a large number of human diseases, named protein
misfolding diseases (PMDs), arise from a common molecular mechanism, i.e. the inability of
a specific protein to adopt its proper 3D conformation [235]. These include diseases with
varying pathologies, such as AD, PD, cystic fibrosis and cancer [30,44,48-50]. Importantly,
while some of these conditions are rather rare, such as cystic fibrosis [236], others have a
significant socioeconomic impact, such as AD, which due to the increasing number of patients

worldwide has been recently referred to as a “21% century plague” [237].

Despite the many advances in the understanding of the biology and mechanisms that
underlie PMDs, most of them remain incurable and new disease-modifying 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 time-consuming screening
methodologies. Indeed, the diversity of the frequently tested small-molecule libraries is usually
not higher than 10°-10° [238]. This number is significantly limited compared to the ~10
theoretically possible low-molecular-weight structures [239]. Furthermore, even when larger
chemical libraries are available, the drug discovery process is hampered by the inability of most
screening methodologies to identify bioactive hits in a high-throughput manner. To corroborate
this, the most commonly used functional screening assays utilize multi-well formats and

therefore become very laborious and impractical for libraries with more that 108-10” members.

As part of an alternative strategy, some drug discovery programs rely on ultrahigh-
throughput screening technologies, such as phage display, mRNA display and DNA-encoded
library technology, which enable the generation of vast libraries containing up to 10 test
compounds and their subsequent screening for binding affinity to an immobilized target [240].

Indeed, these approaches have found great success in many cases and especially against
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notoriously difficult targets, such as protein-protein interactions [241,242]. However, their
inability to select for bioactivity rather than mere binding, ultimately increases the cost,
complexity and time of the hit identification process significantly [241]. Therefore, in order to
accelerate early drug discovery, ultrahigh-throughput methodologies that allow the deeper
investigation of chemical space and the identification of hits with the desirable bioactivity are

urgently required.

To that end, we have developed a synthetic biotechnology platform that enables the
biosynthesis of molecular libraries with greatly expanded diversities and their simultaneous
functional screening for the facile identification of potent aggregation inhibitors. Specifically,
combinatorial libraries of macrocyclic peptides with expanded diversities are biosynthesized
in the cytoplasm of Escherichia coli cells and simultaneously screened for their ability to
correct the problematic folding of disease-associated MisPs, using an ultrahigh-throughput
screening assay that links the aggregation of MisP with a selectable phenotype. We used this
system to generate a library of ~200 million peptide macrocycles and to perform simultaneous
functional screening for the discovery of putative therapeutic compounds against two major
human diseases, cancer and AD, 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 and misfolding, the mechanisms by which the latter can lead to human
disease and the current therapeutic strategies against such diseases. Emphasis was given in the

two targeted PMDs, i.e. cancer and AD.

Chapter 2 describes the genetic engineering of E. coli cells in order to produce

combinatorial libraries of more than 200 million drug-like head-to-tail cyclic peptides. This is
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performed by utilizing protein splicing elements called inteins, which are widely used in

protein engineering and biotechnology.

Chapter 3 describes the development of a generalized genetic assay for monitoring
protein misfolding in vivo. This assay is based on monitoring the aggregation and misfolding
of a MisP of interest by measuring the fluorescence levels of E. coli cells that produce
recombinant fusions of the MisP with a fluorescence protein. The generality of this assay was
demonstrated by monitoring the aggregation of four unrelated proteins, i.e. p53, Ap, SOD1 and
polyQ-HTT, and variants thereof that have been associated with cancer, AD, ALS and HD

respectively.

Chapter 4 describes the combination of the constructed library with the generalized
genetic assay in order to identify macrocyclic rescuers of protein misfolding and/or aggregation
in an ultrahigh-throughput manner. This was achieved by introducing fluorescence activated
cell sorting (FACS) into the system, in order to enable rapid screening of expanded libraries of
cyclic peptides and selection of hits that enhance bacterial fluorescence due to an aggregation
inhibitory activity. This system was successfully applied against four protein targets:
p53(Y220C), AB42, SOD1(A4V) and HTTex1-97Q, resulting in the selection of numerous

bioactive or potentially bioactive cyclic peptides.

Chapter 5 describes the evaluation of the selected hits against p53('Y220C) in vitro and
in cancer cell lines carrying this mutation. Notably, the majority of the selected hits were found
to promote cancer cell death, with one cyclic peptide exhibiting a significant anti-cancer effect.
Moreover, in vitro assessment of the selected hits revealed that the latter macrocycle was able
to thermodynamically stabilize p53(Y220C), while two other cyclic peptides were able to

interfere with the aggregation of p53(Y220C) without affecting its thermodynamic stability.
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Chapter 6 describes the evaluation of the selected hits against Ap aggregation, which
resulted in the identification of >400 putative inhibitors, forming distinct clusters with different
sequence characteristics. Representative members of the two most dominant clusters were
tested in vitro and in established Caenorhabditis elegans models of AD and demonstrated their
aggregation inhibitory and neuroprotective function. Furthermore, a combination of deep
sequencing and site-directed mutagenesis analyses demonstrated how this system can
accelerate the determination of structure-activity relationships (SAR) and define consensus

motifs required for high bioactivity in the discovered molecules.

Finally, in Chapters 7 and 8, the results presented in the previous chapters and the future
perspectives are discussed and in Chapter 9 the 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 discovery and 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 screen against protein aggregation that has been reported to

date.
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Chapter 2 — Construction and biosynthesis of a
combinatorial cyclic peptide library with

expanded diversity

2.1. Peptides in drug discovery

In recent years, there has been a revival of interest in peptide-based molecules in drug
discovery and development. Specifically, during the past two decades, 35 new peptide drugs
targeting metabolic diseases, cancer, cardiovascular diseases, infectious diseases and
neurological disorders amongst others, have entered the market, while over 150 are currently

in active development [243].

Overall, peptides possess several favourable characteristics, thus bridging a significant
gap between small molecule and biological therapeutics. Foremost, the high chemical and
structural diversity of peptides render them extremely versatile, thus increasing the chances of
interaction with pharmaceutical targets [244]. Furthermore, their functional groups can be
altered chemically, producing molecules with improved properties. Moreover, peptides are
often characterized by high specificity and binding affinity to their targets, due to their
extensive interaction surface area, as well as low in vivo toxicity due to their nontoxic amino
acid metabolites [240]. Finally, the small size of peptides enables the interaction with
intracellular drug targets that are hardly accessible by larger biologics [245]. The last two

characteristics make peptides ideal candidates against notorious targets, such as protein-protein
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interactions, as they provide larger interaction surfaces compared to small-molecules and

enhanced accessibility compared to protein biologics [246].

However, linear peptides exhibit some characteristics that are unattractive in drug
development, i.e. high protease susceptibility, making them highly unstable under
physiological conditions, and poor oral bioavailability and cell membrane permeability
compared to small-molecules, making them less suitable against intracellular targets [234].
One of the most promising approaches to overcome these obstacles is cyclization of the linear
peptide. Protecting the amino and carboxyl termini of the peptides by cyclization dramatically
increases their stability in vivo as it reduces proteolytic degradation by both exopeptidases and
endopeptidases [247]. Furthermore, in some cases the restricted conformation of cyclic
peptides and the absence of charged termini have been found to increase membrane
permeability, although it has been also shown, that there are some exceptions to this rule [248-
251]. Finally, the binding affinity of cyclic peptides is typically highly improved compared to
their more flexible linear analogues as the propensity for p-turn formation is increased and as
cyclization enhances the rigidity of their structure resulting in lower entropic penalty upon
binding to their target and formation of favoured side-chain conformations that facilitate the

molecular recognition process [244,252].

2.2. Methods for the preparation of cyclic peptide libraries

The increased interest in cyclic peptides during the past years has encouraged the
development of various methods for the production of combinatorial libraries of this type of
molecules, divided into two main categories: (i) synthetic methods, which include chemical

synthesis in solution and solid-phase, and (ii) genetic methods, which include cellular display
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technologies, such as phage, yeast or bacterial display, non-cellular display technologies, such

as mMRNA and ribosome display, and intein-based techniques.

In general, synthetic approaches have many drawbacks compared to genetic methods,
with the two most important being that the preparation of large cyclic peptide libraries is very
laborious, and when these are synthesized in pooled formats hit deconvolution is highly
challenging [253]. However, a very promising synthetic approach has recently emerged, where
DNA-encoded peptide libraries can be synthesized on solid-phase support using split-and-pool
synthesis [254]. Using this method libraries of trillions of members have been created and
screened against various targets, while hit identification can be easily performed through DNA

sequencing [255-257].

In both cellular and non-cellular display technologies the same principle applies: a
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 via chemical linkers, and finally screened for binding to an
protein target [258-262]. The top hits can be easily selected through multiple cycles of
screening and identified through simple sequencing of the respective DNA sequence (Figure
2.1) [258-262]. In mRNA and ribosome display technologies, the use of flexizymes, i.e.
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 successfully utilized by the RaPID (Random nonstandard
peptide integrated discovery) system, a combination of non-standard peptide translation and in
vitro mRNA display, which has proven highly effective against multiple targets [264]. Notably,

phage and mRNA display technologies have also enabled the production and screening of
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bicyclic peptides, that contain either two independent loops or loops knotted in a 6

conformation, by using carefully selected chemical linkers and click chemistry [265,266].

44



(A) mRNA display

Translated
peptide

DNA
spacer, Puromycin
mRNA
5
—_—
@ Translation
Coupling library with DNA

spacer and puromycin

l

mRNA

cDNA

@ PCR and mutation

(B) Ribosome display

Translated (,

@ Reverse transcription

Immobilized

@ Selection 3
target protein

peptide
RNA F
i RiNA spacer g ° RNA spacer mRNA °
———0 Ribosome —_ CRibosome >
R e
@ Translation @ Translation ceases,
=0 no stop codon,

Coupling library with RNA
spacer lacking stop codon

l

mRNA cDNA

cDNA 5 mRNA

@ PCR and mutation @ Reverse transcription

(C) Phage display

ﬁ Peptide or protein \mplify, mutate
‘H:S pilt and translate
- Gene lll E. coli
Evolving
peptide or protein
gene
Phage particle

Elution and disassembly

-

Infect

9900099 0009
qx\.l; TR ST

5

no release from ribosome

Immobilized
target protein

@ Selection
Select
b o 2 g";‘o
PAEANN

; bp
/ Immobilized

target protein

45



Figure 2.1. Display technologies for the production and high-throughput screening of cyclic peptides. (A)
In mRNA display, a library of transcribed mRNA is coupled to a pyromycin molecule via a DNA spacer. Upon
in vitro translation of the mRNA library, pyromycin is coupled to the end of the peptide chain, thus linking each
translated peptide with it encoding mRNA. The library is then screened for binding affinity to an immobilized
target and selected hits are reversely transcribed to their respective cDNA and amplified via PCR. After multiple
rounds of selection the isolated hits are identified via DNA sequencing. (B) Ribosome display is similar to mRNA
display with the main difference being that the library of transcribed mMRNAs is coupled to an RNA spacer without
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 of the peptide from the
tRNA/mRNA/ribosome complex, thus enabling phenotype-to-genotype conjugation. (C) In phage display, a
bacteriophage library is initially produced by coupling a gene library, which encodes the peptides of interest, to
the gene of a bacteriophage cell surface protein, such as plll. E. coli cells are then infected with the constructed
phage library, whose DNA is amplified and translated, leading to the display of the peptide library onto the phages’
surface. Phages are then released from the bacteria and screened for binding activity to an immobilized protein
target. The selected phages subsequently re-infect E. coli cells and after multiple rounds, the enriched population

is identified via DNA sequencing. Adapted from [267].

Using display technologies, libraries of up to 10** members have been developed and
screened with great success [240,259,266]. Despite their many advantages and successful
application against various targets, one important drawback of these approaches is that they
can only be used for the identification of strong binders and no information on their biological
function can be acquired. For example, Kiessling and co-workers utilized the phage display
technology for the identification of AB aggregation modulators using either monomeric or
aggregated AP [268]. However, none of the peptides that could bind to monomeric A showed
any effect on its aggregation, while those with 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, which ultimately increases the cost,

complexity and time of the screening process significantly [241].
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An alternative genetic method for cyclic peptide production is the in vivo split-intein
circular ligation of peptides and proteins (SICLOPPS) [269,270]. Inteins are protein splicing
elements that are widely used in protein engineering and biotechnology in applications such as
tag-less protein purification, segmental isotopic labelling of large proteins for nuclear magnetic
resonance (NMR) studies, in vitro and in vivo protein semi-synthesis, development of
molecular switches using conditional protein splicing and last but not least head-to-tail
cyclization of peptides and proteins [271,272]. Similarly with RNA splicing, protein slicing is
an autocatalytic process, in which an intervening polypeptide (intein) is self-excised while
concomitantly ligating its two flanking sequences (exteins) with a native amide bond (Figure

2.2A).

While most inteins are encoded by one gene forming a contiguous domain, some inteins
are naturally, or engineered to be, encoded by two separate genes forming a split intein, which
comprises an N-terminal (In) and a C-terminal domain (Ic) [273]. These domains remain
inactive until encountering their counterpart, whereupon they undergo protein trans-splicing
(Figure 2.2B). The SICLOPPS technique utilises a rearranged split intein so that the Ic precedes
the In flanking a peptide sequence in the form Ic-peptide-In [274]. Upon interaction of the two
intein domains, the two ends of the intervening peptide are ligated and a head-to-tail cyclic
peptide is released (Figure 2.2C). Notably, SICLOPPS has been recently combined with
ribosome display, leading to the production of bicyclic peptides in the cytoplasm of E. coli
[275], while inteins have also been used for the semi-synthetic production of macrocyclic
organic-peptide hybrids (MOrPHs) [276,277] and bicyclic organo-peptide hybrids (BOrPHs)

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

The SICLOPPS technology has been successfully employed up to now in E. coli,
yeasts, human cells and C. elegans, and libraries with up to 10" members for E. coli, 10° for
yeasts and 10° for human cells have been constructed and subsequently screened against
different targets [274]. However, compared to other aforementioned techniques, such as
MRNA display, the theoretical diversity of the cyclic peptide libraries produced via SICLOPPS
is significantly smaller, restricted by the number of possible combinations of amino acids
allowed by the specific library design and the maximum transformation efficiency of the host
organism (~10%10'° transformants for E. coli, ~10° transformants for Saccharomyces
cerevisiae, ~10* transformants for mammalian cells). Nevertheless, this method is highly
valuable as the cyclic peptide libraries are produced inside cells, and therefore can be screened
using cell-based functional assays [274,279]. This is an important advantage as cyclic peptides

produced by this approach can be selected according 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 effect than the

originally intended.

A noteworthy application of the SICLOPPS technology in early stage drug discovery
is for the identification of cyclic peptides that inhibit a-syn toxicity, which is associated with
PD [280]. Lindquist and co-workers applied the SICLOPPS technology in S. cerevisiae by
constructing a library of 5 million cyclic octapeptides and screening them for suppression of
a-syn toxicity. This methodology resulted in the identification of two potent suppressors that
were also able to rescue neuronal degeneration in a C. elegans model of synucleinopathy.
Furthermore, the peptidic nature of the selected compounds allowed the rapid determination of
structure-activity relationships, resulting in the identification of a common bioactive motif
[280]. Recently, one of the selected bioactive sequences was also successfully grafted onto an
alternative, more rigid macrocyclic peptide scaffold called cyclotide, using intein-mediated
protein trans-splicing, demonstrating that cyclotide-based libraries can also be used for

phenotypic screening in yeast [281].

2.3. Construction of a combinatorial cyclic peptide library with

expanded diversity using the SICLOPPS technology

The head-to-tail cyclic oligopeptide library presented herein was constructed using the
SICLOPPS technology and the Synechocystis sp PCC6803 DnaE intein (Ssp DnaE) [282]. This
intein was selected due to its low toxicity compared to other novel inteins and its relatively low
sensitivity to the extein sequence, thus allowing the successful cyclization of a wide range of

peptides [283]. The only requirement in order for the splicing mechanism to occur is the
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presence of a nucleophile cysteine, serine or threonine as the first amino acid of the extein

sequence (Figure 2.3).

We chose to study cyclic tetra-, penta-, hexa- and heptapeptide sequences with the
general formula NuX1Xz..Xn, where X is any one of the 20 natural amino acids, N=3-6, and
Nu=Cys, Ser, or Thr. These molecular libraries have an average molecular weight of <770 Da,
thus potentially exhibiting the advantages of both small molecules and larger peptides that are
typically <900 Da [284]. Specifically, tetrapeptides have an average molecular weight of ~ 440
Da and generally comply with Lipinski’s rule of 5 for druggability [285], while penta-, hexa-
and heptapeptides occupy, on average, an area of chemical space beyond the rule of 5 (bRo5
space), where different rules for drug-likeness apply [286,287]. Furthermore, the maximum
theoretical diversity of the combined library is more than 200 million different sequences
(Table 2.1), therefore enabling the investigation of a greatly expanded area of chemical space

[238].

Table 2.1. Theoretical diversity of the constructed combinatorial cyclo-NuXi1X2Xs-Xs oligopeptide library.

Peptide Type General Formula Theoretic Diversity
Tetrapeptides cyclo-NuXiX2X3 3x20%=24,000
Pentapeptides cyclo-NuXiX2X3X4 3x20*=480,000
Hexapeptides cyclo-NuX1 X2X3XaXs 3x20°=9,600,000
Heptapeptides cyclo-NuXi X2X3XsXsXe 3x206=192,000,000
Combined Library cyclo-NuXX2X3-Xs 202,104,000
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Adapted from [288].
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The libraries of genes encoding these cyclic oligopeptide libraries were constructed
using degenerate PCR primers, in which the randomized amino acids (X) were encoded using
random NNS codons, where N=A, T, G, or C and S=G or C. The degenerate codons encode all
of the 20 natural amino acids without including the stop codons UAA and UGA. Cys, Ser, and
Thr were encoded on these primers by utilizing the codons UGC, AGC, and ACC, respectively,
which are the most frequently utilized codons for these amino acids in E. coli. The generated
peptide-encoding gene libraries were cloned into the vector pSICLOPPS [282], as described in
the Materials and Methods section, to form the pSICLOPPS-NuX1X>X3X4-Xs vector library
(Figure 2.4). These vectors express a combinatorial library of fusion proteins comprising four
parts: (i) the N-terminal domain of the Ssp DnaE intein, (ii) a NuX1X2X3-Xg oligopeptide
sequence, (iii) the C-terminal domain of the Ssp DnakE intein, and (iv) a chitin-binding domain
(CBD) for immunodetection and/or purification, under the control of the Psap promoter and its
inducer L(+)-arabinose (Figure 2.4). Cloning of the resulting gene libraries into the
pSICLOPPS plasmid yielded a total of 1.3 x 10° independent transformants as judged by

plating experiments after serial dilutions.
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Figure 2.4. Schematic of the generation of the cyclic-NuXiX2X3-Xes peptide libraries via the SICLOPPS
technology. (Left) Representation of the pSICLOPPS-NuX1X2X3-X6 vector library encoding the combinatorial
heptapeptide library cyclo-NuX1X2X3-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; IC: C-terminal domain of the Ssp DnaE split-intein;
IN: N-terminal domain of the Ssp DnaE split-intein; CBD: chitin-binding 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 of our constructed library, we randomly selected a total of
274 clones from the combined pSICLOPPSNuX1X2X3-Xg library and performed colony PCR
and diagnostic digestion to verify insert size. Furthermore, we performed sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) and western blot analyses to verify

production of the precursor fusion protein (molecular 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 corresponds to the N-terminal intein domain fused to CBD (In-CBD) and indicates
successful intein splicing and cyclic peptide formation (Figure 2.5). This analysis revealed that
all constructed sub-libraries, apart from cyclo-ThrX1X2X3X4Xs, appear to produce a sufficient
number of cyclic peptides in order to cover the theoretical diversity of each sub-library by at

least one time (Table 2.2).

DNA sequencing of the peptide-encoding regions 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-, penta- and hexapeptide sequence, albeit with an over-representation of codons

corresponding to Gly (Table 2.1 and Table 2.3).

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 anti-CBD antibody of fourteen randomly selected
individual clones from the constructed cyclo-NuXi1X2X3X4Xs hexapeptide sub-library, demonstrating that
individual clones can exhibit variable levels of expression. Lanes 4, 6, 11 and 12 correspond to clones that

contain stop codons or frameshifts and, thus, do not express a full-length 1C-peptide-IN-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

SDS-PAGE analysis

PCR
g analysis
-'§ General Formula | Transformants an)cli etrar Actual Library
& . . partite | IN-CBD | pjyersity | Coverage
@ dl?.gnO.StIC fusion | product
digestion | precursor
CysX1X2X3 770,000 8/13 8/18 6/18 256,667 32.1
§ SerXiXoXs 710,000 11/13 10/18 7/18 276,111 345
2
= ThrXiX2X3 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
CysX1X2X3Xy 1,236,000 11/15 13/18 13/18 892,667 5.6
(5]
=2 SerXiXoXsXa 604,000 17/25 7/18 6/18 201,333 1.3
2
E ThrX X2X3sXy 836,000 9/10 15/18 15/18 696,667 4.4
o
combined
2,676,000 37/50 35/54 34/54 1,790,667 11.2
NUX1X2X3X4
Cys-X1X2X3X4Xs 12,870,000 9/15 15/18 14/18 10,010,000 3.1
© Ser-
= 8,784,000 12/15 10/18 8/18 3,904,000 1.22
2 X1 XoX3XaXs
g
x
L | Thr-XiXaX3XaXs 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 X2X3X4 X5
Cys-
410,450,000 42/90 37/90 37/90 168,740,556 2.6
X1 X2X3X4X5Xg
® Ser-
2 504,233,600 19/30 17/30 16/30 268,924,587 4.2
% K1 XoX3X4XsXe
&
§ Thr-
T 319,000,000 21/30 20/30 14/30 148,866,667 2.3
X1 XoX3XaX5Xe
combined Nu-
1,233,683,600 82/150 74/150 67/150 | 586,531,809 9.2
X1 XoX3XaX5Xe
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Table 2.3. Sequencing results of the peptide-encoding regions of 23 randomly selected clones from the
constructed pSICLOPPS-NuX1X2X3, pSICLOPPS-NuX1X2X3X4, and pSICLOPPS-NuX1X2X3XsXs vector

sub-libraries.

Clone number | DNA sequence of peptide-encoding gene | Encoded peptide sequence
C4-1 TGC GGC AAG GTG CGKV
C4-2 TGC CGC CAC CGG CRHR
C4-3 AGC GCG TCC GGG SASG
C4-4 AGC ACG CGC CGG STRR
C4-5 ACC AACTGG GTC TNWV
C4-6 ACC AGG GCC TCC TRAS
C4-7 AGC CGG GTG CTC SRVL
C4-8 ACC AAC TGG CCG TNWP
C5-1 TGC AACTTG GTC TGG CNLVW
C5-2 TGC TGC GCG GCG GGG CCAAG
C5-3 TGC GCG TCG CGG GGG CASRG
C5-4 AGC TTC GTG GAG GGG SFVEG
C5-5 ACC TGC CCC GTG TAG TCPV*
C5-6 ACC CCG GCG CGG TGC TPARC
C5-7 ACC TCG GGC GCG TAG TSGA*
C6-1 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
C6-4 AGC TTG GTG CCG TACCTG SLVPYL
C6-5 AGC GCC TAG GGC GGG CCC SA*GGP
C6-6 AGC GAG GGG GGG GGG G Frame shift
C6-7 ACCTCGCTC TAGTCC 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 diversity encoded within the generated oligopeptide libraries by
performing deep sequencing analysis of the peptide-encoding region of the combined
pSICLOPPS-NuX1X2X3-Xe vector library. Out of the ~3.7 million DNA sequences that were
analysed, ~76% were unique and ~94% of those were found to encode unique cyclic peptide
sequences (Table 2.4). Again, all amino acids were found to be encoded at every positions of
the generated library, albeit with an over-representation of residues corresponding to Gly and

Arg (Figure 2.6).
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Table 2.4. Deep sequencing analysis of the peptide-encoding regions of ~3.7 million clones from the

constructed pSICLOPPS-NuX1X2Xs3-Xs library

library

(76%)

Number of | Unique DNA Unique peptide
reads sequences sequences
cyclo-CysX1X2X3 sub-library 619 530 (86%) 438 (83%)
cyclo-SerX1X2X3 sub-library 1,348 1,018 (76%) 729 (72%)
cyclo-ThrX1X2Xs sub-library 1,197 1,100 (92%) 867 (79%)
Combined cyclo-NuX;X2X3 sub-
) 3,164 2,648 (84%) 2,034 (77%)
library
cyclo-CysX1X2X3X4 sub-library 1,456 1,313 (90%) 1,150 (88%)
cyclo-SerX1X2X3zX4 sub-library 2,765 2,304 (83%) 1,761 (76%)
cyclo-ThrX1X>X3X4 sub-library 2,127 1,902 (89%) 1,626 (85%)
Combined cyclo-NuX1X2X3Xs sub-
) 6,348 5,519 (87%) 4,537 (82%)
library
cyclo-CysX1X2X3XaXs sub-library 93,785 76,341 (81%) 60,493 (79%)
cyclo-SerX1X2X3X4Xs sub-library 73,570 63,493 (86%) 48,843 (77%)
cyclo-ThrX1X2X3XsXs sub-library 83,401 73,929 (89%) 58,666 (79%)
Combined cyclo-NuX1X2X3X4Xs
) 250,756 | 213,763 (85%) 168,002 (79%)
sub-library
_ 1,023,580
cyclo-CysX1X2X3X4XsXe sub-library | 1,305,675 978,803 (96%)
(78%)
cyclo-SerX1X2X3X4aXsXe sub-library | 1,318,365 | 885,393 (67%) 824,134 (93%)
cyclo-ThrX1X2X3XsXsXe sub-library | 769,605 | 652,099 (85%) 636,647 (98%)
Combined cyclo-NuX1X2X3X4Xs5Xe 2,561,072
) 3,393,645 2,439,584 (95%)
sub-library (75%)
Combined cyclo-NuX1X2X3-Xs 2,783,002
3,653,913 2,614,157 (94%)
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Figure 2.6. Heat map representation of the amino acid distribution at each position of the constructed cyclo-
CysX1X2X3-Xs (top), cyclo-SerXiX2Xs-Xs (middle) and cyclo-ThrXiXz2Xs-Xes (bottom) sub-libraries, as
demonstrated by the deep sequencing analysis results.
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However the deep sequencing analysis revealed another important finding: the cyclo-

CysX1X2X3X4Xs and cyclo-SerX1X2X3X4Xs sub-libraries 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 sequence (Table 2.5). This defect could be

attributed to an inherited preference in the degenerate PCR primers, or the ability of these

almost identical sequences to promote E. coli 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 should be encoding the vast majority of the theoretically possible

tetra-, penta-, hexa- and heptapeptide cyclo-NuX1X2X3-Xe Sequences.

Table 2.5. Top 10 most frequent sequences of the cyclo-CysXi1X2X3XsXs and cyclo-SerXiX2XsXaXs sub-

libraries as demonstrated by the deep sequencing analysis

cyclo-CysXi1X2X3X4Xs cyclo-SerXi1X2XsXsXs
-5'3 DNA sequence Protein -S'E DNA sequence Protein
14 sequence | sequence
8153 | TGCGGCGGCACCGGGCGC | CGGTGR | 1459 | AGCGGCGGCACCGGGCGC | SGGTGR
12 | TGCGCCGGCACCGGGCGC | CAGTGR | 38 | AGCATGCCGTCCAGGGCG | SMPSRA
12 | TGCGGCGGCACCGGGCGG | CGGTGR | 32 | AGCGGCGGGCACTTGTGG | SGGHLW
9 | TGCCAGCAGATCATGCAG | CQQIMQ | 21 |AGCGGGGGGGGGGGGGGG | SGGGGG
8 | TGCGAGGGCACGCCCGCG | CEGTPA | 19 | AGCTGGCCGCGGGGCGCC | SWPRGA
6 | TGCGGGAACCACGCGGGC |CGNHAG | 18 | AGCACGGGGTTGAGGATG | STGLRM
6 | TGCGGCAACCAGAACTCG | CGNQNS | 17 | AGCGGGGCGATGCGGCTC | SGAMRL
6 TGCCCGCTGCTGCGCCGC | CPLLRR | 16 | AGCTGGCGGAGCGGGGGG | SWRSGG
6 TGCGACAGGGGGTTGTTC | CDRGLF | 15 | AGCTTCTGGGCGTGGAGG | SFWAWR
5 | TGCATCGACGCGGAGTCG | CIDAES | 14 | AGCGGCTCCTAGGGGGTG | SGS*GV
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2.5. Discussion

In conclusion, we have utilized a straightforward biotechnology technique called
SICLOPPS, which permits the in vivo biosynthesis of libraries of cyclic peptides in a one-pot
reaction requiring just the pSICLOPPS vector, a few degenerate PCR primers and a couple of
simple molecular biology steps [274]. Using this technology we constructed a gene library that
encodes more than 200 million cyclic oligopeptides with the general formula cyclo-NuX1X>Xz-
Xs, Where Nu is Cys, Ser, or Thr and X is any one of the 20 natural amino acids. This is, to our

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

The quality of this library was then assessed using: (i) molecular biology techniques,
including colony PCR, diagnostic digestion and SDS-PAGE/western blot analysis and (ii) deep
sequencing analysis. These techniques complemented each other very well: on the one hand
colony PCR and diagnostic digestion offer the possibility of detecting the presence of the
correct insert and estimating the cloning success rate and SDS-PAGE/western blot analysis
permit the detection of the overexpressed precursor protein and its subsequent processing to
yield the cyclic peptide. On the other hand, deep sequencing analysis offers the possibility of
evaluating the diversity of the constructed library and identifying biases in the peptide

sequences in great detail.

Overall, our results suggest that we have constructed a very high-diversity library,
which should be encoding the vast majority of the theoretically possible >200 million cyclo-

NuX1X2X3-Xe sequences.
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Chapter 3 - 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 identify hits and,
subsequently, therapeutic leads. As PMDs have been associated with the misfolding and
aggregation of one or more MisPs, targeting this aggregation process has been the most widely
investigated therapeutic approach. Indeed, an extensive number of screening assays have been
developed against PMDs which can be divided in three categories: in silico, in vitro and cell-

based screening.

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

inhibitors

The most broadly used in silico method is structure-based design and high-throughput
screening (HTS). It consists of using the protein’s structural data from X-ray, NMR and
cryogenic electron microscopy (cryo-EM) studies and performing molecular docking to detect
possible ligand binding in a database of test compounds. Fersht and co-workers have
successfully used this method to screen a collection of ~ 2 million commercially available drug-

like small molecules and resulted in 80 potential binders against p53C(Y220C). One of these,

63



named PhiKan059, exhibited desirable in vitro results [185]. Subsequently, the same group
screened a library of designed PhiKan059 analogues and identified PhiKan083, which
exhibited improved binding affinity, validated by X-ray studies. Importantly, PhiKan083 was
found able to stabilize p53C(Y220C) in vitro, increasing its half-life significantly [185].
Similarly, Amaro and co-workers have identified a cavity between loop L1 and sheet S3 of p53
and virtually screened 1,324 compounds identifying stictic acid as a chemical rescuer of the
misfolding of various p53 mutants [289]. Indeed, in vitro and in vivo studies demonstrated that
stictic acid was able to stabilize thermodynamically p53 mutants and to partially restore p53

activity in cancer cell lines.

On arelated note, Vendruscolo, Knowles, Dobson and co-workers have utilized a quasi-
structure-based design approach, where instead of using the structure of primary nuclei of Ap,
which are very difficult to characterize experimentally, they utilized the knowledge gained
from a known AP aggregation inhibitor, bexarotene, and screened for small molecules that
shared similar chemical properties [290]. This process resulted in the identification of 12 small
molecules, whose aggregation inhibitory effects were validated by in vitro chemical kinetic

experiments and in vivo C. elegans models.

Another in silico method widely used in drug discovery is fragment-based design,
which refers to the production of compound fragments from reported active small-molecules
and their subsequent screening using compound repositories and databases to identify potential
therapeutics that are chemically related to the initial fragments. Using this approach
Vendruscolo, Knowles, Dobson and co-workers have generated three distinct fragment-based
libraries with potential aggregation inhibitors of A, tau and a-syn, containing 16,850, 11,800
and 14,735 compounds, respectively [291]. In vitro studies of the AP library resulted in the
identification of the aforementioned compound bexarotene as a potent AP aggregation inhibitor
[212].
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In conclusion, in silico assays have the great advantage that they can easily and cost-
efficiently screen a huge number of compounds to identify novel therapeutics. Furthermore,
their ability to screen available databases with approved medications allows for drug
repositioning, which results in a significant reduction in drug development time and cost.
However, these assays only identify putative hits and all results need to be subsequently
validated by in vitro and in vivo assays. Moreover, the limited structural information for the
majority of disease-associated MisPs renders structure-based 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 misfolding in
vitro, including ones that enable aggregate or protein characterization, such as Thioflavin T
(ThT) and differential scanning fluorimetry (DSF), methods that provide secondary structure
information, such as circular dichroism (CD) and Fourier transform infrared spectroscopy
(FTIR), and technigues that enable the visual representation of the aggregated samples, such

as transmission electron microscopy (TEM) and atomic force microscopy (AFM) [292].

ThT binding assays have been excessively used for the identification of aggregation
inhibitors against PMDs. Vendruscolo, Knowles, Dobson and co-workers have recently
described in detail the microscopic processes involved in amyloid formation of Ap42 as well
as the rate constants and reaction rates governing each process, thus offering a significant
advancement in the field [94]. This knowledge was later utilized to identify inhibitors of Ap42
with diverse inhibitory mechanisms [212,290,291,293]. Recently the same group has also
developed a novel approach termed structure-kinetic activity relationship (SKAR), where a

parent molecule is chemically modified creating a library of derivative compounds, which are
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then screened using a ThT assay, ultimately resulting in the rational design of molecules with
enhanced potency [294]. At the same time, Ventura and co-workers have developed an in-plate
ThT assay for the rapid identification of a-syn aggregation inhibitors [295]. Using this assay
they were able to screen 14,000 compounds resulting in the discovery of 47 novel strong
modulators of a-syn aggregation, one of which was shown to protect dopaminergic neurons

from a-syn-associated toxicity in a C. elegans in vivo PD model [295,296].

Another method that has been used for in vitro screening against MisP aggregation is
DSF, a fluorescence-based assay that enables the identification of compounds that bind to and
stabilize a test protein. Using DSF, Pérez and co-workers have screened a commercial library
of 10,000 compounds and identified eight small molecules that stabilize mutants of
phosphomannomutase 2 (PMM2) that have been associated with congenital disorder of

glycosylation (CDG), and restore the enzyme’s activity in a cellular model of the disease [297].

One of the most high-throughput in vitro methods used for the discovery of aggregation
inhibitors involves screening of phage display libraries. As discussed earlier, this technique
involves the construction of a rationally or randomly designed library, which is screened in
vitro for the identification of binders to an immobilized protein target [259]. Using this
technique, Rotter and co-workers constructed two peptide phage display libraries and identified
several peptides that could bind to mutant p53 and induce proper folding and restore p53’s
activity [298]. Furthermore, Kamijo and co-workers constructed a randomized heptapeptide
library and identified eight peptide that could bind to AB and inhibit its aggregation, while
Linse and co-workers screened two commercially available libraries of recombinant antibodies

and identified secondary nucleation inhibitors of Ap aggregation.

In conclusion, although in vitro assays offer important 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 case of MisPs can be very challenging. Moreover, in vitro assays are
usually performed in multi-well formats which increases the time and cost of screening or
requires a high degree of automation. Finally, as notably demonstrated by Kiessling and co-
workers, the inconsistency of display technologies to identify binders with the desirable
biological activity ultimately renders them as costly and inefficient as other conventional in

vitro techniques [241,268].

3.1.3. Cell based screens for the identification of protein aggregation inhibitors

While a wide range of techniques exist for the investigation of protein misfolding in
vitro, the complexity of the cellular environment makes the development of mammalian cell-
based aggregation screening assays considerably more challenging. Indeed various presumed
protein aggregation inhibitors identified through mammalian assays, were later proven to be
false positives, due to non-specific biological actions. One notable example is the first p53-
reactivating compound, CP-31398, which although initially reported to stabilize p53 and
promote p53-mediated apoptosis [299], it was later shown to intercalate with DNA and

promote cytotoxicity in a p53-independent manner [300].

Microbial hosts, such as bacteria and yeasts, offer the opportunity of studying protein
aggregation in simplified, but still physiologically relevant conditions, as several protein
folding and misfolding features can be reliably generated in both prokaryotic and eukaryotic
microorganisms. Most importantly, microbial hosts enable the development of high-throughput
and affordable screens, which result in biologically active compound hits. Indeed, a wide range
of microbial screens have been developed for monitoring and rescuing protein misfolding,
which have been thoroughly reviewed by Skretas and co-workers [96]. A notable example is

the development of a yeast model of PD, where the increased expression of a-syn resulted in
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the formation of a-syn inclusion bodies and severe cytotoxicity [301]. This system was used to
screen various small molecule libraries [301-303], as well as an cyclic octapeptide library
produced via the aforementioned SICLOPPS technology [280], resulting in the identification

of several biologically active compounds against PD.

An engineering approach that has been repeatedly used for the identification of protein
aggregation inhibitors is coupling a disease-associated MisP with a reporter protein (RP), in
such a way that function of RP will depend on the correct folding of MisP. These fusions can
be either end-to-end or insertional, meaning that the MisP is inserted into an internal position
of RP. A widely used end-to-end MisP fusion is with a fluorescent protein, such as the green
fluorescent protein (GFP). Hecht and co-workers first fused Ap42 to GFP and showed that
bacterial overexpression of AB42-GFP resulted in intracellular insoluble aggregates and lack
of green fluorescence [304]. Subsequently, they performed a genetic screen resulting in the
identification of AB42 variants, which contrary to the wild-type protein, exhibited reduced
aggregation propensity and increased green fluorescence [304] and also, utilized this
methodology to screen two small-molecule libraries, resulting in the identification of various
AP aggregation inhibitors, one of which was able to reduce toxicity of Ap42 in an in vivo
Drosophila model of AD [305,306]. Using the same principles, Moffet and co-workers have
screened two combinatorial peptide library and identified three peptide inhibitors of Ap

aggregation with diverse mechanisms [232].

Interestingly, the GFP-based screen has been utilized to monitor the aggregation of
other disease-associated MisPs, besides Ap42. Specifically, Moffet and co-workers
overexpressed an IAPP-GFP fusion in E. coli cells and performed a genetic screen, which
resulted in the identification of IAPP variants that, compared to the wild-type protein, exhibited
reduced protein aggregation and increased green fluorescence [307]. Furthermore, Fersht and
co-workers demonstrated that the thermodynamic stability of various p53 mutants correlates
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well with the aggregation propensity of their GFP fusions and their cellular fluorescence, when

overexpressed in E. coli [308].

Another noteworthy example is the insertional fusion of MisPs to the p-lactamase (bla)
enzyme, which provides bacterial resistance to the antibiotic ampicillin. Bardwell and co-
workers first demonstrated that inserting an unstable protein between residues 196 and 197 of
bla results in increased protein degradation and ampicillin susceptibility [309]. On the contrary,
when the inserted protein is correctly folded the two bla domains re-associate and confer
antibiotic resistance. Using this tripartite fusion system, Radford and co-workers 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 PMDs [310].
Importantly, by coupling this system with electrospray ionization- ion mobility spectrometry-
mass spectrometry (ESI-IMS/MS) they were able to validate compound-protein binding and
determine the different aggregation species that were present in the sample, thus enabling the

selection of hits with the desired mechanism of action [310].

An alternative approach for monitoring protein aggregation in vivo is by utilizing
protein dyes with the ability to specifically bind to hydrophobic surfaces of amyloid or
amyloid-like aggregates and exhibit increased fluorescence. In this way, by measuring cell
fluorescence using fluorimetry of flow cytometry, one can monitor the aggregate formation
inside living cells without the need of purified protein preparations [311]. Thioflavin S (ThS)
and the recently developed fluorescent dye Proteostat, have both been successfully used for
monitoring amyloid formation in microorganisms and screening for aggregation inhibitors

[311-316].
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3.2. Development of a generalized genetic screen for monitoring

protein aggregation in vivo

As protein misfolding and aggregation are common defining features of all PMDs, we
attempted to develop a genetic screen with potentially wide applicability, that would facilitate
monitoring of the misfolding and aggregation of different MisPs associated with PMDs. As the
aforementioned GFP assay has been successfully employed for monitoring the aggregation of
APB42, IAPP and certain p53 mutants, we reasoned that by generalizing this system we could
provide an important tool for identifying protein aggregation inhibitors against multiple PMDs

that remain incurable.

Specifically, due to the aggregation propensity of disease-associated MisPs, we
hypothesized that overexpression of MisP-GFP fusions in E. coli cells would result in the
accumulation of insoluble inclusion bodies exhibiting decreased fluorescence. Contrary,
conditions that rescue MisP misfolding and/or inhibit its aggregation would result in the

formation of soluble MisP-GFP fusions exhibiting enhanced fluorescence (Figure 3.1).

In order to test this hypothesis we employed the MisP-GFP assay for monitoring the
misfolding and aggregation of p53, SOD1 and polyQ-HTTex variants, which have been

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

3.2.1. Monitoring the aggregation of p53 oncogenic variants

Structural mutations in the core domain of p53 - that destabilize and subsequently
inactivate the protein - appear in ~15-20% of human cancer cases and therefore constitute
important targets for cancer therapy [317]. For this reason, we tested whether the MisP-GFP
assay could be used for monitoring the aggregation of three p53 core domain structural mutants,
namely, the substitution of valine at position 143 by alanine (V143A), the substitution of
tyrosine at position 220 by cysteine (Y220C) and the substitution of phenylalanine at position

270 by leucine (F270L).

We started by introducing these mutations into the core domain of wild-type p53 (p53C
wt) and a highly stabilized variant of p53 (T-p53C), which has wild-type-like properties and,
as demonstrated by X-ray studies, almost identical structure, apart from the four point
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mutations (M133L, V203A, N239Y and N268D) that confer additional stability and make the
protein easier to work with [318,319]. Then, we produced recombinant fusions of the
constructed p53 variants with GFP and monitored their bacterial fluorescence and protein
aggregation. Interestingly, we found that the fluorescence intensity of the constructed p53C-
GFP fusions correlated very well with their thermodynamic stability and the accumulating
amounts of soluble protein (Figure 3.3 and Figure 3.3). These results indicate that the MisP-
GFP assay is able to reliably monitor p53C misfolding and aggregation and therefore could be

utilized for the discovery of potential rescuers of destabilized forms of p53.
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Figure 3.2. Monitoring the aggregation of p53 oncogenic variants. (A) Thermodynamic stability of the p53
core domain variants. AAG represents the change in the free energy of urea-induced unfolding caused by
mutations in wild-type p53 (AAG= AGwt — AGmut) as determined by Fersht and co-workers. [121,320]. (B)
Relative fluorescence of E. coli BL21(DE3) cells overexpressing p53C-GFP fusions from pETp53C-GFP. Mean
values * s.e.m. are reported.
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Figure 3.3. Solubility analysis of E. coli BL21(DE3) cells overexpressing p53C-GFP fusions. Total (left) and
soluble (right) lysates of cells overexpressing different p53C-GFP fusions produced as in Figure 3.2B were
analysed by SDS-PAGE and visualized by western blotting using the anti-GFP antibody.

3.2.2. Monitoring the aggregation of SOD1 variants

As mutations in the SOD1 gene that cause thermal destabilization and/or aggregation
of SOD1 have been widely associated with familial ALS (FALS) [187,321,322], we next tested
whether we could detect mutation-induced folding changes to SOD1 using the MisP-GFP
assay. For this reason, we produced end-to end fusions of SOD1 variants with GFP in E. coli
cells in order to and monitored their fluorescence and the aggregation status of the
overexpressed fusions. We tested four SOD1 variants, namely the substitution 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 position 93 by alanine (G93A). These were selected
from a set of over 150 fALS-associated SOD1 mutations as they exhibit different aggregation

propensities and disease phenotypes (Table 3.1) [323,324].
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Table 3.1. Statistics for fALS patients with the herein studied SOD1 mutations. Adapted 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 MisP-GFP assay, we were able to follow SOD1 aggregation
efficiently as all variants exhibited decreased levels of GFP fluorescence and solubility,
compared to the generally non-pathogenic wild-type SOD1 (Figure 3.4). Interestingly,
SOD1(A4V), which has been associated with the most aggressive type of fALS (Table 3.1)
exhibited the most pronounced decrease in GFP fluorescence, in relation to the accumulating
amount of soluble protein (Figure 3.4). Notably, when the SOD1 variants were produced in
unfused, GFP-free form, their soluble levels were also well-correlated with their aggregation
propensity as all pathogenic variants exhibited decreased 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 MisP-GFP assay. (A) Relative
fluorescence of E. coli BL21(DE3) cells overexpressing SOD1-GFP fusions from pETSOD1-GFP. Mean values
+ s.e.m. are reported from one experiment performed in triplicates. (B) Solubility analysis as in (A), using SDS-
PAGE/western blotting and probing with the anti-GFP antibody.
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Figure 3.5. Solubility analysis of SOD1 variants overexpressed in E. coli Origami2(DE3). Production of the
GFP-free SOD1 variants was performed from the corresponding pETSOD1 vectors. Total (left), soluble (middle)
and insoluble (right) lysates were analysed by SDS-PAGE and visualized by western blotting using the anti-His

antibody. Experiments were performed by Stefania Panoutsou at the NHRF.
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3.2.3. Monitoring the aggregation of polyQ-HT Tex: variants

HD is an inherited neurodegenerative disease caused by polyglutaminated (polyQ)
expansions at the N-terminal region of huntingtin (HTT), a highly polymorphic protein
normally containing less than 35 glutamine residues [325]. These polyQ N-terminal regions,
which are encoded within the first exon of the corresponding gene (HT Tex1), have been found
to assemble into neurotoxic aggregates, leading to neurodegeneration [326]. Importantly, the
severity of the HD phenotype is inversely correlated with the length of the polyQ expansion,

as individuals with longer polyQ expansions develop the disease at younger ages [327].

In order to test whether we could monitor the aggregation of polyQ variants with
different lengths using the MisP-GFP assay, we produced end-to-end fusions of polyQ-HT Tex:
with GFP in E. coli cells and monitored their fluorescence and the aggregation status of the
overexpressed proteins. We assessed three polyQ-HTTex: variants, one containing a normal
25Q expansion and two expansions resulting in HD pathogenesis, namely 46Q and 97Q [328].
Interestingly, the levels of GFP fluorescence of E. coli cells and the amounts of soluble polyQ-
GFP fusions produced were inversely proportional to the polyQ length (Figure 3.6), suggesting
that this system is capable of monitoring the aggregation of polyQ-HTTex: variants and could

be utilized for discovery of potential polyQ-HT Tex1-aggregation inhibitors.
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Figure 3.6. Monitoring the aggregation of polyQ-HTT ex variants using the MisP-GFP assay. (A) Relative
fluorescence of E. coli BL21(DES3) cells overexpressing polyQ-HTT ex1-GFP fusions from pETHT Texa-GFP. Mean
values * s.e.m. are reported from one experiment performed in triplicates. (B) Solubility analysis of polyQ-HTT
ex1-GFP variants overexpressed as in (A) using SDS-PAGE/western blotting and probing with the anti-GFP
antibody.

79



3.2.4. Optimization of the MisP-GFP assay

As the expression of MisP-GFP has been associated with cell toxicity [329], we opted
to determine the optimal conditions for the expression of different MisP-GFP constructs. We
started by testing a range of different expression vectors, inducer concentrations, incubation
temperatures and incubation periods for the production of fusions of GFP with p53C or SOD1

variants (Figure 3.7 and Figure 3.8).

In the case of p53C, these experiments revealed that conditions that enable rapid protein
production, such as use of T7 promoter, incubation at 37 °C and increased inducer
concentration, result in increased fluorescence intensity differences between the well-folded
protein and the destabilized variants (Figure 3.7). Contrary, in the case of SOD1, conditions
that detain protein expression, such as decreased inducer concentration and incubation at lower
temperatures, result in enhanced differences in the fluorescence intensity of wild-type SOD1
and the disease-associated variants (Figure 3.8). These results indicate that, while the MisP-
GFP assay can be utilized against different protein targets, the MisP-GFP 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 of E. coli BL21(DE3)
cells producing p53C-GFP fusions. (A) Investigation of different expression vectors, (B) IPTG concentrations,
(C) incubation temperatures and (D) incubation periods. In all panels, over-expression was performed using the
pET28 vector, unless otherwise stated and the fluorescence of the bacterial population producing T-p53C was

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 the bacterial
fluorescence of E. coli Origami2(DE3) cells overexpressing SOD1-GFP fusions from the pET28 vector. The
fluorescence of the bacterial population producing SOD1 wt was arbitrarily set to 100. Mean values £ s.e.m. are

presented. Each experiment was performed in triplicates.

In parallel, we tested whether the GFP reporter is the most ideal fluorescence partner
for monitoring protein misfolding and aggregation. For this, we produced recombinant fusions
of p53C variants with the blue fluorescent protein (BFP) or the red fluorescent protein (RFP),
and measured their bacterial fluorescence and protein aggregation (Figure 3.9). Interestingly,
GFP and BFP fusions with T-p53C and T-p53C(Y220C) exhibited similar fluorescence
intensity differences, indicating that both fluorescent proteins can be appropriately employed
for monitoring protein misfolding and aggregation (Figure 3.9). Contrary, the differences in T-
p53C-RFP and T-p53C(Y220C)-RFP fluorescence intensities were decreased compared to the
GFP and BFP fusions, indicating that this fluorescent partner is less efficient for this purpose

(Figure 3.9).
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Figure 3.9. Effect of different fluorescent protein partners for monitoring protein aggregation in E. coli
Tuner(DE3) cells. Protein production was performed using the pET28 vector and the bacterial population
producing T-p53C 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 described genetic assay is based on the recombinant production in E. coli
cells of end-to-end fusions of disease-associated MisPs with the fluorescent protein GFP. In
this manner, misfolding and/or aggregation of the MisP directly affects the folding and
fluorescence of GFP, and therefore, by measuring the bacterial fluorescence one can easily

monitor 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, we found that the bacterial fluorescence of E. coli cells producing different MisP-
GFP fusions as well as their accumulating soluble protein levels, strongly correlate with the

aggregation propensity of the investigated MisPs and their associated pathogenicity.

Overall, we demonstrate that the herein described genetic assay can be utilized for
distinguishing between pathogenic and non-pathogenic MisP variants associated with
numerous PMDs, and, importantly, for the discovery of potential rescuers of pathogenic protein

misfolding and/or aggregation.
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Chapter 4 - Development of an integrated
bacterial system for the discovery of potential

PMD therapeutics

In order to accelerate the early drug discovery process and address the imperative
medical need for potential therapeutics against PMDs, ultrahigh-throughput methodologies that
allow deeper investigation of chemical space are urgently required. Towards this, we developed
a novel ultrahigh-throughput biotechnology system, where E. coli cells are genetically
engineered in order to perform two simultaneous tasks: (i) produce expanded molecular
libraries, such as the one presented in Chapter 2 comprising more than 200 million cyclic
peptides and (ii) enable their direct functional screening using the MisP-GFP genetic assay

described in Chapter 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 of the recombinant MisP-GFP fusions. Specifically, since the bacterial
fluorescence of E. coli cells producing MisP-GFP fusions is strongly correlated to the
aggregation propensity of the MisPs, cells producing such cyclic peptides will exhibit
significantly increased levels of GFP fluorescence. Importantly, as both cyclic peptide
production and their functional screening are performed inside living cells, bacterial clones
producing such cyclic peptides can be isolated in an ultrahigh-throughput manner using
fluorescence-activated cell sorting (FACS), therefore enabling the rapid and facile

identification of bioactive hits (Figure 4.1).
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Figure 4.1. Schematic of the utilized bacterial platform for discovering inhibitors of protein aggregation.
pMisP-GFP: plasmid encoding a misfolded protein-GFP fusion; pSICLOPPS-NuX;X2Xs3-Xg: vector library
encoding the combinatorial tetra-, penta-, hexa- or heptapeptide library cyclo-NuX;X;Xs-Xs; Nu: Cys, Ser, or
Thr; X: any of the 20 natural amino acids; FSC-H: forward scatter; SSC-H: side scatter; P: sorting gate.

In this chapter we present the employment of this ultrahigh-throughput system for
identifying folding rescuers and/or aggregation inhibitors against four targets: p53C(Y220C),
AP42, SOD1(A4V) and HTTex1-97Q, which have been associated with cancer, AD, ALS and

HD respectively.
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4.1. Targeting cancer - ldentification of p53C(Y220C) folding
rescuers using the generated ultrahigh-throughput biotechnology

platform

For the identification of cyclic peptides that would stabilize the p53C(Y220C) variant
we performed three attempts. In the first attempt we utilized a two-plasmid system comprising
a pET28 expression vector producing the p53C(Y220C)-GFP fusion, i.e. pETp53C(Y220C)-
GFP, and the pSICLOPPS vector library described in Chapter 2, that produced the cyclic tetra-
, penta- and hexapeptides, i.e. pSICLOPPS-NuX1X2X3-Xs (Figure 4.2). Protein expression was
performed at 37 °C using 0.1 mM isopropyl-B-D-thiogalactoside (IPTG) and 0.002 % arabinose
as described in the Materials and Methods section. Cells were gated on a side-scatter (SSC-H)
versus forward-scatter (FSC-H) plot in order to eliminate non-cellular events, and were
subjected to FACS sorting for the isolation of the bacterial population exhibiting the top ~2%
fluorescence. Under these conditions and after two rounds of sorting, the selected bacterial
population exhibited a very small fluorescence increase compared to the initial population
(~10%), while no further fluorescence increase was observed after additional rounds (Figure

4.3).
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Figure 4.2. Schematic of the utilized two-plasmid system and the gating strategy for FACS sorting for the
identification of rescuers of MisP-GFP misfolding and aggregation. pETMisP-GFP: plasmids encoding a
MisP-GFP fusion; pSICLOPPS-NuX1X,X3-Xe: vector library encoding the combinatorial tetra-, penta-, hexa- or
heptapeptide library cyclo-NuXi1X>Xs-Xg; Nu: Cys, Ser, or Thr; X: any of the 20 natural amino acids; FSC-A:
forward scatter; SSC-A: side scatter; R1 and RN1: sorting gates.
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Figure 4.3. Histograms of BL21(DE3) cells co-expressing p5S3C(Y220C) and the initial cyclo-NuX1X2Xs-Xs
oligopeptide library (grey) or the enriched library after the second round of sorting (green). M=mean GFP

fluorescence in arbitrary units. FACS sorting was performed at the University of Texas at Austin.
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We next isolated 140 individual cyclic peptide sequences from the sorted population
and evaluated their ability to enhance the fluorescence levels of T-p53C(Y220C)-GFP. We
found that 21 of them exhibited reproducibly a significant fluorescence increase when T-
p53C(Y220C)-GFP was produced from the pETT-p53C(Y220C)-GFP vector, in which case
protein overexpression is controlled by the T7 promoter (Figure 4.4A). However, these effects
were found to be promoter-specific, as the 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 controlled by the tetracycline
(Tet) promoter (Figure 4.4B). Furthermore, the observed phenotypes were found to be p53-
non-specific as the selected peptide clones were also able to increase the fluorescence levels of
AB42-GFP fusions when produced from the pETAP42-GFP vector (Figure 4.4A). In total,
these results indicate that the selected cyclic peptide clones are probably false-positive hits and
function in a p53-non-specific manner by probably modulating 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)
Fluorescence of E. coli BL21(DE3) cells co-expressing T-p53C(Y220C)-GFP or AB42-GFP in the presence of 12
individually selected cyclic peptide sequences from the second round of FACS sorting shown in (A). MisP-GFP
production was performed from the pET28 vector. (B) As in (A) but using the pASK75 vector for T-
p53C(Y220C)-GFP production. In both panels, the fluorescence of bacterial cells producing T-p53C(Y220C)-
GFP or AB42-GFP together with a random cyclic peptide from the initial unsorted cyclo-NuX1X>Xs-Xs library

(Random 1) was arbitrarily set to 100. Mean + sem are presented of one experiment performed in triplicates.
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In our second attempt, we modified our system in order to eliminate the possibility of
isolating false-positive cyclic peptides with a p53-non-specific effect. For this reason, we
started by overexpressing the T-p53C(Y220C)-GFP fusion from the pETT-p53C(Y220C)-GFP
vector and isolated the bacterial population exhibiting enhanced fluorescence via FACS (Figure
4.5, top). Then, after two rounds of sorting we isolated the so-far enriched population and re-
transformed the selected pSICLOPPS vectors into E. coli cells that carry the pASKT-
p53C(Y220C)-GFP vector and thus produce the same GFP fusion but from the pASK75 vector
(Figure 4.5, bottom). This procedure could 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 two-plasmid system and the gating strategy utilized in our second
attempt of FACS sorting for the identification of T-p53C(Y220C) folding rescuers. Initially, overexpression
of T-p53C(Y220C)-GFP was performed under the control of the T7 promoter (A) and then under the control of
the Tet promoter (B). pETT-p53C(Y220C)-GFP and pASKT-p53C(Y220C)-GFP: plasmids encoding the T-
p53C(Y220C)-GFP fusion under the control of the T7 or Tet promoter respectively; pSICLOPPS-NuX;X;X3-Xe:
vector library encoding the combinatorial tetra-, penta-, hexa- or heptapeptide library cyclo-NuX;X;X3-Xe; Nu:
Cys, Ser, or Thr; X: any of the 20 natural amino acids; FSC-A: forward scatter; SSC-A: side scatter; R1 and RN1:

sorting gates.
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After a total of five rounds of sorting we observed an almost three-fold increase of the
bacterial fluorescence, which was unaltered after additional rounds (Figure 4.6). We isolated
530 individual bacterial clones from the enriched bacterial population and 84 of them exhibited
a significant increase in T-p53C(Y220C)-GFP fluorescence. Importantly, most of the selected
bacterial clones exhibited a p53-specific effect as indicated by assessing their effect on the

levels of Ap42-GFP fluorescence (Figure 4.7A).

Next, we opted to determine whether the observed phenotype was dependent on the
ability of the Ssp DnakE intein to splice and form a cyclic peptide. For this reason, we introduced
the double amino acid substitution H24L/F26A into the C-terminal domain of the Ssp DnaE
intein, which is known to abolish asparagine cyclization at the Ic/extein junction and prevent
extein splicing and peptide cyclization [280]. We found one clone (clone 2), which was able to
increase the fluorescence of T-p53C(Y220C)-GFP in a splicing-dependent manner, indicating
that intein processing and the possible production of the cyclic peptide is necessary for the
observed phenotype (Figure 4.7B). However, the above mentioned results were not always
reproducible. Importantly, sequencing of the selected clone revealed that it encoded the
CGGTGR peptide sequence, which was the most abundant sequence of the unsorted
pSICLOPPS vector library, appearing ~700 times more frequently than its succeeding
sequence (Table 2.5). These observations suggested that the selected clone could, in fact, be a
false positive and that FACS sorting was not successful in providing an enriched sub-library,

with enhanced bacterial fluorescence.
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Figure 4.6. Histograms of BL21(DE3) cells co-expressing T-p53C(Y220C) and the initial cyclo-NuXiX2Xas-
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. Second attempt of FACS sorting for the identification of p53C(Y220C) folding rescuers (A)
Relative fluorescence of E. coli BL21(DE3) overexpressing T-p53C(Y220C)-GFP (green bars) or Ap42-GFP
(white bars) and four individually selected cyclic peptide clones from the fifth round of FACS sorting shown in
(Figure 4.6). (B) Relative fluorescence of E. coli BL21(DE3) cells overexpressing T-p53C(Y220C)-GFP and the
four selected cyclic peptide clones as in (A) and utilizing either a wild-type split Ssp DnaE intein (green bars) or
the splicing-deficient variant H24L/F26A32 (white bars). The fluorescence of bacterial cells producing T-
p53C(Y220C)-GFP or AB42-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-
non-specific fluorescence increase, we decided to further modify our system in order to select
the bacterial population that exhibits a T-pS3C(Y220C)-GFP fluorescence increase but at the
same time has no effect on the fluorescence of AB42-GFP. For this reason, we chose to insert
the T-p53C(Y220C)-BFP construct into the pCDF-1b vector and generate a three-plasmid
system comprising of pCDFT-p53C(Y220C)-BFP, pETAB42-GFP and the pSICLOPPS-
NuX1X2X3-Xe vector libraries described in Chapter 2, that produced the cyclic tetra-, penta-,

hexa- and heptapeptide libraries (Figure 4.9).

We decided to utilize the pCDF-1b vector as: i) the difference between the levels of
fluorescence of T-p53C-BFP and T-p53C(Y220C)-BFP were comparable to the ones observed
when the pET28 vector was used (Figure 3.7 and Figure 4.8), ii) pCDF is compatible with the
pET28 and pSICLOPPS vectors used so far and iii) it contains the same promoter as pETAB42-
GFP, and therefore by selecting a bacterial population with increased BFP fluorescence but

unaffected GFP fluorescence, the possibility of promoter-specific false-positives is eliminated.
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Figure 4.8. Relative fluorescence of E. coli Tuner(DE3) cells overexpressing T-p53C-BFP and T-
p53(Y220C)-BFP from the pCDFT-p53C-BFP and pCDFT-p53(Y220C)-BFP vectors. The fluorescence of
bacterial cells producing T-p53C-BFP 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 three-plasmid system and the gating strategy for FACS sorting for the
identification of p53C(Y220C) folding rescuers. pCDFT-p53C(Y220C)-BFP: plasmid encoding the T-
p53C(Y220C)-BFP fusion; pETAB42-GFP: plasmid encoding the AB42-GFP fusion; pSICLOPPS-NuX1X2X3-
X6: vector library encoding the combinatorial tetra-, penta-, hexa- or heptapeptide library cyclo-NuX1X2X3-X6;
Nu: Cys, Ser, or Thr; X: any of the 20 natural amino acids; FSC-A: forward scatter; SSC-A: side scatter; R1 and
RN1: sorting gates.

Using this three-plasmid system, we simultaneously overexpressed the T-
p53C(Y220C)-BFP and AB42-GFP fusions using 0.1 mM IPTG, as well as the cyclo-
NuX1X>X3-Xg oligopeptide libraries using 0.005 % arabinose as described in the Materials and
Methods section. For FACS sorting, we first gated cells based on their SSC-H and FSC-H
properties, and then we isolated the bacterial population exhibiting the top ~2% of BFP
fluorescence, as well as an unaltered GFP fluorescence (Figure 4.9). After five rounds of
sorting for the tetra-, penta- and heptapeptide libraries as well as four rounds of sorting for the
hexapeptide library we observed a significant increase of the bacterial BFP fluorescence, which
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was unaltered after additional rounds (Figure 4.10). Importantly, this bacterial population did

not exhibit an increase of the GFP fluorescence, which corresponds to the AB42-GFP fusion.
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Figure 4.10. FACS sorting of E. coli Tuner(DES3) cells overexpressing T-p53(Y220C)-BFP, Ap42-GFP and
the cyclo-NuX1X2Xs-Xs libraries. Histograms of cells co-expressing T-p53(Y220C)-BFP, AB42-GFP and (A)
the cyclo-NuX;X,X3 tetrapeptide library, (B) the cyclo-NuXiXX3Xs pentapeptide library, (C) the cyclo-

NuX1X2X3XaXs hexapeptide library and (D) the cyclo-NuX1X2X3X4XsXs 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 was performed at the University of Texas at Austin.
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We isolated 200 individual bacterial clones from each enriched bacterial population and
identified six bacterial clones that were able to increase the fluorescence and solubility of T-
p53C(Y220C)-GFP in a p53-specific manner, that was also dependent on peptide cyclization
as illustrated using the splicing deficient Ssp DnaE intein [280] (Figure 4.11 and Figure 4.12).
DNA sequencing of the peptide-encoding region of the selected clones revealed the presence
of four tetrapeptide sequences, termed p53C4-4, p53C4-16, p53C4-19 and p53C4-21 (p53-
targeting cyclic 4-peptide number 4, 16, 19 and 21 respectively), one pentapeptide sequence
termed p53C5-18 (p53-targeting cyclic 5-peptide number 18) and one heptapeptide sequence
termed p53C7-10 (p53-targeting cyclic 7-peptide number 10) (Table 4.1). The selected cyclic
peptides were further evaluated to determine their ability to bind to p53C(Y220C), increase its

thermodynamic stability and restore its apoptotic function (Chapter 5).
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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 overexpressing T-p53(Y220C)-GFP (green bars) or AB42-GFP (white bars) and six
selected cyclic peptide clones isolated from the sorted populations shown in Figure 4.10. (B) Relative fluorescence
of E. coli Tuner(DE3) cells overexpressing T-p53(Y220C)-GFP and the six selected cyclic peptide clones from
(A) and utilizing either a wild-type split Ssp DnaE intein (green bars) or the splicing-deficient variant
H24L/F26A32 (white bars). The fluorescence of bacterial cells producing T-p53(Y220C)-GFP or Ap42-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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Figure 4.12. Solubility analysis of E. coli Tuner(DE3) cells overexpressing T-p53C(Y220C)-GFP and the
five individual cyclic peptide sequences. Western blot analysis of soluble lysates of cells overexpressing T-

p53C(Y220C)-GFP and five of the selected cyclic peptide sequences tested in (Figure 4.11), utilizing either a

wild-type split Ssp DnakE intein or the splicing-deficient variant H24L/F26A32 (denoted as s.d.). The predicted

molecular mass of the T-p53C(Y220C)-GFP fusion is ~53 kDa. Blotting was performed using the anti-GFP

antibody.

Table 4.1. Cyclic oligopeptide sequences encoded by the selected bacterial clones exhibiting enhanced T-
p53C(Y220C)-GFP fluorescence

Name of isolated

DNA sequence of peptide-encoding region

Encoded peptide

clone sequence
p53C4-4 TGC TTC TCC TCC CFSS
p53C4-16 TGC CTC GAG CAG CLEQ
p53C4-19 TGC CTC CGG CGC CLRR
p53C4-21 TGC GCG GCC CAG CAAQ
p53C5-18 ACC CGG GGG GGC TGC TRGGC
p53C7-10 AGC AAG CGG AGC GGG ATG CAG SKRSGMQ
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4.2. Targeting AD — Identification of AB42 aggregation inhibitors

using the generated ultrahigh-throughput biotechnology platform

In order to identify putative AB42 aggregation inhibitors, in this thesis we screened the
constructed cyclo-NuX:X>X3XsXs5Xs heptapeptide sub-library, described in Chapter 2, as
screening of the cyclic tetra-, penta- and hexapeptides for the same target has been the subject

of the PhD thesis of Ilias Matis from our lab [330].

For this reason, we utilized a two-plasmid system comprising a pET28 expression
vector producing the Ap42-GFP fusion and the pSICLOPPS vector library described in Chapter
2, which produced the cyclo-NuX1X2X3XsXsXe heptapeptide sub-library (Figure 4.2). Protein
expression was carried out at 37 °C using 0.1 mM IPTG and 0.005 % arabinose as described in
the Materials and Methods section. Cells were gated on a side-scatter (SSC-H) versus forward-
scatter (FSC-H) plot in order to eliminate non-cellular events, and were subjected to FACS
sorting for the isolation of the bacterial population exhibiting the top ~2% fluorescence. After
seven rounds of sorting we observed an almost six-fold increase of the bacterial GFP
fluorescence compared to the initial library (Figure 4.13). No further substantial increase in

fluorescence was observed after additional rounds of sorting.
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Figure 4.13. FACS sorting of E. coli Tuner(DE3) cells overexpressing Ap42-GFP and the combined cyclic
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 the sorted population, isolated their
peptide-encoding vectors, re-transformed them into fresh E. coli Tuner(DE3) cells carrying
pETAB42-GFP and induced protein production from both vectors. Interestingly, we found that
in the presence of all selected cyclic-heptapeptides, the fluorescence of AB42-GFP was
dramatically increased compared to cells expressing the same AB42-GFP fusion in the presence
of two cyclic peptide sequences that were randomly selected from the initial unsorted cyclo-
NuX1X2>X3-Xs library (Figure 4.14A). Furthermore, all isolated clones expressed a full-length
intein-peptide fusion (~25 kDa), which could undergo processing to yield a lower molecular
weight band corresponding to excised In-CBD (~20 kDa), thus suggesting successful intein
processing and possible formation of a cyclic peptide product (Figure 4.14C). Importantly, the
observed phenotypic effects were found to be ApB42-specific, as the selected peptide cloned did

not enhance the levels of T-p53C(Y220C)-GFP, and also they were dependent on peptide
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cyclization as illustrated using the splicing deficient Ssp DnaE intein [280] (Figure 4.14 A and

B).
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Figure 4.14. Identification of Ap42 aggregation inhibitors via FACS sorting. (A) Relative fluorescence of E.
coli Tuner(DE3) cells overexpressing AB42-GFP and ten randomly selected cyclic heptapeptide clones isolated
after the seventh round of FACS sorting shown in (Figure 4.13) and utilizing either the wild-type split Ssp DnaE
intein (green bars) or the splicing-deficient variant H24L/F26A32 (white bars). Two randomly selected cyclic
peptide sequences (random 1 and 2) from the initial unsorted cyclo-NuX;X>Xs-Xs library were used as a negative
control. The fluorescence of the bacterial population producing cyclic peptide random 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 of E. coli Tuner(DE3) cells overexpressing p53C(Y220C)-GFP and the ten selected cyclic
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.m. (C) Western blot analysis of the ten selected clones (A) using an anti-CBD antibody.
The upper band of ~25 kDa corresponds to the Ic-peptide sequence-In-CBD precursor, while the lower band of
~20 kDa corresponds to the processed In-CBD product, whose appearance is an indication of successful cyclic
peptide formation. For each clone, (a) represents a wild-type intein where cyclic peptide formation is allowed,

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

Analysis of the expressed AP42-GFP fusions by SDS-PAGE and western blotting
revealed that the bacterial clones expressing the selected cyclic heptapeptides produce
significantly increased levels of soluble AB42-GFP compared to the random cyclic peptides,
despite the fact that accumulation of total AB42-GFP protein remained at similar levels (Figure
4.15, top). Furthermore, when the same cell lysates were analyzed by native PAGE and western
blotting, we observed that co-expression of the selected cyclic peptides reduced the
accumulation of higher-order AP42-GFP aggregates, which could not enter the gel, and
increased the amounts of species with higher electrophoretic mobility (Figure 4.15, bottom
left). These higher electrophoretic mobility species correspond to the fraction of the total AB42-
GFP that exhibits fluorescence (Figure 4.15, bottom right). Since the solubility and
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fluorescence of bacterially expressed AB42-GFP has been found to be inversely proportional
to the aggregation propensity of Ap42 [304,305], the results described above suggest that AB42

aggregation is significantly decreased in the presence of the selected cyclic heptapeptides.
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Figure 4.15. Solubility analysis of E. coli Tuner(DE3) cells overexpressing Ap42-GFP and the ten individual
cyclic peptide sequences. (top) Western blot analysis of total (left) and soluble (right) lysates of cells
overexpressing AB42-GFP and the ten individual cyclic peptide sequences tested in Figure 4.14. The predicted
molecular mass of the AB42-GFP fusion is ~32 kDa. (bottom) Western blotting using the anti-Ap antibody 6E10
(left) and in-gel fluorescence (right) analyses of total lysates following native-PAGE of cells co-expressing Ap42-

GFP and the ten individual cyclic peptide sequences tested in Figure 4.14.

Importantly, similar results were acquired when AB42 was produced in unfused, GFP-
free form. When we tested the effects of the selected cyclic heptapeptides on AB42 aggregation
with an in vivo assay using whole-cell staining of intracellular formation of AB42 aggregates
with thioflavin S (ThS) [313], we observed that co-production of the selected peptides resulted
in decreased levels of ThS fluorescence, further indicating reduced aggregate formation (Figure

4.16).
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Figure 4.16. Emission spectra of E. coli Tuner(DE3) cells overexpressing AB42 along with four of the
selected cyclic heptapeptide sequences tested in (B) and stained with 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 in three replicates).

DNA sequencing of the ten selected clones revealed five distinct cyclic heptapeptide
sequences: cyclo-CKVWQLL (present six times among the sequenced clones), cyclo-
CRVWTEL, cyclo-CKVWMPL, cyclo-CRVWQTV and cyclo-CRIVPSL (Table 4.2). The
selected cyclic peptides were further evaluated in vitro and in vivo to determine their ability to

inhibit the aggregation of AB42 and the associated neurotoxicity (Chapter 6).
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Table 4.2. Cyclic heptapeptide sequences encoded by the selected bacterial clones exhibiting enhanced
Ap42-GFP fluorescence

Isolated Clone #

DNA sequence of peptide-encoding region

Encoded peptide

sequence
1 TGC AGG GTG TGG ACGGAGTTG CRVWTEL
2 TGC AAG GTGTGG CAGTTG TTG CKVWQLL
3 TGC AAG GTGTGG CAGTTG TTG CKVWQLL
4 TGC ATC GTC GTC CCG TCG ATC CIVVPSI
5 TGC AAG GTC TGG ATG CCG CTC CKVWMPL
6 TGC AAGGTGTGG CAGTTG TTG CKVWQLL
7 TGC AAG GTG TGG CAGTTGTTG CKVWQLL
8 TGC AAGGTGTGG CAGTTG TTG CKVWQLL
9 TGC CGC ATCGTCCCCAGCTTG CRIVPSL
10 TGC AAG GTG TGG CAGTTGTTG CKVWQLL
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4.3. Targeting ALS - Identification of SOD1(A4V) folding rescuers

using the generated ultrahigh-throughput biotechnology platform

For the identification of cyclic peptides that would rescue the misfolding of
SOD1(A4V) we utilized the two-plasmid system previously described, comprising of a pET28
expression vector producing the SOD1(A4V)-GFP fusion and the pSICLOPPS vector library
producing the cyclic tetra-, penta-, hexa- and heptapeptides (Figure 4.2). Protein expression
was performed at 37 °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
(Figure 4.2). After four rounds of sorting we observed a staggering, more than 70-fold increase
of the bacterial GFP fluorescence compared to the initial library (Figure 4.17), while no further
substantial increase in fluorescence was observed after additional rounds of sorting. The
evaluation of the tetra-, penta- and hexapeptide sorted libraries has been the subject of Stefania
Panoutsou’s PhD thesis [330], while the heptapeptide sorted library are currently evaluated as

part of Maria Giannakou’s PhD thesis at the National Hellenic Research Foundation (NHRF).
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Figure 4.17. FACS sorting for the identification of SOD1(A4V) folding rescuers. Histograms of
Origami2(DES3) cells co-expressing SOD1(A4V) and (A) the cyclo-NuX;X,Xs tetrapeptide library, (B) the cyclo-

NuX;XoX3Xs pentapeptide library, (C) the cyclo-NuX;1X>X3X4aXs hexapeptide library and (D) the cyclo-

NuX1X2X3XsXsXg 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.

108



4.4. Targeting HD — Identification of HTTex1-97Q aggregation
inhibitors using the generated ultrahigh-throughput biotechnology

platform

For the identification of cyclic peptides that would inhibit the aggregation of HT Tex1-
97Q we utilized the same plasmid system and gating strategy as in the case of SOD1, with the
only difference being the production of HT Tex1-97Q-GFP by the pET28 vector using 0.1 mM
IPTG (Figure 4.2). After six rounds of sorting we observed an almost five-fold increase of the
bacterial GFP fluorescence compared to the initial library (Figure 4.18), while no further
substantial increase in fluorescence was observed after additional rounds of sorting. The sorted
populations are currently being evaluated for the discovery of putative aggregations inhibitors

of HT Tex1-97Q.
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Figure 4.18. FACS sorting for the identification of HTT ex1-97Q aggregation inhibitors. Histograms of
Tuner(DE3) cells co-expressing HTT ex1-97Q and (A) the cyclo-NuX:X»X3 tetrapeptide library, (B) the cyclo-
NuX1X2X3Xs pentapeptide library, (C) the cyclo-NuXiX2X3X4Xs hexapeptide library and (D) the cyclo-
NuX1X2X3XaXsXs 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 ultrahigh-throughput in vivo screening
system that enables: (i) the construction of cyclic peptide libraries with expanded diversities
and (ii) their direct functional screening using a FACS-based assay that enables the rapid and
facile identification of macrocycles with the ability to rescue pathogenic protein misfolding

and aggregation.

We employed this system against four MisP targets: p53C(Y220C), Ap42, SOD1(A4V)
or HTTex1-97Q, and isolated four distinct bacterial populations that produce cyclic peptides
with the ability to rescue protein misfolding and aggregation of the respective MisP of interest.
Notably, while for the majority of the targets this process 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 isolate a bacterial population with the desired effects on p53C(Y220C)

misfolding and aggregation.

The cyclic peptides identified against p53C(Y220C) and AB42 are further evaluated in
Chapters 5 and 6 respectively, 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 HTTex1-97Q aggregation are currently being evaluated in our

laboratory.
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Chapter 5 — 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 isolation 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 to T-p53C(Y220C), increase its thermodynamic stability and
restore its apoptotic function. However, the head-to-tail cyclization of the p53C4-16, p53C5-
18 and p53C7-10 proved very laborious and time consuming, while chemical synthesis of
cyclic peptides p53C4-14, p53C4-19 and p53C4-21 has not been possible so far. Since in the
literature efforts to synthesize head-to-tail cyclic peptides with small ring sizes using traditional
synthetic approaches have been repeatedly highly challenging [331,332], we decided to
produce the selected cyclic peptides recombinantly in E. coli cells and then isolate them using
affinity chromatography. As 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 peptides [280,333], we opted to isolate the biosynthesized cyclic peptides
in an indirect manner, by taking advantage of the intein’s potential for tag-less protein

purification [334]. For this reason, we overexpressed the tetra-partite fusion protein Ic-peptide-
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IN-CBD containing the selected peptide sequences in E. coli and attempted to immobilize the
precursor protein onto a chitin resin, thus allowing the tag-less purification of the cyclic peptide
upon intein splicing (Figure 5.1A and B). However, the overexpressed fusion exhibited low
affinity for the chitin beads, as illustrated by western blotting of the samples collected during
the purification process (Figure 5.1C), rendering purification of the cyclic peptide by this

method very difficult.
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Figure 5.1. Cyclic peptide production and purification via on-column protein splicing using chitin affinity
chromatography. (A) Flow chart of the on-column purification process. (B) Schematic of the on-column intein-
mediated circular ligation reaction. (C) Western blotting using the anti-CBD antibody of samples collected during
the cyclic peptide purification procedure described in (A). Protein overexpression was performed using the pET28
(left) or pSICLOPPS (right) vector. T: total lysate, S: soluble lysate, FT: flow-though, 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 polyhistidine tag upstream of the tetra-partite fusion
and attempted protein purification in a similar manner but using instead immobilized metal
affinity chromatography (IMAC) and a nickel resin (Ni-NTA) (Figure 5.2A). Indeed, by using
this method we were able to selectively capture the precursor protein onto the nickel resin and
upon incubation at room temperature and at a pH permissive for intein splicing for 72 h we
observed significant intein processing, as indicated by western blotting of the samples collected
during the purification process (Figure 5.2B). Importantly, mass spectrometry of the elution
fractions after the on-column splicing reaction verified the presence of the free cyclic peptides

(Figure 5.3).

1.  Peptide Incubation at
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Figure 5.2. Cyclic peptide production and purification via on-column protein splicing using IMAC. (A)
Schematic of the on-column intein-mediated circular ligation reaction. (C) SDS-PAGE of samples collected
during the cyclic peptide purification procedure of p53C4-4, p53C4-16 and a random peptide from the unsorted
pSICLOPPS library, as described in (Figure 5.1A) and with the only difference being the utilization of Ni-NTA
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 in order to induce protein splicing. The 2nd lane

represents the elution sample containing the free cyclic peptide.
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Figure 5.3. Full scan spectrum (ESI-MS) of the sample containing the free cyclic peptide after on-column
intein-mediated circular ligation. The main [M+Na]+ peak represents the single-charged 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 peptides’ ability to promote

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

In order to evaluate the cyclic peptides’ ability to promote cancer cell death, we
investigated the effect of the selected peptides on the cell viability of the human melanoma cell
line WM164 carrying the p53(Y220C) mutation [335]. Cells were grown in 96-well plates for
24 h and then incubated for 48 h in the presence of 1% or 10% v/v of elution fractions after on-
column purification of the selected cyclic peptides (Figure 5.4). Interestingly, all cyclic
peptides except the heptapeptide p53C7-10, were found to reduce the viability of WM164 cells
when administered at the highest concentration. Importantly, p53C4-16 exhibited a significant
decrease of cell viability of ~55 % compared to the cells treated with random peptide sample

(Figure 5.4). However, as we were unable to precisely measure the concentration of the cyclic
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peptides after on-column intein splicing nor determine their ability to permeate cell
membranes, the reduced effect of the rest of the compounds may be due to insufficient

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 determined 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. Zacharoula Linardaki under the supervision of
Dr. Vassiliki Pletsa at the NHRF.

Encouraged by the results presented above, we synthesized p53C4-16 by solid-phase
chemical synthesis at mg scale (Figure 5.5). To further evaluate the efficacy of p53C4-16, we
investigated increasing concentrations of synthetic p53C4-16 for their ability to promote cell
death of the WM164 cancer cell line (Figure 5.6). Notably, the selected cyclic peptide was able
to affect cell viability in a dose-dependent manner and at concentrations ~100 uM (Figure
5.6A). Furthermore, when co-administered with the widely utilized chemotherapeutic drug
cisplatin, p53C4-16 was able to further decrease cell viability, resulting in almost complete cell

death (Figure 5.6B).
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Figure 5.5. Full scan spectrum (ESI-MS) of the synthesized p53C4-16 by solid-phase chemical synthesis.
The [M-H]- peak represents the negatively charged cyclic peptide, after one proton is removed. The [2M-H]- peak
represents the dimer formed by the association of [M-H]- with its neutral counterpart, commonly created due to

high sample concentration. Solid-phase synthesis and MS analysis were performed by Genscript (USA).
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Figure 5.6. Viability of melanoma WM164 (p53(Y220C)) cells after treatment for 48 h with different
concentration of p53C4-16, as determined by the MTT assay in (A) the absence or (B) the presence of 330
pM (100 pg/ml) cisplatin. p53C4-16 was able to reduce cell viability in a dose-dependent manner and also
enhance the apoptotic effect of the known chemotherapeutic agent cisplatin. Viability of untreated cells was
arbitrarily set to 100. Mean values * sd are presented (n=6 replicate 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 p53C4-16 has selective toxicity towards cancer cell lines, we
determined its effect on the viability of the highly sensitive human mesenchymal stem cells
derived from Wharton’s Jelly (WJ-MSC) [336]. Indeed, while at the highest concentration
p53C4-16 exhibits a small cell viability decrease (Figure 5.7), this effect is not considered
significant enough to support a general cytotoxic effect of the selected cyclic peptide,

supporting the notion that p53C4-16 is able to selectively promote cell death of cancer cells.
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Figure 5.7. Viability of human mesenchymal cells derived from Wharton’s Jelly after treatment for 3 h
with different concentration of p53C4-16, as determined by the MTT assay. Viability of untreated cells was
arbitrarily set to 100. Mean values + sd 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 in in vitro experiments

For the execution of the following in vitro experiments, we firstly needed to isolate the
proteins of interest in a pure form. For this reason, we produced fusions of T-p53C or T-
p53(Y220C) along with a Hiss affinity tag in E. coli. Upon overexpression, the proteins of
interest were purified using IMAC (Figure 5.8), followed by size-exclusion chromatography
using the HiLoad 16/600 Superdex 200 pg column (Figure 5.9) as described in the Materials
and Methods section. This procedure resulted in the preparation of T-p53C and T-

p53C(Y220C) at high purity.

Flow- Elutions with increasing concentrations
through ofimidazole

10—

Figure 5.8. SDS-PAGE of samples collected during protein purification of T-p53C(Y220C)-Hiss by Ni-

IMAC after overexpression in E. coli Tuner(DE3).
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Figure 5.9. Size-exclusion chromatography (SEC) of T-p53C-Hiss (top) and T-p53C(Y220C)-Hiss (bottom)
after the IMAC purification shown in Figure 5.8. As expected, in the samples before SEC, T-p53C-His6 was
mostly present in a monomeric form, while the aggregation prone T-p53C(Y220C)-His6 was present in higher

order aggregates.

5.4. Evaluation of the selected cyclic peptides’ ability to increase

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

In order to investigate the potential of the selected cyclic peptides to increase the
thermodynamic stability of T-p53C(Y220C), we used differential scanning fluorimetry (DSF)
and the dye SYPRO orange, which exhibits a significant fluorescence increase upon binding

to hydrophobic protein regions (Figure 5.10). This method enables the estimation of a protein’s
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melting temperature (Tm), which is proportional to its thermodynamic stability, by simply

monitoring the sample’s fluorescence levels during thermal unfolding [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 orange. Initially, 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 protein’s exposed hydrophobic regions (depicted in grey) and emits increased levels of fluorescence at 610
nm (represented by red arrows). Further temperature increase results in protein aggregation and precipitation and
gradual fluorescence decrease. Adapted from [337].

We first opted to determine the Tm of T-p53C and T-p53C(Y220C) in the absence of
any test compound using DSF. For this reason we prepared samples of T-p53C and T-
p53C(Y220C) in the presence of SYPRO orange and measured their fluorescence while
gradually increasing the samples’ temperature using a real-time PCR instrument. This process
generated a sigmoidal curve whose inflection point (Tm) was calculated by determining the
maximum of the first derivative [d(RFU)/dT] (Figure 5.11) and for more accurate results by
fitting the data to the Boltzmann equation using the OriginPro software (Table 5.1 and

Appendix A).
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Figure 5.11. Thermal denaturation analysis of T-p53C and T-p53C(Y220C) using DSF. (A) Relative
fluorescence of T-p53C and T-p53C(Y220C) in the presence of SYPRO orange and during gradual temperature
increase. (B) Plot 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.

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

Sample Calculated Tm (°C) Mean Tm (°C)
T-p53C 4401+0.12 4422+011 44.23+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 p53C4-16 on the Tm of T-p53C(Y220C). Interestingly,
by increasing the concentration of p53C4-16, we noticed a gradual shift of the fluorescence
curve of T-p53C(Y220C) in the presence of SYPRO orange, which reached its maximum at 15
molar equivalents of p53C4-16 (Figure 5.12). At this concentration, p53C4-16 was able to
increase the Tm of T-p53C(Y220C) by ~0.8 °C, which is comparable to other published small
molecule re-activators of T-p53C(Y220C) [186]. In addition, in the presence of increasing

concentrations of p53C4-16 we noticed a gradual decrease in the levels of fluorescence,

124



indicating that the exposed hydrophobic surfaces of T-p53C(Y220C) were reduced and thus,

that the protein is more stable in the presence of p53C4-16 (Figure 5.12).
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Figure 5.12. Effect of p53C4-16 to the thermal stability of T-p53C(Y220C) using DSF. (A) Relative
fluorescence of 15 uM T-p53C(Y220C) in the absence or presence of 250 uM p53C4-16 as 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 performed in triplicates are presented. (C) Concentration dependent thermal
stabilization of T-p53C(Y220C) by increasing concentrations of p53C4-16 as measured by DSF.
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Table 5.2. Calculated Tm values of T-p53C(Y220C) in the absence or presence of increasing concentration

of p53C4-16, after fitting to the Boltzmann equation.

Sample Calculated Tm (°C) Mean Tm (°C)
No peptide 34.19 £ 0.05 34.26 + 0.06 34.33 £ 0.08 34.26 + 0.06
75 uM p53C4-16 34.60 + 0.06 34.37 £ 0.05 34.49 + 0.06 34.49 + 0.06
150 uM p53C4-16 | 34.56+0.06  34.59 +0.05 34.63 £ 0.05 34.59 + 0.06
250 uM p53C4-16 | 35.02 +£0.05 35.07 £ 0.06 34.99 + 0.06 35.03 £ 0.06
350 uM p53C4-16 | 34.94 +0.04 34.99 + 0.04 35.03 £ 0.05 34.98 £ 0.04

Similarly, we monitored the thermal denaturation of T-p53C(Y220C) in the presence

of p53C5-18 and p53C7-10. Neither of the cyclic peptides were found able to increase the

protein’s Tm even when administered at a 20-fold molar excess in the DSF assay (Figure 5.13,

Figure 5.14 and Table 5.3). However, the fluorescence levels of samples containing T-

p53C(Y220C), SYPRO orange and increasing concentrations of p53C5-18 were gradually

decreased compared to the no peptide samples, indicating that the exposed hydrophobic

surfaces of T-p53C(Y220C) were reduced and thus, that the protein is more stable in the

presence of p53C5-18 (Figure 5.13).
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Figure 5.13. Effect of p53C5-18 to the thermal stability of T-p53C(Y220C) using DSF. (A) Relative
fluorescence of 15 uM T-p53C(Y220C) in the absence or presence of increasing concentrations of p53C5-18 as
measured by 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 performed in triplicates are presented.

>
w

. 200
X 1004 — No peptide
§ — 15 M p53C7-10
€ 75 — 75uMps3CT-10 £ ol
3! — 300 uM p53CT7-10 3
g 2
S 50
.,—? %-200_ —— No peptide
g ool ' — 15 uM p53C7-10 |\
ko — 75 M p53C7-10 |
2 — 300 M pS3C7-10 %
0- T T -400 ‘ T — T
20 30 40 50 20 30 40 50
Temperature (°C) Temperature (°C)

Figure 5.14. Effect of p53C7-10 to the thermal stability of T-p53C(Y220C) using DSF. (A) Relative
fluorescence of 15 uM T-p53C(Y220C) in the absence or presence of increasing concentrations of p53C7-10 as
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 performed in triplicates are presented.
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Table 5.3. Calculated Tm values of T-p53C(Y220C) in the absence or presence of increasing concentration
of p53C5-18 or p53C7-10, after fitting to the Boltzmann equation.

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

No peptide 39.80 + 0.06 39.24 £ 0.04 39.27 £ 0.04 39.43 £ 0.04

15 uM p53C5-18 39.41 +£0.03 39.75 £ 0.05 39.13 £ 0.04 39.43 £ 0.04

75 UM p53C5-18 | 39.21+0.04  39.96 +0.04 39.22 +0.03 39.46 £ 0.04

300 uM p53C5-18 | 39.18 £ 0.03 39.36 + 0.03 39.67 £ 0.04 39.40 £ 0.04
15 uM p53C7-10 39.23 £0.02 39.06 + 0.03 39.17 £0.03 39.15+0.03

75 WM p53C7-10 | 39.07+£0.04  38.76 + 0.07 39.00 + 0.03 38.94 £ 0.05

300 uM p53C7-10 | 39.31 +0.04 39.31 £ 0.04 39.25+0.03 39.29 £ 0.04

5.5. Evaluation of the selected cyclic peptides’ ability to inhibit T-

p53C(Y220C) aggregation in vitro

It has been previously shown that destabilized p53 mutants aggregate in vitro and in
vivo creating amyloid-like fibrils that can bind thioflavin T (ThT) [338]. Indeed, rescuers of
p53 aggregation have been previously found to decrease tumour cell viability, supporting the
notion that the identification of p53 aggregation inhibitors could be a potentially therapeutic
approach for various carcinomas [227]. With this in mind, we opted to evaluate the ability of
the selected cyclic peptides to inhibit the aggregation of T-p53C(Y220C) in vitro by monitoring

the fluorescence levels of protein samples in the presence of ThT.

First, we monitored the aggregation process of protein samples containing 20 uM of
ThT and 15 uM of monomeric T-p53C or T-p53C(Y220C) at 37 °C, by measuring ThT

fluorescence every 5 min and for a period of 10 h. As expected, we found that T-p53C(Y220C)
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self-assembled into amyloid-like aggregates over time, while T-p53C exhibited no significant
aggregation and ThT fluorescence increase (Figure 5.15A). Next, we studied the ability of the
selected cyclic peptides to inhibit the aggregation of T-p53C(Y220C) by incubating monomeric
T-p53C(Y220C) with increasing concentrations of p53C4-16, p53C5-18 and p53C7-10.
Interestingly, we found that, while both p53C5-18 and p53C7-10 showed no significant
increase of the proteins Tm, they were both able to inhibit its aggregation significantly at 5
molar equivalents of each cyclic peptide (Figure 5.15B and C), while not affecting ThT
fluorescence when incubated in the absence of T-p53C(Y220C) (Figure 5.15E). In contrast,
p53C4-16, which was able to increase the Tm of T-p53C(Y220C) (Figure 5.15D), was found
unable to significantly affect its aggregation propensity. The latter observation is somewhat
surprising, as thermal stabilization of T-p53C(Y220C) should theoretically also result in a
reduction in its aggregation propensity. However, taking into account that the aggregation
assays were performed at 37 °C the reported thermodynamic stabilization of T-p53C(Y220C)

may not be sufficient to inhibit its aggregation at this rather elevated temperature.
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Figure 5.15. Kinetic studies of T-p53C and T-p53C(Y220C) in the absence and presence of the selected
peptides. Relative fluorescence of protein samples containing 20 uM ThT and (A) 15 uM of T-p53C or T-
p53C(Y220C) in the absence of any cyclic peptide, (B) 15 uM T-p53C(Y220C) in the absence and presence of 1
and 5 molar equivalents of p53C5-18, (C) 15 uM T-p53C(Y220C) in the absence and presence of 1 and 5 molar
equivalents of p53C7-10, (D) 15 uM T-p53C(Y220C) in the absence and presence of 1, 7.5 and 20 molar
equivalents of p53C4-16 and (E) 300 uM of each selected cyclic peptide in the absence of T-p53C(Y220C). In

each panel mean values of one experiment performed in triplicates is presented.
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5.6. Discussion

In this chapter we have presented the evaluation of selected hits from the engineered
ultrahigh-throughput bacterial screening system for their ability to increase the thermodynamic
stability of T-p53C(Y220C) and reduce its aggregation propensity in vitro, as well as reduce

the cell proliferation of cancer cell lines carrying the p53(Y220C) mutation.

Initially, the selected cyclic peptides were recombinantly produced in E. coli and
isolated using a one-step intein-mediated purification process and subsequently evaluated for
their ability to promote cell death of a cancer cell line carrying the p53(Y220C) mutation. All
selected cyclic peptides except of the larger heptapeptide p53C7-10, were found to decrease
cancer cell proliferation, with p53C4-16 exhibiting the greatest effect. Synthetic p53C4-16 was
subsequently administered to cancer and normal cells in increasing concentrations and was

found to selectively decrease tumour cell viability in a dose-dependent manner.

Besides p53C4-16, the rest of the cyclic peptides were not further tested in cancer cell
lines, mainly due to persisting difficulties associated with chemical synthesis of these cyclic
peptides. While such experiments are planned for the near future, we hypothesize that their
preliminary reduced effect, or lack thereof, could be a result of insufficient biosynthetic
production, or in the case of p53C7-10, poor cell membrane permeability due to its larger ring
size and molecular mass (MW= 775 Da). Therefore, we believe that all selected cyclic peptides
have the potential to affect cell viability and should be further tested in cancer cell lines carrying

the p53(Y220C) mutation.

In parallel, we report the assessment of the three synthetically produced cyclic peptides
p53C4-16, p53C5-18 and p53C7-10, as stabilizers of T-p53C(Y220C) and/or aggregation
inhibitors. Interestingly, p53C4-16 was able to increase the protein’s Tm by approximately 1

°C, and had a small effect on its aggregation propensity. Contrary, both p53C5-18 and p53C7-
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10 were able to inhibit T-p53C(Y220C) aggregation, but not affect its Tm. These observations
are very interesting as they indicate that the selected cyclic peptides from the bacterial screen
could in fact rescue the protein’s misfolding by different mechanisms, acting as either protein

stabilizers or aggregation inhibitors.
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Chapter 6 — Evaluation of the selected cyclic
peptides on their ability to affect Ap42
aggregation and its associated neurotoxicity in

vitro and in vivo

6.1. High-throughput analysis of the isolated hits

As multiple distinct cyclic heptapeptide sequences were identified among the ten
selected clones initially tested (Table 4.2), we hypothesized that numerous AP42-targeting
macrocyclic sequences may exist among the selected peptide pool. To determine the entire
ensemble of potentially bioactive cyclic heptapeptides present in our library, we performed
deep sequencing analysis of the heptapeptide-encoding regions in >0.4 million pSICLOPPS-
NuX1X2X3X4Xs5Xs vectors contained in the selected bacterial population after the seventh
round of sorting (Figure 4.13). This analysis revealed 416 distinct cyclic heptapeptide
sequences appearing at least twenty times within the sorted population, thus indicating that
their presence in the selected pool is not coincidental (Appendix B). Indeed, cloning of three
randomly chosen cyclic heptapeptide sequences appearing in the sorted pool only with very
low frequencies, revealed that they are also efficient in increasing the fluorescence of

bacterially expressed Ap42-GFP (Figure 6.1).
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Figure 6.1. Low frequency cyclic heptapeptides from the sorted pool affect the aggregation of Ap42-GFP.
Relative fluorescence of E. coli Tuner(DE3) cells co-expressing Ap42-GFP and three cyclic heptapeptide
sequences appearing in the sorted pool only at low frequencies as shown in Appendix B. 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.m.

We next performed sequence analysis of the selected cyclic heptapeptides. We found
that Cys was the nucleophilic amino acid that was present at position 1 in the vast majority of
the selected cyclic heptapeptides (99.6% of all selected sequences) (Figure 6.2A). Furthermore,
we observed that the frequency of appearance of only a very small number of specific amino
acids was enriched at each position among the selected sequences: Arg and Lys at position 2;
Val at position 3; Trp and Thr at position 4; lle, GIn, Cys, Met, Ser, Thr and Pro at position 5;
Ala, Leu, Val, Glu, Lys and Pro at position 6; and lle, Leu and Pro at position 7 (Figure 6.2B
and Table 6.1). On the contrary, the majority of amino acids, including the ones that were
present in higher abundance in the initial library, were strongly de-enriched (Figure 6.2B and

Table 6.1), thus indicating a highly efficient selection process.
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Figure 6.2. Sequence analysis of the selected heptapeptides. (A) Frequency of appearance of the 20 natural
amino acids at each position of the heptapeptide sequences selected after the seventh round of sorting (Figure
4.13). (B) Enrichment of the 20 natural amino acids at each position of the heptapeptide sequences selected after

the seventh round of sorting (Figure 4.13). Values represent the log2-fold change of the amino acid frequency of

appearance of the peptides from the sorted pool compared to the initial library.
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Table 6.1. Enrichment (blue) and depletion (red) of the 20 amino acids in each position of the heptapeptide
sequences. Values represent the log2 fold change of the amino acid distribution of peptides from the selected

pool compared to the initial library.

Position

Amino Acid

® U R I I MUOUAHdnzooozZz<sn<r —>

In order to identify potential relationships among the selected cyclic heptapeptides, we
carried out sequence similarity analysis and hierarchical clustering. As the similarity analysis
is performed using linear sequences, all possible circular permutations of each selected cyclic
heptapeptide were taken into consideration (Figure 6.3). From the 416 cyclic heptapeptides
selected, 323 of them formed 1,467 unique pairs with more than 70% sequence identity and
formed twenty distinct clusters with similar sequence characteristics (Figure 6.4 and Table 6.2).
Clusters I and 11 were the most dominant, comprising 75.0% and 4.6% of the selected bacterial
clones respectively, as well as 25.7% and 6% of the unique cyclic heptapeptide sequences
selected (Figure 6.5, Table 6.2 and Appendices C, D). The majority of peptides from Clusters
I and 11 appeared to belong to a cyclo-CxVWxxx and a cyclo-CxxVPSx motif, respectively, in

agreement with our previous observations (Table 4.2).
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Figure 6.3. Schematic of the linear representations (circular permutants) of a cyclic heptapeptide.
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Figure 6.4. Network visualization of all clusters identified using the Girvan-Newman algorithm of the Gephi
software. Nodes represent different cyclic peptide sequences and solid lines connect pairs of peptides that share
at least 70% sequence identity. Grey nodes represent cyclic heptapeptides that do not share at least 70% homology

with any other cyclic peptide from the selected pool.
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Table 6.2. Distribution of the heptapeptide sequences in the different clusters identified.

Number of Cluster )
N——— Cluster | Number unique EN— Peptides/Total
name of reads ) peptides (%)
peptides reads (%)

1 I 303,245 107 75.01 25.72
2 I 19,690 25 4.87 6.01
3 I 16,667 64 4.12 15.38
4 v 6,047 44 15 10.58
5 \Y 5,362 20 1.33 4.81
6 Vi 2,837 12 0.7 2.88
7 \l 2,192 6 0.54 1.44
8 VI 1,987 5 0.49 1.2

9 IX 1,700 2 0.42 0.48
10 X 1,545 6 0.38 1.44
11 Xl 1,290 4 0.32 0.96
12 Xl 611 2 0.15 0.48
13 X1 606 11 0.15 2.64
14 XV 482 2 0.12 0.48
15 XV 258 3 0.06 0.72
16 XVI 235 2 0.06 0.48
17 XVII 95 2 0.02 0.48
18 XVIII 86 2 0.02 0.48
19 XIX 54 2 0.01 0.48
20 XX 42 2 0.01 0.48
21 Singletons | 39,249 93 9.71 22.36

Sum 404,280 416 100 100
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Figure 6.5. Visualization of the main clusters formed by the selected cyclic heptapeptides according to their
sequence similarities, as in Figure 6.4 . The sequences of the members of the two most dominant clusters
(Clusters 1 and I1) are shown in the corresponding dendrograms.

Two of the selected heptapeptides, cyclo-CKVWQLL and cyclo-CRIVPSL, termed
ABC7-1 and ABC7-14 (AB-targeting cyclic 7-peptide number 1 and 14), respectively (Figure
6.6), were chosen for subsequent analysis and were synthetized chemically in mg quantities.

These cyclic peptides were selected because they were both encountered in the post-selection
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pool investigated initially (Table 4.2) and, more importantly, they were the most frequently
encountered members among the two most dominant clusters (Clusters | and I1) (Appendices

C, D).
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Figure 6.6. Chemical structures of the selected cyclic heptapeptides ABC7-1 and ABC7-14.

6.2. In vitro evaluation of ABC7-1 and ABC7-14

The ability of the selected cyclic heptapeptides to inhibit the AB42 aggregation was
determined using a highly reproducible approach previously described based on monitoring the
kinetics of AB42 aggregation by thioflavin T (ThT) staining [339,340]. Monomeric AB42 was
purified after recombinant production in E. coli and kinetic reactions were initiated using 2 uM
AP42 in the absence and presence of ABC7-1 and ABC7-14. Both cyclic heptapeptides
inhibited the aggregation of AB42 very effectively at sub-stoichiometric ratios as low as 0.5

molar equivalents for ABC7-1 and 0.1 for ABC7-14 (Figure 6.7).
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Figure 6.7. Kinetic profiles of the aggregation of 2 uM Ap42 in the absence and presence of (A) ABC7-1 or
(B) ABC7-14, at different molar ratios. Mean values of one experiment performed in triplicates are presented.
Experiments were performed in collaboration with Sean Chia and under the supervision of Dr. Johnny Habchi

and Prof. Michele Vendruscolo at the Centre for Misfolding Diseases of the University of Cambridge.
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Specifically, we found that both the tiag (time required for the ThT fluorescence to reach
10% of the total amplitude) and tgrowtnh (transition time from 10% to 90% of the total ThT
fluorescence amplitude) of the AP42 aggregation reaction were increased in the presence of
the two selected macrocycles, suggesting that they are able to inhibit both the primary and

secondary nucleation steps of Ap42 aggregation, albeit to a different extent (Figure 6.8).
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Figure 6.8. Normalised tiz, tiag and tgrowth Values of the Kinetic aggregation reactions from (Figure 6.7) in
the presence of (A) ABC7-1 or (B) ABC7-14. Mean values + sem of one experiment performed in triplicates are
presented. Experiments were performed in collaboration with Sean Chia and under the supervision of Dr. Johnny

Habchi and Prof. Michele Vendruscolo at the Centre for Misfolding Diseases of the University of Cambridge.
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Furthermore, we found that Ap42 fibrils formed after the completion of the aggregation
reaction in the absence and presence of both ABC7-1 and ABC7-14 were similar in both size
and morphology (Figure 6.9). Thus, it is likely that these selected macrocycles are not binding
irreversibly to AB42 species, and redirecting the aggregation process towards off-pathway
aggregates. Importantly, the observed deceleration of Ap42 aggregation by the selected
macrocycles could also be observed in the absence of ThT, when the progress of the
aggregation was monitored by extracting aliquots at different time points and probing fibril
formation by dot blotting using the fibril-specific OC antibody (Figure 6.10), therefore
excluding the possibility of interference of the two selected compounds with ThT binding to

AP42 fibrils.
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Figure 6.9. Representative TEM images of 2 pM AB42 fibrils in the absence (left) and presence (right) of
either 10 pM ABC7-1 (top) or 4 pM ABC7-14 (bottom). Samples were taken at the reaction end point as
measured by thioflavin T (Figure 6.7). Experiments were performed in collaboration with Sean Chia and Rodrigo
Lessa Cataldi, and under the supervision of Dr. Johnny Habchi and Prof. Michele Vendruscolo at the Centre for

Misfolding Diseases of the University of Cambridge.
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Figure 6.10. Time course of the aggregation of 2uM AB42 in the presence and absence of 0.5 pM ABC7-14
using a dot blot assay and the Ap42 fibril-specific antibody OC. Mean values + sem of one experiment
performed in triplicates are presented. Experiments were performed in collaboration with Sean Chia and under
the supervision of Dr. Johnny Habchi and Prof. Michele Vendruscolo at the Centre for Misfolding Diseases of the

University of Cambridge.
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6.3. In vivo evaluation of ABC7-1 and ABC7-14

To evaluate the effects of ABC7-1 and ABC7-14 in vivo, we tested their impact on Ap42
aggregation and its associated toxicity in an established C. elegans model of Alzheimer’s
disease. We used GMC101, a transgenic strain expressing human Ap42 in body-wall muscle
cells under the control of a heat-inducible promoter [341]. Upon temperature up-shift, these
nematodes (hereafter referred to as Ap worms) exhibit muscle-localized AB42 aggregation and
eventually the emergence of a paralysis phenotype [341]. Since the in vitro results suggested
that the two compounds affect the early stages of Ap42 aggregation, ABC7-1 and ABC7-14
were administered to the Ap worms before aggregation was initiated. The fitness of the AP
worms - defined as the frequency and speed of body bends - was monitored in the absence and
presence of ABC7-1 and ABC7-14 and compared to wild-type nematodes, which do not express
ApB42. Both peptides increased the motility and speed of the AB worms throughout their
lifetime, with higher activity at day 7 of adulthood, probably due to peptide degradation and/or

depletion at later days (Figure 6.12).
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Figure 6.11. ABC7-1 and ABC7-14 increase the motility of Ap worms. (A) Normalised motility of Ap and
wild-type worms in the absence and presence of 40 uM ABC7-1 and 5 uM ABC7-14 during 5-10 d of adulthood.
(B) Motility of individual AP and wild-type worms in the absence and presence of ABC7-1 and ABC7-14 at 7 d
of adulthood. In all panels ~200 worms were analysed on average and mean values + Ss.e.m. are presented
(n=number of worms tested in one experiment). Experiments were performed under the supervision of Michele

Perni and Prof. Michele Vendruscolo at the Centre for Misfolding Diseases of the University of Cambridge.
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Figure 6.12. ABC7-1 and ABC7-14 increase the speed of movement of Ap worms. (A) Normalised speed of
movement of AP} and wild-type worms as in Figure 6.11. (B) Speed of individual A and wild-type worms as in
Figure 6.11. In all panels ~200 worms were analysed on average and mean values+s.e.m. are presented
(n=number of worms tested in one experiment). Statistical significance is denoted by: ****P<0.0001, for
differences to the “No peptide AP worms” sample. Experiments were performed under the supervision of Michele

Perni and Prof. Michele Vendruscolo at the Centre for Misfolding Diseases of the University of Cambridge.
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Notably, both peptides were able to restore the total fitness of the Ap worms to

approximately the levels of the wild-type animals (Figure 6.13).

Total fithess

Ne peptide  ARC7-1 ABRC7-14  No peptide

AB worms Wild-type worms

Figure 6.13. Total fitness of individual Ap and wild-type worms in the absence and presence of ABC7-1 and
APBC7-14 at 7 d of adulthood. Mean values + s.e.m. are presented. Statistical significance is denoted by: ¥*P<0.05
for differences to the “No peptide AP worms” sample. Experiments were performed under the supervision of
Michele Perni and Prof. Michele Vendruscolo at the Centre for Misfolding Diseases of the University of

Cambridge.

Furthermore, Ap worms treated with either one of the selected cyclic peptides produced
50-60% fewer Ap42 aggregates, as determined by imaging of the worms using the amyloid-

specific dye NIAD-4 (Figure 6.14).
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Figure 6.14. Imaging of Ap and wild-type worms in the absence and presence of ABC7-1 and ABC7-14 at 7
d of adulthood. (top) Representative images from AB and wild-type worms at 7 d of adulthood in the presence
and absence of 40 uM ABC7-1 and 5 puM ABC7-14. (bottom) Relative fluorescence of AB42 and wild-type worms
at 7 d of adulthood showing a 50-60% decrease in AP} aggregate formation in the presence of ABC7-1 and ABC7-
14. 25 worms were analysed in total. Mean values +s.e.m. are presented (n=number of worms tested in one
experiment). Statistical significance is denoted by: *P<0.05 for differences to the “No peptide AB worms” sample.
Experiments were performed under the supervision of Michele Perni and Prof. Michele VVendruscolo at the Centre

for Misfolding Diseases of the University of Cambridge.
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In order to exclude the possibility of promoter- or strain-specific effects, we treated the
transgenic C. elegans strain CL4176 with ABC7-1 and ABC7-14, which expresses human AB42
in its body wall muscle cells under a different promoter [342]. Consistently with our previous
observations, the administration of either one of the cyclic peptides resulted in a significant
delay in the emergence of its characteristic paralysis phenotype (Figure 6.15). These results
demonstrate the protective effect of the two cyclic peptides in the context of an animal, as
shown by decrease of AB42 deposits, increased locomotion, delay of paralysis and recovery of

total fitness.

100
@ 804
w
=
©
s 60+
O
S 40 ,
O —— No peptide
& 204 —~— ABCT7-1
- ABC7-14
0 T 1 1
25 30 35

Hours post temperature upshift

Figure 6.15. Paralysis curves of C. elegans CL4176 expressing human Ap42 and treated with 10 pM of
ABC7-1 and ABC7-14. No peptide: mean=28.4+0.2, n=863/867, APC7-1: mean=29.5+0.1, n=867/873,
P<0.0001; and ABC7-14: mean=29.2+0.1, n=887/893, P<0.0001. Experiments were performed by Nikoletta

Papaevgeniou under the supervision of Dr. Niki Chondrogianni at the NHRF.
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6.4. Structure-activity relationships of ABC7-1 and ABC7-14

In order to identify the functionally important residues within the selected peptides, we
performed nucleophile substitutions at position 1 and Ala scanning mutagenesis at positions 2-
7 for both ABC7-1 and ABC7-14. Then, we compared the effect of these amino acid
substitutions on the levels of bacterially expressed AB42-GFP fluorescence and aggregation
with those of the selected sequences (positive control) and of random cyclic peptide sequences
(negative control). For both ABC7-1 and ABC7-14, the substitution of Cys at position 1 with
Ser resulted in ~50% reduction in fluorescence, while the substitution with Thr resulted in
levels of AP42-GFP fluorescence and aggregation similar to those corresponding to the
selected sequence (Figure 6.16 and Figure 6.18). The latter observation is somewhat surprising,
considering the dominant appearance of Cysl sequences among the selected cyclic
heptapeptide pool (Figure 6.2A). However, it may be related to previous results from our lab,
where FACS sorting of the cyclic tetra-, penta- and hexapeptides resulted in the identification
of cyclic pentapeptides against Ap42 aggregation corresponding to the cyclo-TXXXR motif
(X'is anyone of the 20 natural amino acids) [330]. Furthermore, for both peptides, Ala scanning
mutagenesis at the majority of the positions 2-7 resulted in significant Ap42-GFP fluorescence
decrease and concomitant increase in aggregation (Figure 6.16 and Figure 6.18). Specifically,
for ABC7-1, substitutions at positions 2, 3, 4 and 7 resulted in a ~30-70% decrease in Ap42-
GFP fluorescence, while for ABC7-14, substitutions at all positions except Ser6, resulted in a

~45-80% decrease (Figure 6.16, Figure 6.17 and Figure 6.18).
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Figure 6.16. Relative fluorescence of E. coli Tuner(DE3) cells overexpressing Ap42-GFP and ABC7-1 or the
indicated variants thereof as measured by flow cytometry. The fluorescence of the bacterial population co-
producing the random cyclic peptide was arbitrarily set to 100. Experiments were carried out in triplicates (n=1

independent experiments) and the reported values correspond to the mean value + s.e.m.
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Figure 6.17. Relative fluorescence of E. coli Tuner(DE3) cells overexpressing Ap42-GFP and ABC7-14 or
the indicated variants thereof as measured by flow cytometry. The fluorescence of the bacterial population
co-producing the random cyclic peptide was arbitrarily set to 100. Experiments were carried out in triplicates (n=1

independent experiments) and the reported values correspond to the mean value + s.e.m.
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Figure 6.18. Solubility analysis of E. coli Tuner(DE3) cells overexpressing Ap42-GFP and the two selected
cyclic peptide sequences along with the indicated variants. Total lysates of cells co-expressing Ap42-GFP and
the indicated variants of ABC7-1 (left) or ABC7-14 (right) as in Figure 6.16 and Figure 6.17, were separated by
native-PAGE and visualized by western blotting using the anti-Ap antibody 6E10 (top) and in-gel fluorescence

(bottom).

These observations indicate that a number of residues in both selected cyclic
heptapeptides are important for optimal aggregation inhibition activity. Indeed, when we
performed sequence analysis of all the selected sequences belonging to either Cluster | or
Cluster I1, we found that the peptides appearing most frequently in each cluster have strong
preferences for specific amino acids at each position. More specifically, for Cluster I, Arg and
Lys at position 2 appeared in >90% of the selected peptides, while Val at position 3, Trp at
position 4, GIn, Cys, Ser, Met and Thr at position 5 and lle, VVal and Leu at position 7 appeared

in >99% of the selected clones (Figure 6.19A and Appendix C). Similarly, for Cluster I, the
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frequency of appearance of Arg, lle, Val and GlIn at position 2 was ~93%, whereas for Ile and
Val at position 3, Val at position 4, Pro at position 5, Ser and Ala at position 6 and lle, Leu and
Val at position 7 was >97% (Figure 6.19B and Appendix D). Taken together, our results
indicate that the most bioactive motifs against AP misfolding and aggregation in the
investigated macrocycle library are cyclo-(C,T)(R,K)VW(IT,A,M)X(¥,P) and cyclo-
(C,DHALV)VP(S,A)Y, for Clusters | and 11, respectively, where X is anyone of the 20 natural
amino acids; IT: any one of the polar amino acids Q, C, Sand T; A: R, I, V or Q; and Y¥: any

one of the aliphatic amino acids L, V and I.
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Figure 6.19. Heat map representation of the amino acid distribution at each position of the peptide
sequences corresponding to Cluster | (top) and Cluster 11 (bottom), as demonstrated by the deep sequencing
analysis results. In each panel, the total (left) or the unique (right) heptapeptide sequences were included in the

analysis.

156



6.5. Discussion

In this chapter we present the evaluation of the selected population of cyclic peptides
after FACS screening against AB42 aggregation. By coupling the screening methodology
described in Chapter 4 with high-throughput sequencing analysis of the isolated hits, we were
able to identify over 400 cyclic heptapeptides with the potential to inhibit Ap42 aggregation.
Using sequence similarity analysis these heptapeptides were divided into twenty clusters, with

distinct sequence characteristics.

In order to verify the bioactivity of the selected heptapeptides, we chose the most
frequently encountered member from each of the two most dominant clusters (Clusters | and
I1) for further in vitro and in vivo analysis. Indeed, by utilizing a highly reproducible approach,
developed by our collaborators at the University of Cambridge, for monitoring the kinetics of
APB42 aggregation in vitro, we were able to verify that both cyclic heptapeptides inhibit the
aggregation of AB42 very effectively at sub-stoichiometric ratios. Furthermore, the two
selected cyclic peptides appear to inhibit both the primary and secondary nucleation steps of
AP42 aggregation, albeit to a different extent, suggesting that members from different clusters

may function by different inhibitory mechanisms.

Subsequently, both selected heptapeptides were evaluated in two established C. elegans
models of AD, and were found capable of protecting the animals from the AB42 aggregation
associated cytotoxicity, as they were able to decrease the AB42 deposits found in the worms’

body wall muscle cells, increase their locomotion and delay their paralysis.

After verifying that representative members of the two most dominant clusters were
bioactive in vitro and in vivo, we used a combination of site-directed mutagenesis and deep
sequencing analysis to rapidly define the sequence motifs providing optimal bioactivity among

each selected cluster. For Clusters | and Il these were found to be cyclo-
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(CNR,K)VWIILAM)X(¥,P) and cyclo-(C,T)A(I,V)VP(S,A)Y, respectively, where X is
anyone of the 20 natural amino acids; IT: any one of the polar amino acids Q, C,Sand T; A: R,

I, V or Q; and ¥: any one of the aliphatic amino acids L, V and I.

Finally, while members from the remaining eighteen clusters were not evaluated in vitro
or in vivo, we believe that these clusters also include cyclic peptides with increased bioactivity
and therefore should be tested in future experiments. Interestingly, none of the identified
sequence motifs bare any similarity to neither the sequence of AB42 nor to other macrocyclic
AP42 aggregation modulators that we have previously identified using the same method [330],
thus highlighting that they comprise novel potentially therapeutic entities - and not extensions
of previously identified bioactive sequences -, whose identification would have been

impossible by rational design.

158



Chapter 7 — Conclusion

The work presented in this thesis describes the development of a generalized ultrahigh-
throughput system for monitoring the folding of disease-associated MisPs and identifying
cyclic peptides with the ability to rescue the associated protein misfolding and aggregation.
Specifically, combinatorial libraries of head-to-tail cyclic tetra-, penta-, hexa- and
heptapeptides are biosynthesized in the cytoplasm of E. coli cells and simultaneously screened
for their ability to correct the problematic folding of disease-associated MisPs, using an
ultrahigh-throughput screening assay that links the aggregation of MisP with a selectable

phenotype. This approach offers a number of important advantages:

First, it allows the facile screening of macrocyclic libraries with expanded diversities,
whose sizes are only limited by the theoretical diversity of the specific library design and the
transformation efficiency in E. coli. In this thesis, we present the straightforward construction
of a high-quality cyclic peptide library with more than 200 million members. By following the
same approach, larger libraries with up to 10'° members can be easily constructed. Importantly,
as E. coli cells can be engineered to accommodate a wide range of artificial amino acids, the
already constructed gene libraries can be encoded in such environments and produce
macrocycles with even higher diversities, as well as better pharmacokinetic properties. In
addition, while in this thesis we present the construction of a library of head-to-tail cyclic
peptides, the described system can be easily adapted to construct libraries of side-chain-to-
backbone cyclic peptides [343], bicyclic peptides [275], lasso peptides[344], 6-defensins[345]
and cyclotides[346] among others [347,348], further increasing the diversity of the available

test molecules. Therefore, by screening libraries with greatly expanded diversities, the chances
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of identifying molecules with the desired properties, especially against difficult targets such as

protein-protein interactions and protein aggregation, are significantly enhanced.

Additionally, the herein described system enables the direct functional screening of the
constructed library, thus allowing the identification of hits with aggregation inhibitory activity.
Compared to other high-throughput approaches frequently utilized for the same purpose, such
as phage display, this bacterial system decreases the possibility of identifying strong binders
that are either completely inactive or with the opposite effect than the originally intended, and
therefore the overall cost and time of the selection process is limited significantly. To
corroborate this, even in some cases where the bacterial screening may result in false-positive
hits, these can be easily and cost-effectively identified without the need of purified target
proteins or synthetic compounds. Furthermore, the incorporation of FACS-based selection into
our system has enabled the high-throughput identification of hits, in a greatly accelerated
manner compared to other functional multi-well assays, which become impractical for libraries
with more that 10%-107 members. Specifically, in the case of AB42, we were able to screen our
complete library of >200 million compounds and identify hundreds of bioactive hits in just a

few days.

Moreover, our approach enables the simultaneous biosynthesis of the molecular
libraries and their direct functional screening inside living cells, therefore eliminating the need
for organic synthesis of the test compounds and purification of the target MisP. This advantage
is highly important as the synthesis of cyclic peptides using traditional methods is very costly
and laborious. Specifically, the average time required for the synthesis of the cyclic peptides
that were further evaluated in this thesis was approximately four months, whereas in the case
of the three selected cyclic tetrapeptides p53C4-4, p53C4-19 and p53C4-21, all organic
synthesis efforts have failed so far. Contrary, using our system we were able to evaluate the
aforementioned peptides’ ability to rescue protein misfolding and aggregation inside bacterial
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cells, as well as isolate biosynthesized cyclic peptides for further in vitro evaluation.
Furthermore, our system also eliminates the need for reproducible purification of the target
protein, which in the case of MisPs can be very laborious and frequently result in inaccurate

findings [340].

Another advantage of the described approach is that it enables the identification of
bioactive molecules in a fully unbiased manner, without requiring knowledge of the 3D
structure of the targeted MisP. This point is very important as this information is lacking for
many disease-associated MisPs. However, even in the few cases where protein structural
information is available, rational design of potential therapeutic compounds frequently result
in dead-ends. Notably, in the case of p53(Y220C), even though many compounds have been
designed to target the aberrantly formed crevice in the surface of the oncogenic variant, none
of them have made it to the market still. While there are no indications that the herein identified
cyclic peptides against p53(Y220C) will be more successful, by screening molecules in an
unbiased manner and selecting hits exclusively based on their bioactivity, the selection process
is not restricted and a wider range of potentially therapeutic compounds can be identified.
Therefore, the chances of discovering compounds with the desired properties are ultimately
increased. To further highlight the importance of unbiased screening, in the case of Ap42, the
herein presented aggregation inhibitors bear no resemblance to neither the sequence of the
target protein nor to other previously described aggregation modulators and thus their

identification would have been impossible by rational design.

Furthermore, the presented system is highly versatile and can be adapted as required in
order to provide hits against different MisPs. Indeed, while for the majority of the investigated
MisPs the identification of bioactive hits was very straightforward, in the case of p53(Y220C)
the initial employment of this system resulted in false positive hits. However, after carefully
selected modifications this system was able to provide a number of hits with the desired
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bioactivity. Therefore, we anticipate that even for MisPs that are more demanding, this system

will be capable of providing potentially therapeutic compounds.

Last but not least, this bacterial system is widely applicable against various PMDs as it
takes advantage of their common molecular origin, i.e. protein aggregation. Herein, we have
utilized this system to target four different disease-associated proteins, namely p53(Y220C),
AB42, SOD1(A4V) and HT Tex1-97Q. In the case of p53(Y220C), screening of the cyclic tetra-
, penta-, hexa- and heptapeptide libraries resulted in the identification of six putative rescuers
of p53(Y220C) with drug-like characteristics, i.e. four cyclic tetrapeptides and one cyclic
pentapeptide that comply by Lipinski’s rule of five [285], as well as one cyclic heptapeptide
that falls into the bRo5 space, where different rules for drug-likeness apply [286,287]. Further
evaluation of three of the selected hits indicated that these function by different rescuing
mechanisms; two of the selected cyclic peptides were shown to inhibit the aggregation of
p53(Y220C) in vitro without affecting its thermodynamic stability whereas the third was found
unable to affect the protein’s aggregation process, but capable of increasing its thermodynamic

stability and promoting cell death in cancer cell lines carrying this mutation.

Furthermore, in the case of Ap42, as part of this thesis we present the screening of the
cyclic heptapeptide library and the identification of over 400 putative inhibitors of Ap42
aggregation, which were subsequently divided into twenty clusters with distinct sequence
characteristics. Importantly, the bioactivity of two members from the two most prominent
clusters were verified in vitro and in two C. elegans models of AD, and suggested that members
from different clusters may function by preferentially inhibiting different stages of Ap42
aggregation. After structure-activity-relationship analysis, we were able to determine the
sequence motifs providing optimal bioactivity among each selected cluster, which in the case
of the two most prominent clusters were found to be cyclo-(C,T)(R,K)VW(IIL,A,M)X(¥,P) and
cyclo-(C, TA(I,V)VP(S,A)Y, where X is anyone of the 20 natural amino acids; IT: any one of
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the polar amino acids Q, C, Sand T; A: R, I, V or Q; and ¥: any one of the aliphatic amino
acids L, V and I. Furthermore, screening and evaluation of the cyclic tetra-, penta- and
hexapeptide libraries, which has been the focus of the PhD thesis of I. Matis, has similarly
resulted in the identification of hundreds of putative modulators of APB42 aggregation, two of
which were evaluated in vivo and in vitro. Similarly, the identified hits have been divided into
distinct clusters and are currently investigated for their ability to modulate AB42 aggregation

in diverse mechanisms.

Finally, in the case of SOD1(A4V) and HTTex:-97Q, we were able to select cyclic
peptide candidate folding rescuers and/or aggregation inhibitors, which are currently under
investigation in our laboratory. Importantly, in the case of SOD1(A4V), the screening and
evaluation of the cyclic tetra-, penta- and hexapeptide libraries has been the focus of the PhD
thesis of Ms. Stefania Panoutsou and has so far resulted in the identification of a number of

cyclic peptides with the ability to rescue the misfolding of SOD1(A4V) in vitro.

Overall, the work presented in this thesis describes the development of a generalized
and highly adaptable ultrahigh-throughput system that enables the discovery and
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, direct functional screen against protein aggregation

that has been reported to date.
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Chapter 8 — Future perspectives

As mentioned in the previous chapter, the herein presented bacterial system enables the
ultrahigh-throughput screening of more than 200 million head-to-tail cyclic peptides for the
identification of rescuers of protein misfolding and aggregation. While this system has enabled
the largest — to our knowledge — direct functional screening of lower-molecular-weight entities
against protein aggregation to date, it can be further expanded in order to allow the biosynthesis
and simultaneous screening of libraries with even greater diversities. Specifically, we are
currently in the process of constructing a library of more than 5.6 billion different cyclic
peptides that also include non-canonical amino acids. Screening of this library will result in the
investigation of a greatly expanded chemical space and the identification of high quality leads

with desired pharmacokinetic properties.

Furthermore, while we present herein the utilization of the described system against
four target MisPs, a wider range of MisPs should be investigated in order to verify the
universality of this approach. These should include MisPs associated with diverse mechanisms
of pathogenesis (i.e. dominant-negative effect, aberrant localization, enhanced degradation,
etc.) and different molecular forms (i.e. soluble or membrane-bound). Indeed, in an effort to
achieve this, future targets of our laboratory include pathogenic variants of human rhodopsin,

a membrane-bound protein associated with retinitis pigmentosa.

With respect to the herein presented rescuers of p53(Y220C) misfolding, it should be
noted that further studies are required in order to confirm reactivation of the target protein.
First, direct binding of the selected cyclic peptides to the mutant protein should be
demonstrated using X-ray crystallography or NMR and the ability of the selected peptides to

restore the mutated protein back to its folded state should be visualized using conformational
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antibodies that exclusively identify correctly folded p53. Next, all of the selected peptides
should be further investigated in cancer cell lines, in order to more thoroughly assess their
ability to promote cell death and also activate p53 target genes, such as p21. Importantly, in
case of negative results in cell-based assays, diverse delivery methods should be investigated
in order to verify that the test compounds are able to permeate the cell membranes and reach

their protein target.

Additionally, it would be highly interesting to assess whether the effects of these cyclic
peptides are p53-mutant-specific or whether they have a broader applicability towards other
p53 oncogenic variants. Furthermore, in the case of the three cyclic tetrapeptides that have
proven very difficult to produce via organic synthesis, their biosynthesis and purification via
on-column protein splicing should be optimized, in order to overcome this bottleneck and allow
their further in vitro evaluation. This optimization will also prove very useful for future peptide
hits, allowing an accelerated and more affordable cyclic peptide production process. Finally, if
the aforementioned studies do not confirm reactivation of p53(Y220C) by either one of the six
selected cyclic peptides, the herein described bacterial system should be further modified in
order to allow high-throughput screening based on other p53 physiological functions, such as

binding to target DNA [349].

With respect to the AB42 aggregation inhibitors, members from the rest of the identified
clusters should be evaluated in vitro and in vivo in order to determine their efficacy and
ascertain whether they have different mechanisms of action (i.e. inhibit, modulate or reverse
aggregation) or preferentially affect different steps of the aggregation process (i.e. primary
nucleation, secondary nucleation or elongation), as initially suggested by the herein presented
results. Furthermore, while the two selected cyclic heptapeptides ABC7-1 and ABC7-14 show
high efficacy against AB42 aggregation in vitro and in vivo, this is only the start of a long road
towards drug development. Indeed, both leads should be further evaluated in respect of
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pharmacokinetics and toxicology, and optimized accordingly with the ultimate goal being their
preclinical development and subsequent clinical evaluation. These studies have indeed
commenced for previously selected AB42 aggregation modulators, with promising results thus

far.

Regarding the identified SOD1(A4V) and HTTeq-97Q folding rescuers and/or
aggregation inhibitors, further in vitro and in vivo evaluation is required in order to verify their
bioactivity and identify consensus motifs of the selected sequences. This investigation is

currently in progress in our laboratory and preliminary results appear highly promising.

Finally, although this system has already proven very efficient for targeting four
different PMDs, an effort should be made to examine its potential against even more
demanding MisPs, such as membrane proteins that are notoriously difficult to study. By
successfully identifying hits against such proteins, we would further demonstrate the ability of
this system to target PMDs in a generalized and highly affordable manner, characterized by

unprecedented simplicity and speed.
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Chapter 9 - Materials and Methods

Reagents and chemicals

All enzymes for recombinant DNA used in this study were purchased from New
England Biolabs with the exception of alkaline phosphatase FastAP which was obtained for
ThermoFisher Scientific. Recombinant plasmids were purified using Macherey-Nagel
NucleoSpin Plasmid and Qiagen Plasmid Mini and Midi kits. PCR products and DNA extracted
from agarose gels were purified using Macherey-Nagel Nucleospin Gel and PCR Clean-up.
Synthetic p53C4-16 was purchased from Genscript (USA), p53C5-18 and p53C7-10 from
Caslo ApS (Denmark) and ABC7-1 and ABC7-14 from Proteogenix (France). Before each
experiment, p53C4-16, p53C5-18 and p53C7-10 were freshly dissolved in H.O to form 10 mM
solutions, ABC7-1 was dissolved in 50% acetonitrile/0.1% Tween-20 and ABC7-14 was
dissolved in 30% acetonitrile/0.025% Tween-20 to form 10 mM solutions. Under these
conditions, all cyclic peptides were stably in a monomeric form, as verified by dynamic light
scattering analyses. The pSICLOPPS, pETAB42-GFP and pET-Sac-Abeta(M1-42) vectors
were kind gifts from Prof. S. Benkovic (University of Pennsylvania), Prof. M. H. Hecht

(Princeton University) and Prof. S. Linse (Lund University) respectively.

Construction of the combinatorial cyclic peptide library

Initially, we constructed twelve distinct combinatorial cyclic peptide sub-libraries: the
cyclo-CysX1X2Xs, cyclo-SerX1XoXs3, and cyclo-ThrXiX2Xs tetrapeptide sub-libraries
(pSICLOPPS-CysX1X2X3, pSICLOPPS-SerX1X2X3, and pSICLOPPS-ThrX:X>Xs vector sub-

libraries), the cyclo- CysXiX2X3Xa, cyclo-SerXi1X>XsXs, and cyclo-ThrXiX>XszXs cyclic
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pentapeptide sub-libraries (pSICLOPPS-CysX1X2X3Xs, pSICLOPPS-SerX:1X>X3Xs, and
PSICLOPPS-ThrX:X>X3Xs vector sub-libraries) the cyclo-CysXiX2X3X4Xs, cyclo-
SerX1X2XsXsXs, and cyclo-ThrXiX2XzXsXs cyclic hexapeptide sub-libraries (pSICLOPPS-
CysX1X2X3X4Xs, pSICLOPPS-SerXiX2X3XsXs, and pSICLOPPS-ThrX1X2X3X4Xs vector
sub-libraries) and the cyclo-CysXi1XoX3XsXsXs, cyclo-SerXi1X>XsXsXsXs, and cyclo-
ThrX1XoXsXsXsXs cyclic  heptapeptide sub-libraries (pSICLOPPS-CysX1X2X3X4Xs5Xe,
PSICLOPPS-SerX1X>X3XsXsXs, and pSICLOPPS-ThrX1X2X3XaXsXe vector sub-libraries)
(Appendix E). These vectors express libraries of fusion proteins comprising four parts: (i) the
C-terminal domain of the split Ssp DnaE intein (Ic), (ii) a tetra-, penta-, hexa- or heptapeptide
sequence, (iii) the N-terminal domain of the split Ssp DnaE intein (In), and (iv) a chitin-binding
domain (CBD) under the control of the PBAD promoter and its inducer L(+)-arabinose (Figure
2.4). The libraries of genes encoding these combinatorial libraries of random cyclic
oligopeptides were constructed using the degenerate forward primers GS032, GS033, GS034,
GS072, GS073, GS074, GS075, GS076, GS077, GS078, GS079, GS080 individually in pair
with the reverse primer GS035, and pSICLOPPS as a template (Appendix F). Cys, Ser, and
Thr were encoded in these primers by the codons TGC, AGC, and ACC, respectively, which
are the most frequently utilized ones for these amino acids in E. coli, while the randomized
amino acids (X) were encoded using random NNS codons, where N=A, T, G, or C and S=G or
C, as described previously [282]. A second PCR reaction was performed in each case to
eliminate mismatches using the aforementioned amplified DNA fragments as templates and
the forward primers GS069, GS070 and GS071 for each one of the peptide sub-libraries starting
with Cys, Ser or Thr, respectively, together with the reverse primer GS035. The resulting PCR
products were then digested with Bgll and Hindlll for 5 h and inserted into a similarly digested
and dephosphorylated pSICLOPPSKanR vector (see below). The ligation reactions were

optimised at a 12:1 insert:vector molar ratio and performed for 4 h at 16 °C. Approximately
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0.35, 0.7, 3.5 and 10 pg of the pSICLOPPSKanR vector were used for each one of the tetra-,
penta-, hexa- and heptapeptide libraries, respectively. The ligated DNA was then purified using
spin columns (Macherey-Nagel, Germany), transformed into electro-competent MC1061 cells
prepared in-house, plated onto Luria-Bertani (LB) agar plates containing 25 pg/mL
chloramphenicol and incubated at 37 °C for 14-16 h. This procedure resulted in the construction
of the combined pSICLOPPS-NuX1X2X3-X5 library with a total diversity of about
1,234,000,000 independent transformants, as judged by plating experiments after serial

dilutions.

Plasmid constructions

Plasmids involved in cyclic peptide production

For the construction of the pSICLOPPS vectors encoding for variants of the selected
cyclic peptides, the auxiliary pSICLOPPSKanR vector was generated initially by PCR
amplification of the gene encoding aminoglycoside 3'-phosphotransferase (KanR - the enzyme
conferring resistance to the antibiotic kanamycin) from pET28a(+) using primers GS043-
DGO002, digestion with Bgll and Hindlll and insertion into similarly digested pSICLOPPS

vector.

For the construction of the auxiliary pSICLOPPS(H24L/F26A)KanR vector, the gene
encoding the C-terminal domain of the split Ssp DnaE intein (Ic) was first mutated using
primers GS037 and DDO015 and the pSICLOPPS vector as a template. The Ic(H24L/F26A)
PCR product was then digested with Ncol and Bgll, the KanR gene was digested from
pSICLOPPSKanR with Bgll and Hindlll and the pSICLOPPS vector was digested with Ncol-

Hindlll. Three-way ligation of the aforementioned digested products (Ic(H24L/F26A), KanR
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and pSICLOPPS) resulted in the production of the desired pSICLOPPS(H24L/F26A)KanR

vector.

For the construction of pSICLOPPS(H24L/F26A)-p53C4-4, pSICLOPPS
(H24L/F26A)-p53C4-16, pSICLOPPS(H24L/F26A)-p53C4-19, pSICLOPPS(H24L/F26A)-
p53C4-21, pSICLOPPS (H24L/F26A)-p53C5-18, pSICLOPPS(H24L/F26A)-p53C7-10,
PSICLOPPS(H24L/F26A)-ABC7-1,  pSICLOPPS(H24L/F26A)-ABC7-2,  pSICLOPPS
(H24L/F26A)-ABC7-3,  pSICLOPPS(H24L/F26A)-ABC7-7, pSICLOPPS(H24L/F26A)-
ABC7-14, pSICLOPPS(H24L/F26A)-Randoml and pSICLOPPS(H24L/F26A)-Random2,
plasmids  pSICLOPPS-p53C4-4,  pSICLOPPS-p53C4-16,  pSICLOPPS-p53C4-19,
pSICLOPPS-p53C4-21, pSICLOPPS-p53C5-18, pSICLOPPS-p53C7-10, pSICLOPPS-ABC7-
1, pSICLOPPS-ABC7-2, pSICLOPPS-ABC7-3, pSICLOPPS-ABC7-7, pSICLOPPS-ABC7-14,
pSICLOPPS-Random1 and pSICLOPPS-Random2 were digested with Bgll and Hindlll and
the resulting inserts were ligated into a similarly digested pSICLOPPS(H24L/F26A)KanR

vector.

For the construction of pSICLOPPS-ABC7-371, pSICLOPPS-ABC7-405 and
pSICLOPPS-ABC7-416, forward primers DD175, DD176 and DD178 were used individually,
in pair with the reverse primer GS035 and using pSICLOPPS as a template and the resulting
PCR products were digested with Bgll and Hindlll and ligated into a similarly digested

pSICLOPPSKanR.

For the construction of pSICLOPPS-ABC7-1(C1S), pSICLOPPS-ABC7-1(C1T),
pSICLOPPS-ABC7-1(K2A),  pSICLOPPS-ABC7-1(V3A), pSICLOPPS-ABC7-1(W4A),
PSICLOPPS-ABC7-1(Q5A),  pSICLOPPS-ABC7-1(L6A),  pSICLOPPS-ABC7-1(L7A),
pSICLOPPS-ABC7-14(C1S), pSICLOPPS-ABC7-14(C1T), pSICLOPPS-ABC7-14(R2A),

PSICLOPPS-ABC7-14(13A), pSICLOPPS-ABC7-14(V4A), pSICLOPPS-ABC7-14(P5A),
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pSICLOPPS-ABC7-14(S6A) and pSICLOPPS-ABC7-14(L7A), forward primers DD129,
DD130, DD131, DD132, DD133, DD134, DD135, DD136, DD137, DD138, DD139, DD140,
DD141, DD142, DD143 and DD144 were used individually, in pair with the reverse primer
GS035 and using pSICLOPPS-ABC7-1 or pSICLOPPS-ABC7-14 as a template accordingly.
The resulting PCR products were digested with Bgll and Hindlll and ligated into a similarly

digested pSICLOPPSKanR.

For the construction of pET-Random1, the gene encoding the Ic-peptide-In-CBD fusion

was digested using Ncol-Hindlll and ligated into similarly digested pET28a(+).

For the construction of pSICLOPPS-Hise-Randoml, pSICLOPPS-Hiss-p53C4-4,
pSICLOPPS-Hiseg-p53C4-16, pSICLOPPS-Hise-p53C4-19, pSICLOPPS-Hise-p53C4-21,
pSICLOPPS-Hisg-p53C5-18, pSICLOPPS-Hiss-p53C7-10, the genes encoding the Hise-lc-
peptide-In-CBD fusions were amplified by PCR using primers DD052 and GS035 and the
respective pSICLOPPS vectors as templates. The PCR products were then digested with Ncol

and Hindlll and ligated into similarly digested pSICLOPPSKanR.

Plasmids involved in MisP production

For the construction of pETp53Cwt-GFP, a truncated human TP53 gene encoding the
DNA-binding (core) domain of p53 (p53C, amino acids 94-312) was assembled by PCR using
the primers GS118, GS119, GS120, GS121, GS122, GS123, GS124, GS125, GS126, GS127,
GS128, GS129, GS130, GS131, GS132, and GS133. The PCR product was then digested with
Ndel and BamHI, and was inserted into similarly digested pETAP42-GFP vector. For
constructing pETT-p53C-GFP, the M133L, V203A, N239Y and N268D mutations were
introduced into the p53C-encoding gene by overlap PCR using the pETp53Cwt-GFP as a

template and primers GS003, GS004, GS011, GS012, GS013, GS014, GS015, GS016, GS042b
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and GS042c. The PCR product was digested with Ndel and BamH|I and inserted into similarly

digested pETAB42-GFP.

For the construction of PpETp53C(V143A)-GFP, pETp53C(Y220C)-GFP and
pETp53C(F270L)-GFP, the p53C-encoding gene was mutated by overlap PCR starting from
PETp53Cwt-GFP as a template and using primers GS003, GS004, GS007, GS008, GS041,
GS042a, DD011 and DD012 accordingly. The PCR product was digested with Ndel and
BamHI and inserted into similarly digested pETAB42-GFP. For the construction of pETT-
p53C(V143A)-GFP and pETT-p53C(Y220C)-GFP, the same methodology was followed with
the only difference being the utilization of pETT-p53C-GFP instead of pETp53Cwt-GFP as a
template, whereas for the construction of pETT-p53C(F270L)-GFP a different set of primers

were also required, namely primers DD009 and DDO010.

For the construction of pASKT-p53C-GFP and pASKT-p53C(Y220C)-GFP, the T-
p53C-GFP and T-p53C(Y220C)-GFP genes were amplified by PCR from the respective pET
vectors using primers GS002 and GS003 and ligated into pASK75 using the restriction sites

Xbal-HindllIl.

For the construction of pTrcT-p53C-GFP, pTrcT-p53C(Y220C)-GFP, pBADT-p53C-
GFP and pBADT-p53C(Y220C)-GFP, the T-p53C-GFP and T-p53C(Y220C)-GFP genes
were digested from the respective pASK vectors using Xbal and Hindlll and ligated into

similarly digested pTrc99A or pBAD30.

For the construction of pETT-p53C-BFP and pETT-p53C(Y220C)-BFP, the BFP gene
was amplified by PCR from the pBADCstA-BFP using the primers DD006 and DDO007,
digested with BamHI and Xhol and inserted into similarly digested pETT-p53C-GFP and
pPETT-p53C(Y220C)-GFP. Similarly, for the construction of pETT-p53C-RFP and pETT-

p53C(Y220C)-RFP, the RFP gene was amplified from the T_YES lIsaacs_1 pSTC1 (ref)
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using the primers DD079 and DDO083, digested with BamHI and Xhol and inserted into

similarly digested pETT-p53C-GFP and pETT-p53C(Y220C)-GFP.

For the construction of pCDFT-p53C-BFP and pCDFT-p53C(Y220C)-BFP, the TP53
genes were amplified by PCR using the primers DD008 and GS004, as well as the mutagenic
primers DD070 and DDO071. This resulted in the construction of TP53 genes that lack the
intermediate Ncol site and also contain an extra Val residue after the first Met, so that the rest
of the amino acids remain in frame. These PCR products were then digested with Ncol and
BamHI, the BFP gene was digested from the pETT-p53C-BFP with BamHI and Hindlll and
the pCDF-1b vector was digested with Ncol and Hindlll. Three-way ligation of the
aforementioned digested products (T-p53C or T-p53C(Y220C), BFP and pCDF) resulted in

the production of the desired vectors.

For the construction of pETT-p53C-Hiss and pETT-p53C(Y220C)-Hiss, the TP53
genes were amplified by PCR using the primers GS003 and DD002 and the respective
PETp53C-GFP vectors as templates. The PCR products were then digested with Ndel and Xhol

and ligated into a similarly digested pET AB42-GFP.

For the construction of pETSOD1wt-GFP, the human SOD1 cDNA was generated by
PCR-mediated gene assembly using the primers GS100, GS101, GS102, GS103, GS104,
GS105, GS106, GS107, GS108, GS109, GS110, and GS111. The assembled gene was then
digested with Ndel and BamH]I, and inserted into similarly digested pETAB42-GFP vector, in
place of Ap42. For pETSOD1(A4V)-GFP, SOD1 was amplified by PCR from the
pETSOD1wt-GFP vector using the mutagenic forward primer GS059 and the reverse primer
GS060. The resulting PCR product was then digested with Ndel and BamHI, and inserted into
similarly digested pETAB42-GFP. For pETSOD1(G37R)-GFP, pETSOD1(G85R)-GFP and

pETSOD1(G93A)-GFP construction, SOD1 was mutated by overlap PCR starting from

175



pETSOD1wt-GFP as a template and using the primers: GS058, GS059, GS112, GS113,
GS114, GS115, GS116 and GS117, accordingly. All SOD1 PCR products were then digested

with Ndel and BamHI, and inserted into similarly digested pETAp42-GFP vector.

For the construction of pETAPB42, the AB42 gene was amplified using primers DD004
and IM022 as well as pETAB42-GFP [304] as a template. The resulting PCR product was

digested with Ncol and Xhol and inserted into a similarly digested pET28a(+).

Cyclic peptide library screening for the identification of

p53C(Y220C) folding rescuers

FACS sorting utilizing a two-plasmid system comprising of pETp53C(Y220C)-

GFP and the combined pSICLOPPS-NuX1X2X3s—Xs vector library

Electrocompetent E. coli BL21(DE3) cells carrying the expression vector
pETp53C(Y220C)-GFP, which produces p53C(Y220C)-GFP under the control of the strong
bacteriophage T7 promoter, were co-transformed with the combined pSICLOPPS-NuX1X>X3—
Xs vector library, producing the cyclic tetra-, penta- and hexapeptides. Approximately 108
transformants carrying both vectors were harvested, pooled together and grown in LB liquid
medium containing 0.002% L(+)-arabinose -the inducer of cyclic peptide production- at 37 °C
with shaking. When the optical density at 600 nm (OD600) of the bacterial culture was about
0.5, 0.1 mM IPTG was added to the medium to induce overexpression of the p53C(Y220C)-
GFP reporter. After about 2 h of induction at 37 °C, the fluorescence (FITC-H; 530/30 nm) of
10,000 cells was recorded using a Becton-Dickinson FACSAria system (BD Biosciences) and
analysed using FlowJo software (FlowJo). Then, around 102 cells were gated on a side-scatter

(SSC-H) versus forward-scatter (FSC-H) plot to eliminate events that included non-cellular
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particles and subjected to FACS sorting for the isolation of the bacterial population exhibiting
the top 1-3% fluorescence using the BD FACSAria sorter and the FACSDiva software (BD
Biosciences). The isolated cells were re-grown and screened for one additional round in an
identical manner, at which point DNA was isolated from the enriched pool using a Qiagen

Plasmid Mini Kit.

FACS sorting sequential integration of two two-plasmid systems comprising of
PETT-p53C(Y220C)-GFP or pASKT-p53C(Y220C)-GFP and the combined

pPSICLOPPS-NuX1X>X3—Xs vector library

Sorting experiments was performed as described in the above section with the following
modifications: (i) the pETT-p53C(Y220C)-GFP, which produces the T-p53C(Y220C)-GFP
instead of the p53C(Y220C)-GFP was initially used, (ii) after two rounds of sorting, DNA of
the enriched population was isolated and re-transformed into BL21(DE3) cells carrying the
pASKT-p53C(Y220C)-GFP vector, which produces T-p53C(Y220C)-GFP under the control
of the tetracycline promoter and (iii) after three additional rounds of sorting DNA was isolated

from the enriched pool using a Qiagen Plasmid Mini Kit.

FACS sorting utilizing a three-plasmid system comprising of pCDFT-
p53C(Y220C)-BFP, pETAB42-GFP and the pSICLOPPS-NuX;iX2X3—Xs vector

libraries

Electrocompetent E. coli Tuner(DE3) cells carrying the expression vectors pCDFT-
p53C(Y220C)-BFP and pETAP42-GFP, were co-transformed with the four pSICLOPPS
vector libraries, combined according to their size, i.e. tetra-, penta-, hexa- and heptapeptides.
Approximately 108, 107, 108 or 10° transformants carrying pCDFT-p53C(Y220C)-BFP and

PETAB42-GFP  together with  pSICLOPPS-NuXiX2Xs, pSICLOPPS-NuXiX2X3Xa,
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PSICLOPPS-NuX1X2X3XsXs or  pSICLOPPS-NuX1X>X3XaXsXe — respectively, were
harvested, pooled together and diluted to an ODeoo of 0.1 in LB liquid medium containing
0.005% L (+)-arabinose to induce cyclic peptide production. Cultures were incubated at 37 °C
with shaking until an ODeqo 0f 0.4-0.5, at which point 0.1 mM IPTG was added to the medium

to induce simultaneous overexpression of both T-p53(Y220C)-BFP and AB42-GFP.

After two hours of induction at 37 °C the fluorescence of 50,000 cells was recorder
using a BD FACSAria Il system (BD Biosciences, USA). For BFP fluorescence a 405 nm solid
state laser was used for excitation and a 450/40 nm band pass filter for detection, while for GFP
fluorescence a 488 nm solid state laser was used for excitation and a 530/30 nm band pass filter
for detection. Then, ~3x 10°, 107, 108 or 10° cells were gated on a SSC-H vs. FSC-H plot in
order to eliminate non-cellular events, and were subjected to FACS sorting by selecting the
bacterial population exhibiting the top ~2 % of BFP fluorescence but unaltered GFP
fluorescence. The isolated cells were re-grown and screened in an identical manner for three
additional rounds in the case of the hexapeptide library and four additional rounds in the case
of the tetra-, penta- and heptapeptide libraries. Finally, DNA from the enriched populations

was isolated using a Qiagen Plasmid Mini Kit.

Cyclic peptide library screening for the identification of Ap42
aggregation inhibitors

Electrocompetent E. coli Tuner (DE3) cells carrying the expression vector pETAB42-
GFP [304], were co-transformed with the combined pSICLOPPS-NuX1X2X3X4X5Xs vector
library. Approximately 10° transformants carrying both vectors were harvested, pooled
together and diluted to ODego of 0.1 in LB liquid medium containing 0.005% L(+)-arabinose
to induce cyclic peptide production. Cultures were incubated at 37 °C with shaking until an
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ODs0o of 0.4-0.5, at which point 0.1 mM IPTG was added to the medium to induce
overexpression of the AB42-GFP reporter. Fluorescence of 50,000 cells was recorder after two
hours of induction at 37 °C using a BD FACSAria Il system (BD Biosciences, USA) with a
488 nm solid state laser for the excitation of GFP and a 530/30 band pass filter for detection.
Then, ~3x10° cells were gated on a SSC-H vs. FSC-H plot in order to eliminate non-cellular
events, and were subjected to FACS sorting for the isolation of the bacterial population
exhibiting the top ~2% fluorescence. The isolated cells were re-grown and screened for six
additional rounds in an identical manner, at which point DNA was isolated from the enriched

pool using a Qiagen Plasmid Mini Kit.

Cyclic peptide library screening for the identification of

SOD1(A4V) folding rescuers

Electrocompetent E. coli Origami2(DE3) cells carrying the expression vector
pETSOD1(A4V)-GFP, were co-transformed with the four pSICLOPPS vector libraries,
combined according to their size, i.e. tetra-, penta-, hexa- and heptapeptides. Approximately
108,107, 108 or 10° transformants carrying pETSOD1(A4V)-GFP and pSICLOPPS-NuX1X2X3,
PSICLOPPS-NuX1X2X3X4, pPSICLOPPS-NuX1X2X3X4Xs or pSICLOPPS-NuX1X2X3XsXs5Xe
respectively, were harvested, pooled together and diluted to an ODeoo of 0.1 in LB liquid
medium containing 0.005% L(+)-arabinose to induce cyclic peptide production. Cultures were
incubated at 37 °C with shaking until an ODeoo 0f 0.4-0.5, at which point 0.01 mM IPTG was
added to the medium to induce overexpression of SOD1(A4V)-GFP. Fluorescence was
recorded as described for Ap42-GFP. Then, ~3x 10°, 107, 108 or 10° cells were gated on a SSC-
H vs. FSC-H plot in order to eliminate non-cellular events, and were subjected to FACS sorting

for the isolation of the bacterial population exhibiting the top ~2% fluorescence. The isolated
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cells were re-grown and screened for three additional rounds in an identical manner, at which

point DNA was isolated from the enriched pool using a Qiagen Plasmid Mini Kit.

Cyclic peptide library screening for the identification of HT Tex:-
97Q aggregation inhibitors

For HTT sorting the same procedure as for SOD1(A4V) was followed with the only
differences being: (i) the use of E. coli Tuner(DE3) cells, (ii) the induction of HT Tex1-97Q-
GFP expression from the pETHT Tex1-97Q-GFP vector using 0.1 mM IPTG and (iii) the

performance of six rounds of sorting in total.

Protein/cyclic peptide production in liquid cultures.

E. coli cells freshly transformed with the appropriate expression vector(s) were used
for all protein production experiments. Single bacterial colonies were used to inoculate
overnight liquid LB cultures containing the appropriate antibiotics for plasmid maintenance
(100 pg/mL ampicillin, 40 pg/mL chloramphenicol, 50 pg/mL kanamycin or 100 pg/mL
streptomycin (Sigma)) at 37 °C. These cultures were used with a 1:100 dilution to inoculate

fresh LB cultures in all cases.

For p53C-GFP, p53C-BFP, p53C-RFP, AP42-GFP and polyQ-HT Texi-GFP
production, BL21(DE3) or Tuner(DE3) cells transformed with the corresponding vector were
grown in 5 ml liquid LB cultures containing the relevant antibiotic at 37 °C to an ODsgo of ~0.4
with shaking, at which point MisP-GFP production was initiated by the addition of the
appropriate inducer (0.1 mM IPTG for pET-, pTrc- and pCDF-based vectors, 0.02 % L(+)-

arabinose for pBAD-based vectors and 0.2 pg/ml anhydrotetracycline for pASK-based
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vectors). Recombinant protein production was performed at 37 °C for 2 h, 30°C for 5 h or 25

°C for 16 h, unless otherwise stated.

For SOD1-GFP production, BL21(DE3) or Origami 2(DE3) cells transformed with the
corresponding SOD1-GFP-encoding vector were grown in 5 ml liquid LB cultures containing
50 pg/mL kanamycin , 200 uM CuCl; and 200 uM ZnCl; at 37 °C to an ODeoo of ~0.4 with
shaking, at which point SOD1-GFP production was induced by the addition of 0.01 mM IPTG

at 37 °C for 2 h, unless otherwise stated.

For recombinant protein production of individual members from the pSICLOPPS
libraries, MC1061 cells transformed with the corresponding pSICLOPPS vector were grown
in 5 ml liquid LB cultures containing 40 pg/mL chloramphenicol at 37 °C to an ODsoo of ~0.4
with shaking, at which point cyclic peptide production was induced by the addition of 0.0002%

L(+)-arabinose at 37 °C for 3 h, unless otherwise stated.

For simultaneous production of MisP-GFP fusions and selected cyclic peptides,
BL21(DE3) or Tuner(DE3) cells transformed with the corresponding vectors were grown in 5
ml liquid LB cultures containing the relevant antibiotics and 0.02% L(+)-arabinose at 37 °C
to an ODeoo of ~0.4 with shaking, at which point MisP-GFP production was initiated by the

addition of 0.1 mM IPTG for 2 h.

Bacterial cell fluorescence

After protein overexpression, bacterial cells corresponding to 1 mL culture with
ODsoo=1 were harvested by centrifugation, re-suspended in 100 uL phosphate-buffered saline
(PBS), transferred to a 96-well FLUOTRAC 200 plate (Greiner Bio One International, Austria)

and after excitation at 488 nm, their fluorescence was measured at 510 nm using a TECAN
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Safire Il-Basic plate reader (Tecan, Austria). For ThS fluorescence measurements, a similar
procedure was followed with the exception that cells were re-suspended in 250 uM ThS in
PBS, equilibrated for 15 min and then emission spectra were recorded at a range of 460-600
nm. For flow cytometric measurements, after protein overexpression, fluorescence of 50,000
cells resuspended in PBS was recorded at 530/30 nm after GFP excitation at 488 nm, using a

BD FACSAria Il system.

In-gel fluorescence and western blot analyses

After protein overexpression, cells corresponding to 1 mL culture with ODeoo=1 were
harvested by centrifugation and re-suspended in 100 uL. PBS. Samples were lysed by brief
sonication cycles on ice and the resulting lysates (total fraction) were clarified by centrifugation
at 13,000 rpm for 25 min (soluble fraction). Samples were analyzed by native or SDS-PAGE,
on 10 or 15% gels and without prior boiling (for in-gel fluorescence) or after boiling of the
samples for 10 min (for western blotting). In-gel fluorescence was analyzed on a ChemiDoc-
It? Imaging System equipped with a CCD camera and a GFP filter (UVP, UK), after exposure
for about 3 sec. For western blotting, proteins were transferred to polyvinylidene fluoride
(PVDF) membranes (Merck, Germany) for 1 h at 12 V on a semi-dry blotter (Thermo Fisher,
USA). Membranes were blocked with 5% non-fat dry milk in Tris-buffered saline containing
0.1% Tween-20 (TBST) for 1 h at room temperature. After washing with TBST three times,
membranes were incubated with the appropriate primary antibody, re-washed with TBST and
then, if necessary, incubated with a secondary antibody. Both incubations were performed at
room temperature for 1 h. The proteins were then visualized using the ChemiDoc-1t? Imaging

System (UVP, UK).
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The utilized antibodies were a mouse anti-Ap (6E10) (Covance, USA) at 1:2,000
dilution, a mouse anti-CBD antibody (New England Biolabs, USA) at 1:100,000 dilution, a
horseradish peroxidase(HRP)-conjugated goat anti-mouse secondary antibody (BioRad) at
1:4000 dilution, a mouse anti-GFP at 1:20,000 dilution (Clontech, USA) and a mouse
monoclonal (HRP)-conjugated anti-polyhistidine antibody (Sigma, USA) at 1:2,500 dilution.

All antibodies were diluted in 0.5% non-fat dry milk in TBST.

High-throughput sequencing analysis

For the high-throughput sequencing analysis three DNA samples were produced: the
first contained a combined pSICLOPPS-NuX3-Xs vector library with approximately equal
amounts of each one of the tetra-, penta- and hexapeptide sub-libraries, the second contained
the pSICLOPPS-NuX1X2X3X4X5Xs vector library and the third contained the enriched peptide
library against Ap42 aggregation after the 7" round of sorting. All DNA samples were digested
with Ncol and BsrGl and the resulting ~250 bp products that contained the variable peptide-
encoding region were isolated. The analysis was performed at the Genomics core facility of
the Biomedical Sciences Research Center “Alexander Fleming” (Athens, Greece) using an Ion
Torrent high-throughput sequencing platform. From the obtained data, all the sequences with
mismatches outside of the variable peptide-encoding region were removed, and only the 12-,
15-, 18- or 21-bp-long peptide-encoding sequences with NNS codons were subjected to further
analysis. For the enriched peptide library, all sequences including stop codons were also

discarded from subsequent analysis.
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Peptide sequence similarity analysis and clustering

Sequence similarity analysis was performed using the Immune Epitope Database
(IEDB) clustering tool (http://tools.iedb.org/cluster2/) and the fully interconnected clusters
(cliques) method [350]. This approach allows all peptides in a clique to share a minimal level
of homology, while at the same time one peptide can be part of multiple cliques [350]. As
sequence similarity analysis is performed using linear sequences, the circular permutants of
each cyclic heptapeptide appearing at least 20 times within the sorted population were
identified and taken into consideration, tallying up to 2912 linear representations for the 416
cyclic heptapeptides. From this analysis, 5087 cliques sharing at least 70% sequence homology
were identified and after re-integration of the different circular permutants to their original
cyclic peptide sequence, 617 unique cliques remained. From the 416 distinct cyclic
heptapeptides, 323 were covered in the cliques forming a total of 1467 unique pairs with more
than 70% sequence homology. The remaining 93 cyclic peptides did not share a minimal level
of 70% homology with any other of the peptides. The results were then presented in an
undirected network graph using the Gephi graph visualization software [351] and cluster

identification was performed using the Girvan-Newman algorithm [352].

Cyclic peptide on-column purification

Chitin affinity chromatography

Single bacterial colonies from E. coli BL21(DES3) cells freshly transformed with pET-
Randoml or pSICLOPPS-Randoml were used to inoculate overnight liquid LB cultures
containing 50 pg/mL kanamycin or 40 ug/ml chloramphenicol at 37 °C. These cultures were

used with a 1:100 dilution to inoculate 500 ml LB cultures with the appropriate antibiotic and
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when cell density reached an OD600 of 0.8-1.2, protein overexpression was induced by the
addition of 1 mM IPTG or 0.2 % L(+)-arabinose respectively, at 37, 20 or 15 °C for 2, 16 or
40 h, respectively. Cell pellets were collected after overexpression of the tetrapartite fusion Ic-
Random1-In-CBD, re-suspended in 40 mL chitin buffer (25 mM Tris-HCI, 500 mM NacCl, pH
7.0 or 20 mM Tris-HCI, 500 mM NaCl, 1 mM TCEP pH 7.8) and lysed by brief sonication
steps on ice. The soluble cell lysates were collected after centrifugation at 13,000 x g for 30
min at 4 °C, and mixed with 2 mL chitin resin (New England Biolabs, USA) at 4 °C for 16 h
on a roller mixer before loading onto a 5 mL polypropylene chromatography column (Pierce,
USA). The flow-through buffer was re-loaded onto the column three times and column-bound
protein was washed with 100 mL chitin buffer. Then, 1 ml of chitin buffer were added onto the
column and left overnight at room temperature for the intein splicing and peptide cyclization
process to occur. Following on-column intein processing and cyclization, the elution fraction
containing the cyclic peptide were collected, while the IN-CBD product remained bound to the

resin.

Immobilized metal affinity chrimatography

Single Dbacterial colonies from E. coli BL21(DE3) cells freshly transformed the
appropriate pSICLOPPS-Hiss vector were used to inoculate overnight liquid LB cultures
containing 40 ug/ml chloramphenicol at 37 °C. These cultures were used with a 1:100 dilution
to inoculate 1.5 L LB cultures supplemented with 40 pug/ml chloramphenicol and when cell
density reached an OD600 of 0.8-1.0, protein overexpression was induced by the addition of
0.2 % L(+)-arabinose respectively, at 37 °C for 3 h, or 20 °C for 16 h, respectively. Cell pellets
were collected after overexpression of the tetrapartite fusion Ic-peptide-In-CBD, re-suspended
in 20 mL lysis buffer (50 mM NaH2PO4, 300 mM NaCl, 10 mM imidazole, pH 8.0) and lysed

by brief sonication steps on ice. The soluble cell lysates were collected after centrifugation at
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13,000 x g for 30 min at 4 °C, and mixed with 2 mL Ni-NTA agarose resin (Qiagen, Germany)
at 4 °C for 1 h on a roller mixer before loading onto a 5 mL polypropylene chromatography
column (Pierce, USA). Column-bound protein was washed with 20 mL wash buffer (50 mM
NaH2PO4, 300 mM NaCl, 20 mM imidazole, pH 8.0) and left for 90 h in 2 ml of splicing buffer
(50 mM NaH2PQOg4, 300 MM NaCl, 5 mM DTT, pH 6.3 or 20 mM Pipes, 200 mM NaCl, 1 mM
DTT, pH 6.0) at room temperature for the intein splicing and peptide cyclization process to
occur. Following on-column intein processing and cyclization, the elution fraction containing
the cyclic peptide were collected, while the Hise-Ic and the In-CBD products remained bound

to the resin, due to non-covalent interaction between the Ic and Iy fragments.

T-p53C and T-p53(Y220C) overexpression and purification by

IMAC and SEC

Single bacterial colonies from E. coli Tuner(DES3) cells freshly transformed with pETT-
p53C-Hise or pETT-p53C(Y220C)-Hiss were used to inoculate overnight liquid LB cultures
containing 50 pg/mL kanamycin at 37 °C. These cultures were used with a 1:100 dilution to
inoculate 2 L cultures with Terrific Broth medium (TB), supplemented with 50 pg/mL
kanamycin and 200 uM ZnCly, and when cell density reached an OD600 of 0.8-1.2, protein
overexpression was induced by the addition of 1 mM IPTG at 18 °C for about 16 h. Cell pellets
were collected after T-p53C or T-p53C(Y220C) overexpression by centrifugation, re-
suspended in 20 mL lysis buffer (50 mM NaH2PO4, 300 mM NaCl, 10 mM imidazole, pH 8.0)
and lysed by brief sonication steps on ice. The soluble cell lysates were collected after
centrifugation at 13,000 x g for 25 min at 4 °C, and mixed with 1 mL Ni-NTA agarose resin
(Qiagen, Germany) for 1 h at 4 °C on a roller mixer before loading onto a 5 mL polypropylene

chromatography column (Pierce, USA). Column-bound protein was washed twice with 10 mL
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wash buffer (50 mM NaH2POs, 300 mM NaCl, 20 mM imidazole, pH 8.0) and eluted in three
fractions, each consisting of 1 mL elution buffer (50 mM NaH2PO4, 300 mM NaCl, 250 mM
imidazole, pH 8.0). The eluted proteins were then purified further by size-exclusion
chromatography (SEC) using a HiLoad 16/600 Superdex 200 pg column (GE Healthcare,
USA), to isolate the monomeric protein fractions in phosphate buffer (25 mM NaH2PO4, 150
mM NaCl, 20 mM imidazole, pH 7.2). The purified proteins were quantified from the
absorbance of the integrated peak area using ezso = 19,535 Mt cm™ for T-p53C and &280 =

18,045 Mt cm* for T-p53C(Y220C).

Preparation of Ap42 samples

The recombinant AB(M1-42) peptide (MDAEFRHDSGYEVHHQKLVFFAEDVGS
NKGAIIGLMVGGVVIA), herein termed Ap42, was expressed in E. coli using the pET-Sac-
Abeta(M1-42) vector and purified as described previously [212]. The lyophilized peptide was
then dissolved in 6 M GuHCI, further purified using a Superdex 75 10/300 GL column (GE
Healthcare) and eluted in 20 mM sodium phosphate buffer, pH 8, supplemented with 200 uM
EDTA and 0.02% NaNs. The centre of the peak was collected and AB42 concentration was

determined from the absorbance of the integrated peak area using €280= 1,490 Mt cm™ [353].

Differential Scanning Fluorimetry (DSF)

Thermal denaturation analysis for T-p53C and T-p53C(Y220C) was performed after
addition of appropriate amounts of synthetic cyclic peptides to 15 uM of monomeric protein in
phosphate buffer (25 mM NaH2PO4, 150 mM NaCl, 20 mM imidazole, pH 7.2) supplemented

with 10x SYPRO orange (Thermo Scientific). The samples were prepared in low-binding
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Eppendorf tubes on ice in triplicates, transferred to 96-well plates at 25 uL per well and
incubated in a CFX96™ Real-Time PCR Detection System at a temperature range of 15-70 °C
gradually increased at a rate of 1 °C/min. Fluorescence was recorded after each temperature
increase and the negative first derivative of each measurement [-d(RFU)/dT] was calculated by
the RT-PCR instrument. The derived data were analyzed using Prism (GraphPad Software Inc,
USA) and the melting temperature (Tm) was estimated as the minimum of the -d(RFU)/dT
plot. For more accurate results the OriginPro software was also used to determine each Tm by

fitting the fluorescence data to the Boltzmann equation.

T-p53C and T-p53C(Y220C) aggregation kinetics experiments

Kinetic experiments for T-p53C and T-p53C(Y220C) aggregation was performed after
addition of appropriate amounts of synthetic cyclic peptides to 15 uM of monomeric protein in
phosphate buffer (25 mM NaH2PO4, 150 mM NaCl, 20 mM imidazole, pH 7.2) supplemented
with 20 uM ThT (Sigma). Samples were prepared in triplicates in low-binding Eppendorf tubes
on ice and transferred to a 96-well half-area, low-binding, clear bottom, polyethylene glycol
coating plate (Corning 3881) at 80 uL per well. The 96-well plate was then placed at 37 °C
under quiescent conditions on a TECAN Safire 11-Basic plate reader and after excitation at 440

nm, ThT fluorescence was measured at 480 nm, through the bottom of the plate.

AP42 aggregation Kinetics experiments

Kinetic experiments were performed as described previously [212]. Briefly, appropriate
amounts of the synthetic cyclic peptides were added to 2 uM of monomeric AB42 to obtain the

desired cyclic peptide:AB42 molar ratios and samples were supplemented with 20 uM ThT,
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1% v/v acetonitrile and 0.025% or 0.1% v/v Tween-20 for ABC7-14 and ABC7-1 respectively.
All samples were prepared in low-binding Eppendorf tubes on ice using careful pipetting to
avoid introduction of air bubbles and each sample was pipetted into three wells of a 96-well
half-area, low-binding, clear bottom, polyethylene glycol coating plate (Corning 3881), at 80
uL per well. The 96-well plate was then placed at 37 °C under quiescent conditions on a plate
reader (Fluostar Omega, Fluostar Optima or Fluostar Galaxy; BMG Labtech) and after
excitation at 440 nm, ThT fluorescence was measured at 480 nm, through the bottom of the

plate.

Transmission Electron Microscopy

TEM experiments were performed as described previously [290]. Briefly, 5 uL aliquots
from each sample were removed after the aggregation reaction had reached the final plateau
and placed on a carbon support film on 400-mesh copper grid (EM Resolutions Ltd.). After
adsorption, grids were negatively stained with 2% w/v uranyl acetate and images were recorded
using a FEI Tecnai G2 transmission electron microscope (Cambridge Advanced Imaging

Centre) and analyzed using the SIS Megaview Il Image Capture system (Olympus).

Dot-blot assay

The dot-blot assay was performed as described previously [212] while samples were
prepared as for the kinetic experiments albeit in the absence of ThT. 2 uL aliquots of each
sample were removed at different time points and spotted onto a nitrocellulose membrane (0.2
um, Whatman). The membranes were then dried, blocked with 5% non-fat dry milk in TBST

and incubated with an AB42 fibril-specific primary antibody (OC, Millipore) and Alexa-Fluor
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488-conjugated secondary antibody (Life Technologies) according to the manufacturer’s
instructions. Fluorescence detection was performed using the Typhoon Trio Imager (GE
Healthcare) and fluorescence quantification was performed using the ImageJ software

(National Institutes of Health).

Cell viability experiments

The WM164 human melanoma cell line was grown in Dulbecco’s Modified Eagle
Medium (DMEM) (Gibco, UK), supplemented with 10 % fetal bovine serum (FBS) and 1 %
penicillin/streptomycin (Pen-Strep). Cells were cultured in 96-well plates at a concentration of
5000 cells/well and grown at 37 °C. After 24 h, synthetic or recombinantly produced cyclic
peptides, diluted in fresh medium, were added to the WM164 cells and incubated at 37 °C for
48 h in the absence or presence of 100 ug/ml cisplatin. After treatment, MTT solution (5 mg/mL
in PBS) was added to the medium at a final concentration of 0.5 mg/mL and the plates were
incubated for an additional 3 h at 37 °C. Then, 100 pl of solubilization solution (DMSQO) was
added to each well to dissolve the dark blue formazan crystals formed and the absorbance was
measured at 570 nm using a TECAN Safire llI-Basic plate reader. For cell viability
measurements of human mesenchymal stem cells derived from Wharton’s Jelly (WJ-MSC), a

similar procedure was followed with slight modifications.

C. elegans motility assay

Strains. The following strains were used for these experiments: (1) GMC101; genotype
dvis100 [unc-54p::A-beta-1-42::unc-54 3'- UTR + mtl-2p::GFP]; mtl-2p::GFP constitutively

expresses the green fluorescent protein (GFP) in intestinal cells; unc-54p::A-beta-1-42
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expresses the human AB42 peptide in body wall muscle cells, resulting in AB42 aggregation
and worm paralysis after temperature up-shift from 20° to 25°C [341]. (2) N2, wild-type C.

elegans var Bristol, herein referred to as control worms[354]].

Propagation procedures. C. elegans worms were propagated using standard conditions

and as described previously [212,354]. Briefly, the worms were treated with hypochlorite
bleach, eggs were hatched overnight in M9 buffer (3 g/L KH2PO4, 6 g/L Na2HPO4, 5 g/L NaCl
and 1 mM MgSOg), and then distributed on nematode growth medium (NGM) [1 mM CaCly,
1 mM MgSOQs4, 5 mg/ml cholesterol, 250 mM KH2PO4 (pH 6), 17 g/L agar, 3 g/L NaCl and 7.5
g/L casein] plates seeded with the E. coli OP50 cells and incubated at 20°C. Upon reaching the
L4 stage, ~700 worms were placed on NGM plates containing the desired concentration of the
cyclic peptides in 1% acetonitrile as well as 75 uM 5-fluoro-2'deoxyuridine (FUDR) to inhibit
growth of offspring. The plates were then transferred to 24 °C in order to promote AP42

expression and aggregation.

Motility assay. On days 3 through 10 of adulthood, worms were collected using M9
buffer and distributed on unseeded 9-cm NGM plates. The worms’ movements were recorded
at 30 frames per second for 1 min using a homemade microscopic setup and the body bends
were quantified using a custom-tracking algorithm as described previously [212]. In total,
~2300 worms were analysed per drug with an average of ~200 worms per experiment. Total

fitness refers to the sum of the mobility and speed of the worms.

Aggregate quantification. Staining and microscopy were performed as described

previously [212]. Briefly, live animals were stained by incubating with 1 mM NIAD-4 (0.1%
DMSO in M9 buffer) for 6 hours at room temperature and then transferred on NGM plates to
allow destaining for about 16 hours. Stained worms were then anaesthetized by adding 40 mM

NaNsz and mounted on 2% agarose pads on glass microscope slides. Images were captured
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using a Zeiss Axio Observer D1 fluorescence microscope (Carl Zeiss Microscopy GmbH) with
a 20x objective and a 49004 ET-CY3/TRITC filter (Chroma Technology Corp.) and
fluorescence intensity was calculated using the ImageJ software (National Institutes of Health).
Only the head region of the worms was examined due to the high background signal in the

intestines.

C. elegans paralysis assay

The paralysis assay was performed using standard procedures and as described
previously [330]. Briefly, synchronized L4 larvae CL4176 {smg-1(cc546) I; dvIs27 [myo-
3::AB(1-42)-let IUTR(pAF29); pRF4 (rol-6(su1006)]} [342] (~150-300 per condition) were
transferred to NGM nplates, that were seeded with E. coli OP50 and contained 10 uM of the
cyclic peptides in 1% acetonitrile, and were incubated at 16 °C for 48 h before transgene
induction via temperature up-shift to 25 °C. Synchronized offspring were randomly distributed
to treatment plates to avoid systematic differences in egg lay batches. Treatment and control
plates were handled, scored and assayed in parallel. Scoring of paralyzed animals was initiated
24 h after temperature up-shift. Worms were considered as paralyzed upon failure to move
their half end-body upon prodding, while animals that died were excluded from the assay. The
log-rank (Mantel-Cox) test was used to evaluate differences between paralysis curves and to
determine P values for all independent data. n in paralysis figures is the number of animals that
paralyzed over the total number of animals used (the number of paralyzed animals plus the

number of dead and censored animals). Median paralysis values are expressed as mean £ s.e.m.
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Statistical analyses

Statistical analyses were performed using Prism (GraphPad Software Inc, USA) and
mean values were compared using unpaired two-tailed t-tests. For animal experiments, group
sizes were chosen based on prior experience and literature precedence, so that sufficient
numbers remained at the endpoints of the experiment. No samples, worms or data points were

excluded from the reported analyses.
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Appendices

Appendix A — Graphical representation of fitting the data obtained
from DSF experiments involving T-p53C(Y220C), to the

Boltzmann equation using the OriginPro software.
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Figure A. 1. Graphical representation of the fluorescence data acquired by DSF for T-p53C and T-
p53C(Y220C) as in Figure 5.11, after fitting to the Boltzmann equation using OriginPro.
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Figure A. 2. Graphical representation of the fluorescence data acquired by DSF for T-p53C(Y220C) in the

presence and absence of p53C4-16 as in Figure 5.12, after fitting to the Boltzmann equation using

OriginPro.
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Figure A. 3. Graphical representation of the fluorescence data acquired by DSF for T-p53C(Y220C) in the
presence and absence of p53C5-18 and p53C7-10 as in Figure 5.13 and Figure 5.14, after fitting to the
Boltzmann equation using OriginPro.
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Appendix B — Sequences and frequency of appearance of the Ap-

targeting heptapeptide sequences appearing at least twenty times

within the sorted population, as determined by high-throughput

sequencing of the enriched library after the 7th round of sorting.

_ Reads
@ . ) / Total
g Pnef,?ge % Amino acid sequence l(;lfurrg:g Sr pgzt(ijdse
(%)
1 ABC7-1 | C K \ W Q L L 64118 15.86
2 ABC7-2 I C K Y, w M P L 42464 | 10.504
3 ABC7-3 I C R Vv w T E L 28675 7.093
4 ABC7-4 - C R L T S K A 23144 5.725
5 ABC7-5 | C R \ W M \ P 20170 4,989
6 ABC7-6 I C R Y, w C A L 18397 4551
7 ABC7-7 | C R \ W Q T V 14267 3.529
8 ABC7-8 I C S Y, w M E L 12638 3.126
9 ABC7-9 I C R Vv w Q A L 11718 2.898
10 | ABC7-10 I C K Y, w Q Y L 9249 2.288
11 ABC7-11 | C R \ W S L L 9124 2.257
12 | ABC7-12 I C K Y, w M A L 7513 1.858
13 | ABC7-13 | C K \Y; w S Q L 7166 1.773
14 | ABC7-14 Il C R I Vv P S L 6435 1.592
15 | ABC7-15 | C R \Y; w Q L L 6030 1.492
16 | ABC7-16 Il C I V Vv P S I 5871 1.452
17 ABC7-17 - C C Y V K H T 5853 1.448
18 | ABC7-18 11 C G S P I Y L 5792 1.433
19 | ABC7-19 I C R V w C E L 5223 1.292
20 | ABC7-20 I C K V w M E Vv 5043 1.247
21 ABC7-21 - C V Q T \ P F 5041 1.247
22 | ABC7-22 I C R V w S P L 4843 1.198
23 | ABC7-23 I C R V w M G L 4212 1.042
24 | ABC7-24 I C T V w M A I 3654 0.904
25 | ABC7-25 1 C G S P I F L 2618 0.648
26 | ABC7-26 I C Vv V w Q P L 2611 0.646
27 | ABC7-27 I C R Vv w Q \% \% 2595 0.642
28 | ABC7-28 Il C R V Vv P A I 2408 0.596
29 | ABC7-29 I C R Vv w S A L 2327 0.576
30 | ABC7-30 I C A V w Q A L 2280 0.564
31 | ABC7-31 Il C Q Vv \% P S \% 2004 0.496
32 | ABC7-32 I C R V w C A Vv 1971 0.488
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Reads

[} . o
g Peptide % Amino acid sequence MU ET é;)?[itg:a
3 name = of reads reads
(%)
33 | ABC7-33 | VI C E Y R L A I 1767 0.437
34 | ABC7-34 v C Q Vv Y w R R 1629 0.403
35 | ABC7-35 IX C Y Q I A Y I 1510 0.374
36 | ABC7-36 | VI C R P Y A w w 1299 0.321
37 | ABCT7-37 \Y, C A Y R S Y L 1257 0.311
38 | ABC7-38 Xl C T Vv P N Vv I 1123 0.278
39 | ABC7-39 X C R w M w C R 1106 0.274
40 | ABC7-40 I C K Vv w C Vv M 1059 0.262
41 | ABC7-41 I C R Y w Q C Vv 1028 0.254
42 | ABC7-42 11 C G N P Vv F L 959 0.237
43 | ABC7-43 I C A Y w M Q L 953 0.236
44 | ApPC7-44 1 C G C T | F L 937 0.232
45 | ABC7-45 11 C G S P L Y L 894 0.221
46 ABC7-46 \Y] C S \% V L F R 870 0.215
47 | ABC7-47 \Y, C K Y R N F L 858 0.212
48 | ABC7-48 11 C G N P Vv M L 839 0.208
49 | ABC7-49 I C R Y w M M L 815 0.202
50 | ABC7-50 I C R V w S Vv Y 803 0.199
51 | ABC7-51 I C R Y w Q E vV 796 0.197
52 | ABC7-52 I C Vv V w Q Q I 790 0.195
53 | ABC7-53 \ C R Y L Y A Q 668 0.165
54 | ABC7-54 Il C V \% V P S | 655 0.162
55 | ABC7-55 - T Y Y L G F L 653 0.162
56 | ABC7-56 11 C G S Y I F L 652 0.161
57 | ABC7-57 Vv C E M R S Y L 612 0.151
58 | ABC7-58 I C Q Vv w M D L 608 0.15
59 | ABC7-59 Il C Y Vv Y P S L 582 0.144
60 | ABC7-60 | C R \Y; w Q D P 575 0.142
61 | ABC7-61 VI C R L L Y Y Q 490 0.121
62 | ABC7-62 I C R Vv w M L L 486 0.12
63 | ABC7-63 I C Y Vv w Q L L 473 0.117
64 | ABC7-64 VI C R Y L | A Q 464 0.115
65 | ABC7-65 | Xl C E Vv S L N L 449 0.111
66 ABC7-66 XV C R W G L D L 446 0.11
67 | ABC7-67 I C R Vv w Y G I 435 0.108
68 ABC7-68 \Y) C \Y \% \Y W R K 427 0.106
69 | ABC7-69 Vv C S L R S Y L 421 0.104
70 | ABC7-70 I C A Vv w Q L L 376 0.093
71 | ABC7-71 - C M Vv N G D M 373 0.092
72 | ABC7-72 I C N Vv w Q Y Y 361 0.089
73 | ABC7-73 VI C R Vv I w A Q 356 0.088
74 | ABC7-74 - S E C T L N L 350 0.087
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g Peptide % Amino acid sequence MU ET é;)?[itg:a
3 name = of reads reads

(%)

75 | ABC7-75 I C K Y w T Y Vv 335 0.083
76 | ABC7-76 I C Y Vv w C Q P 326 0.081
77 | ABCT-77 I C R Y w M A A 318 0.079
78 | ABC7-78 I C R Vv w M T Y 316 0.078
79 | ABC7-79 | VI C R L Y, S w w 316 0.078
80 | ABC7-80 I C R Vv w Q T R 296 0.073
81 | ABC7-81 Il C L Y Y, P S Vv 291 0.072
82 | ABC7-82 v C M L Y w R R 288 0.071
83 | ABC7-83 I C H Y w S Y Vv 287 0.071
84 | ABC7-84 Vv C T L R T F L 284 0.07
85 | ABC7-85 I C Y Y w C P L 273 0.068
86 | ABC7-86 Vv C R M R S Y L 267 0.066
87 | ABC7-87 \Y, C A L R S Y L 257 0.064
88 | ApBC7-88 VI C R | L Vv A Q 240 0.059
89 | ABC7-89 Il C D I I P S L 228 0.056
90 | ABC7-90 | C R \% \\ E L L 227 0.056
91 | ABC7-91 I C R Y R Q E L 220 0.054
92 | ABC7-92 11 C G T Vv Vv Y L 219 0.054
93 | ABC7-93 I C R Y w C F C 218 0.054
94 | ABC7-94 I C A V w C w P 212 0.052
95 | ABC7-95 I C K Y w M w K 211 0.052
96 | ABC7-96 v C Q V Vv L w R 209 0.052
97 | ABC7-97 I C R Vv w S Y P 207 0.051
98 ABC7-98 VI C R \% V A W "\ 205 0.051
99 | ABC7-99 v C K L Y Y F R 204 0.05
100 | ABC7-100 | V C S L R T F L 200 0.049
101 | ABC7-101 Il C Y Y Y P S L 198 0.049
102 | ABC7-102 | C R \% "\ T Q V 191 0.047
103 | ABC7-103 | 1l C G S Y L w L 190 0.047
104 | ABC7-104 IX C Y E | A N | 190 0.047
105 | ABC7-105 | X C R w Y w C R 187 0.046
106 | ABC7-106 Il C T Y V P S L 179 0.044
107 | ABC7-107 | VI C R I L Y A Q 176 0.044
108 | ABC7-108 I C K Vv F Q Y L 173 0.043
109 | ABC7-109 | il C G Vv Y L Y L 171 0.042
110 | ABC7-110 \Y) C T M \Y \% W R 167 0.041
111 | ABC7-111 | IV C R T Y Vv w R 166 0.041
112 | ABC7-112 | C R \% A A \% L 165 0.041
113 | ABC7-113 I C R Vv w C L P 165 0.041
114 | ABC7-114 Il C R \% \Y P S L 164 0.041
115 | ABC7-115 I C R Vv w S Vv R 163 0.04
116 | ABC7-116 11 C G S V L F L 163 0.04
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g Peptide % Amino acid sequence MU ET é;)?[itg:a

3 name = of reads reads

(%)

117 | ABC7-117 | XlI C E Y A I N L 162 0.04
118 | ABC7-118 I C Y Vv w C T R 161 0.04
119 | ABC7-119 | Il C G T P L I L 160 0.04
120 | ABC7-120 | IV C S Vv Y Y w R 159 0.039
121 | ABC7-121 | VI C S Y M Y A I 159 0.039
122 | ABC7-122 | V C R Vv R S Y L 159 0.039
123 | ABC7-123 | XV C Y I I A G L 158 0.039
124 | ABC7-124 | Il C G R P Vv L L 158 0.039
125 | ABC7-125 | 1l C G E M L Y L 154 0.038
126 | ABC7-126 I C L Vv w M G L 153 0.038
127 | ABC7-127 | V C R Y R T Y L 151 0.037
128 | ABC7-128 \Y] C S \% V L W R 150 0.037
129 | ABC7-129 | V C Y, L R N Y L 149 0.037
130 | ABC7-130 | Vi C K \% V S W W 142 0.035
131 | ABC7-131 | VI C R I Y, Y A Q 139 0.034
132 | ABC7-132 | V C Vv V R T F L 139 0.034
133 | ABC7-133 | XVI C Y, Y P N M vV 138 0.034
134 | ABC7-134 I C S V w Q S L 137 0.034
135 | ABC7-135 - C G I I L F R 135 0.033
136 | ABC7-136 | IV C E V Vv w R R 135 0.033
137 | ABC7-137 I C R Y w S P C 134 0.033
138 | ABC7-138 - C P L M L A I 132 0.033
139 | ABC7-139 | IV C A Vv Y L F R 128 0.032
140 | ABC7-140 1 C G R P | \% L 127 0.031
141 | ABC7-141 I C F Vv w Q C R 125 0.031
142 | ABC7-142 \Y) C S \% L \% F R 124 0.031
143 | ABC7-143 | V C R M R T Y L 122 0.03
144 | ABC7-144 1 C G Y V \% Y L 122 0.03
145 | ABC7-145 I C R Vv w C I I 122 0.03
146 | ABC7-146 | C R \% "\ \% P L 121 0.03
147 | ABC7-147 - C R Vv F I M Q 120 0.03
148 | ABC7-148 1 C G S P \% Y L 119 0.029
149 | ABC7-149 | V C K w R T F L 118 0.029
150 | ABC7-150 1 C G A T \% Y L 115 0.028
151 | ABC7-151 | Xl C E F Y S w I 108 0.027
152 | ABC7-152 VI C R L \Y \% A Q 108 0.027
153 | ABC7-153 | V C D L R S Y L 107 0.026
154 | ABC7-154 X C A W L W C R 107 0.026
155 | ABC7-155 I C R Vv S Q A L 107 0.026
156 | ABC7-156 | VIl C S L P G A I 105 0.026
157 | ABC7-157 - C M w I E C Y, 105 0.026
158 | ABC7-158 11 C G R T L \% L 103 0.025
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159 | ABC7-159 | IV C E Y Y, Y L R 103 0.025
160 | ABC7-160 Il C K Vv Y P T L 101 0.025
161 | ABC7-161 C R P Y M P G 101 0.025
162 | ABC7-162 | 1l C G H P I Vv L 101 0.025
163 | ABC7-163 - C L M D G w Vv 101 0.025
164 | ABC7-164 I C R Vv w S H P 98 0.024
165 | ABC7-165 | XVI C S Y P N L Vv 97 0.024
166 | ABC7-166 I C R W w G G I 97 0.024
167 | ABC7-167 | Il C G S Y, I w L 97 0.024
168 | ABC7-168 | Il C G R G I S L 97 0.024
169 | ABC7-169 | Il C G D Y, L w L 97 0.024
170 | ABC7-170 \% C S \% R T F L 96 0.024
171 | ABC7-171 | Il C G E I Y Y L 94 0.023
172 | ABC7-172 - C \\ E | G Y | 92 0.023
173 | ABC7-173 Il C E Y Y, P S L 91 0.023
174 | ABC7-174 | C | \% \\ Q C L 88 0.022
175 | ABC7-175 | IV C R Y M Y F R 87 0.022
176 | ABC7-176 - C G P L I E L 87 0.022
177 | ABC7-177 I C R Y w A L L 85 0.021
178 | ABC7-178 | Xl C E F V S W H 84 0.021
179 | ABC7-179 I C R Y S C P L 84 0.021
180 | ABC7-180 | IV C Q L L Vv F R 84 0.021
181 | ABC7-181 I C Y Vv w Q G L 84 0.021
182 | ABC7-182 | VIl C S Vv R L A I 84 0.021
183 | ABC7-183 | Il C G P T F Y L 83 0.021
184 | ABC7-184 | X C R | A w C R 82 0.02
185 | ABC7-185 - C Y L Y A C I 81 0.02
186 | ABC7-186 | XI C R Vv Q A Y I 80 0.02
187 | ABC7-187 | Xl C R F Y S S Y, 80 0.02
188 | ABC7-188 | IV C T Vv Y Y F R 79 0.02
189 | ABC7-189 | IV C R I Y Y A R 79 0.02
190 | ABC7-190 | Il C G S P Y L L 79 0.02
191 | ABC7-191 - C M I R T E Y, 78 0.019
192 | ABC7-192 I C Y Vv w S P L 77 0.019
193 | ABC7-193 | XV C w R I A E L 77 0.019
194 | ABC7-194 11 C G S T F F L 75 0.019
195 | ABC7-195 - C E I S w C F 74 0.018
196 | ABC7-196 V C P \% R N Y L 74 0.018
197 | ABC7-197 - C A Vv P E A K 73 0.018
198 | ABC7-198 | il C G G T L Y L 73 0.018
199 | ABC7-199 | VI C A I Vv w A Q 72 0.018
200 | ABC7-200 - C Y E I R Q L 72 0.018
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g Peptide % Amino acid sequence MU ET é;)?[itg:a

3 name = of reads reads

(%)

201 | ABC7-201 | IV C G Y Y, Y Y R 72 0.018
202 | ABC7-202 | 1l C G E M L w L 71 0.018
203 | ABC7-203 Il C w T Y, G T I 71 0.018
204 | ABC7-204 I C R Vv w G A T 71 0.018
205 | ABC7-205 - C K I Y, P A F 70 0.017
206 | ABC7-206 I C Y Vv w C A P 70 0.017
207 | ABC7-207 - C Y, Y Q w C R 69 0.017
208 | ABC7-208 - C C G T R M R 69 0.017
209 | ABC7-209 I C Y, Y w S S L 69 0.017
210 | ABC7-210 | IV C Y M Y Vv w R 69 0.017
211 | ABC7-211 - C Y M I G Y K 68 0.017
212 | ABC7-212 - C M M L Y F R 68 0.017
213 | ABC7-213 | Xl C Y F Y, S w vV 66 0.016
214 | ABC7-214 | C L \% \\ C P L 66 0.016
215 | ABC7-215 | VI C R Y L N Y Q 65 0.016
216 | ABC7-216 \Y] C F M V \% W R 64 0.016
217 | ABC7-217 | XV C L F G L N L 63 0.016
218 | ABC7-218 1 C G D P L M L 63 0.016
219 | ABC7-219 Il C T Y Y, P S I 63 0.016
220 | ABC7-220 I C R V w S G L 60 0.015
221 | ABC7-221 | Xl C G w Y, T E L 60 0.015
222 | ABC7-222 | 1l C G E Vv Vv w L 59 0.015
223 | ABC7-223 - C P L Y Y R Y, 59 0.015
224 | ABC7-224 - C M D A w A L 59 0.015
225 | ABC7-225 - C Y Q Y S G L 57 0.014
226 | ABC7-226 - C S E R I A L 57 0.014
227 | ABC7-227 I C R Vv A Q A L 56 0.014
228 | ABC7-228 Il C R \% V P P | 55 0.014
229 | ABC7-229 - C I G R D Y T 55 0.014
230 | ABC7-230 I C R Vv S A A L 54 0.013
231 | ABC7-231 I C K Vv w C G L 54 0.013
232 | ABC7-232 I C Y Vv T P Y Vv 54 0.013
233 | ABC7-233 | I C G E T L Y L 54 0.013
234 | ABC7-234 | C R \% T A A L 54 0.013
235 | ABC7-235 - S R F G G C Q 54 0.013
236 | ABC7-236 - C G Vv Y M R Y 53 0.013
237 | ABC7-237 | VI C E I R L A L 53 0.013
238 | ABC7-238 | XVIII C R P C G w Y 53 0.013
239 | ABC7-239 | 1l C P I L L C L 52 0.013
240 | ABC7-240 - C C A Q L C Q 52 0.013
241 | ABC7-241 I C A Vv w Q A Y, 51 0.013
242 | ABC7-242 - S F A G G w G 51 0.013
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243 | ABC7-243 | 1l C G E P I L L 51 0.013
244 | ABC7-244 - C P M L G S T 50 0.012
245 | ABC7-245 I C R Y w S A Vv 50 0.012
246 | ABC7-246 | 1l C G D I Vv Y L 50 0.012
247 | ABC7-247 | 1l C G R H L w L 49 0.012
248 | ABC7-248 | Xl C R Vv P G Vv I 49 0.012
249 | ABC7-249 - C E Y A w P F 48 0.012
250 | ABC7-250 | I C G T Y Vv C L 48 0.012
251 | ABC7-251 I C Y, Y w S T I 48 0.012
252 | ABC7-252 | IV C Y R Y Vv w R 48 0.012
253 | ABC7-253 | 1l C G Y P L F L 47 0.012
254 | ABC7-254 1 C G Q P \% \% L 46 0.011
255 | ABC7-255 I C R Y Y C Y P 46 0.011
256 | ABC7-256 \% C V \% K S Y L 46 0.011
257 | ABC7-257 - C A L F M R vV 45 0.011
258 | ABC7-258 | XIlI C E F V S W L 45 0.011
259 | ABC7-259 Il C w Y Y, G S I 44 0.011
260 | ABC7-260 1 C G P | \% H L 44 0.011
261 | ABC7-261 Il C I I Y, P S L 44 0.011
262 | ABC7-262 I C R V w C A F 44 0.011
263 | ABC7-263 | 1l C G F P I L L 44 0.011
264 | ABC7-264 1 C G Q V \% F L 44 0.011
265 | ABC7-265 - C G Y L L S S 44 0.011
266 | ABC7-266 \Y) C E M V Y \% R 44 0.011
267 | ABC7-267 - C w R G R P E 43 0.011
268 | ABC7-268 - C N G G L E R 43 0.011
269 | ABC7-269 | 1l C G D P Y Y L 43 0.011
270 | ABC7-270 | 1l C G R S L Y Vv 43 0.011
271 | ABC7-271 - C C R G R A P 43 0.011
272 | ABC7-272 - C Y T L G G Vv 42 0.01
273 | ABC7-273 | Xl C R L Y S E I 42 0.01
274 | ABC7-274 - C N W N Q W W 42 0.01
275 | ABC7-275 | IV C R Vv Y L Y R 41 0.01
276 | ABC7-276 Il C w M Y G S I 41 0.01
277 | ABC7-277 | IV C G I Y Y Y R 40 0.01
278 | ABC7-278 \Y) C T \% \Y F F R 40 0.01
279 | ABC7-279 I S A Vv R C Vv w 39 0.01
280 | ABC7-280 | 1l C G Q K Y Y L 39 0.01
281 | ABC7-281 | Xl C G W Y S E Vv 39 0.01
282 | ABC7-282 | IV C K E vV Y w R 39 0.01
283 | ABC7-283 | IV C R Vv Vv Vv w R 39 0.01
284 | ABC7-284 | IV C A Vv Y L R L 39 0.01
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285 [ ABC7-285 | XI C R I P G Y I 38 0.009
286 | ABC7-286 - C G P Y Y w L 38 0.009
287 | ABC7-287 I C R Y L C L G 38 0.009
288 | ABC7-288 | IV C R S Y Vv w R 38 0.009
289 | ABC7-289 - S G D G S N A 37 0.009
290 | ABC7-290 - C S R T I I K 37 0.009
291 | ABC7-291 | XIV C P w G L D L 36 0.009
292 | ABC7-292 | IV C K Vv Y L F R 36 0.009
293 | ABC7-293 | I C G T P Y Y L 36 0.009
294 | ABC7-294 | VI C R Vv I Y Vv Q 35 0.009
295 [ ABC7-295 | IV C R I Y, L w R 35 0.009
296 | ABC7-296 | 1l C G A Vv M F L 35 0.009
297 | ABC7-297 - C E G S Y S w 35 0.009
298 [ ABC7-298 | X C R w A w C R 35 0.009
299 [ ABC7-299 | IV C A Y Y, Y w R 35 0.009
300 | ABC7-300 - S R E w L D Y 35 0.009
301 | ABC7-301 - C L N S F E I 35 0.009
302 | ABC7-302 Il C Y w Vv P S L 34 0.008
303 | ABC7-303 I C K A w Q S L 34 0.008
304 | ABC7-304 - C V W R R L W 34 0.008
305 | ABC7-305 | 1l C G K H L Y L 34 0.008
306 | ABC7-306 I C R V w Q w Y 34 0.008
307 | ABC7-307 - C L E S R G G 33 0.008
308 | ABC7-308 | XIX C T Vv I L Y R 33 0.008
309 | ABC7-309 1l C E A T Y N L 33 0.008
310 | ABC7-310 | XVl C R w C S w Vv 33 0.008
311 | ABC7-311 | XIlll C R P Y S E Y, 33 0.008
312 | ABC7-312 Il C E F Y P T L 33 0.008
313 | ABC7-313 - S T A G R G T 32 0.008
314 | ABC7-314 | XVII C L R G L N L 32 0.008
315 | ABC7-315 - C L Vv Y H A T 32 0.008
316 | ABC7-316 - C Y I w Y P G 31 0.008
317 | ABC7-317 | 1l C R A E L w L 31 0.008
318 | ABC7-318 | 1l C G Vv E L w L 31 0.008
319 | ABC7-319 1l C G A P L L L 30 0.007
320 | ABC7-320 - C T Vv R L w G 30 0.007
321 | ABC7-321 | IV C T I Y Vv C R 30 0.007
322 | ABC7-322 1l C G R I I D L 30 0.007
323 | ABC7-323 | IV C N L I Vv Vv R 30 0.007
324 | ABC7-324 11 C G E \Y \% \% L 30 0.007
325 | ABC7-325 | IV C E Vv Vv Vv Vv R 30 0.007
326 | ABC7-326 | Il C G L E I Y L 29 0.007
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[} . o

g Peptide % Amino acid sequence MU ET é;)?[itg:a

3 name = of reads reads

(%)

327 | ABC7-327 C Q Y G K G G 29 0.007
328 | ABC7-328 - C D E C G L Y 29 0.007
329 | ABC7-329 I C F Y w E A L 29 0.007
330 | ABC7-330 - C R R S T G R 29 0.007
331 | ABC7-331 I C R Y w S E Vv 28 0.007
332 | ABC7-332 - C M D Y Y A Y 28 0.007
333 | ABC7-333 | X C S w Y, w C R 28 0.007
334 | ABC7-334 - C E S A I I Y 28 0.007
335 | ABC7-335 Il C M F Y, P T L 28 0.007
336 | ABC7-336 - S E E N G Q A 27 0.007
337 | ABC7-337 - C Y, M H K C G 27 0.007
338 | ABC7-338 | XIll C G wW T T E Y 27 0.007
339 | ABC7-339 - S I R R T P vV 27 0.007
340 | ABC7-340 I C R V R Q D L 27 0.007
341 | ABC7-341 - C Y, A Q S R N 27 0.007
342 | ABC7-342 1l C G Q T L Vv L 27 0.007
343 | ABC7-343 - C S Y I Y R vV 27 0.007
344 | ABC7-344 | C A \% \\ M M L 27 0.007
345 | ABC7-345 | IV C R M A Y w R 27 0.007
346 | ABC7-346 - C P V Vv w w S 26 0.006
347 | ABC7-347 | IV C R I Y, Y F R 26 0.006
348 | ABC7-348 - C R E R G S w 26 0.006
349 | ABC7-349 I C R Vv w Q H Y, 26 0.006
350 | ABC7-350 | 1l C G A P L Y Vv 26 0.006
351 | ABC7-351 Il C w L Y G T I 26 0.006
352 | ABC7-352 - C T A L I w R 26 0.006
353 | ABC7-353 | Il C G Vv P I Y L 26 0.006
354 | ABC7-354 I C Y Vv w Q S R 26 0.006
355 | ABC7-355 I C R Vv w S M I 26 0.006
356 | ABC7-356 I C S Vv w C P L 26 0.006
357 | ABC7-357 | IV C S L Y Y Y R 26 0.006
358 | ABC7-358 - C F D R w A F 25 0.006
359 | ABC7-359 | VIII C R L D S T w 25 0.006
360 | ABC7-360 - C G w R L w Q 25 0.006
361 | ABC7-361 - C Y A G Y R L 25 0.006
362 | ABC7-362 - C L A w Y G w 25 0.006
363 | ABC7-363 - C R M I I L Q 25 0.006
364 | ABC7-364 | C R \% Y M E L 25 0.006
365 | ABC7-365 | IV C A Vv Y L I R 24 0.006
366 | ABC7-366 I C R Vv w S w R 24 0.006
367 | ABC7-367 | VI C R L M Vv L Q 24 0.006
368 | ABC7-368 | IV C D Vv Y Y I R 24 0.006
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[} . o

g Peptide % Amino acid sequence MU ET é;)?[itg:a

3 name = of reads reads

(%)

369 | ABC7-369 | Il C G R Y, I N L 24 0.006
370 | ABC7-370 Il C T Vv Y P S Y 24 0.006
371 | ABC7-371 | V C L Y R S Y L 24 0.006
372 | ABC7-372 | VI C S L w Vv A I 24 0.006
373 | ABC7-373 | IV C G L Y, I F R 23 0.006
374 | ABC7-374 | XV C Y R I A G L 23 0.006
375 | ABC7-375 1l C G A T Y N L 23 0.006
376 | ABC7-376 - S T E S Vv w A 23 0.006
377 | ABC7-377 - C S E P P R A 23 0.006
378 | ABC7-378 I C L Vv R Q E L 23 0.006
379 | ABC7-379 - C R F R A w vV 23 0.006
380 | ABC7-380 - S A V G T Vv R 23 0.006
381 | ABC7-381 - C G S R S G vV 23 0.006
382 | ABC7-382 - C D P E A Vv S 23 0.006
383 | ABC7-383 [ Il C E R G I S L 23 0.006
384 | ABC7-384 | 1l C G K Vv L Y Y 22 0.005
385 | ABC7-385 - C Y, R A N R A 22 0.005
386 | ABC7-386 - C Vv Q T A A Y 22 0.005
387 | ABC7-387 - S G G Y, S Y A 22 0.005
388 | ABC7-388 | XIlI C R F Vv S E Y 22 0.005
389 | ABC7-389 - C L C Y, Q D M 22 0.005
390 | ABC7-390 - S C G R A G Y 22 0.005
391 | ABC7-391 | XX C S w D S w G 22 0.005
392 | ABC7-392 1l C G P T Y Y L 22 0.005
393 | ABC7-393 - C M L L L P Y, 21 0.005
394 | ABC7-394 | XIX C T L | L L R 21 0.005
395 | ABC7-395 - C R A w T Y G 21 0.005
396 | ABC7-396 I C K Vv w R L L 21 0.005
397 | ABC7-397 | V C R Y R T C L 21 0.005
398 | ABC7-398 I C w Vv w Q S L 21 0.005
399 | ABC7-399 I C F Vv w T T L 21 0.005
400 | ABC7-400 - C H A T R S w 21 0.005
401 | ABC7-401 I C Y Vv w H Y Y, 21 0.005
402 | ABC7-402 - S P Vv C F A G 21 0.005
403 | ABC7-403 - C R D A I A T 21 0.005
404 | ABC7-404 11 C G \% M \% M L 20 0.005
405 | ABC7-405 Il C R Vv Y C S I 20 0.005
406 | ABC7-406 | IV C A Vv vV Y Y R 20 0.005
407 | ABC7-407 I C Y P G A Vv R 20 0.005
408 | ABC7-408 | IV C C K vV Y L Y 20 0.005
409 | ABC7-409 I C R Vv w R T L 20 0.005
410 | ABC7-410 | XX S Q G L S w D 20 0.005
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_ Reads
o} . ) / Total
g Peptide & Amino acid sequence MU ET peptide
5 name = of reads
= (@) reads
(%)
411 | ABC7-411 C L A I G Q I 20 0.005
412 | ABC7-412 - C L R Y L Vv G 20 0.005
413 | ABC7-413 I C Y Y w T T R 20 0.005
414 | ABC7-414 - S R W G R S R 20 0.005
415 | ABC7-415 - C S G M T P R 20 0.005
416 | ABC7-416 - C H C G A L R 20 0.005
Sum 404,280 100
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Appendix C — Sequences and frequency of appearance of the Ap-

targeting Cluster | heptapeptide sequences, as determined by high-

throughput sequencing of the enriched library after the 7th round

of sorting.
o . Reads/Total | Reads/Total
E Prapiiae Amino acid sequence Nfumb(;ar Cluster | reads | heptapeptide
E name of reads %) reads (%)
1 ABRC7-1 C| K \% W | Q L L 64118 21.144 15.86
2 ABRC7-2 C| K \% \\ M P L 42464 14.003 10.504
3 ABC7-3 |C| R V |W | T E L 28675 9.456 7.093
4 ABC7-5 C|R \% \\ M \% P 20170 6.651 4.989
5 ABC7-6 |C| R vV |W]| C A L 18397 6.067 4,551
6 ABC7-7 |C| R V | W ]| Q T \% 14267 4.705 3.529
7 ABC7-8 | C| S V |W | M E L 12638 4.168 3.126
8 ABC7-9 |C| R V | W ]| Q A L 11718 3.864 2.898
9 ABC7-10 |C | K V | W ]| Q \% L 9249 3.05 2.288
10 | ABC7-11 [C| R V |W]| S L L 9124 3.009 2.257
11 ABC7-12 |C | K \% \\ M A L 7513 2.478 1.858
12 | ABC7-13 [C | K V |W]| S Q L 7166 2.363 1.773
13 | ABC7-15 [C | R V | W] Q L L 6030 1.988 1.492
14 | ABC7-19 (C| R vV |W]| C E L 5223 1.722 1.292
15 [ ABC7-20 | C | K V |W | M E \% 5043 1.663 1.247
16 | ABC7-22 |C | R V |W]| S P L 4843 1.597 1.198
17 | ABC7-23 [C| R V |WI| M G L 4212 1.389 1.042
18 ABC7-24 |C| T \% \\ M A | 3654 1.205 0.904
19 | ABC7-26 [C | V V |W ]| Q P L 2611 0.861 0.646
20 | ABC7-27 |C| R V | W ]| Q \% V 2595 0.856 0.642
21 | ABC7-29 [C| R V |W]| S A L 2327 0.767 0.576
22 | ABC7-30 [C | A V | W ]| Q A L 2280 0.752 0.564
23 | ABC7-32 [C| R vV |W]|C A \% 1971 0.65 0.488
24 | ABC7-40 [C | K vV |W]|C \% M 1059 0.349 0.262
25 | ABC7-41 |C| R V |W ]| Q C V 1028 0.339 0.254
26 | ABC7-43 |C| A V |WI| M Q L 953 0.314 0.236
27 | ABC7-49 |C| R V |WI| M M L 815 0.269 0.202
28 | ABC750 |[C| R |V |W|[ S|V |V 803 0.265 0.199
29 | ABC7-51 [C| R V | W ]| Q E \% 796 0.262 0.197
30 | ABC7-52 [C | V V | W ]| Q Q | 790 0.261 0.195
31 | ABC7-58 [C | Q V |W | M D L 608 0.2 0.15
32 | ABC7-60 [C| R V | W ]| Q D P 575 0.19 0.142
33 | ABC7-62 |C| R V | W[ M L L 486 0.16 0.12
34 | ABC7-63 |C| V \% W | Q L L 473 0.156 0.117
35 | ABC7-67 |C| R V |WI|Y G | 435 0.143 0.108
36 | ABC7-70 |C | A V |W ]| Q L L 376 0.124 0.093
37 | ABC7-72 [C | N V | W ]| Q \% \% 361 0.119 0.089
38 | ABC7-75 [C | K V |W]| T \% \% 335 0.11 0.083
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g Peptide _ _ Number Reads/Total Reads/To_taI
g name Amino acid sequence of reads Cluster | reads | heptapeptide
= (%) reads (%)
39 | ABC7-76 [C| V[V | W]C|Q|P 326 0.108 0.081
40 | ABC7-77 |CI R |V IW [ M| A]|A 318 0.105 0.079
41 | ABC7-78 [CI R | V | W | M| T]|V 316 0.104 0.078
42 | ABC7-80 [CI R |V I W] Q| T|R 296 0.098 0.073
43 | ABC7-83 [C| H| V |W ]| S|V |V 287 0.095 0.071
44 | ABC7-85 [C| Y |V |W]|]C]|P L 273 0.09 0.068
45 | ABC7-90 |[C| R | V | W | E L L 227 0.075 0.056
46 | ABC791 [C| RV | R| Q| E L 220 0.073 0.054
47 | ABC7-93 |C| R | V | W | C F | C 218 0.072 0.054
48 | ABC7-94 |[C| AV IW]|C|IW]P 212 0.07 0.052
49 | ABC7-95 [C| K|V I W ]| M|W|K 211 0.07 0.052
50 | ABC7-97 |[C| R |V |W|[ S|V ]|P 207 0.068 0.051
51 |ABC7-102|C| R |V | W[ T|[Q |V 191 0.063 0.047
52 | ABC7-108 | C | K \% F Q \% L 173 0.057 0.043
53 | ABC7-112(C| R [V | A | A | V L 165 0.054 0.041
54 | ABC7-113(C| RV | W | C L P 165 0.054 0.041
55 [ ABC7-115(C| R [V | W ]| S|V [R 163 0.054 0.04
56 [ ABC7-118(C| V[V | W] C | T/|R 161 0.053 0.04
57 |ABC7-126 |C| L | V | W | M| G L 153 0.05 0.038
58 | ABC7-134|C| S|V |W|[ Q| S L 137 0.045 0.034
59 | ABC7-137|C| R | V | W[ S P | C 134 0.044 0.033
60 |ABC7-141|C| F |V I W|[Q|[C|R 125 0.041 0.031
61 [ABC7-145(C| RV | W ]| C I I 122 0.04 0.03
62 [ABC7-146 [C| R [V | W ]| V [P L 121 0.04 0.03
63 [ABC7-155(C| R [V | S| Q| A L 107 0.035 0.026
64 | ABC7-164(C| RV | W | S [ H P 98 0.032 0.024
65 | ABC7-166 |C| R | W | W | G [ G I 97 0.032 0.024
66 | ABC7-174 | C | | VI iw]|Q]|C L 88 0.029 0.022
67 | ABC7-177 |C | R \% "\ A L L 85 0.028 0.021
68 | ABC7-179 |C| R |V | S| C | P L 84 0.028 0.021
69 [ABC7-181(C| V|V |[W ]| Q|G L 84 0.028 0.021
70 [ ABC7-192(C |V [V | W] S P L 77 0.025 0.019
71 [ABC7-204(C| RV | W |G |A|T 71 0.023 0.018
72 |ABC7-206 [ C| V|V | W] C|A]|P 70 0.023 0.017
73 | ABC7-209|C| V|V |W|[S|S L 69 0.023 0.017
74 | ABC7-214|C| L |V |W|[C]|P L 66 0.022 0.016
75 | ABC7-220|C| R |V |W| S |G L 60 0.02 0.015
76 |ABC7-227|C| R | V]| A | QA L 56 0.018 0.014
77 | ABC7230(C| RV | S| A]|A L 54 0.018 0.013
78 | ABC7-231(C| K|V |[W] C |G L 54 0.018 0.013
79 | ABC7-232(C| V|V | T PV |V 54 0.018 0.013
80 [ABC7-234(C| RV | T | A]|A L 54 0.018 0.013
81 | ABC7-241 | C | A \% W | Q A \Y 51 0.017 0.013
82 |ABC7-245|C| R |V |W|[S|[A |V 50 0.016 0.012
83 |ABC7-251 |C| V|V |W|[S|T I 48 0.016 0.012
84 | ABC7-255 | C | R \% Y C \% P 46 0.015 0.011
85 [ ABC7-262 (C| RV |W ]| C | A F 44 0.015 0.011
86 | ABC7-279 (S| AV | R | C |V |W 39 0.013 0.01
87 | ABC7-287 |C| R | V L | C L |G 38 0.013 0.009
88 | ABC7-303(C| K[ A |W]| Q| S L 34 0.011 0.008
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g Peptide _ _ Number Reads/Total Reads/To_taI
£ name Amino acid sequence of reads Cluster | reads | heptapeptide
= (%) reads (%)
89 [ABC7-306 [ C| RV | W | Q|[W]|V 34 0.011 0.008
90 [ABC7-329(C| F |V | W] E|A L 29 0.01 0.007
91 |ABC7-331|C| R |V |W/|S E |V 28 0.009 0.007
92 |ABC7-340|C| R | V| R| QD L 27 0.009 0.007
93 |ABC7-344 |C| A |V | W | M |[M L 27 0.009 0.007
94 |ABC7-349|C| R |V | W[ Q| H |V 26 0.009 0.006
95 [ABC7-354(C| Y [V | |W]|]Q]|S|R 26 0.009 0.006
96 [ ABC7-355(C| RV |W ]| S| M I 26 0.009 0.006
97 |ABC7-356(C| S|V |W]|]C|P L 26 0.009 0.006
98 [ABC7-364(C| RV | Y | M|E L 25 0.008 0.006
99 |ABC7-366 |C| R |V | W[ S |[W]|R 24 0.008 0.006
100 | ABC7-378(C| L [ V[ R | Q| E L 23 0.008 0.006
101 | ABC7-39%6 (C| K [ V | W ]| R L L 21 0.007 0.005
102 | ABC7-398(C|{W [V [W]|] Q| S L 21 0.007 0.005
103 |ABC7-399 |C| F |V |IW|[T]|T L 21 0.007 0.005
104 | ABC7-401 |C|V | V|IW|[H ]|V ]|V 21 0.007 0.005
105 | AgC7-407|C|{V | P | G|A|V]R 20 0.007 0.005
106 | ABC7-409 |C| R | V| W|[R | T L 20 0.007 0.005
107 |ABC7-416 |C|V | V I W[ T|[T]|R 20 0.007 0.005
Sum 303,245 100 75.01
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Appendix D — Sequences and frequency of appearance of the Ap-

targeting Cluster Il heptapeptide sequences as determined by high-

throughput sequencing of the enriched library after the 7th round

of sorting.

9 — Number | Reads/Total | Reads/Total

£ EIEE Aminoacid sequence of Cluster Il heptapeptide

3 name reads reads (%) reads (%)

1 | ABC7-14 C R | \% P S L 6435 32.682 1.592

2 | ABC7-16 C | \ \% P S | 5871 29.817 1.452

3 | ABC7-28 C R \ \% P A | 2408 12.23 0.596

4 | ABC7-31 C Q \% V P S \% 2004 10.178 0.496

5 ABC7-54 C \% \% V P S | 655 3.327 0.162

6 | ABC7-59 C \% \% \% P S L 582 2.956 0.144

7 ABC7-81 C L \% V P S \% 291 1.478 0.072

8 | ABC7-89 C D | I P S L 228 1.158 0.056

9 [ ABC7-101| C Y Y \% P S L 198 1.006 0.049

10 | ABC7-106 | C T Y \% P S L 179 0.909 0.044

11 | ABC7-114 | C R \ \% P S L 164 0.833 0.041

12 | ABC7-160 | C K \% V P T L 101 0.513 0.025

13 | ABC7-173 | C E \% V P S L 91 0.462 0.023

14 | ABC7-203 | C W T V G T | 71 0.361 0.018

15 [ ABC7-219 | C T Y Vv P S I 63 0.32 0.016

16 | ABC7-228 | C R \% \% P P | 55 0.279 0.014

17 | ABC7-259 | C w \% \% G S | 44 0.223 0.011

18 | ABC7-261 | C | | \% P S L 44 0.223 0.011

19 | ABC7-276 | C w M \% G S | 41 0.208 0.01

20 | ABC7-302 | C Y "\ V P S L 34 0.173 0.008

21 | ABC7-312 | C E F Vv P T L 33 0.168 0.008

22 | ABC7-335 | C M F V P T L 28 0.142 0.007

23 | ABC7-351 | C | wW L VvV | G T I 26 0.132 0.006

24 | ABC7-370 | C T \% \% P S \ 24 0.122 0.006

25 | ABC7-405 | C R \Y Y C S I 20 0.102 0.005
Sum 19,690 100 4.87
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Appendix E — Plasmids used herein

Table A. 1. Plasmids that encode SICLOPPS libraries and individual members

Plasmid Encoded Protein Marker Orl_gln_of Source
replication
pSICLOPPS |c-SGGYLPPL-Iy-CBD cmR | ACYC Prof. S.
Benkovic
pSICLOPPSKanR Ic-KanR CmR ACYC This work
pSICLOPPS-CysX;1X2X3 sub-library ;lcj'bc_l)ﬁ;l:;sz-lN-CBD CmR ACYC This work
pSICLOPPS-SerX;X,Xs sub-library ;E't)s_‘lairé;;szlN—CBD CmR ACYC This work
pSICLOPPS-ThrX;X;X3 sub-library Lﬁgﬂmﬁzxy'”'ow CmR ACYC This work
pSICLOPPS-CysX1XoX3X4 sub- lc-CysX1XoXsX4-In-CBD R .
library sub-library cm ACYC This work
pSICLOPPS-SerX1X2X3Xs sub- lc-SerX:X2X3Xs-In-CBD R .
library sub-library cm ACYC This work
pSICLOPPS-ThrX;XX3X4 sub- lc-ThrX; X2X3Xs-In-CBD R .
library sub-library cm ACYC This work
pS|CLOPPS-CySX1X2X3X4X5 sub- |c-CySX1X2X3X4X5-|N- R .
library CBD sub-library cm ACYC This work
pSICLOPPS—SerX1X2X3X4X5 sub- Ic—SerX1X2X3X4X5—IN— R .
library CBD sub-library cm ACYC This work
pSICLOPPS-Tth1X2X3X4X5 sub- |c-Tth1X2X3X4X5-|N- CmR ACYC This work
library CBD sub-library
pSICLOPPS-CysX1X2X3X4X5X6 |c-CySX1X2X3X4X5X6-|N- CmR ACYC This work
sub-library CBD sub-library
pS|CLOPPS-SEI’X1X2X3X4X5X6 sub- lc-SerX i XoX3X 4 XsXs-In- CmR ACYC This work
library CBD sub-library
pS|CLOPPS-Tth1X2X3X4X5X5 |c-Tth1X2X3X4X5Xe-|N- CmR ACYC This work
sub-library CBD sub-library
pSICLOPPS-Random1 |c-unknown peptide CmR ACYC This work
sequencel-In-CBD
pSICLOPPS-Random? |c-unknown peptide CmR ACYC This work
sequence2-In-CBD
pSICLOPPS(H24L/F26A)KanR Ic(H24L/F26A)KanR CmR ACYC This work
pSICLOPPS(H24L/F26A)-Random1 | 'c(H24L/F26A)-unknown 1 | A ey This work
peptide sequencel-Iy-CBD
pSICLOPPS(H24L/F26A)-Randomz | 'c(H24L/F26A)- unknown 1 o | A ey This work
peptide sequence2-In-CBD
pSICLOPPS-ABC7-1 lc-CKVWQLL-IN-CBD CmR ACYC This work
pSICLOPPS-ABC7-2 lc-CKVWMPL-IN-CBD CmR ACYC This work
pSICLOPPS-ABC7-3 lc-CKVWTEL-IN-CBD CmR ACYC This work
pSICLOPPS-ABC7-7 Ic-CRVWQTV-In-CBD CmR ACYC This work
pSICLOPPS-ABC7-14 lc-CRIVPSL-IN-CBD CmR ACYC This work
pSICLOPPS(H24L/F26A)-ABC7-1 !:Cl(("\'/z\fv'éﬁ‘fﬁ)_'cw CmR ACYC This work
0SICLOPPS(H24L/F26A)-ABCT-2 Icﬂi%%?ffz:cso cmR | ACYC | Thiswork
0SICLOPPS(H24L/F26A)-ApC7-3 | |C(H24L/F26A)- CmR | ACYC | Thiswork

CKVWTEL-IN-CBD
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Origin of

Plasmid Encoded Protein Marker replication Source
pSICLOPPS(H24L/F26A)-ABCT-7 g&ﬁgﬁfﬁ’_ﬁcw CmR | ACYC | Thiswork
pSICLOPPS(H24L/F26A)-ABCT-14 IC?I(?T\Z/IiIé/I'_:-ZIgiAC)I%D CmR | ACYC | Thiswork
pSICLOPPS-ABC7-371 I-CLVRSYL-Iy-CBD CmR | ACYC | Thiswork
pSICLOPPS-ABC7-405 Ic-CRVVCSI-Ix-CBD CmR | ACYC | Thiswork
pSICLOPPS-ABC7-416 c-CVVWTTR-Iy-CBD CmR | ACYC | Thiswork
pSICLOPPS-ABC7-1(CLS) le-SKVWOQLL-Ix-CBD CmR | ACYC | Thiswork
pSICLOPPS-ABC7-1(CLT) le-TKVWQLL-In-CBD CmR | ACYC | Thiswork
pSICLOPPS-ABCT-1(K2A) Ic-CAVWQL L-In-CBD CmR | ACYC | Thiswork
pSICLOPPS-ABCT-1(V3A) le-CKAWQLL-Ix-CBD CmR | ACYC | Thiswork
pSICLOPPS-ABCT-1(W4A) Ic-CKVAQLL-In-CBD CmR | ACYC | Thiswork
pSICLOPPS-ABC7-1(Q5A) Ie-CKVWALL-Ix-CBD CmR | ACYC | Thiswork
pSICLOPPS-ABC7-1(L6A) Ic-CKVWQAL-Iy-CBD CmR | ACYC | Thiswork
pSICLOPPS-ABCT-1(L7A) 1c-CKVWQLA-I\-CBD CmR | ACYC | Thiswork
pSICLOPPS-ABC7-14(C1S) Ie-SRIVPSL-Iy-CBD CmR | ACYC | Thiswork
pSICLOPPS-ABC7-14(C1T) Ie-TRIVPSL-1y-CBD CmR | ACYC | Thiswork
pSICLOPPS-ABCT-14(R2A) I-CAIVPSL-1y-CBD CmR | ACYC | Thiswork
pSICLOPPS-ABC7-14(13A) Ic-CRAVPSL-Ix-CBD CmR | ACYC | Thiswork
pSICLOPPS-ABCT-14(V4A) Ic-CRIAPSL-Iy-CBD CmR | ACYC | Thiswork
pSICLOPPS-ABC7-14(P5A) Ic-CRIVASL-Iy-CBD CmR | ACYC | Thiswork
pSICLOPPS-ABC7-14(S6A) Ic-CRIVPAL-Iy-CBD CmR | ACYC | Thiswork
pSICLOPPS-ABCT-14(L7A) Ic-CRIVPSA-Ix-CBD CmR | ACYC | Thiswork
pSICLOPPS-p53C4-4 |c-CFSS-Ix-CBD CmR | ACYC | Thiswork
pSICLOPPS-p53C4-16 Ic-CLEQ-Ix-CBD CmR | ACYC | Thiswork
pSICLOPPS-p53C4-19 I-CLRR-Iy-CBD CmR | ACYC | Thiswork
pSICLOPPS-p53C4-21 Ic-CAAQ-In-CBD CmR | ACYC | Thiswork
pSICLOPPS-p53C5-18 |c-TRGGC-In-CBD CmR | ACYC | Thiswork
pSICLOPPS-p53C7-10 I-SKRSGMQ-Iy-CBD CmR | ACYC | Thiswork
DSICLOPPS(H24L/F26A)-p53C4-4 :gg?)mu F26A)-CFSS-n- | cr | Acyc | This work
DSICLOPPS(H24L/F26A)-p53C4-16 ::Cg?)z“L/FZGA)'CLEQ"N' CmR | ACYC | Thiswork
DSICLOPPS(H24L/F26A)-p53C4-19 ::Cg?)z“L/FZGA)'CLRR"N' CmR | ACYC | Thiswork
DSICLOPPS(H24L/F26A)-p53C4-21 'CCSEZ“L/F%A)'CAAQ"N' CmR | ACYC | Thiswork
PSICLOPPS(H24LIF26A)-p53Cs-18 | |(HEAL/FZOAITREEC e | acve | This work
pSICLOPPS(H24L/F26A)-p53C7-10 Isﬁ%é%ﬁé?ﬁ-cm CmR | ACYC | Thiswork
pSICLOPPS-Hiss-Random1 ;ﬁz;gcggﬁlogggep“de CmR | ACYC | Thiswork
pSICLOPPS-Hisg-p53C4-4 Hiss-1c-CFSS-1n-CBD CmR ACYC This work
pSICLOPPS-Hisg-p53C4-16 Hiss-1c-CLEQ-IN-CBD CmR ACYC This work
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Plasmid Encoded Protein Marker Orl_gm_of Source
replication
pSICLOPPS-Hisg-p53C4-19 Hisg-1c-CLRR-IN-CBD CmR ACYC This work
pSICLOPPS-Hisg-p53C4-21 Hiss-1c-CAAQ-IN-CBD CmR ACYC This work
pSICLOPPS-Hisg-p53C5-18 Hiss-lIc-TRGGC-In-CBD CmR ACYC This work
pSICLOPPS-Hiss-p53C7-10 EEE'C'SKRSGMQ"N' CmR | ACYC | Thiswork
) Ic-unknown peptide R .
pET-Random1l sequencel-Iy-CBD Kan ColEl This work
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Table A. 2. Plasmids that encode MisPs

Plasmid Encoded Protein Marker rgglii?:ianti%fn Source
pETAB42-GFP AP42-GFP Kan® ColE1 Pmlj'e E/rl{t H,
DET-Sac-Abeta(M1-42) 'e\f(gteﬁraﬁ t(sf)or in vitro AmpR | ColEl Prof. S. Linse
pETAB42 'e\if)te-;?ra irzwt(sgor hS KanR ColE1 This work
PETp53wt-GFP p53Cwt-GFP KanR ColEl This work
pETp53C(Y220C)-GFP p53C(Y220C)-GFP KanR ColE1l This work
PETp53C(V143A)-GFP p53C(V143A)-GFP KanR ColE1 This work
PETp53C(F270L)-GFP p53C(F270L)-GFP KanR ColE1 This work
PETT-p53C-GFP T-p53C-GFP KanR ColEl This work
PETT-p53C(Y220C)-GFP T-p53C(Y220C)-GFP KanR ColE1l This work
PETT-p53C(V143A)-GFP T-p53C(V143A)-GFP KanR ColE1 This work
PETT-p53C(F270L)-GFP T-p53C(F270L)-GFP KanR ColE1 This work
pASKT-p53C-GFP T-p53C-GFP-Hisg AmpR ColE1l This work
PASKT-p53C(Y220C)-GFP | T-p53C(Y220C)-GFP-Hiss | AmpR ColE1 This work
pBADT-p53C-GFP T-p53C-GFP-Hisg AmpR ACYC This work
pBADT-p53C(Y220C)-GFP T-p53C(Y220C)-GFP-Hisg AmpR ACYC This work
pTrcT-p53C-GFP T-p53C-GFP-Hisg AmpR ColEl This work
pTrcT-p53C(Y220C)-GFP T-p53C(Y220C)-GFP-Hiss | AmpR ColE1 This work
pETT-p53C-BFP T-p53C-BFP KanR ColE1l This work
pETT-p53C(Y220C)-BFP T-p53C(Y220C)-BFP KanR ColEl This work
pETT-p53C-RFP T-p53C-RFP KanR ColEl This work
pETT-p53C(Y220C)-RFP T-p53C(Y220C)-RFP KanR ColE1 This work
pCDFT-p53C-BFP T-p53C-BFP SmR CDF This work
pCDFT-p53C(Y220C)-BFP T-p53C(Y220C)-BFP SmR CDF This work
pETSOD1wt-GFP SOD1wt-GFP KanR ColEl This work
pETSOD1(A4V)-GFP SOD1(A4V)-GFP KanR ColE1l This work
pETSOD1(G37R)-GFP SOD1(G37R)-GFP KanR ColE1 This work
pETSOD1(G85R)-GFP SOD1(G85R)-GFP KanR ColE1 This work
pETSOD1(G93A)-GFP SOD1(G93A)-GFP KanR ColE1l This work
pETSOD1wt SOD1wt KanR ColE1l S. Panoutsou
pETSOD1(A4V) SOD1(A4V) KanR ColE1l S. Panoutsou
pETSOD1(G37R) SOD1(G37R) KanR ColE1l S. Panoutsou
pETSOD1(G85R) SOD1(G85R KanR ColE1l S. Panoutsou
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Plasmid Encoded Protein Marker Orl_gln_of Source
replication

pPETSOD1(G93A) SOD1(G93A) KanR ColE1l S. Panoutsou
PETHTTex1-25Q-GFP HT Tex1-25Q-GFP KanR ColE1l This work
PETHT Texi-46Q-GFP HT Tex1-46Q-GFP KanR ColE1l This work
PETHT Tex1-97Q-GFP HTTex-97Q-GFP KanR ColEl This work
PETT-p53C-Hiss T-p53C-Hiss KanR ColE1l This work
PETT-p53C(Y220C)-Hiss T-p53C(Y220C)-Hiss KanR ColE1l This work
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Appendix F — Primers used herein

Table A. 3. Primers used for the construction of pSICLOPPS libraries and individual members

Name Short Description | Primer sequence (5'- 3") Use
Reverse primer for the H24L/F26A
DDO15 DnaE(H24L/F26A) -IG-XI(-STC-IX'?'I'C :Xg é.l-_rg.?.sg g é‘ g,iﬁ mutagenesis of the C-termina_ll
(Bgllrev domain of the Ssp DnaE intein (Ic)
GACCAATAT - - .
containing a Bgll site (underlined)
Forward primer for the introduction
HislcDnaE(Ncol) AAAAACCATGGTTCACCACCAC | ofa Hise—ta}g at the N_-terminus of
DD052 for CACCACCACAAAGTTATCGGTC | the C-terminal domain of the Ssp
GTCGTTC DnakE intein (Ic) containing a Ncol
site (underlined)
SKVWOLL(Bgll) AAAAAGCCAATGGGGCGATCG | Forward primer for the construction
DD129 for CCCACAATAGCAAGGTGTGGC | of pSICLOPPS-ABC7-1(C1S)
AGTTG containing a Bgll site (underlined)
TKVWQLL(Bgll) AAAAAGCCAATGGGGCGATCG | Forward primer for the construction
DD130 for CCCACAATACCAAGGTGTGGCA | of pSICLOPPS-ABC7-1(C1T)
GTTG containing a Bgll site (underlined)
CAVWOLL(Bgll) AAAAAGCCAATGGGGCGATCG | Forward primer for the construction
DD131 for CCCACAATTGCGCGGTGTGGCA | of pSICLOPPS-ABC7-1(K2A)
GTTGTTG containing a Bgll site (underlined)
CKAWQLL(Bgll) AAAAAGCCAATGGGGCGATCG | Forward primer for the construction
DD132 for CCCACAATTGCAAGGCGTGGCA | of pSICLOPPS-ABC7-1(V3A)
GTTGTTGTGC containing a Bgll site (underlined)
CKVAQLL(Bgll) AAAAAGCCAATGGGGCGATCG | Forward primer for the construction
DD133 for CCCACAATTGCAAGGTGGCGCA | of pSICLOPPS-ABC7-1(W4A)
GTTGTTGTGCTTAAG containing a Bgll site (underlined)
CKVWALL(Bgll) AAAAAGCCAATGGGGCGATCG | Forward primer for the construction
DD134 for CCCACAATTGCAAGGTGTGGGC | of pSICLOPPS-ABC7-1(Q5A)
GTTGTTGTGCTTAAG containing a Bgll site (underlined)
CKVWOAL(Bgll) AAAAAGCCAATGGGGCGATCG | Forward primer for the construction
DD135 for CCCACAATTGCAAGGTGTGGCA | of pSICLOPPS-ABC7-1(L6A)
GGCGTTGTGCTTAAGTTTTG containing a Bgll site (underlined)
CKVWOLA(BgI) AAAAAGCCAATGGGGCGATCG | Forward primer for the construction
DD136 for CCCACAATTGCAAGGTGTGGCA | of pSICLOPPS-ABC7-1(L7A)
GTTGGCGTGCTTAAGTTTTGG containing a Bgll site (underlined)
AAAAAGCCAATGGGGCGATCG | Forward primer for the construction
DD137 SRIVPSL(Bgll) for | CCCACAATAGCCGCATCGTCCC | of pSICLOPPS-ABC7-14(C1S)
CAG containing a Bgll site (underlined)
AAAAAGCCAATGGGGCGATCG | Forward primer for the construction
DD138 | TRIVPSL(Bgll) for | CCCACAATACCCGCATCGTCCC | of pSICLOPPS-ABC7-14(C1T)
CAG containing a Bgll site (underlined)
AAAAAGCCAATGGGGCGATCG | Forward primer for the construction
DD139 CAIVPSL(Bgll) for | CCCACAATTGCGCCATCGTCCC | of pSICLOPPS-ABC7-14(R2A)
CAGCTTG containing a Bgll site (underlined)
CRAVPSL (Bgll) AAAAAGCCAATGGGGCGATCG | Forward primer for the construction
DD140 for CCCACAATTGCCGCGCCGTCCC | of pSICLOPPS-ABC7-14(13A)
CAGCTTGTGC containing a Bgll site (underlined)
AAAAAGCCAATGGGGCGATCG | Forward primer for the construction
DD141 CRIAPSL(Bgll) for | CCCACAATTGCCGCATCGCCCC | of pSICLOPPS-ABC7-14(V4A)
CAGCTTGTGCTTAAG containing a Bgll site (underlined)
CRIVASL (Bgll) AAAAAGCCAATGGGGCGATCG | Forward primer for the construction
DD142 for CCCACAATTGCCGCATCGTCGC | of pSICLOPPS-ABC7-14(P5A)
CAGCTTGTGCTTAAG containing a Bgll site (underlined)
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Name Short Description | Primer sequence (5'- 3) Use
CRIVPAL(Bgll) AAAAAGCCAATGGGGCGATCG | Forward primer for the construction
DD143 for g CCCACAATTGCCGCATCGTCCC | of pSICLOPPS-ABC7-14(L6A)
CGCCTTGTGCTTAAGTTTTG containing a Bgll site (underlined)
AAAAAGCCAATGGGGCGATCG | Forward primer for the construction
DD144 | CRIVPSA(BgIl) for | CCCACAATTGCCGCATCGTCCC | of pSICLOPPS-ABC7-14(L7A)
CAGCGCGTGCTTAAGTTTTGG containing a Bgll site (underlined)
CVVWTTR(BglI) AAAAAGCCAATGGGGCGATCG | Forward primer for the construction
DD175 for g CCCACAATTGCGTGGTCTGGAC | of pSICLOPPS-ABC7-416
GACCCGGTGCTTAAGTTTTG containing a Bgll site (underlined)
CRVVCSI(Bgll) AAAAAGCCAATGGGGCGATCG | Forward primer for the construction
DD176 for g CCCACAATTGCCGGGTGGTGTG | of pSICLOPPS-ABC7-405
CAGCATCTGCTTAAGTTTTG containing a Bgll site (underlined)
CLVRSYL (Bgll) AAAAAGCCAATGGGGCGATCG | Forward primer for the construction
DD178 for g CCCACAATTGCCTGGTGAGGTC | of pSICLOPPS-ABC7-371
CTACCTGTGCTTAAGTTTTG containing a Bgll site (underlined)
Reverse primer annealing to KanR
. TTTTTTAAGCTTTTAGAAAAAC o . .
DG002 Kan(HindlIl1I) rev TCATCGAGC contaln!ng a Hindlll site
(underlined)
GGANTTCGCCAMTGGGGEGATC | DEEE BHe P
GS032 | TetraCysfor GCCCACAATTGC(NNS)sTGCTTA | 1 E{ I 13 ité ’
AGTTTTGGC Y gabg
(underlined)
Degenerate forward primer for the
GGAATTCGCCAATGGGGCGATC .
GS033 | TetraSerfor GCCCACAATAGC(NNS)TGCTTA | FoneTHelion ﬁ]‘;;heasérﬁlgff sub-
AGTTTTGGC Y gabg
(underlined)
GGAATICGCCANTGGGECGATC | DEETNE [Mardpie T 0
GS034 | TetraThrfor GCCCACAATACC(NNS);TGCTTA | . et L7283
library containing a Bgll site
AGTTTTGGC .
(underlined)
Reverse primer annealing to CBD
AAAAAAAAGCTTTCATTGAAGC o . .
GS035 CBDrev TGCCACAAGG contaln_lng a HindlIl site
(underlined)
Forward primer annealing to the
GS037 | pARCBDseqfor | CTATAACTATGGCTGGAATG | PSICLOPPS backbone, before the
5’-end of the C-terminal domain of
the Ssp DnakE intein.
GS043 KanBallfor AAAAAAGCCAATGGGGCATGA | Forward primer annealing to KanR
9 GCCATATTCAACGGGAAAC containing a Bgll site (underlined)
Forward zipper primer for the
GS069 SspCys Zipper AAAAAAGCCAATGGGGLGATC construction of the Cys sub-libraries
GCCCACAATTGC L . X
containing a Bgll site (underlined)
Forward zipper primer for the
GS070 SspSer Zipper AAAAAAGCCAATGGGGLGATC construction of the Ser sub-libraries
GCCCACAATAGC L . ;
containing a Bgll site (underlined)
Forward zipper primer for the
GS071 SspThr Zipper AAAAAAGCCAATGGGGLGATC construction of the Thr sub-libraries
GCCCACAATACC - . .
containing a Bgll site (underlined)
GGAATTCGCCAATGGGGCGATC a)efs‘i?jéf‘itgnfg?’;’ﬁgdcpZ)Te)r(ff(r ;?e
GS072 PentaCysfor GCCCACAATTGC(NNS),TGCTTA ) 16 LYSA1 2R3
sub-library containing a Bgll site
AGTTTTGGC .
(underlined)
GGAATTCGCCAATGGGGCGATC aefsi?jéﬁfnfg;fﬁgdsgﬁy;r ‘;c(’r)t(he
GS073 | PentaSerfor GCCCACAATAGC(NNS),TGCTTA LA2A37M

AGTTTTGGC

sub-library containing a Bgll site
(underlined)
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Name

Short Description

Primer sequence (5'- 3%)

Use

GS074

PentaThrfor

GGAATTCGCCAATGGGGCGATC
GCCCACAATACC(NNS),TGCTTA
AGTTTTGGC

Degenerate forward primer for the
construction of the ThrX:X>X3Xs
sub-library containing a Bgll site
(underlined)

GS075

HexaCysfor

GGAATTCGCCAATGGGGCGATC
GCCCACAATTGC(NNS)sTGCTTA
AGTTTTGGC

Degenerate forward primer for the
construction of the CysX1X2X3X4Xs
sub-library containing a Bgll site
(underlined)

GS076

HexaSerfor

GGAATTCGCCAATGGGGCGATC
GCCCACAATAGC(NNS)sTGCTTA
AGTTTTGGC

Degenerate forward primer for the
construction of the SerX;X,X3XaXs
sub-library containing a Bgll site
(underlined)

GS077

HexaThrfor

GGAATTCGCCAATGGGGCGATC
GCCCACAATACC(NNS)sTGCTTA
AGTTTTGGC

Degenerate forward primer for the
construction of the ThrX;X;X3X4Xs
sub-library containing a Bgll site
(underlined)

GS078

HeptaCysfor

GGAATTCGCCAATGGGGCGATC
GCCCACAATTGC(NNS)sNNSNNS
NNSNNSNNSTGCTTAAGTTTTG
GC

Degenerate forward primer for the
construction of the
CysX1X2X3X4X5Xe sub-library
containing a Bgll site (underlined)

GS079

HeptaSerfor

GGAATTCGCCAATGGGGCGATC
GCCCACAATAGC(NNS)sNNSNN
SNNSNNSNNSTGCTTAAGTTTTG
GC

Degenerate forward primer for the
construction of the

SerX1 XoX3XaXsXe sub-library
containing a Bgll site (underlined)

GS080

HeptaThrfor

GGAATTCGCCAATGGGGCGATC
GCCCACAATACC(NNS)sNNSNNS
NNSNNSNNSTGCTTAAGTTTTG
GC

Degenerate forward primer for the
construction of the
ThI’X1X2X3X4X5Xe sub-library
containing a Bgll site (underlined)
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Table A. 4. Primers used for the construction of plasmids encoding MisPs

Name Short Description | Primer sequence (5'- 3") Use
AAAAACTCGAGTTAGTGGTGGT | Reverse primer for the construction
p53HisXholRev of pETp53-Hisg variants containing
DDO002 53HisXholR GGTGGTGGTGGGTGTTGTTGGA | of pETp53-Hi i ini
CAGTGCTCG a Xhol site (underlined)
Forward primer for the construction
DDO004 Abeta(Ncol)For éééé:.l?ﬁATGCGGAATTT of Met-AB42 containing a Ncol site
(underlined)
Forward primer for the introduction
BFPlinker(BamHI) AAAAAGGATCCGGTTCTGGTTC | of BFP downstream of p53 variants
DD006 for TATGAGCGAAGAACTGATCAA | and into the pET28 vector
AG containing a BamHl site
(underlined)
Reverse primer for the introduction
oDoo7 | BFP(Xhol) AAAAACTCGAGAAGCTTTTAGT g;;.’; Ft’odt%"ef’gsggg”v%iffrs variants
(HindlIl) rev TCAGTTTGTGACCCAGTTTAG containing a Hindlll and a Xhol site
(underlined)
Forward primer for the introduction
DDO008 p53(Ncol)For é?é\éé%TTTCATCTTCT of p53 into the pCDF-1b vector
containing a Ncol site (underlined)
Forward point mutagenesis primer
DD009 T-F270Lfor g‘gggg?g??_%ﬁ%AGCTTAGAG for the introduction of the F270L
mutation in the sequence of T-p53C
A A A Reverse point mutagenesis primer
DD010 T-F270Lrev g"?"(C:CCG'EéCCCG A?é CCTCTAAGCT for the introduction of the F270L
mutation in the sequence of T-p53C
Forward point mutagenesis primer
DDO011 V143Afor ?g% é g‘lél?GC;'IEI?g CTGCGCAGC for the introduction of the V143A
mutation in the sequence of p53C
Reverse point mutagenesis primer
DD012 V143Arev géégi’é’é.crggffgégCTGCGCA for the introduction of the V143A
mutation in the sequence of p53C
Forward point mutagenesis primer
DDO070 Tp53(ANcol)for 2$g$§g£§gCCGCGCAATGGCC for the elimination of the Ncol site
in the sequence of T-p53C
Reverse point mutagenesis primer
DDO071 Tp53(ANcol)rev 222%2’2%A+EGGCCATTGCGCGG for the elimination of the Ncol site
in the sequence of T-p53C
Forward primer for the introduction
oDo7g | RFPlinker(BamHI) | AAAAAGGATCCGGTTCTGGTTC ZLT.Fn Tf&‘;f’”%ﬁg‘&{’ff variants
for TGCTTCCTCCGAAGACGTTATC rothep :
containing a BamHI site
(underlined)
Reverse primer for the introduction
TTTTTCTCGAGTTAAGCACCGG | of RFP downstream of p53 variants
DD083 RFP(Xholjrev TGGAGTGACGAC and into the pET28 vector
containing a Xhol site (underlined)
Reverse primer for the construction
DD084 | HD46(Pstl)rev S CORCEEOBACCTEOL | of pETHT Teu-46Q-GFP containing
— a Pstl site (underlined)
AAAAAAAAGCTTCTCGAGTTAG Reverse primer for the construction
GS002 | EGFPrev TGGTGGTGGTGGTGGTGTTTGT | Of CFF fused protein constructs
AGAGTTCATCCATGCC contaln_lng a Hindlll site
(underlined)
AAAAAATCTAGAAGGAGGAAA | Forward primer for the construction
GS003 p53for CGCATATGTCATCTTCTGTCCCT | of p53 protein constructs containing

TCCCAG

a Xbal site (underlined)
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Name Short Description | Primer sequence (5'- 3) Use
Reverse primer for the construction
GS004 53rev AAAAAAGGATCCCTGCAGGGT | of the p53 protein fusion with GFP
P GTTGTTGGACAGTGCTCG containing a BamH]I site
(underlined)
Forward point mutagenesis primer
GS007 | p53Y220Cfor éggggiggﬂgcccmm%c for the introduction of the Y220C
mutation in the sequence of p53C
Reverse point mutagenesis primer

GS008 p53Y220Crev CAACCTCAGGCGGLTCACAGG for the introduction of the Y220C

GCACCACCACACT S
mutation in the sequence of p53C
Forward point mutagenesis primer

GS011 p53M133Lfor CCTGCCCTCAACAAGCTGTTTT for the introduction of the M133L

GCCAACTGGCC S
mutation in the sequence of p53C
Reverse point mutagenesis primer

GS012 p53M133Lrev CGCCAGTTCGCAAAACAGCTTG for the introduction of the M133L

TTGAGGGCAGG C
mutation in the sequence of p53C
A A A Forward point mutagenesis primer

GS013 p53V203Afor GG TTTGCGTGCGGGAGTAT for the introduction of the V203A

TTGGATGAC S
mutation in the sequence of p53C
A AA Reverse point mutagenesis primer

GS014 p53V203Arev GTCATCC TACTCCCGCACG for the introduction of the V203A

CAAATTTCC L
mutation in the sequence of p53C
Forward point mutagenesis primer

GS015 | p53N239Yfor CAACTACATGTGTTACAGTTCC | ¢4 the introduction of the N239Y

TGCATGGGC S
mutation in the sequence of p53C
Reverse point mutagenesis primer

GS016 p53N239Yrev GCCCATGCAGGAACTGTAACAC for the introduction of the N239Y

ATGTAGTTG S
mutation in the sequence of p53C
Forward point mutagenesis primer

GS041 F270Lfornew CTGGGACGGAACAGCTTAGAG for the introduction of the F270L

GTGCGTGTTTGTG S
mutation in the sequence of p53C
A A A Reverse point mutagenesis primer
GS042a F270Lrevnew CAC CACGCACCTCTAAGCT for the introduction of the F270L
GTTCCGTCCCAG C
mutation in the sequence of p53C
Forward point mutagenesis primer
GTAATCTACTGGGACGGGACA . .
GS042b | N268Dfornew GCTTTGAGGTGCGTG for the_: mt_roductlon of the N268D
mutation in the sequence of p53C
Reverse point mutagenesis primer
CACGCACCTCAAAGCTGTCCCG : .
GS042c N268Drevnew TCCCAGTAGATTAC for the_: mt_roductlon of the N268D
mutation in the sequence of p53C
Forward primer for the construction

GS058 SOD1for AAAAAACATATGGCGACGAAG of pETSOD1-GFP variants

GCCGTGTGCGTG L . .
containing a Ndel site (underlined)
Reverse primer for the construction
GS059 SOD1rev AAAAAAGGATCCACTAGTTTGG | of pETSOD1-GFP variants
GCGATCCCAATTACACC containing a BamHI site
(underlined)
Forward primer for the construction
AAAAAACATATGGCGACGAAG -~
GS060 SOD1(A4V) for GTGGTGTGCGTGCTG of pETS_ODl(A4V_)-GFP containing
a Ndel site (underlined)
ATGGCGACGAAGGCCGTGTGC .

Gsi00 | 2ODWHasSEmOl | GTGCTGAAGGGCGACGGCCCA | Forard p(r;gnt?;;‘gtr f)‘e SOD1 gene
GTGCAGGGCATCATC y (8¢9 '
CACACCTTCACTGGTCCATTAC .

GS101 SODwt assembly TTTCCTTCTGCTCGAAATTGAT Reverse primer for the SOD1 gene

Revl

GATGCCCTGCACTGGG

assembly (segment 1).
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Name Short Description | Primer sequence (5'- 3) Use
GGACCAGTGAAGGTGTGGGGA .

GS102 ﬁoorgwt assembly | A GCATTAAAGGACTGACTGAA :;;"ﬁg? p(rs'gnizgﬁtr g;e SOD1 gene
GGCCTGCATGGATTCC y (8¢9 '
CTGGTACAGCCTGCTGTATTAT .

Gs103 | SO0 assembly | ~1CCAAACTCATGAACATGGAA Reverse pg?ﬁ;‘;?}; tzh)e SOD1 gene
TCCATGCAGGCC y (8¢9 '
CAGCAGGCTGTACCAGTGCAG .

GS104 ﬁoorgwt assembly | GTCCTCACTTTAATCCTCTATCC g:sg’ﬁgf p(rs'é"%gﬁtr g;e SOD1 gene
AGAAAACACGG y (€9 '
GTCTCCAACATGCCTCTCTTCA .

GS105 ;g\g""t assembly | 1 CCTTTGGCCCACCGTGTTTTCT Esi‘éf;;‘i pg?er;];?w: tsh)e SOD1 gene
GGATAGAGG y (8¢9 '
GAGAGGCATGTTGGAGACTTG .

GS106 ﬁooriwt assembly | G CAATGTGACTGCTGACAAA gg’sg’ﬁgf p(gg]%gtr f{)‘e SOD1 gene
GATGGTGTGGCCG y (8¢9 '
CCTGAGAGTGAGATCACAGAA .

GS107 ;S\Z""t assembly | T TCAATAGACACATCGGCCA Esi‘éi:;el pE'sr;er;‘;?]rt t4h)e SOD1 gene
CACCATCTTTGTC y (€9 '

GS108 SODwt assembly CTGTGATCTCACTCTCAGGAGA | Forward primer for the SOD1 gene

For5 CCATTGCATCATTGGCCGCAC assembly (segment 5).
GCCCAAGTCATCTGCTTTTTCA .

Gs109 | SO0 assembly | 1 GGACCACCAGTGTGCGGCCAA Reverse pE's?er;‘;?; tsh)e SOD1 gene
TGATGC y (8¢9 '
GCAGATGACTTGGGCAAAGGT .

GS110 goorgm assembly | GG AAATGAAGAAAGTACAAAG g:sg"rvsgf p(rs'é"%;ﬁtr g;e SOD1 gene
ACAGGAAACGC y (€9 '
TTGGGCGATCCCAATTACACCA .

GS111 ;SVD(‘S’“ assembly | - AAGCCAAACGACTTCCAGCGT :Si‘éf;fﬁ pz'sr:er;‘;‘r’]; t6h)e SOD1 gene
TTCCTGTCTTTGTAC y (€9 !

Forward point mutagenesis primer

GS112 SOD(G37R)for g;%?gﬁﬁéggéTTAAACGACT for the introduction of the G37R

mutation in the sequence of SOD1
Reverse point mutagenesis primer
GS113 SOD(G37R)rev gg_(?%’gggg(‘l:'CAGTCGTTTAAT for the introduction of the G37R
mutation in the sequence of SOD1
Forward point mutagenesis primer
GS114 SOD(G85R)for $QX€$£€$QGACTTGCGCAATG for the introduction of the G85R
mutation in the sequence of SOD1
Reverse point mutagenesis primer
GS115 SOD(G85R)rev ?ég::g;?g CATTGCGCAAGTC for the introduction of the G85R
mutation in the sequence of SOD1
Forward point mutagenesis primer
GS116 SOD(G93A)for g£i$g$é$éAAGATGCTGTGGC for the introduction of the G93A
mutation in the sequence of SOD1
Reverse point mutagenesis primer
GS117 SOD(G93A)rev ?é‘.?é :é gﬁg GCCACAGCATCTT for the introduction of the G93A
mutation in the sequence of SOD1
ATGTCATCTTCTGTCCCTTCCCA .

GS118 ‘;‘gi"’t assembly GAAAACCTACCAGGGCAGCTA g;’s;"r”ﬁgf p('!g‘?;;gtr 1T)P53 gene
CGGTTTCCGTCTGGGC y (8¢9 '
GGAGTACGTGCAAGTCACAGA .

Gsilg | PO3WESSMOY | CTTGGCTGTCCCAGAATGCAAG | REverse pz;?er:w];%rt I)P 53 gene
AAGCCCAGACGGAAACC y (8¢9 '
GACTTGCACGTACTCCCCTGCC .

GS120 p53wt assembly CTCAACAAGATGTTTTGOCAAC Forward primer for TP53 gene

For2

TGGCCAAGACC

assembly (segment 2).
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Name Short Description Primer sequence (5'- 3%) Use
CCGGGCGGGGGTGTGGAATCA .
Gs121 p53wt assembly ACCCACAGCTGCACAGGGCAG Reverse primer for TP53 gene
Rev2 GTCTTGGCCAGTTGGE assembly (segment 2).
GATTCCACACCCCCGCCCGGCA .
GS122 p53wt assembly CCCGCGTCCGCGCCATGGCCAT Forward primer for TP53 gene
For3 CTACAAGCAGTCACAG assembly (segment 3).
CAGCGCTCATGGTGGGGGCAG .
GS123 p53wt assembly CGCCTCACAACCTCCGTCATGT Reverse primer for TP53 gene
Rev3 GCTGTGACTGCTTGTAG assembly (segment 3).
CCCACCATGAGCGCTGCTCAGA .
GSs124 p53wt assembly TAGCGATGGTCTGGCCCCTCCT Forward primer for TP53 gene
Ford CAGCATCTTATC assembly (segment 4).
CCAAATACTCCACACGCAAATT .
GS125 p53wt assembly TCCTTCCACTCGGATAAGATGE Reverse primer for TP53 gene
Rev4 TGAGGAGGG assembly (segment 4).
GCGTGTGGAGTATTTGGATGAC .
GS126 p53wt assembly AGAAACACTTTTCGACATAGTG Forward primer for TP53 gene
For5 TGGTGGTGCCC assembly (segment 5).
GTGGTACAGTCAGAGCCAACCT .
GS127 p53wt assembly CAGGCGGCTCACAGGGCACCA Reverse primer for TP53 gene
Revb CCACACTATG assembly (segment 5).
GGCTCTGACTGTACCACCATCC .
GS128 p53wt assembly ACTACAACTACATGTGTAACAG Forward primer for TP53 gene
For6 TTCCTGCATG assembly (segment 6).
GTGTGATGATGGTGAGGATGGG .
GS129 p53wt assembly CCTCCGGTTCATGCCGCCCATG Reverse primer for TP53 gene
Rev6 CAGGAACTGTTAC assembly (segment 6).
CCTCACCATCATCACACTGGAA .
GS130 p53wt assembly GACTCCAGTGGTAATCTACTGG Forward primer for TP53 gene
For7 GACGGAACAGCTTTG assembly (segment 7).
GTGCGCCGGTCTCTCCCAGGAC .
GS131 p53wt assembly AGGCACAAACACGCACCTCAA Reverse primer for TP53 gene
Rev7 AGCTGTTCCGTCCCAG assembly (segment 7).
GS132 p53wt assembly igiéﬁﬁ?g?ggg g::ég:gg é Forward primer for TP53 gene
For8 GGAGCCTCACCACG assembly (segment 8).
GGTGTTGTTGGACAGTGCTCGC .
GS133 p53wt assembly TTAGTGCTCCCTGGGGGCAGCT Reverse primer for TP53 gene
Rev8 CGTGGTGAGGCTCCCC assembly (segment 8).
Reverse primer for the construction
IM022 AP42(Xhol) rev igg%;EACGCAATCACC of Met-AB42 containing a Xhol site

(underlined)
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