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ABSTRACT

UNC119 is a chaperone protein, which regulates the trafficking of myristoylated proteins
between cellular membrandsven though these chaperomwesre extensivelystudied in the
past two decades, only few dfieir interaction partners are known to dafEansient
interactions and low affinities cahamper theidentification of newpreviously unknown
binding partners. Photoactivatable nstoyl analogueswhich form a covalent bondipon
irradiation, can serve amols to overcome these obstaclasd study prteinmyristate

interactions

In the course of iB project three di#rent photoactivatable myristatic aeidaloguegPacman

1-3) were designed and synthesiz&tiese photoactivatable lipid analogues were attached to
the short Nterminal peptide sequergelerived from myristoylated proteins Src and transducin
alpha subunit Gnatl. The affinities of these probes to UNC119 proteins and photolabeling
efficiencies were investigated. Pacriarand -2 based probeslid not covalently label
UNC119A andUNC119B. Paman3-Src established a covalent crosslink selectively with
UNC119B protein, not labelling UNC119A. PacrAguGnat covalently labelled both UNC119

proteins.

The photocrosslinking site of Pacmanprobes was characterized within thydrophobic
pocket of UNC119. The myristate analogiénding mode is similar to the native myristate
moiety. -crystallization of covalently labelled UNC119 proteins with Pacman probes was
unsuccessful. Affinity enrichment of UNC119A and UNC119B fromatgsby immobilized
Pacmarpeptide demonstrated specific interaction of the probe with UNC119 chaperones in a
complex protein mixture. Substrate recognition of Pacdyy N-myristoyl transferase
(NMT) enzymes from different organisms was investigated. Bae@&mwas not incorporated

into a peptide substratey human NMT. Remarkably, NMT derived from the protozoan
parasiteLeishmaniaand Trypanosomaecognized PacmaB as a substrate. Conclusively,

Pacmar3 can serve as a valuable tool to investigate theabldNC119 protein in these



parasites, to identify novel myristeiliteraction partners and shed light on the myristoylome

of different organisms.

Autophagy is an essential biological process for the regulation of cellular homeostasis and
energy supply. Athermore, this catabolic mechanismngolvedin various severe disorders,

such agancer andheurodegenerative diseask®dulators of autophagy are highly valuable
tools, which can provide insight into the regulation of autophagic flux and unravel its role in
various diseases. In order to obtain and characterize novel autophagy modulators, a medium
throughput phenotypic seen was performed. Three structurally different potential inhibitors

of autophagic flux were investigated in detail.
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The first compoundl1 was arepresentative of the oxazolidineseaffold, namely Autoxain.
Autoxain inhibited starvaticimduced autophgy with anlCsp of 2.7 £ 1.9 uM A thermal
proteome profiling experiment performed for target identification revealed a high amount of
ribosomal proteins as potential interaction partners. This result indicated a similar mode of
action as the oxazolidinofmsed antibiotics linezolid and tedizolid. Both of these therapeutics
exert their antibacterial activity by inhibition of protein biosynthesis via the ribosome. Due to
a possible interaction of Autoxaimith the ribosome, this potential autophagy inhibias

not evaluated further.



Another small moleculB2that inhibited starvaticinduced autophagy with tH€so of 0.90 +
0.09uM was Autoquin. Autoquin features high structural similarity to chloroquine, which
suggests lysosomotropic activity. The compound has an indirect inhibitory effect on the
lysosomal acid ceramidase and prevents autophagegsosome fusion. Thus, Autoquin
seems to interfere with correct function of the lysosome, which impairs autophagic flux. An
affinity enrichment experiment identified ferrochelatase as a potential target of Autoquin. This
suggested a similar mode of action to the known autophagy inhilsédirsomycin and
ironomycin, which sequester Fein the lysosomeAutophagy plays a crucial role in
maintenance afellular ironhomeostasis and nowelol compoundswhich couldshed light on

this biological process are highly relevant.

The third potentl inhibitor of autophag$3is Authipyrin, which inhibited starvatiemduced
autophagy with atCsoof 0.02 £ 0.0JuM andrapamycininduced autophagy with d€so of
0.18 = 0.07uM. Authipyrin interferes with mitochondrial respiration by direct inhilitiof
complexl. Complex | activity is required for regular autophagic flux. Furthernmar®gphagy

is frequently dysregulated patients suffering fron® a r ki n s o nHoweved ths exacts e
mechanism underlying this interplagmainsto be elucidated. Authipyrin is a structurally

novel tool compound, which can be employed to investigate this interdependency in detail.






KURZZUSAMMENFASSUNG

UNC119 ist ein ChapereRrotein, welches den Transport myristoylierter Proteine zwischen
zellularen Membranen reguliert. Obwohl dieses Chaperon m \d&@gangenen zwei
Jahrzehnten intensiv erforscht wurde, sind bislang nur wdnigraktionspartner bekannt.
Transiente Interaktionen und geringe Affinitaten konnen die Identifizierung bisher
unbekannter Bindungspartner erscheve Photoaktivierbare Myristinsaarealoga, welche
bei Bestrahlng eine kovalente Binding eingeheh&dnnen nitzlich sein um diese

Herausforderungeru Uberwinden und ProteMyristat-Interktionen zuuntersuchen

Im Verlauf dieses Projekts wurden drei verschmdphotoaktivierbare Myristatanaloga
entworfen und synthetisiert. Diese photoaktivierbaren Lipikdeyaawurden an kurze -N
terminale Peptidsequeen gebunden, welche vamen myristoylierten Proteinen Src und der
transducinalpha Untereinheit Gnatl abgeleitet wurdémschlielBend wurde die Affinitat
dieser Sonden zu UNC119 und die Effizienz Brotomarkerung untersucht. Auf Pacmdn
und -2 basierede Sondenmarkierten weder UNC119A no¢fNC119B. Pacma#3-Src ging
selektiv eine kovalente Querverbindung mit dem UNC119B Preiaimarkierteabernicht
UNC119A. Pacmai3-Gnat markierte kovalent beide UNCALProteine.

Charakterisierung ddrage der Photomarkierung durch Pacr3annerhalb der hgrophoben
Tasche zeigte, dass d@indungsmodus des Myrissaureanalogéhrlich zu dem der nativen
MyristinsaureGruppest. Co-Kristallisationdes kovalent markierten UNC119 Proteins mit der
PacmarnSonde war nicht erfolgreich. Affinitatsanreicherung von UNC119A und UNC119B
aus Lysat durch immobilisiertes Pacri@eptid zeigte eine spezifische Interaktion 8ende

mit UNC119 Chaperonen in einenorkplexen Proteingemisch. AnschlieBend wurde die
Substraterkennung von Pacm&ndurch N-Myristoyl Transferase NMT) Enzyme aus
unterschiedlichen Organismen untersucht. Paegnamrde nicht durcldie humane NMTauf

das Peptidsubstrat Ubertragenntgekensweerweise erkannten NMJaus den parasitischen

ProtozoerlLeishmaniaund TrypanosomaPacmarB ds Substrat. Daher konnBacmar3 als

\%



wertvolles Hilfsmittel dienen, um die Rolle von UNC119 in diesen Parasiten zu erforschen,
neue Myristoyinteraktionspartner zu identifizieramd das Myristoylom unterhiedlicher

Organismen zu beleuchten

Autophagie ist ein essentieller biologischer Prozess fir die Regulierung der zellularen
Homoostase und Eneeyersorgung. i2ser katabolische Mechanismigsan verschiedenen
schweren Erkrankungen, einschlief3lich Krebs und neurodegenerativen Krankheiten, beteiligt.
AutophagieModulatoren sind auf3ert wertvolle Hilfsmittel, welche Einsicht in die Regulierung
der Autophagie versaffen und deen Rolle in verschiedenen Krankheiten entschlisseln
konnen. Um neue AaphagieModulatoren zu findeand zu charakterisieren wurde ein Screen

mit mittlerem Durchsatz durchgefihrt.

- -

Phenotypic screening

|

ﬁ\o F. l NN
' O 2 \?H?] AL, o
d_«JS/\/\@ ™ O\(@[oj

Hit selection

!
._‘ B
AN

._’ Temperature

Target identification and mode of action studies

Fraction soluble protein

Verbindung51 ist ein Stellvertreter de®xazolidinGerists, genannt Autoxain. Autoxain
inhibiertHungerinduzierte Autophagie mit einem4@von2.7 £ 1.9 uM. Ein Experiment zur
Erstellung des thermischen Proteom Profils (thermal proteome profiling), welches zur Target
Identifizierung diente, rgab eine hohe Anzahl ribaos@ler Proteine als potentielle
Interaktionspartner. Dieses Ergebnis weil3t auf einen &ahnliches Wirkprinzip, wie das der
Oxazolidin-basierten Antibiotika Linezolid und Tedizolid hin. Beide dieser Therapeutika tiben

ihre antibakteelle Wirkung durch die Inhibierung der Proteinbiosynthese durch das Ribosom

Vi



aus. Adgrund der mdglichen Interaktiohutoxairs mit dem Ribosorurde dieser potentielle

Autophagielnhibitor nicht weiter evaluiert.

Substanz2, die durch Aushungermduziere Autophagie mit einemCso Wert von 0.90 +
0.09uM inhibierte war Autaguin. Autoquin ist strukturethit Chloroquineverwandt, wagine
lysosomotropische Aktivitat vermuten lasst. Die Verbindung hat einen direkten inhibierenden
Effekt auf die lysosomale saure Ceramidase und verhindert die Fusion desayasghs mit

dem Lysosom, welcheslen Verlauf der Autophagiebeintrachtig. Ein Kperiment zur
Affinitatsanreicherung identifizierte Ferrochelataseeah potentielles Target von Autoquin.
Dies weist auf ein &hnliches Wirkprinzip, wie die bekannten Autophdgiebitoren
Salinomycin md Ironomycin hin, welche B&im Lysosom anreicher Autophagie spielt eine
wesentliche Rolle irder Erhaltung de zellularen EisefHomoostase und neue Hilfsmittel,

welche diese biologischen Prozess aufklaren konngind hochrelevant.

Der potentielle Autophaginhibitor Authipyrin 53, inhibiert Hungerinduzierte Autophagie

mit einem 1Govon 0.02 + 0.0uM und Rapamycifinduzierte Autophagie mit einemd4g/on

0.18 + 0.07uM. Authipyrin beeintrachtigt die mitochairielle Atmung durch die direkte
Inhibierung von Komplex. Komplex| Aktivitat wird fir den normalen Verlauf der
Autophagie bendgt. Weiterhin weil3t die Mitophagie haufig Fehlfunktionen in Patienten auf,
welche unter Parkinson leiden. Allerdings ist der genaue Mechanismus, welcher dieser
Erkrankung zugrunde liegt noch ungekl@kuthipyrin ist ein strukturell neues Hilfsmittel,

welches daflir verwendetarden kann diese Wechselbeziehung im Detail zu untersuchen.

VI
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1. GENERAL INTRODUCTION

1.1.Chemical geneticapproaches in chemical biology

Chemical Biology describes the interdisciplinary field comprising biology, chemistry and
pharmacology. In thisdiscipline bioactive molecules are developed and employed to
investigate biological questions. The selective alteration of a phenotype with chemical tool
compounds is a valid strategy to study biological processes and signaling pathways.
Furthermore, theunction of cellular macromolecules including proteins, lipids and nucleic
acids can be investigated on a mechanistic IEV€l.

Obtaining biologically relevant compounds with a desired activity can be a challenging task,
especially due to the large size of chemical space. One strategy to overcome this obstacle is
biology-oriented synth&is (BIOS). Biological macromolecules and their respective ligands
evolved interdependently. Thus, certain small molecule scaffolds are biologically favbeed
bioactivity of these natural products is proposed to originate from the scaffold itself. BIOS
employs this hypothesis by creating small molecule libraries derived from selected natural
product scaffolds. By introducing different substituents and functional groups the desired
bioactivity can be finguned.®'*] However, libraries based on those privileged scaffolds often
feature equivalent biological activity to the parent natural products they are derived from. The
fusion of two or more natural proddotased fragments can serve as a gateway to novel
biological functions. These novel chemical entities are referred to as pseudo natural products.

Pseudo natural product or BIOS libraries can subsequently be subjected to chemical genetic
based screening approaches, to identify compounds witbsied biological activity. In
chemical genetics biological processes can be altered by small molecules instead of directly
influencing the genetic code. This has the advantage that, in contrast to the conventional
method, the applied changes are temoaad reversible. Moreover, chemical genetics gives
access to a dostependent modification of the respective biological process and compound
treatment can be performed at arbitrary time points during the expeffment.

Two different approaches exist inashical genetics, forward and reverse chemical genetics
(Figure 1). In forward chemical genetics compounds that cause a desired change in cellular or
organismal phenotype are identified. Subsequently, the biological target of the most promising
hit compoundhas to be identified and validatétThe forward chemical genetics approach

can be beneficial to identify novel therapeutic targets for the pharmaceutical industry.



Furthermore, the role of a protein in a certain biological procesgoaling pathway can be
studied directly. In reverse chemical genetics a protein of interest is selected and screened
against a compound library to determine interaction partners. Afterwards, the cellular effect
and phenotypic influence of the chosendoimpound are investigated (Figure®l).

A compound treatment
0\ #» Q _— 0:9 —_— <I?
A 25> Q Q

(== &

L
Phenotype of interest Phenotypic screen Hit compound selection Target identification

and validation

B

Q0
Q00O ' N

Target selection Biochemical Assay Hit compound selection Biological evaluation

Figure 1. Schematic representationafemical genetic approachés. Forwardchemical geneticS:
Reverse chemical genetics.

1.2 Phenotypic screening

Phenotypic screening offers unbiasddntification of bioactive substances. The screening
takes place on organismal or cellular level, whettould provide physiologically relevant
results. Due to recent advances in technology and the development of robotic screening
platforms the efficieny of phenotypic screenBasimproved significantly. Tis makes it
suitable for the analysis of chemical libraries by high throughput screening (Piié&jotypic
screens can for instance be applied to identify disedeeant compounds, as well as those

substances that affect certain signaling pathways or influence cell viability.

In order to determine cell viability, fluorescent dyes can be employed. One such dye is
propidium iodide, which interacts with nucleici@s. Propidium iodide is not membrane

permeable and therefore unable to enter viable cells. However, cell death results in
compromised cell membrane integrity, enabling propidium iodide to access and intercalate

with the DNA of these cells. Hence, propidi iodide stains exclusively dead célf$.
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Furthermore, phenotypic screens are applied to investigate cellular signaling pathways. The
readout can for instance be a fluorescent protein conjugate, which is expressed dovafstream
a certain signaling pathwéy! The green fluorescent protein (GFP) can be fused to proteins of
interest and expressed in cells as wellirayivo. Optimization regarding its temperature
sensitivity, stability and lightness provided the enhanced GFP (eGFP). The eGFP protein
enables tracking of cellular protein dynamics and cellular visualization under minimal
photobleachindg? Another experimental readout is based on reporter gengsluciferase).

In this technique the generation of a detectable fluorescence or luminescence signal directly
correlates with pathway activii?"*4l The main advantage of a phenotypic screen based on
signaling pathways is that a bioactive compound could possilggttavery component at
various levels of the pathway. Thus, signaling pathway assays are especially beneficial for

identification of novel target§!

1.3.Target identification

A crucial step in the development dvel bioactive compounds from phenotypic screens is
target identification and validation. To understand the biological mechanism underlying the
observed phenotypic changes, the molecular interaction partner of a small molecule has to be
determined® There are various different methods available to achieve this. However, target
identification is atime-consumingprocess and, depending on target and compound, some

approaches are better suited than others.

1.3.1 Affinity enrichment

One of the most widely used methods for target identification is affinity enrichment. This
method requires ligand immobilization arsolid support. Therefore, the bioactive compound

is chemically modified with a suitable linker. The linker serves as a spacer between solid
support and compound, to avoid steric hindrance. To excludepemific binders, an inactive
compound is employeds a negative control. Subsequently, the negative and positive probes
are incubated with cell |l ysate. The smal/l
partners from the lysate. The amount of 1specific binding partners is further reduced by
several thorough washing steps. The remaining proteins are digested by proteases, which

generate specific peptide fragmentseSéhpeptides can be annotated to their respective protein

11



of origin with the aid of databases, such as Uniprot. Subsequeetiy;dteins enriched by the
positive and negative probes are analyzed. Only those proteins which are significantly enriched
with the positive probe in comparison to the negative probe are considered as possible targets
(Figure 2).

Incubation with
positive probe

¢ o9 9
._. C ‘ —_— ._. — {\:P_:Q\:l\“
/ LY . " \
€9 ¢ ‘c cgtc
‘ ’ ‘ non-'::;?:?f‘ilj Il::i)rtders T;):\pl\tI:(S: :ir?aﬁ;tsii(;n ide:g;i?:(:ttio
ced s 20
9 CH c¢?
Protein lysate \ = o= /
ey ¥ . & . -
sC g o-m
—m

Incubation with
negative probe

Figure 2: Schematic representation of affinity enrichment.

However, this method usually requires high affinity ligands, since low affinity interactions
might not be stable during washing and result in loss of target pFStéifl. Another
disadvantage of this method is the chemical modification by the linker, which can influence
the target Hinity of the bioactive compound. Thus, structure activity relationship studies are
helpful to determine a suitable modification point, which is not required for compound activity.

In order to avoid impairment by the linker, several label free technigelesdeveloped.

1.3.2 Label free techniques

Label free target identification methods have several advantages. One main advantage is that
they do not require extensive modification of the bioactive compound. Thus, laborious
structure activityelationship (SAR) studies to identify a suitable site for linker attachment can

be avoided'® A novel method for label free target identification is the cellular thermal shift
assay (CETSA). This approachbased on the assumption that a compound can influence the

thermal stability of a proteimA ligandtreated target protein should haadifferent melting

12



temperature than the control. This shift in the melting temperature can be an indication for
targe engagement (Figure 3). Until now the thermal shift assay was mostly performed with
purified proteins. However, CETSA allows analysis of complex protein mixtures. Aliquots of
compound and control treated cell lysates are subjected to incubation at tempesatures.
Denaturated proteins tend to form aggregates and precipitate and can therefore be removed by
ultracentrifugation. The supernatant is subsequently analyzed by immunoblotting. Thus, the
soluble fraction of the protein of interest can be g@i@dtand the shift in melting temperature
determined!® However, to define the correct compound concentration for the CETSA
experiment might be a challenge. If the melting curve of the potential target protein is available,
an isothermal dose response fingerprint (ITDRF) can be generatédaiiTDRF the effect

of ligand concentration on protein stability can be determined at a constant temperature, which
is typically close to the melting poifit!

CETSA is usually limited to analysis of only few proteins, since the detection is performed by
immunoblotting. However, in combination with higésolution mass spectromeiiyRMS)

this method can also be applied in a proteavite manner as thermal proteome profiling
(TPP). Therefore, the samples are digested by addition of trypsin protease after heat treatment.
Subsequent labeling witheutronencoded isobaric mass taggirepgents (TMT1Q)allows
differentiation of the single temperature points (Figur&8)Thus, melting curves for all
identified proteins can be generated. Addition of detergents, such as NP40, during cell lysate
preparation improves the solubility of membrane proteins and increases the overall amount of
detected proteind? TPP is an unlsed method and in comparison to CETSA does not
necessarily require a target hypothesis. Thus, TPP can also be appla rfovotarget
identification(?®!

13
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Figure 3. Schematic representation of TPP (left) and CETSA (right)

Another approach for mode of action prediction and target identificatidre isell painting

assay (CR) (Figure 4). The CPAs an unbiased imaggased, higkcontent screening
approach. Standard phenotypic screening usually focuses on alteration of one specific
parameter. The CPA also relies on cell morphology profiling for compound evaluation.
However, incontrast to traditional imageased approaches, a large number of cellular fesatur

is investigated in parall&* In this assay five fluorescenyels are employed, which can be

detected in different channels. These fluorophores stain important cellular organelles or

14



components, such as the nuclei, mitochondria, the endoplasmic reticulum (ER) golgjithe
apparatus. Furthermore, the cell membranecgtaskeleton, as well as cytoplasmic RNA and
nucleoli are visualized. Cellased screening can be performed with extensive compound
libraries. The readout is performed by means of high throughput fluorescence microscopy.
Subsequently, hundreds of featurase detected and analyzed to determine possible
morphological alterations. The collectivity of these data for each compound provides a unique

fingerprint.

— AT

Compound Fluorescence microscopy Fingerprint
treatment analysis generation

Figure 4: Representative scheme of the cell painting assay.

The fingerprint of a certain bioaceé compound is compared to those of reference
compound®¥ Similarity to a reference compound might indicate the molecular target.
Furthermore, the analyzed compound could have a similar mode of action or affect the same
signaling pathway. Thus, for efficient and reliable data evaluation, CPA requires numerous
reference compounds. These references should be biologically and structurally diverse

molecules with known target or mode of action.

1.4. Target validation

Target validation forms the final step in the forward chemical genetics approach. Therefore,
target engagement has to be demonstrated. Furthermore, a connection between the observed
phenotype and the potential target should be established. t@xfter identification yields not

a single, but several different targets. Initially, the involvement of these possible targets in the
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investigated biological process is researched, to prioritize certain candidates. Subsequently,

suitable validation methsdare chosen.

If target identification included affinity enrichment, a competitive pulldown is often the method
of choice for validation. Here, protein lysates are incubated with an excess of the unmodified
active compound prior to protein enrichment. Hoenpound should interact with the target
protein and thus interfere with binding of the immobilized small molecule. Those proteins,
which are detected during affinity enrichment, but not in the competition assay can be regarded
as target&® A method for target validation that requires compound modification with a
fluorophore is fluorescence polarization (FP).tihe FP assay, a proteligand mixure is
excited with polarized light. Due to molecular rotation the light depolarizes in a rate
proportional to the size of the labeled species. While small molecules depolarize quickly, the
depolarization rate for macromolecules is higher. Thus, prbgamd interaction will result in

significant decrease of the depolarization Fle.

Furthermore, target interaction can also be shown in a label free manner by previously
mentioned CETSA method. After establisént of a target hypothesis, thermal protein stability

can be detected by immunoblotting with a specific antibody. While CETSA is temperature
dependent the ITDRF can show target engagement in adépsadent manner at a constant
temperaturé&’! Another method to determine the influence of a ligand on protein stability is
differertial scanning fluorimetry (DSF). Upon unfolding of a proteyaliophobic domains are
exposed. For DSF a dye is employed, which is quenched in agueous environment and becomes
highly fluorescent in nosolar surroundings. Thus, protein denaturation is characterized by a
significant increase in fluorescence inten&tyFurther biophysical assays to show ligand

target interaction are isothermal titration calorimetry (ITC) and circular dichroism{&E.

Since proteidigand interaction is not sufficient for alteration of prot&imction, additional

assays are required for target validation. Provided that the potential target is an enzyme, the
possible alteration of catalytic activity could be studied. If inhibitors for the respective target
are already known, they can also belgred to determine whether they cause similar changes

in phenotype. Moreover, knoadown experiments based on RNA interference are often

utilized in attempts to phenocopy the effect of the bioactive species of intérest.

In order to gain structural information of a protégand complex on a molecular level;rgy
crystallography is a powerful tool. However, even if crystallization conditionthépurified

protein are known, corystallization of small molecule and a protein represents a major

16



challenge. Different factors that can influenceccgstallization include protein and ligand
concentration, temperature and the use of additives. Thystallization of a protein ligand

complex is a timeonsuming endeavor and requires extensive optimiz&tiéis!

Bioactive compounds with thoroughly validated targets are invaluable tool compounds for the
investigation of signaling pathways and biological processes. Furthermore, the discovery of
novel targets anthe elucidation of their biological function is of utmost importance for the

discovery of novel therapeutic targets and the development of efficient pharmaceuticals for

clinical application.
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2. DESIGN AND SYNTHESIS OF PHOTOACTIVATABLE MYRISTIC ACID
ANALOG UES FOR UNC119 CARGO INTERACTIONS

2.1. Introduction

An essential component of numerous biological processes is the specific interaction of diverse
proteins. These protejrotein interactions (PPI) can bé&aracterized according to their
complex stability. While some interactions are only transient, other proteins require permanent
complex formation to obtain their native structlifeThe protein surfaces involved in PPI
interactions are complementary and often highly hydrophobic. Thus, the main driving force

that underlies the interaction is the retion of the norpolar surface aré&?

The collectivity of all PPIs in an organism is referred to as the interactome. A protein network
that represents a certain cluster of these interactionbecarsualized in an interaction map.

Most cellular processes and the resulting phenotypes are characterized by those complex PPI
networks. Thus, elucidation of the interactome is highly important to fully understand relevant
genotypephenotype connectiorend the respective biological processes on a system wide
level ! The interaction maps that arise therefrom can also assist in prediction of possible
protein function and drug targets for novel therapelift$lowever, PPIs are often highly
dynamic, which creates further challenges in thdipt®n and establishment of the respective

maps.

2.11. Posttranslational modifications

The complexity of an organism is not only determined by its genome, but predominantly by
the proteome. The diversity of the proteome is on one hand regulateeimatilie splicing

during gene expression and processing. The second influencing factor is posttranslational
modifications (PTM) (Figure 5§71 Even though the name implicates that the PTM occurs after
translation, the modification can also take placetransldionally. Those modifications
describe the proteolytic cleavage or covalent attachment of a functional group or
macromolecule to one or more amino acids of a protein. This highly dynamic process can be
reversible as well as irreversible and altersfthrestionality of the respective protein. PTMs

can change the active state and localization of a protein and regulate its turnover and interaction
with other protein&®! To date more than 300 differephysiologicalPTMs were identified

with approximately 5% of the eukaryotic proteome designated to the implementati@s®f
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modifications®*¥“% The five most common PTMs are acylation, alkylation, phosphorylation,
glycosylation and oxidain. The possible combination of various P3ilve rise to a severe
increase in proteome heterogené&ity.Furthermore, PTMs facilitate a quick reaction to
changes in external and internal cellular conditid®scognition and interpretation of these

modifications is performed by specific interaction domé&iHs.

Genome to proteome complexity

Genome Alternative splicing Transcriptorme Posttranslational Proteome
mRNA editing modifications

Figure 5: Exponential increase of complexity from genome to proteome due to RNA processing and

posttranslational modifications.

A modification that regulates the cellular localization of a protein is lipidation, which describes
the covalent attachment of a lipiabiety to an amino acid side chain or theoEN-terminus.

The hydrophobic lipid moiety induces membrane association of the respective proteins and is
often crucial for biologic function. Lipidation is of central importance in cellular trafficking
and sgnaling, as well as proterotein and proteitipid interactiong*?

2.1.2. Protein lipidation

Isoprenylation &prenylation) and acylatiorS{palmitoylation and\-myristoylation) are the
most thoroughly researched lipid modifications (Figure 6). During the proc8gzrenylation
a C15 farnesyl or C20 geranylgeranyl moiety is attached to a cysteine residue in proximity of

the Gterminus. The consensus sequencepfenylation is referred to as the CaaX box, in
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which C represents a cysteine and A is an aliphatic amino acid, while X can be any amino acid.
However, the nature of X influences the substrate specifiéityf serine, methionine,
glutamine or alanine are in X position farnesylation occurs,lewheucine results in
geranylgeranylation. The lipid moiety is attached to the side chain of cysteine through thioether
formation followed by subsequent cleavage of the thrgéer@inal residues (aaX) by the Ras
converting enzyme 1. Finally, the resulti@¢germinal cysteine residue is methylated by the
isoprenylcysteine methyltransferaé&However, not all isoprenylated proteins feature a CaaX
box, especially double prenylated proteins are characterized by ar@XC-motif. Only in

case of th&€XC-motif, the Gterminal cysteine is methylatéd!

During S-palmitoylation a cysteine side chain is modified by reaction with the C16 palmitate.
The attachment is catalyzed by the palmHtipghsferase through formation of a labile thioester.
In contrast tole other two mentioned lipid modificatior&palmitoylation is reversible, which
creates- ak@® Wil §ddaten no distinct consensus sequence was identified
for palmitoylation*’11481 The modification can oce independently or in combination with

other lipid PTM, including prenylation ardrmyristoylation(*®!

A 0 c
s S
s YN

B D
NS NS NS
o S
/\/\/\/\/\/\)j\ Y Y (o)
(6]

Figure 6. The four most studied lipid modificationd. S-Palmitoylation;B: N-Myristoylation; C:
SGeranylgeranylatiorD: S-Farnesylation.

N-Myristoylation describes theovalentattachment of C14 saturated fatty acidtihe N
terminal glycine of a protei(Figure 5)°% This lipidation usually occurs eanslationally>
Myristoylation is found almost exclusively in eukaryotes and viruses. This modification plays
also an essential role in parasite viabiftg) Attachment of the myristate moiety is catalyzed
by theN-myristoyl transferase (NMT). Initially, myristoyCoA binds to NMT, which initiates

a conformational change and creates aibigpsite for the peptide moiety. Subsequently,
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transfer of the myristate onto the peptide substrate is catalyzed and the respective product
released® The consensus sequence for myristoylation is-GlgtX-X-X-Ser/Thr. Initially,

the initiator methionine i,smoved prior to lipidation by the methionine amino peptidase. The
now N-terminal glycine is essential for myristoylation and cannot be substituted by any other
residue. While the subsequent three amino acids are variable, serine or threonine inré positio

and arginine or lysine in 7/8 position are favoPéd.

Most myristoylated proteins are localized at cellular membranes, where the lipid moiety
promotes reversible membrane attachment. However, insertion wiytieate chain into the

lipid bilayer is often not sufficient for stable localization. Thus, a second signal might be
required to reinforce the membrane interaction. Such a signal could be a polybasic stretch on
the protein surface that binds to the riagdy charged phospholipids of the membr&fieAlso

a second lipid modification dhe interaction with other membrane protemsuld increase
overall membrane affinit{?® Another proposed mechanism to regulate membrane binding is
the myristoyl switch. Ligand binding can induce a conformational change, which sequesters
the myristate within an intramolecular hydrophobic pocket of the protein. This mechanism
triggers potein release from the membrdffé.Furthermore, a myristoyl switch facilitates
cytosolic trafficking of lipidated proteins. Due to the presence of the lipid moiety myristoylated
proteins are hardly soluble. However, inside the hydrophobic pocket the myristate moiety is
concealed from the hydpbilic environment of the cytoplasm. Overall solubility of the protein

is increased significantly, which enables trafficking through the cytds8koteins that lack a
myristoyl switch require the assistance of a chaperone protein to cross the cytosol. One such

chaperone of myristoylated proteins isaardinated 119 (UNC119).

2.1.3. The myristoyl-chaperone protein UNC119

UNC119 is a lipidbinding protein that regulates the transport of myristoylated proteins
between different cellular membrar&®.This chaperone protein was first identified Gn

elegans due to the fact that a mutated form caused sealenormalities in chemosensation,

feeding behavior and locomoti&¥l Following this discovery, ubiquitous expression of
UNC119 was described in various different organisms including animals and plants. UNC119
proteins share significant s empsyldndngproseinmi | ar i
In vertebrates, two different homologues of UNC119 are expressed, termed UNC119A and

UNC119B with a respective size of 240 and 251 amino &%dehe two homologues exhibit
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a sequence homology of about 58% Highest similarity occurs in the-@rminal region,
while the Nterminal tail deviates. UNC119A was only recently-argstalizd with a

myristoylated ephrocystin3 (NPHP3) peptide (Figure 7

Figure 7: Co-crystal structure of UNC1¥9and myristoylated NPHP3 subu(®DB code: 5L7K).

An immunoglobulinl i ksandwich fold dominates the structure of this chaperone protein,
which creates a hydrophobic cavity. The lipid chain can insert into this binding pocket together
with the first Nterminal amino acids. The amino acids in +2 angestion, which follow the
myristoylated glycine are postulated to have a great influence on cargo affinity. High affinity
interaction partners have small amino acids such as glycine, alanine and serine in these
positions. Cargo proteins with low affinity feaé more bulky amino acids, such as
phenylalanine and glutamine, which might cause minor steric clashes with the UNC119 protein
residues®? The hydrophobic pocket itself is characterized by Iigghly conserved
phenylalanine residues. These aromatic amino acids play a key role in lipid binding, while
especially the residues on the bottom of the binding site (F144, F148, and F207) have the
greatest influence (Figug) 63l
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Figure 8 Highly conserved phenylalanimesidueswithin the binding site of UNC119A. The most
important regslues (F207, F148, and F144) kinding of myristolyated piteins are highlighted in bold.
Adaptation from Wright et af3!

Myristoylated cargo can be allosterically released by the small GTPaskiszApfoteins 2 and

3 (Arl2 and Arl3). However, only Arl3 is able to unload highrat interaction partners. While
myristoylated cargo proteins with high affinity are located in the cilia, those with low affinity
reside in the cytoplasm. Thus, Arl2 and Arl3 seem to regulate the sorting of myristoylated
proteins between cilia and cytagm®*62l UNC119is predominantly expressed in synaptic
regions and theetinal photoreceptor inner segments. For teassonhuman UNC119A is also
referred to as human retina gene 4 (HRGA4). In ttiearéhe UNC119 protein is responsible for
translocation of the guanine nucleotide binding protein (G protein) subunit alpha transducin 1
and 2 (Gnatl and Gnat2) from the inner to the outer segment as part of thedéigtion
mechanisn64 Furthermore, UNC119 is required for trafficking of NPHP3 to the ciliary
membrane. NPHP3 is essential for correct function and development of thélciiae
UNC119 protein also interacts with and controls plasma membrane localization of the proto
oncogene Src family kinases (SHRYI6¢1 Bastiaens et al. reported the UNCah@diated
dynamics of the spatial Src cyclehd chaperone protein solubilizes Sranirethe cytoplasm

and transports it by diffusion to the recycling endosome (RE). Arl2 and Arl3 are localized close

to the RE and unload Src from UNC119, where the kinase binds to the RE membrane and those
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membranesn close proximity. While Src is stronglpteracting with RE due to its polybasic
stretch, palmitoylatable SFKs are located at the Golgi. The kinases are subsequently relocated
through vesicular transport to the plasma membrane, which restores their signaling'&tivity.
Furthermore, UNC119 trafficking of the SH¢mphocytespecific protein tyrosine kinase
(Lck) strongly contributes to initiation of -Gell receptor (TCR antigen signaling and
formation of the immune synapse. However, UNC119 does not only interact with SFKs
through the lipid moiety. It was also postulated that the UNC119 protein can bind to Src
homology 2 and 3 (SH2 and SH3) domafs This interaction causes SFK activation, which

is crucial for TCR signalin§® Furthermore, apparent SFKs play a crucial role in tumor
development and progressi6f.Mutation of UNC119 is known to be involved in different
diseases, including the retinopathy coad dystrophy and the immunodeficienicjopathic

CD4 lymphocytopenid?17 Thus, the UNC119 protein would be an attractive target for drug
development. Bcently, Squarunkin A the first small molecule inhibitor of this chaperone
protein was developed. Squarunkirprevents activation of Src kinase by UNC1#dIn a
subsequent study, another UNC119 inhibitor was shown to interfere with Sreatioalito

the plasma membraré!

2.1.4. Photaaffinity labelling probes

The identification of different binding partners and the further characterization of a protein
proteirtinteraction is crucial for the detailed understanding of its biological function. However,
theinvestigation of PPIs is challenging. Often the binding sites are difficult to identify, since
they cover a large surface area of the protein and the interaction itself is usually highly
dynamicl’¥ Photoaffinity probes can assist to overcome this problem. These ligands feature a
photoactivatable group, which can establish a covalent bond upon irradiation. Initially, probe
and protein of interest are incubated and famaffinity-based, nortovalent interaction.
Subsequent irradiation with UV light transforms the photoactivatable group into a highly
reactive intermediate, which creates a covalent bond. The covalent crosslink stabilizes transient
interactions and allowsidentification of low affinity binding partners. Therefore,
photoactivatable probes are highly valuable tools to investigate ppota®in and protein

ligand interaction§’>176!

The three most frequently employed photoactivatable groups are the benzophenone, the aryl

azide and the diazirin&igure 9) To be suitable for incorporation in a photocrosslinking probe,
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the photophore has to fulfil several criteria. Firshibuld be fairly stable at ambient light, even
though these compounds are activated throughrddiation. Otherwise synthesis and handling

of photophores under normal working conditions would be rather challenging. Furthermore,
the photochemistry should loistinct, to ensure reproducible generation of a single covalent
bond. Therefore, the reactive species should be able to insert -idtddnds, as well as
nucleophilic XH bonds. The life time of the photoactivated state has to be appropriate. Thus,
the reactive moiety has to react before dissociation of the prbgggind complex. However,

the lifetime should also be sufficient for covalent bond formation with a suitable interaction

partner in a close proximity”

Aryl azides consist of a phenphoiety that features a linear azide. These photophores are
advantageous due to their small size, which prevents steric clashes and should not affect the
interaction of interest. Aryl azides are converted to the excited state at wavelength of around
250 nm.The average absgtion wavelength of most proteins is below 300 nm. Thus, molecular
macromolecules could potentially be damaged and-spegific covalent proteiDNA
crosslinks might occur. Upon irradiation aryl azides generate nitrenes under release of
molecular nitrogen. However, rearrangement of-ariienes into less reactive species by ring

expansion reduces overall reactivity (Figuré’9).

Photolysis of benzophenones generates a reactive biradical whtlereigslinking efficiency
(Figure 8). Theyreadvantageoudue to their inertness towards solvents and simple synthesis
However, benzophenones are relatively bulky photophores, which can interfere with the
desired proteifigand interactionThey are actated at wavelength above 3b6M, thus the

risk of affecting cellular macromolecules is minor. Another drawback is the long irradiation

time benzophenones require, which causes increasespeaific labeling”®
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Figure 9: The three most frequently used photophores aryl azide, benzophenone and diazirine.

Since the photophore might affeitte features of a bioactive compound, alteration of the
biomolecule should be minor. In order to mimic the original compound, photoactivatable
groups of small size are beneficial. The least bulky of the mentioned photophores is the
diazirine. Upon irradiation # diazirine is converted into a highly reactive carbene species,
which has a relatively short lifetime. Thus, the resulting carbene quickly reacts with an
interaction partner in close proximity or is quenched by buffer components, which reduces
unspecifidabelling. The carbene can insert intdHGand heteroatori bonds to rapidly create

a covalent bon# Furthermore, diazirines are activated at >350 nm. Thereby, damage of
cellular macromolecules is preventéd One drawback afiiazirines is the possibility of diazo
isomerization through photolysis, which reduces the phaieslinking efficiency (Figur8).
However, a trif | upositionme thé yidziring can prevent undedited

isomerizatiori®!
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2.2 Motivation and goals

N-Myristoylation plays a key role in regulation of cellular signaling and protein activation and
myristoylationis involved in various severe disorders. Furthermore, the myristoyl moiety
contributes to protenprotein and protehtipid interactions and dictas localization and
reversible membrane attachment of the lipidated prof@ue to their hydrophobic nature
myristoylated proteins preferably locate at cellular membraiiee. UNC119 chaperone
proteinfacilitates trafficking of myristoylated proteins thugh the cytosolUNC119 proteins
have a weldefined hydrophobic pocket for insertion of the mymytohain of its binding
partner. Howevershortlived interactions and low affinities can cause great difficulties in
identification of new binding partnePhotoactivatablemyritoyl analogues (Pacman) forming

a covalent bondpon irradiation, can serve tmlsto overcome these obstacles.

For this purpose, several diazirine based analogues of myristic acid should be designed and
synthesizedFigure 10) Subsequently, the probes should be evaluated for their affinity to
UNC119 and their ability to establish a covalent bond with the chaperone protein. To obtain
structural information, identification of the crelasking site and cecrystallization of Pacman
probes with UNC119 protein should be attempted. The interaction of the myristoyl analogues
with UNC119 in a complex mixture of proteins should be confirmed by affinity enrichment.
Moreover, the probes should be screened in a fluoresteses assay tovastigate substrate
recognition byNMT. Finally, metabolic labeling should be performed followed by affinity
enrichment of new interaction partners of UNC119 chaperone protein. The identification of
previously unknown UNC119 binding partners would provide valuable insight into the

biological rok of the chaperone protein and its involvement in various disorders.
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2.3 Results and discussion
2.31. Design and Syntheis of photoactivatable nmyristic acid analogues

The myristate moiety is a C14 saturated fatty acid angbllogoactivatable group should be
incorporated into the backbone of this lipid chain. The diazirine group was chosen as the photo
activatable moiety, since it has several advantageous tf@stcs (as described in the
Introduction). The small size of thdiazirine should allow insertion of the myitstacid
analogue into the hydrophobic binding pocket of UNC119 proteins without creating steric
hindrance. Potentially, the diazirine moiety can be installed at various positions along the
aliphatic chain. Thehotoactivatable moiety was installed at the end of the alkyl chain to target
one of the residues inside the hydrophobic pocket of UNC119 proteins. This should ensure a
stable covalent crosslink between UNC119 protein and its interaction partner. Ttemrt#apo
analogues were envisioned (FigurB). The irst two analogues contaia more reactive
aliphatic diazirine moiety, which kesfhe structural peurbation to a minimum. Analogue 3

is based omnaryl diazirine with a trifluoromethyl group. Even tigh the aromatic diazirine

is relatively bulky in comparison to alkyldiazirines, it brings several advantages. The aromatic
ring and the trifluoro group prevent isomerization to the less reactive linearsfiazies and
stabilize the formed carbefé!

o N=N o o}
HOJWOM HOJI\MW HOJJ\/\/\/\O
N=N CF,

1 2 3 N=N

Figure 10: Diazirinebased photoactivatable analogues of myristic acid Pacman 1

2.3.11. Synthesis of Pacmari

Pacmanl analoguel was synthesized from two building blocks, -b&anediol6 and 4
hydroxybutar2-one 4 (Figure 11) Initially, the keto group of 4hydroxybutar2-one 4 was
transformed into the diaziring in two steps followinga published procedur@’ First, the
diaziridine moiety was formed by the reaction of the ketone with liquified anamemd
hydroxylamineO-sulfonic acid. Subsequently, the diaziridine moiety was oxidized to the
corresponding diazirine using iodine as an oxidant and triethylamine as a base. In parallel, 1,8

octanediol 6 was monoprotected withert-butyldimethylsilyl chlaide (TBDMSCI) and
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equipped with a leaving group, introduced by substitution of the remaining alcohol with
methanesulfonylchloride. Consequently, the diazirinat@dohol 5 was deprotonated with
potassium hydride in dioxane under reflux and reacted with the methanesufforb&silyl
protecting group of the alcohol was removed with tetrabutylammonium fluoride (TBAF). The
alcohol10was oxidized to furnish the desired aaxblic acid to obtain Pacmah analoguen

overall 15% yield.

0o,.0

S,
[o] 1) NH3, HoN~g" o N=N
HO\/\)I\ > HOM
2) EtsN, I,
4 38% 5
NaH, TBDMSCI #/ NaH, MsClI >L ~ o)
HO. OH —_— Si” OH —_— Si. O. g7
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6 85 % 7 97 % 8
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HO.
>LSi./ 0.2 S N \|// NN —_—
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Figure 11: Synthesis of Pacmahl from 4-hydroxybutar2-one4 and 1,8octanediol.

2.3.1.2.Synthesis of Pacmai?

In order to synthesize Pacman2, the respective Grignard reagent was prepared from
1-bromobutand 1 and magnesium (Figure 12). Subsequentlyutyl magnesium bromid&2

was reacted with methyl 4ndecanoatd 3 to obtain the respective alcohd# that was
oxidized to the corresponding ketot® using the DessMartin periodinane reagent. The
methyl esterl5 was cleaved with lithium hydroxide in dioxane under reflux. The keldne
was converted to the corresponding diazi@nesing 7 N ammonia in methandbllowed by
oxidation with iodine and triethylamine, providing the desired Pae2nann 10% overall

yield.
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Figure 12 Synthesis of Pacmat2 from 1-bromobutand 1 and 18undecanoaté3.

2.3.1.3.Synthesis ofPacman3

The photeactivatable myristoyl analogue Pacr&n3 is based on a trifluoro
methyphenyldiazirine (Figure 13). Initially, commercially available-hgptanedioll7 was
reacted with TBDMSCI to obtain a monoprotected alcdl@iThe alcoholl8 reacted with the
diazirinated benzyl bromide. Subsequently, the silyl protecting group was removed with TBAF
and the alcohd@0was oxidized to the corresponding carboxylic é&idhe overall yield over

four synthetic steps was 13%.

=N
NaH, TBDMSCI \|// NaY, <CF3 g
AN, — > _Si_ A~~~ e —— . [ U PN —_— >
HO OH THF -0 OH NaH, THF <70 0
17 47% 18 71% 19 CFs
>N
N
o]
TBAF HO N0 TEMPO, NaOCI, TBABr HOJ\/\/\/\O
L
THF /\©\KCF3 NaBr, NaHCO3, DCM/H,0 CF3
71% 20 N 54% 3 NN

Figure 13 Synthesisof Pacmar3 3 from a commercially availablaromatic trifluorediazirine and
1,7-heptanediolL 7.

In order to improve the efficiency of the synthesis, the synthetic route was optimized by directly
reacting the excess of théptanedioll7 with the diazirine building block (Figure 14). The
desired monosubstituted alcolifl was the predominant produdttbe reaction (66% yield)

with only traces of the double substituted site product being formed. Thus, the unnecessary
protection and deprotection steps were omitted from the synthetic sequence, which reduced the
number of stepand increased the synthesfficiency. ThusthePacmar3 analogués readily

accessible in two steps with overall yield of 44%.
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Figure 14: Optimized synthesis route f&racmars.

2.3.1.4.Synthesis of Pacmarbased peptide probes

Pacmarbased peptide probes were prepared for the photocrosslinking experiments with
UNC119 proteins (Figure 15). To this end, shoitekininal peptide sequences were chosen,
based on known UNC119 interaction partners. The first peptide was derived &o8rcth
protein, since previous work in our group showed the interaction of myristoylated Src peptide
with UNC119A[®! Furthermore, a transducin alphsubunit Gnattbased probe was
synthesized. This protein is known to be a high affinity binding partner of UNC119 préteins.
The crystal structure of tratigcin alpha peptide with UNC119 has demonstrated thattoaly

first six N-terminal amino acids insert along with the lipid chain into the hydrophobic pocket
of UNC119[°8 Based on our previous work, peptide sequences of nine (Gnat) and eight (Src)
amino acids were selected for the photocrosslinking experiments (Figure 15). The peptide
fragments were synthesized imcrowaveassisted solid phase peptide synthesis (SPPS) using
fluorenylmethoxycarbonyFmoc)protected amino acid®-(1H-6-chlorobenzotriazold-yl)-
1,1,3,3tetramethyluronium hexafluorophosphgt¢CTU) as a coupling reagent amjN-
diisopropylethylaming DIPEA) as the base. The Fmoc groups were cleaved with a 20%
solution of piperidine in dimethylformamide (DMF) prior to the coupling step. Subsequently,
Pacman analogues were coupled to tRemhinus of the corresponding peptideotuiain the

respective photoactivatable probes.
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Figure 15: General synthesis dfpidated peptide probes.

The affinity of the photoactivatable probes towards UNC119A and UNC119B was determined
by fluorescence polarizath measuremesit For this purpose, fluorescein isothiocyanate
(FITC) was coupled to the-@rminal lysine residue of the respective Pacimanbes (Figure

16). As onlythe first six amino acids insert into the hydrophobic pocket, labeling with the
fluorophore at this posin should not interfere withinding to UNC19. To achieve this goal,

the Gterminal lysine was protected withe 4-methyltrityl (Mtt) protecting groupThe Mtt
moiety can be removed under mild acidic conditions without affecting other protecting groups.
Initially, Mtt-removal was attempted with axture of TFA/TIS/DCM (1:2:97). However, an
unwanted partial removal of the Bpcotecting groups of other lysine residues was observed
under theseonditions. This resulted ianselective labeling of several lysine residues with
FITC. The lysine deproteoin was afterwards carried out witIP/DCM (1:4) which caused
selective cleavage of the Migtoup. The remaining protecting groups were not affected.
Subsequently, the FITC moiety was attached to the free amino group ctéhmiGal lysine

side chairin the presence @IPEA.
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Figure 16 Structures of PacmarSrc probes fophotocrosslinking (a) anfluorescence polarization

measurement (byith UNC119 proteins

2.3.2. Evaluation of Pacmarbased probes
2.3.2.1.Determination of the affinity of Pacmanbasedprobes for UNC119 proteins

Since modification of the myristic acid can alter the interaction of the fatty acid with UNC119
proteins, the affinity of Pacmasubstituted probes to UNC119A and UNC119B was
determined byneans of &P assay. Therefore, FITC labeled Paci8anprobe1b to 24b
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were prepared. In this assay, the fluorescent probes are incubated with increasing amounts of
UNC119 protein in a buffer and irradiated with linear polarizgu (Figure 17). Fluorescence
polarization is sensitive to changes in molecular weight. Small fluorescent compounds show a
high degree of free rotation in solution, which results in quick depolarization of the emitted
light. If the fluorophore binds to species with much higher molecular weight, like a protein,

this results in reduction of the rotational speed and consequently depolarization is slowed

down[28]
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Figure 17. Fluorescence Polarization Assay with FITC labelled Pacman probes and increasing
concentration of UNC119 protein.

As a reference value the affinity of a myrist@yic peptide (MySrc) to both UNC119 proteins
was determined (Figure 18A). Myarc has an affity of 150nM to UNC119A and 8@M to
UNC119B!% The affinities of PacmaB-Src22bto UNC119A and UNC119B arcomparable
to those of My¥Src with 40nM and 60nM respectively (Figure 18C). In contrast, Pacran
Src23b (Figure 18C) and PacmdnSrc21b (Figure 18) show a significant drop in affinity,
which is most likely caused by the bulky aromatic ring of Pacthand the oxygen in the
backbone of Pacmah While the affinity of PacmaB-Src23bis 2.3 pM for UNC119A and
1.3pM for UNC119B, Pacmai-Src21b has a affinity of 1.4puM for UNC119A.

Also for PacmarB-Gnat 24b, affinities to UNC119 proteins were determined (Figure 18D).

The probe showed high affinity to UNC119A and UNC119B with 40 nM and 130 nM
respectively. To investigate whether Pacr3aprobes alsanteract with other lipid binding
chaperones, affinities of PacmarGnat24band Pacma®-Src23bt o PDEU wer e det e
(Figure 18C ad 18D). Both probes did not interact witmef ar ne s vy | binding pr
and thus, are specific fahe UNC119 chaprone protein.
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Figure 18 Af fi niti es of Pacman based A:rrAffiiteosMyt-8rc UNC1 19
to UNC119A and UNC119BB: Affinities of Pacmarl-Sr 21b to UNC119A and UNC119B and
Pacmar2-Src 22b to UNC119A.C: Affinities of Pacmar3-Src 23b to UNC119A, UNC119B and

P D E D: Affinities of PacmarB8-Gnat24bto UNC119A\UNC119B and PDEU.

2.3.2.2.Covalent labeling of UNC119 proteins by photoactivatable probes

In order to confirm photactivation and covalent bd formation between Pacman peptides
and UNC119 proteins, a mass spectrombayed readout was chosen (Figure 19). Following
incubation of probe and protein, covalent bond formation was initiated by irradiation at
365nm. The carbene moiety, created upwadiation, is highly reactive and is expected to
insert into GH and XH bonds (where X is a heteroatom) of the adjacent moieties, thus forming
a covalent bond with the residues of UNC119 prot&fh@utside of the binding pockethpto-
activated probs are shotlived speciesThey are immediately quenched by water molecules

in the reaction buffer. Fast hydrolysis of the carbene prevents unspecific bond formation with
outer parts of the protein. Wheine photoactivated probe is present inside the hydrophobic
pocket of the protein, a covalent bond between the probe and the protein is formed. The process
can be monitored using mass spectrometry by following adduct formation of the UNC119
protein with thePacman probe. This adduct has the molecular mass of the protein plus the

probe minus 28 mass units due to the loss of two diazirine nitrogen atoms. For the detection of
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covalentbondformation, matrix assisted laser desorption ionization spectrometry DMAL
with time of flight (TOF) detection mode was chosen. Since this method can only detect high
affinity interactions and covalent complexes, MALDI is suitable for confirmation of covalent

bond formation between Pacmprobes and UNC119 proteins.
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Figure 19: Photocrosslinking of Pacmamobes and UNC119 protein upon irradiation results in

increased molecular weight detectible by MALDI spectrometry.

To perform the photocrosslinking experiments a 1:4 mixture of protein and the peptide probe
in PBS buffemwas prepared. Detergent as component of the buffer was avoided, since previous
experiments indicated interaction of detergents with the UNC119 hydrophobic pbloket.
concentration of the protein was adjusted to 50 uM and of the Pacman probes to 20@&uM. Th
resulting mixture was added taykass vialand irradiated at 365 nm. Initially, photoactivation
was performed for h. During the irradiation several aliquots were taked main, 5 min and

60 min and stored in darkness on ice, to prevent further phciigation by ambient light.
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Subsequently, the samples were measured by MALDF mass spectrometric analysis. For
Pacmarl-Src 21a and Pacmai2-Src only the unchanged mass of UNC119A or UNC119B
was detected (Figure 20). No mass corresponding to the rprigefuring the covalent
modification was observed. The results indicated that PadrSin 21a and Pacmai2-Src

22awere not able to establish a covalent interaction with neither UNC119A nor UNC119B.
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Figure 20: Labeling of UNC119 protein witFacmanl-Src21laand Pacma2-Src22a A: Pacman
1-Src and Pacmag-Src do not label UNC119A (representative spectrudn)Pacmarl-Src and
Pacmar2-Src do not label UNC119B (representative spectrum).

In order to understand why no photolabeling occurtbd, results of the MALDI mass
spectrometry measuremenisre examinedThe mass of the protein remained waruded, so
the masses representing the peptide probe and possible derivetreesnalyzedFigure 21).
The peak with the mass of 1081 Da represents the diazirinated Src peptid@Zablkeéore

the irradiation. Upon irradiation, the mass of 1081 Da disappeared and two new peaks with the

masses of 1053 Da and 1075 Da appeared. The mass of aGz$ e attributed to the loss
of the diazirineunder formation of a double bond. The mass of ID&%epresents the sodium
adduct of this double bond containing side product
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Figure 21: MALDI spectrum ofPacmar2-Src22a. A: Pacmar2-Src without iradiation.B: Pacman
2-Src after 3amin irradiation at 365m.

Alkyl diazirines are highly reactiv&@he formed carbene species have very short life &intk

can be quenched by water moleculesrthermore, d.,2-hydrogen migration mighoccur,

which results in double bond formati&f.In case of Pacma®-Src22a, the alkene formation
seemed to be favored. Theiaify determined by the FP assagicatesan interaction between
Pacmar2-Src22b and UNC119 proteins. Thus, the probe seems to insert into the hydrophobic
pocket of the chaperone protein. However, upon activation the alkyl diazirine seems to form a
double bond instead of labeling the protein. This could be explained by the abseswritadia@
moiety in close proximity that the carbene can react with. According to these results the alkyl
diazirines Pacmath and Pacmaf are unsuitable for covalent labeling of UNC119 proteins
While Pacmar#il-Src 21a and Pacmai2-Src 22a labeled neitheof the UNC119 proteins,
Pacmar3-Src23alabeled only UNC119B, but not UNC119A (Figure 22 and 23).
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Figure 22: Labelingof UNC119A protein with PacmaBSrc23a
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The labeling efficiency of PacmeBiSrc 23a for UNC119B reached 25 % after 45 min of
irradiation Figure23A). In order to maximize the labeling efficiency, the amount of photo
activatable probe was increased from 4 equivalents to 10 equivalents. However, the amount of
covalently bound UNC119B preith increased only slightly to 35%. Due to the potential short
life-time of the diazirine probe upon irradiation, the labelivas performedh several cycles.
Hence, the equilibrium between bound and unbound probe is reestablished during each cycle,
while the covalentlyabeled proteins effectively removed from the equilibrium. The amount

of probe added during each cycle was reduced to 3 equivalents and irradiation time for each
step was adjusted to 20 min. This approach increases the amount of tpJalesied
UNC119B after four cycles to 80 % (Figure 23).
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Figure 23 Labelling of UNC119B with PacmaBSrc 23a A: Labelling efficiencies with various
equivalents of PacmadSrc at different time point8: Structure of Pacma®Src23a C: MALDI
spectrum of labeled UNC119B with 3x3 eq. of the probe after 0 min (light blue), 20 min (dark blue),
40 min (green) and 60 min (purple).

Based on this results Pacmanwvas chosen for further evaluation, since it was the only
analogue featuring suffient labeling efficieng. Subsequently, also Gnabhsed prob@4a

was evaluated (Figure 24). Since Gnatl is a known high affinity interaction partner of UNC119
proteins higher photolabeling efficienasere expected for this probe/ith the Pacmai8-Gnat

probe 24a photacrosslinking experiments were performed untlex optimized conditions

described abovdn total, two cycles were sufficient to obtain a labeling of UNC119A with
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95% efficiency and UNC119B with 99% efficiency. Thariations in photocrosslking
efficiency can beexplainedby differences in the peptide sequemrdiecting the interaction
with UNC119 protein.
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Figure 24 Labelling of UNC11%9roteinswith Pacmar3-Gnat24a A: Structure of Pacmag-Gnat
24a B: MALDI spectrum oflabeled UNC118 with 2x3 eq. of probe after O min (light blue), 20 min
(dark blue)and40 min (green)C: MALDI spectrum of labeled UNC119B witx3 eq. of probe after
0 min (light blue), 20 min (dark blu@nd40 min (green).

In contrast to PacmaBSrc23a, which labelled only the UNC119B isoform, Pacr&aGnat

24alabelled both UNC119 protein§he selectivity oPacmar3-Src23afor UNC119B does
not seem to be caused aydifference inaffinity. Even though, the affinity dPacmar3-Src

23ais significantly lower than that of myristoylated Src, PacfB&8rc 23a shows similar

affinity for UNC119A and UNC119Bproteins

2.3.3.Mapping of the UNC119binding pocket

In order to gain structural insight into the interactions and the difference in labelling efficiency,
the covalent binding site was localized. To this end, UNC119 proteins were covalently labeled

with either Pacma-Src 23a or PacmarB-Gnat24a Subsequety, a tryptic digestion was
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performed and the samples were analyzed by tandem MS/MS. The respective unlabeled

UNC119 protein was used as a control.

The results confirmed that Pacraibrc 23ais selective for UNC119B, since no indication

for covalent motication was found in the UNC119A sample. The modification in UNC119B
was located on TyR47 (T247) or in the proximity thereof (Figure 25). As expected, in case of
Pacmar3-Gnat24a both UNC119A and B were labelle@nly UNC119A was crystalized,

but notUNC119B. However, both proteins have high sequence similarity, especially within
the Gterminal region forming the hydrophobic binding cavity. Thus, a sequence alignment of
UNC119A and UNC119B was performed (Figure 25).

UNC119A MKVKIGGGGAGATESAPGRSGQSVAPIPQPR----------- ESESGSESEPD&GP
UNC119B --- MSESNPKAARAASAAGRGELVAGKEEKKAGGGVLNRLKARAPHHAADD@AAV
UNC119A RPGR.QRKQPGPEDVLGLQRI TGDYLCSPEENIY KIDF VRFKIRDMD & TVLFEIKKPP

UNC119B TEQE.LALDTI RPEHVLRLSRVTENYLCKPEDNIY SIDF TREKIRDLETGTVLFEIAKPC

UNC119A VSERLPINRR-- DLDPNAGRFVRYQFTPAFLRINGATVEFTVGDKRNFRMIERHY
UNC119B VSDQEEDEEEG®UDIS AGRFVRYQFTPAFLRONGATVEFTVGDKBNFRMIERHY
UNC119A FRNQ.LKSFDRHFGFCIPSSKNTCEHIYDFPPLSEELI SEMIRHPYETQSDSFYFVIDRL

UNC119B FREH.LKNFDFDFGFCIPSSRNTCEHIYEFPQLSEDM RLMIENPYETRSDSFYFVIDIKL

UNC119A VMHNKADSYSGT P

UNC119B | MHNKADAJINGGQ

Figure 25. Sequence alignment of UNC119A and UNC119B. Glagntical amino acidfked:residue
covaently labeled by PacmadSrc23a(T247).

Sequence alignment revealed that the covalently labeled T247 corresponds to T236 in
UNC119A (Figure 25). Examination of the UNC119A crystal structure showed that this
tyrosine is located at the bottom of the hydrophobic pocket. Labelling at this residinenso

that Pacmai8 modified peptid24ainserts into the hydrophobic pocket prior to activation and
rules out complex formation due to unspecific interactidluscrystal structure of UNC119B

with or without the lipidated cargo was reported. Therefaregyrder to get insight into the
interactions and the binding mode of the lipidated pr@3asand24a a model of UNC119B

based on the crystal structure of UNC119A in complex with the myristoylated NPHP3 peptide
(PDB: 5L7K) was createdsing Swiss Model (gure 26)2¢l
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Figure 26: Covalent &belling of UNC119 proteins with Pacm&rGnat24aand Pacma3-Src 23a
A: Model of UNC119B protein with th@hotocrosslinking site®he207 and Ty1247 (sticks).B:
Overlay of the myristoylated NPHP3 peptide (PDB: 5L7K, yellow), PaeB@mat (orange) and
Pacmar3-Src (cyan).C: Pacmar3-Gnat irside the binding cavityof UNC119B with the diazirine
oriented toward®he207.D: PacmarB3-Src irsidethe binding cavityof UNC119Bwith the diazirine
oriented toward3yr-247.(adopted from Kaiser et df’y

PacmarB3-Gnat24a, covalently modifiedJNC119A as well as UNC119B (Figure 27). Again,
an aromatic amino acid was labeled. For UNC119A it was1PBgF196) and for UNC119B
Phe207 (F209). Sequence alignment of both proteins revealed that the amisecqoithces
are homologous. This finding ggests a similar binding mode of Pacr&aGnat 24a for
UNC119A and UNC119B. F196 is also localized on the bottom of the binding pocket.
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UNC119A MKVKKGGGAGATESAPGRSGQSVAPIPQPRA----------- ESESGSESEPD&GP

UNC119B --- MSESNPKAARAAASAAGRGCGLVAGKEEKKAGGGVLNRLKARAPHHAADD@AAV
UNC119A RPGR.QRKQPGPEDVLGLQRI TGDYLCSPEENIY KIDF VRFKIRDMD& TVLFEIKKPP

UNC119B TEQHE.LALDTI RPEHVLRLSRVTENYLCKPEDNIY SIDF TRFKIRDLETGTVLFEIAKPC

UNC119A VSERLPINRR-- DLDPNAGRFVRYQFTPAFLRIRGATVEFTVGDKPWFRMIERHY
UNC119B VSDQEEDEEEG®UDIS AGRFVRYQFTPAFLRORGATVEFTVGDKRBNFRMIERHY
UNC119A FRNQ.LKSFDRHFGFCIPSSKNTCEHIYDJPPLSEELI SEMIRHPYETQSDSFYFVDR

UNC119B FREHLLKNFDFDFGFCIPSSRNTCEHIYEPQLSEDM RLMIENPYETRSDSFYFVINKL

UNC119A VMHNKADSYSGT P

UNC119B I MHNKADAXYNGGQ

Figure 27. Sequence alignment of UNC119A and UNC119B. Gidgntical amino acidsRed:
residuesovaently labeled by PacmaBGnat24a(F196 and F209)

2.3.4.Crystallization of photolabelled UNC119 proteins

To gain even better structural insight into the covalent interaction between Pagnatres

and UNC119 proteins, the -@vystallization of photocrosslinkeBacman UNC119 protein
complexwas attempted. Up tate only the crystal structure of UNC119A was published and
not of UNC119B. Recently, UNC119A was -coystalized with myristoylated NPHP3
peptidel®? In this study, a truncated version of the UNC119A protein was employed, since the
flexible N-terminus of the protein might interfere with crystal formatféh-ollowing the same
logic, the analgically truncated construct of UNC119B protein (termed shUNC119B
containing amino acids 4251) was employed in the -@oystallization with the

photocrosslinkedPacmar3-based probe.

For initial experiments, two Pacm&nprobes25 and 26 with shorter pefide sequences,
containing four amino acids, were chosen (Figure 28A and 28B). Longer peptide sequences
might cause more flexibility, which could impair the crystallization process. One psatas

based on Pacm&®Gnat24aand the second prol2é on NPH?3, which were both previously
co-crystalized with UNC119A482158] |nitially, short peptide probes shGnat and shNPHP3 were
synthesized and modified with Pacr&as describedarlier. Subsequently the efficiencies of
photacrosslinking with UNC119A and UNC119B were determined (Figure 28C and 28D).
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Figure 28 Photocrosslinking of shUNC119B with Pacri&shGnat25 and Pacmai3-shNPHP326.
A: Structure of PacmagshGnat25. B: Structure of Pacma®shNPHP36. C: shUNC119B labeled
with two times 3 equivalents of PacmaishGnat25 after Omin, 20min and 40min. D: shUNC119B

labeled with two times 3 equivalents of PacrR3ashGnat26 after Omin, 20min and 40min.

Both Pacmar3-shGnat25 and Pacmai3-shNPHP326 probesshowed excellent labelling
efficiencies for full length UNC11B, as well as shUNC119Brable 1) While Pacma¥8-
shGnat25 labels both proteins quantitatively, Pacr8&siNPHP3 26 labels full length
UNC119B quantitatively and shUNC1RBQp to 95%. Furthermore, PacmarshNPHP326
showslower labelling efficiencies after 20 min. Hence, Paca3ashGnat25 was chosen for

co-crystallization with shUNC119.
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Table 1: Photolabellig efficiencies of PacmaB-shGnat25 and Pacma3-shNPHP3 26 for
shUNC119Band full length UNC119Bncluding irradiation time and applied amounts of probe.

Pacman3-shGnat Pacman3-shNPHP3
Irradiation Labelling | Irradiation Labelling
. . Eq. .. . . Eq. .
time [min] efficiency | time [min] efficiency
0 3 0 0 3 0
UNC119B 20 3 90 20 3 80
40 6 100 40 6 100
0 3 0 0 3 0
shUNC119B 20 3 85 20 3 55
40 6 100 40 6 95

For cocrystallization of ShUNC119B with Pacm@&shGna5the protein was incubated and
irradiated twice with the probe, in order to achieve complete ptrogslinking.Subsequently,

a portion of the complex was shortly incubated with minor amountotdase. This digestion

step removes flexible sections of the protein and might promote protein crystallization. Over
500 different buffer compositions were screened, however under none of these conditions

protein crystal formation was observed.

Since UNQ.19A was previously successfully-coystalized with different lipidated ligands,

the screening was repeated under the same conditions with shUNC119A protein. Initially,
photocrosslinking experiments with PacrraehGna25 andfull length or shUNC119A were
performed, resulting in 95% labelling efficiency for both proteins (Figure 29). Thus, Pacman
3-shGna25was found to be suitable for the crystallization with sShUNC119A.

48



A labeled UNC119A B labeled shUNC119A

w | | l

: i
H L o & i iy s
> 0.4 I§ | m“? > i i 0 :mu:
@ : it + 40 min B 04 : i - 40 min
c i 2 0.4+ .
8 0.3 1t i1 [ it H
c i el kS ;L i
° it £ e i ik
it §i i A
2 021 il 2 i i
© 1 : S 0.2- J :
® F\ i ® | i H
= 0.1 BN = ] R ;
-/ ~ = d ‘ -
0.0 - T — ¥ " 0.0 T - T L
27000 27500 28000 28500 27000 27500 28000 28500
size [Da] size [Da]

Figure 29 Photocrosslinking ofull length UNC119A andshUNC11® with Pacmar3-shGnat25.
A: Full length UNC119Aabeled with two times 3 equivalerdbPacmarB-shGnaR25 after Omin and
40min. B: shUNC11® labeled with two times 3 equivalert$ Pacmar3-shGnat25 after Omin and
40 min.

Screening of suitable crystallization conditiomsh shUNC119A revealed crystal formation
after 30 min in two different buffers (Figure 30). One buffer contath2d\V (NH4).-tatrate
and20% w/v PEG3550the other on®.2 M KH.PQs and20% w/v PEG3550However, the
observed crystals dissolved afteln &nd could not be isolated for further analysis. The protein

crystalized under no further conditions within the 90 daggbation period.

Figure 3G Images otrystals formed during screening with photocrosslinked PaevehtGnat25and
shUNC119Aafter 30 min A: Buffer composition: 0.8 (NH.).-tatrate and 20% w/v PEG355B:
Buffer composition0.2M KH>PQ; and 20% w/v PEG3550.

Optimization of screening conditions was subsequently performed with hanging drop method.
Therefore, the predigested, photocrosslinked protein ligand complex was incubated With 0.1
or 0.2 M concentration of either KHOQ, or (NHs)2-tatrate in presence of 10% to 22.5%. wiv
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PEG3350. However, no crystallization occurred under any of these conditions. Thus,
crystallization of UNC119A or UNC119B photolabelled with PacfBashGnat25 could not

be achieved. This could be caused by thédht properties ofthe myristoyl moiety and
Pacman. Consequently, Pacman might prevent formation of crystals. Later analysis of existing
co-crystal structures of UNC119A with mirstoylated NPHP3 or lauroylated Gnatl revealed
that the lipidated peptideseacomposed of six and eight amino acids respectively, which form

an alpha helix (Figure 31).

Figure 31 Alpha helix formation of bothipidated peptides eorystalized with UNC119AA: Co-
crystal structure of UNC119A with lauroylated Gnatl (PDB: 3RBR)).Co-crystal structure of
UNC119A with myristoylated NPHP3 (PDB: 5L7K).

The Pacmai3-shGnat prob&5 contains only four amino acids, which might not be sufficient
for formation of an pha helix. However, the alpha helix could result in stabilization of the
protein and thus be required for UNC119 crystallization. Therefore, screening for suitable
crystallization conditions could be repeated with a longer Gnat peptide construct cgrdaainin

least six amino acids, in order to promote possible alpha helix formation.

2.3.5.Affinity e nrichment of UNC119 proteins from lysate

Since the labeling efficiency was optimized and specificity of the interaction could be
confirmed, the interaction ¢facmar3 probes with UNC119 in a complex protein mixture was

investigated. Therefore, an affinity enrichment experiment was chosen. The statistically
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significant enrichment of a target protein from lysate with the positive Pa8npaobe in

comparison t@ nonrbinding negative probe would indicate target engagement.

2.3.5.1.Design andsynthesis of affinity enrichment probes

Initially, negative and positive affinity enrichment probes of PaeBi&nc 23a and Pacman
3-Gnat 24a were preparedAs a negative control for affinity enrichment experiments the
Pacmar3 moiety was substituted by an acetyl group. UNC119 proteins bindoteis
carrying the long saturatéauroyl and myristoyfatty acid functionalities, but do not interact
with proteins featuring an acetylatedt®&rminus. On this account, only interaction with
Pacman modified probes should result in enrichment of UNGikbeins, but not with
acetylated probe#cetylation of the Nterminal glycine was performed with acetic anhydride
and DIPEA. The @erminal lysine sidechain of both peptides, Src and Gnat, was chosen for
linker attachment, since it is in sufficient dista from the Pacman moiety and interference

with UNC119 protein interaction seems unlikely.

Attachment of the linker was first performed usHHGTU as coupling reagerind DIPEA as

base. However, the reaction did not lead to any conversion of the starting materials.
Subsequently different coupling reagents were screened (Table 2). A mix{ireyaino2-
ethoxy2-oxoethylidenaminooxy)dimethylamiamorpholinccarbenium hexafluorophes
phate (COMU) and DIPEA, as well as a mixture ofthyl cyano(hydroxyimino)acetate
(Oxyma), N, NiiNppropylcarbodiimidgDIC), andDIPEA resulted in formation of various

side products. The desired product was not found. Conditions invdbeinzptriazolel-yl-
oxy-tris-pyrrolidino-phosphonium hexafluorophosphateyBOP) and DIPEA gave small
amounts of product. Finally, linker attachment was achieved with a reaction mixture containing
COMU, Oxyma and DIPEA.
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Tabel 2: Screened conditions for lker attachment to generate Pacriahased affinity enrichment

probes. SM: starting material.

Reagents Linker (eq.) | Result

HCTU (4eq.), DIPEA 8 (eq.) 4 No conversion oM
PyBOP (3 eq.), DIPEA (6 eq.) 3 Minor product formation
COMU (3 eq.), DIPEA (&q.) 3 Only side reactions
Oxyma (3 eq.), DIC (3 eq.DIPEA (6 eq.) 3 Only side reactions
COMU(4 eq.), Oxyma (4 eq.), DIPEA (8 eq.)| 4 Product formation

To ensure that the positive probes are suitable for affinity enrichment and the linker does not
interfere with binding to UNC119 proteins photolabeling experiment was performBdth
UNC119 proteins were labeled with efficiencies similar to the probes without lifker.
results confirmed, that thatroduction of the linker does not influence ddihg efficiencies.
(Figure32).
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Figure 32 Photocrosslinking ofUNC119 protein with affinity enrichment probea: UNC119B
labeled withPacmar3-Src positive prob&0aafter Omin and 40min. B: UNC11A labeled with two
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2.3.5.2 Affinity enrichment with Pacman-3-Src

The established method for affinity enrichment is immobilization of pratadsa free amine

on NHScoated beads. Howeve@tc containgwo additional lysineesiduesapart from the-
terminal one. Thselysine moieties coud interact with NHSmoieties on the beads and cause
unspecific immobilization of the probe. Thus, adstbogonal linker based on the sulfhydryl
group was chosen, which can be coupletbtivacetylactivated UltraLink ResinThe linker
was attached to the-terminal lysine under optimized conditions using a mixture of COMU,
Oxyma and DIPEA (Figure 33).
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Figure 33 Synthesis and immobilization of Pacradusrc positive probe30aand the acetylated Src
negative prob&0bwith a sulfhydryl linkerfor affinity enrichment of UNC119 proteins from lysate.

Initial mass spectrometilyased affinity enrichment was performed with Paci3&rc
positive probe30a and the acetylated Src negative pr@d immobilized on iodoacetly
modified beads. A wide range of proteinas isolated with the positive proB8aas well as

the negative prob&0b. However, neither UNC119A nor UNC119B were detected. A possible
explanation for this unspecific enrichment could be insufficient saturation of the free iodoacetyl
groups remaining after attachment of the probe. The capping of the unreacted iodoacetyl
moieties was performed with-tysteine. However, the free thiol groups of the amino acid
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sidechain can form disulfide bridges, which prevent reaction with i@ldagroups of the

resin. In order toeducethe disulfide bondsris(2-carboxyethyl)phosphin@ CEP) was added

to the aqueous solution ofdysteine. Nevertheless, the background could not be reduced and
no UNC119 proteins were detected. To reduce the amount of the unspecifically bound proteins,
more stringent washing conditions were applied, whicdukhremove noitovalent binding
partners. Therefore, a buffer with low pH was chosen that denaturates and dissolves proteins.
The interaction with the negative probe is by default-covalent, since it does not have a
diazirine group. Hence, the denatedhproteins should be washed off and overall amount of
detected proteins decreases. As an additional negative control beads without probe were
saturated with tcysteine to analyze if the high amount of detected proteins is caused by the
probe or by the l#ls themselves. The additional negative control revealed that already beads
without any probe are enriched with high amounts of proteins from the lysate, which could not
be eluted by more stringent washing conditions. UNC119 proteins could not be identifie

any of the performed affinity enrichment experimeifitserefore the beads are not suitable for

enrichment of low abundant proteins.

Consequently, different beads were chosen for immobilization of the probe. These were
dibenzocyclooctyndDBCO) modifed magnetic beads for coppieee click reactions with
azides. The probes were therefore modified with another linker containing a terminal azide
moiety (Figure 34). In comparison to NH&d iodoacetymodified beads, coppédree click
reactions are full bioorthogonal. This enables selective ligation of the respective reaction
partners in complex biomolecular mixtures and should prevent undesired reactions with
components from the lysafé! Quenching of the beads after probe immobilizatiosmot
required.
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Figure 34 Synthesis and immobilization of Pacradusrc positive probe34aand the acetylated Src
negative prob&4bwith a DBCO linkerfor affinity enrichment of UNC119 proteins from lysate.

However, also with the DBCO magnetic beads the overall amount of detected proteins was
high, but neither UNC119B nor UNC119A could be identified. UNC119 proteins are of low
abundance, thus it is psible that the protein binds to the positive probe, but lies below the
detection limit. Therefore, the amount of resin was increased by 50 %, in order to enhance the
overall amount of enriched protein. Additionally, more stringent washing conditions were
applied with adioimmunoprecipitation assgiRIPA) buffer containing various detergents,
leading to denaturation and solvation of ramvalently bound proteins. The beads were
washed with PBS several times, in order to remove remaining detergent. However,
polyethylene glycol (PEG) groups were detected, which interfere with MS measurements.
Again, neither UNC119A nor UNC119B were detected. Since the loading density of the
magnetic beads with 380 nmol DBCOgroups/mg resins very low, agarose beads with a
loading density of :20& mo | EpBapeinl resinwere used. Since RIPA buffer was not
suitable, washing steps were performed with 1% SDS in PBS. However, also SDS could not
be removed by subsequent washing with PBS and the samples could not be anaM&ed by
measurement. For thisasonurea in PBS was used as washing buffer, which does not interfere
with MS detection methods. The new conditions with DBCO agarose beads and urea washing
buffer resulted in detection of UNC119B, but not UNC119A. This wae&rd, due to the
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fact, that PacmaB-Src only labels UNC119B and not UNC119A. However, UNC119B was
also identified in the negative control samples. Subsequently, the experiment was performed
with unmodified DBCO agarose beads as an additional negatit®lcon determine whether
UNC119B interacts with the probe or binds unspecifically to the bead surface. The result
showed that UNC119B protein could also be enriched with the unmodified beads. In
conclusion, any optimization attempts for affinity enriciminef UNC119B with PacmaB-

Src failed. The interaction of PacmasSrc with UNC119B could not be demonstrated in
lysate. This could be due to the low affinity of the probe for UNC119 combined with very low
expression levels of the protein in celBince Pacmar3-Gnat has higher photolabeling
efficiency, affinity enrichment of UNC119 proteins from lysates was subsequently attempted

with this probe.

2.3.5.3 Affinity enrichment with Pacman-3-Gnat

For immobilization of PacmaB-Gnat24a12-(9-fluorenylmethyloxycarbonylamine#,7,10
trioxa-dodecanoic acitvas chosers the linker (Figure 35). The amine group of the linker is
bioorthogonal to the side chains of the peptide. Thus, the peptide does not contain any amino
groups that could redt in linker independent immobilizatiohe linker was attached to the
C-terminal lysine under optimized conditions using a mixture of COMU, Oxyma and DIPEA,
followed by deprotection of the amine on the linker. Finally, the peptide was fully deprotected

andreleasedrom the resin.
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Figure 35 Synthesis and immobilization of PacrdgiGnatpositive probe8aand the acetylated Gnat
negativeprobe38b for affinity enrichment of UNC119 proteins from lysate.

For affinity enrichment the positive prol38aand negative prob88b were immobilized on
NHS-modified magnetic beads. Initially, the experiment was performed with 1 mg of total
protein per sampldyut neither UNC119A nor UNC119B were enriched with PacBi&@nat.

Since UNC119 is only marginally expressed in cells the amount of enriched protein could be
below the detection limit. Therefqréhe total protein amount was increcdde 2.5 mg per
sample.This resulted in identification and specific enrichment of UNC119A with Pa@nan
Gnat38ain comparison to acetylated Ga&&b. However, UNC119B could not be identified.

A possible reason might be that high abundant proteins saturated the beads anddohelven
enrichment of UNC119 proteins. Subsequently, also the amount of beads and affinity
enrichment probe was increased fromu2beads and 10 uM probe to 100 ul beads and 60 uM
probe in coupling buffer, in order to enrich higher amounts of protem fre lysate. This
resulted in statistically significant enrichment of UNC119A and UNC119B with the positive
probe38ain comparison to the negative proB8b. The affinity enrichment was performed
twice as triplicate. Only those proteins were consideredies which were significantly
enriched in both replicates. A total of sixteen different proteins, including UNC119A and
UNC119B were identified (Table 3).
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Table 3: List of proteins significantlyenriched in both affinity enrichmentexperimentswith
Paenan3-Gnat38ain comparison to acetylated Gragth. UNC119 proteins (green), fatty acid binding
proteins (blue), RZZ complex (purple), presumably false positigdreitl), miscellaneous (black).

Hits found in both p Gene nami
Protelb9umaemol og A UNC119A
Protelb9umaemol og B UNC1198B

Carnipahei Ooyl transferase [CPT2
Del t aD(ed ,t5(i 2e,@)yAl i somer ase, ECHL1
Enoc@dA delta i somerase 2, nECI 2

Per oxi somal mul ti functionaHSD17B4

Hydroxysteroid dehydrogenatike protein 2 HSDL 2

Met hyl naCaol Ao nmpult a s e, mitochonMUT

Sterol caxrier protein SCP2
| mpo5tin | POS5
[ Pyruvate dehytdrraongsefnearsre n(gaP DK 1
Mevalonate kinase MV K

Fascin FSCN1

A large number ofhe identified hits either bind lipids or interact generally with hydrophobic
moieties. Four of these proteins, encoded by the genes CPT2, ECH1, ECI2 and HSD17B4, are
involved in fatty acid betaxidation, a pathway regulating fatty acid degradation &blular

energy production. Another hit protein, tsterol carrier protei2 (SCP2), was first known to

bind cholesterol and mediate transport across the membrane. However, SCP2 is an unspecific
lipid-transfer protein and binds also to fatty adisThe funcion of the hit protein
hydroxysteroid dehydrogenaske protein 2is still mostly unknown, but since it is localized

in peroxisomes also for this protein a role in fatty acid metabolism was posttfhigte

met hyl m@ad Ao nnydstinaatved in degradationfa@ertain amino acids and odbthain

fatty acids®! All these hitssuggest that Pacméhis recogiized as datty acid insidecells,
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even though it is slightly alteredith the aromatic ring and the diaime moiety attached tthe

lipid chain

The kinetochoressociated proteih, protein zwilch homolog and centromere/kinetochore

protein zwl10 homolog are fueth hits from the affinity enrichment experiment. These three
proteins form together the RZ&bmplex playing a vital role in thespindle assembly
checkpoint The kinetochor@ssociated proteih has a lipiebinding site and is known to

interact withthe famesylated protein spindl$?! Two more hits are kinases, thgy r uv at e
dehydr ogelntarsaen s(feeaetiyng)llankimedrsad oinad 2A ke tintaere
enriched protein is fascin, which has an ac
explanation fo#3Gbhbanhdcag 0t Paaomdn

Importin-5 is afrequent hit in affinityenrichment experimesitimportins recognize and bind

to the nuclear localization sequence (NLS) of proteins and subsequently transport these into
the nucleu$® Variousproteins possess a NLS. Thus, importins are often false positive due to
possible indirect enrichment by binding to a hit protein. Conclusively, this experiment
demonstrates that PacraiGnat can interact with UNC119 proteins in a complex mixture of
protans and is recognized as a substrate also under competition with native myristoylated
proteins. Furthermore, Pacma&rGnat is recognized as a fatty acid by several more cellular

proteins. This is a first indication that the probe is suitbdslexperimeng on cellular level.

2.3.6.Metabolic incorporation of Pacman3

The Pacma3 analogue should also be suitable for metabolic incorporation by cells. One
critical step during metabolic incorporation is the recognition of Pa<h &y N-Myristoyl-
transferase protein as a substrate. NMT proteins recognize the Coenz@ué)Adérivative

of myristic acid and transfer the lipid moiety to theedminal glycine of the target protein
followed by the release of Ce8H. In order to investigate, whether Pacr3eBis a substrate

of human NMT, the PacmaBCoA derivative40 was sythesized (Figure 36). Initially,
Pacmar3 3 was activated with carbodiimidazole (CDI) and subsequently-SHA9 was

added. The desired product should be precipitated in an aqueous solution with 20% perchloric
acid. However, only minor amount of precipgavas visible and during the analysis of the
solution as well aghe precipitate only starting materials were detected. Afterwards, the
reaction conditions were optimized and when the reaction was performed in the presence of
PyBOP and DIPEA, the desiredacmar3-CoA adduct40 was formed in 27% yield.
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Purification of the desired produd® was performed by reverse phase HPLC with negative

detection mode.
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Figure 36. Synthesis of the Pacm&CoA derivative40.

The transferase assay wasried ouin a collaboration withthe group of Prof. Edward Tate at
Imperial College London. The assay detects substrate recognition of myristate analogues by
NMT enzymes (Figure 37). The assay was performed with purified NMieips from
different species and their respective peptide substrates. During transfer of B toaihe
N-terminus of a peptide substrate by NMT protein, a free thiobehzyme A(CoA-SH) is
released. The free CeBH can then react wit-diethylamiro-3-(4-maleimidylphenyl}4-
methylcoumarin(CPM). CPM by itself is only slightly fluorescent, while the CRMA
conjugate features strong fluorescence with an excitation maximum at 384 nm and an emission
maximum at 470im. An increase of CPMo0A-conjugatecorrelates to an increase in
fluorescence intensity. Thus, the fluorescence intensity can be used as readout for the reaction

rate of each NMT. MyristoyCoA was used as a positive contfdl.
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Figure 37: Transfer of Pacmaf to N-terminus of a peptide substrate by NMT under release ef HS
CoA. HSCoA reacts with CPM to form a fluorescent adduct.

The obtained results showed that Para@#&pA 40 was not recognized as a substrate by
human NMT (HsNMT). However, NMTs from diffené parasitic species revealed that
Pacmar3-CoA 40 is a substrate fdceishmania donovarandLeishmania majqras well as
Trypanosoma bruceibut not for Candida albicans Plasmodium vivaxand Plasmodium
falciparum which suggests that NMTs of these speenight differ slightly in their myristoyl
CoA binding site (Figure 38).
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Figure 38 Incorporation of PacmaB by NMTs from different organism&lMTs were incubated with
substrate peptide and increasing concentrations of Pagi@ar 40in presence of CPMrluorescence
was detected at an emission wavelength of 470 Left: Incorporation of Pacmas (green) and
myristic acid (blue) by human NMT. ght: Incorporation of Pacme® by LANMT (Leishmania
donovanj light blue), LmNMT (eishmania majarpurpble), TONMT Trypanosoma bruceired),
PVNMT (Plasmodium vivaxorange), PINMT Rlasmodium falciparupgreen) and CaNMTGQandida
albicans blue)®”

The protozoan parasit@sypanosoma brucelLeishmania majoandLeishmania donovarire
responsible for various diseases, including sleeping sickness and different types of
leishmaniasis. Only recently the involvement of UNC119 in parasite motility and morphology
of T. bruceiwas discoveretf® Knockdown of ThOUNC119, together with its interaction partner
TbUNC119BP reglted in reduced motility, morphological alterations and cellular apoptosis.
Parasite motility is a key factor in mammalian hosthpgénesis. Thus, it is crucial to
investigate the role of TOUNC119 in this process and to identify unknown cargo prateins, f
which PacmasB 3 can be a valuable tool. Furthermore, Paci®a@hcould be applied for
analyzing the myristoylome of the mentioned parasitic kinetopladtrggpanosomaand
Leishmaniaalso inside human host cells. Since HsSNMT does not recognize P@cG@h 40

the probe should only be incorporated by the parasite NMT. Hence possible protein substrates

of the parasite NMT could be identified.
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2.3.7.Thermal proteome profiling of UNC119 inhibitors

Detailed knowledge of the binding of UNC119different myristoylated proteins including
Src led to the development afib classes of UNC119 inhibitors, based on the squaramide and
benzothiazolone scaffaléf"3 These inhibitors bind to the hydrophobic cavity and prevent
the insertion of the myristoyl moietf lipidated proteinsThe binding of the two most potent
inhibitors representing both scaffolds, namely SquaruAkand GG1198, were evaluated in a

TPP assay to confirm target interaction in a complex protein mixture (Figure 39).
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Figure 39 Structures of the UNC119 inhibitors GG1198 &uharunkirA.

TPP is a labetree method, which in comparison to affinity enrichment does not require linker
attachmen{Chapterl.3.2.) The readout is based onatiges in thermal stability of a protein

upon compound interaction. Therefore, cell lysates are treated with the compound or DMSO
and subsequently incubated at a temperature range between 37 °C and 65 °C. The soluble
fraction, obtained by centrifugation subjected to MS/MS analysis. The measured peak
intensities correspond to the amount of soluble protein for each temperature and result in a
melting curve. A shift in the protein melting curve of DMSO and compound treated samples

indicates a possible intartgon of the compound with the respective protein.

The TPP experiment was performed with Jurkat cells. Initially, the lysis buffer contained 0.4%
NP-40 alternative, a detergent, which enaldetubilization of membrane proteins. Both
inhibitors, Squarunki A and GG1198, were added in a final concentration of 1 uM with 0.1%
DMSO. A significant thermal shift was defined according to the following criteria: 1) the
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protein is either stabilized in all the replicates or destabilized and 2) each protein shows a
minimal shift of O3 °C.

Table 4: Shift in melting temperature ¢for UNC119 proteins with 1 uM TMA-124 or GG1198 with
or without detergent. RRIII: replicate HII; av.: average

dTm UNC119A [°C] dTm UNC119B [°C]
RI | RI |RI | av. | Rl | Rl | RII | av.
0.4%NP40| 46 | 09| 07 | 15 | 3.0 | 29 | 35 | 3.2
- 68 | 55| —~ | 62 | 74 | 87| -~ | 81
0.4%NP40| 2.4 | 16 | 34| 02 | 02 | 37 | 51 | -0.4
- 01| 31| 1.8 | 1.6 | 57 | 09 | 6.7 | 4.4

inhibitor detergent

Squarunkin A

GG1198

SquarunkinA showed an average shift of 3.2 °Cnirelting temperatured{Tm) of UNC119 B.
UNC119A hadnlyan average dfof 1.5 °C. While UNC119B could be regarded as a possible
interaction partner, UNC119A was only stabilized by more than 3 °C in one single replicate

and would thus not be considered aarget (Table 4).

With inhibitor GG1198 similar result were obtained (Table 4). UNC119Admaalverag€Tm

of 0.2 °C, caused by destabilization-8# °C in one of the replicates and stabilization of£.4

and 1.6 °C in the other two replicates. Conajde results were obtained for UNC119B with
an averagedTm of -0.4 °C. Again, the same replicate showed a destabilization with a shift
of -5.1°C for UNC119B and in the other two replicates UNC119B was stabilized 54C0.2
and 3.7 °C.

Previous labeling experiments with Pacman analogue and UNC119 proteins showed that
detergents can interact with the lipid binding pocket and compete with the analogue for the
binding site. For the lysis buffer of TPP experiments NP40 is used, featuring a
polyethyleneglycol chain, which could insert into the hydrophobic pocket of UNC119. An
interaction of the detergent with UNC119 could also result in destabilization or stabilization of
the proteinin DMSO treated sample$his would alter the difference melting temperature
between DMSO and compound treated samples unpredictively. Therefore, tarpERRment

was repeated without the addition of detergent to the lysis buffer (Table 4). When the
experimentvas performed witlsquarunkinA the majority of shits from one replicate differed
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significantly from the other two. Aus this replicatavas not considered any furthdurring the
analysis of the result3he TPP without detergefdr SquarunkinA provided a averagaTm

of 6.2 °C for UNC119A, with singlshifts of 6.8°C and 5.5 °C. UNC119B showed f®f
7.4°C and 8.7C resulting in an average g®f 8.1°C (Figure 40). Tie respective d for
both UNC119 proteins met the abew@ntioned criteria. Thus, the inhibitor can be considered
asaninteraction partner dfoth proteinslJNC119A and UNC119B.
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Figure 40 Thermal proteome profiling experiments wilgquarunkinA. Jurkat cells were lysed with
PBS, treated with 1 pM compourfted) or DMSO (blue) and subjected to heat treatment. Thermal
stability of proteins was determined by tandem MS/MS analysis2, each graph represents one
independent experimerfi: Replicates of the thermal shifts of UNC113\.Replicates of the thermal
shifts of UNC119B.

The TPP without detergent for thehibitor GG1198 gave an averagedaf 1.6°C for
UNC119A, with single dif of 0.1°C, 3.1°C, and1.8°C and an average @lof 4.4 °C for
UNC119B with single dh of 5.7°C, 0.9°C and6.7 °C (Figure 41). For this inhibitor it is more
difficult to predictwhether it is an interaction partner of UNC119 proteins or not. However, all
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three replicates show a trend of stabilization. UNC119B is even stabilized by more than 5 °C
in two of the replicates. Conclusively, Squarunkircauses a significant stabilizaticof
UNC119A as well as UNC119B and is therefore an interaction partner of both proteins. For
GG1198 not all replicates show a significant stabilization. However, the general trend is a
stabilization of both UNC119 homologs and might therefore indicabetaraction.
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Figure 41 Thermal proteome profiling experiments wil1198 Jurkat cells were lysed with PBS,
treated with 1 uM compounf@ted) or DMSO (blue)and subjected to heat treatment. Thermal stability
of proteins was determined by tandem MS/MS analysis3, each graph represents one independent
experimentA: Replicates of the thermal shifts of UNC119. Replicates of the thermal shifts of
UNC119R
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2.4. Summary and conclusion

N-Myristoylation plays a key role in regulation of cellular signaling and protein activation.

is involved in various severe disorders, including cancer and neurodegenerative diseases. Even
though protein lipidation is intensely studied, the mechanism underlying the trafficking of
myristoylated proteins between different intracellular membramesins largely unknow.

One of the chaperone proteins involved in this process is UNC119. The UNC119 protein
features a hydrophobic pocket for incorporation of the lipid moiety, in order to conceal it from
the hydrophilic environment of the cytoplasm. Thoserall solubility is increased, enabling
trafficking of the lipidated protein through the cytoplasime such cargo proteiis the
myristoylated on-receptor tyrosine kinas&rc. Bastiaens et al. reported the UNG119
dependent spatial cycles of Src. The @®IN9 chaperone protein sequesters and transports
cytosolic Src to the RE. By vesicular transport the kinase is subsequently enriched at the plasma
membrane, which ensures Src signaling actiétyen though at least 0.5% of the proteome is
predicted to bemyristoylated only few cargo proteins of UNC119 are identified to date.
Photoactivatable mystateanalogues forming a covalent bond upon irradiation, can serve as

toolsto overcome these obstacke®d study protekmyristate interactions

In the course othis project three different photoactivatable mydsacid analogues were
designed and successfully synthesigegjure 42). Two of these analogues, Pacriamand
Pacmar2, are based on alkyl diazirines, which closely mimic the saturated lipid chain of

myristic acid. The third analogue, Pacr&contains a more stable trifluorophenyldiazirine.

o N=N o 0
0. Jl\/\/\/\
HOJI\/\/\/\/ M HOJWMM HO 0O
N=N CF3

1 2 3 N=N

Figure 42: Diazirine-based photoactivatable analogues of myristic acid Pacran 1

These photoactivatable lipahalogues were attached to the sheteéihinal peptide sequence,
derived from myristoylated prates Src and transducin alpha subunit Gnatl. The affinities of
these probes to UNC119 proteins were determined by meam#iuairescencepolarization
assay. While the alkyldririne-based probe Pacma&nSrc had comparable affinities to UN119
proteins as native myristoylated Syeptide, the affinities of PacmdnrSrc and PacmaB-Src

were significantly lower. In contrast Pacmaitsnat featved high affinity to UNC119A and

67



UNC119B. Subsequently, photocrosslinking efficiency of all Paepggtide probes for both

UNC119 proteins was determined. The two probes featuring an aliphatic diazirine labelled
neither UNC119A nor UNC119B. In contrast,df@n3-Src established a covalent crosslink

with UNC119B protein with up to 80% labelling efficiency, but did not label UNC119A.
Pacmarm3-Gnat covalently | abelled both UNC119 pr
probes based on the myristate analdgaemar3, were able to covalently photolabel UNC119

proteins upon irradiation, this analogue was employed for further evaluation.

First, the photocrosslinking site within the hydrophobic pocket of UNC119 protein was located.
Pacmar3-Src covalently labetan amino acid residue in close proximity of -PA7 inside

the hydrophobic pocket of UNC119B. Pacr&a@nat established a covalent crosslink close
to the conserved phenylalanine residede196 of UNC119A and PR207 of UNC119B.
Sequence alignment shogvthat these two residues are homologous. Conclusively, both lipid
analogues seem to insert into the hydrophobic pocket of UNC119 proteins sirthilanative
myristate moiety. Affinity enrichment of UNC119A and UNC119B from lysate by
immobilized Pacma3-Gnat demonstrated specific interaction of the probe with UNC119
chaperones in a complex protein mixture. For the probe to be suitable foasekxperimest

it has to be recognized as a substrate byNhdyristoyltransferase. Therefore, substrate
recognition of Pacmal by various NMTs from different organisms was investigated.
Pacmar3 was not incorporated by human NMT. Remarkably, NMT enzymes derived from the
protozoan parasiteeishmaniaand Trypanosomaecognized Pacmad as a substrate and
tranderred the myristate analogue to thetéMminus of a suitable peptide. Conclusively,
Pacmar3 can serve as a valuable tool to investigate the role of UNC119 protein in these
parasites, to identify novel myristeiiteraction partners and shed light on thgristoylome

of different organisms.
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3. TARGET IDE NTIFICATION OF AUTOPHAGY INHIBITORS

3.1 Introduction
3.1.1.Autophagy

Autophagy refers to adynamic ysosomedependent degradatioprocess for cellular
components, including proteins, whole organelles and pathodéms. highly conserved
processis involved in clearanceof protein aggregates, altered organebesl longlived
proteinsto maintain cellular homeostasidpon starvation autophagy is inducedrézycle
dispensablemacromolecules and organelleBhus, cell survival is ensured by supply of
essential cellular building blocks and nutriti@®. While the clearance of aimful and
superfluous cellular components is selective, starvatidnced autophagy occurs
predominantlyin a non-selectivemannef®”! Furthermore, autophagy assists in adaption to

environmental changes anesponses to cellular stressisad by various factof¥!

Three majottypes ofautophagyhave been reportedhaperonenediated autophagy (CMA),
microautophagy and macroautophagy. In CMA cytosolic proteins are transported to the
lysosomeby chaperones, where they are degratdlbdseproteinsare characterized by specific
peptide sequensg e.g. the KERHike motif.®® Microautophagy describes eatabolic
mechanismin which the cytosoliccargo isdirectly invaginated by lysosomal membrafiés.

Out of thethreementioned mechanismmacroautophagy ithe most intesively studied The

main characteristic of macroautophagyhs engulfment of cellular components, which are

designated fodegradation by autophagosont&s.

Initiation of macrautophagyhereafter referred to as autophagggs along with formation of

a double membrane, the phagophore or isolation mem{Fanee43). The membrane soce

and compositiorof the phagophore is still not fully elucidatedowever, recent findings
suggest that Effiembrane contact sites play a major role in autophagosome nucl&4tion.
These include contact sites betwethe ER and mitochondria as well ad the plasma
membrane and the EEYM1°2 Upon maturation and closuref the phagophore, the
autophagsame is formed, which subsequently fuses with the lysosonies causes
degradation of the autophagosome content and inner membrane. Finally, lyososomal

membrane permeases expose the emerging catabolites to the [&3#osol.
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Figure 43: Schematic representation of autophagosome formation and fusion with the lysosome.

3.1.2.The molecular machinery of autophagy

Unraveling of the autophagic machinery was initiated by identification ofathephagy
related (Ag) genes!® Up to date more than 30tgs were found in yeast, which feature
various functions in autophagic signalinglany other eukaryotic speciesso express

orthologues of these gené¥!

In yeast the Atgl protein plays a major role in autophaigiation. The human homologs of
Atgl include the Unc5like kinases 1 anel (ULK1 and ULK2), which form a complex with
the focal adhesion kinase familyteracting protein of 200kD (FIP200), Atga8d Atg1011%)
Upstream signaling of the ULK1/2 cotep is regulatd by two kinases, the mammalimget
of rapamycial (MTORCL1) and the AMfctivated protein kinase (AMPKIn its active state
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MTORC phosphorylatedLK1 as well as At@3, which inhibits the ULK1 kinase activity.
Upon amino aciddeprivation mTORC is inhibited and théJLK1 complex becomes
activated!% Subsequently, ULK1 kinase binds to Atg14L of the VP8&¢lin1 complex.
Beclin-1 gets phosphorylated by ULK1, which causes VPS34 activétdrThe VP34
complex generates phosplhdylinositol 3-phosphate (PI3P), which in tumesults in the
recruitment ofWIPI121%1, WIPI2 isinvolved in microtubuleassociated protein 1 light chain
(LC3) lipidation**® The ubiquitinlike protein LC3 is an Atg8 family ember and regulates
phagophore elongation. LC3 is initially processed by Atg4 to cytoplasmiclLEGrther
conjugation of LC3 to phosphatidylethanolamine (PE) on the phagophore membrane is
performed bythe Exlike enzymeAtg7 and the E2ike enzyme Atg3The resulting LC3l is
characteristic for the phagophore and the autophagosomal membrane. tigpragosome
lysosome fusion LG3I inside of the autolysosome is degraded together with the remaining
cargo*® The ubiquiin-like protein Atdl2 is part of the\tg5-Atg12-Atg16L1 complex, which

is alsoinvolved in autophagosome biogenedistially, conjugation of Atgl2 and Atg5 is
performed byAtg7 and the E2ike enzyme Atgl0. Subsequently, the A§tg-12 conjugate
forms a norcovdent complex with Atg1l6L1. Thisomplex is located on the phagophore, but

dissociates upon autophagosome maturgfayure44).[t11112]

This catabolic pathway features a high degree of complexity and is involved in the response to
various physiological conditionsTherefore, autophagyequires tight regulation through

upstream signaling.
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Figure 44: Representative scheme of the autophaggchinery AMBRAL: Activating molecule in

BECNZ-regulated autophagy proteinAtg: Autophagy related proteifriP200: ocal adhesion kinase
family-interacting protein of 200kDLC3: Microtubuleassociated protein 1 light chairPE:
Phosphatidyl ethanolamin®]3P:phosphatidylinositol $hosphateULK: Unc5Xlike kinase WIPI2:
WD repeat domaiphosphoinositidénteracting protein 2y PS34: Vacuolar protein sortingssociated
protein 34.

3.1.3.Regulation of autophagy signaling

One of the mj@r regulators in autophagy is the serine/threonine protein kinase mTOR, which
is part of the mTORomplexl (MTORC1)Active mTORC1 suppresses autophdgjifferent
environmental conditions can induce autophagy by inhibition of mMTORC1. These include
amino acid starvation, growth factors and deviationseitular energy leved.*'3 Upstream
signaling of mMTORCL1 for nutrition deprivation is mediated by the-iRkged GTFbinding
protein (Rag) GTPases. Rag GTPadetect cellular amino acid levels and retain mTORC1 in
an activated state underutrition-rich conditions to prevent autophagy®! Growth fadors,

such as insulin, reguk@autophagyhrough activation of the PI3KC1la pathw&ubsequently
Phosphatidylinosite#t,5-bisphosphat (PIR) is converted toPhosphatidylinositol (3,4,5)
trisphosphate(PIPs), which results in translocation of the pleckstrin homology domain
containirg proteins phosphoinositidgependent kinase (PDK1) and Akt to the plasma
membrane. Akt in turn phosphorylates the tuberous sclerosis co(ij8€X whichimpedes

the GTPaseactivating protein(GAP) activity of TSC for Rheb and causes mTORC1

72



activation**S! Furthermore, metabolic stress can cause autophagy upregul@etolar

energy is generated by mitochondrial respiration as well as glycolysis and stored as ATP. The
AMPK is a sensor of cellular ATP levels and gets phosphorylated undabalietstress.
AMPK subsequently phosphorylates TSC2, which in turn induces further phosphorylation of
TSC2 byGlycogen synthase kinas€@SK?3).[116117] |n contrast to AktAMPK induces GAP
activity of TSC1/2 heterodimer arius inhibits mTORC{Figure45).[18l

Essential Q@ o ©

Insulin amino acids Q5 Q
IGF

L =1

(high ATP:AMP) S;IP/ l

N Lysosome
Mitochondria » ot % o
@
Auto- Auto
Phagophore phaogosome lysosome

Figure 45: Schematic representation of mT@Rpendent signalingathwaysn autophagy.

The macrocyclic autophagy inducepamycin inhibits mTORCL1 and thus activates mTOR
dependent autophggWhile mTOR plays an imptant role in autophagynTORindependent
regulation of the autophag flux has also beerreported which is not dfected by
rapamycint'® One such pathway is the €&alpain signaling cascade. Calpains are activated
by accumulation of cytosolic aand trigger cAMP generation though heterotrimeric

G proteins!*®l Subsequently the inositol dependent inhibition of autophagy is mediated
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through cAMRd ependent upregul ati on o f netvork e Epa
(Figure46).11201[121]1122]
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Figure 46: Schematic representation of mTOR independent signaling in autoph@gyAdenyly
cyclase cAMP: cyclic adenosine monophosphatRap2B: Ragelated protein RafB; PLCU:
Phosphol isplrosite trigghdsphate; PR Inositol bisphosphate; IP: Inositmonophosphate;
IMPase: Inositol monophosphatase; Ins: Inositol.

Even thoughseveral mTORlependent andndependent pathwayggulating thiscatabolic
processhave already been described, the signaling network remains incomplete. Thus,
numerous components of this catabolic process are still to be discovered to explain crosslinks
between the different signaling cascad&sice autophagy is also tightly involved in different
human diseases the knowledge concerning its regulation and otalfumwill significantly

contribute to the development of efficient therapeutics.
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3.1.4.Autophagy in diseasegrogression and prevention

Autophagy is involved imumerousdiseases including cancer, neurodegenerative disorders
and pathogen infectiohn seeminglycontradictoryfindings autophagyhas been reported to
be both a protedve mechanism against ceirladiseases, but also contrimg factor to

pathological alteration$?¥

Basal autophagy is of high relevance for cellular homeostasis, dabiuiar proteirturnover
Especially, in longived and norproliferative cells, such as neurons the absence of autophagy
can induce severe neurodegeneration. The loss taircautophagic regulators, suchAig5,

can leadto the enrichment and aggregation of altered and pathogenic proteins. These
aggregates are deleterious for normal cellular function amai@ cause of neurodegenerative
disorderd'?¥ In Huntington diseasdprmation of protein aggregates is triggereddoiical
elongation of the Merminal polyglutamine sequenoéthe huntingtin proteinEven though
presence of mutant huntingtin unckes autophagosome formation, cargo recognition is
impaired. This results in cellular accumulation of pathological protein aggregates and damaged
organelles?® Hallmarks of Pakinsord disease arg-synucleinaggregatesyhile aggregation

of hyperphosphorylated tau and misfolded amyloid r € characteristic f
diseasé™?®2/1 Thesedisordes arealsoconnected to aaphagy malfunctionThus, increasg
autophagicflux might present a possible therapeutic apprdachthese neurodegenerative

disorderd27}128]

Autophagy is presumed to have opposite effects in cancer depgendi the stage of
progressionOn one handiutophagy can prevetumorigenesisAbnormalorganelles are a
possible origin of oxidative stress and can cause DNA damage. Autophagy regulates the
clearance of these organelles to protect the cell from deleterious genetic d&ects.
Furthermore, oncogenic protein substrates are eliminated by autophagic degfstdation.
However, in advanced stagef cancerautophagy promotes tunigenesis. Cells located at

the tumor centeoftensuffer from nutrentdeprivation due to insufficient vascularizatidine
upregulation of autophagy ensuresergy supply andurvival of these cellsFurthermore
autofhagy can be a protective mechanism for tumor cells, by removal of damaged organelles
and proteins resulting from cancer treatment. Hence, the inhibition of autophagy presents a
potential therapeutiapproach to overcome autophagy based drug resistartcemprove

cancer treatmefit?!
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3.1.5.Small molecule modulators of autophagy

The autophagy machinery is highly complex and involvedainouspathologic conditions,
including newodegenerative diseases and cancer. THay&lautophagy modulatoesehighly
relevant for the development of effective therapeutics. Furthermore, these modulators are
valuable tools to investigate and elucidate the mechanism underlying the autophagic

machinery.

Inducers of autophaggould be beneficial therapeuticsfor neuwodegenerative diseases
(Figure47). These disorders are characterized by the accumulation of protein aggregates and
dysfunctional organelles. Elevation of cellular autophagy levels could assist in the clearance of
these pathological components, which niglow down disease progression and reduce
symptoms*3? The macrocglic lactonerapamycin is an inducer of autophagyinhibition of

MTOR. Rapamycin habeneficial effed i n a mouse model of Al zh
autophagy inducer reduces amylid over | oad, di mini shes cognit
disease progressi®ti®l Similar effects were observed witthe AMPK activator
resveratrol*¥ Furthermore, the small molecules GSK621, metformin and PT1 activate
AMPK, which results in intbition of mTOR activity!3®!

In contrast to neurodegenerative diseases, in progressive state of cancer the inhibition of
autophagy could be possible therapeutic approa¢higure 47).11%¢1 Such an autophagy
inhibitor is wortmannin, which targets the PI3K kinase. However, wonimais rather
unselective and also inhibits other kinad&s.Furthermore, severalPS34 inhibitos were
reported, such 8SAR405 PIK-IIl, VPS34IN1 andautophinibft38l [1391140L1141] Alteration of
VPS34 activityinterferes with autophagosome biogenesi8! Two small molecules that
impair autophagic flux are chloroquine ans derivative hydroxychloroquineChloroquine
prevents fusion of the autophagosome with the lysosomes amessential tool compound in
autophagy researcBoth hydroxychlooquineand chloroquine arEDA approved drug!!4?
Due to synergistic effects these bioactive molecules are appliedtiratment with several
chemotherapeuticsThe cinchona alkaloid chloroquinis already empbyed in nedical
treatment for centuri€s®®!
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Figure 47: Structures othe autophagy activators rapamycin, resveratrol, metfonin, GSK621, PT1 and
the autophagy inhibitors wortmannin, autophingAR405, VPS34N1, PIK-IIl, chloroquine and

hydroxychloroquine.
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3.1.6.Biological activity of cinchona alkaloids

Medical properties of the cinchona bark were first discovereSduthAmericanindiansand

found application for the treatment of fever. From 1640 on the bark was imported to Europe as
a therapeutic agent against malaria, a disease caused by the protozoanRiasasddium

The two cinchona alkaloids that were first isolated pure by Reli@td Caventou in 1820 are
guinineand cinchonine. The two remaining of the four majochona alkaloids, quinidine and

cinchonidine, were isolated shortly aft€igure48).1*4%l
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Figure 48: Structure of the four major alkaloids in cinchona bark, quinidine, quinine, cinchonidine and

cinchonine.

Plasmodiuntauses malaria ligestsof host hemoglobin in its food vacuaead thudriggers
the rdease of iron(lll) protoporphym IX (Fe(lll)PPIX). Fe(lll)PPIX is further crystalized to
the nonsoluble hemozoin, since the solubkedox activeform is toxic for the parasite.
Quinolinebased drugsincluding quinine, quinidineand chloroquing were successfully
applied in malaria therapfor centuriesandpotentiallyinterfere with hemmoin formationby
complexation of free RHI)PPIX.1144145]1 Co-crystallizationof quinine and quinidine with
Fe(llHPPIX, demonstrated that-’ stacki ng tio fjuinotoimeesystann anda
protoprphyrin define the interaction. Coordinationtioé alkaloid moietyto the Fe(lll) center
and lydrogen bond formation between thirogenatomof the quinuclidine moiety and the
Fe(ll)PPIX carbonate group further increase complex stalfityure49). The higher anti

malarial activity of quinidine ircomparisonto quinine might be due to their difference in
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stereochemical configuratioRecent studies suggest that the quinidine is already structurally

preorganized and thus favored for complex formation with Fe(I11)PB{H:47]

Figure 49: Co-crystal structure of Fe(lll)PPIX with quinine (A) and quinidine (9.

Additional to the therapeutic effect in malarighloroquine also inhibits autophagoseme
lysosome fusion. This results in accumulation of autophagasantepevents degradation of
autophagosomal conteit? Chloroquine is aweak base and not chargatbhysiological pH.
However, upa diffusion into the lysosomehtoroquire gets protonated due to theidic pH
andis consequently unable to pass the lysosomal memlagaia This effect is referred to as
lysosomotropism*®! Inside the lysosomehtoroquire causes an increase of pH, which
significantly reducesyosomal acid hydrolase actiyit*®! However, the exact mechanism of

autophagy intition by dchloroquire still remains to be elucidated.

3.1.7.Phenotypic screening in autophagy

The discovery ofnovel autophagy inhibitors and identification of previously unknown
components of the autophagnachineryis of utmost importance, since autophagy is involved

in various severe disders To develop effective therapeutics, elucidating the biological
machnery that underlies this catabolic process is essential. As debsanilparagraphl.2
phenotypic screening is an elegant method for unbiased identification of bioactive compounds

and the discovery of novel therapeutically relevant targets.

The mostcommonly applied phenotypic assay for detection of small molecules, which alter
the autophagic process is based on the LC3 protein. As previously described, upon initiation
of autophagycytosolic LC3I is conjugated to PE to from L&R LC3-1l is localized on the

outer, as well as the inner mbrane of the phagophaoaed the autophagosome. By expression

79



of a GFRLC3 fusion protein, this effect can detected wittfluorescence microscopy. While

LC3-I causes a diffuse signal throughout the cytosol, -G8 visible as green fluorescent
puncta, which represent autophagosomes. Bioactive compounds that inhibit autophagy should
reverse this phenotype and thus, reducentimberof GFRLC3 puncta per cellOn the other

hand,inducers of autophagy would causeimerease of GFR.C3 puncta(Figure50).1504151

Chloroquin

Autophagy
inhibitor

Figure 50: Schematic representation of the phenotypic autophagy assay. Aminocaacidish or the

mTOR inhibitor epamycin are applied to induce autophagy. This results in conjugation df\i@8

PE to form LC3ll, which is relocated to the phagophore membrdapERLC3-| is equally gread
throughout the cytoplasm. GHEC3-1l can be detected dkiorescentgreen puncta that represent the
autophagosomes. To increase the overall number of puncta, chloroquine is added to prevent
autophagosome lysosome fusion and tésulting LC3Il degradation.Autophagy inhibitors are

characterized by the reversal of puncta formation to a diffuse fluorescence signal.

Various transgenic GFEC3 model organismBave beerreated, inlkding mice, Drosophila
and zebrafisht>2H1531%4 Transgenic models with tissispecific expression of GFEC3 or

mCherryLC3 were applied to demonstrate the alterations in autophagosome numbers under
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stress and disease relevant conditibti81%! Furthermore, GFR.C3 based phenotypic high
throughput screening for novel autophaggdulators, facilitates analysis oftersive small
molecule libraries. After hit determination by phenotypic screening, target identification and
validation are required. Therefore, compountlased deviations in protein levels of the
autophagy markers LC3 and p62 are commonly analyzed by initaiting!*>”! Furthermore,
selective toxicity under nutrition deprivation can indicate autophagy moduf&tbralso
general target identificaticemd validatiorstrategies, includinthose mentioned ichapter 1.3.

are often applied for the deconvolution of molecular targets of autophagy regulators. These
techniques resulted in the discovery of selective small molecule modulators for various
autophagy relad targets, suchs ULK1, VPS4 and mitochondrial complex!poH1411[160]

Thus, phenotypic screening is an unbiased approach for thefidgion of autophagy
modulators with novel chemotypes and previously unknown components of this catabolic

signaling pathway.

81



82



3.2.Motivation and goals

Autophagy is an essential biological process for the regulation of cellular homeostasis and
energy supply. Furthermore, this catabolic mechanism is crucial for protection against various
severe disorders, such iagections, autoimmune and neurodegenerative diseases, as well as
cancer. On the contrary, misgulation of this mechanism can promote a etgriof
pathological condition8%Y Thus, it is of utmost importance to strive for profound knowledge

of the autophagy machinery and unravel its function in disease.

The aim of this project is the identification and characterization of structurally novel autophagy
inhibitors, followedby subsequent target identification. Potential modulators of the autophagic
machinery were identified in a forward chemical genetic screen. Several hits with different
chemotypes were chosen for further evaluatiigure 51) Initially, the inhibitory efect on
autophagic flux should be confirmed, followed by target identification and validation. Target
identification was approached by several methoududing thermal proteome profiling and
affinity enrichment. Subsequently, biochemical and-balled asays were performed for
validation of the established target hypothesis. Autophagy is frequentlyegukated in
numerous fatal diseases, for which no efficient treatment method was developed to date.
Therefore, the discovery of previously unknown elements of the autophagic machinery is of
utmost importance to expand our knowledge of this catabolic gsoéairthermore, novel
bioactive compounds are invaluable tools to analyze autophagy and create innovative

therapeutic approaches.
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3.3.Results and discussion
3.3.1.ldentification of novel autophagy inhibitors by phenotypic screening

In order to identify novel autophagy inhibitors, a medium throughput phenotypic screen was
performed. This screen was established at the compound management and screening center
(COMAS) together with the group of Prof. WaldmanthatMaxPlanck Institute of Molecular
Physiology. MCF7 cells were stably transfected with a plasmid coding for an-eG¥P
conjugate (MCF7/LC3 cells). Upon induction of autophagy eGEB is visible as small

puncta representing the autophagosomes. Anitohibf autophagy should at least partially
reverse the phenotype to the normal state and thus decrease the number of autophagosomes per
cell. As part of the autophagic flux, eGEEE3 is degraded in the autolysosome, which would
reduce the fluorescence sa. For this purpose, chloroquine is added to the cells, an
autophagosome lysosome fusion inhibitor, which prevents d@RRlegradatioft*!}162}(160]

Two different conditions were chosen to induce autophagy. One method is replacement of the
medi um with Earl eds balanced salt solution
serum, thus causing cell starvation, which in turn initiates autoptdif® In a second
approach, cells were treated withe mTOR inhibitor rapamycii®! If a compound
downregulates autophagy under both conditions it is likely to act downstream of mTOR. If the
inhibitor has only an effect wier amino acid starvation, it is predicted to act
upstreanof mTOR. First, the compounds were screened at a single concentratiophdf 10
Those mol ecules that i nhi bited autophagy by
hits were aalyzed in dos@esponse to determine their siCvalues. A compound was
considered as active if at least under one of the tested conditions the deternymathé3vas

below 10uM. Those inhibitors with an I v a | u e3 uMDwe considered for further
studies.

From this screen two promising compound classes emerged, the oxazolidinones and the
thienopyrimidines(Figure 51). Both scaffolds were not previously analyzed regarding their
activity in autophagy. Théwo inhibitors with the best I§ values were chosen for further
evaluation. The first one isnaoxazolidinone51 (COMAS ID: 351475), which features a
starvationinduced IGoof 2.7 £ 1.9 uM and waisiactive under induction witrapamycin. The
second compund is based on the thieno[2jjpyrimidine scaffold (COMAS ID: 156381).

This thienopyrimidineés3 has astarvatiorinducedICso of 0.63+ 0.15uM and a apamycin
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induced IGo of 0.18 + 0.07uM. Furthermore, initial target identification for the autophagy
inhibitor Autoquin52 was performedFigure51). Autoquin52 is structurally similar to the
publishedautophagy inhibitor Oxautid('®? and has astarvationinduced ICso of 0.90 +
0.09uM. The inhibitor is inactive in rapamycinduced autophagy and thus should be active

upstreamof MTOR.

51 52 53

Figure 51: Structures of autophagy inhibitds&to 53selected for further validation. (from lefttight:
351475, Autoquin and 156381)

86



3.3.2.0xazolidinones as autophagy inhibitors

The autophagy inhibitor 351475, frdmereon referred to as Autoxabil, was identified in the
before mentioned phengiiz medium throughput screen amas astarvatiorinducedICso of

2.7+ 1.9uM (Figure 52). Autoxain51 is inactive in rapamycknduced autophagy, which
suggests that it actgpstreanmof mTOR. In the further course of the project, the inhibitory effect
of Autoxain51 on autophagy was validated. Therefore, the starvation dependent toxicity of

Autoxain51was investigated as well as its influence on certain key autophagy markers.
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5 901 EBSS/CQ, Autoxain (10 pM)
&
G L L) L] L L) L}
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Figure 52: Autoxain51inhibits starvation induced autophagy. Structure of AutoxairB: Phenotypic

assay for the identification of autophagy inhibitors using MCF7 cells stably transfected with eGFP
LC3. Nonstarved cells were treated with MEM, starved cells with EBSS andMVb(CQ.
Simultaneously decreasing concaitins of Autoxairbl were added. After B incubation, the cells

were fixed with paraformaldehyde and the nuclear DNA was stained with Hogcbgise dependent

effect of Autoxains1 on the number of autophagosomes per cell. Representative graph si@8) (

ME M: Mi ni mal Essenti al Medi um; CQ: Chloroqui ne;
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3.3.2.1.Validation of Autoxain as an inhibitor of autophagy

Two important markers for monitoring autophagy are the proteins LC3 and p62. LC3 is located
within the cytoplasm (LC3d) and is lipidated upon initiation of autophagy, forming a
phosphatidylethanolamine adduct (L-8B1%} An inhibitor of autophagy should dose
dependently prevent the generation of EXC3However, the effect of AutoxaiBl is exactly
opposite(Figure 53). Under starvation with 1AM Autoxain 51 the amount of LC3Il is
comparable with starved cells and higher than withu@1The second autophagy marker p62
acts as a carrier of cellular components targeted for autophagic degradation. The p62 protein
translocate to the autolysosome, where it is degraded together with its cargo. Initiation of
autophagy thus results in reduced amounts of {8571 Treatment with an autophagy
inhibitor should reverse this condition. Autox&ihhas no conclusive effect on p62. The level

of p62 in fed cells is significantly lower than in starved cells, which should be reversed, since
p62 is degraded upon autophagy initiation. In AutoXditreated fed cells the level of p62 is
similar to that instarved cells with and without compound treatment. No -degpendent
significant change in p62 level can be observed. Consequently, neither the effect of Autoxain
51o0n p62 nor on LC3I is conclusive or meets the expectations.

fed starved
Autoxain Autoxain

5 I
& T s I T 3
S T O o N o g
C 5 g R o ¥ X o
LC3-| el e e -
LG3-I D@D - R T e
p62 v—_————-- -
B-actine TS TR RN GESB————c—

Figure 53: Dose dependent effect of Autox&hon LC3 Il formation and p62 degradatiodutophagy
is induced by amino acid starvation. Cells are treated with decreasing amounts of Abloxa®Q

as a control and lysed afteh3Representative blot shown £13).
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Subsequently, the toxicity of Autoxatl was investigatedFigure54). Starved cells lack an
energy source, if autophagy is suppressed. Hence, an autophagy inhibitor, whichosigion
under normal conditions can cause selective toxicity under nutdepnvation. Therefore,
MCF7 cells were cultivated with and withoutigbse and treated with decreasing amounts of
Autoxain51for 72h hours. Additionally, propidium iodide was used to monitor cell viability.
Propidium iodide is an intercalating fluorophore not able to cross the cell membrane. Thus, this
compound can onlytain nucleic acids of dying cells. Cell growth and viability was observed
with the microscopyased IncuCyte® Liv€ell Analysis System.
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Figure 54: Viability of MCF7 cells with different concentrations of Autoxd@t. MCF7 cells were
cultivated with and without glucose and treated with Auto%diover 72h. Dying cells were stained
with propidium iodide. DMSO andocodazole were used as controlepResentative graph shown
(n=3, N=3)
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At concentrations of 10 uM or losy Autoxain51 does not have an influence on cell viability,
neither with nor without glucose. In n@tarved cells viability did not change overty,Zxcept

for thenocodazole treated samples. Nocodazole was employed as a positive control and causes
apoptosis by disption of microtubule polymerization. Under nutrition deprivation
Autoxain51treated cells behave very similar to those treated with DMSO. Cell death starts to
occur after 48 h. However, the fraction of naable cells is below 10 % up to T2 This is

due to nutrition deprivation, which cannot be fully compensated by autophagy. In summary,
Autoxain51 does not have an autophaggpendent effect on cell viability.

3.3.2.2 Thermal proteome profiling

Subsequently, a TPP experiment was performed. TPRé&aslvantage that, in comparison to
other methods for target identification, modification of the compound is not required. The
readout is based on changes in protein melting temperature upon compound treatment. The
interaction of a ligand with its targetqiein can stabilize or destabilize the respective protein.
Therefore, cell lysates with and without compound are subjected to a temperature gradient.
Subsequently, denaturated proteins are precipitated and the soluble fraction is analyzed by
MS/MS. The amunt of protein for each sample is quantified and plotted against the
temperature, resulting in melting curves for each identified protein. Changes in the melting
temperature of a protein by comparing compound treated and untreated samples can give
indicaions for possible interaction partné@hapter 1.3.2.

Since the target of Autoxabil is unknown and could also be a membrane protein, MCF7/LC3
cell lysate was generated with PBS containing 0.4% NP40. NP40 is-@mordetergent,
which improves solubilization of membrane protéfdsMCF7/LC3 lysate comtining 30 pM

of Autoxain 51 or equivalent amounts of DMSO was subjected to heat treatment. The
temperature range was 3C to 67°C. Possible hits were identified according to the following
criteria: 1) A protein is consistently stabilized or destabilipedll three replicates. 2) Tl m

has tobe >1.5 °C in all three replicates. In total 66 proteins were identified as hits. What was
striking about the results was that out of these hits 23 were ribosomal p(dteiies 5)
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Table 5: List of ribosomal proteins identified as hits in a TPP expeninperformed with Autoxaifl,
including gene name, protein name aiig [°C]. Data is shown as mean = SD (n = 3).

Entry | Gene name Protein name dTm[°C]
1 RPL3 60S ribosomal protein L3 -4.2+1.9
2 RPL4 60S ribosomal protein L4 -4.3£0.9
3 RPLS9 40S ribosomal protein S9 -3.6+£0-8
4 RPL10 60S ribosomal protein L10 -2.7£0.8
5 RPS13 40S ribosomal protein S13 -3.6+1.8
6 RPL17 60S ribosomal protein L17 -3.2+ 0.7
7 RPS18 40S ribosomal protein S18 -3.4+£1.5
8 RPL18A 60S ribosomaprotein L18a 4.4+ 2.6
9 RPL19 60S ribosomal protein L19 -3.812.1
10 | RPL21 60S ribosomal protein L21 -4.3£2.2
11 | RPL35 60S ribosomal protein L35 -3.1£0.9
12 | RPL35A 60S ribosomal protein L35a -3.8+2.8
13 | RPL36 60S ribosomal protein L36 -4.3£0.2
14 | RPS3A 40S ribosomal protein S3a -3.4+£1.9
15 | RPS6 40S ribosomal protein S6 -3.5+1.9
16 | RPS14 40S ribosomal protein S14 -3.6x1.9
17 | RPS24 40S ribosomal protein S24 -46+1.1
18 | MRPS10 28S ribosomal protein S1fitochondrial -3.0£0.3
19 | MRPS34 28S ribosomal protein S34, mitochondrial -2.5+0.8
20 | MRPS35 28S ribosomal protein S35, mitochondrial -4.4+£2.0
21 | MRPS22 28S ribosomal protein S22, mitochondrial -2.3+0.3
22 | MRPL41 39S ribosomal protein L4itochondrial 29+ 1.1
23 | MRPL48 39S ribosomal protein L48, mitochondrial -3.1£0.9

Literature research revealed that oxazolidinones are a novel chemical class of antibiotics that
inhibit bacterial protein biosynthesis. Two oxazolidindrased antibiotics currently on the
market arelinezolid 54 and tedizolid 55 (Figure 55). Linezolid 54 binds to the peptidyl
transferase center of the prokaryotic ribosome, where it blocks the A site pocket and thus
interferes with protein synthesi§”) Oxazolidinone based antibiotics are selective for the
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prokaryotic ribosome and do not interfere with eukaryotic protein biosynthesis. Nevertheless,
linezolid 54 causes serious side effects during kbegn treatment. It was proposed that these
side effects occur due to inhibition of the mitochondrial ribosBf€? In the TPP
Autoxain51destabilized various cytosolic and mitochondrial ribosomal protein subunits. This
suggest that in analogy to the oxazolidinone antibiotics, AutoXainmight target the
ribosome. In contrast tinezolid, Autoxains1 might not differentiate between cytosolic and
mitochondrial ribosome. However, TPP only indicates possible ligaoigin interations,

which not necessarily influence enzymatic activity. Thus, Auto%aioould alsobind to the

ribosome, without having any effect on protein synthesis.

54 55

Figure 55: Structure of Autoxain5l and the antibioticdinezolid 54 and tedizolid 55 with the
oxazolidinone scaffold marked in red.

3.3.2.3 Cell painting assay
This assay was performed at COMAS

To develop a target hypothesis for Autoxaira CPA wagerformed. The CPA is ambiased
imagebased, higktontent screening approach. By means of fluorescence microscopy an
extensive number of cellular features can be detected and analyzed. These parameters provide
a specific finger print for each compound.€fhngerprint is subseantly compared to those

of a reference compound library to determine possible similarities in bioactivity and mode of
action!?®! (Chapterl.3.2 In the cell painting assay, Autoxaiii has a maximal induction of

1%. The induction describes the fraction of parameters, which are altered by a compound. In
total 579 different parameters are analydadrder to calculate a reliable fingerprint, which

can be compared to the different fingeints of reference compounds, the induction should be

O 5Teinduction of Autoxairblwas only 1% Thus, no similarity to reference compounds
was determined. Also the oxazolidinebased antibiotidinezolid is part of the reference

compound set. LikeAutoxain51, linezolid54 has an inductiorO 5 @enclusively, the
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biological activity of these compounds does not cause strong alterations of the cell morphology.

Thus, CPA is not suitable for mode of action studies of AutoX&in

3.3.2.4 Conclusion

The oxazolidinone based compound Autoxainwas identified as a potential autophagy
inhibitor in an irhouse mediunthroughput screen. However, the effect of AutoXairon
autophagy markers LC3 and p62 was inconclusive. Furthermore, no selective toxicity under
nutrientdeprivation was observed. Wever, this might be due to the low potency of
Autoxain51. A subsequent approach in target identification by means of CPA was
unsuccessful, since Autoxaii featured an induction of only 1%. Thus, the compound is
inactive and no biosimilarity to referemcompounds was determined. The performed TPP
experiment suggested an interaction of AutoXdirwith the cytoplasmic and mitochondrial
ribosome. Literature research revealed that oxazolidinones possess antibacterial activity.
Tedizolid55 andlinezolid 54 are commercially available oxazolidinehased antibiotics that
impair prokaryotic protein biosynthesis by targeting the ribosome. Furtherhmasolid 54

was shown to inhibit the mitochondrial ribosomes, which could be the cause fdetangide
effects. Presumably, Autoxabil features a similar mode of action, but might not necessarily
differentiate between different ribosomes. However, TPP only indicates a possible interaction.
Thus, Autoxairb1 might interact with the ribosome, but does not nerdighave an influence

on protein biosynthesis. Nevertheless, since AutoXaimould not be validated as an

autophagy inhibitor and might target the ribosome, the project was not pursued further.
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3.3.3.Autoquin as an inhibitor of autophagy

Synthesis of Oxautin and Autoquin compound collestias performed by Dr. Luca Laraia,

Dr. Guillaume Garivet and Dr. Daniel Foley.

Screening of the compound library for structurally novel autophagy inhibitors revealed an
oxazatwistane as a pot&l candidate. Subsequent optimization offthe€ompound provided
Oxautinl 56 as the mst potent autophagy inhibit8f? During the SAR studies for this
compound the nonyclized derivative, drmed Autoquirb2, was prepared Autoquin is a
cinchona alkaloiebasedinhibitor with the quinidine scaffolcand hasa starvationinduced

ICso0f 0.90 £ 0.09uM (Figure 56). The compound is inactive inapamycininduced
autophagy. Thus, it probably aaipstreamof mTOR. To improve potency, a compound
collection was synthesized, which consists of 60 different derivatives. However, Aus@uin
remained the most potent inhibitor. Therefore, the compound was chosen for target

identification and mode of action studies.
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Figure 56: Autoquin 52 inhibits starvation induced autophady. Structure of oxazatwistane based
autophagynhibitor Oxautinrl 56 and its norcyclized derivative Autoquib2. B: Phenotypic assay for

the identification of autophagy inhibitors using MCF7 cells stably transfected with-eGEPNon

starved cells were treated with MEM, starved cells with EBSS @naVvbCQ. Simultaneously

decreasing concentrations of AutogGidwere added. After B incubation, the cells were fixed with
paraformaldehyde and the nuclear DNA was stained with Hoe€ChdRose dependent effect of
Autoquin52 on the number of autophagmses per cell. Representative graph show®3); MEM:

Minimal Essential Medium; CQ: Chloroquine.B S S : Earl eds balanced salt s

3.3.3.1.Validation of Autoquin as an autophagy inhibitor

The influence of Autoquirb2 on autophagy markers LC3 apé2 was investigated first
(Figure57). Upon initiation of autophagy LCB is generated and translocated to the
autophagosomal membrane. Thus, downregulation of autophagy should decreade LC3
levels. However, Autoquif2 has exactly the opposite effestd leads to LGBl accumulation.

This effect can also be observed withloroquine, an autophagosontgsosome fusion
inhibitor.*42 LC3-1l is located on autophagosomes and is degraded upon autolysosome
formation. Inhibition of autophagic flux interferes with LA3degradatio, which causes an
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increase of LCA3I in the cell. The second autophagy marker p62 transports cargo proteins,
intended for autophagic degradation, to the lysosome. The p62 protein is degraded together
with its cargo upon initiation of autophagy. Under w&ion conditions Autoquirb2 dose
dependently prevents p62 degradation. Howaweter nutrition rich conditions the compound
seems tdnduce p62 degradation at high concentrations. Thus, the effect on the autophagy
make p62 is not fully conclusiveNevertheless, AutoquiB2 might hawe asimilar mode of

action as bloroquine and Oxautit 56 and interferes with autophagosome maturation.
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Figure 57: Effect of Autoquin52 on LC3l formation and p62legradation. Autopahgy is induced by
amino acid starvation. Cells are treated with decreasing amountsagfud2 or CQ as a control and

lysed after 3 h.

Subsequently, the toxicity of Autoquii? towards fed and starved cells was investigated
(Figure58). Therefore, MCF7 cells were cultivated with and withglutose and treated with
decreasing amounts of Autoqub@ over 72 h hours. Propidium iodide was added to monitor

cell viability.
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Figure 58: Viability of MCF7 cells withdifferent concentrations of Autoqué®2 MCF7 cells were
cultivated with and without glucose and treated with Auto&§@inver 72h. Dying cells were stained
with propidium iodide. DMSO andocodazole were used as controls. Representative graph shown
(n=3,N=3).

At concentrations of 7.5 uM or lower Autoqus2 does not have an influence on cell viability,
neither with nor without glucose. However, at a concentration piM @utoquin52 causes a
strong toxic response. Under normal conditions cell death is induced in about 40% of the MCF7
cells and under starvezbnditions in up to 70%. This also explains, why in the phenotypic

autophagy assay the inhibitory effect is strongestdl JFigure BC).
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3.3.3.2.Autoquin has lysosomotropic activity
Experimentsvereperformed by the Arenz Lab, Humboldt Universitat Berlin

Autoquin52 has strong structural similarity witthloroquine, whth has a lysosomotropic
effect(Figure59).17% Lysosomotropic compounds selectively accumulate inside the lysosome.
This applies especially for weak bases, which are able to diffuse through cellular membranes.
In the a@ic environment of the lysosome these compounds become protonated. These charged
species arsubsequentlyinable to cross the membrane and are trappedeithe lysosome.

This results in lysosomal accumulatiéf?!
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Figure 59: Lysosomotropic compounda: Protonation and accumulation of weak bases in the

lysosome B: Structues of Autoquin52, Oxautinl 56 and dloroquine with the common quinoline
scaffold marked in red.

Lysosomes play an essential role in autophagy, since they are required for aotakso
formation and subsequent autophagosomal cargo degrad&tibgsosomotropic compounds
typically inhibit autophagy at least in part by targeting sphingolipid hydrolases such as acid
sphingomyelinase (aSM) in the lysosomes. However, they do not directly bind these
hydrolases, but, when protonated sequester the welyatharged bisnonoacyl glycerol
phosphate, which is required for sphingolipid hydrolase actiy'’3! Chloroquine inhibits

aSM and acid ceramidase (adB¥! In order to elucidate whether Aaguin52 has a similar

mode of action, the inhibitory effect on aCM was investigéteglure 60.
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Figure 60: Autoquin52 and Oxautinl 56 indirectly inhibit aCM.A: Conversion osphingomyelin to
ceramide and further gphingosine by aSM and aCB: Cell based aCD assd&y. Cell free aCD assay.

The assayleveloped by the Arenz group is based aloably labelled fluorescent ceramide
ZNBD)xasaadotoy 3
fluorophoreand Nile Red as theacceptor fluorophoreHydrolysis ofthe probeby aCDase

analogueThis ceramide probe is labeledwith ni t r oben z

caused aignificant increase in NBD emission intensityhile NR emissiondecreases. The
ceramide probe is suitable for a cell based assay with intact lysosmmwes| as in cell lysates,
without a functional lysosom&® The aCD assay revealed that both Autodiinand
Oxautin1 56inhibit the aCD in a cell based, but not in a cell free s@tigure60B and60C).
Thus, both compounds have iadlirect effect on aCDTheseresults support the hypothesis
that Autoquins2interferes with lysosome function due to its lysosomotropic activitycantil
explain the influence of Autoqui? on autophagosome lysosome fusi@phingolipid
metabolism is highly important for the regulation of autophagic!#ik.
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3.3.3.3.Thermal proteome profiling

To obtain further information about a possible target of AutogRinhermal proteome

profiling was performed(Chapter 1.3.2.) MCF7/LC3 cell lysate was incubated with
Autoquin52 and subjected to heat treatment. Subsequently, denaturated proteins were
precipitated by centrifugation and the soluble fraction was analyzed by tandem MS/MS. A hit
was defined according to one or botKA5%f the
for all replicates and/or 2) An increase of riematurated protein by more than 10% in every

replicate. In total 26 hits were obtained.
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Table 6: List of proteins identified as hits in TPP experiments performed with Autdgimcluding

gene name, protein name andh{°C]. Data is shown as mean + SD. (n = 3).

Entry | Gene name| Protein name dTm[°C]
1 SLC35F6 | Solute carrier family 35 member F6 41+2.1
5 NDUFAO9 NADH dehydrogen_ase [u_blqumone_] 1 alpha 41+18
subcomplex subunit 9, mitochondrial

3 TMEM128 | Transmembrane protein 128 3.7+15

4 SNX7 Sorting nexinA7 33+24

5 RPS27L ﬁl?es ribosomaprotein S27;40S ribosomal protein S2 39+18

6 MALSU1 Mltoc_hondrlal assembly of ribosomal large subunit 31+14
protein 1

7 SLC25A1 | Tricarboxylate transport protein, mitochondrial 29+0.4
Calciumbinding mitochondriatarrier protein

8 SLC25A24 SCaMG1 29+1.2

9 EXOC6B Exocyst complex component 6B 29+0.9

GPR89A Golgi pH regulator A

10 GPR89B Golgi pH regulator B 29+ 1.4
Dolichyl-diphosphooligosaccharig@rotein

11| STT3A glycosyltransferase subunit STT3A 2.7£0.7

12 | FBL rRNA 2-O-methyltransferase fibrillarin 260 .1

13 | SURF4 Surfeit locus protein 4 25+0.8

14 | SLC25A5 ADP_/ATP translocase 2;ADP/ATP translocase 2, N 24+03
terminally processed

15 | PFKM ATP-dependent phosphofructokinase, muscle type| 2.3+ 0.4

16 | LARS Leucine-tRNA ligase, cytoplasmic 2.3x0.6

17 | SLC25A13 | Calciumbinding mitochondrial carrier protein Aralar| 2.3+ 0.7
Isocitrate dehydrogenase [NAD] subunit gamma,

18 | IDH3G mitochondrial;Isocitratelehydrogenase [NAD] 23+0.6
subunit, mitochondrial

19 | RPS19 40S ribosomal protein S19 2.2+0.3

20 | RPL11 60S ribosomal protein L11 2.2+0.6

21 |HUsS1 Checkpoint protein HUS1 22+0.9

22 | POLR3C DNA-directed RNA polymerase Ill subunit RPC3 | 22+0.4

23 | NOB6 Bifunctional lysinespecific demethylase and histielyl 21+0.3
hydroxylase NO66

24 | HNRNPR | Heterogeneous nuclear ribonucleoprotein R 2.1+0.6

TUBALA Tubulin alphalA chain
25 | TUBA3C | Tubulin alpha3C/D chain 21201
26 | PFKL ATP-dependent phosphofructokinase, liver type 20+£0.2
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Several mitochondrial proteins were identified as potential interaction partners of Aud@quin

The NADH dehydrogenase [ubiquinone] 1 alpha subcomplex subunit 9, (NDUFA9) showed
one of thestrongest shifts in melting temperature. NDUFA9 is an essential component of the
mitochondrial complex |, which is part of the electron transport chain. Disruption of NDUFA9
expression results in impairment of mitochondrial respiratéhEurthermore, four diéirent
members of the solute carrier family 25 (SLC25) were stabilized by Aut&Quifihe
tricarboxylate transport protein SLC25A1 and the ADP/ATP translocase SLC25A5, as well as
the two calciurrbinding mitochondrial carrier proteins SLC25A24 and SLC25A13. The
SLC25 protein family is also referred to as the mitochondrial carrier (MC)yiagitice most

of its members are located in the inner mitochondrial membrane tfd@sport solutes, such

as numerous metabolites and nucleotides, across the mitochondrial membrane. This protein
family also has an essential influence on mitochondrial tiomc and oxidative
phosphorylatiod:”® Damaged or nonfunctional mitochondria can be selectively degraded by
autophagy. This process is referred to as mitophagy. Vice versa autophagy can be regulated by
mitochondria due to the gemaion of reactive oxygen specigROS) and ATR®
Additionally, inhibition of mitochondrial respiration impairs autophagic f#%. Thus, the

effect of Autoquin on mitochondrial respiration was subsequently investigated.

3.3.3.4 Mito Stress Test

The effect of Autoquirb2 on mitochondrial respiration was determined with the Seahorse XF
Cell Mito Stress Test. The Seahorse XFp analyzer can detect live cell responses with two
different fluorophores. One fluorophore is sensitto changes in oxygen concentration and

the other to fluctuations of the pH. The oxygen consumption rate (OCR), as well as the
extracellular acidification rate (ECAR) can be determined -tiamel dosedependently. The
ECAR represents the anaerobic glysidylevel of the cell, responsible for the excretion of
lactate. Lactate accumulation in turn results in decrease of cellular pH. Cells induce anaerobic
glycolysis upon oxygen shortage. Thus, the addition of a mitochondrial respiration inhibitor to
cells 1ould cause a decrease of the OCRamdcrease of the ECAR.

Initially, the basal respiration of the cell was determiffédure6l). Thi s r epr esent s
glycolysis level and respiration rate under normal resting conditions. Subsequently, the

compound of interest is added to the cells. If a molecule inhibits mitochondrial respiration, the
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oxygen consumption rate should drop. Tleés switch to glycolysis and the ECAR increases.

The amount of oxygen required for cellular ATP production can be determineabtyanjof
oligomycin, a comple¥ inhibitor. Subsequent addition oftarbonyl cyanide 4
(trifluoromethoxy)phenylhydrazoneFCCP) disrupts the proton gradient. This results in
increase of mitochondrial respiration to maximal capacity and reflects the cells respiration
under stress. The difference between basal and maximal respiration is the spare capacity of the
cells to respod to increased energetic demand. Finally, a mixtureighnone, a complex |
inhibitor, andantimycin A, a complex Il inhibitorjs added to determine the lowest possible

OCR. Nonmitochondrial processes cause the remaining oxygen consumption.

Cytosol

Intermembrane space

H* H* H*

NADH + H*  NAD* FADH, FAD* 2H0
0, + 4H*
Mitochondrial matrix ADP + P, Y ATP
H+
Complex | Complex Il Complex il Complex IV Complex V

Figure 61: Representative scheme of mitochondrial respiration. Complex | (NEDE reductase)
oxidizes NADH to NAD and complex Il FADHto FAD". Complex | and complel both transfer
electrons t@woenzymeQ. Fromcoenzyme Q the electrons are passed on to complex IV via coltiplex

and cytochromeC. Complex IV reduces molecular oxygen to water under consumption of protons.
These protons are trdasated into the mitochondrial matrix by complex V (ATP synthase). Conyplex
utilizes the proton gradient between mitochondrial matrix and intermembrane space to generate ATP
from ADP and phosphate. CoQ: Coenzyme Q; CytC: Cytochome
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MCF7 cells were ingbated with 1M and 1uM Autoquin52 and the OCR and ECAR were
monitored(Figure62). Autoquin52 caused no significant change in the OCR and only slightly
reduced the ECARAnalysis of oxidative phosphorylation is an established method to
investigate mitochondrial function. Dysfunction of mitochondria caused by a bioactive small
molecule shouldiltimately also alter respiratiof®! However, Autoquin52 had no sbng
effect on the electron transport chain. Thus, the interaction of Autdguuith mitochondrial

proteins could not be confirmed by the Seahorse Mito Stress Test.
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Figure 62: Influence of Autoquin on mitochondrial respiration. MCF7 cells wesated with
Autoquin52 (10uM and 1uM) or DMSO (0.1%) upon acute injection. Subsequentigomycin
(1 uM), FCCP (0.251M) and a mixture ofotenonegntimycin A (0.5uM) were added. The OCR and

ECAR were monitored over time. Data shown is mean vall&B3 fn = 3, N=2).
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3.3.3.5.Affinity enrichment with Autoquin
The synthesis of the affinity enrichment probes was performed by Dr. Daniel Foley.

To gain further information about possible targets of Autodiinan affinity enrichment
experiment waperformed(Chapter 1.3.1.)Therefore, quinidine was chosen as the negative
probe, since it was inactive in the autophagy assay. To facilitate immobilization on a solid
support, the small molecddave to be modified with a suitable linkgigure63). Previous

SAR studies showed that reduction of the double bond caused only a minor decrease in
starvationinduced ICso to 1.05 = 0.14uM. Thus, this position was selected for linker
attachment. First, a Bgarotected aminoethanethiol linker was introducethtilitate further
modification. The Boc protected precursor of the Autogbih probe had an 1§ of

7.9+ 1.96uM, while the quinidinebased precursor was inactiv&ubsequently, both
compounds were modified with a PHi@Gker featuring a terminamine for immobilization on

solid support.
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60

Figure 63: Structures of the Autoquibased positive probB9 and the quinidindased negative
probe60 for affinity enrichment and the corresponding Bwotected precurso&y and58.

For affinity enrichment, the prob&® and60 were immobilized on NH&ctivated beads and
incubated with MCF7/LC3 lysate. Subsequently, the beads were washed to removedunbou
protein, followed by digestion with the proteasgpsin andchymotrypsin. The samples were
analyzed by mass spectrometry to identify bound proteins. Those proteins that were
significantly enriched with the positive probe in comparison to the negatblein all three
biological replicatesvere considered as hits. This resulteddentification of ferochelatase
(FECH) as the onliit protein FECH is located in mitochondria and catalyzes the insertion of
iron into protoporphyrin IXFigure 64) This represents the last stephie heme biosynthesis
pathway182l
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N Fe?* 2H' N

Figure 64: Insertion of iron into protoporphyrin IX by ferrochelatase.

The interadbn of the positiveprobe with FECH was investigated by competitive affinity

enrichment and subsequent immunoblotijRgure &). Therefore, the lysate was incubated

with increasing concentrations of unlabeled compound. Subsequently, the pretreated lysate was

added to thennmobilized probe. However, FECH was enriched with the positive probe as well

as with the negative probe. It could not be competed off in a reproduciblelelosedent
fashion. Thus, no confirmation of the target hypothesis from mass spectrdrasty

expeiments could be obtained.

Autoquin [uM]: = - 100 10 1 - - 100 10 1 = - 100 10 1
Positive probe: -+ o+ 4+ o+ -+ o+ o+ 4 -+ o+ o+ 4
Negative probe: + - % E = + = & = = = . =

+ -
)
FECH: L —— - e e - o 0

Figure 65: Competitive affinity enrichment of the positive prdb@with increasing concentrations of
Autoquin52 in MCF7/LC3 cell lysate. Detection was performed by SEXS5SE and subsequent

immunoblottingagainst FECH(BIlots represent 3 independent experiments.)

3.3.3.6.Isothermal dose response fingerprint

The isothermal dose response fingerprint (ITDRF) is ddrivem the cellular thermal shift

assay. In contrast to TPP the variable is not the temperature, but compound concé&fitration.

Cell lysate is treated with increasing concentrations of compound and DMSO is used as a

reference. Subsequently, the lysate is heated to the melting point of the protein of interest, since

the shift is calculated from the difference in melting temperabfireeated and untreated
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sampls. Denaturated protein is removed by ultracentrifugation and the fraction of soluble
protein can be determined by immunoblotting. That allows to determine the effect of compound

concentration on protein stability.

In orderto analyze the effect of Autoqui? on the thermal stability of ferroclathse an
ITDRF was performed (Figure6h MCF7/LC3 cell lysate was treated with increasing
concentrations of compourahdthe samples were heated to°&h Immunoblotting revealed
that Autoquin52 had no influence on ferrochelatase stability at concentrations up {oM.00
Thus, interaction of Autoquifi2 with ferrochelatase could also not be confirmed by ITDRF.
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Figure 66: Autoquin52 has no influence on thermal stability of ferrochelatase. MCF7/LC3 lysate was
treated with decreasing concentrations of Auto&Zinor DMSO (1%). All samples were heated®&fC

and subsequently centrifuged. Ndenaturated fraction of ferrochelatase wastedted by
immunoblotting. A: Immunoblot of ITDRF for ferrochelatase with different concentrations of
Autoquin52. (representative blot shown=3) B: Quantification of the immunoblots normalized to the

DMSO control. Data shown is mean + SD (n=3)

3.3.3.7.Autoquin possibly sequesters iron in lysosomes

The only hit of Autoquirb2in affinity enrichment experiments was ferrochelatase. The human
ferrochelatasés located at thenner mitochondrial membrane and forms a homodimer. The
hydrophobicactive sitesare oriented towards the membrane &mature eacha [2Fe2S]
cluster These two clusterface towards the dimer interfa® Ferrochelataseatalyzes the
insertion of ferrous iron into protoporphyrin IX to form iron(lll) protoporphyrin X
(Fe(lIDPPIX).Protoporphyrin substrate binding initiatggnamic and conformational changes,
which generates an ion afreel. This chanel stabilizes the active site and mediates iron uptake
and insertion into protophorphyrin to produce(IfPPIX.1*8 Even thoughferrochelatase

109



could not be confirmedas an interaction partner of Autoquti2 by competitive affinity
enrichment or ITDRF, iindicatal a possible mode of action ftre autophagy inhibitoiThe
quinidine scaffold that AutoquiB2 is based onas well as the quinidiréerived compound
chloroquinefeature antimalarial activity™8! A possible explanation fothis anti-malarial
activity is complex formationof the quinidine scaffold with the ferrochelatase product
Fe(llPPIX. This results in an inhibition of hemozoin productiahich is toxic for the
Plasmodiumparasite(Chapter 3.1.6.28 Co-crystallization ofquinidine with Fe(lll)PPIX
suggested several components tochiéical for complex formation. The first one is an
intramolecular hydrogen bond between the nitrogen atonthefquinuclidine and the
Fe(llPPIX propionate functionality. Furthermore, the alcohol coordinates the Fe(lll) center
of porphyrin and the whole o mp | e x i s -'sstaeking*f! The guitidire gerivative
Autoquin52 contains all of the proposed critical structural components and could therefore
also coordinate the iron center in Fe(ll)PPIX. Complementary to this assumption, the group
of Raphaél Rodriguez showed that the two lysosomotropic autophagy inhibitorenSaiim

and Ironomycin, sequester iron in the lysosome. The shortage of cytosolic iron causes
lysosomal degradation of ferritin. Thus, the iron content of the lysosomes is further increased,
which finally results in initiation of the iron dependent cell thepathway ferroptosig®”

Similar to Salinomycin and lronomyciutoquin52 also affets the lysosomes and was
proposed to be lysosomotropidurthermore, the structurally similar lysosomotropic
compound chloroquine interferes with cellular iron metabolism and transpor&hios, the
compound could have a similar mode of action as Salisomand Ironomycin and disturb
cellular iron homeostasis by sequestering iron in lysosomes. To investigate this possibility, a
collaboration with the group of Raphaél Rodriguez from the Institut Curie in Paris was
established.

3.3.3.8.Conclusion

Autoquin52is a potent autophagy inhibitor withstarvatioAinducedICso of 0.90 £+ 0.09 M.

The compound is inactive impamycirinduced autophagy and thus agpstreamof mTOR.

The structural similarityto the lysosomotropic compoundhlaroquine suggested that
Autoquin 52 has similar properties. Ashloroquine Autoquin52 indirectly inhibits the
lysosomal protein @D and seems to cause impaired autophagosome lysosome fusion.

Lysosomotropic compounds frequently interfere with sphingolipid hydrolase activity.
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Sphingolipid metabolism and autophagic flux &ighly interdependent. However, the exact

mechanism underlying this interplay still remains to be elucidated.

Several mitochondrial proteins were identified as potential interactions partners of Autoquin
52 by means of TPP experimentBurthermore, ¥ affinity enrichment-ECH was identified

as a possible target &utoquin52. However,the hit proteinferrochelatasecould not be
confirmed by competitive pulldownLike some of the hits from the TPP experiments,
ferrochelatase is located in the mitochondria, iueffect ofAutoquin 52 on mitochondrial
respiration was observed. Even though none of these mitochondrial proteilts be
confirmed as a hit, ferrochelatesdicated a possible mode of action for Autogbih
Autoquin52is based on the quinidine scaffold. Quinidia&knownto complex Fe(lll)PPIX,
which is the product of the reaction catalyzedéyochelatseln alnalogy to thisAutoquin52

may alsocoordinate to the ion center B&III)PPIX. Furthermore, Rodriguez and coworkers
published the lysosomotropic autophagy Imtors Salinomycin and Ironomycin. These
compounds sequester iron in the lysosome and finally cause ferrop®$8slinomycin and
[ronomycin Autoquin 52 is proposed to be lysosomotropic. Furthermore, the structurally
similar compound chloroquine was reported to interfere with iron metabolism and
transportation. Thus, Autoquicould posses a similar mode of action as Salinomycin and
I[ronomycin andsequesteiron in the lysosomeror this reason, a collaboration with the group
Rodriguez was initiated, who will investigate this hypothesis in detail. Autophagy maintains
the cellular iron balance and regulates iron recycling by degradation etbasmd proteins
However, little is known to date about the mechanism, which underlies the interptag of
metabolism and autophad§® Thus, small moleculesotl compounds to investigate this
biological process are highly relevant.

111



112



3.3.4.Thienopyrimidines as autophagy inhibitors

Another bioactive compound class, which was identified by the aforementioned phenotypic
screen, were the thienopyrimidines. The most potent autophagy inhibitor was a commercially
available thieno[2l]pyrimidine (COMAS ID: 156381) from here on referred @ as
Authipyrin 53 (Figure &). Authipyrin 53 displaysastarvatiorinducedCso of 0.02 + 0.0JuM

and arapamycininducedICsp of 0.18 + 0.07uM. Since Authipyrin53is active in starvation

as well as in rapamycimduced autophagy the inhibitor ggedicted to act downstream of
MTOR.To validatethe inhibitory effect of this thienopyrimidine on autophagy, the starvation
dependent toxicity upon initiation of autophagy was investigated as wigdl iafluence on
particular key autophagy markers. Fhermore, target identification and validation of

Authipyrin 53 was performed.
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Figure 67: Authipyrin 53 inhibits starvation induced autophady. Structure of Authipyrin53. B:

Phenotypic assay for the identification of autophagy inhibitors using MCF7 cells stably transfected with
eGFRLC3. Nonstarved cells were treated with MEM, starved cells with EBSS anadvbCQ.
Simultaneously decreasing concentrations of Authipy8were added. After B incubation, the cells

were fixed with paraformaldehyde and the nuclear DNA was stained with Hogcbeise dependent

effect of Authipyrin53on the number of autophagosomes per cell. Representative graph sl8)n (

MEM: Minimal Essential Medium; CQ: Chloroquing;B S S : Earl edbs bal anced sal

3.3.4.1Validation of Authipyrin as an autophagy inhibitor

Initially, the influence of Authipyrirb3 on the autophagy markers LC3 and p62 was
investigatedFigure @). Authipyrin 53reduced LC3I formation compared to starved cells at
concentrations of 1 uM and 100 nM. Also at 10 nM a minor decrease ofllM&& visible in
comparison to starved cells. AuthipyB8 did not prevented p62 degradation upon starvation.
Newertheless, the effect of Authipyrt8 on LC3 lipidation provides a first cammation that
Authipyrin 53is a potential autophagy inhibitor.
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Figure 68: Effect of Authipyrin53 on LC3 lipidation and p62 degradation. Autophagy is induced by
amino acid starvation. Cells are treated with decreasing amounts of AuttimnCQ as a control

and lysed after 8.

In order to determine the effect of AuthipyB8 on cell viability under fed and starved
conditions a cell viability assay was performed. At concentrations of 10 uM or lower
Authipyrin 53 does not alter cell viability of nestarved ce8 (Figure ®A). However, under
starved conditions without glucoseithipyrin 53 has a doseélependent effect on cell viability
(Figure ®B and69C). At aconcentration of 0.3j{dM and higher the inhibitor causes cell death

of about 406 to 50% of the cells within 72h. These results suggest that Authip$roan
induce autopagy dependent cell death under starvation, but is not toxic under nutrition rich

conditions.
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Figure 69: Viability of MCF7 cells with different concentrations of Authipy®3. MCF7 cells were
cultivated with (A) and without Glucose (B) and treated with AuthipgBover 72h. Dying cells were
stained with propidium iodide. DMSO and Nocodazole were used as controls. Representative graph

shown (n=3, N=3). CFraction of dead cH plotted against concentration of Authipy&8after 72h.
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3.3.4.2 Devalidation of Authipyrin as a kinase inhibitor

The thienopyrimidine scaffoldbf Authipyrin is contained in various published kinase
inhibitors*8H190I9 A sybset of these inhibitors is also known to affect autgpH&! 9l
Thus, Authipyrin53 could also modulate kinase activity. Authipy&f3 was screened by
SelectScreelY (Thermo Fisher Scientific) in a full panel against 485 different kinases. The
screen was performed at a single concentratiorudd 1The obtainedcreening results showed

only four kinases with an inhibition higher than 50%.

Table 7: Results from SelectScre@hKinase profiling with Authipyrir63. Six kinases with the
strongest inhibition at a single concentration pM were chosen for 1§ measurements. Kinases were
screened against decreasing concentrations of Authiggwrith the highest concentration beingu¥.

Kinase Single point inhibition [%] | [Cso Inhibition [%] ICs0 [uM]
PEAK1 83 68 0.62
ABL1 F317L 47 60 0.85
CDK11 (inactive) 70 a7 >1.0
BLK 47 44 >1.0
DDR2 N456S 58 38 >1.0
GSG2 (Haspin) 51 33 >1.0

The kinase with the strongest inhibition of 85% was pseudopediuinhed atypical kinask
(PEAK1). PEAK1 is a nomeceptor tyrosine kinase involvedriegulation of the cytoskeleton,
cell migration and cancer progressitil Another kinase inhibited up to 70% was the inactive
form of cyclindependent kinase 11 (CDK11l). The CDK11l/cy@incomplex was only
inhibited by 38%. CDKs control transcriph and progression of the cell cycle. They are
activated by interaction with the respective cyclin. CDK11 regulates apoptosis and cytokinesis,
as well as RNA splicing® Furthermore, Authipyri's3 modulated a mutated version of
discoidin domaircontaining recepta2 (DDR2). The DDR2 protein is a collagerduced
receptor, which regulates cell proliferation and adhesion, as welkteacalular matrix
remodeling*®® The DDR2 (N456S) mutant was inhibited up to 58%, while the -tyjhé
DDR2 prdein was inhibited only by 14% and the mutant DDR2 (T654M) by 7%. Haspin
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showed 51% inhibition by AuthipyriB3 and is a serine/threonine kinase, responsible for

phosphorylation of histone H3 during mitosis.

Subsequently, the six kinases with strongdstation by Authipyrirb3 were chosen for 163
measurements. The dgralues were determined at a maximal concentrationudfl 1 These
kinases include the four previously mentioned ones PEAK1, CDK11, DDR2 (N456S) and
haspin. Furthermore, the-IBmphoid tyosine kinase (BLK) and aabelson tyrosingrotein
kinase 1 mutant (Abl1 F317L) were chosen. Out of these CDK11, BLK, DDR2 (N456S) and
haspin had an I higher than 1 uM. According to calculations by SelectScféal (F317L)

was inhibited by Authipyrib3with an 1Go of 850nM and PEAK1 with an 165 of 620nM.
However, after inspection of the provided graphs bo#a \@lues are probably inaccurate,

since they do not reach saturation at the highest concentrétiguse 70).
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Figure 70: Determination of & values of Authipyrirb3 with maximum concentration of dM by

SelectScreéff. A: Inhibition measurement for PEAKB: Inhibition measurement for Abl (F317L).

The kinase panel was performed with purified protein. Thus, tbe dfCa target protein
responsible for autophagy inhibition should be comparable to or lower than the celiglar IC
Authipyrin 53 has a cellularstarvatiorinduced ICso of 0.02+ 0.01yM and arapamycin
induced ICsp of 0.18+ 0.07uM. However, the affinityfor all six kinases is significantly

weaker. Thus, the inhibitory effect of Auhipy®3in autophagy is most probably not caused
by alteration of a kinase.
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3.3.4.3. Influence on mitochondrial respiration

Damaged or nonfunctional mitochondria can beedelely degraded by autophagy. This
process is referred to as mitophagy. Vice versa autophagy can be regulated by mitochondria
due tothe generation of ROS and AF#’ Additionally, inhibition of mitochondrial
respiration impairs autophagic fli)89 Recently a new autophagy modulator termed
Aumitin 61 was reportedwhich downregulates autophagy by inhibition of the mitochondrial
electron tramport chain complek!!®% Alteration of autophagic flux was also previously
demonstrated for the compléxinhibitor rotenond!®”! This underlines the important
interdependency between oxidative phosplation and the regulation of autoph@fjux. The
effect of Authipyrin53 on mitochondrial oxygen consumption was investigated in detail with
the Seahorse XF Mito Stress Teshich revealed thaAuthipyrin 53 inhibits mitochondrial
respiration(Figure 7). At a concentration of 1 uM it reduces the OCR by about 75%. With a
lower concentration of 0.aM the OCR drops by about 25%. Under both conditions the ECAR

increases significantly.
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Figure 71: Influence of Authipyrirb3 on mitochondrial respiration. @F7 cells were treated with
Authipyrin 53 (1 uM and 0.1uM) or DMSO uponacute injection. Subsequentifigomycin (1uM),
FCCP (0.25uM) and a mixture ofotenonegntimycin A (0.5uM) were added. The OCRA} and
ECAR (B) were monitored over time. Dashown is mean values + SD (n = 3, N=2).

Subsequently, the compoungdand63 (COMAS ID: 226101 and 133633vere analyzed by

Mito Stress Test. Both are based on the thienopyrimidine scaffold and not active in the
phenotypic autophagy assayomé of thesecompounds had an influence on mitochondrial
respiration(Figure 2). Thus, the inhibition of the respiratory chain by AuthipyBis

dependent on downregulation of autophagy.
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Figure 72: Influence ofthe thienopyrimidine$2 and63 on mitochondrial respiratior: Structure of
62 and 63. B: MCF7 cells were treated with compound (i) or DMSO upon acute injection.
Subsequentlpligomycin (1uM), FCCP (0.25uM) and a mixture ofotenonegntimycin A (0.5 uM)

were added. The OCR wa®nitored over time. Data shown is mean values + SD (n = 3, N=2).

3.3.4.4.Investigation of individual mitochondrial complexes

Hereafter, the effect of Authipyris3 on the individual mitochondrial complexes | to IV was
investigated in dtail bysemiintact assayFigure B).[*%8 Therefore, each complex is supplied
with the respective substrates in combination with Authipy8(il M), a control inhibitor or
DMSO (Table 8) In order to ensure delivery of the substrates to mitochondria, Seahorse XF
plasma membrane permeabilizeMP) is added. This reagent specifically permeabilizes the

plasma membrane, but has no effect on mitochondrial membranes.

Table 8 Reagents and control inhibitors required for analysis of mitochondrial complex inhibition by
Authipyrin 53. ADP (1mM) and BMP (1nM) were added to all complexes. TMPN:, N, N Nj, NNj

Tetramethylp-phenylenediamine.

Complex Reagents Control Inhibitor
I Pyruvate (10 mM), malate (hM) Rotenone (JuM)
Il Succinate (10 mM),atenone (JuM) Malonate (2nM)
[l Duroquinol(0.5mM) Antimycin A (30uM)
\Y TMPD (0.5mM), sodium ascorbate (20M) | Potassium cyanide (26M)
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Figure 73: Semiintact assay with AuthipyriB3. The plasma membrane of MCF7/LC3 cells was

permeabilized with PMP. Substrates for the respectiveplex were added together with Authipysid
(1 uM), a control inhibitor or DMSOA: Effect of Authipyrin53 on complex | withrotenone (JuM)

as control inhibitorB: Effect of Authipyrin53on complex Il with malonate (@M) as control inhibitor.

C: Effect of Authipyrin53 on complex Il withantimycin A (30 uM) as control inhibitorD: Effect of

Authipyrin 53on complex IV with potassium cyanide (80M) as control inhibitor. Data shown is mean

values £ SD (n = 3, N=2).

Separatenvestigation of each individual mitochondrial complex revealed that Authipgrin

had no effect on complexes Il to (Figure BB to 73D). While the selective inhibitors of these

complexes reduckethe OCR, Authipyrirb3 did not cause an alteration. Howevepon

simultaneous addition of Authipyris3 and the substrates of complex I, mitochondrial

respiration was inhibitefFigure BA). This indicates that Authipyrif3is a selective inhibitor

of mitochondrial complex Aumitin 61 is a known autophagy inhibitor, which also targets

mitochondrial complex I. Furthermore, previous studies proved that the complex | inhibitor

rotenone downregulates autophagy, as well as mpl inhibitors antimycin A and

complexV inhibitor oligomycin 161971 Thus, complex can be considered as a relevant target

for the effect of Authipyrirb3 on autophagy.
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3.3.4.5.Thermal proteome profiling

In order to confirm complex | as a target of Authipysi) a TPP experiment was performed.
Therefore, MCF7/LC3 cell lysate was incubated withM of Authipyrin 53. The samples
subjected to heat treatment with a temperature gradient betweé@ and 67C.
Subsequently, insoluble components were removed byifogation and the supernatant was
analyzed by mass spectrometry. A hit was defined according to one or both of the following
criteri a: 1) A CEOfor sl replicates tand/sr )i An increade of ¢h -nod
denaturated protein fraction by mdten 0.1 in every replicate. Evaluation of the obtained
data provided 30 potential hit protein&ppendi® Furthermore, several subunits of complex
were identified. However, none of them fulfilled the criteria for being a hit. Two of those, the
NADH dehydrogenase [ubiquinone] 1 beta subcomplex subunit 1 and 2 (NDUFB1 and
NDUFB2), were stabilized in two out of three replica(Eggure #4). While NDUFB1 was
twice stabilized by 5.76C and 3.23C and once destabilized by.50°C, NDUFB2 showed

a stabiliation of 4.52°C and 1.35C and a destabilization e®.32°C.
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Figure 74: Thermal Proteome Profiling with Authipyrb8. MCF7/LC3 lysate was treated witruM
Authipyrin 53 (red) or DMSO (blug). Samples were subjected to heat treatment and analyzed by mass
spectrometryA: Melting curves of NDUFBL1 B: Melting curves ofNDUFB2. n = 3, each graph

represents one independent experiment.

Complex! consists of 45different subunits. NDUFB1 and NDUFB2 are believed to be
accessory subunits, whigre not involved in catalysi®®! Nevertheless, compound bingd

could cause conformational changes that interfere with the catalytic function. In order to obtain
further indication whether NDUFB1 and NDUFB2 should be considered as possible interaction
partners of Authipyrirb3, two more replicates of the TPP wemempared. However, neither
NDUFB1 nor NDUFB2 were sufficiently identified in these replicates to calculate the shifts in
melting temperature. In conclusion, the interaction of Authipy8mwith complex | could not

be confirmed by TPP.
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