Technische Universitat Minchen
Department Chemie
Lehrstuhl fir Organische Cheniie

A Dual Inhibitor Attenuates Biofilm Formation andidlencein
Staphylococcusareus

and

Manipulation of ClpP Ativity

Barbara Eyermann

Vollstandiger Abdruck der vater Fakultat fur Chemie der Technischen Universitat Minchen

zur Erlangug des akademischen Grades eines

Doktors der Natawissenschaften (Dr. rer. nat.)

genehmigten Dissertation.

Vorsitzender: Prof. Dr.Michael Groll
Prifer der Dissertation: 1. Prof.Dr. Stephan A. Sieber

2.apl.Prof. DrWolfgang Eisenreich

Diese Dissertation wurde a24.09.2019 bei der Technischen Universitat Minchen

eingereicht und durch die Fakultat fir Cherara17.10.201%ngenommen.






Danksagung

Zuallererst mochte ich niicbei Prof. Dr. Stephan A. Sieber bedanken. Daflr, dass ich meine
Promotion an seinem Lehrstuhl durchfihren durfte, fir die gute Betreuung, Unterstiitzung
und Begeisterung in all den Jahren. Ich habe sehr vielseitige Einblicke in die organische
Synthese abvevor allem auch in die Biochemie bekommen, woflr ichr sgankbar bin
AulRerdem mdchte ich ihm danken, dass ich die Mdglichkeit, hsitistliche Konferenzen zu

besuchen und Weiterbildungen zu machen.

Ich danke den Mitgliedern meiner Prifungskommissidn,itire Zeit und ihre Bemihungen
bei der Bewertung dieser Arbeit. AuBerdem Danke ich Volker, Ines, Anja, Thomas, Dora und
Theresa fur das Korrekturlesen dieser Arbeit. Dankeséitir aufmerksames Lesemiyklich

hilfreiche Kommentare und eure Zeit die gaopfert habt.

Ein weiterer Dank geht an meine Kooperationspairireans dem Labor von Prof. Bill Wist,
Megan C. Jennings, fur die unkomplizierte Zusammenarbeit. Ebenfalls danke ich meinem
Kooperationspartner aus dem Labor von Prof. Iris Antes, MaximMaixner fur die gute
Zusammenarbeitlch danke Thomas, Ines umkhgela fur die super Zusammenarbeit in

unseren Group Jobs.

Ein ganz besonderer Dargehtan Katja B, Katja G und Mona. Vielen Dank fur euren
aul3erordentlichen Einsatz und dass ihr das Labdrdie Massen am Laufen halt€hne

euch waren wir aufgeschmissefin dieser Stelle méchte ich auch allen Auszubildenden
danken, die nicht nur zu einem reibungslosen Laboralltag beigetragen haben, sondern
manchmal auch bei Synthesen geholfen habeneVviBlank an Karolina, Jaqueline, Roland,
Linda, Alina und MarieEin weiterer Dank geht an meine Forschungspraktikanten, Sebastian
P., Lisa, Sophia, Patricklarkus, Sebastian F. un@hiarg fur euren Einsatz im LaboEin
besondereDank gehtebenfallsan Christina. Vielen lieben Dank, dass du dich einfach immer

um alleskimmerskt

Ein riesengro3er Dank geht an alle meine Laborkollegen, die altere Generation genauso wie
die Jungere. Ich bin jeden Tag wirklich gerne in die Arbeit gegangelgazu habthr einen
groRenBeitrag geleistetVielen lieben Dank an Jonas, Dora, Caro, Kyu, Thomas, P#rjck
Angela, Pavel, Martin, Theresa, Volker, Anja, Till, Ines, Rohlrsef Lisa, PatrickZ., Nina,
Stephan H.Franziska, Mathias und Christian. Ich bin unglaibfroh euch alle als Kollegen
gehabt haben zu dirfen, fuhlt euch an der Stelle bitte alle gedriickt. Ein é&xesddank geht

an unser Labor B, maMathias, Patrick und Thomas. Vielen lieben Dank fir die super



Nachbarschafall die Jahre,iir zahlreiche Dikussionen und Ratschlage, aufheiternde Worte
und dass ihrdie Arbeit im Labor einfach einfacher gemacht haBufRRerdembedanke ich
mich auch furdie Zeit aul3erhalb der Arbeit, sei es beim Ful3ball spielen, beim Fitness, beim

Grillen oder einfach in der Ké&fekiiche.

Danken mochte ich auch den Kollegen, die das Labor bereits verlassen haben, Max, Maria,
Wolfgang, JanJohannesMatthias, Weining, Annabelle, Megan, Vadim, Lena und Markus.

Vielen Dank, dass ich so viel von euch lernen durfte!

Der allergrofdte Bnk geht an meine Familie, die mich zwar vielleicht nicht immer verstanden

haben, aber immer fir mich da waren und miclaliem unterstitzt haben. Meidama

Elisabeth, meinen Papa Franz, meinem Bruder Peter, meiner quasi Schwagerin Rebekka und
meinen Ehmann Jorg. Ich hab euch so unglaublich lieb, vielen Lieben Dank fir Alles.
AuCerdem Danke ich an dieser Stelle meiner Az
mich von Anfang an wie ein Familienmitglied gefiihlt und danke euch dafludafinl dass

auchihr immer fur uns da seid. Dallergro3te Dank geht an mein&thatz der mit mir

durch Dick und DuUnn gegangen ist, alles ertragen hat und meinen Tag immer ein bisschen
besser gemacht hat. Vielen Dank fir deine aufmunternden Worte, dass du mizzuthstr

und fur den ein oder anderen noétigen Driclar bin sehrfroh dass ich euch alle habe.



Abstract

Staphylococcus aureus a major bacterigbathogen that is able to caulsie-threatening
diseasesEssential for pathogenicitgre for example secretegroteins likehemolysns and

cell surfaceassociated proteindwo stagesof S. aureuslife cycle, the adhesion anthe
invasion phase, are tightly controlled by a two component system. If one of the phases is up
regulated, the other one is consequentiyatregulated. In a phenotypic screere identified
compoundAV73 that did not only reducalphahemolysn production inS. aureusbut also
impededin vitro biofilm formation. Major virulence factors and biofilm promoting proteins
were found dowsregulaed in a quantitative proteomics experiment, where bacterial
proteomes and extracellular protein levels wereyaed To further elucidate the mode of
action, affinitybased protein profiling (8PP) was used for target identification. Besides
labelingexperiments, competition experiments as wellalingwith a mnimal photoprobe
were performedo distinguishbetween targeproteins and background binders. Although it
was not possible to fully consolidate the mode of action, four main hits that all play
interesting roles in virulence or biofilm formation were detecteinely membrane protein

insertase YidC, iron compound ABC transporter, sortase Srt and diadenylate cyclase.

Caseinolytic protease P (ClpRhich assembles with ATPaskke ClpX to form aprotease
complex plays a major role i. aureusvirulence. While inhibition of ClpP lead® a
decrease in virulencectivation of ClpP has a bactericidal effect. Both topics were covered
within this thesis. Inhibition was addressed among others withiiars AV335 and AV339.
Several biochemical assays were performed toigdite the mode of actiorrurthermore,
none of the inhibitors shaad down-regulation of any major virulence factors in a gitative

proteomics experimermn extracellular proteirelvels.

Acyldepsipeptides (ADEPsyere used for activatigras theyare known ClpP activatomnd

bind to hydrophobic pockets at the apical site of ClpP and therefongic the binding of
ClpX. With an ABPPRapproachtargets andgutative off-targetswere investigated Further,
labelingof ClpP independently of its oligomeric and activity stasssillustrated, which until

now was only possible with covalent inhibitors in its active state. Several ADEP fragments
and derivatives wersynthesizd for structue actvity relationship (SAR) studieto detect

best positions for the required moietfes a photoprobea photoreaose group and an alkyne
handle With severalprobesin hand labeling experiments were performed with ClpP and
inactive ClpP mutantswvhich confirmedclearlabding of all ClpP conformations. CIp and

two other proteins were identified each ofthree independent fBPP experimeniswhile



different other proteins were enriched in one or more of these experiiBenides ClpP, b
alanine armotransferase andN-acetylmuramoyl -alanine amidase domagontaining
protein were consistently enrichedTo confirm any of those as real targetfurther

experiments, for exaphe a competition experiment, aequired.



Zusammenfassung

Staphylococcus aiausist ein wichtiger bakterieller Krankheitserreger, der lebensbedrohliche
Krankheitenverursachen kann. Sekretierte Proteitie fir die Invasion des Wirts wichtig
sind und oberflacherassoziierte Proteinélie fur die Biofiimbildung entscheidend singind
wesentlich furderen Pathogenitat. Diewei Phasen, die adh&sions und invasions Phase,
werden von einem zwé{omponenterSystem streng kontrolliert. Wenn eine der beiden
Phasen verstarkt reguliert wird, wird die andere automatisch schwacher teguler
umgekehrt. Das macht die in einer phanotypischen Untersuchung identifizierte Verbindung
AV73 umso interessanter. Diese reduziert nicht nur die Bildungayamae-Hamolysinin S.
aureus sondern inhibiert auch die Biofilmbildunip vitro. In quantitatven Proteomik
Experimenten von bakteriellem Proteom und extrazellularen Proteinen, konnte eine
abgeschwachte Regulierung von wichtigen Virulenzfaktoren und biofilmférdernden Proteinen
beobachtet werden. Um die Zielproteine Vw73 und dadurch die Art dénirkungsweise
herauszufinden, wurde affinitéabasiertes ProteiRrofiling (AfBPP) durchgefuhrt. Hierfur
wurde zunachst eine Photosonde/73-p, synthetisiert. Um Hintergrundmarkierungen der
Photosonde auszuschlieen, wurden neben den MarkigExpgsimemen auch
KompetitionsExperimente und Markierungen mit einer minimalen Sonde durchgefihrt. Auch
wenn der vollstandige Wirkungsmechanismus nicht aufgeklart werden konnte, wurden vier

Zielproteine detektiert, dieine wichtige Rolle in Virulenz und Biofilmliung spielen.

Caseinolytische Protease P (ClpP) fugt sich mit einer ATPase wie ClpX zu einem Protease
Komplex zusammen und spielt eine wichtige Rolle in der VirulenzSoaureus Wahrend

die Inhibition von ClpP zu einem Ruckgang der Virulenz fuhrt dnatAktivierung von ClpP

eine bakterientdtend®Virkung. Beide Themen wurden in dieser Doktorarbeit behandelt. Die
Inhibitoren AV335 und AV339 wurden aus einer Untersuchung fur ClpKiibitoren
identifiziert. Um deen Wirkungsmechanismus herauszufinden rdem verschiedene
biochemische Assays durchgefiihrt, er konnte allerdings nicht vollstandig aufgeklart werden.
AuBBRerdem haben strukturell &hnliche Inhibitoren, die moderate bis gute Ergebnisse in einem
HamolyseAssay gezeigt haben, in Proteontikperimentenvon extrazellularen Proteinen

keine Regulierung von Virulenzfaktoren von extrazellularen Proteinen gezeigt.

Acyldepsipeptide (ADEPSs) sind Aktivatoren von ClpP und wurden zur Behandlung dieses
Teils der Doktorarbeit verwendet. ADEPs binden in hydropholschiem an der apikalen
Oberflache von ClpP, ahmen dadurch die Bindung von ClpX nach und aktivieren so ClpP.

Um weitere Zielproteine von ADEPs zu findemurde die ABPRMethode angewendet.

Vv



Durch die Synthese mehrerer ADIEPagmente konnten Struktdktivitats-Beziehungen und

somit die besten Stellen fur die Einfihrung einer photolabilen Gruppe, sowie eines Alkins,
herausgefunden werden. Mit den hergestellten Photosonden wurden Markierungs
Experimente mit ClpP und zwei inaktiven CipRutanten durchgefiihrt. ABPs sind die
ersten Sonden, die CIpP auch in einem inaktiven konformationell unabhangigen Zustand
markieren kdnnen. Bis jetzt war nur die Markierung in einem aktiven Zustand mit Inhibitoren
wi e -Lakbonen moglich. AuBBerdem wurden in drei unabhangigen Marlgerun
Experimenten ClpP und zwei weitere Proteine angereichert. Um diese, oder weitere
angereicherte Protein€eie nur in einem oder zwei der Experimente gefunden wurden, als
wirkliche Zielproteine zu identifizieren, mussen weitere Experimente, wie beispistsw

KompetitionsExperimente, durchgefuhrt werden.

Vi
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|.  Theoretical Background

1. The Pathogen Staphylococcus aureus

1.1. S. aureus Infections

Staphylococcus aureus a grampositive bacterium, whiclkolonizes thehuman skin, nares
andgastrointestinal traatsually without casing any symptom! In the USA, around @46

of the adults and 45% to 70% of the children c&@ryaureusin their narespermanently.
Additionally, 30% of the population carr$. aureuscolonies temporaril{#3! Although
colonization is usually harmless to the host, colonized individuals carry a higher risk for

developingS.aurets infectiond!!

Diversity of S. aureus

S. aureudacteria are master of diversity: They are able to cause asdtchronic illnessé$,
their infections can reach from mild diseases up tetfifeateningcondition®® and they are
able to colonise a wide rangé host tissue§! Superficial surfaces, for example the skin, can
be affected as well as deeper tissues like the gastrointestinal tract, the helonesd
Conditionscaused byS.aureusinclude bacteremia, sepsispxic shock syndromewound

infections, pneumoniandocardis and also catheteelated infection&:®

Numerous virulence factors are required to cause such a broad diversity of diseases in many
different body site§:®° Essential for pathogenicity are for example secreted proteins like
hemolysns, enterotoxins and cell surfageseiated protein§®*"! An important part of
S.aureusvirulence is its ability to form biofilm&%* Whereas biofilm formation is not
required for a persistent infection, biofilm eradicatiodifficult and usually requires surgical

intervention™®



Chapter |

Life cycle of S. aureus

S. aureudife cycle consists fotwo parts: the adhesion phase in the beginning of an infection
and the invasion phase when a certain amount of bacteria has accutfitith@ell surface
proteins are synthesized the adhesion phasehile in the invasion phaseyhere a certain
amount of bacteria is already present, exoproteins are synthE8izBnsition between
these twophasesis regulatedvia an intercellular communication process, called quorum

sensing (QSY1% and will be discussed in furth detail(see chapter 1.p

MRSA

Since methicillin was introduced in 1980 methicillin-resistantS. aureus(MRSA) was
detected soon after andose key pathogen responsible for health@@®sociated infections
difficult to treat!*®¥ Although not relevant for this topic, it is noteworthy that MRSA already
emerged in the mid 1940s, even before the first therapeutic use of methfillinthe US,
MRSA is responsible for over 12,000 fatalities per Yeamaking it a key péaogen not only

in clinics. Also communityassociated MRSA (CAMRSA) increasedsignificantly over the
pastyears?>?®! Moving from the US to Europe, statistics of Wales show that MRSA deaths
are at a comparable level with nmsistantS. aureusstrains. A closer look keals 2006 as

the year with mosB.aureusand MRSA deaths, with decreasing numbers sfit@hese
numbers can be explained by improvements including enhanced surveillance, adherence to
clinical protocols, hand hygiene and environmental cledfthgAlthough the mean
prevalence of MRSA is decreasing in Europe, Norway, for instance, records a significant
increase in the annual numberrefyistered people notified with MRS! An overview of

MRSA abundancéor european countries is illustrated in figure 1.

@“gﬁ

<1% [Cl1%to<s% [J5%to<10% [J10%to<25% [Ml25%to<50% [l >50% [ No data or<10isolates
Not calculated Did not participate in survey  [] Level B data

Figure 1. Percentage of invasive isolates of Staphylococcus aureus with resistance to methicillin (R&8Are for 2015
to 2016 and were obtained from the World Health Omgtitn!?*!
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MRSA prevalence is also high or even rising in the United States, Canada, Latin American
countries, Australia and Indi& Clearly MRSA and also norresistantS. aureusstill

represent an important field of research.

Steps against MRSA and S. aureus virulence

There are different methods to combat MRSA &daureusfor example, looking for new
targets?” Oneapproach ishe useof natural products to combat MRSHere, me strategy is

to use the synergism between natural antimicrobials and conventional antiBibificFor
example Albanoet al. investigated the antibacterialgperties of phenolic compounéisund

in essential oilsEugenol for instance shows an excellent bactericidal activity against a broad
range of organisms like. coli, P. aeruginosandL. monocytogene®®3'33|ts mechanism of
action can be explained by the disruption of bacterial cytoplasmic menibtéthen
combindion with antibacterial drugs likgentamicin, vancomycin and linezalid illustrates

a synergistic effect. All in alltheyfound around ten synergistic interactions against MRSA
strains, of which four combinations look promising aweére confirmed by time Kkill

curvest?

Lee et alshowed, that extracts from the plauht oleiferaefficiently inhibit S.aureusbiofilm
formation®! Among others, the following fatty acids were present: palmitoleic acid, oleic
acid, linoleic acid antinolenic add.** At the same timegis-11-eicosenoic acid significantly
decreasechemolyss of red blood cellsTheir results indicate, that a supercaticarbon
dioxide fluid extract ofM. oleiferaand its unsaturated fatty acids are potentially useful for

controlling biofilm formation and virulence &. aureus®”

Another strategy to comb&. aureuss to use other bacteria in combinati@unyachRemy
and ceworkers investigated the interaction®faureusvith H. kunzij which are low or non
virulent bacterid® They found thatH. kunzii sigrificantly reduceS. aureusvirulencein
nematode§® Furthermore, they observed a dovegulation of virulence factors after co
infection with H. kunzii Keephng this in mind factors produced bii. kunzii represent an

interesting field for researdfr’

1.2. Communication of S. aureus i Quorum Sensing

The &cessory geneegulatory &gr) system wasdentified by Resei et & in 19865% and
represents aommunicatiortool of S. aureuslt is a twecomponent syem and is activated

by the autoinducing peptide A’
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On the one handheagr system is responsible for the suppression of cell surface proteins, for
example protein A and fibronectin biding proteins. On the other hand upregulates
virulence factors, likeleukocidin hyalouronate lyasealpha, beta, gamma and delta
hemolysns, PSMs, lipases, proteases, nucleases and toxic shock syndrome toxins. All in all,

around 100 virulence genes are upregulateagoynediated quorum sensifg:=>®!

The agr system functions complementary to thglobal regulatorsar (staphylococcal
accessory response) in cailing biofilm development®®® In the initial stages, sarA
enhances the expressionafhesins, inhibits nucleases and proteasedhardfore induces
the attachment of cells and early biofilm formati&th. After biofims have gaing a
significant populationagr expression is induced, which leads to an upregulation of virulence

factors and a supporting of biofilm disper<af®!

The twoecomponent system is mediated by the autoinducing peptide (AIP), which is
continuously produced b$. aureuscells. Theagr locus is autoactivated when cell density
reaches a certain threst.2¥4! After AIP binding to AgrC, a phosphaelay to AgrA is
induced. Phosphorylated AgrA binds thgr locus, that consists ofvb promotors P2 and P3,
which encode RNAII and RNAIII, respective{fFigure 2)**

e TCS two-component system agrlocus
a”tDi“d}‘Ci"Q I — Ag rC + AgrA > P2 promotor P3 promotor
peptide v J \
phospho-relay j \

RNAII

translation of Agr proteins:

- AgrD: precursor of AIP

- AgrB: generates AP intermediate
- AgrC: receptor histidine kinase
- AgrA: response regulator

RNAIII

inhibition of:
- IytM (cell wall metabolism)
- spa, sbi (adhesion)

- Rot (expression of adhesins),
activation of:

- hla (virulence)

increase

Figure 2. Simplified overview of quorum exnsing. AIP activatesthe twocomponent system and AgrA binds to the
promotors. The P2 promotor encodes RNAII, which leads to translation of Agr proteins and therefore more AIP and a higher
activation. When more AIP is present, the P3 promotor encodes RNAIII, which inhiktiggngréor the adhesion phase and
activates the production of virulence factts.

At lower AIP levels, RNAII positively regulates the production of Agoteins, which in turn
leads to further AIP production and a higher stimulation of the whole process. When a lot of
AIP has accumulated, RNAIII, which is highly connected to virulence, is encoded &8 well.

RNAIII positively regulates the expression of toxins and-emaymes for the lysis of immune

cells. At the same time, high RNAIIl concentrations lead to a dé@guolation of Rot, being
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responsible dr the production of adhesins and immune evasion prdféifherefore

exhibiting a dual effect on virulence promotion.

By the production ofi-B, the $gB operon represents an additional level of contiieR is
regonsible for the upregulation déctors, that are necessary for the beginning of biofilm
formation, e.g. clumping factor, fibronectin binding protein A or coagifade®®! Thus, sijB

supports the bacteria in the adhesion phase of their life cycle.
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2. AfBPP for target identification
Whereas activity based profiling (ABPP)uslized to decipher targets of covalently binding
compounds, often natural products, affinity based prgeofiling (AfBPP), is applied for the
identification of proteinogenic interaction partners of compounds with a&owalent binding

mod e[-44'|' 46]

General concept of AfBPP

For affinity based protein profilingaphotoprobe with an attached bioorthogonal handle and a
photoreactive group is needéd’® Scope of the probe design is to implement these
modifications with minimal changes in bioactivity, while binding to the same target. Whereas
the photoreactive group is needed for covalent linkage to the protein, the bioorthogonal
handle is usd for the attachment of a linker. Commonly used bioorthogonal reactions are for
example theStaudingetigation!*”*°! copper or strain promoted ¢polar cycloaddition&”

2 and inverseelectrondemand DielsAlder reactions’*¥! Apart from a bioorthogonal
handle, the linker is either equippediwa fluorescence tag, a biotin moiety or both and can

be used for visualisation.

s
<rr>—] F <
o I

3, Lysis -
4. Click chemistry @,{}—C@
- (]

1. Incubation
2. UV-irradiaticn

[j = bioorthogonal handle
P = affinity motif
ﬁ? = photoreactive group

N
6. Digest ﬂpﬁ
avidin !
T )

_ 7emsms Ll

8. Analysis % 5. Enrichment

Fog

Figure 3. Shown is the general conceptM8-basedAfBPP in intact cells.

Particularly, eukaryotic cells or bacteria are incubated with a phdiepmad irradiated to
establish covalent linkage between the probe and the target protein. After lysis, a visualisation
or enrichment tag is attached to the alkyne hawndlea copper promoted cycloaddition,
commonly known as click reactiBfi (Figure 3). While rhodamine azide is often used for
fluorescent visualisation, biotin azide igilized for enrichment and quantificationia
MS/MS. A trifunctional linkeP® with an attached fluorescence tag and a biotin azide moiety
can be used for fluorescent visualisation adfeichment. Enrichmerdf labeledproteins can

be ahieved with biotin beads, utilizg the strong biotiravidin affinity*® Tryptic peptides
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are measured, quantified and aaald via statistical methods to find out tharget proteins
(Figure 3).

Photoreactive Groups
Photoreactive gmgps can be divided in three main groups, diazirines, aryl azides and

benzophenones, each having their @gmantages and disadvantagéigure4).®”

The selection of a photoreactive group depends on the structure of the original compound.
Since bioactivity needs to be retained, some moieties might be more suitable than others. One
disadvantage of benzophenones is the stralctlemanding size, potentially leading to a loss

in bioactivity®®°% Furthermore, benzophenones often need longer irradiation periods, leading
to elevated unspecifitabeling On the other hand, irradiation can be perfed at a
wavelength above 30@m, so that no proteins are damaged. Further advantages of
benzophenones are, that they are synthetically easily accessible and intert to S8R%nts.

Aryl azides are easily accessible as W&ft”! Since they are often introduced in an atea
exiding phenylring,the modification is minor and therefore likely to maintain bioactivity.
Disadvantages of aryl azides dhat they require a shorter wavelength for activation, which
leads to protein damage, and that their photoaffinity yield igidhan that for carben&&®"
Advantages of the very popular diazirines are, that they can be irradiated at longer
wavelengths, they are small ineir size and they have a high crosslinking acti¥fyin the

past, these advantages lead to a steady increase in th deeirines as photoreactive

groups 6364

N=N (0]
N=N N3
)W F3C O O
aliphatic diazirine aromatic diazirine arylazide benzophenone

Figure 4. Structures of commonly used photoreactiveiaties, an aliphatic and aromatic diazirine, an arylazide and a
benzophenone.

After irradiation at a specific wavelength, highly reactive triplet ketyl diradicals, nitrenes or
carbenes are formed. They instantly react with anything nearby and form antarakslink

between probe and protdff.

Background Binding
A disadvantage of the application of photocrosslinkers is unspecific background binding.
Since tle whole amount of photocrosslinker will not solely be present at the target protein,

other proteins that are nearby will be crosslinked as well. These drawbacks are usually met by

7
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the application of two strategies: firdgbeling with minimal photocroslinker probes to
exclude labeledproteins as targets, second performing competition experiments lath t
original compound to find outal targetsKleiner et al.showed a whole proteome inventory
of different background binders in two human cell lines,clwhcan be referred to when
labelingin eukaryotic cell$®? They tested four different minimal diazirine structures, one
aryl azide and one benzophenone probe. Addition&lginer tested three different diazirin

background binders i.aureusgabeing, which can serve as a refereffée



II. AV73 a Dual Inhibitor of Biofilm Formation and Virulence

1. Introduction
As illustratedbefore,S. aureuss ableto switchbetween an adhesion and an ineagphase,
which is tightly regulated by QS. These states can also be called defensive and offensive,
respectivey. RNAIIl is encoded by thegr system after its activatioandis responsible for
the positive and negative regulation of virulence factors and Rot, respectivéije
virulence factors are required for the offensive state, Rot is responsible footheton of
adhesins and immune evasion proteins, which are necessary in the defensive ghase of
aureuslife cycle! This special system comprisir@NAIIl and Rot is also called Double
Selector Switch (DSS) and defines a double layered switch which involves transcriptional and
posttranscriptional regulation® Regarding this whole system, exclusively favouring
defensie or offensive phase, ihight be hard to find a compound against both, virulence and
biofilm formation. If one side is dowregulated, the other side will consequently be
upregulated. This is what make&V73, a compound that was identified upon the

improvement of a known antivirulent compound, so interesting.
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2. Results and Discussion

2.1. AV73 is active against Hemolysis

Hydroxyamide fatty acids were recently identified as inhibitorsllaf expression. The most
potent antivirulent compoundV59 did not reveal anyin vitro resistance development and
was effective in an abcess mouse méeBased on this compound, 35 derivatives with
diverse strural features were synthesizethd screened in &emolyss assay. Three
compoundsAV73, AV212 and AV213 showed strong inhibition ofiemolyss (Appendix:
Figure Al) Due to its easy accessibilitAV73 was chosen for further evaluatio(fsigure
5A). A hemolyss assay waperformed using sheep erythrocytes arnolyss reduction of
80% with 50uM AV73 could be observe(Figure 5B) An EGso of 30uM (x1.2uM) was

obtained forAV73 in a concentration dependdr@molyss assayFigure5C).

A) AV73 structure B) S. aureus NCTC8325 hemolysis () Concentration dependent hemolysis assay
150
= — AV73
10 < — AVT3-p

HO 8 = 5 100
DMSO H =) - g

& AVT3 Jay 8 4 £ s

7 on (50 i) 2 2 i
0 50 0 =
. o © g [1E [ETEETTETL ITrr e e L g e AR

hemolysis in % 7] l'>- 5
g * £

-50+ T T r T J
0.01 0.1 1 10 100 1000

log,q concentration [pM]

Figure 5. A) Structure ofAV73. B) Hemolyss assay ofAV73 at 50 uM and DMSO it§. aureusThe assay was performed
with a suspension of sheep erythrocytes in P&ffled to bacterial supernatants. The time resolved decre@da;jnwas
measuredC) A concentratiordependenhemolyss assay oAV73 andAV73-p in S. aureusn three biological replicates.

To confirm these results and exclude any direct interactior&VGT3 with hemolysn or

erythrocytes, additional experimenteng performed. With hemolyss assay using. aureus
secretome withlifferent compoundoncentrations, it was shown th&'73 does not directly
affect Hla function Figure 6A). In a differenthemolyss assayAV73 did not cause direct

lysis of erythrocytes eitheF{gure6B).

A) Secretome hemolysis assay B) Triton X hemolysis assay
2.5 Vedi
edium
100+
2.0 s « DMSO
| « B0 LM AVT3 ®
A £
g 1574 + 30 M AVT3 w 50
a i 2
8 10] 15 UM AVT3 5
£ o
054 W\ =
0.0 T T T T | -50 T T T
0 60 120 180 240 300 S Y Y Y
) P S GO CIE (CE
Time [min] + \s \a \a \s \s
S E N
QIO O

Figure 6. A) Hemolyss assay performed in three biologicaplicates(each in triplicates)S. aureussecretomewas

incubatedwith different AV73 concentrations. Medium was used as a negative controhénwlyss) and DMSO as a
positive control. Olys represents the intact erythrocyt®) Direct hemolyss detection ofAV73. AV73 does not induce
hemolyss at concentrations up to 1000/1. The experiment was performed in two biological replicates thitee technical
replicates each. Triton-£00 was used as a positive control.
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Whole Proteome Analysis

A quantitative fultproteome analysis was performed to get a deeper insight in the ahode
action. Compound treated and untreated bacteria were grown kechelyss conditions,
lyzed digested and peptides were modified with either light or heavy dimethyl isétBpes.
After the samples we pooled, peptides were ayzbdvia tandem mass spectrometry (LC

MS/MS) andratios of heavy to light peptides were determined and visualized in a volcano
plot (Figure7).

A) Cellular Proteins B) Extracellular Proteins
5 . 5+
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t-test difference [log,(AV73/DMSO)] t-test difference [log,(AV73/DMSO)]
UniprotID | log, protein name UniprotID | log, protein name
Q2FV70 9,305 Putative uncharacterized protein, PUP | Q2F7L3 2,571 Staphopain B, SspB
QaFvs2  [2,934 Putative uncharacterized protein, PUP Il QG170 12,438 S-nucleotidase, lipoprotein e(P4) family, Lipf
f Q2G264 2,530 Putative uncharacterized protein, PUP Il Q26190 2,417 Putative uncharacterized protein, PUP V
up  [azrvs2 2,479 Probable transglycosylase IsaA Q59801 2,358 Hyaluronate lyase, HysA
down [Q2Gim1  |-2,089 3-ketoacyl-acy| carrier protein reductase, putative, Cpr Q2Fzs2 2,331 Truncated MHC class Il analog protein, TMHC
J. Q2FzQ3 -2,114 Enoyl-[acyl-carrier-protein] reductase [NADPH] Fabl Q2FZE7 2,135 Putative uncharacterized protein, PUP VI
Q2G111 -2,134 305 ribosomal protein 518, RpS Q2G212 2,083 Staphylococcal secretory antigen ssaA2, SsaA2
Q2GIN7  |-2,145 HTH-type transcriptional regulator SarS t |orvse om O-acetyltransferase OatA
Q2Fzs8 -2,365 ATP-dependent Clp protease, ATP-binding subunit ClpB up Q26188  |2,016 Putative uncharacterized protein, PUP VIl
Q2G2U1 -2,709 Histidine protein kinase SaeS down |Q2FZs8 -2,002 ATP-dependent Clp protease, ATP-binding subunit ClpB
Q2FWW1 _ |-5,088 MHC class Il analog protein, MHCI i Q2FXW2  |-2,051 UPF0473 protein SAQUHSC_01719, UPF
Q2G1X0 -5,863 Alpha-hemolysin, Hla Q2FZ70 -2,156 Orotate phosphoribosyltransferase, PyrE
Q2FVKS -6,069 Immunoglobulin-binding protein sbi, Shi Q2FYKE -2,341 Dihydrofolate reductase, Dfr
02G2G0 -7,680 Putative uncharacterized protein, PUP IV Q2FWPO -2,556 Uncharacterized leukocidin-like protein 1, LIpl
Q2FZ62 -2,571 Ribulose-phosphate 3-epimerase, Rpe
Q2FVKS -2,576 Immunoglobulin-binding protein sbi, Sbi
Q2G1X0 -2,721 Alpha-hemolysin, Hla
Q2FZC2 -2,962 Fibrinogen-binding protein-related, Fbpr
Q2G2G0 -3,353 Putative uncharacterized protein, PUP IV
Q2FVK2 -3,531 Gamma-hemaolysin component C, HigC
Q2FZB8 -3,913 Fibrinogen-binding protein, Fbp
Q2FVK3 -4,234 Gamma-hemolysin h-gamma-ii subunit, putative, Ghp
Q2FVK1 -4,479 Gamma-hemolysin component B, HlgB
Q2FWV5 -4,543 Chemotaxis inhibitory protein, Cip

Figure 7. A) Whole proteome analysis of cellular proteins, performed urtdanolyss conditions in four biological
replicates. Most regulated proteins are marked and sorted in decretsstgifference order. Cut off lines were set a
minimum log fold-change of 2 and a mimumT log,, (p-value) of 2. B Whole proteome analysis of extracellular proteins
was performed in four biological replicates. Most regulated proteins are again listed. Cut off lines were set at a mjgimum lo
fold-change of 2 and a minimuhtog, (p-value) of 2

As expected, a global downegulation of virulence can be observaiter AV73 treatment
(Figure7A). Confirming the results of the phenotypic screen, one of the most-ckgutated
proteins was Hla, the toxin respdolsi for erythrocyte lysis. Other known effectors
contributing toS.aureusvirulene were reduced in expression as well, namely transcriptional

regulator SarS and histidine protein kinase SaeS. Initiated by RNAIIl, SarS functions as

11
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transcription regulataaind plays an important role in virulence factor expresafbSinceHla
expression is repressed by SHfSjt is likely to be upregulated when SarS is down
regulated. This gives a hint, that dowegulation of Hla is achieved differently. Furthermore,
SarSexpression is repressed §grAandagr,®” which makes sense according to the quorum
sensing theory. Since bacteria were grown utgenolyss growth conditions, an activated
agr systemis implied and thereby SarS downegulation. As elucidated in the introductory
part, bacteria can switch betwethre adhesion phase and the ineasphase, whereas the
latter is represented Hyemolyss growth canditions, where thagr system is thought to be
active” The transmembrane histidine kinase Sae$S is part of the regulativeotmmonent
system SaeRSyith SaeR as response reguldtdf®! This TCS acts as an activator of toxin
production, together with the global regulatags andsarA Thesaelocus is also responsible
for Hla expression in the absence ar and sarA**®" Furthermore, Sae iknown to be

essential for bacterial virulence in animal mod&t&!

Since proteins relevant for virulence are often secreted, the supernatafiidtreated and
untreated cells was awakd (Figure 7B). Additionally to Hla, gammahemolysn and
fibrinogenbinding protein were dowaregulated among ¢her virulence factors. While
fibrinogen binding proteins play an important role in cell adhé&ibgammahemolysn
builds similar pores toalphahemolysn and forms a protein familytogether with
leukocidirs.!"¥ Since both play essential roles $n aureusvirulence, its dowsregulation is

reasonable.

Furthermore, dowmegulation of pthogenesis and cytolysis was confirmed by a more
detailed analysibased on gene ontology (&phpendix: Table Al)

12



Results and Discussion

2.2. AV73 inhibits Biofilm Formation

Interestingly, AV73 is not only active againshemolyss, but it also inhibits biofilm

formation, which will be discussed in the followirgection

A) S. aureus NCTC8325 biofilm formation B) Concentration dependent biofilm assay
SH1000 - AVT3
3 AVT3p
DMSO 8 c
o009 ;i J—-
(OO :
AVT3 (50 pM) o £19° | ] I If1 l I
E £ |lp gt
ol

S P PFD o s N s

compound concentration [puM]

Figure 8. A) Biofilm assay ofAV73 at 50uM and DMSO inS. aureusNCTC8325. Biofilm wasgrown under static
conditions in 96well plates and asstained with crystal violet. Bacteligrowth with and withouAV73 was determined by
ODgoo measuremest B) Concentration dependent biofilm assayAdf73 and AV73-p in S. aureusSH1000. Solid line
represents the DMSO control, the dashed line is half thgd@bthe DMSO control. The experant was performed in three
biological replicates. MBIgy (AV73) < 25uM, MBICso (AV73-p) <30 uM.

A concentration of 5{M AV73 is enough to fully prevent biofilm formatiorFigure 8A).
Using the biofilm forming referare S. aureusstrain SH1000, an MBI§ of 25uM could be
obtained in a concentration dependent experintégti(e8B). Additionally, furtherS. aureus
strains were tested, whefd/73 appeared to be effective against MRStAin USA300 with
an MBIGso of 50uM (Figure9A).
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Figure 9. Biofilm assay with A)AV73 and B)AV73-p in S. aureusstrains USA308114, ATCC33591 and ATCC6538.
Experiments were performed inrée biological replicateshe solid line represents the DMSO control and the dashed line
shows half the Oy, of the DMSO control
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Whole Proteome Analysis

To get a deeper insight into the mode of action, again a whole proteome analysis was
performed withbacteria grown under biofilm growth conditions. Samples vagi@Enlyzed
digested, dimethylabeled®” pooled, measured and ayméd Resulting volcano plots are
shown infigure 1Q

A) Cellular Proteins B) Extracellular Proteins
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UniprotID | log, protein name UniprotID | log, protein name
Q2FVR1 6,870 Putative hemin import ATP-binding protein HrtA Q2FV70 2,667 Putative uncharacterized protein, PUP |
Q2FV70 6,133 Putative uncharacterized protein, PUP | f Q2FWF8 2,479 Probable transglycosylase SceD
Q2FVRO 5,155 Putative hemin transport system permease protein HrtB up Q2G212 2,160 Staphylococcal secretory antigen ssaA2, SsaA2
Q2FWF8 3,473 Probable transglycosylase SceD down (Q2FXB1 -2,033 Leucotoxin LukDv
f Q2G2W5  |2,326 Putative uncharacterized protein, PUP VIII Q2FVK5 -2,598 Immunoglobulin-binding protein sbi, Shi
up |Q2FVN2 2,037 Putative uncharacterized protein, PUP IX + Q2G2G0 -2,749 Putative uncharacterized protein, PUP IV
down |Q2GIK7 -2,171 Capsular polysaccharide synthesis enzyme Cap58 Q2FXC7 -3,000 Serine protease SplE
‘ Q2rzZuU1 -2,184 Argininosuccinate synthase, ArgG Q2FWN9S -3,066 Uncharacterized leukocidin-like protein 2, Lip2|
Q2FX19 -2,283 Conserved hypothetical phage protein, Chpp Q2FZB8 -3,147 Fibrinogen-binding protein, Fbp
Q2rzZU2 -2,454 Argininosuccinate lyase, ArgH Q2FXC2 -3,457 Serine protease SplA
Q2G170 -3,075 5-nucleotidase, lipoprotein e{P4) family, Lipf Q2FVK2 -3,825 Gamma-hemolysin component C, HlgC
Q2FWPO -3,491 Uncharacterized leukocidin-like protein 1, Lipl Q2FVK1 -3,977 Gamma-hemolysin component B, HigB
Q2FWW1  |-4,526 MHC class |l analog protein, MHC II Q2FXC4 -3,996 Serine protease SplC
Q2G1X0 -4,806 Alpha-hemolysin, Hla Q2FXC3 -4,756 Serine protease SplB
Q2G2G0 -5,041 Putative uncharacterized protein, PUP IV Q2G1X0 -4,781 Alpha-hemolysin, Hla

Figure 10. A) Whole proteome analysis of cellulproteinsperformed under biofilngrowth conditions in four biological
replicates. Most significantly regulated proteins are marked and ligteelcreasing-test difference. Cut off lines were st

a minimum log fold-change of 2 and a minimuhtog,, (p-value) of 2. B Whole proteome analysis of extracellular proteins
performed in four biological replicates. Most significantly regulated proteins are listed.fQinesfwere set at a minimum
log, fold-change of 2 and a minimuihtog, o (p-value) of 2.

As was already the case in the analysis under hemolytic conditidremnolysinis down
regulated significantly. Furthermoreleukocidin like proteins as well as capsular
polysaccharide synthesis (CP8hzyme were among the dowegulated proteins. Since
capsular polyaccharide is an important virulenéactor in the establishment &. aureus
infection®”! the downregulation of its synthase upokV73-treatment is not surprising.
Leukocidirs are part of the superfamily d@barrel poreforming toxins like o- and U-
hemolysns, and play an important role in viruleri€® All together, a global downegulation

of virulence can be observadthe whole proteome analysis.

In the secretome agait} and o-hemolysn are downregulated. Additionally, fibrinogen

binding protein and several SpIA proteases are reduced in expression. Both play an
14
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important role in biofilm formation. Whereas fibrigenbinding protein is responsible for
cell adhesio®’” serine proteases splA function in the exact oppositeay.’? SplA-F are
expressed upon induction of tagr system, which leads to the detachment of biofffi’
When $IA-F are dowrregulated, this should lead to an increased biofilm formation, which
could be explained by the specific biofilm growth conditions. The doegulation of
fibrinogenbinding protein could be explained byAV73-treatment. Furthermore, GO
enrichment analysis again confirmed cytadysis dowsregulated annotatiorfAppendix:
Table A2)
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2.3. Svynthesis of a Photoprobe and its Bioactivity

Since the parent compourklV73 already bears a phenyl ring and an alkene moiety, the

design for the photoprobe is very clear from the beginning. By the attachment of an azide at

the phenyl ring inpara-position, an aryl azide is introduced as a photoreactive group. An
alkyne handlas used as a biorthogonal handle and can be introduced instead of the terminal
alkeneinAV73. These minor structur al changes might

bioactivity.

1) n-BuLi, THF, 30 min, -78 °C
OH Z OH

2) TMSCI, THF, 15 min, -78 °C g

\\é
o

01 1h,rt. 02
35%
1) (COCI),, DMF o = | 1) DMF, Et;N, LHMDS
CHCly, 30 min, -78 °C
2) PySH. EtsN /\M/\)-L Sy ,Cl
CH,Cly, 2 h, rt. T™S 2) TBSCI
03 CH,Cl,, 2 h, -78 °C
81% 33%
0
i | Br—(i >—\ M
Ny
S D ™S~ -0
P ZnCl, o}
& OTBS
™ CH,Cly, 4 d, rt. 05
S 04
52%
Br
ik OH
= M
Z Z
TMSMH NaNj, Cul -OH
LiAIH, \ Na-ascorbate, DMEDA \
Et,0,2 h, rt. EtOH/H,0 7/3
06 AV73-
84% 8% P
Br N3

Schemel. Synthetic route fothe photprobeAV 73-p.

The sixstep synthesis was initiated with a ThNd®tection of the terminal alkyne of the
starting material, undet0-ynoic acid. After thioester formation a ketene acetal was
synthesized. The lactone was synthesized in a taiigraiyamaaldotlactorization with the
corresponding aldehyd®! After the reduction to the related diol, the azide was introduced

and the alkyne deprotectsiimultaneously/™ to obtain photoprob&V73-p.

Having the probe in hand, we first validated its bioactivity regartgmolyss and biofilm
formation. As already shown in several figuregy(re5C, Figure8B, Figure9B) above, with
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an G of 30uM (AV73: 25uM) and an MBIGo of 35uM (AV73: 30 uM), AV73-p largely

retained antiamolytic am antibiofilm activites, respectively.
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2.4. AfBPP with AV73-p
To define some experimeaitparametersike the required compound concentration ofub0,

AfBPP was first performed gbbsedin an analytical mannewsing rhodamine azide as

visualisation &g (Appendix:Figure A2A).

Since the whole MS/M®ased workflow was already explained in the introductory part, here
just a short summary with specific paramet&saureusvas grown under biofilm growth
conditions, incubated at a concentration ofué0 AV73-p for one hour, irradiated for about
15min, lyzedand clicked to biotin azide. After enrichment with avidin beads, digestion, and
MS/MS measurement, the obtained data wguantified labelfree and angkzed statistically

(Figure11)."®

A) ABPP: soluble fraction B) AMBPP: insoluble fraction
59 5+
4 i . 4- i :
E . S -
m - o -
g 3 g 3
= =
o
2 24 2 24
g g .
[ 1
1 9 1 .
0 T —1 c T 1
-10 10 -10 -5 0 5 10
t-test difference [log,(AV73-probe/DMSO)] t-test difference [log,(AV73-probe/DMSO)]
Ratio > | 1.5][Uniprot ID |Protein name Ratio > |1.5| |Uniprot ID |Protein name
1,86|Q2FWG4 |Membrane protein insertase YidC 1,52|Q2G2W5  [Uncharacterized protein
1,98|Q2FY09 CBS domain protein 1,57|Q2G247 UPF0478 protein SAOUHSC_01855
2,24|Q2FVQ2 |Uncharacterized lipoprotein SAOUHSC_02650 1,62|Q2FW64  |Uncharacterized protein
3,80|Q2FZG5 |Uncharacterized protein 1,85|Q2FWX4  [Uncharacterized protein
>100|Q2FV45 Uncharacterized protein 1,95/Q2G193 Uncharacterized protein
>100|Q2G002 3-dehydroquinate dehydratase 3,10|Q2FV99 Sortase, putative, Srt

3,59|Q2FW92 |Diadenylate cyclase, DacA
4,86|Q2G257 Uncharacterized protein
6,53|Q2FWAS8 |Lytic regulatory protein, putative
O/ 7,91/Q2FVQ2 |Uncharacterized lipoprotein
C) Minimal probe AA-1 8,26|Q2FVN4  |Uncharacterized protein
N 39,39|Q2FXH8 Uncharacterized protein
3 >100|Q2FWE1 |Release factor glutamine methyltransferase

Figure 11. A) AfBPP volcano plot oAV73-p against DMSO in the soluble fraction. The experiment was performed in four
biological replicates. Cut off lines were set at a minimum o folfl-change of 3 and a minimuiriog, (p-value) of 2.
Proteins depied in grey are found equally enriched in the background volp&to/Appendix: Figure A3A, B). Green
marked proteins are found less enriched in the background volcano plot, as shown in the tabléhbetoange marked
protein is referred to in the t£xX8) Volcano plot ofAV73-p against DMSO in the insoluble fraction. The experiment was
performed in four biological replicates. Cut off lines were set at a minimum gfdlagchange of 2 and a minimuitog;o
(p-value) of 2.Color codesame as in A)C) shows the structure of the minimal aryl azide photoprehel.?

To further evaluate the data, additional control experims&ats performed. On the one hand,

a competition experiment witAV73 and AV73-p was conductedAppendix: Figure A3 C,
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D). Here, several proteins were lesser enriched than without competitor and are therefore
more likely to be targets. On the other hand iaimmal aryl azide photoprobe was used to
differentiate background binding from possible targé&gyre 11C, Appendix: Table A6,

7).%2 Only proteins with a logratio greater than 1.5 in th&V73-p volcano plotin
comparison tahe backgroungblot are considered as targefgppendix:Figure A3A, B).

Considering the background binding, thdcamo plots of the soluble and insoluble fraction
revealed six and 13 enriched proteins, respectively. Taking the competition experiment into
account and looking deeper into the function of the proteins, four ofithight be promising
targets: the membranprotein insertase YidC, the putative iron compound ABC transporter,

sortase SrtAype enzyme and diadenylate cyclase.

Membrane protein insertase YidC plays an important role in inserting a diverse set of proteins
into the lipid bilayer of bacterid”’® Whereas no direct evidence for its role in biofilm
formation and virulence is given, a previous study showedytti@tl and yidC2 contribute to
Streptococcus mutarsofiim formation!” Elimination of yidC2 inS. mutansesulted in a

stress sensitive phenotype and impaired biofilm formaffs.

The iron compound ABC transporter lacks firm characterisation. Nevertheless, the whole
proteome data support the importance of iron transport upon compound treatment. Two hemin
im- and transporters are wpgulated after treatment withv73 (Figure 10A). Furthermore,

iron is known to be essential f&. aureusbiofilm formation®™ which fits, since bacteria

were grown under biofilm growth conditions.

Numerous virulence proteins are covalently ditacto the bacterial cell wall by sortase
SrtA 284 Whereas the recognition of an LPXTG motif is necessary for proper attachment,
SrtA additionally cleaves its substrates after threonine -ter@inal motifs. Furthermore,
active sortase is required for thdachment ofs. aureudo eukaryotic cells and thereby for
pathogenesi€?®8% Mutants lacking sortase fail to display surface proteins, and have
problems in the establishment of infectiéii$*®® Interestingly, virulence and biofilm
associated proteins containing the LPXTG motif were identified in the treated proteome
(Appendix:Table A3).

Diadenylate cyclase (DAC) is highly expressed during biofilm growtls.imureusand is
regonsible for edi-AMP synthesis. Cycli@i-AMP represents an important transmitter in
virulence regulation, which fits to the observed phenotVp€! Gries etal. detecteca novel
extracellular role of @i-AMP. In particular, edi-AMP-release during biofilm growth leads to
19
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polarization of macrophages towards an-aftammatory state, and therefore contributing to
biofilm persistenc&® Since the DAC gene has been shown to be esséntalaureusnd
other grampositive bacteriait constitutesan interesting target for new drygshich could be
found by screening foDAC inhibitors Sintim and ceworkers found hydroxybenzylidene
compounds as inhibitors, showing antibacterial and antibiofilm aes¥fif' Furthermore,
cyclic-di-AMP also plays an important role in the pathoggnmutanswhere it regulates

biofilm formation®®!
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3. Conclusions and Outlook
All in all, compoundAV73 is active against virulence and inhibits biofilm formation, which
was shown in different assays. Whole proteome data of cellular and extracellular proteins
simultaneously shogd a strong dowrregulation of virulence and biofilm related proteins,
including Hla and fibrinogeiinding protein. This is the case for experiments performed
underhemolyss as well as biofilm growth conditions, and was further confirmed by gene

ontology anbysis.

To further elucidate the mode of action, A¥73 photoprobe AV73-p, was synthesized and
applied in an affinity based protein profiling workflow. Additionally, two control
experiments, a competition experiment dabeling with a minimal photoprob¢o exclude
background binding, were performed. Parallel binding to proteins associated with
pathogenesis and matching the antivirulent and antibiofilm phenotype, was observed.
Although this study cannot fully consolidate the mode of action, four maiwéres detected,

each playing an interesting part in virulence or biofilm formation, namely membrane protein
insertase YidC, iron compound ABC transporter, sortase SrtA and diadenylate cyclase. To

further clarify their roles irs. aureuwirulence, furtheinvestigations areequired

SinceAV73 is active against both, virulence and biofilm formation, its mechapisinably
goesbeyond the DSS and the whalgr system.lts ICs¢/MBICso values are moderate and in
need of improvement. Nevertheless, given theapg structure ah the low toxicity
(Appendix: Figure A2 B), an applicationin coatings mightbe possible or at least worth
further investigation.
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lll. Manipulation of ClpP Activity

1. Introduction

1.1. The ClpXP protease system

Proteases and the importance of ClpP

A cell commonly producesextracellular and intracellulaproteases While extracellular
proteases are monomeric with high substsgiecificity and oftersynthesizd inactive to
protect the cell before they are secreted, intracellular protegsesudiimeric complexes with
little substrate specificity. Activity and substrate selection are tightly regulated in this
case?*t Examples are Lon, HslUV (CIpQP), ClpXP and Ff&Hwhich are all energy
dependent proteases. Aajor portion of protein degradation is carried outtlyse kinds of
pratease$’ They playan important role irthe cleavage of damaged or short lived proteins

andconsist of two partsa proteolyticactivecore andan ATP-dependent suburdit:*"!

The caseinolytic pretase P, ClpP, represents the proteolytic core of the ClpXP protease
complex. Its majorphysiologicalrole is to maintain cellular homeostasis by controlling
degradation of short lived regulatory as well as misfolded and damaged proteins. Since this
also includesproteins that are involved in regulating stress response and virulence factor

production, ClpP plays an important rolep@thogenicity obacterid®

Function of the CIpXP complex®

ClpP is a highly conservedserire protease which assembles as a tetradecameth an
internal chambeformedby two backto-backstacked hepineric rings(Figure 12). ClpP on
its own canonly act as a peptidase and degrade peptides @jpx amino acid§*%¥ For its
proteolytic activity an ATPase ssociated with diverse cellulac@vities (AAA+ family) is
requred. These ATPases form hexamerand can occur differenly in various bacteria.

Usually CIpA and ClpXare foundin gramnegative and CIlpC and ClpX igram-positive
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bacterid® Amongst other contactshey bind to the surface of Clpkhto hydrophobic
pockets thatare formed between twadjacentmonomers, called the H pockdi&gure12A).
Upon binding, ClpP undergoes a structural reorientation and is kept in an aetige st
ATPases recognize, unfold and translocate the proteimsh canthenbe hydrdyzedin the

internal chambey the 14 proteolytic active s#sof ClpP.

Figure 12. Structure ofSeCIpP tetradecamer in A) top and &)d C)side view.A) Hydrophobic pockets are markedred.

B) shows the active extended st&d¢) t he i nactive compressed for m. In B) and
marked in red(PDB: 3sta)

Structural features of ClpP and ClpATPases

A ClpP moromer can be divided into three structural parts: thersinal region, which is
located at the pore of the heptamer, the head region in the middle and the handle region which
interacts with a second ClpP heptafi@rCIpP is known to bepresent inthree states, the

active extended, thenactive compressedand the interméadte compact statéigure 12B,

C).®3%! |t possesses a unique regicalledt h e i h a nod,| ew hnitdcatil fornsper

and lower heptameric ring contaetsd plays an important role @nformational switche’d”
However, the overall ClpP structuig very similar in all statedt is suggested that ClpP
undergoes a cycl@hereasn one stepproteins are degraded in the active state,ia@adher

stepthehydrdyzed peptide fragmentarereleased through equatorf@res in the compressed
statel%8' 109

Another striking apectis the symmetry mismatch that occurs when ClpP as a heptameric ring
and ClpX as a hexameric ring stack togetfiére binding of the two proteins cars in two
ways. The IGHnNotifs of ClpX bind into thehydrophobic pockets on theirsace of ClpP,
whereas only two to three loops are bound at the samé'fii®"! Additionally, ClpX pore
2-loops are in contact witlthe Nterminal loops of ClpP, which are flexible in appearing in

up or down conformation to compensate the symmetry misrHatth

The ClIpP protease system is broadly consetheoughout bacteria and mammalian cells

where the ClpXP compieis localizd in mitochondrid!®' Typically, ClpP assembles as
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homocomplexthoughM. tuberculosisandL. monocytogenegxpresswo different forms of

ClpP, ClpP1 and ClpR2hat carform a heterocomple’°® 1%

Key role of ClpP under stress conditions

As already mentionedhé ClpXP protease compleglays an importat role under stress
conditions,where proteins unfold dorm aggegates.! 1% n this casecells increasehe
production ofchaperones anproteases, whichedjradethe misfolded proteins.Under such
stress condition€IpP plays a majr role in the degradation of nevative proteingY The
productionof ClpP isclearly increasethty heat shocland other stress cottibns which also
indicates an important rolie thesesituations**** In particular a gelpP mutantis more
sensitive togrowth understress conditionswhere misfolded proteinsaccumulate than the

wild typel*!

S. aureus ClpPs connection to virulence

Frees et alfoundout that both, ClpP and ClpX, are required for virulence in a mouse model
Mice were inoculateavith S. aureuswild type and either a ClpP or a ClpX mutakthile an
infection was caused by the wild typEmost no baeria were detected with @lpP or a
ClpX mutant Moreover the amount of extracellular proteins and toxmgeduced in the

mutant strainswhich is in accordance with the resuwfghe mouse matel, !

In thetheoretical sectigrthe living cycle of S. aureusvas explained and it was shown that
they are either in a biofilm promoting state, or in a toxin production pftaSeie to the strict
controlling sywtem by quorum sensing, is unlikely that one compound is able to reduce
virulence and biofilm formatiomat the same timerhis can also be shown time example of
ClpP. In agxlpP mutant strain, proteins @b enhance biofilm formatiom.g. adhesins,
fibrinogenbinding proteins and elastininding proteins, are upegulated At the same time
virulence effectors are downegulated® Currently there are no approved antimicrobial
agents targeting bacterial proteases, which makes an important subject of ongoing

researci’”
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1.2. Inhibition of ClpP leads to a reduction of virulence

As mentioned befa;, ClpP plays an important role for the virulenceafiouspathogenskor
instance,L. monocytogeneand S. aureuscarrying a delebn of the clpP gene display
attenuated virulence and are less infectiousiurine abscess modéts**#**3lypon chemical
inhibition, the same phenotyman be observed:¥ which shows that it isSndeedpossble to

i di s pathoges.

Addressing thisb-lactoneshave leen reported bgottcherand Sieberto be the first selective
inhibitors of ClpP(Figure13).'** The 4membered lactone ring is attacked by the catalyti
serine, resulting in a covalent intermediddi®cking the active centriereversibly.Preventing
their application in therapeuticdhe main drawback ob-lactones is that they amapidly

#3113 actam, carbamate and estevieties &il to inhibit ClpP

hydrdyzedin human plasm
Heading for more stable moietjes HTSwas performed bydackl et al and phenyl esters
were discovereds ClpP inhibitors Structureactivity-optimization resulted in compounds
thatdisplay superioproteasenhibition, target selectity andplasma haHife compared td-

lactoneqFigure13).3!

— \o fo)
. peUS Nend
(o]
o o
o \
D3

AV170

E2 AV167

Figure 13. Structure of ClpP inhibitorf)-lactonedD3 andE2 and phenykestersAV170 andAV167.

As bacteria are not kilteupon CIpP inhibition, the selection pressure is missing, which leads
to a decreased risk of resistance developntémivever, he downsideof these phenyl esters
is ther poor stability whichtherefore makes them subject of furtbptimization!***!
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1.3. Activation of ClpP leads to cell death

Another method to manipulate ClpP activity is exactly the oppositethe inhibition, buthe
activation of ClpP. This can be achieved by acyldepsipept{@d&EPS. They show
antibacterial activit in severalstrains and actia an entirely newmechanismnamely by
activating ClpF'*® Taken together, most anititics have four proven taets: cell-wall
biosynthesis, protein synthesis, DNA replication and repau cytoplasmic membrane
function™"*® Due to the rising antibiotics resistance crisiss even more important to

develop antibiotics addressing new targets.

Isolation and structure of natural ADEPs

The natural product&a5455A (ADEP1)and Bwere first isolated ir198& from Streptomyces
hawaiiensis from a mixture of eight depsipeptidic factdrs**” Enopeptin A and B were
isolated in 1991 fronStreptomycesp. RK1051 (Figure 14).120121 Altogether ADEPSs
consist of a macrocyclic lactone core composed of $wenfigured amino acids and
lipophilic acylated phenylalanine side chafdngoing structurabptimizationof the natural
isolates led to the development of many different ADdeRvatives some of them will be

discussedater*?"

R1

\ A54556 A R'=CH;

[0} O

NH O J A54556 B R'=H
0o OHO
N >—’./ 0 enopeptin A R'=CH,
/ N HN Q R?= WN
H o

enopeptin B R'=H o)
HN

\R 2

Figure 14. Structure of aturaldepsipeptide antibiotics.

Among othes, ADEPs are active againsiram-positive methicillirresistantS aureus
vancomycinresistant enterococgi penicillin-resistant S, pneumoniaand againstgram
negativeN. meningitidesand Neisseria gonorrhea®**%*?2 Covering this broad range of

bacterial species, there is a deep interest in further investigation.

Binding of ADEPs

ADEPs bind to the same hydrophobic pocletATPasebke ClpX, mimicking the IGF loop

of the chaperoneAs a consequence, thetdrminal region is structurally reorganized and
ClpP fopens its gatefor larger polypeptidegFigure 15).1%31%4 Usually, the axial pore

formed ly the Nterminal region of CIpP is narrow, to prevent uncontrolled proteolysis of the
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ClpXP complex Moreover, upon ADEP bindingthe rigidity of the equatorial region is
increasedand atalysis is stimulated**?® This allostericeffect additionally leads to an over
activation, whichpromotesthe degradation of larger peptides or nascent proféité!
Amongst others, one&rucial substrateis the cell proliferation protein FtZ. Upon FtZ

degradationcells are not able to differentianymore, whichleads to inhibiton of cell
[94,127]

division and therebto cell death

+ ADEPs
TR

Figure 15. Top view of the sucture of ClpP befordleft) and after(right) the binding of ADEPs, which leads tm a
enlargement of the poré?DB left: 3sta, right: 5vz2)

The H pocket

H pockets arenydrophobic pocketsformed between tav adjacent ClpP monomegt the
apical surface of CIpPAs mentioned above, ATPases mediate interaction WigseH
pocketsvia their IGFmotifs. The phenyl moiety and the aliphatic side chain of ADEPs mimic
this kinding of thelGF loop. Crystal structureshow a clear overlap dhe phenylalanine
moiety of ADEP1 with the phenylalanine located in t68& loop®*1°*1%l|n SClpP Tyr63
plays an important role in ADEP binding, by stabilizing it with two hydrogen bondsad
hydrophobic interaction. IADEP-bound struaires, the Vr63 is rotated by 90{Figure 16).
This twist initiates activation of ClpPn SaClpP, a mutation of ¥r63 to alanindeads to a

rotated peptide backbone, due a lower energy barrierThis mugation enables #n

degradation of casein and FteZClpP alone,which emphasiesa key role of thistyrosinein
(931291

the hydrophobic pockem activity regulatio

Figure 16. Structure ofSeClpP with maked Tyr63, in A) without the binding of ADEPs anuh B) rotated by 90Upon
ADEP-binding.(PDB: A) 3sta, B) 5vz2)
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The H pocket is alsceferredt o as a A mwatsch is mot oslydorinectedito the N
terminal, but alsdo the handle regiof™ A Fi | | i rpocket leadisea stebilization of the

handle in an active extended conformation, accelerated substrate turnover by catalytic sites,
widened axial pores arah overall more stable and sttui@lly less flexiblecomplex ADEPs

can therefore be described as sterical locks which fix GlpRhe active extended

form.[94124.128]

Activation and Inhibition by ADEPs

The describedactivation behaviour can be alerved in different bacterial specigke B.
subtilis, Streptococcusand Enterococcu$ 4% whereasmycobacteriamake an exception.
Here, ADEPs inhibit CIKP function by occupying the ATPase binding pocket, instead of
leading to a conformational activatiari ClpP®***"! ADEPs have a higher affinity to ClpP
than ATPasedo, a single molecule is sufficient to displace a whole ATPase hex¥rféHn
contrast to other bacterithe cell division protein FtsZ is not degradednimcobacterialn

this case,ADEPs kill the bacteriaby preventingthe interaction between ClpP1P2 and
ATPased™ Hence, thebinding pocketseems to beccupied byboth, activators and also

inhibitors

Optimization of ADEPs
Antibacterial activityis limited for natural ADEPsin vitro, and totallygonewhen moving @

[90.120]They seento have pharmacologically unfavourable properties, like

in vivo experimend.
poor water solubility chemical instability and rapid systemic clearafi¥eParticularly, the
chemical stabilityis limited by the lactone core, which readily hydréyzedin basic and
acidic agueous medium, the serine hydroxyl group, which elinsnaider noraqueous basic

conditions andthe conjugated triene, whick $ensitive to temperature and ligfl!

Hence,Hinzen et al.went for structure activity relationship (SAR) studidsrom the start,
optimizationwas focused on parts of the molecule that are not directly involved in the binding
to ClpP. Namely that werd-methylalanine, the northern proline and the aryl or alkyl chain.
Moreover, they refer to a principle in medicinal chemistry, which isxtoease potency by
reducing the entropy disadvantage during the binding. That isigidification of the lactone

core was also part of their investigasétt” In the endthey came up with ADEP4, which
wasthe structureshowingbest potency and stabiliffrigure 17). Even treatment of lethé.
aureusinfections in mice showed a therapeutic effect superior to a marketed antibraic.
crucial elements theydoptedwere thepipecolate the 3,5difluoro-phenylalanineand the

unsaturated taif?”
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Furtheroptimizatiors were implementedby Arvanitis et al, who desgnedADEP B315 with
4-methylpipecolate and aallo-threonine(Figure 17). The compound has effective MICs in
S.aureus S. pneumoniaand E. faecalig"***3% Additionally, ADEP B315 waeffective in
mice models with méicillin-sensitive andresistantS. aureusstrains In the MRSA strain it

even showed an effect, where vancomycin at the same dose was inefféttive.

(N\JYO F F QYO F. F <N\)\f0 F. F
SN0 o \/&O SR \(&O o,
o) \\\"o o NJS o\ o J, )S oW o J,
H
5‘% HNT]/\/\/\ 5\‘% H HNY\/\/\ 5% H HNT(\/\/\/
o o} 0
ADEP4 ADEP B315 ADEP G26

Figure 17. Structure of optimized ADEPSADEP4***, ADEP B31%°? and ADEP G2622.

Goodreid et alfurtherimproved ADER alsofor gram-negative bacteridMost gam-negative
bacteria are resistant tADEPs, due to cellular efflux mechanisms or limited membrane
penetration. Thie optimized ADEP, here stated ADEP G26shows potent antibacterial
activity against the twomm-negative straind). meningitidesandN. gonorrheagFigurel17).
Additionally, it showsactivity against ark. colistrain with an outer membrane defddénce,

a combinedstrategy with compounds known to compromise the outer membrane seems
promising.Moreover, the compound G2&veals improvedcivity in several gam-positive
bacteria.lts structure contains the methylated northern proline, pipecaltethreonine and
octadienoic acid in the side chairigure17). Stability studies showed the diene to becmu
more stable at ambient conditions than the original triene of the natural protficts.

In total, alloptimizedcompoundsshow strong activityor variousbacteri strains although
there is no variant which tackles all pathogenic strains at élmeever, b address differd
problems withdiverseoptimizedcompoundseems to ba goodstrategy.

Resistance development and combination treatment

Resistance to ADEPs was found by selecting for colonies which grew on -8&E&ning
agar platesBrotzOesterhelt et al.found that resistance isnediaed by the loss of ClpP
activity, at least in bacteria where CIpP ig mesential'****? This is achieved by mutations
diminishing the function of the protein complexAdditionally, ADEPs a&e susceptible for
efflux pumps,which plays a major role in for instandé. tuberculosisbut could be handled

§116,125,130,135

with efflux-pump inhibitor In M. tuberculosisCIpP2 is essential and therefore

resistance development by midat is not possible, emphaisig ClpP2 asa good target for
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drug developmentn these bacteria ClpP2 is an essential protein, which excludes the above
described resistance mechanism. Since this path is then impossible for the bacteria, it might
be a good drug targef” In the case ofM. tuberculosis where ClpPassembles as
heterocomplexADEPs only bind to one heptameric ring, but appear to open the pores of both

rings. In the heterocomplex, ClpP2iisectly stabilized, ClpP1 indirect!§3®

Interestingly no crossresistance to marketed antibiotics was found for ADE43"
ADEP4 not onlykills persisters surviving ciprofloxacin treatment, it is also active against
stationary phas&. aureuswhere conventional antibiotics are inactit'e.combination with
other antibiotics, especlglwith rifampicin, ADEPs show a great efficacy spectftifl.
These two antibiotics together are even dableompletely eradicat8. aureusbiofiims in
vitro and in a chronic infection mouse model, revealing a promising strategy for

therapeutics”!

Fragments of ADEPs and other natural product activators

Carneyet al found out, that fragments of ADEPs amecessaryand sufficientto activate
ClpP. The smallest fragment they desciiberestatedPAK4) only consists of the side chain
of an ADEP, whichlies deep inside thdwydrophobic pocket (Figure 18). The whole
macrocylic core is located on top tifie pocket, taking over stabiition They foundthat he

peptidolactoneorealonedisplaysno activity!**®!
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Figure 18. Structure of ClpP activatorsADEP fragmentPAK4, ACP-1 and the natural activatetlerotiamide.

Using a high throughput screen (HTS) against commercially available compound libraries,
Leung et alidentified several compounds that were able to activate ClpP. They called them
activators of selftompartmentaing proteases (ACPsACP-1 representgheir optimized
compoundand shows good drtlgke characteristics, with a ClpP activation comparable to
ADEPs!®1391%0\weaker ACPs not only bind to the H pocket, but also to the C pocket, which
is locatedratheron the equatorial side of CIpB:*¥Ye et alclaim, that this pockecould be

used as an allostersite to develop novel ClpPtaators®
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A HTS of fungal and bacterial secondary metabolites was performeddabgy et & and
scleroiamide could be identified as first n&DEP natural product activatoryith modest
potency compared to ADEPs and ACBS*! Thus, optimization of the natural product is

requiredfor further applications.

Taken together, a manifold of compounds besides ADEPs have been developed in order to
manipulate ClpP activity. However, as ClpP displays a promising antibacterial target, further

research fothedevelopment of more potent compounds itigfent need.

1.4. Known ADEP-Syntheses

By now, two different approaches for ADE¥nthesis are known. On the one haBdhmidt
et al. established a method, which closes the ring with a lasgdion followed by couplings
to build upthe side chainHere, pptide fragments are synthesized in soluti@iorehand"*
On the other hand;oodreid et alpublished a synthesis for a peptideilt up using solid
phase peptide chemistry. Thag-closureis achievedria lactonization Both methods will be
illustrated in the fdbwing (Scheme2).**3!
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Scheme?2. Two different approaches for ADEP synthedisctonizationof a pentapeptide, synthesized by sqiithse
peptide chemistry, described Boodreid et alin 2015 and lactarsationof a peptapeptide synthesized byusimn phase
chemistry, described Bychmidt et alin 19971142143
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In 1997,Schmidt et aldescribed the first ADEP synthesis,afopeptin B*?) andHinzenet
al. used the same method for the synthesis of different ADEP derivatives if*2b06.
general, a tripeptidesicoupled to a didepsipeptide, and the resylgantadepsipeptide is
cyclized with S ¢ h micyclizétisn method, which was published in 198920242144 The
cyclizationof the activated acid as pentafluorophenylesteedalace in a twphase system

consisting of aqueous NaHGQGnd chloroform**>44 After cyclization the Z group is
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deprotecteda Boeprotected phenylalaninmoiety is coupled, deprotectatidcoupled tathe
final acid!*?>!*? The sane procedure with little adaptiongas used byGoodreid et aland

Carney et alin 2014!1%1%°]

The never approach, introduced b@oodreid et alin 2015, included three major changes:
First, the peptid was synthesizedia SPPS, scond, the whole peptiddain wa synthesized
before thecyclization andthird, thecyclizationinvolvedthe formation of a lactorf&®® Since

the yields of the lactarmayclizationwere rather low, this was an advantage in comparison to
former methodsCyclizationand formation of the lactone is achieved bi}BA, DMAP and

a Lanthanid€lll) triflate catalyst. Furthemore, SPPS is a straightforward method to

synthesize the desired peptide.

1.5. Activity of a first ADEP-photoprobe

For deeper investigations of ADEPs and ClpP a first AQdEBtoprobe was synthesized
previously,based on the ADEP7 structufgiqure19).4®! The synthesis was built on solution
phase synthesis with lactam formation cslization method**? Instead of ZE-heptenoic
acid, which is incorporated in ADEP7, a minimalist photoprampiipped witha diazirine
moiety and an alkyne handle, was introdutedorm the respectivehotoprobeADEP7-p
(Figure19).1*4®!
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Figure 19. Structure of ADEP7 and the ADEPhwtoprobeADEP7-p.
In order to monitor bioactivity of the ADEPhotqrobe, aClpP activation assay was
performed However, no activation of ClpP could be observed, probably caused by the
incorporation of the diazirine and alkyne moietfé8.As abioactive ADEP photoprobe will
enable a huge number of experimental set ups, fusfitenizationis of urgent need.
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1.6. Scope of this work

As described aboveaseinolytic protease P is a valuable target for compounds with antibiotic

and antiviruént dfects, by activating and inhibiting ClpP.

The activation of ClpP constitutes an important issue and represents the main part in this part
of the thesis. It was addressed by the investigation of ADEPs and their interaction with ClpP.
Based on structe activity relationship studies and bioassays, a corresporugtitigiized
photoprobe, equipped with a photoreactive group and a biorthogonal handle for the
attachment of a linker, was designed agdthesizd. Gel and MSbhased ABPP experiments

were perfomed and revealed ClpP as a target. Besidesnvestigation obff-targets, one

goal was thdabelingof CIpP in an inactive statevhich was not possible befofieigure20).

ge 3 8. At
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\ \ \

ADEP4 266 288

Figure 20. Structures of ADEP4 and two ADEphotoprobe266and288

Although the focus mainly lies obactericidalcompounds,the inhibition of the ClpXP
complex was addressed as whihibition of the ClpXP complex is attractive, sindeulence
of pathogensc an be fs W€ H erdr thisfreason two CIpXP inhibitor
compoundsvereinvestigated regarding their activiagndtheir phenotypic effecin addition,
the goal was to design asgnthesizea photoreactive probeClpP andoff-targetsshouldbe
revealedwith the application oan AfBPPworkflow. The two ClpXP inhibitors are shown

figure 21andoriginate from a HTS that was performedfstzer et af**"!

Figure 21. Structures oClpXP inhibitorsAV335 andAV339.
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2. Inhibition of the ClpXP complex
In this part of the thesis antivirulence shallbe covered bythe investigation of pXP
inhibition. As mentioned above, this might be an elegant way to overcome, or at least delay,

resistance development.

2.1. Inhibitors and related compounds

A high throughput screen was performed to select for ClpXP oty Fetzer at al™*"!

which wasdonevia a protease asgawhere GFP as substratevasdetectedvia fluorescence.

Two inhibitors AV334 and AV336*% were published showing disruption of the ClpX
chaperone complefFigure 22). Two further non-covalent inhibitors AV335 and AV339,
exhibited interesting resultsand aredealt with in ths thesis(Figure 22). Since the two
compounds have some structural similarities, this was the basis for structure activity
relationshipstudies to make out the best modification sfta the attachment of photolabile
moiety and an alkynehandle for AfBPP experimentsFurthermore, the mechanism of
inhibition, or the place of the event should be elucidated.

e
IO
o (o

AV334

AV335 AV339

Figure 22. Structure of publishedClpXP inhibitorsAV 334andAV336 and inhibitorsAV335 andAV339.

Structurallysimilar compoundgor SAR studiesvere obtained b hemDiv(Figure 23) and
biochemical assays weperformed which will be explained in more detail later (Cherp
2.2.). Several modifications alifferent positions of compoundV335 were choserno find

outtheimportanceof theseparts of the mieculefor ClpXP inhibition.

Compound<CD8, CD9, CD11 with different substituents at the phenyl ring should reifeal
the position or the substituent itself are important for the afit@€lpXP inhibition. While
the parent compoundV335 bearsa fluorinein para-position,CD8 has a fluorine irmeta
andCD9 andCD11 a chlorine inpara-position. If modifications are tolexted, an aryl azide

could be introduced as photoreactive groufhese positions

Compoundgacking the phenyl rinCD1 to C5) were utilizzd to elucidate if thehenyl ring
is anessentiapart of the moleculeHere,compoundsCD7 andCD10 wereof speci&interest
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because theyot only lack the phenyl ring, but also bear anyatk handle which could be
used for click chemistry and enrichmentan AABPP experimentinterestingy, compounds
CD4, CD6 andCD7 bear arethermoiety and compoun®D3 an estemoiety at the phenyl
ring. At those positionghe introduction ofa minimal photocrosslinkerequipped witha

diazirine andanalkyne handle might bgossible.

If the alcohol in compound8D2 or CD11 would be accepted, the introduction of a minimal
photocpsslinkermight be possible there too. The same applies to the ami@®in which

could be used as antroductoryposition.
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Figure 23. Structures of structurallgimilar compoundsCD1 to CD11. Pats of the molecules that differ the parent
compoundAV335 aremarked in orange.
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2.2. Assays to elucidate the mechanism of ClpXP inhibition and SAR studies

Studies to elucidate thmodeof action were performed andrgcturaly similar compounds
CD1 to 11 were used to simultaneously determine SAR studies for the design of a
photoprobe.

2.2.1. Protease and GFP unfolding Assay
Before evaluating themode of actionthe modifiedcompound were tested for theinhibitory
effect on the ClpXP complexhrougha proteasassay. Here, GFequipped with a Ssrag
was used as a substrate and protease actwasymonitoredvia the fluorescence upon GFP
unfolding. As depicted infigure 24A, it can be conclude that compoundsCD3 to CD7
display no ClpXP inhibition. Compound€D1 and CD2 show inhibition with I1Cso values
around35 pM. Strong inhibition withiCsg values of 0.1uM to 3.0uM emergen compounds
CD8to CD11. AV335andAV339 were included as positive controls and shd¥Cs, values
between 0.uM and 3.0uM.

A possble mechanism for ClpXihhibition could be the disruption of th@oteasecomplex.
Therefore, grotease assay witminactive ClpP mutantS98A was performedn this case

fluorescences onlydetected, if the complex is inteatd GFP is unfolde(Figure24B).

A) Protease Assay B) Unfolding Assay
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Figure 24. A) Protease activity assay and B) G&ffolding assayusing SsrAtagged GFP as substrate. For B) an inactive
ClpP mutan{S98A) was used. All values were normalized te ttMSO control, which shows full protease and unfolding
activity. Compounds were tested at concentrations of.Md0

The results of the GFBnfolding assayfor compoundsCD3 to CD7 confirm the protease
assayresults,sine no disruption of the complex waletected. FOIAV335, AV336 and
CD11, a disorder of the compleag likely, butfor all other compoundéD1-2, CD8-10) the
assay dl not give a clearesut. For these compoungdBuorescence is around half as high as

with the negative control, which miglhie a hint to complex disruptio@nly the inhibited
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protease activity can be reliably concluded and the suspected reason could be a disrupted

ClpXP complex, but it cannot be confirmed.

2.2.2. Peptidase and ATPase Assay
Since it is not clear if the whole CIpXP cphax is disrupted or if only one of the two proteins
is inhibited, this neededo be examinedTo get further information about thénhibited
protein peptidase red ATPase assays were perforntedcheck for inhidion of ClpP and
ClpX respectively.

For vdidation of the peptidase activity of ClpP, AMC substrate was used for detetiion
fluorescenceAV170, a phenylester that is known to inhibit CIpP activity’! was used as a
positive control at a final concentration ofulid. All other compounds were tested at a
concentration oflOOuM (Figure 25A). Almost no compound shows inhibition on peptidase

activity, apart fromCD11, whichshowsa similar effect as the positive control.

To investigate ClpX activity, two different ATPase assays wereopaegd. The first assay

was an enzyme coupled assay, where the readout of ATPase activity was performed indirectly
over NADH/H" "% |n the second assay, a malachite green assay, a complex that was directly
formed with the ATP feased phosphateas detectef*”

A) Peptidase Assay B) ATPase Assay
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Figure 25. A) ClpP assay to check for peptidase inhibitiupon treatment with the depicted compounds. Compounds were
tested at 10M, AV170 was used as a positive control at a concentration of 1 pM. All values were normalized to the
DMSO control which was determined to an activity of one. B) ATPa&say, tocheck for the inhibition of ClpX.
Compounds were tested atconcentratiorof 100uM. All values were normalized to the DMSO control which was
determined to an activity of one. A+B) Activity was determined out of the initial slopes.

Theenzyme coupledTPaseassay did not show argjearresults Figure25B). Many of the
compoundsvenseem to activate ClpX, especialyy/335 andCD11. It must be pointed out
thatin this assaya lot of enzymesre involved increasingerra probability. Therefore, a
second assaywhere the ATP released phosphate is directly detegtad performedThe
malaclite green assay showed aroun®@@nd 50% inhibition of compoundsV335 and
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AV339 respectively(Appendix Figure A4)On the one handhese results are more reliable
due to the explained direct phosphate detection. On the otherthasdstand at least for
compoundAV335 in direct contrast tdhe enzyme coupledATPase assayTherefore,the
results cannot be consideraefinite orreliable.

2.2.3. FITC-Casein Assay
As the disruption bthe complex might play a rokes depicted abové,might be possibléhat
the inhibitors Ind to the samgocketsasactivators do. ADEPs bind to hydrophobic pockets
at the apical site of ClpRyhich mimic thebinding of ClpX, and therehwctivate Clpp*2*15
If this hydrophobic pocket would beccupied with inhiior, ClpX wouldnot be able tobind
anymoreand the complex would b#isrupted.Furthermoe, activation of the ClpP peptidase
might be possibleas well.Hence, a ClpP activity assayes performedising FITGcasein as

substratewhere itsdegradation can be detectad fluorescence.

A) FITC-Casein Assa B) FITC-Casein Assay (conc. dependent)
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Figure 26. FITC-casein asay A) wth different compounds at a concentration of 100 uM and B) concentration dependent
with activatorPAK4 with and without inhibitorAV335.

The ClpP activity assayreveaéd that none of the inhibitolgve any activating effect ddpP

at a concentration of0D uM. Here PAK4, an ADEP fragment which is known to activate
ClpP, was used as a positive cont(Bigure 26A).*%8 An interaction of the inhibitor might
still take place at the hydropholpockets,but without triggeringactivation. To check this,
dose down experiments witRAK4 in presence and absenoé inhibitor AV335 were
performedOnce again, @ivity of ClpP was readout throughFITC-casein A competitionof
inhibitors with PAK4 would give a hint that botltompoundsnteract withthe same pocket.
Looking at the concentration dependent FHda&sein assay, a slight shift can be seen upon
AV335 addition. Thiswould fit with the positive result of the GFP unfolding assay, where a

disruption of the complex is assumed.
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2.2.4. Thermal Shift Assay
To further elucidate whh protein is involvedn the inhibition processhermal shift assays
(TSA) with bothproteins,ClpP and ClpXwere performedWhen interacting with a protein, a
compound might have a stabilizing or destabiliziriteet, which leads to a #h in the
melting point of the proteiand can bedetected in this kind of assdy? Therefore the
fluorescence of Sypro Orange is used as readout, which can be detected upon melting of the

protein[*>¥ 1%

As illustratedin figure 27 no significantshifts of the melting point can be deted for the
incubation of ClpP withAV335 and AV339 in comparison to the negative conti@MSO.
This leads to the assumption that no inhibpostein interactionoccurs or is at least not
strong enough foaffectingthe proteins melting poinEor meltng curves with ClpX, no clear

melting points could be determinedth or without the addition od compound.

A) Thermal Shift Assay with ClpP and AV335
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B) Thermal Shift Assay with ClpP and AV339

4000+
DMSO

100 uM AV339
80 uM AV339
60 uM AV339
40 uM AV339
20 uM AV339

2000+

0+

-2000+

-d(RFU)YdT

-4000+

-6000 T T T 1
0 20 40 60 80 100
Temp. [°C]

Figure 27. Thermal shift asays of ClpP with AAV335 and B)AV339. Shown is the first derivative of the melting cuofe
the protein.

To sum up, TSAs did not help to reveal the inhibited protein. While the determination of the

melting point of ClpXis problematic in generaClpP did not show any shifts upon compound
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treatment. Thisis a hint that the compound operatestla¢ surface with only weak

interactions, not affecting the melting point of ClpP.

2.2.5. Conclusion
To conclude, the inhibitors do not inhil@pP or ClpXon theirown, neither in the peptidas
assay nom the ATPa® assayMoreover,the thermal shift assaydinot give a clear hint for
one solely inhibitedprotein It is clearthat some of the compound&Vv335, 339 CD1-2,
CD8-11) do inhibit the ClpXP complex. Although the mechanism is not elucidated yet, the
disruption of the complex might play a role as aaded with the GFP unfolding assay.

40



Inhibition of the ClpXP complex

2.3. Consequences for S. aureus phenotype and its proteomic level

It is well known thatthe inhibition of the CIpXP complex leads #bdecreas in S. aureus
virulence!**? As described beforecompoundsAV335, AV339 and CD8 to CD11 show
inhibition of ClpXP in a proteolytic assayAn dternative approach is to invesgjate their
effectson the phenotype and on a proteomic le¥r this,a hemolysis assay as well as a

secretome analysis weperformed.

2.3.1. Hemolysis Assay
To find out whethehemolys$n productionof S. aureuss downregulaed upon compound
treatment, a blood agaemmolysis assay was performé&bmpoundsand bacterial suspension
were placednto defined slices of filter papen the blood agar plates aA¥334%% was
utilized as a positive controlFgure 28). A reduction inhemolysn productionof S. aureus
can be observed whehe blood on the agar platesnot affected and therefore no white area

is visible around the filter paper.

Figure 28. Hemolyss assay on blood agar plates. Compourd@®mM stocks ofCD1 to CD11, AV334 and AV339in
DMSO, or DMSQ and bacterial suspensi¢8.aureug was given on a filter paper on the agar plate. DMSO was used as
negative AV334 as positive controlAfter 20 h at 37°C theeffectwasbe detectedThe light area arountthe spotsrepresents
hemolytic activity.

As depicted infigure 28 most compounds did nathibit S. aureushemolyss production
Neverthelessyacteria treated wit€D10 showedalmost no hemolytic activit)gomparable to
the positive controlvith AV334. In contrastto the DMSO control,n the case oCD1, a
really narrow white area can be observed around the bacteria. @Gb8eand CD4 show
medium actrity, all other compounds showike DMSO controls,no effect onhemolytic
activity of S. aureusWith compounds<CD1 and CD10 being the mospromisingregarding

this assay, thewere chosen for further secretome analysis experiments.
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2.3.2. Secretome analysis
To clarify the phenotypiceffect of compoundsCD1 and CD10, a secetome analysis of
S.aureus NCTC8325 cells was perfomed. Cultures were grown withthe respective
compundat a concentration of 50M for 20 h at 37C and weresterile filtered afterwards.
The secretomeaspreparedor label free quantification anahdyzedvia MS/MS. Resulting

volcano plots are shown figure 29
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Figure 29. Secretome analysis @&. aureuswith compounds A)CD1 and B) CD10 was performed irthree biological
replicates Most regulated proteins are marked and sorted in decreatsgdifferenceorder (AppendixTable A4, 5). A)

Cut off lines were setit a minimum log fold-change of Zor andat a minimumt log,q (p-value) of 2 B) Due to thefew
protein regulation, cut off lines were seatninimum log fold-change ofl for andata minimumi log (p-value) of 1.

In the volcano plot of compour@dD1, a global dowsregulationof proteinscan be observed
(Figure 29A). A closer look reveals thato major virulence factorse.g. Hla are present.
Looking atthe up-regulated sectigrtwo interesting proteins, surface protein(&asG)and
ESAT-6 secretion accessory factor Esafke found. WhereaSasGpromotes adhesion of
bacterial cells and cellular aggregation leading to biofilm format6n®” accessory factor
EsaAis a virulence factor associated with pathogeneses and persistence in host'¥ssue

This evenndicates a more virulent pathogeiehaviouthanwithout the treatment aZD1.

For compoundCD10 not many proteins areip- or downregulated and arshown in the
respective valano plot(Figure29B). One protein, tincated MHC class Il analog pei is

involved in pathogenest&” which unexpectedlyis up-regulated. Regarding the two
component regulation systemsistcan eiter be a hint tawardsa downregulation of another

pathway or just the fact th&D10in this case has no visib&fect on virulence

Altogether one can say that almost no virulence or biofilm regulating proteins a up
downregulated concluding thaboth compoundsCD1 andCD10, failed the goal ofCIpXP
inhibition, the downregulation of virulence. At least for compou@D1 this result is in
accordance with thieemolyss assay performed befof€hapter 2.3.1.)Since the result of the

42



Inhibition of the ClpXP complex

hemolyss assaylooked promising forCD10, it is not clear whythe same resultannotbe
observe on a proteomic level. In comparison to compo@idl few proteins are regulated
upon CD10 treatmentin general.lt needs to be kept in minghat thehemolyss assay was
perfomed withhigh compound concentrations of 16M. The exact concentration cannot be
determined since it is given onto a filter paper in an agar plate, but it is cleahehat
secretome analysis was performed in a far lower rangelbih particular, whichmight be

the reason for the opposing results. Although it might help to perform experiments with a

higher compound concentration, this will not improve the compounds effect in general.
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2.4. Conclusion

Several assays have been performedeteal the mechanis of the ClpXP inhibitionof
compoundsAV334, AV339 and CD1 to CD11, but it could not be fully elucidatedSome
hints fromthe ATPaseand the GFP unfoldingssaypoint towards an inhibition of ClpXr an
inhibition of the interaction of the two proteimespectively The dose down FIT€asein
assayhowever pointstowardsan interaction with ClpP, which could take place at the surface
of ClpP.This in turn might be a hint to the disruption of the compléxfortunately,none of
these hints coulte confirmed by other assays. Furthermotlkee hemolyss assay determed
to have an arthemolytic effect only in bacteria treated witliiD10 and slightly also CD1.
These compounds were further tested in a secretome analysis, whee oo down
regulationsof impartant virulence factorsould be observedAnother step could beo
investigate the whole proteomer experiments could be repeated with far higher

concentrationddowever, this would not improve the effect of the compound itself.
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3. Synthesis and Activity of ADEP Fragments and Derivatives
ADEPs activate ClpP and thereby have an antibacterial effet anreusTo find ADEPs
targets and offargets and demonstratdabeling in inactive mutants an appropriate
photoprobe is needddr AfBPP experimentgirst ADEP fragments were generatt find
beneficial positions for the introduction afphotoreactive group and an alkyne handleen

a fragment photoprobe, as well as two ADEP phatbogs were designed asgnthesizd.

3.1. Overview and Synthesis of ADEP fragments

To figure out the best positidior the introduction of the allke and thghotoreactivenoiety,

an arylazide on diaziring seveal ADEP fragments wersynthesizd. As mentionedefore,

ADEP photoprobDEP7-p was not able tactivateClpP anymore(Figure19). Sincein this

scaffold the only alterationwas made at the side chain, it is probably awilable for
modifications. Chages that couldead to deteriorated bindirgyethe missing double bond,

the lengthof the side chain, the additional alkyne and of course the additional diazirine
moiety. These modifications should be addressed by the comparison of some known and also
new designed ADEP fragmer(tsigure30).
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Figure 30. Overview ofsynthesizd ADEP fragmentsPAK4 andF7 were first synthesized barney et alin 201418

Literatureknown compoundsPAK4 and F7 were choseffior comparison While PAK4 is a

real minimal fagment,F7 represents a bigger fragméfif! Fragment=8, based orF7 was
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designed teshow if the additional alkynand the missing double bond constitatproblem.
The length of the side chairequippedwith a terminal alkyngewas investigated with
fragments1, F2 andF3. To furtherelucidatef the double bond igruly required for activity,
fragment F4 was designedso that a direct comparisam compoundF1 was possible
Equipped withthe double bond andn additional alkynethey only differ in the double bdn
A new positionfor the photoreactivanoietywas found bythe introduction of an arylazide at
the phenyalanine, instead of the diazirine in the side cBai. scaffolds with azide moieties
in para and metapositionswere designed for testing5, F6). An additionalfragment, a
smallfragmentADEP photoprobd&H235, equipped with a diazirine moietyassynthesizd

to have a small selection of prob@sgure 30)
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Scheme3. Synthetc routes for ADEP fragments AF7 andF8 and B)fragments=1, F2, F3, F4 andBH235,
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Most of the fragmentsF1l to F4 and BH235, were easily accessibleia esterification

followed by Boedeprotection andamide coupling, as described Barney et al.in 2014
(Scheme3B).'*! Reactions yielded between 34% and 45% of the respective product after

three steps. Two bigger fragmerftg,andF8, were synthesizeda a four step synthetic route

(Scheme3A). Here, esterification as well as Bedeprotection and following amidation

worked with very good yields between 89% and 99%. Final stgpse moderate yields
between 11% and 29958

Aryl azidesF5 andF6 were preparedtarting from Boeprotected phenylalanine with bromide

in para- and nitro group imMmetaposition, respectively. The introduction of an azide yielded

in two possible photoprobeS¢hemet). The azide irpara-posiion was introduced according

to a patent from 2014°% the azide irmetapositionwas built up using imidazolsufonylals,

which was synthesizeteforehand®'? Yields in all reactions were moderate good

between 56% and 77%.

A)
i ?
oA

B)

Br N3 Nj
= oH
NaN; Cul, NaOH
Na-ascorbate, DMEDA o EDC * HCI, DMAP 16}
EtOH/H,0, 24 h, 100 °C )H CHyClp, 4 h, rt.
HN (0] ’ " HN (o) ///\o HN (0]
Y \K 56% T \K 62% Y \K
o (0] O
13 14 15
N3
i) 40% TFA (0]
CH,yCly, 1.5 h, rit. R
/\O .
ii) E-2-heptenoic acid, HN X
HATU, DIPEA TS
DMF, 18 h, r.t.
r F5 °©
77%
CuSO, " 5 H,0

EDC - HCI, DMAP

Imidazolsulfonylazide

CH,Cl, 2 h, rt.
74%

NH,
H,, K,CO3, 10% Pd/C o
o

MeOH, 20 h, r.t. '

HN o
ToK
(6]

MeOH, 16 h, r.t.

64% over two steps
17

=z o Y = o

ii) E-2-heptenoic acid

N3
(0] %
HO)H_\\\

HN 0}
MRS

N3 N3
i) 40% TFA
o CH,Cly 2 h, rt. o

HN__O HATU, DIPEA HNW
b j< DMF, 18 h, rt.
19 o] 6

64%

Schemed. Synthetic route of ADEP fragments Ap and B)F6.
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Having several ADEP fgments in hand, the next step whe evaluation of their activity

which will be described in the following chapter.

3.2. Activity of ADEP fragments

All of the known or new designed fragments were tested for pieieolytc activity on ClpP
via monitoring of FITGcasein degradatiodMSO was used as a negative control uR0
PAK4 as a positive controlThe activity ofPAK4 was defined a400% and all other values

were normalized to thafll compounds were $ted at a coneration of 20uM (Figure31).
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Figure 31. Results ofa FITC-casein assagn the leftandthe structureof PAK4 on the rightwith crucial structure elements
that were addressed with fragmentidativesmarked in orangd=ITC-casein degradation was detectéalfluorescence and
all measurements were carried out in triplicates. Initial slopes over time were evaluated by a linear regression model.

As shown infigure 31 the known ADEP fragment$?AK4 and F7 activate SeCIpP as
expected. The slight changes in the length of the side ategiresented bgompounddg-1,

F2 andF3, lead to a complete loss attivation The same issue is observed waimpound
F4, which only differs in the additional alke to the knowPAK4 fragment. Furthermore, an
aryl azide leads to the loss of activity as well, no mattamtibducedin para- or in meta
position, shownwith compoundsF5 and F6 respectively Comparisonof F7 and F8
demonstrates the deteriorating effe€ the additional alkyne on ClpP activation even with
bigger fragmerg Theseinformation serve well as restriction rule for the developmerda of
whole ADEP derivative photprobe.However, a activefragmentphotoprobeBH235 was
synthesizd by couplinga minimalist photocrosslinker to the western part of B#&K4

molecule.

Regarding the results of the FlIig@sein assaynodifications orthe ADEP side chaiarenot
feasible without diminution of activation abilitfhe missing alkene is no more acceptexht
the alkyne or the aryl azides, no matter in what position. iShige reason fothe alkyne and

the photoeactive groupeingintegratedinto the main ring of the ADEFFor the alkynea
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propargylglycine was easily introducétstead of the alaninasa first trial Two different
approaches were followed for the introduction of pihetoreactivegroup, a diazirine in this

case.

The diazirine moiety shall be introduced within a photoproline. Since the ADEP core
structure bears two prolines, which ardéereed to as northern and southern due to their
positions, there are twamossiblesites for modification.

On the one hand, thena is of course to maintaiADEP activation and therefore to make
modifications where they will naiffect the bindingpocket.Since it is not directly interacting

with the protein the southern prolinposesthe perfect positio. The drawback here that
during ADEPs® bi ndiseeqstd e mastlymsdvent exgosedis mpghto | i n ¢

become a problemirse thephotoreative group needs to crosskmwith the protein

On the other hand, thphotoreactivegroup should be clos® the protein, to be able to
crosslink with the proteirsurfaceupon irradiation.Although t is known that the methyl
group on the northern prokncontributes to the activity of ADEP42% we attempted to
incorporatethe diazirine also in tBi position.With these two strategiesyl contingencies

were covered.
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3.3. Solid-phase ADEP and ADEP-probes synthesis

As mentioned irthe introductorypart ADEPs can besynthesizd via two main synthetic
routes,solution phase chemistry and solid phpegtidesynthesis (SPPSpinceSPPSseems
to bemore efficient and alssimpleto carry out, it waselectedor further synthesisusing

this strategythecyclizationof asynthesizd heptapeptide wgserformedwith alactonization

method*®!

Most of the Fmogrotected amino acids were commerciallyailable others were
synthesizd within this work.Methylated proling24) andphotoproline(28) weresynthesizd

starting from hydroxyrolinederivatives(20, 25) andpipecolic acid29) was Fmoeprotected

(Schemeés).
A)
OH OTs OTs
N p-TsCl, pyridine N LiOH * H,0 N
- @ . - @ .
N CH,CI N N
BOC/ 2“2 BOC/ THF/Hzo 3/2 BOC/
COOMe 72h,0°C-rt. COOMe 22 h, rt. COOH
20 83% 21 then 1M HCI 22
93%
i) CUCN, MeLi
THF, -78°C-0°C
ii) addition of 22 < . . <
THF, -78 °C - 0 °C B i) HCI, 1,4-dioxane :
3h 19 h, rt.
B N i) Fmoc-Cl, 1,4-di F N
oc ii) Fmoc-Cl, 1,4-dioxane moc
”')_';‘E*‘t(é'_ ot COOH 3h,5°C-rt. COOH
then 1M HCI 23 84% 24
76%
B) oH o i) NHz (7N in MeOH), 5 h, 10 °C
N i) hydroxylamine-O-sulfonic acid
TCCS, TEMPO 15 h,-10 °C; 20 h, r.t.
-
N N
Boc” CHxCl, Boc iii) NEts
COOH 0°C-rt. COOH iv) I (in MeOH), 1.5 h, 0 °C
25 86% 26 1%
N ) !
N i) HCI, 1,4-dioxane Nap
2.5h,rt.
N
Boc ii) Fmoc-succinimide E N
COOH DMF/1,4-dioxane 1/1 moC ¥ ooH
27 73% 28
C)
N .cooH Fmoc-Cl, Na,COs N"°cooH
O 1,4-dioxane/water 1/1 O
72 h, r.t.
29 30

74%

Schemeb5. Synthetic route ofFmocprotectedamino acid derivatives A) methylproling4, B) photoproline28 and C)

pipecolic acid30.
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The synthesis afmethylproline24 was performedvia a literatureknown threestep synthetic
route andis shown in Scheme5.**¥ After tosylation of the acdi and amineprotected
hydroxylproline (20), the methylester was reduced by Li@Hd methylationwas performed
using Gilman reagent'®¥ %! Final steps wee the deprotection of the Bagoup andthe
protection with Fmoehloride.All reactions worked with good yields between 76% and 93%
Photoproline28 was synthesized accordingRmbinsorand coworker&®® only the oxidation
step was carried out using TEMPO insteadafes reagentWhereas the introduction of the
diazirine onlyshoweda low yield of 11%, the other reactions worked well with yields of 86%
and 73%.

O i) Fmoc-AA-OH, DIPEA o O
cl

(DCM) 2 h, r.t. le o Q O
cl O O ii) MeOH, 15 min, r.t. m Ph
Ph N O
Fmoc
loading: 0.958 mmol/g R'= methyl loading: 0.47 mmol/g

R' = diazirine loading: 0.40 mmol/g

Scheme6. Loading of he resin with eithemethyproline (24) or photgroline (28).

After the successful synthesis afl required amino acid derivativespolid phase peptide
chemistry was performetb generatethe desired heptapeptid@he first amino acid was
loaded oro the resin, followed by the coupling of five further amino acids and heptenoic acid.

An overview of the used amino aciftg different ADEP derivatives shown inTablel.

Table 1. Amino acid sequence for different ADEP derivativa€&-heptenoic acids abwerriated with acid.

ADEP derivative  AA linked to resin AA in coupling order

BH279 Pro Ala; Me-Ala; Pro; SerPhe; acid
BH266 Me-Pro(24) Pra; Pig30); PhotePro; Ser; BPhe; acid
BH288 PhotePro(28) Pra; Pig30); Pro; Ser; BPhe; acid

After the coupling the obtained heptapeptideas directly used for the last step, the
cyclization which was performed according to the noetlof Goodreid et al published in
2015 The formation of the lactone was achiewsith MNBA, DMAP, DIPEA and a
lanthanidg(lll) triflate catalyst, Dy(OTH. The cyclizationwas performed over 24 hours, by
slowly adding heptapeptide the reaction mixturéSchemey).
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R!
2
o N
i) 20% piperidine (DMF) NH OH
O 15 min, r.t. o O O
cl i) Fmoc-AA-OH, HATU, DIPEA I N
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NISE g -
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BH279 residue = MeAla R'= methyl R2 = methyl R3= H R4= H
BH266 residue = Pip R' = methyl R2 = propargyl R3 = diazirine R%= F
BH288 residue = Pip R' = diazirine R2 = propargyl R3= H R*= F
R
R!

2
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NH OH RZ N
) 00 0o o 0
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R
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Scheme?. Solid-phasepeptidesynthesis andyclizationof corresponding seco aeido build up ADEP derivatives.

Whereas the SPPS BH266andBH279worked fine and had very good yields, the synthesis
for BH288waschallenging Although comparable loadings were achieved, the refasdhe

tricky synthesis mighbe the photoprolineyhich in this case is directly linked to the resin.
Incomplete coupling is improbabte be the reasorince all couplings were controlled for
compleenessThe diazirine moiety might somehow get damaged due to its close proximity to
the resin or during further coupling steps, which is rather unlikely since synthesis worked fine
for probeBH266. Mostcyclizationreactions only worked witlow yields The identity of the
synthesizd derivatives wagonfirmed by HRLC-MS. Having ADEP photoprobes in hand,

their bioactivity will be discussed in the following.

52



Synthesis of ADEP Fragments and Derivatives

3.4. Activity of ADEP derivatives

ADEP derivatives were tested for their proteolytic\attion ClpP,in the same manner as
ADEP fragmentsbefore (Chapter 3.2. Degradationof FITC-casein was monitoredia
fluorescenceeadut and thereof the activity was calculated.

2.0

15 o F F
N
0
0
1.0 \/&O |
O .

Activity on SaClpP

(0]
05 e N H Hn O
- BTG
0.0
ADEP4
péb‘rf,\% @ef]‘,b‘b
F X R

Figure 32. Left: Results of FITGcasein assayRight: Structure of ADEP4 with critical structure elementsarked in orange
which were addressed witkynthesizd derivatives For better comparability, the activity @ pM PAK4 was used as
positive control andits activity defined as100%. FITC-casein degradation wadetectedvia fluorescence and all
measurements were carried out in triplicates. Initial slopes over time were evaluated by a linear regression model

ADEP derivativedBH279 andBH266 show comparable activation 8&CIpP in comparison

to theoptimizedADEP4. BH288 also activates ClpP, but tofar lowerextent It only shows
about®% of the other ADEPsO activity. One <col
proline, which is in the position of the methyl group in comparisoBH@66, is a too major
ateration This was already a point whdinst designing the photoprobes and can clearly be
seen in a crystal structyrehich will be discussed furth¢Ehapter 3.§.1%"! As depicted in
figure 32 compoundsBH266 BH279 and ADEP4 look like they would all activate ClpP
equally. To get further information about the compdsnactivation ability, the experiment
was performed with lower concentratiofsgure33). As expected, theptimizedcompound,
ADEP4, has the greatest effect asiill activates ClpP at a concentration gifl. BH279 and
BH266 show no activation at iM but still fully activate ClpP at 1(M.

BN 20 pM
E 10 pM
B 1M

Activity on SaClpP

0.5+ T T - T T
.§J 66 .‘t,b ,\0.5 Qb\
F & & & & ¢
Figure 33. Results of FITCcasein assay with different concentrations. For better comparability, the acti2iyubf PAK4

was used as positive contiantd its activity definedsa100%.FITC-casein degradation was detectéalfluorescence and all
measurements were carried out in triplicates. Initial slopes over time were evaluated by a linear regression model
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3.5. MIC valuesin S. aureus

Selected compoundsgere chosen for MIC assays, where the minimal inhibitory concentration

that is required for fully inhibiting growth of bacternaas determined

Table 2. Overview of MIC values of several ADEP fragments and derivatives.

Compound MIC valuez error FITC-casein Compound
activity concentration
ADEP4 <15nM 150% <1luM
PAK4 20.0 uM +6.12 yM 100% 20 uM
BH235 > 500 uM 90% 20 pM
BH279 4.35 pM +2.33uM  150% 10 pM
BH266 3.09 uM + 0.06 pM 150% 10 uM
BH288 > 50 uM 30% 20 pM

As expected, the optimized ADEP4 shows the lowest MIC vafu€l5 nM. The mnor
structuralchange ofphotoprobeBH266 is already enouyto lower the effect seriously to
3.09uM. Although the diazirine is largely solvent exposélde additional alkyne must
influence ClpP bindingtrongly An even more drastic effeist observed witlthe diazirine in
the BH288 derivative.No MIC was detectetbr this compoundip to 50uM. A similar effect
can be observed looking at the valuesPéfK4 and its corresponding ptaprobeBH235.
WhereasPAK4 shows a MIC value of arodn20uM, the modifiedcompound has MIC
valueof over 500uM (Table?2).
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3.6. Modeling Analysis

Regarding the differences BfiC values and ClpP activation, the two ADfpRobes and their
binding into the hydrophobic pocketll be described furtherLooking atpublished crystal
structures of ADEP&nd ClpP, one can already see the problem of p®HE88 In probe
BH266 the diazirine is mainly solvent exposeathich is shavn in white circles irffigure 34
and probably leads to a weakosslinking efficiency. The diazirine in prob&H288 might
clash with the proteisurface, which is shown in the blue circledigure 34 Since a drastic
reduction in ClpP activation can bmbserved withBH288 the diazirine in the northern
proline position must be the cause for that. Thisiither confirmed by the highlIC value of
BH288 Still, these resuitwereexpectedvhile designing the probes. Howeveretadvantage
of probeBH288is itsbetterlabelingcapability.

Figure 34. An ADEP derivative bound to ClpP is shown (PDB: 5vz2). ADEP is shown in stick representation and ClpP is
illustrated as surface. The positionbere the diazirine moiety was introdugetbrthern and southern prolingre marked

with a blue and white circle, respectiveDifferent views on an ADEP derivative bound to Clpke illustratedIn A) both

proline residues are visibli B) the northern and in Ghe southern proline are fosed.
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4. AfBPP with synthesized ADEP photoprobes

4.1. Gel-based labeling

4.1.1. Labeling of recombinant SaClpP and in S. aureus lysate
After confirming thephotoprobesactivationon ClpP and the determination of their MIC
values,labelingof recombinant proteiwas peformed as a proedf-concept To elucidate if
the probes are able to label ClpP, they were incubated todetlear hourand irradiated with
UV light for 14 min A fluorescence tag was addea click chemistryand he readout was
performed by SDFAGE (Figure35).

In general, most experiments were first or exclusively peréor withADEP fragmenfprobe

BH235, dueto its easy synthetic accessibility.

A)

S. aureus ClpP 1 h labeling B) S. aureus ClpP 1 h labeling C) S. aureus ClpP 1 hlabeling

Fluorescence Fluorescence Fluorescence
kDa kDa kDa

155 155 — 155 —

98 —| 98 — 98—
53— 53—
63 —
40 — 40—

32— 32—

40—
21— -

21—
32—

- = -
11— - ==

21—

10 5 25 1 05 10 5.0 1.0 10 50 1.0 10 50 10 0 50 25 10 5

DMSO 1M BH235 DMSO UM BH235 UM BH266 1M BH299 HMPAK4 + 5 pM BH235

Figure 35. Gels of labeling experiments wth recombinant ClpPGel A) shows concentration dependéatbeling with
compoundBH235, gel B) the comparison of the different photoproBek235, BH266 andBH288 and gel C) a competition
experiment wittBH235 andPAK4 ascompetitor.

In figure 35 labeling experiments with recombinant ClpBre shown with different
photgrobes and a competition experiment. The first step was to test if thes pn@bable to
label ClpP at all.Satisfyingly, labeling with BH235 could be shown in a concentration
dependent mannérom 10uM to 0.5uM (Figure35A). Hence, the two more valuable ADEP
photoprobes were tested as wdllhile photgrobe BH266 only showedreally weakiabeling

the labeling of probe BH288 was comparable tdBH235 (Figure 35B). A competition
experimentwas performed at a constant concentration pM5of photoprobeBH235 anda
varying concentration dPAK4 ascompetitor (Figure 35C). Both compoundsvere added to
ClpP at the same time and shawmpetitive effectsBest results were obtained with the
highestcompetitorconcentration tested, which corresponds to 100 times probe concentration

Further labelingnicely showsa concentration dependdsghaiour again.
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To further approach thabelingin a cellular contextthe nextstep was to move into bacteria.
S. aureuswere cultured until they reached an Efbetween 5.5 and 6.Rfter lysis they

were incubated with the respective probe for one howdiated with UV light and again a
fluorescence tag was addei@ click chemistry.As for the recombinant protein, competition

experiments were performed as well.

S. aureus - lysate 1 h labeling

Fluorescence
kDa

155 —
98 —|

53—

40—
32—
B

21— —

1% UL

[
100 50 25 10 o 100 50

DMSO MM BH235 M PAK4
+100 pM BH235

Figure 36. Labelingwith fragment photoprobBH235in S. aureusysate and competition experiments WrAK4.

As alreadyillustratedfor thelabelingof recombinant ClpP, ewentration dependefdbeling
wasshown inS. aureudysatewith probeBH235 (Figure36). While there is onetrong band

at the height of 2kDa, which is likely to represent ClpP, there are further bandsiegen

the range of 48Da to 80kDa. One must say that the whéddelingpattern is getting weaker
with decreasing concentration, but is still visibteaaconcentration of 1AM (Figure 36). For

the competitiorexperimentPAK4 was used ithe same concentration as the photoprobe and

still showed competitive effect&igure36).
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4.1.2. In situ labeling in S. aureus
Sincelabelingin S. aureudysate worked welllabelingof CIpP in intactS. aureusells was
testednext For this, bacteria were grown until they reached stationary phase. After harvesting
and washinglabelingwas performd at OQyo0 = 40 in PBS. After irradiation with UV light at
365 nmfor 14 min lysis and click chemisgr readout was performed by SIPAGE.

As shown inthe soluble and insoluble fraction iiigure 37A and B respectivelya
concentrabn dependeniabelingwith fragment photoprobBH235 was possiblan situ. The

band at around 24Da appears to be stronger in the membrane or insoluble fraction than in
the soluble fraction. Wheas in the soluble fraction a cleband is only visible down to a
concentrationof 50uM, the insoluble fractionstill illustrates strong labeling at 10 uM.
Regarding this, some experiments were only performed in the insoluble fraction.

A) S. aureus cytosol B) S. aureus membrane C) S. aureus membrane

Fluorescence KDa Fluorescence Fluorescence & Western Blot

kDa

155 —
98 —

53—

40—
32—

21—

DMSO 100 50 25 10 DMSO 100 50 25 10 DMSO 100 50 25 10
HM BH235 UM BH235 HM BH235

D) S. aureus membrane E) S.aureus membrane

Fluorescence Fluorescence

DMSO 100 50 DMSO 100 50 DMSO 25 50 100 25 50
WM BH235 KM BH235 BM PAK4 UM BH279

NCTC8325 AclpP NCTC8325 wt +25 pM BH235

Figure 37. A) Soluble and B) insoluble fractions labelingexperimentsn S. aureusNCTC8325. C) Overlay of western blot
(green)with SCIpP antibodyandfluorescencéabeling D) Labelingexperiment inS. aureudNCTC8325 wt in comparison
to a gzlpP strain. E) Competitiorexperiments withPAK4 and BH279 as competitors. Allabeling experiments were
performed with thé8H235 photgorobe.

Western blot analysis was performed to confirm that lband at around XDa represents
ClpP (Figure 37C). For that, a gebased ABPP experiment was perfoed as described
earlier and the bands were blotted on a membrane. ClpP was made wisiblgorimary
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SaClpP antibody and the chemiluminescence of an HRP complex, located on a secondary
antibody. Photos of fluorescence and chemiluminescence (green) wataidy and ClpP

could be identified as the band at RDa. To further validatéSeClpP as the target, and
exclude an overlay of two proteidapelingwas performed in gxlpP S. aureusstrain. Here

again the insoluble fraction was investigated. It whsstratedthat the correspondinband,

which wa stronglylabeledin the wild type, disappeared the knockout strain, although

backgroundabelingis clearly visilte at a concentration of 1Q0M (Figure37D).

Additionally, a compttion experiment was performed with ADEP fragmdtK4 and
derivative BH279 but no competitive effects could be observédgy(re 37E). ADEP
derivative BH279 was included as competitosjnce it illustrate better actration in the
FITC-casein assay and is therefa@nsidered a better competitéiragment prob&H235
was used at a concentration of |4, while competitors had concentratiotisat were up to
four times higher. Since no competition was visjlal higher amount of compttr might be

requiredfor in situ experiments.

Since the labeling experimentin situ could successfully be performed with the small
photoprobe BH235, the more valuable ADEP photoprobesBH266 and BH288 were

examinedor in situlabelingin S. aureis.

A ; B
) S. aureus 1 h labeling ) $. aureus cytosol

Fluorescence
KDa — Fluorescence

155—
98 —

63—

40—

32—

.
21—

20 20 20 10 5

DMSO  uM M uM BH299
UM BH266 UM BH266 BH235 BH266

D 100 50 10 D 100 50 10

cytosol membrane

Figure 38. Labelingin S. aureusntact cells withphotoprobedBH266 andBH288. A) Soluble and insoluble fraction after
labelingwith 266, B) soluble fraction ofabelingwith 235 266and288

Thelabeling with ADEP photoprobeBH266andBH288in S. aureusntact cellsis shownin
figure 38 Although the bands are weak, both probes show G§teling and several
addi tional bands thatargetssoul d represent ADEPs
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4.1.3. Labeling of ClpP in different conformational states
It is commonlyknown that CIpP can be labeledth b-lactones or phenysterd!!3114.168]
Since tlese compounds address the catalytic active side, they are limitdakling ClpP in
nonactive states, while i ADEP photoprobes, exactly trstould bepossible.

B) S. aureus CIpP 1 hlabeling

Fluorescence
KDa

"% Q)
63—
40— P

32—

~==
i) P -— A

et
DMSO 288 D3 DMSO 288 D3 DMSO 288 D3

wild type. S98A RI7IA

Figure 39. A) Side view of tetradecameric ClpP witharkedmutated amino acids S98A (orange) and R171A (blue). (PDB:
3sta) B)Labelingof recombinant ClpP wt and mutants wi8hi288 andD3 as control SCIpP was incubated with DMSO or
compound for one hour, irradiated for 20 min and a click reaction was performgesaibed in the experimental section.
C) Structure of thé-lactoneD3.

To prove this, an active site mutant, S98A, and a disrupted oliggatierimutant, R171A,
were labeledwith an ADEP photoprobe, in comparison to tMactone D3 (Figure 39).
Labelingwith the D3 probeis slightly strongerthanlabelingwith the photoproben the wild
type. This can be explained Hye covalent bindingnodeof the D3 probe,in contrast to the
ADEP photoprobe. Nevertheledapeling of inactive mutans S98A and R171As possible
with BH288, which is not the case with3.

The experimentlearly shows the ability to label ClpP independently of its activity and
oligomeric statavith ADEP photoprobesn contrast to the so far limitdg#lactonesThis not
only enablegabelingof ClpP in an inactive stat¢he comparison between these two kind of
probes mighevenbe helpful to readout thactivity state ofCIpP in cells.This mightalso be

an interesting approaategarding human Clpplaying an important role in acute myeloid
leukemia (AML)™¢9!
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4.2. MS-based labeling

4.2.1. Labeling Challenge
Although really cleatabelingcould be achieved igel, MSbaseddentificationof ClpP as a
targetwas a challenge, which will be discussed in this sec#on AfBPP workflow was

conducted with a label free quantification methasidescribed ithe introductory part

First round of experiments

First experiments were carried auith conditionsthat lead to strontabelingin previous gel
based experimentsrébes235and 266 were utilized at concentrations of 28M and 10uM
resgectively. For certairexperimentsa trifunctional linker was used to visualize proteina
fluorescence after enrichmeiitere, no enriched proteins were visible for pr@6é and the
soluble fraction of probe&35 Nevertheless, lear bands at 21 kDa weervisible in the
insoluble fraction ér probe235 which would fit the size o8aCIpP monomer. Even though

the target protein ClpP wasot among theenrichedproteinsin any experimen{Table 3,
Appendix:Figure A5A).

Table 3. Overview of the first MSbased ABPP experiments with fragement afhBEP photoprobe.

Compound Concentration = Linker Enrichment Bands on Gel
BH235 25 uM biotin azide no -
BH235 25 uM TFL no yes
BH266 10 uM TFL no no
A) 47 B) 4-
2] _ 3-
2 g
E‘Q/ 24 eUPT i 2.
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1 : ? 4
- Folad o Ciop
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t-test difference [log,(BH235/DMSQ)] t-test difference [log,(BH235/DMSO)]
Uniprot ID | protein name UniprotID | protein name
Q2FWE6 Uracil phosphoribosyltransferase, UPT Q2FWE9 ATP synthase gamma chain, ASG

Q2FXE8 Transaldolase, TAL

Figure 40. Volcano plots of A) soluble and B) insoluble fraction of M&sedabelingexperiments with photoprotigH235
against DMSOwith a trifunctional linker (Second entrip table 3) Experiments were performed in three biological
replicates. Cut off lines were s&ta minimum of logfold-change for enrichment of 3 and a minimulog,«(p-value) of 1.3.
The red marked protein shows ClpP, proteins within the target area are listed.

61



Chapter IlI

Volcano plots of the BPP experiment witlBH235 are depicted ifigure 4Q Few protans

are enrichedn the insoluble fractionwith solely one protein, ATP synthase gamma chain,
meeting enrichment and significance criteria. In the soluble fraction an overall shift to the
right is illustrated. The most enriched proteins are uracil phogsyltransferaséJPT) and
transaldolas€TAL). Interestingly both proteins were found among B0%&ureugprotens in

the surfacdme of chronic phase infection, whdrei et al.identified bidilm matrix proteins
directly from infected bone implants’® Furthermore, they found U&ocidins in the biofilm
matrix, suggesting an active attack against the host immune system, dkspiterotection

within the biofilm[*%

First optimizations

Since no enrichment of ClpP could dehieved,conditions needed to baptimized In gek
basedlabeling ClpP was observed in th@asoluble fraction regularly Since ClpP isa
cytosolic protein, solubility issueright be brought aboutfterirradiation Crosslinks that are
formed during irradiation or irradiation itsetfight leadto insolubility of the protein which
leads to less protein amounts fabeling To overcome thisdifferent SDS concentratien
during lysis and foresuspension of the insoluble fractimere tested gdbased 0.2% and
0.4% SDSweredetermined as besbrcentrationsrespectively(Appendix: Figure A9. For
previous experiments DS was used during lysis a@®% SDS was usddr resuspension
of the insoluble fractiorAnother pointconstituteghe solvent exposed diazirine of prdkg6
For this reason longe irradiation times were testedvhich only led to an increase in
unspecificlabeling (Appendix: Figure A5 B). To differentiatebetween possible targets and
off-targets, competition experimentsieead to be performed as well.Here geklbased
experimeis have beeronducted before and showedmpetition inS. aureudysate(Figure
36).

Second round of experiments

Furtherlabelingexperimentsvere performed witloptimizedconditions using biotin azide as

linker for errichment 0.2% and 0.4% SDS were used for |yamnl resuspension respectively.
Cells were irradiated for 1#in andphotqrobes were used at a concentration of 20. uM
However,ClpP couldstill not be enriched with thessptimizedconditionsand no competibn

was observed for any protein tar§€able4).
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Table 4. Overview of the second round of Mfiised ABPP experiments with flagment and\DEP photoprobg

Compound Concentration Linker Enrichment Competition
BH266 20uM biotin azide no -

BH235 20 uM biotin azide no -

BH266 20 uM biotin azide no no

Volcano plos of AfBPP experiments witlBH266 are illustrated irfigure 41 Besides two
uncharacterised proteingn both fraction Na(+)/H(+) aniporter subunit Al and
biotin_lipoyl 2 domaincontaining protein are enriched in the soluble fraction. In general,

only few proteins are enriched in both fractions.
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IpP
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0 T T T v T T T 1 0 T T T i T T T 1
8 6 -4 -2 0 2 4 6 8 -8 6 -4 -2 0 2 4 6 8
t-test difference [log,(BH266/DMSQO)] t-test difference [log,(BH266/DMSQ)]
Uniprot ID | protein name Uniprot ID | protein name
Q2FzZvl Na(+)/H(+) antiporter subunit A1, NAS 02G158 Uncharacterized Protein, UP14

Q2G229 Uncharacterized Protein, UP13
Q2G2WS5 Biotin_lipoyl_2 domain-containing protein, BLD

Figure 41. Volcano plots of A) soluble and B) insoluble fractiof MS-basedabelingexperiments with photoproli2H266
against DMSO(First entry in table 4Experiments were performed in three biological replicates. Cut off lines were set at a
minimum of log fold-change for enrichment of 3 and a minimiifog,o(p-value) of 1.3. The red marked protein shows
ClpP, proteins within the target area are listed.

Further optimization

Since there waslearlabelingin the gel, the click reactioseemed to work properly and did
not pose a problem. Nevertheless, it was testedgtimization A click reaction assay was
performed which revealed BTTA and THPTA as far better ligands thamTBhich was
used beforéAppendix:Figure A7A). Because of thisdl three ligands were tested in a gel
basedabeling All bands were in tB same range of intensity, buetBTTA ligandseemed to
be slightly better andvas thereforechosen forsomefurther experimentgAppendix Figure
A7 B).

Third round of experiments

Here, he first experiment with prob288 which does not have the unfavalnly directed

diazirine,was performed at a concentration of @ with the trifunctional linker Still, ClpP

was not identified within theenrichedproteinsin the volcano pla of soluble or insoluble
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fractions Figure 42). Nevertheless,ni the insoluble fraction two major toxirase enriched
namely alphahemolysn and gammahemolysn component &Y Furthermore, N-
acetylnuramoytL-alanine amidase slel (AM), which represents a vancomycin t&gend

AM domainrcontaining protein (AAD) are both enriched in the insoluble fraction.
Interestingly, probable autolysin SdaA (PAL), found in the soluble fraction, has weak lytic
activity towardsS. aureuscells and displays a high similarity to staphylococcal secretory
antigen ssaA2 (SSA2), found in the insoluble frachéh SSA2 is associated wit. aureus
pathogenicity, playing an important role in biofiassociated infectiods’>*"® Additionally,
UDP-N-acetylenolpyruvoylglucosamine reductase (UPR), involved in bacterial cell wall
biosynthesi$:’¥ was found within the enriched proteins in the soluble fracti@mong
others, 50S ribosomal protein L14RP3) putative lytic regulatory proteifLRP) and
uncharacteriseteukocidintlike protein (ULP) were enriched in the soluble fractioBignal
peptidas | §P1) is considered a background binder, sineesalso enriched witiminimal

diazirine probe&*
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t-test difference [log,(BH288/DMSQ)] t-test difference [log,(BH288/DMSO)]

UniprotID | protein name Uniprot ID | protein name
pocov7 Phosphoglucosamine mutase, PGM Q2FVK2 Gamma-hemolysin component C, GHC
Q2FV55 Staphylococcal secretory antigen SsaA, SSA Q2G0U9 N-acetylmuramoyl-L-alanine amidase slel, AM
Q2FWAS Lytic regulatory protein, putative, LRP Q26155 Lipase 2, LIP

Q2FWC9 Uncharacterized protein, UP8 Q2G1X0 Alpha-hemolysin, HEM

Q2FWPO Uncharacterized leukocidin-like protein 1, ULP Q2G222 N-acetylmuramoyl-L-alanine amidase domain-
Q2FY10 Putative pyruvate, phosphate dikinase regulatory protein, containing protein, AAD

PPP Q2G212 Staphylococcal secretory antigen ssaA2, SSA2

Q2FZ42 50S ribosomal protein L19, RP3

Q2FZ59 Uncharacterized protein, UP9

Q2FZT7 Signal peptidase |, SP1

Q2G069 UDP-N-acetylenolpyruvoylglucosamine reductase, UPR

Q2G0D4 Probable autolysin SsaALP, PAL

Q2G0Q1 Pyridoxal 5'-phosphate synthase subunit PdxS, PPS

Q2G107 Uncharacterized protein, UP10

Q2G1X0 Alpha-hemolysin, HEM

Q2G2X0 Uncharacterized protein, UP11

Figure 42. Volcano plots of A) soluble and B) insolulftaction of MSbasedabelingexperiments with photopbe BH288
against DMSO. Experiments were performed in three biological replicates. Cut off lines were set at a minimyfoldf log
change for enrichment of 3 and a minimiilag,o(p-value) of 1.3. Thead marked protein shows ClpP, proteins within the
target area are listed.
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Further optimization

Since the solubility of ClpP still seemed to be a problandjfferent lysis conditionwas
tested usinglysostaphin Another adantage of this method is thsgparation of soluble and
insoluble fraction isnot necessarySince # proteins presentare togetherin one fraction
evaluationis a lot easierWith separate fractions it is not clear how much protein appears in
which fraction. Further, the ratio of peab amount in soluble and insoluble fraction might
differ overall experiment€Even when looking at both fractignt might be difficult to tell if

a protein is enriched or not.

Fourth round of experiments

For this final roundof experiments, onlyysis conditions wereoptimized by the usage of
lysostaphinand bacteria were grown in BHB instead of B medium as in experiments.before
Satisfyingly,experiments with all photoprobes depidia significant enrichment of ClpP and

arediscussedn the following

Table 5. Overview of the fourth round of MBased ABPP experiments with lagment andADEP photoprobes.

Compound Concentration  Linker Enrichment Bands on Gel
BH235 20 uM TFL yes yes
BH266 10 uM TFL yes yes
BH288 10 uM TFL yes yes

4.2.2. Optimized Conditions
Labelingwas performed with all three photoprol#85 266 and 288 with concentrations of
20 M, 10puM and 10uM, respectively. For enrichmerd trifunctional linke wasused and
proteins werevisualized gelbasedvia fluorescere afterwardsFor all three probes, bands
were visibleat 21 kDa, which fits ClpRAppendix: Figure A8. Furthermore MS-based
AfBPP also reealed ClpP as enriched prot&mnall three volcano plotgFigure43).

Interestingly, fragment prob235illustratedaround 2Cenriched proteinavhile ADEP probes
266 and 288 show only around sixenrichedproteins.This could be an effect of the higher
concentration that was used in the experiment 285 or perhapst describeghe impact of
the more specific ADEP probeSn the one handpecificlabelingwith whole ADEP probes
266 and 288 was &pected.On the other handorobe288 did not show dow MIC valueor
activation of ClpP in the FITGcasein assay, making its selectiVabeling surprising

Nevertheless, it might be possible tB88does notakethe same position in the hydrophobic
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pocket as266, since its diazirine moiety might clash withetiprotein surface. This clash

might lead to a decreasexttivation of ClpP inthe FITGcasein assay, andédtefore to a

lower MIC value, but stilcausespecificlabeling

FurthermorepesidesCIpP, two proteins are enriched consistently in all three volcano plots.

The three proteins that are enriched with prol2é& or 288 are all identified among the

enriched proteins with prob235 Only one protein is solely enriched with prob88 and

several proteins wit35. This also indicates that prob266 and 288 partly cover different

off-targetsdue to their unique structuresltogether, these data give the results reliability.

Some selected target proteins will be discussed in the following section.
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Uniprot

D protein name

Q2G036

ATP-dependent Clp protease proteolytic subunit, ClIpP

P48860

505 ribosomal protein L7/L12, RP1

Q2FXI0

D-alanine aminotransferase, ATF

Q2FxQl

505 ribosomal protein L20, RP2

QzFyaz

Uncharacterized protein, UP7

Q2G222

N-acetylmuramoyl-L-alanine amidase domain-
containing protein SAOUHSC_02979, AAD

UniprotID protein name
Q2G036 ATP-dependent Clp protease proteolytic subunit, ClpP
P48860 505 ribosomal protein L7/L12, RP1
Q2Fv27 Uncharacterized protein, UP1
Q2FV70 Uncharacterized protein, UP2
Q2FVS2 Uncharacterized protein, UP3
Q2FVZ5 Uncharacterized protein, UP4
Q2FWAS Lytic regulatory protein, putative, LRP
Q2FXI0 D-alanine aminotransferase, ATF
Q2Fxal 505 ribosomal protein L20, RP2
Q2FYQ2 Uncharacterized protein, UP5
Q2FZS0 3-oxoacyl-[acyl-carrier-protein] synthase 3, SYN
Q2FZT7 Signal peptidase |, SP1
Q2G0J8 Phosphomethylpyrimidine kinase, PKI
Q2G117 Uncharacterized protein, UP&
Q2G1X0 Alpha-hemolysin, HEM
Q2G1Y0D DNA ligase, LIG
Q2G1Z5 Zinc metalloprotease, ZMP
Q2G222 N-acetylmuramoyl-L-alanine amidase domain-
containing protein SAOUHSC_ 02979, AAD
Q2G238 Tagatose-6-phosphate kinase, TPK
Q2G256 Foldase protein PrsA, FPP
Q #
® AAD
6 3 ® STA
T:u o ClpP
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=
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Uniprot ID protein name

Q2G036 ATP-dependent Clp protease proteolytic subunit, CIpP

Q2FWAS Lytic regulatory protein, putative, LRP

Q2FXI0 D-alanine aminotransferase, ATF

Q2G1X0 Alpha-hemolysin, HEM

Q2G222 N-acetylmuramoyl-L-alanine amidase domain-
containing protein SAOUHSC_02979, AAD

02G238 Tagatose-6-phosphate kinase, TPK

Q2G2R8 Staphopain A, STA

Figure 43. Volcano plots of MShasedlabelingexperiments with photoprobes &85 B) 266 and C)288 against IMSO.
Experimens wereperformed in three biological replicates. Cut off lines were set at a minimum pofoldgchangefor
enrichmentof 3 and a minimuni log,o(p-value) of 1.3. The red miged protein shows ClpP, proteins within the target area

are listed.
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As mentioned before, three proteins are constantlyledin all three volcano plots, namely
ClpP, Dalanine aminotransferagdTF) and N-acetylmuramoyl_-alanine amidaseomain
(AMD) -containing proteifAAD). Of course, CIpP was expected to be a taagd furctions
as a positive control thatdds up to the experiments reliability.

ATF has interesting interaction partners involvedatterial cell walformation, like Dala
D-ala ligasé'’™ Furthermorejts interaction partneglutamate racemaggovides glutamate
that is required for celvall biosynthesis and-alaD-ala carrierplays an indirect role in
modulating theproperties of the cell wall inrgm-positive bacterid™ All these interactions
imply that ADEPs might have an indirect effect on the bacterial cell wall. Interestingly, ATF
was foundby Artini et al. to be impaired in an expiment with a natural compourvehich
inhibits biofilm formation™’® makingATF an interestingff-target.

Interestindy, AMD is involved in several important cell functions, |gecretion cell division
and cell adhesionlt is hghly conserved amon§. aureustlinical isolatesand represents a
vancomycin target’” Eirich et al.found aitolysin (Atl) to be a vancomycin target, which is
a bifunctional enzyme whereas AMD represents onelat® Here, we found thaAMD
containing proteimight be an ADEP targeis wel| supported by the independent enrichment
of AM and AAD in the insoluble fraction of anfBPP experiment witlBH288, where ClpP

was noteven enrichedHigure42).

On the one handjrse photoprob66 showeda low MIC value,strongactivation of CIpP in

a FITGcasein assay andlear selectivelabeling thcse targets are considerdide most
reliable Other than an uncharacterized protein, two ribosomal proteins, 50S ribosomal protein
L7/L12 (RP1)and L20(RP2)were enrichedvith probes266 and235 RP1lis known to play

an important role for accurate translation, by contributinthéoefficiency of a traslational
proofreading stef”>!"® Matching these results, 50S ribosomal protein L19 (RP3) was

enriched with prob8H288in an independent experimeiigure42A).

On the other hand, both photoprob266 and 288 might just cover different ADEP targets
due to their unique structures. Enriched proteins with @88 and 235 are puative lytic
regulatory protein, -hemolysin and tagatosephosphate kinas Since U-hemolysin is a
major toxin in S.aureus it is interestingthat it is found under the enriched proteins.
Furthermore, staphopain A is enriched solely with praB8 Staopain A is a protease

secreted byS. aureusand represents an important immune evasion fa&dfY It is also
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known to inhibit biofilm formation and to disperse established biofilB@nesson et al.

discussed that this might enable bacterial spread, but needs further investitfation.

Most proteinshave been enriched by usifrggment probe&35 most ofwhich havealready
beendiscussedAdditionally, severaluncharacterisd proteinsas well as three background
binders were among the hitSignal peptidse I(SP1)andzinc metalloproteas€&ZMP) were
enriched with minimal diazirine probes Beiner®” and an uncharacterised protethP(l)
with a minimal aryl azide probe in chapte(AppendixTable A6).Further enrichegroteins
are 3-oxoacytacyl-carrierprotein] synthase 8SYN) and phosphomethylpyrimidine kinase
(PKI), foldase potein PrsA(FPP)which is required for the posttranslocational folding of
exported protein§®? andDNA ligase(LIG), which is the main protein responsible for DNA
replication and essential for the repair of damaged BRFA®Y

All in all, there areseveral interesting proteins within the enriched protdike ATF, AAD

and ribosomal proteinswhich play important roles in biofilm formatioand translation
Additionally, several overlapsan be observed within independent experiments, where ClpP
was not even enriched, meaning for instance AADapta-hemolysn. To further elucidate

if they are reaADEP targets, furthenvestigatios areneededHere, he first step could be a
competition experiment with ADEP4.
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5. Conclusions and Outlook
Several ADEP fragments, derivatives and photoprasgspped with an alkyne tag and a
photolabile groupvere synthesized. Activity assays gave informatiooualstructure activity
relationships, and revealed thettanges areot acceptedat the ADEP side chain. Bthe
attachment of a minimal photocrosslinker to the western gga®DEP fragmentPAK4, a
small photoprob@35was obtained. This easily accessibempound could be used for first

testsandthe establishment diurtherexperiments.

Furthermore, two ADEP photoprobe®66 and 288 were synthesizedia a lactonization
method, published in 2015 The advantage of prot266 is the retained activitjn ClpP
activation and comparable MIC to other ADEP derivativ8he drawback is the mostly
solvent exposed photolabile groapd thus weakabeling efficiency. For probe288 exactly
the opposite is the case, with straiapeling but weak activity on ClpP and no MIC with

variousconcentrations tested.

Gelbased labeling experiment revealed that all three photoprobes are able to label
recombinanCIpP in different intensities, wheas266 showed the weakest a288 and 235
comparablédands. Furthenore, ADEP photoprobes can lal@pP in no matter what activity
or oligomeric state, in contrast tohibitor probes that were used to éalCIpP upon now.
Since they bind to the active sitbgel only can detect ClpP in an active stdi@ show this,
labelingof ClpP mutants S98A and R171A was perforraedcessfully

In further gelbasedabelingexpeiments, ClpP was also detected whapelingin S. aureus
lysate and intact cellsvas performedTo confirm that the strong band at 21 kDa really
representCIpP, western blot analysis adabelingin a qxlpP strain wereperformedas

controk. Both experiments revealed ClpP as a target.

Gelree labeling experimentsheld many challenges. After numeroaptimizatiors ClpP
could be detected as enriched targetMS/MS measurements. While the small pr@38
showed many offargets, the more specific prob266 and 288 only showed around six
proteins enrichedAltogether, three proteins including Clpkere enribed with all three
photoprobes. Almost all othe@nrichedproteins ofone ADEP probe were alseniched with
the fragment probe235 To prove the enriched proteins as ADERrgets, further

investigations mudte performed, startinigpr examplewith a competition experiment.
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Since ADEPs have an antibiotic effect,-tdfgets in human cell lines would b#ractivefor
deeper research as wdfirst experiments have been conducted within this thesiarbutot

shown andlid not provideadequateesults. Furtheoptimizationis requiredin this case.
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Chapter IV

IV Experimental Part

1. Organic Chemistry

1.1. General material and methods

Commercially available starting materials, reagents and dry solvents were olftaimed
Sigma Aldrich Acros Organics TCI Europe, VWR, FluorocherRoth andAlfa Aesar,ard
were used without further purification. All air or watsensitive reactions were carried out
under argon atmosphere in preheated reaction flasks. Anhydrous solvents argbnsitee
liquid chemicals were transferred using argon flushed syrin§elvents removed under
reduced pressure were evaporated atC10 °

The following cooling baths were used to maintain low temperatures as indicated in the
experimental procedures: ice/water for@ ice/NaCl/waterfor 15 °Cto120 °C, dry
ice/acetone for 78°C. For other temperatures between 0 °Cig@l°C, an isopropanol bath

in combination with arimmersion Cooler HAAKE EK9Grom Thermo Scientifiavas used

All temperatures were measured externally.

Analytical thinlayer chromatography was recorded on TLC silica gel plates ffenck For
visualization, TLC plates were detectedbywv | i ght ( & =, oRdahd witm, 366

the following solutions:

KMnO,4 1% in 2% NaCOs in water
Ninhydrin 0.3% in 3% acetic acidhin-butanol
PMA 10% in ethanol

Column chromatography was carried out using silica gel WMOR (40-63 um). Purification
by preparative high pressure ligustiromatography (HPLCyas performed using Waters

2545 quaternary gradient modude X Br i dmCa&olumn @0pum, 30 x 150 mm) flow
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rate = 50 mL/mihpand a Waters 2998 PDA detectbtobile phases were ACN (+ 0.1% TFA)
and ddHO (+ 0.1% TFA).

Nuclear resonance spectra were measured@800, HD400 and AV500 machines from
Bruker Bio Spin GmbH'H spectra were measured at a frequency of 300, 400 or 500 MHz,
andC spectra at, 101 or 126 MHz. Chemical shift§)(are given in ppm values and are

calibrated to the residual signal of the solvent peak:

CDCl; 7.26 ppm 77.2 ppm
DMSO-de 2.50 ppm 395 ppm
Methanotds  3.31 ppm 49.0 ppm

Acetondds  2.05 ppm 206 ppm

NMR spectra were processed bging MestReNova7Peak multiplicities are designated by
the following abbreviations: s, singlet; d, doublet; t, triplet; q, quartet; m, multiplet; dd,
doubletof doublets; dt, doublet of tripletSCoupling constantd are given in Hz and the

values were averaged and rounded.

High resolution mass spectra were measured on afET Qltra provided byrhermo Fischer
Scientificusing ESI or APCL Non-high resolutionmass spectra were measured on a LCQ
Fleet byThermo Fischer Scientifiasing HESI or a MSPlus byThermo Fischer Scientific
using ESI. Liquid chromatography mass spectra were recorded on all three instuki&nts.

data were processed usifigermo Scienti¢ Xcalibur 2.1.

All final compounds were characterized by ##8 and'H and*°C spectra. ADEP derivatives
were characterized by HRC-MS data. Intermediates were confirmed by MS 4tdpectra.

Compound<CD01 to CD11 were obtained fron€Chem Div(San DiegoUSA). Several other
compounds were synthesized by members ofSikberresearch lab and kindly released for
common usageAV73 and all compounds that were used for tlemolyss assay were
published byHofbauer etal. (Chapter 1)}:*® the minimal aryl azide probe Wleiner et al
(Chapter 11)'*¥ Compound#AV335, AV339, AV334 andAV336 were ublished byFetzer et
al. (Chapter 11)"**°! p-lactoneD3 was synthesized as describedBsttcher et al'**” phenyl
esterAV170, as described bidack et af'**! and ADEP fragmenPAK4 as described by
Carney et al**®. ADEP 4 was kindly provided bileike BrotzOesterhelt*®! (Chapter 111)
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1.2. Synthesis for Chapter Il

11-(trimethylsilyl)undec-10-ynoic acid (02)

0

TMS/\/\/\/\)J\OH
A solution of unde€lG-yonic acid (2.50 g, 13.7 mmal.0 eq) in THF (150 mL) was cooled
to 178 °C andn-BuLi (13.2mL, 32.9 mmol,2.5 eq.,2.5M in hexane) was added dropwise.
After the solution was stirred for 30 min at the samepenature, freshly distilled TM3
(5.00 mL,856 mg/mL,40.4 mmo] 3.0 eq) was added. The retmn mixture was stirred for
15min ati 78°C and 1 h at room temperatuieefore it was quenched with water (50 mL).
After extraction withdichloromethangDCM, 3x25mL), the organic layer was dried over
NaSO, and volatiles weremoved under reduced pressure. The crude residue was purified by
column chromatography (hexane/EtOAc 10/1 tdl 2¥ 1% AcOH). Yield: 2.47% (35%).
R =0.26 (hexafEtOAc 5/1 + 1% AcOH).

'H-NMR (400 MHz, CDC4): & (ppm) = 2.35 (t,J=7.5Hz, 2H), 2.21 (tJ=7.1Hz, 2H),
1.63 irt. p,J= 7.5 Hz, 2H,), 1.50 (df] = 7.1Hz, 2H), 1.401.27 (m, 8H)0.14 (s, 9H).

13C-NMR (101MHz, CDCk) : (ppin)=179.9, 107.8, 84.5, 34.1, 29.2, 29.1, 2289, 28.7,
24.8, 20.0, 0.3.

HR-MS (ESI): m/z[M+H] " calcd for G4H260.Si: 255.1775, foun@55.1774

S-(pyridin-2-yl) 11-(trimethylsilyl)undec-10-ynethioate (03)

o
o
é S N
TMS

Acid 02 (2.40 g, 9.43 mmgIl1.0 eq) was dissolved ilDCM (30 mL), cooledto 0 °C and
DMF (3 drops) and xalylchloride (1.21 mL, 14.2 mmpll.5 eq) were added. The reaction
mixture was stirredor 2 h at room temperatyrand volatiles were removed under reduced
pressure. Zhiopyridin (1.26 g, 11.3 mmpll.2 eq) in DCM (30 mL) was added and the
solution again cooled to 0 °C. NH{r26 mg/mL, 2.62 mL, 18.9 mmolwas added and the
reaction wasquenched with v HCI (aqueous, 30 mLafter 2 h After washing with a

saturated NaHCgxsolution @queous3x25mL), the organic layer was dried overJS&, and
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volatiles were removed under reduced pressure. The crude residue was purified by column
chromabgraphy (hexane/EtOAc 4/1 to1)/ Yield: 2.65g (81%).R=0.51 (hexafEtOAC
4/1).

'H-NMR (300 MHz, CDC): Ui (ppm) = 8.62 (ddd,J = 5.0, 1.8, 0.9 Hz, 1H), 7.79.70 (m,
1H), 7.62 (dtJ = 8.0, 1.0 Hz, 1H), 7.34.26 (m, 1H), 2.70 (tJ = 7.5 Hz, 2H), 2.20 (1) =
7.1Hz, 2H), 1.801.64 (m, 2H), 1.571.43 (m, 2H), 1.421.24 (m, 8H), 0.14 (s, 9H).

3C-NMR (75 MHz, CDCk) : (ppin)=196.6, 151.8, 150.4, 137.3, 130.3, 123.6, 107.8, 84.5,
44.4,29.2, 29.0, 29.088, 28.7, 25.5, 20.0, 0.3.

HR-MS (ESI): m/z[M+H] " calcd for GoH2oNOSSi 348.1812 found:348.1812.

(2)-2-((1-((tert-butyldimethylsilyl)oxy)-11-(trimethylsilyl)undec-1-en-10-yn-1-
yDthio)pyridine (04)

=
|
S7ON
=
= OTBS

T™MS

A solution ofthioester03 (2.65 g, 7.62 mmgol1.0 eq), DMF (1.15 mL, 15.0 mmol, 2.0 eq.)
andNEt; (726 mg/mL, 2.05 mL,14.8 mmol, 2.0 eq.) iDCM (30 mL) was cooled t678 °C

and stirred for 10nin. After LHMDS (1 m in THF, 8.92 mL, 8.92 mmol, 1.2 egyas added

and the mixture wastirred for 30 minTBSCI (1.12 g, 7.41 mmol, 1.0 égwas added and the
solution stirred for another 2 h at the same temperature, before ivavased up taoom
temperature The reaction was quenched wiphosphatebuffer (25 mM KH,PQO,, 40mM
NaoHPO,-2H,0, pH7, 10mL), the phases were separated and the organic layer was dried
over MgSQ. Volatiles were removed under reduced pressure and the cestue was
purified by columnchromatography (hexane/EtOAc 10/1 tal)l/Yield: 1.48g (33%).

R = 0.59 (hexan/EtOA®&/1).

'H-NMR (300 MHz, CDC}): Ui (ppm) = 8.48i8.36 (m, 1H), 7.667.52 (m, 1H), 7.387.30
(m, 1H), 7.076.96 (m, 1H), 5.40 (t) = 7.3 Hz, 1H), 2.2i72.11 (m,4H), 1.64 1.44 (m,4H),
1.4411.24 (m,6H), 0.87 (s9H), 0.14 &, H), 0.08 (sEH).

HR-MS (ESI): m/z[M+H] " calcd for GsH4sNOSSh: 462.2677 found462.2678
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3-(4-bromophenyl)propan-1-ol (31)1®!

3-(4-bromophenyl)propavic acid(2.50g, 10.9 mmol, 1.0 eq) was dissolved imiethylether

(90 mL) and cooled to 0 °C, then LiAIH620mg, 16.4 mmol, 1.5 eq) was added in small
portions. The mixture was stirred for 10 min0a°C and for 2.5 h abom temperatureTLC

was used as reaction control and the reaction was quenched at 0 °CMmHIC[L(aqueous,
20mL). After extraction with EtOAc (3x15 mL), the organic layer was dried oveS8a
Volatiles were removed under rembd pressure and a pure product was obtained. Yield:
1.149g (quant.) Ry = 0.59 (hexane/EtOAc 9/1).

'H-NMR (300 MHz, CDC}): U (ppm) = 7.46'7.33 (m, 2H), 7.167.03 (m, M), 3.66 (t,
J=6.4 Hz, M), 2.772.60 (m, 2H), 1.951.77 (m, 2H).

13C-NMR (75 MHz,CDCly) : (ppin)= 140.9, 131.6, 138, 119.7, 62.2, 34.1, 31.6.

The spectral data are identical to those published in the liteF&fiire.

187]

O
\

0]

3-(4-bromophenyl)propanal (32)!

A solution of alcohol31 (3.70 g, 17.2 mmol, 1.0 eqn) DCM was cooled to 0 °C and NEt
(726mg/mL,11.9 mL, 86.0 mmol, 5.0 eq.), DMSO (b)) and SQby (8.21 g, 51.6 mmol,

3.0 eq.) were added. The mixture was stirred for 35 min°@t &d was quenched withmM

HCI (aqueous, 10 mL). Phases were separated and the aqueous phase was extracted with
diethylether (3x10mL). Combined organic laye were washed with saturated NaCl solution
(aqueous, 16nL) and dried over N&Oy. Volatiles were removed under reduced pressure and

a pure product was obtained. Yield: 548 §5§%).R:= 0.60 (hexane/EtOAc 3/1).

'H-NMR (300 MHz, CDCY): U (ppm) = 9.81 (t J = 1.2 Hz, 1H), 7.41 (dJ = 8.4 Hz, 2H),
7.07 (dd,J = 8.0, 0.6 Hz, 2H), 2.92.83 (m, 2H), 2.862.72 (m, 2H).

The spectral data are identical to those published in the liteFifiire
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(3R,4R)-4-(4-bromophenethyl)-3-(9-(trimethylsilyl)non-8-yn-1-yl)oxetan-2-one (05)!""

0]

M
/
T™S <O

~

Br

Freshly melted ZnGI(2.00 g) was suspended IDCM (10 mL) andaldehyde32 (692 mg,
3.25mmol, 1.0 eq.,in 5mL DCM) andketene acetdd4 (1.50 g 3.25mmol, 1.0 eq.,n 5mL

DCM) were added. The reaction mixture was stirredfdays atroom temperatutebefore it

was quenched wit phosphatebuffer 25mM KHPO,, 40mM NaHPO,-2H,O, pH7,

10mL). The organic layer was separated and dried oveB@®a Volatiles were removed

under reduced pressure and the crude residue was purified by column chromatography
(hexane/EtOAc 20 to 104). Yield: 752mg (62%). R = 0.33 (hexan@&tOAc 18/1).

'H-NMR (400 MHz, CDC}): U (ppm) = 7.43 (d,J = 8.3 Hz, 2H), 7.07 (d] = 8.3 Hz, 2H),
4.19 (dt,J = 8.5, 4.5 Hz, 1H), 3.18 (ddd,= 8.4, 6.8, 3.9 Hz, 1H), 2.77 (ddd= 14.4, 9.2,
5.4Hz, 1H), 2.66 @dd,J = 14.1, 9.0, 7.4 Hz, 1H), 2.21 &= 7.1 Hz, 2H), 2.162.00 (m, 2H),
1.861.74 (m, 2H), 1.711.59 (m, 2H), 1.49 (¢ = 7.3 Hz, 2H), 1.461.18 (m,J = 25.1,
5.6Hz, 6H), 0.14 (s, 9H).

3C-NMR (101 MHz, CDC4) : (ppin)=171.2, 139.3, 131.9, 130.220.4, 107.7, 84.6, 76.8,
56.4, 36.2, 31.0, 29.3, 28.9, 28.8,2, 27.9, 27.1, 20.0, 0.3.

HR-MS (ESI): m/z[M+H] " calcd for GsHzaBrO,Si: 449.1506, found: 449.1500.

(2S,3R)-5-(4-bromophenyl)-2-(9-(trimethylsilyl)non-8-yn-1-yl)pentane-1,3-diol (06)
OH

/
/
TMS \\‘OH

Br
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Lactone05 (374mg, 785umol, 1.0 eq) was dissolved in diethyletherdInL) and cooled to
0 °C before LiAlH; (63.0mg, 1.57mmol, 2.0 eq) was added. The reaction was stirredZdr
atr.t. and wagjuenched with saturated amnmam chloride solution§ mL). After extraction
with EtOAc 3x5 mL), the organic layer was dried over,88,. Volatiles were removed
under reduced pressure and the crude residue was purified by cohnomatography
(hexane/EtOAc 20/1 to 10). Yield: 316 mg B84%). R = 0.28 (hexand=tOAc 5/1).

'H-NMR (300 MHz, CDC4): Ui (ppm) = 7.40 (d,J = 8.3 Hz,2H), 7.09 (d,J = 8.3 Hz,2H),
3.94 (dd, J = 11.3, 2.2.4 Hz,2H), 375i 3.61(m, 2H), 292 2.73(m, 1H), 272i 2.73(m, 1H),
2.21 (t,J = 7.0 Hz,2H), 191i 1.74(m, 4H), 1.49 (n, 2H), 142 1.31(m, 4H), 1.33i 1.20(m,
6H), 0.14(s, 9H).

13C-NMR (101 MHz, CDC4) : (ppin)= 141.2 131.6, 130.4119.7, 107.8, 88, 75.0, 643,
622, 6086, 447, 375, 34.2 31.8, 31.6, 29.929.2,28.9, 288, 28.7 21.2 20.Q 144, 04.

HR-MS (ESI): m/z[M+H] " calcd for GsH37BrO,Si: 453.1819, foud: 453.1820

(2S,3R)-5-(4-azidophenyl)-2-(non-8-yn-1-yl)pentane-1,3-diol (AV73-p)!"®!

OH

gz
/ \\‘OH

K

Bromide06 (100 mg, 220 umol, 1.0 egwas dissolved in degassed solvehinlL EtOH/H,O

7/3) andNaN; (28.7 mg, 443umol, 2.0 eqg.)Na-ascorbatg2.18 mg, 11.0 umol, 0.05 egq.)
Cul (4.20 mg, 22.1 pmol, 0.1 eq.ind (1S29-N'N*-dimethylcyclohexarl,2-diamin
(4.70mg, 33.1 umol, 0.2 eqwereadded. The reaction wagdted to 100C and stirred for

5h at this temperaturelhe reaction mixturavas diluted inethyl acetate(5 mL). After
washing withl m HCI (aqueous, 4 mLandhalf saturated NaHCgXolution(aqueous, 4 ml,)

the organic layer wadried over NaSQO,. Volatiles were removed under reduced pressure and
the crude residue was purified by reversed phase HPLC (ASCN/ACN 2% to 98%). Yield:
7.00mg (&%).
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'H-NMR (500 MHz, CDCY): i (ppm) = 7.22 (d,J = 8.4 Hz, 2H), 6.98 (d) = 8.4 Hz, 2H),
3.97 (dd,J = 11.0, 2.9 Hz, 1H), 3.7B.63 (m, 1H), 2.85 (ddd] = 14.7, 9.3, 6.1 Hz, 1H),
2.732.65 (m, 1H), 2.20 (td] = 7.1, 2.7 Hz, 2H), 1.96 (8,= 2.7 Hz, 1H), 1.901.79 (m, 2H),
1.65 1.49 (m, 4H), 1.42 (dJ = 7.8Hz, 4H), 1.3831.28 (m, 6H).

3C-NMR (101 MHz, CDC}): U (ppm) =129.8, 119.1, 100.0, 84.9, 77.2, 75.0, 68.1, 64.1,
37.5,31.6, 29.8, 29.0, 28 28.6, 28.4, 27.2, 18.4.

HR-MS (ESI): m/z[M+H] " calcd for GoHagN3O»: 344.2332 found: 344.2333.
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1.3. Synthesis for Chapter Il

1.3.1. General procedures for the synthesis of ADEP fragments
Generel procedure A: Synthesis of esters using EDC-HCIl and DMAP.[1%8:16%]
EDC (1-Ethyl-3-(3-dimethylaminopropyl)carbodiimideHCI and DMAP @-Dimethylaminoe
pyridine) were added to a solution of the Bpmwtected amino acid and the corresponding
alcohol in dichloromethane (DCM). The reaction mixture was stirred at room temperature for
several hours uih TLC control showed complete consumption of the starting material. After
the solvent has been removed under reduced pressure, the residue was taken up in ethyl
acetate and was washed witv HCI (ag., %), saturated NaHC$Xag., ¥) and saturated
NaCl solution (aqg., %). The organic layer was dried over JS&, and the solvent was

removed under reduced pressure.

General procedure B: Deprotection of a Boc-group.**#%

The Boeprotected anmo acid was dissolved in 40% TFA in DCM and the reaction mixture
was stirred for 1.5 at room temperature. Argon was forced over the reaction to evaporate the

solvent, which gave the crude product.

General procedure C: Synthesis of amides.**#%!
1-[Bis(dimethylamino)methylene]lH-1,2,3triazolo[4,5b]pyridinium  3-oxid hexafluore
phosphatg HATU) and N,N-Diisopropylethylaming(DIPEA) were added to the dissolved
acid in dimethylformamide (DMF)and the reaction mixture was stirred for rhb.
Subsequently the amino acid in DMF was added and the reaction mixture was stirred until
TLC control showed complete consumption of the starting material. Ethyl acetate (5 times the
reaction volume) was adddo the reaction mixture which was washed withh HCI (aqg.,

3x), saturated NaHC{solution (ag., 8) and saturated NaCl solution (agx)3The organic

layer was dried over N8Oy, the solvent was removed under reduced pressure and the crude
product wagurified by column chromatography (hexane/ethyl acetate).
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1.3.2. Synthesis of ADEP fragments

2-((S)-2-(((benzyloxy)carbonyl)amino)-3-methoxy-3-oxopropyl) 1-(tert-butyl) (S)-
pyrrolidine-1,2-dicarboxylate (08)

(0]
Boc (0]

O ‘r /Cb
/N z

H

_O

Synthesized accding to general procedure A using methyl ((benzyloxy)carbonyl)
serinate (719ng, 2.84mmol, 1.0eq.), N-(tert-ButoxycarbonyBL-proline (672mg,
3.12mmol, 1.1eq.), EDCHCI (816mg, 4.26mmol, 1.5eq.) and DMAP (34.7ng, 284umol,
0.1eq.) in 14mL dichloromethane for20h. Washing steps were carried out withmb
agueous solution each. 1.86(98%) of a purecolodess solid were obtained? = 0.37

(hexane/ethyl acetate 1/1).

'H-NMR (400MHz, CDCk, note: mixture of rotamers 1/4):(ppm) =7.407 7.30 (m, 10H),
5.95 (d,J = 8.4 Hz, H), 5.51 (d,J = 7.6 Hz,1H), 5.187 5.06 (m,4H), 4.69i 4.57 (m, #),
4.521 4.37 (m,3H), 4.28 (dd,J = 8.5, 4.0Hz, 1H), 4.20 (dd,J = 8.6, 3.7 Hz, 1H), 3.77 (s,
6H), 3.571 3.33 (m, 4H), 2.25 2.09 (m, ), 1.89 (dttJ = 19.4, 12.5, 5.7 & 6H), 1.43 (s,
9H), 1.38 (s, 9H).

MS (ESI): m/z[M+H]" calcd forC,,H3oN»Og: 451, found: 451

Analytical data are in accordance with those published in the litef&ttire.

(S)-2-(((benzyloxy)carbonyl)amino)-3-methoxy-3-oxopropyl acetyl-L-prolinate (09)

Deprotection was performed accordinggneral procedure B using amino acidlerivative
08 (1.269, 2.80mmol, 1.0eq.) and trifluoroacetic acid (40% in DCM) forhl The crude
product was dissolved in IML dichloromethane and 780 (726 mg/mL, 5.59mmol,
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2.0eq.) triethylamine and 530L (1.09g/mL, 5.59mmol, 2.0eq.) acetic anhydride were
added. The reaction mixture was stirred forl&nd the solvent was removed under reduced
pressure. The crude prattuwas purified by column chromatography (ethyl acetate) and
yielded 980mg (89%) of a yellow 0ilR = 0.26 (ethyl acetate).

'H-NMR (300MHz, CDCE): U (ppm) =7.40i 7.34 (m, %), 6.05 (d,J = 7.7 Hz, 1H), 5.14
(s, H), 4.717 4.58(m, 2H), 4.47i 4.34(m, 2H), 3.77 (s, B), 3.611 3.45 n, 2H), 2.25i
2.12 (m, H), 208 (s, 3H), 2.01 1.93 (m, 34).

MS (ESI): m/z[M+H] " calcd forC;9H24N,O7: 393, found: 393

Analytical data are in accordance with those published in the litef&ttire.

(S)-2-((S)-2-((tert-butoxycarbonyl)amino)-3-(3,5-difluorophenyl)propanamido)-3-
methoxy-3-oxopropyl acetyl-L-prolinate (10)

)
/&Oﬁj 5
O "/NJ‘H‘\
H

0] HN.
-~ Boc

The protected aminacid 09 (980mg, 2.50mmol, 1.0eq.) was dissolved in 8L methanol

and added to Pd/C (10% on carbo@5 &g) under argon atmosphere. 100 pyL (21&tol,
1.0eqg.) 1m HCI was added, the reaction flask was flushed with hydrogen thrice and the
reaction was stirred under hydrogen atmosphere fér. Eubsequently the reaction flask was
flushed with argon and ¢hreaction mixture was filtered through Céliend the solvent was
removed under reduced pressure. Part of the crude produan(f8%7umol, 1.0eq.) was
diluted in 3.4mL DMF and N-Boc-difluorophenylalanine (326hg, 1.06mmol, 1.leq.),
HATU (404mg, 1.06mmol, 1.1eq.) and DIPEA (374L, 742mg/mL, 2.13mmol, 2.2eq.)

were added. The reaction mixture was stirred foh,2diluted with 40mL ethyl acetate and
washed with ™ HCI (aq., ¥15mL), saturated NaHC@solution @g., 3x15mL) and
saturated NalCsolution @g., 15mL). The organic layer was dried over J8&, and the
solvent was removed under reduced pressure. The crude product was purified by column
chromatography (acetone/ethyl acetate 1/1) and yielded n8$.@18%) of a yellow
oil.R;= 0.46 (zetone/ethyl acetate 1/1).
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'H-NMR (500MHz, CDCk): Ui (ppm) =7.91 (d,J = 8.1 Hz, 1H), 6.77 6.64 (m, 3H), 5.71
(d,J = 8.6 Hz, 1H), 4.80 (dtJ = 7.9, 3.9 Hz, 1H)4.65i 4.52 (m, 3H),4.38 (dd,J = 11.4,
3.9Hz, 1H), 3.78 (s, 3H)3.597 3.53 (m, 1H) 3.43 (td,J = 9.6, 6.9 Hz, 1H), 3.16 (dd, =

13.8, 5.7 Hz, 1H), 3.03 (dd,= 13.9, 7.4 Hz, 1H)2.50i 2.40 (m, 1H, 2.207 2.14 (m, 1H),
2.09 , 3H), 2.04i 1.97 (m, 1H)1.95i 1.83 (m, 1H, 1.40 (s, 9H).

MS (ESI): m/z[M+H]" calcd forC,sHs3FN3Og: 542, found: 542

(S)-2-((S)-3-(3,5-difluorophenyl)-2-((E)-hept-2-enamido)propanamido)-3-methoxy-3-
oxopropyl acetyl-L-prolinate (F7)

/\Ko \:J o)
O '//N)H‘\\\
H

/O HN\[(\/\/\

)

Deprotection was performeaccordingto general procedure B using 167mg (310umol,
2.0eqg) amino acidlO and trifluoroacetic acid (1.0 mL, 40% in DCM) for h5Hept2-enoic
acid (20uL, 95.0mg/mL, 186umol, 1.2eq.) was dissolved in 0raL DMF and 64.8ng
(170umol, 1.1eq.) HATU and 30.QuL (742mg/mL, 170umol, 1.1eq.) DIPEA were added.
After the mixture has been stirred for ifn, half of thedeprotectectrude product (128ng,
155umol, 1.0eq.) in 0.8mL DMF was added to the reaction mixture. The reaction was
stirred for 2h at room temperature, diluted with @0 ethyl acetate and wasd with 1m
HCI (ag., ¥10mL), saturated NaHCgsolution @g.,3x10mL) and saturated NaCl solution
(ag.,20mL). The organic layer was dried over JS&, and the solvent was removed under
reduced pressure. The crude product was purified by column clugraphy (hexane/ethyl
acetate 1/2 to 1/4) and yielded 1@ (21%) of the produck = 0.10 (hexane/ethyl acetate
1/2).

'H-NMR (300MHz, CDCk): Ui (ppm) =7.67 (d,J = 8.1 Hz, 1H), 6.85 (di = 15.3, 7.0 Hz,
1H), 6.747 6.63 (M, 3H), 5.88 5.81 (m, 1H), 4.94 (qJ = 6.6 Hz, 1H), 4.81 (dt) = 8.1,
4.1Hz, 1H), 4.57i 4.50 (m, 2H), 4.39 (dd] = 11.3, 3.9 Hz, 1H), 3.78 (s, 3H), 3.64.53
(m, 1H), 3.50i 3.39(m, 1H),3.257 3.06(m, 2H), 2.467 2.33 (m, 1H), 2.26 2.10 (m, 3H),
2.07 (s, 3H), 2.01 1.81 (m, 3), 1.54i 1.23 (m, 4H), 0.90 (tJ = 7.1 Hz, 3H).

HR-MS (ESI): m/z[M+H]" calcd forC,7HssF2N3O7: 552.28.6, found: 552.2514
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Analytical cata are in accordance with those published in the liter&fe.

(S)-2-((S)-3-(3,5-difluorophenyl)-2-(hept-6-ynamido)propanamido)-3-methoxy-3-
oxopropyl acetyl-L-prolinate (F8)

[y
jj /” HNW

Deprotection was performed accorditmygeneral procedire B, using 167mg (310umaol,
2.0eq.) amino acid.0 and trifluoroacetic acid (1.0 mL, 40% in DCM) for h5Hept6-ynoic
acid (20uL, 99.7mg/mL, 170umol, 1.1eq.) was dissolved in OraL DMF and 64.8ng
(170umol, 1.1eq.) HATU and 30.QuL (742mg/mL, 170umol, 1.1eq.) DIPEA were added.
After the mixture has been stirred for ifin, half of thedeprotecteatrude product (128g,

)

155umol, 1.0eq.) in 0.76mL DMF was added to the reaction mixture. The reaction was
stirred for 2h at room temperature, ldied with 20mL ethyl acetate and washed witim1
HCI (ag., ¥20mL), saturated NaHC£solution @g.,3x20mL) and saturated NaCl solution
(ag.,20mL). The organic layer was dried over 4S8, and the solvent was removed under
reduced pressure. The crugieduct was purified by column chromatography (hexane/ethyl
acetate 1/2 to 1/4) and yielded 918§ (11%) of the produc® = 0.10 (hexane/ethyl acetate
1/2).

'H-NMR (400MHz, CDCk): U (ppm) =7.52 (d,J = 8.2 Hz, 1H), 6.99 (d] = 5.1 Hz, 1H),
6.761 6.64 (M, 3H), 4.92 4.75 (m, 2H), 4.59 4.49 (m, 2H), 4.49 4.37 (m, 1H), 3.79 (s,
3H), 3.67i 3.59 (m, 1H)3.551 3.45 (m, 1B, 3.24i 3.04 (m, 4H), 2.29 2.16 (m, 4H), 2.13
(s, 3H) 2.07i 1.97 (m, 2H) 1.94 (t,J = 2.7 Hz, 1H), 1.787 1.64 (m, 2H), 1.54 1.44 (m,
2H).

13C NMR (101 MHz, CDCH): Ui (ppm) =171.2, 170.7, 168, 112.5, 112.3, 102.6, &.774,
688, 642, 60.1, 53.1, 5B, 48.7 410, 374, 357, 28.2, 27.9, 24, 247, 183.

HR-MS (ESI): m/z[M+H]" calcd forC,7H33FN307: 550.2359, found: 550.2355
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(S)-3-(4-azidophenyl)-2-((tert-butoxycarbonyl)amino)propanoic acid (14)!"
N3

HN.__O
T

N-Boc-4-bromophenylalanine 13, 200mg, 581umol, 1.0eq.), Cul (11.Ing, 58.0umol,
0.1eq.), NaN (113mg, 1.74mmol, 3.0eq.), N,NNpimethylethylenediamine(DMEDA,
940puL, 819mg/mL, 87.0umol, 0.15eq.), Naascorbate (11B1g, 581umol, 1.0eq.) and
NaOH (23.2ng, 581umol, 1.0eq.) were diluted in 1L ethanol/water (6/1) and heated to
100°C. The reaction mixture was stirred for 24t 100°C, diluted with 10 mL ethyl acetate
and washed with L saturated NaCl solution. The aqueous phase was extracted with ethyl
acetate (83 mL), the combined organic layers were dried oves9@a and the solvent was
removed under reduced pressurke crude product was purified by column chromatography
(DCM/MeOH/acetic acid 94/5/1) and yielded 19@ (56%) of the product.

'H-NMR (300MHz, CDCE): U (ppm) =7.297 7.12 (m, 2H), 7.03 6.92 (m, 2H)4.92 (d,
J=8.1Hz, 1H)4.67i 4.46 (m, 1H)3.297 2.91 (m, 2H, 1.42 (s, 9H).

MS (ESI): m/z[M+H]" calcd forCy4H1sN4O4: 305, found: 306

Prop-2-yn-1-yl (S)-3-(4-azidophenyl)-2-((tert-butoxycarbonyl)amino)propanoate (15)
N3

o)
o
HN\H/O

AN
Amino acidderivative1l5 was synthesized according general procedure Ausing 100mg
(326umol, 1.0eq.) amino acidl4, 20.0pL (948 mg/mL, 326umol, 1.0eq.) propargyl

alcohol, 75.0mg (392umol, 1.2eq.) EDCHCI and 2.00mg (16.0pmol, 0.1eq.) DMAP in
4 mL DCM for 4h. Washing steps were carried out witmB aqueous solution each. After
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column chromatography (hexane/ethyl acetate 4/1), r69.062%) of a yellow oil were

obtained.

'H-NMR (500MHz, CDCE): i (ppm) =7.15(d, J = 8.4 Hz, 2H), 6.96 (d] = 8.4 Hz, 2H),
4.94 (d,J = 6.6Hz, 1H), 4.84i 4.64 (m, 2H), 4.65 4.57 (m, 1H), 3.19 3.00 (m, M), 2.51
(t, J= 2.5 Hz, 1H), 1.42 (s,}9).

MS (ESI): m/z[M-Boc+H]" calcd forCi7Ho0N4O4: 245, bund: 245

Prop-2-yn-1-yl (S,E)-3-(4-azidophenyl)-2-(hept-2-enamido)propanoate (F5)
N3

2oy
HNW
o]
Deprotection was performeatccording togeneral procedure B using 690 mg (203umol,
1.0eg.) amino acidl5 and trifluoroacetic acid (2.mL, 40% in DCM) for 1.5n. All of the
crude product was used for the amide synthesis accordiggnteral procedure G using
40.0pL (960mg/mL, 223umol, 1.1eq.) E-2-heptenoic acid, 85.0g (223umol, 1.1eq.)
HATU and 40.QuL (742mg/mL, 223umol, 1.1eq.) DIPEA in 2.5mL DMF for 18h.
Washing steps were carried out witm@ aqueous solution each. 38 (77%) of the
product was obtained after purification with column chromatography (hexane/ethyl acetate

1/1). No total pure product was obtained; impes were subtracted out.

'H-NMR (500MHz, CDCL): U (ppm) =7.12 (d,J = 8.5 Hz, ), 6.95 (d,J = 8.5 Hz, M),
6.86 (dt,J = 15.3, 6.9 Hz, 1H), 5.76 (di,= 15.3, 1.5 Hz, 1H), 4.99 (di,= 7.7, 5.5 Hz, 1H),
4.897 4.62 (m, 2H), 3.18\rt. qd,J = 14.0, 5.5 Hz, 2H), 2.53 (§,= 2.5 Hz, 1H)2.237 2.14
(m, 2H), 1.47i 1.39 (m, M), 1.38i 1.31 (m, 2H), 0.91 () = 7.3 Hz, 3H).

3C-NMR (126 MHz, CDC}): U (ppm) = 165.5, 158.1, 151.9, 146.6, 139.2, 132.4, 131.0,
129.7, 122.8, 119.3, 115.0, 77.4, 77.0, 75.8, 53.1, 53.0, 37.3, 30.4, 14.0.

HR-MS (ESI): m/z[M-Boc+H]" calcdC1gH,,N4O3: 355.1765found:335.1766
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(S)-3-(3-aminophenyl)-2-((tert-butoxycarbonyl)amino)propanoic acid (17)*"
NH,

0]

HN\H/OT<
o)
N-Boc-3-aminophenylalaninel6 (200mg, 645umol, 1.0eq.) was dissolved in @L

methanol and KCO; (107mg, 773umol, 1.2eq) and Pd/C (10% on carbon, 1m§) were

added under argon atmosphere. The reaction flask was flushed with hydrogen thrice and

HO

stirred for 20h under hydrogen atmosphere. Sujpsmntly the flask was flushed with argon,
the reaction mixture was filtered through Céliend the solvent was removed under reduced

pressure. The crude product was used without further purification.

1H-imidazole-1-sulfonyl azide hydrogen chloride (Imidazolsulfonylazide 33)1%

N3 2 HCl
AN

Sulfurylchloride (3.23nL, 1.67g/mL, 40.0mmol, 1.1eq.) was added to a suspension of
NaN; (2.60g, 40.0mmol, 1.1eq.) in40mL acetonitirle at GC under argon atmosphere.
After the reaction was stirred for h8at room temperature, it was cooled t6Q0and
imidazole (2.59, 38.1mmol, 1.0eq.) was added in portions. The reaction mixture was
stirred for 3.5h at room temperature and B8(L ethyl acetate were added. Theanig layer
was washed with water (80L) and saturated NaHG@®olution (80mL) and was dried over
N&SQO,. 10mL HCI (4™ in dioxane) were added and the mixture was cooled°t®. 0he
pure product was filtered off and washed with ethyl acetate. Yield 2G% ethyl acetate:
2.419.

'H-NMR (300MHz, DMSO-dg): Ui (ppm) =8.547 8.47 (m, H), 7.94 girt. t, J = 1.6 Hz, 1H),
7.29 (dd,J = 1.8, 0.8Hz, 1H).
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(S)-3-(3-azidophenyl)-2-((tert-butoxycarbonyl)amino)propanoic acid (18)™"°
N3

0]

HN\H/OT<
o]
The crde aminel7 (205mg, 645umol, 1.0eq.) was dissolved in ®mL methanol and

imidazolsulfonylazide33 (134mg, 773umol, 1.2eq.) and CuS©H,0 (1.61mg, 6.45umol,

0.01eq.) were added. The reaction mixture was stirred fdr &6room temperature and the

HO

solvent was removed under reduced pressure. The residue was dissolved in water and
acidified to pH 3 with v HCI (aqg.). The mixture was extracted with ethyl acetaxs (8L),

dried over NgSO, and the solvent was removed under reduced pressure. The coddetp

was purified by column chromatography (hexane/ethyl acetate 3/1 to 1/1 + 2% acetic acid)
and yielded 12mg (64%) of acoloress solidR= 0.06 (hexane/ethyl acetate 3/1).

'H-NMR (300MHz, CDCk): U (ppm) =7.067 6.77 (m,4H), 5.017 4.77 (m, 1H), 4.67i
4.50 (m, 1H) 3317 2.98 (M, 2H), 1.43 (s, 9H).

MS (ESI): m/z[M-H] calcdC;4H1gN4O4: 305 found:305

Prop-2-yn-1-yl (S)-3-(3-azidophenyl)-2-((tert-butoxycarbonyl)amino)propanoate (19)
N3

O

HN O
oK
@)

Amino acidderivative19 was synthesized according general procedure Ausing 127mg

/o

(415pumol, 1.0eq.) aminoacid 18 240uL (948 mg/mL, 415umol, 1.0eq.) propargyl
alcohol, 95.0ng (498umol, 1.2eq.) EDCHCI and 3.00mg (2Q0 pmol, 0.1eq.) DMAP in
4 mL DCM for 2h. Washing steps were carried out witmb aqueous solution each. 101
(74%) of a yellow solid was obtained. The product was used for the next step without further

purification.
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Prop-2-yn-1-yl (S,E)-3-(3-azidophenyl)-2-(hept-2-enamido)propanoate (F6)
N3

0
///\o o
HN\[(\/\/\
o]
Deprotection was performeaccording togeneral procedure B using 106ng (308umol,
1.0eq.) amino acidl9 and trifluoroacetic acid (2.8L, 40% in DCM) for 2h. All of the
crude praluct was used for the amide synthesis accordingetweral procedure G using
50.0puL (960mg/mL, 339umol, 1.1eq.) E-2-heptenoic acid, 13thg (339umol, 1.1eq.)
HATU and 60.0uL (742mg/mL, 339umol, 1.1eq.) DIPEA in 2.5mL DMF for 18h.
Washing stepsvere carried out with 81\l aqueous solution each. 70@ (64%) of the
product was obtained after purification with column chromatography (hexane/ ethyl acetate

5/1).No total pure product was obtained; impurities were subtracted out.

'H-NMR (300MHz, CDCE): U (ppm) =7.511 7.42 (m, 4H), 6.79 (t) = 1.7 Hz, 1H), 6.22
(dt, J = 15.8, 1.5 Hz, 2H), 5.86 (d,= 7.6 Hz, 1H), 4.87 4.61 (m, 2H), 3.19 (qd] = 13.9,
5.6 Hz, 2H), 2.54 (t) = 2.5 Hz, 1H), 2.45 2.36 (m, 2H), 1.6G 1.48 (m, 2H), 1.47 1.40
(m, 2H), 0.90 (t,J = 7.3 Hz, 3H).

3C-NMR (126 MHz, CDCH): U (ppm) = 170.7 165.4, 140.6, 148, 137.6, 129.9, 129.6,
120.8, 1201, 773, 759, 52.9, 528, 37.5, 32.8, 31.8, 22.13.8.

HR-MS (ESI): m/z[M+H]" calcdC1gH2:N40s: 355.1765, found: 355.1765

Prop-2-yn-1-yl (S)-2-((tert-butoxycarbonyl)amino)-3-(3,5-difluorophenyl)propanoate
(37)

NH, *TFA

Amino acidderivative37 wassynthesized according general procedure A using 500mg
(11, 1.66mmol, 1.0eq.)N-Boc-3,5-difluoro-phenyhlanine, 95.8L (948 mg/mL, 1.66mmol,
1.0eq.) propargyl alcohol, 30%@g (1.99mmol, 1.2eq.) EDCHCI and 10.2ng (83.1umol,
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0.1eq.) DMAP in 20mL DCM for 3h. Washing steps were carried out withriD aqueous
solution each. The crude product (486) was deprotected according general procedure

B, using trifluoroacetic acid (10 mL, 40% in DCM) fohl The deprotected product was used
for the next step without further purification.

Prop-2-yn-1-yl (S)-3-(3,5-difluorophenyl)-2-(pent-4-ynamido)propanoate (F3)
F F

0]

o0

HNN
o)

F3 was synthesized according general procedure G using 81.0mg (338umol, 1.0eq.)
compound37, 36.5mg (372umol, 1.1eq.) 4pentynoic acid, 14ing (372umol, 1.1leq.)
HATU and 48.1uL (742mg/mL, 372umol, 2.2eq.) DIPEA in 3mL DMF for 24h. Washing
steps were carried out withndL aqueous solution each. 36r@ (34% over three steps) of
the product were obtained after purification with column chromatography (hexane/ethyl
acetate 6/L Rr = 0.24(hexane/ethyacetate 6/1 + 0.5% acetic acid).

'H-NMR (400MHz, CDCk): Ui (ppm) =6.771 6.66 (m, 3H), 6.15 (dJ = 7.4 Hz, 1H), 4.94
(dt, J = 7.4 5.4 Hz, 1H)4.76 @irt. ddd,J = 66.2, 15.5, 2.5 Hz, 2HB.18 irt. qd, J = 13.9,
5.5 Hz, 2H), 2.64 2.37 (m, 5H), 2.02 () = 2.6 Hz, 1H).

13C-NMR (101 MHz, CDCY): U (ppm) = 170.7, 1704, 164.4, 161.9, 139.4, 112.8126,
1030, 828, 76.7, 762, 69.9, 53, 530, 37.5, 35.3, 14.8

HR-MS (ESI): m/z[M+H]* calcdCi7H:sF.NOs: 3201093, found320.102.

Prop-2-yn-1-yl (S)-3-(3,5-difluorophenyl)-2-(hex-5-ynamido)propanoate (F2)
F F

0]

2ot

HN

O?
7

Synthesized accordirtg general procedure G using 81.0ng (338umol, 1.0eq.)compound
37, 41.7mg (372umol, 1.1eqg.) Shexynoic acid, 142ng (372umol, 1.1eq.) HATU and
48.1pL (742mg/mL, 372umol, 2.2eq.) DIPEA in3 mL DMF for 24h. Washing steps were
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carried out with 8nL aqueous solution each. 411@ (36% over three steps) of the product
was obtained after purification with column chromatography (hexane/ethyl acetate 5/1
R =0.21 (hexane/ethyl acetate 5/1).

'H-NMR (400MHz, CDCk): Ui (ppm) =6.751 6.64 (m, 3H), 5.96 (dJ = 7.7 Hz, 1H), 4.93
(dt,J= 7.7, 5.6 Hz, 1H)4.75 irt. ddd,J = 65.5, 15.5, 3.5 Hz, 2H3.23i 3.10 (m, 2H), 2.55
(t, J= 2.5 Hz, 1H), 2.37 () = 7.3 Hz, 2H), 2.29 2.22 (m, 2H), 1.99 ({J = 2.7 Hz, 1H), 193
i 1.80 (m, 2H).

3C-NMR (101 MHz, CDC}): U (ppm) = 172.0, 170.5, 164.3, 161.8, 139.5, 112.7, 112.5,
103.0, 83.3, 74, 76.1, 69.6, 52, 52.7, 37.6, 34,8240, 17.8.

HR-MS (ESI): m/z[M+H]" calcdCygH17F-NO3: 334.1249found:334.129.

Prop-2-yn-1-yl (S)-3-(3,5-difluorophenyl)-2-(hept-6-ynamido)propanoate (F1)
F F

0]

2o _

HNW
o

Synthesized accordingo general procedure G using 21.0ng (87.9umol, 1.0eq.)
compound 37, 12.8uL (997mg/mL, 96.7umol, 1l.1leq.) 6heptynoic acid, 35.thg
(96.7umol, 1.1eq.) HATU and 33.¢L (742mg/mL, 193umol, 2.2eq.) DIPEA in 1.0nL

DMF for 24h. Washing steps were carried out withmiD agueous solution each. 1604

(35% over three steps) of the product were obtained after purification with column
chromatography (hexane/ethyl acetate 9RL)= 0.21 (hexane/ethyl acetate 2/1).

'H-NMR (300MHz, CDCE): &i (opm) =6.791 6.62 (m, 3H), 5.94 (d] = 7.7 Hz, 1H), 5.01
4.91 (m, 1H),4.78 girt. ddd, J = 65.9, 15.5, 2.5 Hz, 2HB.26i 3.11 (m, 2H), 2.54t,
J=2.5Hz, 1H), 2.51i 2.19 (m, 1H), 2.3G 2.20 (m, 3H), 1.98 (tJ = 2.7 Hz, 1H), 1.83
1.73 (m, 2H), 1.62 1.53 (m, 2H).

13C-NMR (126 MHz, CDCk): U (ppm) = 1723, 1705, 163.9, 162.0, 139.4, 112.5, 152
839, 760, 68.8, 53.0, 58, 37.5, 39, 278, 24.5, 1.

HR-MS (ESI): m/z[M+H] " calcdCygH19F,NO3: 3481406, found348.1403
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Methyl (E)-hept-2-en-6-ynoate (34)[189]

\J\/\/\
0] %

DMSO (4.05mL, 1.10g/mL, 57.1umol, 2.4eq.) was added to a solution of oxalylchloride
(2.45mL, 1.48g/mL, 28.5umol, 1.2eq.) in 60mL DCM at160°C andthe mixture was
stirred for 10min. 2.21mL (900mg/mL, 23.8umol, 1.0eq.) 4pentynl-ol were added in
20mL DCM and the mixture wasgain stirred for 15min before 16.%nL (726mg/mL,
119pumol, 5.0eq.) triethylanine were added and the mixture was allowed to thaw°t®. 0
After 9.54g (28.5umol, 1.2 eq.) PPCHOQMe were added, the reaction was stirred for
90 min at room temperature, before 1Q water werer added and the mixture was extracted
with DCM (3x25mL). The organic layer was dried over J$&, and the solvent was
removed under reduced pressure. The crude product was purified by column chromatography
(hexane/ethyl acetate 15/1 to 10/1) and yielded §.962%) of a yellow oil.Rr =0.52
(hexanedthyl acesite 10/1).

'H-NMR (300MHz, CDCk): U (ppm) =6.98 (dt,J = 15.7, 6.5 Hz, 1H), 5.90 (df, = 15.7,
1.5Hz, 1H), 3.73 (s3H), 2.48i 2.39 (m, 2H), 2.39 2.31 (m, 2H), 2.00 () = 2.5 Hz, 1H).

(E)-hept-2-en-6-ynoic acid (35)"*
O

=
HOJ\/\/\

NaOH (22.0mL, 1M ag. solution, 21./mol, 1.5eq.) was added to a solution @00g
(14.5mmol, 1.0eq.)compound34 in 20 mL tetrahydrofuran THF) and the reaction mixture

was stirred at 50C for 1h. Subsequently HCI (2B1L, 1M ag. solution, 24.6nmol, 1.7eq.)

was added and the mixture was extracted with ethyl acete28 (2L), the organic layer was

dried over NgSQO, and the solvent was removed under reduced pressure. The crude product
was purified by column chromatography (hexane/ethyl acetate 5/1 + 1% acetjcand
yielded 335mg (20%) of a yellow oilR; = 0.63 (hexane/ethyl acetate 5/1 + 1% acetic acid).

'H-NMR (300MHz, CDCL): #i (ppm) =7.10 (dt,J = 15.7, 6.6 Hz, 1H), 5.91 (df,= 15.7,
1.6Hz, 1H), 2.53 2.43 (m, 2H), 2.43 2.34 (m,2H), 2.01 (t,J = 2.6 Hz, 1H).
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Prop-2-yn-1-yl (S,E)-3-(3,5-difluorophenyl)-2-(hept-2-en-6-ynamido)propanoate (F4)

F F
(0]
N S
HNW
(e

ADEP fragmentF4 was synthesized according general procedure A using200mg (11,
664umol, 1.0eq.) N-Boc-3,5-difluoro-phenylalanine, 40.QL (948 mg/mL, 664umol,
1.0eq.) propargyl alcohol, 12Mg (664umol, 1.0eq.) EDCHCI and 8.10mg (66.4umol,
0.1eq.) DMAP in 3mL DCM for 3h. Washing steps were carried out witmP aqueous
solution each. All of the crude product was deprotected accotdiggneral procedure B
using trifluoroacetic acid (3.8L, 40% in DCM) for 1h. All of the deprote&d product was
used for the amide synthesis accordiagyeneral procedure G using 82.3ng (664umol,
1.0eq.) compound35, 277mg (729umol, 1.1eq.) HATU and 25QL (742mg/mL,
1.46mmol, 2.2eq.) DIPEA in 3mL DMF for 72h. Washing steps were carriegt avith 4mL
agueous solution each. 168) (45% over three steps) of the product were obtained after
purification with column chromatography (hexane/ethyl acetate R/H)0.42 (hexane/ethyl
acetate 2/1).

'H-NMR (300MHz, CDCE): U (ppm) =6.89 (dt,J = 15.4 6.4 Hz, 1H), 6.76 6.61 (m, 3),
6.047 5.92 (m, 1H), 5.88 (dt] = 15.4 1.5 Hz, 1H), 4.99 (dt] = 7.6, 5.4 Hz, 1H)4.76 irt.
ddd,J = 52.6, 15.9, 2.9 Hz, 2HB.30i 3.08 (m, 2H), 2.55 (1) = 2.5 Hz, 1H), 2.47 2.29 n,
4H), 2.00 (tJ = 2.5 Hz, 1H).

C-NMR (75MHz, CDCk): & (ppm) =170.5, 165.1, 143,71395, 124.0, 112.81125,
103.3 1030, 102.6, 82.8, 73, 762, 69.6, 532, 529, 37.6, 31.0, 17.

HR-MS (ESI): m/z[M+H] " calcdCigH;7F-NO3: 346.1249found:346.1249

2-(3-(but-3-yn-1-yl)-3H-diazirin-3-yl)ethyl(S)-2-((tert-butoxycarbonyl)amino)-3-(3,5-
difluorophenyl)propanoate (12e)

F F
N=N O
/\)&/\O)‘H W\
NHBoc
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Amino acid derivative 12e was synthesizedccordingto general procedure A using
50.0mg (166umal, 1.0eq.) N-Boc-3,5-difluoro-phenylalanine, 22.thg (166umol, 1.0eq)
minimal photocrosslinker36 (2-(3-(but-3-yn-1-yl)-3H-diazirin-3-yl)etharr1-ol), 38.2mg
(199umol, 1.2eq.) EDCHCI and 1.0Img (8.30umol, 0.05eqg.) DMAP in 1.5mL DCM for
2.5h. Washing steps were carried out withm®. aqueous solution each. 63t of a yellow

oil were obtained. The product was used for the next step without further purification.

2-(3-(but-3-yn-1-y)-3H-diazirin-3-yl)ethyl(S,E)-3-(3,5-difluorophenyl)-2-(hept-2-
enamido)propanoate (BH235)
F F

N=N O

O)J\“\\\
HNW/\/\/\

0]

\\?

Synthesis was performed according general procedure B using 64.0mg (152umol,
1.0eq.) amino acid2e and trifluoroacetic acid (1.5 mL, 40% in DCM) for h5All of the
crude product was usddr the amide synthesiaccording togeneral procedure G using
21.0puL (960mg/mL, 154umol, 1.0eq.) E-2-heptenoic acid, 64.Mg (169umol, 1.1eq.)
HATU and 59.QuL (742mg/mL, 339umol, 2.2eq.) DIPEA in 1.5mL DMF for 24h.
Washing steps were carri@ait with 2mL aqueous solution each. 28§ (43%) of a light
yellow solid were obtained after purification with column chromatography (hexane/ethyl
acetate 5/1 to 3/1R:= 0.76 (hexane/ethyl acetate 3/2).

'H-NMR (500MHz, CDCL): U (ppm) =6.88 (dt,J = 15.3, 7.0 Hz, 1H), 6.766.62 (m, 3H),
5.94 (d,J = 7.6 Hz, 1H), 5.81 (dt] = 15.3, 1.5 Hz, 1H), 4.96 (di,= 7.6, 5.8Hz, 1H), 4.06
(dt,J=11.4, 6.3Hz, 1H), 3.96 (dt) = 11.4, 63 Hz, 1H), 3.22 (ddJ = 13.9, 5.8z, 1H), 315

(dd, J = 13.9, 5.8Hz, 1H), 2.20 irt. dg,J = 7.0, 1.5 Hz, 2H), 2.08 1.98 (m, 3H), 1.79 (t,
J=6.3 Hz, 2H), 1.65 (td] = 7.4, 2.3 Hz, 2H), 1.4D 1.40 (m, 2H), 1.38 1.29 (m, 2H), 0.91
(t, J= 7.3 Hz, 3H).

13C-NMR (126MHz, CDCk): U (ppm) =1710, 165.6, 146.8, 122.7, 112.5, 112.3, 102.9,
82.6, 69.7, 60.6, 53.0, 37.7, 32.2, 3819, 30.4, 26.4, 22.4, 14.0, 13.4

HR-MS (ESI): m/z[M+H] " calcdC,3H,7FN30s5: 432.2®3, found:432.2092.
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1.3.3. Synthesized amino acid derivatives for ADEP synthesis

1-(tert-butyl) 2-methyl (2S,4R)-4-(tosyloxy)pyrrolidine-1,2-dicarboxylate (21)1*¢°
OTs

COOMe

N-Boc-trans-4-hydroxy-L-proline methyl ster 0, 5.00g 20.4mmol, 1.0eq.) was dissolved

in 18 mL dichloromethane and after the solution was cooled G, ®.42mL (982 mg/mL,
79.5mmol, 3.9eq.) pyridine was added slowly. 7.@7(40.8mmol, 2.0eq.) p-TsCl were
dissolved in 18nL dichloromehane and added slowly to the reaction mixture. The mixture
was allowed to warm up to room temperature and was stirred for Ater TLC control,
water was added, the phases were separated, the organic layer was dried®Wgraxd the
solvent was remeed under reduced pressure. The crude product was purified by column
chromatography (hexane/ethyl acetate 2/1) and yieldedgo(88%) of thecolorless product.

Ry = 0.28 (hexantethyl acetate 5/1).

'H-NMR (300 MHz, CDC}, mixture of rotamers 3:2 ratioji (ppm) =7.78 (d,J = 7.8 Hz,
2H), 7.36 (dJ = 7.8 Hz, 2H)5.097 4.99 (m, 1H, 4.447 4.29 (m, 1H, 3.72 (s, 3H), 3.68
3.55 (m, 2H)2.601 2.34 (m, 4B, 2.247 2.05 (m, 1H, 1.40 (Xs, 9H).

MS (ESI): m/z[M-Boc+H]" calcdCygH,sNO-S: 300, found: 30.

Analytical data are in accordance with those published in the litef&ttre.

(2S,4R)-1-(tert-butoxycarbonyl)-4-(tosyloxy)pyrrolidine-2-carboxylic acid (22)"
OTs

COOH

LIOH-H,0 (3.49¢g, 83.2mmol, 4.9eq.) was added slowly to a solution of 6¢78.6.9mmol,
1.0eq.) prdine derivative 21 in 300mL tetrahydrofuran/water (3/2). The reaction mixture
was stirred for 2B at room temperature. After reaction control, the mixture was brought to
pH 2 with 1m HCI (ag.) and extracted with ethyl acetate80mL). The organic lagr was

dried over NaSQ, and the solvent was removed under reduced pressurey §1616mmol,
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93%) of the pure product was obtained as yellow Bjl=0.35 (hexanéethyl acetate
1/1+1%AcOH).

'H-NMR (300MHz, CDCk, mixture of rotamers 3:2 rafioti (ppm) =7.79 (d,J = 8.2 Hz,
2H), 7.37 (d,J = 8.2 Hz, M), 5.0871 4.96 (m, 1H, 4.52i 4.30 (m, 1H), 3.82 3.47 (m, 2H),
2.681 2.13 (m, B), 1.43 @xs, H).

MS (ESI): m/z[M-Boc+H]" calcdC;7H,3NO,S: 286, found: 286.
Analytical data are in accordanaith those published in the literatufé&”!

(2S,4R)-1-(tert-butoxycarbonyl)-4-methylpyrrolidine-2-carboxylic acid (23)™¢°!

~

Y

Boc
COOH

Methyllithium (1.6Mm in diethylether, 5.68 mL, 13.8 mmol, 5.3 eq.) was added to a solution of
CuCN (627mg, 7.01mmol, 2.7eq.) in 14mL THF ati78°C. The reaction mixture was
warmed up and stirred for 1Bin at 0°C. Subsequently the reaction mixture was cooled to
178°C again, and 1.09 (2.55mmol, 1.0eq.)proline cerivative22 in 9.3mL tetrahydrofuran
was added slowly. The reaction mixturasmwarmed up t®20°C quickly and was further
allowed to warm up to @C in 3h. After the reaction mixture was cooledit®0 °C again,
saturated NECI solution was added until no reaction could be observed anymore. The
mixture was allowed to warm up toam temperature overnight. 8L 1m HCI (ag.) was
added, followed by 1fhL water. After the mixture was extracted with chloroform
(3x55mL), the organic layer was dried over J8&, and the solvent was removed under
reduced pressur&@he crude product wagsurified by column chromatography (hexane/ethyl
acetate 2/1) and yielded 45y (1.98mmol, 76%) of thecolodess product.R=0.25
(hexanéethyl acetate 2/1).

'H-NMR (300 MHz, CDCl, mixture of rotamers 1:1 rafjpti (ppm) =4.427 4.25 (m, 1H),
3.771 3.46 (m, 1H) 3.041 2.82 (m, 1H), 2.49 2.29 (m, 1H), 1.96 1.81 (m, 1H), 1.7
1.59 (m, 1H), 1.45 (%s, 9H), 1.05 (&s, 3H).

MS (ESI): m/z[M-Boc+H]" calcdCy;H1gNOy4: 130, found:130.

Trandcis ratio was determined to be 9/1 By-NMR of the correspading HCI salt and
comparison to published data. Analytical data are in accordance with those already published

in theliterature!®
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(2S,4R)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)-4-methylpyrrolidine-2-carboxylic  acid
(24)[143,165]

~

N
Fmoc”~ Q

COOH

The Boc-protected amino aciderivative 23 (454mg, 1.98mmol, 1.0eq.) was dissolved in
40mL 4m HCI in dioxane under argon atmosphere and the reactiaturmai was stirred
overnight at room temperature. After the solvent was removed under reduced pressure it was

diluted in chloroform and the solvent was removed again thrice.

The crude product was diluted in & dioxane and 2&L of an aqueous 10% MNaO;
solution were added slowly and the reaction mixture was stirred fi@n5After the mixture

was cooled td 5 °C, FmoeClI (493 mg, 1.90 mmol, 1.6qg.) in 18mL dioxane was added and
stirred at room temperature foth3 Subsequently the reaction mixture veagdified to pH 2

with concentrated HCI, then 60L water were added. After the mixture was extracted with
chloroform (%70 mL), the organic layer was washed with saturated NaCl solution and dried
over NaSQO,. The solvent was removed under reduced pressuilethe crude product was
purified by column chromatography (hexane/ethyl acetate 4/1 + 1% acetic acid) to yield
583mg (84%) of the product.

'H-NMR (300 MHz, CDCk): & (ppm) =7.82i 7.69 (m, 2H), 7.65 7.50 (m, 2H), 7.47
7.27 (M, 4H), 4.56 4.21 (m 4H), 3.86i 3.44 (m, 1H), 3.06 2.91 (m, 1H), 2.53 2.09 (m,
2H), 2.03i 1.65 (m, 1H), 1.12 0.98 (m, 3H).

MS (ESI): m/z[M+H]" calcdCy;H,:NOy4: 352, found: 353.

Analytical data are in accordance with those published in the litef&ttire.

(S)-1-(((9H-fluoren-9-yl)methoxy)carbonyl)piperidine-2-carboxylic acid (30)!**
Fmoc
N .COOH

(J

FmocCl (2.20g, 8.52mmol, 1.1eq.) in 33mL dioxane was added to a solution of 1¢00
(7.74mmol, 1.0eq.) pipecolic acid and 4.1 (37.7mmol, 5.0eq.) NaCQO; in 33mL water

and the reaction mixture was stirred fort¥at room temperatur&ubsequently 5L water
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were added and the mixture was washed with diethyletk@O@BL). The aqueous phase was
acidified (pH 2, conc. HCI), extracted with ethyl acetatel@mL) and the organic layer was
washed with saturated NaCl solutiorx{bmL) and dried over Ng&5O,. The solvent was
removed under reduced pressure and the crude product was purified by column
chromatography (hexane/ethyl acetate 1/1 + 1% acetic acid) to yieldy Z0Q%®%) of the

coloress product.

'H-NMR (300 MHz, CDCk): & (ppm) =7.85i 7.70 (m, 2H), 7.70 7.50 (m, 2H), 7.46
7.28 (m, ), 5.147 4.69 (m, 1B, 4.59i 4.36 (m, M), 4.331 4.01 (m, M), 3.40i 2.98 (m,
1H), 2.487 2.12(m, 1H),1.837 1.58 (m, 3), 1.59i 1.14 (m, H).

MS (ESI): m/z[M+H]" calcdCy1H,:NOy: 352 found:352
Analytical data are in accordance with those published in the litef&ttre.

(S)-1-(tert-butoxycarbonyl)-4-oxopyrrolidine-2-carboxylic acid (26)
O

N

Boc”

COOH

2.00g (8.65mmol, 1.0eq.) Trichloroisocyanuric adicTCCA) was aded to 200g (23,
8.65mmol, 1.0eq.)N-Boc-L-hydroxyprolinein 40 mL DCM, the solutiorwascooled to C

and 67.0mg (432umol, 0.05eq.) 2,2,6,6Tetramethylpiperidinyloxyl (TEMPO) was added

and the reaction mixture was stirred for B at 0°C and 3h at room temperature.
Subsequently 2L water were added and the solvents removed under reduced pressure. The
resulting slurry was taken up in 8L ethyl acetate, filtered through Cefitand the solution

was acidified with . HCI (aq.) to pH 4. The oanic layer was washed with water
(3x10mL) and saturated NaCl solution (i), dried over NgSO, and the solvent was
removed under reduced pressure. §{86%) of a light brown solid were obtained as pure

product.

'H-NMR (500 MHz, acetoneds, mixture ofrotamers 5:4 ratjo U (ppm) =4.73 (t,J = 74 Hz,
1H), 3.957 3.66 (m, 2H), 3.13rt. td, J = 19.Q 10.4 Hz, 1H), 2.57vjrt. dd, J = 19.0,
7.4Hz, 1H), 1.45 (&s, 9H).

MS (ESI): m/z[M+A CN+N4g" calcdC;oH1sNOs: 293 found:293

Analytical data are in accordance with thpsilished in the literaturé2® %!
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(S)-5-(tert-butoxycarbonyl)-1,2,5-triazaspiro[2.4]hept-1-ene-6-carboxylic acid (27)

COOH

9.35mL (7N in MeOH, 65.4mmol, 15eq.) NH was added to a solution df.00g
(4.36mmol, 1.0eq.)ketone26 in 3.5mL MeOHunder argon atmosphereidt0 °C. After the
reaction mixture was stirred aL0°C for 5h, 641mg (5.67mmol, 1.3eq.) hydroxylarme-
O-sulfonic acid in 4nL MeOH were added &{78 °C and the reaction mixture was stirred for
1.5h ati10°C. The mixture was allowed to warm up to room temperature, stirred for 16
and filtered off and washed with methanol (10 mL). Subsequentlymil2g726 mg/mL,
8.77mmol, 2.0eq.) NE§ was added and the reaction was cooled t&€ (before 1.44
(5.67mmol, 1.3eq.) iodine (in 25nL MeOH) was added, until a browaolor remains. The
reaction mixture was stirred forl2at 0°C before the solvent wasmeved under reduced
pressure. The resulting slurry was taken up inm25water, brought to pH 2 with &t HCI
(ag.) and extracted with ethyl acetate&4nL). The organic layer was washed with saturated
NaCl solution (310mL) and dried over N&O,. The sobent was removed under reduced
pressure and the crude product was purified by reversed phase(HENH,O; ACN 2% to
98%) and yielded 16619 (11%) of the pure product.

'H-NMR (500 MHz, CDCk, mixture of rotamers 5:4 rafjipti (ppm) =4.74i 4.51 (m, 1H),
3.277 3.01 (m, 2H), 2.44 2.23 (m, 1H), 1.87 1.61 (m, 1H)1.517 1.41 (m, $).

HR-MS (ESI): m/z[M-H] calcdC;0H15N30,4: 240.0990, found: 240.0991.

Analytical data are in accordance with those published in the liteftt#!

(S)-5-(((9H-fluoren-9-yl)methoxy)carbonyl)-1,2,5-triazaspiro[2.4]hept-1-ene-6-
carboxylic acid (28)

COOH

0.66mL conc. HCl was added to a solutiof 280 mg (1.16 mmol, 1.0 eqd)azirine 27 in
6 mL dioxane, the reaction mixture was stirred fdn and the solvent was removed under

reduced pressure. The resulting slurry was taken up mL1@ater and lyophilized overnight.
99



Chapter IV

The brown oil was dilug in 5.6mL of a 9% NaCO; aqueous solution and 353
(2.05mmol, 0.9 eq.) Fmosuccinimide in 1.2nL DMF/dioxane (1/1) was added and the
reaction stirred for min. Subsequently 6/3L DMF/dioxane (1/1) were added and the
mixture was stirred for 1Min before 25mL water were added. After the mixture was washed
with diethylether (20 mL) and ethyl acetate (20 mL), the aqueous layer was acidified with
conc. HCI to pH 2. The agueous phase was extracted with ethyl acet@ent®), dried over
NaSO, and thesolvent was removed under reduced pressure. The crude pnattupurified

by reversed phase HPL@BCN/H,O; ACN 2% to 98%) and 331 mg (73%) pure product were

obtained.

'H-NMR (500MHz, CDCk): & (ppm) =7.787 7.73 (m, 2H), 7.56 7.53 (m, 2H), 7.42
7.29(m, 4H), 4.73 (ddJ = 9.9, 2.6 Hz, 1H), 4.56 4.41 (m, 2H)4.31i 4.16 (m, H), 3.33i
3.21 (m, 1H),3.177 3.06 (m, 1H)2.447 2.33 (m, 1H), 1.76 (dd] = 15.2, 2.6 Hz, 018),
1.56 (dd,J = 15.2 Hz,0.4H).

HR-MS (ESI): m/z[M+H]" calcdCyoH17N304: 364.1292, found: 364.1292.

Analytical data are in accordance with those published in the litef&itte!
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1.3.4. General procedures for solid phase peptide synthesis and cyclization

General Procedure D: Loading of the resin.

The weight of a syringe fitted with a frit was determined, the resichl@otrityl chloride
resin, 106200 mesh, loading: 0.958mol/g) was added, and the weight determined again.
The amim acid was dissolved in rAL dichloromethane, 140L DIPEA were added, the
solution was filled into the syringe and was shaken fbr 8ubsequently 0//mL methanol
was added and the syringe was shaken famits Then the resin was washed with DCM
(1x5 mL), DMF (3x5 mL), DCM (3x5 mL) and MeOH (&5 mL), before it was dried for

in a desiccatorTheweightof the syringe with resin was determined again and the load of the
resin was calculated wittme followingequation {, my=weight of unloaded resjm,=weight

of loaded resipn

a A ZPpMMT

' 0 zZQ

General Procedure E: Deprotection of amino acids.

Before the first deprotection, the resin was shaken withL5SDMF for 20 min. For the
deprotection, the resin wasa#ten with 5 mL 20% piperidine in DMF for 10 min, the same
procedure was repeated with fresh solution for another 5 min. After that, the resin was washed
with 5 mL DMF (32 min).

General Procedure F: Coupling of amino acids.

HATU (154 mg 410 punol) in DMF (2.0mL) was added to the corresponding amino acid in
DMF (2.0mL), followed by DIPEA (198 pL742 mg/mL, 114 mmol) in DMF (0.5mL) and
nitrogen was forced through the solution fomi. 2.5mL DMF were added to the resin,
followed by the amino acid mixta. The resin was shaken fohzand then washed with DMF
(5%5 mL). A chloranil test was performed after each coupling to check for completion of the

reaction.

General Procedure G: Execution of the chloranil test.

A few resin beads were washed with DCM agiden in a small reaction vessel. 200

aceton or acetaldehyde were added for secondary or primary amines, respectively. After
50 uL chloranil (saturated solution in toluol) was added, the mixture was shaken ri@n10

When the resin beads turned bluggeeen, the coupling step was repeated.
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General Procedure H: Cleavage of the resin.

The resin was shaken withmL DMF (2x5 min) and 7mL methanol (35 min) and dried

under high vacuum. Then, 1n&L triisopropylsilane and 0.81L TFA in 4mL DCM were
addedand rinsed with 2nL DCM. After the mixture was shaken forhl the solution was

given into a flask and the procedure was repeated. Nitrogen was flushed over the combined
solutions overnight and the residue was taken up in chloroform, which was remalexd un
reduced pressure three times. After the peptide was dried under high vacuunhfat @.&s
resuspended in @mL pentane/diethylether (1/1) in an ultrasonic bath and filtered
subsequently. The pure peptide was dried under high vacuum again.

General Procedure I: Cyclization of the heptapeptide.

To a solution ofMNBA (2-Methyl-6-nitrobenzoic anhydrigeand DMAP in DCM, DIPEA

was added, followed by Dy(OTE&funder argon atmosphere. The peptide in DCM was added
to the refluxing mixture over 24 and the deent was removed under reduced pressure. The

crude product was purified by reversed phase HPLC.
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1.3.5. Synthesized peptides by solid phase peptide synthesis and cyclization

ADEP derivative BH279

518mg 2chlorotrityl chloride esin was loaded with Fmgwoline (222mg, 658umol)
accordingto general procedure D to obtain a loading of 76@mol/g. Following amino acids
were coupled to the resumsing general procedures E,F and G. Fmocalanine (62.3ng,
200umol), FmoeMe-alanine (97.6mg, 300umol), Fmoeproline (101mg, 285umol),
Fmocserine (103ng, 284umol), Fmoephenylalanine (116hg, 300umol) and E-2-
heptenoic acid (40.AL, 950mg/mL, 304umol). The heptapeptide was cleaved of thsin
using general procedure H and the cyclization was performedaccording togeneral
procedure |, using theresulting heptapeptidd60.0mg, 84.2umol, 1.0eq.), MNBA
(86.9mg, 253umol, 3.0eq.), DIPEA (40.uL, 742mg/mL, 236umol, 2.8eq.), DMAP
(61.7mg, 505umol, 6.0eq.) and Dy(OTH (513 mg, 84.2umol, 1.0eq.). The crude product
was purified by reversed phase HP(ATN/H,0; ACN 2% to 60%). Identity was determined
via HR-LC-MS, NMR data are provided as additional information.

'H-NMR (500MHz, CDCE): &i (ppm) =8.56(d, J = 9.5 Hz, 1H)7.307 7.27 (m, 2H), 7.23
7.07 (m, 4H), 6.92 (dt) = 14.7, 7.1 Hz, 1H), 6.67 (d,= 8.8 Hz, 1H), 6.22 (d] = 15.4 Hz,
1H), 5.16 (dd,) = 8.4, 2.7 Hz, 1H), 4.95 4.86 (m, 1H), 4.86 4.75 (m, 2H), 4.61 (q] = 7.5
Hz, 1H), 4.51 (tJ = 9.7 Hz, 1H), 46 (d,J = 8.4 Hz, 1H), 3.78 3.69 (m, 1H), 3.66 3.48
(m, 3H), 3.361 3.27 (m, 1H), 2.97 (d] = 7.3 Hz, 2H), 2.85 (s, 3H), 2.442.29 (m, 1H), 2.25
i 2.11 (m, 4H), 2.05 1.83 (m, 5H), 1.53 (d] = 6.9 Hz, 3H), 1.47 1.20 (m, 7H), 0.89 (i =
7.2 Hz 4H).
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13C-NMR (126MHz, CDCk): U (ppm) =172.8, 172.2, 171,4170.1 170.1, 166.7, 164.8,
146.6, 136.1, 129,5128.8 127.1, 123.264.9 59.3 56.6, 56.4, 55.6, 51.28.1, 47.2, 46.7,
38.9, 32.0, 31.131.9 30.7, 30.5, 23,224, 21.3 17.7, 15.8, 14.

HR-LC-MS (ESI): m/z[M+H] " calcdCseHsoNsOg: 695.3%63, found:695.3761
HPLC (2-60% ACN, 17 min) Rt=110-11.4min.

Analytical data are in accordance with those published in the litef4ttire.

ADEP-Probe 266

//

C% &

503mg 2chlorotrityl chloride resin was loaded with Fmpline derivative24 (126 mg,
359umal) according togeneral procedure D to get a loading of 47@mol/g. Following
amino acids were coupled to the resin usgeneral procedures E F and G Fmoc
propargylglycine (158ng, 473umol), Fmoepipecolic acid 80, 170mg, 473umol), Fmoe
photgroline 28 (124mg, 341umol), Fmoeserine (154ng, 473umol), Fmoe3,5-difluoro-
phenylalanine (12¢ng, 306umol) andE-2-heptenoic acid (63.4L, 950mg/mL, 473umol).
The heptapeptide was cleavedtbé resin usinggeneral procedure Hand thecyclization
was erformed according tgeneral procedure | using the resulting heptapeptiied.0mg,
11.9umol, 1.0eq.), MNBA (12.3mg, 35.7umol, 3.0eq.), DIPEA (5.68iL, 742mg/mL,
33.4umol, 2.8eq.), DMAP (8.70mg, 71.5umol, 6.0eq.) and Dy(OT#H (7.30mg, 11.9umol,
1.0eq.). The crude produetas purified by reversed phase HPIACN/H,O; ACN 2% to
60%). Yield: 8.34mg (85%). Identity was determinedria HR-LC-MS, NMR data are

provided as additional information.
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'H-NMR (500MHz, methanoid,): ti (ppm) =8.53 (d,J = 9.7 Hz, 1H), 6.90 6.64 (m, 3H),
6.22 (dt,J=15.3, 1.5 Hz, 1H), 5.50 (dd,= 9.8, 2.1 Hz, 1H), 5.31 (ddd,= 5.7, 4.4, 1.1 Hz,
2H), 5.21i 5.06 (m, 1H), 4.96 (dd] = 11.9, 1.8 Hz, 1H), 4.77 4.71 (m, 1H), 4.62 (dd] =

7.9, 57 Hz, 1H), 4.59 4.49 (m, 2H), 4.07 (s, 1H), 3.763.39 (m, 2H), 3.23 2.70 (m, 2H),
2.63 (s, 2H), 2.42 2.12 (m, 5H), 2.09 1.89 (m, 4H), 1.73 1.52 (m, 4H), 1.51 1.39 (m,
3H), 1.217 1.12 (m, 1H), 1.07 0.97 (m, 2H), 0.97 0.78 (m, 13H).

3C-NMR (126 MHz, methanolds): U (ppm) = 177.9, 172.3, 178, 170.0, 168.2, 168,
145.3, 140.8, 129.4, 123.1, 121810, 71.2, .0, 598, 57.5,56.1, 54.4, 51.0, 50.5, 45.
421, 41.6, 407, 39.7 390, 37.8, 35.1, 33.2, 34, 317, 31.3, 300, 30.2, 29.4, 29.2, 29,
28.9, 28.8, 8.7, 25.522.4 21.8, 20.1, 12.8.

HR-LC-MS (ESI): m/z[M+H]" calcdC4;HsoF,NgOs: 821.3783, found: 821.3782.

HPLC (2-98% ACN, 17 min)Rt=10.211.3min.

ADEP-Probe 288

559mg 2chlorotrityl chloride resin was loaded witkmocphotoproline 28 (110mg,
303umol) accordingto general procedure D to get a loading of 400mol/g. Following
amino acids were coupled to the resin usgeneral procedures E, F and G Fmoc
propargylglycine (172ng, 510umol), Fmoepipecolic acid 80, 181mg, 510umol), Fmoe
proline (173mg, 510umol), Fmoeserine (177dg, 510umol), Fmoe3,5difluoro-
phenylalanine (21&g, 510umol) andE-2-heptenoic acid (69.4L, 950mg/mL, 510umol).

The heptapeptide was cleaved of the ressing general procedure H and thecyclization
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was performed according tgeneral procedure | using the resulting heptapepti(®0.0mg,
60.6umol, 1.0eq.), MNBA (62.6mg, 182umol, 3.0eq.), DIPEA (28.QL, 742mg/mL,
170umol, 2.8eq.), DMAP (44.4ng, 364umol, 6.0eq.) andDy(OTf); (37.0mg, 60.6umol,
1.0eq.). The crude produetas purified by reversed phase HPACN/H,O; ACN 2% to
98%). Yield: 3.05mg (6%).Identity was determineda HR-LC-MS, NMR data are provided

as additional information.

'H-NMR (500MHz, methanold,): Ui (ppm) =8.64 (d,J = 9.7 Hz, 1H), 8.19 8.10 (m, 1H),
7.331 7.01 (m, 3H), 6.91 6.71 (m, 1H), 6.16 (d] = 15.1 Hz, 1H), 5.44 5.26 (m, 1H), 4.73
(d,J = 8.9 Hz, 1H), 4.63 4.47 (m, 1H), 3.98 3.78 (m, 1H), 3.73 3.62 (m, 1H), 3.53
3.41 (m, 1H)3.217 3.06 (m, 1H), 3.00 2.83 (m, 2H), 2.82 2.57 (m, 3H), 2.57 2.32 (m,
2H), 2.30i 1.86 (m, 5H), 1.85 1.55 (m, 4H), 1.45 1.27 (m, 9H), 1.21 1.14 (m, 1H), 0.93
(t, J=7.2 Hz, 3H).

¥C-NMR (126 MHz, methanold,): U (ppm) =172.0, 171.4, 170,9170.3, 168.1, 145.3,
123.1, 118.0, 117.®0.7, 71.3, 65.1, 58.1, 57.5, 57.1, 5458..2, 50.2, 48.7, 46.2, 40.7, 37.5,
33.0, 31.3, 30.6, 30.2, 30.0, 27.4, 27.3, 24.5, 22.6, 21.8, 21.6, 20.4, 12.8

HR-MS (ESI): m/z[M+H]* calcdCaoHasF-NsOs: 807.8636, fand: 807.8636.

HPLC (2-98% ACN, 17 min) Rt=10.610.5min.
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2. Biochemical Procedures

2.1. General material and methods

2.1.1. Buffers and Solutions

In general, ddkD is used as a solvent if not defined differently.

General Buffers Composition
PBS(pH 7.4) 136.9mM NaCl
101 mM NaHPO,
2.7mM KCI
1.8mM KH2PO,
HEPES(pH 7.5) 30 mM HEPES
PZ-Buffer (pH 7.6) 25mM HEPES
200mM KCI
5mM MgCl>-6H,0
1mM DTT
10% (v/v) Glycerol
Buffers/Solutions for SDSPAGE Composition
Laemmli Buffer () 63 MM Tris-HCI
10% (v/v) Glycerol
2% (W) SDS
0.0025% (w/v) Bromphenol blue
5% (v/v) b-Mercaptoethanol
SDS Running Buffer (1%, pH 8.3) 24.8mM Tris
191.8mM Glycine
3.5mM SDS
Coomassie Staining Solution 0.25% (w/v)  Coomassie Brilliant Blue R25(

9.2% (v/v) Acetic acid
45.4% (viv) Ethanol

Coomassie Destaining Solution 10% (v/v) Acetic acid
20% (v/v) Ethanol
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Buffers/Solutions for WB Analysis

Compositioin

Blotting Buffer 48 mM Trizma
39mM Glycine
0.04% (w/v) SDS
20% (v/v) MeOH
PBST 0.5% (v/v) Tween20
in PBS
PoncealRred 0.1% (w/v) Ponceau S
5% (v/v) Acetic acid

2.1.2. Bacterial strains and media

Commercially availabl&. aureustrains were obtained from the following suppliers: Institute
Pasteur, France (NCTC8325); American Type Culture Collection (ATCC33591, ATCC6538).
Strains SH1000 and USA3@114 were obtained from HraBettina Buttaro at the Lewis
Katz School of Medicine at Temple Universifyhe NCTC832%xIpP strain was constructed

as published bfetzer et al**?

Organism Strain Mutant/wt  Medium Anti biotic
S. aureus NCTC8325 wt B/BHB -
S. aureus USA300 wit B/BHB -
S. aureus NCTC8325 qxlpP BHB Erythromycin
E. coli BL21 (DE3) LB
Bacterial Medium Composition
LB medium 5.09/L Yeast extracts
10g/L Tryptic peptone
5.0g/L NacCl
B medium 5.0g/L Yeast extracts
10g/L Tryptic peptone
5.09/L NaCl
1.0g/L  KzHPO,
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BHB medium 17.5¢g/L Brain Heart Infusion

2.50/L NapgHPOy
2.0g/L Glucose
5.0g/L Tryptic peptone
5.0g/L NacCl

1000x Antibiotic Stock Concentration

Erythromycin 10 mg/mL in EtOH

Ampicillin 100mg/mL  in ddHO/EtOH 14

2.1.3. Cultivation methods of bacteria

For an @ernightculture5 mL of therespective medium and & of bacterial glycerol stock
were shaken in a culture tube over night at@7and 200pm. Day cultures were grown in
250mL flasks with four baffles, with 5L medium and 1:100 inoculations with overnight
culture. Bacterial glycerol stocks were prepared out of @80@vernight culture and 400L
sterile glycerol and frozen &@80°C. For growth curves, Qlgy measurementsEppendorf
BioPhotometer were conducted every 30 to 60 minutes with 1:10 dilution eflthcterial

suspension.

2.1.4. Determination of MIC values

The minimal inhibitory concentrationMIC) is defined as the concentration of a compound
sufficient to fully inhibitvisible growth of bacteria. The outer rows of a clear flat bottom 96
well plate were fled with 150uL medium as sterile control without any bacteria or
compound. 7%L medium were provided in the remaining wells andu5of DMSO or
compound (1:200) in medium were added in the first column. For a dilution series, 75 pL
were taken out of #h first column and were diluted 1:1 with the medium in the second
column, and so on. Awovernight culture of the desired bacteria was diluted 1:5000 with
medium and 7pL were added to all inner wells. The bacteria were incubated for &8
37°C and 20Gpm. The MIC of the substances was defined as the lowest concentration at

which no bacterial growth could be observed.
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2.1.5. BCA Assay

A dilution series of bovine serum albumin (BSA, 4G9mL, 200ug/mL, 100ug/mL,

50 pg/mL, 25pg/mL, Opg/mL) and protein sames were diluted with PBS (1:10) and |50
were pipetted in a 9&vell plate (transparent, flat bottom) in triplicates. To each well 00
freshly prepared BCA mix (15 parts reagent 1 and one part reagoti2Quant universal,
Carl Roth were added. Aér 30min at & °C the absorption at 49#n wasmeasured at a
Tecanlinfinite M200pra Protein concentrations can be determined from the BSA calibration

curve.

2.1.6. SDS-PAGE
After 100 pL 2¢x Laemmli sample buffer were added to each sample, samples were vortexed
and anayzedvia SDS PAGE 12.5% or 15% agarose gel (PEQLA®otechnilogie GmbH
PerfectBlue Dual Gel System, gels were prepared according to the manual), 2.5 h, 150 V,
8L fluorescent protein standar(BenchMarK™ Fluorescent Protein Standar@hermo

Fischer Scientifi¢ and fluorescence imaginGE Healthcare ImageQuant LASI000)
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2.2. Biochemical methods for Chapter Il

2.2.1. Hemolysis Assay in Solution

This assay was performed by Dr. Jan Vomacka and Barbara EyermaAN78rand by
Barbara Eyermann fakV73-p.

50 pL of an overnight culture o6. aureusvas grown in 5 mL Bnedium in a plastic culture
tube until an ODQy between 0.38 and 0.58as reached. Bacteriaere serially dilted in

B medium [1:9 (v/v) in three steps] to getfinal concentration of 3x40* bacteria per mL
according to previously recorded growth curves 990uL of bacterial suspension was added
10uL DMSO or compound (100 stock in DMSO, different concentrations) in a plastic
culture tube, vortexed and grown for RGat 37°C and 200pm with tightly closed lid.
800uL were harvested in a rBL microcentrifuge tube at 668 for 7min at room
temperaturel00 pL of the supernatantere transferred to a microtiter plate (in triplicates)
and incubated with 50 pLfdiluted sheep blood solutiofi0% (v/v) in PBS, heparinized
sheep blood washed®ith PBS,Elocinlab GmbH and measured in artiin interval at 600
nm at 37 °C with a @caninfinite M200pro. Incubation of 100 uL growth medium with 50 pL

sheep blood solution was used as a negativeéSOMSs a positive control.

2.2.2. Biofilm Assay

Biofilm assays forS. aureusstrains SH1000, USA3060114, ATCC33591 and ATCC6538
were conducted by Dr. Megan C. Jennings using procedure 2. Biofilm assays for strain
NCTC8325 were performed by Dr. Jan Vomack¥13) and Barbara EyermanAY73 and
AV73-p) using procedure 1.

Procedure 1

50 pL of an overnight culture of5. aureusvas grown in 5 mL BHB mediun(il:100)in a
plastic culture tubeTest compound in DMSO or DMSO control were added with a volume
ratio of 1:100 ad the cultures were grown under static conditions &C3fbr 24 h in a 96

well plate with 100 pL culture per well. Bacterial culture was removed carefully with a
multichannelpipette avoiding biofilm destruction. The biofilm was carefullwashed with

200 pL ddH,O. The 96well plates were dried for 3 h at 3€ under static conditits and
then dried overnight at room temperatuRer wel] 50uL of a 1:5 dilution of 1%(w/v)
crystal violet (dissolved in 25% ethanol in ddM in PBS were added and the platas

incubated for 10 min at room temperatufiene crystal violet solution was removed, the
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colored biofilm washed -2 times with ddHO and dissolved ir80% acetic acid in ddkD.
After 1:10 dilution in30% acetic acid iddH,O, thealsorbance at 595 nm waneasurewith
a TECAN Infinite M200pro

Procedure 2

50 pL of an overnight culture ofs. aureuswas grown in 5 mL BHB medium in a plastic
culture tube. After 1:100 dilution of the culture with fresh BHB medium, test compound in
DMSO or DMSO control weredaled with a volume ratio of 1:100 and the cultures were
grown under static conditions at 32 for 24 h in a 96well plate with 100 pL culture per
well. Plates were emptied by inverting and shaking, washed with 200 piOdairt] dried for

3 h at 37 °C andwernight at room temperature. Per well 50 pL of 1% (w/v) crystal violet
(25% in ethanol in ddpD) was added and incubated for 10 min at room temperature. Excess
crystal violet was removed by submerging plates in fresh tap water until the run off was
colorless. Plates were then inverted and dried at room temperature. Crystal violet was
redissolved with 200 pL of 95% ethanol, 100 pL of which was then transferred to a fresh flat
bottom 96well plate for absorbance measurements atr85

2.2.3. Whole proteome analysis
The whole experiment was conducted by Dr. Jan Vomacka, data analysis was performed by
Dr. Jan Vomacka and Barbara Eyermann.

Growth

Bacteria were cultured under defined growtimditions according to chapter 2.2.1. for 20 h or
chapter 2.2.2. for 24 h. Qures werecollected in a 50 mL faleo tube and centrifuged at
6200<g for 5 min at 4°C. 3 mL of the supernatant were precipitated with 12 mL cold acetone
(r80°C, MSgrade). The remaining supernatant was disposed and lteevpas resuspended

in PBS to @t ODgoo = 40. 1 mL of this sspension was centrifuged (62@Qf) 2 min, 4°C), the

supernatant was removed and the pellets were stersrchightati 80 °C.

Lysis and Precipitation

Pellets were resuspended in 1 mL PBSG¥% and transferred to @&recellysGlass/Ceramic

Kit SK38 2.0 mLotube. Tubes were cooled on ice for 5 min and cells \wered with the
Precellys Homogeniser using three times lysis program 3 (5400 rpm, run number: 1, run time:
20 sec, pause: $ec). After each lysis run the tubes wereled on ice for 5nin. The ball

mill tubes were centrifuged (1620§ 10 min, 4°C), 800uL of supernatant were transferred

to 15mL falcon tubes and #hL of cold acetonei@0°C, MSgrade) were added. Proteins
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were precipitatedover nightat 180°C. The pecipitated protes were thawed on ice,
pelletizzd (169089, 15 min, 4°C) andthe supernatant was disposed. Falcon tubes were
stored on ice during the following washing procedure: The proteins were washédeso
with 1 mL cold methanoli@0 °C). Resupension was achied by sonication (15 sec at%0
intensity) and proteins were pelle&d via centrifugation (1690€g, 10 min, 4°C). Only MS

grade water was used for the following procedures.

Reduction, Alkylation, Digest

After washing the pelletvas resuspended in 20QuL denaturation buffer7{ M urea, 2 M
thiourea in 20nM, HEPES bufferpH 7.5. Dithiothreitol ©TT, 1M, 0.2uL) was added, the
tubes were mixed by vortexing shortly and incubated in a thermoshakerp@5@5 min,

r.t). Then 2iodoacetmide (IAA, 550mM, 2 pL) was added, the tubes were mixed by
vortexing shortly and incubated in a thermoshaker (8@ 30 min, r.t.,, in the dark).
Remaining IAA was quenched by the additiorDdfT (1 M, 0.28uL). The tubes were shortly
mixed by vortexingand incubated in a thermoshaker @4pm, 30min, r.t.). LysC
(0.5pg/uL) was thawed on ice and 1 pL was added to each microcentrifuge tube, the tubes
were shortly mixed by vortexing and incubated in a thermoshaken 404 h, r.t., in the
dark). TEAB (etraethylammonium bromidlesolution (600 puL, 5GnM in water) and then
trypsin (1.5 L, 0.5 pg/pL in 50 mM acetic acid) were added to each tube with a short
vortexing step after each addition. The microcentrifuge tubes were incubated in a
thermoshaker (45fpm, 1315 h, 37°C). The digest was stopped by adding 6 pL formic acid
(FA) and vortexing.

Desalting and Labeling

50mg SepPak C18 columnswWaterg were equibrated by gravity flow with ImL
acetonitrile, 1 mL elution buffer (80% ACN, 0.5% FA) and 3 agqueous 0.5% FA solution.
Subsequently the samples were loaded by gravity flow, washed with 5 mL aqueous 0.5% FA
solutionand labeledwith 5 mL of the respective dimethidbelingsolution. The following
solutions were used: light (L): 30 mM NaBEN, 0.26 CH,O, 10 mM NaHPQ,, 35 mM
NaoHPO,, pH 7.5; medium (M): 30 mM NaB{€N, 0.26 CD,O, 10 mM NaHPO,, 35 mM
NaHPO,, pH 7.5; heavy (H): 30 mM N&aBCN, 0.26 *CD,0, 10 mM NaHPQ;, 35 mM
NaHPOQ,, pH 7.5.Labeledpeptides were eluted into new 2.0 mL Protein LoBippendorf
tubes by the addition of 250 L elution buffer by gravity flow followed by 250 pL elution
buffer by vacuum flow until all liquid was eluted from the column. The eluates were

lyophilized
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Before MS measurement the samples were dissolved in.3D/UFA by pipetting up and
down, vortexing and sonication for 15 min (brief centrifugation after each step). Differentially
labeledsamples were mixed. 0.45 um centrifugal filter unWMdMR were equilibrated with

two times 500 pL water, 500 pL 0.05 N NaQid two times 5001u1% FA (centrifugation:
16200<g, 1 min, r.t). Reconstituted samples were filtered through the equilibrated filters
(centrifugation: 1620€g, 2 min, r.t.).

MS/MS-measurement

Samples wereandyzed via HPLC-MS/MS using an UltiMa 3000 nano HPLC system
(DioneX) equipped withAcclaim C18 PepMap100 745m ID x 2cm trap and Acclaim C18
PepMap RSLC, 75M ID x 15cm separation columns coupled to Thermo Fischer LTQ
Orbitrap FusionThermo Fisher Scientific Inc Samples were loaded on thapand washed

for 10 min with 0.1% FA (at 5 pL/min then transferred to the analgiccolumn and
separated, usingld2 min gradient from 4% 35% ACN, followed by 4min at 80% ACN in

0.1% FA (at 200 nL/min flow rate). LTQ Orbitrap Fusion was operated B second top
speed data dependent mode. Full scan acquisition was performed in the orbitrap at a
resolution of 120000 and an ion target of 4e5 in a scan range ofi 30000 m/z.
Monoisotopic precursor selection as well as dynamic exclusion fore€éQvare enabled.
Precursors with charge states ofi 2 and intensities greater than 5e3 were selected for
fragmentation. Isolation was performed in the quadrupole using a window of 1.6 m/z.
Precursors were collected to a target e2 for a maximum injectioriime of 250ms with

Ai nject ions for al/l avail able parallelizabl
higherenergy collisional dissociation (HCD) and detected in the ion trap at a rapid scan rate.
Internal calibration was performed using the isignal of fluoranthene cations (EASY
ETD/IC source).

The mass spectrometry proteomics data have been deposited to the ProteomeXchange
Consortiumvia the PRIDE partner repositowith the dataset identifier PXI806 7%

Data Analysis

Peptide and protein identifications were performed using MaxQuant 1.5.3.8 software with
Andromeda as search engingng following parameters: Carbamidomethylation of cysteines
as fixed and oxidation of methionine as well as acetylation d@érhini as dynamic
modifications, trypsin/P as the proteolytic enzyme, 4.5 ppm for precursor mass tolerance
(main search ppm) an@.5 Da for fragment mass tolerance (ITMS MS/MS tolerance).

Searches were perfoed against the Uniprot database fr aureusNCTC8325 (taxon
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identifier: 93061, downloaded on 8.5.2014). Quantification was performed using dimethyl
labelingwith the following settings: light: DimethLysO, DimethNterO; medium: DimethLys4,
DimethNter4 and heavy: DimethLysBjmethNter8 with a maximum of fodabeledamino
acids. Variable modifications were included for quantification. The | = L, requantify and
match between run(glefault settings) options were used. Idecdifion was done with at least

two unigue peptides and quantification only with unique peptides.

Statistical analysis was performed with Perse8910 Dimethytlabelingratios were logx)
transformed and -gcore normalized. The average values of technical replicates were
calculated and log;o(p-values) were obtained by a dwsided one sampletest over four
biological replicates. Putative contaminants, reverse peptides and peptides only identified by
sitewere deletedcut off lines were set atlog;o(p-value) of 2 and #test differere of 2.p-

values were corrected with the method of Benjamini and Hockt3&rg.

Functional protein enrichment analyses were performed using the Database for Annotation,
Visualisationand Integrated Discovery (DAVIBY*>*°® Uniprot accessions of at leasfeld
significantly deleted proteins in whole proteome studies were selected and compared to an
internal reference protein set 8taphylococcus aureusnd Staphylococcus aureusubsp.

aureus NCTC 832%-values were corrected with the method of Benjamini and Hoch58rg.

2.2.4. Gel-based AfBPP in S. aureus

Growth, Labeling and Irradiation

Bacteria were culied underhemolyss or biofilm conditions (chapter 2.2.1. and 2.2.2)
without the addition of compoundr DMSO. Cultures were collected in a 50 mL falcon tube
and centrifuged at 608@ for 4 min at 4 °C. The supernatant was disposed and the pellet was
washel with PBS and then resuspended in PBS to get a suspension wjgh O80. To
198uL of this suspension in a microcentrifuge tube 2 puLAM73-p (10, 6 and 3 mM in
DMSO), a minimal photoprob&A-1 (0.3mM in DMSO) or DMSO were added and the tube
was briely mixed by vortexing. After 30 min incubation at r.t. in the dark, the
microcentrifuge tube was again mixed by vortexing and incubated for another 30 min at r.t. in
the dark. The suspension was diluted with 800 uL PBS and transferred into a transparent 6
well plate and irradiated with UV light (280315 nm,Luzchenl.ZC-UVB) under cooling for

30 min, while the évell plate was shaken after 15 min. The irradiated bacterial suspension
was transferred to a 1.5 mL microcentrifuge tube and after centrifug@@®xg, 10 min,

4 °C) the supernatant was removed and the pellets were stored over ngMhtat
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Lysis and Click Reaction

Pellets were resuspended in 200 uL PBS (4 °C) and transferred to Precellys Lysing Kits
(0.5mL, filled with 50 to 100 mg 0.5 mm @s$s beads). Tubes were cooled on ice for about

5 min and cells wereykedwith the Precellys Homogeniser using three times lysis program 3
(5400 rpm, run number: 1, run time: 20 s, pause: 5 s). After each lysis step the tubes were
cooled on ice for 5 minThe supernatant was transferred into a new 1.5 mL microcentrifuge
tube and centrifuged at max. speed for 10 min at 4 °C to separate the soluble and insoluble
fractions. The insoluble fraction was washed with 800 pISKB °C) and resuspended in
200pL PBS (4 °C) by sonication (10 sec at 10% intensity). 86 pL of each sample and each
fraction was transferred to new 1.5 mL microcentrifuge tubes and treated with 10-uL gel
based click reagent mix [2 puL RBN(5-TAMRA azide, (tetramethylrhodamine -5
carboxamide(6-azidohexanyl)), (life technologies, T10182); 5 mM in DMSO)L2fresh

TCEP (50mM in ddH:0), 6 uL TBTA ligand (1.67mM in 80%t-BuOH and 20% DMSO)].

The final concentrations were: 10# RhNz, 1.04mM TCEP and 1044M TBTA ligand.

The lysates were mixed wportexing and incubated for h at r.t. in the darkSamples were
analzedvia SDSPAGE (chapter 2.1.5.).

2.2.5. Gel-free AfBPP in S. aureus (biofilm conditions)
Growth
An overnight culture of. aureusvas grown in 5 mL BHB medium in a plastic culture tube.
After 1:100 dilution of the culture with fresh BHB medium, the cultures were grown under
static condions at 37°C for 24 h in a 9@vell plate with 100 pL culture per well. Bacterial
culture was removed carefully with a multichannel pipatteidingbiofilm destructionThe
biofilm was resuspendein PBS, wascollected in a 50 mL fatin tube and centrifuged at
6200xg for 5 min at 4°C. The supernatant was disposed and thetpels resuspended in
PBS to getODgoo = 40. Around twelve 9&vell plates are need for 8mL ODgoo = 40

suspension.

Labeling and Irradiation

1 mL of this suspension and 1Q pf AV73-p (6 mM in DMSO) AA-1 (6 mM in DMSO)or

DMSO were mixed by vortexing-or the competition experiment . AV73 (36 mM in

DMSO) and 10 plLAV73-p (6 mM in DMSO) were added. After 30 min incubation atint.

the dark the tubes weremixed by vortexing and tubated for another 30 min at 1in. the

dark. The suspension was transferred into culture dishes (5.5 cm diameter) and irradiated
under cooling for 30nin with UV light 28071 315 nm,LuzchemLZC-UVB), with shaking
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after 15min. The irradiated bacterial suspension was transferred to a 2 mL microcentrifuge
tube. After centrifugation (600@, 10 min, 4 °C) the supernatant was removed and the pellets

were washed twice with 1 mL PBS and then storetig8at°C.

Lysis and Click Reaction

Pellets were resuspended in 1 mL PBS@} and transferred t@PrecellysLysing Kit
SK382.0 mLotubes. The ubes were cooled on ice for 5 min and cells wgred with the
Precellys Homogeniser using three times lysis program 3 (5400 rpm, run number: 1, run time:
20 sec, pause: $ec). After each lysis run the tubes were cooled on ice for 5&@huL of
the supernatant were transferredrtew 1.5 mL microcentrifuge tubes acehtrifuged at max.
speed for 10nin at 4 °C to separatthe soluble and insoluble fractisnThe pellet was
washed with 1 mL PBS and then resuspended in 1 mL PBS by soni¢ificsec, 10%
intensity) Protein concentration was adjusted to rhg/mL aftera BCA a&say (chapter
2.1.5.). Ina15 mL falcon tube, 500 pkolution were treated with 43 pdekfree click reagent
mix [3 pL Biotin-PEG3Nj; (Jena BioscienceCLK-AZ104P4100; 10mM in DMSO), 10 pL
TCEP (50 mM in ddkO), 30 puL TBTA ligand (1.667 mM in 80%-BuOH and 20%
DMSO)]. Resulting in final concerdtions of: 233 uM BiotinPEG3N3;, 581 uM TCEP and
58.2 uM TBTA ligand. The lysates were mixed by vortexing and 10 pL Gus@ition (50
mM in ddHO) were added to start the click reaction. The lysates meted by vortexing
again and incubated for 1 h at r.t. in the dark. Subsequéglysates were transferred to 15
mL reaction tubes and 4 mL of cold acet¢n80°C, MS grade) were added. Proteinsres

precipitated over night 220 °C.

Enrichment

The precipitated proteins werbatved on ice, pelletized (169§ 15 min, 4 °C) and the
supernatant was disposed. Proteins were washed two times with 1 mL colchahetha
(180°C). Resuspension was achieved by sonication (10 sec at 10% intensity) and proteins
were pelletizedvia centrifugation (16908g, 10 min, 4 °C). After the washing steps the
supernatant was disposed and the peletresuspendeth 500 pL 0.2% SDSn PBS at r.t.

by sonication (10 sec at 10% intensity). 50 uL awadgarose beadsSigmaAldrich) were
prepared by washing three times with 1 mL 0.2% (w/v) SDS in PBS. All centrifugation steps
were conducted at 48@ for 2 min at room temperatur®&00 pL protein solution esadded

to the washed avidiagarose beads and incubatedemcontinuous inverting (1 h, ).tBeads

were washed three times with 1 mL @&2SDS in PB&nd five times with 1 mL PBS.
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Reduction, Alkylation and Digest

The beads were requended in 200 u denaturation bufie(7 M urea, 2 M thiourea in 26M
HEPES bufferpH 7.5). TCEP (500 mMn ddH,0O, 2 uL) was added, the tubes were mixed by
vortexing shortly and incubated in thermoshaker(600rpm, 60 min, 37 °C). Then-2
iodoacetamide AA, 500mM in 50mM TEAB solution in ddHO, 2 pL) was added, the
tubes were mixed by vortexing shortly and incubatedtireemoshaker (60fpm, 30 min, r.t.

in the dark). Remaining IAA was quenched by the additioD ©f (1500 mM, 0.28iL). The

tubes wee shortly mixed by vortexing and incubated itharmoshaker (60pm, 30 min,

r.t.). LysC (0.5 pg/uL) was thawed on ice and 1 pL was added to each microcentrifuge tube,
the tubes were shortly mixed by vortexing and incubatedheranoshaker (60fpm, 2h, r.t,

in the dark). TEAB solution (600 pL, 58M in ddHO) and then trypsin (1.5l4 0.5ug/pL

in 50 mM acetic acid) were added to each tube with a short vortexing step after each addition.
The microcentrifuge tubes were incubated ithearmoshakef600rpm, 15 h, 37C). The
digest was stoma by adding 10 puIEA and vortexing. After centrifugatiori§616<g, 3 min,

r.t.) the supernatant was transferred to a new Protein LoBind Eppendorifd€500 L,
aqueous 0% solution) was added to the beads aitér vortexing and centrifugation
(16616¢g, 1 min, r.t) the supernatant was added to the supernatant eallbefore.

Desalting

50 mg SepPak C18 columndVéterg were equilibrated by gravity flow with 1 mL
acetonitrile, 1 mL elution buffer (80% ACN, 046 FA) and 3 mL aqueous 0.1% TFA
solution. Subsequently the samples were loaded by gravity flow, washed with 3 mLsaqueou
0.1% TFA solution and 0.5 mL aqueous 0.5% FA solutiolutien of proteins into new
2.0mL Protein LoBind Eppendorf tubes was perfornigdthe addition of 500 pL elution
buffer by gravity flow followed by 250 pL elution buffer by vacuum flow until all liquid was

eluted from the column. The eluates were lyophilized.

Before MS measurement the samples were dissolved irL Zjpeous % FA by pipetting
up and down, vortexing and sonication for 15 min (brieftdfugation after each step).
0.22um centrifugal filter units YWR were equilibrated with 300 puL 1% FA §&16xg,
1 min, r.t) and samples were filtered through the equilibrétests (centrifugation: 16208g,

2 min, r.t).

MS/MS-measurement

Samples were angled via HPLC-MS/MS using an UltiMate 3000 nano HPLC system
(Dionex) equipped with Acclaim C18 PepMapl00ufb ID x 2 cm trap andEASY-SPRAY
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RSLC C18 50 cmx 75 um separation colmns coupled to Thermo Fischer LTQ Orbitrap
Fusion Thermo Fisher Scientific Inc Samples were loaded on the trapd washed for

7 min with 0.26 TFA (at 5 uL/min), then transferred to the analytical column and separated
using a,115 min gradient fromb% to 32% ACN followed by10min at 90% ACN in 0.1%

FA (at300 nL/min flow rate). LTQ Orbitrap Fusion was operated in a 3 second top speed data
dependent mode. Full scan acquisition was performed in the orbitrap at a resolution of 120000
and an ion target dfe5 in a scan range of 3W®00 m/z. Monoisotopic precursor selection as

well as dynamic exclusion for 6@swere enabled. Precursors with charge state$ pfald
intensities greater than 5e3 were selected for fragmentation. Isolation was performed in the
quadrupole using a window of 1.6 m/Reptide intensity threshold was set to 5e3 and
automatic gain control was set to 1e4 watimaximum injection time of 5thswi t h Ai nj €
ions for alll available parall el i ziagbhlgleer t i me
energy collisional dissociation (HCD) and detected in the ion trap at a rapid scan rate. Internal
calibration was performed using the ion signal of fluoranthene cations (EA®YIC

source).

The mass spectrometry proteomics data have been teghdsi the ProteomeXchange
Consortiumvia the PRIDE partner repositowith the dataset identifier PXm8067%!

Data Analysis

Peptide and protein identifications were performed using MaxQuant 1.6.0.1 software with
Andromeda as search engine using following parameters: Carbamidomethylation of cysteines
as fixed and oxidation of methionine as well asetylation of Ntermini as dynamic
modifications, trypsin/P as the proteolytic enzyme, 4.5 ppm for precursor mass tolerance
(main search ppm) and 0.5 Da for fragment mass tolerance (ITMS MS/MS tolerance).
Searches were performed against the Uniprot dsgalfar S. aureusNCTC8325 (taxon
identifier: 93061, downloaded on 26.06.2017). Quantification was performedlabgldree
guantification (LFQ). The match between runs (default settings) option was used.
Identification was done with at least 2 unique tplgs and quantification only with unique

peptides.

Statistical analysis was performed with Perse69010 LFQ ratios were logfx) transformed.

T logio(p-values) were obtained by a two samiptest over four biological replicates. Putative
contaminants, reverse peptides and peptides only identified byesiéedeletedvValues were
filtered for three in at least one grouput off lines were settd log;o (p-value)of 2 and at-

test differenceof 3, for soluble fraction, and 2 forinsoluble fraction. Due to the low
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compound access in the competition experiment, the cut off fortdst tifference of the

soluble fraction was set at 2values wee corrected by permutation based FDR > 0.5.

2.2.6. MTT Assay
Human liver cancer cells, HepG2, were cultivated in RPMI medium, supplemented with 10%
(v/v) fetal bovine serunfFBS)and 2 mM Lglutamine. Cells were seeded in a transparent 96
well plate, 4000 cellper well (200uL/well) and grown overnight at 3T and 5% CQ The
medium was removed and replaced by fresh medium with compound (1:1000) in DMSO,
while DMSO was used as a negative control. After incubation fan, 220uL 3-(4,5
dimethyl2-thiazolyl)-2 5-diphenyl2H-tetrazolium bromide solution (MTT, 5 mg/mL in PBS)
was added to each well. Cells were incubated for 3 h, medium was removig: éordhed
formazan was resuspended in 200 DMSO per well. Absorbance and a reference
wavelength were determinedy a Tecan Infinitt F200Pro at 570 nm and 630 nm,
respectively. All experiments were ri@med in triplicates. Data weraormalized with
respect to the DMSO contr@GraphPad Prisr).
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2.3. Biochemical methods for Chapter Il

2.3.1. Protein expression and purification

Protein overexpression and purification SdCIpP, SeClpP mutantsSaClpX and GFRssrA
were performed according to a published general proceftie®"'*®Overexpression and

purification of SeClpP mutants were performed by Patrick Alldamd Dr. Mathias Hackl

S&ClpP and mutants The Gateway cloning systemife Technologieswas utilized to clone

a Gterminal STRERI affinity taggedSaCIpP construct into pET301 expression vectors. 1 L
LB-medum was inoculated with 1®@L (1:100) overnight culture of the respectike coli
BL21(DES3) strain and grown in presenceaafipicillin (100pug/mL) at 37°C at 200rpm until
ODsoo Of 0.6 was reached, then IPTG5 mM final concentration) was added and thetéria

were grown overnight at 3@ and 200 rpm. After the bacteria were harvested (6§00
10min, 4 °C) and washed with 2BL PBS, the pellet was storedi&0 °C. Then, he pellet

was thawed on ice, Strdpnding buffer (100nM Tis/HCI, 150mM NaCl, 1mM EDTA,

pH 8, filtered) was added up to 2L and the pellet was resuspended. After lygBandelin
Sonoplus, twice: Tin 30% intensity and &in 80% intensity on ice) the suspension was
centrifuged (3808g, 30min, 4°C) and the supernatant was load®d a preequilibrated
StrepTrap HP column (®1L, GE Healthcarg. After the column was washed with AL
binding buffer, elution was performed with B elution buffer (binding buffer + 2.6M
desthiobiotin). Fractions containing protein were collectemhcentrated and subjected to
preparative size exclusion chromatography (HiLoad 16/60 Superdex 200 pg gelfiltration
column,GE Healthcarg. Fractions containing protein were collected, concentrated and stored
at180°C.

SaClpX. The Gateway cloning systerhife Technologieswas utilized to clone a{ierminal
His6tag and a TEV cleavage site construct into vector pET300. 1 imé&um was
inoculated with 1GmL (1:100) overnight culture of the respectide coli BL21(DE3) strain

and grown in the presence of picillin (100pg/mL) at 37°C at 200rpm until ODygo of 0.6

was reached, then IPTG (0v®M final concentration) was added and the bacteria were grown
for 4 h at 25°C. After the bacteria were harvested (689010 min, 4 °C) and washed with
25mL PBS, thepellet was stored &at20°C. The pellet waghawed on ice, lysis buffer
(25mM HEPES pH 7.5, 200 mM KCI, 5% glycerol, 1 mM DTT, 0.5 mM ATP, 5 mM
MgCl,) was added up to 20L and the pellet was resuspended. After lysian@elin
Sonoplus, twice: Tin 30% intensity and 3nin 80% intensity on ice) the suspension was
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centrifuged (3800%g, 30min, 4°C) and the supernatant was loaded on eeprelibrated His
Trap HP 5mL column GE Healthcarg. After the column was washed with B washing
buffer (25 mM HEPE pH 7.5, 200 mM KCI, 5% glycerol, 1 mM DTT, 0.5 mM ATP, 40 mM
imidazole), elution was carried out with B elution buffer (25 mM HEPES pH 7.5,
200mM KCI, 5% glycerol, 1 mM DTT, 0.5 mM ATP, 308M imidazole). Fractions
containing protein were collectethllowed by digestion with Histagged TEV proteasat
4°C overnight Cleavage was monitored by intggbtein mass spectrometry. A second
affinity purification was carried out anflow-through containing protein were collected,
concentrated and subjedtéo a $iperdex 20Qpg 16/60 column GE Healthcarg.

GFP-ssrA. The Gateway cloning systentife Technologieswas utilized to clone a N
terminal STRERI affinity tagged and a @erminal SsrA (AANDENYALAA) tagged eGFP
construct into pDESTO007 expression tgs. 1 L LBmedium was inoculated with 0L
(1:100) overnight culture of the respectizecoli KY2266 strain and grown in the presence of
ampicillin  (100pg/mL) at 37°C at 200rpm until ODyoo of 0.6 was reached, then
anhydrotetracyclineATET, 0.2 mg/l) was added and the bacteria were grown for 4.5 h at
37°C. After the bacteria were harvested (68010 min, 4 °C) and washed with 28
PBS, the pellet was storedi&0 °C. Then, the pellet was thawed on ice, Stveqing buffer
(100mM Tis/HCI, 150mM NaCl, 1mM EDTA, pH 8, filtered) was added up to 0L and
the pelet was resuspended. After lygBandelinSonoplus, twice: Tin 30% intensity and

3 min 80% intendly on ice) the suspension was centrifuged (38¢g, 30min, 4°C) and the
supernatant was loaded on a-popiilibrated StrepTrap HP column ifi., GE Healthcarég.
After the column was washed with 4L binding buffer, elution was performed with &0
elution buffer (binding buffer + 2.BoM desthiobiotin). Fractions containing protein were

collected, concentrated and stored & °C.

2.3.2. Biochemical Assays

[126,199]

FITC Casein Assay
The aim of this assayas to determine the proteolytic activity of Clp® the presence of

different compounds. For the FIT€aseinassal 00 €L sampl eabl&ls96 pr epar e
wel | pl at e, wi t h SEClpf (nanoreen doncentratiomnd diffefentfihal € M
concentratios of the compoun@100x stock in DMSO, final concentrations: 1M, 20 uM,

10 uM, 1uM). As a positivecontiol PAK4 was used with a concentration of 20M an d

DMSO as a negative control. Adlonditionswere measured in triplicates. € LDMSO or

compound in DMSQOwas added toeachw e | | a n@pP &.@Zbaffer (1 . 2 5) wasM
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added.After incubation at 37 °C fol5 min, 20e Lsubstrate (2 mM FIT@asein, 10 mM
casein in PBS was added to eacdample and the 9@ell plate was shaken carefullxfter
excitaton at 485nm, the fluoescence emission was measureddrecaninfinite® F200Pro
at535 nm.Initial slopesover time were evaluated by a linear regression model, and all values
were normalized tdhe PAK4 control after subtraction of the DMSO control (Microsoft
Excel andGraphPad Prisrf).

Peptidase Assay

The aim of this assay was to determine the inhibitibrCIpP peptidase activity in the
presence of different compounds, by monitoring the cleavage of fluorogenice8uoyr-
AMC (Bachen) substrate, as published KBersch et al*®® 1 pL of DMSO or compound
(100x stock inDMSO, final concentratiosa 100uM) were provided in a black flat bottom
96-well plate and 98iIL ClpP in PZbuffer (1 uM final concentration\were added. As a
positive controlAV170 was used at a concentration gfifl. After incubation for 15min at
37°C, 1puL AMC substrate (20nM in DMSO, final concentration: 206M) was added and
fluorescence recorded for @@in. (excitation: 38Gm, emission: 44@m, Tecan Infinite®
F200Pr9 The initial slope of the signal over time was determimida linear regression
model GraphPad Prisr) and the DMSO control was defined as 100% activity.

Protease and GFP Unfolding Assay

Activity of the CIpXP complex was determined wighprotease assay. In the presence of
different compounds, degradation of GBEBrA was detectedlia fluorescence by &ecan
Infinite® F200Pro For the GFP unfolding assay, an inactive CIpP mutant, S98A, was used.

All conditions were measured in triplicates

0.6 uL compound (108 stock in DMSO, final concentration: 1QM1) or DMSO were given

in a white flat 9éwell plate in triplicates and 59L enzyme buffer mix (2.8M ClpP, 2.4uM

ClpX in PZbuffer; ATP regeneration mixd mM ATP, 16 mM creatine phosphad U/mL

creatine phosphokinasevere added and the mixture incubated for 15 min &tC371uL
SsrA-GFP was added and after excitation at 485 nm fluorescence was measured at 535 nm for
3 h (TecanInfinite® F200Pr). DMSO was used as positive control wéth activity of 100%,

while a control set up without ClpP was used as a negative cohtminitial slope of the
fluorescence signal over time wasterminedsia linear regression (GraphPad Pri§m
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ATPase Assays
ClpX activity was determined by two tifrent assays in the presence of different compounds
and DMSO.

Enzyme coupledTPase assay

In this enzyme coupled assay the decrease of NADHAHich is proportional to ATPase
activity, is measured. To fiL compound (108 stock in DMSO, final concentratn: 100uM)

or DMSO was added 89 enzyme mastemix (100 mM HEPES pH 7.0, 200 mM KCl,
20mM MgCl;, 1 mM DTT, 1 mM NADH, 2 mM phosphoenolpyruvate, BOML lactate
dehydrogenase, 30/mL pyruvate kinase, 5% (v/v) glycejatontaining ClpX (4eM final
concentration) in a transparent flat-@@ll plate. The mixture was incubated for 15 min at
37°C and 1QuL ATP (200mM in ddH,O) were added. Absorbance was measured at 340 nm
for 2 h at aTecaninfinite® F200Prato monitor the amount of NADH/H

Malachite green assay

In this ATPase assay, the released phosphate is directly detected, which is formed by ATP
hydrolysis and therefore represents ClpX activity. For a dye solutionL3@alachite green
(0.045% in HO), 12mL ammonium molybdate (4.2% inM HCI) and 1mL Triton-X-100

(1% in H,O) solutions were combined, incubated fdr, Tiltered through a 0.4fm filter and
incubated for another hour at room temperature. In a reaction tubec@mpound (108

stock in DMSO, final concentrations: $®1) or DMSO and 20QuL PZ-buffer containing

4uM ClpX were added and the mixtukeas incubated for 1@nin at room temperature.
7.5pL ATP solution (100mM in H,O) was added and the tube vortexed to start the reaction.
After defined time points (2, 5, 10 and ¥n) 50¢L of the sample were given into a plastic
cuvette filled with 80&L dye solution and 5@L PZ buffer. After the cuvettavas inverted

and the mixture hatime to react for Inmin, 100puL citric acid (34% in HO) were added and

the cuvette was inverted agaiThe absorbance was measured atréb0n triplicates. Data

was anajzed by calculating the slope (GraphPad Prisjnvia linear regression. DMSO
treated samples were normalized to 100% activity and samples without ClpX were used as a

negative control taccount for potential autohydrolysis of ATP.

Thermal Shift Assay

To 197uL master mix (PZ buffer and 5 pM fihaoncentratiorCIpP or @pX) in a reaction
tube were added [IL Sypro Orange1(:2000,in ddH0O, SigmaAldrich) and 2uL compound
(100x stock in DMSO, final concentrations: 100, 80, 60, 40,40) or DMSO. 50uL of the

mixture was given in a white 96ell PCR plate in triplicates. Fluorescence intensity was
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measured at temperatures from 20 °C to 89.6 °C (0.3 °C steps) in a CFX9BRe&ystem
(BioRad. Data wereanalzedusing BicRad CFX Manager 3.0.

Click Reaction Assay

For the click reaction assay three conditions were tested, with the following reagents and
concentrations: Condition 1: 10 TBTA, 52 mM TCEP; Condition 2: 50QM BTTA,

2mM sadium ascorbate; Condition 3: 50 THPTA, 2mM NaAsc. For all experiments

10 uM probe BH235), 20uM cumarinazide and InM CuSQ were used. In a black 9gell

plate were given alhgredients (JuL probe, 2uL cumarinazide, guL TBTA/17.5uL BTTA

or THPTA, 2 uL TCEP or sodium ascorbate) and PBS (3Q4.5or 308uL) in triplicates,

and then L CuSQ were added to each well. Fluorescence was detected by a Tecan
Infinite® F200Pro.

2.3.3. Labeling of recombinant ClpP, wt and mutants

0.5puL DMSO or compound (100stock in DMSO different concentrations) was added to a
transparent 98vell plate and 441L S&ClpP in PBS (final concentration M) were added.
After incubation for one hour ithe dark, the mixture was irradiated for rhéh at 365nm
(Philips TL-DBLB18W), 5L gelbased click reagent mix jiL RhN; (TAMRA azide (life
technologiesT10182); 5 mM in DMSO), L fresh TCEP; 50 mM in dd}®, 3puL TBTA
ligand 1.67 mM in 80%t-BuOH and 20% DMSPand 1puL 50 mM CuSQ were added and
incubated for h in the dark. SDSPAGE was performed with 50L 2x Laemmli sample

buffer as described in chapter 2.1.6.

2.3.4. Hemolytic Assay on agar plate
3 uL compound (100 mM) or DMSO and & diluted bacterial suspensiors.( aureus
NCTC8325 1:100 in B medium) were given on a steriterfipaper disk (5 mm diameter) on
a blood agar plate (Columbia Sheep Blood Agar plate, PB50BB&mo Scientific After
incubation for 20 h at 37 °C, photos were taken with a LAS4000 scaBieHgalthcarg.

Lighter area around the filter paper represdm@molytic activity.

2.3.5. Secretome Analysis
Growth and Precipitation
Bacteria were cultured under defined growtnditions according tohapter 2.2.1for 20 h.
Bacteria were transferred to 2 mL microcentrifuge tubes and centrifuged for 10 min at6200
at 4 °C. The supernatant was filtered (0.2 um filter) in amils falcon tube, 16nL 180°C

acetone (MSrade) was added and proteins were precipitated over nigh0acC.
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The precipitated proteins were thawed on ice, pelletized (29005 min, 4°C) and
supernatant was disposed. Falcon tubes were stored on ice during the followimggwas
procedure: The proteins were washed ttimes with 1 mL cold methanoli 80 °C).
Resuspension was ache by sonication (15 sec at %0intensity) and proteins were
pelletizedvia centrifugation (16908g, 10 min, 4°C).

Reduction, Alkylation and Digest

Only MS grade water was used for the following procedures. Afeehingthe pelletwas
resuspended in 200 pL denaturation buffer (7 M urea, 2 M thiourea in 20 mM HEPES buffer,
pH 7.5) and vortexed. The mixture was transferred to anL.Snicrocentrifugetube and
centrifuged at max. speed for 5 minuR TCEP (500mM in water) was added to the
supernatant, vortexed shortly and incubated in a thermoshakerpf@@®0 min, 37 °C).
Then 2ioodoacetamide (IAA, 556M in 50mM TEAB in water, 2uL) was addedhe tubes

were mixed by vortexing shortly and incubated in a thermoshakenr@®030 min,r.t., in

the dark). Remaining IAA was quenched by the addition of DTT (BRDin water, 4uL).

The tubes were shortly mixed by vortexing and incubated in a theakerst{600rpm,
30min, r.t.). LysC (0.5 pg/pL) was thawed on ice and 1 pL was added to each micro
centrifuge tube, the tubes were shortly mixed by vortexing and incubated in a thermoshaker
(600rpm, 3 h, r.t., in the dark)TEAB solution 600 pL, 50mM in water) and then trypsin

(1.5 pL, 0.5 pg/uL in 50 mM acetic acid) were added to each tube with a short vortexing step
after each addition. The microcentrifuge tubes were incubated in a thermoshakgn{cQd@

h, 37°C). The digest was stopped by addingiL.OFA and vortexing.

Desalting

50 mg SepPak C18 columndVaterg were equilibrated by gravity flow with 1 mL
acetonitrile, 31 mL aqueou®.1% TFA solution 1 mL elution buffer (80% ACN, 0.5% FA)
and ¥*1 mL aqueoud).1% TFA solution. Subsequently the saegp were loaded by gravity
flow, washed with 81 mL aqueousD.1% TFA solutionand 0.5 mL 0.5% FA solution.
Peptides were eluted into new 2.0 mL Protein LoBind Eppendorf tuideshwas performed

by the addition of 2250 puL elution buffer(80% ACN, 0.5% FAby gravity flow followed by
250 pL elution buffer by vacuum flow until all liquid was eluted from the column. The

eluates were lyophilized.

MS/MS-preparation

Before MS measuremetite samples were dissolved i 4L 1% FA by pipetting up and
down, vortexng and sonication for 15 min (brief centrifugation aftecke step). 0.22 um
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centrifugal filter units KMerck were equilibrated with300uL 1% FA (centrifugation:
16200<g, 1 min, r.t). Samples were filtered through the equilibraféters (centrifugation:
16200¢g, 2 min, r.t.)

MS/MS-measurement

Samples were anagled via HPLC-MS/MS using an UltiMa 3000 nano HPLC system
(Dionex) equipped with Acclaim C18 PepMapl100 (7% ID x 2cm trap and Acclaim C18
PepMap RSLC, 75m ID x 50 cm separation columns cded to Thermo Fischer LTQ
Orbitrap FusionThermo Fisher Scientific Inc Samples were loaded on the trap and washed
for 10 min with 0.1% FA (at 5 pL/min), then transferred to the analltaolumn and
separated using HL2 min gradient tim 4%to 35% ACNfollowed by 4min at 80% ACN in

0.1% FA (at 200 nL/min flow rate). LTQ Orbitrap Fusion was operated in a 3 second top
speed data dependent mode. Full scan acquisition was performed in the orbitrap at a
resolution of 120000 and an ion target of 4e5 in anscange of 300" 1500 m/z.
Monoisotopic precursor selection as well as dynamic exclusion for 60 sec were enabled.
Precursors with charge states ofi 27 and intensities greater than 5e3 were selected for
fragmentation. Isolation was performed in the qupdte using a window of 1.6 m/z.
Precursors ere collected to a target of 1édr a maximum injection time of 3fs with

Al nject ions for all avail able paralleliza
higherenergy collisional dissociation (HG@nd detected in the ion trap at a rapid scan rate.
Internal calibration was performed using the ion signal of fluoranthene cations (EASY
ETD/IC source).

Data Analysis

Peptide and protein identifications were performed using MaxQuant 1.6.0.1 software with
Andromeda as search engine using following parameters: Carbamidomethylation of cysteines
as fixed and oxidation of methionine as well as acetylation d@ériini as dyamic
modifications, trypsin/P as the proteolytic enzyme, 4.5 ppm for precursor mass tolerance
(main search ppm) and 0.5 Da for fragment mass tolerance (ITMS MS/MS tolerance).
Searches were performed against the Uniprot databasg. faureusNCTC8325 (taxa
identifier: 93061, downloaded dr6.02.2018 Quantification was performed usitapetfree
quantification (LFQ). The match between runs (default settings) option was used.
Identification was done with at least 2 unique peptides and quantification ahlyumique

peptides.
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Statistical analysis was performed with Perse69010 LFQ ratios were logfx) transformed.

T logio(p-values) were obtagd by a two sampld-test over threebiological replicates.
Putative contaminants, reverse peptides peptides only identified by site were deleted.
Values were filtered for two in at least one groupt @ftilines were set dtlog;o (p-value)of

2 and at-test difference of 2, for soluble fraction, and eadbr insoluble fractionp-values

were corrected by permutation based FDR > 0.5.

2.3.6. Gel-based AfBPP in S. aureus lysate

Growth and Lysis

Bacteria were grown in a 500L Erlenmeyer flask with four baffleen the bottom. 12&L

B medium were inoculated with25 mL overnight culture antacteria were grown until they
reached stationary phase, with an gbetween 5.5 and 6.%ultures were collected in
50mL falcon tubes andemntrifuged at 6008y for 10 min at 4 °C. The supernatant was

disposed and the pellet was washed witimdOPBS and stored overnightiag0 °C.

After the pellet was thawed on ice, it was resuspended in PBS to get a suspension with
ODgoo=40 and Yzed via sonication (4«30 sec, 75% intensity), with cooling breaks in

between. Lysates were centrifuged shortly and the supernatant was filtengoh)0.2

Labeling, Irradiation and Click Reaction

In a 96well plate was given 0.aL compound (100, 50, 25, M stockconcentrations in
DMSO) or DMSO and 43L lysate was added to each well. For competition experiments
both compounds were added simultaneously. After incubationtatX.t., the samples were
irradiated under coolingxX20min with UV light (365nm, Philips TL-D BLB 18 W), with
shaking of the 9&vell plate in betweenlo each well was addedl uyL RhN3; (TAMRA azide;

5 mM in DMSQ), 1L fresh TCEP (50 mM in dd#D), 3 uL TBTA ligand (1.6 mM in 80%
t-BuOH and 20% DMSO) and liL CuSQ, solution (50mM in ddH0). The samplesvere
mixed by pipetting up and down and incubated fdr dt r.t.in the dark SDSPAGE was
performed with 5QuL 2x Laemmlisamplebuffer as described in chapter 2.1.5.

2.3.7. Western Blot Analysis
For western blot analysis, |j&. marker ServaPink Color Protein Standard 1l) was used
during SDSPAGE. Before blotting, the gel was washed twice in blotting buffem{&B
trizma, 39mM glycine, 0.04% SDS, 20% MeOH) forngin. Gel and membrane (immune
blot PVDF membraneBio-Rad were stacked between twidter papers (extra thick blot
paper,Bio-Rad in a Western Blot Transfer station (201 h). The membrane was incubated
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in 5% BSA in PBST (0.5% Tween 20 in PBS) solution at room temperature fani5
followed by 5min washing in PBS. After incubaton overnight with the primary antibody
(SeClpP,Abcam 1:5000 in 5% BSA in PBS) at 4°C, the membrane was washedL8 min
with PBST, incubated with the secondary antibody (goat-eatibit HRP, Santa Cruz
1:10000 in 5% BSA in PBS) for 1 h at room temerature, and washed agail® min with
PBST, all under constant shaking. The membrane was then incubated mittoRa freshly
prepared ECL solution (1:1; ECL Prime Western Blotting Detection Rea@énitealthcarg
for 3min and chemiluminescence waseasured with a LA8000 gel scanning station
(Fujifilm).

2.3.8. Gel-based AfBPP in S. aureus intact cells
Growth, Labeling and Irradiation
Bacteria were grown in a 25%0L Erlenmeyer flask with four bafflesn the bottom. 5L
B medium were inoculated with OBL overnight culture and the bacteria were grown until
they reached stationary phase, with ang§gbetween 5.5 and 6.&ultures were collected in
a 50 mL falcon tube and centrifugedl 6006g for 10 min at 4 °C. The supernatant was
disposed and the pellstas washed with PBS and then resuspended in PBbtion a
suspension with Ofdp = 40. To 198 uL of this suspension in a microcentrifuge tube, 2 pL of
photoprobe Z35, 266, 288 different concentrations in DMSO) or DMSO was added and the
samplewas briefy mixed by vortexing. After 1 h incubation atom temperatura the dark,
the suspension was dilutedtviB00 uL PBS and transferréal a transparent-tvell plate and
irradiated with UV light (365hm, Philips TL-DBLB18W) undercooling for 14 min(if not
defined differently) while the 6well plate was shakeonce after half of the time The
irradiated bacterial suspension was transferred to a 1.5 mL microcentrifuge tube and after
centrifugation §000xg, 10 min, 4 °C) the supernatant was removed and #iletp were
stored overnight at80 °C.
Lysis and Click Reaction
Pellets were resuspended in 200 pL PBS (4 °C) or 0.2% SDS in PB$zaddia sonication
(2x20sec, 75% intensityBandelin Sonoplus).The lysate wasentrifuged at 10004y for
30min at 4 T or 14°C, to separatehe soluble fromthe insoluble fraction. The insoluble
fraction was resuspended in 200 uL PBS°(@) or 0.4% SDS in PBS by sonication (10 sec,
10% intensity BandelinSonoplu$. 88 pL of each sample and each fraction were transferre
to new 1.5 mL microcenifuge tubes and treated with uQ gel-based ABPP mix:2 pL
RhN; (TAMRA azide; 5 mM in DMSQ, 2L freshy preparedTCEP (50 mM in ddkO),
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6 uL TBTA ligand (167 mM in 80%t-BuOH and 20% DMSO) and [ CuSQ, (50 mM).
The samplesvere mixed byortexing and incubated foriLatroom temperaturan the dark.
Samples were angledvia SDSPAGE (chapter 2.1.%

2.3.9. Gel-free AfBPP in S. aureus intact cells
Growth, Labeling and Irradiation
Bacteria were grown in a 250L Erlenmeyer flask vth four baffleson the bottom. 5@nL
BHB medium were inoculated with OmBL overnight culture and the bacteria were grown
until they reach stationary phase, with ansgDetween 6.5 and 7.&ultures were collected
in a 50mL falcon tube and centrifugest 6006<g for 10 min at 4 °C. The supernatant was
disposed and the pellet was washed with PBS and then resuspended in PBS to get a
suspension with Ofgo= 40. To 990 uL of this suspension in a microcentrifuge tube 10 uL of
photoprobe(BH235, BH266, BH288, different concentrations in DMS§Cor DMSO was
added and the tube was briefly mixed by vortexing. After 1 h incubation at room temperature
in the dark, the suspension was diluted withnl1 PBS and transferred into culture dishes
(5.5cm diameter) and irragied with UV light (365 nm/Philips TL-DBLB18W) under
cooling for 14 min, while the dishes were shaken shortly after 7 min. The irradiated bacterial
suspension was transferred to 2 mL microcentrifuge tubes and after centrifugatiorg(6000
10 min, 4 °C) tle supernatant was removed, the pellets were washed mthPBS and were

stored over night at80 °C.

Lysis and Click Reaction

Pellets were resuspendedlimL PBS (4 °C) lysostaphin (5 pL, 10 mg/mL,) was added and
shaken at 37 °C at 14000 rpm for 1 Hteh the addition of SDS (20 pL 20% in PBS, final
concentration 0.4%) the suspension was sonicét@dec,20% intensity). The lysate was
centrifuged amax. speedor 60 min atroom temperatureThe supernatant was used for the
further workflow. Protein concentration was adjusted to Ing/mL after a BCA assay
(chapter 2.1.5)In a 15 mL falcon tube, 500 uL of solution were treated with 43 pL click
reagent mix3 pL hiotin-PEG3N3 (Jena BioscienceCLK-AZ104P4100; 10mM in DMSO),

10 pL TCEP (50 mM in ddpD), 30 puL TBTA ligand (1.68 mM in 80%t-BuOH and 20%
DMSO). Resulting in final concerdtions of: 233 pM wtin-PEG3N3, 581 uM TCEP and
58.2 uM TBTA Ligand. The samplesere mixed by vortexingl0 pL CuSQ solution
(50mM in ddH,O) were added to starhé click reaction the samms were mixed by

vortexing again and incubated for 1 hr.atin the dark.
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Precipitation and Enrichment

Subsequently 4 mL of cold acetoni8Q° C, MS grade) weradded and nqoteins vere
precipitated overnight at20 °C. The pecipitated proteins weréddawed on ice, pelletized
(16900¢g, 15 min, 4 °C) and the supernatant was disposed. Proteins were washed two times
with 0.5 or 1 mL cold methanol i@0°C, MS grad¢ Resuspension was achieved by
sonication (10 sec at 10% intensignd proteins were pelletizeta centrifugation (16908g,

10 min, 4°C). After the washing steps the supernatant was disposédthen pellet
resuspended in 5Q€L 0.2% or 0.4% SDS in PBS at r.by sonication (10 sec at 10%
intensity).

50 L avidinagarse beads3igmaAldrich) were prepared by washing three times with 1 mL
0.2% (w/v) SDS in PBS. All centrifugation steps were conducted atgdf@® 2 min atroom
temperature. 50QL protein solution vas added to the washed avieigarose beads and
incubatel under continuous inverting (1 ht.). Beads were ashed three times with 1 mL
0.2% SDS in PB&nd five times with 1 mL PBS.

Reduction, Alkylation and Digest

The beads were resuspended in 2D@g@naturatiorbuffer (7 M urea, 2 M thiourea in 26M

HEPES buffer, pH 7.5)TCEP (500 mMn MS-grade water2 pL) was added, the tubes were
mixed by vortexing shortly and incubated ith@&rmoshake(600rpm, 60 min, 37 °C). Then
2-iodoacetamide (IAA, 506M in 50 mM TEAB in MSgrade water2 puL) was added, the
tubes were mixed by vortexing shortly and incubatedtireemoshaker (60pm, 30 min, r.t.

in the dark). Remaining IAA was quenched by the addition of dithiothreitol (BOTMM in
MS-grade water, 4iL). The tubes were shortly mixed by vortexing anduiated in a
thermoshakef600rpm, 30 mn, r.t). LysC (0.5 pg/pL) was thawed on ice and 1 pL was
added to each microcentrifuge tube, the tubes were shortly mixed by vortexing and incubated
in athermoshaker (60fpm, 2 h, r.t. in the dark). TEAB solutio (600 uL, 50mM in MS-
gradewater) and then trypsin (1.9.p0.5ug/pL in 50 mM acetic acid) were added to each
tube with a short vortexing step after each addition. The microcentrifuge tubes were incubated
in athermoshake(600rpm, 15 h, 37C). The dgest was stopped by adding 10 pL formic
acid (FA) and vortexing. After centrifugatiodl@616<g, 3 min, r.t) the supernatant was
transferred to a new Protein LoBind Eppendorf tube. Trifluoroacetic acid (568, L,
aqueous 0% solution) was added to theeads and after vortexing and centrifugation

(16616xg, 3 min, r.t) the supernatant was added to the supernatant eallbefore.
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Desalting

50mg SepPak C18 columnsWaterg were equibrated by gravity flow with ImL
acetonitrile, 1 mL elution buffer (8@ ACN, 0.5% FA) and 81 mL aqueous 0.1% TFA
solution. Subsequently the samples were loaded by gravity flow, washed sditinL3
aqueos 0.6 TFA solution and 0.5 mL aqueous 0.5% FA solution. Elution of proteins into
new 2.0 mL Protein LoBind Eppendorf tubess performed by the addition o250 L
elution buffer by gravity flow followed by 250 pL elution buffer by vacuum flow until all
liquid was eluted from the damn. The eluates were lyophiéd.

MS/MS-preparation

Before MS measuremetite samples werdissolved in 3QuL 1% FA by pipetting up and
down, vortexing and sonication for 15 min (briefn¢rifugation after each stef).22 pm
centrifugal filter units llerck) were equilibrated with 300 pL 1% FA§616xg, 1 min, r.t)
and samples were filtered tugh the equilibratedilters (centrifugation: 1620€y, 2 min,
r.t).

MS/MS measurement

Samples were angled via HPLC-MS/MS using an UltiMate 3000 nano HPLC system

(Dionex) equipped with Acclaim C18 PepMapl00u#b ID x 2 cm trap and EASYSPRAY

RSLC C1850 cm x 75 um separation columns coupled to Thermo Fis€eExactive

Orbitrap (Thermo Fisher Scientific Inc Samples were loaded on the trap and washed for

7 min with 0.1% TFA (at 5 pL/mijy then transferred to the analytical column and separated

usinga 115 min gradient from 5% 32%ACN followed by 10min at 90% ACN in 0.1% FA

(at 300 nL/min flow rate)Q Ecxactive Orbitrapvas operated in a 3 second top speed data
dependent mode. Full scan acquisition was performeckiorthitrap at a resolution @40000

and an ion target of 3@6 a scan range of 300500 m/z. Monoisotopic precursor selection as

well as dynamic exclusion for 60 sec were enabled. Precursors with chargenstaiesg

one or unassignedith intensities greater thale3 were selectefor fragmentation. Isolation

was performed in the quadrupole using a window of 1.6 Rvicursors were collected to a

target of 5 with a maximum injection time of 1d6s wi t h Ai nj ect ions f
parallelizabl e t i me 0 generatedbusiegdhigherergy goliistonat s wer €
dissociation (HCD) and detected in the ion trap at a rapid scan rate. Internal calibration was
performed using the ion signal of fluoranthene cations (EA3D/IC source).

The mass spectrometry proteomics data hbegen deposited to the ProteomeXchange
Consortiumvia the PRIDE partner repositowith thedatasetdentifier PXD015244%)
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Data Analysis

Peptide and protein identifications weperformed using MaxQuant 1.6.56ftware with
Andromeda as search engine using following parameters: Carbamidomethylation of cysteines
as fixed and oxidation of methionines well as acetylation of -Mrmini as dynamic
modifications, trypsin as thegroteolytic enzyme, 4.5 ppm for precursor mass tolerance (main
search ppm) and 0.5 Da for fragment mass tolerance (ITMS MS/MS tolerance). Searches
were performed against the Urgp database foS. aureusNCTC8325 (taxon identifier:
93061, downloadedon 10.07.2018 Quantification was performed usingabelfree
quantification (LFQ). The match between runs (default settings) option was used.
Identification was done with at leastudique peptides and quantification only with unique

peptides.

Statistical analysis waserformed with Perseus 1.6.0.6. LF&ios were log(x) transformed.
Tlogio(p-values) were obtained by a two sampleest overthree biological replicates.
Putative contaminants, reverse peptides and peptides only identified hyes#edeleted
Values were filtered for three in at least one grdtast off lines were seti10g;o (p-value)

of 1.3and att-test differencef 3. p- values were corrected by permutation based FDR > 0.5.
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1. Additional Figures (Chapter Il, 111)
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Figure A 1. A hemolysis assay screen of 35 compounds at a concentration of 50 pM was done in two technical replicates.
AUC describes the readout parameter from the assay, the area under the curve (see methods f@tdetaitss of
compounds#AV212 andAV213.
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Figure A 2. A) Analytical labelingunder hemolysis conditions with different concentration8\é73-p, the minimalist aryl
azide photoprob&A-1 and a DMSO controlB) MTT-Assay: Cytdoxicity was tested withAV73 in HepG2 cells. No
restriction of metabolic activity detected up tod. Experiment was performed in triplicates.
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A) AfBPP: Background experiment, soluble fraction

-log1o (p-value)
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C) AfBPP: Competition experiment, soluble fraction
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Ratio > |1.3||Uniprot IDs [Protein name
1,32|Q2FWFPO Uncharacterized leukocidin-like protein 1
1,36|Q2FV95 L-serine dehydratase, iron-sulfur-dependent, alpha subunit
1,36|Q2FWEQ Peptide chain release factor 1
2,72|Q2FWG4A Membrane protein insertase YidC

B) AfBPP: Background experiment, insoluble fraction
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D) AfBPP: Competition experiment, insoluble fraction
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t-test difference [log,(AV73 probe/competition)]
Ratio > |1.3| |Protein IDs |Protein name
1,32|Q2G2F8 ATP synthase subunit b
1,37|Q2G247 UPF0478 protein SACUHSC_01855
1,41|Q2G2W5 Uncharacterized protein
1,44|Q2G0F6 Iron compound ABC transporter, putative, Fe-transp.
1,46|Q2G193 Uncharacterized protein
1,56|Q2FWAS Lytic regulatory protein, putative
1,97|Q2FV99 Sortase, putative, Srt
2,21|Q2FW92 Diadenylate cyclase, DacA
2,36|Q2FvQ2 Uncharacterized lipoprotein SAOUHSC_02650
2,86|Q2FWs4 Uncharacterized protein
2,99|Q2FXH8 Uncharacterized protein
3,48|Q2FWX4 Uncharacterized protein
85,39|Q2G257 Uncharacterized protein
>100|Q2FV N4 Uncharacterized protein
>100|Q2FWEL Release factor glutamine methyltransierase

Figure A 3. AfBPP enrichment volcano plots of the minimal photopraBel vs. DMSO in the A) soluble and B) insoluble
fraction. Targets discussed in the main part (cytosol: Q2FW4, membrane: Q2GOF6, Q2FV99, Q2FW92) are marked in
orange. All experiments were performed in four biological replicates. Cut off lines were set at a miniloggiodd-change

of 3in A) and of 2 in B) and a minimuitog,, (p-value) of 2. Volcano plots AV73-p vs. competition experiment in the C)

soluble and D) insoluble fraction are shown. Targets discussed in the main part (cytosol: Q2FW4, membrane: Q2GOF6,
Q2FV99, Q2FW92) are marked in orange. All experiments were performed in four biological replicates. Cut off lines were
set at a minimum of lagold-change of 2 and a minimuitog;, (p-value) of 2. The ratioAV73-p vs. competition) is shown

in the tabledelow.
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Malachite Green Assay
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Figure A 4. Malachite green assay with compou®d£335 andAV339 (50 uM). DMSO was used as a positive control, for
the negative control the experiment was performed without ClpX. Activaty determined out of the iratislopes, and the
DMSO control was set to a activity of 100#xperiments were performed in triplicates.

A) S. aureus membrane B) Sk diFeie
5 Fluorescence Efiisreicanes
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DMSO 25 pM BH235 1M BH266 uM BH266

cytosol membran

Figure A 5. A) Insoluble fraction aftefabelingwith BH235 in S. aureusand after enrichment with a trifunctional linker
Bacteria were incubated for 1 h and irradiated for 14 min. B) Soluble and insoluble fractadelofg experiment with
BH266in S. aureusvith incubation for 1 h and irradiation for 40 min.

A)  s.aureus cytosol B) S. aureus membrane
s Fluorescence . Fluorescence
155 155 —

98 98 —
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DMSO 235 DMSO 235 DMSO 235 DMSO 235

PBS 0.2% SDS 0.4% SDS 0.8% SDS
PBS 0.2% SDS 0.4% SDS 0.8% SDS

Figure A 6. A) Soluble and B) insluble fraction oflabelingwith BH235in S. aureusincubation time was 1h and different
SDS concentrations for lysis were examined.
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A) Click-condition assay B) S. aureus ClpP 1h labeling
150+ . Flucrescence
155—
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004 - 40—
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Figure A 7. Three different ligands were used in A) and B) to test for the best adicliions. A) Cumarineazide was
clicked to probeBH235 and fluorescence was detected. Experiments were performed in triplicateBF) was performed
usingBH235 as probe with different click conditions, with same concentrations as tested in the clidkreasty.

S. aureus ClpP 1 h labeling
B Fluorescence
155 —
98 —
63 —
40—
32 —
el g . j
21—
DMSO BH235 BH266 BH288

Figure A 8. MS-based ABPP was performed with three different photoprobes and DMSO as negative .céntrol
trifunctional linker was used, and enriched proteiese made visiblevia fluorescence. Bacteria were inctéé for 1h and
irradiated for 14min.
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2. Stained Gels (Chapter III)

A) S. aureus ClpP 1 hlabeling B) S. aureus ClpP 1 h labeling C) S. aureus ClpP 1 h labeling

Coomassie KDa Coomassie Coomassie

0 50 10 0 50 1.0 10 50 1.0 10

L S R DNMSO  pMEBH23S M BH266 UMBH299 M
— W W e
DMSO M BH235 BH235 HM PAK4
no UV! +5 M BH235

Figure A 9. Coomassie stained gels figure 35.

A) S. aureus lysate B) S. aureus cytosol (@) S. aureus membrane

Coomassie Coomassie Coomassie
kDa

D 100 50 25 10 O 100 50

VI BH235 m— D 100 50 25 10 D 100 50 25 10
+100 M BH235 1M BH235 UM BH235
D)  s.aureus  membrane E) S.aureus membrane F) S. aureus membrane
\0a  Stained western blot \oa  Coomassie \oa  Coomassie

212
115
66
43
29
20

e DMSO 100 50 DMSO 100 50 0i i35, &0 HOb 95 &0

UM BH235 MM BH235 UM PAK4 UM BH279

NCTC8325 ACIpP NCTC8325 +25 pM BH235

Figure A 10. Coomassie stained gédts A) labelingin lysate Figure 36 and B)soluble and C) insoluble fraction lafbeling
in situ (Figure 37 A, B. D) Ponceau red stained western blot membranéigore 37 C E) Coomassie gel fdabelingin
wild type andgzlpP strain Figure 37 D. F) Coomassie gel for competitilabelingshown in figure 37 E
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A)

S. aureus 1 h labeling

Coomassie
kDa

2} 100 50 10 D 100 50 10
UM BH266 1M BH266
cytosol membran

B)

S. aureus 1 hlabeling
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kDa
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MM ——————
BH23s BHaes  WMBH2SS

S. aureus ClpP 1 hlabeling

KCa Coomassie
212+

15—
66—
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29—

20—
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wild type 984 RI7IA

Figure A 11. Coomassie stained gels &y 266andB) 288labelingin S. aureusntact cells and Clabelingin ClpP mutants

(Figures 38, 3p
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3. Tables

Table A 1. Functional protei annotation enrichment for extracellular proteins significantly doegulated undenemolyss
conditions. pvalues were corrected with theethod of Benjamini and Hochbéerg’!

Category

UP_KEYWORDS
INTERPRO
INTERPRO
GOTERM_BP_DIRECT
UP_KEYWORDS
UP_KEYWORDS
GOTERM_BP_DIRECT
UP_KEYWORDS
UP_KEYWORDS
GOTERM_CC_DIRECT
GOTERM_BP_DIRECT
INTERPRO
GOTERM_CC_DIRECT

Table A 2. Functional protein annotation enrichment for extracellular proteins significantly-deyutated under biofilm

Term

Secreted

Leukocidin/porin

Bi-component toxin, staphylococci
cytolysis in other organism

Signal

Hemolysis

hemolysis in other organism
Cytolysis

Toxin

extracellular region

pathogenesis

Extracellular fibrinogen binding protein, C-terminal

extracellular space

conditions. pvalues were corrected with theethod of Benjamini and Hochbéfg?!

Category

UP_KEYWORDS
UP_KEYWORDS
INTERPRO
INTERPRO
GOTERM_BP_DIRECT
GOTERM_CC_DIRECT
UP_KEYWORDS
GOTERM_BP_DIRECT
UP_KEYWORDS
UP_KEYWORDS
GOTERM_BP_DIRECT
GOTERM_MF_DIRECT
INTERPRO
INTERPRO
INTERPRO
UP_KEYWORDS
INTERPRO

UP_KEYWORDS
UP_KEYWORDS
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Term

Secreted

Signal

Leukocidin/porin

Bi-component toxin, staphylococci
cytolysis in other organism

extracellular region

Hemolysis

hemolysis in other organism

Cytolysis

Toxin

pathogenesis

serine-type endopeptidase activity
Peptidase S1

Peptidase S1B, exfoliative toxin
Peptidase S1B, glutamyl endopeptidase |
Serine protease

Trypsin-like cysteine/serine peptidase
domain

Virulence

Protease

Count

[EnY
o @

N N N NN DN OO MM DM DM M O Ol

N

Count

%

66,7
83,3
41,7
41,7
41,7
66,7
333
333
333
333
50,0
16,7
16,7
16,7
16,7
16,7
16,7

16,7
16,7

N N OO M M M b O© 1 01N

%

46,7
33,3
33,3
33,3
60,0
26,7
26,7
26,7
26,7
40,0
40,0
13,3
13,3

Corr. p-
value
6,1E-9
2,6E-8
2,6E-8
4,9E-8
7,3E-7
9,9E-7
2,8E-6
4,4E-6
4,4E-6
3,4E-5
1,5E-4
5,5E-2
9,9E-3

Corr. p-

value
9,9E-13
5,7E-11
4,0E-9
4,0E-9
2,0E-9
7,1E-9
2,0E-7
2,2E-7
8,9E-7
8,9E-7
2,7E-6
8,8E-3
6,2E-2
5,0E-2
5,0E-2
3,7E-2
6,4E-2

1,4E-1
1,5E-1
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Table A 3. Proteins withthe sortaseSrtA motif (LPXTG) * Marked proteins do not have the motif at thee@ninus and are
not relevant.

Uniprot ID length [aa] @ position Name

Q2G015 927 | 890 - 894 Clumping factor A

Q2FUY2 877  838-842 Clumping factor B

P14738 1018 982-986 Fibronectin-binding protein A

Q2FZE9 350 @ 313-317 Iron-regulated surface determinant protein A
Q2FZF0 645 610-614 Iron-regulated surface determinant protein B
Q2FXJ2 895  861-865 Iron-regulated surface determinant protein H
Q2FVX9* 164  79-83 Cyclic pyranopterin monophosphate synthase
Q2G2B2 1627 1595-1599 Surface protein G

Q2G0L5 994 | 958-962 Serine-aspartate repeat-containing protein C
Q2G0L4 1349 1312-1316 Serine-aspartate repeat-containing protein D
P02976 516 @ 482-486 Immunoglobulin G-binding protein A
Q2FUW1 2271  2229-2233 Serine-rich adhesin for platelets

Q2FW62* 333 | 123-127 Zinc-type alcohol dehydrogenase-like protein
Q2FW95 2478 2440-2444 Uncharacterized protein

Q2FWH2 400 353-357 Uncharacterized protein

Q2FWN5* 435 28-32 Cation transport protein, putative

Q2FXH4 2186 2151-2155 Uncharacterized protein

Q2Fzl4 268 | 254-258 Uncharacterized protein

Q2G1T5 917 881-885 Fibronectin binding protein B, putative
Q2G253 772  739-743 Uncharacterized protein

Table A 4. Most wp and down regulated proteins of secretome analys. @ureusNCTC8325 with compoun€D10.
Sortedin decreasing-test difference order. Cut off lines were set a minimum folgl-change of 2 and a minimum lgdp-
value) of 2.

t-test difference -Logio (p-value) Protein ID Protein Name

up regulated

1,353 1,393 Q2FV52 Probable transglycosylase IsaA

1,955 1,666 Q2FVN6 Uncharacterized protein

1,053 1,512 Q2FW51 Truncated MHC class Il analog protein
1,451 2,052 Q2FWB5 Uncharacterized protein

1,120 1,176 Q2FXM8 ATP-dependent 6-phosphofructokinase
1,214 1,005 Q2FXU4 Histidine-tRNA ligase

1,008 1,351 Q2G1F2 FMN-dependent NADH-azoreductase
1,010 1,458 Q2G2R8 Staphopain A

down regulated

-2,047 1,853 Q2FX55 Conserved hypothetical phage protein
-1,661 1,330 Q2G0Al1 Uncharacterized
-1,616 1,641 Q2G190 Uncharacterized
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Table A 5. Most yp- and downregulated proteins of secretome analysisSofaureusNCTC8325 with compounD1.
Sortedin decreasing-test difference order. Cut off lines were set a minimum folgl-change of 2 and a minimum lgdp-

Protein Name

up regulated

ESAT-6 secretion accessory factor EsaA

Uncharacterized protein

Surface protein G

down regulated

value) of 2.

t-test difference -logio (p-value) Protein ID
2,471 3,206 Q2G188
2,289 3,117 Q2G190
2,223 2,424 Q2G2B2
-2,099 2,636 Q2FVG3
-2,068 2,701 Q2FwWs81
-4,301 2,788 Q2FWD1
-3,017 2,063 Q2FWZ2
-2,433 3,143 Q2FXA4
-2,877 2,081 Q2FYO01
-3,5621 2,058 Q2FY08
-2,361 2,021 Q2FY28
-3,848 2,132 Q2FYH6
-2,292 3,145 Q2FYS9
-3,584 3,286 Q2Fz62
-4,989 2,777 Q2FZ74
-2,791 2,244 Q2FZR9
-3,954 2,575 Q2F2ZV6
-3,447 2,723 Q2FZWO0
-2,555 2,205 Q2G115
-2,323 2,180 Q2G178
-2,183 2,477 Q2G1T6
-2,031 2,117 Q2G200
-3,368 2,129 Q2G276
-2,152 2,766 Q2G2A4
-3,991 3,136 Q2G2D7
-3,443 2,602 Q2G2W6

Table A 6. Soluble fraction of &ckground binders with
minimal aryl azide photoprobe Experiments were

performed in four biological replicates. All proteins with

a log fold enrichment higher than 3 afisted in this
table.

Protein IDs -Logio (p- logz, fold
value) enrichment

AOA141HMF2 2,155 3,758

Q2FUQ3 3,512 3,718
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Carboxylic ester hydrolase

Probable uridylyltransferase SAOUHSC_02423
CTP synthase

Diacylglycerol kinase

Ferrochelatase

Uncharacterized

Glycine-tRNA ligase

Uncharacterized

Asparagine-tRNA ligase

Aconitate hydratase
Ribulose-phosphate 3-epimerase

Dihydroorotase

3-oxoacyl-[acyl-carrier-protein] synthase 2

Probable cytosol aminopeptidase
Uncharacterized
Ribosome-binding ATPase YchF

Uncharacterized

UTP-glucose-1-phosphate uridylyltransferase

UPF0738 protein SAOUHSC_00941
Uncharacterized

Dihydrolipoamide acetyltransferase component of
pyruvate dehydrogenase complex
Uncharacterized

Uncharacterized

Q2FUT9
Q2FV27
Q2FV95
Q2FVA5
Q2FVB4
Q2FVF9
Q2FVGS8
Q2FVH5

4,072
2,968
4,746
3,141
2,370
2,309
3,216
2,870

4,899
7,568
4,352
3,149
3,136
4,589
3,076
3,381
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Q2FVI4 2,189 3,733 Q2FXT5 3,696 5,074
Q2FVI6 3,336 4,402 Q2FXT7 4,822 4,959
Q2FVM2 2,908 3,220 Q2FXT8 3,431 5,259
Q2FVQ1 3,543 4,140 Q2FXW4 3,420 4,200
Q2FVQ5 3,239 4,070 Q2FXW6 2,708 3,541
Q2FVR4 2,412 3,069 Q2FY10 3,382 3,120
Q2FVR9 3,924 5,279 Q2FY17 4,684 3,446
Q2FVT1 3,390 3,994 Q2FY19 2,521 3,620
Q2FVWS8 2,771 3,344 Q2FY21 4,022 4,575
Q2FVW9 6,674 4,838 Q2FY61 5,504 6,678
Q2FVX8 3,165 4,739 Q2FYGO 4,073 5,127
Q2Fvz4 5,490 3,981 Q2FYG2 3,983 4,398
Q2FVZ5 2,117 3,713 Q2FYK7 2,885 4,282
Q2FW11 2,688 3,608 Q2FYL3 3,172 3,786
Q2FW14 2,853 3,183 Q2FYS5 2,415 3,427
Q2FW32 2,015 4,010 Q2FYV4 3,746 5,151
Q2FW38 2,184 4,387 Q2FZ02 3,776 3,736
Q2FW52 2,313 3,304 Q2FZ05 3,370 3,584
Q2FW75 2,822 3,770 Q2FZ08 5,314 5,490
Q2FWO1 2,343 5,689 Q2Fz13 3,626 4,614
Q2FWA2 2,221 3,482 Q2Fz18 2,480 5,268
Q2FWC4 2,332 3,840 Q2Fz42 3,510 4,767
Q2FWD7 4,591 3,711 Q2Fz48 3,251 3,630
Q2FWED 4,510 5,224 Q2FZ49 2,399 4,941
Q2FWE2 6,056 6,689 Q2Fz64 4,130 4,862
Q2FWE3 3,554 3,431 Q2FZ65 2,685 4,788
Q2FWE9 3,129 5,286 Q2Fz83 2,287 4,369
Q2FWH5 2,879 4,908 Q2FZ86 2,636 4,281
Q2FWX6 4,569 7,373 Q2FZA1l 4,276 3,589
Q2FX22 3,599 3,571 Q2FZF3 2,704 4,659
Q2FX87 3,070 3,392 Q2FZJ5 4,015 4,091
Q2FXF4 3,750 4,090 Q2FZJ9 4,503 3,413
Q2FXF8 2,481 3,804 Q2FZK3 4,549 3,586
Q2FXH3 2,959 4,804 Q2FZN7 5,038 5,217
Q2FXHS 2,495 3,248 Q2FZQ5 2,662 4,132
Q2FXI5 2,085 4,633 Q2FZQ7 3,981 5,606
Q2FXI9 2,445 3,702 Q2FzV1 4,218 4,002
Q2FXJ6 4,394 5,451 Q2FZWO0 2,140 3,650
Q2FXJ7 4,093 3,454 Q2FZX0 2,622 5,014
Q2FXM3 2,971 3,299 Q2FZY4 3,239 3,464
Q2FXP1 2,373 4,328 Q2FZY7 2,053 3,687
Q2FXQ3 2,255 3,747 Q2Fz72 4,095 3,143
Q2FXR7 4,558 4,160 Q2G033 7,296 3,821
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Q2G052 3,444 3,719 Q2G1lv4 4,107 3,212
Q2G059 3,305 4,237 Q2G1Z75 3,224 4,244
Q2G064 2,746 3,637 Q2G236 2,526 3,994
Q2G065 4,016 4,614 Q2G239 2,868 4,744
Q2G069 2,050 3,007 Q2G254 2,853 4,211
Q2G089 3,412 3,132 Q2G258 2,377 3,271
Q2G0B2 2,708 3,125 Q2G268 2,080 3,248
Q2G0D6 4,234 3,309 Q2G270 5,447 6,063
Q2GOE9 2,693 3,024 Q2G280 2,828 5,358
Q2GOF2 5,671 3,267 Q2G282 4,716 4,755
Q2GOF3 2,370 4,234 Q2G2A1 2,257 3,330
Q2GOL0 4,227 4,988 Q2G2F8 2,327 3,129
Q2GOMO 3,464 4,466 Q2G2H3 2,626 3,672
Q2G0OM2 2,240 4,843 Q2G2M7 4,606 4,101
Q2G0OPO 2,212 3,259 Q2G2S6 2,384 4,766
Q2G0Q7 4,348 3,200 Q2G2T19 3,207 3,846
Q2GOR6 2,897 3,572 Q2G2U6 3,191 3,438
Q2G0S7 2,345 3,636 Q2G2W5 4,048 4,065
Q2G0T4 2,774 3,262 Q2G2w8 3,430 3,783
Q2G0T5 2,276 3,835 Q9FOR1 2,358 4,035
Q2Gouo 3,096 3,903 Q9RFJ6 3,860 5,080
Q2G0ouU2 2,575 3,125
Q2G0ov7 3,215 4,537
Q2GOW9:Q2G0X1 = 5,057 3,418 Tqb_le AT. Insdubl_e fraction of lackgroun(_j binders with
minimal aryl azide photoprobe Experiments were
Q2G0z9 2,147 3,066 performed in four biological replicates. All proteins with
02G112 2619 5,000 ?akl)clgz fold enrichment higher than 3 are listed in this
Q2G113 3,603 6,049
026122 3,559 4357 Protein IDs -Logio (p- logz fold
02G132 4,666 4,695 value) enrichment
02G163 3.413 3.010 P52078 2,305 2,792
02G193 4.998 4503 Q05615 2,315 2,358
Q2G1A6 3,300 3,585 Q2FUQs 3,004 2,782
02G1A9 2138 3,203 Q2FUS8 4,365 2,588
02G1B8 5.067 5637 Q2FUT9 2,030 2,094
02G1G2 2.234 3.094 Q2FW22 2,764 2,434
02G1G7 2.884 3731 Q2FW38 3,044 2,310
Q2G1I13 2.000 3.335 Q2FW64 2,049 2,640
02G1J2 2.838 3.065 Q2FW86 3,078 3,878
Q2G1IN2 2.149 3.085 Q2FWD1 2,460 2,345
Q2GIN3 2652 5021 Q2FWM5 2,295 2,005
02G1P6 3.633 5.445 Q2FWX8 2,815 2,617
02G1U0 2738 4175 Q2FX98 4,035 2,128
02G1U6 3.203 4,049 Q2FXT5 2,532 2,709
Q2FXT7 2,128 2,013
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Q2FXV3
Q2FYI9
Q2FYN4
Q2FZz15
Q2FZ54
Q2FZ65
Q2FZT6
Q2FZY7
Q2GOM2

2,190
2,511
2,170
3,387
3,015
3,273
2,457
4,179
3,129

2,662
2,249
3,034
2,396
2,787
2,140
2,034
2,747
2,876

Q2G0S3
Q2G0OV7
Q2G1K7
Q2G1U0
Q2G1Y5
Q2G1Y7
Q2G2S0
Q2G2W5

2,078
2,466
2,449
4,303
3,944
4,495
2,284
3,909

2,703
2,293
2,131
3,171
2,461
6,723
2,941
3,370
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4. NMR Spectra

11-(trimethylsilyl)undec-10-ynoic acid (02)
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