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Summary

1. Summary

The ubiquitin-proteasome system (UPS) is respoadibt the directed disposal of unfolded,
misfolded and short-lived proteins in eukaryotidlscand is therefore a key player in protein
homeostasis. Moreover, it participates in crucialdgical pathways by the degradation of
signaling factors such as cyclins or the tumor sefgor p53. Eventually, not only the
degradation of substrate proteins, but also theerggion of peptide fragments is exploited in
vertebrates for MHC-I epitope presentation and sgbent T-cell activation. Due to the
involvement in these vital processes, the UPS ngell to diseases as diverse as cancer,
autoimmunity or neurodegeneration and has beeeitimelight of pharmaceutical industry for
the last decade. Being an evolutionarily consertadjet, many bacteria and fungi have
developed secondary metabolites that attenuatadtimaty of their host's or competitor's UPS.
Due to their gradual optimization over millionsy#ars, these compounds are highly potent and
versatile in terms of binding mechanism, targetsjpéty and bioavailability, which makes them
a treasure trove for the rational design of newntgyeAlthough several classes of natural
proteasome inhibitors have been discovered, thetifamtion of novel lead structures is an
ongoing challenge especially with regard to themigancy between the exploited applications of
the commercially available drugs and their potérgizope for various indications. A major
challenge for the discovery of natural proteasomkbibitors is their detection in crude
conglomerates such as fermentation broths or ravaas. Existing techniques thereby suffer
from their lack of sensitivity as well as their@mprone and ambiguous results.

The present thesis describes the development oémsitve and robust methodology to
unambiguously trace natural proteasome inhibitorsuch heterogeneous matrixes. It relies on
the digestion of a subunit-specific natural sulistygeptide that has beéfC-labelled at the
scissile peptide bond. In contrast to commonly i@oplJV-VIS strategies, its readout is not
influenced by quenching or autofluorescence efféglcéd usually lead to a plentitude of false
positive and equally false negative assay resualtsigh-throughput approaches. Moreover, as
many types of biosynthetic machinery are silentaurcdmmon growth conditions, it can be used
to detect a suitable environmental trigger to iretlee production of the secondary metabolite.
The technique was successfully verified by theald# detection of the previously isolated

proteasome inhibitor syringolin A in the culture dinen of the plant-pathogenic bacterium
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Pseudomonas syringa&urthermore, it was used to analyze extracts ftoeninsect pathogen
Photorhabdus luminescensvhich produces intensely colorful and fluoresceoimpounds,
thereby posing an ideal candidate for the develdpetinique. Screening of different growth
conditions identified a suitable molecular trigder the secretion of an extremely powerful
inhibitor. The growth condition, which reflects tkemplex bipolar lifecycle of the bacterium,
was then optimized to enable the purification af #ctive compounds from liquid broth by a
combination of solid adsorption and classical calyvarification steps. Structure elucidation of
the two compounds by mass spectrometry and 2D-NM&yais resulted in the molecules
glidobactin A, which had been described as ondéefstrongest proteasome inhibitors identified
so far, as well as a molecule that had been liaggedepafungin | in literature. Despite the high
chemical similarity of both compounds, Cepl turreed to be even more potent than GIbA. The
reason for this unexpected activity difference elagidated by x-ray crystallographic analysis of
the complex structure with the yeast 20S proteasdéventually, cell culture experiments
confirmed thein vitro results and demonstrated that both GIbA and Ceplh&ghly cytotoxic
against cancer cells, while a pathway-specific amdation experiment demonstrated the
inhibition of the UPS. The characterization of Cepltherefore going to further promote the
application of this still unexploited group of peasome inhibitors and the newly identified
binding motive can be utilized in rationally dessgncompounds. Eventually, the developed
technique will be applied for future natural protuesearch in this field and may result in the

identification of other auspicious lead structures.

2. Zusammenfassung

Das Ubiquitin-Proteasom-System (UPS) ist fiur derziggeen Abbau von entfalteten,

misgefalteten und kurzlebigen Proteinen in eukieben Zellen verantwortlich und besetzt
daher eine Schlisselposition fur das zellulare ditigteichgewicht. Zudem ist es durch den
Abbau von signalgebenden Faktoren wie Cyclinen déen Tumorsuppressor p53 an wichtigen
biologischen Transduktionswegen beteiligt. SchigWird in Wirbeltieren nicht nur der Abbau

von Proteinen, sondern auch die daraus folgendguRtion von Peptidfragmenten fur die MHC-
| Epitopprasentation und nachfolgende T-Zell-Aldiving genutzt.

Durch die Mitwirkung an solch grundlegenden zellefé Prozessen wird das UPS mit

verschiedensten Krankheiten wie Krebs, Autoimmurarkungen und Neurodegeneration in
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Verbindung gebracht und steht seit etwa zehn JalmenFokus des Interesses in der
pharmazeutischen Industrie. Da das UPS aus evoérBo Sicht ein stark konserviertes System
darstellt, haben viele Bakterien und Pilze Kleinekdile entwickelt, welche bei ihrem jeweiligen
Wirt oder auch konkurrierenden Organismen die Atdtvdes UPS drosseln. Durch ihre
kontinuierliche Verfeinerung Uber die Jahrmillionesind solche Substanzen gleichsam
hochwirksam und vielfaltig bezlglich ihres Bindemagcismusses, ihrer Spezifitdt und
Bioverfugbarkeit, was sie fur die Entwicklung neWirkstoffe unentbehrlich macht. Obwohl
mehrere Klassen naturlicher Proteasominhibitoreritsebeschrieben wurden, besteht weiterhin
ein groRer Bedarf an der Identifizierung neuer dtaikkturen speziell im Hinblick auf die
Diskrepanz zwischen den von den kommerziell eibBi#h Medikamenten abgedeckten
Indikationen einerseits und den vielfaltigen potdien Anwendungsmadglichkeiten andererseits.
Ein wesentliches Problem bei der Suche nach neagur$offinhibitoren stellt deren Nachweis
in heterogenen Losungen wie etwa Kulturiberstanddaer Rohextrakten dar. Bestehende
Techniken sind durch ihre Fehleranfélligkeit, iHbmempfindlichkeit und ihre uneindeutigen
Ergebnisse in komplexen Mischungen dafir nur wgegjgnet.

Die vorgelegte Arbeit beschéftigt sich daher mit &atwicklung einer neuen Methodik um
natirliche Proteasominhibitoren in solch heterogemelogischen Matrizen zu detektieren. Sie
beruht auf der Spaltung eines sowohl untereintpEigschen als auch natirlichen
Substratpeptides, welches an der hyrolysiertenid®ptiung mit einef*C-Markierung versehen
ist. Im Gegensatz zu routinemaRlig eingesetzten WS~Mechniken wird das Auslesen der
Proteasomaktivitat nicht durch Quencheffekte odeutoAuoreszenz gestort, welche
normalerweise in Hochdurchsatzansétzen zu einelzalie von falsch positiven und ebenso
falsch negativen Ergebnissen fuhren. Da viele ittetische Enzymmaschinerien unter
normalen Anzuchtbedingungen inaktiviert sind, kamn zudem zur Detektion eines geeigneten
Stimulus fur die Produktion des zu isolierendenudelarmetaboliten beitragen.

Die Methode wurde erfolgreich anhand des zuved@ssNachweises des bereits beschriebenen
Proteasominhibitors Syringolin A im Kulturmedium sdéPflanzenpathogen®seudomonas
syringae verifiziert. Daraufhin wurde sie flr zur Analyseorv bakteriellen Sekreten des
InsektenschadlingsPhotorhabdus Iluminescenserwendet, welcher intensiv farbige und
fluoreszente Substanzen produziert und daher edeaien Kandidaten fir die neu entwickelte

Technik darstellte. Durch die Reihenuntersuchungoleedener Kulturbedingungen wurde ein
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geeigneter chemischer Reiz fur die Ausschittungrdmichst potenten Substanz gefunden. Die
Anzuchtbedingung, welche den komplexen Lebenszy#ikss Bakteriums widerspiegelt, wurde
daraufhin erfolgreich optimiert, um die Isolierurdpr aktiven Komponenten durch eine
Mischung aus Festphasenadsorption und klassisch@merf8hromatographieschritten zu
ermoglichen. Die Strukturaufklarung mittels Masgeidrometrie und 2D-NMR-Analyse ergab,
dass sowohl Glidobaktin A - in der Literatur al\exi der starksten bekannten Proteasom-
inhibitoren geflihrt - als auch ein als Cepafungimehannter Stoff gebildet wurden. Trotz der
hohen chemischen Ahnlichkeit der beiden Molekilmtee weitere Untersuchungen, dass es
sich bei Cepl um einen sogar noch starkeren Henfhad$oGIbA handelte. Der Grund fur diesen
unerwarteten Aktivitatsunterschied konnte mittélatgenkristallographischer Untersuchung der
Substanzen im Komplex mit dem 20S Proteasom audgeklerden. Schliel3lich wurden durch
Zellkulturexperimente dién vitro Ergebnisse bestatigt und gezeigt, dass sowohl @lbAauch
Cepl hoch zytotoxisch gegen Krebszellen wirken wabs dies durch die Hemmung des
intrazellularen UPS bewirkt wird.

Die Charakterisierung von Cepl wird daher die komaiedle Nutzung dieser Klasse nattrlicher
Proteasominhibitoren neu vorantreiben und das ifii2atte Bindemotiv fir dessen Anwendung
in anderen, auf rationaler Basis entwickelten ®tffnutzbar machen. Schlief3lich wird der
Einsatz der entwickelten Methodik fur die zukindti§uche nach neuen Naturstoffen in diesem
Feld einen wertvollen Beitrag leisten, welcher Ztmtdeckung anderer vielversprechender

Leitmotive fuhren mag.
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3. Introduction
3.1 The Ubiquitin-Proteasome-System

3.1.1 Ubiquitinylation

Similar to small molecule metabolites, proteins i@r@ permanent dynamic equilibrium that is
determined by their ribosomal synthesis rate aneir tdegradation by proteases such as
cathepsins or the proteasdtheThus, the rates for their (re-)formation and deston can be
used as a control system for various processes likest transcriptional and translational
regulation, which is exemplified by the periodigalluctuating levels of cyclins during the cell
cycld?. Generally, the intracellular stability of a ramagrotein in pro- and eukaryotes can be
evaluated by the so-called N-end fHlidt defines degradation signals, whose detrimesffalcts
accumulate to curtail a protein’s half-life timep#t from hydrophobic patches, distinct N-
terminal amino acids such as lysine and arginireel [®o an accelerated recognition by the
respective degradation systém

In eukaryotic cells, the ubiquitin-proteasome syst@PS) represents the main non-lysosomal
pathway for the selective decomposition of protingt is structured into two successive
processes, the covalent ubiquitinylation of tapgeteins and their subsequent break down by the
26S proteasome to defined cleavage profflicts

Ubiquitin (Ub), a comparatively small 8.5 kDa ptiotecan be posttranslationally attached by an
isopeptide bond to theamine moiety of surface-exposed lysine residuastsifree glycine C-
terminu€). Further Ub molecules can then be linked in alsimivay to any of its seven lysine
residues, thereby generating a great variety ofybiduitinylated productd. Although often
referred to as a black spot that dooms a protedetgwadation, only K-48 linked Ub chains of at
least 4 molecules definitely lead to proteasomgéstion, while other configurations have been
shown to rather convey a translocational informmatio contribute to signaliﬁﬁgg]. The overall
ubiquitinylation of the proteome is therefore arceptionally dynamic process that has been
compared in its complexity and versatility with ethpost-translational modification like
phosphorylation or glycosylatith It is controlled by a highly specific system oiquitin
ligases on the one hand and deubiquitinating engynehe other, thereby representing an entire

posttranslational level of regulatidrt®.
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The biochemical reaction of ubiquitinylation incksl three different classes of enzymes
denominated as E1 (Ub-activating enzymes), E2 (@jugating enzymes) and E3 (Ub-ligating
enzymes), which successively activate, transmi, tag the Ub molecule to a substrate protein
(Figure 1¥!. Resembling a pyramid scheme reaction setup, tlesist only two rather
promiscuous E1 enzymes in the human proteomenterict with around 50 E2 proteins, which
in turn bind to approximately 1000 E3 ligadd8sDue to the high degree of substrate specificity
of the latter, their number also reflects the vastount of proteins that are thus labeled for
proteolytic degradation.

Ub-activating
enzyme (E1)

Transfer of
C-terminally attached
and activated Ub

Ub-conjugating

enzyme (E2)
Trimeric vs. dimeric
complex formation with
selected substrate
Ub-ligase complex Y g@§ o0&
(E2 and E3) ,

Figure 1: Ubiquitinylation involves three enzymesa cascade-like reaction setup, which activate (per}?,
hand over (E2Y*! and ligate (E3)” an Ub molecule to a growing chain attached atitalsie substrate molecule.
Substrate recognition can be achieved by a E3 alpirecomplex with the E2 enzy®8. Figure adapted from Stein
et all*?,

In detail, Ub is ATP-dependently activated by tHedhzyme to form a thermodynamically rich
Ub-E1 thioester intermedidtd. Subsequently, E1 hands over its Ub moiety to pibteitt”,
where it is again covalently bound as a thioedfgentually, the substrate protein is recognized
by the Ub ligase, which transfers the Ub molecutenf E2 to the target protéirl. Repeated
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cycles of this process finally yield isopeptidedged polyubiquitin chains that can be recognized
by the 19S regulatory particle of the 26S proteastim

3.1.2 The 26S proteasome

This huge 2.6 MDa heteroprotein complex is composédthe catalytically active 20S
proteasome (core particle; CP) and the 19S regylaarticle (RP}* 2%, After the detection of
suitably Ub-tagged substrates, the RP removes thedlecules and simultaneously unfolds and
threads the substrate into the proteolytic charobéne CF* 2%l Although the inherent flexibi-
lity of the RP has hampered attempts of crystdlbra to date, recent biochemical,
bioinformatical and largely electron microscopiealalyses have contributed to understand the
subunit location, the precise function and dynanoicthis macromolecular machinéfy 2% %!
Gating the entry into the proteolytic CP, the RRs @erched on both lateral sides of the barrel-
shaped 20S proteasome (Figure 2). Due to theiityaltd hydrolyze ATP, the 19 different
proteins that build up the RP were classified iRfgt (Regulatory particle ATPases) and Rpn
(Regulatory particle non-ATPases) subuffitsFurthermore, they were historically assigned to
the modules “base” and “lid” due to biochemicalaasation studies and their assumed location
in the macroscopic subunits present in low resmtuélectron microscopy d&t8. However, the

lid has meanwhile been shown to not be locatedofothe RP but rather on its sitfy with
contact areas even to the CP subunits. Makingdbke bnd lid categories even more superfluous,
subunits that had been assigned to the base, sugprdlO or Rpnl13, are situated at the far side
of the RP?? 24261

These two Ub-binding receptors are responsiblether selective docking of suitably tagged
substrate proteiffé. After this initial recognition step, the subséras deubiquitinylated by the
catalytically active zink-metallaprotease Rpfi¥1which resides in the palm of the horseshoe-
like setup formed by the subunits Rpn 3, 5-7, 9 &#t’. Explaining the minimum Ub chain
length, structural data have shown that only folr rdolecules are able to span the distance
between the receptor proteins and Rpnll, whicheduired to prevent dissociation of the
substrate from the R¥. Moreover, comparison of Rpn11, as well as thielues lid subunits, in

the free and the bound state in complex with timeareing RP subunits revealed the regulatory
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mechanism of Rpnll, which is only activated bydtrtal rearrangements in the matured form
of the RP, thereby protecting the cell from futlieubiquitinylation activity in the cytosoi.
Subsequently, the six AAA+ ATPases Rpti¥which are arranged in a pseudohexameric spiral
staircase above the outer subunits of the CP, éstbnering forces on the substrate prdtdin
Recent electron microscopical studies in completh wai substrate protein suggest that the Rpt
subunits already engage with flexible and unstmectuegions of the substrate before the Ub
chain is cleaved dff!. However, only after deubiquitinylation, which tees the Ub molecules
for attachment to other client proteins, the Ryiwsuts can gradually unfold and translocate the
substrate into the hydrolytic chamber of thé'&p

3.1.3 Thecore particle

The 20S proteasome represents the downstream etttk dJPS that performs the hydrolytic
digestion of unfolded protein substrates to definkedivage produdtd 3% 2 Unlike the highly
dynamic 19S cap, the CP is a rigid body that im&d by either the RP or other adapter proteins
such as PA28 and BIm10, which tune its catalytitviag (Figure 2J*%. Its cylinder-shaped
overall structure is composed of four heptamenigsifollowing a G-symmetricalo;-731-7p1-701-7
arrangemefit".

As high resolution data is available for both threkaryotic and eukaryotic CP, the molecular
details including the regulatory and catalytic magdbkms of this molecular shredder have been
elucidate#* **. Thea-subunits that form the outer rings hold both gtral and functional roles
during assembly and in the maturated pafitleApart from forming the interface for binding to
adapter proteins, they seal the central longitudioae through the CP by a thin interdigitating
network composed of their N-termini, thus protegtthe cell from detrimental self-digestith

31 As the proteolytic activity is completely unsgaciwith regard to the substrate proteins, it
must be strictly compartment@dvivo. Therefore, the gate is only unlocked if a regquiguch as
the RP docks onto the outesring and in consequence takes over the reguldtorgtior>*,
Hereby, three Rpt subunits containing a C-termiwith a discrete recognition sequence bind
into pockets between the adjacerdubunitsal-02, a3-04 anda5-06 to trigger the movement of

a lever-like structure that lifts the N-terminus thie respectivar-subunit, thus breaking the

network over the central pci& 3",
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Core Particles

26S Proteasome £ i o0 e
(hybid approach model) ,
e Al YR iCP; B1i, B2i
Y by i and B5i
19S Cap
(RP)
20S Proteasome
. cCP: Bic, B2c
(CP); g1, B2 and B5 and B5c
19S Cap
(RP)
tCP; p1i, R2i
and (351

Figure 2: The 26S proteasome with an approximatecatar weight of 2.6 MDa is huge compared to tmal Ub
tag (red) of marked substrate proteins. Vertebrateage developed subspecies of the central catatyéichinery
residing in the CP. In these particles, the protéokubunits are exchanged to reshuffle the clgaactivities and
hence adapt to the physiological requirements. tiecmicroscopical model received from E. Mdffis Figure

adapted from Steiat al™”.

On the other hand, tH&subunits within the equatorial rings exert theabic activities within

the CI*®. Whereas in prokaryotic organisms @llandp-subunits are equal in structure, primary
sequence and functiBfi, they have evolved in nucleated cells to individuateins in order to
reflect the advanced requirements in terms of $igmaand sequence specifidity * In
consequence, the human proteasome contains orly pinoteolytically active subunits callpd,

B2 andp5 that are endowed with distinct proteolytic speties denominated as caspase-like
(CL), trypsin-like (TL) and chymotrypsin-like (ChLrespectively, due to the chemical nature
of the amino acids after which they preferentiaiiyt a primary sequené® “°. However, this
assignment is misleading because not the first@amad (P1, Figure 3), but also the P3 and even
the P4 sites have been shown to specifically inteséth the binding pockets (S1-S4) within the
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substrate channél§*®). Moreover, with regard to the endoproteolytic cluter of the
proteasome, also the binding pockets beyond ttevate site (primed sites, S1'-S2’) have been

suggested to contribute to binding and cleavageifégity .

Non-primed sites Hydrolf:: dpeptide Primed sites

Figure 3: Schematic substrate binding channel eféttive proteasom@tsubunits. The hydrolyzed peptide bond
(violet) is initially activated by Thr-1 to form aacyl-enzyme intermediate, which in turn is attatksy an

electrophilic water molecule. Adapted from Stein!*fi

However, the interactions between a suitable pyn@aptide sequence and the proteasomal
binding channel eventually result in an elongategmresidence time of the substfateln turn,

the Thr-1 residue attacks the scissile peptide boadts electrophilic hydroxyl moiety that is
activated by the basicity of the free amino terminthus forming a negatively charged

tetrahedral transition state that is stabilizedtliny oxyanion hole formed by Gly-47N (Figure
4)[35, 46]

R% R,
NH * R R
NH 2 3
R3n. /—\ Rsl \N R
o HO, . o + H,0 H o.,, Y HO,,,
., —~———
HN t T1 N>, . o o o T1 Ran % T
\ ’ \ ..~ —R,—NH, R, 3 _— Ry
Ry HoN R4 T s o Hz
o *H3N o) o HO o
0 H

Figure 4. Catalytic peptide cleavage by the prateed active sites. By a nucleophilic attack of T®* on the
scissile peptide bond, an acyl-enzyme intermedgafermed. Subsequently, the ester is hydrolyzedtwctivated

water molecule to release the N-terminal peptidgrfrent.
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Following the breakage of the peptide bond, the@iinal fragment of the substrate is released
to generate an acyl-enzyme intermediate. Subsdguemt activated water molecule that is
prearranged in the Birgi-Dunitz trajectory hydra@gzhe planar ester to yield the free carboxylic
acid*” “® With regard to the role of the free proteasomaéhmini of the active subunits, the CP
is assigned to the class of Ntn (N-terminal nuctgiag) hydrolase$?.

Apart from the diversification of subunits in eujates, vertebrates have even developed tissue-
specific sets ofp-subunits with distinct sequence specificities tda@at to the complex
physiological signaling pathways present in higbeganism$®. They are incorporated into
nascent CPs, which are consequently named constii@CP), immuno- (iCP) or thymus (tCP)
core particles with allusion to their assigned fiort or the tissue in which they are produt®d

1 (Figure 2). Whereas the cCP is present in allscalid majorly responsible for protein
homeostasis and the participation of the UPS iraaaflular pathways, the iCP, which contains
the B1i, B2i and B5i subunits in exchange for their constitutive dewparts, is produced in
immune-related cell types such as lymphocytes é&walia immunologically stimulated tisstre.
Due to the structure elucidation of the murine @i the iCP in 2012, the overall shift in the
catalytic properties could be disclosed, thus oftethe opportunity to specifically address the
constitutive and the immunological branch of the SUBy selective inhibitof¥’. Overall
structural comparison of both particles revealed their folding and arrangement of the catalytic
subunits match almost perfectly. Also, ¢ andp2i subunits conserve the specificity for basic
amino acids while still allowing for a broad sulastr tolerance and feature nearly identical
substrate binding chann&® Therefore, the exchange p2c with p2i stays elusive both with
regard to the structural and functional consequencecontrast, the cleavage preferencflois
dramatically changed from acidic residuesdirc to small branched amino adids As MHC-|
complexes have been shown to prefer hydrophobier@iti, this immediately leads to an
increased cell surface presentation paftérn

Compared to the cCP and the iCP, very little isvkm@about the tCP that is exclusively produced
in the cortical thymus and linked to the developtrahvarious autoimmune diseaS&s Apart
from Bli andp2i, it harbors another specifbt subunit that confers a hydrophilic character to
the substrate-binding channel due to structuralukition®. In agreement with initial
experiments, the activity of the subunit is hertcengly attenuated, which is supposed to lead to

a decrease of MHC-I presentatfth As p5t knockout mice display impaired development of T-
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cells in the thymus, the subunit has been suggéstpliy a pivotal role in positive CDF -cell
selectioff”. By decreasing the stimulus for these cells, Tscale proposed to slowly adapt to
self-antigens instead of crossing the thresholtétentually leads to immune response. Contrary
to p5t, the immunoproteasom@bi has been shown to exhibit a larger P1 bindingkpb
compared top5c, thus leading to a shift in the cleavage prefezefrom small to large
hydrophobic residues and hereby again to an entlavietC-| presentatiof™ >’

In conclusion, after the diversification of thi and p5i subunits, they have again passed
through a process of convergent evolution to extinedpool of suitable antigenic epitofi&s
The differentiation and specialization of the URSlifferent cell types with regard to regulators,
subunit composition and substrate specificity flethe increased complexity in higher
eukaryotic organisms. In turn, this might be exaloie by medicinal chemistry to selectively
target certain pathways or specifically addresheeitthe constitutive or the immunological
branch of the UP#'. Although studies have suggested that severabmayithin the UPS are
equally “drugable”, the CP is today in the focuspbfirmaceutical indust®. This is not only
due to the straightforward addressable enzymatigigc but also to its direct involvement in
inflammatory pathways, cell cycle control and imrauesponse. For probably the same reasons,
as well as the evolutionarily conserved characteh® pathway, many microorganisms such as
bacteria and fungi produce small molecules thanatite their competitors’ or host's UP5
Due to their gradual optimization over millions géars, they often display extraordinary
properties in terms of binding strength, selegfiahd bioavailability. Hence, they pose a perfect
starting point for the rational design of the set@eneration of proteasome inhibitors after the
admission of the synthetic compound bortezomib ¢&@¢) by the FDA for the treatment of

multiple myeloma and mantle cell lymphoma in 2683

3.2 Principles and applications of synthetic proteasome inhibitors

The inhibition of the UPS has been proven in numetudies to be an effective rationale for the
treatment of oncological diseases. However, theeouthr reasons that ultimately lead to
apoptosis and cell cycle arrest in cancerous tissee difficult to determine due to the

entanglement of the proteasome in so many cruellllar processes.
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The primary indication for which bortezomib receaivies admission was the altered transcription
pattern due to the suppression of the inflammatfB signaling cascaff®. Another
consequence of UPS blockage is the accumulatiopradpoptotic factors such as the Bcl-2
family as well as p53, which play a crucial role figgering apoptotic proces$&s Also, the
prevented degradation of cyclins and the accunmratf Cdk inhibitors like p21 during the cell
cycle have been shown to lead to impaired cellifgraltion, which is especially detrimental for
fast growing transformed céfid. Eventually, the accelerated metabolism and tiercbsomal
aberrations of these cells are also associated avitaugmented turnover and production of
aberrant proteif®!. As a consequence, they are more affected by gsotee inhibition than
benign cells, resulting in ER-associated stress tiiggers the unfolded protein response and
consecutively leads to apoptd&ls Although it is not clear if a single or a comitioa of the
described effects leads to the desired result,epsoime inhibitors are able to exploit the
generated therapeutic window to selectively addmeggyn tumors.

To date, a dazzling amount of synthetic inhibitbeve been postulated that block the different
proteasomal subunits and in turn the pathways iitctwthe UPS is involve®f!. Generally, they
are composed of a peptide backbone endowed witltean@nal electrophile by which they react
with the active Thr-1 residue (Figure 5). As aldédwy had been known as potent inhibitors of
nucleophilic proteases before, the tripeptide @tives Calpain Inhibitor | (Ac-Leu-Leu-Nle-al)
and MG132 (Z-Leu-Leu-Leu-al) were also among th& tommercially available compounds to
block the proteasomal activitféd, However, the high reactivity of the aldehyde fiimeal group
leads to undesired cross reactivity with other emzs/®”, oxidation to the corresponding a&il

as well as addition reactions with somatic nuclédeghHence, aldehyde compounds have stayed
of limited interest for pharmaceutical industry. Asconsequence, this class of inhibitors was
further refined to yield the bivalentketoaldehydé®”. In contrast to monovalent electrophiles,
they both react with the Thr-¥fGand the free N-terminus, thus reversibly genegatinsix-
membered heterocyl@d. Hereby,a-ketoaldehydes are able to discriminate again®rathrine,
cysteine and metallaproteases and thus consideratiigase the specificity of the monovalent
pharmacophore.

In contrast to aldehyde inhibitors, vinyl sulfonesact irreversibly with Thr-1Ovia their
activated Michael-system to produce a stable epheduct'> "® Compared to other pharma-

cophores, they are rather unreactive and inerhagdecomposition by hydrolysis.
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Although vinyl esters have been described as Wiy even lower electrophilicity sets them far
behind other inhibitor classes with regard to theierted binding strendffy. Relative to the
commercially available compounds, even the inhifgitpotential of vinyl sulfones is strongly
diminished and despite belonging to the first ds&hbd proteasome inhibitors, they are thus

limited to laboratory applications.
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Figure 5: Described and validated electrophiliclveads of peptidic proteasome inhibitors. Bortezowsls the first
prescriptive UPS inhibitor admitted by the FDA. flaomib and PR-957 represent the next generatibn o

proteasome inhibitors that rely on lead motivesveerfrom natural secondary metabolites.

Although aldehydes and vinyl sulfones failed to amhe to clinical trials, their biochemical
evaluation and structural characterization evehtdaad to the development of the blockbuster
drug bortezomib (Velcad® With an annual sales volume of 2 billion dollaitsbelongs to the
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20 most valuable drugs distributed and has beewmepréo considerably prolong survival of
treated patients. The dipeptide derivative camidsghly electrophilic boronic acid as C-terminal
warhead, which binds to the Thr-1@oiety and thereby forms a covalent tetrahedrdueatithat

is also able to mimic the oxyanion during peptideacag€?. Besides its anti-cancerous
properties, bortezomib has been shown to be effeati studies with human allograft rejections,
thus also highlighting the potential of a selectimemunoproteasome specific agent and the
important role of the UPS in the genesis of the ime respon$€!. On the other hand,
bortezomib unexpectedly showed to be ineffectiyeeeilly against solid tumdfé. This might

be caused by the high reactivity and instabilityhef boronic acid, which lead to extremely short
half-life times in the blood stredffl. In addition to the limited tissue penetration dhd low
bioavailability’® ’"! administration of bortezomib often results inmregulation of proteasome
levels as well as adaptive resistances after pgeldrireatmef€. Furthermore, its application
suffers from the promiscuous character of bothgharmacophore and the peptide backbone,
which is linked to a vast record of side effectsngiag from polyneuropathy over
thrombocytopenia to gastrointestinal disorfltsAs it has been shown that the proteasome
harbors binding pockets up to the S4 positfdrthe dipeptide certainly does not exploit the full
potential with regard to target specificity. Comdgihwith the high reactivity of the boronic acid,
this leads to substantial off-target effects espBcitowards other proteases with the most
prominent being cathepsin G, dipeptidyl peptiddsantl HtrA2/Omi’®.. Notably, inhibition of
the mitochondrial serine protease HtrA2/Omi hasnbsbown to be responsible for the
detrimental neurodegenerative effécts

Taking account of all these drawbacks of the otiswiighly potent drug has raised the need for
proteasome inhibitors with improved pharmacologalperties. The admission of carfilzomib
(Kyprolis®) in 2012 for the same indications as bortezomib haralded the era of second
generation compounl¥. Being based on novel and orthogonal lead strestuhese drugs have
been identified by searching the rich assortmentaéiral proteasome inhibitét8, which have
been designed not only towards highest inhibitialugs, but also towards biostability, selectivity
and cell permeability. Similar ta-ketoaldehydes, carfilzomib addresses both nuciéoph
centers of the proteasomal Thr-1 by its bifunctiong p’-epoxyketone warhead, thereby
irreversibly generating a six-membered morpholietetocylc&. Due to the bivalent character

of the pharmacophore, carfilzomib inherently extsita high degree of selectivity for the few
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members of the Ntn-hydrolase family, which diredtignslates to decreased off-target reactivity
and a tremendously improved record of side-effeéts

Another derivative using the’, p’-epoxyketone pharmacophore, which is currentlytlie
limelight of medicinal research, is the first-iras6 immunoproteasome specific inhibitor PR-
957%2. Recently, the molecular background for the plrtispecificity of PR-957 could be
elucidate®. Complex structure analysis with murine cCP anfd @&monstrated that the size of
the S1 pocket in th@5i subunit is bigger and thus able to accommodatgel hydrophobic
residues than its constitutive counterf3@rtThis now enabled the rational design of iCP silec
inhibitors and opened the door to the pharmacduicaloitation of this branch of the UB%,
Despite the advantages of the epoxyketone warheadtbe boronic acid, its application still
suffers from the highly reactive nature of the ddexmoiety, which leads to fast hydrolysis in

aqueous solutidfy.

3.3 Natural proteasome inhibitors

Both carfilzomib and PR-957 are endowed with a |eadive derived from the natural product
epoxomicin (Figure 6) that was isolated from/m*[inomycesbacteriun[?“' 85l Pronouncing its
biological impact and inhibitory potency, the epkatone moiety was adapted over the species
barrier in cyanobacteria an8treptomycesstrains, from which the analogous compounds
carmaphycin A and eponemycin were isolated, resmeyf®. Despite varying habitae and
arguably different target organisms, these spdw@ee conserved the electrophilic warhead as the
crucial determinant of the small molecule.

Apart from epoxyketones and rather unspecific plepaldehydes, many distinct inhibitor classes
have been identified (Figure [8). Lactones range among the most prominent examufles
antibiotics and consequently also represent a derale share of the identified natural CP
inhibitord®” 8l They possess a constraingdactone moiety, which undergoes a nucleophilic
ring-opening reaction with Thr-TOto generate a covalent acyl-enzyme adtfiictyet, this
reaction is slowly reversible in the case of balsict C as the ester can be hydrolyzed similar to
the intermediates in peptide turnover by an actidatater molecule.

In omuralide, the reverse reaction is suppresseduse thg-lactoney-lactam bicyclic scaffold

localizes a free hydroxyl group at the very positaf the water molecule, thereby displacing it
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from its activated state in the Burgi-Dunitz traee™> "2 Beside a high degree of target
specificity, omuralide was shown to cause neuritiymwth and cell cycle arrest by inhibition of

cyclin turnovef®.
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Figure 6: Natural proteasome inhibitors of the 20&easome. a) The linear peptide aldehyde fellitarB and b)
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active Thr-10. Figure adopted from Steét al™.
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Therefore, omuralide was among the first proteasorhiitors to which a distinct biological
function could be assigned, which put CP-modulatiggnts on the agenda of pharmaceutical
industry with regard to cancer treatment. The aggh utilized by omuralide is brought to
perfection in the completely irreversible inhibitsalinosporamide A (MarizomiB}', where the
produced hydroxyl group reacts further with a 2schéthyl tail in an 2 reaction to yield a
cyclic tetrahydrofuran ether product, thereby rigidorecluding the nucleophilic water
moleculé®. Due to the high potency vivo andin vitro as well as the elaborated binding
mechanism, salinosporamide A is in clinical trifds treatment of multiple myeloma as the first
non-peptidic UPS inhibit&”.

Contrasting all synthetic and natural agents deedrso far, the cyclic peptide TMC-95A, which
was isolated from cultures of the fungpiospora montagneiis assigned to the group of
reversible and non-covalent CP inhibifd's Despite the lack of an enthalpic contribution by
forming connecting bonds to the proteasomal subpitg binding strength is in the range of the
highly reactive boronic acid and epoxyketone deiies®> °*. This is not only caused by a tight
network of interactions with the binding channddst also by the entropically favorable rigidity
of the cyclic scaffold*. Due to their dynamic binding equilibrium, revéitsi inhibitors are
hypothesized to penetrate into solid tumors, wingkes TMC-95A an interesting candidate for
pharmaceutical research. Yet, its highly demandiiegeochemistry has complicated attempts to
synthesize the compoufit *®! In turn, the complex structure of TMC-95A was ken down to

its crucial functional determinants that were ided by in vitro and complex structure analyses
with the CP®.. However, none of the generated derivatives westabsurpass or even reach the
inhibitory potential displayed by the natural protfii °® °”! Moreover, TMC-95A has stayed the
only representative of this intriguing class of urat inhibitors, which is partially due to the
predominance of covalent compounds but also tolabtle of appropriate assay techniques for
their detection.

3.4 Proteasome inhibitors as vir ulence factor s from pathogenic origin

The syrbactins were the last group of secondarabadites discovered to inhibit the proteasome
to dat€®. Named after their two most prominent represergatisyringolin A (SylA¥® and

glidobactin A (GIbA!®, they share the common motive of a twelve-membenedrolactam
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cycle featuring a constrained Michael system astrephilic pharmacophore. By reacting with
Thr-10, they form an irreversible ether product similar ltnear vinyl esters and vinyl
sulfone&§®. Yet, whereas the Ig values of the synthetic compounds are in the miotar
range, syrbactins reach low nanomolar vaffleg\nalogous to TMC-95A, the rigid macrolactam
cycle is entropically favored compared to lineaptpic compounds as these loose considerable
degrees of freedom versus their state in sollifloMoreover, analyses of x-ray crystallographic
structures in complex with the CP suggest thatrtbel cycle of the macrolactam scaffold
prepositions the electrophili@-carbon of the Michael system in close proximity ttoe
nucleophilic hydroxyl moiety, thereby lowering thetivation energy on the reaction trajectory
and activating the rather inert Michael systémHowever, as the Michael system displays
reduced chemical reactivity that lags far behinel tloronic acid or the epoxyketone, syrbactins
have been shown to be strictly target-specific ianairn exhibit only decreased detrimental side
effects.

Interestingly, whereas the lead motive is conseine8ylA and GIbA, both compounds differ
considerably in their decoration pattern. By ilhasihg an optimized interaction network with the
proteasomal substrate binding channel, GIbA holdsrced potency compared to SylA and in
fact even ranges among the most potent proteasohileitors in gener&”. Noteworthy, the
differing functional groups and layout of the malkss turned out to only reflect their respective
biological purpose for which the toxins are prodiice

SylA was the first natural proteasome inhibitorvtbich a defined virulence function could be
assigned. The compound, which was isolated frontuied of the bacteriunPseudomonas
syringae,which causes the brown spot disease on crop plentgcreted during the infection
process, thereby weakening the immune responsensystd debilitating the host organi€h
Subsequent to the discovery of SylA, comparisothefgenes responsible for its synthesis by
performing BLAST searches led to the identificatimna whole array of bacteria with similar
virulence clusters (Figure f3". Besides theéBurkholderialesstrain K481-B101 from which
GIbA had been isolated, the search yielded hitsrgma@rious species within thigurkholderia
and thePhotorhabdusgenera, which therefore also have been suggest@dotiuce syrbactin
compounds. The former even comprise human pathogegents likeB. pseudomalleithe
causative agent of melioidosis that has been cepegibas a potential biological weapon of mass

destructioft®?. Interestingly, the closely related but less wnil B. mallei contains an
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inactivating transposon-mediated rearrangement hia tespective gene cluster, thereby
emphasizing the importance of the small molecul@ generally of the UPS during infection
(Figure 78 U With regard to the high potency of GIbA and timeidence of syrbactin
compounds in general, it is likely that they joerfdzomib and marizomib as second generation

proteasome inhibitors in the future.

Color code for identity 0-100% =

Accession Entry name 0 Query hit 4290 QMatch hit (squrt scale) Name (Organism)

Query

Q83Y48 Q83Y48_PSESX Non-ribosomal peptide synthetase (Type |
(Pseudomonas syringae)

ABKCI9  ABKCI9_9BURK SylD-like NRPS/PKS (Burkholderia K481-B101)

C4l442  C4l442_BURPS Thiotemplate mechanism natural product synthetase
(Burkholderia pseudomaller)

B6VNS3 B6VN93_PHOAA - Syringomycin synthetase (Complete genome; segm.
7117 (Photorhabdus asymbiotica subsp. asymbiotica))

Q7N5R Q7N5R3_PHOLL - Complete genome; segment 7/17 (Photorhabdus

luminescens subsp. laumondii)

Q62C38 Q62C83_BURMA - = Thiotemplate mechanism natural product synthetase

(Burkholderia malleri)

Q2XNF8  Q2XNF8_LYSLA - - Nonribosomal peptide synthetase/PKS (Lysobactar
lactamgenus)
Q1D5W2 Q1D5W2_MYXXD T— : » Non-ribosomal peptide synthetase/PKS (Myxococcus

xanthus /strain DK 1622))

Figure 7. BLAST search result of the SylD genehimitthe SylA nonribosomal-synthase cluster. Apastrf the
Burkholderialesstrain K481-B101, many otheéBurkholderia and Photorhabdusspecies possess equivalent gene
clusters. InterestinghB. malleiharbors an intron within its SylD gene, which mntigle responsible for the decreased

human pathogenicity of the bacterium compare.tpseudomallei

The described assortment of natural substanceeslabsat have been utilized to modulate the
UPS of host organisms or nutrition competitors givéirst glimpse into the treasure trove of
small molecule elicitors harbored by nature. Stile newly disclosed fields of iCP and tCP
inhibition together with the vast unexploited pdiehof proteasome blockage for countless
cancer diseases fuel the search for alternativetzntes.

However, although four out of ten best-selling drug the US are derived from natural

compounds, research in this field suffers from @ese dilemma nowadays. Despite rising
expenditures that often exceed economic sufficiecritgria, the number of newly discovered

substances steadily decreases, which lead to tbedstwn of many industrial screening

program§8°%. Yet, due to the accessibility of the genomes ahynorganisms, it has become

clear that only a small proportion of produced selemy metabolites have been isol&¥H This
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can be attributed to the silencing of the correslpum gene clusters under common culture
condition$'® %! Especially proteasome inhibitors, which belongthe cytotoxic warfare
equipment of pathogenic organisms, are only prodl@eer being triggered by suitable external
conditions. This environmental sensing is not ahlg to the sumptuous production of the toxin,
but also to ensure that it is specifically utiliztuting a defined stage of the life-cy¢¥ in order

to avoid self-detrimental consequences.

3.5 Overview of currently applied methodsfor proteasomal inhibitor detection

Due to the strict biosynthetic regulation of toxiitgs crucial to apply appropriate techniques to
elucidate the molecular triggers that lead to thescretion. Subsequently, the downstream
isolation can be achieved by routine extraction eoldmn purification strategies. Many assay
techniques have been described to evaluate thegsamnal activity® 1°¢! However, they all act
within certain boundaries that limit their implentation especially in crude extracts and culture
broths.

Proteasomal cleavage
site (ChTL activity)

A:=360 nm

A =460 nm

Figure 8: The most commonly applied proteasomeyassse a non-natural substrate that contains anfitdpecific
amino acid scaffold with a chromogenic headgroupictv is internally quenched by the attachment o ghptide.

Upon cleavage by one of the proteasomal activitresdye develops its absorptive or fluorescenpgrties.

One of the most frequent methods utilized todapased on unnatural peptide substrates that
carry an internally quenched C-terminal chromopdweh as 7-amino-4-methl-coumarin (AMC)
or para-naphtylamine (pNA) (Figure 8). Their amiacid scaffold is adapted to the different
proteasomal activities, which cleave off the chrgemic headgroups. In turn, these develop their

absorptive or fluorescent propertf8s’°® thereby allowing the direct quantification of the
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enzymatic substrate turn-over. Because of theaigittforward performance, UV-VIS based
assays range among the most prominent techniquebkidb-throughput screenings of small
molecule librarie$®®. However, they also hold a major drawback thatidet a high rate of
artifacts especially in screens of biological saaspDue to their UV-VIS based nature, they are
prone to all kinds of optical interferences inchgliquenching and autofluorescence by colorful
substances. As most microorganisms tend to progigreents and phenolic macromolecules
after prolonged incubation tin&%" 1% the background of this technique is usually taghto
reliably detect inhibitors in heterogeneous masiice

Another common approach to evaluate the proteasamtlity is the quantification of
intracellularly accumulated proteasome substrapem ureatment of mammalian cells with an
inhibitory compound. The read-out can be achiewedtandard western-blot analysis of either
ubiquitinated proteins in genefal' or distinct proteasomal substrates suchwsdr p53-2,
The methodology is capable to detect both reversaold irreversible inhibitors of the UPS. It
also benefits from the co-evaluation of cell perbilgs as well as the commercial availability of
all components. Moreover, accumulation assays tHcsesignaling substrates allows for the
evaluation of affected cellular pathways, therelopreecting UPS inhibition with a defined
biological effect such as the suppression of inffaatory cytokines caused by the blockage of the
iCP®2 1131 pespite their significance fam vivo characterizations, the application of these assays
for screenings is largely hampered by their difti@nd tedious execution. The cells have to be
incubated with each sample for at least one ddyméted to hypotonic as well as frictional lysis
and the extract must be standardized to a defin@@ip concentration. In turn, the blot needs to
be co-stained against reliable housekeeping fatbofisally enable an only qualitative result. In
addition, the semi-quantitative data obtained bystem-blots further require that the
concentrations of the analyzed marker proteins ndifsér substantially in order to yield an
unambiguous readout. Also, the approach suffersn fits lack of specificity for single
proteasomal active sites or even the entire UP8|sasupstream effects such as stress responses
or the manifold interdependencies within signahs$duction pathways can have a significant
influence on the assay restit. Eventually, the detection limits in cell cultueehniques are far
higher than in enzymatic assays. However, as thedf toxic secondary metabolites is very low
to prevent noxious effects for the producing orgamithese experiments are not suitable for the
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screening of fermentation conditions for proteasantbiting compounds. Yet, they represent
valuable tools to complement other methodologieshe investigation of isolated compounds.

A more specific and direct approach that utilizés-directed-affinity-probes (SSAP) accounts
for many of the draw-backs of intracellular substraccumulation assays (Figuré %) 571 |t
relies on the specific interaction of an establishenibitor with the CP. The compound, which
desirably binds equally to all active proteasomaiusits, is linked to a fluorescent dye. The
inhibitor moiety of the probe covalently binds tetproteolytic sites, thereby labeling them with
the chromophdt®®. After submission to an SDS-PAGE, the respectilm®isits can be visualized
in a fluorescent gel scanning device (Figure 9).
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Figure 9: Site-directed-affinity-probe (SSAP) meathoexploit the specific interaction of an inhibittrat is

— beta-2

— beta-1
— beta-5

covalently linked to a chromophor. In this caselASig coupled to rhodamine via an alkyle linker tgi Upon
binding to the active proteasomal subunits, theae be visualized by SDS-gel separation and subseque
fluorescence detection (left lane). However, if ighibiting sample is added to the proteasome be$ba@ing,
blocked subunits cannot be tagged with the dyeimdrn vanish on the developed gel (right lanéjuFe adapted

from Steinet al*%.

However, if the proteasome is previously treatethvai sample that also contains proteasome-
inhibiting species, the active sites are blockemmfrthe chromogenic label and in turn the
fluorescence signal is suppressed. Due to therlidependency, the inhibition of each subunit
can be separately quantifi€d™®'® Furthermore, it is capable to distinguish betweéferent
proteasome particles in cells that produce iICPGR beside the constitutive 20S particles,
thereby enabling the assessment of the selectitiie inhibitory molecule. More importantly,
the technique is not influenced by quenching opflwdrescence by components present in the
complex sample mati¥® 18 On the other hand, the SSAP technique suffers fte difficult
preparation of the probe molecules. Being derivedhfpreviously established inhibitors, their

synthesis can only be accomplished by specialiabdratories with organic chemistry facilities.
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Eventually, in order to stay attached to the prdezal subunits, the probe must react
irreversibly®* %1 Thus, it inevitably displaces all reversible ligs and precludes their
detection, which is a serious draw-back of the apghn. This is further exemplified by TMC-
95A, which is still the only non-covalent proteasomhibitor discovered to date. With regard to
the suggested advantages over irreversible comgouhté is a grievous drawback of the
otherwise solid methodology. In conclusion, all aésed techniques are valuable tools to
characterize proteasome inhibitors biotlvitro andin viva. Yet, they are hardly suitable for high-
throughput natural product screens and especialtyfor an application in crude extracts and

culture broths.
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4. Objective

Due to the silencing of many natural toxins undemmon growth conditions, a robust and
unambiguous technique is required to screen diffeiermentation approaches and identify the
defined molecular trigger for the secretion of rbetdes that affect biological maintenance.
Once a suitable condition is established, the dawam purification and characterization of the
respective secondary metabolite is a straightfawancess. With regard to the plentitude of
identified natural proteasome inhibitor classes enedconserved character of the UPS in various
species, it is likely that the application of suckechnique will yield many novel and auspicious
lead structures.

Therefore, the aim of this thesis was the develaopproka methodology to unambiguously detect
proteasome-inhibiting agents in crude culture kgoth order to avoid all biochemical artifacts,
the assay was intended to be based on a naturaudhit-specific proteasome substrate. With
regard to the unreliability of common proteasoneags in heterogeneous mixtures, the substrate
was devised to enable NMR readout by regiospeaibm labeling.

After the establishment of a suitable peptide segegethe assay was to be verified by analyzing
media ofP. syringaecontaining defined quantities of the irreversibl@bactin inhibitor SylA in
order to probe the detection limits and analyzesilgaal-to-noise ratio of the technique. In turn,
the developed tool was envisioned to be appliedHeranalyses of cultures derived from other
organisms suggested to produce syrbactins duernetigesimilarities withP. syringae As the
group of syrbactins comprises the extremely po@b#, it was likely that the isolation of the
respective molecules would identify other at leagtially potent compounds and grant deeper
insight into their binding mechanisms. From theé 4§ potential organisms, it was intended to
analyze cultures oP. luminescensecause the S1 insect pathogen can be handlely easi
especially compared to the equally promising bughlyi virulent Burkholderia species.
Moreover, it was described that luminescenproduces intensely colorful substances and would
therefore represent a case of hardship for theoappof the developed technique.

Due to the silencing of the respective gene clusteommon cultures of the bacterium, the assay
was to be utilized for the identification of a sdite growth condition to trigger the biosynthesis
of the toxin. The major purpose of the researclheptavas to pave the way for the isolation and

structural characterization of the proteasome itihgp compound from natural source.
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Subsequently, it was aspired to investigate theeoudér binding mechanism aidvivo potency

of the natural compound by the means of crystafiplgic complex structure analysis with the
20S proteasome as well as cell culture experimémtsthe evaluation of cytotoxicity and
intracellular pathway affection.

In summary, the introduction of an orthogonal methiiogy into the field of proteasome assays
aimed to disclose the broad range of still undisceg inhibitors by offering a methodology for
their detection already during the fermentationcpoure of the organism. Exemplifying the
approach on a real-case scenario, it was envisidoegursue the whole process from the
detection to the isolation of the inhibitor and ewmlly characterize itén vitro andin vivo

properties by performing multidisciplinary experims
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5. Materialsand M ethods
5.1 Materials

5.1.1 Chemicals
All applied compounds were acquired from the foilegvcompanies: Bachem (Bubendorf, SWI),
Enzo Life Sciences (Lérrach, GER), Fluka (Neu-UBER), Merck (Darmstadt, GER), Santa

Cruz (Heidelberg, GER), Sigma-Aldrich (SteinheinER, Roth (Karlsruhe, GER) and VWR
(Darmstadt, GER).

5.1.2 Growth Media

LBog NacCl 1% (w/v)
Peptone 1% (w/v)
Yeast extract 0.5% (w/v)
SRMar Arbutin 100 uM
FeCk 10 uM
Fructose 0.1% (w/v)
Glucose 1% (w/v)
Histidine 0.4% (w/v)
Potassium phosphate 0.8 mM
2XTY NaCl 0.5% (w/v)
Peptone 1.6% (w/v)
Yeast extract 1% (w/v)
TYEA NaCl 1% (w/v)
Tryptone 0.2% (w/v)
Yeast extract 0.5% (w/v)
TYEB Tryptone 0.2% (w/v)
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YPD Glucose 2% (w/v)
Peptone 2% (w/v)
Yeast extract 1% (w/v)
5.1.3 Strains
Organism Strain Genotype Source
S. cerevisiae YHeil40 MAT a, ura3 leu2-3, 112 his3- Heinemeyeet
WCG-4ap5- 11, 15 Cai GAL1 al.B®
T1A pre2A:HIS3, pRS315-
UBI/mmpre2-T1A and
propeptide PRE2
natlA: KanMX4
S. cerevisiae YHeill3 MATa, ura3 leu2-3, 112 his3- Heinemeyeet
WCG-4aB2- 11, 15 Can GAL1 al.B®
T1A UBI/mmpupl-T1A
S. cerevisiae WCG-4a, MAT a, ura3 leu2-3, 112 his3- Heinemeyeet
Prel-1 11, 15 CanGAL Prel-1 al.[1?°]
(S142F)
S. cerevisiae YHei032 MAT a, ura3 leu2-3, 112 his3- Donnation
WCG-4a, 11, 15 CaiGAL1 from PD. W.
B5-(Hisk pre2A:HIS3 Heinemeyer
pRS425-PRE2-C-His
P.syringae ssp  TTO1 WT Grosset all*?%
syringae
P. luminescens TTO1 WT Fischer-Le
ssp laumondii Sauxet al.*#?
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5.1.4 Fluor ogenic substrates
Suc-Leu-Leu-Val-Tyr-AMC
Z-Leu-Leu-Glu-AMC
Boc-Leu-Arg-Arg-AMC

Z-Gly-Gly-Leu-AMC

All substrates were dissolved in DMSO at concernatof 20 mM and stored at -20 °C.

5.1.5 Instruments

Balances
Analytical Balance TE124S
Precision Balance BP3100 P

Centrifuges

Biofuge Pico

SIGMA 4K15 rotor 11150/13220
and rotor 11150/13350

SIGMA 6-16K rotor 12500

SIGMA 8K rotor 11805

SIGMA 3-30K rotor 12150

Crystallography

Art Robbins Instruments Phoenix
Cooled Incubator Series 3000
Crystal Cap HT fur CryoLoop
Crystal Cap HT Vial

Foam dewar
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Enzo Life Science (Lockg GER)
Enzo Life Science (LorrachER)
Enzo Life Science (LorracBER)

Bachem (Bubendorf, SUI)

Sartorius (GOttingBER)
Sartorius (GOttinG#HR)

Heraeus Instruments (Hanau, GER)

SIGMA Laborzentgkn
(Osterode am Harz, GER)
SIGMA Laborzentrifugen
(Osterode am Harz, GER)
SIGMA Laborzentrifugen
(Osterode am Harz, GER)
SIGMA Laborzentrifugen
(Osterode am Harz, GER)

Dunn Labortekl{Asbach, GER)

RUMRDbarth Apparate (Laatzen, GER)

Hampton (Aliso VigjdSA)
Hampton (Aliso Viejo, USA)
Spearlab (San Francisco, USA)
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Magnetic Caps, Pins and Vials

MICORLAB STARlet

Micro Tool Box

Mounted CryoLoop

Quick Combi Sealer Plus

Siliconized Glass Cover Slides

Storing dewar HC20

Super Clear Pregreased 24 Well Plate

Vial clamp

Zoom stereo microscope SZX10/KL1500LCD

Electrophoresis and Blotting
Fastblot B44

Gel documentation system GBOX
Mini PROTEAN Cell

PowerPAc Basic Power Supply

Liquid chromatography
AKTAprime plus

AKTApurifier

CHT Ceramic Hydroxyapatite
HiPrep 26/10 desalting column
Ni-NTA, 5 mland 1 ml

Phenyl Sepharose 6 Fast Flow
RESOURCE Q, 6 ml and 1ml

Peptide Synthesis

Alpha 2-4 LD plus lyophylization device
Peptide synthesizer PS3

Rotavapor R215

Molecular Dimensi(Newmarket, UK)
Hamilton (Reno, USA)
Molecular Dimensions (Newmarket)
Hampton (Aliso Viejo, USA)
HJ-Bioanalytik (Monchkewbach, GER)
Hampton (Alisejgj USA)
Taylor-Wharton Germany (Milddst&ER)
Crystalgew (York, USA)
Molecular Dimensions (Newmarke)U
Olympuskyia JP)

Biometra (Gottingen, GER)
Syngene (Cambrid§&)

BioRad (Hercules, USA)
BioRad (HerculesAlUS

GE Healthcare (Chalfont St. &3i] UK)
GE Healthcare (Chalfont St. Gild$K)
BioRad (Hercules, JSA
GE Healthcare [[©haSt. Giles, UK)
GE Healthcare (Chalfont Giles, UK)
GE Healthcare {@tiebt. Giles, UK)
GE Healthcare (Chal&inGiles, UK)

Christ (©@s0de, GER)
Protein Technologiess@y USA)
Bichi (Essen, GER)
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HPL C and mass spectr oscopy

Binary pump system 1525

Column selector

Flex Inject Loop

Fraction collector Il

HPLC system Ultimate 3000

LCQ Fleet MS

Xbridge BEH C18, 10 mm x 250 mm
Xbridge BEH C18, 2.1 mm x 250 mm

NMR

Cryo NMR Ultrashield 500 plus
NMR Ultrashield 500

NMR Tubes 5 mm Professional

Additional equipments and materials
Cary Eclipse Fluorescence spectrometer
Constant Cell Disruption System E1061
Cold trap CT 02-50 SR

Infors HAT Multitron incubator

InoLab pH 720 pH-Meter

Laboklav 195-MV

Laboklav 25-MV

MR Hei-Standard Magentic stirrer
NanoPhotometer

Shaking incubator Multitron

Speedvac, centrifuge RVC 2-25 CO plus,
Thermomixer comfort

Vortex Genie 2

Vacuum pump MZ 2C NT

White 96 well plate NUNC
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Waters (Eschborn, GER)
Waters (Eschborn, GER)
Waters (Eschborn, GER)
Waters (Eschborn, GER)

Dionex (ldsetin, GER)

Thermo Fisher (Schwerte, GER)

Waters (EschbGER)

Waters (EschbGER)

Bruker (BillericdSA)
Bruker (Billerica, USA)
Schott (Mainz, GER)

Variann(Badt, GER)
Constaste3ys (Northants, UK)
Buch and Holm (Herlev, DEN
Infors (EinsbacBER)
WTW (Weilheim, GER)
SHP Steriltechnik AG (DetzelER)
SHP Steriltechnik AG (Detzel, BE
Heidolph (Scbhaeh, GER)
Pearl IMPLEN (Miunchen, GER)
Infors HT (BottmingeSUI)
Chrisstétdde, GER)
Eppendorf (Hamburg, GER)
Scientific Industries (New YptkSA)
VacuBrand (Wertheim, GER)
Thermo scientific (Mithen, GER)
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Water purification device TCA (Niederelbert, GER

5.1.6 Computer software and bioinfor matic tools

Breeze Waters (Eschborn, GER)

CCP4i Software Suite www.ccp4.aclti!

Chemdraw Perkin Elmer (Cambridge, USA)

Chromaéleon Dionex (ldsetin, GER)

COOoT Emsley, P24

CorelDRAW X5 Corel (Ottawa, CA)

Endnote X4 Thomson Reuters (New York, USA)

Graph Pad Prism 5 Graph Pad Sowtware (La Jo8a))

Main Turk, D!

MestReNova 7 Mestre Lab Research S.L. (Santiago de
Compostela, SPA)

PyMOL Schradinger, LLE?®

Sybyl Tripos (St. Luis, USA}”!

Unicorn LC software GE Healthcare (Chalfont@tes, UK)

Xcalibur Thermo Scientific (Waltham, USA)

XDS programme package Kabsch, W. (Heidelbergn@ay)™*?®

5.2 Generation of peptide substrates

5.2.1 Solid phase synthesis

Two different types of Fmoc-based resins were teenteate peptides of 5 to 15 amino acids. In
case of free carboxylic acid C-termini, a polyshgeolymer with a 2-chlorotrityl alcohol linker
was first swollen in dry DCM for one hour in a s\ge sealed with a glass frit and a PTFE
stopper. After discarding the DCM, the first amamd was coupled by adding a solution of 2 eq.
of the Fmoc-protected amino acid, HCTU and DIPEA@M for six hours. The reaction was
guenched by first washing with DCM / MeOH / DIPEAa 17 / 2 / 1 ratio and subsequently with

DCM, which in turn was evaporated.
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In order to create amide C-termini, an Fmoc-pra@®ink-amine resin was used. After swelling
the resin for one hour in DMF, the protection grouas removed in 20% (v/v) piperidine in
DMF for 20 min and washed in DMF. The first amiredawas then coupled by incubation again
with a solution of 2 eq. of the Fmoc-protected amacid, HCTU and DIPEA in DMF for three
hours. The reaction solution was removed by washiith DMF and DCM and the resin was
then dried under vacuum.

The amino acid coupling steps were carried out ompeptide synthesizer PS3 (Peptide
Technologies) on a 0.2 mmol scale. Briefly, thermregs swollen in DMF for one hour, followed
by deprotection in a solution of 20% (v/v) pipendiin DMF for 20 min. After washing with
DMF, the resin was incubated with a fresh solubdbRCTU and Fmoc-amino acid in 20% (v/vl)
N-methyl morpholine for 20-40 min and washed agaith DMF. Synthesis ofC labeled
substrates used an Fmb&(0)-phenylalanine building block (Santa Cruz).tBetion groups of
amino acid side chains were as follows: Arg (PBBn (Trt), Gln (Trt), Thr (OtBu), Ser (OtBu),
Trp (Boc), Tyr (OtBu). After repeated elongatiorckgs, the N-terminal Fmoc protection group
was removed, followed by washing with DCM. The mssivere stored at -20 °C.

5.2.2 Resin separation and purification

Rink amide resins were treated with 10% (v/v) TRA% (v/v) TIS in DCM for some minutes
and washed with the same mixture. The solvent has eévaporated and the resulting yellow oll
was dissolved in 95% (v/v) TFA with 2.5% (v/v) TEd 2.5% (v/v) water. This solution was
stirred for at least nine hours at room temperatme further 24 h at 4 °C in order to remove all
side chain protection groups. In contrast, the nsbable trityl resins could directly be treated
with a highly concentrated TFA solution and wasulated under the same conditions as the
cleaved amides. The resin was finally washed vhighdeavage solution.

The TFA solutions were subsequently transferredi0tanl Falcon tubes, cooled on ice, and then
complemented with approximately the same volumeotd diethyl ether. The precipitate could
then be separated by centrifugation at 3000 rpni@omin. The supernatant was discarded, the

peptide redissolved in a small amount of TFA areptecipitation repeated.
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Eventually, the precipitate was dried and redissblin 5% (v/v) ACN in 95% (v/v) water. This
solution was applied to preparative HPLC chromatphgy with a gradient of 5% (v/v) ACN to
40% ACN (v/v) over 100 min. Depending on their sael chemical nature, peptides typically
eluted between 20 and 30% ACN (v/v).

HPLC fractions were analyzed by ESI-MS analysishwibsitive and negative ion detection.
Fractions were pooled accordingly and the solveag removed by lyophylization overnight. The
resulting white powder was dissolved in DMSO to @antrations of 20 — 100 mM, which were

directly used in digestion assays and soaking éxieeis.

5.3 Protein chemistry
5.3.1 Purification of the 20S proteasome

In order to purify wild type CP from yeast, thelselere dissolved in 2 times the pellet weight of
50 mM potassium phosphate buffer (pH 7.5, suppléetewith DNAse | and disrupted in a
French press device. The raw lysate was centrifiegetil,000 g for 30 min. The supernatant
could be further purified by filtration through auble layer of gossamer cloth.

The proteasome was then precipitated with a cotblsaturated solution of ammonium sulphate,
which was poured into the protein extract undeworags stirring until the final concentration
reached 40% (w/v), which coincided with a genelaliding of the solution. This suspension was
then loaded on a 100 ml column of FF phenylsepleanatich had been equilibrated with 20
mM potassium phosphate (pH 7.5) in 1 M ammoniunfagel The CP was then eluted in a
gradient to a low salt buffer of 20 mM potassiunogbhate over 400 ml. Proteasome-containing
fractions were identified by fluorescence assayseby, 30 pl of a fraction were incubated with
300 pM of a given AMC substrate at 37 °C for 20 nmilihe reaction was then quenched by
addition of 700 pl of 20 mM Tris / HCI buffer (pH5J and measured as described under 5.4.
The fractions were pooled and applied to a 15 mir@dramic hydroxyapatite column, which
was then eluted with 500 mM potassium phosphate {f@) in a gradient over 120 ml. Again,
fractions were pooled according to their activitgpfpe and finally loaded on a 6 ml Resource-Q
anion exchange column.

After rinsing with 20 mM Tris / HCI (pH 7.5), a gteent to 500 mM NacCl in 20 mM Tris / HCI
(pH 7.5) was applied over 30 ml, in which the proteluted at approximately 450 mM NacCl. If
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the proteasome was to be used for crystallizatiaist a desalting step to 20 mM Tris / HCI (pH
7.5) had to be performed on a High Prep 26/10 tegakolumn and the protein was
concentrated to 40 mg/ml by ultracentrifugationides with a 300 kDa cut-off.

In case of the Pre2-(Hisyeast mutant strain, the cells were disrupteddid M Tris / HCI (pH
7.5), 300 mM NaCl and 20 mM imidazole. Instead nfaanmonium sulfate precipitation, the
crude extract was loaded on a 5 ml Ni-NTA columashed with the same buffer, and eluted in a
50 ml gradient to 500 mM Imidazol. Positive fracisowere dialyzed overnight to 20 mM Tris /
HCI (pH 7.5) and then applied to anion exchangermiatography as described above.

In contrast to the preparation steps for purifmasi from yeast cells, proteasome from
erythrocytes had to be purified under milder candg. Hence, crude blood was centrifuged at
500 g for 5 min and washed with PBS buffer contagrii mM EDTA. The resulting pellet was
resuspended in lysis buffer (155 mM ammonium cberil0 mM KHCQ, 37 mg/l EDTA) and
the cell debris was again centrifuged as descradmu/e. All following steps were performed

according to the procedure for yeast proteasomiégation.

5.3.2 SDS-PAGE analysis

Beside fluorescence assays, the purification pnareedvas monitored by SDS-PAGE analysis.
Protein samples were mixed with Laemmli butfét , heated to 95 °C for 5 min and then
centrifuged.

The samples, as well as a protein standard (RotkN¢éandard, Carl Roth), were applied to a
12% (w/v) polyacrylamide gel, which was run at 2B mmtil the dye reached the end of the gel.
The gel chamber was opened, the stacking gel remnoaed the separating gel stained in

Coomassie. Destaining was performed in boiling 108 acetic acid.

Substance 12% Separating gel Stacking gel
Water (ml) 4.5 2.5

40% Acrilamide (w/v) 3 0.5

(Acrylamid / Bisacrylamide

29/1, ml)

Separating gel buffer (ml) 2.5 -
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Stacking gel buffer (ml) - 2
10% (w/v) APS (ul) 50 50
TEMED (pl) 5 5
Buffers:

Separating gel buffer

Stacking gel buffer

Coomassie solution

10x Laemmli solution

10x running buffer

Tris/HCI pH 6.8
SDS

Tris/HCI pH6.8
SDS

Acetic acid
Coomassie Brilliant blue
Isopropanol

Tris/HCI pH 6.8
Glycerol
Saccharose
SDS
B-mercaptoethanol
Bromophenol blue

Glycine
SDS
Tris

5.3.3 Deter mination of protein concentrations

In order to record the protein concentration ofwe human cell lysate, the sample was diluted

15M
0.4% (w/v)

0.5M
0.4% (w/v)

10% (v/v)
0.05% (w/v)
15% (v/iv)

60 mM
30% (w/v)
10% (w/v)
5% (w/v)
3% (v/v)
0.02% (v/v)

1.92 M
1% (w/v)
0.25 M

1/1000 with buffer and then mixed with a freshlyepared and filtrated Bradford solutitff
(Biorad Protein Assay) and measured at 595 nM. rEsalting absorption was compared to a

calibration curve, which was recorded with BSA atious concentrations.
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Alternatively, a defined dilution of the crude lysavas directly measured on a Pearl Implen
NanoPhotometer and the absorptions at 260 and 280were determined. The protein

concentration could then be calculated using theb\g equation.

If the measurement was performed on purified pnosolutions, the absorption was directly
measured at 280 nm and the protein concentratiencalaulated with the Lambert-Beer equation
by using a theoretical absorption coefficient gatest by the ProtParam tool supplied by

expasy.com.

5.4 Activity assays
5.4.1 Artificial fluorescent probes and |1 Csp measurements

Point measurements andshurves of inhibitory substances were usually réedrusing CP
concentrations between 1 and 50 pg/ml in 100 mM THCI (pH 8.0), 10% (w/v) DMSO and
0.01% SDS (w/v). Serial dilution of inhibitors waarried out in DMSO at equal intervals on a
logarithmic scale. Incubation of yeast CP with bitars or DMSO as a control usually lasted for
one hour in a volume of 30 pl. Three replicas ahesample was pipetted into a white and flat-
bottomed Nunc plate. AMC-substrate solutions in OM®ere pipetted to the side of the well
and then centrifuged down to start all reactionsusianeously. In order to address the different
proteolytic activities of the proteasome, eithec-&eu-Leu-Val-Tyr-AMC or Ac-Gly-Gly-Leu-
AMC was used for monitoring thgs subunit, as well as Boc-Leu-Arg-Arg-AMC and Z-Leu
Leu-Glu-AMC for 2 andpl, respectively. Fluorescence development was stbjfyy adding
300 pl of a 20 mM Tris / HCI (pH 7.5) buffer to thells and the plate was measured at a Varian
Cary Eclipse Fluorescence Spectrometer with exaitednd emission wavelengths at 360 and
460 nm. 1G, curves were analyzed using the Graph Pad Prisoftwase using a Dose-response

inhibition fit with variable slope.

5.4.2 Native gel fluorescence analysis

Reversibility and inhibition of the CP by isolatechall molecules and crude extracts were carried
out by monitoring the proteasomal activity in natigels. For this, 5-10 pg of the CP was

incubated with inhibitors for a defined period mhé, mixed with a native gel loading buffer and
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applied to a precast 3-15% (w/v) gradient native(B&-Rad). Gels were run at 25 mA for at
least 2 h in native gel running buffer. The gel waen soaked with a solution of AMC substrate
(200 uM in 100 mM Tris pH 8.0) for one minute am@ fluorescence was monitored in a gel
documentation system (GBOX, Syngene) at 350 nmorBhkcent bands indicated active
proteasome, whereas weak or missing bands hintedrdwgersible blockage. In contrast,
reversible inhibitors diffused out of the gel dwrirlectrophoresis, thus leading to a fully

recovered CP activity.

Native gel loading buffer (2x) Tris 62.5 mM
Glycerol 25% (w/v)
Bromophenol blue 1% (w/v)

Native gel running buffer (1x) Tris 25 mM
Glycine 192 mM

5.4.3 SDS-PAGE shift assay

Alternatively, covalent binding was monitored usegombination of SDS-PAGE gel shift and
western blot analysis. For this purpose, 10 pgreR2#His) tagged proteasome was incubated
with inhibitors for one to six hours and submittied SDS-gel electrophoresis as described in
5.3.2. In order to estimate the position of thelyre 5 subunit, a prestained marker (Roti-
Mark Standard Prestained, Carl Roth) was used. SEparated subunits were then blotted on
nitrocellulose at 100 mA for one hour in transferffer and stained with Ponceau S (Sigma
Aldrich). The membrane was then treated with blegksolution for one hour, followed by
incubation with a primary rabbit anit-(Hisantibody (1/5000 in blocking buffer, Sigma Aldrjch
for another hour. The membrane was then washedimes with TBS-Tween for 5 min and
incubated with a secondary anti-rabbit antibodyl@000 in blocking buffer, Sigma Aldrich)
dilution for one hour. After washing with TBS-tweand TBS three times each, the membrane
was laid in AP buffer and supplemented with 33 @IB and 66 I NBT for 5 min. The reaction
was quenched by exchanging the reaction solutioim estilled water. Covalent and irreversible

adducts with thg5 subunit resulted in a band shift of usually 508, Which could clearly be
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distinguished if compared with a standard. Moreptiee proportion of bound to free subunits

could be nicely followed over a certain range diiliitor concentrations by the appearance of

double bands.

Blocking buffer

Transfer buffer

10X TBS

TBS-tween

Ponceau S solution

Milk powder
10X TBS
Tween 20

Methanol

SDS-running buffer

Tris/ HCIpH 7.4
NaCl

10X TBS

Tween 20

Acetic acid

Ponceau red

5.4.4 Peptide digestion and product cleavage pattern analysis

5% (w/v)
10% (v/v)
0.1% (w/v)

20% (v/v)
80% (v/v)

500 mM
1500 mM

10% (v/v)
0.1% (w/v)

5% (v/v)
0.1% (w/v)

In order to analyze either the cleavage pattera péptide or assess the proteasomal activity, 50
pg/ml of yeast CP was incubated in 100 mM Tris 1 HE 8.0, 0.01% (w/v) SDS and 10% (w/v)

DMSO in which the respective peptide was dissolted final concentration of 1 mM. The

mixture was incubated at 37 °C for one to threer$ijowhereupon the reaction was stopped by

removal of the enzyme. For this, the solution whsréd through a Centricon Centrifugal Filter

Unit with a cutoff of 100 kDa and the filtrate wased to perform analytical HPLC runs with
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UV-VIS detection or LC-MS experiments. In the firsase, 50 to 100 pl of the filtrate was
applied on a 150 mm C-18 Xbridge column that waseel with a gradient of 10-90% buffer A
(ACN plus 0.1% TFA) in buffer B (water plus 0.1% A¥Fin 45 min. Depending on the size,
peptides and peptide fragments eluted around 20 imiorder to identify the corresponding
peptides, peaks of each peptide digestion wereeateli and measured by electron spray
ionization mass spectrometry (ESI-MS) experimenke reaction progress was then verified by
integrating the respective peaks at a waveleng86fnm and calculating their ratios that were
corrected by the distinct extinction coefficierAdternatively, the reaction progress could directly
be determined by LC-MS runs. Due to the semi-qtetnte character of the method, the
concentration of the undigested peptide in the dsuffolution was determined by UV-VIS
spectrometry at 280 nm and the solution was thed as an external standard for all subsequent
mass spectrometric measurements. At least threplasnvere taken from the digestion solution,
guenched by filtration and applied to LC-MS. Herebyl were injected on a C18 column (3.5
pm, 4.6 mm, 30 mm), which was eluted with a gradefn10-90% buffer A (ACN plus 0.1%
formic acid) in buffer B (water plus 0.1% formicidc Mass integration of the mother peptide
was performed over the whole time period of the amd compared to the blank without

digestion to monitor the reaction progress.

5.45NMR analysis of labeled peptide substrates

For all peptide digestion with NMR readout, a peetwith the sequence REEWNNFSSYPEI
that was labeled with ¥C isotope at the phenylalanine carbonyl positios wsed. The peptide
sequence was derived from the digestion pattetheomurine JAK-1 kinase and adapted towards
specificity for the yeast CP ChTL activity. Subusipecificity was confirmed in digestion
experiments with th@5 specific boronic acid inhibitor MG262 (Enzo Ligziences. The peptide
was either prepared by Fmoc chemistry or generopsbyided by Prof. Christian Becker
(University of Vienna). In order to achieve maximwgansitivity for the screening of growth
environments, the cleavage reaction was perforrmdidely in the buffered supernatant of the
crude culture broth. In contrast, for tracking firegress of the purification of the metabolites,
only 10% of the reaction mixture contained the eetipe samples in organic solvent to prevent

denaturation of the enzyme. In order to exclude asgumulation of detergent effects, no SDS
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was added for activation of the CP. Due to the $smnsitivity of NMR spectroscopy, at least 1
mM of the*C labeled peptide had to be added and the contientraas verified by UV-VIS
measurements at a wavelength of 280 nm. AnalogouBgestion experiments with unlabeled
peptides, the reaction mixture was incubated &Q7or 1-3 h and then ultrafiltrated to remove
the proteasome and stop the digestion. A volum806f pl was supplemented with 50 pd@®
and inserted into an NMR vial. Samples were measorea 500 MHz spectrometer (Bruker
Topspin*®C-Cryo NMR) with a total number of scans betweef &6d 1000 and the resulting
spectra were evaluated using MestReNova 7. Typictle background signals derived from
media components occurred in the range betweend098nppm with few exceptions that
appeared up to 150 ppm. By contrast, the peakiatigg from the™C-labelled carbonyl amide
educt and the carboxylic acid product appearedratahd 177 ppm, respectively. The residual
proteasome activity was then calculated by scalegproduct to the educt peak compared to a

blank digestion.

Substance Detection in culture Purification analysis
broth

Tris pH 8.0 (mM) 100 100

Peptide in DMSO (mM) 1-2 1-2

Supernatant / Solution in 85 10

organic solvent (%)

Water (%) - 75

Yeast CP pg/ml 50 50

5.5 Isolation of natural products

5.5.1 Screening of growth conditions

In order to elucidate a suitable molecular triggerinduce the biosynthesis of secondary
metabolites irP. luminescensvarious strategies were pursued. Bacteria weye/rgion LB, or

2XTY agar plates at room temperature overnights Was then used to inoculate 3 ml cultures of
various media. In one approach, standard compositwesent in LB, TB or PDB media were

used and the concentrations of the different ingred were varied. Furthermore, additional
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triggers that have been described to be importantife development for virulence, such as
iron(ll)-chloride or L-proline, were added to teandardized culture broths. Moreover, different
inorganic salts ranging from KCI to Mg@Qvere added in different amounts and both the
temperature and the shaking velocities were vakewlly, these cultures were used to inoculate

a medium with altered parameters in order to sitewdavironmental changes.

Media Parameters and Additives

Standard media LB, 2xTY, CY, SRM, PDB, TYEA DSMZ dee 1, 54, 220

Changed parameters in these  Sugar, casitone, peptone, yeast extract, andnggdients

media

Additives Fructose, maltose, arbutin, sucrosepktL-proline, L-
arginine, Iron(lll)-chloride, Iron(ll)-chloride, $oble and
insoluble magnesium and calcium salts

Other parameters Temperature (18-34 °C in steps of 2 °C), rotatjozesl,

incubation time (1-10 d), inoculation density

5.5.2 Secretion and purification of the syrbactins Cepl and GIbA

In order to trigger the biosynthesis of the compmtsy®. luminescensvas first grown in TYEA
medium at 28 °C for 3 d under continuous shakirige Gulture was then used to inoculate TYEB
medium at a ratio of 1:100, which was again incethatnder the same conditions for further 3 d.
In order to enrich the toxic metabolites, 2% (wdf)hydrophobic resin beads (XAD-16) were
added to the fermentation broth. After filtratiaihe beads were washed with water and the
inhibitory compounds were eluted with EtOAc and M&O

The condensed extracts were then submitted t@sibtumn purification (Silica Gel 60, Merck).
After washing with cyclohexane, the column waseduvith EtOAc. All fractions were tested by
proteasome assays and positive samples were cainlsiné concentrated by evaporation.
Polishing was achieved by final HPLC purificatiomeo a RP-C18 column to which a gradient
from 10% (v/v) buffer A [0.1% (v/v) TFA in ACN] iR0% (v/v) buffer B [water plus 0.1% (v/v)
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TFA in water] to 70% (v/v) buffer A within 60 minag applied. Fractions were again tested by
NMR proteasome assays. The two active componeri8 @hd Cepl eluted at approximately

55% (v/v) ACN as nicely separated peaks.

55.3 LC-MS, 1D- and 2D-NMR structure €lucidation

After lyophylization of the solvent, the compounasre dissolved in D6-DMSO and submitted
to structure analysis. In order to determine thetpwf the compounds and elucidate their
molecular weight, LC-MS runs were performed on a@®B column using a gradient from 10%
buffer A (0.25% formic acid in ACN) in buffer B @% formic acid in water) to 90% buffer A

in 10 min with ESI-MS detection.

As x-ray crystallographic data were not sufficidnt reveal the chemical structure of the
compounds, 2D-NMR experiments were performed aireeentration of 25 mM on a 500 MHz

spectrometer. Proton couplings were analyzed by-EQ$Y measurements, which were
combined with C-H assignments derived from decaipleH-HSQC analyses. Eventually,

HMBC couplings were used to combine the derivedrfrants. Stereochemistry could then be
assigned by a combination of crystallographic datal NMR analyses applying Karplus

dependency.

5.6 Protein crystallography

5.6.1 Crystallization of the yeast 20S proteasome

Crystals of the yeast CP were produced in hangiogsdat 20 °C using protein concentrations in
the range of 40 mg/mL in Mes / NaOH (10 mM, pH 6a8)d EDTA (1 mM) as described
previously*> Y Drops contained a 1:1 mixture of protein to resir solution (30 mM
magnesium acetate, 100 mM morpholino-ethane-sufaaid (pH 6.8) and 10% (w/v) 2-methyl-
2,4-pentanediol). Grown crystals reached their maxn size after 2 d and could directly be
soaked with inhibitors in DMSO at final concentoas of 2-10 mM for at least 24 h.
Subsequently, crystal droplets were supplementetl waryoprotection buffer (30% (w/v) 2-
methyl-2,4-pentanediol, 20 mM magnesium acetat8, m® morpholino-ethane-sulfonic acid,

pH 6.9) and supercooled in liquid nitrogen for atye.
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5.6.2 Data collection, processing and structur e deter mination

Datasets were collected from the CP:Cepl, the GiAGInd the CP:SylA-GIbA complexes with
resolutions of 2.8, 3.0 and 2.8 A, respectively,using synchrotron radiation € 1.0 A) at the
X06SA-beamline (Swiss Light Source, Villingen, Sxeitland) equipped with a Pilatus 6M
detector and a 100K nitrogen cryoprotection systeeill parameters in the space group \w&re
determined to be approximately a = 134 A, b = 30k A 144 A, ang =112°. Assessment of
reflection intensities and data reduction wereiedrout with the XDS programme pack&ésé

The anisotropy of diffraction was corrected by arerall anisotropic temperature factor by
comparing observed and calculated structure andetuusing the program CRE!
Conventional crystallographic rigid body calculasowere carried out with CNS using the yeast
CP structure as starting model (PDB accession cbR¥P), followed by positional and
temperature factor refinements that took into antdkie 2-fold non-crystallographic symmetry
axis. Model building was performed with the prograes MAIN'?»! and cOO1?¥ for the
overall structure, whereas the non-peptidic ligangse built with SYBYI*?”. Water molecules
were automatically added with ARP/WARP and the alequality of the structure was
scrutinized using PROCHECY®. Figures were generated by using the programs
MOLSCRIPT* and BOBSCRIP#4. The coordinates of the published structures were
deposited at the PDB under the accession codes 4€Egfl), 4FZG (GIbA) and 4GK7 (SylA-
GIbA).

5.7 Cell culture experiments

5.7.1 Cdll viability assays and kinetic experiments

For cytotoxicity measurements, HelLa cells were sdenh a 24-well plate to cell densities of
5000 cells / well in DMEM medium supplemented witb?o (v/v) FBS. After incubation for 24

h, the medium was exchanged and the inhibitors weded to various concentrations but with a
final content of 1% (v/v) DMSO. After an additionacubation period of 48 h, the medium was
again exchanged and supplemented with 10% (v/vnAteblue reagent (Sigma Aldrich). Assay

development was accomplished after approximatéiyad the residual cell viability titer could
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be elucidated by recording the fluorescence at &@8 585 nm excitation and emission
wavelengths, respectively.

Evaluation of the time-dependent cytotoxicity ofe tlinhibitory compounds was similarly
performed by Alamar blue assays but with a unifanimbitor concentration of 1 uM for all

compounds. The cell viability was evaluated aftaraus time intervals, ranging from 6 to 48 h

and standardized against an untreated culture.

5.7.2 NF-kB pathway analysis

For intracellular evaluation of th&Ba accumulation, HeLa cells were treated with 40 piNhe
inhibitor for 6 h and then stimulated by the adxfitof 30 ng/mL IL-1 for 20 min. After washing
with PBS, cells were trypsinized, washed again @ikkcted by centrifugation. Cells were lyzed
by the addition of 40 pl of mammalian protein egti@n kit solution (M-Per). Cell debris was
subsequently removed by centrifugation at 15,0G8/g5f min and protein concentration was
determined by standard Bradford assays. A totaluamof 10 pug of protein was separated by
SDS-PAGE analysis and blotted on a PVDF membraiméchwas in turn developed by the
addition of kB antibodies (Sigma Aldrich) followed by treatmevith a horseradish peroxidase-
coupled secondary antibody and ECL solution. Cheamaiescence was recorded at 430 nm on a
BioMax® Light Films device.

For standardization of the western blot, the hoespkr protein GAPDH was co-evaluated. The
PVDF membrane was stripped with Tween-20 in a soiudf 5% (w/v) milk powder overnight
and treated with GAPDH antibodies. Detection wadseaed by development with horseradish

peroxidase and ECL reagent.
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6. Results

6.1 Development of a NM R-based proteasome assay

6.1.1 Peptide design and digestion analyses

Initially, a suitable subunit-selective peptide sexce had to be established, which then served as
a scaffold for the NMR-active substrate. Althougk general cleavage specificities of the three
proteasomal activities have been determined, #tilsnot possible to theoretically predict the
digestion pattern of a given peptide sequence. iEhm®t only caused by the lack of information
on the primed site, but also by the complex intgoas within the S1-S4 pockets. Therefore, the
sequence for the peptide substrate was not desigmatbvo but deferred from the cleavage
pattern of the murine JAK-1 kinase, a well-charapésl natural substrate of the proteasthe
Furthermore, the peptide was adapted for spegiftoivards the ChTL activity, as inhibitors of
the correspondin@5 subunit exert strong cytotoxic activities anduehce the adaptive immune
response by attenuating the MHC-I presentationuiig.0a .

In order to assess the cleavage sites and theiddnet the substrate turnover, the digestion
pattern of the peptide was determined by LC-MS ym®a. Hereby, yeast wild type proteasome
(50 pg/ml) was incubated with the substrate (1 naM37 °C for various points of time and the
reaction was stopped by ultrafiltration through @ kDa cut-off membrane. Subsequently, a
standardized amount of the filtrate was submitiedHPLC analysis (Figure 10b). Whereas
fragment identification was carried out by masscpenetry, quantifications were usually
performed by integration of the UV-VIS signals aB02nm using theoretical extinction
coefficients.

As expected, the major cleavage site of the pepibeared after phenylalanine, which was kept
conserved also in the altered sequence. Interggting cleavage was detected after tyrosine,
thereby pronouncing the unpredictability of proteaal hydrolysis sites in the primary structure.
Additionally, and in contrast to the original pej#j cutting after tryptophan occurs as a minor
side reaction that is, however, only relevant fai@gnged digestion periods.

In order to investigate the contribution of thefeliént proteolytic activities, the digestion was
assessed with inactivated T1A mutants of bothpdandp5 subunits. Whereg$s harbors an

intrinsic specificity for hydrophobic residuef2 has been shown to accept a broad range of
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suitable substrates ranging from basic to brandtyellophobic residues. Interestingly, both the
B5-T1A and the32-T1A mutants exhibited an unchanged digestiorepattAs the T1A mutation
of both mutants could be confirmed by sequencing,dbserved activity of thgs-T1A mutant

remains elusive.

a)
ChTL activity

Original Fragment: REEWNNFSYFPEITHIVIKES
TL activity

:

ChTL activity

i
Adapted Sequence: REEWNNFSSYPEI
TL activity

b)

Ll

1.0
Uncleaved peptide

SSYPEI /

0.8

PERTIRRRN] FTRTRTRRAATaS

0.6

REEWNNF

Absorption

REEW  nNFSSYPEI

N
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Retention time / minutes
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Figure 10: Peptide digestion analyses. a) The geptias shortened compared to the original muriagnfient and
its sequence altered (region underlined) to inereaghunit specificity. Blue and red arrows indicpteteolytic
cleavage sites of the proteasomal ChTL and TL #ietsy respectively. b) Digestion experiments wevaluated by
HPLC analyses and quantified by integration of édeict and product peaks. Peptides were identifieE®-MS
measurements. The main hydrolysis site is locafed phenylalanine, whereas cleavage after trymopbccurs

only to a minor proportion of approximately 5%.
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Yet, as the corresponding yeast strain is barefplegi spontaneous mutations in the other
subunits frequently occurred during fermentatiomeréby possibly altering their respective
substrate specificities. Moreover, substitution tbé p5-T1A strain with the equally ChTL
deprived Pre1-1 (S1428” mutant completely prevented the digestion.

Due to slightly inconclusive data derived from padome mutants, the specificities were also
evaluated chemically by using subunit selectivabibbrs. Addition of 100 nM of SylA, which
blocks only the ChTL and TL activities at this centration, completely suppresses the reaction,
thereby also directly excluding th&l subunits as potential reaction participant. Ewaihy,
digestion of the peptide is prevented in presericeh® 5 specific inhibitor MG262, which
carries a boronic acid as C-terminal pharmacoplmrea Z-Leu-Leu-Leu backbone, thus
confirming the specificity of the peptide towarde tChTL activity. Additionally, subsequent
complex structure elucidation with ti$®&-T1A proteasome validated binding of the peptide i
the 35 subunit.

6.1.2 NMR analysis of the cleavage reaction

In order to allow for an NMR based readout, thessaite was then atom-selectively labeled with
a ®C-probe at the scissile peptide bond (Figure 11Taus, the reaction progress can be
qualitatively and quantitatively evaluated by alpshift from 173 to 177 ppm corresponding to
the amide educt and the carbonic acid producteatisely. Due to the enrichment with tH€-
isotope, the background-to-noise ratio is extrawmdi high and the downfield range of the
chemical shift prevents interference with compoupdssent in the matrix (Figure 11 b). Large
scale chemical synthesis of the peptide could beeaed by standard Fmoc- or Boc-based
peptide solid phase chemistry using the labelecharacid precursor (Sigma Aldrich) with yields
ranging between 30 and 50 %.

Despite the undisputed insensitivity of NMR, peptabncentrations could be kept below 5 mM,
thereby limiting the consumption of isotope-labelethterial. Digestion experiments were
performed within few hours and the recording tinmeao500-MHz NMR spectrometer, equipped
with an auto-sampler, was only around 15 min penpe, thereby allowing the analysis of a
typical number of 96 samples per day. Eventuahg, $mall required volume of only 500 pl

enabled the screening of a large number of groatitlitions and fermentation strategies.
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Figure 11: NMR peptide assay. a) Primary sequehtieecsubstrate with the scissile peptide bondtaed®C-label.
b) NMR spectrum of substrate digestions with theleswved educt and the carboxylic acid product & and 177

ppm, respectively (Upper). Product peak formatisnsuppressed upon addition of a CP-inhibiting campo

(Lower). Figure adopted from Stedt all*®",

6.1.3 Primary sequence optimization

Aiming at simplifying the sequence and acceleratimg catalytic turnover of the substrate, the
peptide was further optimized by truncation and-ditected mutagenesis. As the interactions of
the proteasomal binding channels with peptide ekteom the P1 to the P4 residue of both
substrates and inhibitors, the N-terminus was shed accordingly. On the other hand, the C-
terminus was reduced to three residues to avorhaital contributions by the proline residue.
By this size reduction from a 13-meric peptide toheptamer, the synthesis yield was
considerably improved. Moreover, the catalysis veds increased by a factor of 2-3, which may

be attributed to the improved diffusion propertéshe shortened construct.
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Additionally, single-site mutagenesis was appliedhtprove binding to th@5 substrate channel.
Preliminary, only the unprimed positions were atkras these sites have been described as the
major determinants for selectivity and kinetics.wéwer, no significant improvements could be
achieved, as the peptide sequence obviously ranggkin the previously determined
optimun*Y. Interestingly, however, further truncation of tieterminus to three residues
substantially slowed down the digestion progress.

In contrast, mutations of the primed-site resideetanced proteolysis both with regard to

kinetics and cleavage site selectivity (Figure 12 a
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Figure 12: Kinetic measurements of substrates.difpestion progress was evaluated by LC-MS analiEie. to the
semi-quantitative character of the technique, tloelppced N-terminal peptide was used as a standpMutagenesis
of the first primed site (P1’) has a massive impattsubstrate turnover. Especially small amino stile alanine
are favored. Bulky side chains as in methionineengtalanine or glutamine lead to a plentitude degproducts as
they change the proteolytic frame. The final con@ions of the detected N-terminal peptides diffensiderable
due to these side reactions that yield alternafimgments b) Alteration of the P2’ residue alsduefices the
kinetics, but has no effect on the regioselectidfythe cleavage. Therefore, only the initial tureorates were
monitored. The experiment clearly shows that P% &@reater influence on the reaction than P2'. él@wm, also the

latter has a direct and substantial impact on egaxkinetics.

Especially the P1’ position turned out to be cruda both aspects. Trying to increase the
hydrophobic character of P1’ and thus enhanceantiens with the lipophilic binding channel,
S1'F and S1'M mutations were introduced. Howevieest led to a significant proteolytic frame
shift to a cleavage after P1’. Contrary, a sizaiotidn of P1 to alanine accelerated the catalytic
turnover and even prevented the minor hydrolysisrafyptophan present in the untruncated
substrate. Mutations in P2’, however, did not altez regioselectivity, but still substantially
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influenced the reaction kinetics. Generally, hydiralpic residues such as leucine or tyrosine were
preferred over small hydrophilic amino acids (Feyagb).

The results gained by these experiments were surgrias only the non-primed sites have been
described to determine the regioselectivity ancttas of the proteolytic cleavage. On the other
hand, complex structures of the proteasome withde$in C have hinted at the presence of
primed site binding pockets, which can be addressegenerate considerable binding strengths

of the corresponding ligant.

6.2 Assay verification in areal-case scenario

6.2.1 Detection of SylA in culturesof P. syringae by orthogonal methodologies

For evaluation of the assay by a positive contoliure media oP. syringae the well-known
producer of the potent proteasome inhibitor $Y/A were analyzed. The plant pathogenic
bacteria were grown in SR medium containing the phenolic sugar arbutin prese the
leaves of its host organisms for induction of tlathpgenic pha$€®. In order to pre-assess the
concentration of SylA by independent and orthogomethods, the fermentation broth was
initially tested by in-gel fluorescence and westelot analyses.

Therefore, a native PAGE followed by subsequerdréacence staining was performed. In detail,
5 ug of WT proteasome were mixed with different @amntrations of the crude growth medium
and submitted to a native gel. The gel was rurséweral hours and developed by addition of a
solution of the Suc-Leu-Leu-Val-Tyr-AMC fluorescesiibstrate in 200 mM Tris / HCI pH 8.0.
The gel was incubated for one minute and scannéddaviluorescence detection device (Figure
13 a).Due to the high affinity and covalent attachmen&gfA to the proteasomal subunits, the
inhibitor stays bound to the protein during eleglroresis and suppresses fluorescence
development. Moreover, the intensity of the bands directly be correlated to the residual
proteasome activity, thereby permitting an estioratof the IG, value that ranges at an
approximate dilution of 1/100 of the crude ferméiota broth. Alternatively, different dilutions
of the growth medium were incubated with a protessonutant carrying a C-termingb-(His)

tag and submitted to a denaturing SDS-gel. Afterttioly to a nitrocellulose membrane and

immunostaining with (Hig}antibodies, a clear band shift was visible (Figl8eb).
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Figure 13: Orthogonal gel assays. a) Native gdt flitorescent dye development. Increasing concéatiof SylA
suppresses fluorescence. Comparison with stanéardiancentrations reveals that the medium contyhs in the
micromolar range. b) Gel shift assay in denatur8igS-PAGE using a Pre2-(Hisjnutant. Thef5 subunit is
selectively stained in a western blot by (KHahtibodies The gel shift confirms the covalenaettinent of SylA to

the 5 subunit and the extent of the shift hints atrdmbitor size of approximately 0.5 kDa.

Staying attached to the denatured subunit evenngluglectrophoresis demonstrates the
irreversible character of the inhibitor, which fama stable ether adduct to Thr1O
Interestingly, a second band corresponding to thaltered p5-subunit appeared at higher
dilutions, thereby also allowing a semi-quantitatevaluation of the 1§ value, which is in good
agreement with the gel fluorescence technique. AR\ Snhibits the proteasome at low
micromolar values, the inhibitor concentration fre fermentation broth could be determined to
be in the high micromolar range. This was confirrbgdsolation and subsequent quantification
of the inhibitor to approximately 130 uM in the labProf. R. Dudler (University of Zirich) as
described previously by Waspi efdl

6.2.2 Analysis of SylA concentrations by NMR assays

Subsequent to the determination of the SylA comaé&nh in the medium oP. syringae the
NMR assay was utilized to analyse the sample inerortb assess the sensitivity and
reproducibility of the newly developed techniqueg(ffe 14 a). Therefore, the sterile-filtrated

culture broth was added to the assay mixture coniiyeast CP and pre-incubated for only ten
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minutes. Subsequentl{’C-labeld substrate was added and the digestioragais incubated at
37 °C for few hours and quenched by ultrafiltration

Notably, the signal-to-noise ratio is very high ewve the presence of huge concentrations of the
raw fermentation broth. Signals derived from buféemponents or the crude sample matrix
appear in the upfield region of the spectrum betw@® and 80 ppm, thereby avoiding
interference with the spectral range of the edadtthe product peak. Unlike commonly applied
UV-VIS-based techniques, the readout unambiguouslyfirmed the presence of a strong

inhibiting substance by the complete suppressigmraduct peak formation.
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Figure 14: Analysis oP. syringaeextracts by the NMR assay. a) FtiC-NMR spectrum of an exemplary digestion.
The signal-to-noise ratio of the product and egzks (extreme left) is very high and no interfeeenccurs with
components of the medium or the buffer (peaks erritfht). b) The serial dilution of the medium derstrates that

the assay is able to detect even trace amouneahHibitor in the crude matrix.

Owing to the low enzyme content of only 50 pg/miere final inhibitor dilutions of 1/20were
nicely detectable compared to 17¥6r the orthogonal techniques, thereby enablingxaremely
sensitive readout. By integration of the respecfieaks and standardization to a blank sample,
the assay result could be easily quantified and@ag value was determined (Figure 14 b). In
contrast to the gel shift assays, whose execusormather tedious and time consuming, the
performance of the NMR technique reliably yieldedumambiguous result.

Interestingly, the strong inhibition cannot be okxplained by the presence of SylA, but might
hint at the presence of other inhibiting compourgigh as SylB, which lacks an electrophilic

Michael system and would hence not be detectabliéyechniques describe above. This was
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supported by the defined addition of SylARosyringaemedium containing no inhibitors and the
subsequent analysis of the mixture by the NMR gsshich resulted in a higher igvalue.

The direct comparison of the NMR technique with ge fluorescence and the western blot
analysis therefore pronounces the high sensitaitgt robustness of the assay, which is able to
detect both reversible and irreversible compoundsctremely diverse mixtures that may contain
a plethora of other substances, which often subatigninterfere especially with UV-VIS based
methods.

6.3 Induction of proteasomeinhibitor secretion in P. luminescens
6.3.1 Triggering the pathogenic phase in Photorhabdus

Next, the NMR assay was applied for the analysigrmivth media of the insect pathogen
Photorhabdus luminescen3he bacterium was grown in SRM medium that induces the
pathogenic phase and in turn inhibitor secretioRseudomonas syringaklarbouring a similar
gene cluster as required for SylA productid®hotorhabdushad been argued to produce a
member of the syrbactin family and was suggesteddot to the same molecular stimulus for the
induction of its biosynthesis. However, no inhibitecretion could be detected by applying the
established NMR assay &h luminescensultures treated with SRM medium. Moreover, also
the application of the previously described cowditi for the isolation of GIbA from
Burkholderiastrain K481-B101 did not result in the secretiéram inhibitory molecule, thereby
hinting at the divergent evolution of the sensoygtems of these species to adapt to their
respective host organisms, as well as the diffechrgmical environments during their life-cycles.
Photorhabdusobviously required a different molecular triggeegent in insects to spark off its
pathogenic phase. Therefore, numerous fermentasivategies were performed and the
supernatants were evaluated by the NMR assay. Fietted bacteria were grown in a variety of
standard media, such as 2xTY, TB or PDB, and intaebéor different time intervals at various
temperatures. Furthermore, additives that have lktribed to confer virulence to other
pathogenic organisms, such as Fe(lll)-chloridewab as L-proline, which had been shown to
influence to pattern of secondary metaboliteBfotorhabdu® were added.
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Figure 15: Quenching of conventional proteasonsayss a)Photorhabdugproduces a whole variety of intensely
coloured pigments, which quench the chromogenicempes detected in these assay technijies) The NMR

assay demonstrates its superiority over these et avoiding the plenitude of false positive ggesults.

Surprisingly, no secretion of any CP-inhibiting quuands could be detected by the NMR-based
assay. Comparison with standard absorption ordékm®nce assays, however, again demonstrated
the robustness of the assay especially againstguitggnwhose colour ranged from dark red to
marine blue (Figure 15 a).

Thus, successive combinations of the growth cambtidescribed above were analyzed with
regard to the biphasic life-cycle of the bacteriiPhotorhabduswvas grown for 3 d in liquid
medium, whereupon this culture was used to inoeudasecond vial with a ratio of 1/100. This
fermentation was incubated for another 3 d, cergatl, sterile-filtrated and analysed by the
NMR assay. Eventually, this approach proved touneassful by the identification of an osmotic
shock from high to low salt concentrations, whiclffisiently mimicked the intrusion into the
insect body and consequently induced inhibitor eteam. Interestingly, the bacteria also started
the excretion of red pigments, which have beenrdestt in literature as warning signal against
other scavenging organisms to deter them from dhewmption of the killed insect lan&& 3"
Peptide digestion was completely suppressed inagsay even at higher dilutions, thereby
hinting at the presence of extremely powerful ity components. Inhibitor secretion was
detectable already few hours after the inoculatibthe low salt medium and rose to a constant

value after few days.
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6.3.2 Isolation and structure eucidation of the natural proteasome inhibitors

The CP-inhibiting compounds were identified by bbshing a procedure for their isolation from
liquid brotH*°™. Despite attempts to further optimize the fermémmastrategy, the CP inhibitors
were only secreted in low concentrations, whichenewse above nanomolar values. Hence, a
solid adsorber resin (XAD-16) was added to the ginawedium directly after the osmotic shock.
Thereby, the inhibitors were considerably enrichad could be easily regained by filtration of
the medium, followed by washing of the resin beatth water and elution of the hydrophobic
adsorbates with EtOAc and MeOH. The concentratddaets were then applied to a silica
column (Silica Gel60 by Merck).

b)

0.6

Absorption

0.4

MWL

10 20 30 40

Retention time / minutes

Figure 16: Column purification of the inhibitinglstances. a) The growth mediumRifotorhabdusccurs as non-
transparent and extremely colourful suspension&aStolumn chromatography of the solid resin esttrdisplays
the variety of pigments produced by the bacteritimreby making the NMR-based assay an indispensabldor
fraction analysis””. b) HPLC polishing of the active fractions. Twahly potent and lipophilic substances could be
separated, which corresponded to the masses 52834ngfmol. Figure adapted from Steinal °".

The column was washed with cyclohexane and eluidid BEtOAc. Due to the co-adsorption of
many pigments, all fractions had to be tested lByNMR assay (Figure 16 a). Active fractions
were pooled and submitted to preparative HPLC patibn (RP-C18, 150 mm, 1 cm i.d., 3.5
pm) with a gradient of 10-70 % (v/v) ACN within &@in.
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Again, fractions were tested by the NMR assayiduaingly, two inhibiting compounds of equal
amount could be separated, which eluted at appairi;n 55% ACN (Figure 16 b) and whose
yield could be augmented by the solid adsorptiger@gch to 10 mg from 3 L culture broth each.
Mass spectrometrical analyses showed that the cemasoexhibited masses of 520 and 534
g/mol, respectively.

In order to reconfirm the accuracy of our NMR asday-MS runs of an induced culture were
recorded in direct comparison with a culture thaswontinuously grown at high salt conditions.
These demonstrated that the compounds are onlgtsddf the osmotic trigger is applied (Figure
17). Moreover, the elution profiles display an edte spectrum of secondary metabolites in the
area between 20 and 40 min, thus reflecting a cet@@witch of the life-cycle of the bacterium
and the induction of the virulent phase.

The LC-MS runs verify that the proteasome inhilgt@re only produced in trace amounts
compared to other compounds in the medium. Althotinghnatural products were previously
enriched by the solid phase adsorption method amifignl by silica column purification, their
detection by mass spectrometry is extremely diffjauhereas the NMR assay is already able to
unambiguously determine their content in the crudure broth.

In conclusion, although a high number of growth dibans were analysed, only an osmotic
shock was able to trigger the shift from quiescetcgathogenicity, thus demonstrating the
rigidity and strict regulation of inhibitor produch and secretion. Furthermore, as there is no
consensus betwe@&urkholderig PseudomonaandPhotorhabduswith regard to their respective
environmental stimuli, their sensory systems reflde adaptation of these bacteria to their
different environments.
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Figure 17: Mass spectrometrical analyse$ ofuminescensultures. a) Under normal growth conditions, iritioib

secretion can be detected neither by the NMR assaypy the downstream accumulation and LC-MS amalyy

After the induction by a suitable environmentaistius,Photorhabdusstarts to dramatically change its spectrum of

secondary metabolites. Whereas the range betwaad @0 min stays unaltered in the chromatogramh@enarray

of additional substances can be visualized in tka between 20 and 40 min retention time. Amongehthe highly

potent proteasome inhibitors are also producethzetamounts (blue and green interval corresportditige masses

of 521 and 535 g/mol). Even by LC-MS analysis,¢hepounds can only be visualized after their emnieht by the

solid resin and silica column purification step,emas the NMR assay is able to already detect thehre highly

heterogeneous culture broth. Figure adopted framst al ™.
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6.4 Functional and structural characterization of Cepl and GIbA
6.4.1 Structure elucidation by 2D-NMR spectr oscopy

After the successful isolation of the compoundsgjrtinespective structures were elucidated by
2D-NMR spectroscopy. A 25 mM solution of both inkilos in D;-DMSO was prepared and the
H,H-COSY, H,C-HSQC and H,C-HMBC spectra were reedrén a 500 MHz spectrometer.
This resulted in the identification of glidobact#y which had been described to be one of the
most powerful proteasome inhibitors, as well asadepule that has been named cepafungin | in
literature (Figure 18 Hf* 28 NMR peak assignments of both molecules are listeable 1.

a) = b)

R =H (GIbA)
/\
Sl u51

R= H (Cepl)
Figure 18: Structural comparison between the iedlamolecules with SylA. a) GIbA and Cepl share the
macrolactam cycle of syrbactin compounds contaimimglectrophilic Michael system. Bot moleculesydtiffer in
their fatty acid moiety, which carries a branchedninus in the case of Cepl, whereas it is lineaGibA. b) In
contrast to the molecules producedRiytorhabdusSylA displays a highly hydrophilic carbonic a¢adl, which is

connected to the macrolactam moiety by a urea kventually, its decoration pattern slightly difgrespecially

with regard to the moieties that interact with 8teand S3 pockets. Figure adopted from Sged 7.

Although the inhibitors differ in only one methylomety, Cepl has never been characterized with
regard to its CP-modulatory activities. Both Cepdl &5IbA share the macrolactam cycle typical
for syrbactin compounds, which carries the eledtiiapMichael system required for the reaction
with Thr-10. Adjacent to this moiety, they carry a threoninesidue, which links the
macrolactam ring to a fatty acid chain that isisd by two conjugated double bonds. In fact,
the inhibitors only differ in one methyl group stad at the far end of the fatty acid tail. Whereas
this chain is linear in GIbA, it is terminally brelmed in Cepl, thereby increasing the hydrophobic
surface area. In contrast, the structure of Sylgpldiys a highly hydrophilic carboxylic acid

terminus (Figure 18 b). Moreover, it features aaungoiety that links the two valine residues
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head-to-head in its tail. Eventually, the decoragattern of both the macrolactam cycle and the
adjacent amino acid differs slightly, especiallythwiegard to the crucial interactions with the

proteasomal S1 and S3 binding pockets.

Figure 19: Structure of Cepl with atom labeling.

Table 1. NMR Spectroscopic data (De-DM SO) for Cepl (a) and GIbA (b)

o, mult. (J [Hz]) dc Type COSY HMBC
1a, 2a 0.84, d, (3.25) 23.03 CH 3a 1a, 2a, 3a, 4a
3a 1.50, m 27.82 CH 1a, 2a, 4a 1a, 2a, 4,a 5a
4a 1.15, m 38.86 CH 3a, 5a 1a, 2a, 3a, 5a, 6a
1b 0.86, t (7.0) 14.46 CH 3 3b, 4b
3b 1.26, m 31.68 CH 1b 1b
4b 1.26, m 26.21 CH
5 1.26, m 27.08 CH 4a
6 1.26, m 29.21 CH
7 1.39, m 28.81 CH 8 5,6,8
8 2.13, m 32.76 CH 7,9 7,9, 10
9 6.11, m 142.68 CH 8, 10 7,8,10, 11
10 6.19, m 129.49 CH 9,611 8,9 11
11 7.00, dd (15.0, 10.0) 140.24 CH 10, 12 9, !M,1B
12 6.13, m 123.49 CH 11 11, 13
13 - 165.88 C(O) 11,12
14 7.91,d (9.0) - NH 15 13, 15
15 4,29, m 58.49 CH 14, 16 16, 17, 18
16 3.97, m 67.18 CH 15, 17
17 1.0, d (10) 20.46 CH 16 15, 16
18 - 169.86 C(O) 15, 19
19 7.76,d (7.0) - NH 20 18, 20, 21
20 434, m 51.66 CH 19, 32
21 - 171.44 C(O) 19
22 8.69 - NH 23
23 4.37, m 45.21 CH 22,24, 25
24 1.22, m 19.05 CH 23 23
25 6.41, d (15.0) 143.56 CH 26
26 6.19, m 140.23 CH 25 26
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27 - 168.09 C(0) 25, 29

28 7.44,1(5.5) - NH 29 26, 29, 30
29  3.02,m 40.40 CH 28, 30 27,28, 30
30  1.45,m 40.07 CH 29, 31 29

31  3.58,m 67.57 CH 30, 32 30

32 1.85m 42.93 CH 31, 32, 20

1.58, d (11.5)

The peak assignments refer to the atom numberifigure 19.
d: Chemical shift in ppm

d: duplet

m: multiplet

t: triplet

In conclusion, although the three molecules arelygeed by bacteria with very different habitae,
their virulence relies on the same molecular letndcture, which, however, is fine-tuned to
match the respective biochemical requirementsrdatmgly, Photorhabdushas slightly shifted
the product spectrum present in tiBarkholderiales strain K481-B101 towards a more
hydrophobic fatty acid tail, though still producidbA as well.

6.4.2 Revershility assays, selectivity and | Csp measur ements

Aiming to investigate the inhibitory potential ohe compounds, l§g measurements were
performed for all proteasomal activities. As theifoed inhibitors formed colourless solutions
and therefore were not prone to produce any atgefag quenching or autofluorescence, the
experiments could be carried out by utilizing thandard fluorescence AMC substrates. For
direct comparison with the new NMR technique, tegidual ChTL activity was also evaluated
with the labelled natural peptide substrate. Batbag variants resulted in almost identicadolC
values, thereby again pronouncing the equivaleftigeoNMR- and the UV-VIS-based approach
(Figure 20 a). Remarkably, the ChTL activity wahilmted with an 1Gy value of 4 nM, which
was five times lower compared with GIbA (19 nM).iF s especially noteworthy with regard to
the high chemical similarity of both molecules. As#s of the stoichiometry between Cepl and
proteasome molecules in the assay mixture revbhatsat complete shut-down of the enzymatic
activity occurs already at a ratio of 2:1, therebgiching the detection limit of the assay due to
the 2-fold symmetry of the proteasome parttéfe
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The results gained for the ChTL activity were agalas for the TL activity, which was inhibited
by Cepl and GIbA to 24 and 193 nM, respectivel\g(ife 20 b). In contrast, the proteasomal CL
was unaffected by both molecules up to concentratad 100 uM. The inhibition pattern can be
explained by the small hydrophobic P1 and P3 nmesedf the inhibitors, which perfectly suit the
binding channel formed on the interface & andp6. Furthermore, af2 has been shown to
exhibit a wide range of acceptable substrates aaydrasic and small hydrophobic residues, the
inhibitors are also able to bind to this activewsub In contrastpl has a rather narrow substrate

spectrum focused on acidic P1 residues and thereégects both GIbA and Cepl.

a) b)
ES R
£ c 100-
> 100+ =
s £
8 g
o =
= =
S 504 o, 50-
c
£ £
% g
& o
(1’4 0 I Y - ! 0 T T T T 1
A 3 2 A 0 -4 -3 -2 -1 0 1
log [Inhibitor] in pM log [Inhibitor] in uM

Figure 20: 1G, curves of GIbA (green) / Cepl (blue) with yeast. @p Evaluation of the ChTL activity shows that
Cepl is far more potent than GIbA, sportingd®alues of 4 and 19 nM, respectively. Comparisomben the data
produced with fluorescence and NMR (black) assagtedines the equivalency of both techniques algb megard
to sensitivity. Error bars are too small to be hiisi b) The inhibitory properties of both compourtds also be
observed for the TL activity, despite their bindimgference for th@5 subunit. The I value of Cepl (22 nM) is

even ten times decreased compared to GIbA (214 nM).

The results gained for the ChTL and TL activitiesrev surprising, because the only minor
change of an additional methyl moiety distant te #ctual coupling reaction to the active
subunits influence the inhibition profile to thattent.

In order to reconfirm the binding mode of the intabs, gel shift experiments were performed
with both compounds using the Pre2-(lisjutant (Figure 21). These verified their irrevielesi

mechanisms by a clear increase of the mass of3h&ibunit to the approximate extent of the
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size of the inhibitors. Interestingly, no secondchdbacorresponding to the unbound subunit
appeared at the range of thed@alue, thereby contrasting the findings of SylAg(fe 13 b).

The broad transition from the bound to the unbostiade displayed by SylA reflects a different
kinetic behaviour. Although the proteasomal bindsites are blocked by the inhibitor, thus
preventing substrate turnover in catalytic measerds) SylA does not instantly undergo an
irreversible reaction. In crystal structure anatydeowever, the long reaction time allows for the

complete coupling reaction to take place, hencleliyig only the bound adduct.

b ~
§/8&/35/5/5/5/73
o @) ~ S S ~ ~
,5? ‘ * S B *® %
%) * *

Figure 21: Reversibility experiment by western tdatlysis of th@5 subunit using the Pre2-(Highutant. A clear
increase of the molecular mass of the active stitisivisible down to nanomolar concentrations, ¢hgrverifying

the irreversible attachment of the inhibitor. Imtrast to analogous experiments with SylA, no dedizind occurs at
the transition between the completely bound anduttiehibited state, thereby hinting at enhanceetiinproperties

compared to SylA.

By contrast, even the small incubation time of fewin previous to SDS gel analysis are
sufficient for Cepl and GIbA to form the stable ethbond to the35 subunit, thereby again

reflecting the optimization of the inhibitors.

6.4.3 Analysis of theyeast 20S proteasome: ligand complex structures

Aiming at elucidating the molecular background tiee inhibitory properties of the compounds,

crystal structure analyses of Cepl and GIbA in clexpwith the yeast 20S proteasome were
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performed. CP crystals were grown as describedqusly and soaked with the inhibitors at final
concentrations of 10 mitf 13! Data for both Cepl and GIbA were recorded to ligEms of 2.8

A and 3.0 A, respectively, by using synchrotroniatidn at the SLS (Paul-Scherrer Institut,
Villingen, Switzerland).

Molecular replacement was carried out by using2®® yeast proteasome structure (1RYP) as a
starting model for rigid body minimization, whichag followed by translation-liberation-screw
refinements under consideration of the 2-fold N@&metry. Ligands were built and minimized
with the molecular modelling programme SYBYL anddebbuilding was achieved by cyclic
density averaging in MAIN, which resulted in&values of 24.3% for the Cepl and 22.7% for
the GIbA structure (Table 2).

Analysis of the electron densities clearly shows tovalent attachment of the macrolactam
moiety to Thr-1Otypical for syrbactin compounds, thus confirming tiesults gained by the gel
shift assays and the kinetic experiments (Figurg 28st as SylA, the inhibitors form an
antiparallelp-sheet with the proteasomal subunits via theirigapbackbone. Interestingly, the
compounds occupy the oxyanion hole formed by GIiM-4¥ their intracyclic carbonyl moiety
adjacent to the active Michael system. Structuoamhgarison between the syrbactin compounds
reveals that the P1 moiety of Cepl / GIbA is diralred to a methyl moiety. Hereby, they are able
to bind into the S1 pocket without dislocating Mi&t-out of its original state, which, however, is
necessary in the case of SylA to meet the spatiplirements of the i-propyl group.

Furthermore, both Cepl and GIbA exhibit a threomesidue that links the macrolactam ring to
their fatty acid chain via two peptide bonds. Thgrethey are able to undergo tight hydrogen
bond interactions with Asp-114oth by their Thr-O® and main chain carbonyl moieties. By
contrast, SylA carries a hydrophobic valine residuets P3 position and is only capable to
exploit one hydrogen bond of Asp-114 with its uneaiety. Eventually, whereas SylA harbours a
second valine residue in P4 and a free carboxylit erminus, GIbA and Cepl possess a highly

lipophilic unsaturated fatty acid chain.
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Table 2. Crystallographic data and refinement statistics

Crystallographic data CP: Cepl* CP: GIbA*
Crystal parameters
Space group P2 P2
Cell constants (A/°) a=135.7 134.8
(dataset was collected from b=301.0 300.4
1 crystal / 1 CP per AU c=144.8 144.5
p=112.9 112.7
Data collection
Beamline X06SA, SLS
Wavelength, A 1.0 1.0
Resolution range, A 25-2.8 15-3.0
No. observations 837,332 724,190
No. unique reflectiorfs 256,455 209,581
Completeness, % 97.8 (99.0) 99.3 (99.7)
Rmerge 7.7 (61.4) 6,7 (47.2)
/s (1)' 13.0 (2.4) 15.2 (3.2)
Refinement
Resolution range, A 15-2.8 15-3.0
No. reflections working set 242,408 197,883
No. reflections test set 12,718 10,363
No. nonhydrogen 49,548 49,548
No. of ligand atoms 140 136
Water 1,320 1,290
Ruwork/Riree %0 21.3/24.3 19.8/22.7
Rmsd bond (A)/(°)** 0.007/1.32 0.007/1.32
Ramachandran plot, %*** 95.0/4.7/0.3 94.7/4.8/0.5

Despite the existing structural information of 6E:GIbA complex (PDB ID code 3BDM), we performeg<tal
structure analysis also with the isolated natucahgound fromPhotorhabdusfor direct comparison because the
crystallization conditions were slightly modified.

"Dataset has been collected on a single crystal.

"Values in parentheses of resolution range, comméste Rmerge, andsl(l) correspond to the last resolution shell.
*Friedel pairs were treated as identical reflections

SRmerge ) = ZpZi |[H(hKD-1(hKD]I/ Zhi Thia, Wherel (hkl); is the measurement of the intensity of reflectidh and
<I(hkl)> is the average intensity.

Tr = ZhullFobd = |RadlZnulFobd, Where Ree is calculated without a sigma cut off for a randprohosen 5% of
reflections, which were not used for structurermefhent, and R« is calculated for the remaining reflections.

" Deviations from ideal bond lengths/angles.

" Number of residues in favored region/allowed refpatlier region.
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Figure 22:. Stereo view of the g omit electron density map (grey mesls) bf Cepl in complex with the
proteasomal ChTL active site. Hydrogen bonds adicated by dashed lines, whereas the arrow unéerlthe
accurate fitting of the P1 methyl moiety into thading pocket without displacing Met-45 out of dsginal state.
Cepl is able to occupy the oxyanion hole formedaby-47N via its intracyclic peptide carbonyl moiefjue to the
rigidity of their fatty acid tails and the alignmeby Asp-114, the termini of the inhibitors poirdwtards a
hydrophobic patch formed by thH& subunit. The increased hydrophobic surface ofl @epmpared to GIbA
enhances the van-der-Waals interactions with th@owe and are thus responsible for the improvedibm

properties of Cepl. Figure adopted from Stetiral M.

Due to the conjugated-electron system formed by the peptide bond andatfjacent double
bonds, the fatty acid tail adopts a linear arrang@nthat is stabilized and pre-oriented by van-
der-Waals interactions with a forceps-like setupmied by Pro-115 and Val-116. Thus, the
aliphatic termini of Cepl and GIbA point directlgvtards a lipophilic patch if6 adjacent to the
catalytically active5 subunit formed by Tyr-(-5), Pro-94 and Tyr-96.ueDto the flexibility of
the distal part of the fatty acid chains, they abpée to perfectly bend and interact with this site
that resides at the end of a concave proteasormg geigure 23 a). The increased hydrophobic
surface area of the branched i-propyl side chaesgmt in Cepl enhances the interactions
exploited by GIbA, thereby explaining the surprgindiffering in vitro inhibition properties of
the chemically highly similar molecules (Figurel23

Inspection of the other subunits reveals that C&lbA only occupy thg2 subunit, whereg$l

is completely empty, thus confirming the resultingd by the inhibition assays. Interestingly, the
B1 binding channel does not contain an Asp-114 vesitbm the adjacent subunit and is thus not

able to stabilize Cepl and GIbA. In contrast, ShiAds to all proteasomal subunits as it does not
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benefit from the additional hydrophobic interacBoat the distant pocket and in turn does not

necessarily require the additional interaction itk Asp-Pro-Val (DPV) motive for binding.

Figure 23: a) Surface representation of Cepl inktimeling channel formed b§5 andp6. Surface colours indicate
the positive (red) and negative (blue) electrostptitential contoured from -30kT/e to +30 kT/e. Riiphatic tail
follows the curvature formed k86 and tightly interacts with the hydrophobic pa#tlits distal end. b) Superposition
of GIbA and Cepl derived from their respective céempcrystal structures to the yeast CP. The strastperfectly

match with the exception of the additional methgiety in Cepl, which is indicated by a red arrovugufe adopted
[107]

from Steinet al
As a conclusion, Cepl displays the most sophigtataand in turn most powerful binding
mechanism of all syrbactin inhibitors. However, pltes originating from very different species,
all compounds have conserved their macrolactam kadctures and only display altered

decoration patterns, which arguably enhance bintdineir respective host organisms.

6.4.4 Target specific adaptations of syrbactins

Aiming to understand the different functionalizatiof the syrbactin compounds, tfg andp6
subunit sequences &accharomyces cerevisjgdomo sapiensPhaseolus vulgarigbhean plant)
andDrosophila melanogastaewere aligned to allow a direct comparison of thieriacting loops
and residues within the proteasomal binding chaffiglire 24). Although belonging to different
biological kingdoms, both subunits are highly coned between the species with regard to the
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catalytically active residues. Intriguingly, howeythey differ exactly at the crucial positionsttha
interact with the syrbactin inhibitors.

First, the S1 binding site in yeast, human and h@ants contains a Met-45 residue lining the
bottom of the hydrophobic grove, which directlyargcts with lle-35 and confers a considerable
degree of plasticity to the size of the binding keic Insects, however, display both an M45L as
well as a 135V exchange. Although the exact biodbahimplications of the displacement of
Met-45 are not yet fully understood, this variarnisehighly interesting with regard to the
differently sized P1 residues of the correspondlimgpitors Cepl and GIbA that consist of only a
small methyl moiety. SylA with its i-propyl side &im on the other hand side is still able to affect
the plant proteasome that contains the flexible -Bfetresidue equally present in yeast and
human. Therefore, the evolutionary adaptation ghlCeGIbA may originate from the lack of
structural plasticity of the S1 pocket in inseatsthorganisms.

Apart from the P1 side group, the second majoetkfice between SylA and Cepl / GIbA is the
exchange of valine to threonine adjacent to theralactam scaffold, which is able to bind to the
Asp-114 residue in a loop of tf® subunit. Both the loop and Asp-114 are conseimvegkast,
human and insects, thus enabling the hydrogen bandsalso the hydrophobic interactions
between Pro-115, Val-116 and the fatty acid chBw.contrast, the loop is truncated in bean
plants, thus possibly explaining the reductionhoébnine to valine in SylA.

The hydrophobic patch formed bf6 is conserved in all target species. Therefore th
biochemical background for the carbonic acid tdilSylA remains elusive. Yet, a possible
explanation might be that only the stabilizatiomfesred by the DPV motive enables the
alignment of the fatty acid chain in order to sthebut and reach the hydrophobic patch. Hence,
the exchange of a highly hydrophobic tail in favefia charged carbonic acid in SylA enhances
the solubility of the compound whereas the inhdsitiproperties against the plant proteasome
arguably stay unaffected. By contrast, Cepl andAGlre perfectly suited to bind to the
structurally similar human and yeast CP, as thebitdrs are able to engage in all major

interactions present in their natural target phasic
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B5 subunits
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P. vulgarigs TTTLAFIFKEGVMVAADSRASMGGY ISSQSVKKITEINPYMLGTMAGGAADCQFWHRNLGIKCRLHELANKRRISVTGASKLLANILYSYRGMGLSVGTM
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Figure 24: Sequence alignment of different syrlpatarget organismddomo sapiensSaccharomyces cerevisiae
(baker’s yeast)Phaseolus vulgarigbean plant) an®rosophila melanogastg(fruit fly). Residues that are necessary
for the proteolytic activity are coloured in blughereas amino acids that form the proteasomal hindockets are
displayed in green (S1), violet (S3) and yellow’YSAmino acids that are crucial for interactiontwiCepl / GIbA
are shown in red. Interestingly, insects possesstamative S1 pocket with an M45L and a 135V exuie, thereby
explaining the reduction of the P1 residue in Ce@IbA. Although the lipophilic patch is conservedall p6
subunits (Tyr-(-5), Pro-94 to Tyr-96), the loop iy Ser-111 to Glu-123 (black bars) is deletedearbplants, thus
arguably preventing the stabilization and pre-degan of the inhibitor towards this binding sifEhe amino acid

numbering is according to tHdermoplasma acidophiluproteasom&”.

Yet, as the human proteasome is endowed with abfeeXS1 pocket, it remains an open and
highly interesting question whether a human pathagech as3. pseudomallesports a methyl

moiety in P1 or has conserved the i-propyl groupSWlA due to the lack of evolutionary
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selection. As shown in the complex crystal struetof the murine iICP and cCP with the
immunoproteasome-specific inhibitor PR-957, bothtiples and consequently the related
pathways can be selectively addressed by the bpadjairements of an altered P1 residue. This
might also be exploitable yurkholderiain order to directly and specifically affect therhan
secondary defence system by a down regulationeoMiHC | presentation.

In order to chemically analyse the effect of thed®lle group exchange, a hybrid of SylA and
GIbA was synthesized and evaluated with regardstmhibitory strength towards the human CP
(Figure 25§+

a) b)
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Figure 25: SylA-GIbA hybrid molecule. a) The chiraaf SylA and GIbA is mostly derived from GIbA, bearries
an i-propyl moiety in P1. b) Electron density maps] of the inhibitor in complex with the proteasonfiél andp6

subunits. Hydrogen bonds are indicated by dasimed.liAll interactions present in the structure dfAscan also be
observed in case of the chimera. Due to the higpatial requirements of the i-propyl moiety, M4Xislocated to
enlarge the S1 pockE?.

Furthermore, crystallographic measurements of thieibitors in complex with the yeast
proteasome were performed to investigate the stralcimplications. Datasets were recorded at
a final resolution of 2.8 A and refined similarly described for the complex structure elucidation
of the natural inhibitors to yield anyR value of 24.4% (Table Bf". The molecule is mainly
based on GIbA, but carries the SylA P1 side grdopvitro evaluation of the compound had
previously shown that the inhibitory potency of {BglA-GIbA chimera is slightly diminished
compared to GIbA3?.
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Table 3. Crystallographic data and refinement statistics

Crystallographic data CP:SylA-GIbA*

Crystal parameters
Space group P2

Cell constants (A/°) 134.9
(dataset was collected from 298.4
1 crystal / 1 CP per AU 145.3
112.6
Data collection
Beamline SLS, X06SA
Wavelength, A 1.0
Resolution range, A 15-2.8
No. observations 961,261
No. unique reflectioris 255,488
Completeness, % 97.7 (89.8)
Rmerget§ 12.5 (61.2)
/s (1)' 8.6 (2.0)
Refinement
Resolution range, A 15-2.8
No. reflections working set 241,310
No. reflections test set 12,662
No. nonhydrogen 49,548
No. of ligand atoms 228
Water 1,333
Ruwork/Riree %" 21.3/24.4
Rmsd bond (A)/(°)** 0.007/1.3
Ramachandran plot, %*** 94.7/4.5/0.8

"Dataset has been collected on a single crystal.

"Values in parentheses of resolution range, compéste Rmerge, andsl(l) correspond to the last resolution shell.
*Friedel pairs were treated as identical reflections

SRmerge 0 = ZnaZj I[1(hKD;-1(hKD]I/ i Tha, Wherel (hKl); is the measurement of the intensity of reflectathand
<I(hkl)> is the average intensity.

Tr = ZoullFopd = |RadZnulFobds Where Ree is calculated without a sigma cut off for a randprchosen 5% of
reflections, which were not used for structurermefhent, and R« is calculated for the remaining reflections.

“ Deviations from ideal bond lengths/angles.

" Number of residues in favored region/allowed refpatlier region.
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Crystal structure analysis reveals that the inbibitinds to the35 subunits analogous to GIbA
and exploits all interactions present in the omdgjiimhibitor. However, the i-propyl moiety forces
Met-45 out of its native state to extend the bigdpocket in the yeast proteasome structure.
Therefore, the energy required for this dislocat®directly responsible for the deterioratedoC
value of the compound.

As a conclusion, the three natural inhibitors mdfl@a directed evolution of the syrbactin
inhibitors. Albeit perfectly suited for plant preomes, both the charged and highly polar
carbonic acid tail as well as the unfavourable da&gan pattern in SylA had to be optimized to
enable binding to mammalian or insect proteasomgscontrast, GIbA is able to exploit the
distant lipophilic patch and displays enhancedradgons with the P1 and P3 binding pockets.
The gradual optimization yielded Cepl with increhdending affinities due to the enhanced

hydrophobic interactions.

6.5 Cell viability and pathway specific protein accumulation assays

6.5.1 Cell cytotoxicity measurements

In order to assess tlire vivo effects of the inhibitors, their inhibition propies were evaluated in
cell culture assays using HelLa tumor cells. Idigjatheir cytotoxicities were evaluated by
standard Alamar blue assays (Figure 26 a). Intsbells were seeded on a 24 well plate to final
densities of 5000 cells per well and left to attdoh 24 h. Subsequently, the medium was
exchanged and the inhibitors were added at varammcentrations. After another 48 h, the
residual cell viability was assessed by adding Alablue reagent to the medium. Development
of the assay was finished after approximately twark and the fluorescence could be recorded

and standardized to a blank sample.

For comparison with a standard proteasome inhibib@r highly potent peptide aldehyde MG132
was added as a control compound. Intriguingly, bsynbactin inhibitors display strongly

increased cytotoxicity compared to the synthetilehde.

Although MG132 has been shown to inhibit a what@ayof nucleophilic enzymes and inhibits
the proteasomal ChTL activiip vitro with a nanomolar 1§ valué**?, it is not able to compete

with the far less reactive but highly optimized urat products. Notably, the results gairiad
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vitro can be confirmed by the cell culture measuremast§&epl is also slightly more effective

vivo than GIbA featuring Ly values of 48 and 90 nM, respectively.
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Figure 26: Cytotoxic properties of Cepl and GlbAvéwds Hela cancer cells in comparison with the dsath
aldehyde inhibitor MG132 (Z-Leu-Leu-Leu-al). a) §fcurves were recorded after approximately 48 h,nthe
inhibitors reached their maximum cytotoxicity. Batatural compounds are far more potent than MG 182 @epl
being even slightly stronger than GIbA. b) The kinevaluation of the inhibitors was performed iaaf inhibitor
concentrations of 1 uM. Whereas MG132 almost dat¢have any effect on lethality in accordance wita LDs,

measurements, the syrbactin inhibitors quantitbtikil the cells within 48 h. Again, Cepl is sliti more efficient

than GIbA, thus reflecting theiin vitro characterization. Figure adapted from Stial*°".

For evaluation of the temporal dependence of cytoity, HeLa cells were alternatively treated

with 1 uM of all inhibitors and the residual cetlé was determined after various time intervals
by Alamar blue assays (Figure 26 b). Hereby, tharabproducts achieved complete depletion
of all cancer cells already after 48 h even at libngé compound concentration. Compared to the
synthetic aldehyde inhibitor MG132, the natural durcts exert their cytotoxic properties far

quicker, with slight advantages for Cepl over GlbFaerefore, the rather unreactive Michael
system in syrbactins is perfectly able to competd aven surpass the chemically reactive
aldehyde compound. In consequence, the electrophdiety may not be the crucial determinant
for biological activity, but can be outperformed byperior binding affinities of the whole

molecule.

Both experiments nicely reflect the results gair®d the in vitro measurements, thereby

demonstrating that even a small change such additiomal methyl moiety results in alterad
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vivo properties. Furthermore, although it has been shtbat inhibition of only the ChTL activity
is sufficient to cause cell cytotoxicity, it is deiwely enhanced if also a second subunit is
affected*®. As both Cepl and GIbA effectively inhibit the ChTand the TL activity, this
explains their impressively enhanced effects agaiscer cells.

6.5.2 Pathway sdlective accumulation assay

For assessment of the intracellular CP inhibititve accumulation of the natural proteasomal
substrate proteinkB upon treatment of the cells with the proteasontgbitors was monitored.
In quiescent cells, the inflammatory transcriptiactor NF«B is inactively sequestered in the
cytosol by binding to the inhibitory protein complé&B (Figure 27 a). Upon recognition of
extracellular signalling factors such as TENL-1 or bacterial lipopolysaccharides by various
receptors,dB is phosphorylated by the activatadBlkinase.

a) b)
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Figure 27: Intracellular accumulation assay. a) NkexB signalling cascade is triggered by extracelldignals
such as IL-1 and leads to the proteasomal degoadefilkBa, which inactively sequesters NB in the cytosol of
quiescent cell§. b) Western blot analysis okBa accumulation upon treatment with 40 pM of the fitioirs
followed by IL-1 stimulation. Both the standard iintor MG132 and the natural products successfulvent kBa
degradation in the cytosol, thus demonstratingrticeil permeability as well as the intracellularofgasome

inhibition. Figure adapted from Stedn al 7.

81



Results

SubsequentlyxB is ubiquitinated and subjected to proteasomatattgion, thereby ceasing the
inhibition of NF«B. The latter is then translocated into the nuclieustart transcription of a
whole array of genes that are linked to immunearsp and cancer development.

In order to evaluate the affection of this pathweslls were treated with a surplus of 40 uM of
the inhibitors for 6 h, followed by stimulation \wilL-1 for further 20 min. Quantification was
achieved by western blot analysis towardBd and the protein concentration was standardized
by co-staining of the housekeeper protein GAPDHjFé 27 b). Again, MG132 was introduced
as standard proteasome inhibitor. Both the nasyiddactin compounds and the artificial MG132
inhibitor prevented the degradation @B, thereby demonstrating their cell permeability and
intracellular CP inhibition. Since the blockbustnug bortezomib also received its primary
admission by the FDA for the inhibition of the MB- signalling cascade, this experiments
underlines the high pharmaceutical potential of AG#md Cepl and the applicability of the class

of syrbactin compounds with regard to inflammatangl cancerous diseases in general.
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7. Discussion

7.1 Development of atool for the identification of CP inhibitorsfrom natural sources

The present thesis has led to the establishmeat regw tool for the detection of proteasome
inhibitors in highly heterogeneous matrices. Du¢ht® NMR-based nature of the assay, it is not
prone to common artefacts caused by quenchingtoflaorescence that are responsible for the
plenitude of false positive and equally negativeuhs in high-throughput screenings conducted
with UV-VIS assays. Contrary to artificial probe lmcules, the assay relies on a natural
proteasomal substrate peptide, whose sequence aegeed to generate both high enzyme
affinity as well as subunit specificity. Despiteetinsensitivity of NMR in general, the assay
requires only very limited amounts of the peptidbjch can be easily prepared by standard solid
phase chemistry. Furthermore, comparison with neutfluorescence assays confirms its
equivalence to common techniques for the analysisatated compounds. Due to the strong
affinity of the peptide to the proteasonfiél subunit, the catalytic turnover is extremely hayen

in correlation to the optimized fluorescent sulisega Therefore, only a small amount of
proteasome is necessary, which in turn is resptenb the low response limits that are crucial
for the detection of trace amounts of toxins.

By the atom-selectivEC-isotope labelling of the peptide, the novel meftilogy features a high
signal-to-noise ratio even in crude mixtures. Femtore, its robust character, high sensitivity
and unambiguous readout qualify the technique ter detection of natural product inhibitors
already during the fermentation process as wellnagw extracts and secretions. Once the
presence of an inhibitor is confirmed, its subsefuesolation and characterization is a
straightforward process as demonstrated by thdigation of Cepl and GIbA from cultures of
Photorhabdus luminescens

Therefore, the developed methodology representsiable tool to extend the range of natural
product discovery to the vast pool of hitherto wedvered compounds whose biosynthesis is
silenced under common fermentation techniques. byeiié can be utilized for the screening of
different cultivation approaches to eventually uhibe molecular triggers that are able to

stimulate the crucial transition to the relevafe Btage of the organism. This was exemplified by
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the identification of an osmotic shock in the ca$e®. luminescenshat initiates the virulent
phase in the life-cycle of the insect pathogentdraum.

As shown by the extensive screening of growth doos, only a very defined molecular trigger
is suitable to mimic the natural environmental ademduring the life-cycle of the bacterium and
lead to its transition to the virulent phase. Tagain pronounces the significance of the new
methodology, as the extraction of commonly growidturas would have been without any
chances of success. Notably, the growth condittbas are suitable to initiate the secretion of
SylA from P. syringaeor GIbA from cultures oBurkholderialesstrain K481-B101 were not able
to induce inhibitor biosynthesis iBhotorhabdusThus, the three organisms have adapted their
sensory system towards their respective host ssgemiwhereas they have conserved the lead
motive and inhibition mechanisms of their viruleraieiting small molecules.
Interestingly,Photorhabduddisplays a highly complicated biphasic life-cyaldhich, is typical

for many pathogenic microorganisms (Figure 28).

l:
‘ P. luminescens hibernates in the nematodes’ ‘

intestine in a dormant symbiotic state

The nematodes infect the larvae and
release the bacteria

H. bacteriophora searches
the soil for insect larvae

After killing the insect, both organisms
multiply and together leave the carcass

Figure 28: The bipolar life-cycle &. luminescenss separated into a symbiotic phase during wHhiehktacterium

inactively abides in the intestine of a nematddel{acteriophord and a pathogenic phase in the insect larva where

it secretes toxic compounds as well as colourfghyants to deter other scavenging organisms. Afiténd the

insect and multiplying in its carcass, the nemasoagain swallows the bacteria and both leave thectnbody to

search for more prey.
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In its stationary phase, it populates the intestihthe nematodeéleterorhabditis bacteriophora,
whichis closely related to the model organisthslegans The worm searches the soil for insect
larvae and, once detected, penetrates into the dioitly prey, where it regurgitates the symbiotic
bacterid® " WhereasPhotorhabdusis rather inactive in its hibernating symbiotiage, it
immediately starts with the biosynthesis and semmatf antibiotic agents as well as toxins after
the release into the insect lumen, thereby killing a concerted action with the nematdtfés
1451 Both organisms then feed on its tissue and mykifthin its carcas$®.

Apparently an osmotic shock sufficiently simulatee environmental shift from the nematode
intestine to the insect body to initiate the patag phase irPhotorhabdusIn order to then
deter other scavenging organisms from the deadéarthe bacteria start to produce a whole
array of intensely colourful pigmef§" 14¢! After the complete consumption of the insectuiss
the nematodes finally reabsorb the bacteria antd bojanisms eventually leave the insect to
search for new prey. This biphasic life-cycle, whmonsists of a symbiotic and an aggressive
pathogenic phase, can also be observeth imitro cultures, but especially the production of
coloured secretions has thwarted previous attetoptolate the syrbactin compounds that were
expected from comparative genetic analyses.

Due to the high potency of the inhibitors, theicregion is strictly controlled in order to
selectively address the insect host while leavihg symbiotic nematodes unharmed. In
conclusion, due to the strict biosynthetic regolatbf inhibitor production, the elucidation of the
osmotic shock stimulus was only feasible by the néMIR technique. The straightforward
detection of both inhibitors and a suitable fermaéinh strategy demonstrates that the developed
assay holds a great potential for the analysistéroorganisms and also in high-throughput
screenings. With regard to the versatility of alie&entified natural CP inhibitors as well as to
the biological conservation of the UPS in geneitak likely that the novel tool will identify a
plethora of other interesting lead structures witvel binding mechanisms. Due to the easy
adaptability of the assay also to other proteasdstaore remote enzymes, it can also be applied
for the target directed search of other secondatabolites. Therefore, its establishment is going

to have an impact on natural product discovery msiher fields of research.
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7.2 Isolation and char acterization of Cepl and GIbA

Besides the establishment of the novel technigoe, purification, structure elucidation and
biochemical characterization of the elicitor molesu from Photorhabdus could be
accomplished. Hereby, the NMR-based methodologynggaved to be a valuable tool for the
assay-guided optimization of the isolation processthe inhibitors are only produced in trace
amounts that can even hardly be detected by massrgmetry after the penultimate purification
step. The NMR structure elucidation surprisinglpwbd that both molecules differ only in their
fatty acid tail distant from the electrophilic wadds, which bind to the proteasomal active sites.
Unexpectedly, however, this minor modification pedvto efficiently influence the inhibition
properties of the compounds. Although GIbA has bésted as one of the most potent
proteasome inhibitory compounds described to datk and IG, value ranging in the low
nanomolar region, the closely related homologuel @&ped out to be even four to five times
more effective. Structure elucidation of both commpds with the yeast CP led to the
identification of a hydrophobic patch formed by traalytically inactive subunits adjacent to the
proteasomal active sites. This finding once agaon@unces the unpredictability of complex
biological systems. Despite the available strudtutata, it is hardly imaginable that a
computational approach could have predicted thenexof the effect or even identified the
additional binding motive.

Furthermore, althougtP. luminescends genetically sequenced and even the gene duster
responsible for the synthesis of the inhibitors assigned, it is still not possible to reliably
predict the small molecule produced by the hugecamiplex non-ribosomal peptide synthetases
and fatty acid synthase clusters. Yet, the resgéimed by the comparative analysis of the
syrbactins also emphasizes that even though tlklesteacture is conserved between the species,
the decoration pattern has a major influence onbihding properties of the molecule and is
obviously optimized for the target enzyme. Desfite similarity of the respective gene clusters,
it is therefore of crucial importance for naturaioguct research to eventually isolate and
characterize the respective secondary metaboliyesobventional chemical and biochemical
methods. As a consequence, the isolation of thdl smadecule toxins from the human pathogen
Burkholderia pseudomalleas well as the elucidation of the molecular teigépr its secretion

would be a necessary and substantial leap forwardttfe understanding of the biological
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involvement of the compound in virulence and magreyield a molecule that has been further
optimized for the human proteasome particles.

Although Cepl could be shown to be the most efliec@P inhibitor, it has essentially been fine-
tuned for the insect CP in terms of subunit selé@gtand interactions with the binding channel.
Especially alterations in the P1 site, however,likedy to influence the specificities towards the
distinct human cCP, iCP as well as tCP and thezefonvey differing biological implications.
Notably,Photorhabdushas been shown to produce Cepl and GIbA to the sprantity, whereas
the other syrbactin producing organisms only secogte compound. This ambivalence again
demonstrates the slight adaptational shifts indeeoration pattern, but may also explain the
flexibility and broad spectrum of host organismsref genu$hotorhabdus

However, after the successful characterization yoA Sthe isolated compounds are among the
first proteasome inhibitors to which a biologicahttion could be assigned. Importantly, they are
also the first examples of CP inhibitors, which ao¢ only applied to debilitate the host organism
but also to foster the next generation of symbioRtgthermore, the conservation of the lead
structure over the species barrier, ranging froem{sl over nematodes to men, emphasizes the
universal applicability of this group of naturalopucts also in terms of pharmaceutical
applications.

After thein vitro characterization of the compounds, the inhibifpwoperties of Cepl and GIbA
could also be observed in cell culture experimemsth substances displayed extreme
cytotoxicity against cancerous cells even in congpar with established standard proteasome
inhibitors. Intriguingly, the pathway-specific irfdiiion of the NF«B signalling cascade could be
confirmed. As this is also the primary reason foe tadmission of the first FDA-approved
proteasome inhibitor bortezomib, this thesis willirther promote the pharmaceutical
implementation of the hitherto unexploited groupttté syrbactins. Furthermore, the elucidation
of the new binding motive will contribute to theticanal design of novel synthetic compounds.
After the successful introduction of the naturabdarct derivatives of the epoxyketones for the
next generation of medically applied CP inhibitarsd immunoproteasome modulating agents,
the highly promising syrbactins are likely to jalre group of medically utilized agents and may

contribute to expand the range of proteasome itdribto other diseases as well.

87



References

8. References

[1]

[2]
[3]
[4]
[5]
[6]

[7]
[8]

[9]
[10]
[11]

[12]
[13]

[14]
[15]
[16]
[17]
[18]
[19]
[20]
[21]
[22]

[23]
[24]

[25]

[26]
[27]

88

A. Hershko, A. CiechanoveAnnu Rev Biocheri982, 51, 335-364; J. D. Etlinger, A. L.
Goldberg,Proc Natl Acad Sci U S A977, 74, 54-58; S. Conus, H. U. SimoBjochem
Pharmacol2008, 76, 1374-1382.

A. Hershko, A. CiechanoveAnnu Rev Biocher998, 67, 425-479.

A. VarshavskyProtein Sci2011, 20, 1298-1345.

A. Varshavsky,Trends Biochem S2D05, 30, 283-286.

A. Hershko, A. CiechanoveAnnu Rev Biocher992, 61, 761-807.

O. Kerscher, R. Felberbaum, M. Hochstrasgemu Rev Cell Dev Bid006, 22, 159-
180.

D. KomanderBiochem Soc Trar009, 37, 937-953.

J. S. Thrower, L. Hoffman, M. Rechsteiner, C. Rickart,EMBO J2000, 19, 94-102; C.
M. Pickart,FASEB J1997, 11, 1055-1066.

M. HochstrasselCell 2006, 124, 27-34.

M. L. Stein, M. Groll,Biochim Biophys Acta013.

B. Zhao, K. Bhuripanyo, J. Schneider, K. Zhaklg Schindelin, D. Boone, J. YiACS
Chem Biol2012; P. Kaiser, L. Huangzenome BioR005, 6, 233.

l. Lee, H. SchindelinCell 2008, 134, 268-278.

K. S. Hamilton, M. J. Ellison, K. R. Barber, B. Williams, J. T. Huzil, S. McKenna, C.
Ptak, M. Glover, G. S. Sha®fructure2001, 9, 897-904.

H. B. Kamadurai, J. Souphron, D. C. Scott,ND.Duda, D. J. Miller, D. Stringer, R. C.
Piper, B. A. Schulmariviol Cell 2009, 36, 1095-1102.

A. Hershko, A. Ciechanover, H. Heller, A. Labis, I. A. RoseRroc Natl Acad Sci U S A
1980, 77, 1783-1786.

A. Hershko, H. Heller, S. Elias, A. CiechanowkBiol Cheml983, 258 8206-8214.

C. M. Pickart, I. A. Rose] Biol Cheml985, 260, 1573-1581.

M. E. Matyskiela, G. C. Lander, A. MartiNat Struct Mol BioR013, 20, 781-788.

N. Gallastegui, M. GrollTrends Biochem Sg010, 35, 634-642.

R. J. Tomko, Jr., M. HochstrassAnnu Rev Bioche2013, 82, 415-445.

M. Groll, M. Bajorek, A. Kohler, L. Moroder, DRubin, R. Huber, M. Glickman, D.
Finley, Nat Struct BioR000, 7, 1062-1067.

G. C. Lander, E. Estrin, M. E. Matyskiela, Bashore, E. Nogales, A. MartiNature
2012, 482 186-191.

P. C. da Fonseca, J. He, E. P. Moivls] Cell 2012, 46, 54-66.

M. H. Glickman, D. M. Rubin, O. Coux, |I. Wefe&. Pfeifer, Z. Cjeka, W. Baumeister,
V. A. Fried, D. FinleyCell 1998, 94, 615-623.

K. Lasker, F. Forster, S. Bohn, T. Walzthoei, Villa, P. Unverdorben, F. Beck, R.
Aebersold, A. Sali, W. Baumeisté?roc Natl Acad Sci U S 2012, 109 1380-1387.

G. C. Lander, A. Matrtin, E. Nogalesurr Opin Struct BioR013, 23, 243-251.

Q. Deveraux, V. Ustrell, C. Pickart, M. Redhiser,J Biol Chem1994, 269, 7059-7061;
K. Husnjak, S. Elsasser, N. Zhang, X. Chen, L. RemdY. Shi, K. Hofmann, K. J.
Walters, D. Finley, I. Dikic,Nature 2008, 453 481-488; P. Schreiner, X. Chen, K.



References

[28]

[29]

[30]

[31]

[32]

[33]

[34]
[35]
[36]
[37]
[38]
[39]
[40]
[41]
[42]
[43]
[44]
[45]
[46]
[47]
[48]
[49]

[50]

Husnjak, L. Randles, N. Zhang, S. Elsasser, D.ekinl. Dikic, K. J. Walters, M. Groll,
Nature2008, 453 548-552.

R. Verma, L. Aravind, R. Oania, W. H. McDonald. R. Yates, E. V. Koonin, R. J.
DeshaiesScience2002, 298, 611-615.

G. R. Pathare, I. Nagy, S. Bohn, P. Unverdorb® Hubert, R. Korner, S. Nickell, K.
Lasker, A. Sali, T. Tamura, T. Nishioka, F. FOrsi&t Baumeister, A. BrachdpProc Natl
Acad Sci U S R012, 109, 149-154.

D. M. Smith, N. Benaroudj, A. Goldberg,Struct Biol2006, 156, 72-83; S. Djuranovic,
M. D. Hartmann, M. Habeck, A. Ursinus, P. ZwicklMartin, A. N. Lupas, K. Zethyiol
Cell 2009, 34, 580-590.

A. K. Nussbaum, T. P. Dick, W. Keilholz, M. §de, S. Stevano¥j K. Dietz, W.
Heinemeyer, M. Groll, D. H. Wolf, R. Huber, H. GaRmensee, H. Schildiroc Natl
Acad Sci U S A998, 95, 12504-12509.

T. P. Dick, A. K. Nussbaum, M. Deeg, W. Heireyar, M. Groll, M. Schirle, W.
Keilholz, S. Stevanoyj D. H. Wolf, R. Huber, H. G. Rammensee, H. Schll&jol Chem
1998, 273 25637-25646.

W. Dubiel, G. Pratt, K. Ferrell, M. Rechsteing Biol Cheml992, 267, 22369-22377; C.
P. Ma, C. A. Slaughter, G. N. DeMartind,Biol Chem1992, 267, 10515-10523; V.
Ustrell, L. Hoffman, G. Pratt, M. RechsteinEMBO J2002, 21, 3516-3525.

J. Léwe, D. Stock, B. Jap, P. Zwickl, W. Bausgter, R. HuberSciencel995, 268 533-
539.

M. Groll, L. Ditzel, J. Léwe, D. Stock, M. Bbder, H. Bartunik, R. HubelNature 1997,
386, 463-471.

F. G. Whitby, E. I. Masters, L. Kramer, J. Riowlton, Y. Yao, C. C. Wang, C. P. Hill,
Nature2000, 408 115-120.

G. Tian, S. Park, M. J. Lee, B. Huck, F. Master, C. P. Hill, S. P. Gygi, D. Finlelat
Struct Mol Biol2011, 18, 1259-1267.

W. Heinemeyer, M. Fischer, T. Krimmer, U. Stan, D. H. Wolf,J Biol Chem1997,
272, 25200-252009.

L. V. Pham, A. T. Tamayo, L. C. Yoshimura,l®, R. J. Ford,) Immunol2003, 171, 88-
95.

M. Orlowski, Biochemistry1990, 29, 10289-10297.

T. Nazif, M. Bogyo,Proc Natl Acad Sci U S 2001, 98, 2967-2972.

M. Groll, T. Nazif, R. Huber, M. Bogy&;hem Biol2002, 9, 655-662.

M. Groll, O. Larionov, R. Huber, A. de MeijerBroc Natl Acad Sci U S 2006, 103
4576-4579.

M. Stein,Master Thesi010.

E. M. Huber, M. GrollAngew Chem Int Ed EngD12, 51, 8708-8720.

E. Seemdlller, A. Lupas, D. Stock, J. LoweHrber, W. Baumeiste§ciencel995, 268,
579-582.

H. B. Burgi, J. D. Dunitz, E. ShefteéMat New Bioll973, 244, 186-187.

M. Groll, R. Huber, B. Pottsl Am Chem Sa2006, 128 5136-5141.

J. A. Brannigan, G. Dodson, H. J. DugglebyCPMoody, J. L. Smith, D. R. Tomchick,
A. G. Murzin,Nature1995, 378 416-419.

S. Murata, K. Sasaki, T. Kishimoto, S. Niwa, Hayashi, Y. Takahama, K. Tanaka,
Science2007, 316, 1349-1353.

89



References

[51]
[52]

[53]
[54]
[55]

[56]

[57]
[58]
[59]
[60]

[61]
[62]

[63]
[64]

[65]
[66]

[67]
[68]
[69]
[70]
[71]

[72]
[73]

90

M. Groettrup, C. J. Kirk, M. BasleNat Rev Immund010, 10, 73-78.

M. Aki, N. Shimbara, M. Takashina, K. Akiyam&, Kagawa, T. Tamura, N. Tanahashi,
T. Yoshimura, K. Tanaka, A. Ichihard,Biocheml1994, 115 257-269; M. Groettrup, R.
Kraft, S. Kostka, S. Standera, R. Stohwasser, PKlgetzel, Eur J Immunol1996, 26,
863-869.

E. M. Huber, M. Basler, R. Schwab, W. Heinemr\C. J. Kirk, M. Groettrup, M. Groll,
Cell 2012, 148 727-738.

C. Cardozo, R. A. Kohanskl,Biol Cheml998, 273 16764-16770.

P. J. Bjorkman, M. A. Saper, B. Samraoui, WB8nnett, J. L. Strominger, D. C. Wiley,
Nature 1987, 329, 512-518; P. Romero, G. Corradin, I. F. Luescled,. Maryanski,J
Exp Med1991, 174, 603-612.

U. Tomaru, A. Ishizu, S. Murata, Y. Miyatake, Suzuki, S. Takahashi, T. Kazamaki, J.
Ohara, T. Baba, S. Iwasaki, K. Fugo, N. OtsukaT&naka, M. Kasahar&lood 2009,
113 5186-5191; S. Murata, Y. Takahama, K. Tan&karr Opin ImmunoR008, 20, 192-
196.

M. Gaczynska, K. L. Rock, T. Spies, A. L. Go&tg,Proc Natl Acad Sci U S 2094, 91,
9213-9217.

P. D'Arcy, S. Brnjic, M. H. Olofsson, M. Fryks, K. Lindsten, M. De Cesare, P. Perego,
B. Sadeghi, M. Hassan, R. Larsson, S. Linbat, Med2011, 17, 1636-1640.

M. A. Grawert, M. GrollChem Commun (CamBP12, 48, 1364-1378.

P. G. Richardson, T. Hideshima, K. C. Andergdancer ControR003, 10, 361-369.

D. J. McConkey, K. ZhuDrug Resist Upda2008, 11, 164-179.

P. Bonvini, E. Zorzi, G. Basso, A. Rosolérukemia2007, 21, 838-842; B. Zheng, G. V.
Georgakis, Y. Li, A. Bharti, D. McConkey, B. B. Aggval, A. Younes(Clinical cancer
research : an official journal of the American Aswion for Cancer Researct004, 10,
3207-3215.

P. Neri, N. J. Bahligexpert Opin Biol The2013, 13 Suppl 1S69-82.

S. T. Nawrocki, J. S. Carew, K. Dunner, Jr.,H. Boise, P. J. Chiao, P. Huang, J. L.
Abbruzzese, D. J. McConke@ancer Re2005, 65, 11510-11519.

P. Beck, C. Dubiella, M. GrolBiol Chem2012, 393 1101-1120.

Y. Saitoh, H. Yokosawa, K. Takahashi, S. IsliiBiochem1989, 105 254-260; S.
Tsubuki, H. Kawasaki, Y. Saito, N. Miyashita, M.omata, S. Kawashimdiochem
Biophys Res Commui®93, 196, 1195-1201.

A. Vinitsky, C. Michaud, J. Powers, M. OrlowsBiochemistryl992, 31, 9421-9428.

A. F. Kisselev, A. L. Goldberg;hem Biol2001, 8, 739-758.

M. A. Grawert, N. Gallastegui, M. Stein, B.Ifaidt, P. M. Kloetzel, R. Huber, M. Groll,
Angew Chem Int Ed EngD11, 50, 542-544.

M. Bogyo, J. McMaster, M. Gaczynska, D. Tosdita, A. Goldberg, H. Ploegi®Proc Natl
Acad Sci U S A997, 94, 6629-6634.

M. Marastoni, A. Baldisserotto, S. Cellini, Bavioli, R. Tomatis) Med Chen2005, 48,
5038-5042.

M. Groll, C. Berkers, H. Ploegh, H. Ova&tructure2006, 14, 451-456.

S. Westphal, S. Hansson, G. Stelin, J. HokgrsL. Mjornstedt, S. Frimarransplant
Proc 2013, 45, 1213-1215; J. Koreth, K. E. Stevenson, H. T. KBnM. McDonough, B.
Bindra, P. Armand, V. T. Ho, C. Cutler, B. R. Blaz& H. Antin, R. J. Soiffer, J. Ritz, E.



References

P. Alyea, 3rdJournal of clinical oncology : official journal ahe American Society of
Clinical Oncology2012, 30, 3202-3208.

[74] D. Buac, M. Shen, S. Schmitt, F. R. Kona, ResBmukh, Z. Zhang, C. Neslund-Dudas,
B. Mitra, Q. P. DouCurr Pharm De<013, 19, 4025-4038.

[75] D. E. Reece, D. Sullivan, S. Lonial, A. F. Mbacher, G. Chatta, C. Shustik, H. Burris,
3rd, K. Venkatakrishnan, R. Neuwirth, W. J. Riorddh Karol, L. L. von Moltke, M.
Acharya, P. Zannikos, A. Keith Stewattancer Chemother Pharmac2011, 67, 57-67.

[76] P. G. Richardson, B. Barlogie, J. BerensonSBghal, S. Jagannath, D. Irwin, S. V.
Rajkumar, G. Srkalovic, M. Alsina, R. Alexanian, Biegel, R. Z. Orlowski, D. Kuter, S.
A. Limentani, S. Lee, T. Hideshima, D. L. Esseltind. Kauffman, J. Adams, D. P.
Schenkein, K. C. AndersoN, Engl J Med2003, 348 2609-2617.

[77] C. N. Papandreou, D. D. Daliani, D. Nix, H.n€g T. Madden, X. Wang, C. S. Pien, R. E.
Millikan, S. M. Tu, L. Pagliaro, J. Kim, J. Adani, Elliott, D. Esseltine, A. Petrusich, P.
Dieringer, C. Perez, C. J. Logothetid, Clin Oncol 2004, 22, 2108-2121; M. J.
Williamson, M. D. Silva, J. Terkelsen, R. Robertsdan Yu, C. Xia, P. Hatsis, B.
Bannerman, T. Babcock, Y. Cao, E. KuppernMao| Cancer The2009, 8, 3234-3243.

[78] R. Oerlemans, N. E. Franke, Y. G. Assara€ldos, |. van Zantwijk, C. R. Berkers, G. L.
Scheffer, K. Debipersad, K. Vojtekova, C. Lemos\.van der Heijden, B. Ylstra, G. J.
Peters, G. L. Kaspers, B. A. Dijkmans, R. J. Schepe JanserBlood 2008, 112, 2489-
2499.

[79] S. Arastu-Kapur, J. L. Anderl, M. Kraus, F.rR#, K. D. Shenk, S. J. Lee, T.
Muchamuel, M. K. Bennett, C. Driessen, A. J. B@llJ. Kirk,Clin Cancer Re2011, 17,
2734-2743.

[80] P. Lawasut, D. Chauhan, J. Laubach, C. Ha§esrabre, M. Maglio, C. Mitsiades, T.
Hideshima, K. C. Anderson, P. G. RichardsGuyr Hematol Malig Re®012, 7, 258-
266.

[81] M. Groll, K. B. Kim, N. Kairies, R. Huber, M. Crews,J Am Chem So2000, 122,
1237-1238.

[82] T. Muchamuel, M. Basler, M. A. Aujay, E. SuzuK. W. Kalim, C. Lauer, C. Sylvain, E.
R. Ring, J. Shields, J. Jiang, P. Shwonek, F. #aBaD. Demo, M. K. Bennett, C. J.
Kirk, M. Groettrup,Nature medicin009, 15, 781-787.

[83] J.Yang, Z. Wang, Y. Fang, J. Jiang, F. ZiHdoWong, M. K. Bennett, C. J. Molineaux,
C. J. Kirk,Drug Metab Dispo2011, 39, 1873-1882.

[84] L. Meng, R. Mohan, B. H. Kwok, M. Elofsson, Bin, C. M. CrewsProc Natl Acad Sci
U S A1999, 96, 10403-10408.

[85] M. Hanada, K. Sugawara, K. Kaneta, S. TodaN¥hiyama, K. Tomita, H. Yamamoto,
M. Konishi, T. Oki,J Antibiot (Tokyo)1992, 45, 1746-1752.

[86] A. R. Pereira, A. J. Kale, A. T. Fenley, T. iy, H. M. Debonsi, M. K. Gilson, F. A.
Valeriote, B. S. Moore, W. H. Gerwickchembiochen2012, 13, 810-817; K. Sugawara,
M. Hatori, Y. Nishiyama, K. Tomita, H. Kamei, M. iKehi, T. Oki,J Antibiot (Tokyo)
1990, 43, 8-18.

[87] S.Omura, T. Fujimoto, K. Otoguro, K. MatsuzaR. Moriguchi, H. Tanaka, Y. Sasali,
Antibiot (Tokyo}1991, 44, 113-116.

[88] G. Fenteany, R. Standaert, W. Lane, S. ChoC&ey, S. Schreibe§ciencel995, 268
726-731.

91



References

[89]

[90]

[91]

[92]
[93]
[94]
[95]
[96]
[97]
[98]
[99]
[100]

[101]
[102]

[103]
[104]
[105]

[106]
[107]

[108]
[109]

[110]

92

R. Feling, G. Buchanan, T. Mincer, C. Kauffm&h Jensen, W. Fenic#ingew Chem Int
Ed Engl2003, 42, 355-357.

M. Millward, T. Price, A. Townsend, C. Sweene&. Spencer, S. Sukumaran, A.
Longenecker, L. Lee, A. Lay, G. Sharma, R. M. Geliidi A. Drabkin, G. K. Lloyd, S.
T. Neuteboom, D. J. McConkey, M. A. Palladino, M. 3pearInvest New Drug2012,
30, 2303-2317.

Y. Koguchi, J. Kohno, M. Nishio, K. Takahashi, Okuda, T. Ohnuki, S. Komatsubara,
The Journal of antibiotic000, 53, 105-109; J. Kohno, Y. Koguchi, M. Nishio, K.
Nakao, M. Kuroda, R. Shimizu, T. Ohnuki, S. Koméaa,J Org Chen000, 65, 990-
995.

M. Groll, M. Gotz, M. Kaiser, E. Weyher, L. Mader, Chemistry & biology2006, 13,
607-614.

M. Kaiser, C. Siciliano, I. Assfalg-Machleid¥]. Groll, A. G. Milbradt, L. MoroderQrg
Lett2003, 5, 3435-3437.

M. Groll, Y. Koguchi, R. Huber, J. Kohnd,Mol Biol 2001, 311, 543-548.

S. Lin, S. J. Danishefskyngewandte Chemi2002, 41, 512-515; B. K. Albrecht, R. M.
Williams, Org Lett 2003, 5, 197-200; M. Kaiser, M. Groll, C. Renner, R. Hubkr
Moroder,Angew Chem Int Ed EngD02, 41, 780-783.

M. Groll, N. Gallastegui, X. Marechal, V. LeaRalec, N. Basse, N. Richy, E. Genin, R.
Huber, L. Moroder, J. Vidal, M. Reboud-Rava@hemMedCher010, 5, 1701-1705.

M. Kaiser, A. Milbradt, C. Siciliano, I. AsdfgMachleidt, W. Machleidt, M. Groll, C.
Renner, L. MorodetChem Biodiver2004, 1, 161-173.

M. Groll, B. Schellenberg, A. Bachmann, C. Aec, R. Huber, T. Powell, S. Lindow, M.
Kaiser, R. DudlerNature2008, 452 755-758.

U. Waspi, D. Blanc, T. Winkler, P. Ruedi, Rudler,Mol. Plant-Microbe Interact1998,
11, 727-733.

M. Oka, Y. Nishiyama, S. Ohta, H. Kamei, Motishi, T. Miyaki, T. Oki, H. Kawaguchi,
J Antibiot (Tokyo)988, 41, 1331-1337.

B. Schellenberg, L. Bigler, R. Dudlénviron Microbiol2007, 9, 1640-1650.

W. J. Wiersinga, T. van der Poll, N. J. White P. Day, S. J. Peacocdkat Rev Microbiol
2006, 4, 272-282.

D. D. Baker, M. Chu, U. Oza, V. Rajgarhidat Prod Ref2007, 24, 1225-1244.

H. B. Bode, R. MillerAngew Chem Int Ed Eng005, 44, 6828-6846.

A. O. Brachmann, F. Kirchner, C. Kegler, S. Kinski, I. Schmitt, H. B. Bode,]
Biotechnol2012, 157, 96-99.

J. Crawford, R. Kontnik, J. Clard@urr Biol 2010, 20, 69-74.

M. L. Stein, P. Beck, M. Kaiser, R. Dudler, E Becker, M. GrollProc Natl Acad Sci U
S A2012, 109 18367-18371.

A. Liggett, L. J. Crawford, B. Walker, T. ®dorris, A. E. Irvine,Leuk Res2010, 34,
1403-14009.

M. E. Bosch, A. J. Sanchez, F. S. Rojas, COda,Comb Chem High Throughput
Screer?007, 10, 413-432.

T. H. Haverkamp, D. Schouten, M. Doeleman,Wbllenzien, J. Huisman, L. J. Stal,
Isme J2009, 3, 397-408; P. Thawornwiriyanun, S. TanasupawaD&thsakulwatana, S.
Techkarnjanaruk, W. Suntornsukppl Biochem Biotechnd012, 167, 2357-2368; A.
Khanafari, D. Khavarinejad, A. Mashinchidran J Microbiol 2010, 2, 103-109; Y. Tu,



References

[111]

[112]

[113]
[114]

[115]

[116]
[117]

[118]
[119]
[120]

[121]
[122]

[123]
[124]

[125]
[126]

[127]
[128]
[129]
[130]
[131]
[132]

[133]
[134]

C. Jeffries, H. Ruan, C. Nelson, D. Smithson, AShelat, K. M. Brown, X. C. Li, J. P.
Hester, T. Smillie, 1. A. Khan, L. Walker, K. GuB. Yan, Journal of natural products
2010, 73, 751-754.

M. E. Figueiredo-Pereira, K. A. Berg, S. Wilk Neurochen1994, 63, 1578-1581; N.
Myeku, M. E. Figueiredo-Pereirdhe Journal of biological chemistB011, 286, 22426-
22440.

E. B. Traenckner, S. Wilk, P. A. BaeuerEMBO J 1994, 13, 5433-5441; M. H.
Kubbutat, S. N. Jones, K. H. Vousdéiature 1997, 387, 299-303; A. B. Meriin, V. L.
Gabai, J. Yaglom, V. I. Shifrin, M. Y. ShermahBiol Chenil998, 273 6373-6379.

M. Basler, M. Dajee, C. Moll, M. Groettrup, @ Kirk,J Immunof2010, 185 634-641.

V. Akimov, K. T. Rigbolt, M. M. Nielsen, B. Bgoev,Mol Biosyst2011, 7, 3223-3233;
N. D. Udeshi, D. R. Mani, T. Eisenhaure, P. Mertids D. Jaffe, K. R. Clauser, N.
Hacohen, S. A. CariMol Cell Proteomic2012, 11, 148-159; F. Shang, A. Tayldfree
Radic Biol Med?011, 51, 5-16; S. Meiners, D. Heyken, A. Weller, A. Ludwlg Stangl,
P. M. Kloetzel, E. Krugei] Biol Chen2003, 278 21517-21525.

J. Clerc, B. I. Florea, M. Kraus, M. Groll,. Rluber, A. S. Bachmann, R. Dudler, C.
Driessen, H. S. Overkleeft, M. Kais€&hembiochern2009, 10, 2638-2643.

C. R. Berkers, H. OvaBjochem Soc Trar010, 38, 14-20.

C. R. Berkers, M. Verdoes, E. Lichtman, Eelitger, B. M. Kessler, K. C. Anderson, H.
L. Ploegh, H. Ovaa, P. J. GalardNat Method<005, 2, 357-362.

C. R. Berkers, F. W. van Leeuwen, T. A. Ghaos, V. Peperzak, E. W. van Tilburg, J.
Borst, J. J. Neefjes, H. Ovadpl Pharm2007, 4, 739-748.

C. R. Berkers, Y. Leestemaker, K. G. SchuurmB. Ruggeri, S. Jones-Bolin, M.
Williams, H. OvaaMol Pharm2012, 9, 1126-1135.

W. Heinemeyer, J. A. Kleinschmidt, J. SaidkwsC. Escher, D. H. WolfThe EMBO
journal 1991, 10, 555-562.

D. C. Gross, J. E. DeVay,Appl Bacterioll977, 43, 453-463.

M. Fischer-Le Saux, V. Viallard, B. Brunel, Rormand, N. E. Boemardnt J Syst
Bacteriol 1999, 49 Pt 4 1645-1656.

Acta Crystallogr. Sect. D - Biol. CrystallodsO, 486-501.

P. Emsley, B. Lohkamp, W. G. Scott, K. Cowt#&wtta crystallographica. Section D,
Biological crystallography2010, 66, 486-501.

D. Turk,1992, PhD thesis, Technische Universitat Minchen

W. L. DeLano,2002, The PyMOL Molecular Graphics System, DeLano Sdien San
Carlos, CA, USA.

S. H. R. SYBYL 8.0 Tripos International, Sbuis, Missouri, 63144, Usai, G.

W. KabschActa Crystallogr D Biol Crystallog010, 66, 125-132.

U. K. Laemmli,Nature1970, 227, 680-685.

M. M. Bradford,Anal Biocheml976, 72, 248-254.

M. Groll, R. HuberMethods Enzymd@005, 398, 329-336.

A. T. Briunger, P. D. Adams, G. M. Clore, W. DelLano, P. Gros, R. W. Grosse-
Kunstleve, J. S. Jiang, J. Kuszewski, M. NilgesSNPannu, R. J. Read, L. M. Rice, T.
Simonson, G. L. Warremcta Crystallogr D Biol Crystallogf998, 54, 905-921.

P. J. KraulisJournal of Applied Crystallographi991, 24, 946-950.

R. M. Esnouf,J Mol Graph Modell997, 15, 132-134, 112-133.

93



References

[135]
[136]

[137]
[138]

[139]
[140]
[141]

[142]
[143]

[144]
[145]

[146]

94

U. Waspi, P. Schweizer, R. Dudl&lant Cell 2001, 13, 153-161; D. C. Gross} Appl
Bacteriol 1985, 58, 167-174.

N. R. Waterfield, T. Ciche, D. Clark&nnu Rev Microbio2009, 63, 557-574.

D. J. ClarkeCell Microbiol 2008, 10, 2159-2167.

J. Shoji, H. Hinoo, T. Kato, T. Hattori, K.itdoka, K. Tawara, O. Shiratori, Y. Terul,
Antibiot (Toky0)1990, 43, 783-787; M. Groll, B. Schellenberg, A. S. Bachma@. R.
Archer, R. Huber, T. K. Powell, S. Lindow, M. Kais&. Dudler,Nature2008, 452, 755-
758.

J. Clerc, N. Li, D. Krahn, M. Groll, A. S. Bamann, B. |. Florea, H. S. Overkleeft, M.
Kaiser,Chem Commun (CamBp11, 47, 385-387.

C. R. Archer, D. L. Koomoa, E. M. Mitsunaga, Clerc, M. Shimizu, M. Kaiser, B.
Schellenberg, R. Dudler, A. S. BachmaBigchem Pharmac&010, 80, 170-178.

C. R. Archer, M. Groll, M. L. Stein, B. Schehberg, J. Clerc, M. Kaiser, T. P.
Kondratyuk, J. M. Pezzuto, R. Dudler, A. S. Bachmaiochemistry2012, 51, 6880-
6888.

D. H. Lee, A. L. Goldberdlrends Cell Bioll998, 8, 397-403.

M. Screen, M. Britton, S. L. Downey, M. Verky M. J. Voges, A. E. Blom, P. P.
Geurink, M. D. Risseeuw, B. I. Florea, W. A. vanr dénden, A. A. Pletnev, H. S.
Overkleeft, A. F. Kisselew] Biol Chen010, 285 40125-40134.

P. A. Baeuerle, T. Henkédnnu Rev Immundl994, 12, 141-179.

S. A. Joyce, L. Lango, D. J. Clarksdv Appl Microbiol2011, 76, 1-25; C. M. Theodore,
J. B. King, J. You, R. H. Cichewicd,Nat Prod2012.

H. Goodrich-Blair, D. J. Clark&jol Microbiol 2007, 64, 260-268.



Abbreviations

9. Abbreviations

AAA ATPases associated with diverse cellular activities

ACN Acetonitrile

AMC 7-Amino-4-methyl-coumarin

APS Ammonium persulfate

BODIPY Boron-dipyrromethene

BSA Bull serum albumin

CD8 Cluster of differentiation 8

Cdk Cyclin dependent kinase

ChTL Chymotrypsin-like

CL Caspase-like

COSsYy Correlated spectroscopy

cCP Constitutive 20S proteasome

CP Core particle

DCM Dichloromethylene

DIPEA N,N-diisopropylethylamine

DMEM Dulbecco’s Modified Eagle Medium

DMF N,N-dimethylformamide

DMSO Dimethyl sulfoxide

ECL Electrochimiluminescence

EDTA Ethylenediaminetetraacetic acid

ESI Electron spray ionization

FBS Fetal Bovine Serum

Fmoc Fluorenylmethyloxycarbonyl

GADPH Glycerinaldehyd-3-phosphat Dehydrogenase

HCTU O-(1H-6-Chlorobenzotriazole-1-yl)-1,1,3,3-
tetramethyluronium hexafluorophosphate

HMBC Heteronuclear multiple bond correlation
spectroscopy

HPLC High-performance liquid chromatography
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Abbreviations

HSQC
iCP
MeOH
MDa
MHC-I
MPD
NMR
PAGE
PBS
PDB
pNA
PTFE
RP-C18
SDS
tCP
TEMED
B

TBS
TFA

TL

Tris
Trt
TWEEN 20
Ub
WT
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Heteronuclear single bond correlatiorcspscopy
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