TECHNISCHEUNIVERSITAT MUNCHEN
DEPARTMENT CHEMIE

LEHRSTUHL FURBIOCHEMIE

Structural and functional characterization

of the Immunoproteasome

Eva Maria Huber

Vollstandiger Abdruck der von der Fakultdt fur Chender Technischen Universitat
Minchen zur Erlangung des akademischen Grades Biok®rs der Naturwissenschaften

(Dr. rer. nat.) genehmigten Dissertation.

Vorsitzender: Univ.-Prof. Dr. L. Hintermann
Prufer der Dissertation:
1. Univ.-Prof. Dr. M. Groll
2. apl. Prof. Dr. Dr. h.c. R. Huber (i. R.)
3. Univ.-Prof. Dr. Dr. h.c. B. Rieger

Die Dissertation wurde am 06.02.2013 bei der Testdim@n Universitdt Minchen eingereicht
und durch die Fakultat fir Chemie am 27.03.2013®a0gimen.






Meiner Familie






Table of Contents

Table of Contents

1 SUMIMATY .ttt et e e et e e e et e e e ea e aeean e aeee 8.
2 ZUSAMMENTASSUNG ...uunieiiiiiii e et comsmmr e e e s e e e e e anan e e e e e eaaan s 10
3 0o o [ Tod 1 o o 1P 12.
3.1 Intracellular protein degradation and antigen QUEEEN .............ccceeveeeeeeeeeeeeeeeeeee. 12
3.2 The ubiquitin-proteasome SYSIEM..........cooiiiiiiiiiiiiiiee et 13
3.2.1 Polyubiquitylation — a signal for degradation............cccccoeeeeeeeieeiveeeeeiiniinnnnns 3.1
3.2.2 Subunit composition and architecture of proteasomes.............ccceevvvvvvvvnnnnns 14
3.2.3 Proteolysis by 20S proteasOmes ............eeemmmeiiiiiiiiiie e aeees 16
3.2.4 Immune functions of 20S ProteasOMES .......cccccemuuiiiriiiiiiiiiiieeieeeeeeeeeeaaaens 8.1
3.3  20S proteasomes: validated and emerging drug rget.......ccccceeeeeeiininiiiiiinns 19
3.4  Types of proteasome INNIDITOIS ..............ommmmmeeeneeieeieeeeeeeeereeieee i ————- 20
3.5 Clinically relevant proteasome inhibitors ... .o .cvvvieiiiiiiiiiii e, 21
3.6 Subunit-specific proteasome inhibitors and thesraipeutic potential ................... 23
4 (@] 0] =T ox 1)Y= 25
5 Materials and Methods .............uuiiiiiiiiiie e 26
5.1 MALEIIAIS .oeeiiiiiiiiie e e e e e e ——————— e a e e as 26
5.1.1 ChEemICAIS ... 26
5.1.2 ANUDIOTICS ..ot ettt e s e e e e e e e e e e aaaeeaaeaeeeeas 26
SRt I T 1Y/ 1o - 26
5,114 ENZYIMES ..ottt enn e 27
5.1.5 PIHIMET ettt 28
TR SIS 1 = 1] PR USRI 29
o0t I o = T 1o £ PSP URPRRR 29
5.1.8 FIUOrogeniC SUDSIIAtES ........cceiiiiiiiiee e e e e e e e eene e 30
5.1.9 DNA and protein Standards .................ccommmmmeceeeeeeeeeeeeee e 31
5.1.10  INSILIUMENTS ...ttt eee e e e e e et e e e e e et e e e e e ee et e e e aeeeenesnnanns 31
5.1.11 Computer software and bioinformatiCs tOOIS .. seeeeeeeiieriiiiiiiiiiiiiiinenn. 33
5.2 GenetiC MEtNOGS .......coooiiiiiiiiie i sttt e e e e e e e e e e et eees 34



Table of Contents

5.2.1 Cultivation and long-term storage B$cherichia coli...............ccoovviiiiiiiiinnnnnnn. 34
5.2.2 Cultivation and long-term storage $&ccharomyces cerevisiae.................... 34
5.2.3 Polymerase chain reaction .............oooeveeiiiieiiiiiiiin e 34
5.2.4 Site-directed MULAGJENESIS ....uvuuuiiiiii i cceceee e e e eeeaae s 36
5.2.5 Agarose gel eleCtrophoresis ........ooiiiiiiiiiiiiei e eeeeenns 36
5.2.6 Isolation of plasmid DNA fronfE. COli........oovvviiiiiiiiiiiiieeeeee s 37
5.2.7 Purification OFf DNA ... ..coii it e e e e e e e e e e e nnrnnnes 37
5.2.8 Restriction digest Of DNA........uu it e e e 37
5.2.9 Determination of DNA CONCENrAtiON ...........uummmeeeerrerenniiarieeaeeeeeeeeeeeeeeeenaeens 38
5.2.10 Ligation of DNA fragments ..........ccooiiiimmmee e 38
5.2.11 Transformation oE. coliby electroporation.............ccccoovvviicmmmmevvvvnnnne 38
5.2.12 Transformation 0B. CEIeVISIAR...........uuuuiiiiiiiiiiiiiiiieee e 39
5.2.13 Plasmid shuffling ...........oiiiiiiii e 39
5.2.14 DNA isolation fromS. CEreVISIAE . ......uuiiiiiiiiieeeeeeeieeeeeiiiii s 40
5.2.15 DNA SEQUENCING ..ttvttetteiiiiiiiiieeeeeee e s eeeeeeeeee et e e e e e e e e e e s s s s s s assinsanbeenseeeeeeess 40
5.3  Protein chemistry and analytiCS ............ o eeeererrmrmmiiiiniieeeeeeeeeseeeseeeereennnee 41
5.3.1 Purification of the yeast 20S ProteasomMe.. . eeeeeeeeeeeeeeeeeeeeeeeernnnnnnnnn 4L
5.3.2 Purification of the murine immuno- and constitutR@S proteasome ............... 41
5.3.3 SDS polyacrylamide gel electrophoresis ...........cccccciiiiiiiiiiiiiiie 24
5.3.4 Determination of protein CoNCeNtration ...............ecceeiiieeieeeeeeeeeieeeeeineniinnnns 43
5.4  Proteasome acCtiVIty tESIS........uuuuuiiuiieeeeeeeiiiiiiiiis s e e e e e e e 43
5.4.1 OVEIAY BSSAY ..evvruuuiiiiiiieeeeeeei e et eeeeeemsaas s e e e e e e e e e e e e e e eeeeeesbbaann s 43
5.4.2 Fluorescence activity test and determination @HV@IUES ............eecvvieiieereeennn. 44
5.5  Protein crystallography .......ccooooiiiiiiiiceeececie e 44
5.5.1 Crystallization of the yeast 20S proteasomMe . .cccveeeveeervvriiiiiiiineeeeennnn b 4
5.5.2 Crystallization of the murine 20S proteasomMes. ...........coevvvvviiiiiiiiieeeeeeeeeeen 45
5.5.3 Data collection, processing and structure deteri@na.................ccevvveveeennnnns 45
6 RESUILS ... 47
6.1  SequENCE aligNMENTS.........coiiiiiiiiitemmmmmmr et e et e e e e e e e e e e e e bbb reeeeeee e e e a7
6.2  X-ray structures of the mouse 20S immuno- and dotise proteasome ............. 49
6.2.1 Crystallization and structure determination .ceeee.......cceeiiieeieeeeeieeeeeeeeiiiinns 49
6.2.2 Subunit architecture of the cCP and iCP....cccceeeiiiiiiiiiiiis 52
6.2.3 Structural analysis of the substrate binding chEnne.............ccccccceeiiiin. 53



Table of Contents

6.3 Investigations on thg5i-selective proteasome inhibitor ONX 0914 ................ 57
6.3.1 Inhibition of 20S proteasomes by ONX 0914 .. ceeveeeiiiiieiiiiiieeaeeeees 57
6.3.2 Proteasome core particles in complex with ONX 0914..........ccccevveeiiniiinnnnns 57
6.3.3 Molecular basis for the subunit selectivity of ONB14 .........ccccoeeeiiiiiiiiiiiiiinnn, 59
6.3.4 Structural analysis of the epoxyketone reactionmaBsm............ccccceeeeeeeeennnnn. 62

6.4  Yeast mutagenesis studies on the sub@@itsp5i andBSt ... 66
6.4.1 Mimicking theB5C aCtiVe SITE...........uuuuiiiiiiiiiiiiiii e 67
6.4.2 Analysis of thg35i substrate binding channel...............coeeeeiiiiiiieiiiiiiinnnn. 69
6.4.3 Probing SUBUNIBSL........cooii e 73

DISCUSSION ....ccvviiiieiiiiiiiee et s e et n e e e eeann e e e eeesnnnneeeseen d O

7.1  Structural and functional differences between thed types of CPs ..................... 76

7.2  Guidelines for the rational design of CP-selectnfebitors...............cccoevevviiiinnnnns 78

BIiblOGraphy ....cooveieeeee e 81

Y o] 1= o | G PSP 90.
10 ABDIeviations ... 96
11 PUDIICAtIONS.. ..o 99
12 ACKNOWIEAGgEMENT ......eeiiiiei e 100



Summary

1 Summary

20S proteasomes are destructive molecular machivasbreak down proteins into small
peptides. Based on their task to regulate intralegllprotein homoeostasis and to eliminate
aberrant polypeptides, proteasomes are essentiakfodivision and differentiation. Hence,
inhibition of the main proteasome types, the cdumstie proteasome and the
immunoproteasome, represents a successful theiratategy against cancers. Moreover,
selective inhibition of the immunoproteasome, pigyialso a crucial role in antigen
processing, is currently emerging as a medicindbmale for autoimmune disorders and
chronic inflammations. However, so far the develeptnof selective compounds was
hampered by the lack of structural data on the inwpuoteasome.

The present thesis describes the structural anctifumal characterization of the constitutive
proteasome and the immunoproteasome from mouse&hwhill facilitate structure-based
development of novel drugs. Using X-ray crystalaggry, the 3D-structures of both murine
proteasome types have been determined at atonuluties and the differences between the
proteolytically active subunits of the immunoprateme fli, p2i and B5i) and its
constitutive counterpar3ic, p2c andp5c) could be revealed. As the substrate specificity
pockets of the active sites differ in their sizel golarity, they give rise to distinct cleavage
and inhibitor preferences. In this regard fii¢ and f5i subunits of the immunoproteasome
evolved to generate antigens with hydrophobic Geal anchor residues that bind with high
affinity to major histocompatibility class | receps to control immune responses.

In addition, ligand complex structures of both pastome types with the firgbi-specific
compound, the tripeptide’, p’epoxyketone ONX 0914 (PR-957) provide explanationits
subunit selectivity. While the accessibility of ON}914 to the active sites fll.c andpli is
either electrostatically or sterically hampereds ff2c undp2i substrate binding channels
cannot provide enough stabilization for the ligamdirthermore, binding of ONX 0914
significantly enlarges the S1 pocket of thgc active site and shifts the adjacent peptide
backbone by up to 1.7 A. In contrast, these stratthanges do not occur in subupi of
the immunoproteasome. Different side chain conféiona of Met45 create a spacious S1 site
in subunit B5i and a significantly smaller one if5c, thereby facilitating binding of
ONX 0914 to theB5i active site compared fbc. In addition, the ligand complex structures
disclose that the binding mechanism of peptidic poamds is identical in all proteasome
subunits, including the formation of an antiparlglleheet. The selectivity of peptidomimetics
therefore solely depends on the interactions oflidend’s side chains with the substrate
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binding channel. Time-resolved examination of thedm of action of ONX 0914 using the
yeast 20S proteasome elucidated that apart froreléwgrophilic warhead particularly the P1
site determines the affinity of compounds for théve sites of the protease.

Sequence differences between & subunits of the constitutive proteasome and the
immunoproteasome were investigated by mutagenekish® yeast 20S proteasome.
Furthermore, the structurally uncharacterized satestbinding channel of suburfibt that
assembles into the vertebrate-specific thymoproteasvas mimicked in yeast. These mutant
proteasomes elucidate the impact of single amind @xchanges on the S1 pocket
architecture and the affinity of proteasome inlaikst

The structural and functional characterizationhaf inurine 20S proteasomes described herein
now supports the development of novel selectivgslifor the distinct proteasome types and
their active sites, which are of considerable theuwtic potential against cancers and

autoimmune diseases.
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2 Zusammenfassung

Das 20S Proteasom ist eine molekulare MaschinePditeine in Peptide zerlegt. Aufgrund
seiner Aufgabe das intrazellulare Proteingleichgbwizu kontrollieren und nicht mehr
funktionsfahige Proteine zu recyceln, ist das Rrsten unabdingbar fur die Zellteilung und
Zelldifferenzierung. Inhibition der beiden Haupttyp des Proteasoms, des konstitutiven
Proteasoms und des Immunoproteasoms, stellt desirabwirksame Therapiemaoglichkeit
von Krebserkrankungen dar. Zudem deuten neuereeBtuwthrauf hin, dass eine selektive
Hemmung des Immunoproteasoms, das eine zentralee Rl die Prozessierung von
Antigenen spielt, von therapeutischem Nutzen fiie dehandlung von chronischen
Entziindungen und Autoimmunerkrankungen sein konigdoch war bisher eine gezielte
Entwicklung von selektiven Hemmstoffen aufgrundlégider Strukturinformation tber das
Immunoproteasom erschwert.

Die vorliegende Arbeit beschreibt die strukturelled funktionelle Charakterisierung des
konstitutiven Proteasoms und des ImmunoproteasoensMius und erleichtert nun die
struktur-basierte  Entwicklung von neuen  Medikamente Mit  Hilfe der
Rontgenkristallographie konnten die atomaren Stimgkt der beiden murinen Proteasomtypen
bestimmt werden und die Unterschiede zwischen dateq@ytisch aktiven Untereinheiten des
Immunoproteasom$1i, f2i undp5i) sowie des konstitutiven Proteasorfisd, f2c undp5c)
herausgearbeitet werden. Da sich die Substrati@iadeén der einzelnen aktiven Zentren
sowohl in ihrer GrolRe als auch Polaritat unterstdrei ermoglichen sie verschiedene
Substrat- und Inhibitorspezifitaiten. Mit defli und B5i Untereinheiten ist das
Immunoproteasom dafiir optimiert Epitope mit apota@terminalen Enden zu generieren.
Diese binden mit hoher Affinitat an die Haupthisiolpatibilitdts-Rezeptoren der Klasse |
und kontrollieren somit Immunantworten. Zudem emdaligandenkomplexstrukturen beider
Proteasomtypen mit dem erstefiSi-spezifischen Inhibitor, dem tripeptidischen
o', B'Epoxyketon ONX 0914 (PR-957), dessen Untereinnefelektivitat. Der Zugang von
ONX 0914 zu den aktiven Zentren d@fic und Bli Untereinheiten ist elektrostatisch
beziehungsweise sterisch behindert und in den Eintegitenf2c undp2i kann der Ligand
nur unzureichend stabilisiert werden. Dartber hsnaerursacht die Bindung von ONX 0914
an das aktive Zentrum dpbc Untereinheit eine starke VergroRerung der SkiSiggstasche
sowie eine Verschiebung des angrenzenden Peptidketlaufs um bis zu 1.7 A. Im
Gegensatz dazu bewirkt ONX 0914 keinerlei Veranagea im Substratbindekanal dg&si
Untereinheit des Immunoproteasoms. UnterschiedliS®atenkettenkonformationen von

10
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Met45 in derf5i und p5¢c Untereinheit machen die S1 Tasche gi&r Untereinheit im
Vergleich zu B5c gerdumiger, sodass die Bindung von ONX 0914 ien @5i
Substratbindekanal leichter als an @8e aktive Zentrum erfolgen kann. Weiterhin zeigen d
Ligandenkomplexstrukturen auf, dass der Bindemdshars des peptidischen Inhibitors fur
alle Proteasomuntereinheiten des Immuno- und dastikativen Proteasoms identisch tber
die Formierung eines anti-parallel@nFaltblattes verlauft. Somit wird die Selektivitéabn
Peptidomimetika einzig von den Interaktionen derganden-Seitenketten mit dem
Substratbindekanal bestimmt. Zeitaufgeloste Untdmsngen zum Reaktionsmechanismus
von ONX 0914 am 20S Proteasom \®&accharomyces cerevisiaeigen auf, dass abgesehen
von der elektrophilen Kopfgruppe, insbesondere Rlle Seitenkette von Inhibitoren deren
Affinitat fur die proteolytisch aktiven Zentren limsmt.

Die Sequenzunterschiede in den Proteolysezentreffcdé&ntereinheiten des konstitutiven
Proteasoms und des Immunoproteasoms wurden niMtglsgenese des 20S Proteasoms aus
S. cerevisiaaintersucht. Dariber hinaus wurde der Substratkardd derf5t Untereinheit,
die in das sogenannte Thymusproteasom von Vergbeahgebaut wird und strukturell nicht
charakterisierte ist, in Hefe rekonstituiert. Diedeatanten klaren die Bedeutung einzelner
Aminosaureaustausche fur die Architektur der Slchas sowie fur die Affinitat von
Proteasominhibitoren.

Die hier erlauterte strukturelle und funktionellbaZakterisierung der 20S Proteasome aus der
Maus unterstutzt die Entwicklung neuer selektiveentthstoffe fur die einzelnen
Proteasomtypen und -untereinheiten, welche gegeigwaon hohem therapeutischen

Potential fir die Behandlung von Krebs- und Autoiom@arkrankungen sind.

11
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3 Introduction

3.1 Intracellular protein degradation and antigen preseatation

All proteins undergo a life cycle, starting fronmethsynthesis at ribosomes and ending with
their degradation to peptides and single aminosaditiereby, the building blocks for tke
novo synthesis of polypeptides are recycled and intamidimportant cellular functions are
controlled. These include protein homoeostasid, melliferation, signal transduction and
antigen productidfl. The lysosomal and the non-lysosomal protein diagian pathways
process the majority of intracellular self and redhproteins. In lysosomes proteases termed
cathepsins unselectively degrade proteins. Thdtiegypeptide fragments can be loaded on
major histocompatibility complex class (MHC) Il egtors and presented on the cell surface
to immune cellé. In contrast, hydrolysis of more than 90 % of @ftosolic proteins is
carried out by the 26S proteasomehe central player of the non-lysosomal protein
degradation pathway. The 26S proteasome, a muallytiat ATP-dependent protease located
in the cytosol and the nucleus, selectively cuty/ylmquitylated proteins to peptides of
diverse lengtHd. While most of these peptides are further decomgds single amino acids,
a fraction escapes this fate and serves as antigettse immune system in vertebrates. Prior
or after N-terminal trimming to 8-11 amino acids Bgninopeptidasé$ putative epitopes
transit into the endoplasmic reticulum (ER) by ttiansporter associated with antigen
processing (TAP), a member of the ATP-binding csseansporter famify). In the ER
peptides can associate with the binding cleft adceat MHC | receptors. The peptide’s
affinity for the MHC | complex largely depends da C-terminal anchor resid8e which is
determined by the cleavage specificities of thetgasome. Only stable receptor:ligand
complexes adopt a mature structure and are tratiespor vesicles to the cell membrane for
their exposure to the extracellular environmentrv8ying effector cells of the immune
system scan the peptide cargos of both MHC | arrédéptor proteins for their origin and
cells that carry bacterial or viral peptides onitleell surface are identified and eliminated by
cytotoxic T lymphocytes to prevent an infectibnHence, by shaping the antigenic pool of
peptides the proteasome constitutes a key comparfetite adaptive immune system of

vertebrates.

12
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3.2 The ubiquitin-proteasome system
3.2.1 Polyubiquitylation — a signal for degradation

Posttranslational modifications such as ubiquitglatcontrol the subcellular localization,
signal transduction, enzymatic activity and stapitif eukaryotic proteins. Ubiquitin itself is
a highly conserved polypeptide of 8.5 kDa and 76nanacids and its covalent linkage to
proteins is catalysed by the sequential actiorhode classes of enzymes, termed ubiquitin-
activating enzyme (E1), ubiquitin-conjugating enzy(E2) and ubiquitin ligase (E¥). The

E1 enzyme activates the C-terminal glycine reswiugbiquitin in an ATP-dependent manner
under the release of pyrophosphate. Subsequenhmitamt of the adenylated ubiquitin to the
active site Cys residue of the E1 enzyme yieldbieester and an AMP molecule. Next,
ubiquitin is conjugated to the catalytic Cys of aliquitin-conjugating enzyme (E2) and
finally, an E3 ligase creates an isopeptide bortd/dsen the ubiquitin’s C-terminus and the
amino group of a lysine side chain in the substpatetein (Figure 3. Selectivity of the
ubiquitylation reaction is ensured by a myriad &f ligases that binds to recognition sites in
their target proteins either directly or via adagtooteins. Commonly, proteins that carry a
chain of at least four ubiquitin molecules conndat& Lys48 are targeted for degradation by
the 26S proteasorfie

m m
= N

@ N H3+

Oxc/NH S\céo @
&<
arge
o~ o~
E2 E3
E3 Target

Figure 1 Ubiquitin activation and linkage to substmate proteins.Adenylation of ubiquitin by an E1 enzyme is
followed by its transfer to an E2 ubiquitin-conjtigg enzyme. An E3 ligase covalently attaches ubigto a
lysine residue in the target protein.

Adapted from Berg and Stryer, 2002
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3.2.2 Subunit composition and architecture of proteasomes

The 26S proteasome is a molecular machine of appetgly 2.5 MDa, consisting of a
cylindrical 20S core particle (CP) and two 19S fatpry complexes associated on both ends.
The 19S cap binds polyubiquitylated substratesves off their ubiquitin molecules, unfolds
and finally translocates client proteins into thetgolytic 20S chambBf!. In contrast to the
19S complex whose atomic structure has not yet beswived, the core of the proteasome
has been extensively characterized at the moledeNad, leading to the following current
understanding of its evolution and functioning.

The barrel-shaped CP is present in all three kingdof life, bacteria, archaea and
eukaryotes. Bacteria except for actinomycetes har@-like complexes termed heat-shock
locus (Hsl) V that consist of two homohexamerigsirof a proteolytically active subufit.
The CP of actinomycetes, archaea and eukaryoteptsado more complex quarternary
structure. The X-ray structures of the CP from #@nehaeoriThermoplasma acidophilutfl
and the eukaryots. cerevisid&® proved that the protease is a cylinder of 148 feigth and
113 A in width with a molecular mass of approxinatg20 kDa and that it consists of two
different types of subunits termed and p. Both monomers are assembled in four
homoheptameric rings that are stacked infu stoichiometry around a central pore. Due to
its two-fold rotational symmetry the CP comprise tidentical halves (Figure 5!
Archaeal 20S proteasomes incorporate only one ¢fpeand one type op subunit'?. By
contrast, eukaryotic proteasomes contain seveerdiita (1-7) and seven differeffk (1-7)
subunits (Figure &, which occupy unique positions within the CP. ARflown o and B
subunits share the same tertiary structure of twiiparallel five-strande@ sheets being
flanked bya helices and probably evolved from a common ancéBtgure 2A)2 14

Several functions have been attributed to dhsubunits. Their intrinsic ability to form a
heptameric ring is pivotal for the assembly of fheubunits and the formation of the CP.
Furthermore, so-called shuttling sequences imiteabunits enable the import of the CP into
the nucleus and its re-expdtt Thea subunits also form the entry gate to the integibthe
CP®. In particular, the N-terminal extensions of thusnitsa2, o3 anda4 close the barrel-
shaped CP on both ends and thereby abolish undledtrdegradation of intracellular
protein'**®. Docking of regulatory and adapter complexes sicthe 11S (PA28), 19S and
PA200 (BIm10) particles onto the ring rearranges the N-termini of the subunits and
enables access to the proteolytically active shiesare sequestered in theings'’”. Thep
subunits are synthesized as inactive precursoeipwith N-terminal propeptides of up to
75 amino acids. These propeptides are involvedRna€sembly assisted by the proteasome

14
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maturation factor Ump1 (ubiquitin-mediated protesidy11'® and protect the catalytic active
sites from inactivating N acetylation prior to proteasome maturafidnin the final step of
proteasome assembly the propeptides are removethtiamolecular autolysis, thereby
exposing the proteolytically active Thrl residues gielding a proteasome particle that can
cut polypeptides down to sie 2. Remarkably, in eukaryotes only three out of thees
different B subunits, namely$l, p2 and 5, are proteolytically active as N-terminal

nucleophile (Ntn) threonine hydrolaSés

¥~ P subunit
'CP
archaea B1-7
(a7B7).
N
yCP
eukaryotes yB1
yp2
yB5
(0_7B1-7),
ol N
cCP ‘ tCP
vertebrates E;g B 1! Eé:
psc pst

(0t1_7B1-7), (a_7B1-7). (0t_7B1-7),

Figure 2 Evolution of 20S proteasomegA) Archaeal CPs are assembled of two different tygfjemonomers,
namely inactivea (grey) and proteolytically activ subunits (blue). Both presumably originated from a
common but unknown precursor prot&éth Eukaryotes such & cerevisia@ncode seven differentand seven
different subunits, but only thg subunitsp1 (green)p2 (red) and35 (blue) are enzymatically actf@. Their
inactive a and p subunits are coloured in grey. In vertebratesettulasses of 20S proteasomes evolved. The
constitutive proteasome (cCP), the immunoproteas@@f®) and the thymoproteasome (tCP) have distinst set
of catalyticp subunits and thus, are implemented in differealoigiical pathway$* #! (B) Side and top view of
the eukaryotic CP. The,Gymmetry of the proteasome particle is indicated eed rod.

Adapted from Hubeet al, 201%°%.
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Whereas primitive eukaryotes like baker's yeastr edy one type of CB¥, vertebrates
express three classes of Fs?® the constitutive proteasome (cCP), the immun@asme
(iCP) and the thymoproteasome (tCP). The cCP campthe catalytic active constitutive (c)
subunits3lc (Y, PSMBE, p2c (Z,PSMB7 andp5c (X, PSMBY and represents the prevailing
proteasome species in cells of non-haematopoigaiaoln contrast, in immune cells such as
lymphocytes and monocytes the iCP is predomifiaFigure 2A). Nonetheless, expression
of the iCP can also be induced in non-immune tsdyeproinflammatory cytokines such as
interferon (IFN)y and tumour necrosis factor (TNEX™ ¥ As the three proteolytically
active immuno (i) subunit$li (LMP2, low molecular weight protein 2SMB9, B2i
(MECL1, multicatalytic endopeptidase complex-likeASMB1(Q and p5i (LMP7, PSMB§

are preferentially assembled into CPs, mainly i@GPs formedde novoupon cytokine
releas&® ! Apart from the i subunits IFN-also triggers the expression of the 11S adaptor
complex PA28B[26]. This particle stimulates proteasome activity andessential for the
generation of certain antigenic peptid&sFurthermore, PA28 has been suggested to target
ICPs to the TAP in the ER membrane in order toadyetranslocate the generated peptides
into the ER lumef?. Besides the cCP and iCP, mixed proteasomes ket subunit
compositionflc, p2c andp5i or B1lc, p2i andp5i were reported to account for 30-50 % of all
cellular CP%® and even CPs with asymmetric compositiof$ sfibunits were describéd.

The third type of CP, the vertebrate-specific thpnodeasome (tCP), is exclusively expressed
in cortical thymic epithelial cells (cTECs) and amporates the i subunifsli andp2i as well

as the exceptional subufist (PSMB1)?*! (Figure 2A). The unique expression profile and
subunit composition of the tCP has been implicabeplay a pivotal role for the development
of CD8' cytotoxic T cells as part of the adaptive immuystem.

3.2.3 Proteolysis by 20S proteasomes

Structural studies along with mutagenesis experimproved that a sophisticated hydrogen
bond network involving the amino acids Thrl, Aspllys33, Serl29, Aspl66 and Serl69 is
responsible for the nucleophilicity of thenydroxylgroup of the active site Thrl and thus, fo
proteolytic activity*>*%. A nucleophilic water molecule cluster in the wetbite induces the
proton transfer from Thr1Oto ThrlN, which functions as proton acceptor. Repbond
hydrolysis then starts with an attack of the N-teahThr1O onto the electrophilic carbonyl
carbon atom of the scissile peptide bond of sutesypeoteins (Figure 3). This reaction step
creates an acyl-enzyme intermediate and frees tterrhinus of the C-terminal peptide

16
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fragment. Addition of a pre-oriented nucleophiliater molecule restores the catalytic Thrl

and deliberates the C-terminus of the second ctgapeoduct (Figure Y.

H2N H,N H,N H,N HoN
o={ o={ o o=2 0
NH .- NH NH NH
g th ;\' HO,
&: S = <5' = r o =5 /~ &= /ot -
HN ; R2 HN---. 2 R2
{H N7 o+ R H,N
o .%o 0:2 H;N | HzN 1 o
OH /
H.QH, OH H—O.H
.0, H,N H,N H,N
Peptide  Thr1 of active H™"H 2 2 2
substrate g subunits 0 o) o
OH OH OH

Figure 3 Peptide bond hydrolysis by the proteasomé&he nucleophilic ThrlO(red) attacks the electrophilic
carbonyl carbon atom of the peptide bond therebgasing the first cleavage product. In a secong ste
hydrolysis of the formed acyl-enzyme complex (greend) frees the N-terminal cleavage product astbres
the catalytic Thrl.

The proteasome is classified as an endoprotease hasbours primed (S1’, S2’, S3’) and
unprimed substrate binding pockets (S1, S2, S3)ateaformed by two adjacent subuliits
The chemical nature of these sites, which accomiedtie side chains (P residues) of client
proteins (Figure 4), determines the mean residéinoe of ligands and thus, the cleavage

preferences.

Unprimed substrate Scissile
binding channel bond
S2
0 P, o] 0
N N/kﬂ/ . N . N/HI/
H H H H H
P; o} P, o] o}
Y \ S
S3 S1
Active
site

Figure 4 Schematic representation of the substratbinding channel of the proteasomal active siteslhe
primed pockets (S’; green) and unprimed specifisitgs (S; dark green) bind the ligand’s side chéi#i and P
sites). Afterwards the active site Thrl (red) cksathe scissile peptide bond (blue).

Adapted from Hubeet al, 2013°% 3%,

In particular the chemical properties of amino at%j forming the bottom of the S1 pocket,
decide on proteasomal substrate specificities. pbsitively charged Arg45 of subunit
yB1/Blc favours a caspase-like (CL) activity by accomatimd) acidic residues in the S1

pocket. However, suburfil can also cleave after some hydrophobic amincsamd thereby
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contributes to the branched chain amino acid priefp(Braap) activity of the proteasolie
Even though a trypsin-like (TL) activity has beettributed to subunit §2/2c, it can
virtually processes after all kind of residues ayvio Gly45. The chymotrypsin-like (ChTL)
activity, residing in subunit B6/85c, preferentially hydrolyses proteins C-terminady
hydrophobic amino acids, because its substratarignthannel is lined with apolar residues
such as Met45 ¥ |n addition, a so-called small neutral amino agigferring activity
(Snaap) has been assigned to the proteasome. &4CHy previous studies suggested a
reduced CL activity, but an enhanced ChTL actigisycompared with the cCP/y&p332 34

In contrast, the vertebrate-specific tCP has besmnomstrated to exert only minimal ChTL

activity?'c,

3.2.4 Immune functions of 20S proteasomes

CPs shape the pool of antigenic peptides that masepted by MHC | receptors on the cell
surface to immune cells. Importantly, all threedypof CPs, the cCP, iCP and tCP, are
capable of generating antigéii's However, their distinct substrate specificitiesult in
different epitope repertoires and physiological iegtions. Although certain cCP-dependent
peptides can trigger immune reactions, the iCP adiqularly decisive for this process.
Cytokines released during viral infections indube texpression of the iCP in order to
enhance antigen presentation and to support clearaihthe pathogen. In agreement, mice
lacking the ICP bear a significantly altered repieet of antigens in terms of quantity and
quality, implicating that the i subunits enlargdtbthe abundance and the diversity of MHC |
epitopeS®. Besides, the iCP plays a crucial role in T céfledentiation and the release of
proinflammatory cytokines such as interleukin (B3; IL-2 and IFNy via a yet unkown
nuclear factorB (NF-xB)—independent pathw&Y/. In addition, proteins that are damaged by
cytokine-induced oxidative stress were shown teffieiently cleared by the iG#,

In contrast to the cCP, the expression of the t&ofRstricted to the cTECs of the thyrhith
This specialized organ of the immune system seld@ctyymphocytes for the optimal
interaction strength of their T cell receptor (TCR)th MHC:self-peptide complexes.
Immature thymocytes whose TCR tightly binds to MHCeptors loaded with self-antigens
are auto-reactive and are eliminated by negatidecten, while T cells with weak
TCR:MHC interactions are considered as self-tolesaml thus survive (positive selectif)

%1 The markedly attenuated ChTL activity of the t§fecific subunit35t is assumed to
produce low-affinity self-epitopes for the preseiota on MHC receptof$®. Moreover, the
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peptide pool created by tCPs in cTECs is uniqueuthinout the body and thus, might prevent
autoimmunity, as positively selected T cells moglelesm cross-react with self-peptides that
have been generated by the cCP and iCP outsideTtes*”. Remarkably, irp5t-depleted
mice the number of CTLs is reduced by 75 %, stngsthie importance of the tCP for the
maturation of thymocyt&®. In conclusion, the tCP helps to establish a &mierT cell
repertoire, the prerequisite for a functional adeptmmune system and the iCP promotes
immune surveillance and the elimination of path@getence, both the tCP and the ICP are
key players of the adaptive immune system in veatels and their malfunctioning positively

correlates with the onset of diverse diseases.

3.3 20S proteasomes: validated and emerging drug target

20S proteasomes primarily serve to degrade regylato aberrant proteins, but during
evolution this function has been exploited for tevelopment of the vertebrate immune
system. Thus, the multifaceted functions of CPsartakm attractive drug targets for diseases
as diverse as cancers and autoimmune disorders.

The CP levels of tumour cells are often upregulabetause their accelerated cell cycle and
metabolism require increased turnover rates ofeprst This dependence on CP activity
renders neoplastic cells highly susceptible togasbme inhibition. Among cancers multiple
myeloma cells are most sensitive to CP inhibitdraviyeloma cells are derived from plasma
cells and their excessive synthesis of immunogiobubs well as their chromosomal
instability leads to many aberrant and misfoldedtgins that have to be removed by CPs.
Hence, inhibition of the CP causes the accumulaifgorotein aggregates and finally triggers
ER stress as well as the unfolded protein respBhsEurthermore, CP inhibitors block
proinflammatory signalling cascades such asxBFand the expression of anti-apoptotic
target gené&®. Ultimately, tumour suppressor genes like the inydtinase inhibitor
p27%1*% induce apoptosis in transformed cells, while Hsaltells remain unaffectédf.
This difference in susceptibility creates a thetdipewindow for proteasome inhibition in
haematological cancers.

However, in certain malignancies, including lunglon and prostate cancers as well as feline
primary fibrosarcoma, tumour pathogenesis dependsl@vated iCP and cytokine levéfs
Additionally, Alzheimer$®™ and Huntington’é® disease as well as amyotrophic lateral
sclerosi” and inflammatory bowel dised® are characterized by increased expression

rates of iCPs or single i subunits. Moreover, abradrlevels of i subunits were observed in
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Sjogren’s syndromi&’, inclusion body myositis, myofibrillar myopatfy, Crohn’s
diseasBY and dextran sulfate sodium-induced cdfflsThese findings suggest a therapeutic
benefit from blocking solely the iCP, at least the above mentioned diseases. So far,
inhibition of the iCP has proven its effectiven@ss number of autoimmune disordéfs®,

but ambiguous results were obtained with respedstanti-cancer activity. Although a few
malignancies were reported to be sensitive to itibib of the iCP*** 54 other studies
demonstrate that only simultaneous blockage ofraéeetive sites, for instance pbc and
B5i, efficiently causes cell death.

In contrast to the cCP and iCP, the therapeutien@ of tCP blockage has not been

investigated up to now.

3.4 Types of proteasome inhibitors

Drug discovery in the ubiquitin-proteasome systeas heen considerably facilitated by the
crystallographic analysis of the CP fro acidophiluft?, S. cerevisidé® and Bos
taurug®*®. Most of the proteasome inhibitors known todaybbar an electrophilic head
group that reversibly or irreversibly inhibits tbhatalytic Thr1®. According to their type of
pharmacophore covalently acting compounds can beiaded into seven classes (Figure 5):
aldehydes, vinyl sulfones, vinyl amides (syrbagtinsoronic acids,ao’,p’epoxyketones,

a ketoaldehydes (glyoxals) arfidlactones. Aldehydes, such as the calpain inhitofAc-
Leu-Leu-norleucinal) and Il (Ac-Leu-Leu-methionalere the first inhibitors identified for
the proteasont&' °®. However, their susceptibility to oxidation anckithoff-target activity
towards serine and cysteine proteases restriat thedical potential. Vinyl sulfon€4 and
the naturally occurring syrbactiff8 form an ether bond with ThrfGn a Michael-type 1,4-
addition, but also target cysteine proteases. Eurthre § lactones are, depending on thelr R
substituent, either reversible or irreversible fairs of the CB® and its most prominent
representative marizomib (salinosporamide A; NP3Z)ONereus Pharmaceuticals, Inc.) is
currently in clinical phase | trials for myelomgmiphoma and leukaenfid. Despite their
high reactivity and the associated adverse effdmsonic acids such as bortezomib are
among the most potent inhibitors of the CP (see a&xtion 3.5). The recently developed
second-generation drugs for the proteasomenapéepoxyketone-based compounds. Their
pharmacophore is derived from the natural prodpoixemicin that irreversibly inhibits the
CP in a bivalent reaction involving both Thriahd ThriN (see 6.34Y. Due to this mode of

actiona’, B’epoxyketones are highly selective for Ntn hydreksuch as the 20S proteasome.
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Employing a reaction mechanism similar t0,’epoxyketones,a ketoaldehydes also
selectively target CPs but their formation of alicySchiffbase with Thri©and ThrlN is
reversiblé?.

Except for lactones and syrbactins, CP ligandsisbo$ a peptidic backbone of two to four
amino acids that is attached to one of the listect®philic head groups. These peptide-based
compounds were shown to mimic natural protein sates by forming an antiparallglsheet

in the substrate binding channels of the §&p

Aldehyde Vinyl sulfone Syrbactin Boronic acid o', B' Epoxyketone o Ketoaldehyde Lactone
R O H oo o N R R _OH R' O R' O H ' o
R _N_- ‘< ]
A R OH 0 °='Sj. 0
o] o -
! o pz R

N

Figure 5 Electrophilic headgroups of covalently actig proteasome inhibitors. The functional groups are
shown in cyan with their oxygens marked in red.aRd R designate the variable parts of the compounds. For
lactones the Pand B side chains, targeting the corresponding S poake®s, are depicted.

3.5 Clinically relevant proteasome inhibitors

After years of academic and pharmaceutical research2003, bortezomib (Velcalle
Millenium Pharmaceuticals, Inc.; PS-341) has beemtgd full approval by the U. S. food
and drug administration (FDA) for the treatmentailtiple myeloma as well as relapsed or
refractory mantle cell lymphoma (Figure[Gé]) Furthermore, the therapeutic benefit of
bortezomib for organ transplantatibhand solid tumours like non-small cell lung cafféer
is currently being investigated. With annual satdées of more than 2 billion dollars
bortezomib is a blockbuster drug that substantielibngates the life spans and survival rates
of multiple myeloma patients. The dipeptide boroaoed inhibitor potently inhibits thf5c,
51 andpli active sites of the cCP and iCP withsd@alues of 3-8 nM and only in higher
concentrations also targets tifidc, p2c and B2i subunit§?®. Boronic acids such as
bortezomib form a reversible tetrahedral transitsdate with ThrlO that is stabilized by
hydrogen bonds with ThrlN and the oxyanion hole 4@NH of active proteasome
subunit®’. Although these interactions promote a highernffi of bortezomib for Ntn
hydrolases, bortezomib was shown to also consitieiahibit serine proteases, including
cathepsin G, cathepsin A, chymase, dipeptidyl dept Il and HtrA2/omi, involved in
neuronal survivdi®. These off-target activities cause severe neuititg¥eading to tremor,

reduced nerve conduction velocity and nerve degdioer which affect about 30 % of all
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patients treated with bortezorfifh. Additional drawbacks of bortezomib include
thrombocytopenia, neutropenia and gastrointestidedorders as well as its poor
bioavailability that necessitates intravenous adstriatiori®”.

Moreover, a significant fraction of newly diagnogeatients does not respond to bortezomib
and treated patients often reldf8e Whereas increased concentrations of the heatkshoc
protein (Hsp) 27 were reported to confer primargisenc€Y, the molecular basis for
acquired non-responsiveness to bortezomib isistilbcus of scientific research efforts. So
far, cell culture studies analysing the long-terffeats of bortezomib treatment revealed
several adaptive mutations in tig substrate binding channel that convey drug eastst
For instance, the mutations M45V, M45I, A49T, AAAR0V, C52F and C63F are suggested
to impair both the catalytic activity of suburfi® and its affinity for bortezomib, hereby
leading to the observed reduction in therapeuficafy’?. These findings might also provide
an explanation for the up-regulation of subupit as a compensation for its decreased
activity!’?®. However, evidence for the clinical relevancehsfsein vitro identified mutations
and their biological impact still has to be addudddspite its overwhelming success in the
first decade of its application, bortezomib’s disaatages encouraged the development of a

second generation of CP inhibitors.

~
S ! S; _/
bortezomib (Velcade®) carfilzomib (Kyprolis™) oprozomib (ONX 0912) S

Figure 6 Prominent proteasome inhibitors.The chemical structures of the dipeptide boronid athibitor
bortezomib, the tetrapeptidic, p’epoxyketone carfilzomib and the tripeptide oprozmrare shown. All three
compounds target tHfgbc andB5i active sites of the proteasome. Bortezomib axfilzomib are FDA approved
for the treatment of multiple myeloma; oprozomibinigphase | clinical trials. The unprimed substsiecificity
(S) pockets of the CP that are targeted by thes@aonus are indicated in green.

Just recently, in July 2012, one of these novel mmmds, carfilzomib (Kyprol§ Onyx
Pharmaceuticals, Inc.; PR-171) has been approveatebi#DA as a second-line drug for the
treatment of patients that relapsed from bortezoffigure 6Y*'. Carfilzomib belongs to the
class ofa’,’epoxyketones derived from the microbial naturaddgarct epoxomicin. To date,
due to their bivalent irreversible reaction modé&p’epoxyketones are the most specific
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inhibitors known for the CP (see 6.3.4). Similarly to bortezomib, carfilzonplotently
blocks thep5c andp5i active sites of cCP and iCP withsf3values of 6 nM and 33 nM,
respectively, but unlike bortezomib, carfilzomibeganot affecp1d’. Although carfilzomib
also unintentionally induces neutropenia and thraeytopenia, it does not cause peripheral
neurotoxicity, as observed for the boronic acictémwmiti®® !

Oprozomib (Onyx Pharmaceuticals, Inc.; ONX 0912;-G2R), another epoxomicin
derivative, is an orally available inhibitor of bothe5c and the85i active sites (16 (B5¢)

36 nM; 1Gso (B5i) 82 nM)’®.. Owing to its high cytotoxicity and its superigrio bortezomib
and carfilzomib with respect to its mode of adntiaiBon, oprozomib is currently being
explored in Phase | clinical trials as a monothgrég solid tumours and haematological

malignancies.

3.6 Subunit-specific proteasome inhibitors and their tlerapeutic potential
Subunit-specific inhibitory compounds are valuabt®ls for examining the impact of
individual proteasome subunits on cell division @nalogical signalling pathways. However,
the development of compounds with subunit spetiigiis often hindered by the strong
inhibitory potency of most reactive functional hegwups (see chapter 3.4). Hence, only
ligands that undergo optimal enthalpic interactiotith the surrounding protein residues exert
pronounced subunit selectivity and for their desittactural data are strongly demanded.

A long time drug design efforts solely concentradadthe ChTL activities of the proteasome,
but current studies also take into account the @d &L active sites. Recently, a series of
o', B'epoxyketone inhibitors that target the TL actieitiof the cCP and iCP was publish@d
These compounds were demonstrated to render matigoells more susceptible to
bortezomib and carfilzomib thafl-selective inhibitof§”. Nonetheless, compounds with
selectivity for eithep2c orp2i are still not available. For subuiiti two selective drugs have
been reported so far: UK-101, a dihydroeponemyeaisela’, p’epoxyketone and IPSI-001
(calpeptin), a peptide aldehyde inhibitor. The tytaity of UK-101 towards Bli
overexpressing prostate cancer ¢éffsunderlines the importance of the iCP for the oaset
progression of at least certain malignancies. Likewanti-tumour activity has been described
for IPSI-008**¥ however, its apoptotic effects might result fraorinhibition of p5 active
sites. For thg5 subunits several highly potent and selectivenlitgaare known. The most
potent compound is thep5i-targeting o',p'epoxyketone ONX 0914 (PR-957;
OnyxPharmaceuticals, Inc.; Figurd*#) Remarkably, ONX 0914 showed therapeutic effects
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Figure 7 Chemical structures offf5i- and p5c-selective compoundgA) ONX 0914 and PR-924 specifically
target subunifbi of the iCP. B) PR-825 and PR-893 are selective inhibitors ofptbe active site of the cCP.
The unprimed substrate specificity pockets of thegasome that accommodate the side chains ofetpigdfc
inhibitors are indicated in green.

in mouse models of rheumatoid arthfifis experimental coliti$®®, lupus erythematosti®”
and Hashimoto's thyroiditi&®. These medicinal benefits are based on the reducti the
levels of proinflammatory cytokines such as IL-6;23 and TNE" and the modulation of
CTL responses. More specifically, ONX 0914 harnes dhfferentiation and proliferation of
Tul and F17 cells but not of regulatory T lymphocytés In addition, administration of
ONX 0914 depresses the expression of MHC | recsepitob0 % and abolishes the production
of B5i-restricted antigens. Compared to etanerceptcavemger of the proinflammatory
cytokine TNFe currently used as an immunosuppressant, ONX 09erte higher
potency’”. Based on its promising pharmacological propewies effects in model systems,
ONX 0914 is further investigated in preclinical dies for autoimmune diseases. The
medicinal potential of the secorfbi-selective compound PR-924 (Onyx Pharmaceuticals,
Inc.), a structural analogue of ONX 0914, has net lpeen evaluated in immunological
disorders, but conflicting data have been descrilgth respect to its anti-myeloma

54b. 581 Notably, the two epoxomicin derivatives PR-825d aRR-893 (Onyx

activit
Pharmaceuticals, Inc.), that selectively targetusitbf5c, were attributed neither anti-
inflammatory nor anti-cancer activity °*. Hence, cCP and tCP selective drugs remain to be
examined for any medicinal use.

24



Obijective

4 Objective

Structural information on the yCP alone and in ctampvith ligands strongly supported the
development of the currently known potent CP irtbitsi bortezomib and carfilzomib. Both
compounds do not discriminate between the three maian CP types and, thereby, exert
anti-cancer activity. However, recent studies destrae that iCP-specific inhibitors might
qualify as therapeutics in autoimmune diseasesfagoonly a few iCP-specific inhibitors
were identified, mostly because structural datéhenCP were lacking.

The aim of this thesis was to elucidate the atmstnactures of the murine iCP and cCP by X-
ray crystallography. The crystal structures of bG# types from one organism enable the
direct comparison of the structural features ofitbé and the cCP frorivlus musculusthe
cCP fromB. taurusand the CP 08. cerevisiaeThe structural data were expected to explain
observed differences in the substrate specificafate iCP and cCP. Moreover the structural
characterization aimed at providing insights irite generation of the distinct MHC | peptide
patterns by the cCP and iCP and into the pivotk of the iCP in the adaptive immune
system of vertebrates. Besides the examinatioheotleavage preferences, it was intended to
elucidate the molecular basis for the (non-) saligtof known CP inhibitors. In particular,
cCP and iCP structures in complex with the iCP-#jgeepoxyketone inhibitor ONX 0914
were supposed to unravel the reason fg5iselectivity.

Amino acid substitutions in the substrate bindihgrmel are known to affect cleavage and
inhibitor specificities. To evaluate the impactashino acid differences betwe@b subunits
on the proteolytic activity mutagenesis experimenith the model organisr®. cerevisiae
were envisioned. These aimed at imitating the adite surroundings of subufic, f5i and
B5t. Structural data on these mutant yCPs and aratysheir affinity towards ONX 0914
and bortezomib were expected to reveal the effetteoamino acid substitutions on substrate
and inhibitor specificities.

In summary, a multidisciplinary approach combiningray crystallography, yeast
mutagenesis and inhibition assays was intendedrdoide detailed information on the
architecture of all active sites of murine CP types the development of potential lead

structures for diverse medicinal applications.
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5 Materials and Methods

5.1 Materials
5.1.1 Chemicals

All chemicals were obtained from the following coamges:

AppliChem (Darmstadt, DE), Biomol (Hamburg, DE),ukd (Neu-Ulm, DE), Merck
(Darmstadt, DE), Sigma-Aldrich (Steinheim, DE), \&e(Heidelberg, DE), Roth (Karlsruhe,
DE) and VWR (Darmstadt, DE).

5.1.2 Antibiotics

Ampicillin was used in a final concentration of 18t/ for the selection of transformed
Escherichia col(E. coli).

5.1.3 Media

LBy medium Peptone 1 % (w/v)
Yeast extract 0.5 % (w/v)
NacCl 0.5 % (w/v)
(Agar 2 % (wiv))

SOC medium Peptone 2 % (W/v)
Yeast extract 0.5 % (w/v)
Glucose 20 mM
MgSOy 10 mM
NacCl 10 mM
MgCl, 10 mM
KCI 2.5 mM

YPD medium Yeast extract 1 % (w/v)
Peptone 2 % (wiv)
Glucose 2 % (w/v)
(Agar 2 % (wiv))
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Synthetic complete medium (CM)

CM medium uraleu his

CM medium leuhis 5-FOA

5.1.4 Enzymes

Dropout Powder

Yeast Nitrogen Base w/o aa

130% (w/v)
0.67 % (w/v)

Glucose 2 % (wlv)
pH 5.6

2xX CM medium 300 ml
4 % (w/v) Agar 300 ml
40 % (w/v) Glucose 30 ml
Adenine (30 mM) 6 ml
Tryptophane (40 mM) 6 ml
Lysine (100 mM) 6 ml
2x CM medium 300 ml
4 % (w/v) Agar 300 ml
40 % (w/v) Glucose 30 ml
Adenine (30 mM) 6 ml
Tryptophane (40 mM) 6 ml
Lysine (100 mM) 6 ml
Uracil (20 mM) 15 mi
5-fluoroorotic acid (5-FOA) 0.6¢g

Phusion DNA Polymerase (2 U/ul)

Pfu Turbo DNA PolymeraSe

Restriction endonucleaganHI (20 U/ul)
Restriction endonucleaséndlll (20 U/ul)
Restriction endonucleagpnl (20 U/ul)
T4 DNA Ligase (1 U/ul)

DNAse |

Finnzymes (VaniEa
Agilent (Santa Clara, US)
New England Biolabs (Ipswich, US)
New England Biolabs (Ipswich, US)
New England Biolabs (Ipswich, US)
Invitrogen (Carlsbad, US)
Sigma-Aldrich (St. Louis, US)
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5.1.5 Primer

All oligonucleotides were either HPSF or HPLC prdf and dissolved in ddi@ to a final
concentration of 100 pmol/ul. The working concetira of the primer was 10 pmol/ul. All

primer were synthesized by Eurofins MWG Operon,rElberg.

Primer Sequence 52 3’

5/6F GAAACAGCTATGACCATGAT

5/6R GACGGCCAGTGAATTGTAAT

20S_22C for AGATTCTCGTIT/GCCACTTGTGGCAATTG
20S 22C rev CAATTGCCACAAGTGGA/CACGAGAATCT
27S_31M_rev CTTCAC/TAGTTTGAGAAGC/AAACCCAATTGC
31M_for CTTCTCAAACTG/ATGAAGAAAGTTATTG
31M_for2 CTTCTCAAACTATGAAGAAAGTTATTGAG
31S for TCTCAAACTTCTAAGAAAGTTATTG

31S rev CAATAACTTTCTTAGAAGTTTGAGA

45T 48T for TGGGTACAACTTCCGGTACTGCGGCAG
45T 48T rev CTGCCGCAGTACCGGAAGTTGTACCCA
57R_for TTTTGGGAACGTTGGCTAGGT

57R_rev ACCTAGCCAACGTTCCCAAAA

32N_for CTCAAACTG/ATGAATAAAGTTATTG
32N_rev CAATAACTTTATTCAT/ICAGTTTGAG
53S_for GGCAGATTGTTCATTTTGGG

53S _rev CCCAAAATGAACAATCTGCC

53S_57R-for GTTCATTTTGGGAACGTTGGCTAGGTTCT
53S_57R-rev CAACGTTCCCAAAATGAACAATCTGCCGC

SCSTRNG-M45A_for
SCSTRNG-M45A_rev
SCSTRNG-M45V_for
SCSTRNG-M45V_rev
71G_for

71G _rev

127T_for

127T rev

CATTTTTATTGGGTACCGCGTCTGGTTGTGCGABG
CTGCCGCACAACCAGACGCGGTACCCAATAAAARG
CATTTTTATTGGGTACCGTITTCTGGTTGTGCGAG
CTGCCGCACAACCAGAAACGGTACCCAATAAAAAG
CGAGCTGAGGGAAGGTGAACGTATATCGC
GCGATATACGTTCACCTTCCCTCAGCTCG
GACATATTCTGCACTGGTTCAGGTCAA
TTGACCTGAACCAGTGCAGAATATGTC

Table 1 Oligonucleotides used in this workUnderlined nucleotides encode mutations.
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5.1.6 Strains

Organism Strain Genotype Source

E. coli XL1-Blue recAl, endAl gyrA94 thi-1, Bullock et al,
hsdR17supE44relAl lac, 198%™
[F", proAB, laciZAM15, Tn10
(Tet)]

E. coli DH5q fhuA2A(argF-lacZ)U169 phoA Hanahan, 198%"
gInvV44®80 A(lacZ)M15 gyrA96
recAl relAl endAl thi-1 hsdR17

S. cerevisiae WCG4a MATaleu2-3,112 ura3 his3-11,15 Heinemeyeet al,
CarP GAL2 1993

S. cerevisiae WCG4aprel-1 MATaleu2-3,112 ura3 his3-11,15 Heinemeyeket al,
rad5-535 CaiGAL2 prel-1 19912
(S142F)

S. cerevisiae  YWH20a MATaleu2-3,112 ura3 his3-11,15 Heinemeyeket al,
Car® GAL2 1997

pre2A::HIS3 [pRS316-E2]

Table 2E. coli and yeast strains used in this work.

The E. coli strains XL1-Blue and DHbwere used for cloning of mutapte2 genes in the
vector pRS315. The created plasmids were introdugedS. cerevisiae YWH20a.
S. cerevisia®/CG4a and WCG4prel-1served as control strains in proteasome actiegyst

(see section 5.4.1).

5.1.7 Plasmids

pRS315

The plasmid pRS315 is a pBluescript-based cent@mector composed of 6 kbp. The
plasmid encodes the enzyrfielactamase, thereby conferring resistance to atipi@nd
enabling selection ii. coli. The yeast selectable marker genel8)2. Pre2 mutant genes of
1.5 kbp were inserted via the restriction siBzsrH| and Hindlll into the multiple cloning

site. Expression of there2 mutants was controlled by the endogdPlRE2promoter.
pRS316-E2

The plasmid pRS316 is pBluescript-based centromecéor composed of 4.9 kbp encoding

the ampicillin resistance gene and thieA3selection marker, suitable for replication in both
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E. coliand yeast. Expression of the wildtype (RBE2gene, inserted via the restriction sites

BanHI andHindlll, was under the control of the endogeRIRE2promoter.

Plasmid Mutations Mimic Source
pRS315PRE?2 - wit W. Heinemeyer
pRS315pre2Q53S Q53S B5¢c This work
pRS315pre2S A46S B5i This work
pRS315pre2C G48C B5i This work
pRS315pre2SC A46S, G48C B5i This work
pRS315pre2MSC V31M, A46S, G48C B5i This work
pRS315pre2SSC A27S, A46S, G48C B5i This work
pRS315pre2SMSC A27S, V31M, A46S, G48C B5i This work
pRS315pre2SCT A46S, G48C, V127T B5i This work
pRS315pre2SSCT A27S, A46S, G48C, V127T  p5i This work
pRS315pre2MSCT V31M, A46S, G48C, V127T B5i This work
pRS315pre2 SMSCT A27S, V31M, A46S, G48C, Bb5i This work
V127T
pRS315pre2 SMSCRT A27S, V31M, A46S, G48C,  Bbi This work
T57R, V127T
pRS315pre2 SNSCRT A27S, K32N, A46S, G48C,  B5i This work
T57R, V127T

pRS315pre2SNSCRGT  A27S, K32N, A46S, G48C,  B5i This work
T57R, K71G, V127T

pRS315pre2SNASCRGT A27S, K32N, M45A, A46S,  B5i This work
G48C, T57R, K71G, V127T

pRS315pre2SNVSCRGT A27S, K32N, M45V, A46S,  B5i This work
G48C, T57R, K71G, V127T

pRS315pre2R M45R B5i W. Heinemeyé??
pRS315pre2 TR I35T, M45R B5i W. Heinemeyé??
pRS315pre2SCS A20S, A22C, A46S p5t This work
pRS315pre2SS V31S, A46S p5t This work
pPRS315pre2SCSS A20S, A22C, V31S, A46S PS5t This work
pRS315pre2 TST M45T, A46S, G48T p5t This work
pRS315pre2STST V31S, M45T, A46S, G48T 35t This work
pRS315pre2SCTST A20S, A22C, M45T, A46S, B5t This work

G48T
pRS315pre2SCSTST A20S, A22C, V31S, M45T, B5t This work

A46S, GAST

Table 3 Plasmids used or created in this work.

5.1.8 Fluorogenic substrates

Cbz-Gly-Gly-Leu-pNA Bachem (Bubendorf, Switzentt
Suc-Leu-Leu-Val-Tyr-AMC Bachem (Bubendorf, Sxeitland)
Cbz-Leu-Leu-Glu-AMC Bachem (Bubendorf, Switzerd)

All fluorogenic substrates were dissolved in DMS%l atored at -20 °C.
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5.1.9 DNA and protein standards

peqGOLD DNA Ladder Mix (100 -10 000 bp)

Roti®-Mark STANDARD (14-200 kDa)

5.1.10Instruments

Balances
Analytical Balance TE124S
Precision Balance BP3100 P

Centrifuges

Biofuge Pico

SIGMA 4K15 rotor 11150/13220
rotor 11150/13350

SIGMA 6-16K rotor 12500

SIGMA 8K  rotor 11805

Crystallography

Art Robbins Instruments Intelli-Plates (96 well)

Art Robbins Instruments Phoenix
Cooled Incubator Series 3000
CrystalCap HT" fiir CryoLoog™
CrystalCap HT" Vvial
CrystalWand Magneti/

Foam dewar

Magnetic Caps, Pins and Vials
MICORLAB® STARIet

Micro Tool Box

Mounted CryoLoop"

Protein Crystallization Screening Suites
Quick Combi Sealer Plus

Peglab @aden, DE)
Carl Roth (KarlsruHeE)

Sartorius (Gottingek)
Sartorius (Gottingé),

Heraeus Instruments (Hanau, DE)
SIGMA Laborzentgkn

(Osterode am Harz, DE)

SIGMA Laborzentrifugen

(Osterode am Harz, DE)

SIGMA Laborzentrifugen

(Osterode am Harz, DE)

muLabortechnik (Asbach, DE)
Dunn Laborteklfisbach, DE)
RUMBRubarth Apparate (Laatzen, DE)

Hampton (Aliso Viejo, US)
Hampton (Aliso Viejo, US)
Hampton (Aliso Viejo, US)

Spearlab (San Francisco, US)
Molecular Dimensi(ewmarket, UK)
Hamilton (Reno, US)

Molecular Dimensions (Newmarket)

Hampton (Aliso Viejo, US)

QIAGENI@EN, DE)
HJ-Bioanalytik (M6nclkelbach, DE)
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Siliconized Glass Cover Slides
SuperClear Pregreased 24 Well Plate
Vial clamp

Zoom stereo microscope SZX10/KL1500LCD

Electrophoresis

Chamber and tray

Digital Graphic Printer UP-D897
Electrophoresis Power Supply EPS 600
Gel documentation system G:BOX

Mini PROTEAN® Cell

PowerPAc Basic Power Supply

Liquid chromatography
AKTAprime™ plus
AKTApurifier ™

CHT™Ceramic Hydroxyapatite
Phenyl Sepharose 6 Fast Flow
RESOURCEM Q, 6 ml

HiPrep™ 26/10 desalting column

Additional equipments and materials
Cary Eclipse Fluorescence spectrometer
NanoPhotometé} Pearl

Ultraspec10 Cell Density Meter
Constant Cell Disruption System E1061
Electroporation cuvette, 2 mm

Gene Pulser mit Pulse Controller
Incubator

Infors HT Multitron 2 Cell Shaker
inoLab® pH 720 pH-Meter

Laboklav 25/195

MR Hei-Standard Magentic stirrer
Techne Dri-Block DB 2A
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Hampton (Alisoj¥j&JS)
Crystalgew (Y&k, US)
Molecular Dimensions (Newmarket, JUK
Olympuski@pJP)

Appligene (Watford, UK)
Sony (Minato, JP)
Pharmacie@&iqUppsala, SE)
Syngene (Cambyid§9
BioRad (Hercules, US)
BioRad (Hercules, US)

GE Healthcare (Chalfont St. Giles, UK)
GE Healthcare (Chalfont St. Giles, UK)
BioRad (Hercules, US)
GE Healthcare (@taft. Giles, UK)
GE Healthcare (Chalfont St. Giles, UK)
GE Healthcare (ChalfanGies, UK)

Variann(Bedt, DE)

IMPLEN (Minchen, DE)
Amersham Biosce&(idppsala, SE)
Constanteé®ys (Northants, UK)

PeqLab (Erlangds) D
BioRad (Hergulks)
Binder (Tuttlingen, DE)

INFORS HT (Botingen/Basel, CH)

WTW (Weilheim, DE)

SHP Steriltechnik (Magdeburg,) D
Heidolph (Schaeh, DE)

Bibby Scientific (StongK)
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Thermomixer comfort Eppendorf (Hamburg, DE)
Thermocycler MyCycléet BioRad (Hercules, US)

Vortex Genie 2 Scientific Industries (New YotkS)
White 96 well plate NUNC Thermo scientific (Mihren, DE)

5.1.11Computer software and bioinformatics tools

ApE - A plasmid Editor Wayne Davis, M.

BOBSCRIPT Esnouf, R. K

CCP4 Software Suite www.ccp4.ac®tlk

ChemDraw Perkin Elmer (Cambridge, US)
Coot Emsley, 87

CorelDRAW X5 Corel (Ottawa, CA)

DNAman Lynnon Corporation (Quebec, CA)
EndNote X4 Adept Scientific (Frankfurt, DE)
GraphPad Prism 5 GraphPad Software Inc. (Ua,JOBA)
MAIN Turk, D

Microsoft Office Microsoft (Redmond, US)
MOLSCRIPT Kraulis P. 57!

PyMOL Molecular Graphics System Schrodinger, 1%

QuikChang& Primer Design Tool Agilent Technologies

Sybyl Tripos (St. Louis, USY

UNICORN™ control software GE Healthcare (Chalfont Ste§iUK)
XDS Program Package Kabsch, W. (Heidelberg,BE)

DNA and protein sequences were obtained from thenivéisal protein resource”
(www.uniprot.org). The ProtParam tool (http://wwwpasy.ch/tools/protparam.html) was
used to calculate physical and chemical parameteckh as molecular mass, pl and the
extinction coefficient of protein sequences. MUéipNA or protein sequences were aligned
with the T-Coffee tool (http://www.ebi.ac.uk/Todlsbffee/index.html). For the calculation
of protein surface areas the online tool PISA (@rointerfaces, surfaces and assemblies
service PISA at European Bioinformatics Institutietty://www.ebi.ac.uk/pdbe/prot_int/

pistart.htmlP*) was used.
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5.2 Genetic methods
5.2.1 Cultivation and long-term storage ofEscherichia coli

E. coli were cultivated either in liquid L&, medium or on LRmwp, agar plates. Liquid
cultures were inoculated from single colonies amibated at 37 °C and 130 rpm in a shaker.
Streaks on agar plates were grown overnight aC3d@rfd later on stored at 4 °C in the fridge.
For long-term preservation d&. coli clones glycerol stocks were prepared: an overnight
culture was pelleted for 5 min at 3 000 rpm, cellere resuspended in kBmedium

containing 30 % (v/v) glycerol, transferred intargo tube and frozen in liquid nitrogen.

5.2.2 Cultivation and long-term storage ofSaccharomyces cerevisiae

Baker's yeast was cultivated at 30 °C either onr gdates or in liquid medium. Wt and
mutant yeast strains were streaked on YPD plates @M plates containing the appropriate
selection marker composition. Agar plates wereestdor 2 to 3 days at 30 °C and later on
kept at 4 °C in the fridge. For the large scaldication of yeast in liquid medium 50-300 ml
YPD medium were inoculated with a single colonyvgnoon a YPD agar plate. After
incubation for 12-24 h at 130 rpm this precultu@swised to inoculate the main culture of 3-
18 | of YPD medium in a ratio of 1:50. The maintaué was grown up to 48 h at 30 °C and
130 rpm to an ORonm Of approximately 7 and subsequently harvested 2@min at

5 000 rpm. The cells were washed in d@Htransferred into 50 ml falcons, centrifuged agai
and finally frozen at -20 °C. For long-term storagfeS. cerevisiaeclones glycerol stocks
were prepared: With a sterile toothpick cells wargped off from an agar plate, resuspended
in 1 ml of 15 % (v/v) glycerol, transferred int@eyo tube and frozen at — 80 °C.

5.2.3 Polymerase chain reaction

The polymerase chain reaction (PCR) served to &ngadrget genes encoded on genomic
DNA or plasmidS¥. Annealing temperatures were chosen 5 °C below rieting
temperatures (f) of the used primers. The,Twas calculated according to formula 1 or by
the QuikChang® Primer Design Tool from Agilent Technologies.

Tm = ZOC [(BAdenin + BThymin) + 40C [(BGuanin + BCytosin)
Formula 1: Calculation of the melting temperature d oligonucleotides.
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In general, PCR reactions were performed accordmgthe following pipetting and

temperature schemes:

Compound Final concentration Volume [ul]
Template 0.001-0.01 ng/ul 1-5
dNTP-Mix (10 mM) 0.2 mM 2

Forward Primer (10 pmol/ul) 0.5 uM 5

Reverse Primer (10 pmol/ul) 0.5 uM 5
Phusioff HF buffer (5x) 1x 20

Phusioff DNA polymerase (2 U/pl) 0.02 U/pl 1

ddH,O Fill up to 100

Table 4 Components of a PCR reaction using the Phusi® DNA polymerase.

PCR step Temperature Time

Initial denaturing 95 °C 3 min

Denaturing 95 °C 30 sec

Annealing 55 °C 30 sec } 35 cycles
Elongation 72 °C variable

Final elongation 72 °C 10 min

Cooling 4°C 0

Table 5 Temperature program for PCR reactions usinghie Phusior? DNA polymerase.

For site-directed mutagenesis alternatively thekQhiang& PCR was used (see also section

5.2.4):

Compound Final concentration Volume [ul]
Template 0.2-1 ng/ul X
dNTP-Mix (10 mM) 0.2mM 1

Forward Primer (10 pmol/ul) 2.5 ng/ul y
Reverse Primer (10 pmol/ul) 2.5 ng/ul z

Pfu buffer (10x) 1x 5

Pfu Turbo DNA polymerase 1

ddH,O Fill up to 50

Table 6 Components of a PCR reaction using the Pfu oo DNA polymerasé’.

PCR step Temperature Time

Initial denaturing 95 °C 30 sec

Denaturing 95 °C 30 sec

Annealing 55°C 1 min } 16 cycles
Elongation 68 °C 7.5 min

Cooling 4°C 0

Table 7 Temperature program for QuikChangéﬁPCR reactions.
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5.2.4 Site-directed mutagenesis

Mutations in the yeast proteasome gétiRE2 encoding the subunitp$ were introduced
either via recombinant PCR techniques or QuikCh&nggagenesis.

The first method required three PCR reactions amd bligonucleotides two of which
encoding the desired mutation:

PCR 1la Primer 5/6F and Mutation_rev Primer; elongatiomet 45 s

PCR 1b Primer 5/6R and Mutation_for Primer; elongationd 45 s

PCR 2 Primer 5/6F and 5/6R with the PCR products 1aHmnds template; elongation time
90 s.

The PCR product 2 was digested, inserted into teetov pRS315 and subsequently
transformed intde. coli.

The QuikChang® mutagenest®' required two HPLC purified primers, containing the
desired mutation. Usually, different amounts of péate DNA were tested. After the PCR
reaction 1 pl of the restriction endonucleoBgml was added and the sample was incubated
for 1.5 h at 37 °CDpnl selectively degraded only the methylated templREA. Finally, 3 pl

DNA were transformed int&. coliand all cells were streaked on anakBagar plate.

5.2.5 Agarose gel electrophoresis

For analytical and preparative separations of DN {w/v) agarose gels in 1x Tris-Acetate-
EDTA buffer (TAE) were used. Samples were suppldetenvith DNA loading dye (final
concentration: 1x) and loaded on the gel. Electoogdis was carried out for 40 min in 1x
TAE buffer at 120 V. Staining of the gel in a sadatof 1 mg/l ethidium bromide for 20 min
enabled visualization of DNA bands under UV lighB865 nm.

DNA loading dye (10x) Tris-HCI, pH 8.2 10 mM
EDTA 1 mM
Glycerol 50 % (v/v)

Xylene cyanole 0.25 % (w/v)
Bromphenol blue 0.25 % (w/v)
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TAE buffer (50x)

EDTA

5.2.6 Isolation of plasmid DNA from E. coli

Tris-Ac, pH 8.2

2M
100 mM

Isolation of plasmid DNA fronk. coliwas carried out with the peqGOLD Plasmid Miniprep

Kit I or Il according to the instruction manual.rified plasmids were stored at -20 °C.

5.2.7 Purification of DNA

DNA was purified by the peqGOLD Gel extraction dretpeqGOLD Cycle-Pure Kit

according to the manufacturer’s instruction. PadfDNA samples were stored at — 20 °C.

5.2.8 Restriction digest of DNA

Preparative restriction digests of a total volunie70 ul contained 40 U per restriction
endonuclease in the recommended buffer and weobated for 2 to 5 h at 37 °C. Analytical

cleavages were performed in a total volume of 1€gntaining the appropriate buffer and 5 U

per restriction endonuclease. Analytical digesteevatored for 1.5 h at 37 °C.

Compound Final concentration Volume [ul]
DNA Up to 52
NEB buffer 2 (10x) 1x 7

BSA (10x) 1x 7

BanHI (20 U/ul) 0.6 U/ul 2

Hindlll (20 U/ul) 0.6 U/ul 2

H>O Add to 70
Table 8 Pipetting scheme for preparative restrictiordigests.

Compound Final concentration Volume [pl]
Plasmid 2

NEB buffer 2 (10x) 1x 1

BSA (10x) 1x 1

BamHI (20 U/ul) 0.5 U/ul 0.25

HindlIIl (20 U/ul) 0.5 U/ul 0.25

H,O 5.5

Table 9 Pipetting scheme for analytical restrictiordigests.
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5.2.9 Determination of DNA concentration

DNA concentrations were determined by measuring ahsorption at 260 nm with the
nanophotometer (IMPLEN); an QBnm of 1 corresponds to a concentration of 50 ng/ul
DNA.

5.2.10Ligation of DNA fragments

Vector and insert amounts were calculated accoririgrmula 2.

ector [bplnser
mnsert = nl/ bt t D(
RIECIOI'

Formula 2: Calculation of vector and insert amountsfor the ligation of DNA fragments. For standard
reactions Mgowas 50-100 ng and x = 3-5.

Compound Final concentration Volume [ul]
Plasmid 5-10 ng/ul X

Insert y

H>O 7.5-(x+y)
T4 DNA ligation buffer (5x) 1x 2

T4 DNA ligase (1 U/ul) 0.05 U/ul 0.5

Table 10: Pipetting scheme for the ligation of DNArgments.

To unwind DNA fragments both plasmid and inserteviercubated for 10 min at 55 °C and
for 5 min on ice. Afterwards ligation buffer and Tigase were added. The sample was either

kept at 4 °C overnight or at room temperature fog bour.

5.2.11Transformation of E. coli by electroporation

40 pl of electrocompeteliit. colicells and 1 pl of plasmid DNA were mixed and tfangd

into a 2 mm electroporation cuvette. Transformatdre. coli was achieved by applying a
high voltage pulse of approximately 5.7 ms and 2508'. Subsequently, cells were
resuspended in 1 ml of SOC medium and incubated foiat 37 °C and 500 rpm shaking to

recover. Different dilutions of cells were plated agar plates containing ampicillin.
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5.2.12Transformation of S. cerevisiae

S. cerevisiaavas transformed according to the LiAc method bgt&and Wood¥”. Yeast
cells were picked with a sterile toothpick and sgmnded in 1 ml of sterile water. After a
short spin down at 13 000 rpm for 30 sec the swgtam was discarded and the pelleted cells
were taken up in 1XTE/LIAc buffer. An additionalept of centrifugation followed. Then,
yeast cells were resuspended in x times 50 ul 14IAE and x times 4 pl boiled single
stranded salmon carrier DNA from salmon testes ni@id\ldrich (St. Louis, US)). The
resulting cell suspension was split into x tubed aach was supplemented with 5 pl of
plasmid DNA to be transformed and 300 pl of PEG3BELIAC (8:1:1). The samples were
gently mixed and incubated for 30 min at 30 °C.eAftells have been heated to 42 °C for
20 min, they were centrifuged for 2 min at 2 00thypesuspended in 100 pl 1XTE buffer and

streaked on CM uré&u his plates.

TE buffer (10x) Tris-HCI, pH 7.4 100 mM
EDTA 10 mM

LiAc (10x) LiAc, pH 7.5 1M

PEG3350 (10x) PEG3350 50 % (wi/v)

5.2.13Plasmid shuffling

Yeast proteasome mutants were created by the mlasmiffling procedufé®. The haploid
yeast strain YWH20a, which is chromosomally deleteils wildtypePRE2gene and instead
carries a wt gene copy on &5RA3 episome (pRS316), was transformed fog2 gene
variants, encoded on the plasmid pRS315 carryiej U2 selection marker (see Table 3).

2 to 3 days after the transformation single colenwere picked, streaked either on an YPD or
CM leu his plate as patches and grown for additional 2 day0&C. To select for clones
that have lost the WPRE2gene copy, transformants were grown on CM has medium
containing 5-FOA. Optionally, after 2 to 3 daysind¢ubation at 30 °C a second round of 5-
FOA selection can be made. Finally, single colomiese picked from the 5-FOA containing
plates and transferred onto YPD agar. Due to thHespensable need for a functioRE2

gene for yeast survival no further selection waglired.
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5.2.14DNA isolation from S. cerevisiae

Yeast cells were scraped off from an agar plath witoothpick and resuspended in 500 pl of
ddHO. Cells were centrifuged for 30 sec at 14 000 rpime cell pellet was taken up in
200 pul of breaking buffer. After the addition of®Ql of glass beads (0.5 mm) and 200 pl of
phenol/chloroform/isoamyl alcohol (25:24:1) solutidhe samples were vortexed for 2 min.
Cell debris was pelleted by centrifugation for S5imat 14 0000 rpm. 100 pl supernatant were
mixed with 10 ul 3 M sodium acetate, pH 6.0 and @BQ00 % ethanol and subsequently
stored at -80 °C for 5 min to precipitate nuclesgda. After a centrifugation step for 5 min at
14 000 rpm the supernatant was discarded and thet pentaining the nucleic acids was
washed with 300 pl 70 % ethanol. Following an addél centrifugation step (5 min;
14 000 rpm) the pellet was dried at room tempeeatund finally dissolved in 50-100 ul TE-
buffer and 0.5-1 pul RNase (10 pg/ul). 1 pl of te@ution was used as a template for further

PCR analysis.

Breaking buffer Tris-HCI, pH 8.0 10 mM
NaCl 100 mM
EDTA 1mM
SDS 1 % (wiv)
Triton X-100 2 % (vIv)

5.2.15DNA sequencing

DNA sequence analysis was performed according ty&at all®® by GATC Biotech AG,
Konstanz. The results obtained by sequencing wargared to the corresponding entries in

the Uniprot database.
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5.3 Protein chemistry and analytics
5.3.1 Purification of the yeast 20S proteasome

Purification of wt and mutant yCPs was carried tagether with the technician Richard
Feicht according to published procedf®s 120 g yeast cells were solubilized in
approximately 150 ml of 50 mM KiPO/K,HPO, buffer pH 7.5. DNAse | was added and the
cells were disrupted with a French press. The lgsthte was centrifuged for 30 min at
21 000 rpm at 4 °C. The resulting supernatant wWesdd and 30 % of saturated ammonium
sulfate was added. Subsequently, the cell lysateleaded on a Phenyl Sephardsé Fast
Flow column pre-equilibrated with 1 M ammonium sitdf in 20 mM KHPO,/K,HP O, buffer
pH 7.5. The yCP was eluted by applying a lineadigrat from 1 M to 0 M ammonium sulfate
in 4 column volumes. Collected fractions were t@sfer proteolytic activity using the
fluorogenic substrates Suc-Leu-Leu-Val-Tyr-AMC (fet yCP) and Cbz-Leu-Leu-Glu-AMC
(for B5 mutant yCPs): 30 pl of each fraction were incebaor 1 h with 1 pl of 10 mM
substrate and the resulting fluorescence was meguk—=360 nm and..,~=460 nm). Active
fractions were pooled and applied to a hydroxyapatolumn, which has been equilibrated
with 20 MM KH,POJ/K,HPO, pH 7.5. Using a linear gradient from 20 mM to 500/
KH,POy/K,HPQ, in 20 column volumes, the yCP was eluted. Protaxlly active fractions
were loaded on a Resource Q column and a sodiuonigdlgradient from 0 mM to 500 mM
in 20 mM Tris-HCI pH 7.5 was run over 10 column wolkes. For crystallization the buffer
was exchanged for 10 mM BHmorpholino)ethanesulfonic acid (Mes) pH 6.8 usiag
HiPrep ™ 26/10 desalting column.

5.3.2 Purification of the murine immuno- and constitutive 20S proteasome

Immuno- and constitutive proteasome samples wardlkiprovided by Dr. Michael Basler
and Ricarda Schwab from the group of Prof. Dr. MarGroettrup, University of Constance,
Department of Biology/Immunology, UniversitatssitO, Constance, DE. The cCP was
purified from livers of C57BL/@SMB8(B5i) andPSMB10(B2i) knockout mice according to
published protocot¥’Y. iCP samples were prepared from livers of BALB/cereight days
after their intravenous infection with 200 plageeriing units of lymphocytic
choriomeningitis virus strain WE (LCMV-WEJ. LCMV-WE selectively infects liver cells
and leads to an almost complete conversion of @ © the ICP within eight days, when

mice were sacrificed and livers removed. Purifmatdf the iICP was carried out according to
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established procedufé¥!. For short-term storage and subsequent crystidiisatrials
samples were kept at 4 °C (in 10 mM Hepes pH 0R,18M KCI, 5 mM MgC}), otherwise
the protein was frozen at - 80 °C.

5.3.3 SDS polyacrylamide gel electrophoresis

Discontinuous SDS-PAGE was performed according demimli*®?. Gels were run in 1x
running buffer at 25 mA per gel until the frontdilas passed the bottom of the gel. SDS
polyacrylamide gels were stained for 30 min witho®assie solution and afterwards

destained.

Compound Separating gel (12 %) Stacking gel (4 %)
Acrylamide 6 ml 1 mi

Separating gel buffer 5 mi -

Stacking gel buffer - 5ml

H,0 9 ml 4 ml

APS (10 % (v/v)) 100 pl 100 pl

TEMED (1 % (v/v)) 10 pl 10 pl

Table 11 Pipetting scheme for four SDS gels.

Acrylamide solution

SDS-PAGE loading dye

Acrylamide

Bisacrylamide

Tris-HCI, pH 6.8

39 % (w/v)
1.2 % (w/v)

60 mM

Glycerol 30 % (v/iv)
Saccharose 10 % (w/v)
SDS 5 % (w/v)
Bromphenol blue 0.02 % (w/v)
B Mercaptoethanol 3 % (viv)
Separating gel buffer Tris-HCI, pH 8.8 15M

Stacking gel buffer
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Running buffer Tris-HCI, pH 8.2-8.3 25 mM
Glycine 192 mM
SDS 0.1 % (w/v)

Staining solution Coomassie Brilliant Blue R250 0.05 % (w/v)
Isopropanol 25 % (vIv)
Glacial acetic acid 10 % (v/v)

Destaining solution Glacial acetic acid 1Qww)

5.3.4 Determination of protein concentration

UV/VIS spectra of protein solutions were recordathwhe nanophotometer of IMPLEN. The
absorption at a wavelength of 280 nm was used ltulede protein concentrations via the
Lambert-Beer law. The required theoretical molatinetion coefficient was computed with
the ProtParam tool (yCP: 727.3 cm-l/mmol, cCP: 88/ I/mmol, iCP: 678.8 cm-I/mmol).

5.4 Proteasome activity tests

5.4.1 Overlay assay

Yeast strains were streaked as patches on YPDspdaue incubated for two days at 30 °C.
Next, cells were replica plated on a steril filgaper lying on an YPD plate and grown for
48 h at 30 °C. The filter was placed in a glassi®eth and the cells were lysed with 10 ml of
chloroform for 15 min. After having dried the filten a plastic petri dish 10 ml of hand warm
overlay solution (1 % (w/v) agar, 50 mM Tris-HCI 30, 300 pl of 10 mM Cbz-Gly-Gly-
Leu-pNA substrate in DMSO) were added. Incubation3 h at 30 °C was followed by
exposure to 10 ml of 0.1 % (w/v) sodium nitritewgan in 1 M HCI for 5 min. Next, this
solution was exchanged for 10 ml of 0.5 % (w/v) amniam sulfamate solution in 1 M HCI
and after 5 min again discarded. Finally, the ffili&as stored in 10 ml of 0.05 % (w/M)(1-
naphthyl)ethylenediamine solution in 47 % (v/v) Et@or 10 - 30 min. Cells with normal

ChTL activity became pink, while those with defewtsre less coloured.
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5.4.2 Fluorescence activity test and determination of Iy values

Proteasome activity and the inhibitory potency igfahds are routinely determined by
fluorescence spectroscopy using AMC-peptides astmatbs. CPs were mixed with a series
of different inhibitor concentrations or DMSO asa@ntrol in 100 mM Tris-HCI, pH 7.4 and
samples were stored for 45 min at room temperatuediow inhibitor binding. Next, th@5-
specific substrate Suc-Leu-Leu-Val-Tyr-AMC was adidie a final concentration of 200 uM.
During the subsequent 60 min incubation at roomperature residual proteasome activity
hydrolysed the substrate and released the AMCdiploor. After dilution (1:10) of the
samples with 20 mM Tris-HCI, pH 7.4, which stronglpwed down the reaction, the relative
fluorescence units (RFU) were measured with a War@@ary Eclipse Fluorescence
Spectrophotometer (Agilent Technologies).&t=360 nm and..,~460 nm. RFU values were
normalized to the DMSO treated control, which sdduhve retained nearly 100 % activity.
The calculated residual activities were plottedirgiathe logarithm of the applied inhibitor
concentration and fitted to the equation Y= Bottem(Top-Bottom)/(1+10"((LoglC50-
X)*HillSlope)) (X: logarithm of inhibitor concenttoon; Y: Residual enzymatic activity;
log(inhibitor) vs response — variable slope (foargmeters), GraphPad Prism 5). ThegglC
value, the ligand concentration that leads to 5nhPbition of the enzymatic activity, was
deduced from the fitted data.

5.5 Protein crystallography
5.5.1 Crystallization of the yeast 20S proteasome

Purified yCP was concentrated to approximately 4finmhat 5 000 rpm using an Amicon
Ultra-15 Centrifugal Filter device of 100 kDa cutdZrystals of the yCP were grown at 20 °C
by the hanging drop vapour diffusion method in drgpntaining a 1:1 mixture of reservoir
and protein solution. The reservoir solution (30D was composed of 25 mM magnesium
acetate, 100 mM Mes pH 6.8 and 9-13 % (v/v) 2-me2-pentanediol (MPD). Crystals
were cryoprotected by the addition of 5 pl of 20 mMgnesium acetate, 100 mM Mes, pH
6.8 and 30 % (v/iv) MPD and immediately frozen iguld nitrogen. Crystal soaking
experiments were performed by supplementing crglstads with 5 pl cryoprotection solution
and 0.3-3 mM of inhibitor for 2 to 24 hours. Afteamds crystals were super-cooled in liquid

nitrogen.
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5.5.2 Crystallization of the murine 20S proteasomes

Protein samples were concentrated to approxima@@lgng/ml at 5 000 rpm using Millipore

centrifugal devices with a Cut-off of 30 kDa. laiticrystallization trials with the murine cCP
and iCP were set up in 96-well sitting drop platath a final drop size of 0.2 pul containing a
protein:reservoir ratio of 1:1. Hanging drop plate=se set up with final drop volumes of 1 pl.
All plates were stored at 20 °C and crystals gremmf MPD conditions within a few days.
The iCP crystallized from a reservoir solution @ning 0.2 M sodium iodide and 40 %
MPD, whereas cCP crystals preferentially grew frorf M sodium formate or 0.2 M

potassium acetate and 40 % MPD. After addition & 5 pl of reservoir solution cCP and
ICP crystals were frozen in liquid nitrogen. cCRI &GP complex structures with ONX 0914
were obtained by soaking crystals with 3 mM ONX @4dissolved in DMSO) in 1-5 pl of

reservoir solution for at least 8 h prior to freegi

5.5.3 Data collection, processing and structure determirtson

Diffraction data were collected at the Swiss Lighurce, Villigen, Switzerland at the
beamlines X06SA (Pilatus 6M detector) and X06DA (RIECD detector) at a wavelength of
1.0 A. For all data sets cryoprotection (100 K) waed. Indexing, integration and scaling of
the obtained data was performed with the programkame XD$%! All proteasome
structures were solved by Patterson search calmogatvith PHASER using the maximum
likelihood methoft®¥. For yCP:ONX 0914 complex structures the yCP astal structure
(PDB ID 1RYP™) served as a starting model and structure detatinmwas performed as
previously publishdd™. Structure elucidation of the cCP and iCP wasiedrout by
molecular replacement with the coordinates of tbeire cCP (PDB ID 1IRB'™). For rigid
body, TLS (Translation/Libration/Screw) and positib refinements REFMACH® was
used. 4-Fold and 2-fold non-crystallographic symmgnetveraging was applied for the cCP
and iCP in refinement and model building, respetyivModel building was performed with
the interactive three-dimensional graphic progravsIN©® and COOT". waters were
placed with Arp/Warf®.. Ligands were built with Syb{! and their topology and parameter
files were created by SketcH8r Graphical illustration of crystal structures waerformed
with the programs MOLSCRIP*!, BOBSCRIPT® and PyMOI®®. Conolly surfaces were
calculated and depicted with GRAEPB. The final coordinates were proven to have good

stereochemistry according to the Ramachandran Ipyotusing Proched® as well as
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reasonable Rw, Riee r-m.s.d. bond and angle values (see Table 12Tatde 13). The
coordinates of published structures were depositede PDB under the following accession
codes: 3UNH (iCP), 3UNE (cCP), 3UNF (iCP:ONX 0913)NB (cCP:ONX 0914), 3UN8
(yCP:ONX 0914 _ep), 3UN4 (yCP:ONX 0914_mo).
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6 Results

6.1 Sequence alignments

The quaternary and tertiary structure of the 2@8gasome is strictly conserved from archaea
to mammals and it is assumed that its two typesubfinits, termed andp, evolved from a
common ancestor protéifit* 22 32 |n this regard the catalytically active proteasom
subunits of murine 20S proteasome types displaj Beguence identities to each other:
BlcPli: 63.3 %, p2cP2i: 58.9 %, 5cP5i: 72.4.0 %,p5cP5t: 54.4 % B5i/p5t: 50.5 %
(Figure 8). Although sequence alignments are inlieaof an overall conserved fold for all
proteolytically active subunits, defined differeaca their substrate binding channels give
rise to different cleavage preferences in the c@® and tCB* 2% |n particular,
hydrophobic amino acids in the unprimed substratdibg pockets of subunfili have been
predicted to attenuate the CL activity and to inseethe ChTL activit}’. In contrast, the
sequence analysis of the suburfiac/i and 5c/i provided no hints on changes in the
chemical properties of their substrate binding cledérand on profound differences in their
substrate specificities (Figure 8). However, foe trertebrate-specific suburfit, which is
exclusively expressed in cTEEE!, the primary sequence of its substrate bindingickhis
strongly altered. In particular, the polarity okthinding pockets appears to be dramatically
increased, thereby leading to a markedly reducetlLCictivity and to a different peptide
product pattern of the tCP (Figure 8C; see alspteng.4.3).
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Figure 8 Sequence alignments of activf subunits from archaeal (t), yeast (y) and murine rf) 20S
proteasomesProtein sequences foA) f1, B) B2 and C) B5 subunits are given in the one-letter code. Amino
acids are numbered according to fheubunit of the 20S protesomes from the archaeoacidophilum(t);
insertions are indicated by lower-case lettersiddsland sheets are depicted for the i subunitsdiResthat are
crucial for the catalytic activity are marked irdreThe substrate specificity pocket forming aminida are
coloured in green (S1), blue (S2), orange (S3) ywibw (S’), respectively. Residue 113 is absenalinBli
subunits (purple). Amino acids that are suggesiadfluence the active site architecture and pigteoactivity

of subunitB5 are highlighted in black.

Adapted from Hubeet al, 2013*2.
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6.2 X-ray structures of the mouse 20S immuno- and consiitive proteasome
6.2.1 Crystallization and structure determination

Infection of BALB/c mice with LCMV-WE leads to arifeient (95 %) conversion of cCPs to
ICPs in the murine livers within eight days. Thathesized iCPs were purified according to
published procedurB8Y. The same purification procedure was appliedveri of uninfected

gene targetefi2i” andp5i” C57BL/6 mice and yielded pure cCP samples (Fi§ire

A B C
i NEPHGE O " NEPHGE . BIEE
cCP icP s |
L3 - = S Pe
T ) B 30 kDa s - — 30kDa
f. - B 20 kD8 . i — 20kpa = B i
plc il X X\ B

psc B5i -

B1i

Figure 9 Coomassie-stained gels of purified murineCP and iCP samples used for crystallization trials
2D non-equilibrium pH gradient gel electrophoresis IMESE)/SDS-PAGE gels ofA() 80 g of purified cCP
isolated from livers op2i " B5i ” gene targeted mice anB)(80 ug of iCP from livers of LCMV-WE infected
BALB/c mice. Proteasome subunits were assigned aiceptd Groettrupet al, 19962 (C) One-dimensional
SDS-PAGE analysis of cCP and iCP samples.

Adapted from Hubeet al, 2013*%.

In a joint collaboration with the group of Prof. .DMarcus Groettrup of the University of
Constance, Dr. Michael Basler and Ricarda Schwapared appropriate amounts of murine
ICP and cCP for crystallographic analysis. Samplee proven for their purity by 2D-PAGE
(Figure 9), concentrated to approximately 30 mgamdél subsequently subjected to initial
sitting drop vapour diffusion crystallization trsal A sparse matrix screen of about 400
conditions was tested with a protein:reservoirorati 1:1 and a final drop volume of 0.2 pl.
Both CPs crystallized within a few days from vasoweservoir solutions containing 40 %
MPD and different salts (Figure 10A). The obtaiegstals were exposed to synchrotron X-
ray radiation and their diffraction patterns wenalgised (Figure 10B). Albeit their small size,
crystals diffracted to a resolution of approximptél A. However, due to disordered crystal
lattices most diffractions patterns were not sugdbr structure analysis. Crystal quality was
improved by avoiding freezing of the protein samspldy filtering samples upon
concentration and by extensive screening of cryztisibn conditions. Finally, high-quality
crystals of the cCP and iCP with resolution linuf3.2 A were obtained (Table 12). After the
successful collection of diffraction data for theReand iCP apo-structures, inhibitor soaking
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experiments with the iCP-selective compound ONX49%re undertaken. Crystals of the
cCP and iCP were exposed to ONX 0914 in a finaceatration of 3 mM for at least 8 h.

Diffraction data of both cCP:ONX 0914 and iCP:ONX1@ crystals were collected to a
resolution limit of 2.9 A (Table 12) and data prssieag was performed according to section
5.5.3.

E

Figure 10 Analysis of murine cCP and iCP crystals for X-ray dffraction. (A) Birefringent murine cCP and
iCP crystals; B) Diffraction pattern of an iCP crystal.

The X-ray data revealed for both cCP and iCP clysiaace group R2but different unit cell
parameters. Calculation of the Matthews coefficigmticated a solvent content of about
50 %, assuming that the asymmetric unit of ICP tatgscontained only one CP, whereas the
asymmetric unit of cCP crystals was built up of t8@S proteasomes. The same applied to
both ligand complex structures (Table 12). All fauystal structures could be finalized with
Riee Values below 27.5 % and root-mean-square deviafimnbond lengths and bond angles
of less than 0.005 A and 0.93 °.

Figure 11 Stereo representation of the electron dsity maps of the murine cCP and iCP.For the
calculation of the 2§F¢ electron density maps (iCP: blue mesh; cCP: red J)nestich are contoured to 083
the phases of the displayed amino acids have bméted. The electron density sections clearly degiplicit
differences in the amino acid sequences of ¢ aubunits: A) Tyr25 of subuniflc corresponds to Ala25 in
subunitpli; and Ser131, Leul32 as well as Met135 of sulfifttare substituted by GIn, Gly and Val in subunit
B2i, respectively.B) Tyr88 of subunip5c is exchanged for Leu in subupgi.

Adapted from Hubeet al, 2013°2.
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All proteasome subunits were well defined in theo-Et electron density maps and

differences in the primary sequences of catalygicalctive ¢ and 1 subunits were

unambiguously depicted by positive and negatiy&Fmaps (Figure 11), indicating that pure

ICPs and cCPs have been crystallized. Amino acidlue numbers were allocated according

to the sequence alignment to the proteas@nsabunit fromT. acidophilum(Figure 8).

m_iCP m_iCP:ONX 0914 m_cCP m_cCP:ONX 0914
Crystal parameters
Space group R2 P2 P2 P2
Cell constants a=118.3A a=117.3A a=171.0 A a=171.7 A
b=205.2 A b=194.6 A b=201.3 A b=198.6 A
c=161.9 A c=157.7 A c=226.0 A c=226.8 A
=105.7 ° p=107.1° f=108.1° =106.6 °
CPs /AU 1 1 2 2
Data collection
Beam line X06DA, SLS  X06DA, SLS X06SA, SLS  X06SA,SS
Wavelength (A) 1.0 1.0 1.0 1.0
Resolution range (&) 30-3.2 30-2.9 30-3.2 30-2.9
(3.3-3.2) (3.0-2.9) (3.3-3.2) (3.0-2.9)
No. observations 356417 392915 807596 723529
No. unique reflectiorfs 121329 145087 235050 308934
Completeness (%) 99.2 (99.4) 97.1 (89.8) 99.5 (99.7) 96.0 (96.7)
Rmerac (%6)° ¢ 10.4 (51.5) 11.6 (54.7) 7.6 (59.7) 8.1(48.1)
/o (I)° 10.4 (2.3) 8.0 (2.0) 13.9 (2.4) 9.4 (2.0)
Refinement
(REFMACS5)
Resolution range (A) 15-3.2 15-2.9 15-3.2 15-2.9
No. refl. working set 115261 137832 223279 293487
No. refl. test set 5763 6892 11163 14674
No. non hydrogen 48502 48760 97320 97172
No. of ligand atoms - 294 - 588
Solvent (HO, K*, CI', J) 583 1045 640 1480
Ruork/Rree (%0)° 23.9/25.4 23.5/27.5 22.2124.6 22.9/27.2
r.m.s.d. bond (A)/ (¥) 0.004/0.851 0.005/0.926 0.004/0.753  0.00885
Average B-factor (A 79.2 61.7 78.7 67.8

Ramachandran Plot (%) 97.2/2.6/0.2 96.7/3.0/0.3

954/4.1/08.9/3.6/0.5

Table 12 X-ray data collection and refinement statigcs of murine iCP and cCP structures.

& Asymmetric unit.
b

shell.
C

Friedel pairs were treated as identical reflection

The values in parentheses of resolution rangeptiamess, R.qe.and 16 (I) correspond to the last resolution

d Rmergdl) = ZnwZj | [I(hKD; - I(hKD] [Zhi Thia » where I(hkl)is the ' measurement of the intensity of reflection hkl
and <I(hkl)> is the average intensity.

9 Number of residues in favoured, allowed or outlégion.

R =Zwk | |Fbd - |[Rad 1&nk |Fonds Where Reeis calculated for a randomly chosen 5 % of reftatdi which were
not used for structure refinement, anghRis calculated for the remaining reflections.
Deviations from ideal bond lengths/angles.
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6.2.2 Subunit architecture of the cCP and iCP

The overall topologies of the cCP and iCP are idahtexcept for the exchange of the
catalytically active ¢ subunitBlc, p2c andp5c by their i homologuegli, f2i and B5i.
Likewise the yCP crystal structure, the N-termihitlee inactivea subunits of the cCP and
ICP close the entrance to the interior of the C3Rgerposition of the rings from cCP, iCP
and yCP illustrates their high structural simikarit.m.s.d. G atomsa ring < 0.59 A; Figure
12) and suggests that the gate opening mech&fisridentical for all kind of CPs.

Figure 12 Structural superposition of thea ring of yCP, cCP and iCP.The N-termini of thex subunits, in
particular ofa2, a3 andad, from yCP (grey), cCP (black) and iCP (multi-cola)rg@revent access into the
proteolytic chamber. A stereoscopic view of theteepf thea ring (marked by a yellow circle) is provided.
Adapted from Hubeet al, 2013*2.

Subunits incorporated into both the cCP and iGR gisubunits and inactiv@ subunits are
unchanged as proven by an r.m.s,ca®ms of < 0.35 A for their main chain tracingespite
differences in their amino acid sequence (Figureth®) exchangeabl@ subunits adopt
identical folds (r.m.s.d. Catoms < 0.72 A) (Figure 13). Remarkably, alsoGherminal loop
of the subunits §2 and p2c, which embraces its neighbouring subi8t and which is
essential for CP assembBR, is structurally conserved in subupi.

The majority of the amino acid exchanges betweerptioteolytically active ¢ and i subunits
are located on the subunit surfaces and only a nitynés conserved among species
(Bli: 13.6 %,B2i: 5.1 %,p51: 9.8 %). As revealed by PISA analysis, the nundfenteraction
sites between adjacent subunits of the cCP aniCiheliffer (Table 15), but the impact on the

stability or half-life of the CPs cannot be predattfrom the structural data. However, the
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subunit interaction surfaces of the proteolyticalgtive subunits and their adjacent
neighbours enable the formation of mixed proteas@pecies, which were previously
suggested to be physiologically relevat’.

Figure 13 Main chain tracings of the proteolyticaly active proteasome subunitsThe G, backbones of the
subunitspli (green),p2i (brown) andp5i (yellow) are superimposed to their constitut@unterparts from
mouse (black) and yeast (grey). The nucleophilieiainal Thrl and the C-terminus are indicated.

Adapted from Hubeet al, 2012°2.

6.2.3 Structural analysis of the substrate binding channis

The substrate and inhibitor specificities of th@tpasomal active sites are predominantly
determined by the enthalpic interactions of ligamdgh defined pockets of the primed and
unprimed substrate binding channels surrounding rtheleophilic Thrl. The following
section summarizes the similarities and alterationghe primed and unprimed sites of
proteolytically active ¢ and i subunits.

The primed substrate binding pockets (S’) of theusitsB2i andp2c differ by several amino
acid exchanges. However, their impact on proteuirdlysis remains enigmatic. In the primed
site of subuni3li one amino acid is deleted in the loop segmedt tbl124 compared to
subunitBlc. This loop shortening is a hallmark of gdli subunit sequences known to date
and might affect substrate preferences. Compan$dme primed pockets in the suburfitsc
and B5i depicts the amino acid substitutions S115D add6R. Although these changes
might influence substrate affinities, they are wohserved between species. Using X-ray
crystallography most inhibitory compounds have b&lemwn to target the unprimed substrate
binding channel& ®?and thus, the S1, S2 and S3 pockets are far letnined than the
primed ones. The unprimed sites of the subyfits andp2i display high similarity to each
other, except for the conserved substitutions T48d D53E. While T48V might alter the

specificity for P2 residues, D53E is assumed tanghaneither the chemical environment nor
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substrate preference (Figure 14). Interestingly53land Thr48 are also characteristic of the

yeast subunitf2 (Figure 8).

Figure 14 Superposition of the unprimed2c andp2i substrate binding channels (Stereo viewAmino acid
numbers are given for subufiRi and residues characteristicp&i are highlighted in magenta.
Adapted from Hubeet al, 2013°%.

By contrast, th@g1c andBli subunits strongly differ in their amino aciditig in the unprimed
substrate binding channel. The polar active siteosading of subuniflc is replaced by a
more hydrophobic one in subuifiiti. In particular the amino acid substitutions T20\31F,
R45L and T52A decrease the polarity and the sizéhe@pli S1 pocket (Figure 15). Hence,
the Bli active site preferentially cleaves proteins @vi@ally of small hydrophobic and
branched amino acids such as Leu, lle or Val agdifstantly enhances the production of
high-affinity MHC | ligands. The structural featgref subunif3li are in full agreement with
the reporteddli-selective fluorogenic substrate Ac-Pro-Ala-Le8™%. In addition to the
changes in the S1 pocket, the S3 pocket is chaizedeby the amino acid substitutions T22A
(B1i) and A27V f1i) as well as Y114H in the neighbouring subyifit. These differences
lead to a more size-restricted and more polar $8gdan the iCP (Figure 15).

Figure 15 Superposition of the unprimedlc andpli substrate binding channels (Stereo viewAmino acid
numbers are given for subugiti and residues characteristicfdfi are highlighted in magenta.
Adapted from Hubeet al, 2013°%.
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The hydrophobic amino acid lining of the S1 podketubunitB5c is preserved in subuirfibi

with respect to the amino acids Ala20, Met45, Ala#@ Cys52 (Figure 16). The amino acid
side chain 31 is also hydrophobic but variablesimgkh (e.g. Met in mice and Val in humans).
Thus, both subunits exert overlapping substrateipdes and hydrolyse proteins after
apolar residues. Interestingly, all kno@si subunits possess a shallow S2 pocket formed by
either Cys48 or Ser48 (Figure 16). The incorporatd Ser27 in the S3 pockets of murine
and humarp5i subunits reduces their size but concomitanitygases their polarity.
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Figure 16 Superposition of the unprimed35c andp5i substrate binding channels (Stereo viewAmino acid
numbers are given for subuBbi and residues characteristic of & substrate binding pockets are highlighted
in magenta. Being hydrogen-bridged to the oxyanmle Bly47NH and to Thr127 (black dashed lines)46és
supposed to influence the catalytic activity of wubp5i. Note that the side chain conformations of |3l
Met45 vary in the subunigbc andp5i.

Adapted from Hubeet al, 2012°2.

A striking feature of th@5i subunit is the increased size of its S1 pocketgared to subunit
B5c. This is mostly due to distinct conformationdvét45 and Ile35 in subunibi as well as

a shift of the protein backbone including the rasi&l 36 to 76 compared to subupic
(Figure 16). In this regard, the amino acid exclea8§3Q between subuisc andB5i might
have a pivotal function. In suburfibi the aliphatic part of the GIn53 side chain ctab#ize
Met45, while in subunif5c Ser53 cannot provide these favourable intenastand thus, the
S1 pocket is significantly smaller than that of iitsounterpart (see also section 6.4.1). The
differently-sized S1 pockets are supposed to gige to varying substrate specificities.
Although both subunit$5c andp5i accommodate hydrophobic amino acids in their S1
pockets, theB5i subunit prefers more spacious ones than sulfift*”
6.3.3).

Moreover, the active site Thrl of subuf8i is surrounded by a unique hydrophilicity that

(see also chapter

results from the amino acid exchanges A46S and VE2 that is not observed in any other
proteasome subunit. Ser46@ in hydrogen bonding distance to T1274hd the oxyanion
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hole Gly47NH (distances 2.9-3.4 A; Figure 16). Thisque hydrogen bond network might
stabilize the tetrahedral transition state duriagalysis. Additionally, it could kinetically
favour thep5i active site, as the increased polar environnergupposed to attract water

molecules and thereby to enhance peptide bond Iy’
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6.3 Investigations on thef5i-selective proteasome inhibitor ONX 0914
6.3.1 Inhibition of 20S proteasomes by ONX 0914

The o', f’epoxyketone inhibitor ONX 0914 has been shown étectively inhibit thep5i
subunit of the murine and human iICP and to be peerigcally active in inflammatory
disorders and autoimmune dise&¥es®. To verify these results and to further assess the
purities of the murine cCP and iCP preparationgg W@lues of ONX 0914 were determined
for the ChTL activity of the yCP, the murine cCRIa@P as well as the human cCP and iCP
(Figure 17). The activities of CPs were measureithénpresence of varying concentrations of
ONX 0914, using the fluorogenic substrate Suc-Leu-Nal-Tyr-AMC. In agreement with
previous studies, thg5c subunits from mouse and human cCPs were farrbgsted than
their i counterparts (Figure 17). Interestinglywleeer, ONX 0914 slightly favoured subunit
yBS overpsc.

p5-subunit G50 [UM]

2, . yp5 yB5 0.551 + 0.035
£ -~ mp5c mp5c 0.917 + 0.054
£ hpse hp5c 1.036 + 0.054
= o= mpSi mp5i 0.065 + 0.005
2 - hpS hB5i 0.073 + 0.011
@

log ¢ (ONX 0914) [uM]

Figure 17 Selectivity of ONX 0914 for theB5i subunit of the iCP.After the exposure of yCP, cCP and iCP to
varying concentrations of ONX 0914 (0.001-500 uMKe residual ChTL activity was determined. Data from
three experiments were normalized to DMSO treatedrols and averaged. Standard deviations aredtetic
ICso values were deduced from fitted data.

Adapted from Hubeet al, 2013*%.,

6.3.2 Proteasome core particles in complex with ONX 0914

Structural explanations for thghbi selectivity of ONX 0914 could only be unravelléy
analysing and comparing ligand binding to eachvadiite of the cCP/yCP and iCP. Inhibitor
soaking experiments with a final concentration 600914 of 3 mM blocked all proteolytic
centres— not only the preferred suburfibi. 2Rs-Fc electron density maps depicted that
ONX 0914 was covalently bound to all active sitésc@GP, iCP and yCP (Figure 18) and

additionally proved that these were catalyticaltfivee in the crystals. Despite suggestions
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)

~f
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g
46

6

Figure 18 ONX 0914 bound to the proteolytically adte sites of yCP, cCP and iCPThe 2k-F¢ electron
density maps, contoured tos]l show full occupancy for ONX 0914 at all activentes of yCP, cCP and iCP.
ONX 0914 and residue Thrl have been omitted fosipiga Hydrogen bonds are marked by black dashed.lin
Adapted from Hubeet al, 2013°%.

that subunitB7 might also exert hydrolytic activity in the ligd#free bovine cCP crystal
structur&®, ONX 0914 was not bound to this subunit.

Likewise other peptidic CP inhibitors, the C-teralirdipeptide of ONX 0914 forms an
antiparallelf sheet in the unprimed substrate binding chanrfeddl active sites and is well
stabilized by favourable interactions with the surrding protein residues. In contrast, the N-
terminal moropholine moiety of ONX 0914 is not eggd in any contact with the substrate
binding channels and thus, can adopt different @momdtions. Unique to alp2 and p5
subunits is the additional stabilization of ONX @9tia a hydrogen bond between its N-
terminal peptide bond and Aspl114 from the neighingusubunits3 andp6, respectively.
Furthermore, structural comparison of all ONX 09fdlecules bound to the yCP, cCP and

iCP proves a similar mechanism of inhibitor bindfogall active sites (Figure 19).
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5ilclyRs
Tilchyp1
B2ilclyp2

Figure 19 Superposition of ONX 0914 molecules bountb the yCP, cCP and iCP.(A) The binding
mechanism of ONX 0914 to Thrl is identical for Bl active sites andB]) for all proteasome subunits. The
peptidic ligand adopts an anti-parallglsheet in each substrate binding channel, thereiyicking natural
protein substrates.

6.3.3 Molecular basis for the subunit selectivity of ONX0914

Comparison of active proteasome subunits in thesgmee and absence of ONX 0914
visualized the structural features that cause treerwvedp5i selectivity of this compound.
Owing to Ala20, Ala27, Cys31 and Gly45 tA2 subunits possess large S1 pockets that can
easily accommodate ONX 0914 without any structuctianges (Figure 20A-C).

cCP:ONX 0914

Figure 20 Superposition of ligand-free and ligand-bund active sites of the proteasomélhe unliganded
subunits32i (A), B2c B), Bli (D) andplc ) are superimposed to their ONX 0914 bound stdtes.panels@)
and ) illustrate the differences for the ligand-bosgt/i andBlc/i subunits, respectively; amino acid humbers
are given for the i subunit. Residues characteristithe i or ¢ subunits are highlighted in magehtgpdrogen
bonds are indicated by black dashed lines.

Adapted from Hubeet al, 2013*%.
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However, as the protein surrounding provides oely $tabilizing interactions, ligand binding
to thep2c andB2i active sites is energetically disadvantaged amexgbto subunig5i.

By contrast, binding of ONX 0914 triggers structuiearrangements in subuifitc. Due to
steric hindrance with the ligand’s phenylgroup ih RRrg45 has to change its conformation
(Figure 20E). Moreover, the polarity of the S1 petcldisfavours the binding of the
hydrophobic P1 side chain of ONX 0914 to sub@tit and causes electrostatic repulsion.

A
ICP:ONX 0914 ICP:ONX 0914
. . |

8,

cCP:ONX 0914 cCP:ONX 0914

Figure 21 Binding of ONX 0914 to the5c and pg5i subunits of the cCP and iCP (Stereo view)A) The
unprimed substrate binding channel of sub@hitis ideally suited to accommodate ligands withkipuP1 side
chains such as ONX 0914. Upon binding neighbougrgein residues only slightly rearrange (greerow)r
(B) Docking of ONX 0914 to subunff5c triggers major structural changes around theesite as marked by
green arrows.) Thep5c andB5i subunits in their ligand bound states are stmaty similar to each other.
Adapted from Hubeet al, 2013°Z.
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Therefore the hydrophobic substrate binding chanhéhe f1i active site should be ideally
suited for docking of ONX 0914. Yet, the ligand quex structure indicates that Phe31l
sterically hinders binding of ONX 0914 to Thrl (&g 20D, F). The distance between the
phenyl group of Phe31 and the P1 phenylalanineNX ©914 is only 3.4-3.5 A and Phe31
adopts an energetically disfavoured orientationaims the carbonyl oxygen of Asp32
(distance 3.2 A). Thus, the atomic distances refliee repelling forces that prevent high-
affinity binding of ONX 0914 to subunfili.

Ligand binding to the5i subunit triggers slight conformational adaptiaisviet31 and the
CHs-S-group of Met45 (r.m.s.d.B5i/p5i:ONX 0914: 0.28 A; Figure 21A). By contrast, the
comparison of the unprimed substrate binding chaohsubunitp5c in the presence and
absence of ONX 0914 reveals profound differencawdiBg of the bulky P1 phenylalanine of
thea’,f’epoxyketone to the S1 pocket displaces Met45 fitsmormal position. Furthermore,
the side chain of 1le35 is flipped and fhsheets S4 and S5 as welkadselix H1 are offset by

Figure 22 Conolly surface representations of the iprimed p5c and pg5i substrate binding channels in the
presence and absence of ONX 091&urface charge distributions are shown for the siibB5i (A),
B5i:ONX 0914 B8), p5¢ (C) andp5c:ONX 0914 D) with positive and negative electrostatic potdat@ntoured
from 50 kT/e (intense blue) to -50 kT/e (intensd)rén the panelsA) and C) ONX 0914 has been modelled
into the active site by superposition with the parfB) and D), respectively. The catalytic Thrl is coloured in
white. ONX 0914 is shown in yellow, modelled molksuof ONX 0914 in grey- except for the P1 site. To
depict ligand-protein clashes and resulting stmattehanges (green arrows) the amino acids 46-5thef
subunitg35¢c andB5i were removed.

Adapted from Hubeet al, 2013*%.
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up to 1.7 A (r.m.s.d. £p5cB5c:ONX 0914: 0.64 A; Figure 21B). Remarkably, tigahd
bound states of the subunifbc and p5i are similar to each other (r.m.s.d, G5c:
ONX 0914p5i:ONX 0914: 0.55 A; Figure 21C) and ti5c:ONX 0914 structure highly
resembles the apostructure of subyftit These results indicate that inhibition gBc by
ONX 0914 is sterically impaired by Met45. The empih@ energy required to achieve the
observed structural changes is mirrored in the higda value of ONX 0914 towardf5c
compared tf35i and its lower affinity. Conolly surface repretaions of the subunitgsc
and B5i clearly depict the structural differences inith81 pocket architecturaVhereas
subunit5i possesses a spacious S1 site, which enablekintdeg of bulky P1 residues
(Figure 22A) with only minor side chain rearrangenseFigure 22B), the S1 pocket forming
residues of subunfi5c severely clash with bulky P1 groups (Figure 2364 thereby cause
enormous structural reorientations (Figure 22D)nd¢e the substrate specificity of subunit
B5i can be described as a ChTL activity, whereaspte active site preferentially exerts

elastase-like or Snaap actiVify.

6.3.4 Structural analysis of the epoxyketone reaction mdm@nism

Whereas boronic acid inhibitors are known to inthibérine and threonine proted&8s
o', p’epoxyketones exclusively react with the small fgnof Ntn hydrolases to which the
proteasome belongs. This high degree of specifimtythe CP results from the unique
bivalent reaction mechanism ef, f’epoxyketones, which has been elucidated for tharah
product epoxomicin isolated from actinomyc&@s The nucleophilic ThriOof the active

proteasome subunit attacks the carbonyl carbon aibrthe o', ’epoxyketone, thereby

HO
R1 v (o) !'Iol,. R|TIIO O". R1 0':.
Ol e R2 Y Oy R? —> 2
H,N { N I':l|
O \‘~>H2 0 OH O
o', B' Epoxyketone Thr1 of active ) Hemiketal Morpholine ring /
B subunits Secondary amine

Figure 23 Schematic illustration of the reaction mehanism of epoxyketone inhibitors. ThriO'
nucleophilically attacks the carbonyl carbon atomn tlee epoxyketone inhibitor. The formed hemiketal
intermediate can either dissociate to deliberatel@hor irreversibly cycle under the formation of a medary
amine (morpholine ring system) involving ThrlN. Bendreated by this reaction are coloured in gregn, R
corresponds to the peptide moiety of the compo®adp the proteolytically activ subunit, whose Thrl is
covalently modified by the displayed reaction metsia.
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yCP:ONX 0914 ep yCP:ONX 0914 mo

Crystal parameters

Space group R2 P2

Cell constants a=135.4 A a=134.4 A
b=300.4 A b=300.8 A
c=143.9 A c=143.8 A
B=112.8° p=112.8°

CPs /AU 1 1

Data collection

Beam line X06SA, SLS X06SA, SLS

Wavelength (A) 1.0 1.0

Resolution range (A) 30-2.7 30-3.4
(2.8-2.7) (3.5-3.4)

No. observations 1211656 443424

No. unique reflectiorfs 286910 141633

Completeness (%) 99.1 (98.7) 98.1 (98.3)

Rmerac (%) € 9.8 (59.6) 14.3 (59.6)

/o (I)° 11.3 (2.7) 8.2 (2.2)

Refinement (REFMACS)

Resolution range (A) 15-2.7 15-3.4

No. refl. working set 272564 134550

No. refl. test set 13628 6727

No. non hydrogen 50924 51122

No. of ligand atoms 36 294

Water molecules 1340 1322

Ruwork/ Riree (%0)° 22.3/24.3 17.9/22.0

r.m.s.d. bond (&) / (¥) 0.005/0.834 0.005/0.899

Average B-factor (A 54.6 80.5

Ramachandran Plot (%) 97.3/2.4/0.3 96.3/3.2/0.5

able 13 X-ray data collection and refinement statigcs of yCP structures in complex with ONX 0914.
Asymmetric unit.

The values in parentheses of resolution rangeptEianess, R.q.and 1o (I) correspond to the last resolution
shell.

Friedel pairs were treated as identical reflection

Rmergd!) = ZnwZj | [I(hKD; - I(hKD] [Zhi Thia » where I(hKl)is the " measurement of the intensity of reflection hkl
and <I(hkl)> is the average intensity.

R =2 | |Fobd - [Rad 1&nk [Fond, Where Reeis calculated for a randomly chosen 5 % of reftatdi which were
not used for structure refinement, anghRis calculated for the remaining reflections.

Deviations from ideal bond lengths/angles.

Number of residues in favoured, allowed or outlegion.

forming a reversible hemiketal. Subsequently, tiee N-terminus of Thrl opens the epoxide

ri

ng and, by an irreversible cyclisation, createsi@pholine ring system (Figure 23). This

mode of action and the docking mechanism of ONX409és investigated in detail by

ONX 0914:yCP complex structures. The yCP can bel @& a model system due to its

structural similarity to the cCP, including theeoriation of Met45 (Figure 26A). yCP crystals

were therefore soaked with ONX 0914 in differenbh@entrations for varying time periods.

Hereby, the reaction intermediate the hemiketal with an intact epoxide (ep)and the

reaction product the morpholine ring (mo} could be trapped in a crystal structure (Table
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13). These data clarified that indeed Thr1lN attdbksepoxide once the hemiketal is formed,
and proved the formerly proposed mode of actioapaixyketone inhibitof&.

Whereas all three proteolytically active sites weoevalently modified in the
yCP:ONX 0914 _mo structure, only subunif5y visualized the hemiketal formation of
ONX 0914 (Figure 24A). In agreement with data or tmurine and human cEB,
ONX 0914 favours subunitp over \B1 and y2.

Notably, the 2b-Fc electron density map for the yCP:ONX 0914 _mo s$tmecdisplayed the
whole inhibitor with its P1, P2 and P3 residuesvai as the N-terminal morpholine ring and
the covalent linkage to Thrl (Figure 24B). In castr the electron density map for the
hemiketal intermediate (yCP:ONX 0914 ep) surprisirdepicted solely the intact epoxide
ring and the ligand’'s P1 site (Figure 24A). As theterminal P3 and P2 sites of
ONX 0914 ep were not defined, they were not yetnboto their respective substrate
specificity pockets and thus, flexible. This findinprovides evidence that first the

electrophilic warhead and the P1 residue of cotBlecting inhibitors contact the active site

A
@P:@N\X/@@ML e @P:@N)%@@ML e
Y cs2 pﬁ/ Y cs2 ¢ 7
g lod

yCP:ONX 0944_mo

c52 —
/ 4

Figure 24 Stereo view of the yeast 20S proteasomdbsnit B5 (yB5) in complex with ONX 0914.Subunit
yB5 is coloured in yellow and the neighbouring subyfé in orange. Thrl and the oxyanion hole Gly47NH are
marked in black; and hydrogen bonds are indicatedlaack dashed lines. ONX 0914 is shown in greyhvitis
reactive head group highlighted in cyan. The expenital 2k-Fc omit electron density map (blue mask) is
contoured to &. (A) Hemiketal formation of ONX 0914 with Thrl of subtiyf5. Note, only the epoxide and
the P1 site of ONX 914 are well-defined in the &ter density map.B) Subunit PB5 in complex with the
completely reacted ONX 0914. All inhibitor side of&(P1, P2 and P3) are visualized in the elealiesity.
Adapted from Hubeet al, 2013*%.
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Thrl and the S1 pocket and that only upon comgetive reaction mechanism interactions
with the S2 and S3 sites form the antiparglledheet in the substrate binding channel. In
conclusion, even though all substrate binding ptclentribute to the I value of a
compound, the P1 side chain of a compound, apamt fts electrophilic pharmacophore, is
mostly responsible for its affinity for the activ@te. In this regard the depicted size
differences of thep5c and B5i S1 pockets provoke the enhanced affinity of
ONX 0914 for subunip5i.

Structural comparison of the hemiketal intermedéaatd the final reaction product reveals that
although the P1 residue of the ONX 0914 ep is @dfin the electron density map, it initially
does not fully occupy the S1 pocket of subufis yFigure 25). Hence, during the reversible
hemiketal formation no sterical clashes with Megteur and in agreement with the X-ray
structure of the intermediate state no displacern€Met45 is observed (Figure 24A). Only
the formation of the morpholine ring system withrTiproperly positions the P1 side chain of
ONX 0914 in the S1 specificity site and triggers thorientation of Met45 as well as further
structural changes (Figure 24B). With respect ® drstinct affinities of ONX 0914 for the
subunits35c andpbsi, the following model for ONX 0914 binding to c@rRd iCPB5 subunits

is proposed: In both active sitfSi andp5c¢c hemiketal formation of ONX 0914 with Thr1O
Is possible without any sterical hindrance. Howgwdrereas the P1 side chain of ONX 0914
can immediately adopt its final position in the [@icket of subunip5i and thereby form the
morpholine ring system as well as the antipar#lisheet, this is not possible in subysbt.
Met45 of subuni35c sterically hampers full binding of the P1 regido the S1 pocket and
has to be dislocated to enable covalent modifioatioThrl. Consequently, the energy barrier
for the morpholine ring formation in subuiisc is higher and the back-reaction leading to a
restored and catalytically active Thrl in subysbt is more likely than ig5i. Thus, the
increased probability of ONX 0914 to modify the Thof subunitp5i compared top5c
provides the explanation for its lowersfvalue and its selectivity for subuifi.

p

yB5:0NX 0914 mo

Figure 25 Docking of ONX 0914 to the active site THr. Structural superposition of ONX 0914 in its epoxide
(ep; yellow) and morpholine (mo; grey) state botmd hrl of subunit §5. The green arrow indicates that the
positions of the P1 side chain differ in the reactintermediate and the reaction product; the bttedhed arrow
marks the position where the free N-terminusf# gttacks the epoxide to form a morpholine ringesys
Adapted from Hubeet al, 2012°2.
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6.4 Yeast mutagenesis studies on the subunfgéc, g5i and g5t

The crystal structures of the murine cCP and iChaestrated that the proteasonfal
subunits are structurally conserved from archaeadomals. Based on the overall identical
folds and similar main chain tracings [@6 subunits (Figure 26), the yCP can be used as a
model system for analysing the functional impacsiofjle amino acid exchanges between the

cCP, iCP as well as tCP by mutagenesis.

Figure 26 Structural comparison of the yeast subumiyp5 and the murine active site§5¢ and 5i of cCP

and iCP, respectively (stereo view)A) Superposition of the subunit§% andp5c in their ligand-free states
and B) their ligand-bound states depict the structuiailarity of both. Panel €) additionally illustrates the
comparison of the ONX 0914 bound active sitgS gndp5i. Amino acids are numbered for the yCP. Residues
that are characteristic of the yCP subuih yare coloured in magenta. Gly47 and Thrl are shoviatack. The
ligand is highlighted in grey. Hydrogen bonds ar@i¢ated by black dashed lines.

Adapted from Hubeet al, 2013°2.
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6.4.1 Mimicking the B5c active site

The cCP and iCP crystal structures depicted thattientation of Met45 is crucial for the
size of the S1 specificity pocket b subunits (Figure 16; Figure 21). While favourade
der Waals interactions of Met45 with GIn53 conttéto the formation of a large S1 site in
subunitp5i, Ser53 cannot stabilize Met45 in subdt (Figure 16) and causes a diminished
S1 pocket in subunfi5c. This model is supported by the strong consemvatf Ser53 i35c¢
subunits, GIn53 if5i entities and Ala53 i5t active sited”. Notably, the yeastpp subunit
incorporates Lys32, a hallmark @bc entities, as well as tifidi characteristic residue GIn53,
leading to a similar S1 pocket architecture likepc. Hence, subunitpp appears to
represent a chimera of tiféc andp5i active sites at least with respect to the anasicids 32
and 53. Indeed, the gvalue of ONX 0914 for subunitpp was determined to ~0.5 uM,
while it was ~1 pM fop5¢c and ~0.07 uM fop5i (Figure 17).

The importance of GIn53 for the S1 pocket architextin the subunitspp andp5i was
proven by mutation of GIn53 to Ser in thgbyactive site. The 1§ values of ONX 0914 and
bortezomib for the created mutant CP were 1.32 mi @15 pM, respectively (Figure 27).
Remarkably, compared to the wt yCP, ONX 0914 wesethimes less potent towards tiby
Q53S mutant, while bortezomib displayed an incréasénity (Figure 27). These findings
elucidate that Ser53 enhances binding of ligandh wmaller P1 side chains such as Leu
(bortezomib) over inhibitors with bulky residuekdiPhe (ONX 0914). Wtf6 shows only
slight preference for bortezomib, but the mutatigh8S significantly increases the selectivity
for this compound (Figure 27). In agreement, sub@bc was reported to be far more
susceptible to inhibition by bortezomib €7 nM™) than ONX 0914 (16 236-1000 nM
depending on the methdd ). For structural analysis of the Q53S mutant X-ray

B5-subunit 1Gsc [UM]
yB5 bortezomib 0.297 £ 0.058
yp5 ONX 0914 0.499 + 0.038

yB5 Q53S bortezomib  0.152 +0.048
yB5 Q53S ONX 0914  1.319+0.117

-o- y(35 Bortezomib
-o- yB5 ONX 0914

r T — T -~ yp5 Q53S Bortezomib
——

-4 -3 -2 -1 0 1 2 3
log ¢ (inhibitor) [1M] yp5 Q533 ONX 0914

Residual activity [%]

Figure 27 Inhibition of wt and mutant yCPs by ONX ®14 and bortezomib.Residual proteolytic activities
were measured in triplicate upon exposure to diffeinhibitor concentrations with the fluorogenigstrate
Suc-Leu-Leu-Val-Tyr-AMC and normalized to a DMS@dted control. 1§, values were deduced from fitted
data.
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data were collected in the presence and the absd#riwath ligands (Table 16). The mutant
yB5 subunit Q53S displays high structural identity ite wt counterpart (r.m.s.d. ,C
yp5/yp5Q53S: 0.2 A; Figure 28A) and binding of bortezondbd ONX 0914 induces
structural changes similar t@¢% andp5c (r.m.s.d. Cyp5Q53S/B5Q53S:0ONX 0914: 0.76 A;
r.m.s.d. G yB5Q53S/B5Q53S: bortezomib: 0.62 A; Figure 28B, C, F). HoaewWNX 0914
leads to a more severe displacement of the sulptm of Met45 than bortezomib (Figure
28D), hereby explaining the reduced affinity of ORNS814 for subunit f5Q53S compared to
bortezomib (Figure 27). Removal of GIn53 leads naresufficient stabilization of Met45 in
the ligand-bound state and hence, more energyisresl for bulky P1 side chains to reorient
Met45 and to keep distance to it. The propensitylef45 to adopt its normal conformation is
likely to hinder particularly spacious ligands s ONX 0914 from binding irreversibly to
Thrl. In conclusion, although the substitution Q&28ses no obvious structural differences
and amino acid 53 is not directly involved in ligabinding, its side chain length yet
significantly affects the affinity of ligands.

A B Cc

ADREAEQD DR E (@ N7 ARA TR QNIY NOH4
EY”M\C//U @\\ QIO VA P= Y.100[MTEZ( 0 Y& L,Q/’\NJ/\/\/\, @)\;}ﬂéﬂ
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T
3=
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Figure 28 Structural analysis of the yCPB5 mutant Q53S.(A-D) Superposition of (un-)liganded wt and

mutant yeasp5 active sites;E, F) Comparison of the yCB5 mutant Q53S with the murine cCP. Amino acid
numbers are given for the ygi mutant Q53S; sequence differences between sypesed structures are

highlighted in magenta; the electrophilic head goaf inhibitory compounds (grey) are coloured iegp.
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6.4.2 Analysis of thep5i substrate binding channel

The comparison of the crystal structures of cCP & suggests that van der Waals
interactions of Met45 with the aliphatic side chah GIn53 in subunif35i promote the
formation of a spacious S1 pocket (Figure 16). @&liigh subunit §5 harbours a GIn53,
Met45 adopts a conformation similar to subyic. This observation provoked the question
of which additional amino acids in proximity to tlaetive site contribute to the distinct
conformations of Met45.

To identify key residues that lead to the diffehergized S1 pocket in th@5i substrate
binding channel, numerous point mutations wereoduced in subunitfs. The following
amino acid exchanges aimed at mimicking the mufoe human)p5i subunit: A27S,
(V31M,) K32N, A46S, G48C, T57R, K71G and V127T (kg 8; Table 3).

3 2 4 0o 1 2 3
log ¢ (ONX 0914) [uM]
yp5
yB5 A46S G48C
yB5 A46S G48C V127T
yB5 A27S V31M A46S G48C V127T
yB5 A27S K32N A46S G48C T57R K71G V127T

IRERN

residual activity [%]
residual activity [%]

T T T T T T T T T ) S
-3 -2 1 0 1 2 3 3 02 A 0 1 2 3

log ¢ (ONX 0914) [uM] log c (inhibitor) [uM]
yB5 -~ yB5 ONX 0914 yB5 bortezomib
yB5 A27S K32N A46S G48C T57TRK71G V127T - yB5 M45R ONX 0914 yB5 M45R bortezomib

yp5 A27S K32N M45A A46S G48C TSTRK71G V127T  -e- yp5135T M45R ONX 0914 -o- yB5 I35T M45R bortezomib
yB5 A27S K32N M45V A46S G48C T57R K71G V127T

it

Figure 29 Activity and inhibition assays of mutantand wt yCPs.(A) Overlay test for the ChTL activity of
yCPs using the chromogenic substrate Cbz-Gly-Gly4Ni- Tested mutants are termed according to Table 3.
The yeast strains WCG4a and WCGtal-1served as positive and negative controls, resggti(B-D) The
indicated mutant CPs that aimed at imitating the $GBunitp5i were tested in triplicate for their inhibitiory b
ONX 0914 and bortezomib with the fluorogenic sultgtrSuc-Leu-Leu-Val-Tyr-AMC. The deducedsj@alues

are given in Table 14.
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Remarkably, most mutant yeast strains suffer frosmgaificant growth phenotype, which is
probably caused by an impairg® activity, as observed in a proteolysis assay \iliin
chromogenic substrate Cbz-Gly-Gly-Leu-pNA (Figur®A2. Hereby, the single point
mutation G48C sufficed to markedly attenuate thd@lChctivity. Cys48 might restrict the
flexibility of the loop segment 46-49 and therebgniper substrate and inhibitor binding.
While the exchange A46S alone did not affect CRi#igtand its combination with G48C had
only minor effects on the Kgvalue of ONX 0914, additional introduction of TRZLstrongly
impaired ligand binding (Table 14). The hydrogemddetween Ser46 and Thrl27 that has
also been observed for the iCP structure additipraihances the rigidity of the loop region
46-49 and thereby might constrict ligand bindingtriguingly, mutagenesis of additional
residues (A27S, K32N, V31M, T57R, K71G) had neithether influence on the affinity of
ONX 0914 for the $5 active site (Figure 29B) and nor did it lead e reorientation of
Met45 as observed in the unliganded subpfiitFigure 30E; Table 17).

B5-subunit Inhibitor 1Cs0 [UM]

yB5 bortezomib 0.297 £ 0.058
yp5 ONX 0914 0.499 + 0.038
yp5 SC ONX 0914 0.673 £ 0.055
yp5 SCT ONX 0914 5.379 + 1.839
yp5 SMSCT ONX 0914 4.416 +0.771
yB5 SNSCRGT bortezomib 1.807 £ 0.168
yB5 SNSCRGT ONX 0914 5.580 + 0.307
yp5 SNASCRGT bortezomib 3.078 £ 0.402
yB5 SNASCRGT ONX 0914 5.706 £ 0.321
yp5 SNVSCRGT bortezomib 2.606 + 0.266
yB5 SNVSCRGT ONX 0914 4911 +0.409
yB5 R bortezomib 2.508 +0.178
yp5 R ONX 0914 5.185 + 1.097
yB5 TR bortezomib 0.706 £ 0.115
yp5 TR ONX 0914 10.37 +2.134

Table 14 1G5 values for yCP mutants that partially mimic either the primary sequence or the structural
features of the iCP subunitp5i. Mutants are termed according to Table 3.

Hence, the key features of subusii could so far not be reconstituted in yeast, edeugh

all amino acids in the active site surrounding widentical to the murine/human subupi
(Figure 30E). Consequently, rather the structuitiér@nces than the primary sequences of
the B5i and B5c/y35 substrate binding channels are responsible fer gélectivity of
ONX 0914. In order to mimic the enlarged S1 poakesubunitf5i, Met45 was substituted
by either alanine or valine, but intriguingly thesatant CPs exhibited only poor affinity for
both. ONX 0914 and bortezomib (Table 14). Probably the absence of a
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Figure 30 Crystal structure analysis of5i mimicking yCPs. Mutant 35 substrate binding channels are
superimposed onto Vg5 active sites of wt yCP and iCP to depict strudtsirailarities and differences. Amino
acid labellings are indicated for mutant CPs; amauid mutations are highlighted in magenta and the
electrophilic headgroups of inhibitors are showgrieen.

prolonged linear aliphatic side chain such as Mégtinds cannot be sufficiently stabilized in
the S1 pocket. These results are also in line wafports on the bortezomib resistance
conferring character of Val#5% and are indicative of the highly sophisticatechiecture of
the proteasome.

Concomitantly, structural characterization of tH# ynmutants M45R and I135T M45R that
were previously analys&d and that are unrelated to the iCP revealed aneistiag feature.
The amino acid exchange M45R reduces the ChTL igctby electrostatic repulsion of
apolar amino acids by Arg45, but by the additiomaltation I35T the ChTL activity is
regained. Ligand complex structures of the mutadbRI with bortezomib and ONX 0914
visualized that only binding of the’,f’epoxyketone causes major structural changes of
Argd5 (rm.s.d. ¢ yp5M45R/AB5M4A5R:ONX 0914: 0.82 A; r.m.s.d. ,Cyp5M45R/
yB5M45R:bortezomib: 0.43 A; Figure 31B, C; Table 18)ence, the poor affinity of
ONX 0914 is presumably caused by sterical hindraara the opposing polarity in the S1

pocket, while binding of bortezomib appears to &delg hampered by electrostatic repulsion.
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Figure 31 Crystal structures of mutant CPsMutant y35 substrate binding channels are superimposedpanto
active sites of wt yCP and iCP to depict structunalilarities and differences in the presence andceabs of
inhibitor. Amino acid residues of mutant CPs areelkdnl; amino acid mutations are highlighted in mrigeand
the electrophilic headgroups of inhibitors are shamvgreen.
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Interestingly, the restored ChTL activity of theutdéee mutant relies on a strong hydrogen
bond (2.8 A) between Thr33@nd Arg45N that rearranges Arg45 and enlarges the size of
the S1 pocket similar tp5i (Figure 31G, K). Due to the spacious S1 sitedbeble mutant
displayed a 3.5 times enhanced affinity for borteiocompared to theppM4A5R mutant
(Table 14) and the ligand does not induce any strac rearrangement (r.m.s.d., C
yB5TR/B5TR:bortezomib: 0.35 A; Figure 31H; Table 19). Tfirsding proves that indeed
the size of the S1 pocket affects the inhibitoryepoy of compounds. Still, the mutant yCP
I35T M45R is dramatically less susceptible to ONS18 than the wt yCP (Table 14),
because accommodation of its bulky phenyl sidercisielectrostatically hindered by the
guanidine group of Arg45 (Figure 31l). As confirmby crystallographic analysis ligand
binding pushes Arg45 1 A further away from the phgroup of ONX 0914, thereby
significantly enlarging its distance to Arg45 upad\ (r.m.s.d. G yp5TR/ABSTR:ONX 0914:
0.69 A; Figure 311). A similar distance of 4.8-R4s observed for Arg45 and the P1 leucine
of bortezomib bound to the yCP I35T M45R mutang{fe 31H). In conclusion, the strongly
reduced affinity of ONX 0914 for the double mutatiscloses the enormous effects of
electrostatic repulsion on ligand binding (see asotion 6.4.3) and highlights the perfect

suitability of the Met side chain for establishia@hTL activity.

6.4.3 Probing subunit g5t

The thymoproteasome incorporates the tCP-specibarst 35t that— unlike thef5c andB5i
active sites- harbours a more hydrophilic substrate bindingnae#*. In particular the
amino acid residues Ser20, Ser31, Thr45, Thr48Samd9 (Figure 8) enhance the polarity of
the unprimed S1 and S2 pockets and favour cleaZaggminally of charged residues. In
contrast, the S3 pocket is lined with the hydroptiobsidues Cys22 and Ala27. Similarly to
subunitp5i, Ser46 might increase the polarity around thg&vacite Thrl and the oxyanion
hole (see also section 6.2.3). Val1l27, howevarptssuited to form a hydrogen bond network
with Ser46 like it is observed for subufii.

Due to limited biological samples no structuralomhation on the tCP is available so far.
Therefore, this study aimed at mimicking tpBt active site in yeast by mutagenesis. A
stepwise approach was used to introduce the mogaf20S, A22C, V31S, M45T, A46S and
G48T into subunit §5 (Table 3). Most of the created mutants were dtaraed by a
reduced growth rate and displayed a dramaticalklyedesed ChTL activity of theB$ subunit
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Figure 32 Structural examination of ap5t mimicking yCP. (A) An overlay assay using the chromogenic
substrate Cbz-Gly-Gly-Leu-pNA shows the marked rédandn ChTL activity upon introduction ¢f5t-specific
mutations. Wildtype yeast (WCG4a) served as a ipesitontrol, whereas th@5i-mimicking y35 mutant
SMSCT and the CP mutant Prel-1, which is lacking Chattivity, were used as negative controls. Mutant
clones marked with a star showed unspecific stginfor abbreviations of mutants see TableB}.Juc-Leu-
Leu-Val-Tyr-AMC was used as a fluorogenic substtatassess the inhibition of the mutated subgiby the
epoxyketone ONX 0914. The affinity of ONX 0914 tsosigly attenuated in the mutant GB, O) Comparison

of the wildtype and mutant (SCSTST}5/substrate binding channels depicts the differenmeeheir primary
sequences (magenta) and illustrates structuralgesanpon ligand binding. Amino acids are labelled the
mutant CP.

(Figure 32A). Moreover, the Kgvalue of ONX 0914 for the SCSTST mutaibyactive site
strongly increased to 20.57 uM = 3.78 pM compare0.499 uM for wt B5. Even though
the S1 pocket of thepp SCSTST mutant is enlarged, the opposing forcéwdss the
hydrophobic side chains of ONX 0914 and the charmg@iho acid lining of the substrate
binding pockets of thepp mutant SCSTST strongly impair binding of the ffiga

Despite the reduced affinity of ONX 0914 for thisutant yCP structural data could be
obtained in the absence and the presence of thparord (Table 20). PositivepHc density
maps proved the incorporation of all mutations. Twe and mutant §5 active sites
superimpose well and show no structural changesthier mutant subunit (r.m.s.d.,C
yB5/yp5t: 0.2 A). Comparison of the ligand-free and ligdoound states of th@5t-like
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substrate binding channel depicts the turn awayl'tw#5 from the hydrophobic ligand
ONX 0914. In addition, strong backbone distortiofnisn.s.d. G yp5t/yp5t:ONX 0914:
0.72 A) are observed upon ligand binding even thong obvious clashes with the protein
occur. The reason for this tremendous backboné spidn inhibitor binding cannot be
deduced from the mutant structures and has torbeefunvestigated by structural analysis of
the tCP.
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7 Discussion

The here presented crystallographic analysis ofntlaeine cCP and iCP emphasizes the
biological impact of subtle differences that are¢ piedictable from sequence alignments and
that can only be resolved by structural data. Hereowing to the applied methodology, the
results presented provide no insights into the dyos of the 20S proteasome that might have

substantial effects on substrate binding as wedireyme inhibition.

7.1 Structural and functional differences between thetiree types of CPs

The high structural identity of the unprimp8c andB2i substrate binding channels implicates
similar cleavage preferences, leading to the géineraf MHC | ligands with neutral or basic
C-terminal amino acids™. Hence, the cCP and iCP structures elicit the tipresf why p2i,
which is the only i subunit that is not encodedtiom MHC gene cluster, is sequestered into
ICPs. For the elucidation of the distinct physiotad) roles of the2c andp2i subunits site-
specific probes or subunit-selective compounds Wde required. So far, mice lacking
subunit B2i were demonstrated to be not affected by DSSdeducoliti&** and drugs
targeting both TL active sites were proven to gemesimalignant cells for inhibition of thgb
active sites of the proteasofife Together, these preliminary results suggest mpeaitically
relevant function also for théd2 subunits, which both exert rather broad substrate
specificities.

According to previous suggestiétis the unprimed substrate binding sites of subptitare
lined with apolar protein side chains that give is a Braap activity?®. Thus, incorporation

of subunitpli into the iCP stimulates the generation of hiffimay MHC | peptides. In
agreement, the cytotoxic T cell responseg$bfdeficient mice are altered with respect to
their antigen specificity*?.

The exchange of suburfibc by p5i is suggested to generally enhance peptide beadage
due to the unique hydrophilicity in proximity toethactive site Thrl of subunf5it?. In
particular, the strictly conserved amino acids Seaad Thrl27 are suggested to stimulate
protein degradation. In agreement the 26S immuneasome was attributed twice the
activity of the constitutive 26S proteasdifieand the rates of antigen processing were shown
to influence the immunogenicity of epitoféd. Despite similar primary sequences for the
B5c and B5i substrate specificity pockets both subunitsl differ in their cleavage

pattern§*¥, Distinct conformations of Met45 cause subysit to preferentially bind tiny
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non-polar amino acids such as alanine or valindenS1 pocket, while suburfibi favours
bulky aromatic P1 residues like phenylalanine, gimé'*® and tryptophan. These substrate
preferences are in line with the published selectivorogenic AMC-substrates Ac-Trp-Leu-
Ala-AMC for subunit 5¢ and Ac-Ala-Asn-Trp-AMC for subunip5i™®. Leucine and
isoleucine are supposed to target subysdit with a slight preference ovei5i. Both
presumably displace Met45 in subupiiic, but might also not be sufficiently stabilizedtihe
spacious S1 pocket of subufii during initial ligand docking. By contrast, Tiits well in
the S1 pocket of subunfibi and is exceptionally well-stabilized in tfi&c counterpart by
interactions with Ser5336c) and Serl2936). Therefore, it is accepted by bdgthc andp5i

as a P1 residue. In conclusion, sub@bitevolved to efficiently support antigen preseiotat
by producing epitopes with a broad range of hydotyit C-terminal amino acids for tight
binding to MHC | receptors. Its outstanding role &mtigen generation is corroborated by a
50 % reduction in MHC | levels ip5i-deficient mic&'® and their enhanced predisposition to
infection"*”). Notably, the deletion of the subunifdi or p2i does not affect MHC |
expressiofy® 118

Mutagenesis experiments aimed at mimicking thefkayures of subunfi5i in yeast in order
to investigate in more detail the subtle differenbetween th@5 active sites. The created
mutants addressed all sequence differences inulb&trate binding pockets and around the
catalytic Thrl. However, none of the mutant CPs wassusceptible to inhibition by
ONX 0914 as subunft5i and in agreement their X-ray structures depictecchange in the
side chain conformation of Met45. These findinganpaut that indeed the structural
differences between thgbc andp5i subunits provoke their different substrate sjiates.
Furthermore, the structural and functional key desg of the iCP are based rather on long-
range effects and amino acid networks than on eingbint mutations. Remarkably,
substitution of the §5 subunit by the mammalig@bi entity is lethal to yeast even when using
codon-optimized sequences and even when fdepyopeptide replaces tifidi counterpart
(unpublished data of W. Heinemeyer). Analysis & glubunit contacts in the yCP and iCP
suggest that solely Arg57 might suppress assentbdulounitgsi into the yCP by clashing
with the adjacent Arg82 from subunif§, but even g35i R57T mutant could not be
successfully incorporated into the yCP (unpublistesdilts of W. Heinemeyer).

Unlike thep5i subunit, theB5c¢ active site presumably has been successfullatied in yeast.
Mutation of GIn53 to Ser enhanced the selectiviy leucine residues in P1 without any
obvious structural changes. Thus, amino acid 5§spk crucial role in determining the

cleavage preference @bc andp5i subunits by modulating the interaction strengtith
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Met45. Notably, this observation does probably aqmily to subunif5t, as Thr cannot adopt
diverse side chain conformations like Met45 andsdoet interact with Ala53, which is
strictly conserved amonght sequences.

Importantly, for all CP inhibition experiments tlikorogenic substrate Suc-Leu-Leu-Val-
Tyr-AMC was used, irrespective of the mutationgadticed in subunit 6. For a more
correct determination of Kg values specific fluorogenic peptide substratestiier subunits
B5c, B5i andp5t would be appropriate.

7.2 Guidelines for the rational design of CP-selectivenhibitors

Various diseases, including autoimmune disordedscamcers, are characterized by elevated
levels of inflammation signals and iCP subuffts Hence, iCP-selective compounds
constitute promising novel drugs for the treatnefrautoimmune diseases. The iCP-selective
inhibitor ONX 0914 was proven to halt disease pesgion in rheumatoid arthritis,
experimental colitis, systemic lupus erythematasud Hashimoto’s thyroiditis by decreasing
the levels of proinflammatory cytokines as well astoantibodies and by modulating
cytotoxic T cell responsgs >3

Previous studies demonstrated that peptide basebitors of the CP including ONX 0914
mimic the binding mode of natural substrates bymiog an antiparallep sheet in the
substrate binding channels of the active Site§he herein presented crystal structures now
elucidated that the binding mechanism of ONX 0914lt active sites of the proteasome, the
¢ and i subunits, is identical. Furthermore thed@lity of compounds solely depends on the
potency of their electrophilic head group and thteractions of the ligand’s P sites with the
surrounding protein side chains. The exceptionglirtance of the interaction between the P1
site and the S1 pocket revealed by this study iieoborated by the nonpeptidic proteasome
inhibitors salinosporamide A (marizomib) and omisralthat both occupy only the S1 ite

%91 Bearing in mind the uniform proteolytic mechanisiall active proteasome subunits,
subunit-specific inhibitory compounds can only leveloped by varying the side chains of
peptidomimeticsBlc targeting compounds require acidic amino acidsheir P1 site, while
the hydrophobicity of the S1 pocket fli leads to a preference for branched hydrophobic
residues, such as Val, lle or Leu. Moreover, sulfifiifavours smaller and more polar amino
acids in the S3 pocket than subytic. Subuni5c is perfectly suited to accommodate small
apolar residues in P1, while subupii is adapted for binding aromatic amino acids. Pi3e
site of subuniB5c accepts bulky hydrophobic side chains, wheread8 site of subunibi
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demands for small and preferentially polar resid@asce the S2 sites of the substrate binding
channels are either shallow (subufitc/i, p2c/i and 5i) or even lacking {5¢c), the P2
positions can be occupied by spacious side chadidiverse chemical nature.

Ligand complex structures revealed that bindinghefphenyl P1 side chain of ONX 0914 to
subunitp5c is primarily disfavoured by sterical hindrancalwMet45. Consistently, non-
natural derivatives of salinosporamide A and omdealbearing a phenyl moiety in the P1
site, demonstrate less affinity for the subuniffb yand B5¢ compared to their natural
counterparts'®. Besides ONX 0914, the epoxyketone PR-924 (Figlreepresents another
B5i-selective compound with phenylalanine as P1 sidain and alanine as P3 residue.
However, unlike ONX 0914 and PR-924, the epoxyketoprozomib (ONX 0912; Figure 6)
that also bears a phenyl group as P1 residueaseatanhibitor of botiB5¢c andp5i with even
slight preferences for the ¢ subunit. The iCP elystructure provides a plausible explanation
for this observation. The methoxyserine of ONX 09t into the S3 pocket of thg5c
subunit formed by Ala27, but Ser27 in subybt diminishes the size of thgbi S3 pocket
and thus, electrostatically and sterically hindgirgling of ONX 0912 t@5i. In this regard,
even though the P1 residue appears to be the aef@minant for the affinity of a ligand, the
P2 and P3 residues also significantly contributahi® 1G, values. PR-825 (Figure 7) a
structural analogue of ONX 0912 that possessesi@nke instead of a phenyl residue in P1,
targets subunitp5c with 20-fold selectivity overp5i, demonstrating that leucine

rtezomjb—;
%c
. Mt M4\/}L*\>/;'§fl;
N
D114 < o

Figure 33 Stereo illustration of the yCP:bortezomibcomplex structure superimposed onto the cCP and
iCP. Structural comparison of the bortezomib bouf8 gubunit and the unliganded muriptec andp5i active
sites. Amino acids are labelled for th@5ysubunit. Hydrogen bonds between bortezomib aadstirounding
protein residues are indicated by black dashed.line

Adapted from Hubeet al, 2017°.

and methoxyserine are suited to preferentially binthe cCP. Carfilzomib, carrying a leucine

side chain in both P1 and P3 sites is reportedt6-imes more selective fbc thanp5il™®!.
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Hence, leucine in P1 and leucine or methoxysermeP3 give rise top5c selectivity.
Moreover, the yCP:bortezomib complex strucfiifetogether with the cCP and iCP
coordinates elucidate that the P1 leucine and thepyazine ring of bortezomib fit into
subunitf5i andp5c by interacting with Thr21, Ala22 and Ala27/SexdB5c/i and Aspl44
of the neighbouring subunfté (Figure 33). Hereby, bortezomib is capable ofepty
inhibiting both the cCP and iCP.

Bearing in mind a sequence identity of more tha¥®between murine and human subunits,
the design of novel selective proteasome inhibiforssingle CP-types and CP-subunits is
now amenable. Such compounds enable the detaibedieation of the biological impact of
each active proteasome subunit and have huge mabpntentials for the treatment of cancer

and autoimmune diseases.
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9 Appendix
Subunit iCP cCP iICP compared to cCP
1 2 Interface hb sb| Interface hb sb| Interfface 4hb A4sb
[A?] [A% [%0]

al a2 1399.9 18 1403.3 17 B 99.8 +1 0
al a7 1323.6 19 13412 16 B 98.7 +3 +1
a2 a3 1459.1 16 1462.1 18 b 99.8 -2 0
a3 ad 1430.3 20 1500.0 18 b 95.4 +2 -1
ad ab 1395.6 21 14238 25 D9 98.0 -4 -5
ab a6 1327.8 19 1336.7 18 4 99.3 +1 0
ab ol 1367.0 19 13654 20 P 100.1 -1 -1

945.7 8 & 79.4 0 -2
552.8 8 85.3 -3 +2
715.7 13 8 100.2 -2 0
11424 19 P 97.2 -3 +1
» 1601.7 25 11 956 0 +1
744.0 7 7 93.3 +1 +4

Bl() PL()' | 750.8 8
Bl(i) B2() | 4716 5
pL(i) Pp7 | 7174 11
Bl() p7 | 11107 16
p2() B3 | 1531.0 25
p2() Pp7° | 6944 8

o

B3 P4 | 7521 12 7376 13 5 1020 -1 -1
B3 B5() | 855.7 19 8416 19 8  101.7 0 0
B4 B4 | 7340 14 7617 11 0 964 +3 0
B4 pB5() | 589.4 3 5000 4 4 999 1 +1
B4 PB5() | 597.0 8 6543 7 10 91.2 +1 -3
B5() p6 | 688.7 12 5472 10 4 1259 +2 0
6 p7 | 9708 13 9743 13 3  99.6 0o -2
p6*  B2() | 1130.6 15 12158 16 5  93.0 1 -1
p6' P3| 657.6 6738 10 6  97.6 2
Bli) ol | 457.4 4170 3 0 1097 +2 43

Bl(i) o7 | 457.8
B2() ol | 566.2
B2() o2 | 4418

B3 a2 | 4126

583.5 7 3 97.0 +1 +1
463.3 5 ) 95.4 -2 0
427.7 10 6 96.5 -2 0

CPOOWWUARANUOONA IR WO NP rroosw

(
(
440.7 2 1 103.9 +5 +2
[
(
{

0 W 00 N U1 00

Table 15 PISA analysiS® of interface areas and interactions of adjacent mteasome subunits in the
murine cCP and iCP. The number of hydrogen bonds (hb) and salt bridgb¥ as well as their differences
between cCP and iCPAY are provided. Interface areas of iCP subunits given as percentage of the
corresponding values in the cCP.
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Appendix

yCP yCP yCP
yp5Q53S yp5Q53S:bortezomib yp5Q53S:0NX 0914
Crystal parameters
Space group R2 P2 P2
Cell constants a=134.7 A a=136.3 A a=136.7 A
b=301.9 A b=301.4 A b=301.5 A
c=144.7 A c=145.2 A c=145.2 A
B=112.9° B=113.1° B=112.8°
CPs /AU 1 1 1
Data collection
Beam line X06SA, SLS X06SA, SLS X06SA, SLS
Wavelength (A) 1.0 1.0 1.0
Resolution range (R) 49-2.9 49-3.0 49-3.4
(3.0-2.9) (3.1-3.0) (3.5-3.4)
No. observations 717696 653661 521471
No. unique reflectiorfs 230488 209442 146379
Completeness (%) 98.2 (98.6) 97.5(99.1) 98.6 (99.0)
Rimerac (%) € 7.9 (55.3) 8.4 (62.0) 13.6 (58.7)
/o (I)° 11.8 (2.6) 13.0 (3.2) 7.6 (2.3)
Refinement (REFMACS)
Resolution range (A) 15-2.9 15-3.0 15-3.4
No. refl. working set 218963 308271 176276
No. refl. test set 10948 15413 8813
No. non hydrogen 50864 51032 51116
No. of ligand atoms - 168 294
Water molecules 1322 1322 1322
Ruwork/ Reree (%0)° 15.1/21.1 14.7 1 20.6 14.2/21.7
r.m.s.d. bond () / (%) 0.011/1.599 0.012/1.637 0.011/1.591
Average B-factor (A 61.7 64.5 70.7
Ramachandran Plot (%) 94.3/4.7/1.0 94.4/4.9/0.7 92.3/6.6/1.1

Table 16 X-ray data collection and refinement statigcs of structures of the yCP mutant $5Q53S.

& Asymmetric unit.

The values in parentheses of resolution rangeptEiamess, R.qeand 16 (I) correspond to the last resolution
shell.

Friedel pairs were treated as identical reflecion

Runergd!) = ZniaZ; | [I(AKI); - 1(nKD] [Znki I , Where I(hkl)is the " measurement of the intensity of reflection hkl
and <I(hkl)> is the average intensity.

R =21 | |Fbd - |Rad 1Zn |Fobd, Where Recis calculated for a randomly chosen 5 % of reftewdi which were
not used for structure refinement, angRis calculated for the remaining reflections.

Deviations from ideal bond lengths/angles.

9 Number of residues in favoured, allowed or outlegion.

b
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Appendix

yCP

yp5 A27S K32N A46S
T57R G48C K71G
V127T

yCP

yp5 A27S K32N A46S
T57R G48C K71G
V127T:bortezomib

yCP

yp5 A27S K32N A46S
T57R G48C K71G
V127T:ONX 0914

Crystal parameters

Space group R2 P2 P2

Cell constants a=134.5 A a=136.5 A a=136.6 A
b=301.0 A b=300.4 A b=300.3 A
c=144.4 A c=145.6 A c=1458 A
(=113.0° p=113.1° p=113.2°

CPs /AU 1 1 1

Data collection

Beam line X06SA, SLS X06SA, SLS X06SA, SLS

Wavelength (A) 1.0 1.0 1.0

Resolution range (&) 49-2.5 49-2.8 49-2.6
(2.6-2.5) (2.9-2.8) (2.7-2.6)

No. observations 1048068 813713 1001216

No. unique reflectiorfs 353449 260234 324245

Completeness (%) 97.3 (98.4) 98.5 (99.0) 98.3 (99.4)

Rimerae (%) € 7.5 (59.7) 7.5 (46.2) 7.6 (56.0)

/o (I)° 9.2 (2.0) 11.9 (3.4) 10.8 (2.7)

Refinement

(REFMACS5)

Resolution range (A) 15-2.5 15-2.8 15-2.6

No. refl. working set 335776 247222 308031

No. refl. test set 16788 12361 15401

No. non hydrogen 50888 51047 51135

No. of ligand atoms - 168 294

Water molecules 1340 1340 1340

Ruork/Rerec (%0)° 19.0/23.6 15.5/21.0 16.9/215

r.m.s.d. bond (A)/ ()  0.012/1.652 0.011/1.551 0.012 /1.649

Average B-factor (A 58.1 62.7 62.1

Ramachandran Plot (%) 94.4/4.8/0.8 95.5/3.7/0.7 95.6/3.8/0.6

Table 17 X-ray data collection and refinement statigcs of structures of the yCP mutant $5 A27S K32N
A46S T57R G48C K71G V127T.
a

Asymmetric unit.

® The values in parentheses of resolution rangepteieness, Rerge@nd 16 (1) correspond to the last resolution

shell.

Friedel pairs were treated as identical reflection

Rmergdl) = ZnwZj | [I(hKD; - I(hKD] [Zp Thia » where I(hkl)is the jh measurement of the intensity of reflection hkl
and <I(hkl)> is the average intensity.

R =% | |Fbd - |Rad 1Znk [Fonds Where Reeis calculated for a randomly chosen 5 % of reftaeti which were
not used for structure refinement, anghRis calculated for the remaining reflections.

Deviations from ideal bond lengths/angles.

9 Number of residues in favoured, allowed or outlégion.
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yCP yCP yCP
yp5 M45R yp5 M45R:bortezomib  y5 M45R:ONX 0914

Crystal parameters

Space group R2 P2 P2

Cell constants a=134.6 A a=136.0 A a=135.9 A
b=302.8 A b=300.3 A b=298.1 A
c=145.2 A c=145.1 A c=144.4 A
B=112.7 ° B=112.8 ° B=112.7 °

CPs / AU 1 1 1

Data collection

Beam line X06SA, SLS X06SA, SLS X06SA, SLS

Wavelength (A) 1.0 1.0 1.0

Resolution range (R) 49-3.0 49-2.9 48-2.8
(3.1-3.0) (3.0-2.9) (2.9-2.8)

No. observations 640110 700484 747601

No. unique reflectiorfs 208693 230999 248239

Completeness (%) 97.7 (98.9) 97.7 (98.6) 95.6 (96.1)

Rmerac (%) € 10.6 (49.4) 8.7 (55.5) 7.4 (50.6)

/o (I)° 8.7 (2.7) 10.1 (1.7) 11.1(1.8)

Refinement (REFMACS)

Resolution range (A) 15-3.0 15-2.9 15-2.8

No. refl. working set 198258 219448 235827

No. refl. test set 9912 10972 11791

No. non hydrogen 50894 51053 51137

No. of ligand atoms (ligand; MES) - 168 318

Water molecules 1340 1340 1340

Ruork/ Reree (%0)° 14.8/20.7 15.9/21.7 1757239

r.m.s.d. bond () / (%) 0.014/1.802 0.012/1.658 0.014/1.830

Average B-factor (A 59.2 61.0 64.1
Ramachandran Plot (%) 94.2/5.1/0.8 95.1/4.2/0.8 93.7/5.4/0.8

Table 18 X-ray data collection and refinement statigcs of structures of the yCP mutant $5 M45R.

& Asymmetric unit.

The values in parentheses of resolution rangeptEiamess, R.qeand 16 (I) correspond to the last resolution
shell.

Friedel pairs were treated as identical reflection

d Rmergdl) = ZnwZj | [I(hKD; - I(hKD] [Zh Thia » where I(hkl) is the ' measurement of the intensity of reflection hkl
and <I(hkl)> is the average intensity.

R =2k | |Fbd - [Rad 1Enk [Fond, Where Reeis calculated for a randomly chosen 5 % of reftatdi which were
not used for structure refinement, angRis calculated for the remaining reflections.

Deviations from ideal bond lengths/angles.

9 Number of residues in favoured, allowed or outlegion.

b
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yCP
yp5 135T M45R

yCP
yp5 135T M45R:bortezomib

yCP
yp5 135T M45R:ONX 0914

Crystal parameters
Space group
Cell constants

CPs /AU

Data collection
Beam line
Wavelength (A)
Resolution range (R)

No. observations

No. unique reflectiorfs
Completeness (%)
Rmerq( (%)b ‘

/o (1)

Refinement
(REFMACS5)
Resolution range (A)
No. refl. working set
No. refl. test set

No. non hydrogen
No. of ligand atoms
(ligand; MES)

Water molecules
Rwork/ Rfree (%)e
r.m.s.d. bond (A) / (%)
Average B-factor (A

R2

a=133.9 A
b=300.6 A
c=144.2 A
B=112.8°
1

X06SA, SLS
1.0

49-3.0

(3.1-3.0)
621044

205091

97.9 (98.3)

11.9 (52.2)

8.6 (2.9)

15-3.0
194836
9741
50891

1340
15.6/22.4
0.011/1.592
55.7

Ramachandran Plot (%) 94.7/4.4/0.9

P2
a=135.1 A
b=301.0 A
c=146.1 A
p=112.8°
1

X06SA, SLS
1.0

50-2.9

(3.0-2.9)
698969
231926

97.7 (99.1)
9.6 (50.3)
8.6 (2.6)

15-2.9

220329

11016

51051
168

1340
15.6/21.8
0.012/1.664

62.8
94.5/4.6/0.9

P2
a=1355A
b=299.1 A
c=145.7 A
p=112.9°
1

X06SA, SLS
1.0

50-3.1

(3.2-3.1)

578722

186814
96.8 (98.7)
9.8 (46.8)
9.8 (2.5)

15-3.1

177472

8873

51161
318

1340
143/21.1
0.012/1.754
61.3
93.7/5.3/1.0

Table 19 X-ray data collection and refinement statigcs of structures of the yCP mutant 85 I35T M45R.
a

Asymmetric unit.
b

shell.

and <I(hkl)> is the average intensity.

Friedel pairs were treated as identical reflection
Rmergdl) = ZnwZj | [I(hKD; - I(hKD] [Zh Thia » where I(hkl) is the " measurement of the intensity of reflection hk

The values in parentheses of resolution rangeptEiamess, R.qe.and 16 (I) correspond to the last resolution

R =Zw | [Fbd - |[Rad 1Znk |Fond, Where Reeis calculated for a randomly chosen 5 % of reftatdi which were

not used for structure refinement, anghRis calculated for the remaining reflections.

Deviations from ideal bond lengths/angles.

9 Number of residues in favoured, allowed or outlegion.
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yCP yCP
yB5 A20S, A22C, V31S, yB5 A20S, A22C, V31S, M45T,
M45T, A46S, G48T A46S, G48T:ONX 0914
Crystal parameters
Space group R2 P2
Cell constants a=135.0 A a=136.6 A
b=302.5 A b=299.9 A
c=144.2 A c=146.1 A
p=112.8° p=113.2 °
CPs /AU 1 1
Data collection
Beam line X06SA, SLS X06SA, SLS
Wavelength (A) 1.0 1.0
Resolution range (A) 25-2.9 25-3.1
(3.0-2.9) (3.2-3.1)
No. observations 724106 558889
No. unique reflectiorfs 230082 185554
Completeness (%) 99.4 (97.9) 95.0 (97.4)
Rumerae (%) € 11.9 (53.3) 14.3 (54.0)
I/ (1)° 7.5 (2.1) 6.3 (2.2)
Refinement (REFMACS)
Resolution range (A) 15-2.9 15-3.1
No. refl. working set 218577 176276
No. refl. test set 10928 8813
No. non hydrogen 50876 51129
No. of ligand atoms 0 294
Water molecules 1322 1322
Ruor/Riree (%0)° 15.4/21.2 14.7/21.7
r.m.s.d. bond (A) / (%) 0.011/1.589 0.012/1.681
Average B-factor (A 54.9 66.5
Ramachandran Plot (%) 95.7/3.7/0.6 929/6.0/1.1

Table 20 X-ray data collection and refinement statigcs of structures of thep5t-mimicking yCP mutant.

& Asymmetric unit.

The values in parentheses of resolution rangeptiamess, R.qe.and 16 (I) correspond to the last resolution
shell.

Friedel pairs were treated as identical reflection

d Rmergdl) = ZnwZj | [I(NKD; - I(hKD] [Zhi Thia » where I(hkl) is the " measurement of the intensity of reflection hkl
and <I(hkl)> is the average intensity.

R =Zwk | |Fbd - |[Rad 1&nk |Fonds Where Reeis calculated for a randomly chosen 5 % of reftatdi which were
not used for structure refinement, anghRis calculated for the remaining reflections.

Deviations from ideal bond lengths/angles.

9 Number of residues in favoured, allowed or outlégion.

b
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10 Abbreviations

A Angstrém

aa amino acid

Ac acetate/acetyl

AMC 7-Amino-4-methylcoumarin
AMP adenosine monophosphate
Amp ampicillin

APS ammonium persulfate

ATP adenosine triphosphate

B. taurus Bos taurus

bp base pairs

Braap branched chain amino acid preferring
BSA bovine serum albumin

°C degree Celsius

Cbz Carboxybenzyl

cCP 20S constitutive proteasome
CD8 cluster of differentiation 8
ChTL Chymotrypsin-like

CL Caspase-like

CM complete medium

CP core particle, 20S proteasome
CTEC cortical thymic epithelial cells
CTL cytotoxic T lymphocyte

2D two-dimensional

3D three-dimensional

Da dalton

ddH0O double distilled water

DMSO dimethylsulfoxid

DNA deoxyribonucleic acid

dNTP deoxyribonucleotide triphosphate
DTT dithiothreitol

E. coli Escherichia coli
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Abbreviations

EDTA
ER
EtOH
FDA
5-FOA
HCI
Hsp
ICso
iCP
IFN

IL

K

kbp
kDa
LB
LCMV-WE
LiAc
mA
MDa
MES
MHC
MPD
NCS
NEPHGE
NF-«xB
Ntn
OD
PAGE
PCR
PDB
PEG
pNA
Reree

r.m.s.d.

ethylenediaminetetraacetic acid
endoplasmic reticulum

ethanol

U. S. food and drug administration
5-fluoroorotic acid

hydrochloric acid

heat shock protein

half maximal inhibitory concentration
20S immunoproteasome

interferon

interleukin

Kelvin

kilo base pairs

kilo Dalton

Luria Bertani

lymphocytic choriomeningitis virus strailWE
lithium acetate

milliampere

mega Dalton

2-(N-morpholino) ethanesulfonic acid
major histocompatibility complex class
2-Methyl-2,4-Pentanediol
non-crystallographic symmetry
non-equilibrium pH gradient gel electropdsis
nuclear factokB

N-terminal nucleophile

optical density

polyacrylamide gel electrophoresis
polymerase chain reaction

Protein Data Bank

polyethylene glycol

para-nitroaniline

free R-factor

root-mean-square deviation
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Abbreviations

rpm
Rwork

S

S. cerevisiae
SDS
SLS
Snaap
SOC
Suc

T. acidophilum
TAE
TAP
tCP
TCR

TE
TEMED
TL

TLS

Tm

TNF
Tris
Tris-HCI
U

uv

\Y

VIS

viv

wit

wiv

yCP
YPD

98

rounds per minute
crystallographic R-factor
Svedberg
Saccharomyces cerevisiae
sodiumdodecylsulfate
Swiss Light Source
small neutral amino acid preferring
super optimal broth with catabolite reprassio
Succinyl
Thermoplasma acidophilum
Tris-Acetate-EDTA
transporter associated with antigen procgssin
20S thymoproteasome
T cell receptor
Tris-EDTA
N,N,N',N‘tetramethylethylenediamine
trypsin-like
Translation, Libration, Screw
melting temperature
tumour necrosis factor
Tris (hydroxymethyl-) aminomethane
Tris (hydroxymethyl-) aminomethane hydntaride
unit
ultraviolet
volt
visible
volume per volume
wildtype
weight per volume
yeast 20S proteasome

yeast extract peptone dextrose



Publications

11 Publications

The present thesis has been conducted from Septe20B8 till January 2013 under the
supervision of Prof. Dr. Michael Groll, Chair ofdghemistry, TUM.

Parts of this thesis have been published:

Immuno- and constitutive proteasome crystal stmastueveal differences in substrate and
inhibitor specificity

Huber, E. M.*, Basler, M.*, Schwab, R.*, Heinemey&'., Kirk, C. J., Groettrup, M., Groll,
M. (2012), Cell, 148 727-738.

The 19S cap puzzle: A new jigsaw piece
Huber, E. M. and Groll, M. (2012). Structug4), 387-388.

Kristallstruktur eines molekularen Schredders
Huber, E. M. and Groll, M. (2012). GIT Labor-Fachgehrift, 5, 363-365.

Inhibitors for the immuno- and constitutive protea®: current and future trends in drug
development.
Huber, E. M. and Groll, M. (2012). Angew. Chem.. Il&d. Engl.51,8708-8720.

*These authors contributed equally

99



Acknowledgement

12 Acknowledgement

First of all | would like to thank my supervisord®rDr. Michael Groll for providing me the
possibility to work in his excellent team and fotreisting me the immunoproteasome project.
| am very grateful for his daily interest in my wohis deep confidence in me, his continuous
support and substantial promotion. His enormoubumism and encouragement as well as
his advices and ideas were of great help not omiynfy scientific results but, even more
important, also for my personality.

Special thanks go to my collaborators from the @rsity of Constance Prof. Dr. Marcus
Groettrup, Dr. Michael Basler and Ricarda Schwabith@dt their contribution - the
purification of the murine proteasomes - this wanduld not have been possible.

| strongly thank PD Dr. Wolfgang Heinemeyer for ish@ his outstanding knowledge and
experience in yeast genetics with me, for helpirggareating the numerous mutants and for
all the new techniques he taught me.

| am very grateful to Dr. Melissa Grawert who patig introduced me to the theory and the
praxis of crystallography during the first yeamoy PhD.

Moreover, | want to acknowledge Richard Feicht dtirthe yeast proteasome purifications
and the amazing crystals he produced.

| am also indebted to all the students that joimexlin the lab. In particular | thank Silvia
Domcke for her excellent work.

Last but not least, | want to thank all memberstled Groll group, especially my PhD
colleagues for the nice and relaxed working atmesphone of the things | appreciated and
enjoyed most during the last three years. | amefuhfor all the funny moments inside and
outside the lab, especially during the synchrotrgos and for all the group activities, we did
together. Especially, | thank Ute and Astrid formaging many of my problems with forms
and orders.

Finally, 1 thank my family for having enabled mydies, for their support, their confidence

in me and their interest in my work.

100



Declaration

I, Eva Maria Huber, hereby declare that | indepeatigeprepared the present thesis, using
only the references and resources stated. This vhak not been submitted to any

examination board yet. Parts of this work have bwenill be published in scientific journals.

Garching, February 2013

101



