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Supervisor’s Foreword

Curing diseases is the primary long-term goal of contemporary scientific research. 
However, developing new drugs and bringing them to application demands for 
enormous efforts and staying power of both academia and pharmaceutical indus-
try. Often the structural analysis of a target protein and its understanding at the 
atomic level form the foundation of such a long-lasting process. This proved true 
also for the 20S proteasome core particle (CP), a protease of 720 kDa and 28 sin-
gle subunits.

In 1995, the first X-ray structure of a 20S proteasome, namely that of the 
archaeon Thermoplasma acidophilum has been elucidated by Löwe and cowork-
ers [1]. Only, 2 years later, the structure of the proteasome from baker’s yeast—
the first eukaryotic proteasome—was solved [2]. This milestone in proteasome 
research stimulated the development of the multitude of inhibitory compounds that 
is known today. Many of these drugs have been structurally analyzed in complex 
with the yeast 20S proteasome and the obtained X-ray data served as intermedi-
ate and validation steps in the drug design development process. Up to now, two 
proteasome inhibitors have made their way from bench to bedside: Velcade® and 
Kyprolis®. Since the proteasome is essential for many cellular processes includ-
ing cell cycle progression, both compounds are applied to patients suffering from 
blood cancer. However, recently, a novel therapeutic application of proteasome 
inhibition has been discovered. The compound ONX 0914 (formerly PR-957)—
identified in high-throughput screenings—was shown to be of therapeutic benefit 
in animal models of autoimmune diseases such as rheumatoid arthritis and lupus 
erythematodes [3, 4]. Remarkably, despite its pronounced structural similarity to 
other proteasome inhibitors, ONX 0914 selectively targets only the 20S immuno-
proteasome, a specialized version of the proteasome known in vertebrates.

The immunoproteasome selectivity of ONX 0914 fascinated me as a chemist 
and formed the starting point for the Ph.D. thesis of Dr. Huber. Her work culmi-
nated in the first X-ray structure of an immunoproteasome. Finally, apo and ligand 
complex structures of the immunoproteasome with ONX 0914 provided an expla-
nation for its selectivity. The structural results described herein represent a valu-
able contribution for modeling and designing novel proteasome-type selective and 
subunit-specific inhibitory compounds. Apart from the immunoproteasome struc-
ture described herein, Dr. Huber conducted yeast mutagenesis experiments which 
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aimed at imitating all three 20S proteasomes types of vertebrates in yeast: the con-
stitutive proteasome, the immunoproteasome and the thymoproteasome. Together, 
the topic and the results of this thesis will definitely inspire further efforts in aca-
demic research as well as in medicinal chemistry. 
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1.1  Intracellular Protein Degradation and Antigen 
Presentation

All proteins undergo a life cycle, starting from their synthesis at ribosomes and 
ending with their degradation to peptides and single amino acids. Thereby, the 
building blocks for the de novo synthesis of polypeptides are recycled and in addi-
tion important cellular functions are controlled. These include protein homoeo-
stasis, cell proliferation, signal transduction and antigen production [1]. The 
lysosomal and the non-lysosomal protein degradation pathways process the major-
ity of intracellular self and nonself proteins. In lysosomes proteases termed cath-
epsins unselectively degrade proteins. The resulting peptide fragments can be 
loaded on major histocompatibility complex class (MHC) II receptors and pre-
sented on the cell surface to immune cells [2]. In contrast, hydrolysis of more than 
90 % of all cytosolic proteins is carried out by the 26S proteasome—the central 
player of the non-lysosomal protein degradation pathway. The 26S proteasome, 
a multicatalytic ATP-dependent protease located in the cytosol and the nucleus, 
selectively cuts polyubiquitylated proteins to peptides of diverse lengths [3, 4]. 
While most of these peptides are further decomposed to single amino acids, a frac-
tion escapes this fate and serves as antigens for the immune system in vertebrates. 
Prior or after N-terminal trimming to 8–11 amino acids by aminopeptidases [5, 6] 
putative epitopes transit into the endoplasmic reticulum (ER) by the transporter 
associated with antigen processing (TAP), a member of the ATP-binding cassette 
transporter family [7]. In the ER peptides can associate with the binding cleft of 
nascent MHC I receptors. The peptide’s affinity for the MHC I complex largely 
depends on its C-terminal anchor residue [8, 9], which is determined by the cleav-
age specificities of the proteasome. Only stable receptor:ligand complexes adopt 
a mature structure and are transported in vesicles to the cell membrane for their 
exposure to the extracellular environment. Surveying effector cells of the immune 
system scan the peptide cargos of both MHC I and II receptor proteins for their ori-
gin and cells that carry bacterial or viral peptides on their cell surface are identified 
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and eliminated by cytotoxic T lymphocytes to prevent an infection [10, 11]. Hence, 
by shaping the antigenic pool of peptides the proteasome constitutes a key compo-
nent of the adaptive immune system of vertebrates.

1.2  The Ubiquitin–Proteasome System

1.2.1  Polyubiquitylation: A Signal for Degradation

Posttranslational modifications such as ubiquitylation control the subcellular locali-
zation, signal transduction, enzymatic activity and stability of eukaryotic pro-
teins. Ubiquitin itself is a highly conserved polypeptide of 8.5 kDa and 76 amino 
acids and its covalent linkage to proteins is catalysed by the sequential action of 
three classes of enzymes, termed ubiquitin-activating enzyme (E1), ubiquitin-con-
jugating enzyme (E2) and ubiquitin ligase (E3) [4]. The E1 enzyme activates the 
C-terminal glycine residue of ubiquitin in an ATP-dependent manner under the 
release of pyrophosphate. Subsequent attachment of the adenylated ubiquitin to 
the active site Cys residue of the E1 enzyme yields a thioester and an AMP mol-
ecule. Next, ubiquitin is conjugated to the catalytic Cys of an ubiquitin-conjugating 
enzyme (E2) and finally, an E3 ligase creates an isopeptide bond between the ubiq-
uitin’s C-terminus and the ε-amino group of a lysine side chain in the substrate pro-
tein (Fig. 1.1) [4]. Selectivity of the ubiquitylation reaction is ensured by a myriad 
of E3 ligases that binds to recognition sites in their target proteins either directly or 
via adaptor proteins. Commonly, proteins that carry a chain of at least four ubiqui-
tin molecules connected via Lys48 are targeted for degradation by the 26S protea-
some [12].

1.2.2  Subunit Composition and Architecture of Proteasomes

The 26S proteasome is a molecular machine of approximately 2.5 MDa, consist-
ing of a cylindrical 20S core particle (CP) and two 19S regulatory complexes asso-
ciated on both ends. The 19S cap binds polyubiquitylated substrates, cleaves off 
their ubiquitin molecules, unfolds and finally translocates client proteins into the 
proteolytic 20S chamber [14]. In contrast to the 19S complex whose atomic struc-
ture has not yet been resolved, the core of the proteasome has been extensively 
characterized at the molecular level, leading to the following current understand-
ing of its evolution and functioning.

The barrel-shaped CP is present in all three kingdoms of life, bacteria, archaea 
and eukaryotes. Bacteria except for actinomycetes harbour CP-like complexes 
termed heat-shock locus (Hsl) V that consist of two homohexameric rings of a 
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proteolytically active subunit [15]. The CP of actinomycetes, archaea and eukary-
otes adopts a more complex quarternary structure. The X-ray structures of the CP 
from the archaeon Thermoplasma acidophilum [16] and the eukaryote S. cerevi-
siae [17] proved that the protease is a cylinder of 148 Å in length and 113 Å in 
width with a molecular mass of approximately 720 kDa and that it consists of two 
different types of subunits termed α and β. Both monomers are assembled in four 
homoheptameric rings that are stacked in an αββα stoichiometry around a cen-
tral pore. Due to its two-fold rotational symmetry the CP comprises two identical 
halves (Fig. 1.2) [16, 17]. Archaeal 20S proteasomes incorporate only one type 
of α and one type of β subunit [16]. By contrast, eukaryotic proteasomes con-
tain seven different α (1–7) and seven different β (1–7) subunits (Fig. 1.2) [17], 
which occupy unique positions within the CP. All known α and β subunits share 
the same tertiary structure of two antiparallel five-stranded β sheets being flanked 
by α helices and probably evolved from a common ancestor (Fig. 1.2a) [16, 18].

Several functions have been attributed to the α subunits. Their intrinsic abil-
ity to form a heptameric ring is pivotal for the assembly of the β subunits and the 
formation of the CP. Furthermore, so-called shuttling sequences in the α subunits 
enable the import of the CP into the nucleus and its re-export [23]. The α subu-
nits also form the entry gate to the interior of the CP [24, 25]. In particular, the 
N-terminal extensions of the subunits α2, α3 and α4 close the barrel-shaped CP on 

Fig. 1.1  Ubiquitin activation and linkage to substrate proteins. Adenylation of ubiquitin by an 
E1 enzyme is followed by its transfer to an E2 ubiquitin-conjugating enzyme. An E3 ligase cova-
lently attaches ubiquitin to a lysine residue in the target protein. Adapted from Berg et al. [13]

1.2 The Ubiquitin–Proteasome System
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both ends and thereby abolish uncontrolled degradation of intracellular proteins 
[16, 17]. Docking of regulatory and adapter complexes such as the 11S (PA28), 
19S and PA200 (Blm10) particles onto the α ring rearranges the N-termini of the 
α subunits and enables access to the proteolytically active sites that are seques-
tered in the β rings [26]. The β subunits are synthesized as inactive precursor 
proteins with N-terminal propeptides of up to 75 amino acids. These propeptides 
are involved in CP assembly assisted by the proteasome maturation factor Ump1 
(ubiquitin-mediated proteolysis 1) [27] and protect the catalytic active sites from 
inactivating Nα acetylation prior to proteasome maturation [28]. In the final step 
of proteasome assembly the propeptides are removed by intramolecular autoly-
sis, thereby exposing the proteolytically active Thr1 residues and yielding a pro-
teasome particle that can cut polypeptides down to size [16, 29]. Remarkably, in 
eukaryotes only three out of the seven different β subunits, namely β1, β2 and β5, 

Fig. 1.2  Evolution of 20S proteasomes. (a) Archaeal CPs are assembled of two different types 
of monomers, namely inactive α (grey) and proteolytically active β subunits (blue). Both presum-
ably originated from a common but unknown precursor protein [18]. Eukaryotes such as S. cere-
visiae encode seven different α and seven different β subunits, but only the β subunits β1 (green), 
β2 (red) and β5 (blue) are enzymatically active [17]. The inactive α and β subunits are coloured 
in grey. In vertebrates three classes of 20S proteasomes evolved. The constitutive proteasome 
(cCP), the immunoproteasome (iCP) and the thymoproteasome (tCP) have distinct sets of cata-
lytic β subunits and thus, are implemented in different biological pathways [17, 19–21]. (b) Side 
and top view of the eukaryotic CP. The C2 symmetry of the proteasome particle is indicated as a 
red rod. Adapted from Huber and Groll [22]
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are proteolytically active as N-terminal nucleophile (Ntn) threonine hydrolases 
[17].

Whereas primitive eukaryotes like baker’s yeast bear only one type of CP [17], 
vertebrates express three classes of CPs [21, 30]: the constitutive proteasome 
(cCP), the immunoproteasome (iCP) and the thymoproteasome (tCP). The cCP 
comprises the catalytic active constitutive (c) subunits β1c (Y, PSMB6), β2c (Z, 
PSMB7) and β5c (X, PSMB5) and represents the prevailing proteasome species in 
cells of non-haematopoietic origin. In contrast, in immune cells such as lympho-
cytes and monocytes the iCP is predominant [30] (Fig. 1.2a). Nonetheless, expres-
sion of the iCP can also be induced in non-immune tissues by proinflammatory 
cytokines such as interferon (IFN)-γ and tumour necrosis factor (TNF)-α [20, 31]. 
As the three proteolytically active immuno (i) subunits β1i (LMP2, low molecular 
weight protein 2, PSMB9), β2i (MECL1, multicatalytic endopeptidase complex-
like-1, PSMB10) and β5i (LMP7, PSMB8) are preferentially assembled into CPs, 
mainly iCPs are formed de novo upon cytokine release [20, 32]. Apart from the i 
subunits IFN-γ also triggers the expression of the 11S adaptor complex PA28αβ 
[33]. This particle stimulates proteasome activity and is essential for the genera-
tion of certain antigenic peptides [34]. Furthermore, PA28αβ has been suggested 
to target iCPs to the TAP in the ER membrane in order to directly translocate the 
generated peptides into the ER lumen [35]. Besides the cCP and iCP, mixed pro-
teasomes bearing the subunit composition β1c, β2c and β5i or β1i, β2c and β5i 
were reported to account for 30–50 % of all cellular CPs [36] and even CPs with 
asymmetric composition of β subunits were described [37].

The third type of CP, the vertebrate-specific thymoproteasome (tCP), is exclu-
sively expressed in cortical thymic epithelial cells (cTECs) and incorporates 
the i subunits β1i and β2i as well as the exceptional subunit β5t (PSMB11) [21] 
(Fig. 1.2a). The unique expression profile and subunit composition of the tCP has 
been implicated to play a pivotal role for the development of CD8+ cytotoxic T 
cells as part of the adaptive immune system.

1.2.3  Proteolysis by 20S Proteasomes

Structural studies along with mutagenesis experiments proved that a sophisticated 
hydrogen bond network involving the amino acids Thr1, Asp17, Lys33, Ser129, 
Asp166 and Ser169 is responsible for the nucleophilicity of the γ-hydroxylgroup 
of the active site Thr1 and thus, for proteolytic activity [16, 17]. A nucleophilic 
water molecule cluster in the active site induces the proton transfer from Thr1Oγ 
to Thr1N, which functions as proton acceptor. Peptide bond hydrolysis then starts 
with an attack of the N-terminal Thr1Oγ onto the electrophilic carbonyl carbon 
atom of the scissile peptide bond of substrate proteins (Fig. 1.3). This reaction step 
creates an acyl-enzyme intermediate and frees the N-terminus of the C-terminal 
peptide fragment. Addition of a pre-oriented nucleophilic water molecule restores 

1.2 The Ubiquitin–Proteasome System
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the catalytic Thr1 and deliberates the C-terminus of the second cleavage product 
(Fig. 1.3) [38].

The proteasome is classified as an endoprotease, as it harbours primed (S1′, 
S2′, S3′) and unprimed substrate binding pockets (S1, S2, S3) that are formed by 
two adjacent subunits [16]. The chemical nature of these sites, which accommo-
date the side chains (P residues) of client proteins (Fig. 1.4), determines the mean 
residence time of ligands and thus, cleavage preferences.

In particular the chemical properties of amino acid 45, forming the bottom 
of the S1 pocket, decide on proteasomal substrate specificities. The positively 
charged Arg45 of subunit yβ1/β1c favours a caspase-like (CL) activity by accom-
modating acidic residues in the S1 pocket. However, subunit β1 can also cleave 
after some hydrophobic amino acids and thereby contributes to the branched chain 
amino acid preferring (Braap) activity of the proteasome [40, 41]. Even though 

Fig. 1.4  Schematic representation of the substrate binding channel of the proteasomal active 
sites. The primed pockets (S′; green) and unprimed specificity sites (S; dark green) bind the 
ligand’s side chains (P′ and P sites). Afterwards the active site Thr1 (red) cleaves the scissile pep-
tide bond (blue). Adapted from Huber et al. [22, 39]

Fig. 1.3  Peptide bond hydrolysis by the proteasome. The nucleophilic Thr1Oγ (red) attacks 
the electrophilic carbonyl carbon atom of the peptide bond thereby releasing the first cleavage 
product. In a second step hydrolysis of the formed acyl-enzyme complex (green bond) frees the 
N-terminal cleavage product and restores the catalytic Thr1
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a trypsin-like (TL) activity has been attributed to subunit yβ2/β2c, it can virtu-
ally processes after all kind of residues owing to Gly45. The chymotrypsin-like 
(ChTL) activity, residing in subunit yβ5/β5c, preferentially hydrolyses proteins 
C-terminally of hydrophobic amino acids, because its substrate binding chan-
nel is lined with apolar residues such as Met45 [17,  41]. In addition, a so-called 
small neutral amino acid preferring activity (Snaap) has been assigned to the 
proteasome. For the iCP, previous studies suggested a reduced CL activity, but 
an enhanced ChTL activity as compared with the cCP/yCP [17, 40, 42, 43]. In 
contrast, the vertebrate-specific tCP has been demonstrated to exert only minimal 
ChTL activity [21].

1.2.4  Immune Functions of 20S Proteasomes

CPs shape the pool of antigenic peptides that are presented by MHC I receptors on 
the cell surface to immune cells. Importantly, all three types of CPs, the cCP, iCP 
and tCP, are capable of generating antigens [44, 45]. However, their distinct sub-
strate specificities result in different epitope repertoires and physiological implica-
tions. Although certain cCP-dependent peptides can trigger immune reactions, the 
iCP is particularly decisive for this process. Cytokines released during viral infec-
tions induce the expression of the iCP in order to enhance antigen presentation and 
to support clearance of the pathogen. In agreement, mice lacking the iCP bear a 
significantly altered repertoire of antigens in terms of quantity and quality, impli-
cating that the i subunits enlarge both the abundance and the diversity of MHC I 
epitopes [46]. Besides, the iCP plays a crucial role in T cell differentiation and the 
release of proinflammatory cytokines such as interleukin (IL)-23, IL-2 and IFN-γ 
via a yet unknown nuclear factor-κB (NF-κB)-independent pathway [47]. In addi-
tion, proteins that are damaged by cytokine-induced oxidative stress were shown 
to be efficiently cleared by the iCP [48].

In contrast to the cCP, the expression of the tCP is restricted to the cTECs of 
the thymus [45]. This specialized organ of the immune system selects T lym-
phocytes for the optimal interaction strength of their T cell receptor (TCR) with 
MHC:self-peptide complexes. Immature thymocytes whose TCR tightly binds to 
MHC receptors loaded with self-antigens are auto-reactive and are eliminated by 
negative selection, while T cells with weak TCR:MHC interactions are consid-
ered as self-tolerant and thus survive (positive selection) [30, 49]. The markedly 
attenuated ChTL activity of the tCP-specific subunit β5t is assumed to produce 
low-affinity self-epitopes for the presentation on MHC receptors [45]. Moreover, 
the peptide pool created by tCPs in cTECs is unique throughout the body and 
thus, might prevent autoimmunity, as positively selected T cells more seldom 
cross-react with self-peptides that have been generated by the cCP and iCP out-
side the cTECs [50]. Remarkably, in β5t-depleted mice the number of CTLs is 
reduced by 75 %, stressing the importance of the tCP for the maturation of thy-
mocytes [21]. In conclusion, the tCP helps to establish a tolerant T cell repertoire, 

1.2 The Ubiquitin–Proteasome System
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the prerequisite for a functional adaptive immune system and the iCP promotes 
immune surveillance and the elimination of pathogens. Hence, both the tCP and 
the iCP are key players of the adaptive immune system in vertebrates and their 
malfunctioning positively correlates with the onset of diverse diseases.

1.3  20S Proteasomes: Validated and Emerging Drug Targets

20S proteasomes primarily serve to degrade regulatory or aberrant proteins, but 
during evolution this function has been exploited for the development of the verte-
brate immune system. Thus, the multifaceted functions of CPs make them attrac-
tive drug targets for diseases as diverse as cancers and autoimmune disorders.

The CP levels of tumour cells are often upregulated, because their acceler-
ated cell cycle and metabolism require increased turnover rates of proteins. This 
dependence on CP activity renders neoplastic cells highly susceptible to protea-
some inhibition. Among cancers multiple myeloma cells are most sensitive to CP 
inhibitors [51, 52]. Myeloma cells are derived from plasma cells and their exces-
sive synthesis of immunoglobulins as well as their chromosomal instability leads 
to many aberrant and misfolded proteins that have to be removed by CPs. Hence, 
inhibition of the CP causes the accumulation of protein aggregates and finally 
triggers ER stress as well as the unfolded protein response [53–57]. Furthermore, 
CP inhibitors block proinflammatory signalling cascades such as NF-κB and the 
expression of anti-apoptotic target genes [52]. Ultimately, tumour suppressor 
genes like the cyclin kinase inhibitor p27kip1 [58] induce apoptosis in transformed 
cells, while healthy cells remain unaffected [51]. This difference in susceptibility 
creates a therapeutic window for proteasome inhibition in haematological cancers.

However, in certain malignancies, including lung, colon and prostate cancers 
as well as feline primary fibrosarcoma, tumour pathogenesis depends on elevated 
iCP and cytokine levels [59, 60]. Additionally, Alzheimer’s [61] and Huntington’s 
[62] disease as well as amyotrophic lateral sclerosis [63] and inflammatory bowel 
disease [64] are characterized by increased expression rates of iCPs or single i 
subunits. Moreover, abnormal levels of i subunits were observed in Sjogren’s syn-
drome [65], inclusion body myositis, myofibrillar myopathy [66, 67], Crohn’s dis-
ease [68] and dextran sulfate sodium-induced colitis [69]. These findings suggest a 
therapeutic benefit from blocking solely the iCP, at least for the above mentioned 
diseases. So far, inhibition of the iCP has proven its effectiveness in a number of 
autoimmune disorders [47, 70–72], but ambiguous results were obtained with 
respect to its anti-cancer activity. Although a few malignancies were reported to 
be sensitive to inhibition of the iCP [60, 73, 74], other studies demonstrate that 
only simultaneous blockage of several active sites, for instance of β5c and β5i, 
efficiently causes cell death [75].

In contrast to the cCP and iCP, the therapeutic potential of tCP blockage has 
not been investigated up to now.
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1.4  Types of Proteasome Inhibitors

Drug discovery in the ubiquitin–proteasome system has been considerably facili-
tated by the crystallographic analysis of the CP from T. acidophilum [16], S. cer-
evisiae [17] and Bos taurus [19]. Most of the proteasome inhibitors known today 
harbour an electrophilic head group that reversibly or irreversibly inhibits the cata-
lytic Thr1Oγ. According to their type of pharmacophore covalently acting com-
pounds can be subdivided into seven classes (Fig. 1.5): aldehydes, vinyl sulfones, 
vinyl amides (syrbactins), boronic acids, α′,β′epoxyketones, α ketoaldehydes (gly-
oxals) and β lactones. Aldehydes, such as the calpain inhibitors I (Ac-Leu-Leu-
norleucinal) and II (Ac-Leu-Leu-methional) were the first inhibitors identified 
for the proteasome [16, 76]. However, their susceptibility to oxidation and their 
off-target activity towards serine and cysteine proteases restrict their medical 
potential. Vinyl sulfones [77] and the naturally occurring syrbactins [78] form an 
ether bond with Thr1Oγ in a Michael-type 1,4-addition, but also target cysteine 
proteases. Furthermore, β lactones are, depending on their R1 substituent, either 
reversible or irreversible inhibitors of the CP [79] and its most prominent repre-
sentative marizomib (salinosporamide A; NPI-0052; Nereus Pharmaceuticals, 
Inc.) is currently in clinical phase I trials for myeloma, lymphoma and leukae-
mia [80]. Despite their high reactivity and the associated adverse effects, boronic 
acids such as bortezomib are among the most potent inhibitors of the CP (see also 
Sect. 1.5). The recently developed second-generation drugs for the proteasome 
are α′,β′epoxyketone-based compounds. Their pharmacophore is derived from the 
natural product epoxomicin that irreversibly inhibits the CP in a bivalent reaction 
involving both Thr1Oγ and Thr1N (see Sect.  4.3.4) [81, 82]. Due to this mode of 
action α′,β′epoxyketones are highly selective for Ntn hydrolases such as the 20S 
proteasome. Employing a reaction mechanism similar to α′,β′epoxyketones, α 
ketoaldehydes also selectively target CPs but their formation of a cyclic Schiffbase 
with Thr1Oγ and Thr1N is reversible [83].

Except for lactones and syrbactins, CP ligands consist of a peptidic backbone 
of two to four amino acids that is attached to one of the listed electrophilic head 
groups. These peptide-based compounds were shown to mimic natural protein 
substrates by forming an antiparallel β sheet in the substrate binding channels of 
the yCP [84].

Fig. 1.5  Electrophilic headgroups of covalently acting proteasome inhibitors. The functional 
groups are shown in cyan with their oxygens marked in red. R1 and R2 designate the variable 
parts of the compounds. For lactones the P1 and P2 side chains, targeting the corresponding S 
pockets of CPs, are depicted

1.4 Types of Proteasome Inhibitors

http://dx.doi.org/10.1007/978-3-319-01556-9_4


10 1 Introduction

1.5  Clinically Relevant Proteasome Inhibitors

After years of academic and pharmaceutical research, in 2003, bortezomib 
(Velcade®, Millenium Pharmaceuticals, Inc.; PS-341) has been granted full 
approval by the U. S. food and drug administration (FDA) for the treatment of 
multiple myeloma as well as relapsed or refractory mantle cell lymphoma 
(Fig. 1.6) [85]. Furthermore, the therapeutic benefit of bortezomib for organ trans-
plantation [86] and solid tumours like non-small cell lung cancer [87] is currently 
being investigated. With annual sale rates of more than 2 billion dollars borte-
zomib is a blockbuster drug that substantially elongates the life spans and survival 
rates of multiple myeloma patients. The dipeptide boronic acid inhibitor potently 
inhibits the β5c, β5i and β1i active sites of the cCP and iCP with IC50 values of 
3–8 nM and only in higher concentrations also targets the β1c, β2c and β2i subu-
nits [57]. Boronic acids such as bortezomib form a reversible tetrahedral transi-
tion state with Thr1Oγ that is stabilized by hydrogen bonds with Thr1N and the 
oxyanion hole Gly47NH of active proteasome subunits [88]. Although these inter-
actions promote a higher affinity of bortezomib for Ntn hydrolases, bortezomib 
was shown to also considerably inhibit serine proteases, including cathepsin G, 
cathepsin A, chymase, dipeptidyl peptidase II and HtrA2/omi, involved in neu-
ronal survival [89]. These off-target activities cause severe neurotoxicity leading 
to tremor, reduced nerve conduction velocity and nerve degeneration, which affect 
about 30 % of all patients treated with bortezomib [89]. Additional drawbacks of 
bortezomib include thrombocytopenia, neutropenia and gastrointestinal disorders 
as well as its poor bioavailability that necessitates intravenous administration [90].

Moreover, a significant fraction of newly diagnosed patients does not respond 
to bortezomib and treated patients often relapse [91]. Whereas increased concen-
trations of the heat shock protein (Hsp) 27 were reported to confer primary resist-
ance [92], the molecular basis for acquired non-responsiveness to bortezomib is 
still in focus of scientific research efforts. So far, cell culture studies analysing 

Fig. 1.6  Prominent proteasome inhibitors. The chemical structures of the dipeptide boronic 
acid inhibitor bortezomib, the tetrapeptidic α′,β′epoxyketone carfilzomib and the tripeptide opro-
zomib are shown. All three compounds target the β5c and β5i active sites of the proteasome. 
Bortezomib and carfilzomib are FDA approved for the treatment of multiple myeloma; oprozo-
mib is in phase I clinical trials. The unprimed substrate specificity (S) pockets of the CP that are 
targeted by these compounds are indicated
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the long-term effects of bortezomib treatment revealed several adaptive muta-
tions in the β5 substrate binding channel that convey drug resistance. For instance, 
the mutations M45V, M45I, A49T, A49V, A50V, C52F and C63F are suggested 
to impair both the catalytic activity of subunit β5 and its affinity for bortezomib, 
hereby leading to the observed reduction in therapeutic efficacy [93–96]. These 
findings might also provide an explanation for the up-regulation of subunit β5 as 
a compensation for its decreased activity [93]. However, evidence for the clinical 
relevance of these in vitro identified mutations and their biological impact still has 
to be adduced. Despite its overwhelming success in the first decade of its applica-
tion, bortezomib’s disadvantages encouraged the development of a second genera-
tion of CP inhibitors.

Just recently, in July 2012, one of these novel compounds, carfilzomib 
(Kyprolis®; Onyx Pharmaceuticals, Inc.; PR-171) has been approved by the FDA 
as a second-line drug for the treatment of patients that relapsed from bortezomib 
(Fig. 1.6) [97]. Carfilzomib belongs to the class of α′,β′epoxyketones derived from 
the microbial natural product epoxomicin. To date, due to their bivalent irrevers-
ible reaction mode, α′,β′epoxyketones are the most specific inhibitors known for 
the CP [81, 82] (Sect 4.3.4). Similarly to bortezomib, carfilzomib potently blocks 
the β5c and β5i active sites of cCP and iCP with IC50 values of 6 nM and 33 nM, 
respectively, but unlike bortezomib, carfilzomib does not affect β1c [98]. Although 
carfilzomib also unintentionally induces neutropenia and thrombocytopenia, it 
does not cause peripheral neurotoxicity, as observed for the boronic acid borte-
zomib [89, 99].

Oprozomib (Onyx Pharmaceuticals, Inc.; ONX 0912; PR-047), another epox-
omicin derivative, is an orally available inhibitor of both the β5c and the β5i active 
sites (IC50 (β5c) 36 nM; IC50 (β5i) 82 nM) [100]. Owing to its high cytotoxic-
ity and its superiority to bortezomib and carfilzomib with respect to its mode of 
administration, oprozomib is currently being explored in Phase I clinical trials as a 
monotherapy for solid tumours and haematological malignancies.

1.6  Subunit-Specific Proteasome Inhibitors and Their 
Therapeutic Potential

Subunit-specific inhibitory compounds are valuable tools for examining the impact 
of individual proteasome subunits on cell division and biological signalling path-
ways. However, the development of compounds with subunit specificities is often 
hindered by the strong inhibitory potency of most reactive functional head groups 
(see Sect. 1.4). Hence, only ligands that undergo optimal enthalpic interactions 
with the surrounding protein residues exert pronounced subunit selectivity and for 
their design structural data are strongly demanded.

A long time drug design efforts solely concentrated on the ChTL activities of 
the proteasome, but current studies also take into account the CL and TL active 
sites. Recently, a series of α′,β′epoxyketone inhibitors that target the TL activities 

1.5 Clinically Relevant Proteasome Inhibitors

http://dx.doi.org/10.1007/978-3-319-01556-9_4
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of the cCP and iCP was published [101]. These compounds were demonstrated 
to render malignant cells more susceptible to bortezomib and carfilzomib than 
β1-selective inhibitors [101]. Nonetheless, compounds with selectivity for either 
β2c or β2i are still not available. For subunit β1i two selective drugs have been 
reported so far: UK-101, a dihydroeponemycin based α′,β′epoxyketone and 
IPSI-001 (calpeptin), a peptide aldehyde inhibitor. The cytotoxicity of UK-101 
towards β1i overexpressing prostate cancer cells [60] underlines the importance 
of the iCP for the onset and progression of at least certain malignancies. Likewise, 
anti-tumour activity has been described for IPSI-001 [73], however, its apoptotic 
effects might result from co-inhibition of β5 active sites. For the β5 subunits sev-
eral highly potent and selective ligands are known. The most potent compound is 
the β5i-targeting α′,β′epoxyketone ONX 0914 (PR-957; Onyx Pharmaceuticals, 
Inc; Fig. 1.7) [47]. Remarkably, ONX 0914 showed therapeutic effects in mouse 
models of rheumatoid arthritis [47], experimental colitis [71], lupus erythematosus 
[70] and Hashimoto’s thyroiditis [72]. These medicinal benefits are based on the 
reduction of the levels of proinflammatory cytokines such as IL-6, IL-23 and TNF 
[47] and the modulation of CTL responses. More specifically, ONX 0914 harms 
the differentiation and proliferation of TH1 and TH17 cells but not of regulatory T 
lymphocytes [102]. In addition, administration of ONX 0914 depresses the expres-
sion of MHC I receptors to 50 % and abolishes the production of β5i-restricted 
antigens. Compared to etanercept, a scavenger of the proinflammatory cytokine 
TNF-α currently used as an immunosuppressant, ONX 0914 exerts higher potency 
[47]. Based on its promising pharmacological properties and effects in model 

Fig. 1.7  Chemical structures of β5i- and β5c-selective compounds. (a) ONX 0914 and PR-924 
specifically target subunit β5i of the iCP. (b)  PR-825 and PR-893 are selective inhibitors of the 
β5c active site of the cCP. The unprimed substrate specificity pockets of the proteasome that 
accommodate the side chains of the peptidic inhibitors are indicated
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systems, ONX 0914 is further investigated in preclinical studies for autoimmune 
diseases. The medicinal potential of the second β5i-selective compound PR-924 
(Onyx Pharmaceuticals, Inc.), a structural analogue of ONX0914, has not yet been 
evaluated in immunological disorders, but conflicting data have been described 
with respect to its anti-myeloma activity [74,  75]. Notably, the two epoxomicin 
derivatives PR-825 and PR-893 (Onyx Pharmaceuticals, Inc.), that selectively tar-
get subunit β5c, were attributed neither anti-inflammatory nor anti-cancer activ-
ity [47, 75]. Hence, cCP and tCP selective drugs remain to be examined for any 
medicinal use.
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Structural information on the yCP alone and in complex with ligands strongly  
supported the development of the currently known potent CP inhibitors bortezomib 
and carfilzomib. Both compounds do not discriminate between the three mamma-
lian CP types and, thereby, exert anti-cancer activity. However, recent studies dem-
onstrate that iCP-specific inhibitors might qualify as therapeutics in autoimmune 
diseases. So far, only a few iCP-specific inhibitors were identified, mostly because 
structural data on the iCP were lacking.

The aim of this thesis was to elucidate the atomic structures of the murine iCP 
and cCP by X-ray crystallography. The crystal structures of both CP types from 
one organism enable the direct comparison of the structural features of the iCP and 
the cCP from Mus musculus, the cCP from B. taurus and the CP of S. cerevisiae. 
The structural data were expected to explain observed differences in the substrate 
specificities of the iCP and cCP. Moreover the structural characterization aimed at 
providing insights into the generation of the distinct MHC I peptide patterns by the 
cCP and iCP and into the pivotal role of the iCP in the adaptive immune system of 
vertebrates. Besides the examination of the cleavage preferences, it was intended to 
elucidate the molecular basis for the (non-) selectivity of known CP inhibitors. In 
particular, cCP and iCP structures in complex with the iCP-specific epoxyketone 
inhibitor ONX 0914 were supposed to unravel the reason for its β5i selectivity.

Amino acid substitutions in the substrate binding channel are known to affect 
cleavage and inhibitor specificities. To evaluate the impact of amino acid differences 
between β5 subunits on the proteolytic activity mutagenesis experiments with the 
model organism S. cerevisiae were envisioned. These aimed at imitating the active site 
surroundings of subunit β5c, β5i and β5t. Structural data on these mutant yCPs and 
analysis of their affinity towards ONX 0914 and bortezomib were expected to reveal 
the effect of the amino acid substitutions on substrate and inhibitor specificities.

In summary, a multidisciplinary approach combining X-ray crystallography, 
yeast mutagenesis and inhibition assays was intended to provide detailed informa-
tion on the architecture of all active sites of murine CP types for the development 
of potential lead structures for diverse medicinal applications.

Chapter 2
Objective

E. M. Huber, Structural and Functional Characterization of the Immunoproteasome,  
Springer Theses, DOI: 10.1007/978-3-319-01556-9_2,  
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3.1  Materials

3.1.1  Chemicals

All chemicals were obtained from the following companies:
AppliChem (Darmstadt, DE), Biomol (Hamburg, DE), Fluka (Neu-Ulm, DE), 

Merck (Darmstadt, DE), Sigma-Aldrich (Steinheim, DE), Serva (Heidelberg, DE), 
Roth (Karlsruhe, DE) and VWR (Darmstadt, DE).

3.1.2  Antibiotics

Ampicillin was used in a final concentration of 180 mg/l for the selection of trans-
formed Escherichia coli (E. coli).

3.1.3  Media

LB0 medium Peptone 1 % (w/v)
Yeast extract 0.5 % (w/v)
NaCl 0.5 % (w/v)
Agar 2 % (w/v)

SOC medium Peptone 2 % (w/v)
Yeast extract 0.5 % (w/v)
Glucose 20 mM
MgSO4 10 mM
NaCl 10 mM
MgCl2 10 mM
KCl 2.5 mM

Chapter 3
Materials and Methods

E. M. Huber, Structural and Functional Characterization of the Immunoproteasome,  
Springer Theses, DOI: 10.1007/978-3-319-01556-9_3,  
© Springer International Publishing Switzerland 2013
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YPD medium Yeast extract 1 % (w/v)
Peptone 2 % (w/v)
Glucose 2 % (w/v)
Agar 2 % (w/v)

Synthetic complete medium (CM) Dropout powder 0.13 % (w/v)
Yeast nitrogen base w/o aa 0.67 % (w/v)
Glucose 2 % (w/v)
pH 5.6

CM medium ura- leu- his- 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

CM medium leu- his- 5-FOA 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 ml
5-fluoroorotic acid (5-FOA) 0.6 g

3.1.4  Enzymes

Phusion DNA polymerase (2 U/μl) Finnzymes (Vantaa, FI)

Pfu Turbo DNA polymerase® Agilent (Santa Clara, US)

Restriction endonuclease BamHI (20 U/μl) New England biolabs (Ipswich, US)

Restriction endonuclease HindIII (20 U/μl) New England biolabs (Ipswich, US)

Restriction endonuclease DpnI (20 U/μl) New England biolabs (Ipswich, US)

T4 DNA ligase (1 U/μl) Invitrogen (Carlsbad, US)

DNAse I Sigma-Aldrich (St. Louis, US)

3.1.5  Primer

All oligonucleotides were either HPSF or HPLC purified and dissolved in 
ddH2O to a final concentration of 100 pmol/μl. The working concentration of the 
primer was 10 pmol/μl. All primer were synthesized by Eurofins MWG Operon, 
Ebersberg (Table 3.1).

(continued)
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3.1.6  Strains

The E. coli strains XL1-Blue and DH5α were used for cloning of mutant pre2 
genes in the vector pRS315. The created plasmids were introduced in S. cerevisiae 
YWH20a. S. cerevisiae WCG4a and WCG4a pre1-1 served as control strains in 
proteasome activity tests (see Sect. 3.4.1 and Table 3.2). 

3.1.7  Plasmids

pRS315

The plasmid pRS315 is a pBluescript-based centromere vector composed of 
6 kbp. The plasmid encodes the enzyme β lactamase, thereby conferring resistance 

Table 3.1  Oligonucleotides used in this work

Primer Sequence 5′ → 3′

5/6F GAAACAGCTATGACCATGAT
5/6R GACGGCCAGTGAATTGTAAT
20S_22C_for AGATTCTCGTT/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/CAGTTTGAG
53S_for GGCAGATTGTTCATTTTGGG
53S_rev CCCAAAATGAACAATCTGCC
53S_57R-for GTTCATTTTGGGAACGTTGGCTAGGTTCT
53S_57R-rev CAACGTTCCCAAAATGAACAATCTGCCGC
SCSTRNG-M45A_for CATTTTTATTGGGTACCGCGTCTGGTTGTGCGGCAG
SCSTRNG-M45A_rev CTGCCGCACAACCAGACGCGGTACCCAATAAAAATG
SCSTRNG-M45V_for CATTTTTATTGGGTACCGTTTCTGGTTGTGCGGCAG
SCSTRNG-M45V_rev CTGCCGCACAACCAGAAACGGTACCCAATAAAAATG
71G_for CGAGCTGAGGGAAGGTGAACGTATATCGC
71G_rev GCGATATACGTTCACCTTCCCTCAGCTCG
127T_for GACATATTCTGCACTGGTTCAGGTCAA
127T_rev TTGACCTGAACCAGTGCAGAATATGTC

Underlined nucleotides encode mutations

http://dx.doi.org/10.1007/978-3-319-01556-9_3
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to ampicillin and enabling selection in E. coli. The yeast selectable marker gene is 
LEU2. PRE2 mutant genes of 1.5 kbp were inserted via the restriction sites BamHI 
and HindIII into the multiple cloning site (see Table 3.3). Expression of the pre2 
mutants was controlled by the endogenic PRE2 promoter.

pRS316-E2

The plasmid pRS316 is pBluescript-based centromere vector composed of 
4.9 kbp encoding the ampicillin resistance gene and the URA3 selection marker, 
suitable for replication in both E. coli and yeast. Expression of the wildtype (wt) 
PRE2 gene, inserted via the restriction sites BamHI and HindIII, was under the 
control of the endogenic PRE2 promoter.

3.1.8  Fluorogenic Substrates

Cbz-Gly-Gly-Leu-pNA Bachem (Bubendorf, Switzerland)
Suc-Leu-Leu-Val-Tyr-AMC Bachem (Bubendorf, Switzerland)
Cbz-Leu-Leu-Glu-AMC Bachem (Bubendorf, Switzerland)

All fluorogenic substrates were dissolved in DMSO and stored at −20 °C.

3.1.9  DNA and Protein Standards

peqGOLD DNA ladder mix (100–10,000 bp) Peqlab (Erlangen, DE)
Roti®-Mark STANDARD (14–200 kDa) Carl Roth (Karlsruhe, DE)

Table 3.2  E. coli and yeast strains used in this work

Organism Strain Genotype Source

E. coli XL1-Blue recA1, endA1, gyrA96, thi-1,  
hsdR17, supE44, relA1, lac,  
[F′, proAB, lacIqZΔM15,  
Tn10 (Tetr)]

Bullock [1]

E. coli DH5α fhuA2 Δ(argF-lacZ)U169  
phoA glnV44 Φ80  
Δ(lacZ)M15 gyrA96 recA1  
relA1 endA1 thi-1 hsdR17

Hanahan [2]

S. cerevisiae WCG4a MATa leu2-3,112 ura3 his3-11,15 
CanS GAL2

Heinemeyer [3]

S. cerevisiae WCG4a pre1-1 MATa leu2-3,112 ura3 his3-11,15 
rad5-535 CanS GAL2 pre1-1 
(S142F)

Heinemeyer [4]

S. cerevisiae YWH20a MATa leu2-3,112 ura3 his3-11,15 
CanS GAL2

Heinemeyer [5]

pre2Δ::HIS3 [pRS316-E2]
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3.1.10  Instruments

Balances

Analytical balance TE124S Sartorius (Göttingen, DE)
Precision balance BP3100 P Sartorius (Göttingen, DE)

Centrifuges

Biofuge pico Heraeus instruments (Hanau, DE)
SIGMA 4K15 rotor 11150/13220 SIGMA Laborzentrifugen

Table 3.3  Plasmids used or created in this work

Plasmid Mutations Mimic Source

pRS315-PRE2 – wt W. Heinemeyer
pRS315-pre2 Q53S Q53S β5c This work
pRS315-pre2 S A46S β5i This work
pRS315-pre2 C G48C β5i This work
pRS315-pre2 SC A46S, G48C β5i This work
pRS315-pre2 MSC V31 M, A46S, G48C β5i This work
pRS315-pre2 SSC A27S, A46S, G48C β5i This work
pRS315-pre2 SMSC A27S, V31 M, A46S, G48C β5i This work
pRS315-pre2 SCT A46S, G48C, V127T β5i This work
pRS315-pre2 SSCT A27S, A46S, G48C, V127T β5i This work
pRS315-pre2 MSCT V31 M, A46S, G48C, V127T β5i This work
pRS315-pre2 SMSCT A27S, V31 M, A46S, G48C,  

V127T
β5i This work

pRS315-pre2 SMSCRT A27S, V31 M, A46S, G48C, T57R, 
V127T

β5i This work

pRS315-pre2 SNSCRT A27S, K32 N, A46S, G48C,  
T57R, V127T

β5i This work

pRS315-pre2 SNSCRGT A27S, K32 N, A46S, G48C,  
T57R, K71G, V127T

β5i This work

pRS315-pre2 SNASCRGT A27S, K32 N, M45A, A46S,  
G48C, T57R, K71G, V127T

β5i This work

pRS315-pre2 SNVSCRGT A27S, K32 N, M45 V, A46S,  
G48C, T57R, K71G, V127T

β5i This work

pRS315-pre2 R M45R β5i W. Heinemeyer [6]
pRS315-pre2 TR I35T, M45R β5i W. Heinemeyer [6]
pRS315-pre2 SCS A20S, A22C, A46S β5t This work
pRS315-pre2 SS V31S, A46S β5t This work
pRS315-pre2 SCSS A20S, A22C, V31S, A46S β5t This work
pRS315-pre2 TST M45T, A46S, G48T β5t This work
pRS315-pre2 STST V31S, M45T, A46S, G48T β5t This work
pRS315-pre2 SCTST A20S, A22C, M45T, A46S, G48T β5t This work
pRS315-pre2 SCSTST A20S, A22C, V31S, M45T, A46S, 

G48T
β5t This work
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Centrifuges

rotor 11150/13350 (Osterode am Harz, DE)
SIGMA 6–16 K rotor 12500 SIGMA Laborzentrifugen

(Osterode am Harz, DE)
SIGMA 8 K rotor 11805 SIGMA Laborzentrifugen

(Osterode am Harz, DE)

Crystallography

Art robbins instruments Intelli-Plates (96 well) Dunn labortechnik (Asbach, DE)
Art robbins instruments phoenix Dunn labortechnik (Asbach, DE)
Cooled Incubator series 3000 RUMED®  Rubarth apparate (Laatzen, DE)
CrystalCap HTTM für CryoLoopTM Hampton (Aliso Viejo, US)
CrystalCap HTTM vial Hampton (Aliso Viejo, US)
CrystalWand magneticTM Hampton (Aliso Viejo, US)
Foam dewar Spearlab (San Francisco, US)
Magnetic caps, pins and vials Molecular dimensions (Newmarket, UK)
MICORLAB® STARlet Hamilton (Reno, US)
Micro tool box Molecular dimensions (Newmarket, UK)
Mounted CryoLoopTM Hampton (Aliso Viejo, US)
Protein crystallization screening suites QIAGEN (Hilden, DE)
Quick combi sealer plus HJ-Bioanalytik (Mönchengladbach, DE)
Siliconized glass cover slides Hampton (Aliso Viejo, US)
SuperClear pregreased 24 well plate Crystalgen (New York, US)
Vial clamp Molecular dimensions (Newmarket, UK)
Zoom stereo microscope SZX10/KL1500LCD Olympus (Tokio, JP)

Electrophoresis

Chamber and tray Appligene (Watford, UK)
Digital graphic printer UP-D897 Sony (Minato, JP)
Electrophoresis power supply EPS 600 Pharmacia biotech (Uppsala, SE)
Gel documentation system G:BOX Syngene (Cambridge, US)
Mini PROTEAN® cell BioRad (Hercules, US)
PowerPAc basic power supply BioRad (Hercules, US)

Liquid chromatography

ÄKTAprimeTM plus GE Healthcare (Chalfont St. Giles, UK)
ÄKTApurifierTM GE Healthcare (Chalfont St. Giles, UK)
CHTTMCeramic hydroxyapatite BioRad (Hercules, US)
Phenyl sepharose 6 fast flow GE Healthcare (Chalfont St. Giles, UK)
RESOURCETM Q, 6 ml GE Healthcare (Chalfont St. Giles, UK)
HiPrepTM 26/10 desalting column GE Healthcare (Chalfont St. Giles, UK)

Additional equipments and materials

Cary eclipse fluorescence spectrometer Varian (Darmstadt, DE)
NanoPhotometerTM pearl IMPLEN (München, DE)
Ultraspec10 cell density meter Amersham bioscience (Uppsala, SE)
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Additional equipments and materials

Constant cell disruption system E1061 Constant systems (Northants, UK)
Electroporation cuvette, 2 mm PeqLab (Erlangen, DE)
Gene pulser mit pulse controller BioRad (Hercules, US)
Incubator Binder (Tuttlingen, DE)
Infors HT multitron 2 cell shaker INFORS HT (Bottmingen/Basel, CH)
inoLab® pH 720 pH-Meter WTW (Weilheim, DE)
Laboklav 25/195 SHP Steriltechnik (Magdeburg, DE)
MR Hei-standard magentic stirrer Heidolph (Schwabach, DE)
Techne Dri-Block DB 2A Bibby scientific (Stone, UK)
Thermomixer comfort Eppendorf (Hamburg, DE)
Thermocycler MyCyclerTM BioRad (Hercules, US)
Vortex genie 2 Scientific Industries (New York, US)
White 96 well plate NUNC Thermo scientific (München, DE)

3.1.11  Computer Software and Bioinformatics Tools

ApE—A plasmid editor Wayne Davis
BOBSCRIPT Esnouf [7]
CCP4 Software suite www.ccp4.ac.uk [8]
ChemDraw Perkin Elmer (Cambridge, US)
Coot Emsley [9]
CorelDRAW X5 Corel (Ottawa, CA)
DNAman Lynnon corporation (Quebec, CA)
EndNote X4 Adept scientific (Frankfurt, DE)
GraphPad Prism 5 GraphPad software Inc. (La Jolla, US)
MAIN Turk [10]
Microsoft office Microsoft (Redmond, US)
MOLSCRIPT Kraulis [11]
PyMOL molecular graphics system Schrödinger [12]
QuikChange® primer design tool Agilent technologies
Sybyl Tripos (St. Louis, US) [13]
UNICORNTM control software GE Healthcare (Chalfont St. Giles, UK)
XDS Program package Kabsch (Heidelberg, DE) [14]

DNA and protein sequences were obtained from the “Universal protein 
resource” (www.uniprot.org). The ProtParam tool (http://www.expasy.ch/
tools/protparam.html) was used to calculate physical and chemical parameters 
such as molecular mass, pI and the extinction coefficient of protein sequences. 
Multiple DNA or protein sequences were aligned with the T-Coffee tool 
(http://www.ebi.ac.uk/Tools/t-coffee/index.html). For the calculation of protein 
surface areas the online tool PISA (Protein interfaces, surfaces and assemblies ser-
vice PISA at European Bioinformatics Institute (http://www.ebi.ac.uk/pdbe/prot_
int/pistart.html) [15]) was used.

3.1 Materials
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3.2  Genetic Methods

3.2.1  Cultivation and Long-Term Storage of Escherichia coli

E. coli were cultivated either in liquid LBAmp medium or on LBAmp agar plates. 
Liquid cultures were inoculated from single colonies and incubated at 37 °C and 
130 rpm in a shaker. Streaks on agar plates were grown overnight at 37 °C and later 
on stored at 4 °C in the fridge. For long-term preservation of E. coli clones glyc-
erol stocks were prepared: an overnight culture was pelleted for 5 min at 3,000 rpm, 
cells were resuspended in LB0 medium containing 30 % (v/v) glycerol, transferred 
into a cryo tube and frozen in liquid nitrogen.

3.2.2  Cultivation and Long-Term Storage of Saccharomyces 
cerevisiae

Baker’s yeast was cultivated at 30 °C either on agar plates or in liquid medium. Wt 
and mutant yeast strains were streaked on YPD plates or on CM plates containing the 
appropriate selection marker composition. Agar plates were stored for 2–3 days at 
30 °C and later on kept at 4 °C in the fridge. For the large scale cultivation of yeast in 
liquid medium 50–300 ml YPD medium were inoculated with a single colony grown 
on a YPD agar plate. After incubation for 12–24 h at 130 rpm this preculture was 
used to inoculate the main culture of 3–18 l of YPD medium in a ratio of 1:50. The 
main culture was grown up to 48 h at 30 °C and 130 rpm to an OD600 nm of approxi-
mately 7 and subsequently harvested for 20 min at 5,000 rpm. The cells were washed 
in ddH2O, transferred into 50 ml falcons, centrifuged again and finally frozen at 
−20 °C. For long-term storage of S. cerevisiae clones glycerol stocks were prepared: 
With a sterile toothpick cells were scraped off from an agar plate, resuspended in 
1 ml of 15 % (v/v) glycerol, transferred into a cryo tube and frozen at −80 °C.

3.2.3  Polymerase Chain Reaction

The polymerase chain reaction (PCR) served to amplify target genes encoded on 
genomic DNA or plasmids [16]. Annealing temperatures were chosen 5 °C below 
the melting temperatures (Tm) of the used primers. The Tm was calculated according 
to formula 1 or by the QuikChange® Primer Design Tool from Agilent Technologies.

Formula 1: Calculation of the melting temperature of oligonucleotides.

In general, PCR reactions were performed according to the pipetting and tem-
perature schemes given in the Tables 3.4 and 3.5.

Tm = 2
◦
C ·

(

Badenine + Bthymine

)

+ 4
◦
C ·

(

Bguanine + Bcytosine

)
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For site-directed mutagenesis alternatively the QuikChange® PCR was used 
(see also Sect. 3.2.4 and Tables 3.6 and 3.7).

3.2.4  Site-Directed Mutagenesis

Mutations in the yeast proteasome gene PRE2 encoding the subunit yβ5 were 
introduced either via recombinant PCR techniques or QuikChange® mutagenesis.

Table 3.4  Components of a PCR reaction using the Phusion® DNA polymerase

Compound Final concentration Volume [μl]

Template 0.001–0.01 ng/μl 1–5
dNTP-Mix (10 mM) 0.2 mM 2
Forward primer (10 pmol/μl) 0.5 μM 5
Reverse primer (10 pmol/μl) 0.5 μM 5
Phusion® HF buffer (5x) 1x 20
Phusion® DNA polymerase (2 U/μl) 0.02 U/μl 1
ddH2O Fill up to 100

Table 3.5  Temperature program for PCR reactions using the Phusion® DNA polymerase

PCR step Temperature (°C) Time

Initial denaturing 95 3 min
Denaturing 95 30 s 35 Cycles
Annealing 55 30 s
Elongation 72 variable
Final elongation 72 10 min
Cooling 4 ∞

Table 3.6  Components of a PCR reaction using the Pfu Turbo DNA polymerase®

Compound Final concentration Volume [μl]

Template 0.2–1 ng/μl x
dNTP-Mix (10 mM) 0.2 mM 1
Forward primer (10 pmol/μl) 2.5 ng/μl y
Reverse primer (10 pmol/μl) 2.5 ng/μl z
Pfu buffer (10x) 1x 5
Pfu Turbo DNA polymerase® 1
ddH2O Fill up to 50

Table 3.7  Temperature program for QuikChange® PCR reactions

PCR step Temperature (°C) Time

Initial denaturing 95 30 s
Denaturing 95 30 s 16 cycles
Annealing 55 1 min
Elongation 68 7.5 min
Cooling 4 ∞

http://dx.doi.org/10.1007/978-3-319-01556-9_3
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The first method required three PCR reactions and four oligonucleotides two of 
which encoding the desired mutation:

PCR 1a: Primer 5/6F and Mutation_rev Primer; elongation time 45 s
PCR 1b: Primer 5/6R and Mutation_for Primer; elongation time 45 s
PCR 2: Primer 5/6F and 5/6R with the PCR products 1a and 1b as template; 

elongation time 90 s.
The PCR product 2 was digested, inserted into the vector pRS315 and subse-

quently transformed into E. coli.
The QuikChange® mutagenesis [17] required two HPLC purified primers, con-

taining the desired mutation. Usually, different amounts of template DNA were 
tested. After the PCR reaction 1 μl of the restriction endonucleoase DpnI was 
added and the sample was incubated for 1.5 h at 37 °C. DpnI selectively degraded 
only the methylated template DNA. Finally, 3 μl DNA were transformed into  
E. coli and all cells were streaked on an LBAmp agar plate.

3.2.5  Agarose Gel Electrophoresis

For analytical and preparative separations of DNA 1 % (w/v) agarose gels in 1x Tris–
Acetate-EDTA buffer (TAE) were used. Samples were supplemented with DNA loading 
dye (final concentration: 1x) and loaded on the gel. Electrophoresis was carried out for 
40 min in 1x TAE buffer at 120 V. Staining of the gel in a solution of 1 mg/l ethidium 
bromide for 20 min enabled visualization of DNA bands under UV light of 365 nm.

DNA loading dye (10x) Tris–HCl, pH 8.2 10 mM
EDTA 1 mM
Glycerol 50 % (v/v)
Xylene cyanole 0.25 % (w/v)
Bromphenol blue 0.25 % (w/v)

TAE buffer (50x) Tris-Ac, pH 8.2 2 M
EDTA 100 mM

3.2.6  Isolation of Plasmid DNA from E. coli

Isolation of plasmid DNA from E. coli was carried out with the peqGOLD 
Plasmid Miniprep Kit I or II according to the instruction manual. Purified plas-
mids were stored at −20 °C.

3.2.7  Purification of DNA

DNA was purified by the peqGOLD Gel extraction or the peqGOLD Cycle-Pure 
Kit according to the manufacturer’s instruction. Purified DNA samples were stored 
at −20 °C.
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3.2.8  Restriction Digest of DNA

Preparative restriction digests of a total volume of 70 μl contained 40 U per 
restriction endonuclease in the recommended buffer and were incubated for 2–5 h 
at 37 °C. Analytical cleavages were performed in a total volume of 10 μl contain-
ing the appropriate buffer and 5 U per restriction endonuclease. Analytical digests 
were stored for 1.5 h at 37 °C (see Tables 3.8 and 3.9).

3.2.9  Determination of DNA Concentration

DNA concentrations were determined by measuring the absorption at 260 nm with 
the nanophotometer (IMPLEN); an OD260 nm of 1 corresponds to a concentration 
of 50 ng/μl DNA.

3.2.10  Ligation of DNA Fragments

Vector and insert amounts were calculated according to Formula 2.

Formula 2: Calculation of vector and insert amounts for the ligation of DNA fragments. For 
standard reactions mvector was 50−100 ng and x = 3−5.

minsert =

mvector · bpinsert

bpvector

· x

Table 3.8  Pipetting scheme for preparative restriction digests

Compound Final concentration Volume [μl]

DNA Up to 52
NEB buffer 2 (10x) 1x 7
BSA (10x) 1x 7
BamHI (20 U/μl) 0.6 U/μl 2
HindIII (20 U/μl) 0.6 U/μl 2
H2O Add to 70

Table 3.9  Pipetting scheme for analytical restriction digests

Compound Final concentration Volume [μl]

Plasmid 2
NEB buffer 2 (10x) 1x 1
BSA (10x) 1x 1
BamHI (20 U/μl) 0.5 U/μl 0.25
HindIII (20 U/μl) 0.5 U/μl 0.25
H2O 5.5
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To unwind DNA fragments both plasmid and insert were incubated for 10 min 
at 55 °C and for 5 min on ice. Afterwards ligation buffer and T4 ligase were added  
(see Table 3.10). The sample was either kept at 4 °C overnight or at room tempera-
ture for 1 h.

3.2.11  Transformation of E. coli by Electroporation

40 μl of electrocompetent E. coli cells and 1 μl of plasmid DNA were mixed and 
transferred into a 2 mm electroporation cuvette. Transformation of E. coli was 
achieved by applying a high voltage pulse of approximately 5.7 ms and 2,500 V 
[18]. Subsequently, cells were resuspended in 1 ml of SOC medium and incubated 
for 1 h at 37 °C and 500 rpm shaking to recover. Different dilutions of cells were 
plated on agar plates containing ampicillin.

3.2.12  Transformation of S. cerevisiae

S. cerevisiae was transformed according to the LiAc method by Gietz and Woods 
[19]. Yeast cells were picked with a sterile toothpick and resuspended in 1 ml of 
sterile water. After a short spin down at 13,000 rpm for 30 s the supernatant was 
discarded and the pelleted cells were taken up in 1x TE/LiAc buffer. An additional 
step of centrifugation followed. Then, yeast cells were resuspended in x times 
50 μl 1x TE/LiAc and x times 4 μl boiled single stranded salmon carrier DNA 
from salmon testes (Sigma-Aldrich (St. Louis, US)). The resulting cell suspension 
was split into x tubes and each was supplemented with 5 μl of plasmid DNA to be 
transformed and 300 μl of PEG3350/TE/LiAc (8:1:1). The samples were gently 
mixed and incubated for 30 min at 30 °C. After cells have been heated to 42 °C for 
20 min, they were centrifuged for 2 min at 2,000 rpm, resuspended in 100 μl 1x 
TE buffer and streaked on CM ura- leu- his- plates.

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

LiAc (10x) LiAc, pH 7.5 1 M
PEG3350 (10x) PEG3350 50 % (w/v)

Table 3.10  Pipetting scheme for the ligation of DNA fragments

Compound Final concentration Volume [μl]

Plasmid 5–10 ng/μl x
Insert y
H2O 7.5−(x + y)
T4 DNA ligation buffer (5x) 1x 2
T4 DNA ligase (1 U/μl) 0.05 U/μl 0.5



333.2 Genetic Methods

3.2.13  Plasmid Shuffling

Yeast proteasome mutants were created by the plasmid shuffling procedure [20]. 
The haploid yeast strain YWH20a, which is chromosomally deleted in its wildtype 
PRE2 gene and instead carries a wt gene copy on an URA3 episome (pRS316), 
was transformed by pre2 gene variants, encoded on the plasmid pRS315 carrying 
the LEU2 selection marker (see Table 3.3).

2–3 days after the transformation single colonies were picked, streaked either 
on an YPD or CM leu- his- plate as patches and grown for additional 2 days at 
30 °C. To select for clones that have lost the wt PRE2 gene copy, transformants 
were grown on CM leu- his- medium containing 5-FOA. Optionally, after 2–3 days 
of incubation at 30 °C a second round of 5-FOA selection can be made. Finally, 
single colonies were picked from the 5-FOA containing plates and transferred onto 
YPD agar. Due to the indispensable need for a functional pre2 gene for yeast sur-
vival no further selection was required.

3.2.14  DNA Isolation from S. cerevisiae

Yeast cells were scraped off from an agar plate with a toothpick and resuspended 
in 500 μl of ddH2O. Cells were centrifuged for 30 s at 14,000 rpm. The cell pel-
let was taken up in 200 μl of breaking buffer. After the addition of 200 μl of glass 
beads (0.5 mm) and 200 μl of phenol/chloroform/isoamyl alcohol (25:24:1) solu-
tion, the samples were vortexed for 2 min. Cell debris was pelleted by centrifu-
gation for 5 min at 14,000 rpm. 100 μl supernatant were mixed with 10 μl 3 M 
sodium acetate, pH 6.0 and 280 μl 100 % ethanol and subsequently stored at 
−80 °C for 5 min to precipitate nucleic acids. After a centrifugation step for 5 min 
at 14,000 rpm the supernatant was discarded and the pellet containing the nucleic 
acids was washed with 300 μl 70 % ethanol. Following an additional centrifuga-
tion step (5 min; 14,000 rpm) the pellet was dried at room temperature and finally 
dissolved in 50–100 μl TE-buffer and 0.5–l μl RNase (10 μg/μl). 1 μl of this 
solution was used as a template for further PCR analysis. 

Breaking buffer Tris-HCl, pH 8.0 10 mM
NaCl 100 mM
EDTA 1 mM
SDS 1 % (w/v)
Triton X-100 2 % (v/v)

3.2.15  DNA Sequencing

DNA sequence analysis was performed according to Sanger et al. [21] by GATC 
Biotech AG, Konstanz. The results obtained by sequencing were compared to the 
corresponding entries in the Uniprot database
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3.3  Protein Chemistry and Analytics

3.3.1  Purification of the Yeast 20S Proteasome

Purification of wt and mutant yCPs was carried out together with the technician 
Richard Feicht according to published procedures [22]. 120 g yeast cells were 
solubilized in approximately 150 ml of 50 mM KH2PO4/K2HPO4 buffer pH 7.5. 
DNAse I was added and the cells were disrupted with a French press. The cell 
lysate was centrifuged for 30 min at 21,000 rpm at 4 °C. The resulting supernatant 
was filtered and 30 % of saturated ammonium sulfate was added. Subsequently, 
the cell lysate was loaded on a Phenyl SepharoseTM 6 Fast Flow column pre-equil-
ibrated with 1 M ammonium sulfate in 20 mM KH2PO4/K2HPO4 buffer pH 7.5. 
The yCP was eluted by applying a linear gradient from 1 M to 0 M ammonium 
sulfate in 4 column volumes. Collected fractions were tested for proteolytic activ-
ity using the fluorogenic substrates Suc-Leu-Leu-Val-Tyr-AMC (for wt yCP) and 
Cbz-Leu-Leu-Glu-AMC (for β5 mutant yCPs): 30 μl of each fraction were incu-
bated for 1 h with 1 μl of 10 mM substrate and the resulting fluorescence was 
measured (λexc = 360 nm and λem = 460 nm). Active fractions were pooled and 
applied to a hydroxyapatite column, which has been equilibrated with 20 mM 
KH2PO4/K2HPO4 pH 7.5. Using a linear gradient from 20 to 500 mM KH2PO4/
K2HPO4 in 20 column volumes, the yCP was eluted. Proteolytically active frac-
tions were loaded on a Resource Q column and a sodium chloride gradient from 
0 to 500 mM in 20 mM Tris–HCl pH 7.5 was run over 10 column volumes. For 
crystallization the buffer was exchanged for 10 mM 2-(N-morpholino)ethanesul-
fonic acid (Mes) pH 6.8 using a HiPrepTM 26/10 desalting column.

3.3.2  Purification of the Murine Immuno- and Constitutive 
20S Proteasome

Immuno- and constitutive proteasome samples were kindly provided by  
Dr. Michael Basler and Ricarda Schwab from the group of Prof. Dr. Marcus 
Groettrup, University of Constance, Department of Biology/Immunology, 
Universitätsstr. 10, Constance, DE. The cCP was purified from livers of C57BL/6 
PSMB8 (β5i) and PSMB10 (β2i) knockout mice according to published protocols 
[23]. iCP samples were prepared from livers of BALB/c mice eight days after their 
intravenous infection with 200 plaque-forming units of lymphocytic choriomenin-
gitis virus strain WE (LCMV-WE) [23]. LCMV-WE selectively infects liver cells 
and leads to an almost complete conversion of the cCP to the iCP within eight 
days, when mice were sacrificed and livers removed. Purification of the iCP was 
carried out according to established procedures [23]. For short-term storage and 
subsequent crystallisation trials samples were kept at 4 °C (in 10 mM Hepes pH 
7.2, 300 mM KCl, 5 mM MgCl2), otherwise the protein was frozen at −80 °C.
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3.3.3  SDS Polyacrylamide Gel Electrophoresis

Discontinuous SDS-PAGE was performed according to Laemmli [24] (Table 3.11). 
Gels were run in 1x running buffer at 25 mA per gel until the front line has passed 
the bottom of the gel. SDS polyacrylamide gels were stained for 30 min with 
Coomassie solution and afterwards destained.

Acrylamide solution Acrylamide 39 % (w/v)
Bisacrylamide 1.2 % (w/v)

SDS-PAGE loading dye Tris-HCl, pH 6.8 60 mM
Glycerol 30 % (v/v)
Saccharose 10 % (w/v)
SDS 5 % (w/v)
Bromphenol blue 0.02 % (w/v)
β Mercaptoethanol 3 % (v/v)

Separating gel buffer Tris-HCl, pH 8.8 1.5 M
SDS 0.4 % (w/v)

Stacking gel buffer Tris-HCl, pH 6.8 0.5 M
SDS 0.4 % (w/v)

Running buffer Tris-HCl, 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 % (v/v)
Glacial acetic acid 10 % (v/v)

Destaining solution Glacial acetic acid 10 % (v/v)

3.3.4  Determination of Protein Concentration

UV/VIS spectra of protein solutions were recorded with the nanophotometer of 
IMPLEN. The absorption at a wavelength of 280 nm was used to calculate protein 
concentrations via the Lambert–Beer law. The required theoretical molar extinc-
tion coefficient was computed with the ProtParam tool (yCP: 727.3 cm·l/mmol, 
cCP: 685.0 cm·l/mmol, iCP: 678.8 cm·l/mmol).

Table 3.11  Pipetting scheme for four SDS gels

Compound Separating gel (12 %) Stacking gel (4 %)

Acrylamide 6 ml 1 ml
Separating gel buffer 5 ml –
Stacking gel buffer – 5 ml
H2O 9 ml 4 ml
APS (10 % (v/v)) 100 μl 100 μl
TEMED (1 % (v/v)) 10 μl 10 μl



36 3 Materials and Methods

3.4  Proteasome Activity Tests

3.4.1  Overlay Assay

Yeast strains were streaked as patches on YPD plates and incubated for two days 
at 30 °C. Next, cells were replica plated on a steril filter paper lying on an YPD 
plate and grown for 48 h at 30 °C. The filter was placed in a glass Petri dish and 
the cells were lysed with 10 ml of chloroform for 15 min. After having dried the 
filter in a plastic petri dish 10 ml of hand warm overlay solution (1 % (w/v) agar, 
50 mM Tris–HCl pH 8.0, 300 μl of 10 mM Cbz-Gly-Gly-Leu-pNA substrate in 
DMSO) were added. Incubation for 3 h at 30 °C was followed by exposure to 
10 ml of 0.1 % (w/v) sodium nitrite solution in 1 M HCl for 5 min. Next, this 
solution was exchanged for 10 ml of 0.5 % (w/v) ammonium sulfamate solu-
tion in 1 M HCl and after 5 min again discarded. Finally, the filter was stored 
in 10 ml of 0.05 % (w/v) N-(1-naphthyl)ethylenediamine solution in 47 % (v/v) 
EtOH for 10–30 min. Cells with normal ChTL activity became pink, while those 
with defects were less coloured.

3.4.2  Fluorescence Activity Test and Determination of IC50 
Values

Proteasome activity and the inhibitory potency of ligands are routinely deter-
mined by fluorescence spectroscopy using AMC-peptides as substrates. CPs 
were mixed with a series of different inhibitor concentrations or DMSO as a 
control in 100 mM Tris-HCl, pH 7.4 and samples were stored for 45 min at 
room temperature to allow inhibitor binding. Next, the β5-specific substrate 
Suc-Leu-Leu-Val-Tyr-AMC was added to a final concentration of 200 μM. 
During the subsequent 60 min incubation at room temperature residual pro-
teasome activity hydrolysed the substrate and released the AMC-fluorophor. 
After dilution (1:10) of the samples with 20 mM Tris-HCl, pH 7.4, which 
strongly slowed down the reaction, the relative fluorescence units (RFU) 
were measured with a Varian Cary Eclipse Fluorescence Spectrophotometer 
(Agilent Technologies) at λexc = 360 nm and λem = 460 nm. RFU values 
were normalized to the DMSO treated control, which should have retained 
nearly 100 % activity. The calculated residual activities were plotted against 
the logarithm of the applied inhibitor concentration and fitted to the equation 
Y = Bottom + (Top–Bottom)/(1 + 10 ^ ((LogIC50-X) * HillSlope)) (X: loga-
rithm of inhibitor concentration; Y: Residual enzymatic activity; log(inhibitor) 
versus response—variable slope (four parameters), GraphPad Prism 5). The 
IC50 value, the ligand concentration that leads to 50 % inhibition of the enzy-
matic activity, was deduced from the fitted data.



373.4 Proteasome Activity Tests

3.5  Protein Crystallography

3.5.1  Crystallization of the Yeast 20S Proteasome

Purified yCP was concentrated to approximately 40 mg/ml at 5,000 rpm using an 
Amicon® Ultra-15 Centrifugal Filter device of 100 kDa cut-off. Crystals of the 
yCP were grown at 20 °C by the hanging drop vapour diffusion method in drops 
containing a 1:1 mixture of reservoir and protein solution. The reservoir solution 
(300 μl) was composed of 25 mM magnesium acetate, 100 mM Mes pH 6.8 and 
9–13 % (v/v) 2-methyl-2,4-pentanediol (MPD). Crystals were cryoprotected by 
the addition of 5 μl of 20 mM magnesium acetate, 100 mM Mes, pH 6.8 and 30 % 
(v/v) MPD and immediately frozen in liquid nitrogen. Crystal soaking experi-
ments were performed by supplementing crystal drops with 5 μl cryoprotection 
solution and 0.3–3.0 mM of inhibitor for 2–24 h. Afterwards crystals were super-
cooled in liquid nitrogen.

3.5.2  Crystallization of the Murine 20S Proteasomes

Protein samples were concentrated to approximately 30 mg/ml at 5,000 rpm using 
Millipore centrifugal devices with a cut-off of 30 kDa. Initial crystallization trials 
with the murine cCP and iCP were set up in 96-well sitting drop plates with a final 
drop size of 0.2 μl containing a protein:reservoir ratio of 1:1. Hanging drop plates 
were set up with final drop volumes of 1 μl. All plates were stored at 20 °C and 
crystals grew from MPD conditions within a few days. The iCP crystallized from a 
reservoir solution containing 0.2 M sodium iodide and 40 % (v/v) MPD, whereas 
cCP crystals preferentially grew from 0.2 M sodium formate or 0.2 M potassium 
acetate and 40 % (v/v) MPD. After addition of 1–5 μl of reservoir solution cCP 
and iCP crystals were frozen in liquid nitrogen. cCP and iCP complex structures 
with ONX 0914 were obtained by soaking crystals with 3 mM ONX 0914 (dis-
solved in DMSO) in 1–5 μl of reservoir solution for at least 8 h prior to freezing.

3.5.3  Data Collection, Processing and Structure 
Determination

Diffraction data were collected at the Swiss Light Source (SLS), Villigen, 
Switzerland at the beamlines X06SA (Pilatus 6 M detector) and X06DA (MAR 
CCD detector) at a wavelength of 1.0 Å. For all data sets cryoprotection (100 K) 
was used. Indexing, integration and scaling of the obtained data was performed 
with the program package XDS [25]. All proteasome structures were solved by 
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Patterson search calculations with PHASER using the maximum likelihood 
method [26]. For yCP:ONX 0914 complex structures the yCP apo crystal struc-
ture (PDB ID 1RYP [27]) served as a starting model and structure determination 
was performed as previously published [28]. Structure elucidation of the cCP and 
iCP was carried out by molecular replacement with the coordinates of the bovine 
cCP (PDB ID 1IRU [29]). For rigid body, TLS (Translation/Libration/Screw) and 
positional refinements REFMAC5 [30] was used. Fourfold and twofold non-crys-
tallographic symmetry averaging was applied for the cCP and iCP in refinement 
and model building, respectively. Model building was performed with the interac-
tive three-dimensional graphic programs MAIN [10] and COOT [9]. Waters were 
placed with Arp/Warp [8]. Ligands were built with Sybyl [13] and their topology 
and parameter files were created by Sketcher [8]. Graphical illustration of crys-
tal structures was performed with the programs MOLSCRIPT [11], BOBSCRIPT 
[7] and PyMOL [12]. Conolly surfaces were calculated and depicted with GRASP 
[31]. The final coordinates were proven to have good stereochemistry according to 
the Ramachandran plot by using Procheck [8] as well as reasonable Rwork, Rfree, 
r.m.s.d. bond and angle values (see Tables 4.1, 4.2). The coordinates of published 
structures were deposited in the PDB under the following accession codes: 3UNH 
(iCP), 3UNE (cCP), 3UNF (iCP:ONX 0914), 3UNB (cCP:ONX 0914), 3UN8 
(yCP:ONX 0914_ep), 3UN4 (yCP:ONX 0914_mo).

References

 1. W.O. Bullock, J.M. Fernandez, J.M. Short, XL1-Blue: a high efficiency plasmid transform-
ing recA Escherichia coli strain with beta-galactosidase selection. Biotechniques 5, 376–379 
(1987)

 2. D. Hanahan, Studies on transformation of Escherichia coli with plasmids. J. Mol. Biol. 166, 
557–580 (1983)

 3. W. Heinemeyer, A. Gruhler, V. Mohrle, Y. Mahe, D.H. Wolf, PRE2, highly homologous to 
the human major histocompatibility complex-linked RING10 gene, codes for a yeast protea-
some subunit necessary for chrymotryptic activity and degradation of ubiquitinated proteins. 
J. Biol. Chem. 268, 5115–5120 (1993)

 4. W. Heinemeyer, J.A. Kleinschmidt, J. Saidowsky, C. Escher, D.H. Wolf, Proteinase yscE, the 
yeast proteasome/multicatalytic-multifunctional proteinase: mutants unravel its function in 
stress induced proteolysis and uncover its necessity for cell survival. EMBO J. 10, 555–562 
(1991)

 5. W. Heinemeyer, M. Fischer, T. Krimmer, U. Stachon, D.H. Wolf, The active sites of the 
eukaryotic 20 S proteasome and their involvement in subunit precursor processing. J. Biol. 
Chem. 272, 25200–25209 (1997)

 6. R.J.C. Estiveira,The active subunits of the 20S proteasome in Saccharomyces cerevisiae—
Mutational analysis of their specificities and a C-terminal extension, PhD thesis, Universität 
Stuttgart (2008)

 7. R.M. Esnouf, An extensively modified version of MolScript that includes greatly enhanced 
coloring capabilities. J. Mol. Graph. Model. 15(132–134), 112–133 (1997)

 8. Collaborative Computational Project, The CCP4 suite: programs for protein crystallography. 
Acta Crystallogr Sect. D - Biol. Crystallogr. 50, 760–763 (1994)

 9. P. Emsley, B. Lohkamp, W.G. Scott, K. Cowtan, Features and development of coot, acta crys-
tallogr. Sect. D - Biol. Crystallogr. 66, 486–501 (2010)

http://dx.doi.org/10.1007/978-3-319-01556-9_4
http://dx.doi.org/10.1007/978-3-319-01556-9_4


39References

 10. D. Turk, Improvement of a programme for molecular graphics and manipulation of elec-
tron densities and its application for protein structure determination, PhD thesis, Technische 
Universität München (1992)

 11. P.J. Kraulis, MOLSCRIPT: a program to produce both detailed and schematic plots of protein 
structures. J. Appl. Cryst. 24, 946–950 (1991)

 12. W.L. DeLano, The PyMOL Molecular Graphics System (DeLano Scientific, San Carlos, 
2002)

 13. SYBYL 8.0 Tripos International, 1699 South Hanley Rd., St. Louis, Missouri, 63144, USA
 14. W. Kabsch, Xds. Acta Crystallogr Sect. D - Biol. Crystallogr. 66, 125–132 (2010)
 15. E. Krissinel, K. Henrick, Detection of protein assemblies in crystals. CompLife 2005(3695), 

163–174 (2005)
 16. K. Mullis, F. Faloona, S. Scharf, R. Saiki, G. Horn, H. Erlich, Specific enzymatic amplifica-

tion of DNA in vitro: the polymerase chain reaction. Cold Spring Harb. Symp. Quant. Biol. 
51(Pt 1), 263–273 (1986)

 17. C. Papworth, J.C. Bauer, J. Braman, D.A. Wright, Site-directed mutagenesis in one day with 
>80 % efficiency. Strategies 9, 3–4 (1996)

 18. W.J. Dower, J.F. Miller, C.W. Ragsdale, High efficiency transformation of E. coli by high 
voltage electroporation. Nucleic Acids Res. 16, 6127–6145 (1988)

 19. R.D. Gietz, R.A. Woods, Transformation of yeast by lithium acetate/single-stranded carrier 
DNA/polyethylene glycol method. Methods Enzymol. 350, 87–96 (2002)

 20. R.S. Sikorski, J.D. Boeke, In vitro mutagenesis and plasmid shuffling from cloned gene to 
mutant yeast. Academic Press Inc, San Diego 194 302–318 (1991)

 21. F. Sanger, S. Nicklen, A.R. Coulson, DNA sequencing with chain-terminating inhibitors. 
Proc. Natl. Acad. Sci. USA 74, 5463–5467 (1977)

 22. N. Gallastegui, M. Groll, Analysing properties of proteasome inhibitors using kinetic and 
X-ray crystallographic studies. Methods Mol. Biol. 832, 373–390 (2012)

 23. G. Schmidtke, S. Emch, M. Groettrup, H.G. Holzhutter, Evidence for the existence of a 
non-catalytic modifier site of peptide hydrolysis by the 20S proteasome. J. Biol. Chem. 275, 
22056–22063 (2000)

 24. U.K. Laemmli, Cleavage of structural proteins during the assembly of the head of bacterio-
phage T4. Nature 227, 680–685 (1970)

 25. W. Kabsch, Automatic processing of rotation diffraction data from crystals of initially 
unknown symmetry and cell constants. J. Appl. Cryst. 26, 795–800 (1993)

 26. A.J. McCoy, R.W. Grosse-Kunstleve, P.D. Adams, M.D. Winn, L.C. Storoni, R.J. Read, 
Phaser crystallographic software. J. Appl. Cryst. 40, 658–674 (2007)

 27. M. Groll, L. Ditzel, J. Löwe, D. Stock, M. Bochtler, H.D. Bartunik, R. Huber, Structure 
of20S proteasome from yeast at 2.4 Å resolution. Nature 386, 463–471 (1997)

 28. M. Groll, R. Huber, Purification, crystallization, and X-ray analysis of the yeast 20S protea-
some. Methods Enzymol. 398, 329–336 (2005)

 29. M. Unno, T. Mizushima, Y. Morimoto, Y. Tomisugi, K. Tanaka, N. Yasuoka, T. Tsukihara 
The structure of the mammalian 20S proteasome at 2.75 Å resolution. Structure 10 609-618 
(2002)

 30. A.A. Vagin, R.A. Steiner, A.A. Lebedev, L. Potterton, S. McNicholas, F. Long, G.N. 
Murshudov, REFMAC5 dictionary: organization of prior chemical knowledge and guidelines 
for its use. Acta Crystallogr Sect. D - Biol. Crystallogr. 60, 2184–2195 (2004)

 31. A. Nicholls, K.A. Sharp, B. Honig, Protein folding and association: insights from the interfa-
cial and thermodynamic properties of hydrocarbons. Proteins 11, 281–296 (1991)



41

4.1  Sequence Alignments

The quaternary and tertiary structure of the 20S proteasome is strictly conserved 
from archaea to mammals and it is assumed that its two types of subunits, termed α 
and β, evolved from a common ancestor protein [1–5]. In this regard the catalytically 
active proteasome subunits of murine 20S proteasome types display high sequence 
identities to each other: β1c/β1i: 63.3 %, β2c/β2i: 58.9 %, β5c/β5i: 72.4 %, β5c/β5t: 
54.4 % β5i/β5t: 50.5 % (Fig. 4.1). Although sequence alignments are indicative of 
an overall conserved fold for all proteolytically active subunits, defined differences 
in their substrate binding channels give rise to different cleavage preferences in the 
cCP, iCP and tCP [2, 6]. In particular, hydrophobic amino acids in the unprimed sub-
strate binding pockets of subunit β1i have been predicted to attenuate the CL activ-
ity and to increase the ChTL activity [2]. In contrast, the sequence analysis of the 
subunits β2c/i and β5c/i provided no hints on changes in the chemical properties of 
their substrate binding channels and on profound differences in their substrate spe-
cificities (Fig. 4.1). However, for the vertebrate-specific subunit β5t, which is exclu-
sively expressed in cTECs, the primary sequence of its substrate binding channel is 
strongly altered. In particular, the polarity of the binding pockets appears to be dra-
matically increased, thereby leading to a markedly reduced ChTL activity and to a 
different peptide product pattern of the tCP [7] (Fig. 4.1c; see also Sect. 4.4.3).

4.2  X-Ray Structures of the Mouse 20S Immuno- and 
Constitutive Proteasome

4.2.1  Crystallization and Structure Determination

Infection of BALB/c mice with LCMV-WE leads to an efficient (95 %) conversion 
of cCPs to iCPs in the murine livers within eight days. The synthesized iCPs were 

Chapter 4
Results
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Fig. 4.1  Sequence alignments of active β subunits from archaeal (t), yeast (y) and murine (m) 
20S proteasomes. Protein sequences for (a) β1, (b) β2 and (c) β5 subunits are given in the one-
letter code. Amino acids are numbered according to the β subunit of the 20S proteasome from 
the archaeon T. acidophilum (t); insertions are indicated by lower-case letters. Helices and sheets 
are depicted for the i subunits. Residues that are crucial for the catalytic activity are marked in 
red. The substrate specificity pocket forming amino acids are coloured in green (S1), blue (S2), 
orange (S3) and yellow (S’), respectively. Residue 113 is absent in all β1i subunits (purple). 
Amino acids that are suggested to influence the active site architecture and proteolytic activity of 
subunit β5 are highlighted in black. Adapted from Huber et al. 2012 [5]
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purified according to published procedures [8]. The same purification procedure 
was applied to livers of uninfected gene targeted β2i-/- and β5i-/- C57BL/6 mice 
and yielded pure cCP samples (Fig. 4.2).

In a joint collaboration with the group of Prof. Dr. Marcus Groettrup of the 
University of Constance, Dr. Michael Basler and Ricarda Schwab prepared appro-
priate amounts of murine iCP and cCP for crystallographic analysis. Samples were 
proven for their purity by 2D-PAGE (Fig. 4.2), concentrated to approximately 
30 mg/ml and subsequently subjected to initial sitting drop vapour diffusion crys-
tallization trials. A sparse matrix screen of about 400 conditions was tested with 
a protein:reservoir ratio of 1:1 and a final drop volume of 0.2 μl. Both CPs crys-
tallized within a few days from various reservoir solutions containing 40 % (v/v) 
MPD and different salts (Fig. 4.3a). The obtained crystals were exposed to syn-
chrotron X-ray radiation and their diffraction patterns were analysed (Fig. 4.3b). 

cCP  iCP iCP cCP 

(a) (b) (c)

Fig. 4.2  Coomassie-stained gels of purified murine cCP and iCP samples used for crystalliza-
tion trials. 2D non-equilibrium pH gradient gel electrophoresis (NEPHGE)/SDS-PAGE gels of  
(a) 80 μg of purified cCP isolated from livers of β2i -/- β5i -/- gene targeted mice and (b) 80 μg of 
iCP from livers of LCMV-WE infected BALB/c mice. Proteasome subunits were assigned accord-
ing to Groettrup et al., 1996 [9] (c) One-dimensional SDS-PAGE analysis of cCP and iCP samples. 
Adapted from Huber et al. 2012 [5]

Fig. 4.3  Analysis of murine cCP and iCP crystals for X-ray diffraction. (a) Murine cCP and iCP 
crystals; (b) Diffraction pattern of an iCP crystal
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Albeit their small size, crystals diffracted to a resolution of approximately 6 Å. 
However, due to disordered crystal lattices most diffractions patterns were not 
suitable for structure analysis. Crystal quality was improved by avoiding freezing 
of the protein samples, by filtering samples upon concentration and by extensive 
screening of crystallization conditions. Finally, high-quality crystals of the cCP 
and iCP with resolution limits of 3.2 Å were obtained (Table 4.1). After the suc-
cessful collection of diffraction data for the cCP and iCP apo-structures, inhibitor 
soaking experiments with the iCP-selective compound ONX 0914 were under-
taken. Crystals of the cCP and iCP were exposed to ONX 0914 in a final con-
centration of 3 mM for at least 8 h. Diffraction data of both cCP:ONX 0914 and 
iCP:ONX 0914 crystals were collected to a resolution limit of 2.9 Å (Table 4.1) 
and data processing was performed according to Sect. 3.5.3.

The X-ray data revealed for both cCP and iCP crystals space group P21, but 
different unit cell parameters. Calculation of the Matthews coefficient indicated a 
solvent content of about 50 %, assuming that the asymmetric unit of iCP crys-
tals contained only one CP, whereas the asymmetric unit of cCP crystals was built 
up of two 20S proteasomes. The same applied to both ligand complex structures 
(Table 4.1). All four crystal structures could be finalized with Rfree values below 
27.5 % and root-mean-square deviations for bond lengths and bond angles of less 
than 0.005 Å and 0.93°.

All proteasome subunits were well defined in the 2FO-FC electron density maps 
and differences in the primary sequences of catalytically active c and i subunits 
were unambiguously depicted by positive and negative FO-FC maps (Fig. 4.4), 
indicating that pure iCPs and cCPs have been crystallized. Amino acid residue 
numbers were allocated according to the sequence alignment to the proteasomal β 
subunit from T. acidophilum (Fig. 4.1).

4.2.2  Subunit Architecture of the cCP and iCP

The overall topologies of the cCP and iCP are identical except for the exchange of 
the catalytically active c subunits β1c, β2c and β5c by their i homologues β1i, β2i 
and β5i. Likewise the yCP crystal structure, the N-termini of the inactive α subu-
nits of the cCP and iCP close the entrance to the interior of the CPs. Superposition 
of the α rings from cCP, iCP and yCP illustrates their high structural similarity 
(r.m.s.d. Cα atoms α ring <0.59 Å; Fig. 4.5) and suggests that the gate opening 
mechanism [10, 11] is identical for all kind of CPs.

Subunits incorporated into both the cCP and iCP, i.e. α subunits and inactive 
β subunits are unchanged as proven by an r.m.s.d Cα atoms of <0.35 Å for their 
main chain tracings. Despite differences in their amino acid sequence (Fig. 4.1) 
the exchangeable β subunits adopt identical folds (r.m.s.d. Cα atoms <0.72 Å) 
(Fig. 4.6). Remarkably, also the C-terminal loop of the subunits yβ2 and β2c, 
which embraces its neighbouring subunit β3 and which is essential for CP assem-
bly [12], is structurally conserved in subunit β2i.

http://dx.doi.org/10.1007/978-3-319-01556-9_3
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Fig. 4.6  Main chain tracings of the proteolytically active proteasome subunits. The Cα back-
bones of the subunits β1i (green), β2i (brown) and β5i (yellow) are superimposed to their consti-
tutive counterparts from mouse (black) and yeast (grey). The nucleophilic N-terminal Thr1 and 
the C-terminus are indicated. Adapted from Huber et al. 2012 [5]

Fig. 4.4  Stereo representation of the electron density maps of the murine cCP and iCP. For the 
calculation of the 2FO-FC electron density maps (iCP: blue mesh; cCP: red mesh), which are con-
toured to 0.8 σ, the phases of the displayed amino acids have been omitted. The electron density 
sections clearly depict explicit differences in the amino acid sequences of c and i subunits: (a) 
Tyr25 of subunit β1c corresponds to Ala25 in subunit β1i; and Ser131, Leu132 as well as Met135 
of subunit β2c are substituted by Gln, Gly and Val in subunit β2i, respectively. (b) Tyr88 of subu-
nit β5c is exchanged for Leu in subunit β5i. Adapted from Huber et al. 2012 [5]

Fig. 4.5  Structural superposition of the α ring of yCP, cCP and iCP. The N-termini of the α sub-
units, in particular of α2, α3 and α4, from yCP (grey), cCP (black) and iCP (multi-coloured) pre-
vent access into the proteolytic chamber. A stereoscopic view of the centre of the α ring (marked 
by a yellow circle) is provided. Adapted from Huber et al. 2012 [5]
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The majority of the amino acid exchanges between the proteolytically active c 
and i subunits are located on the subunit surfaces and only a minority is conserved 
among species (β1i: 13.6 %, β2i: 5.1 %, β5i: 9.8 %). As revealed by PISA analysis, 
the number of interaction sites between adjacent subunits of the cCP and the iCP differ 
(Table A.1), but the impact on the stability or half-life of the CPs cannot be predicted 
from the structural data. However, the subunit interaction surfaces of the proteolytically 
active subunits and their adjacent neighbours enable the formation of mixed protea-
some species, which were previously suggested to be physiologically relevant [13, 14].

4.2.3  Structural Analysis of the Substrate Binding Channels

The substrate and inhibitor specificities of the proteasomal active sites are predom-
inantly determined by the enthalpic interactions of ligands with defined pockets 
of the primed and unprimed substrate binding channels surrounding the nucleo-
philic Thr1. The following section summarizes the similarities and alterations in 
the primed and unprimed sites of proteolytically active c and i subunits.

The primed substrate binding pockets (S’) of the subunits β2i and β2c differ by 
several amino acid exchanges. However, their impact on protein hydrolysis remains 
enigmatic. In the primed site of subunit β1i one amino acid is deleted in the loop 
segment 113–124 compared to subunit β1c. This loop shortening is a hallmark of 
all β1i subunit sequences known to date and might affect substrate preferences. 
Comparison of the primed pockets in the subunits β5c and β5i depicts the amino 
acid substitutions S115D and E116N. Although these changes might influence sub-
strate affinities, they are not conserved between species. Using X-ray crystallogra-
phy most inhibitory compounds have been shown to target the unprimed substrate 
binding channels [15–17] and thus, the S1, S2 and S3 pockets are far better exam-
ined than the primed ones. The unprimed sites of the subunits β2c and β2i display 
high similarity to each other, except for the conserved substitutions T48V and D53E. 
While T48V might alter the specificity for P2 residues, D53E is assumed to change 
neither the chemical environment nor substrate preference (Fig. 4.7). Interestingly, 
Glu53 and Thr48 are characteristic of the yeast subunit yβ2 (Fig. 4.1).

By contrast, the β1c and β1i subunits strongly differ in their amino acid lining in 
the unprimed substrate binding channel. The polar active site surrounding of subunit 
β1c is replaced by a more hydrophobic one in subunit β1i. In particular the amino 
acid substitutions T20V, T31F, R45L and T52A decrease the polarity and the size 
of the β1i S1 pocket (Fig. 4.8). Hence, the β1i active site preferentially cleaves pro-
teins C-terminally of small hydrophobic and branched amino acids such as Leu, Ile 
or Val and significantly enhances the production of high-affinity MHC I ligands. The 
structural features of subunit β1i are in full agreement with the reported β1i-selective 
fluorogenic substrate Ac-Pro-Ala-Leu-AMC [18]. In addition to the changes in the 
S1 pocket, the S3 pocket is characterized by the amino acid substitutions T22A (β1i) 
and A27V (β1i) as well as Y114H in the neighbouring subunit β2i. These differences 
lead to a more size-restricted and more polar S3 pocket in the iCP (Fig. 4.8).
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The hydrophobic amino acid lining of the S1 pocket in subunit β5c is preserved 
in subunit β5i with respect to the amino acids Ala20, Met45, Ala49 and Cys52 
(Fig. 4.9). The amino acid side chain 31 is also hydrophobic but variable in length 
(e.g. Met in mice and Val in humans). Thus, both subunits exert overlapping sub-
strate specificities and hydrolyse proteins after apolar residues. Interestingly, all 
known β5i subunits possess a shallow S2 pocket formed by either Cys48 or Ser48 
(Fig. 4.9). The incorporation of Ser27 in the S3 pockets of murine and human β5i 
subunits reduces their size but concomitantly increases their polarity.

A striking feature of the β5i subunit is the increased size of its S1 pocket com-
pared to subunit β5c. This is mostly due to distinct conformations of Met45 and Ile35 
in subunit β5i as well as a shift of the protein backbone including the residues 36–76 
compared to subunit β5c (Fig. 4.9). In this regard, the amino acid exchange S53Q 
between subunit β5c and β5i might have a pivotal function. In subunit β5i the ali-
phatic part of the Gln53 side chain can stabilize Met45, while in subunit β5c Ser53 

Fig. 4.8  Superposition of the unprimed β1c and β1i substrate binding channels (Stereo view). 
Amino acid numbers are given for subunit β1i and residues characteristic of β1i are highlighted 
in magenta. Adapted from Huber et al. 2012 [5]

Fig. 4.7  Superposition of the unprimed β2c and β2i substrate binding channels (Stereo view). 
Amino acid numbers are given for subunit β2i and residues characteristic of β2i are highlighted 
in magenta. Adapted from Huber et al. 2012 [5]
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cannot provide these favourable interactions and thus, the S1 pocket is significantly 
smaller than that of its i counterpart (see also Sect. 4.4.1). The differently-sized S1 
pockets are supposed to give rise to varying substrate specificities. Although both 
subunits β5c and β5i accommodate hydrophobic amino acids in their S1 pockets, the 
β5i subunit prefers more spacious ones than subunit β5c [18] (see also Sect. 4.3.3).

Moreover, the active site Thr1 of subunit β5i is surrounded by a unique hydro-
philicity that results from the amino acid exchanges A46S and V127T and that 
is not observed in any other proteasome subunit. Ser46Oγ is in hydrogen bond-
ing distance to T127Oγ and the oxyanion hole Gly47NH (distances 2.9–3.4 Å; 
Fig. 4.9). This unique hydrogen bond network might stabilize the tetrahedral tran-
sition state during catalysis. Additionally, it could kinetically favour the β5i active 
site, as the increased polar environment is supposed to attract water molecules and 
thereby to enhance peptide bond hydrolysis [5].

4.3  Investigations on the β5i-Selective Proteasome Inhibitor 
ONX 0914

4.3.1  Inhibition of 20S Proteasomes by ONX 0914

The α’,β’epoxyketone inhibitor ONX 0914 has been shown to selectively inhibit 
the β5i subunit of the murine and human iCP and to be therapeutically active 
in inflammatory disorders and autoimmune diseases [19–22]. To verify these 
results and to further assess the purities of the murine cCP and iCP preparations, 

Fig. 4.9  Superposition of the unprimed β5c and β5i substrate binding channels (Stereo view). 
Amino acid numbers are given for subunit β5i and residues characteristic of the β5i substrate 
binding pockets are highlighted in magenta. Being hydrogen-bridged to the oxyanion hole 
Gly47NH and to Thr127 (black dashed lines), Ser46 is supposed to influence the catalytic activ-
ity of subunit β5i. Note that the side chain conformations of Ile35 and Met45 vary in the subunits 
β5c and β5i. Adapted from Huber et al. 2012 [5]

http://dx.doi.org/10.1007/978-3-319-01556-9_4
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IC50 values of ONX 0914 were determined for the ChTL activity of the yCP, 
the murine cCP and iCP as well as the human cCP and iCP (Fig. 4.10). The 
activities of CPs were measured in the presence of varying concentrations of  
ONX 0914, using the fluorogenic substrate Suc-Leu-Leu-Val-Tyr-AMC. In agree-
ment with previous studies, the β5c subunits from mouse and human cCPs were 
far less inhibited than their i counterparts (Fig. 4.10). Interestingly, however, ONX 
0914 slightly favoured subunit yβ5 over β5c.

4.3.2  Proteasome Core Particles in Complex with ONX 0914

Structural explanations for the β5i selectivity of ONX 0914 could only be unravelled 
by analysing and comparing ligand binding to each active site of the cCP/yCP and 
iCP. Inhibitor soaking experiments with a final concentration of ONX 0914 of 3 mM 
blocked all proteolytic centres—not only the preferred subunit β5i. 2FO-FC electron 
density maps depicted that ONX 0914 was covalently bound to all active sites of 
cCP, iCP and yCP (Fig. 4.11) and additionally proved that these were catalytically 
active in the crystals. Despite suggestions that subunit β7 might also exert hydro-
lytic activity in the ligand-free bovine cCP crystal structure [4], ONX 0914 was not 
bound to this subunit.

Likewise other peptidic CP inhibitors, the C-terminal dipeptide of ONX 0914 
forms an antiparallel β sheet in the unprimed substrate binding channels of all active 
sites and is well stabilized by favourable interactions with the surrounding pro-
tein residues. In contrast, the N-terminal morpholine moiety of ONX 0914 is not 
engaged in any contact with the substrate binding channels and thus, can adopt dif-
ferent conformations. Unique to all β2 and β5 subunits is the additional stabilization 
of ONX 0914 via a hydrogen bond between its N-terminal peptide bond and Asp114 
from the neighbouring subunits β3 and β6, respectively. Furthermore, structural 

β 5-subunit IC50 [µM] 
yβ5 0.551 ± 0.035 
mβ5c 0.917 ± 0.054 
hβ5c 1.036 ± 0.054 
mβ5i 0.065 ± 0.005 
hβ5i 0.073 ± 0.011 

Fig. 4.10  Selectivity of ONX 0914 for the β5i subunit of the iCP. After the exposure of yCP, 
cCP and iCP to varying concentrations of ONX 0914 (0.001-500 μM) the residual ChTL activity 
was determined. Data from three experiments were normalized to DMSO treated controls and 
averaged. Standard deviations are indicated. IC50 values were deduced from fitted data. Adapted 
from Huber et al. 2012 [5]
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comparison of all ONX 0914 molecules bound to the yCP, cCP and iCP proves a 
similar mechanism of inhibitor binding for all active sites (Fig. 4.12).

4.3.3  Molecular Basis for the Subunit Selectivity  
of ONX 0914

Comparison of active proteasome subunits in the presence and absence of ONX 
0914 visualized the structural features that cause the observed β5i selectivity of 
this compound. Owing to Ala20, Ala27, Cys31 and Gly45 the β2 subunits possess 
large S1 pockets that can easily accommodate ONX 0914 without any structural 
changes. However, as the protein surrounding provides only few stabilizing inter-
actions, ligand binding to the β2c and β2i active sites is energetically disadvan-
taged compared to subunit β5i (Fig. 4.13a-c).

Fig. 4.11  ONX 0914 bound to the proteolytically active sites of yCP, cCP and iCP. The 2FO-FC 
electron density maps, contoured to 1 σ, show full occupancy for ONX 0914 at all active centres 
of yCP, cCP and iCP. ONX 0914 and residue Thr1 have been omitted for phasing. Hydrogen 
bonds are marked by black dashed lines. Adapted from Huber et al. 2012 [5]
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By contrast, binding of ONX 0914 triggers structural rearrangements in subunit 
β1c. Due to steric hindrance with the ligand’s phenylgroup in P1, Arg45 has to 
change its conformation (Fig. 4.13e). Moreover, the polarity of the S1 pocket dis-
favours the binding of the hydrophobic P1 side chain of ONX 0914 to subunit β1c 
and causes electrostatic repulsion.

Therefore, the hydrophobic substrate binding channel of the β1i active site 
should be ideally suited for docking of ONX 0914. Yet, the ligand complex 

Fig. 4.12  Superposition of ONX 0914 molecules bound to the yCP, cCP and iCP. (a) The bind-
ing mechanism of ONX 0914 to Thr1 is identical for all β5 active sites (b) for all proteasome 
subunits. The peptidic ligand adopts an anti-parallel β sheet in each substrate binding channel, 
thereby mimicking natural protein substrates

Fig. 4.13  Superposition of ligand-free and ligand-bound active sites of the proteasome. The 
unliganded subunits β2i (a), β2c (b), β1i (d) and β1c (e) are superimposed to their ONX 0914 
bound states. The panels (c) and (f) illustrate the differences for the ligand-bound β2c/i and β1c/i 
subunits, respectively; amino acid numbers are given for the i subunit. Residues characteristic 
of the i or c subunits are highlighted in magenta. Hydrogen bonds are indicated by black dashed 
lines. Adapted from Huber et al. 2012 [5]
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structure indicates that Phe31 sterically hinders binding of ONX 0914 to Thr1 
(Fig. 4.13d, f). The distance between the phenyl group of Phe31 and the P1 phe-
nylalanine of ONX 0914 is only 3.4–3.5 Å and Phe31 adopts an energetically 

Fig. 4.14  Binding of ONX 0914 to the β5c and β5i subunits of the cCP and iCP (Stereo view). (a) 
The unprimed substrate binding channel of subunit β5i is ideally suited to accommodate ligands 
with bulky P1 side chains such as ONX 0914. Upon binding neighbouring protein residues only 
slightly rearrange (green arrow). (b) Docking of ONX 0914 to subunit β5c triggers major struc-
tural changes around the active site as marked by green arrows. (c) The β5c and β5i subunits in 
their ligand bound states are structurally similar to each other. Adapted from Huber et al. 2012 [5]
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disfavoured orientation towards the carbonyl oxygen of Asp32 (distance 3.2 Å). 
Thus, the atomic distances reflect the repelling forces that prevent high-affinity 
binding of ONX 0914 to subunit β1i.

Ligand binding to the β5i subunit triggers slight conformational adaptions of 
Met31 and the CH3-S-group of Met45 (r.m.s.d. Cα β5i/β5i:ONX 0914: 0.28 Å; 
Fig. 4.14a). By contrast, comparison of the unprimed substrate binding channel of 
subunit β5c in the presence and absence of ONX 0914 reveals profound differences. 
Binding of the bulky P1 phenylalanine of the α’,β’epoxyketone to the S1 pocket dis-
places Met45 from its normal position. Furthermore, the side chain of Ile35 is flipped 
and the β sheets S4 and S5 as well as α helix H1 are offset by up to 1.7 Å (r.m.s.d. Cα 
β5c/β5c:ONX 0914: 0.64 Å; Fig. 4.14b). Remarkably, the ligand bound states of the 
subunits β5c and β5i are similar to each other (r.m.s.d Cα β5c: ONX 0914/β5i:ONX 
0914: 0.55 Å; Fig. 4.14c) and the β5c:ONX 0914 structure highly resembles the 

Fig. 4.15  Conolly surface representations of the unprimed β5c and β5i substrate binding chan-
nels in the presence and absence of ONX 0914. Surface charge distributions are shown for the 
subunits β5i (a), β5i:ONX 0914 (b), β5c (c) and β5c:ONX 0914 (d) with positive and negative 
electrostatic potentials contoured from 50 kT/e (intense blue) to -50 kT/e (intense red). In the 
panels (a) and (c) ONX 0914 has been modelled into the active site by superposition with the 
panels (b) and (d), respectively. The catalytic Thr1 is coloured in white. ONX 0914 is shown in 
yellow, modelled molecules of ONX 0914 in grey − except for the P1 site. To depict ligand–pro-
tein clashes and resulting structural changes (green arrows) the amino acids 46-50 of the subunits 
β5c and β5i were removed. Adapted from Huber et al. 2012 [5]
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apostructure of subunit β5i. These results indicate that inhibition of β5c by ONX 0914 
is sterically impaired by Met45. The enthalpic energy required to achieve the observed 
structural changes is mirrored in the high IC50 value of ONX 0914 towards β5c com-
pared to β5i and its lower affinity. Conolly surface representations of the subunits 
β5c and β5i clearly depict the structural differences in their S1 pocket architecture. 
Whereas subunit β5i possesses a spacious S1 site, which enables the binding of bulky 
P1 residues (Fig. 4.15a) with only minor side chain rearrangements (Fig. 4.15b), 
the S1 pocket forming residues of subunit β5c severely clash with bulky P1 groups 
(Fig. 4.15c) and thereby cause enormous structural reorientations (Fig. 4.15d). Hence, 
the substrate specificity of subunit β5i can be described as a ChTL activity, whereas 
the β5c active site preferentially exerts elastase-like or Snaap activity [23].

4.3.4  Structural Analysis of the Epoxyketone Reaction 
Mechanism

Whereas boronic acid inhibitors are known to inhibit serine and threonine pro-
teases [24], α’,β’epoxyketones exclusively react with the small family of Ntn 
hydrolases to which the proteasome belongs. This high degree of specificity for 
the CP results from the unique bivalent reaction mechanism of α’,β’epoxyketones, 
which has been elucidated for the natural product epoxomicin isolated from actin-
omycetes [25]: The nucleophilic Thr1Oγ of the active proteasome subunit attacks 
the carbonyl carbon atom of the α’,β’epoxyketone, thereby forming a revers-
ible hemiketal. Subsequently, the free N-terminus of Thr1 opens the epoxide ring 
and, by an irreversible cyclisation, creates a morpholine ring system (Fig. 4.16). 
This mode of action and the docking mechanism of ONX 0914 was investi-
gated in detail by ONX 0914:yCP complex structures. The yCP can be used as 
a model system due to its structural similarity to the cCP, including the orienta-
tion of Met45 (Fig. 4.19a). yCP crystals were therefore soaked with ONX 0914 

Fig. 4.16  Schematic illustration of the reaction mechanism of epoxyketone inhibitors. Thr1Oγ 
nucleophilically attacks the carbonyl carbon atom of the epoxyketone inhibitor. The formed 
hemiketal intermediate can either dissociate to deliberate Thr1Oγ or irreversibly cycle under the 
formation of a secondary amine (morpholine ring system) involving Thr1 N. Bonds created by 
this reaction are coloured in green, R1 corresponds to the peptide moiety of the compound, R2 to 
the proteolytically active β subunit, whose Thr1 is covalently modified by the displayed reaction 
mechanism. Adapted from Huber and Groll [15]
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in different concentrations for varying time periods. Hereby, the reaction interme-
diate—the hemiketal with an intact epoxide (ep)—and the reaction product—the 
morpholine ring (mo)—could be trapped in a crystal structure (Table 4.2). These 
data clarified that indeed Thr1 N attacks the epoxide once the hemiketal is formed, 
and proved the formerly proposed mode of action of epoxyketone inhibitors [25].

Table 4.2  X-ray data collection and refinement statistics of yCP structures in complex with 
ONX 0914

yCP: ONX 0914_ep yCP: ONX 0914_mo

Crystal parameters
Space group P21 P21

Cell constants a = 135.4 Å
b = 300.4 Å
c = 143.9 Å
β = 112.8°

a = 134.4 Å
b = 300.8 Å
c = 143.8 Å
β = 112.8°

CPs/AUa 1 1
Data collection
Beam line X06SA, SLS X06SA, SLS
Wavelength (Å) 1.0 1.0
Resolution range (Å)b 30-2.7

(2.8-2.7)
30-3.4
(3.5-3.4)

No. observations 1211656 443424
No. unique reflectionsc 286910 141633
Completeness (%)b 99.1 (98.7) 98.1 (98.3)
Rmerge (%)b, d 9.8 (59.6) 14.3 (59.6)
I
/

σ (I)b 11.3 (2.7) 8.2 (2.2)

Refinement (REFMAC5)
Resolution range (Å) 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
Rwork/Rfree (%)e 22.3/24.3 17.9/22.0
r.m.s.d. bond (Å)/(°)f 0.005/0.834 0.005/0.899
Average B-factor (Å2) 54.6 80.5
Ramachandran Plot (%)g 97.3/2.4/0.3 96.3/3.2/0.5

a Asymmetric unit
b The values in parentheses of resolution range, completeness, Rmerge and I

/

σ (I) correspond to 
the last resolution shell
c Friedel pairs were treated as identical reflections
d Rmerge(I) = ΣhklΣj | [I(hkl)j—I(hkl)] |Σhkl Ihkl, where I(hkl)j is the jth measurement of the inten-
sity of reflection hkl and < I(hkl) > is the average intensity
e R = Σhkl | |Fobs|—|Fcalc| |/Σhkl |Fobs|, where Rfree is calculated for a randomly chosen 5 % of 
reflections, which were not used for structure refinement, and Rwork is calculated for the remain-
ing reflections
f Deviations from ideal bond lengths/angles
g Number of residues in favoured, allowed or outlier region



58 4 Results

Whereas all three proteolytically active sites were covalently modified in the 
yCP:ONX 0914_mo structure, only subunit yβ5 visualized the hemiketal forma-
tion of ONX 0914 (Fig. 4.17a). In agreement with data on the murine and human 
cCP [19], ONX 0914 favours subunit yβ5 over yβ1 and yβ2.

Notably, the 2FO-FC electron density map for the yCP:ONX 0914_mo struc-
ture displayed the whole inhibitor with its P1, P2 and P3 residues as well as the 
N-terminal morpholine ring and the covalent linkage to Thr1 (Fig. 4.17b). In con-
trast, the electron density map for the hemiketal intermediate (yCP:ONX 0914_ep) 
surprisingly depicted solely the intact epoxide ring and the ligand’s P1 site 
(Fig. 4.17a). As the N-terminal P3 and P2 sites of ONX 0914_ep were not defined, 
they were not yet bound to their respective substrate specificity pockets and thus, 
flexible. This finding provides evidence that first the electrophilic warhead and the 
P1 residue of covalently acting inhibitors contact the active site Thr1 and the S1 

Fig. 4.17  Stereo view of the yeast 20S proteasome subunit β5 (yβ5) in complex with ONX 0914. 
Subunit yβ5 is coloured in yellow and the neighbouring subunit yβ6 in orange. Thr1 and the oxy-
anion hole Gly47NH are marked in black; and hydrogen bonds are indicated by black dashed 
lines. ONX 0914 is shown in grey with its reactive head group highlighted in cyan. The experi-
mental 2FO-FC omit electron density map (blue mask) is contoured to 1σ. (a) Hemiketal forma-
tion of ONX 0914 with Thr1 of subunit yβ5. Note, only the epoxide and the P1 site of ONX 914 
are well-defined in the electron density map. (b) Subunit yβ5 in complex with the completely 
reacted ONX 0914. All inhibitor side chains (P1, P2 and P3) are visualized in the electron den-
sity. Adapted from Huber et al. 2012 [5]
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pocket and that only upon completing the reaction mechanism interactions with the 
S2 and S3 sites form the antiparallel β sheet in the substrate binding channel. In 
conclusion, even though all substrate binding pockets contribute to the IC50 value 
of a compound, the P1 side chain of a compound, apart from its electrophilic phar-
macophore, is mostly responsible for its affinity for the active site. In this regard 
the depicted size differences of the β5c and β5i S1 pockets provoke the enhanced 
affinity of ONX 0914 for subunit β5i.

Structural comparison of the hemiketal intermediate and the final reaction 
product reveals that although the P1 residue of the ONX 0914_ep is defined in 
the electron density map, it initially does not fully occupy the S1 pocket of subu-
nit yβ5 (Fig. 4.18). Hence, during the reversible hemiketal formation no sterical 
clashes with Met45 occur and in agreement with the X-ray structure of the inter-
mediate state no displacement of Met45 is observed (Fig. 4.17a). Only the forma-
tion of the morpholine ring system with Thr1 properly positions the P1 side chain 
of ONX 0914 in the S1 specificity site and triggers the reorientation of Met45 as 
well as further structural changes (Fig. 4.17b). With respect to the distinct affin-
ities of ONX 0914 for the subunits β5c and β5i, the following model for ONX 
0914 binding to cCP and iCP β5 subunits is proposed: In both active sites β5i and 
β5c hemiketal formation of ONX 0914 with Thr1Oγ is possible without any steri-
cal hindrance. However, whereas the P1 side chain of ONX 0914 can immediately 
adopt its final position in the S1 pocket of subunit β5i and thereby form the mor-
pholine ring system as well as the antiparallel β sheet, this is not possible in subu-
nit β5c. Met45 of subunit β5c sterically hampers full binding of the P1 residue to 
the S1 pocket and has to be dislocated to enable covalent modification of Thr1. 
Consequently, the energy barrier for the morpholine ring formation in subunit β5c 
is higher and the back-reaction leading to a restored and catalytically active Thr1 
in subunit β5c is more likely than in β5i. Thus, the increased probability of ONX 
0914 to modify the Thr1 of subunit β5i compared to β5c provides the explanation 
for its lower IC50 value and its selectivity for subunit β5i.

Fig. 4.18  Docking of ONX 0914 to the active site Thr1. Structural superposition of ONX 0914 
in its epoxide (ep; yellow) and morpholine (mo; grey) state bound to Thr1 of subunit yβ5. The 
green arrow indicates that the positions of the P1 side chain differ in the reaction intermediate 
and the reaction product; the black dashed arrow marks the position where the free N-terminus 
of yβ5 attacks the epoxide to form a morpholine ring system. Adapted from Huber et al. 2012 [5]
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4.4  Yeast Mutagenesis Studies on the Subunits  
β5c, β5i and β5t

The crystal structures of the murine cCP and iCP demonstrated that the proteaso-
mal β subunits are structurally conserved from archaea to mammals. Based on the 
overall identical folds and similar main chain tracings of β5 subunits (Fig. 4.19), 
the yCP can be used as a model system for analysing the functional impact of sin-
gle amino acid exchanges between the cCP, iCP as well as tCP by mutagenesis.

4.4.1  Mimicking the β5c Active Site

The cCP and iCP crystal structures depicted that the orientation of Met45 is crucial 
for the size of the S1 specificity pocket in β5 subunits (Figs. 4.9, 4.14). While favour-
able van der Waals interactions of Met45 with Gln53 contribute to the formation of 
a large S1 site in subunit β5i, Ser53 cannot stabilize Met45 in subunit β5c (Fig. 4.9) 
and causes a diminished S1 pocket in subunit β5c. This model is supported by the 
strong conservation of Ser53 in β5c subunits, Gln53 in β5i entities and Ala53 in β5t 
active sites [5]. Notably, the yeast yβ5 subunit incorporates Lys32, a hallmark of β5c 
entities, as well as the β5i characteristic residue Gln53, leading to a similar S1 pocket 
architecture like in β5c. Hence, subunit yβ5 appears to represent a chimera of the β5c 
and β5i active sites at least with respect to the amino acids 32 and 53. Indeed, the IC50 
value of ONX 0914 for subunit yβ5 was determined to ~0.5 μM, while it was ~1 μM 
for β5c and ~0.07 μM for β5i (Fig. 4.10).

The importance of Gln53 for the S1 pocket architecture in the subunits yβ5 and 
β5i was proven by mutation of Gln53 to Ser in the yβ5 active site. The IC50 values of 
ONX 0914 and bortezomib for the created mutant CP were 1.32 μM and 0.15 μM, 
respectively (Fig. 4.20). Remarkably, compared to the wt yCP, ONX 0914 was three-
times less potent towards the yβ5 Q53S mutant, while bortezomib displayed an 
increased affinity (Fig. 4.20). These findings elucidate that Ser53 enhances binding 
of ligands with smaller P1 side chains such as Leu (bortezomib) over inhibitors with 
bulky residues like Phe (ONX 0914). Wt yβ5 shows only slight preference for bort-
ezomib, but the mutation Q53S significantly increases the selectivity for this com-
pound (Fig. 4.20). In agreement, subunit β5c was reported to be far more susceptible 
to inhibition by bortezomib (IC50: 7 nM [26]) than ONX 0914 (IC50: 236-1000 nM 
depending on the method [5, 19]). For structural analysis of the Q53S mutant X-ray 
data were collected in the presence and the absence of both ligands (Table A.2). 
The mutant yβ5 subunit Q53S displays high structural identity to its wt counter-
part (r.m.s.d. Cα yβ5/yβ5Q53S: 0.2 Å; Fig. 4.21a) and binding of bortezomib and 
ONX 0914 induces structural changes similar to yβ5 and β5c (r.m.s.d. Cα yβ5Q53S/
yβ5Q53S:ONX 0914: 0.76 Å; r.m.s.d. Cα yβ5Q53S/yβ5Q53S: bortezomib: 0.62 Å; 
Fig. 4.21b, c, f). However, ONX 0914 leads to a more severe displacement of the 
sulphur atom of Met45 than bortezomib (Fig. 4.21d), hereby explaining the reduced 
affinity of ONX 0914 for subunit yβ5Q53S compared to bortezomib (Fig. 4.20). 
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Removal of Gln53 leads to an insufficient stabilization of Met45 in the ligand-bound 
state and hence, more energy is required for bulky P1 side chains to reorient Met45 
and to keep distance to it. The propensity of Met45 to adopt its normal conforma-
tion is likely to hinder particularly spacious ligands such as ONX 0914 from binding 

Fig. 4.19  Structural comparison of the yeast subunit yβ5 and the murine active sites β5c and 
β5i of cCP and iCP, respectively (stereo view). (a) Superposition of the subunits yβ5 and β5c in 
their ligand-free states and (b) their ligand-bound states depict the structural similarity of both. 
Panel (c) additionally illustrates the comparison of the ONX 0914 bound active sites yβ5 and β5i. 
Amino acids are numbered for the yCP. Residues that are characteristic of the yCP subunit yβ5 
are coloured in magenta. Gly47 and Thr1 are shown in black. The ligand is highlighted in grey. 
Hydrogen bonds are indicated by black dashed lines. Adapted from Huber et al. 2012 [5]



62 4 Results

irreversibly to Thr1. In conclusion, although the substitution Q53S causes no obvious 
structural differences and amino acid 53 is not directly involved in ligand binding, its 
side chain length yet significantly affects the affinity of ligands.

β5-subunit IC50 [µM] 
yβ5 bortezomib 0.297 ± 0.058 
yβ5 ONX 0914 0.499 ± 0.038 
yβ5 Q53S bortezomib 0.152 ± 0.048 
yβ5 Q53S ONX 0914 1.319 ± 0.117 

Fig. 4.20  Inhibition of wt and mutant yCPs by ONX 0914 and bortezomib. Residual proteolytic 
activities were measured in triplicate upon exposure to different inhibitor concentrations with the 
fluorogenic substrate Suc-Leu-Leu-Val-Tyr-AMC and normalized to a DMSO treated control. 
IC50 values were deduced from fitted data

Fig. 4.21  Structural analysis of the yCP β5 mutant Q53S. (a–d) Superposition of (un-)liganded 
wt and mutant yeast β5 active sites; (e, f) Comparison of the yCP β5 mutant Q53S with the 
murine cCP. Amino acid numbers are given for the yCP β5 mutant Q53S; sequence differences 
between superimposed structures are highlighted in magenta; the electrophilic head groups of 
inhibitory compounds (grey) are coloured in green
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4.4.2  Analysis of the β5i Substrate Binding Channel

The comparison of the crystal structures of cCP and iCP suggests that van der 
Waals interactions of Met45 with the aliphatic side chain of Gln53 in subunit 
β5i promote the formation of a spacious S1 pocket (Fig. 4.9). Although subunit 
yβ5 harbours a Gln53, Met45 adopts a conformation similar to subunit β5c. This 
observation provoked the question of which additional amino acids in proximity to 
the active site contribute to the distinct conformations of Met45.

To identify key residues that lead to the differently sized S1 pocket in the β5i 
substrate binding channel, numerous point mutations were introduced in subu-
nit yβ5. The following amino acid exchanges aimed at mimicking the murine 
(or human) β5i subunit: A27S, (V31M,) K32N, A46S, G48C, T57R, K71G and 
V127T (Fig. 4.1; Table 3.3).

Remarkably, most mutant yeast strains suffer from a significant growth pheno-
type, which is probably caused by an impaired β5 activity, as observed in a proteoly-
sis assay with the chromogenic substrate Cbz-Gly-Gly-Leu-pNA (Fig. 4.22a). Hereby, 
the single point mutation G48C sufficed to markedly attenuate the ChTL activity. 
Cys48 might restrict the flexibility of the loop segment 46-49 and thereby hamper sub-
strate and inhibitor binding. While the exchange A46S alone did not affect CP activ-
ity and its combination with G48C had only minor effects on the IC50 value of ONX 
0914, additional introduction of Thr127 strongly impaired ligand binding (Table 4.3). 
The hydrogen bond between Ser46 and Thr127 that has also been observed for the 
iCP structure additionally enhances the rigidity of the loop region 46-49 and thereby 
might constrict ligand binding. Intriguingly, mutagenesis of additional residues (A27S, 
K32N, V31M, T57R, K71G) had neither further influence on the affinity of ONX 
0914 for the yβ5 active site (Fig. 4.22b) and nor did it lead to the reorientation of 
Met45 as observed in the unliganded subunit β5i (Fig. 4.23e; Table A.3).

Table 4.3  IC50 values for yCP mutants that partially mimic either the primary sequence or the 
structural features of the iCP subunit β5i. Mutants are termed according to Table 3.3

β5-subunit Inhibitor IC50 [μM]

yβ5 bortezomib 0.297 ± 0.058
yβ5 ONX 0914 0.499 ± 0.038
yβ5 SC ONX 0914 0.673 ± 0.055
yβ5 SCT ONX 0914 5.379 ± 1.839
yβ5 SMSCT ONX 0914 4.416 ± 0.771
yβ5 SNSCRGT bortezomib 1.807 ± 0.168
yβ5 SNSCRGT ONX 0914 5.580 ± 0.307
yβ5 SNASCRGT bortezomib 3.078 ± 0.402
yβ5 SNASCRGT ONX 0914 5.706 ± 0.321
yβ5 SNVSCRGT bortezomib 2.606 ± 0.266
yβ5 SNVSCRGT ONX 0914 4.911 ± 0.409
yβ5 R bortezomib 2.508 ± 0.178
yβ5 R ONX 0914 5.185 ± 1.097
yβ5 TR bortezomib 0.706 ± 0.115
yβ5 TR ONX 0914 10.37 ± 2.134

http://dx.doi.org/10.1007/978-3-319-01556-9_3
http://dx.doi.org/10.1007/978-3-319-01556-9_3
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Hence, the key features of subunit β5i could so far not be reconstituted in yeast, 
even though all amino acids in the active site surrounding were identical to the 
murine/human subunit β5i (Fig. 4.23e). Consequently, rather the structural differences 
than the primary sequences of the β5i and β5c/yβ5 substrate binding channels are 
responsible for the selectivity of ONX 0914. In order to mimic the enlarged S1 pocket 
of subunit β5i, Met45 was substituted by either alanine or valine, but intriguingly 
these mutant CPs exhibited only poor affinity for both ONX 0914 and bortezomib 
(Table 4.3). Probably in the absence of a prolonged linear aliphatic side chain such 
as Met45 ligands cannot be sufficiently stabilized in the S1 pocket. These results are 
also in line with reports on the bortezomib resistance conferring character of Val45 
[27] and are indicative of the highly sophisticated architecture of the proteasome.

Concomitantly, structural characterization of the yβ5 mutants M45R and I35T 
M45R that were previously analysed [28] and that are unrelated to the iCP revealed 
an interesting feature. The amino acid exchange M45R reduces the ChTL activ-
ity by electrostatic repulsion of apolar amino acids by Arg45, but by the additional 

Fig. 4.22  Activity and inhibition assays of mutant and wt yCPs. (a) Overlay test for the ChTL 
activity of yCPs using the chromogenic substrate Cbz-Gly-Gly-Leu-pNA. Tested mutants are 
termed according to Table 3.3. The yeast strains WCG4a and WCG4a pre1-1 served as positive 
and negative controls, respectively. (b–d) The indicated mutant CPs that aimed at imitating the 
iCP subunit β5i were tested in triplicate for their inhibition by ONX 0914 and bortezomib with the 
fluorogenic substrate Suc-Leu-Leu-Val-Tyr-AMC. The deduced IC50 values are given in Table 4.3

http://dx.doi.org/10.1007/978-3-319-01556-9_3
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mutation I35T the ChTL activity is regained. Ligand complex structures of the 
mutant M45R with bortezomib and ONX 0914 visualized that only binding of the 
α’,β’epoxyketone causes major structural changes of Arg45 (r.m.s.d. Cα yβ5M45R/
yβ5M45R:ONX 0914: 0.82 Å; r.m.s.d. Cα yβ5M45R/yβ5M45R:bortezomib: 0.43 Å; 
Fig. 4.24b, c; Table A.4). Hence, the poor affinity of ONX 0914 is presumably 
caused by sterical hindrance and the opposing polarity in the S1 pocket, while bind-
ing of bortezomib appears to be solely hampered by electrostatic repulsion.

Interestingly, the restored ChTL activity of the double mutant relies on a strong 
hydrogen bond (2.8 Å) between Thr35Oγ and Arg45Nε that rearranges Arg45 
and enlarges the size of the S1 pocket similar to β5i (Fig. 4.24g, k). Due to the 
spacious S1 site the double mutant displayed a 3.5 times enhanced affinity for 
bortezomib compared to the yβ5M45R mutant (Table 4.3) and the ligand does 
not induce any structural rearrangement (r.m.s.d.Cαyβ5TR/yβ5TR:bortezomib: 
0.35 Å; Fig. 4.24h; Table A.5). This finding proves that indeed the size of the S1 
pocket affects the inhibitory potency of compounds. Still, the mutant yCP I35T 
M45R is dramatically less susceptible to ONX 0914 than the wt yCP (Table 4.3), 
because accommodation of its bulky phenyl side chain is electrostatically hindered 
by the guanidine group of Arg45 (Fig. 4.24i). As confirmed by crystallographic 
analysis ligand binding pushes Arg45 1 Å further away from the phenylgroup of  

Fig. 4.23  Crystal structure analysis of β5i mimicking yCPs. Mutant yβ5 substrate binding chan-
nels are superimposed onto wt β5 active sites of wt yCP and iCP to depict structural similarities 
and differences. Amino acid labels are indicated for mutant CPs; amino acid mutations are high-
lighted in magenta and the electrophilic headgroups of inhibitors are shown in green
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Fig. 4.24  Crystal structures of mutant CPs. Mutant yβ5 substrate binding channels are super-
imposed onto β5 active sites of wt yCP and iCP to depict structural similarities and differences 
in the presence and absence of inhibitor. Amino acid residues of mutant CPs are labelled; amino 
acid mutations are highlighted in magenta and the electrophilic headgroups of inhibitors are 
shown in green
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ONX 0914, thereby significantly enlarging its distance to Arg45 up to 5 Å (r.m.s.d. 
Cα yβ5TR/yβ5TR:ONX 0914: 0.69 Å; Fig. 4.24i). A similar distance of 4.8-
5.2 Å is observed for Arg45 and the P1 leucine of bortezomib bound to the yCP 
I35T M45R mutant (Fig. 4.24h). In conclusion, the strongly reduced affinity of  
ONX 0914 for the double mutant discloses the enormous effects of electrostatic 
repulsion on ligand binding (see also Sect. 4.4.3) and highlights the perfect suit-
ability of the Met side chain for establishing a ChTL activity.

4.4.3  Probing Subunit β5t

The thymoproteasome incorporates the tCP-specific subunit β5t that—unlike the 
β5c and β5i active sites—harbours a more hydrophilic substrate binding channel 
[6]. In particular the amino acid residues Ser20, Ser31, Thr45, Thr48 and Ser49 
(Fig. 4.1) enhance the polarity of the unprimed S1 and S2 pockets and favour 
cleavage C-terminally of charged residues. In contrast, the S3 pocket is lined with 
the hydrophobic residues Cys22 and Ala27. Similarly to subunit β5i, Ser46 might 
increase the polarity around the active site Thr1 and the oxyanion hole (see also 
Sect. 4.2.3). Val127, however, is not suited to form a hydrogen bond network with 
Ser46 like it is observed for subunit β5i.

Due to limited biological samples no structural information on the tCP is avail-
able so far. Therefore, this study aimed at mimicking the β5t active site in yeast 
by mutagenesis. A stepwise approach was used to introduce the mutations A20S, 
A22C, V31S, M45T, A46S and G48T into subunit yβ5 (Table 3.3). Most of the 
created mutants were characterized by a reduced growth rate and displayed a 
dramatically decreased ChTL activity of the yβ5 subunit (Fig. 4.25a). Moreover, 
the IC50 value of ONX 0914 for the SCSTST mutant yβ5 active site strongly 
increased to 20.57 ± 3.78 μM compared to 0.499 μM for wt yβ5. Even though the 
S1 pocket of the yβ5 SCSTST mutant is enlarged, the opposing forces between the 
hydrophobic side chains of ONX 0914 and the charged amino acid lining of the 
substrate binding pockets of the yβ5 mutant SCSTST strongly impair binding of 
the ligand.

Despite the reduced affinity of ONX 0914 for this mutant yCP structural data 
could be obtained in the absence and the presence of the compound (Table A.6). 
Positive FO-FC density maps proved the incorporation of all mutations. The wt 
and mutant yβ5 active sites superimpose well and show no structural changes for 
the mutant subunit (r.m.s.d. Cα yβ5/yβ5t: 0.2 Å). Comparison of the ligand-free and 
ligand-bound states of the β5t-like substrate binding channel depicts the turn away 
of Thr45 from the hydrophobic ligand ONX 0914. In addition, strong backbone dis-
tortions (r.m.s.d. Cα yβ5t/yβ5t:ONX 0914: 0.72 Å) are observed upon ligand binding 
even though no obvious clashes with the protein occur. The reason for this tremen-
dous backbone shift upon inhibitor binding cannot be deduced from the mutant 
structures and has to be further investigated by structural analysis of the tCP.

http://dx.doi.org/10.1007/978-3-319-01556-9_3
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The here presented crystallographic analysis of the murine cCP and iCP emphasizes 
the biological impact of subtle differences that are not predictable from sequence 
alignments and that can only be resolved by structural data. However, owing to the 
applied methodology, the results presented provide no insights into the dynamics of 
the 20S proteasome that might have substantial effects on substrate binding as well 
as enzyme inhibition.

5.1  Structural and Functional Differences Between the 
Three Types of CPs

The high structural identity of the unprimed β2c and β2i substrate binding channels 
implicates similar cleavage preferences, leading to the generation of MHC I ligands 
with neutral or basic C-terminal amino acids [1]. Hence, the cCP and iCP structures 
elicit the question of why β2i, which is the only i subunit that is not encoded on the 
MHC gene cluster, is sequestered into iCPs. For the elucidation of the distinct phys-
iological roles of the β2c and β2i subunits site-specific probes or subunit-selective 
compounds would be required. So far, mice lacking subunit β2i were demonstrated 
to be not affected by DSS-induced colitis [2] and drugs targeting both TL active sites 
were proven to sensitize malignant cells for inhibition of the β5 active sites of the 
proteasome [3]. Together, these preliminary results suggest a therapeutically relevant 
function also for the β2 subunits, which both exert rather broad substrate specificities.

According to previous suggestions [4], the unprimed substrate binding sites of 
subunit β1i are lined with apolar protein side chains that give rise to a Braap activ-
ity [5]. Thus, incorporation of subunit β1i into the iCP stimulates the generation of 
high-affinity MHC I peptides. In agreement, the cytotoxic T cell responses of β1i-
deficient mice are altered with respect to their antigen specificity [6].

The exchange of subunit β5c by β5i is suggested to generally enhance pep-
tide bond cleavage due to the unique hydrophilicity in proximity to the active site 
Thr1 of subunit β5i [7]. In particular, the strictly conserved amino acids Ser46 
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and Thr127 are suggested to stimulate protein degradation. In agreement the 26S 
immunoproteasome was attributed twice the activity of the constitutive 26S protea-
some [8] and the rates of antigen processing were shown to influence the immu-
nogenicity of epitopes [9]. Despite similar primary sequences for the β5c and β5i 
substrate specificity pockets both subunits still differ in their cleavage patterns 
[10]. Distinct conformations of Met45 cause subunit β5c to preferentially bind 
tiny non-polar amino acids such as alanine or valine in the S1 pocket, while subu-
nit β5i favours bulky aromatic P1 residues like phenylalanine, tyrosine [11] and 
tryptophan. These substrate preferences are in line with the published selective 
fluorogenic AMC-substrates Ac-Trp-Leu-Ala-AMC for subunit β5c and Ac-Ala-
Asn-Trp-AMC for subunit β5i [12]. Leucine and isoleucine are supposed to target 
subunit β5c with a slight preference over β5i. Both presumably displace Met45 in 
subunit β5c, but might also not be sufficiently stabilized in the spacious S1 pocket 
of subunit β5i during initial ligand docking. By contrast, Tyr fits well in the S1 
pocket of subunit β5i and is exceptionally well-stabilized in the β5c counterpart 
by interactions with Ser53 (β5c) and Ser129 (β6). Therefore, it is accepted by both 
β5c and β5i as a P1 residue. In conclusion, subunit β5i evolved to efficiently sup-
port antigen presentation by producing epitopes with a broad range of hydrophobic 
C-terminal amino acids for tight binding to MHC I receptors. Its outstanding role 
for antigen generation is corroborated by a 50 % reduction in MHC I levels in β5i-
deficient mice [13] and their enhanced predisposition to infections [14]. Notably, 
the deletion of the subunits β1i or β2i does not affect MHC I expression [15–17].

Mutagenesis experiments aimed at mimicking the key features of subunit β5i in 
yeast in order to investigate in more detail the subtle differences between the β5 active 
sites. The created mutants addressed all sequence differences in the substrate bind-
ing pockets and around the catalytic Thr1. However, none of the mutant CPs was as 
susceptible to inhibition by ONX 0914 as subunit β5i and in agreement their X-ray 
structures depicted no change in the side chain conformation of Met45. These find-
ings point out that indeed the structural differences between the β5c and β5i subunits 
provoke their different substrate specificities. Furthermore, the structural and func-
tional key features of the iCP are based rather on long-range effects and amino acid 
networks than on single point mutations. Remarkably, substitution of the yβ5 subu-
nit by the mammalian β5i entity is lethal to yeast even when using codon-optimized 
sequences and even when the yβ5 propeptide replaces the β5i counterpart (unpub-
lished data of W. Heinemeyer). Analysis of the subunit contacts in the yCP and iCP 
suggest that solely Arg57 might suppress assembly of subunit β5i into the yCP by 
clashing with the adjacent Arg82 from subunit yβ6, but even a β5i R57T mutant could 
not be successfully incorporated into the yCP (unpublished results of W. Heinemeyer).

Unlike the β5i subunit, the β5c active site presumably has been successfully imi-
tated in yeast. Mutation of Gln53 to Ser enhanced the selectivity for leucine residues 
in P1 without any obvious structural changes. Thus, amino acid 53 plays a crucial 
role in determining the cleavage preference of β5c and β5i subunits by modulating 
the interaction strength with Met45. Notably, this observation does probably not apply 
to subunit β5t, as Thr cannot adopt diverse side chain conformations like Met45 and 
does not interact with Ala53, which is strictly conserved among β5t sequences.



735.1 Structural and Functional Differences Between the Three Types of CPs

Importantly, for all CP inhibition experiments the fluorogenic substrate Suc-
Leu-Leu-Val-Tyr-AMC was used, irrespective of the mutations introduced in 
subunit yβ5. For a more correct determination of IC50 values specific fluorogenic 
peptide substrates for the subunits β5c, β5i and β5t would be appropriate.

5.2  Guidelines for the Rational Design of CP-selective 
Inhibitors

Various diseases, including autoimmune disorders and cancers, are characterized by 
elevated levels of inflammation signals and iCP subunits [18]. Hence, iCP-selective 
compounds constitute promising novel drugs for the treatment of autoimmune dis-
eases. The iCP-selective inhibitor ONX 0914 was proven to halt disease progres-
sion in rheumatoid arthritis, experimental colitis, systemic lupus erythematosus and 
Hashimoto’s thyroiditis by decreasing the levels of proinflammatory cytokines as 
well as autoantibodies and by modulating cytotoxic T cell responses [2, 19–21].

Previous studies demonstrated that peptide based inhibitors of the CP including 
ONX 0914 mimic the binding mode of natural substrates by forming an antiparal-
lel β sheet in the substrate binding channels of the active sites [4]. The herein pre-
sented crystal structures now elucidated that the binding mechanism of ONX 0914 
to all active sites of the proteasome, the c and i subunits, is identical. Furthermore 
the selectivity of compounds solely depends on the potency of their electrophilic 
head group and the interactions of the ligand’s P sites with the surrounding protein 
side chains. The exceptional importance of the interaction between the P1 site and 
the S1 pocket revealed by this study is corroborated by the nonpeptidic protea-
some inhibitors salinosporamide A (marizomib) and omuralide that both occupy 
only the S1 site [4, 22]. Bearing in mind the uniform proteolytic mechanism of 
all active proteasome subunits, subunit-specific inhibitory compounds can only 
be developed by varying the side chains of peptidomimetics: β1c targeting com-
pounds require acidic amino acids in their P1 site, while the hydrophobicity of the 
S1 pocket in β1i leads to a preference for branched hydrophobic residues, such as 
Val, Ile or Leu. Moreover, subunit β1i favours smaller and more polar amino acids 
in the S3 pocket than subunit β1c. Subunit β5c is perfectly suited to accommo-
date small apolar residues in P1, while subunit β5i is adapted for binding aromatic 
amino acids. The P3 site of subunit β5c accepts bulky hydrophobic side chains, 
whereas the P3 site of subunit β5i demands for small and preferentially polar resi-
dues. Since the S2 sites of the substrate binding channels are either shallow (subu-
nit β1c/i, β2c/i and β5i) or even lacking (β5c), the P2 positions can be occupied by 
spacious side chains of diverse chemical nature.

Ligand complex structures revealed that binding of the phenyl P1 side chain 
of ONX 0914 to subunit β5c is primarily disfavoured by sterical hindrance with 
Met45. Consistently, non-natural derivatives of salinosporamide A and omuralide, 
bearing a phenyl moiety in the P1 site, demonstrate less affinity for the subunits 
yβ5 and β5c compared to their natural counterparts [23, 24]. Besides ONX 0914, 



74 5 Discussion

the epoxyketone PR-924 (Fig. 1.7) represents another β5i-selective compound 
with phenylalanine as P1 side chain and alanine as P3 residue. However, unlike 
ONX 0914 and PR-924, the epoxyketone oprozomib (ONX 0912; (Fig. 1.6) that 
also bears a phenyl group as P1 residue is a potent inhibitor of both β5c and β5i 
with even slight preferences for the c subunit. The iCP crystal structure provides a 
plausible explanation for this observation. The methoxyserine of ONX 0912 fits into 
the S3 pocket of the β5c subunit formed by Ala27, but Ser27 in subunit β5i dimin-
ishes the size of the β5i S3 pocket and thus, electrostatically and sterically hinders 
binding of ONX 0912 to β5i. In this regard, even though the P1 residue appears to 
be the major determinant for the affinity of a ligand, the P2 and P3 residues also 
significantly contribute to the IC50 values. PR-825 (Fig. 1.7) a structural analogue of 
ONX 0912 that possesses a leucine instead of a phenyl residue in P1, targets subu-
nit β5c with 20-fold selectivity over β5i, demonstrating that leucine and methoxy-
serine are suited to preferentially bind to the cCP. Carfilzomib, carrying a leucine 
side chain in both P1 and P3 sites is reported to be 5-times more selective for β5c 
than β5i [25]. Hence, leucine in P1 and leucine or methoxyserine in P3 give rise 
to β5c selectivity. Moreover, the yCP:bortezomib complex structure [26] together 
with the cCP and iCP coordinates elucidate that the P1 leucine and the P3 pyrazine 
ring of bortezomib fit into subunit β5i and β5c by interacting with Thr21, Ala22 and 
Ala27/Ser27 of β5c/i and Asp144 of the neighbouring subunit β6 (Fig 5.1). Hereby, 
bortezomib is capable of potently inhibiting both the cCP and iCP.

Bearing in mind a sequence identity of more than 90 % between murine and 
human subunits, the design of novel selective proteasome inhibitors for single 
CP-types and CP-subunits is now amenable. Such compounds enable the detailed 
examination of the biological impact of each active proteasome subunit and have 
huge medicinal potentials for the treatment of cancer and autoimmune diseases.

Fig. 5.1  Stereo illustration of the yCP:bortezomib complex structure superimposed onto 
the cCP and iCP. Structural comparison of the bortezomib bound yβ5 subunit and the unli-
ganded murine β5c and β5i active sites. Amino acids are labelled for the yβ5 subunit. Hydrogen 
bonds between bortezomib and the surrounding protein residues are indicated by black dashed 
lines. Adapted from Huber et al., 2012 [7]

http://dx.doi.org/10.1007/978-3-319-01556-9_1
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Appendix

Table A.1  PISA analysis of interface areas and interactions of adjacent proteasome subunits in 
the murine cCP and iCP

Subunit iCP cCP iCP compared to cCP

1 2
Interface
[Å2] hb sb

Interface
[Å2] hb sb

Interface
[%] Δhb Δsb

α1 α2 1399.9 18 3 1403.3 17 3 99.8 +1 0
α1 α7 1323.6 19 4 1341.2 16 3 98.7 +3 +1
α2 α3 1459.1 16 5 1462.1 18 5 99.8 −2 0
α3 α4 1430.3 20 5 1500.0 18 6 95.4 +2 −1
α4 α5 1395.6 21 4 1423.8 25 9 98.0 −4 −5
α5 α6 1327.8 19 4 1336.7 18 4 99.3 +1 0
α6 α7 1367.0 19 1 1365.4 20 2 100.1 −1 −1
β1(i) β1(i)′ 750.8 8 6 945.7 8 8 79.4 0 −2
β1(i) β2(i) 471.6 5 7 552.8 8 5 85.3 −3 +2
β1(i) β7 717.4 11 8 715.7 13 8 100.2 −2 0
β1(i)′ β7 1110.7 16 3 1142.4 19 2 97.2 −3 +1
β2(i) β3 1531.0 25 12 1601.7 25 11 95.6 0 +1
β2(i) β7′ 694.4 8 11 744.0 7 7 93.3 +1 +4
β3 β4 752.1 12 4 737.6 13 5 102.0 −1 −1
β3 β5(i)′ 855.7 19 8 841.6 19 8 101.7 0 0
β4 β4′ 734.0 14 0 761.7 11 0 96.4 +3 0
β4 β5(i) 589.4 3 5 590.0 4 4 99.9 −1 +1
β4′ β5(i) 597.0 8 7 654.3 7 10 91.2 +1 −3
β5(i) β6 688.7 12 4 547.2 10 4 125.9 +2 0
β6 β7 970.8 13 1 974.3 13 3 99.6 0 −2
β6′ β2(i) 1130.6 15 4 1215.8 16 5 93.0 −1 −1
β6′ β3 657.6 8 5 673.8 10 6 97.6 −2 −1
β1(i) α1 457.4 5 3 417.0 3 0 109.7 +2 +3
β1(i) α7 457.8 7 3 440.7 2 1 103.9 +5 +2
β2(i) α1 566.2 8 6 583.5 7 5 97.0 +1 +1
β2(i) α2 441.8 3 0 463.3 5 0 95.4 −2 0
β3 α2 412.6 8 6 427.7 10 6 96.5 −2 0

The number of hydrogen bonds (hb) and salt bridges (sb) as well as their differences between 
cCP and iCP (Δ) are provided. Interface areas of iCP subunits are given as percentage of the cor-
responding values in the cCP
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Table A.2  X-ray data collection and refinement statistics of structures of the yCP mutant yβ5 
Q53S

yCP yCP yCP

yβ5 Q53S yβ5 Q53S:bortezomib yβ5 Q53S:ONX 0914

Crystal parameters
Space group P21 P21 P21

Cell constants a = 134.7 Å a = 136.3 Å a = 136.7 Å
b = 301.9 Å b = 301.4 Å b = 301.5 Å
c = 144.7 Å c = 145.2 Å c = 145.2 Å
β = 112.9° β = 113.1° β = 112.8°

CPs / AUa 1 1 1

Data collection
Beam line X06SA, SLS X06SA, SLS X06SA, SLS
Wavelength (Å) 1.0 1.0 1.0
Resolution range (Å)b 49–2.9

(3.0–2.9)
49–3.0
(3.1–3.0)

49–3.4
(3.5–3.4)

No. observations 717696 653661 521471
No. unique reflectionsc 230488 209442 146379
Completeness (%)b 98.2 (98.6) 97.5 (99.1) 98.6 (99.0)
Rmerge (%)b, d 7.9 (55.3) 8.4 (62.0) 13.6 (58.7)
I/σ (I)b 11.8 (2.6) 13.0 (3.2) 7.6 (2.3)

Refinement (REFMAC5)
Resolution range (Å) 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
Rwork/Rfree (%)e 15.1/21.1 14.7/20.6 14.2/21.7
r.m.s.d. bond (Å)/(°)f 0.011/1.599 0.012/1.637 0.011/1.591
Average B-factor (Å2) 61.7 64.5 70.7
Ramachandran plot (%)g 94.3/4.7/1.0 94.4/4.9/0.7 92.3/6.6/1.1
aAsymmetric unit
bThe values in parentheses of resolution range, completeness, Rmerge and I/σ (I) correspond to the 
last resolution shell
cFriedel pairs were treated as identical reflections
dRmerge(I) = ΣhklΣj | [I(hkl)j − I(hkl)] |Σhkl Ihkl, where I(hkl)j is the jth measurement of the intensity 
of reflection hkl and <I(hkl)> is the average intensity
eR = Σhkl | |Fobs| − |Fcalc| |/Σhkl |Fobs|, where Rfree is calculated for a randomly chosen 5 % of reflec-
tions, which were not used for structure refinement, and Rwork is calculated for the remaining 
reflections
fDeviations from ideal bond lengths/angles
gNumber of residues in favoured, allowed or outlier region



Appendix 79

Table A.3  X-ray data collection and refinement statistics of structures of the yCP mutant yβ5 
A27S K32N A46S T57R G48C K71G V127T

yCP yCP yCP

yβ5 A27S K32N 
A46S T57R G48C 
K71G V127T

yβ5 A27S K32N A46S 
T57R G48C K71G 
V127T:bortezomib

yβ5 A27S K32N A46S 
T57R G48C K71G 
V127T:ONX 0914

Crystal parameters
Space group P21 P21 P21

Cell constants a = 134.5 Å a = 136.5 Å a = 136.6 Å
b = 301.0 Å b = 300.4 Å b = 300.3 Å
c = 144.4 Å c = 145.6 Å c = 145.8 Å
β = 113.0° β = 113.1° β = 113.2°

CPs / AUa 1 1 1

Data collection
Beam line X06SA, SLS X06SA, SLS X06SA, SLS
Wavelength (Å) 1.0 1.0 1.0
Resolution range (Å)b 49–2.5

(2.6–2.5)
49–2.8
(2.9–2.8)

49–2.6
(2.7–2.6)

No. observations 1048068 813713 1001216
No. unique reflectionsc 353449 260234 324245
Completeness (%)b 97.3 (98.4) 98.5 (99.0) 98.3 (99.4)
Rmerge (%)b, d 7.5 (59.7) 7.5 (46.2) 7.6 (56.0)
I/σ (I)b 9.2 (2.0) 11.9 (3.4) 10.8 (2.7)

Refinement (REFMAC5)
Resolution range (Å) 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
Rwork/Rfree (%)e 19.0/23.6 15.5/21.0 16.9/21.5
r.m.s.d. bond (Å)/(°)f 0.012/1.652 0.011/1.551 0.012/1.649
Average B-factor (Å2) 58.1 62.7 62.1
Ramachandran Plot (%)g 94.4/4.8/0.8 95.5/3.7/0.7 95.6/3.8/0.6
aAsymmetric unit
bThe values in parentheses of resolution range, completeness, Rmerge and I/σ (I) correspond to the 
last resolution shell
cFriedel pairs were treated as identical reflections
dRmerge(I) = ΣhklΣj | [I(hkl)j − I(hkl)] |Σhkl Ihkl, where I(hkl)j is the jth measurement of the intensity 
of reflection hkl and <I(hkl)> is the average intensity
eR = Σhkl | |Fobs| − |Fcalc| |/Σhkl |Fobs|, where Rfree is calculated for a randomly chosen 5 % of reflec-
tions, which were not used for structure refinement, and Rwork is calculated for the remaining 
reflections
fDeviations from ideal bond lengths/angles
gNumber of residues in favoured, allowed or outlier region
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Table A.4  X-ray data collection and refinement statistics of structures of the yCP mutant yβ5 
M45R

yCP yCP yCP

yβ5 M45R yβ5 M45R:bortezomib yβ5 M45R:ONX 0914

Crystal parameters
Space group P21 P21 P21

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

CPs/AUa 1 1 1

Data collection
Beam line X06SA, SLS X06SA, SLS X06SA, SLS
Wavelength (Å) 1.0 1.0 1.0
Resolution range (Å)b 49–3.0

(3.1–3.0)
49–2.9
(3.0–2.9)

48–2.8
(2.9–2.8)

No. observations 640110 700484 747601
No. unique reflectionsc 208693 230999 248239
Completeness (%)b 97.7 (98.9) 97.7 (98.6) 95.6 (96.1)
Rmerge (%)b, d 10.6 (49.4) 8.7 (55.5) 7.4 (50.6)
I/σ (I)b 8.7 (2.7) 10.1 (1.7) 11.1 (1.8)

Refinement (REFMAC5)
Resolution range (Å) 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
Rwork/Rfree (%)e 14.8/20.7 15.9/21.7 17.5/23.9
r.m.s.d. bond (Å)/(°)f 0.014/1.802 0.012/1.658 0.014/1.830
Average B-factor (Å2) 59.2 61.0 64.1
Ramachandran Plot (%)g 94.2/5.1/0.8 95.1/4.2/0.8 93.7/5.4/0.8
aAsymmetric unit
bThe values in parentheses of resolution range, completeness, Rmerge and I/σ (I) correspond to the 
last resolution shell
cFriedel pairs were treated as identical reflections
dRmerge(I) = ΣhklΣj | [I(hkl)j – I(hkl)] |Σhkl Ihkl, where I(hkl)j is the jth measurement of the intensity 
of reflection hkl and <I(hkl)> is the average intensity
eR = Σhkl | |Fobs| – |Fcalc| |/Σhkl |Fobs|, where Rfree is calculated for a randomly chosen 5 % of reflec-
tions, which were not used for structure refinement, and Rwork is calculated for the remaining 
reflections
fDeviations from ideal bond lengths/angles
gNumber of residues in favoured, allowed or outlier region
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Table A.5  X-ray data collection and refinement statistics of structures of the yCP mutant yβ5 
I35T M45R

yCP yCP yCP

yβ5 I35T M45R
yβ5 I35T 
M45R:bortezomib

yβ5 I35T M45R:ONX 
0914

Crystal parameters
Space group P21 P21 P21

Cell constants a = 133.9 Å a = 135.1 Å a = 135.5 Å
b = 300.6 Å b=301.0 Å b = 299.1 Å
c = 144.2 Å c = 146.1 Å c = 145.7 Å
β = 112.8° β = 112.8° β = 112.9°

CPs/AUa 1 1 1

Data collection
Beam line X06SA, SLS X06SA, SLS X06SA, SLS
Wavelength (Å) 1.0 1.0 1.0
Resolution range (Å)b 49–3.0

(3.1–3.0)
50–2.9
(3.0–2.9)

50–3.1
(3.2–3.1)

No. observations 621044 698969 578722
No. unique reflectionsc 205091 231926 186814
Completeness (%)b 97.9 (98.3) 97.7 (99.1) 96.8 (98.7)
Rmerge (%)b, d 11.9 (52.2) 9.6 (50.3) 9.8 (46.8)
I/σ (I)b 8.6 (2.9) 8.6 (2.6) 9.8 (2.5)

Refinement (REFMAC5)
Resolution range (Å) 15–3.0 15–2.9 15–3.1
No. refl. working set 194836 220329 177472
No. refl. test set 9741 11016 8873
No. non hydrogen 50891 51051 51161
No. of ligand atoms  

(ligand; MES)
– 168 318

Water molecules 1340 1340 1340
Rwork/Rfree (%)e 15.6/22.4 15.6/21.8 14.3/21.1
r.m.s.d. bond (Å)/(°)f 0.011/1.592 0.012/1.664 0.012/1.754
Average B-factor (Å2) 55.7 62.8 61.3
Ramachandran Plot (%)g 94.7/4.4/0.9 94.5/4.6/0.9 93.7/5.3/1.0
aAsymmetric unit
bThe values in parentheses of resolution range, completeness, Rmerge and I/σ (I) correspond to the 
last resolution shell
cFriedel pairs were treated as identical reflections
dRmerge(I) = ΣhklΣj | [I(hkl)j − I(hkl)] |Σhkl Ihkl, where I(hkl)j is the jth measurement of the intensity 
of reflection hkl and <I(hkl)> is the average intensity
eR = Σhkl | |Fobs| − |Fcalc| |/Σhkl |Fobs|, where Rfree is calculated for a randomly chosen 5 % of reflec-
tions, which were not used for structure refinement, and Rwork is calculated for the remaining 
reflections
fDeviations from ideal bond lengths/angles
gNumber of residues in favoured, allowed or outlier region
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Table A.6  X-ray data collection and refinement statistics of structures of the β5t-mimicking 
yCP mutant

yCP yCP

yβ5 A20S, A22C, V31S, M45T, 
A46S, G48T

yβ5 A20S, A22C, V31S, 
M45T, A46S, G48T:ONX 0914

Crystal parameters
Space group P21 P21

Cell constants a = 135.0 Å a = 136.6 Å
b = 302.5 Å b = 299.9 Å
c = 144.2 Å c = 146.1 Å
β = 112.8° β = 113.2°

CPs/AUa 1 1

Data collection
Beam line X06SA, SLS X06SA, SLS
Wavelength (Å) 1.0 1.0
Resolution range (Å)b 25–2.9

(3.0–2.9)
25–3.1
(3.2–3.1)

No. observations 724106 558889
No. unique reflectionsc 230082 185554
Completeness (%)b 99.4 (97.9) 95.0 (97.4)
Rmerge (%)b, d 11.9 (53.3) 14.3 (54.0)
I/σ (I)b 7.5 (2.1) 6.3 (2.2)

Refinement (REFMAC5)
Resolution range (Å) 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
Rwork/Rfree (%)e 15.4/21.2 14.7/21.7
r.m.s.d. bond (Å)/(°)f 0.011/1.589 0.012/1.681
Average B-factor (Å2) 54.9 66.5
Ramachandran Plot (%)g 95.7/3.7/0.6 92.9/6.0/1.1
aAsymmetric unit
bThe values in parentheses of resolution range, completeness, Rmerge and I/σ (I) correspond to the 
last resolution shell
cFriedel pairs were treated as identical reflections
dRmerge(I) = ΣhklΣj | [I(hkl)j − I(hkl)] |Σhkl Ihkl, where I(hkl)j is the jth measurement of the intensity 
of reflection hkl and <I(hkl)> is the average intensity
eR = Σhkl | |Fobs| − |Fcalc| |/Σhkl |Fobs|, where Rfree is calculated for a randomly chosen 5 % of reflec-
tions, which were not used for structure refinement, and Rwork is calculated for the remaining 
reflections
fDeviations from ideal bond lengths/angles
gNumber of residues in favoured, allowed or outlier region
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