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General Introduction

1.1 The ubiquitin proteasome system and the activity of the proteasome

The ubiquitin proteasome system (UPS) is the central protein turnover machinery in
eukaryotic cells(z). Proteins that are at the end of their lifecycle are labeled by a small
protein post translational modification (PTM), about 8 KDa, called ubiquitin. Protein
substrates are modified on their lysine residues by ubiquitin through its C terminus, under
the catalysis of ubiquitin activating enzyme (E1), ubiquitin conjugating enzyme (E2), and
ubiquitin ligase (E3). Following addition of a single ubiquitin moiety to a protein substrate,
further ubiquitin molecules can be added to the first, yielding a polyubiquitin chain(2). The
polyubiquitin chain is recognized as the signal for proteasomal degradation of the substrate,
also known as the “kiss of death”. The ubiquitin molecules are removed from the protein
substrates by deubiquitinating enzymes and recycled for ubiquitinylation of new substrates
(Fig 1).

Polyubiquitinylated proteins can be transferred by ubiquitin adapter/receptor
proteins to the proteasome for controlled degradation(2, 3). Ubiquitin receptor proteins
recognize polyubiquitinylated proteins by their UBA (ubiquitin associate) domains, and
transport them to the proteasome through the binding by UBL (ubiquitin like) domains to
subunits of the 19S proteasome. Ubiquitin receptor proteins Rad23 and Dsk2 do not get
degraded by the proteasome due to their special sequences and have long lifetime(4).

The proteasome is a multi-subunit protease cluster, which is evolutionarily
conserved. In mammalian cells the proteolytically active forms of proteasome are the 26S
or 30S proteasomes(z, 5). Structurally, the 26S proteasome contains one barrel like shaped
20S core particle and one 19S regulatory particle on one side of the 20S barrel, while 30S
contains two 19S particles on both sides of the 20S. The 19S particles recognize
polyubiquitinylated proteins, remove the polyubiquitin chains from the substrates, unfold
the substrates and open the gate of the 20S particle(6).

Linearized polypeptides are degraded by the 20S core particles into peptides of
about 4-25 amino acids(7). These peptides can be further degraded by downstream amino-



peptidases into single amino acids. The 20S particle has a barrel like shape, involving four
hetero heptameric subunit rings, two identical B rings in the middle and two a rings on the
outside. Among seven different a subunits (a1-a7) and seven different B subunits (B1-B7), 3
subunits B1, B2, B5 have proteolytic activity. The three active subunits have distinguished
cleavage preferences. Generally, B1 cleaves at the C terminus of acidic amino acids; B2
cleaves after basic amino acids; and Bg cleaves after hydrophobic amino acids(s, 8). This
kind of difference makes the proteasome capable of cutting most of the poly-peptide
sequences. The difference mostly results from their different sequences and shapes of the
binding pockets. The catalytic amino acid residue in the active proteasome subunits is the
N-terminal threonine.
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Figure 1: General scheme of the Ubiquitin-Proteasome system. Proteins (substrates) are
modified by ubiquitin under catalysis of E1, E2 and E3 ubiquitin ligases and then
transported by ubiquitin receptors to the proteasome for controlled degradation. The
ubiquitin molecules are recycled for labeling of new substrates. Peptides resulted from
proteasome degradation are hydrolyzed into amino acids. The amino acids are used for
synthesis of new proteins.

Vertebrates have developed immune system, in which proteasomes play an
important role. Peptides resulting from proteasomal degradation can be processed and
presented as antigenic peptides on the cell surface by MHC (major histocompatibility
complex) | and verified by CD8+ T cells(g, 10). Besides constitutive proteasome, immune
cells express a second type of 20S proteasome, known as immuno proteasome. In the
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immuno proteasome, the active subunits B1, B2, B5 are replaced for another three active
subunits Bai, B2i, Bsi, which show slightly different substrate preferences with their
constitutive homologues(z1).

In vertebrates, a third type of 20S particle was identified recently as thymo
proteasome for its excluding existence in the cortical thymus epithelial cells (cTEC)(z2). In
the thymo proteasome, a different active subunit Bst replaces the Bsi in the immuno
proteasome to form the new particle. Bst-deficient mice showed less efficient positive
selection of CD8+ T cells(23).

1.2 Activity-based proteasome profiling

The activity-based protein profiling (ABPP) is applied to determine proteasome
activity specifically in complex biological systems, for instance a cell lysate or living cells(z4,
15). Synthetic, covalent and irreversible enzyme inhibitors that are modified with reporter
groups like fluorophores or biotin, named activity-based probes (ABP), are used to label the
active enzymes in the ABPP experiments. The probe-enzyme reaction ensures that only the
catalytically active enzyme is targeted by the ABP.

- 2
In-gel fluorescent scanning
—
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Figure 2: Schematic presentation of the application of several activity-based proteasome
profiling approaches. Proteasomes are labeled by Activity-based probes in living cells and
the fluorescent probe labeled proteasome active subunits are resolved by SDS-PAGE and
visualized by in-gel fluorescent scanning. Affinity purification is used to enrich the active
proteasome subunits that are labeled by biotinylated ABP. Fluorescent proteasome ABPs
can also be used for live cell imaging to monitor the proteasome localization in the living
cells by fluorescent microscopy.

A typical proteasome ABP involves three parts, the warhead, the linker and the
tag(z4, 16). The warhead is normally an electrophilic trap which can react with the active N-
terminal threonine of the active proteasome subunits, for instance the epoxyketone or vinyl
sulphone groups(zy). The linker is generally a short peptide which can be recognized by the
proteasome subunits as their endogenous substrates. The tag can be either a fluorophore
or a biotin group, for visualization by in gel fluorescent scanning or biotin-streptavidin



immuno blot(z28). The fluorescent group can also be used for live cell imaging by fluorescent
microscopy, or staining of the active proteasome in FACS (fluorescence-activated cell
sorting) experiments(z9, 20). Biotin-streptavidin affinity purification is used to enrich the
active proteasome subunits for protein identification or quantification (Fig 2). In some
cases, the specificity and cell permeability of the probes can be altered by chemical groups
like fluorophores or biotin. To circumvent these effects, an azide or alkyne or tetrazin group
can be installed on the probes instead of the tag. After the first step labeling of the
proteasome with the probes, the tags can be installed onto the probes by bioorthogonal
chemistry(21, 22).

Active proteasome subunits were identified as the binding target of Streptomyces
metabolite lactacystin using its radioactive 3H-labeled derivatives, in murine neuroblast
cells(23). The anti-tumor natural product epoxomicin was shown to be a proteasome
inhibitor by labeling active proteasome subunits with biotin-epoxomicin(24).Since that
time, several generations of activity-based proteasome probes have been developed, broad
spectrum and subunit specific(zy). For instance, **I-labeled peptide vinyl sulfone L,VS (**°I-
NIP-L;VS) and the N-terminal extended biotinylated AdaK(bio)Ahx;L;VS derivative were
applied to reveal the proteasome activity in either bacteria or EL4 murine T cells(25, 26).
DansylAhx;L;VS was synthesized for in vivo profiling of the specificity of proteasome
inhibitor bortezomib via dansyl fluorescence or western blotting detection with antibodies
against dansyl(27). The pan-reactive MV151 equipped with lighter bodipy fluorophore was
used for revealing proteasome activity in bortezomib adapted myeloma cells(28).

1.3 Aim and outlines of this thesis

The work described in this thesis is mainly focusing on setting up and application of
a quantitative activity-based proteasome profiling method.

Chapter 1 provides a general introduction on the ubiquitin proteasome system
(UPS) and activity-based proteasome profiling.

Chapter 2 is a literature review of some new achievements in the activity-based
protein profiling field in the recent years, focusing on application in biochemistry, molecular
and cellular biology, medicinal chemistry, pathology, physiology and pharmacology
research.

Chapter 3 is a protocol for performing quantitative activity-based proteasome
profiling experiments. In the protocol, both high throughput fluorescent ABPP and
biotinylated probe plus LC/MS approaches are described.

Chapter 4 is a brief technical report about bioorthogonal chemistry in ABPP. The
commonly used secondary azide group is compared with a primary azide group in
proteasome ABPs performing Cu(l) catalyzed azide-alkyne cycloaddition and Staudinger-
Bertozzi reaction under native/denatured protein conditions.



Chapter 5 is focusing on the application of quantitative activity-based proteasome
profiling in the prognosis of cancer therapeutics. A combination of ABPP and global
proteomics is performed to elucidate the bortezomib sensitivity and resistance
mechanisms in leukemia and solid tumor cells.

Chapter 6 describes the characterization of the newly discovered proteasome
subunit Bst by ABPP and LC/MS proteomics. The subunit is proven to be catalytically
active. A hydrophilic Thr residue on the P2 position of the proteasome inhibitor improves
the inhibitory efficiency of Bst, which indicates it might prefer to cleave hydrophilic
peptides.

Chapter 7 describes the identification of O-GlcNAcylation modifications on the
ubiquitin receptor protein hHR23B and characterization of how the sugar moiety influences
the conformation and functions of the protein.
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Activity-based protein profiling:

an enabling technology in
chemical biology research

Li N, Overkleeft HS, Florea B, Curr Opin Chem Biol. 2012, 16, 227-33.

2.1 Introduction

Amongst the toolkit of functional proteomic techniques, ABPP has proved powerful
and attractive for its remarkable ability to label and enrich variable enzymatic activities.
Activity-based probes (ABPs) can be viewed as chemical antibodies to report on the
expression of a protein, but at the same time as probes to detect the target active enzymes
in a living system (see Figure 1 for a general representation of the workflow). ABPP has
been used on protein extracts, on living cells, and sometimes even on animal models. In this
review some highlights of ABPP in chemical biological research during the past two years
will be discussed, with a specific focus on applications in the fields of biochemistry,
molecular and cellular biology, medicinal chemistry, pathology, physiology and
pharmacology. The structures of the activity-based probes discussed here are compiled in
Figure 2 and cross-referenced in bold numbers in the text.

2.2 ABPP in biochemistry

Since the invention of the methodology, ABPP has proven highly useful for the
identification and annotation of enzymatic activities and their role in important
biochemical pathways. One research area that has benefited in particular from ABPP is that
involving the ubiquitin-proteasome system. For instance, recently a thymus specific
proteasome was identified in which the Bst subunit replaces B5i in the immunoproteasome
to create a new particle called the thymoproteasome(z). Affinity purification of the active
site fragment coupled to biotin-epoxomicin followed by LC/MS protein identification
demonstrated that Bst is catalytically active in murine thymus, and an ensuing ABPP-based
competition assay employing proteasome ABPs 1 and 2 pointed towards a preference of
Bst for neutral, hydrophilic substrates, in contrast to the hydrophobic substrates preferred
by Bs/Bsi(2). In a second example of ABPP application to the UPS system, C-terminally
modified, HA-tagged ubiquitin derivatives were applied as activity-based probe (3) for the
profiling of a whole range of deubiquitinating enzymes (DUBs) and ubiquitin ligases,



demonstrating their catalytic activity and delivering the research tools for probing their

involvement in protein ubiquitilation events(3).
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In multiple human diseases such as rheumatoid arthritis, cancer and colitis the
enzymatic activity of protein arginine deiminase 4 (PAD4), which catalyzes the hydrolysis
of peptidyl-arginine to peptidyl-citrulline was found to be dysfunctional, possibly due to
autodeimination. In order to test this hypothesis, a PAD4 selective probe (4) was used to
affinity purify PAD4 from living cells together with several binding partners including
histone H3, the histone deacetylase HDACax and ps53(4). It was shown that PAD4
autodeimination does not alter its activity, substrate specificity, or calcium dependence.
Autodeimination however modulates the ability of PAD4 to interact with its previously
identified binding partners(s). The same researchers investigated the regulation of PRMT1
protein arginine methyltransferase 1 (PRMT1). In the presence of estrogen, PRMT1
methylates Arg260 of the estrogen receptor, triggering the activation of protein kinase B
(PKB/Akt) and promoting cell survival. A substrate-based ABP (5) showed that the PRMT1

10



activity is regulated, both temporally and spatially, in response to estrogen(6).

ABPP can be combined with LC/MS-based protein quantification platforms,
allowing for accurate quantification of enzymatic activities. In a recent and highly
innovative application, iodoacetamide (IA) alkyne (6) was used to determine the global
reactivity profile of cysteine thiols across the entire human proteome(y). Substoichiometric
amounts of the probe relative to the total number of cysteines were applied to modify the
most reactive, and hence functionally involved (as for instance in enzyme active sites)
cysteine thiols. In a comparative experiment extracts from the same biological source were
saturated with 6 to modify all cysteines. The pool of hyper-reactive cysteines was click-
ligated to a heavy N;-stable isotopic-TEV tag and the comparative pool to the light form of
the tag. Both pools were combined and ensuing enzymatic digestion, affinity purification
and LC/MS analysis of peptides resulted in a global map of cysteine reactivity that is
instrumental for the prediction and annotation of functional cysteines. In another example,
Cravatt and co-workers combined stable isotopic labeling in cell culture (SILAC) with their
Fluorophosphonate (FP) ABPP methodology to quantify the inhibition of serine
hydrolyses(8). The ABP-enriched enzymes from samples with or without inhibitor
(containing differentially labeled lysines and arginines) were mixed and analyzed by LC/MS.
By comparing the intensity of the assigned peaks of the target enzyme, enzyme inhibition
was quantified.

2.3 ABPP in molecular and cellular biology

Visualizing active proteins in living systems requires a robust signal to noise ratio
involving fluorescent labels that emit at higher wavelengths compared to the biologic auto-
fluorescence background of around 480-500 nm. Cysteine dependent cathepsins function
mainly in the endo-lysosomal compartments catalyzing the hydrolysis of intra- and extra-
cellular proteins but are also associated with tumor formation, growth, invasiveness and
metastasis. Cathepsins B and L in particular are highly expressed in various tumors and are
thus promising targets for tumor diagnosis and monitoring of therapy. The Bogyo lab
developed a fluorescently quenched cathepsin probe (7) for the noninvasive optical imaging
of subcutaneously grafted tumors in mice(9). Upon intravenous (i.v.) administration, the
quencher is cleaved by active cathepsins and a sharp increase in fluorescence signal of the
near infrared fluorophore Cys is detected in and around the tumors. A second example is
the development of a potent and selective ABP (8) bearing a near infrared fluorophore for
in vivo imaging of legumain(z0). Legumain is a lysosomal protease involved in antigen
processing and matrix degradation, but is also upregulated during tumorigenesis. The ABP
enabled monitoring legumain activity in normal tissues, in solid tumors by high contrast
shortly after i.v administration and the tracking of whole body distribution of the probe as
well as the level of active legumain in organs by ex vivo imaging and SDS-PAGE.
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In macrophages and dendritic cells, elevated cathepsin activities are required for
antigen processing and presentation. In order to target and monitor cysteine cathepsins in
professional antigen presenting cells, a mannose cluster was clicked to the Bodipy-TMR
(tetramethylrhodamine) equipped cathepsin probe DCGoy4 (9). Probe 9 was taken up by
specific receptor mediated transport via the mannose receptor and selectively labeled
active cathepsins in cell culture(z1).

Caspase activities are early mediators of apoptosis. Imaging and quantification of
caspase activities holds promise for early diagnosis or disease monitoring, for instance after
exposure to anti-tumor drugs in clinic. A cell permeable, caspase 3 and 7 sensitive ABP (10)
equipped with a near-infrared fluorophore revealed dexamethasone-induced apoptosis in
murine thymi and in tumor grafted mice treated with the apoptosis-inducing monoclonal
antibody Apomab(z2). Maximum fluorescence signal in live mice coincided with peak
caspase activity assessed by SDS-PAGE analysis, emphasizing the potential of the probes
for in vivo non-invasive optical imaging in preclinical and perhaps clinical settings.

Recently, quinone methide chemistry was utilized to develop a series of scaffolds in
a highly modular fashion and with facile interchangeability of the moieties for making a
series of caspase and phosphatase activity-based probes (11). Several active caspases were
labeled both in vitro and in digitonin permeated cells and the quenched, two photon
activatable fluorescent labels allowed sensitive detection of the target enzymes(z3).

ABPs specific for the proteasome were instrumental in providing evidence for a
remarkable discovery in the field of immune biology(z4). Lymphocytes involved in an
immune response undergo vigorous cell division to amplify their numbers and small
fluctuations in the critical T-box transcription factor (T-bet) severely impacts on T-cell
progeny where naive CD8+ T-cells differentiate towards effector but not memory fate,
while CD4+ T-cells developed towards T helper 1 (Th1) and less Th2 or Thi1y cells. Flow
cytometry and fluorescence microscopy using proteasome ABPs 1, 2 and 12 showed that T-
bet levels are under proteasomal control and that during mitosis, proteasome activity is
asymmetrically distributed between daughter cells as shown in Figure 3. Unequal
proteasome distribution determines T-cell lineage fate and thus the direction of immune
response development.

2.4 ABPP in medicinal chemistry

Both the FDA approved antiobesity drug orlistat, potentially an antitumor agent,
and the nucleoside antibiotic showdomycin are covalently binding to their cellular
targets(zs, 16). For target identification, an alkyne group was introduced to minimally
change the chemical structure and that enabled post-lysis bio-orthogonal ligation of
reporter or affinity tags followed by either fluorescent imaging or LC/MS based protein
identification (23, 14). Orlistat showed 8 off-targets next to the known thioesterase domain
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of fatty acid synthase (FAS). The antibiotic effect of showdomycin against Staphylococcus
aureus in turn might involve inhibition of the essential enzymes MurA1 and MurAz2 that are
required for cell wall biosynthesis.
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Figure 2: Chemical structure of Activity-Based Probes: 1 reference (2, 14); 2 reference (2,

14, 24); 3 reference (3); 4 reference (4,5); 5 reference (6); 6 reference (7); 7 reference (9); 8
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reference (10); 9 reference (11); 10 reference (12); 11 reference (13); 12 reference (14); 13
reference (15); 14 reference (28); 15 reference (18); 16 reference (19, 23, 29, 31); 17 reference
(20, 21); 18 reference (22); 19 reference (25); 20 reference (25); 21 reference (26); 22

reference (27); 23 reference (28); 24 reference (30); 25 reference (32).

The non-covalent antibiotic vancomycin was equipped by the Sieber lab with an
alkyne group and a photo-activatable crosslinker(z7). As expected, the vancomycin probe
binds to the D-Ala-D-Ala motif of nascent peptidoglycan disrupting cell wall biosynthesis
followed by autolysin (Atl) triggered cell rupture and death. Surprisingly, the probe also
binds and inhibits the Atl amidase domain that causes massive defects in cell morphology
and enhances the tolerance of S. aureus to low concentrations of vancomycin.

Not only the drug target proteins but also the resistance related proteins can be
identified by ABPP. Small synthetic B-lactam probes (15) were applied to comparatively
profile in situ enzyme activities of wild type and methicilin resistant S. aureus (MRSA)
strains revealed unique MRSA features as known resistant associated targets, involved in
cell wall biosynthesis and antibiotic sensing, but also uncharacterized enzymes capable of
hydrolyzing B-lactam moieties(28). Such tools might prove their value for the identification
of resistance genes and help to discover new drug targets for customized therapeutic
interventions.

The design, synthesis and screening of compound libraries are important activities
in medicinal chemistry and ABPP comes in useful when screening for enzyme inhibitors is
the subject of study. A high-throughput screening protocol based on the FP-rhodamine
probe (16) was developed to identify selective and potent inhibitors for two unrelated and
poorly characterized serine hydrolases, namely retinoblastoma-binding protein-9 (RBBP9)
and thioltransferase glutathione S-transferase omega 1 (GSTO1) both suggested to be
cancer related genes(z9). The enzymes were incubated with a compound library in a 384
well format, followed by FP-rhodamine labeling of residual enzyme activity. The bioactive
alkaloid emetine was identified as a selective inhibitor of RBBPg. GSTO1 was found to be a
target of several electrophilic compounds (including omeprazole and rifampicin) present in
public libraries.

The KiNativ high-throughput screening platform from ActivX employs an ATP-
analogue probe (17) for capturing ATP processing enzymes and profiling several well
studied kinase inhibitors against >200 kinases in native cell proteomes to reveal biological
targets for some of the inhibitors(2o, 21). The authors found several striking differences
between native and recombinant kinase inhibitory profiles, in particular, for the Raf
kinases. This highlights the complexities of protein kinase behavior in the cellular context
and demonstrates that profiling results based on recombinant/purified enzymes can be
misleading. An Abelson (Abl) tyrosine kinase, the molecular target linked to the
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development of chronic myelogenous leukemia (CML), specific ABP (28) was synthesized

inspired by the clinically used Imatinib drug and equipped with a photo-activatable

crosslinker(22). These examples indicate the power of ABPP for screening and

development of new therapeutic strategies.
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2.5 ABPP in pathology, physiology and pharmacology

Since ABPP is a powerful tool to observe the activity of a wide range of functional

enzymes, it can be used as a sensitive method for diagnosis and prognosis of a series of

diseases, which are related to some abnormal enzymatic activities, such as cancer,
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pathogen infection, and metabolic disorders. Tumor cells display progressive changes in
metabolism that correlate with malignancy, including development of a lipogenic
phenotype. The Cravatt lab measured the activity of a series of monoacylglycerol lipases
(MAGL) with ABPP (26) in both aggressive and nonaggressive human cancer cell lines(23).
Elevated MAGL activity was found in the aggressive cancer lines and primary tumors where
MAGL regulates a fatty acid network enriched in oncogenic signaling lipids that promotes
migration, invasion, survival, and in vivo tumor growth. An example of ABPP in studying
tumor pharmacology is the use of MVis1 (2) for profiling the proteasome activity of
bortezomib sensitive and resistant multiple myeloma (MM) cells(24). Multiple myeloma is
an aggressive malignance of plasma B-cells, which can be treated with bortezomib, a
proteasome inhibitor that blocks the B5 and Ba1 subunits. Driessen and co-workers found
that elevated transcription rates, activities and polypeptide levels of B5, B1 and B2 subunits
combined with increased expression and proteasome association of the 11S proteasome
activator were the main pathways for resistant MM cells to cope with Bortezomib stress.

The ABPP approach was used in the Bogyo lab to identify essential proteases
required for the proliferation of parasites. ABPs 19 and 20 were used to identify the malaria
proteases pfSUB1 and DPAP3 as the key regulators of erythrocyte rupture(25). Recently,
the same group identified the parasite protease TgDJ-1 in Toxoplasma gondii (21), which
plays a key role in the pathogen attachment and invasion of host cells(26). Harbut and
colleagues used bestatin analogues (22) to identify the malaria parasite aminopeptidases
pfA-M1 and pf-LAP, which are necessary peptidases for hemoglobin digestion and parasite
early life cycle(2y). Various peptidase activities were profiled by ABPP (23) in tick Gl-tract,
which are often carriers of parasites. The study revealed the way hemoglobin from human
blood was digested in tick Gl-tract by a multipeptidase pathway(28). Hepatitis c virus (HCV)
infection is a global harmful disease with unclear pathogenesis. Pezacki and co-workers
used FP-Rhodamine (16) to visualize the differential host enzyme activation during the
HCV replication and identified carboxylesterase 1 to play an important role in HCV
propagation(29).

Gaucher disease, a common lysosomal storage disorder, is often underlined by the
deficiency of glucocerebrosidase (GBA). Coupling the GBA inhibitor cyclophellitol to
different Bodipy fluorescent groups provided ABPs (24) of ultra-high sensitivity and
specificity for GBA(30). The probes were tested and validated both in vitro and in vivo and
will find application in screens for new GBA inhibitors or chemical chaperones in living cells
and for the diagnosis or therapy progression in Gaucher disease by quantifying the GBA
activity in patient materials.

ABPP has also been used to study plant pathology and physiologic problems. FP
probes (16) were used to visualize the differential activation of serine hydrolases in the
unchallenged and botrytis-infected Arabidopsis thaliana(31). In another work, beta-lactone
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probes (25) were used to identify a papain-like peptide ligase in the same organism(32).

2.6 Conclusion and outlook

Thanks to the discovery of new warheads, the design of improved enzyme targeting
moieties and reporter/affinity tags, in conjunction with the remarkable increase in
sensitivity, resolution and dynamic range of detection instruments, ABPP has become a
powerful functional proteomics tool in the field of the biochemistry, (molecular) cell
biology, medicinal chemistry, physiology, pathology and pharmacology. However, to date
many enzyme families defy modification by ABPs and future research will reveal the extent
by which ABPP can be applied to different enzyme families and indeed also non-enzymatic

protein families.
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3.1 Introduction
3.1.1 Focusing on proteasome activities

The proteasome is an evolutionarily conserved proteolytic complex that is
responsible for the degradation of most proteins in eukaryotic cells ranging from yeast to
human. It is essential for protein homeostasis and production of MHC class | restricted
epitopes. Protein degradation is necessary for the turnover of damaged or misfolded
proteins and regulation of biochemical pathways by lowering enzyme activity or messenger
concentration. Obviously, the proteasome is a central protease in various cellular
processes, including transcription, translation, DNA repair, cell division and antigen
presentation(z, 2). In the last decade, the proteasome has become an attractive clinical
target since the approval of the proteasome inhibitor bortezomib (Velcade®) by the US
Food and Drug Administration (FDA) for the therapy of multiple myeloma(3). Encouraged
by the clinical success of bortezomib, series of new generation proteasome inhibitors are
being investigated as therapeutics of various diseases thus both (pre)clinical and
fundamental knowledge on the activity of proteasomes is required.

The challenge of determining the proteasome activity by a robust and high-
throughput method is significant. The proteasome is not a single protease, but a multi-
subunit protease cluster which in eukaryotes contains active subunits with different
cleavage preferences. Mammalian 30S proteasomes contain the catalytic 20S barrel-
shaped core particle (CP) capped on both sides by 195 regulatory particles (RP) (Fig 1a). The
20S core particle consists of four heptameric rings assembled from o or B subunits (a1-7,B1-
7,B1-7,02-7) and harbors three different peptidase activities on each B ring(4, 5).
Crystallographic and substrate specificity studies show that the active-site pockets of the
B5 subunits can accommodate and cut at the C-terminus of bulky, hydrophobic amino acid
residues in @ manner that resembles chymotrypsin activity(6). B2 subunits prefer cleaving

after basic residues and are referred to as bearing the “trypsin-like” activities, whereas 1
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cuts after acidic residues and is known as the “caspase-like” activity.

This constitutive 20S proteasome core particle is present in all eukaryotic cells. In
immune-competent tissues, three additional catalytically active B subunits are expressed:
B1i (Low Molecular weight Protein 2, LMP2), B2i (multicatalytic endopeptidase complex-
like-1, MECL1) and Bsi (LMP7)2. The immuno B subunits show comparable substrate
cleavage preference, share around 50% protein sequence identity and have different
functional roles compared to the constitutive B1, B2 and B5 when replacing them in newly
assembled 20S CP yielding the so-called immuno-proteasomes(z). Recently, the Bst
subunit was identified that is exclusively expressed in cortical thymus epithelial cells where
it is incorporated in immuno-proteasomes instead of Ps5i, yielding the thymo-
proteasome(y). Despite this diversity, the activity of the 8 subunits is conveyed by the same
mechanism of nucleophilic attack of the N-terminal threonine (Thr1) y-hydroxyl on the
peptide backbone(8).

A commonly used technique to determine the proteasome activity is by means of
fluorogenic substrates; short peptides that optically quench the amino coumarin at their C-
terminus which upon cleavage by the proteasome is released and starts to fluoresce in
solution(g). Excellent subunit specific fluorogenic substrates for each of the three
constitutive [ subunit activities are commercially available, however, these can not
discriminate between constitutive and immuno-proteasome activities when present in the
same cellular system. This problem is encountered during immunological studies of antigen

presentation or (pre)clinical research in immune cells, such as leukemia and myeloma cells.

3.1.2 Activity-based Protein profiling

ABPP is a chemical proteomics technology, which allows capturing, visualization,
identification and quantification of the target enzymatic activities either in a test tube or in
living systems(z0). It requires no protein purification step or specific labeled substrates and
enables simultaneous labeling of multiple activities providing a robust and high-throughput
platform to observe the activity of target enzyme (family). In ABPP workflows, organic
compounds are used, the so called activity-based probes (ABP), which are mechanism-
based covalent and irreversible inhibitors of the target enzymes, equipped with a reporter
group. A typical ABP consists of three parts, a reactive group (electrophilic trap or warhead)
that targets the catalytic site of the enzyme, a spacer (linker) that serves as the recognition
element for the enzyme binding pockets, and a reporter group (tag) for detection (Fig 1b).

Application of ABPP to proteasome activity assays embraces a rich history, from the
early reports of natural products inspired tritium-labeled lactacystin and biotin labeled
epoxomicin, to more rational design synthetic probes like the **’I-labeled nitrophenol
derivative of peptide vinyl sulfone L3VS (**’I-NIP-L3VS) and the commercially available N-
terminal extended AdaAhx3L3VS inhibitor and its biotinylated AdaK(bio)Ahx3L3VS
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derivative(z1-14). Advances in fluorescence detection methods allowed the development of
fluorescent probes to replace the radioactivity-based probes which are more technically
challenging to handle. Berkers et al synthesized DansylAhx3L3VS that could be used for
dual readout both via (weak) dansyl fluorescence or western blot analysis with antibodies
against dansyl(z5). The bright, pan-reactive MV151 and Bodipy-TMR-epoxomicin (MVBoo3,
probe 3) probes were followed by subunit specific probes for the B5 and Ba activities, and
several generations of ABPs equipped with different warheads, linkers and tags have been
developed in our lab(26-18). For low tech but high-throughput detection and quantification
DansylAhx3L3VS was used to determine proteasome activity in hematologic malignancies,
MV151 was instrumental to determine the proteasome activity in bortezomib adapted cells
and MVBoo3 highlighted the Bst activity(z7, 19, 20).
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Figure 1:Proteasome ABPP. Model of the 30S proteasome where active B subunits are
represented by grey spheres (a); schematics of a typical activity-based probe (b); Activity-
based proteasome profiling tool box, LW124 (1) is a B1/P1i specific probe, MVB127 (2) is a
Bs/Bsi specific probe, MVBoo03 (3) is a pan reactive probe, Biotin-Epoxomicin (4) is a pan
reactive probe, N3-epoxomicin (5) is a two-step pan reactive probe, Biotin-Phosphine (6) is
a bio-orthogonal ligation compound for installing a biotin tag (c). Synthesis of the
compounds is described in refs 17-18, 21-23.

MVBoo03 contains the epoxomicin sequence (lle-lle-Thr) and electrophilic trap (Leu-
epoxyketone), which makes the compound pan-reactive to all active proteasome subunits,
it binds covalently, essentially labeling them with a fluorescent tag, and after SDS-PAGE
separation and fluorescence scanning of the wet gel slab, a characteristic banding pattern
appears (Figure 3, MCF7 cells) in which the B2 subunit runs higher than the doublet
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consisting of B1 and 5. However, a general shortcoming of the pan-reactive probes is that
in the case of immuno-proteasomes the molecular weights and thus the electrophoretic gel
shift of the B1/B1i/B5/Bsi subunits on a standard 8 cm tall 21D SDS-PAGE gel is limited thus
their signals will overlap, show poor resolution and cannot be individually quantified (Figure
3, AMOa cells). To overcome this problem, a rational design and screening program have
been initiated to synthesize the B1/B1i selective sequence (Ala-Pro-dNorLeu) equipped with
a Leu-epoxyketone warhead for probe 1 and the B5/Bsi selective sequence (metTyr-Phe)
with the Leu-vinylsuplhone electrophilic trap for probe 2(28). The subunit specific probes 1
and 2 (Figure 1c) proved to be a remarkable technical improvement that could solve this
problem, allowing for separation of Bii from B1, and Bsi from Bs on SDS-PAGE with
superior resolution, although the B subunits have a difference of some 5oo Da in molecular
weight. Furthermore, relative quantification of an individual activity between different
samples can be done by fluorescent signal analysis in gel. The schematics of this
experiment are shown in Figure 2 (lower route).

Alternatively, proteasome ABPP can be done with direct one-step biotinylated ABP
(4) or two-step bioorthogonal tools (5 and 6)(27, 21). For one-step ABPP, proteasome active
subunits in cell extracts are labeled with biotinylated probe 4 followed by affinity
purification with streptavidin coated paramagnetic beads. Because biotin hampers probe
permeability in living cells, the two-step approach is used where the azide equipped probe 5
labels the active proteasome in living cells and after cell lysis the reporter or affinity tag of
choice is installed via a bio-orthogonal reaction(22, 23). After the pull down step, enriched
proteins are identified by on-bead tryptic digest and LC/MS-based proteomics analysis
(Figure 2, upper route). For relative quantification of proteasome activity, the stable
isotope dimethyl labeling method has been combined with the affinity purification ABPP
platform because it is a general labeling method that can be applied to peptide samples of
various origin ranging from tissue cultures to biopsies taken from patients(24, 25). After on-
bead digest, tryptic peptides were loaded on a C18 solid support on which both the di-
methyl labeling and the desalting were performed, and after elution were mixed and
analyzed by LC/MS. The open source MaxQuant software was then used for peptide
identification and quantification(26, 27). In addition, active site peptides can also be
analyzed by LC/MS after elution from the streptavidin beads.

Bortezomib shows much higher affinity for the B5/B5i and B1/B1i subunits because it
is stabilized by hydrogen bonding in these active sites and the potency and the subunit
specificity of bortezomib can be quantified accurately(6). This platform can find other
applications for instance the screening for novel proteasome inhibitors. With this
combination of methods and using the MVBoo3 probe it has been demonstrated that the
newly discovered Bst subunit, expressed only in the thymus, is indeed catalytically
active(zy).
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Figure 2: Schematic overview of the quantitative activity-based proteasome profiling
experiments. Upper pathway describes the one or two step affinity purification protocol
using the biotin/Streptavidin system, followed by stable isotope labeling, LC/MS-based
proteomics analysis and quantification. Active site peptides (in pink) are analyzed after
elution from the beads. Lower pathway shows the SDS-PAGE analysis and quantification of
a competitive ABPP experiment.

3.1.3 Advantages and limitations with respect to other methods

Study of the individual function of active B-subunits by genetic knockdown in yeast
proved to be difficult because they are essential for survival of the cell and for that reason
chemical modulation and readout of activity is preferred(28). Compared to the popular
proteasome activity determination by fluorogenic substrate assay, the ABPP method is
high-throughput (no need for protein purification), robust and simple (no specific
substrates needed and little off-target labeling), of superior resolution (capability to
distinguish constitutive and immuno activities) and living cell compatible (good cell-
permeability shown by ABPs).

There are some drawbacks due to the chemical and mechanism based nature of the
method. It is possible that the chemicals used as probes can also hit other targets than the
proteasome that might limit their use in living cells. Because the probes bind covalently to
the catalytic sites, the enzymatic activity is consumed during the measurement
necessitating the analysis of time dependency when enzyme kinetics needs to be assayed.
For accurate kinetic measurements it is necessary to determine enzyme activity by taking
increasing concentration of the probe and incubate for increasing amount of time. A rate
constant (kobs) for each probe concentration is extracted from the semi-logarithmic plot of
enzyme activity versus time and plotted against the probe concentration to determine the
affinity of the probe for the enzyme (Ki value). For an excellent review on this methodology
see Singh et al(29). However, these extensive studies are not necessary for global screens
using a standard incubation time and probe concentration which should make the inter-
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experiment results comparable. The ABPP assays presented here are not easily scalable to
high throughput 96 well format and require relatively high (5-10x10°%) cell numbers. An
ELISA based, high throughput method for the analysis and quantification of active site
peptides of the proteasome B-subunits is described by Muchamuel and coworkers(30).

Despite the few drawbacks, the ABPP platform shows to be a powerful method that
facilitates quantitative comparison between different treatments, e.g. increasing
concentrations of bortezomib, allows analysis of all proteasome activities in one
experiment in living cells, can be used for identification of the active site peptides and is
applicable to clinical samples. Although it has been described here for the analysis of
proteasome activity, this protocol can be used as guideline for setting up comparable ABPP
workflows(z0). Recently, this method has been adapted to determine the activity of the
membrane bound cerebrosidase GBA1 and GBA2 enzymes that are expressed at very low
abundance (1:300,000)(31). The fluorescent probes can also find application in fluorescence
microscopy and flow cytometry analysis as exemplified by asymmetric T lymphocyte
division caused by unequal proteasome segregation between daughter cells(32). For
background information on the use of Click chemistry (TOP-ABPP) for performing two-step
labeling and the use of the stable isotope in cell culture labeling (ABPP-SILAC) approach
the work from the Cravatt lab can be read(33, 34). As future outlook, the proteasome can be
an interesting target for rational drug design of novel antibiotics3s and the ABPP method
might find application in this field. In this manuscript a step by step description of a
competitive ABPP protocol is given, in which the B subunits activity of the proteasome is
determined after treatment with bortezomib and in non-treated cells.

3.1.4 Experimental Design

High resolution fluorescent ABPP This method can be easily implemented in any
laboratory that has basic cell culture and protein analysis equipment. The method has been
used successfully in many different mammalian cell culture systems ranging from immortal
cell lines to primary cells and from adhering to suspension cultures. Typical applications are
for drug discovery programs of novel proteasome inhibitors, determination of the effect of
a drug on the proteasome activity, antibiotic discovery or basic understanding of
proteasome biology in plants(35, 36). In this protocol, human and mouse cell lines are
incubated with increasing concentrations of bortezomib and the remaining activity of
individual B-subunits of both the constitutive as the immuno proteasome in the respective
cell lysates is determined. The advantage of post-lysis ABPP is that the same lysate can be
interrogated with different probes and compared. Alternatively, because probes 1, 2 and 3
are cell permeable they can be added in parallel to cells after bortezomib treatment to
study competition in the context of living cells. This assay can be performed in 6 or 12 well
format but not higher because protein isolation from small cell numbers would prove too
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difficult. The experiments should be performed at least in duplicate and incubation with o
nM bortezomib serves as positive control for determination of the maximum probe binding
signal. Incubation with a potent and pan-reactive inhibitor to all proteasome B-subunits
(e.g. N3-epoxomicin, 5) or boiling the cell lysate with 1% SDS prior to labeling with the
activity-based probes can serve as negative controls. Commercially available protease
inhibitor cocktails are tolerated during lysis. The protease inhibitor cocktail tablets (Roche)
and PMSF (Sigma) have been tested and found out that they do not compete for the
covalent binding between ABP and proteasome subunits.

For quantification purposes it is important that the cell lysis buffer is compatible
with the protein determination method used after cell lysis as it can be sensitive to some
detergents (SDS, Triton X100) or reducing agents (e.g. DTT) that can skew the measured
protein concentration. SDS-PAGE analysis is best performed in 12.5% acrylamide gels
followed by imaging the ABP labeled B-subunits simply by scanning on a fluorescence bed
scanner. Active B-subunits of the constitutive proteasome show a typical banding pattern
of B2 above the 25kDa marker and B1 and Bs5 subunits as a doublet below the 25 kDa.
Commercial dual or multicolor protein markers contain a red band at 25 kDa that appears in
the “red” channel used for probes 2 and 3 however up to 4ox dilution of the marker might
be necessary to prevent signal saturation. Mixed proteasomes (constitutive and immuno
proteasome) show an additional B2i band between the B2 and B1 band and because the
molecular weights of Bi1, B1i, B5, Bsi subunits are in close proximity they are poorly
separated on gel. High resolution separation can though be achieved by using the subunit
specific probes 1 for B1B1i and 2 for B5B5i allowing for quantification of the individual band
signals. Coomassie blue staining is a facile and reliable method to correct and normalize for
pipetting errors and should be performed after the fluorescence scanning.

The outcome of a typical competitive ABPP experiment is that the signal of one or
several B-subunit bands decreases with increasing competitor concentrations, which
highlights the superior sensitivity and resolution of the ABPP method compared with
fluorogenic assays because the detected signal provides both the identity as well as the
intensity of the active B-subunit. By plotting the signal intensity against the concentration
of the competitor compound, one can estimate the potency and selectivity of the
competitor for the proteasome subunits.

When exploring organisms with poorly annotated genomes, ABPP can reveal the
identity of the active proteasome genes, which is particularly interesting for profiling
pathogenic organisms that cause disease in humans and animals. The ABPP method can be
used with virtually all proteasome inhibitors given that they display an interaction strong
enough to outcompete the covalent ABP from binding. The method is also adaptable to
other organisms than mammals, it works in all types of cell lysates, however, probe
optimization and identification of gel bands by affinity purification and LC/MS-based
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proteomics is necessary for organisms that display cell walls or show extensive efflux pump
activities like pathogens, yeasts or plants(36).

Quantitative LC/MS based ABPP Protein identification by LC/MS is very sensitive
to background pollutants like keratins from dust, plasticizers from plastics or tubing and
polymeric detergents (e.g. Triton, Tween). For this work it is advisable to create a dedicated
lab space with a laminar flow cabinet, dedicated pipette sets, tubes, tips and very
importantly dedicated solutions. Protect your work from dust and wear gloves that should
be rinsed regularly to avoid electrostatic dust accumulation. Keep organic solvents in glass
containers and use chemically pure water (28 MQ) either freshly tapped from the de-
ionizing apparatus or commercially available (Biosolve). Distrust autoclaved water because
it is full of plasticizers or PEG's that pollute the LC/MS. The use of low-binding tips and
tubes (e.g. Sarstedt, Eppendorf) is advisable to prevent loss of proteins/peptides due to
adsorption to plastics.

In order to determine the proteasome activity in living cells or cell lysates by LC/MS
based ABPP, it is necessary to first capture the active subunits by covalent binding to the
activity-based probe, followed by affinity purification of the active subunits. Activity-based
probes equipped with a biotin tag are the most popular because they facilitate the use of
robust biotin-streptavidin affinity purification work flows. However, presence of biotin
reduces the cell permeability of ABP’s making it unsuitable for use in living cells. A solution
to this problem is presented in this protocol where epoxomicin equipped with an N-
terminal azide (N,) ligation handle (compound 5) that retains perfect cell permeability, was
used to capture residual proteasome activity after bortezomib treatment in living cells,
followed by post-lysis introduction of biotin via a bio-orthogonal reaction with biotin-
phosphine (6) in the aqueous environment. Several other bio-orthogonal ligation
procedures have been explored like the Cu+ catalyzed Huisgen 1,3-dipolar cycloaddition
(Click chemistry) or the copper free approaches and empirically discovered that the azide-
phosphine ligation pair under native (non-denaturing) conditions proved to be the most
robust for the proteasome activity determination, because the phosphine reagent is simply
added to the lysate, there is not need for a catalyst and we have experienced less protein
precipitation(34, 37).

High concentrations of biotin-phosphine (250 uM) and removal of this excess after
the reaction by precipitating the proteins is necessary for the protocol. Protein precipitation
with the chloroform/methanol method has several advantages compared with acetone
precipitation or size exclusion cleanup: speed, it takes only 10-15 min, allows choice in
partition of chemical impurities either to the aqueous or organic phase, adaptable for a
wide range of protein concentrations from 10 pg to several mg and low losses of
material(38). Drawback of the method is that protein pellets should be dried not longer
than 5 minutes and the use of 1-4% SDS containing buffers is necessary for dissolving the
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proteins. SDS concentration needs to be decreased before the pull down because it can
interfere with and lower the biotin-streptavidin interaction. Several strategies can be
adopted: dispersion of protein pellets in a low volume (25ul) of 2% SDS buffer followed by
stepwise addition of buffer increasing the volume of solvation but slowly diluting out the
SDS to keep its solvation power, as described in this protocol or dissolving the pellet in a
higher volume (500 pl) of 2-4% SDS followed by dilution to 0.05-0.1% SDS in several tens of
milliliter buffer, use of larger amount of beads (a1mg or higher) and increased pull down
time like overnight at 4°C as described in Kallemeijn et al(32).

Several sources and types of paramagnetic streptavidin coated beads have been
tested and for this protocol mono-disperse, high binding capacity, 1 pm diameter beads
showed superior pull-down efficiency. The advantage of paramagnetic beads compared to
agarose beads is the ease of liquid handling because the beads stick to the tube wall when a
magnetic field is applied. The high binding affinity of biotin for streptavidin facilitates
stringent washing that decreases protein background but cannot discriminate for
endogenously biotinylated proteins. Elution of biotinylated proteins is not trivial and two
possibilities are presented: elution by boiling SDS-PAGE sample buffer containing SDS
under denaturing conditions and in the presence of an excess of free biotin to displace the
bound proteins from the streptavidin matrix, or on bead digest with trypsin for LC/MS
proteomics analysis. Elution in sample buffer affords the possibility of SDS-PAGE analysis
that yields valuable information about protein molecular weight and after in-gel tryptic
digest, protein identity can be determined by LC/MS analysis(39). For on-bead tryptic
digest an estimation of the trypsin quantity should be made as most protocols use a 1:100
ratio of trypsin:protein. Empirical evaluation showed that when starting with 1 mg of
protein and 5oo pg of beads, using some 500 ng trypsin yields reproducible results.

For comparison of treated versus non treated samples by relative quantification

7\

using LC/MS-based proteomics the “light” *medium” and “heavy” labels with stable isotope
by reductive amination of primary amines at the N-termini and €-position of lysine residues
using formaldehyde have been chosen(24, 25). This robust technique, applicable to virtually
all types of protein specimens ranging from clinical samples to cell culture lysates, has been
adapted and optimized in this protocol for small protein amounts that yield after affinity
purification, by using the stage tip method(40). Finally, after on-bead tryptic digest, the
active site peptides bound to the biotinylated probe can be eluted with acetonitrile/formic
acid mixtures (containing free biotin) and used for unraveling the binding mechanism of the

probe to the protein by MS/MS or MS/MS/MS analysis of the ion fragments.
3.2 Materials

3.2.1 Reagents
<CRITICAL> The chemical compounds from Fig 1 are available upon request, the primary
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papers that describe their synthesis are given in the references(zy, 18, 21, 22).

MCF7 (HTB-22) and EL4 (TIB-39) cells are commercially available from ATCC (USA). See
Box 1 for information regarding cell culture and protein extraction.

AMO-1 (ACC-538) was a kind gift from the Driessen lab and it is commercially available
from the Leibniz Institute DSMZ-German Collection of Microorganisms and Cell Cultures
(DSMZ, Braunschweig, Germany). See Box 1 for information regarding cell culture and
protein extraction(zg, 20).

ACN (Acetonitrile, Sigma-Aldrich cat.no. 14261)

ATP (Adenosine triphosphate, Sigma-Aldrich cat.no. A2383)

NH,HCO; (Ammonium Bicarbonate, Sigma-Aldrich cat.no. 09830)

APS (Ammonium Persulfate, Sigma-Aldrich cat.no. A3678)

B-mercaptoethanol (Sigma-Aldrich cat.no. M3148)

BSA (Bovine serum albumin, Sigma-Aldrich cat.no. A7906)

CaCl, (Calcium Chloride, Sigma-Aldrich, cat.no. 223506)

CHCI, (Chloroform, Sigma-Aldrich, cat.no. 650498)

Colloidal Blue Staining Kit (Invitrogen, cat.no. LC6025)

Digitonin (Sigma-Aldrich, cat.no. D141)

Na,HPO, (Di-sodium hydrogen phosphate, Sigma-Aldrich, cat.no. 53264)

KH,PO, (Potassium phosphate monobasic, Sigma-Aldrich, cat no. P5655-500G)

K,HPO, (Potassium phosphate dibasic, Sigma-Aldrich, cat no. P2222-500G)

DTT (Dithiothreitol, Sigma-Aldrich, cat.no. 43815)

DMSO (Dimethyl Sulfoxide, Sigma-Aldrich, cat.no. D8418)

ECL Plus Western Blotting System (GE Healthcare, cat.no. RPN2132)

CH,O (Light Formaldehyde, Sigma-Aldrich, cat.no. F8775)

CD, O (Intermediate Formaldehyde, Sigma-Aldrich, cat.no. 492620)

3CD,0 (Heavy Formaldehyde, Sigma-Aldrich, cat.no. 596388)

I CAUTION work with formaldehyde in a fume hood, because the solutions and vapours are
toxic.

FA (Formic acid, Sigma-Aldrich, cat.no. Fo507)

Glycerol (Sigma-Aldrich, cat.no. G5516)

Glycine (Sigma-Aldrich, cat.no. G8898)

HCI (Hydrochloric acid, Sigma-Aldrich, cat.no. 84415)

IAA (lodoacetamide, Sigma-Aldrich, cat.no. 11149)

MgCl, (Magnesium Chloride, Sigma-Aldrich, cat.no. M8266)

Tergitol NP-40 (Sigma-Aldrich, cat.no. NP40)

KCl (Potassium Chloride, Sigma-Aldrich, cat.no. Pg9541)

Trypsin (Promaga, cat.no. V5i11)

SDS (Sodium dodecyl sulfate, Sigma-Aldrich, cat.no. L4390)
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SilverQuest Staining Kit (Invitrogen, cat.no. LC6070)

Bradford assay reagent (BioRad, cat.no. 500-0205)

NaCl (Sodium Chloride, Sigma-Aldrich, cat.no. S3014)

NaBH;CN (Sodium cyanoborohydride, Sigma-Aldrich, cat.no. 156159)
NaBD;CN (Sodium cyanoborodeuteride, Sigma-Aldrich, cat.no. 190020)
NaH,PO, (Sodium dihydrogen phosphate, Sigma-Aldrich, cat.no. S3139)
Sucrose (Sigma-Aldrich, cat.no. 84097)

TEMED (N,N,N’,N'-Tetramethylethylenediamine, Sigma-Aldrich, cat.no. T9281)
Tris (Sigma-Aldrich, cat.no. T6066)

Tween 20 (Sigma-Aldrich, cat.no. P9416)

Urea (Sigma-Aldrich, cat.no. U5378)

Biotin (Sigma-Aldrich, cat.no. B4639)

Dynabeads MyOne Streptavidin Ca (Invitrogen, cat.no. 650-01)

EDTA (Ethylenediaminetetraacetic acid, Sigma-Aldrich, cat.no. E6758)
Ethanol (VWR, cat.no. 20816.298)

Methanol (VWR, cat no. 83638.290)

Bortezomib ester (Fig. 1, S1013, Selleckchem.com, Houston, USA)
LW2a24 (1, Fig. 1)[18]

MVBa27 (2, Fig. 1)[18]

MVBoo3 (3, Fig. 1)[17]

Biotin-Epoxomicin (4, Fig. 1)[17]

N;-epoxomicin (5, Fig. 1)[17]

Biotin-Phosphine (6, Fig. 1)[21,22]

DMEM (Dulbecco's modified eagle's medium, PAA, cat.no.E15-883)
RPMI-1640 (PAA, E15-041)

FCS (Fetal calf serum, PAA, cat.no. A15-104)

Stable L-Glutamine (PAA, cat no. M11-006)

Penicillin (Duchefa Biochemie, cat no. Po142.0100)

Streptomicin (Duchefa Biochemie, cat no. S0148.0100)

BPB (Bromophenol Blue, Sigma-Aldrich, cat no. Bo126-25G)

DC Marker (Precision Plus Protein standards, Bio-Rad cat.no. 161-0374)

3.2.2 Equipment

Cell culture

Galaxy 170R CO, Incubater (New Brunswick)
Clean air cabinet (Thermo)

37°C Water bath (Grant)

Fridge Freezer (Bosch)
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Ependorf centrifuge 5702 (Ependorf, cat.no. 5702 000.019)

Ependorf centrifuge 5424 (Ependorf, cat.no. 5424 000.410)

Cell culture Flasks (PAA, cat.no. PAA70325X and PAA70375X)

Cell culture Dishes (PAA, cat.no. PAA20035X, PAA20060X, PAA20101X and PAA20151X)
Ependorf pipettes (Ependorf, cat.no. 3120 000.011, 3120 000.038, 3120 000.054 and 3120
000.062)

Accu-jet pro Pipette Controller (BrandTech, cat.no. 2026330)

Cell lifter (Corning, cat.no. 3008)

Pipette tips (Sarstedt, cat.no. 70.1130, 70.760.002, and 70.762)

Serological pipettes (Sarstedt, cat.no. 86.1252.025 86.1253.025, 86.1254.025 and
86.1685.020)

Protein extraction

Ependorf cool centrifuge 5402 (Ependorf)

Vortex Genie 2 mixer (Scientific industries, cat no. Sl-0256)

Sonicator (Sonics, cat no. VC 5o5)

GENios plate reader (Tecan)

Ice maker (Hoshizaki)

Forma -86°C ULT Freezer (Thermo)

10-100pl Multichannel pipette (Eppendorf, cat no. 3120 000.046)

96 well plate (Greiner Bio One, cat no. 655101-ORT)

Affinity Purification

Thermomixer compact (Ependorf)

Test tube rotator (Labinco, cat no. 29000)

QBD2 metal heating block (Fisher, cat no. BLD-560-020X)

BioRad mini protean 3 gel running system (with power supply and blot transfer unit)
SSMy Rocker (Stuart)

DynaMag-2 (invitrogen, cat no. 123.21D)

Imaging

BioRad ChemDoc system (with GS-800 scanner)

Typhoon 9400 scanner (GE Healthcare)

LC/MS system

LTQ-Orbitrap mass-spectrometer (thermo-fisher scientific)

3.2.3 Reagent setup

TBS, 10x Dissolve 12.1g Tris and 88g NaCl in 8oom| H,O, and then adjust the pH to 7.5,
add H,0 up to 1 liter and sterile filter it. This can be stored for several months.

TBST Dilute 200ml 10x TBS to 1 liter in H,0O, add 1ml Tween 20, mix well. Make fresh every

week.
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PBS, 10x Dissolve 6.8g KH,PO, in soml H,O and 26.1g K,HPO4 in 15oml H20, mix the
solution, dilute it to 8ooml, and use it to dissolve 87.7g NaCl, adjust the pH to 7.6, add H,O
up to 1 liter and sterile filter it. This can be stored for several months.
Lysis buffer Mix 5o mM TrisHCl pH 7.5, 250 mM sucrose, smM MgCl,, 1mM DTT, 2mM
ATP, 0.025% digitonin, 0.1% NP4o0. Make fresh. Additionally, protease inhibitor cocktails
(Roche) can be added because they do not interfere with the proteasome activity.
Assay buffer Mix 50 mM TrisHC| pH 7.5, 250 mM sucrose, smM MgCl,, 1mM DTT, 2mM
ATP, stomM KCl. Make fresh.
PD buffer Mix 5o mM TrisHCI pH 7.5 and 150 mM NaCl. This can be stored at 4°C for several
weeks.
PD wash buffer | Dissolve 4 M urea in 50 mM NH,HCO;. This should be made freshly.
PD wash buffer Il Mix 5o mM TrisHCI pH 7.5 and 10 mM NacCl. This can be stored at 4°C for
several weeks.
On bead digest buffer Mix 200 mM TrisHCI pH 7.8, 200 mM NaCl, 1mM Cacl,, 2% ACN and
1ong/pl Trypsin. This should be made freshly.
Active site elution solution Add 100 pM biotin in a mixture of 5% formic acid, 25%
acetonitrile and 70% H,O. This should be made freshly.
Sample buffer, 4x Mix 1aml 20% SDS, 1ml 0.625M TrisHCL pH6.8, 2.1ml 87% glycerol, 0.4ml
BME, 0.2ml 10%BPB and 0.4ml H,O. This can be stored at -20°C for several months.
Running buffer, 5x Mix 42.6g Tris, 2149 Glycine and 30oml 10%SDS in 4 liters of H,O,
when dissolved well add H,O up to 5 liters. This can be stored for several weeks.
In gel digest buffer Mix 10 mM NH,HCO;, pH 8, 5% ACN, 1 mM CaCl, and 1ong/pl Trypsin.
This should be made freshly.
Gel block extraction solution 2% FA in 67% ACN/H,O. Make fresh.
Stage tip solution A 0.5% FA in H,O. Make fresh.
Stage tip solution B 0.5% FA in 80 % ACN/H,O. Make fresh.
LC/MS sample solution Mix gsml H,0O, 3ml ACN, and o.1ml FA. This can be stored for
several weeks.
PB 7.5 (Phosphate buffer) Mix 2ml sopM Na,HPO, and 7ml souM NaH,PO,. This can be
stored for several weeks.

[L] Light Dimethyl labeling buffer (1oopl)

Composition  Stock Volume
PB 7.5 gopl
CH,O 4% () sl
NaBH;CN 0.6M sul
<CRITICAL> Prepare fresh.
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[M] Medium Dimethyl labeling buffer (100pl)

Composition  Stock Volume
PB 7.5 gopl
CD,O 4% () sl
NaBH;CN 0.6M sul
<CRITICAL> Prepare fresh.

[H] Heavy Dimethyl labeling buffer (100pl)

Composition  Stock Volume
PB 7.5 gopl
3CD,0 4% (v/v)  sul
NaBD;CN 0.6M sul

<CRITICAL> Prepare fresh.

Proteasome inhibitors: While the use of bortezomib ester is described here, this ABPP
method is also compatible with other proteasome inhibitors. It is used in the Biosyn lab as a
screening technique to determine the activity, potency and subunit specificity of novel and
potential proteasome inhibitors. Most compounds are soluble in DMSO and 5oox stock
dilutions is used prior to addition to the biological sample (like cell culture) to keep the
DMSO concentration at <1% of the sample.

3.2.4 Equipment setup

Typhoon settings

The Typhoon 9400 scanner was used to scan the gel with fluorescent ABP labeled proteins.
The scanning setting for MVBoo3 (Probe 3) and MVB127 (Probe 2) is Fluorescence
Cy3/TAMRA, 600 PMT at 5o microns pixel resolution. The setting for LW124 (Probe 1) is
Fluorescence Cy2 (with Blue Laser), 600 PMT and 50 microns pixel resolution. The Image)J
software is used for quantifying the intensity of the bands after subtracting the
background.

ChemDoc settings

The ChemDoc system for imaging the western blots and the GS8o0 scanner for imaging the
commassie stained SDS-PAGE gels. The program Quanty One was used to operate the
imaging systems, and subsequently used for quantifying the intensity of the bands and/or
lanes. Setting for imaging the western blots is chemiluminescence.

Orbitrap settings

General settings of the mass spectrometer were: an electrospray voltage of 1.5 kV was
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applied to the emitter, no sheath and auxiliary gas flow, ion transfer tube temperature
150°C, capillary voltage 15V, tube lens voltage 150V. Internal mass calibration was
performed with air-borne protonated polydimethylcyclosiloxane (m/z=445.12002) and the
plasticizer protonated dioctyl phthalate ions (m/z= 391.28429) as lock mass(41). For
shotgun proteomics analysis, 10 pl sample was pressure loaded on the trap column at 10
pl/min flow for 5 min followed by peptide separation with a gradient of 35 min 5-30% B, 15
min 30-60% B and 5 min 100% A at a flow of 300 pl/min split to 250 nl/min by the LTQ divert
valve. For each data dependent cycle, one full MS scan (300-2000 m/z) acquired at high
mass resolution (60,000 at 400 m/z, AGC target 1x106, maximum injection time 1,000 ms) in
the Orbitrap was followed by 3 MS/MS fragmentations in the LTQ linear ion trap (AGC
target 5x10?, maximum injection time 120 ms) from the three most abundant ions. MS?
settings were: collision gas pressure 1.3 mT, normalized collision energy 35%, ion selection
threshold of 5oo counts, activation q = 0.25 and activation time of 30 ms. Fragmented
precursor ions that were measured twice within 10 s were dynamically excluded for 60s and

ions with z<2 or unassigned were not analyzed(z7).

BOXa | Cell culture and protein extraction e Timing 1d

In this study we have used adherent and suspension growing cells from human and mouse to show
that the activity-based protein profiling method can be used in virtually all in vitro cultured
mammalian cell types including primary cells. In (micro)organisms bearing a cell wall (e.g. yeast,
plants) the method works well in cell lysates but should be optimized (mostly by using higher
probe concentrations) for living cells.

1| cell culture MCF7(Human breast carcinoma), and EL4 (Murine T-lymphocyte) are grown in
DMEM medium with 10% fetal calf serum (FCS), o.2mg/ml penicillin and 0.1mg/ml streptomycin,
in a 37°C, 7% CO, incubator. AMOz1 (plasmacytoma) cells are grown in RPMI 1640 medium with
10% fetal calf serum (FCS), o.amg/ml penicillin, 0.2mg/ml streptomycin, and 2mM stable L-
Glutamine and in 37°C, 5% CO, incubator.

2| Harvesting Harvest MCF7 cells by scrapping them in cold PBS. Harvest EL4 and AMOa cells by
centrifugation directly at 1200rpm for 5 min. Wash the cells with ice cold PBS for three times to
remove serum and free inhibitor molecules.

: The cells can be stored in -80°C freezer for a couple of months.

3| Protein extraction Thaw cell pellets from -80°C on ice, add 4 volumes of lysis buffer to the cell
pellet and leave on ice for 15-30 min. Sonicate the cells on ice for 3x10 seconds at 12 watts, with 5
second pulse/pause. Centrifuge the lysate for 10 minutes at top speed (13Krpm) at 4°C

I CAUTION; Check by eye whether the supernatant is clearly transparent.

4 Lysate storage Transfer the supernatant to new Eppendorf tubes. Determine the protein
concentration by Bradford Protein Assay, and freeze the lysate at -80°C for future use.

: The lysate can be kept in -80°C for a couple of weeks.

I CAUTION: Aliquot the lysate in small portions to avoid freezing and thawing for multiple times.
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3.3 Procedure

There are two options depending on whether you want to do high-resolution
fluorescent ABPP on cell lysates (option A) or quantitative LC/MS based ABPP (option B).
For option A, three different fluorescent probes for the ABPP are recommended, LW124 (1)
to detect B1 (B1i), MV127 (2) to detect B5 (B5i), MVoo3 (3) to detect all the subunits (Fig.
1)(27, 18). This is done in order to get perfect separation between the constitutive and
immunoproteasome subunits on SDS-PAGE for quantification purposes. For option B, to
quantify proteasome in living cells, N;-epoxomicin (5) is recommended because it is cell
permeable, and biotin-phosphine (6) for the bioorthorgonal ligation to install the biotin tag;
for in vitro experiments biotin-epoxomicin (4) can be used directly (Fig. 1)(27, 22-23).

Option A High resolution fluorescent ABPP e Timing 3d

(i) Make 10 mM stocks of all probes and inhibitors in DMSO and use DMSO as
negative control for your experiments.

(ii) Seed 2.5x10° MCF7 cells in 10 cm petri dishes, culture to 70-80% confluency and
treat with o, 20, 50 and 100 nM bortezomib for 16 hours. From logarithmic growing AMO1
cultures use 10x10° cells and treat with o, 10, 20, 50 nM bortezomib for 16 hrs(20).

I CAUTION: The number of cells, concentration of bortezomib and time of
treatment should be determined according to the sensitivity of the cells to the proteasome
inhibitor.

(iii) Lyse the cells and determine the protein concentration as described in BOXa.
Typical cell pellets of 10-20 pl are lysed in 40-80 pl lysis buffer and the protein
concentration is in the range of 10-20 pg/pl.

(iv) Prepare 20 pg of total protein for each sample; bring the total volume up to g pl
by adding assay buffer. Then add 1pl 10x working stock of the ABP, yielding final ABP
concentrations of 0.5 uM LW124 (1), 0.5 uM MVB127 (2) or 2 pM MVBo003 (3). Incubate the
mixture at 37°C for 1 hour. Add 3 pl 4x sample buffer, and boil the sample for smin at 100°C.

(v) The lanes with o nM bortezomib were used as positive controls, as shown in
Figure 3, there is clear proteasome inhibition by the treatment. If any other proteasome
inhibitor is used in a similar experiment, as negative controls deactivated lysate by boiling
with 1% SDS or blocking the proteasome with 10 uM N3-epoxomicin (5) prior to incubation
with the activity-based probe were suggested. In these lanes no clear proteasome bands
were expected to appear.

(vi) Separate the proteins on 12.5% SDS-PAGE.

(vii) Scan the gels on a typhoon scanner with correct settings (as described in the
Equipment Setup).

(viii) As loading control, coomassie stain the gels, scan on the BioRad GS-8o0
scanner and determine the signal intensity for the total amount of protein in each lane

using the QuantityOne program. Normalize all lanes to the highest intensity value to
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correct for pipetting errors.

(viii) Quantify the fluorescence image with the ImageJ software by drawing a region
of interest (ROI) around individual bands followed by background subtraction prior to
calculating the proteasome activity and correction for pipetting errors. The fluorescent gel
image and the quantification graphs from MCF7 and AMOz1 are shown in Figure 3.

MCF7 AMO1
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Figure 3: Results of fluorescence based quantitative proteasome ABPP in
adherent growing breast carcinoma cell line MCF7 expressing constitutive
proteasome and suspension growing cells AMO1 expressing both constitutive and
immuno proteasomes incubated with increasing bortezomib concentrations. Top
panel global proteasome assay with MVB0O03 (3), used for quantification of B2/ B2i
activities, middle panel B1/B1i quantification with LW124 (1), lower panel B5/B5i
quantification with MVB127 (2). The graphs show the proteasome activity, quantified
from the gel bands, after treatment with increasing concentrations bortezomib.
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Option B Quantitative LC/MS based ABPP e Timing 8 d

(i) Cell treatment Treat 1 x 10° EL4 cells with the proteasome inhibitor bortezomib at
following concentrations: o, 10nM, 100nM, 1pM, and 10pM. DMSO can be used as negative
control and the concentration of DMSO is kept below 1%. After 2 hours of incubation, add
10pM N;-epoxomicin (5) to each sample, and incubate again for 2 hours. Check the cells by
light microscopy to observe signs of necrosis, shrinking, apoptosis or other toxicities. Lyse
the cells as described in BOXa.

(ii) ABP reaction For direct labeling, cell lysate (1-2 mg protein in total) plus 10 pM
biotin-epoxomicin (4) is incubated at 37°C for 1 hour. For two step labeling, add 250 pM
biotin-phosphine (6) to cell lysates from N;-epoxomicin (5) treated living cells and incubate
at 37°C for 1 hour. Empirically, the 2-step labeling of the proteasome in native (non-
denatured) lysates with a high excess of biotin-phosphine (6) shows the best reaction and
pull down efficiency compared to the Cu(l) catalyzed Huisgen 1,3-dipolar cycloaddition
(click chemistry) or the copper free click(34, 37).

I CAUTION: Use lysis buffer to adjust total volume to 180 pl.

(iii) Denaturation Add 2opl 10% SDS to the reaction mixture and vortex slightly,
and then boil it at 100°C for 5 minutes for denaturation. Vortex the solution
homogeneously, and centrifuge 5 minutes at 12 krpm to pellet any aggregates. Transfer the
clear supernatant into a new 2 ml low-binding eppendorf tube.

(iv) Chloroform/Methanol precipitation (steps B iv-ix) (38) Add 8oo pl Methanol to
the 200 pl protein solution, vortex vigorously.

(v) Add 200 pl Chloroform, vortex vigorously.

(vi) Add 600 pl H,O (to get phase separation), vortex vigorously and centrifuge (2
min, 9ooo g). A 3-layer separation is derived, upper layer of water, a film of protein in the
middle, and the lower layer of chloroform.

(vii) Carefully remove and discard upper layer.

(viii) Add 600 pl methanol, vortex at low speed, thoroughly and centrifuge (2 min,
9000 g).

I CAUTION: Avoid disrupting the protein membrane in too many small pieces
because they will not sediment well during the next centrifugation step.

(ix) Carefully discard supernatant by pippetting and dry the pellet for exactly 5
minutes to the air in the flow air cabinet, tube up side down.

A CRITICAL STEP. Both too wet or too dry pellets do not hydrate well. The protein
pellet should be dried for exactly 5 min. if it is dryer or wetter, it will be hard to dissolve in
the buffer for further steps.

(x)Rehydrate the protein pellet in 180 pl urea buffer (8 M Urea/100 mM NH,HCO;)
for 15 min at room temperature.

(xi) Reduction and alkylation (to disable cysteine bridge formation)(Steps B xi-xiii)
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Add 10 pl fresh go mM DTT (in 8 M Urea/zoo0 mM NH,HCO,) to the 180 pl sample and
incubate this for 30 min at 37°C. Note that 1%SDS or the acid labile surfactant RapiGest®
(Waters) can be used instead of 8 M Urea.

I CAUTION: Temperatures > 37°C can give carbamylation of proteins by urea.

(xii) Add 15 pl 200 mM lodoacetamide (in 8 M Urea/i00 mM NH,HCO,) solution to
the 190 pl sample and incubate for 30 min at room temperature in the dark.

! CAUTION: The reaction is light sensitive.

(xiii) Centrifuge 5 min at top speed and transfer the supernatant to a new 2 ml
eppendorf tube.

(xiv) Chloroform/Methanol precipitation Repeat steps B (iv-ix). This extra
precipitation step is suggested in order to remove the excess free ABP or free tag in the
case of the 2-step labelling protocol.

(xv)Stepwise dilution of SDS (steps B xv-xviii) Add 25 pl of 2% SDS in PD buffer to
the pellet and vortex to help dissolve. Dilute the SDS with normal PD buffer step by step.
Heating to 70°C can also enhance protein solubility

(xvi) Dilute 3 times with 25 ul PD buffer, vortex after each addition of PD buffer, and
make sure the solution becomes clear.

(xvii) Add the rest in 9 x100 pl steps of PD buffer, to make the SDS end
concentration 0.05% and obtain a clear solution.

I CAUTION: Be patient here, it may take a long time to homogeneously disperse the
entire pellet. But it should be dissolved as much as possible. If necessary, use a heated
water bath and/or sonic bath to help dissolve. It is important to avoid lumps of protein here
because they will a-specifically stick to the beads, yielding high background

A CRITICAL STEP. This is the hardest step in the whole protocol. This tiny volume
might not be enough to solve your protein completely but more is not possible otherwise it
will be ended up with too high SDS concentration in the pull down step and lose efficiency
there. Disperse the protein in this volume by vortexing vigorously. Do not pipette up and
down, because lumps of protein can stick in the tips, plus there is a potential for foam
formation. The proteins will dissolve once the PD buffer is stepwise added. This increases
the volume while keeping the concentration of SDS relatively high.

(xviii)Centrifuge at top speed for 5 min, and transfer the supernatant to a new 2 ml
Eppendorf tube.

A CRITICAL STEP. After taking up the volume of the PD mixture to 1 ml by adding
PD buffer, centrifuge the mixture at top speed for 5 min to remove all the insoluble
particles. Or, there might be non-specific protein binding to the beads, and increase of
background during analysis.

(xix) Pull down with paramagnetic beads Add sopl streptavidin magnetic beads
(pre-washed with water, PD buffer and 0.05% SDS PD buffer). Pull down for 1 hour at room
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temperature with vigorous shaking.
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Figures: Active site identification of the murine B2 subunit by one step and two-step ABPP
with LC-MS analysis. Reaction mechanism of biotin-epoxomicin (4) with the catalytic T1
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residue (a); schematic representation of the direct [biotin-epoxomicin]- [B2 active-site
peptide] (b) and the two-step [biotin-phosphine-epoxomicin]- [2 active-site peptide] (c)
construct obtained after on-bead tryptic digest; LC/MS analysis and identification of the
[biotin-epoxomicin]-[active site peptides] (d) and two-step [biotin-phosphine-epoxomicin]-
[active-site peptides] (e) from constitutive and immuno proteasomes; theoretical MS/MS
fragmentation pattern for the two-step [biotin-phosphine-epoxomicin]- [B2 active-site
peptide] construct (f), experimental data for f showing the diagnostic ions b6, b7, b8, b3, b
after MS/MS fragmentation and subsequently the MS? fragmentation of the yg ion
revealing the amino acid sequence of the [B2 active-site peptide] part of the construct (g).

(xx) Leave tubes with pull down sample on the DynaMag, wait for 3 minutes, and
pipette the supernatant to another tube.

(xxi) Run a sample of the supernatant on a SDS-PAGE gel to assess the pull down
efficiency (Fig 6).

(xxii) Washing Wash the beads as shown in the in-text table, then divide them: 2/3
for in gel detection, and 1/3 for on bead digest.

Once 3o00pl PD buffer (containing 0.1% SDS)
Twice 300ul PD buffer

Once 300pl wash buffer |

Once 300pl wash buffer I

Twice 300pl water

An interesting observation is that after the pull-down, the beads might behave
slightly different in solution because their surface properties have changed by the binding
of the biotinylated proteins.

(xxiii) In-gel detection (steps B xxiii-xxxiii) Elute the proteins from the beads with
100pl 21x sample buffer containing 20uM biotin, by boiling for 5 min at 200°C.

(xxiv) Put samples on DynaMag for 3 min, transfer supernatant while still warm to
another tube.

A CRITICAL STEP. Keep the boiled sample tubes on the DynaMag, when loading
the samples onto the gel, to prevent loading the beads. If the beads are also loaded,
background can be increased.

(xxv) Resolve samples on 12.5% SDS-PAGE and silver stain. After staining, scan the
stained gel on the GS-800 scanner, excise protein bands and perform in-gel digestion
steps(39). A typical silver stained gel image of biotin-epoxomicin (4) pull down in EL4 cells is
shown in Figure 6a. Cut desired gel bands into 1 mm? blocks with a surgery knife, and keep
them in a 1.5ml Eppendorf tube.
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A CRITICAL STEP. In case coomassie stain is used, destaining is necessary, because
the blue dye is not removed by stage tip desalting and it is unwanted in the LC/MS system.

m PAUSE POINT: The gel blocks can be kept in -20°C for a couple of weeks.

(xxvi) Wash the gel blocks with 10opul Milli-Q water.

(xxvii) Discard water and add soopl ACN to shrink the gel blocks, vortex slightly (the

gel blocks will shrink, become white and sticky).

~_~ o~ o~ o~

xxviii) Discard ACN, dry gel blocks for 5 minutes in the air flow.

xxix) Swell gel blocks with 25ul in gel digest buffer on ice for at least 2 hr.
xxx) Digest in 37°Cincubator (with shaker) overnight.

xxxi) Add 100pl gel block extraction solution and incubate at 37°C for 15 min.

(xxxii) Spin down and transfer the supernatant to new Eppendorf tubes and
evaporate the ACN from the samples at 50°C in a SpeedVac until volume is <3opl.

(xxxiii) Add sopl stage tip solution A to adjust pH <s.
I CAUTION: The peptides should be desalted by stage tips before LC/MS analysis.
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Figure 5: Competitive ABPP assay
in EL4 cells (constitutive and
immuno proteasome) incubated
with increasing bortezomib
concentrations for 2 hrs and
residual B-subunit activity captured
with 10 uM N;-epoxomicin (5) and
biotin phosphine (6).

Quialitative analysis by SDS-PAGE
and silver stained gel after pulldown
with  Streptavidin  beads (a);
quantification of the B-subunits
activity by on-bead tryptic digest,
dimethyl stable isotope labeling
and LC/MS based proteomics (b).

(xxxiv) On-bead digestion (steps B xxxiv-xxxv) Add 10opl on-bead digest buffer to
the beads and digest proteins at 37°C with shaking overnight.
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(xxxv) Place tubes on DynaMag for 3 min, transfer supernatants to new Eppendorf
tubes and add 5ul FA for adjusting the pH <4 to inhibit trypsin.

I CAUTION: The peptides should be desalted by stage tips before LC/MS analysis.

(xxxvi) Eluting the active site peptides After on bead digest, wash the beads with
100 pl water, incubate with 100 pl active-site elution solution for 30 min at 37°C to release
the active site peptide from the beads, evaporate the ACN in speedvac and add soul stage
tip solution A. The active site peptides from murine proteasome obtained after tryptic
digest of EL4 cell lysates are shown in the in-text table. The reaction mechanism and typical
results for the active site identification are shown in Figure 4.

Murine proteasome subunit Active site peptide sequence after tryptic digest

B1 TTIMAVQFNGGVVLGADSR

B2 TTIAGVVYK

Bs TTTLAFK

Bai TTIMAVEFDGGVVVGSDSR

B2i TTIAGLVFR

Boi TTTLAFK

I CAUTION: The peptides should be desalted by stage tips before LC/MS analysis.

A CRITICAL STEP.AIll the tryptic digested peptides should be desalted by Stage
Tips before loaded on the LC/MS for analysis. For the protein identification samples (like in
gel digest and active site peptide identification samples), a single Stage Tip desalting is
enough for the LC/MS sample preparation, which is described in step B (xxxvii). For the
samples that need to be quantified, for instance the on bead digest samples treated with
different bortezomib concentrations, should be both dimethyl labeled by stable isotopes
and desalted on Stage Tip before LC/MS analysis, go directly to step B (xI).

(xxxvii) Desalting using stage tips (steps B xxxvii-xI) The Stage Tips are made of
C18 material inserted in 200pl pipette tips(40). Desalt the peptide samples as shown in the
in-text table.

Conditioning sopl methanol

Conditioning sopl Stage Tip solution B

Conditioning sopl Stage Tip solution A

Loading Load samples on Stage Tips

Washing 100pl Stage Tip solution A

Elution 100pl Stage Tip solution B

I CAUTION: Run the solutions through the stage tips by low speed centrifugation
(400-800 Q).

(xxxviii) Evaporate the ACN from samples until the volume is < 20pl.

(xxxix) Add gopl LC/MS sample solution, and then the samples are ready for LC/MS
analysis.
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(xI) On Stage Tip dimethyl labeling (steps B xI-xlvi) Follow the protocol step B
(xxxvii) till washing. After washing, load 2opl of L, M, or H reagents into each of the
assigned stage tips.

(xli) Centrifuge at 100 g for 5 min in an eppendorf centrifuge (adjust the speed such
that 2opl of reagent flows through the stage tip in around 5 min). Prior to this step you can
determine the optimal centrifuge speed by using a conditioned stage tip and loaded with
20ul PB7.5.

(xlii) Repeat step B (xli) four times.

A CRITICAL STEP. Keep the dimethyl labeling buffer on stage tips for longer than
10 min is important, or there might be insufficient labeling.

(xliii) Wash with 100pl Stage Tip solution A.

(xliv) Elute peptides with 100pl Stage Tip solution B.

(xIv) Mix the three samples 1:1:1 in a new Eppendorf tube and evaporate ACN in
Speedvac at 50°C until the volume is <6opl.

(xIvi) Add 100 ul LC/MS sample solution and perform LC/MS analysis.

I CAUTION: It is important to keep solutions and reagents on ice to prevent
degradation. The isotopic reagents are light sensitive; use brown tubes to store the
solutions.

m PAUSE POINT: The prepared LC/MS samples can be kept at 4°C for several days.

(xlvii) LC/MS analysis, Mascot search and MaxQuant processing Extract peak file
lists from the .raw data files of the ABPP quantification results using the DTA supercharge
module from MSQuant and submitted to automated peptide identification by the Mascot
search engine using a false discovery rate (FDR) of 1% and ion cutoff scores of >2s.
Alternatively, the MaxQuant software can be used for the relative quantification of the
proteomics data. The competitive inhibition profiles of bortezomib were normalized
compared to the negative control and presented in Figure 5b. For an elaborate protocol of
the search engines details please see references of Boersema et al. and Cox et al.(24, 26,

27).

e Timing

Option A High resolution fluorescent ABPP (including Box 1): 3d
Option B Quantitative LC/MS based ABPP:

Step B (i) (including Box 1), protein extraction: 2 d

Step B (ii-xxii), affinity purification: 1d

(

(
Step B (xxiii-xxxiii), in gel digestion: 2d
Step B (xxxiv-xlvi), on bead digestion and isotopic labeling: 2d
(

Step B (xlvii), LC/MS analysis and data processing: 1d
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3.4 Anticipated results

Figure 3 shows the results for a fluorescence, gel-based ABPP quantification
experiment where the B-subunit activities were assayed after treatment of constitutive and
immuno proteasome expressing cell lines with bortezomib. Proteins were resolved on a
12.5% SDS-PAGE gel and the separation between the B2 and B2i subunits is sufficient to
use the pan-reactive probe MVBo003 (3) to determine their activities. When only constitutive
proteasome is present MVBoo3 can also be used to quantify the closer running B1 and Bs
bands. However, in cells expressing both constitutive and immuno proteasomes the
resolution between the B1, B1i, B5, Bsi is poor and MVBoo3 cannot be used for reliable
quantification. In this case we use the subunit specific probes LW124 (1) for B1/B1i and
MVB127 (2) for B5/B5i separation and quantification. The results show that adherent MCF7
cells are less sensitive to bortezomib compared to the myeloma cell line AMOa.
Interestingly, bortezomib lowers also the B2/B2i activity in AMOz1 cells, which is not
observed in MCF7 cells. A possible explanation might be that the immuno proteasomes
expressed by the AMO1 but not by MCF7 cells, are more active and are thus more efficiently
blocked by bortezomib. This method is considered to be a fast, robust and medium
throughput (2-8 assays/day) screen for the proteasome activity that can be easily
implemented in any biochemical laboratory.

Figure 4 shows a study for the active site identification of the murine B2 subunit
using ABPP and LC/MS analysis. The epoxyketone electrophilic trap reacts with the
catalytic Thra residue yielding a stable morpholine ring. For a two step ABPP protocol,
biotin-phosphine (6) is then ligated to N5-epoxomicin (5) followed by affinity purification
with Streptavidin beads, on-bead tryptic digest and elution of ABP-active-site constructs.
Figure 4b and 4c show the one step and two-step constructs for the B2 subunit,
respectively. Figure 4d and 4e show chromatograms of the active site constructs of all B
subunits after one step and two step ABPP, respectively. Figure 4f shows the theoretical
fragmentation of the two-step ABP-active site construct of the B2 subunit after collision
induced dissociation (CID) of the peptide bonds in b and y ions. Figure 4g shows the
experimental data of 4f. The N-terminus of the molecule is labile and yields a typical
fragmentation pattern of b ions and the prominent appearance of the intact yg ion
containing the peptide sequence originating from the B2 protein. Subsequently, the yg ion
was isolated in the LTQ iontrap and subdued to a new round of fragmentation (MS3)
revealing the B2 peptide sequence. Analysis of active-site peptides is interesting from a
toxicological perspective because covalent binding inhibitors might cause idiosyncratic
drug related toxicity. Expression of an epitope of the active site peptide attached to a
xenobiotic compound on MHC class | molecules might induce an adverse immunological
response and lead to allergy against the compound which will exclude it from therapy. The
method presented here can be used to determine epitope expression on MHC class |
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Figure 6: Direct and two-step activity-based affinity purification of the proteasome B-
subunits with Streptavidin beads from EL4 lysate. SDS-PAGE/silver stain analysis after
treatment with biotin-epoxomicin (4) showing proteins eluted from the beads, input and
supernatant, bands indicated by arrows were identified by LC/MS (1: Propionyl-CoA
carboxylase, 2: 60 S ribosomal protein, 3:B2, 4:B2i, 5:B1, 6:B5B5iB1i, 7: Streptavidin) (a);
western blot probed with Streptavidin HRP of the same samples from a (M, molecular
marker) (b); SDS-PAGE/silver stain analysis after treatment with DMSO or N;-epoxomicin
(5) and ligation with biotin-phosphine (6) showing proteins eluted from the beads (c);
western blot probed with Streptavidin HRP of the samples from ¢ next to the input and

supernatant samples (d).

The experiment of Figure 5 entails a competitive ABPP experiment between
bortezomib and N;-epoxomicin (5) in living EL4 cells that express both constitutive and
immuno proteasomes. Cells were treated with o, 10, 10%, 10° and 10* nM bortezomib
concentrations in parallel, the residual proteasome activity was captured by two-step ABPP

using the Nj-epoxomicin/biotin-phosphine couple, proteins were affinity purified with
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Streptavidin beads and analysed qualitatively by SDS-PAGE or subdued to on-bead digest
with trypsin and the resulting peptides were captured on stage tips. The first group
contains peptides from the o, 10 and 10” nM bortezomib treatment that were labelled light,
medium and heavy respectively, eluted from stage tips, mixed 1:1:1 and analysed by
LC/MS. The second group contains peptides from the o, 10° and 10* nM bortezomib
treatment that were labelled light, medium and heavy respectively, eluted, mixed 1:1:1 and
analysed by LC/MS. The o nM bortezomib condition was used as benchmark to combine
the two groups resulting in a quantification report on the proteasome activity. The relative
quantitative analysis shows that bortezomib first hits the B1i f5 and Bsi subunits and then
the B1 activity. At higher concentrations (>500 nM) also the B2 and [B2i subunits are
inhibited. This method is suitable for quantitative determination of proteasome activity in
living cells and it is more accurate than the fluorescence gel-based method described
previously because all active subunits are determined in the same LC/MS run.

Figure 6 is an illustration of the efficacy and robustness of the affinity purification
protocol used for qualitative or quantitative determination of the proteasome activity. The
results show typical pull-down efficiencies for one-step and two-step ABPP work flows
followed by Streptavidin purification, SDS-PAGE separation of proteins and western blot
analysis of biotinylated B-subunits visualised with Streptavidin-HRP. This method is
routinely used to determine the pull-down efficiency.
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Copper-catalyzed Huisgen's azide-
alkyne cycloaddition and Staudinger-
Bertozzi reaction in a two-step
activity-based proteasome profiling
experiment,

a comparative study

4.1 Introduction

Activity-based protein profiling (ABPP) is a chemically promoted method that
allows researchers to label active enzymes selectively in a complex biological system, such
as full cell protein extracts, living cells, or even animals(z). To perform an ABPP experiment,
chemical tools, named activity-based probes (ABP), which react specifically with the active
sites of the targeted enzymes are necessary. A typical ABP consists of a reactive group
(warhead), a recognition site (linker), and a reporter group (tag). Normally, the warhead is
an electrophilic trap, which reacts with the active site amino acid of the enzyme resulting in
a covalent and irreversible bond. The linker is usually a chemical motif which is recognized
by the targeted enzymes as their endogenous substrate. The tag can either be a
fluorophore or a biotin group, to visualize the enzymes on gel or on immunoblots(2).

In some cases, the reporter group can influence the properties of the probe, such as
the potency and selectivity of the probe or its cell permeability. To avoid these effects, a
two-step ABPP strategy can be applied, which entails incorporation of a bioorthogonal
ligation handle into the ABP (3, 4). By the use of this strategy, the tags are installed after
labeling of the enzymes. There were several successful two-step ABPP examples published,
since the pioneering reports using Staudinger-Bertozzi reaction and copper-catalyzed
Huisgen’s azide-alkyne cycloaddition (also known as click chemistry) for ABPP of
proteasome and glutathione S-transferases, respectively(s, 6).

The azide group is commonly used for two step ABPP experiments. However, when
a secondary azide is installed in a proteasome ABP, inefficient bioorthogonal ligation by
biotin-phosphine 5 was observed in native cell lysate, possibly due to steric effects. To
address this problem, comparison of click chemistry and Staudinger-Bertozzi reaction to
install the biotin tag on the protein-probe complexes was performed, using the proteasome
as the model enzyme on both primary and secondary azide groups, under both native and
denatured lysate conditions.
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4.2 Results and discussion

The chemical tools used in this study are shown in Figure 1. To compare the
efficiency of bioorthogonal ligations on primary and secondary azides, comparative ABPP
experiments were performed using proteasome probes equipped with both types of azide,
respectively. ABP 1 has a primary azide, while 2 has a more sterically hindered secondary
azide on the N terminus. A competitive ABPP experiment was performed in HEK293T
lysate. Active proteasome subunits were first labeled with either ABP1, 2 or 3, and the
residual proteasome activity was labeled with fluorescent proteasome probe 4(7, 8). The
results are shown in Figure 2. It shows that, both 1 and 2 prefer B5 and B2 over B1. Both
inhibitors completely block B5 and B2 at the concentration of about 100uM, however, B1 is
still partially active. As expected, 3 shows great potency of inhibition. At 5 uM
concentration of 3, no residual activity could be labeled by 4.
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Figure 1: Structures of the chemical tools in this study.

According to these results, 100 pM of 1 and 2 were used to compare the
bioorthogonal ligation efficiency. Alongside, 10 uM of 3 was chosen as a positive control to
show the fully biotin labeling of the active proteasome subunits. However, the free 1 and 2
probes might label more active proteasome subunits during the time necessary for the
bioorthogonal ligations. This extra labeling with 1 and 2 could change the results of the
two-step ABPP experiments. To avoid that, all the residual active proteasome subunits
were blocked by the potent fluorescent probe 4 after proteasome labeling by 1, 2 and 3,
before the bioorthogonal ligations (Fig 3). This can also be seen as a control step showing

the amount of active proteasome subunits that were labeled by 1 and 2. While 4 shows the
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same amount of competitive proteasome labeling against 1 and 2, the difference shown in
the anti-biotin western blot is due to the different efficiency of the bioorthogonal ligations.
Following the control step, the biotin tag was installed via either click chemistry or
Staudinger-Bertozzi reaction on the azide labeled proteins, with or without denaturing the
proteins. Proteins were separated on SDS-PAGE, in-gel fluorescent imaging and anti-biotin
chemiluminescent imaging were performed subsequently.

M 0 001 01 1 10 100 200 500 1000

Compound 1 B1

M 0 001 01 1 10 100 200 500 1000

Compound 2 — __. B1
B5
M 0 001 01 1 25 5 10 25 50
25 — m— — B2
Compound 3 . annt ' p1

B5

Figure 2: Determination of the inhibitor concentrations for the later experiments, by
Competitive ABPP of proteasome inhibitors 1, 2, 3 and ABP 4. HEK293T lysate was first
treated with different concentrations of 1, 2, or 3, and then labeled by 4. Proteins were
separated by SDS-PAGE and visualized by fluorescent scanning.

Fluorescent imaging in Figure 4 shows that both N5-Leu;-VS probes 2 (lanes B and E)
and 1 (lanes C and F) blocked the proteasome activity almost completely displayed by
disappearance of the bands of 4. This indicates the difference shown on the anti-biotin blot
is due to the different efficiency of bioorthogonal ligations. In the native condition labeling
experiment (upper panel, Fig 4), both biotin-alkyne 6 (lane C) and biotin-phosphine 5 (lane
F) could label the primary azide of 1. With respect to the secondary azide 2, neither 6 (lane
B) nor 5 (lane E) showed very promising labeling. Click chemistry mediated ligation seemed
to label the proteasome subunits more efficiently than Staudinger-Bertozzi reaction,
comparing lanes B to E and C to F. However, 6 (lane D) showed more background labeling
than 5 (lane G), where only bioorthogonal reagents but no azide equipped probes were
added. Considering the heavier background labeling by 6, it is more difficult to access the

proteasome labeling, compared to labeling by 5.
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In the denatured condition labeling experiment (lower panel, Fig 4), both biotin-
alkyne 6 (lanes B) and biotin-phosphine 5 (lanes E) labeled secondary azide efficiently,
which is the most significant difference from the native condition experiment (upper panel,
Fig 4). This is perhaps because under native conditions, the secondary azide group attached
to the N terminus of the proteasome subunit is confined in the relatively small binding
pockets and less accessible for the bioorthogonal ligation reagents. Denaturation of the
proteins removed the folding of the proteasome subunits and made the azide groups more
accessible. Another unexpected finding is that biotin-alkyne 6 labeled less background
proteins under denatured condition (lanes B and C in lower panel) than native condition
(lanes B and C in higher panel). A possible explanation is that active cysteins lost their
reactivity to alkyne group after protein denaturation(9).

In-gel Fluorescent Imaging

<+
¢ ===

Step 1 Control Step Step 2

anti-biotin Blot

Figure 3: Scheme of the three-step ABPP experiment. Step 1, labeling of the proteasome
by azide equipped inhibitors. Control step, labeling the remained proteasome activity by
fluorescent probe. Step 2, bioorthorgonal ligations to install the biotin tag. Visualize the
differently labeled proteasome by both in-gel fluorescent imaging and anti-biotin blot.

4.3 Conclusion

In conclusion, it might be an additional effect of the steric-effect of the secondary
azide and the folded proteasome subunits surrounding the azide with their binding pockets,
which will together prevent it from reacting with the bioorthogonal ligation reagents under
native condition. This also explains why better labeling efficiency is achieved under
denaturing conditions, in which all the proteins have been unfolded by boiling with SDS
followed by a chloroform/methanol precipitation. Secondly, labeling of azide proteins
seems to be more efficient using biotin-alkyne 6 than biotin-phosphine 5, with the same
concentration of ligation reagents and reaction time. However, it shows more background
labeling by performing click chemistry, which might be due to the possible reactions

between alkyne group and active cysteins(9). This has to be considered, when one wants to
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combine the two-step ABPP with a pull down experiment for affinity purification of the
target enzymes, because the background proteins covalently modified by biotin-alkyne 6
will not be washed away after binding to the streptavidin beads. In that case, the
Staudinger-Bertozzi reaction, through which it labels less background protein, might be an
advisable choice. Finally, bioorthogonal ligations on proteasome probes equipped with
secondary azide can be efficiently processed under denatured conditions. For the ligation
on primary azide, both conditions are suitable. It suggests that while making azide
equipped proteasome probes, one should consider which type of azide is needed for the
downstream visualization work.
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Figure 4: anti-biotin blots and in-gel fluorescent imaging to visualize the proteasome
labeling patterns. The bioorthogonal ligations were performed on either native proteins
(shown in upper panels) or denatured proteins (lower panels).

4.4 Experimental procedures
4.4.1 Synthesis of the chemical tools

Dichloromethane (DCM), N,N-dimethylformamide (DMF), methanol (MeOH),
diisopropylethylamine (DiPEA) and trifluoroacetic acid (TFA) were of peptide synthesis
grade, purchased at Biosolve, and used as received. All general chemicals (Fluka, Acros,
Merck, Aldrich, Sigma) were used as received. Column chromatography was performed on
Screening Devices b.v. Silica Gel, with a particle size of 40-63 um and pore diameter of 60
A. TLC analysis was conducted on Merck aluminium sheets (Silica gel 60 F254). Compounds
were visualized by UV absorption (254 nm), by spraying with a solution of
(NH,)sMo0,0,,-4H,0 (25 g/L) and (NH,),Ce(SO,),-2H,0O (10 g/L) in 10% sulfuric acid, a
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solution of KMnO,, (20 g/L) and K,CO; (20 g/L) in water, or ninhydrin (0.75 g/L) and acetic
acid (22.5 mL/L) in ethanol, where appropriate, followed by charring at ca. 150 oC. *H- and
3C-NMR spectra were recorded on a Bruker AV-400 (400 MHz) spectrometer. Chemical
shifts are given in ppm (J) relative to CD;0D as internal standard. High resolution mass
spectra were recorded by direct injection (2 pL of a 2 pM solution in water/acetonitrile
50/50 (v/v) and 0.1% formic acid) on a mass spectrometer (Thermo Finnigan LTQ Orbitrap)
equipped with an electrospray ion source in positive mode (source voltage 3.5 kV, sheath
gas flow 10, capillary temperature 250 °C) with resolution R = 60,000 at m/z 400 (mass
range m/z = 150-2,000) and dioctylpthalate (m/z = 391.28428) as a “lock mass”. The high
resolution mass spectrometer was calibrated prior to measurements with a calibration
mixture (Thermo Finnigan). . BocLeu;VS and Tris-[1-(3-hydroxypropyl)-1H-[1,2,3]triazol-4-
yl)methyl]Jamine (MDWggg, ligand for CUAAC) were synthesized according to literature
procedures(z0, 11).

GB123 1 and WLB426A 2 were synthesized from BoclLeu,;VS. To synthesize 1,
BoclLeu,VS (120 mg, 213 pmol) was dissolved in 1:1 TFA/DCM (2 mL). After stirring for 30
min., the reaction mixture was concentrated and co-evaporated with toluene (3x),
providing the free amine as TFA salt, which was directly used in the next step. To a solution
of the TFA salt in DMF was added DiPEA (44.57 pL, 255 pmol) followed by the addition of
N,;Gly-OSu (51 mg, 255 pmol). After 3 hours, TLC showed completion of the reaction and
the reaction mixture was diluted with EtOAc, washed with 1N HCl (1x), sat. NaHCO; (2x)
and brine (1x). The organic layer was dried over NaSO4 and concentrated. The product was
precipitated from DCM, filtered off and isolated as a white solid (49 mg, 46%). "H NMR (400
MHz, Methanol-d,): & *"H NMR (400 MHz, Methanol-d4) & 6.77 (dd, J = 15.1, 5.1 Hz, 1H), 6.47
(dd, J = 15.1, 1.6 Hz, 1H), 4.78 — 4.48 (M, 1H), 4.48 — 4.19 (m, 2H), 3.89 (s, 2H), 2.93 (s, 3H),
1.69 — 1.120 (M, gH), 1.10 — 0.62 (M, 18H). *C NMR (101 MHz, MeOD) § 173.07, 172.70,
168.63, 148.05, 129.36, 52.40, 52.37, 48.15, 42.77, 42.65, 41.09, 40.51, 25.10, 25.03, 25.00,
22.96, 21.87, 21.81. LC-MS: Rt (min): 8.08 (linear gradien 10-90% in 15 min, m/z 501.13
[M+H+]. HRMS: calcd. for C,,H,4NO<S 501.38537 [M+ H]"; found 501.28531.

For synthesis of 2, BocLeu;VS (46 mg, 89 pumol) was dissolved in 4N HCl in dioxane
(1 mL). After stirring for 40 min., the reaction mixture was concentrated and co-evaporated
with toluene (3x), providing the free amine as HCl salt, which was directly used in the next
step. To a solution of the HCl salt in DMF was added N;PheOH (288 pL of a 0.34 M sol. in
DMF, 98 pL), HBTU (41 mg, 107 pmol) and DiPEA (51 pL, 312 pmol). After 2 hours, TLC
showed completion of the reaction. The reaction mixture was diluted with DCM and
washed with 1N HCI (2x), sat. NaHCO; (4x). The organic layer was dried over NaSO, and
concentrated. Purification by column chromatography (0.5—1% MeOH in DCM) provided
the product as a white solid.(47 mg, 89%). "H NMR (400 MHz, Methanol-d,) § 7.35—7.21 (m,
5H), 6.80 (dd, J =15.2, 5.2 Hz, 1H), 6.60 (dd, J = 15.2, 1.3 Hz, 1H), 4.67 (dt, J = 9.2, 5.0 Hz, 1H),
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4.4 — 4.34 (M, 2H), 4.16 (dd, J = 8.5, 4.9 Hz, 1H), 3.20 (dd, J = 14.0, 4.9 Hz, 1H), 3.04 — 2.93
(M, 4H), 1.73 — 1.40 (M, gH), 1.03 — 0.87 (M, 18H). *C NMR (201 MHz, MeOD) & 174.26,
174.18, 171.69, 148.47, 137.78, 130.77, 130.41, 130.29, 129.59, 128.04, 65.42, 53.39, 53.34,
49.14, 43.28, 42.80, 41.80, 41.57, 38.62, 25.93, 25.78, 23.43, 23.39, 23.34, 22.12, 22.09, 21.91.
HRMS: calcd. for C,,H,0N¢O:S 591.33232 [M+ H]'; found 591.33246.

Compounds 3, 4, 5 and 6 were synthesized through literature procedures(s, 7, 12).

4.4.2 Competitive activity-based proteasome profiling

HEK293T cells (derived from ATCC) were grown in DMEM supplemented with 10%
fetal calf serum and 20mg/ml penicillin and streptomycin in a humid CO, (5%) incubator at
37°C. At 90% confluence, the cells were harvested by scrapping in pre-chilled PBS. The cell
pellet was lysed with a mild lysis buffer containing Tris pH 7.5 (50 mM), sucrose (250 mM),
MgCl, (5 mM), dithiothreitol (DTT; 1 mM), ATP (2mM), digitonin (0.025%)(23).

The protein concentration was determined by Qubit protein assay (Invitrogen).
20pg of lysate was first incubated with different concentration of 1, 2 or 3 at 37°C for 1 hour,
and then labeled with 4 for 1 hour at 37°C. Subsequently, the samples were boiled at 95°C
for smin after addition of 3x sample buffer (6% SDS, 3% B-mercaptomethanol, 30% v/v
Glycerol, 0.2% Bromophenol Blue, 150mM Tris pH 6.8).

The boiled samples were separated on a 12.5% SDS-PAGE, and then imaged with a
ChemiDoc MP system (BioRad). The gels were further stained by coomassie blue, and
imaged and quantified as loading controls.

4.4.3 Two step activity-based proteasome profiling

100pg of HEK293T lysate was incubated with 1, 2 or 3, at 37°C for 1 hour.
Afterwards, fluorescent probe 4 was added in label the remained proteasome activity. The
mixture was again incubated at 37°C for 1 hour. For click chemistry under native condition,
the mixture was first diluted by lysis buffer to soul, then the same volume of click cocktail
(zomM CuSO4, 20mM MDWggg, 10mM Sodium Ascorbate and 0.8mM 6 in 5omM Tris pH
8.0) was added. For Staudinger-Bortozzi reaction under native condition, the mixture
volume after labeling with 4 was taken up by lysis buffer to 100oul while adding 0.4mM 5.

For performing click chemistry and Staudinger-Bortozzi reactions under denatured
condition, the lysate after 4 labeling was denatured by boiling with 1% SDS at 95°C for 5
min followed by a chloroform/methanol precipitation (C/M (23)). The pellet was dissolved
by 8M Urea in somM Tris pH8.0, and then the protein solutions can be processed as
described above in the native reaction protocols.

All of the reaction mixtures were incubated at 37°C for 1 hour. C/M precipitation was
performed to quench the reaction and remove the excess biotin. All the samples were
dissolved in 3x sample buffer and boiled at 95°C for 5 min. The boiled samples were
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separated on SDS-PAGE and transferred to western blot. The labeled proteasome subunits

were detected by either fluorescent scanning or chemiluminascent scanning after probing
the blot with Streptavidin-HRP.
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Combination of activity-based
proteasome profiling and global
proteomics to elucidate
mechanism of bortezomib

resistance

5.1 Introduction

In eukaryotic cells the ubiquitin proteasome system (UPS) plays a central role in the
cellular protein turnover(z). Proteins that are at the end of their life cycle or wrongly folded
are modified by a small protein marker (around 8KDa) called ubiquitin. The ubiquitin ligases
can install more ubiquitins on the former ones to form a polyubiquitin chain(2). The
polyubiquitinylated proteins are delivered to the proteasome for proteolytic degradation,
while the ubiquitin molecules are recycled for modification of new protein substrates.

The 26S proteasome that is evolutionarily conserved from yeast to mammals is a
large protease cluster (2.5 MDa) (3). Structurally, the catalytically active proteasome
involves two types of main components, the 20S core particle and the 19S or 115 regulatory
particles. The 20S particle (Fig 1A) contains 4 heptamerical rings containing either subunits
a1-o7 (outer layers) or B1-B7 (inner layers)(4). Among these subunits, three subunits are
catalytically active for hydrolysis of peptide bonds, B cleaving C-terminal of acidic amino
acid residues, B2 cleaving after basic amino acid residues, and B5 cleaving after
hydrophobic residues. The regulatory particles are responsible for the recognition of
substrates, removal of polyubiquitin chains, linearization of the polypeptides, and opening
of the gates of the outer a rings of the 20S particles(4).

The proteasome is responsible for degradation of over go% of the cellular proteins
and involved in several important biological processes, such as protein turnover, cell cycle
progression, transcription, and DNA repair(z). In higher organisms that have immune
systems, the proteasome is crucial for the production of MHC | (major histocompatibility
complex class 1) epitopes for antigen presentation(s, 6). In immune cells, three extra
catalytically active subunits B1i, B2i, Bsi are expressed that replace the B1, B2, B5 subunits
in the constitutive proteasome to form the immuno-proteasome. The immuno B subunits
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show comparable substrate cleavage preference and share around 50% protein sequence
identity compared to the constitutive B1, B2 and Bs.
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Figure 1: structures of Proteasome, Bortezomib and activity-based proteasome probes.

(A) Scheme of 30S proteasome is shown on the left. A cut view of the 20S proteasome core
particle is present on the right. Subunits indicated in red are the active subunits.

(B) Structures of proteasome inhibitor Bortezomib and Activity-based proteasome probes.
ABP1 is broad spectrum probe MVBo003. ABP2 is B1/1i specific probe LW124. ABP3 is B5/5i
specific probe MVB127.

Proteasome inhibitor bortezomib (Velcade®, Fig 1B) targeting proteasome active
subunits B1, Bii, B5 and Bsi has been approved as an anti-tumor drug for treatment of
multiple myeloma about ten years ago(7). Multiple myeloma is a malignancy of plasma cells
that are B cells producing multiple antibodies for the immunity, happening in the bone
marrow. When plasma cells transform into multiple myeloma, they will continue secreting
one single type of monoclonal antibody, which is named M-protein. Clinically, the level of
M-protein is used as one of the biomarkers for the early diagnosis of multiple myeloma.
During the pathogenesis of the disease, multiple myeloma cells degrade bone by
interfering with the crucial process of bone remodelling in bone marrow leading to bone
lesion in the later stage of the disease(8).
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Bortezomib can extend the lives of myeloma patients significantly. Pharmacologists
and clinicians have been attempting to elucidate the molecular mechanism of the anti-
cancer effect of proteasome inhibition through different experiments. A number of theories
were put forward. For instance, multiple myeloma cells are B cells that work as antibody
factories and thus have a high rate of protein synthesis and degradation, so proteasome
inhibition induces apoptosis in myeloma cells. Proteasome inhibition blocks the
degradation of IKB, which is the inhibitor of the transcription factor NFKB essential for
cancer progression in B cells. Thus, the inactivation of NFKB will lead to apoptosis of the
cancer cells, for they need NFKB to initiate the transcription of key proteins for cell
proliferation(g, 10). Additionally, accumulation of proteasome substrates induces unfolded
protein response (UPR) and ER stress in the cells, which if remained unresolved also results
in apoptosis(z1z, 22). On the other hand, it is suggested that proteasome inhibition also
causes shortage of several essential amino acid from the blockage of proteasomal
degradation of proteins, which can direct the cells to death(z3).

Many patients develop bortezomib resistance after a period of treatment. A series
of point mutations were found by sequencing of the Bs ¢cDNA of bortezomib adapted
myeloma or other cancer cell lines(z4, 15). However, no meaning point mutations were
found in patients who developed bortezomib resistance(26-18). A few genes were found to
be up or down-regulated by gene expression profiling (GEP) in bortezomib resistant cell
lines or patient samples(z9-21). Because, the messenger RNA levels do not correlate
perfectly to the protein levels in many cases, one might argue that a quantitative
proteomics analysis of protein levels would be more accurate(22). Quantitative
phosphoproteomics revealed that in U266 myeloma cells, bortezomib treatment increased
the Ser38 phosphorylation level of the protein stathmin, which is a key controller of cell
cycle and proliferation. S38A point mutation of stathmin in the tested multiple myeloma
cells increased their resistance to bortezomib treatment(23). The proteasome inhibition by
MG132 or bortezomib resulted in minor change of protein expression and significant
change in protein ubiquitinylation in Jurkat (T cell ymphoma) or HCT116 (colon carcinoma)
cells(24, 25). A quantitative proteomic comparison of the clinical relevant cancer cells and
their bortezomib adapted derivatives is missing(26).

Another aspect to observe the effect of bortezomib treatment is to determine the
residual activity of the proteasome after treatment(27). That might also indicate why some
cancer cells are sensitive to the drug whereas others are not. Since most clinical relevant
cells are lymphocytes, they contain a mixture of proteasome subtypes, constitutive-
proteasome, immuno-proteasome and intermediate-proteasome(s, 6, 28). This complexity
makes the analysis of proteasome activity more difficult, because the classical tool of
fluorogenic substrates can not distinguish the constitutive subunits and immuno subunits
due to their similar cleavage preference(29). To determine the residual proteasome
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activity, activity-based proteasome profiling can be applied, which allows relative
quantification of the activity of each subunit in a high throughput mode(30, 31). Activity-
based protein profiling (ABPP) is a chemical biology method to label and visualize
simultaneous active enzymes selectively in a complicated biological system, using activity-
based probes (ABP)(32, 33).

Chapter 3 in this thesis is a relative quantitative ABPP method, with which one can
quantify the activity of each active proteasome subunit using fluorescent proteasome
ABPs(31). Cells were treated with different concentrations of bortezomib and after lysis,
the residual activity of the proteasome subunits were labeled by fluorescent ABPs that are
either broad-spectrum or subunit specific, resolved by SDS-PAGE and visualized by in gel
fluorescence scanning. The fluorescent signal was quantified and corrected by the loading
control of the coomassie stained gel. In order to quantify the activity of each proteasome
subunit with high resolution, three probes were used for the proteasome activity profiling.
As shown in Figure 1B, the broad spectrum ABP MVBoo3 (1) was used for B2/2i activity
profiling. Subunit specific probes LWi124 (2) and MVB127 (3) labeled B1/1i and Bs/si
respectively.

This chapter describes the combination of activity-based proteasome profiling and
quantitative global proteomics to observe the anti-cancer effect of bortezomib in various
cancer cell lines. The proteasome activity alteration was linked to the global protein
expression levels and cell proliferation rates. Bortezomib sensitive leukemia cells were
compared to bortezomib insensitive solid tumor cells on all these aspects before and after
treatment. Sensitive myeloma and leukemia cells were also compared to their bortezomib
adapted derivative cell lines.

5.2 Results
5.2.1 Sensitivity and resistance of cancer cells to bortezomib

Eight different human cancer cell lines were compared in parallel. The cancer cells
were treated with different concentrations of bortezomib for 16 hours. The metabolic
activity of the cells was determined by commercially available CellTiter-Glo luminescent
cell viability assays (Promega). Briefly, in the assay mono-oxygenation of luciferin, which
generates luminescence, is catalyzed by luciferase in the presence of Mg**, ATP and
molecular oxygen. So by measuring the luminescence intensity, the total ATP amount in
cells can be determined that reflects the ratio of living cells in the test well through
comparison to the non-treated control.

The results are shown in Figure 2A. Cervical cancer HelLa S3 and breast cancer MCFy
cells were extremely resistant to bortezomib treatment. They survived under exposure of
up to 5oonM bortezomib, which is more than 20 times of the clinical concentration for
multiple myeloma treatment, with no clear alteration of the metabolic activity. Lung cancer
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cell line A549 was slightly more sensitive to bortezomib than HelLa S3 and MCF7, but still
showed 70% survival at soonM concentration. However, the ovarian carcinoma OvCar3
showed significant bortezomib sensitivity. These cells appear almost as sensitive as the
HL6o cells, which is an acute myeloid leukemia cell line. At the bortezomib concentration of
100nM, they both showed 50% survival ratio. It was to be expected that, the clinical
relevant myeloma cell lines AMO1 and RPMI8226 and mantle cell lymphoma Grantagig
were all extremely sensitive to bortezomib. Especially for AMO1 and Grantagig, when
treated with 20nM, which is approximately the clinical concentration of bortezomib, only
20% metabolic activity remained and for RPMI8226 some 30%.

A B
HelaS3

MCF7
A549

-¥ HL60A
-~ HL60

survival
survival

-+ AMO1A
-8~ OvCar3 = AMO1
-~ HL60
-& RPMI8226
-+ AMO1
-~ Granta519
o r T , . . .
1 10 100 1000 1 10 100 1000
c log10 [bortezomib] (nM) D log10 [bortezomib] (nM)
100i
-& RPMI adherent
80 o~ RPMI in suspension

—& Hela adherent

-e- HelA in suspension

survival
survival

T T T T 1
0 10 20 30 40 50

0+ T T T T 1
0 100 200 300 400 500 [bortezomib] (nM)

[bortezomib] (nM)

Figure 2: Cell proliferation assays after bortezomib treatment (for all the assays, n=5).

(A) Eight different cell lines were compared in the assay, four solid tumor cell lines: HeLa S3
(cervical cancer), MCF7 (breast cancer), A549 (lung cancer), OvCar3 (ovarian cancer) and
four lymphoblast cell lines: HL60 (acute myeloid leukemia), RPMI8226 (multiple myeloma),
AMO1 (plasmacytoma), Grantas1g (mantle cell lymphoma).

(B) Wild type HL60 and AMO1 were compared with their bortezomib adapted derivative
cell lines HL60A and AMO1A on cell proliferation ratio after bortezomib treatment. The
adapted cells were ten times more resistant to bortezomib than their parental cells.

(C) and (D) HeLa S3 and RPMI8226 cells in suspension or adhesion were compared on
proliferation ratio. Cells under different growth conditions showed similar proliferation
after bortezomib treatment.
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To mimic the situation of the tumor cells from bortezomib-resistant patients, the
bortezomib adapted cell lines of HL6o and AMO1 were generated as described in a previous
report(z4). The resistant cells were compared with their wild type parental cell lines under
bortezomib exposure in the metabolic activity assay (Fig 2B). HL60A was significantly more
resistant to the treatment than the parental cell line, which showed 60% metabolic activity
at sonM bortezomib concentration. The HL60A cells were almost as resistant as the Hela
S3 and MCF7 cells, without clear survival decrease at soonM bortezomib concentration.
AMO1A also showed over ten times higher bortezomib resistance than its parental cell line.
It showed about 30% survival ratio at 200nM concentration, while the AMO1 shows less
than 20% survival at 20nM bortezomib concentration. This shows that the bortezomib
adapted cell lines were well adapted and could be used for the study of the molecular
mechanism of bortezomib resistant effects.

As seen from Figure 2A, the solid tumor cells are generally more resistant than the
lymphoblast (leukemia, lymphoma and myeloma) cells to bortezomib. One possible
explanation for this difference is the growing condition of the cells. Most solid tumor cells in
culture are growing adherent, while lymphocytes are growing in suspension. This difference
might influence the efficiency of the bortezomib permeation into the cells, and further
change the sensitivity or resistance of the cells. To test this possibility, the cervical
carcinoma HelLa S3 and multiple myeloma RPMI8226 were grown both in suspension and
adherent conditions. The metabolic activity assay was performed on the cells growing
under both conditions, respectively (Fig 2C and D). The results show that the same cell line
growing under different conditions did not change its resistance to bortezomib, which also
indicates the bortezomib permeation efficiency does not depend on the shape of the tumor
cells. On the other hand, the bortezomib sensitivity might be depending on the
proteasome subtypes expressed in the cells, because most solid tumor cells express only
constitutive proteasome, whereas the lymphocytes express both constitutive and immuno
proteasome.

5.2.2 Proteasome inhibition by bortezomib in sensitive and resistant cells

Among the solid tumor models, HeLa S3 and MCF7 cells showed similar proteasome
inhibition patterns after bortezomib treatment (Fig 3A and B). The activity of the target
subunit B1 decreased sharply to almost zero at clinical relevant concentration up to 100nM.
The B2 activity decreased some 20% in MCF7 cells and 50% in HeLa S3 cells at soonM
bortezomib. However, for B5 the other main target of bortezomib, only 50% activity was
inhibited at soonM. The Bs subunit has more broad cleavage preference compared to B1
and B2, and might degrade the most peptides among the three active subunits. This might
explain why these cells are not sensitive to bortezomib treatment. The B1 and B5 subunits
in A549 and OvCar3 were both inhibited nearly completely at 200nM bortezomib (Fig 3C
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and D). Interestingly, in Ass9 the B2 activity dropped to 50%, while in OvCar3 it was
increased by 50%. Considering the results of the cell survival assays where A549 was more
resistant to bortezomib than OvCar3, the conclusion might be drawn that the B2 activity
itself does not reflect the fate of the cells, but plays an assistant role in the proteasomal
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Figure 3: Proteasome activity profiling by fluorescence ABPP after bortezomib treatment
of different cell lines.

(A) Hela S3, (B) MCF7, (C) As49, (D) OvCars, (E) HL60o, (F) AMO1, (G) RPMI8226, (H)
Grantasag, (I) HL60A and (J) AMO1A.

In all tested lymphoblast cells (HL6o, AMO1, Grantasig and RPMI8226), the target
subunits involving B1, B1i, B5 and Bsi, lost over half of the activity, while treated by clinical
concentrations of bortezomib, up to 20nM (Fig 3E-H). Additionally, the activity of B2(i)
decreased to 60-80%. This shows significant difference from the solid tumor cells except
the relatively sensitive OvCar3 (Fig 3D), which might link the bortezomib inhibition pattern
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to the sensitivity of the cells. Arguably, if the activity of the target subunits especially the
B5(i) decreases to lower than 50% in range of clinical concentration of bortezomib (<2o0nM),
the cell line might be bortezomib sensitive, otherwise the cells could be resistant.

To test this hypothesis, bortezomib adapted cell lines were analyzed by ABPP for
proteasome activity for comparison with their parental cell lines. At sonM bortezomib
treatment, the activity of target subunits in HL60A (Fig 3l) decreased to similar levels as in
HL60o (Fig 3E), for B1/1i around 10% and for Bs5/5i 25%. From 50 to soonM bortezomib
concentration, these subunits kept similar activity. However, these subunits might show
some different activity levels with the ones in HL60, if the HL60A cells were treated with
lower concentration of bortezomib as their parental cells. In AMO1A cells, when treated
with 5nM bortezomib, only the Bii activity decreased to 25%, the activity of Pa/5/si
remained no less than 50% (Fig 3J). This showed clear difference with the wild type AMO1
cells that, when treated with same concentration bortezomib, the activity of B1i/s/si all
decreased by 70-80%, only B1 activity was higher than 50%. Therefore, when treated with
clinical concentrations of bortezomib, the resistant cells might have higher proteasome
activity that helps them escaping from the apoptosis induced by proteasome inhibition.

To interrogate bortezomib resistant mechanism of the two adapted cell lines, they
were compared directly with their parental cells in the same ABPP experiment (Fig 4A).
Strikingly, the total signal of proteasome activity labeling by probe 1 in the untreated
HL60A cells was almost double that of the amount in the HL60 cells. This indicates that
when the same percentage of proteasome activity was blocked by bortezomib treatment, a
much higher activity remained in the adapted cells than the wild type cells. This could be a
good explanation for bortezomib resistance of HL60A. In the AMO1 and AMO1A cells, the
observation is similar. AMO1A also showed higher proteasome activity than AMO1. The
difference between cells was that, the proteasome activity up-regulation in HL60A was
more significant than in the AMO1A, possibly because the two cell lines were generated
from two different types of disease. The myeloma and acute myeloid leukemia, from which
AMO1 and HL60o were generated respectively, might have different molecular mechanisms
to overcome the proteasome inhibition treatment.

The question is then, whether the difference in proteasome activity between the
bortezomib adapted cells and the wild type cells is related to proteasome expression levels.
The total proteasome amount in different cells was compared in a native PAGE
experiment(34), in which only the intact proteasome particles (20S, 26S and 30S) were
assayed, while the free subunits would be excluded (Fig 4B). The expression of proteasome
was detected by anti alpha subunits western blot and quantified and corrected by loading
control (Fig 4C). The western blotting results correlated with the ABPP results (Fig 4A). The
HL60A and AMO1A both expressed more proteasome than their parental cell lines. This
might explain how the adapted cells become resistant to the drug. There are also
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possibilities that the adapted cells have generated point mutations in the main target
subunit Bg as described in several previous reports(z4, 15). The PSMBg cDNA from the
adapted cells and their parental cells, reversed transcribed from their total mRNA was
sequenced (data not shown). No point mutations were found, which meant the cells have
other ways to counterpart the proteasome inhibition induced apoptosis by bortezomib.
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Figure 4: The bortezomib adapted HL60A and AMO1A cell lines express more proteasome
than wild type HL60 and AMOz, respectively.

(A) Proteasome active subunits in non-treated HL6o, HL60A, AMO1 and AMO1A were
labeled by the broad spectrum probe 1. More proteasome activity was probed in the
Bortezomib adapted cells HL60A and AMO1A.

(B) Lysates from the four cell lines were resolved by a native PAGE and proteasome species
were detected by a general antibody against a1-7 subunits on a western blot. More 20S
proteasome was observed in HL60A and AMO1A cells.

(C) Quantification of results from (B). The proteasome species signal was added up and
corrected for loading control by coomassie stained SDS-PAGE. The results of HL60A and
AMO1A were normalized to the parental cells HL6o and AMOz, respectively. The
quantification data is from three independent experiments.

5.2.3 Global proteomic profiling to reveal the bortezomib resistance mechanism

The bortezomib adapted cell lines show higher expression of proteasome, but no
point mutation were found in the PSMB5 gene that encodes its main target subunit Bs.
However, whether the higher level of proteasome expression is the only reason of the
bortezomib resistance was still to be determined. Previous reports have shown that there
are genes up or down-regulated on the mRNA levels in the bortezomib resistant patient
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samples, compared to the control samples(z9-21). But mRNA levels are not always equal to
the protein levels(22). So it is envisioned to have a quantitative proteomic comparison that
is global and systematic, between the resistant cells and their sensitive parental cells.

Clinical relevant, bortezomib adapted AMO1A cells were compared to their parental
AMOa cells in quantitative proteomics experiments. Untreated cells from each cell line
were lysed in a buffer containing strong denaturants (4%SDS) to extract as many proteins
as possible. The cellular proteins were digested by trypsin. The tryptic peptides were
labeled by stable isotopes using the dimethyl labeling method, resistant as heavy and wild
type as light(35). The labeled peptides were mixed and fractionated by strong cation
exchange (SCX) HPLC. Fractions were analyzed by 2 hour gradients reversed phase Ca8
nano-LC/MS. The raw data was processed and quantified with the MaxQuant program(36).
Two biological replicates were performed for the experiment. In each replicate, around
4000 proteins were identified. The proteins were only counted for quantification when at
least three different peptides were assigned and quantified. Protein quantification was
done with the median value of the peptide quantifications. In each replicate, about 2500
proteins were quantified. The reproducible quantifications were extracted from the two
replicates. The cut off was set to be log,(H/L) values higher than o.5 or lower than -o.5,
which means the up or down-regulated proteins show at least 50% higher or 50% lower
concentration in the adapted cell line than in the parental cell line (Fig 5G).

In the comparison of AMO1A and AMOa cells, around 500 proteins were either up or
down-regulated in the resistant cells(Fig 5A). Approximately 300 proteins were up-
regulated and 350 proteins were down-regulated. The proteins were classified and grouped
by protein-protein interactions into clusters to identify groups of proteins with similar
functions(Fig 5B-F) (37).

Among the up-regulated proteins, proteasome subunits formed a significant cluster
(Fig 5B). Fourteen subunits of the 20S and the 19S proteasome particles were found to be
up-regulated, twelve of which were 20S proteasome subunits, including the active subunits
B1 (PSMB6), B2 (PSMB7) and B5 (PSMB5). Interestingly, the proteasome active subunit B2i
(PSMB10) was found to be down-regulated. However, Bsi (PSMB8) level was not changed
and B1i (PSMBg) was not identified in proteomics experiments, perhaps due to the low
abundance. This suggests that, the resistant cells expressed more constitutive and
intermediate proteasome to circumvent the proteasome inhibition, but expressed less
immuno proteasome(28). Considering the results of the cell proliferation assay and
proteasome activity assay, there might be an indication that cells containing immuno
proteasome are more sensitive to the bortezomib treatment, or that the immuno
proteasome is more preferred by the bortezomib molecule. The AMO1A cells expressed
more constitutive proteasome but less immuno proteasome, which ended up with a lower

ratio of immuno proteasome in the total cellular proteasome population and were less
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affected by Bortezomib. The level of PAK2 (p21 activated kinase 2) protein that is a
proteasomal substrate was down-regulated in the AMO1A cells. PAK2 is known as an
important pro-apoptotic protein that could be activated by cleavage during caspase-
mediated apoptosis(38). Therefore, the higher proteasomal activity might also contribute
to degrade the pro-apoptotic proteins such as PAK2.

In the proteasome related cluster (Fig 5B), the DEAD box protein 49 (DDX49) is
observed to be down-regulated, which links the cluster to another one shown in Figure 5C
including the DEAD box protein 23 (DDX23). Both DEAD box proteins are ATP dependent
RNA helicases essential for transcription(39) and this cluster (Fig 5C) of proteins was found
to be down-regulated and found to be important for transcription. For instance, RPB1
(POLR2A) is the largest and catalytic component of RNA Polymerase Il (RNA Pol Il), which
is the major RNA polymerase to synthesize mRNA precursors and many functional non-
coding RNAs in the eukaryotic cells(40). RPB1 contains a carboxy terminal domain (CTD)
composed of up to 52 heptapeptide repeats (YSPTSPS) that are essential for polymerase
activity(41). CCNTz that was strongly down-regulated is also called positive transcription
elongation factor B (P-TEFb), which is reported to facilitate the transition from abortive to
productive elongation by phosphorylating the CTD of the large subunit of RNA Pol li(42,
43). The down-regulation of the transcription regulatory proteins might result in global
lowering of the protein expression rate. Then the lower rate of protein synthesis in the
Bortezomib adapted cells might also contribute to the drug resistance by providing less
protein for proteasomal degradation.

Another up-regulated protein cluster in AMO1A cells was made up of the HLA
(human leukocyte antigen) proteins, which are the human MHC proteins involved in
antigen presentation, and related proteins (Fig 5D). It is known that, bortezomib induces
down-regulation of the HLA protein levels in various myeloma cells and enhances the
natural killer cell induced lysis of the myeloma cells(44). So it is to be expected that the
resistant cells over-expressed the HLA complexes to overcome the down regulation
induced by bortezomib treatment. As seen, there are several proteins with the same name
HLA-DRB1, but they all have different accession numbers. This suggests they might be
different isoforms of the HLA-DRB1 molecule. Importantly, the small GTP binding protein
Rap-1A (RAP1A, Ras-related protein 1A) is shown to be up-regulated in the cluster. As a
small membrane bound GTPase, Rap-1A plays critical roles in multiple cellular pathways
and is known as an important oncogene in various cancers. Rap-1A shares almost 50%
sequence identity with the classical Ras proteins and several structural features in common.
However, Rap-1A counteracts the mitogenic functions of the Ras proteins by competitively
binding to their interaction partners such as the c-Raf. Recently, the Ras proteins and
Rap1GDSa1, which is the Rap1 GDP dissociation stimulator (agonist), were found to be key
activators in the protein secretion pathway(45). That indicates Rap-1A might also be
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involved in the pathway and work as an inhibitor of the secretory activity of extracellular

signaling proteins and antibodies.
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Figure 5: Networks of the up and down-regulated proteins in the AMO21A cells compared to
AMO1 cells.
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(A) The total network of up and down-regulated proteins identified in the global
proteomics experiment (two biological replicates). The proteins in orange or blue color are
the up or down-regulated proteins respectively. Proteins that have related functions and
protein-protein interactions were grouped into small clusters and highlighted in (B-F).

B) Proteasome subunits and proteasome related proteins.

C) Transcription factors and transcription regulatory proteins.

D) HLA proteins and related proteins.

E) Protein secretion regulators.

F) Respiratory chain proteins.

G) Differentiated protein expression of AMO1A and AMO1.
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Together with the possible secretion inhibitor Rap-1A that was up-regulated,
several proteins that are involved in the protein secretory pathway were found to be down-
regulated (Fig 5E). For instance, SECa12 is a guanine nucleotide exchange factor crucial for
the formation of COPII transport vesicles from the ER to the Golgi. Myeloma is an
aggressive malignance of the plasma cells that keep generating a single type of monoclonal
antibody, the so called M-protein. By down-regulating the activity of the protein secretory
pathway, myeloma cells might also lower the protein turnover stress, owing to lower
synthesis and secretion of the M-protein.

Several proteins involved in the respiratory chain were up-regulated in AMO21A cells
compared to in AMOz cells(Fig 5F). Most of these proteins are part of either the
cytochrome ¢ complex or the NADH:quinone oxidoreductase complex. These complexes
are responsible for the production of ATP and the maintenance of the redox status in the
cell by reducing oxidized proteins. It is reported that bortezomib induces ER-stress, which
produces more reactive oxygen species (ROS) as well as to induce UPR (unfolded protein
response) activation. If ROS species are not quenched effectively they may trigger
mitochondrial potential malfunction and activate apoptosis cascades. Having a more active
respiratory chain (up-regulated) might help counteracting redox stress thus conferring

resistance to redox stress promotors.

5.3 Discussion

As a proteasome inhibitor, bortezomib has been used for therapeutic treatment of
multiple myeloma for ten years. However, the reasons why some cancer cells are less
sensitive to bortezomib treatment than the myeloma cells and how the myeloma cells
develop resistance to bortezomib remain unclear. In this chapter, several methods (cell
proliferation assay, activity-based proteasome profiling and global proteomics) were
combined to investigate the answers.

73



From the cell proliferation assay, it is seen that solid tumor cells are generally ten
times less sensitive to bortezomib treatment than the lymphoblast cells that are B cell
cancers in this experiment (Fig 2A). This might be because solid tumor cells express mainly
constitutive proteasome, whereas B cells express both constitutive and immuno
proteasome. Proteasome inhibition by bortezomib treatment was quantified for each
active subunit in different cells by fluorescence and SDS-PAGE based activity-based
proteasome profiling (Fig 3). The results of the activity assays correlate to the cell
proliferation results. Generally, the active subunits in the solid tumor cells, expressing only
constitutive proteasome, were less inhibited by bortezomib than the ones in lymphoblast
cells, which might explain why the solid tumor cells are less sensitive. The target active
immuno proteasome subunits (B1i and Bsi) were more sensitive to bortezomib treatment
compared to the constitutive subunits (B1 and Bs). Interestingly, in all tested immuno
proteasome presenting cell lines, the Bii subunit was always the most sensitive subunit to
bortezomib treatment, whose activity decreased most significantly compared to other
target subunits. It correlates with the results of Berkers et al., in EL4 murine T lymphocytes
bortezomib inhibits B1i prior to other active proteasome subunits(30). Normally, the main
target of bortezomib is claimed to be B5. However, the observation from these experiments
indicates that bortezomib prefers to inhibit the active immuno proteasome subunits Bai
and Bsi first.

There is a possibility that bortezomib kills myeloma cells but not solid tumors due to
lower cell permeation into the solid tumor cells, which are normally adherently growing. It
was also reported that the adhesion of myeloma cells induced drug resistance to several
anti-cancer drugs(46). In order to test whether the growing conditions (adherent or in
suspension) of cancer cells affect the cell permeation and the anti-cancer effect of
bortezomib, HelLa S3 and RPMI8226 from both growing conditions were compared on
proteasome activity (data not shown) and cell proliferation rate (Fig 2C and D). No
significant difference was observed in either experiment, which demonstrates that the
adhesion of cancer cells is not likely to change the penetration efficiency of bortezomib or
its anti-cancer effect. However, these experiments were performed in vitro; the situation in
vivo is much more complicated, especially for the permeation into solid tumors with
diameter of centimeters. For this kind of comparison, animal models for multiple myeloma
and other in-sensitive solid tumors are necessary(47).

One important question in the anti-myeloma research is how the myeloma cells
generate resistance to bortezomib. Several previous reports have been published to discuss
the molecular mechanism of how myeloma cells became bortezomib-resistant. Point
mutations were found in the B5 subunit, which was also up-regulated in some bortezomib
adapted cell lines(24, 15). However, no such mutations were found in the bone marrow

samples from myeloma patients who develop bortezomib resistance as yet(26-18). So there
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might be other mechanisms that help myeloma cells circumvent the proteasome inhibition.
In order to find these, the bortezomib adapted cells (HL60A and AMO1A) were compared
to their sensitive parental cells (HL6o and AMO1) on cell proliferation (Fig 2B) and
proteasome activity (Fig 3E and H, F and J). As seen, the adapted cells were at least ten
times more resistant than their parental cells. At sonM bortezomib concentration, the
inhibition patterns of HL6o and HL60A were comparable. In AMOz1 cells, at 5nM
bortezomib concentration, the activity of three target subunits (B1i/5/5i) decreased by over
70%, however in AMO1A cells only B1i decreased so much, the rest target subunits remain
over 40% active. Nonetheless, at these bortezomib concentrations the wild type cells have
proliferation ratios of around 60%, while the adapted cells have over 9go% metabolic activity
(Fig 2B). This indicates that, the residual proteasome activity ratio is not the only
explanation for the bortezomib resistance in the adapted cells, especially for HL60A cells.

The proteasome activity of non-treated wild type and resistant cells were then
compared by ABPP on the same gel (Fig 4A). Apparently, the bortezomib adapted cells
have elevated proteasome activity than the wild type cells. This indicates that with the
bortezomib treatment at clinical concentration (<2onM), the adapted cells might still have
equal or higher proteasome activity compared to the non-treated wild type cells. This
might also be explained by just higher expression of the proteasome. Then, the resistant
and wild type cells were also compared on proteasome expression instead of activity using
native PAGE and anti a subunits immunoblot (Fig 4B). The proteasome expression in both
HL60A and AMO1A was up-regulated significantly by 75% and 25%, respectively (Fig 4C).
There were reports that identified proteasome genes up-regulation in the bortezomib-
resistant patient materials using the GEP (gene expression profiling) analysis, which are
also suggested by the results shown here(20). These evidences together could partially
explain why these cells are resistant to bortezomib treatment, HL60A and AMO1A cells
express more proteasome compared to the parental cell lines.

However, is the high proteasome expression level the only reason for the
bortezomib-resistance of the adapted cells? The former GEP experiments presented
several other genes which do not have direct interactions with proteasome, which were
either up or down-regulated on the mRNA levels in the bortezomib resistant cells, though
protein levels nowadays have been found to be differentiated from transcription levels of
genes(22).

The myeloma AMOz cells were compared to their bortezomib-adapted derivative
cells AMO1A in a global proteomics experiment. The quantitative proteomics results show
that there are several hundred proteins which were either up or down-regulated in the
adapted cells, rather than only the up-regulation of proteasome compared to the wild type
cells (Fig 5A). The up and down-regulated proteins were then grouped and classified by
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their functions and protein-protein interactions. Several significant up or down-regulated
protein groups are presented in Figure 5B-F.

The picture unfolds that the mechanism to generate bortezomib resistance is not
just @ minor change of one single biological process but a comprehensive modulation of
multiple cellular processes, such as faster protein turn over, slower gene transcription,
higher antigen presentation, lower protein secretion and enhanced reduction of reactive
oxygen species. From the five clusters shown in Figure 5B-F a global picture emerges. For
example, up-regulation of the degradation machinery (proteasome) to overcome protein
accumulation combined with repressed protein synthesis will decrease the amount of
proteins targeted for degradation (Fig 5B and C). Higher expression of HLA molecules will
counterpart its down-regulation induced by bortezomib treatment and make the cells less
susceptible for recognition and cell lysis by natural killer cells (Fig 5sD). Another group of
proteins being down-regulated is the secretion machinery (Fig 5E). Myeloma cells have a
high production among others of the M-protein for secretion. This secretory pathway needs
a continuous and highly active protein turnover, which make cells more sensitive for
proteasome inhibitors. The lower levels of secretory proteins may decrease the need for
degradation and production of proteins leading the cells to be less sensitive against
proteasome inhibition. On the other hand, the altered protein secretion might also lead to
altered tumor microenvironment in vivo, through the secreted proteins for extracellular
signaling. Bortezomib treatment is also linked to ER-stress and as a last state mitochondrial
potential malfunction which finally promotes apoptosis and cell death. AMO1A cells escape
this death route by increasing the control on the redox state in mitochondria (Fig 5F).
Because the proteasome is also involved in degradation of oxidized proteins, its up-
regulation and the increase of the reductive capacity may confer cells a higher admittance
of redox-induced stress and promote survival. According to this, other proteins involved in
redox homeostasis were found in the global network being over expressed, like
oxidoreductases, heme oxigenases, enolases and superoxide dismutases, which suggests
this route might be critical for the well being of the cells (Fig 5A).

Apart from these five main clusters other proteins or groups are found in the general
network (Fig 5A). There are some chaperones like heat-shock proteins or BAG proteins
being over expressed. These chaperone proteins are important for the shuttling of the
polyubiquitinylated proteins to either proteasome or autophagy. It might suggest a more
tight regulation of protein degradation and maybe also promotion of autophagy as an
alternative pathway for protein degradation. Several important nucleic acid binding
proteins were found to be down-regulated. General transcription factor -1 (GTF2l) is down-
regulated as well as its binding partner RNA Pol Il subunit A shown in Figure 5C possibly
leading to lowering the general transcription(48). Eukaryotic initiation factor 4A1 (EIF4A1)
is a key regulator of translation for its function of assisting mRNA binding to ribosomes(49).
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EIF4A1 down-regulation suggests that the resistant cells lower the protein synthesis rate by
repressing not only transcription but also translation rates.

However, there are several short-comings of the global proteomics method. For
instance, proteins of low abundance will not be detected. The method does not
discriminate between free proteasome subunits and the subunits assembled in active 20S
particles. It suggests that down-requlation of B2i observed in the global proteomics
experiments might result from lower expression of the protein, instead of lower assembly
of the immuno proteasome. In order to verify this observation, more experiments are still
needed. Proteasomes should be isolated from cell lysate and analyzed by quantitative
proteomics using AQUA (absolute quantification) peptides, in which the proteasome
concentration in different cells can be quantified absolutely(50).

Overall, the proteomics results provide quantitative comparison of the global
protein levels in the bortezomib adapted and wild type cells. In combination with the
proteasome activity assay using activity-based proteasome profiling, a bortezomib
resistant myeloma cell line (AMO1A) was characterized by proteomics for the first time. In
conclusion, the cells adapt to bortezomib treatment due to a comprehensive regulation on
expression of genes involved in multiple cellular processes. Notably, several pieces of
evidence suggest that the immuno proteasome is preferred by bortezomib compared to
constitutive proteasome and that the main target of the drug might be the immuno
proteasome. Additionally, the methods used in this chapter can be adapted to clinical
setting, which might be used for characterization of clinical relevant samples or other
drugs.

5.4 Experimental procedures
5.4.1 Cell culture

HelLa S3 (cervical cancer), MCF7 (breast cancer), As49 (lung cancer) and OvCar3
(ovarian cancer) were grown in DMEM. HL60 (acute myeloid leukemia), Grantasig (mantle
cell lymphoma), AMOa (plasmacytoma), RPMI8226 (multiple myeloma), HL60A
(bortezomib adapted HL60) and AMO1A (bortezomib adapted AMO1) were grown in RPMI-
1640 medium. All the medium was supplemented with 10% Fetal Calf Serum and o0.2mg/ml
penicillin and o0.2mg/ml Streptomycin. All the cells were grown in a 37°C, 5%CO2 humid
incubator. HeLa S3, MCF7, Ag49, OvCar3, HL60 and RPMI8226 were purchased from ATCC.
AMO1 and Grantagig were purchased from the Leibniz Institue DSMZ- German collection
of microorganisms and cell cultures. The procedure to create the HL60oA and AMO1A was
described in previous report(26).
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5.4.2 Metabolic activity assay and apoptotic assay

The procedure is slightly modified from the manufacture’s protocol. 20000 to 30000
cells were seeded in each well of the g6-well white cell culture plate. The cells were treated
for fixed time with different concentrations of bortezomib. The luciferase and lysis buffer
was added to the cell culture directly. The mixture was incubated in dark for 10 minutes,
and mixed on a shaker for 5 minutes. The luminescence could then be measured by a plate
reader. The Annexin V apoptotic assay by FACS was performed according to the
manufacture’s protocol.

5.4.3 Quantitative Activity-based proteasome Profiling

Detailed protocol was described in Chapter 3 of this thesis. Minor modification was
done to ensure that the cells were growing in the Logarithmic phase, while receiving the
treatment. HL60, Grantagig, AMOz1, RPMI8226, HL60A and AMO1A cells were treated at
cell concentration of 0.5x10° cells/ml. HeLa S3, MCF7, A549, OvCar3 and Fs44 were treated
at cell confluence of approximately 70%.

5.4.4 Native PAGE for Proteasome

10’ cells were used to make the lysate. Gentle lysis method (douncing) was used for
this aim. Same amount of lysate from each cell line was loaded on the Native PAGE to
compare the proteasome expression level. The protocol of making and running native
PAGE for proteasome was described in detail by Finely and coworkers(34). After running
the gel, the proteins were denatured by soaking the gel in 2% SDS, and then transferred to
a PVDF membrane for western blotting. Proteasomes were detected by anti alpha subunits
antibody on the blot. The chemilluminascence signal was quantified by the ImageLab
program.

5.4.5 Global Proteomics

20x10° cells in Logarithmic growing phase from each cell line were harvested for the
global proteomics experiments. The cells were washed with pre-chilled PBS and lysed in
SDT buffer (4%SDS, 100mM DTT, 10o0mM Tris, pH 8.0). The protein concentration was
determined, and 500 pg lysate was used from each cell line. Small molecules were removed
by a Chloroform/Methanol precipitation(51). The proteins were dissolved by 8M Urea. The
disulfide bonds reduced by gomM DTT were then alkylated by 200mM lodoacetamide.
Subsequently, the proteins were digested by Trypsin at 37°C overnight, with an enzyme to
protein ratio of 1:100. The digested peptides were desalted on Sep Pak C18 columns, and
labeled by the Dimethyl isotopic labeling(35). The light and heavy labeled peptides were
mixed after the elution from C18 columns. The mixed peptides were fractioned by HPLC
equipped with a strong cation exchange (SCX) column. From each SCX run, around 20
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fractions were derived. All the fractions were desalted by Stage Tips, and analyzed by an
LTQ-Orbitrap nano-LC/MS. The raw data was calculated by MaxQuant program against the
uniprot human proteome database to present the quantitative protein identification
list(36).

5.4.6 cDNA sequencing of PSMB5 gene

Cellular mRNA was purified by Oligo dT Dynabeads, following the manufacture’s
protocol with minor modification. 2x10° of HL60, HL60A, AMO1 and AMO1A cells were
harvested and lysed by lysis buffer containing lithium dodecyl sulfate . The whole lysate
was used for the affinity purification of the mRNA. cDNA library was made by a reversed
transcription from the total mMRNA on beads. The PSMB5 gene was cloned through a PCR
with primers 2930 and 2931 from the cDNA library and sequenced.

Primer sequences: 2930: 5’ atggcgcttgccagegtgttggagagacc 3’ (forward),

2931: 5'tcagggggtagagccactatacttctcatg 3’ (reverse).
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Activity-based protein profiling
reveals reactivity of the murine
thymoproteasome-specific
subunit Bt

Florea Bl, Verdoes M, Li N, van der Linden WA, Geurink PP, van den Elst H, Hofmann T, de Ru A, van Veelen PA, Tanaka K,
Sasaki K, Murata S, den Dulk H, Brouwer J, Ossendorp FA, Kisselev AF, Overkleeft HS, Chem Biol. 2010, 17, 795-801.

6.1 Introduction

The ability to recognise non-self oligopeptides is a key feature of mammalian
immunity. T cells that recognise antigenic oligopeptides elicit a directed adaptive immune
response aimed at the identification and eventual eradication of the invading pathogen
that is the source of the non-self protein from which the antigenic oligopeptide is derived(z,
2). T cell recognition is effected by binding of specific T cell receptors to the antigenic
peptides that are complexed to either major hisocompatibility complex (MHC) class | or
MHC class Il molecules(3, 4). MHC | molecules present oligopeptides derived from cytosolic
and nuclear proteins to CD8+ cytotoxic T lymphocytes (CTL) and by this virtue report on the
presence of virally encoded proteins(s). T cells specific for non-self peptides are produced
by thymic selection. The generation in the thymus of non-self peptide selective CTL
proceeds in two discreet events(6). Positive selection is mediated by cortical thymic
epithelial cells. In this process, thymocytes expressing T cell receptors are confronted with
tissues expressing MHC | molecules loaded with oligopeptides. Current understanding is
that the peptide antigens produced by cortical thymic epithelial cells are low affinity MHC |
binders. Thymocytes, passing through the thymic cortex, that bind to MHC | molecules
carrying a peptide load are selected from thymocytes expressing non-binding receptors. In
the ensuing negative selection step, mediated by medullary thymic epithelial cells,
thymocytes from the positively selected pool that are responsive to MHC | molecules
exposing self peptides are eliminated.

Recently, Tanaka and co-workers made a major breakthrough towards
understanding how positive selection proceeds(7). They found that epithelial cells at the
thymic cortex express, next to the constitutive proteasome and the immunoproteasome, a
third 20S proteasome particle which was dubbed the thymoproteasome. The 20S core

particle of the proteasome is assembled from o and B subunits in a pattern of four, stacked,
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heptameric rings (a1-7, B1-7, B1-7, a1-7) generating a barrel-shaped structure that contains
2 copies of the catalytically active B-subunits: B1 (post acidic), B2 (tryptic-like), Bs
(chymotriptic-like) peptidase activities(8). The thymoproteasome contains the B1i and B2i
subunits just like the immunoproteasome, with the important exception that the unique
subunit Bt replaces the immunoproteasome specific subunit, Bsi.

The thymoproteasome is the most abundant proteasome species in cortical thymic
epithelial cells (cTEC). Thymoproteasome expression may have implications for the
repertoire of oligopeptides presented by MHC | molecules on the surface of ¢cTEC's that
might significantly differ from to the repertoire produced by medullary thymic epithelial
cells. Closer inspection of the thymoproteasome 20S particle revealed that, in contrast to
the constitutive and the immunoproteasome, it possessed little chymotryptic activity, a
finding that seems to correlate with the hydrophilic nature of the putative substrate-
binding site of B5t compared to B5/B5i(7). In theory Bst can contribute in two ways to the
generation of specific MHC | peptides used in positive T cell selection(g). It could act as an
impassive, catalytically inactive bystander, in which case B1i/B2i produce the majority of
MHC | peptides with a bias towards their substrate preferences. Alternatively, it could
actively participate in protein degradation and assist in producing ‘non-self’ peptides
thanks to its intrinsic substrate preference, which then must be distinct from that of B/ Bsi.

Activity-based probes are synthetic compounds bearing a reporter or affinity tag
and an enzyme reactive group that can covalently bind to the active site of an enzyme(z0).
The tagged enzymatic activities can than be visualized by fluorescence or affinity purified,
digested with trypsin and identified by LC/MS analysis. This Chapter demonstrates, by
making use of activity-based proteasome probes(z1), that Bst is in fact a catalytically active
subunit, and show that its preference towards established proteasome inhibitors differs
substantially from those of B5/ Bsi.

6.2 Results and discussion
6.2.1 Activity-based profiling reveals Bst activity

As the first experiment, whole tissue thymus homogenate from 3 weeks old mice
was incubated with the fluorescent broad-spectrum ABP’s 1, 2, 4 and MVi1g1 shown in
Figure 1 (for the synthesis of probes 2 and 4 see supplemental methods) (22, 13). Proteins
were resolved by SDS-PAGE under reducing conditions and fluorescently labeled
proteasome subunits were visualized by in-gel fluorescence scanning. In Figure 2A, MV151
shows the typical band pattern of staining that is similar to that of the EL4 cell line
expressing the constitutive and the immunoproteasome (see supplemental Figure Sai)
indicating that both particles are expressed in the thymus(24). Peptide vinyl sulphone 1, the
biotinylated derivative of MV151, shows a similar pattern as MVasi. Interestingly, the

peptide epoxyketones 2 and 4 show two new bands that run below and above the
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constitutive and immunoproteasome subunits. Of these, the lower band corresponds to

Bai.
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Figure 1: Activity-based probes and proteasome inhibitors used in this study.

In addition to the enzyme reactive group (warhead) and targeting sequence of the
inhibitors, activity-based probes are equipped with a fluorophore for in-gel detection, a
biotin tag for affinity purification or with both.

To ascertain whether the new, epoxyketone sensistive protein, with a gel mobility
corresponding to the predicted molecular weight of Bst(7), is indeed Bst and not a thymus-
specific gene product unrelated to the thymoproteasome, a pull-down experiment was
performed by making use of the biotin moiety present in ABPs 1 and 2. Biotinylated
proteins from thymus homogenate were captured by streptavidin-coated magnetic beads,
resolved by SDS-PAGE and detected both by fluorescence and silver staining. Figure 2B
shows the specific purification of several proteins that run in a pattern similar with that of
Figure 2A. Protein ID, indicated by arrows in Figure 2B, was determined by on-bead (Table
S1) and in-gel tryptic digestion followed by LC-MS/MS analysis. Oligopeptides
corresponding to the expected constitutive proteasome  (B1/B2/B5) and
immunoproteasome (B1i/B2i/Bsi) were captured by ABP 1 but no evidence for Bst was
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found. Peptides derived from Bt were found by affinity purification with ABP 2, indeed in
the band running higher than the other active B subunits. However, the protein yield
achieved by pull-down with ABP 1 and 2 was low. Then, the short biotinylated epoxomicin
ABP 3 might increase the pull-down efficiency was synthesized to enhance the pull down
efficiency (for the synthesis of probe 3 see supplemental methods). ABP 3 performed as
expected, showing bands of similar pattern as ABP 2, stronger signal in silver stained gels
and reliable LC-MS identification of proteins that is presented in Table 1.

A MV151 bio-bod-L,VS (1) bod-epox (4)  bio-bod-epox (2)
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Figure 2: Activity-based protein profiling, affinity purification and LC-MS identification of
proteasome [ subunits in murine tissues lysates.

(A) In-gel fluorescence detection of active proteasome B subunits in 3 weeks old wild type
murine thymus homogenate after labeling with MV151, ABP 1, 2 and 4.

(B) In-gel fluorescence and silver stain detection of active proteasome [ subunits in young
and adult thymus after labeling with ABP 1, 2, 3 and affinity purification. Protein

88



identification by LC-MS analysis of in-gel digested silver stained bands (indicated by
arrows).

(C) In-gel fluorescence detection with ABP 4 of st activity in wild type and absence of
activity in the (-/-) Bst knock down thymus from 3 weeks old mice.

(D) Activity-based proteasome profiling using ABP 4 shows Bst activity in murine thymus
(young and adult) but not in heart, lung, liver, spleen, brain, testes and kidney.

Table 1: Protein identification of silver stained bands captured by probe 3 in Figure 2B, by
in-gel digestion and LC-MS analysis.

mass  cover pept
prot acc (Da) %AA z ppm score peptide sequence
Psmbaa (Bst) 27834 20 2 -0.29 50 SLEQELEAK
IPloo221461 2 -0.54 39 ESGWEYVSR

2 0.05 34 LLGTTSGTSADCATWYR

3 0.00 25 GYHYDMTIQEAYTLAR
Psmby (B2) 25235 57 2 -1.20 41 GTTAVLTEK
IPl00136483 2 0.39 64 DGIVLGADTR

3 o014 42 FRPDMEEEEAK *

2 -0.63 45 LDFLRPFSVPNK  *

3 0.58 34 LDFLRPFSVPNKK **

2 2.14 130 LPYVTMGSGSLAAMAVFEDK

3 -0.19 64  VTPLEIEVLEETVQTMDTS #

4 534 100  IHFISPNIYCCGAGTAADTDMTTQLISSNLELHSLTTGR
Psmbio (B2i) 24789 18 2  0.20 25 DGVILGADTR
IPlo0316736 2 -0.42 4t ALSTPTEPVQR

2 154 85 EVRPLTLELLEETVQAMEVE #
Psmb6 (B1) 21982 48 2 0.09 56 QVLLGDQIPK
IPloo119239 2 -2.05 76 LAAIQESGVER

2 -0.46 132 DECLQFTANALALAMER

2 165 100 QSFAIGGSGSSYIYGYVDATYR

4  4.96 36 SGSAADTQAVADAVTYQLGFHSIELNEPPLVHTAASLFK

89



Psmb8 (Bsi) 22635 42 2 o071 72 ATAGSYISSLR
IPloo116712 2  0.00 42 FQHGVIVAVDSR
2 -1.03 73 VESSDVSDLLYK
2 -0.35 63  GPGLYYVDDNGTR
2 -034 60  QDLSPEEAYDLGR

2  0.95 72 VIEINPYLLGTMSGCAADCQYWER

Psmbsg (B5) 22514 13 2 0.23 24 ATAGAYIASQTVK
IPloo317902 2 -0.28 48 GPGLYYVDSEGNR

Psmbg (B2i) 21313 17 2 0.67 79 FTTNAITLAMNR
IPl00309379 2 -0.43 101 DGSSGGVIYLVTITAAGVDHR

Table 1. Protein name, mass of the active B subunit, % coverage of the protein by amino
acids identified by LC-MS, charge of the peptide (z), measurement error (ppm), Mascot
peptide scores, one (*) or two (**) miss cleavages, and C-terminal peptides (#). Mascot
identifications were manually validated.

Thymus from adult animals treated in the same fashion shows Bst activity as well,
which suggests that the murine thymoproteasome remains active for at least 6 months.
Next to the active proteasome B subunits, only four endogenously biotinylated background
proteins were recovered with this method, a result that reflects the selectivity of ABPs 1, 2,
3, and 4 towards proteasomes. Thymus lysates of 2 weeks old mice in which the Bst protein
expression was genetically knocked down show normal activity of immuno- and
constitutive proteasome compared with the wild type, but complete absence of Bst activity
(Figure 2C). To characterize the expression of Bst in murine tissues a tissue scan was
performed with ABP probe 4. Figure 2D shows that Bst activity is exclusively present in the
young thymus and at lower activity in thymus of 6 months old mice. Integration of the
fluorescent signal from young thymus indicated that Bst contributes to some 4% of the
total active subunits signal in this full thymus lysate. Heart, lung, liver, spleen, brain, testes
and kidney do not show Bzt activity. The presence of immunoproteasome bands in the
heart, lung, liver and spleen tissues is explained by the presence of lymphocytes in these
organs.

6.2.2 LC-MS3 analysis of the Bst active-site peptide

Isolation and analysis of the active-site peptide covalently bound to ABP probe 3
would be the ultimate proof for the Bst acitivity. Biotin-epoxomicin binds to the catalytic N-
terminal threonine via an irreversible morpholino ring formation shown in Figure 3A. The
Bst active-site peptide (Figure 3B) is generated after denaturation and tryptic digest of the
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thymoproteasome. Given that biotin-epoxomicin binds to all active B subunits, 6 different
active-site peptides were expected because the tryptic peptides derived from 5 and Bsi
are identical (see Table S2). After LC-MS analysis, the active-site peptides were identified
from the high resolution full MS scans by their exact mass and charge (Figure 3C). Further
evidence was provided by the MS/MS (MS?) fragmentation that revealed the presence of
the biotin-epoxomicin signature ions b1, b2, b3, and b4 from Figure 3D. In fact, the favored
fragmentation of the morpholino ring, due to push-pull radical stabilization of the ions,
yields mainly two major ions b4 and y7 where y7 contains the peptide sequence of the
subunit active-site(25). By electrostatic trapping and further MS3? fragmentation of the y7
ion, the LAFR sequence of the Bst active-site peptide was identified (Figure 3E). Taken
together, this data set demonstrates that Bst is, indeed, a catalytically active proteasome

subunit.
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epoxomicin N-terminal part. The abundant y7 ion containing the Bst active site peptide
sequence was selected for further (MS3) fragmentation (see panel (E)).
(E) LC-MS3 determination of the y7 ion (MH" = 821.32) revealing the Bst active site peptide

amino acid sequence.

6.2.3 Competitive activity-based protein profiling reveals B5t substrate specificity

The finding that Bst reacts with epoxyketones 2, 3, and 4 but not with peptide vinyl
sulphones 1 and MV153, gives a first indication of an altered substrate specificity compared
to Bs/Bsi. With probe 4 in hand as read-out, investigation was set out to reveal the st
substrate preference by competitive activity-based studies with established proteasome
inhibitors of diverse chemical characteristics.

A Lactacystin (8) MG132 (9)
0 1 5 10 50 100 1 5 10 50 uM
p5t—s
| — S ——  — . \
)
B bortezomib ester (5) NCO005 (12) Acl,TL-boronic ester (13)
0 0.05 0.5 1 0.05 0.5 1 0.05 0.5 1 uM
p5t —t
| — — — — A
—— >
C ZL VS (7) AdaAhx,L.VS (10) AdaAhx|,TLVS (11)
. 0 0.1 1 10 0.1 1 10 0.1 1 10 uM
p5t —
Y PR .

Figure 4: Analysis of Bst substrate specificity in Juvenile murine thymus lysates by
competitive activity-based protein profiling with ABP 4.

(A) Lysates were exposed to increasing concentrations Lactacystin or MG132, residual Bst
activity was stained with ABP 4 and visualized by in-gel fluorescence detection. The
inhibitors are not reactive towards the Bt activity.

(B) Bortezomib efficiently inhibits Bz, Bsi, B1 and B1i activity but not Bst. NCoos specifically
targets Bs (indicated by the grey arrow) but not Bst. The mixed inhibitor containing the
boronic ester warhead equipped with the epoxomicin tail efficiently blocks Bst.

(C) In analogy to (B), installation of the epoxomicin llelleThrLeu peptide targeting motif to
the vinyl sulphone warhead affords a potent inhibitor of the Bt activity.
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Figure 4A shows the results of the most commonly used proteasome inhibitors
lactacystin and MG132(26, 17). Both require concentrations higher that 10 uM for broad-
spectrum proteasome inhibition with marked affinity for f5 and B2, but do not inhibit the
Bst activity. Figure 4B shows that the Bortezomib boronic ester 5 effectively blocks B1, B1i,
Bs and Bsi as previously described(zz, 18), while the subunit specific inhibitor NCoos
selectively inhibits the Bg/Bsi subunits(z9), but neither interacts with the Bst. However,
mixing of the potent boronic ester warhead with the Acl2TL peptide sequence inherent to
epoxomicin as in compound 13, abolished the subunit preference of Bortezomib and
efficiently inhibited Bst. A similar effect is revealed in Figure 4C where the vinyl sulphone
warhead was equipped with the AdaAhx3 extended 12TL motif. Apparently, the presence of
the hydrophilic threonine side chain at P2 in an inhibitor or ABP probe is favorable for
affinity to the Bst subunit(20). From the results, some interesting trends pointing towards a
substrate preference of Bt that is rather distinct to that of B5/Bsi appear. Whereas Bst is
sensitive towards the broad-spectrum proteasome epoxomicin 6, it is quite unreactive
towards the Bs5/Bsi biased compounds. Bortezomib boronic ester 5 (which at the
concentrations used disables B1/B1i/B5/B5i) and lactacystin 8 are inreactive towards Bst, as
is the case with vinyl sulfone 7, peptide aldehyde 9 and epoxyketone 12. Altogether, our
data, revealing that Bst is catalytically active towards inhibitors more hydrophilic than
those recognized by Bs/Bsi, point towards the involvement of Bst in the generation of a
unique set of oligopeptides complexed to MHC | molecules for optimal positive T cell
selection.

6.3 Conclusion

In summary, it is proved for the first time that Bst is catalytically active.
Interestingly, active Bst is also found in adult thymi. The first insight into the nature of the
substrate preference of Bst is also provided. This body of evidence was made possible by
the direct action of activity-based probes with emphasis on the bi-functional ABPs that
facilitate both read-out and affinity purification. A more thorough investigation is needed
to establish the nature of substrates accepted by Bst, and thus the nature of the MHC |
peptides produced by the thymoproteasome in the positive T cell selection process.

6.4 Experimental procedure
6.4.1 Animals and tissues

Thymus and other organs were isolated from young (3 weeks) or adult mice and
kindly provided by Ine Tijdens, Chantal Pont and Prof Dr. Bob van de Water. Thymus from
Bt knock-out mice was kindly provided by Dr Tanaka. Organ isolation was approved by the
animal experimentation ethical committee of the Leiden University and Tokyo
Metropolitan Institute of Medical Science.
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6.4.2 Compounds

Design, synthesis and mechanism of action of the activity-based probes 1-4, MV151
and the proteasome inhibitors 5-11, 13 is reviewed in ((22) and the references therein).
NCoos is described in Britton et al.(z9). Lactacystin, MG132 and all other compounds of
analytical grade were purchased from Sigma-Aldrich.
Fmoc-lle-Thr(tBu)-OMe

L-threonine(tBu) methyl ester HCl salt (2.5 g, 11 mmol) was dissolved in DCM (60
mL). To this solution were added Fmoc-L-isoleucine (4.7 g, 13.3 mmol, 1.2 equiv.), HCTU
(5.5 g, 13.3 mmol, 1.2 equiv.) and DIPEA (6.0 mL, 36 mmol, 3.3 equiv.). The mixture was
stirred for 2 hours after which TLC analysis indicated a completed reaction. The mixture
was concentrated in vacuo, dissolved in EtOAc and extracted with 1 M HCI (2x), saturated
NaHCO; (2x) and brine. The organic layer was dried (MgSO,) and concentrated under
reduced pressure. Purification of the product by column chromatography (10% — 15%
EtOAc/petroleum ether) gave the title compound as a colorless solid (yield: 5.16 g, 9.83
mmol, 89%). 1H NMR (400 MHz, CDCl;) 8 =7.76 (d, J =7.48 Hz, 2H), 7.60 (d, J = 7.41 Hz, 2H),
739 (t, J =7.46, 7.46 Hz, 2H), 7.31 (dt, J = 7.43, 7.43, 0.98 Hz, 2H), 6.48 (d, J = 8.84 Hz, 1H),
5.58 (d, J = 8.70 Hz, 1H), 4.49 (dd, J = 9.00, 1.68 Hz, 1H), 4.44-4.33 (m, 2H), 4.28-4.15 (M,
3H), 3.72 (s, 3H), 1.94-1.83 (M, 1H), 1.65-1.53 (M, 1H), 1.33-1.22 (M, 1H), 1.127 (d, J = 6.27 Hz,
3H), 1.11 (s, 9H), 1.03-0.93 (m, 6H) ppm. 13C NMR (100 MHz, CDCl;) 6 = 171.426, 170.868,
156.074, 143.910, 143.784, 141.249, 127.635, 127.017, 125.077, 119.904, 74.215, 67.193,
66.969, 59.307, 57.832, 52.135, 47.173, 38.179, 28.272, 24.820, 21.046, 15.085, 11.521 ppm.
Boc-lle-lle-Thr(tBu)-NHNH,

Fmoc-lle-Thr(tBu)-OMe (5.16 g, 9.83 mmol) was dissolved in DMF (50 mL) and DBU
(1.57 mL, 10.3 mmol, 1.05 equiv.) was added. The reaction was stirred for 5 minutes after
which TLC analysis showed complete removal of the Fmoc group. Next, HOBt (1.98 g, 14.7
mmol, 1.5 equiv.) was added and the reaction mixture was stirred for another 30 minutes.
To this mixture were added Boc-L-isoleucine (2.73 g, 11.8 mmol, 1.2 equiv.), HCTU (4.88 g,
11.8 mmol, 1.2 equiv.) and DiPEA (4.87 mL, 29.5 mmol, 3 equiv.). The mixture was stirred
for 16 hours after which TLC analysis indicated a completed reaction. The mixture was
concentrated in vacuo, dissolved in DCM and extracted with 1 M HCl (2x), saturated
NaHCO, (2x) and brine. The organic layer was dried (MgSO,) and concentrated under
reduced pressure. Purification of the product by column chromatography (10% — 50%
EtOAc/petroleum ether) gave Boc-lle-lle-Thr(tBu)-OMe as a colorless solid (yield: 3.69 g,
7.15 mmol, 73%). LC-MS: gradient 10% — 90% ACN/(0.1% TFA/H,0): Rt (min): 9.88 (ESI-
MS (m/z): 516.23 (M + H+)). The obtained product was dissolved in MeOH (50 mL) and
hydrazine hydrate (10.4 mL, 214.5 mmol, 30 equiv.) was added. The reaction mixture was
refluxed for 16 hours after which TLC analysis indicated complete conversion. Toluene was
added and the mixture was concentrated under reduced pressure. Traces of hydrazine were
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removed by co-evaporating the mixture with toluene (3x) and the title compound was
obtained as a colorless solid (yield: 6.67 g, 7.15 mmol, quant.). "H NMR (400 MHz, MeOD) &
= 4.36 (d, J = 3.53 Hz, 1H), 4.32 (d, J = 8.12 Hz, 1H), 4.07-4.00 (m, 1H), 3.94 (d, J = 7.90 Hz,
1H), 1.93-1.84 (m, 1H), 1.83-1.73 (m, 1H), 1.61-1.50 (M, 2H), 1.44 (s, 9H), 1.19 (s, 9H), 1.19-
1.16 (M, 2H), 1.10 (d, J = 6.32 Hz, 3H), 0.94-0.87 (M, 12H) ppm. **C NMR (200 MHz, MeOD) &
=174.839, 173.393, 171.301, 157.910, 80.568, 75.849, 68.522, 60.624, 59.227, 58.566, 37.949,
37.852, 28.772, 28.668, 25.941, 19.781, 16.231, 15.951, 11.392, 11.325 ppm. LC-MS: gradient
10% — 90% ACN/(0.1% TFA/H20): R, (min): 6.08 (ESI-MS (m/z): 516.4 (M + H")).
Boc-lle-lle-Thr(tBu)-leucinyl-(R)-2-methyloxirane

Boc-lle-lle-Thr(tBu)-NHNH,, (2.0 g, 3.87 mmol) was dissolved in DCM (40 mL) and
cooled to -30°C under an argon atmosphere. tBUONO (566 pL, 4.25 mmol, 1.1 equiv.) and
HCI (2.8 equiv., 10.8 mmol, 2.7 mL of a 4 M solution in 1,4-dioxane) were added and the
mixture was stirred at -30 °C for 3 hours. (Boc-leucinyl)-(R)-2-methyloxirane (1.16 g, 4.25
mmol, 1.1 equiv.) was deprotected with DCM/TFA (1:1 v/v, 20 mL) for 30 minutes followed
by co-evaporation with toluene (3x). The resulting TFA salt was dissolved in DMF (5 mL) and
added to the former reaction mixture together with DIPEA (3.31 mL, 20 mmol, 5 equiv.).
The reaction mixture was slowly warmed to ambient temperature and stirred for 16 hours.
Next, the mixture was extracted with 1 M HCl (2x), H,O and brine, dried (MgSO,) and
concentrated in vacuo. The title compound was obtained after column chromatography
(20% — 50% EtOAc/petroleum ether) as a colorless solid (yield: 2.25 g, 3.43 mmol, 89%). *H
NMR (400 MHz, CDCl5) 8 = 7.64 (d, J = 7.47 Hz, 1H), 6.99 (d, J = 5.64 Hz, 1H), 6.45 (d, J = 8.20
Hz, 1H), 5.22 (d, J = 7.85 Hz, 1H), 4.46 (ddd, J = 10.45, 7.55, 2.94 Hz, 1H), 4.40-4.32 (m, 2H),
4.14-4.07 (m, 1H), 3.94 (t, J = 7.34, 7.34 Hz, 1H), 3.38 (d, J = 5.07 Hz, 1H), 2.89 (d, J = 5.06 Hz,
1H), 1.93-1.77 (m, 2H), 1.74-1.64 (m, 1H), 1.60-1.55 (m, 1H), 1.52 (s, 3H), 1.51-1.46 (M, 2H),
1.44 (s, 9H), 1.28 (s, 9H), 1.27-1.24 (m, 1H), 1.17-1.08 (m, 2H), 1.06 (d, J = 6.44 Hz, 3H), 0.96
(d, J = 6.54 Hz, 6H), 0.92-0.86 (m, 12H) ppm. **C NMR (200 MHz, CDCl;) 8 = 208.062,
171.593, 170.738, 169.515, 155.807, 79.761, 75.492, 66.143, 59.249, 57.686, 56.956, 52.395,
50.746, 39.809, 37.300, 36.971, 28.280, 28.082, 25.423, 24.879, 24.695, 23.358, 21.359,
16.754, 15.532, 15.405, 11.285 ppm. LC-MS: gradient 10% — 90% ACN/(0.12% TFA/H,O): R¢
(min): 11.31 (ESI-MS (m/z): 655.27 (M + H")).

Biotin-epoxomicin (3)

Boc-lle-lle-Thr(tBu)-leucinyl-(R)-2-methyloxirane (23.2 mg, 20.2 pmol) was
dissolved in 2 mL DCM. TFA (2 mL) was added and the mixture was stirred for 20 min. The
reaction mixture was co-evaporated with toluene (3x). The residue was dissolved in 1 mL
DMF. Biotin-OSu (7 mg, 21 pmol, 1.01 equiv.) and DIiPEA (8.3 pL, 5o pmol, 2.5 equiv.) were
added and the mixture was stirred for 2 hr. The volatiles were removed in vacuo and the
title compound was obtained after HPLC purification (yield: 5 mg, 6.9 pmol, 34%). *"H NMR
(400 MHz, MeQOD) 8 = 4.55 (dd, J = 10.63, 3.03 Hz, 1H), 4.48 (dd, J = 7.72, 4.85 Hz, 1H), 4.32-
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4.20 (M, 4H), 4£.06-3.99 (m, 2H), 3.25 (d, J = 5.07 Hz, 1H), 3.23-3.26 (M, 1H), 2.95-2.89 (m,
2H), 2.69 (d, J = 12.71 Hz, 1H), 2.33-2.20 (M, 2H), 1.90-1.77 (m, 2H), 1.78-1.30 (M, 13H), 1.24-
1.11 (M, 5H), 0.95-0.86 (m, 18H) ppm. LC-MS: gradient 10% — 90% ACN/(0.1% TFA/H,0):
Rt (min): 6.30 (ESI-MS (m/z): 725.7 (M + H")).

Azido-BODIPY-epoxomicin

Boc-lle-lle-Thr(tBu)-leucinyl-(R)-2-methyloxirane (7.9 mg, 12 pmol) was dissolved in
TFA (2 mL) and stirred for 30 min., before being coevaporated with toluene (3). The residue
was dissolved in DMF (2 mL) and azido-BODIPY-OSu (6.6 mg, 12pumol, 1 equiv.) and DiPEA
(8 uL, 48 pmol, 4 equiv.) were added and the reaction mixture was stirred for 12 hr.
Concentration in vacuo, followed by purification by column chromatography (DCM — 2%
MeOH/DCM) yielded the title compound as a brown/red solid (yield: 5.4 mg, 5.7 pmol,
47%). *H NMR (600 MHz, MeOD) & = 7.88 (d, J = 8.7 Hz, 2H), 7.41 (s, 1H), 7.06 (d, J = 3.9 Hz,
1H), 6.99 (d, J = 8.7 Hz, 2H), 6.60 (d, J = 3.9 Hz, 1H), 4.55 (dd, J1 = 10.7, J2 = 2.8 Hz, 1H), 4.30
(d, J=5.0Hz, 1H), 4.22 (d, J = 7.8 Hz, 1H), 4.15-4.12 (m, 3H), 4.02 (p, J = 6.1 Hz, 1H), 3.54 (t, J
= 6.7 Hz, 2H), 3.25 (d, J = 5.2 Hz, 1H), 2.92 (d, J = 5.1 Hz, 1H), 2.81 (m, 1H), 2.71 (m, 1H), 2.51
(s, 3H), 2.45-2.40 (m, 2H), 2.25 (s, 3H), 2.07 (p, J = 6.3 Hz, 2H), 1.89-1.79 (m, 1H), 1.75-1.66
(m, 2H), 1.65-1.52 (M, 2H), 1.53-1.41 (M, 5H), 1.41-1.21 (M, 15H), 1.20-1.06 (M, 5H), 1.05-0.97
(m, 1H), 0.97-0.85 (m, 16H), 0.82 (d, J = 6.7 Hz, 3H), 0.76 (t, J = 7.4 Hz, 3H) ppm. *C NMR
(150 MHz, MeOD) 6 = 209.51, 174.86, 174.06, 173.59, 172.23, 161.03, 160.67, 156.57, 141.79,
136.67, 135.83, 132.45, 131.92, 131.89, 131.86, 131.67, 131.65, 129.91, 129.28, 127.16, 124.70,
119.10, 115.27, 115.19, 69.14, 68.55, 65.98, 60.13, 59.82, 59.42, 59.41, 53.10, 51.84, 40.38,
38.02, 37.71, 36.45, 30.82, 29.90, 26.26, 26.03, 23.81, 21.52, 21.21, 20.02, 17.05, 15.92, 15.86,
11.47,11.22, 9.67 ppm.

Biotin-BODIPY(Tmr)-epoxomicin (2)

Azido-BODIPY(Tmr)-epoxomicin (4.1 mg, 4.3 pmol) and Biotin-propargylamide (2.4
mg, 8.6 umol, 2 equiv.) were dissolved in tBuOH (0.25 mL) and toluene (0.25 mL) before
CuSO4 (225 pL 3.4 mM, 10 mol%) and sodium ascorbate (125 pL 6.9 mM, 20 mol%) were
added. The reaction mixture was stirred at 8o °C for 12 hr., before being cooled to room
temperature and concentrated in vacuo. Purification by column chromatography
(petroleum ether — 50% acetone/petroleum ether) yielded the title compound as a
brown/red solid (4.5 mg, 3.7 pmol, 85%). *H NMR (600 MHz, MeOD) & = 7.95-7.78 (m, 3H),
7.42 (s, 1H), 7.07 (d, J = 4.1 Hz, 1H), 6.95 (d, J = 8.9 Hz, 2H), 6.61 (d, J = 4.1 Hz, 1H), 4.70-4.52
(m, 5H), 4.46-4.39 (M, 2H), 4.34-4.26 (M, 1H), 4.25-4.19 (M, 1H), 4.17-4.11 (M, 1H), 4.08-3.99
(m, 3H), 3.95 (t, J = 2.2 Hz, 1H), 3.25(d, J = 5.0 Hz, 1H), 3.16-3.20 (M, 1H), 2.92(d, J = 5.1 Hz,
1H), 2.71-2.64 (m, 2H), 2.60-2.56 (M, 1H), 2.51 (s, 3H), 2.46-2.37 (M, 4H), 2.26 (s, 3H), 2.24-
2.17 (m, 2H), 1.95-1.21 (M, 32H), 1.21-1.120 (M, 5H), 1.06-0.85 (m, 17H), 0.82 (d, J = 6.8 Hz,
3H), 0.76 (t, J =7.3 Hz, 3H) ppm.
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6.4.3 Activity-based protein profiling

Tissues were homogenized in 3 volumes of ice cold lysis buffer (5o mM TrisHC| pH
7.5, 250 mM sucrose, smM MgCl,, 1mM DTT, 2mM ATP, 0.025% digitonin, 0.2% NPzo,
(21)) with a tissue homogenizer and further disrupted by 2 x 30 sec sonication. Lysates were
cleared by cold centrifugation at 13,000 g, protein concentrations determined by Bradford
assay and kept at -80°C until use. For comparative activity based profiling, equal amounts
of protein were incubated with ABPs for 1 hr at 37°C, resolved by 12.5% SDS-PAGE and the
wet gel slab was scanned on a Thyphoon scanner (GE Healthcare) with the TAMRA settings
(Aex=530 nm, Aem=560 nm). Competitive activity based profiling was done by first
incubating thymus lysates with increasing concentrations of various proteasome inhibitors
for 1 hr at 37°C, followed by 1 hr incubation with 0.5 uM ABP 4 for the in-gel detection of
the residual proteasome activity. Images were acquired, processed and quantified with
Image Quant (GE Healthcare).

6.4.4 Affinity purification

Some 1 or 2 mg of protein was incubated with 10 uM biotinylated ABPs 1, 2 or 3 for1
hr at 37°C, denatured by boiling for 5 min with 1% SDS and precipitated with chloroform/
methanol (C/M, (22)). The protein pellet was rehydrated in 180 pl 8M urea/z00 mM
NH,HCO;, reduced with 10 pl go mM DTT for 30 min at 37°C, alkylated with 15 pl 200 mM
iodoacetamide at RT in the dark, cleared by centrifugation at 13,000 g and desalted by C/M.
The pellet was dispersed in 25 pl PD buffer (50 mM TrisHCI pH7.5, 150 mM NaCl) with 2%
SDS in a heated (37°C) sonic bath. Stepwise (3 x 25 pl, 4 x 200 pl, 1 x 5oo pl) addition of PD
buffer afforded a clear solution that was incubated with 5o ul MyOne Ta1 Streptavidin
grafted beads (Invitrogen) at RT with vigorous shaking for 2 hr. The beads were stringently
washed with 2 x 300ul PD buffer with 0.1% SDS, 2 x 300 ul PD buffer, 2 x 30opul wash buffer |
(4M urea/so mM NH,HCO;), 2 x 300pl wash buffer Il (50 mM TrisHCI pH7.5, 20 mM Nacl)
and 2 x 300 pl water. For in-gel analysis, 2/3 of the beads was eluted with 100 pl 1x sample
buffer containing 10 uM biotin by boiling for 5 min at 9o°C and resolved by 12.5% SDS-
PAGE. Proteins were visualized by fluorescence and silverstain, in-gel digested and
desalted (23, 24). For on/bead digest, 1/3 of the beads was digested with 300 ng trypsin in
100 pl digest buffer (z00 mM TrisHCl pH 7.8, 100 mM NaCl, 1mM CaCl,, 2% ACN) o.n. at
37°C. Peptides were collected and desalted on stage tips. The active-site peptides were
eluted with 2 x 8o pl 20 uM biotin in 5% formic acid/25% ACN/70% H,O for 30 min at 37°C
and desalted after ACN evaporation.

6.4.5 LC-MS analysis

Trytic peptides were analyzed on a Surveyor nanoLC system (Thermo) hyphenated
to a LTQ-Orbitrap mass spectrometer (Thermo). Gold and carbon coated emitters
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(OD/ID=360/25um tip ID=5 pm), trap column (OD/ID=360/100 pm packed with 25 mm
robust Poros®10R2/ 15 mm BioSphere Ci8 5 pm 120A) and analytical columns
(OD/ID=360/75um packed with 20 c¢m BioSphere Ci18 5 pm 120A) were from
Nanoseparations (Nieuwkoop, The Netherlands). The mobile phases (A: 0.12% FA/H20, B:
0.1%FA/ACN) were made with ULC/MS grade solvents (Biosolve). The emitter tip was
coupled end-to-end with the analytical column via a 15 mm long TFE teflon tubing sleeve
(OD/ID 0.3x1.58 mm, Supelco, USA) and installed in a stainless steel holder mounted in a
nano-source base (Upchurch scientific, Idex, USA).

General mass spectrometric conditions were: an electrospray voltage of 1.8 kV was
applied to the emitter, no sheath and auxiliary gas flow, ion transfer tube temperature
150°C, capillary voltage 41V, tube lens voltage 150V. Internal mass calibration was
performed with air-borne protonated polydimethylcyclosiloxane (m/z = 445.12002) and the
plasticizer protonated dioctyl phthalate ions (m/z = 391.28429) as lock mass(25).

For shotgun proteomics analysis, 10 pl of the samples was pressure loaded on the
trap column with a 10 pl/min flow for 5 min followed by peptide separation with a gradient
of 35 min 5-30% B, 15 min 30-60% B, 5 min A at a flow of 300 pl/min split to 250 nl/min by
the LTQ divert valve. For each data dependent cycle, one full MS scan (300-2000 m/z)
acquired at high mass resolution (60,000 at 400 m/z, AGC target 1x10°, maximum injection
time 1,000 ms) in the Orbitrap was followed by 3 MS/MS fragmentations in the LTQ linear
ion trap (AGC target 5x10%, max inj time 120 ms) from the three most abundant ions(26).
MS? settings were: collision gas pressure 1.3 mT, normalized collision energy 35%, ion
selection threshold of 5oo counts, activation q = o0.25 and activation time of 30 ms.
Fragmented precursor ions that were measured twice within 10 s were dynamically
excluded for 60s and ions with z<2 or unassigned were not analyzed.

A parent ion list of the m/z ratios of the active-site peptides was compiled and used
for LC-MS3? analysis in a data dependent protocol. The parent ion was electrostatically
isolated in the ion trap of the LTQ, fragmented by MS* and the most intense peak was
isolated and further fragemented in MS? to reveal the amino acid sequence of the active-
site peptide. Data from MS? and MS3 was validated manually.
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Supplementary data
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Figure Si. Fluorescence and silver stain detection of EL4 (murine B cell lymphoma cell line)

cell lysate incubated with the fluorescent, broad-spectrum proteasome activity-based
probe MVi51. Some 20 pg protein was incubated with 0.5 uM MV1s1 for 60 min at 37°C,
resolved by 12.5% SDS-PAGE and imaged by fluorescence scanning followed by silver
staining of the same gel. In the denatured lane, the lysate was deactivated by boiling with
1% SDS prior to the MVasa incubation.

mass cover pept
prot acc (Da) % AA  z ppm score  peptide sequence
Psmb11 (B5t) 27834 34 2 -0.89 47 HGVIAAADTR
IP100221461 2 130 21 EGQLPSVAGTAK

2 041 76  LLAAMMSCYR
2 214 93  SSCGSYVACPASR
2 076 71 ACGIYPEPATPQGAR
2 167 130 LLGTTSGTSADCATWYR
2 1.89 99  ELFVEQEEVTPEDCAIIMK
Psmb7 (B2) 25235 50 2 043 27 QMLFR
IPI00136483 2 1.09 70  FRPDMEEEEAK

2 342 55 LDFLRPFSVPNK
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Psmb10

IP100316736

Psmb6

IP100119239

Psmb8

IP100116712

(B2i)

B

(B5i)

24789

21982

22635

65

74
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-0.80

0.13

2.19

-4.89

-1.17

-0.11

3.18

0.28

-0.29

0.00
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-1.12

0.35

0.73
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0.35

-0.21
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1.28

-1.59

1.59

1.27

1.68

1.68

4.81

-0.27

2.60

-0.68

-0.74

0.56

1.35

-0.75

57
45
38
62
11
129
57
173
61
40
39
121
167
93
53
58
50
78
91
55
132
129
32
106
149
92
66
72
84
80
75
99

121
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FRPDMEEEEAKK *

LDFLRPFSVPNKK *

SKLDFLRPFSVPNK *

LPYVTMGSGSLAAMAVFEDK

VTPLEIEVLEETVQTMDTS #

LVSEAIAAGIFNDLGSGSNIDLCVISK

KLVSEAIAAGIFNDLGSGSNIDLCVISK *

IHFISPNIYCCGAGTAADTDMTTQLISSNLELHSLTTGR

ATNDSVVADK

MELHALSTGR

FAPGTTPVLTR

IYCCGAGVAADTEMTTR

LPFTALGSGQGAAVALLEDR

EVRPLTLELLEETVQAMEVE #

YQGHVGASLVVGGVDLNGPQLYEVHPHGSYSR

DGSSGGVIR

FTIATLPPP #

TTTGSYIANR

LAAIQESGVER

LTPIHDHIFCCR

DECLQFTANALALAMER

QSFAIGGSGSSYIYGYVDATYR

EGMTKDECLQFTANALALAMER *

YREDLMAGIIAGWDPQEGGQVYSVPMGGMMVR  *

SGSAADTQAVADAVTYQLGFHSIELNEPPLVHTAASLFK

ATAGSYISSLR

LLSNMMLQYR

FQHGVIVAVDSR

VESSDVSDLLYK

GPGLYYVDDNGTR

DNYSGGVVNMYHMK

GMGLSMGSMICGWDK

LSGQMFSTGSGNTYAYGVMDSGYR



3 081 60 VIEINPYLLGTMSGCAADCQYWER

Psmb5 (B5) 22514 18 2 038 47 VEEAYDLAR
IP100317902 2 091 56 GPGLYYVDSEGNR
Psmb9 (B1i) 21313 58 2 021 56 VSAGTAVVNR
IP100309379 2 -07 61 VILGDELPK

2 -0.07 91 FTTNAITLAMNR
2 0.05 96 DGSSGGVIYLVTITAAGVDHR
3 -0.15 99 QPFTIGGSGSSYIYGYVDAAYKPGMTPEECR

3 1.1 122 IFCALSGSAADAQAIADMAAYQLELHGLELEEPPLVLAAANVVK

Table Sa. Protein identification after affinity purification with probe 3, on-bead digestion
with trypsin and LC-MS analysis.

Protein name, mass of the active B subunit, % coverage of the protein by amino acids
identified by LC-MS, charge of the peptide (z), measurement error (ppm), Mascot peptide
scores, miss cleavage (*), and C-terminal peptides (#). Mascot identifications were
manually validated.

Exact mass z=2 z=3

y7 ion sequence mono-iso High-peak mono-iso High-peak mono-iso High-peak

B1 TTIMAVQFNGGVVLGADSR 2659.40773 | 2660.41061 | 1330.71114 | 1331.21258 | 887.47652 | 887.81081

B1i | TTIMAVEFDGGVVVGSDSR 2663.35502 | 2664.35793 | 1332.68479 | 1333.18624 | 888.79228 | 889.12659

B2 | TTIAGVVYK 1674.96302 | 1674.96302 838.48878 838.48878 | 559.32828 | 559.32828
B2i | TTIAGLVFR 1700.98990 | 1700.98990 851.50223 851.50223 | 568.00391 | 568.00391
B5 | TTTLAFK 1504.85749 | 1504.85749 753.43602 753.43602 | 502.64644 | 502.64644
B5i | TTTLAFK 1504.85749 | 1504.85749 753.43602 753.43602 | 502.64644 | 502.64644
B5t | TTTLAFR 1532.86364 | 1532.86364 767.43909 767.43909 | 511.96182 | 511.96182

Table S2: Calculated exact (m/z) masses of the active-site peptides bound to biotin-

epoxomicin (probe 3).
The mono-isotopic mass (mono-iso) and the mass of the most abundant isotope peak

(High-peak) are shown at charge (z) of o, 2, and 3. The active site peptide sequence of B5
and Bsiis identical.
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O-GlcNAcylation
and

hHR23B functions

7-1 Introduction

Protein O-linked GIcNAcylation (O-GIcNAc) is a post-translational modification
(PTM) characterized by the covalent and reversible bonding of a N-acetylglucosamine
moiety to the y-hydroxyl of serine or threonine residues of a protein via a B-C2 linkage. It
bears resemblance to protein phosphorylation and O-GIcNAcylation levels can respond
rapidly to intracellular or environmental cues(z). The level of O-GlcNAc is regulated by O-
GIcNAc transferase (OGT) and O-GlcNAcase (OGA), and is highly dependent on the level of
its donor substrate, UDP-N-acetylglucosamine (UDP-GIcNACc)(z, 2). UDP-GIcNAc levels are
regulated by an interplay of the hexosamine biosynthetic pathway (HBP) and the metabolic
pathways of amino acid, nucleotide, fatty acid, and glucose(3). Therefore, protein O-
GlcNAcylation levels can vary significantly according to the cell or tissue type, and the
nutrition state of the cell. Hundreds of proteins are found to be O-GIcNAcylated, and the
list is still increasing(4, 5). They belong to diverse families, including metabolic enzymes,
transcription factors, heat-shock proteins, and architectural proteins.

The consequence of protein O-GlcNAcylation is complicated and highly dependent
on the specific biological network that the protein is being involved in. The physical
presence of O-GlcNAcylation alone could affect protein-protein interaction (PPI). For
example, O-GIcNAcylation on transcription factor SP1 affects its binding to NF-Y, which is
another important transcription factor in complex with SP1 to synergistically activate
transcription of many genes, and further interrupts the transcription requlated by SP1 and
NF-Y(6). Oligomerization of tau is a key process contributing to the progressive death of
neurons in Alzheimer's disease. Treatment of tau transgenic mice with an O-GlcNAcase
inhibitor increased O-GlcNAcylation level of tau in vivo and decreased neuronal cell loss. It
has been proven that O-GlcNAcylation on Tau prevents it from aggregation(y).
Alternatively, O-GIcNAcylation can affect the PTM state of a given protein. O-
GlcNAcylation might show overlapping modification sites with protein phosphorylation on
the same or adjacent amino acid residues. In the case of transcription regulation,
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phosphorylation activates &-lactoferrin and P53 but also makes them susceptible to
ubiquitination. O-GlcNAcylation inhibits &-lactoferrin and P53 phosphorylation under
normal conditions, thus suppressing them from activation and protecting them from
degradation by the proteasome(8, 9). O-GIcNAcylation has also been shown to reduce
ubiquitination through the recruitment of deubiquitin enzymes (DUBs) on the target
proteins, as shown in the case of Bmal1/Clock in the regulation of the circadian clock(zo,
11). The lectin property of heat-shock protein Hsp7o was proposed to allow Hsp7o bind to
O-GIcNAcs on the damaged protein, thus prevent them from ubiquitination and
degradation under hyperthermia and UV stress(z22, 13). Due to the diverse outcomes of
protein O-GIcNAcylation, the effect of O-GIcNAcylation on a given protein should be
examined by the change in interaction between that protein and its binding partners,
directly or indirectly through the involvement of the requlation of other PTMs.

A UBL UBA1l XPC-B UBA2

"‘\ ’_’ ‘;-
S - i:"? g
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\\\"_,?.‘ = e .- 25
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101 SSTTTTVAQA PTPVPALAPT STPASITPAS ATASSEPAPA SAAKQEKPAE
151 KPAETPVATS PTATDSTSGD SSRSNLFEDA TSA
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Figure 1: Schematic presentation of hHR23B protein.

(A) The upper panel is a scheme of the hHR23B functional domains, UBL (ubiquitin like
domain), UBA1(ubiquitin associate domain 1), XPC-B (XPC binding domain) and UBA2
(ubiquitin associate domain 2). The lower panel is protein sequence of hHR23B. The linker
sequences are shown underlined.

(B) Models of open or closed conformations of hHR23B. The UBL domain can interact with
UBA1 or UBA2 domains intra-molecularly. When they do not interact with each other, the

protein shows an open form. Or, it shows the closed form.
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In previous O-GIcNAcylation profiling experiments using a metabolic labeling
method(4), one of the modified proteins identified was the ubiquitin receptor protein
hHR23B. hHR23B is a multi-functional scaffold protein involved in two important biological
pathways, the global genomic nucleotide excision repair (GG-NER) and the ubiquitin
proteasome system (UPS)(z5). Functionally, it is often referred to as “"NER accessory
protein” for its role in stabilizing XPC during the recognition of nucleotide lesions, or
“ubiquitin shuttle protein” for its role in trafficking Lys-48 linked polyubiquitinated proteins
to the proteasome for their controlled degradation. hHR23B is evolutionarily conserved, as
it shares an overall structural and functional similarity to its human paralog hHR23A, and
the yeast ortholog Rad23(z5). Starting from the N-terminus, hHR23B consists of four intra-
molecular domains, namely the UBL (ubiquitin like), UBA1 (ubiquitin associate 1), XPC
binding, and UBA2 (ubiquitin associate 2) domains (Fig 1A). The functional domains are
interconnected by flexible linkers, with the one linking UBL and UBA1 being exceptionally
long (78 amino acids). This long linker has a protease resistant amino acid sequence (with
very few trypsin (K and R) or chymotrypsin (F, W, L and M) cleavage sites). Meanwhile, it
has high Pro, Ala, Ser, Thr content, which is the OGT preference sequence for installing an
O-GIcNAc moiety. Presence of a Pro/Ser/Thr rich N terminal and Thr/Ser/Ala rich C terminal
adjacent to an O-GlcNAcylation site has been commonly found in O-GlcNAcylated peptides
identified before, and it is comparable to the linker sequence in the hHR23B(2). Thanks to
the long flexible linker regions in the hHR23B, it might adopt an open/closed conformation
change just as its paralog hHR23A(26). As shown in Fig 1B, the UBL and UBA domains
might have some intra-molecular interactions, by which the open/close model has been set
up.

The ubiquitin proteasome system is responsible for tightly requlated degradation of
specific protein substrates, which is critical in protein turnover, cell cycle progression,
antigen presentation, and regulation of oncogenes. Proteins are first tagged with
polyubiquitin chains by an enzyme cascade consisting of ubiquitin activating enzyme (E1),
ubiquitin conjugating enzyme (E2), and ubiquitin ligase (E3)(z7). Polyubiquitinated proteins
are either recognized and degraded by the proteasome, or shuttled to the proteasome for
degradation by the assist of ubiquitin receptor proteins like hHR23B. All four domains of
hHR23B might contribute to its role in the UPS. The UBL domain resembles ubiquitin
structurally, and can bind to Rpnio (s5a in yeast) and Rpn1 subunits of the 19S regulatory
particle of the 26S proteasome, the main protein degradation machinery in the UPS(z5).
The two UBA domains serve to bind to poly-ubiquitin chains on substrate proteins of the
proteasome(zy). The binding of UBL and UBAs to their binding partners ensures a one-
directional shuttling of the poly-ubiquitinated protein substrates to the proteasome for
degradation. The XPC binding domain is also involved in the UPS. Although its major
function is to bind to XPC and thus stabilize it during the lesion recognition phase of GG-
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NER, it was found that in yeast the Rad4 (ortholog of XPC in yeast) binding domain of
Rad23 also binds to protein glycanase Pngzi, a protein responsible for the removal of sugar-
tagged substrates in the ER-associated degradation (ERAD), and that Rad23 is an essential
protein in the ERAD pathway(28). Therefore, the O-GIcNAc modification on the hHR23B
protein might influence the efficiency of the whole UPS.

In this chapter, a series of chemical biology tools are applied for the visualization,
site identification, and unraveling the physiology of O-GIcNAcylation on hHR23B. It proves
that, hHR23B is indeed modified by O-GIcNAc. Six O-GlcNAcylation sites were identified on
the protein, among which four were only observed after chemical OGA inhibition. While,
the cellular O-GlcNAcylation level is increased by an OGA inhibitor treatment, there is
almost 50% more free hHR23B molecules existing in the cells. It demonstrates that, the O-
GIcNAcylation affects the protein-protein interaction of the hHR23B protein.
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Figure 2: Chemical tools used in this chapter for O-GIcNAcylation study.

(A) Structures of the chemical tools used for the O-GIcNAcylation study.

(B) Schematic presentation of metabolic labeling of O-GIcNAcylated proteins. Cells take up
the Ac,GalNAz in the medium and deacetylate the molecule. GalNAz is converted to UDP-
GIcNAz HBP biochemical synthesis enzymes. OGT uses the UDP-GIcNAz as the donor
substrate to modify protein substrates. Biotin tag can be installed on the O-GIcNAz
modified proteins by bio-orthogonal ligation following lysing the cells.

(C) Schematic presentation of the BEMAB replacement of O-GIcNAc. The labile O-GIcNAc
modification on the amino acid residues is removed by a B-elimination under basic
conditions, and then biotin-cystamine is added to the amino acid residue by a Michael
addition to result in the stable S-linked biotin modification for replacing the O-GlcNAc in
LC/MS analysis.

(D) Western blots to test the OGA and OGT inhibitors (2 and 3). Cells were treated with or
without 5ouM 2 or 3 for 24hrs. Full cell lysate were resolved by SDS-PAGE and transferred
to PVDF membrane. The O-GIcNAcylated proteins were detected by O-GIcNAc antibody
CTD110.6 (upper panel). Anti B-actin blot was performed as loading control (lower panel).
Two independent experiments were done and compared on the same blot.

7-2 Results
7-2.2 hHR23B is O-GIcNAcylated

Immunoblot detection is the most straightforward method for proving the existence
of O-GIcNAc on the target proteins. To circumvent the disadvantage of sensitivity and
specificity of direct visualization by O-GIcNAc antibody, for instance the commonly used O-
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GIcNAc antibody CTDi110.6 cross reacts with N-GIcNAc,-modified proteins in some
cases(z9), a chemical biological approach was taken. HEK293T cells were transfected with a
plasmid (pFLAG-6His-hHR23B) for the expression of Flag tagged hHR23B, followed by
treatment with high concentration (250puM) of Ac4-GalNAz (2 in Fig 2A). The Ac4-GalNAz
was deacetylated and converted by the HBP enzymes into UDP-GIcNAz intracellularly, and
then OGT used the UDP-GIcNAz as the donor substrate to modify protein substrates.
Consequently, proteins got modified by GIcNAz instead of the endogenous GIcNAC(3).
Then, cells were harvested and lysed. A Staudinger-Bertozzi reaction was performed with
biotin-phosphine 4 in the lysate to install a biotin tag on GIcNAz modified proteins and as
control for background labeling on cell lysate without GIcNAz exposure (Fig 2B).
Afterwards, one immunoprecipitation (IP) against the FLAG tag to purify FLAG-6His-
hHR23B and one biotin-streptavidin affinity purification (AP) to enrich for O-GlcNAz
modified proteins were done with the lysate. The eluted samples from the IP and AP
experiments were detected by both anti-FLAG antibody and streptavidin-HRP,
respectively.

As shown in Figure 3A, successful transfection and expression of FLAG-tagged
hHR23B was achieved. In all four samples, the bands have sizes of around 57 kD, which is
consistent with the molecular weight of FLAG-6His-hHR23B. Lane 1 and lane 2 are the
input and elute samples of the anti-FLAG IP without the GalNAz treatment. Lane 3 and lane
4 are the input and elute samples of the IP with GalNAz treatment. The possible presence
of O-GIcNAz and biotin on hHR23B does not interfere with antibody binding against FLAG
tag (lane 3 and 4). Additionally, the band intensity is slightly stronger in the IP elutes (lane
4), which indicates efficient enrichment. Detection of the same blot with Streptavidin-HRP
(Fig 3B) shows clear bands only in the GalNAz treated samples (lane 3 and 4), which
indicates that O-GIcNAz was metabolically incorporated as PTM on proteins and that the
Staudinger-Bertozzi reaction showed minor background labeling as seen in lanes 1 and 2.
The IP sample showed only one intensive band correlating to the same electrophorestic
shift of FLAG-6His-hHR23B (lane 4), whereas the input sample showed multiple bands (lane
3). That is because in these two samples, GIcNAz was successfully incorporated as PTM on
many cellular proteins, and that, the anti-FLAG IP specifically and efficiently enriched the
O-GlcNAcylated hHR23B. Therefore, the anti-biotin immuno blot (IB) detected numerous
proteins in lane 3 and only hHR23B in lane 4.

For the affinity purification with streptavidin beads, Figure 3C shows the anti-FLAG
detected proteins. Lane 1 and lane 2 are the input and AP elute samples without the
GalNAz treatment. Lane 3 and lane 4 are the input and AP samples with GalNAz treatment.
In both input samples with or without the GalNAz treatment, the FLAG-6His-hHR23B
bands are comparable (lane 1 and 3). The AP elute with GalNAz treatment shows a clear
band (lane 4), nonetheless the elution sample without the treatment does not (lane 2),
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because no biotin was installed on the proteins. The hHR23B protein shown by the AP is
less intensive than the band in the input samples, which might be because the O-GIcNAz
modified protein is only a small portion of the whole population or the efficiency of the AP
is not 100%. The anti-biotin detection shown in Figure 3D illustrates the enrichment
efficiency of the AP experiment, and the efficiency of the metabolic labeling method. The
slight bands shown in lane 1 and 2 are just endogenous biotinylated proteins instead of
aspecific binding of the biotin-phosphine, considering the results in lane 1 and 2 of Figure
3B. The bands in lane 4 are much more intensive than the ones in lane 3, which is because of
the enrichment of biotinylated proteins by the AP.

In summary, the cis-trans pull down experiments show that hHR23B is O-
GIcNAcylated. The described strategy of metabolic labeling coupled to bio-orthogonal
ligation provided a foundation for target enrichment and allowed straightforward
visualization of O-GIcNAcylation on the target protein.

GalNaz - - + + GalNaz - -+ + GalNaz - - + + GalNaz - - + +
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Figure 3: IP and AP to confirm O-GIcNAcylation on hHR23B. Cells tranfected with pFLAG-
6His-hHR23B (with or without GalNAz) treatment were lysed. The biotin tag was installed
by Staudinger-Bertozzi reaction. The FLAG tagged hHR23B was immunoprecipitated by
anti-FLAG beads, and detected by FLAG antibody (A) or Strep-HRP (B). The biotin tagged
proteins were affinity purified by Streptavidin beads, and detected by FLAG antibody (C) or
Strep-HRP (D). IB demonstrates immuno blot.

7.2.2 Mapping of O-GIcNAcylation sites on hHR23B

To identify the exact O-GIcNAc modification sites on the hHR23B protein, the
unstable O-GIcNAc moiety was replaced for a stable biotin-cystamine (5, Fig 2A) for the
LC/MS analysis. Cells were transfected with plasmid pFLAG-6His-hHR23B, and then grown
with or without the OGA inhibitor 2 for 24 hours(20) (Fig 2A). As seen in Figure 2D, OGA
inhibitor 2 increased and OGT inhibitor 3 decreased the cellular O-GIcNAcylation levels
significantly in the living cells. Following harvest and lysis of the cells, an anti-FLAG IP was
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performed to enrich the expressed protein. The eluted protein was digested by proteinase
K (ProtK) instead of the generally used trypsin, due to the special sequence of the hHR23B
protein, which contains long linker parts with very few trypsin cleavage sites(C terminal of
Lys and Arg). The digested peptides were dephosphorylated by alkaline phosphatase to
prevent B-elimination of the phosphate. The O-GIcNAc groups on the peptides were
replaced by biotin-cystamine (5) through a B-elimination followed by a Michael addition
reaction under basic condition at 52°C(21) (Fig 2C). The peptides were then analyzed by
nano-LC/MS for identification of the modification sites.

Through this experiment, two O-GIcNAcylation sites were identified in both
samples, and four extra modification sites were identified only in the sample with OGA
inhibition treatment (Table 1). This suggests the presence of constitutive O-GIcNAc
modifications on the hHR23B protein, even under OGA activity in the cell. It is hypothesized
that the constitutive O-GIcNAc are for protein functions and the differentially added O-
GIcNAc are for regulating the functions by switching between open and closed states.
Interestingly, the modification sites identified are mostly located around the linker part
between UBL and UBA1, which is indeed the longest linker in the protein. It might play a
role in the open-closed mode changes, according to the structural studies on the paralogue
protein hHR23A(z26).

Table 1: O-GIcNAcylation sites identification on hHR23B

mascot O-GIcNAc

samples peptide identification score sites
hHR23B-nt IE 5, SEKGKDAFPVAGQ™ 30 Ser®
MVTKPKAV g, STPAPATTQ® 44 Ser™

hHR238-OGAi IE 5, SEKGKDAFPVAGQ™ 21 Ser®
MVTKPKAV g, STPAPATTQ® 45 ser®™

7*VTKPKAVSTPAPAT g, TQQ™ 23 Thr®

°AVSgic, TPAPATTQ® 23 Thr®

M8 GAPQS gicy SAV? 21 ser™

¥ GGGGGGG g, SGGIA™ 33 ser**

What should also be considered is that a substantial part of the linker sequence
GIn®°-Lys** was not found by LC/MS analysis. Although the aggressive protease ProtK with
little sequence preference was used for the proteolytic degradation of the protein, the
linker part of the protein might still be incompletely digested due to the special sequence,
and was not analyzed by the mass spectrometer. This could also be the reason that very
few reports were published about the O-GIcNAcylation on hHR23B, when trypsin was used
for digestion. To solve this problem, studies should be performed with pure hHR23B to find
appropriate ProtK digestion condition for increasing the hHR23B coverage and possibly
identify additional O-GIcNAcylation sites.
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7.2.3 O-GlcNAcylation alters protein-protein interaction of hHR23B

hHR23B functions through binding to other proteins via its four intra-molecular
domains. These functions could be influenced by conformational alterations, such as the
open/closed model suggested by the hHR23A structural research(26). As determined, the
O-GIcNAc modification sites are mainly positioned in the linker part between UBL and
UBA1, which is the largest linker in the protein and might contribute to the open-closed
model. It is to be expected that the O-GIcNAc modifications might influence the changing
of the mode from one to the other.

To prove this hypothesis, the first step is to find out whether the interactome of
hHR23B is changing depending on the O-GlcNAcylation levels. When hHR23B binds to its
interaction partners, the fraction of free hHR23B is expected to be lower. By detecting the
free fraction, an estimate of the bound hHR23B can be made, which indirectly reflects on
the fraction of hHR23B that is bound to its interaction partners. HEK293T cells were
transfected with pFLAG-6His-hHR23B and cultured with or without the OGA and OGT
inhibitors (2 and 3) for 24 hours(20, 22). Subsequently, cellular proteins were cross linked by
formaldehyde or not. After quenching the residual free formaldehyde with glycine, the cells
were harvested and lysed. The same amount of lysate was loaded on SDS-PAGE from each
condition. Samples were run on two gels, one was stained with coomassie blue as loading
control correction and visualization of the total protein content, the other one was
transferred to a western blot. Free hHR23B protein was detected by anti-hHR23B antibody
(Fig 4).

The anti hHR23B western blot shows two bands around 55kD, because there are two
populations of the hHR23B protein. The upper band is the transfected FLAG-6His-hHR23B,
and the lower one is the endogenous hHR23B. The free hHR23B proteins stays on
approximately the same level in the non-cross linked samples with or without inhibitor
treatment (lane 1-3, Fig 4A). Because protein analysis by SDS-PAGE is performed under
both denaturing and reductive conditions, it is obvious that most non-covalent PPl between
hHR23B and its binding partners were lost. The results also demonstrate that the OGA/OGT
inhibition did not influence the hHR23B expression level. However, the cross linked samples
show some difference between the control and OGA/OGT inhibitions (lane 4-6). The results
were then quantified and normalized by the total protein amount quantified from the
coomassie stained gel (Fig 4B). The quantification results were shown in Figure 4C. After
OGA inhibition, there was around 50% more free hHR23B than in the control cells.
Whereas, about 10% less hHR23B monomer was detected in the OGT inhibited samples.
These results in total illustrate that, the high O-GIcNAcylation level in cells altered the
protein-protein interaction of hHR23B. The evidence indeed correlates to the hypothesis
that O-GIcNAc modifications on the hHR23B could change its conformation and further
alter its interactome and regulate its functions.
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Figure 4: Detection of hHR23B monomer after O-GIcNAcylation regulation. Cellular
proteins with or without OGA/OGT inhibitions were cross-linked by a formaldehyde
treatment. Control samples and cross-linked samples were separated on SDS-PAGE, and
detected by anti-hHR23B immunoblot after transferred to a PVDF membrane (A) or by
Coomassie Blue staining (B). The hHR23B level is quantified from the blot (A) and
normalized by the loading control (B) to get the quantification graph (C).

7-3 Discussion

O-GlcNAcylation is an essential regulator of many cellular processes, especially by
modulation of protein-protein interactions and interplay with other post-translational
modifications. The results in this chapter demonstrate that, hHR23B is indeed modified by
O-GlcNAc under normal growth condition, which is confirmed by metabolic labeling of
GIcNAz followed by the cis-trans pull down experiments. This result was subsequently
reconfirmed by LC/MS mapping of the modification sites. Two out of six modification sites
were identified on hHR23B in control cells without OGA or OGT inhibition treatment. It
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indicates that the modification might be important for the protein functions or that the
protein is O-GlcNAcylated under normal condition. Four extra O-GlcNAcylation sites were
identified after OGA inhibition, which suggests that the modification is actually highly
dynamic on hHR23B and the OGA activity was altered by the chemically synthesized
inhibitor. Considering the localization of the O-GIcNAcylation sites identified, the linker
between UBL and UBA1 might be the most possible heavily modified region. Moreover,
LC/MS coverage of that part of the linker is low due to the difficult digestion, which implies
that more O-GIcNAcylation sites might be identified. This also explains why hHR23B has
been hardly picked up in previous O-GlcNAcylated protein identification studies, where
trypsin was used as the protease for digestion(4).
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Figure 5: Hypothesis of the O-GIcNAc regulation of hHRng. The O-GlcNAc moieties on the
hHR23B protein might force it to present the closed mode of conformation. Further, the
hHR23B interactome is altered by this closed conformation.

hHR23B is known as a key regulator of the global genome nucleotide excision repair
pathway (GG-NER) and of the ubiquitin proteasome system (UPS)(z5). It functions through
binding to the interaction partner XPC that is in charge of the DNA damage recognition and
recruitment of other NER factors, and stabilizes it against ubiquitination and proteasomal
degradation. In the UPS, hHR23B is one of the major ubiquitin receptor proteins that
shuttles polyubquitinated proteins to the proteasome for controlled degradation, by
binding to the proteasomal substrates with the UBA domains and interacting with the
proteasome using the UBL domain. So, research on the protein-protein interactions of
hHR23B is the major focus of characterizing its functions. As an initial experiment, free
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hHR23B level in cells with or without OGA/OGT inhibitions was compared. 50% more free
hHR23B was observed in the OGA inhibited cells, while 10% less of that was detected in
cells with OGT inhibition than in the control cells. This indicates that high O-GIcNAcylation
level alters the PPl of hHR23B significantly, which then results in a low free protein ratio in
total. Less O-GIcNAcylation does not affect this property of the protein so significantly.
That might display the extra sugar moieties on the hHR23B after the OGA inhibition are
important regulators for the PPIl. These results correlate with previous reports on O-
GlcNAcylation research of Sp1 and Tau(6, 7).

The complete molecular mechanism why O-GlcNAcylation level can alter the PPI of
hHR23B is still not clear. The hypothesis is that multiple sugars attached to the flexible
linker change its property and possibly put the protein conformation into a closed mode,
which does not allow the binding partners like proteasome or polyubiquintinated proteins
to interact with it anymore (Fig 5). Possibly O-GlcNAcylation is used as a switch to rapidly
activate or deactivate a certain pathway, in response to metabolic stimuli. The hypothesis is
still to be proven. But recent observation opens new insights into the O-GIcNAcylation
functions, that the modification can change the functions of scaffold protein which does
not have enzymatic activity by altering its interactome. Furthermore, O-GIcNAcylation can
influence the efficiency of the UPS by manipulating the functions of ubiquitin receptor
proteins, so that the environmental glucose level and nutrition condition can be linked with
the global protein turn over rate.

7-4 Experimental Procedures
7-4.1 Cell culture, transfection and treatment by chemicals

HEK293T cells were purchased from ATCC. The cells were grown in DMEM medium
with 10% Fetal Calf Serum and 0.1 mg/ml penicillin and 0.1 mg/ml streptomycin, at 37°C, in
a 5% CO2 humid incubator. The cells were transfected with the PEI transfection reagent to
express the target constructs. Ac4-GalNAz (1)(3), OGA inhibitor (2)(20) and OGT inhibitor
(3)(22) were dissolved in DMSO before use. 1000x stock solution of the compounds were
added to the cell culture for treatment to have the DMSO concentration lower than 1% in
the culture medium. All treatments (250uM Ac4-GalNAz, 5o pM OGA inhibitor or 5o pM
OGT inhibitor) described were done for 24 hours.

7-4.2 Immuno-precipitation and affinity purification

The cells were lysed in a mild lysis buffer containing 0.1% TX100, 50 mM Tris (pH
7.5), 5 mM EDTA, 250 mM NaCl and 10% Glycerol, supplemented with Protease inhibitor
cocktail, phosphostop, and 100 pM OGA inhibitor. 1mg of the lysate was used for
Staudinger-Bertozzi reaction with 250 pM biotin-phosphine. After the bioorthogonal
ligation, the lysate could directly be used in an anti-FLAG immuno-precipitation
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experiment with M2 magnetic agrose beads (Sigma-Aldrich). To do the biotin-streptavidin
affinity purification, the protocol described in Chapter 3 can be used with minor
modifications. Reduction and alkylation steps can be skipped, because no LC/MS analysis is
done afterwards. The lysis buffer described here can be used for the washing steps.

7.4.3 O-GlcNAcylation sites mapping with BEMAB

The FLAG-6His-hHR23B protein was purified by an anti-FLAG precipitation as
described above. After elution, the protein was digested by Proteinase K for 30 min at 37°C.
The digested peptides were acidified with Formic Acid to pH<3, cooled on ice. The peptides
were desalted by a StageTip. The eluted peptides were evaporated to dryness in a
SpeedVac. The dry peptides were dissolved in dephosphorylation buffer (20mM Tris pH7.5
and 1omM MgCl,) and dephosphorylated by TSAP (thermosensitive alkaline phosphatise,
Promega) for 3 hours at 37°C. The biotin-cystamine solution (dissolved in 0.4% NaOH and
4% triethylamine) was added at final concentration of smM. The reaction mixture was kept
at 52°C for 2 hours(21). Then, the mixture was acidified and desalted by a StageTip again.
The eluted sample was evaporated in a SpeedVac, and reconstituted with LC/MS sample
solution (95ml H,O, 3mI ACN and o.1ml Fomic Acid). The samples could then be analyzed
by nano-LC/MS.

The MS data was searched by Mascot against a self defined database containing
only the hHR23B protein sequence to simplify the difficulty of calculations.

7-4.4 Formaldehyde cross linking

Formaldehyde solution was added to the medium of cells with or without OGA/OGT
inhibitors treatment to reach a final concentration of 0.75%. The plates were shaken gently
for several times to mix well and then incubated at room temperature for 15 minutes.
125mM Glycine was added to quench the cross linking reaction, for 5 minutes at room
temperature. The medium was removed and cells were harvested by scraping.

7-4.5 Synthesis of biotin-cystamine

2-(tritylthio)ethan-1-amine A mixture of cysteamine hydrochloride (464mg, 4.1 mmol)
and triphenylmethanol (1.06g, 4.2mmol ) in 8 mL TFA was stirred for 24h at room
temperature. After evaporation of all solvent in vacuum, water (40 mL) was added and pH
was adjusted to 9 upon addition of NaHCO,. The product was extracted with chloroform
(3x20mL), the combined organic layer was washed by brine, dried over MgSO,, filtered and
concentrated in vacuum to product crude product and purification by flash
chromatography (2%MeOH in DCM with 0.1% TEA) gave compound (20o0mg, yield 15.3%).
5-(2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)-N-(2-(tritylthio)ethyl) pentanamide
Dissolve compound 2-(tritylthio)ethan-1-amine (75.5mg, 0.24mmol) in 5 mL DMF and then
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add Biotin 70.8 mg (1.2 equi., 0.29mmol), HCTU 120mg(1.2 equi., 0.29gmmol) and DiPEA
0.13mL(3 equi., 0.72mmol) and then stir at room temperature overnight. Remove DMF in
vacum and dissolve the residue in EtOAc. The organic layer was washed by 1M
HCl(2x2omL), Sat. NaHCO;(3x2omL), and Brine(a2x2omL) and dried over MgSO,, giving
crude product (126.7mg, yield %). The crude product was used without further purification.
N-(2-mercaptoethyl)-5-(2-oxohexahydro-1H-thieno[3, 4-d]imidazol-4-yl)pentanamide
Dissolve crude compound 5-(2-oxohexahydro-1H-thieno[3,4-d]imidazol-4-yl)-N-(2-
(tritylthio)ethyl) pentanamide 126.7mg in 6 mL DCM and then add 4 mL TFA and 7 drops of
triisopropylsilane. TLC shows complete conversion of the starting material after stirring at
room temperature overnight. After evaporation of all solvent in vacuum, product (40mg,
yield 56.8%) was obtained by HPLC purification.

*HNMR (400 MHz, CD,0D); 4.40(dd, 1H, J = 3.2, 4.8Hz), 4.21 (dd, 1H, J = 4.4, 4.4Hz), 3.12
(ddd, 1H, J = 4.4, 3.2, 3.2 Hz), 2.84 (dd, 1H, J = 4.8, 5.2Hz), 2.61 (d, 1H, J= 12.8 Hz), 2.52 (t,
2H, J = 4.8 Hz), 2.12 (t, 2H, J = 7.6 Hz), 1.67-1.28(m, 6H). 13C NMR (CD50D): 176.19 (C),
166.13 (C), 63.36 (CH), 61.62 (CH), 57.00 (CH), 43.84 (CH,), 41.04 (CH,), 36.72 (CH.), 29.76
(CH,), 29.47 (CH,), 26.33 (CH,), 24.50 (CH,). MS (M+H)": 304.07.
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Summary and future
perspectives

The work described in this thesis focused on developing chemical biology tools for
understanding the ubiquitin proteasome system (UPS). Chapter 1 is a general overview of
the UPS model system and the main methods used in this thesis about activity-based
proteasome profiling. The UPS is the central system of the cellular protein turn over
processes, in which ubiquitin works as the signal targeting the protein to destruction and
proteasome is the protein recycling center. The proteasome is the major protein
degradation machinery in eukaryotic cells and has been validated as an important drug
target for treatment of cancer and autoimmune diseases. Methods to reveal the
proteasome activity are therefore necessary for both fundamental and (pre)clinical
researches.

Chapter 2 is a brief literature review of the application of activity-based protein
profiling (ABPP) in biological research in recent years. ABPP was combined with LC/MS
based protein quantification platforms, to determine the global reactive cysteine thiols
throughout the whole human proteome(z). In cellular biology, ABPP is often used as a
imaging tool. A fluorescently quenched cathepsin probe was applied for noninvasive optical
imaging in living mice for the early diagnosis of grafted tumors(2). In another case,
fluorescent proteasome probes were used to observe the T cell asymmetric division(3). As a
powerful tool in medicinal chemistry, ABPP has been broadly used in target identification.
The KiNativ high-throughput screening platform from the ActivX company profiled several
well defined kinase inhibitors against over 200 kinases in the human proteome to reveal the
cellular targets of the inhibitors(4). Activity-based probes (ABP) for serine hydrolases and
glucocerebrosidase were applied to study tumor migration, growth and therapy
progression in Gaucher disease(s, 6). In conclusion, the ABPP method has been widely used
in various biological research disciplines, and it could be developed for more enzyme
families and applied in more fields.

In Chapter 3, a relative quantification activity-based proteasome profiling method is
described to quantify the activity of different proteasome subunits in a complex biological
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sample. The method employs fluorescent proteasome ABPs, including subunit specific
probes. Active B1, B2, B5 proteasome subunits were labeled with fluorescent probes in cell
lysate, and separated on a 1D SDS-PAGE. The labeled subunits were visualized by in-gel
fluorescent scanning, and the fluorescent signal was quantified. This protocol using the
fluorescent probes allows one to perform the quantification of the proteasome activity of
every active subunit, in a medium throughput mode, which solves the problem that the
fluorogenic substrates can not distinguish constitutive subunits and their immuno
homologues. The second part of the procedure describes the use of a biotin-epoxomicin
probe in a LC/MS-based proteasome activity quantification experiment. All the proteasome
active subunits were labeled by biotin-epoximicin, then affinity purified with streptavidin
paramagnetic beads through biotin-streptavidin interaction. Subsequently, the
proteasome subunits were digested by trypsin on the beads and differentially labeled with
dimethyl stable isotopes. The labeled peptides were mixed and analyzed by reversed phase
nano-LC/MS. Through this MS analysis, the activity of all proteasome subunits can be
quantified in one single LC/MS run. This protocol has a lower throughput than the gel based
protocol; however, it has a lower chance of systematic error as different subunits are
quantified in one single experiment. The two protocols can be chosen for different
applications according to the aims, and can be adapted to a clinical setting.

Bioorthogonal chemistry has been a valuable chemical tool in the biological
research for its property that, it labels marco-molecules selectively, through the
introduction of unnatural, small ligation handles in a complex biological sample. Because
reporter groups sometimes influence the property of the probes, the bioorthogonal ligation
handles are introduced instead of the reporter, and then the reporter group can be installed
after the first enzymatic labeling step. Chapter 4 is a technical report, comparing primary
and secondary azide groups in two step ABPP experiments. The two kinds of azide were
compared for their ligation efficiency with Staudinger-Bertozzi biotin-phosphine and
Copper-catalyzed Huisgen’'s azide-alkyne cycloaddition biotin-alkyne, under either
denatured or native protein condition. Under denatured condition both reactions can label
both kinds of azide quite efficiently, however under native condition the secondary azide is
less accessible for labeling by both reactions. It demonstrates that the environment
composed by the folded probed protein and the chemical groups around the secondary
azide decreased the efficiency of the bioorthogonal ligation under native conditions.

Bortezomib is the first proteasome inhibitor approved by FDA as a drug and is
clinically used as an anti-cancer therapy. During the ten years of clinical application,
bortezomib has been proven to be a great success. However, the molecular mechanisms
how bortezomib is able to kill myeloma cells instead of other cancer cells, and how
myeloma cells develop resistance to the drug are still unclear. In Chapter 5, the quantitative
activity-based proteasome profiling method (described in Chapter 3) is employed in
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combination with a quantitative global proteomics method to elucidate the molecular
mechanisms of the questions. In solid tumor cells that are less sensitive to bortezomib
treatment, the proteasome B5 subunit is less susceptible for bortezomib inhibition than in
lymphoblast cells. In the bortezomib adapted cells tested in this project, the proteasome
expression has been up-regulated by different levels, especially the constitutive
proteasome. Moreover, comprehensive modulations of multiple cellular processes were
observed in bortezomib adapted cell lines HL60oA and AMO1A by global proteomics
analysis. For instance, in the acute myeloid leukemia cell line HL60A, together with
proteasome up-regulation it shows up-regulated PLK1 (polo like kinase 1) expression, which
is an activator of the proteasome through phosphorylating the enzyme complex and also
an important regulator of mitosis(7, 8). HL60A cells down-regulate the ribosomal proteins
probably to synthesize less protein, lowering the ER stress by slower protein turnover (data
not shown). However, in AMO1A myeloma cells, except the higher proteasome levels,
lower RPB1 level was observed, which is the key subunit of the essential eukaryotic gene
transcription machinery RNA polymerase Il. So these cells evade bortezomib toxicity by up-
regulating the proteasome and repressing protein synthesis. The proteomic changes
observed might be used as prognosis biomarkers to predict whether bortezomib will be
suitable for the treatment of the cancer or as an inspiration source for a different therapy.

More experiments are necessary to validate the conclusions. Native PAGE of
proteasome and in-gel fluorescent ABPP were performed to compare the proteasome
activity and expression levels in the parental and bortezomib adapted cells. The LC/MS-
based quantitative activity-based proteasome profiling experiments will be performed to
provide a complete overview of the proteasome activity in the adapted and the parental
cells. The active proteasome from untreated parental (HL60/AMO1) and bortezomib
adapted cells (HL60A/AMO21A) can be labeled by biotin-epoxomicin. The biotinylated
active subunits can be then affinity purified and quantified by LC/MS.

Up-regulation of the constitutive proteasome was observed in the bortezomib
adapted cells. One hypothesis is that the adapted cells up-requlate the constitutive
proteasome and perhaps down-regulate the immuno proteasome by the competitive
assembly of the 20S core particles. To prove the hypothesis, western blots against f2 and
B2i are going to be performed in adapted and wild type cells. In combination with the
Native PAGE and LC/MS based ABPP data, the expression/assembly and the activity of the
proteasome in resistant and wild type cells will be elucidated.

Proteasomes were found to be less sensitive to bortezomib treatment in solid tumor
cells than in lymphoblast cells (especially the clinical relevant plasma cells). One possibility
to explain this phenomenon is that, in the solid tumor or resistant myeloma cells more
proteasome is expressed. The ABPP technique described here is a suitable method for
relative quantification of the proteasome activity between samples. However, for the large
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scale screening of various cell lines to profile their proteasome expression, ABPP might not
have enough throughput. To solve this problem, a combination of MRM (multiple reaction
monitoring) LC/MS technique and AQUA (absolute quantification) peptides can be an
efficient solution (9-11). The tryptic peptide sequences of the proteasome subunits that
show robust LC/MS identification properties can be synthesized as AQUA peptides by
incorporating Valine (C;) and Leucine (3C¢). And then, fixed amount of the AQUA
peptides can be spiked in the trypsin digested full cell lysate prior to LC/MS analysis. The
Mass Spectrometer can be programmed to fragment and quantify the peptide pairs
consisted of the heavy AQUA peptides and their light endogenous parental peptides. In this
way, the proteasome subunits expression levels can be quantified absolutely in a high
throughput mode. This method can also be adapted to (pre)clinical setting for screening of
cell lines or patient materials.

Various cell lines were compared with or without bortezomib treatment in global
proteomics experiments (data not shown). However, the results were not conclusive.
Several up or down-regulated proteins were observed, however no clear network was
achieved after bioinformatics data processing. There might be two possibilities. One is that
the cells did not react to the bortezomib treatment by requlating their protein expression
levels, but by changing posttranslational modification (PTM) levels(z2). It was found that
Ser38 phosphorylation on stathmin, a key regulator in the control of proliferation and cell
cycle increased upon bortezomib treatment in multiple myeloma cells and mutation of
Ser38 of stathmin decreased sensitivity of the cells to bortezomib treatment. The other
possibility is that the cells did change the protein expression levels, but the change was
blurred by the accumulated proteasomal substrates after the bortezomib treatment. The
former possible problem could be solved by quantification of the protein PTM levels, using
specific PTM enrichment tools (antibodies or resins) and proteomics(z3, 14). The latter
problem could be addressed by quantifying the newly synthesized proteins in the cells after
bortezomib treatment(z5, 16). The strategy would be to grow cells in light SILAC medium
(stable isotopic labeling of amino acid in cell culture) with or without bortezomib for 2 hour,
and then culture in either intermediate (without treatement) or heavy (with treatment)
SILAC medium supplemented with AHA (azidohomoalanine) instead of methionine for 4
hours. The AHA and the heavier stable isotopic Lys and Arg residues will be incorporated
into newly synthesized proteins instead of methionine and light Lys and Arg respectively.
The cells are harvested, mixed (1:1) and lysed. All the newly synthesized proteins can be
enriched by performing the CUAAC in the presence of Alkyne coated resins. Proteins
containing AHA will react and covalently bind to the beads and as such enriched from
solution. After tryptic on bead digest, quantitative proteomics can be performed on the
enriched newly synthesized proteins. In this way, protein expression levels can be
compared quantitatively in cells with or without bortezomib treatment.
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Several cell skeleton proteins were found to be up-regulated in the bortezomib
adapted cells, which might indicate that more of the adapted cells than the parental cells
are in mitosis. A flow-cytometric experiment is going to be applied to compare this. The
parental and adapted cells can be fixed by ethanol, and then stained with anti-tubulin
(green) and Propidium lodide (red) to stain the DNA (nucleus), including RNAse treatment
to prevent Pl staining of RNA. The stained cells are quantified by flow cytometer to show
the 2N/4N ratio, which illustrates the ratio of non-dividing to dividing cells. If the adapted
cells show a lower 2N/4N ratio than the parental cells, it means that they are more engaged
in mitosis. These results will answer the question why more cell skeleton proteins were
observed in bortezomib adapted cells.

Proteins that showed significant changes in their expression levels in the global
proteomics experiments, for instance PLK1, might be used as therapeutic targets for the
treatment of bortezomib resistant patients. To model this, HL60A cells can be treated with
a combination of bortezomib and PLKza inhibitor volasertib and compare with the
treatment with either single inhibitor(z7). If synergistic effects are observed from the
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comparison, the global proteomics approach might be considered as a useful strategy to
search for new therapeutic targets against bortezomib resistant cancer cells.

In Chapter 6, activity-based proteasome profiling is used for the characterization of
the newly identified active proteasome subunit Bst that plays a crucial role in positive T cell
selection. The Bst was found to replace Bsi in the immuno proteasome in the cortical
thymus epithelial cells to form the newly found 20S particle thymo proteasome. However,
the direct proof whether Bst is catalytically active or just an inactive bystander was missing.
Through affinity purification followed by active site peptide identification, Bst was proved
to be active indeed. The competitive ABPP shows that the Bst has different cleavage
preference compared to Bs/5i that cleaves hydrophobic peptides. Proteasome inhibitors
with a hydrophilic P2 amino acid have more chances to inhibit B5t. This might illustrate how
to make a likely Bst specific inhibitor or fluorogenic substrate, which could benefit the

immunological research.
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Besides the protein expression level, post-translational modifications (PTM) are also
important for cellular functions of proteins. Chapter 7 focuses on the O-GlcNAcylation of
the ubiquitin receptor protein hHR23B and how the PTM regulates protein function. It is
proved that, there is O-GIcNAcylation on the hHR23B protein by the cis-trans
immunoprecipitation experiments where protein was pulled down and the PTM was
detected, or the other way round. Multiple GIcNAc groups have been found on the hHR23B
protein by LC/MS protein identification, by replacing the unstable GIcNAc with a stable
biotin-cystamine. After increasing or decreasing the cellular O-GIcNAcylation levels with
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chemical inhibitors for OGA and OGT, followed by formaldehyde cross linking of proteins,
the free hHR23B amounts differ in samples with higher or lower O-GIcNAcylation. These
results indicate that, the PTM might influence the protein functions by changing its
conformation and protein-protein interactions.

It still remains to be proved that, the O-GIcNAcylation of hHR23B changes its
conformation and protein-protein interactions. The conformation study will start with the
synthesis of a naked peptide of hHR23B that is the O-GIcNAcylation rich region, and
compare its structure to that of the O-GIcNAc modified peptide using circular dichroism
spectrometry and NMR(28, 19). To do this, the peptide shown in Figure 2 will be made by
solid phase peptide synthesis. O-GIcNAcylated Ser and Thr need to be synthesized and
used for synthesis of the modified peptide for comparison.

If the experiment above presents clear difference between the synthetic peptides,
the conformation change should also be measured on the protein level. The hHR23B gene
can be cloned into a bacterial expression vector, and then the Thr/Ser residues as the O-
GIcNAc modification sites in the gene can be mutated into cysteines. The mutant
recombinant protein can be purified. Meanwhile, the GIcNAc molecule with a thiol group to
replace the 1-hydroxyl group needs to be synthesized. Subsequently, the artificial
GIcNAcylation can be installed on the protein according to van Kasteren et al(20, 21) (Fig 2).
The fully modified hHR23B protein can be separated from the free sugar molecules by a
size exclusion column, and the purity can be checked by MALDI-TOF. NMR spectroscopy or
AFM imaging will be used to reveal the conformation change.

4 % N
~ 4 )
a ,‘_ ‘\ “ "'@' Figure 3: Schemes of chemical installation of

GlcNAc on hHR23B.

] Mutagenesis Sers*, Thr and Thr*® in hHR23B can be mutated
STtoCand Cto A

to Cys in the bacteria expression construct, while
-~ ﬂ” Cys*° can be mutated to Ala. The mutated
4 7 AR
a\\ ‘N ,«@_‘ hHR23B is purified from E.coli. Subsequently,
S N )
I N GIcNAc-MTS compound was used to install
\ /

GlcNAc on the mutated hHR23B in vitro.

Y =Ser/Thr g = X‘gj’g
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To get a complete O-GIcNAcylation sites atlas on hHR23B, it is advisible to start
with a substantial amount of the protein, to test which in vitro modification mapping
experiment could be a feasible strategy. The idea is to purify recombinant hOGT and
hHR23B from E.coli(22). The synthetic UDP-GIcNAc can be used as the donor substrate and
pure hHR23B as the protein substrate in the hOGT promoted in vitro glycosylation.
Following protein digestion, the labile O-GlIcNAc can be switched into a stable S-biotin by
the BEMAB reaction as described in Chapter 7. The peptides can be identified by nano-
LC/MS.

In order to reveal the different protein-protein interactions of hHR23B with high or
low O-GIcNAcylation, a quantitative proteomics experiment is designed. A stable cell line
will be made by transfecting HEK293T with pFLAG-6His-hHR23B and growing the
transfectants under G418 selection. Single clones can be picked up and amplified for the
immunoblot test. Cells from the best clone can be grown in light (L), intermediate (M) and
heavy (H) SILAC medium for at least five passages. The L, M and H labeled cells can then be
treated with OGT/OGA/no inhibitors. The same number of cells from different treatment
can be mixed and lysed in a gentle buffer. The hHR23B interactome can be enriched by co-
immunoprecipitation using the anti-FLAG beads or Ni-NTA beads and quantified by LC/MS.
The quantitative protein lists can be compared to extract the promising data.

In conclusion, this thesis brings experimental evidence that ABPP is a powerful
method to study chemical biological questions. The ABPP method has been applied to
proteasome as a model system and showed results that shed light on mechanism of
bortezomib resistance in myeloma cells, compared accessibility primary and secondary
azides, proved the activity of thymus specific B5t proteasome subunit. Additionally, a new
research line has been initiated on O-GlcNAcylation in ubiquitin receptor protein hHR23B.

Experimental procedures
Synthesis of O-GIcNAcylated Ser/Thr
Acetyl-3,4,6-tri-O-acetyl-2-N-acetamide-2-deoxy-D-glucopyranoside (1.56 g, 4
mmol) was dissolved in dry dichloroethane (20 ml) under argon atmosphere. TMSOTf (0.82
ml, 4.4 mmol) was added portion wise and the resulting solution was stirred at 65°C for 20
h. After completion, the mixture was quenched with Et;N, concentrated, and purified by
column chromatography (pentane : EtOAc = 1: 2, 0.5% Et;N). 3,4,6-tri-O-acetyl-2-amino-
2-deoxy-1-0O,2-N-methylidene-a-D-glucopyranoside (1.1 g, 84%)
3,4,6-tri-O-acetyl-2-amino-2-deoxy-1-O,2-N-methylidene-a-D-glucopyranoside
(296 mg, 0.9 mmol) and FmocSerOH (196 mg, 0.6 mmol) were dissolved in a mixture of
CH,Cl,-acetonitrile (2 : 1, 20 ml). After cooling to 0°C, freshly distilled BF;.Et,O (0.094 ml,
0.9 mmol) were added dropwise to the solution. The reaction mixture was left to stand at
room temperature and periodically monitored by TLC (CHCI; : MeOH : AcOH =80 : 10 : 1).
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When the reaction was complete (from 48-150 h), the crude was neutralized at 0°C with
Et;N, diluted with CH,Cl, and filtered through Celite. The filtrate was concentrated and the
crude purified by column chromatography (silica gel, CHCI; : MeOH from 40 : 1 to 10 : 1).
Following purification, FmocSer(B-D-pGIcNAc)OH was obtained in a yield of 38%. A similar
procedure was used for the synthesis of FmocThr(B-D-pGIcNAc)OH, which was obtained in
ayield of 27%.

Construction of the hHR23B expression plasmid

pFLAG-6His-hHR23B was linearized by digestion with Stul, as the template of the
hHR23B sequence. PCR was performed with primers 2934 (forward) and 2935 (reverse). The
PCR product and E.coli expression vectors pET16B and pET20B were digested with Ncol
and Xhol. The ligation was performed with the digested PCR product and both digested
vectors. Sequencing was done to check the new constructs.

Primer sequences: 5° CATGGATCCGAATTCCATGGACTACAAGGACGATGACG 3’
(2934), 5' CATCTCGAGAAGCTTCTAGACTAATCTTCATCAAAGTTCTGCTG 3’ (2935).
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Samenvatting

Activiteits-gebaseerde proteasoom profilering

Het werk beschreven in dit proefschrift beslaat het ontwikkelen van chemisch biologische
gereedschappen en methodes voor het bestuderen van het Ubiquitine Proteasoom Systeem (UPS).
In hoofdstuk 1 wordt een algemeen overzicht gegeven van het UPS en de activiteits-gebaseerde
proteasoom profileringsmethodes beschreven in dit proefschrift. Het UPS is het centrale eiwit
afbraak systeem in de cel dat zowel in het cytoplasma als in de cel kern te vinden is. Ubiquitine is
een klein eiwit (8 kDa) dat als ketens aan de te af te breken eiwitten gekoppeld wordt waardoor
deze naar het proteasoom vervoerd worden voor afbraak. Het proteasoom is evolutionair
geconserveerd in eukaryoten van gist tot mens en is in het afgelopen decennium gevalideerd als
een belangrijke drug target voor de behandeling van verschillende bloed kanker types. Methodes
om de proteasoom activiteit te bepalen zijn nodig voor zowel fundamenteel als (pre) klinisch
onderzoek.

In hoofdstuk 2 wordt een literatuur overzicht gegeven van de toepassing van activiteits-
gebaseerde eiwitprofilering (activity-based protein profiling, ABPP) in biologisch onderzoek van de
afgelopen 2 jaar. ABPP is een chemisch biologische methode waarbij enzym activiteiten bepaald
kunnen worden door middel van activiteits-gebaseerde sondes (activity-based probes, ABP). Een
ABP is een stof die een enzym herkenningsmotief en een reporter groep (bijvoorbeeld een
fluorescerende groep) draagt en die in staat is met een enzym te reageren waarbij een covalente en
irreversibele binding met het katalytische aminozuur aangegaan wordt. Enkele voorbeelden van
ABPP platformen worden gegeven waarbij ABPP gekoppeld werd aan LC/MS analyses om de
globale reactiviteit van cysteines in het humane proteoom te bepalen; ABPP platformen voor
visualisatie van enzym activiteit in gel of non-invasief in levende dieren voor de vroege diagnosis
van tumoren; voor observatie van asymmetrische T cel deling of als methode voor screening in
medicinale chemie voor de profilering van verschillende enzym klassen als kinases, serine
hydrolases en glucocerebrosidases.

In hoofdstuk 3 wordt een relatieve kwantificatie ABPP methode voor het proteasoom
beschreven dat vitgevoerd kan worden in een complexe matrix. Het proteasoom bevat drie actieve
subunits die eiwitten kunnen afbreken met voorkeur voor bepaalde aminozuren. De zogenaamde
B1 subunit knipt C-terminaal van zure aminozuren, B2 heeft een voorkeur voor basische aminozuren
en de Bs subunit knipt na hydrofobe, kleine of grote aminozuren. Immuun competente cellen
brengen naast deze constitutieve subunits ook de immunoproteasoom versies daarvan tot
expressie die B1i, B2i en respectievelijk B5i genoemd worden. Om de activiteit van ieder individuele

subunit te bepalen zijn subunit specifieke ABPs gebruikt voor de B1/1i, 2/2i en Bs5/5i paren die
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afgelezen werden met fluorescentie waarbij de intensiteit van het signaal een maat is voor de
hoeveelheid activiteit van de subunit. Daarnaast is een affiniteitzuivering protocol ontwikkeld
waarbij een pan-reactieve ABP voorzien van een biotine reporter gebruikt werd om de actieve
proteasoom subunits te binden aan de oppervalk van paramagnetische streptavidine beads. De
beads werden gevangen in een magnetisch veld, gewassen van aspecifiek bindende eiwitten en de
proteasoom subunits werden gedigesteerd tot peptiden met trypsine. De peptiden werden gelabeld
met formaldehyde waardoor twee methyl groepen geinstalleerd werden op zowel de vrije N-
terminus als op de e-amine van lysine. Door “licht” en “zwaar” (3C en deuterium verijkt)
formaldehyde te gebruiken kunnen twee proteasoom samples met elkaar vergeleken worden
tijdens de LC/MS analyse. Het voordeel van deze methode is dat alle actieve proteasoom subunits in
één analyse run bepaald kan worden.

Hoofdstuk 4 is een technisch rapport omtrent het gebruik van azide ligatie hengsels op
primaire en secundaire posities in een ABP. In geval dat de reporter in de ABP de binding aan het
enzym of de cel permeabiliteit verlaagd kan er via bio-orthogonale ligatie de reporter op een later
tijdstip geintroduceerd worden. De reporter wordt dus vervangen door een azide dat biologisch
inert is. Na cel lysis kan de azide reageren met een alkyn in een zogeheten klik reactie, of met een
phosphine groep in geval voor Staudinger-Bertozzi ligatie gekozen wordt. Deze bio-orthogonale
reacties vinden plaats in waterige milieus en geven niet veel achtergrond labeling van andere
functionaliteiten als SH of COOH groepen. Het is gebleken dat onder eiwit denaturerende condities
beide bio-orthogonale reacties goed verlopen zowel met primaire als secundaire azides, hoewel
onder natieve omstandigheden de secundaire azides een stuk minder goed reageerden dan azides
Op een primaire positie.

In hoofdstuk 5 is de kwantitatieve ABPP methode uit hoofdstuk 3 gebruikt in een poging
om de moleculaire mechanismes voor de werking en het ontwikkelen van resistentie tegen de
proteasoom inhibitor Bortezomib te verklaren. Daarnaast is ook gekeken naar het proteoom wijd
effect van Bortezomib adaptatie van gevoelige B-cell kanker types in zogeheten HL60 en AMO1 cel
kweek modellen. Het is gebleken dat Bortezomib aangepaste cellen (HL60A en AMO1A) meer
constitutief proteasoom tot expressie brengen en daarnaast de eiwit synthese onderdrukken zowel
op transcriptie (van DNA naar mRNA) als op translatie (van mRNA naar eiwit) niveau. Naast deze
effecten zijn tal van andere cellulaire aanpassingen gevonden die interessante vraagstukken
oproepen voor verder onderzoek.

In hoofdstuk 6 wordt de proteasoom ABPP methode waarbij biotine-epoxomicin als ABP
gebruikt wordt om aan te tonen dat de nieuw ontdekte Bst proteasoom subunit, die exclusief tot
expressie wordt gebracht in de thymus, daadwerkelijk katalytisch actief is. T cellen worden door de
thymus zowel positief als negatief geselecteerd en de Bst subunit is waarschijnlijk betrokken bij
positieve selectie omdat het “lichaamsvreemde” peptides genegeerd. Met behulp van

massaspectrometrie werd het peptide fragment dat de reactieve betast threonine covalent
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gebonden aan de ABP gedetecteerd, waarmee de intrinsieke reactiviteit van betast onomstotelijk
bewezen werd.

In hoofdstuk 7 wordt ingegaan op de invloed van de post-translationele modificatie (PTM)
O-GlcNAcelyring op de functie van de ubiquitine receptor en shuttle eiwit hHR23B. hHR23B is
betrokken zowel bij DNA schade herstel door binding en stabilisering van het XPC herstel eiwit dat
DNA laesies herkent als bij het vervoeren van geubiquitineerde eiwitten naar het proteasoom.
Tijdens een globale screen naar O-GlcNAcelyring werd het hHR23B eiwit prominent aanwezig
gevonden en vervolgens werd gepoogd de functie van de PTM te begrijpen. Om de positie van de
PTM te bepalen werden zowel chemisch biologische als LC-MS trucs toegepast waaruit bleek dat O-
GlcNAcelyring op hHR23B vooral in de verbindingstukken die de functionele domeinen verbindt
voorkwamen. hHR23B bevat een ubiquitine-achtig (ubiquitin-like, UBL) en twee ubiquitine-
geassocieerde (ubiuitin-associated, UBA) domeinen naast een XPC bindingsdomein. Er werd
gespeculeerd dat hHR23B inter-moleculaire bindingen aan kan gaan tussen de UBL en UBA
domeinen en de resultaten suggereren dat de aanwezigheid van O-GIcNAcelyring het evenwicht
tussen deze twee vormen kan verstoren ten gunste van de ene over de andere. Dit preliminaire
resultaat suggereert dat de cel in staat is om met een metabole switch de mate van proteasoom

afbraak te reguleren.
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