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Abstract

The 26S proteasome is the major protease found in eukaryotic cells. It is
responsible for the degradation of most proteins into a mixture of heterogeneous small
peptides. Proteasomes are tightly regulated, relying on ubiquitin tagging for substrate
loading and ATP hydrolysis for protein degradation. A number of proteasome activators
have been previously described. Here, I show that the UBL domain of Rad23a is a potent
activator of the double-capped and single-capped 26S proteasome but an inhibitor of the
20S. Additionally, peptide presentation by MHC-I increases with heat shock, which also

activates proteasomes.



“The world must know, from this time forward that the Mexican-American is coming
into his own right. You are winning a special kind of citizenship; No one is doing it for
you—you are winning it yourselves—and therefore no one can ever take it away.”

Robert F. Kennedy.
Harvard College, Class of 1948
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Chapter I.

Introduction

Protein degradation and protein synthesis are tightly regulated in all cells. In
eukaryotic cells, the proteasome is central to the degradation of most intracellular
proteins. 20S proteasomes are large barrel-shaped protease complexes present in
eukaryotes, archaea, and some bacteria (Schrader et al., 2009). In eukaryotes, hexameric
ATPase rings regulate substrate access to the 20S proteases (Fort et al., 2015). The
eukaryotic ATP-dependent proteasome is referred to as the 26S proteasome, consisting of
a 208 core particle plus one or two 19S regulatory particles (RP) (Lowe et al., 1995).

Proteasomes are not the only protein degradation pathway present in eukaryotic
cells. Eukaryotes also degrade cellular proteins via the lysosomal system. However,
unlike proteasomes which are selective in their degradation, lysosomes— which are
membrane bound organelles—are often non-specific in which cytosolic proteins they
degrade via autophagy (Cooper, 2019). 26S proteasomes degrade proteins into a mixture
of heterogeneous peptides (2- 20 amino acids long), but do not degrade proteins directly
to free amino acids (Goldberg et al., 2002). The ubiquitin-proteasome system (UPS)
relies on ubiquitin tagging for the selection of proteins to be degraded by the 26S
proteasome. UPS-mediated degradation is responsible for about 80% of intracellular
protein breakdown (Collins and Goldberg, 2017). The reliance on ubiquitin tagging
allows the UPS to selectively destroy regulatory and signaling proteins, as well as
proteins that are misfolded, damaged, or incompletely translated. Consequently,

proteasomes play a key role in maintaining protein turnover in cells and maintaining
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proper cell health (Schmidt and Finley, 2014). In addition to simply degrading proteins,
the 26S proteasome generates peptides which bind to the MHC-I for antigen presentation
to the immune system (Liepe et al., 2016; Scruggs et al., 2012).

Three proteasome-targeting drugs have been approved by the FDA (Food and
Drug Administration), all of which inhibit the 20S proteases. For many diseases (e.g.
Alzheimer’s disease, Parkinson’s Disease, amyotrophic lateral sclerosis), the
accumulation of damaged or misfolded proteins is closely linked to disease progression.
Therefore, mechanisms by which to stimulate proteasome activity is an active area of
research. Proteasomes can be activated by genetic, chemical and post-translational
approaches (Chondrogianni, et al., 2014). To better understand the mechanism of
proteasome activation and the biological consequences of stimulating the UPS, my work
will use two recently discovered methods of activating the proteasome - a UBL
(ubiquitin-like) domain and increased temperature (heat shock).

The first part of my thesis investigates whether the UBL domain activates the 26S
proteasomes with either one or two 19S regulatory particles similarly. The second part of
my thesis aims to elucidate the relationship between heat shock-mediated increase in
protein degradation and peptide presentation on major histocompatibility complex class-I

(MHC-I) on the cell surface.



Proteasome Structure and Activity

The 20S proteasome is composed of two a-rings and two B-rings. The a-rings and
B-rings are each composed of seven a and B subunits, respectively, and form a barrel-like
structure consisting of two B-rings sandwiched between two a-rings (o7 f1-7 B1-7 01-7.)
The catalytic sites of the 20S proteasome are present in duplicate, and are located in the
B1, B2, and Bs subunits. Specifically, the Bs subunits cleave the peptide bonds following
hydrophobic residues (chymotrypsin-like), the B2 subunits cleave after basic amino acids
(trypsin-like), and the 1 subunits cleave after acidic amino acids (caspase-like) (Kisselev
et al., 2006). Such diverse catalytic activity allows proteasomes to degrade most
intracellular proteins almost completely.

198 regulatory particles (19S RP) can bind to the a-rings on either one or both
ends of the 20S core particle. The 19S RP itself is made up of two sub-complexes, often
referred to as the base and the lid. The base is made up of six ATPase subunits (Rpt1-
Rpt6) that form a ring and associate with four non-ATPase subunits (Rpnl, Rpn2, Rpn10
and Rpn13). Rpnl, Rpn10 and Rpn13 bind ubiquitin tagged proteins. Rpn10 contains a
short helical sequence called the ubiquitin-interacting motif (UIM), Rpn13 has a
pleckstrin-like receptor for ubiquitin (Pru) domain, and Rpnl has the toroid 1 and toroid
2 (T1, T2) sites (Schreiner et al., 2008; Chen et al., 2016). The lid is made up of nine Rpn
subunits (Rpn3, Rpn5-9, Rpn11-12, and Rpn15). Rpnl1 deubiquitinates substrates
entering the proteasome while the functions of the other lid sub-complexes remain

unclear. The removal of ubiquitin from proteasome bound proteins, prior to their



degradation, is carried out by several deubiquitinating enzymes (DUBs), most notably
Rpnll, Uch37, and Usp14 (Collins and Goldberg, 2017).

Additionally, Kim and Goldberg found that the ubiquitin-like (UBL) domain of
Usp14 can activate proteasomes. UBL domains had been previously described for their
abilities to bind to proteasomes (at Rpnl, Rpn10, and Rpn13), and in their study Collins
and Goldberg found that several UBL domains, besides Usp14, enhance proteolytic
activity of proteasomes (Collins and Goldberg, 2020). Experimental data indicates that
UBL domains on many proteins can activate the 26S proteasome in the same manner that
ubiquitin chains activate the 26S proteasome (Collins and Goldberg, 2020). Upon
recognition of the ubiquitin tagged proteins, or UBL domain by the proteasome the 19S
unfolds, deubiquitinates, and translocates the substrate into the interior of the 20S where

degradation occurs (Collins and Goldberg, 2017).

Proteasome Activation

The proteasome is highly selective for its targets and tightly regulated. Structural
elements of the 26S proteasome, such as the narrow gated pore formed by the a-subunits,
prevent proteins from entering. Additionally, the labeling of substrates by ubiquitin is a
tightly regulated process, without which proteasomal degradation is limited. The
ubiquitination of a substrate occurs in a series of sequential steps involving three
enzymes. First, the ubiquitin activating enzyme (E1) causes ATP to make the ubiquitin
molecules more reactive by forming a thioester between a cysteine at its active site and
the C-terminus of ubiquitin. The E1 then transfers the activated ubiquitin to a cysteine of

ubiquitin conjugating enzyme (E2). The E3 binds to the substrate and also the loaded E2
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to form an E2-E3-substrate complex. This complex catalyzes the formation of an
isopeptide bond between a-carboxyl group of the ubiquitin and the e-amino group of a
lysine in the substrate (Weissman, 2001).

The N-termini of the proteasome’s a-subunits prevent proteins from accessing the
catalytic core. Therefore proteasomes are considered latent, as access to the catalytic sites
is only granted when an activator of the 26S proteasome triggers gate opening. Natural
activators of proteasomes include the 19S RP, PA200, and PA28. A common feature of
these activators is their binding to the a-ring of the 20S subunit thereby regulating gate
opening. Proteasome activators therefore increase proteolytic activity by increasing the
number of active proteasomes. Proteasome activity is also determined by the catalytic
subunits, as well as the chaperones involved in proteasome assembly which determine
how many proteasomes exist in cells. PA28 and PA200 are activators of latent 20S
proteasomes. Both PA28 and PA200 complex with the 20S and trigger a conformational
change in a-subunits thereby activating the proteasome. However, their functions are
distinct: PA28 is an ATP-independent activator that stimulates peptide degradation but
not intact or polyubiquitinated proteins, whereas PA200 is a regulator of proteasome
proteolytic activity (though its specific role in vivo is partially understood) (Blickwedehl
et al., 2008; Shibatani et al., 2006).

There are several distinct activators of the proteasome which are capable of
activating proteasomes in vitro. A useful activator of purified 20S proteasomes is sodium
dodecyl sulfate (SDS), which was shown to activate the 20S at low concentrations but
inhibits at higher concentrations. Similarly, the slow hydrolysable ATP analog, ATPyS,

increases proteasome activity by trapping the 26S proteasomes in a constituently active



ATP-bound form with the gate into the 20S open (Sledz et al., 2013; Collins and Golberg,

2017).

Proteasome Regulatory Caps and their Roles

Access to the catalytic B subunits is restricted by a gate composed of the N-
termini of the a-subunits that move in and out of a narrow pore that forms the opening of
the 20S (Tanaka, 2009). When the 26S proteasome is activated (by 19S RP caps, or by
alternative activators such as PA200 or PA28) the N-termini of the a-rings extends
outward, thereby opening the gate and granting the unfolded proteins access to the
catalytic B-subunits, which subsequently leads to protein degradation (Collins and
Goldberg, 2017).

Structural and biochemical analysis reveal that three of the six ATP dependent
proteasome regulators contain a conserved C-terminal HbY X motif (where Hb stands for
a hydrophobic residue; Y for tyrosine; and X for any amino acid) which is essential for
ATP-dependent gate opening (Rabl et al., 2008). ATP independent activators disrupt the
hydrogen bond interactions of the tightly closed a-rings within the 20S core, widening
the entrance by which substrates enter the core, and ultimately stabilizing the 20S in the
substrate processing state. In spite of this robust and frequently referenced biochemical
activation of proteasomes by ATP independent pathways, the biological roles of these
activators are poorly understood (Stadtmuller and Hill, 2011).

Interestingly, regulatory particles are not the only way proteasomes acquire
specificity; the 20S core can also change its subunit makeup in response to inflammatory

signaling molecules. The different isoforms of the 20S are 1) constitutive proteasomes,
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described above, which make up the bulk of 20S core particles, 2) immunoproteasomes,
found in immune cells or formed in all cell types in response to IFN-y or TNF-a
signaling, in these 20S particles the 1, B2, and s subunits are replaced by B1i, 21, and
B51 which generate different peptides for MHC-I presentation, 3) intermediate
proteasomes, which contain a mix of subunits from the constitutive proteasome and the
immunoproteasome which enhances peptide generation for MHC-I, 4)
thymoproteasomes, found only in cortical thymic epithelial cells and contain the unique
B5t subunit (produce distinct peptides for cluster of differentiation 8 (CDS8) selection),
and finally 5) spermatoproteasomes, present in the testes and contain the unique o4s
subunit which plays a role in spermatogenesis (Morozov and Karpov, 2018). I will focus
on constitutive proteasomes which contain a 20S core and one or two 19S RP.

Proteasomes exist in cells in various compositions: A single-capped (the 26S), a
double-capped (occasionally referred to as the 30S), and uncapped proteasome (20S).
Structural research completed by Fonseca and Morris suggests that both the single-
capped and double-capped proteasome behave the same upon activation: binding of
ubiquitin to Usp14 or Uch37 of the 19S RP triggers the gate-opening (Fonseca and
Morris, 2008; Peth et al., 2009).

Further work by Asano and colleagues determined that roughly 20% of
proteasomes are active in the absence of proteotoxic stress (Asano et al., 2015). They
analyzed intact hippocampal neurons using electron cryotomography. Moreover, they
determined the overall distribution of single-capped proteasomes (1156 particles, 73%)
and double-capped proteasomes (425 particles, 27%). Electron cryotomography

visualized their samples with a resolution of 47 A, this high resolution imaging in



combination with in silico slicing lead them to conclude that both RPs act independent of
each other in a double-capped proteasome (Asano et al., 2015). This observation suggests
that both the single-capped and double-capped 26S proteasomes are activated in the same
manner: the binding of ubiquitin (or other activators) to the 19S RP triggers subsequent
rearrangement of 20S subunits. Binding of ubiquitinated proteins to the 19S RP leads to
the opening of the 20S gate thereby granting access to the proteolytic core of the 20S.
The catalytic core (B1, B2, BS, 6, and B7) is made accessible by the displacement of the
al, a4, a5, a6, a7, of the 208S. This is particularly intriguing, as both the single-capped
and double-capped proteasome are both present in cells but the exact function of each
distinct conformation, as well as their relationship with one another, has not been well
established. In a separate study of double-capped proteasomes Berko and colleagues
concluded that Rpn13 is only present on one side of a double-capped proteasome. They
hypothesized that this asymmetry found in double-capped proteasomes leads to
directional processing of peptides (Berko et al., 2014).

While the majority of proteasomes are inactive in cells and require an activating
signal, activation of latent proteasomes can occur by the binding of ubiquitinated proteins
to Usp14 or Uch37, as well as the binding of UBL domains to Rpnl. The works of Asano
and colleagues and Berko and colleagues suggest that having a double-capped
proteasome may result in more active proteasomes due to an increase of binding sites for
activating molecules. By studying the effects of proteasome activation by UBL, I hope to
compare rates of activation between different proteasome populations; specifically, 208,

26S double-capped, and 268 single-capped.



MHC-I and the Proteasome (Structure, Function, and Proteasome Antigen Generation)

Most nucleated mammalian cells express MHC-I molecules on their cell surface.
MHC-I molecules present peptide fragments which are used by T cells to monitor cell
health. Foreign or aberrantly produced proteins, when degraded by the 26S proteasome,
result in new, abnormal peptides on the surface. When these neo-antigens are presented
by MHC-I surface molecules they are recognized by T cells. Specifically, CD8+ T cells
bind to the antigen presenting cell and trigger apoptosis by releasing the cytotoxic protein
granzyme, or the pore-forming perforin protein (Bennette et al., 2014).

MHC-I molecules are transmembrane heterodimer proteins composed of a heavy
chain and a light chain. The heavy chain is composed of a-chains with three domains (al,
02, and a3). The ol and a2 domains form a globular protein on which the peptide-
binding groove is located. The peptide-binding groove is composed of B-pleated sheets
which serve as the floor for the peptide to bind. In turn, the peptide-binding groove is
bounded by two helical regions (Bennette et al., 2014; Hewitt, 2003). The third alpha
domain (a3) anchors the MHC-I molecule to the cell membrane. The light chain, beta-2
microglobulin (2m), noncovalently associates with the heavy chain. f2m is a 12-kDa
protein that, when associated with the heavy chain, provides structural stability to the
peptide-binding groove. B2m also plays a pivotal role in eliciting a CD8+ T-cell response.
B2m interacts with the co-receptors of CD8+ T-cells and facilitates the interaction of the
MHC-I molecule and CDS8-T (Bennette et al., 2014; Hewitt, 2003). Unsurprisingly, f2m
deficient mice show a significant decrease in CD8+ T-cells (Li et al., 2016). Importantly,

the MHC-I peptide-binding groove has conserved tyrosine residues that form the helical



closure of the floor (i.e. peptide binding site). These tyrosine residues only allow peptides
that are between 8 and 9 residues long to bind to MHC-I molecules (Kisselev et al.,
1999).

The proteasome is the source of most antigen peptides as seen when the
proteasome is inhibited (Rock et al., 1994). Even proteasome generated peptides that are
too small (<9 residues) or too large (> 10 residues) to bind to MHC-I are further trimmed
by other peptidases to the proper length. The 26S proteasome generates peptides of 2-20
amino acid length, paired with the preferential cleavage of proteins by the
immunoproteasomes which generate increased amounts of C-terminal anchor residues
strongly support the role of the proteasome in the MHC-I peptide presentation pathway
(Rock et al., 2016). Furthermore, the immunoproteasome generated C-terminal anchor
residues bind to specific pockets of the MHC-I groove facilitating the binding of the
peptide to the MHC-I epitope. Foreign proteins produced by intracellular bacteria or
viruses are degraded to peptides by the proteasome in the cytosol. The resulting peptides
are translocated from the cytosol to the ER by the ATP dependent transporter associated
with antigen processing (TAP) protein complex. Once inside of the ER lumen, tapasin,
the peptide loading chaperone, along with TAPBPR load the peptide to the empty MHC
class I molecule. Once a peptide is bound to MHC-I, the MHC-I-peptide complex is
transported to the Golgi and further packaged into a secretory vesicle for cell surface
presentation (Rock et al., 2016).

Furthermore, evidence presented by Rock and colleagues in their seminal 1994
paper strongly supports the role of the 26S proteasome in the MHC-I pathway (Rock et

al., 1994). When Rock and colleagues expressed ovalbumin in murine B-lymphoblastoid

10



cells, they found that the proteasome was needed for these cells to present the ovalbumin
derived peptide, SIINFEKL, on the cell surface. Cells expressing ovalbumin and treated
with the proteasome inhibitor MG-115 (a potent inhibitor of 20S chymotryptic activity)
had reduced SIINFEKL presentation. However, if cells expressed just the processed
peptide SIINFEKL, instead of the precursor protein ovalbumin, this antigen was still
presented on the surface even when proteasomes were inhibited with MG115. Because
proteasome inhibition led to a decrease in MHC-I presentation without affecting the rest
of the MHC-I pathway (i.e. TAP, tapasin, TAPBPR etc. functioned normally), this
finding highlights the role of the proteasome in the generation of peptides for MHC-I
presentation (Rock et al., 1994). The effects of proteasome inhibition are well studied.
Inhibiting the proteasome induces 1) cell cycle arrest, 2) apoptosis, 3) ER stress, 4)
inhibition of NF-kB, and 5) inhibition of DNA repair (Fabre et al., 2012). Specifically,
proteasome inhibition leads to a buildup of polyubiquitinated proteins which eventually
form aggregates, called aggresomes, which are slowly cleaved by autophagy (Hideshima
et al., 2005). Inhibiting the proteasome also results in cell cycle arrest at G2/M via the
inhibition of cyclin dependent kinases, cyclin D, cyclin E, and Cdc25 (Kisselev and
Goldberg, 2001).

Conversely, the downstream effects of proteasome activation via exogenous
stimuli have not been widely studied. Based on the pioneering work completed by Rock
and Goldberg, my thesis work will look at the effects of proteasome upregulation on
MHC-I presentation. Lee and colleagues described the role of the zinc finger proteins
ZFANDS, and ZFAND2a in the stimulation of 26s proteasomes via the enhancement of

gate opening of the 20S. Both zinc fingers are expressed during disruptions of protein
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homeostasis. They specifically found that ZFANDYS is capable of stimulating protein
degradation by the UPS pathway (Lee et al., 2018). Recently, Lee and Goldberg found
that heat shock stimulates 26S proteasomes as a response to accumulation of
ubiquitinated proteins (Lee and Goldberg, 2020). Earlier work had described the rise of
cellular protein degradation following a “heat shock™ of cells, however, the proteasome
was not established as the cause (Parag et al., 1987). The established crosstalk between
the proteasome, and MHC-I suggests that activating proteasomes by using heat shock
will lead to an upregulation of MHC- I antigen presentation. Conceivably, this surge is
mediated by the boost in proteasome generated peptides, thereby giving MHC-I a larger
pool of peptides to which it can bind. The implications of such findings could be
impactful in the field of immunotherapy, specifically for CAR-T therapy and immune
checkpoint inhibitors. If, in fact, stimulating the proteasome leads to more MHC-I
antigen presentation, then concordantly, stimulating the proteasome in cancerous cells
would lead to a larger pool of antigens and a larger pool of potential targets for the CAR-
T cells.

To that end, this work ties the findings of Asano and colleagues (in the absence of
a proteotoxic environment only 20% of proteasomes are active), and Rock and Goldberg
(the proteasome is the primary generator of MHC-I peptides) to study the effects of
MHC-I peptide presentation when proteasomes are stimulated by a proteotoxic stress

(heat shock) which causes unfolding of many cell proteins.
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Chapter II.

Materials and Methods

Labeling Proteasomes with the Activity Probe MVB-127

To assess the effects of the UBL domain of Rad23a (provided by Goldberg lab,
Boston MA) on the activation of single-capped and double-capped 26S proteasomes, 12
nM purified 26S proteasomes from Mouse Embryonic Fibroblasts (MEF) (provided by
Goldberg lab, Boston MA) were incubated at 37°C for 0 - 4.5 hours in a reaction buffer
(25 mM HEPES (pH 7.5), 100 mM KCl, 5 mM MgCl2, 0.1 mM ATPyS, 1 mM DTT) and
25 nM of the activity probe MV-127. 500 nM Rad23a-UBL, or an equivalen volume of
ultrapure water, were included in the reactions as indicated. This experiment was
conducted as a reverse time course with all materials kept on ice until the start of their
incubation. At the end of each time point, MG-132 (provided by Goldberg lab, Boston
MA) was added at a final concentration of 1.66 uM to all reactions to stop further

proteasome activity.

Resolution of Proteasome Sub-Populations by Native Gel Electrophoresis

To observe the activity of the different 26S proteasome sub-populations, the

reactions from step 1.1 were analyzed by native PAGE (polyacrylamide gel
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electrophoresis). Native PAGE separates proteasomes without denaturing or reducing
buffers, which maintains the tertiary structures (folding of subunits) and quaternary
structures (assembly of the multi-subunit complexes) of the samples. Thus, with Native
PAGE single-capped, double-capped and 20S proteasomes can be distinghuished.
Reactions generated in step 1.1 were diluted 4 to 1 in 4x Native PAGE Sample Buffer
(Novex BN2003). Samples were loaded on a 3-8% Tris-Acetate PAGE (ThermoFisher
Scientific EA0375B0OX) and were run at a constant current of 10 mA overnight at 4°C
with chilled running buffer (1x Native PAGE running buffer (Novex BN2003)

supplemented with 5 mM MgCI2, 1 mM ATP, 0.5 mM DTT).

Imaging Native PAGE

Proteasome populations were labeled by MVB-127 and the fluorescent signal was
captured using a GE Amersham AI600 RGB imager using 520 nm excitation and a Cy3
filter using auto-gain. Background noise was subtracted using the “rolling ball” method

with the IQTL software package (GE LifeSciences).

Western Blot of Native PAGE

Proteins, separated by Native PAGE, were transferred onto a 0.45 um PVDF
membrane (Millipore Sigma IPFL00010) at 4°C overnight in 1x Tris-Glycine buffer
(without methanol) with a constant current of 30 V. The PVDF membrane was blocked
with Odyssey blocking buffer (Li-COR 927-40000) for one hour. The membrane was

then incubated overnight with the primary antibody prep (0.1%(w/v) Tween-20, 1:1,000
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Sugl antibody (ThermoFisher Scientific MA3-087), 1:1,000 PSMBS5 antibody (Bethyl
A303-847A), in Odyssey blocking solution at 4°C. The PVDF membrane was washed
with TBS-T (20 mM tris, 150 mM NacCl, 0.1 % (w/v) Tween 20) for 20 minutes (4 x 5
minute washes on a rocker). The PVDF membrane was then incubated on a rocker with
the secondary antibody mix (0.1 % (w/v) Tween 20, 0.01 % (w/v) SDS, 1:15,000 Goat
anti-rabbit 800, 1:20,000 anti-mouse (LT) 680, Odyssey blocking solution) for 45
minutes protected from light. The PVDF membrane was then washed for 20 minutes with
TBST (4x5min washes on rocker) and finally rinsed in TBS (20 mM Tris, 150 mM
NaCl). The membrane was imaged with an excitation of 680 nm and 800 nm (Li-COR

Odyssey CLx) with automatic gain on the fluorescent detection and no focus off-set.

Peptidase Assay of Purified Proteasomes

2 nM of purified 26S proteasomes from Mouse Embryonic Fibroblasts (MEF)
(provided by Goldberg lab, Boston MA) was incubated with indicated concentrations of
ATP (or ATPyS) and Rad23a UBL in 50 mM Tris-HCI pH 7.6, 100 mM KCl, 0.5 mM
MgCl2, 25 ng/pL bovine serum albumin, 10 uM ac-Nle-Pro-Nle-Asp-AMC (nLPnLD).
100 pL of the reaction was plated in triplicate in a black 96-well plate. The generation of
cleaved 7-amino-3-methylcoumarin (AMC) fluorescent signal is measured using a plate
reader (Aex = 380 nm, Aem = 460 nm once per minutes for 42 minutes at 37°C). AMC is
a fluorescent molecule that is conjugated with the nLPnLD peptide., Attached to the
nLPnLD peptide is the AMC fluorescent moiety, which is quenched when attached to

peptide but can be excited when cleaved, allowing for fluorescence emission.
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Statistical Analysis

Statistical analysis completed using Graph Pad Prism version 8. Significance was
tested with an unpaired, homoscedastic Student’s T-test using a p-value of 0.05 as the

cut-off value.

MHC-I Presentation

Cell Culture

HeLa cells (Provided by Goldberg lab, Boston MA), HeLa H2-K® cells (Provided
by Rock lab, Worcester MA), and HeLa H2-K® cells expressing non-secreted ovalbumin
(NS-OVA) (Provided by Rock lab, Worcester MA), were cultured in RPMI 1640 media
with L-glutamine (Corning Life Sciences 10-040-CV) supplemented with 10% fetal
bovine serum (Sigma 12103C-100ml). All cells were cultured at 37°C with 5% CO; in 6
cm plates until 80% confluent. Selection for H2-K® was maintained with 20 pg/mL of
hygromycin (ThermoFisher Scientific 10687010) for a week and discontinued the

morning prior to the start of experiments.
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Heat Shock Induction and Cell Lysate Preparation

Cells were washed and pre-warmed media (43°C) was added. The cells were then
moved to a 43°C incubator. Experiments were completed as a reverse time course with
the indicated time points. Cells were collected on ice by scraping into 1.5 mL tubes after
washing with 5 mL chilled 1x PBS. Cells were pelleted at 100 xg for 2 minutes at 4°C.
The pelleted cells were resuspended in 150 pL of 25 mM HEPES (pH 7.5), 5 mM
MgClI2, 10% (w/v) glycerol, 1 mM ATP, 1 mM DTT, 1 mM Phenylmethylsulfonyl
fluoride (PMSF) (Sigma, 10837091001) , 10 uM N-Ethylmaleimide (NEM) (Sigma,
E3876-5G) and sonicated on ice with 4 x 6 second bursts at 12 um amplitude. Lysates
were clarified by centrifugation at 10,000 xg at 4°C for 10 minutes. The supernatant was

collected, then frozen at -80°C for later use.

Bradford Assay for Protein Concentration

Protein standards where made with bovine serum albumin (BSA)
(ThermoFisheser Scientific 23209) diluted in water with a working range of 0 - 2000
pg/mL. The Coomassie reagent (ThermoFisher Scientific 23236) was equilibrated at
room temperature for 1 hour. Once equilibrated, 750 puL of Coomassie reagent was mixed
with 25 pL of sample or standard. The samples were incubated for 10 minutes at room
temperature and loaded to a clear 96 well bottom plate in triplicate. The absorbance was

measured at 595 nm with a plate reader (Molecular Devices).
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Peptidase Assay in Cell Lysates

All samples were diluted to equal protein concentrations. 1% (w/v)- 4% (w/v) of
sample was added to 50 mM Tris-HCI pH 7.5, 100 mM KCIl, I mM ATP, 5 mM MgCl2,
25 ng/uL BSA, and 10 uM suc-LLVY-AMC Samples were loaded in triplicate to a black
96 well flat bottom well plate (Greiner Bio-one). The generation of cleaved AMC
fluorescent signal was measured at 37°C using a plate reader (Molecular Devices) for 42
minutes (Aex= 380 nm; Aem=460 nm).

Proteins concentrations were normalized to the lowest concentration as
determined by the Bradford assay. The lysates were diluted in 1x SDS and heated at
70°C for 10 minutes. The samples are loaded and separated on a 4-12% SDS-Bolt gel
(ThermoFisher Scientific) in 1x SDS-PAGE running buffer (G-biosciences, 786-029) at a
constant current of 200 V for 25 minutes. The gel was then transferred to a PVDF
membrane (Millipore Sigma IPFL00010). Membranes were probed for the expression of
ubiquitin (1:200 UbFL-76; Santa Cruz biosciences) and Hsp70 (1:1,000 Hsp70; Enzo
Life Sciences). Antibodies against GAPDH (1:5,000 GAPDH; ProteinTech) were used to

confirm equivalent loading of proteins.

Flow Cytometry Analysis of MHC-I Peptide Presentation

Upon completion of the reverse time course (step 2.1) cell media was aspirated
and washed with chilled 1x PBS. 0.25% Trypsin-EDTA (ThermoFisher Scientific,
25200114) was added to each plate and incubated at 37°C (5% CO2) for four minutes.

Trypsin was quenched with cell culture media. Cells were collected and spun down at
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1,000 xg at 4°C for 2 minutes. Media were aspirated and cell pellets were resuspended in
growth media. Cells were seeded at 100,000 cells/mL in 96-well, U-bottom plates. A spin
down at 500 xg for 5 minutes was completed. Media was aspirated and chilled 1% FBS
in 1x PBS was added for the unlabeled control. Primary antibodies (Y3, 25DI, or
Y3+25D1) (Provided by Rock lab, Worcester MA) were added. Cells were incubated for
20 minutes on ice. After 20 minute incubation cells are washed (3 x 5 min spin at 500 xg
) with 1% FBS in 1x PBS. The secondary antibody Anti-IgG1-Alexa 647 (1:500; Thermo
Fisher Scientific A-21240) and Anti-IgG2b-PE (1:200; Biolegend 406707) were added
and incubated for 20 minutes on ice and protected from light. Analysis by flow cytometry
was completed using FACSCalibur (BD Biosciences).Forward and side scatter gates
were set and 2000 events were collected per sample, all collection and data analysis done

using CellQuest pro (BD Biosciences).

Data Analysis

Protein concentrations measured by the Bradford assay were fit to BSA standards
according to a four-parametric curve using SoftMax Pro 7.1 software (Molecular
Devices). Peptidase activity was plotted using Graph pad prism version 8. Western blot
images were scanned with a Li-COR Odyssey CLx; quantification used the Li-COR
Image Studio Lite software package. Data analysis and histogram generation for Flow

cytometry was completed CellQuest pro (BD Biosciences).
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Chapter I1I.

Results

The UBL domain of Rad23a Increases Proteasome Activity by Activating Latent

Proteasomes

Data from Collins and Goldberg (2020) showed that the Rad23a UBL domain can
activate 26S proteasomes. [ wanted to determine if the enhanced peptidase activity
observed when proteasomes were treated with Rad23a UBL was a result of increased
activation of latent proteasomes or due to an increase of the turnover rate (Kcat) of
proteasomes. To answer this questions I used an activity probe, MVB-127, which
covalently binds to the B5 subunits of the 20S thereby labeling proteasomes with a
fluorescent tag. Beyond answering this question, I was also interested in discerning if
both the double-capped and single-capped proteasome behaved the same when activated
by the UBL domain of Rad23a. To this end, proteasomes labeled with the fluorescent
activity probe, MVB127, were analyzed using native PAGE allowing for the
visualization of different proteasome sub-populations (i.e. 20S, single-capped, and
double-capped proteasomes). All labeling experiments were stopped with the proteasome
inhibitor MG-132 at the end of the time course to ensure that proteasomes were only
labeled for the designated time. All time points were normalized to the fluorescence
signal of To (Tn — To). To determine the time point at which the proteasomes are saturated
with MVB-127, a labeling reaction over 270 minutes was completed (Fig. 1A). Labeling
was saturated by 100 minutes for the group treated with the UBL domain of Rad23a and

approximately 200 minutes for the untreated control group (Fig. 1B, 1C). This suggests
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that Rad23a UBL increases the recruitment of latent proteasomes as the saturation point
was reached faster for the treated group than the untreated group with the same end value
for both (Fig. 1C; 2B; 2C). Notably, on average, the ratio of double-capped to single-
capped proteasomes was 5 fold higher for the group treated with the UBL domain of
Rad23a when compared to the untreated group (Fig. 1E). Thus, double-capped
proteasomes are more likely to be activated than single-capped proteasomes, probably
due to the presence of the second RP which increases the chance of the proteasome
binding Rad23a UBL and being activated.

I also discovered that the Rad23a UBL inhibits the activity of the 20S. On
average, the untreated 20S had twice the labeled particles than 20S treated with the
Rad23a UBL domain (Fig. 1D). The same experiment was repeated once more with
similar outcomes (Fig. 2A-2E). Following the two 270 minute time courses, two
additional experiments were completed with the labeling reactions stopped at 90 minutes
with similar results (Fig. 3-4). Thus, the Rad23a UBL domain increases the labeling
kinetics of double-capped and single-capped proteasomes while inhibiting free 20S.

These data suggest that Rad23a UBL activates single-capped and double-capped
proteasomes. Specifically, the increase in labeling may plausibly be explained by the
following mechanisms: Rad23a UBL activates latent 26S proteasomes by binding Rpnl
of the 198 thereby facilitating substrate entry to the 20S while the Rad23a UBL domain

also inhibits 20S (blocks entry of other proteins).
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Heat Shock Increases Proteasome Activity in HeLa, HeLa H2-K® and HeLa H2-K® NS-

OVA Cells

Recently Dr. Donghoon Lee in the Goldberg Lab observed that heat shock (shift
from 37°C to 43°C) stimulates 26S proteasome activity and protein degradation.
Therefore, this method of activating the proteasome seemed amenable to studying the
effects of proteasome stimulation on antigen presentation and it would have the
additional benefit of generating discovery data for future experiments. HeLa cells were
cultured and incubated at 43°C for varying time periods. Lysates from each time point
were analyzed for proteasome activity at 37°C using LLVY-AMC to measure peptidase
activity. The results from the peptidase assay were combined from four different
experiments. Each incubation point was then normalized to their control (Average T -
Average To) (Fig. 5A). There was an observed 6 fold 8 fold and 20 fold increase of
proteasomal activity at two, three and four hours respectively (relative to the one hour
incubation at 43°C). These data suggest that heat shock increases proteasomal activity of
HelLa cells after a two hour incubation at 43°C.

I tested the effect of increased temperature on MHC-I peptide presentation. To
measure MHC-I peptide presentation, I used HeLa H2-K® and HeLa H2-K® + NS-OVA
cell lines provided by professor Kenneth Rock (Worcester, MA). The HeLa H2-K® NS-
OVA cells internally express ovalbumin. When ovalbumin is degraded by 26S
proteasomes it produces SIINFEKL (Serine-Isoleucine-Isoleuicine-Asparagine-
Phenylalinine-Glutatmate-Lysine-Leucine) peptides which bind to H2-K". The

SIINFEKL bound H2-K® molecules are then expressed on the surface of the cell. The
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HeLa H2-K" cell line only express the H2-K® surface molecule. I therefore, needed to
validate the findings that heat shock stimulated proteasomes in both new cell lines prior
to studying presentation of the ovalbumin fragments on the surface (Fig. 5B).

The results from the peptidase assays were combined from two different
experiments for the HeLa H2-K® NS-OVA cells. Each incubation time point was then
normalized to their control (Average Tn - Average TO0). Like the unmodified HeLa line,
lysates from HeLa H2-K® cells had an increased rate of LLVY hydrolysis at 43°C. HeLa
H2-K" had a 2-fold and 3-fold increase in peptidase activity at three and four hours
respectively (relative to the one hour incubation at 43°C) suggesting that proteasomes
had been activated by the increased temperature. HeLa H2-K® NS-OVA yielded mixed
results. In one run, there was a small increase in peptidase activity from 2-4 hrs. In a
second run, there was no notable change in activity through the first three hours but a
strong (2x) increase by the fourth hour. These data suggest that all three cell lines
demonstrate an increase in proteasome activity when incubated at 43°C (Fig 5A; 5B). A
western blot was performed for each time point using the cell lysates. The gels were
probed for the presence of Hsp70, ubiquitin, and GAPDH, which was used as a loading
control. The western blot of the HeLa H2-K® cells treated at 43°C showed induction of
Hsp70 which shows that cells expressed the classic heat shock genes and an increased
presence of ubiquitinated proteins which implies protein degradation increased as well

(Fig. 6A-6D).
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The Heat Shock Response Results in Increased MHC-I Peptide Presentation Likely

Mediated by the Upregulation of Proteasome Activity

After establishing heat shock as a stimulator of proteasome activity, I wanted to
uncover the fate of the peptides that resulted from this upregulation. Given that 26S
proteasomes are the primary source of peptides loaded on MHC-I molecules, I
hypothesized that an increase in proteasome activity would result in more peptides being
formed and shuttled to the MHC-I molecules, ultimately leading to an increase in MHC-I
peptide presentation.

Therefore, 1 analyzed total H2-K® on the cell surface and H2-K® presenting
SIINFEKL (the ovalbumin derived peptide) by flow cytometry. After incubating the cells
at 43°C for three hours, cells were stained with antibodies directed against total surface
H2-K® and H2-K® presenting SIINFEKL. The total surface presentation of H2-K® and
SIINFEKL-H2-K® were measured with a flow cytometer (Beckman FACSCalibur). To
control for background fluorescence a fluorescence minus one control (FMO) was used to
confirm that there was no cross-labeling of the antibodies. FMO allows for the
determination of the cut-off point between background and positive population
fluorescence (Supplemental Fig. 4). FMO controls were used for all flow cytometry
replicates. Because the fluorescent intensity for the total population was logarithmic, the
geometric fluorescent intensity (gMFI) was calculated and reported for each replicate.

Surprisingly, when the HeLa H2-K® cells where incubated for three hours at 43°C
the cells had substantially less surface H2-K® compared to the 37°C control (Fig. 7A).

This finding was confirmed by a second replicate where the results showed a similar 60%
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decrease in surface H2-K® (Fig. 7A). However, when HeLa H2-K® NS-OVA cell were
tested, no decrease in surface H2-K® was observed (Fig. 7B). In fact, in the second set of
experiments there was a 20% increase in surface H2-K® after three hours of heat shock
(Fig 7C). Likewise, the transition from 37°C to 43°C for three hours increased the
presentation of SIINFEKL peptide bound to surface H2-K® by nearly 33% (Fig 7C).
Together, these data support my hypothesis that heat shock increases the catalytic activity

of proteasomes, and is also correlated with increase MHC-I surface presentation.
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Chapter IV

Discussion

Here I report different activation kinetics between single-capped and double-
capped proteasomes, in response to proteasome activators Rad23a UBL. Importantly, the
UBL domain of Rad23a has been shown to activate latent proteasomes, while ATPyS
simply promotes activation of previously active particles (Collins and Goldberg, 2020).
In an effort to understand the mechanisms by which the UBL domain of Rad23a exerts its
effects, I investigated the composition of the newly activated proteasome populations.
Specifically, I asked whether the activated proteasomes were singly or doubly capped.
Consistent with work completed by Collins and Goldberg which demonstrated that full
length Rad23a stimulates peptidase activity of the 26S proteasome through the activation
of latent proteasomes, I found that the Rad23a UBL domain preferentially activated
double—capped proteasomes.

Next, I wanted to understand the biological consequences of the increase in
peptide products brought on by a higher number of activated proteasomes. In particular, |
was interested in the relationship between proteasome activation and the immune system.
To that end, I probed the effects of heat shock on proteasome activity and quantified
subsequent downstream MHC-I presentation.

To test if the UBL domain activates 26S complexes differently if they are single-
capped or double-capped, I modified a proteasome labeling assay that uses fluorescently
labeled 20S inhibitor, MVB-127 to label single-capped and double-capped 26S. This
work required optimizing the concentration of purified proteasomes, MVB-127, and the

time needed to maximally label proteasomes with MVB-127. I also verified that reactions
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could be frozen at -80°C without compromising the detection of labeled proteasomes
(data not shown). With the optimization of this method, I probed the effects of Rad23a
UBL on different proteasome populations.

The addition of the UBL domain increased the activation of both single-capped
and double-capped proteasomes; however, the double-capped population was activated
30% more than the single-capped population at 90 minutes (Fig. 4F). Thus, the UBL
domain of Rad23a may preferentially activate double-capped proteasomes. On average,
the ratio of double-capped proteasomes in the groups incubated with the UBL domain of
Rad23a were five-fold higher than the untreated groups (Fig. 2 E). Similar observations
were also seen in the replicate (Fig. 2E).

Asano and colleagues (2014) found that roughly three-quarters of all proteasomes
in neuronal cells are single-capped, compared to around a quarter being double-capped. If
increased UBL domain activation was truly stochastic, one would expect more latent
single-capped than double-capped proteasomes to be activated due to their greater
abundance. Collins and Goldberg (2020) demonstrated that proteolysis is dependent on
the association of UBL to Rpnl, work by Martinez-Fonts and colleagues (2020) showed
that Rpn13 mediates binding of UBL-UBA proteins and work from Berko and colleagues
(2014) showed that Rpn13 is asymmetrically present in double-capped proteasomes.
Both, Rpnl and Rpn13 are ubiquitin receptors for 26S proteasomes. The UBL domain
binds to Rpnl, where it mimics the role of ubiquitin, and activates ATP hydrolysis and
subsequent degradation if an unlinked unfolded protein is also present, Rpn13 also
contributes to binding UBL domains (Collins and Goldberg, 2020; Martinez-Fonts et al.,

2020). However, unlike Rpnl, Rpn13 is sub-stoichiometric and is asymmetrically
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incorporated to just one end of double-capped proteasomes (Berko et al., 2014; Asano et
al., 2015). Perhaps this asymmetry plays a role in the activation of double-capped
proteasomes by providing an addition binding site for UBL.

I propose that the observed increase of activation of double-capped proteasomes
was mediated by the binding of UBL to Rpn13 and Rpnl, Collins and Goldberg (2020)
found that inhibiting the PRU domain of Rpn13 and the UIM domain of Rpn10 result in a
loss of UBL binding by about one-third. Although this suggest that Rpn10 and Rpn13 are
not essential for the activation of proteasomes by UBL, in the context of my study Rpn10
and Rpn13 are likely implicated in the activation of double-capped proteasomes.
Furthermore, Martinez-Fonts (2020) found that proteasomes with Rpnl and Rpn13
degraded UBL containing peptides 50% more efficiently than Rpn10 proteasomes. The
system applied by Martinez-Fonts most closely mimics how the UBL domain interacts
with proteasomes in cells compared to using purified UBL in combination with an
activity probe (as done in my work). Synthesizing the findings of Collins, Martinez-Fonts
and Berko leads me to conclude that Rpn13 and Rpnl are the subunits most likely
responsible for the 30% difference of activation observed between the double-capped and
single-capped proteasome (Fig. 4F). While Rpn10 is a UBL binding site, I don’t suspect
it to be the main binding site for UBL of double-capped proteasomes (Martinez-Fonts
and colleagues show that Rpn10 has the lowest affinity for UBL binding), rather I
propose that Rpnl and Rpn13 are the binding site for UBL in double-capped
proteasomes. The inherent asymmetry of Rpn13 means that double capped proteasomes

have up to three likely binding sites for UBL (Rpn1 on one or both RPs, and Rpn13)
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versus the single-capped proteasome that only has one 19S (the UBL domain can bind to
Rpnl, and one Rpn13 subunit).

To better elucidate the mechanism by which double-capped proteasomes are
activated I suggest that similar experiments be performed using proteasomes with
inactivating mutations in Rpn13 and Rpnl. The binding of UBL to Rpn13 can be
inhibited by the point mutation at rpn13-pru, likewise a point mutation at rpn1-ARR will
inhibit T1 which yeast Saccharmyces cerevisiae has been shown to decrease UBL
binding (Shi et al., 2016; Collins and Goldberg, 2020).

It is notable that the UBL domain of Rad23a inhibited the labeling of free 20S for
all groups (Fig.4F). It seems that the UBL domain blocks the protease activity (blocks the
gate) of free 20S subunits while activating latent 26S proteasomes. Western blots
confirmed equal loading of 20S for all samples (Supplemental Fig. 1; 2), thus the loss of
MVB-127 signal was not due to fewer 20S proteasomes, but rather less active 20S
(Supplemental Fig. 3).These data support the activating effects of UBL domains to
proteasomes.

These data presented here suggests that heat shock results in increased
proteasome activity (Fig. 5). Accordingly, these data suggest the heat-shock mediated
increase in proteasome activity could lead to increased MHC-I peptide presentation.
Though the mechanism by which this occurs will be an important topic for future
research, I propose that the higher rate of protein degradation following heat shock
increases the number of peptides available for MHC-I.

To confirm my premise regarding heat shock and proteasome activation, I first

performed a time course using HeLa cells incubated at 37°C and 43°C. By three hours, I
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identified an 8-fold increase in proteasome activity (Fig. SA). These observations support
the prior observations of the Goldberg lab that increased temperature leads to increases
proteasome activation that is even extended after return to 37°C. To test the hypothesis
that heat shock also increases MHC-I presentation of antigens, I used the HeLa H2-K"
and HeLa H2-K® NS-OVA cell lines. After heat shock (3 hours at 43°C) in these cell
lines, I tracked surface MHC-I by flow cytometry with antibodies against total surface H-
2K® and SIINFEKL-bound H2-K®. MHC-I presentation could therefore be quantitatively
measured at 37°C and after 3 hours at 43°C. Unexpectedly, HeLa H2-K" cells had a
decrease in H2-K® on the surface after heat sock (Fig. 8A, 8B). This observation might be
explained by the inherent instability of unbound MHC-I molecules. MHC-I molecules are
stabilized by the binding of both the peptide, and the peptide loading complex (PLC).
PLCs consist of TAP, Crt, ERp57, Tpn, and f2m and are important for binding peptides
to MHC-I particles as well as surface presentation (Donaldson and Williams, 2009).
Notably, MHC-I molecules that lack a peptide or contain a low affinity peptide are
retained in the ER by the PLC. A small fraction of these empty MHC-I molecules does
make it to the surface of the cell, but those molecules are unstable even at 37°C and
dissociate rapidly (Donaldson and Williams, 2009). It should be expected that unbound
MHC-I molecules will dissociate from the cell surface more rapidly at 43°C because of
the combined thermal instability and general instability of MHC-I without a bound
peptide.

Unlike the HeLa H2-K® cells, when ovalbumin is expressed (HeLa H2-K® NS-
OVA) total H2-K® surface presentation increased. Moreover, SIINFEKL bound H2-K°,

surface presentation also increased with heat shock. The first observation was surprising,
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because HeLa H2-K" cells consistently had a decrease of H2-K® on their surface after
heat-shock. Total surface H2-K® expression would be expected to increase as more
peptides are now being generated by the introduction of ovalbumin protein expression.
The second finding, provides supporting evidence for the proposed hypothesis. There was
approximately a 1.5-fold increase of surface presented SIINFEKL-H2-K" in the heat
treated group relative to the 37°C group (Fig. 7C). Although it may be possible that the
cellular stress response induced by the increased temperature caused this increase (i.e.
more unfolded proteins, increased ubiquitination). To test if the increased MHC-I surface
presentation was in fact a result of increasing proteasome activity I propose testing a
different activator of the proteasome and measuring if the same outcome occurs (i.e.
PDES inhibitors).

In conclusion, this work suggests that the UBL domain preferentially activates
double-capped latent proteasomes. Furthermore these data hint that increasing
proteasome activity may be a way to increase MHC-I peptide presentation. However,
several limitations of this study are worth noting. Native PAGE is notoriously variable
and the starting concentrations of each proteasome sub-population was unknown (i.e. I
knew the total proteasome concentration, but not fraction of proteasomes that were
doubly- or singly-capped). For a future research direction, cryogenic electron microscopy
of proteasomes incubated with a UBL domain would result in a higher resolution view of
proteasome populations as well as their states (i.e. latent or active). The use of heat shock
to activate proteasomes is not sufficient to support this hypothesis. The heat shock
response induced by exposure to 43°C is a global response and not specific to the

proteasome, as such there are too many other variables to confidently conclude that the

31



increase of MHC-I presentation was directly caused by proteasome activation. To verify
that this was a direct cause of increased proteasome activity, other proteasome activators
(i.e PA28) should be used to probe MHC-I peptide presentation. These findings have the
potential to stimulate new directions of scholarship as well as contribute to the discovery
of novel therapies. A heat treatment could potentially be used to increased MHC-I surface
presentation of tumor cells thereby enhancing the patient’s antitumor immunity. Further
probing into the mechanism by which the heat shock leads to increased MHC-I
presentation may also prove promising in the development of novel immunotherapies.
The current landscape of drugs that target the proteasome is limited to inhibitors. The
development of a proteasome activators could result in advances in treating of various
cancers (especially when combined with immunotherapies) or neurodegenerative diseases

like Alzheimer’s disease and Parkinson’s disease.
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Figure 1. The UBL Domain of Rad23a Activates Latent Proteasomes.

(A) Native PAGE of 12 nM purified 26S MEF-proteasomes incubated with or without
500 nM Rad23a UBL and MVB-127 for indicated time. (B) Quantification of MVB-127
labeling for double-capped proteasomes in panel A. (C) Quantification of MVB-127
labeling for single-capped proteasomes in panel A. (D) Quantification of MVB-127
labeling for 20S proteasomes in panel A. (E) Ratio of single-capped to double-capped
proteasomes labeled MVB-127 from quantification in panels B and C.
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Figure 2. The UBL Domain of Rad23a Activates Latent Proteasomes.

(A) Native PAGE of 12 nM purified 26S MEF-proteasomes incubated with or without
500 nM Rad23a UBL and MVB-127 for indicated time. (B) Quantification of MVB-127
labeling for double-capped proteasomes in panel A. (C) Quantification of MVB-127
labeling for single-capped proteasomes in panel A. (D) Quantification of MVB-127
labeling for 20S proteasomes in panel A. (E) Ratio of single-capped to double-capped
proteasomes labeled MVB-127 from quantification in panels B and C.

34



A

Double-capped 265
Single-capped 265

208

AFU

265 26S + Rad23b UBL
o ] 8 8 o 3 3 8 ®
Sl Vg Bty Jw— " =
B - — — - — 10
> - — E
<
5
“ -
0 v T T T T
0 20 40 60 80
Time (minutes)
45
e 1
ol Single-capped =
- 265+500nM & 2
Rad23a UBL <
-= Single-capped 26S 7
T T T - T T T

L] 20

Double-capped
- 26S + 500 nM
Rad23a UBL

-+ Double-capped 26S

1
100

= 208

20S + 500
-+ nM RAD23a
UBL

1 T
100 0 20 40 60 80
Time (minutes)

40 60 80
Time (minutes)

a
o

30 60 90

E 5
@
(=%
&
Q
ll-’ 2.5
g 20 500 nM
5
o
& treated
O 1.0
% No
3 e treatment
a
s
)
T
4

Time (minutes)

100

Figure 3. The UBL Domain of Rad23a Activates Latent Proteasomes.

(A) Native PAGE of 12 nM purified 26S MEF-proteasomes incubated with or without
500 nM Rad23a UBL and MVB-127 for indicated time. (B) Quantification of MVB-127
labeling for double-capped proteasomes in panel A. (C) Quantification of MVB-127
labeling for single-capped proteasomes in panel A. (D) Quantification of MVB-127
labeling for 20S proteasomes in panel A. (E) Ratio of single-capped to double-capped

proteasomes labeled MVB-127 from quantification in panels B and C.
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Figure 4. The UBL Domain of Rad23a Activates Latent Proteasomes.

(A) Native PAGE of 12nM purified 26S MEF-proteasomes incubated with or without
500 nM Rad23a UBL and MVB-127 for various time. (B) Fluorescence of double-capped
proteasomes labeled with MVB-127 separated by Native PAGE. (C) Fluorescence of
single-capped proteasomes labeled with MVB-127 separated by Native PAGE. (D)
Fluorescence of 20S proteasomes labeled with MVB-127 separated by native PAGE. (E)
Ratio of single-capped to double-capped proteasomes incubated with or without 500 nM
Rad23a UBL and MVB-127 followed by a separation on native PAGE. (F) Summary of

figures 1-4 at 90 minutes. Data are normalized to the average of the double-capped
Rad23a UBL treated group.
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Figure 5. Heat Shock Increases Proteasome Peptidase Activity.

(A) Normalized and combined data from four experiments of the hydrolysis of the small
peptide Suc-LLVY-AMC by lysates of HeLa cells incubated at 43°C. (B) Normalized
and combined data from four experiments of the hydrolysis of the small peptide Suc-
LLVY-AMC by the lysates of HeLa H2-Kb and HeLLa H2-Kb NS-OVA cells incubated at
43°C. Error bars represent the SD from n = 4 independent experiments.
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Figure 6. Three hours at 43°C Induces the Heat Shock Response in HeLa H2-KP.

(A) Simultaneous detection of GAPDH and ubiquitinated proteins on a single blot from
43°C incubated HeLa H2-Kb cells. (B) Simultaneous detection of GAPDH and HSP70
proteins on a single blot from 43°C incubated HeLLa H2-Kb cells. (C) Relative ratios of
ubiquitin to GAPDH for the measurement of protein loading = SEM (D) Relative ratios
of HSP70 to GAPDH for the measurement of protein loading = SEM.
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Figure 7. Heat Shock Increases MHC-I Peptide Presentation

(A) Geometric mean fluorescence intensity of run 1 and 2 of surface labeled H2-Kb from
the HeLa H2-Kb cell line. (B) Geometric mean fluorescence intensity of run 1 of surface
labeled H2-Kb and H2-Kb-SIINFEKL from the HeLLa H2-Kb Ns-OVA cell line. (C)
Averaged geometric mean fluorescence intensity of surface labeled H2-Kb and H2-Kb-
SIINFEKL from the HeLa H2-Kb Ns-OVA cell line from runs 2 - 6 (n =5) + SEM.
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Appendix II.

Supplemental Figures
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Supplemental Figure 1. 20S is Equally Abundant in Native PAGE Samples.

(A) Native PAGE of 12nM purified 26S MEF-proteasomes incubated with or without
500 nM Rad23a UBL and MVB-127 for various time points. (B) Immunostaining of 20S
(PSMBS) particle from native PAGE. Calculated areas are listed by band number,
orientation of stain can’t be determined. The “circle” in the blot is an artifact of imaging
the gel.
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Supplemental Figure 2. 20S is Equally Abundant in Native PAGE Samples.

(A) Native PAGE of 12nM purified 26S MEF-proteasomes incubated with or without
500 nM Rad23a UBL and MVB-127 for various time points. (B) Immunostaining of 20S
(PSMBS) particle from native PAGE. Calculated areas are listed by band number,
orientation of stain can’t be determined.
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Supplemental Figure 3. The Rad23a UBL Domain Inhibits Free 20S Proteasomes.
Hydrolysis of the small peptide ac-nLPnLD-AMC by 12 nM purified 20S MEF-

proteasomes with indicated concentrations of Rad23a UBL reported as mean arbitrary
fluorescent units (AFU) + SD from n = 3 independent experiments.
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Supplemental Figure 4. FMO Controls Were Used for Both Fluorophores.

(A) Representative table for FMO controls used for Flow cytometry. (B) Representative
gated data of FMO controls (B left) unstained cells (B center) double-stained (B right)
Alexa-647-FMO. (C) Graphical view of gating (C left) unstained cells (C center) double-
stained (C right) Alexa-647-FM
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