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ABSTRACT

Gregery WossDevelopment of Pept&lBased E3 Ligase Reporter
(Under the direction of Nancy L. Allbritton)

This dissertation describes the development of a new analytical tool capabléypihgna
E3 ligase activity, a critical element in the ubiquitin proteasome system. This was accomplished
through the development of a novel class of pegtased fluorescent E3 ligase reporters which
are intended to be analyzed by capillary electroph®{€t). These E3 ligase reporters
incorporate a degradation signal, or degron, which is recognized and ubiquitinated by an E3
ligase, as well as a fluorescent tag to facilitate detection by laser induced fluorescence (LIF). In
order to identify potent degns, a library of E3 ligase reporters incorporating degrons from
various sources was synthesized. These reporters were characterized in cell lysates, then
optimized to produce substrates that would be efficiently ubiquitinated in cells. In addition to
working with minimal degron sequences, an expandedilstdry of reporters based around the
degron isolated from p53 was characterized in order to identify a compact degron element and
investigate its ubiquitination kinetics and specificity. In ordelnritumvent peptidasenediated
degradation, a traditional weakness of peptide reporters, investigations were also carried out to
develop novel degradatiene si st ant E3 | i g a s-lmirpmeeggandatyer s i nco
structures. -Bagpn ehat das pathtpeptidaskesystant and fonctioned as an E3
ligase reporter was identified. Finally, electrophoretic separation conditions for the analysis of

E3 ligase peptide reporters were identified, and ubiquitination of E3 ligase reporters in cell



lysates was observed by €CH-. This dissertation lays the groundwork for future development

of next generation peptideased E3 ligase reporters.
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Chapter 1: Introduction

1.1 The Ubiquitin Proteasome System

The ubiquitin proteasome system (UPS) is an essential enzymatic pathway that is crucial to
cell homeostasis, migration, and proliferatioreaiaryotc cells! The UPS is comprised of
several families of enzymes and collectively functitmdegrade damaged, misfolded, or excess
proteins to modulate the abundance of key regulatory proteimd to postranslationally
modify proteins via the conjugation of the small protein ubiquitin (ubiquitinain).
Ubiquitination is at the heart tiieUP S6s ti ght regul ati on, and
progressively specific enzyme families (Figur#)l

The process begins when ubiquitin, aafino acid protein found throughout the cell, is
activated by an E1 activating enzyme (E1) in an AlrRen process. This resultstime
formation ofa highenergy thioester bond between ubiquitin and the E1. This complex then
interacts witha second family of enzymes, an E2 ubiquitionjugating enzyme (B2and the
activated ubiquitin is transferred to form a new ubigeiEEhxcomplex. A third class of enzymes,
the E3 ubiquitin ligases (E3nediate the transfer of ubiquitin directly (RING family of E3
ligases) or indirectly (HECT family of E3 ligases)adargeted proteifi.Ubiquitin forms an
isopeptide bond via the amine group on a proximal lysine (K) orhamei{O) residue on the
targeted protein. Following the initial ubiquitination eveditional ubiquitin proteins can be
conjugated to one of the original ubiquithoietiesvia one of seven lysine residues (e.g. K11,
K48, or K63) to form a pohubiquitin chain® The structure and length of the paliquitin

chain dictate the effect ubiquitination has on a protein; for exampglgubiquitin chains



formed onthe K48 residuds recognized by regulatory elements of the proteasainie poly-
ubiquitin chains forradon the K63 reside play a role in cell signaling, endocytic trafficking,
and DNA damage repairWhile the UPS is comprised of a conglomeration of enzymes, E3
ligases are largely responsibletbeUP S6s hi gh | e&3didasesrbmgnzepec i f i ci t
targeted proteins through a degradation signal, or a degron. Degrons can be simple amino acid
sequences or more complex, requiring gomtslational modifications such as phosphorylation
or oxidation® The role that E3 ligased3y as the ultimate arbitrators of ubiquitination is
reflected in their expansive diversity, with over 600 distinct E3 ligases documented in Rumans.
Degradation of proteins via the UPS is catalyzed by the proteasome. The 26S proteasome is
a large, multiunit protein consisting af 19S regulatory cap and a 20S core particiée 19S
cap has multiple functions: it recognizes proteins targeted for degradabaghipolyubiquitin
chains, cleaves ubiquitin from proteins prior to degradation, and unfolds and threads the protein
into the 20S core for degradait. The 20S core of the proteasasibarrel shaped and contains
catalytic sites with trypsilike, chymotrypsinlike, and peptidylglutamypeptide hydrolyzing
proteolytic activities. These catalytic sites are responsible for the cleavage of protegioint
peptide fragments. Adding a further level of refinement to the UPS are deubiquitinating
enzymes (DUBSs), which selectively cleave ubiquitin from substrates. DUBs work in opposition
to E3 ligases, rescuing targeted proteins from being degradée pydteasome and allowing
ubiquitin to be efficiently recycled by the cell.
While not the focus of the research presented here, it is worth tiositige UPS is
paralleled by several ubiquititke systems (UbL). UbLs make use of proteins analogous to
ubiquitin, E1, E2, E3, and DUB proteins. UbLs have been shown to play a role in many

important cellular processes, including DNA repair and transcriptional regufaRoominent



examples of UbLs includine small ubiquitinlike modifier (SUMO), neural precsor cell
expressed developmentally downregulated protein 8 (NEDDS8), and interferon stimulated gene
15 (ISG15).
1.2 Importance of the Ubiquitin Proteasome System in Biomedical Research

Dysregulation of UPS components, such as E3 ligases and the protdasoengeen
observed in severdisordersincluding multiple cancers and neurodegenerative diséases.
These observations, paired with the central role the UPS plays in cell homeostasis though
ubiquitination and though the degradation of proteins, have made components of the UPS the
foci of intense research and interéskhis interest rapidlyncreased following the clinical
success of bortezomib (Velcade®), a small molecule inhibfttre proteasomeayhich
demonstrated the potential benefits of developing novel therapeutics targeting tHeUPS.

Bortezomib was approved in 2007 for the treatment of multiple myeloma, and later for acute
myeloid leukemia (AML)® AML is a cancer of the myeloid line of blood cells found in bone
marrow. These cancerous cells quickly crowd out normal cells, which interferes witlepyodu
of healthy blood cells, in turn resulting in the development of anemia, infection, and eventual
death. AML predominantly afflicts older patients, accounting for 14,590 new @8¢5 of
newly diagnosed leukemia among elderly patients in 2013, angdadthe American Cancer
Society. The majority of patients with AML are precluded from undergoing conventional
intensive chemotherapy due to the high risk of treatredated mortality? This results in a
grim prognosis for this group of patients, with a fiyear survivarateof 25%. The
development of Bortezomiéndits successor Carfilzomib (Kyprolis®) proved a major
breakthrough in the treatment of AManumber of studies have ssndemonstrated the eféicy

of Bortezomib intreatment oAML, both as a standalone therapeutic and in combination with



other drugs? 4 Dysregulation of protein production in AML creates an overreliance on the
proteasome to degradweese proteins. As a result, incomplete inhibition of the proteasome
proves too stressful for cancer cells to overcome, while simultaneously being less cytotoxic to
healthy cells than traditional chemotherapeutics.

In addition to multiple myeloma and AMImembers of the UP&e suspected faay a
direct role in other cancers and neurodegenerative ds€aSe'®Though there are conflicting
reports, decreased proteasome activity is suspected to play a&keyceohformational diseases
such as Par ki nson 0 sl Thesddisebses aré anaydetaibydre di sease
accumulation of misfolded proteinsuch as amyloid plaquesith decreased proteasome
activity suggesting it may be an attractive target for inhibitictditionally, dysregulatiorof
otherUPS componentsas been observaa neurodegenerativdiseasessuch as the frame
shifted ubiquitin UBB.'® This mutated form of ubiquitin contaias extra 19 amino acids on
the Ub Gterminuspreventing it from being activated by E1 enzymes, potentially putting
additional stress on the UP&urthemore the tumor suppressor p53 and its E3 ligase Hara2
well known to play a role in cancers, highlightiaug additional role for the UPS insgase"’

In healthy cellsregulation of p53 is matained by constd degradationhowever, when
cells are subjected tgenotoxic stres53 degradation is suppresgédhis allowsp53to
accumulate in cells, which in tuleads to an upregulation oéges associated with apoptosis or
growth.Because of 30 s d y s r ie rganyl canterdpdm2has becoméhe target ofntense
interest. Finallythe dysregulation of DUBs such @¥'LD and USP%have beembserved in
cancers, suggesting they likely playiarportant role as oncoproteitfs 2

These observations precipitated a push to devealoptihherapeutics targeting specific

dysregulated enzymes upstream of the proteasome, such as E3 ligamshéoaitinating



enzymes (DUBs) and many such inhibitors are currently in clinical friBlespite the drive to
develop thesaovel drugs targeting the UP&rrent analytical tools used to investigéte
enzymatic activity of these components leave much to be desiosti conspicuasly there is no
assay currently capable difectly measuring the activity diPS components, such as E3
ligasesjn clinical samples
1.3Survey of Current Techniquésr Measumg E3 LigaseActivity in the UPS

Several technologies including Western bJafPCR (quantitative polymerase chain
reaction)andFRET (Fo6rster resonance energy transfer) sensorge@esentewvidely in the
literature for measuring E3 ligase activityadhtechnique has advantages andwbacks
requiring them to be employekdughtfully and under controlled conditions.

Westernblots are among the most popular techniques for investigating specific enandes
are considered the gold standard of ubiquitination experimdiis workhorse technique
highly selectivedoes notequire genetic engineeringnd does not require specialized
instrumentation In a typical Westerblot analysis cells are lysed and their contents separated
based on molecular size using sodidodecylsulfate polyacrylamide gel electrophoresis (SDS
PAGE). The proteins are then transferred to a nitrocellulose memishaane they arencubated
with antibodies specific for the protein of interest. Unbound antibodies are washed away and the
sample is incubated with a second antibodyjugated t@ fluorescent handle. The sampe
imaged and the amouot targeted proteirs quantified. While very common, Westetnlots
suffer from several limitationsWestern blots measure total amount of an enzyme, such as an E3
ligase;however, this may not necesbabe agood proxyfot hat enzymeds acti vil
does not account for modifications such as phosphorylation or small mutations that may affect

functionality. Additionally, traditionaM/esternblotsrequire relatrely large sample sizewhich



limits their usefulness in analyzing samples from patjemt®re total cell numbers are low
This bulk analysis only returns information on the average amount of enzyme in a sample,
potentially masking important subpopulations within the sanftally, while many antibodies
are commercially available, ¥gtern bot analysids restricted by the lack of appropriate
antibodes

Reverse transcription polymerase chain reactiorPRR) is a powerful analytical technique
thatovercomes the size limitations \8festern blots, allowingpr measurement of mMRNA in
samples as small as single cells. The technitjlizesreverse transcriptase to convert mRNA
into DNA and makes use of real time PCR (gPCR) to quantify the amount of the newly droduce
complementary DN (cDNA). The technique is compatible with very small sample iz 1
cell) and does not require genetic engineering approashastis capable ainalyzing patient
samples.However, thigechnique does not directly measure proéativity or proten
abundancginstead measuring mRNA levels for a proteain,indicator twice removed from the
desired metric

Forster resonance energy transfer (FRET) sensors allow for sensitive and high throughput
screens of E3 ligase activity in cetlsE3 ligaseFRET sensors work by genetically engineering
cells to produce an E3 ligase substrate aitlnorescent donor molecule aadibiquitin with an
acceptor molecule. The activity of the E3 ligase then brings the acesptaonor molecule
into close proximity, allowing for the detectiof a fluorescent signal when interrogateith the
appropriate wavelength of light. This system is particularly ideal for screening large numbers of
compounds for inhibitory activityFRET sensors have the benefit of directly measuring E3
ligase activity, an@rehighly sensitive, allowindor usewith small numbers oéngineeredaells.

The major drawback of the technique is that it requires genetic engineering approaches, making



for long system development times and making the technique impractigaldstigation of
primary cells
1.4E3 Ligase Peptide Reporters for Chemical Cytometry

While each of the previously described techniques is powerful in the proper context, none
meet thehigh requirements required to analyze patient samples (Figt)reChemical
cytometry overcomes thedeltations by directly measuring enzyme activity in small samples
without the need for genetic engineering. This strategy revolves around usinglgxtern
synthesizegbrobes, such as peptide reporters labeled with fluorescein, and introducing them into
a cellular environment, where they act as a substrate for an enzyme of interest. The reporters are
directly modified by the enzyme of interest and swstand product can readily be quantified
by chemical cytometry techniquesod®translational modificationse(g, phosphorylationgan
be quantified in samples as small as single cells by separating analytapilieay
electrophoresis (CEnd deteting them withhighly sensitive laser induced fluorescence
(LIF).2%2

Peptidebased reporters can be synthesized usiegell-establishedechnique ofolid
phase peptide synthesis (SPR&iwing for rapid prtotyping and bpassing gnetic
engineering requirements. Reporters are directly modified by enzymes, yielding a direct
measurement of enzyme activity. And finallye extremely small sample size requirements,
exceptional separation efficiency, and peakacity ofCE-LIF allow for thedetecion of
enzymatic activity in samples as small as single ¢ellspL) with limits of detection as low as
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1.5b-Hairpins Protectides
One drawback to traditional peptide reporterthéy are oftemapidly degraded by

intracellular peptidasedt has been f@orted that thislegradatiorcan bediminished through the
incorporation of unnatural amino acids, but this process must be carefullydadarelividual
peptide reporters, requiring careful characterization following each modifi¢at8aeondary
structuressuch a$-hairpirs have beeshown to increase peptide lifetimes in the presesf
intracellular peptidaseX. In collaboratiorwith and building upon work done by members of the
Waters laboratoryinitial plans were to append such a structure, termed a protectide, to a peptide
reporter as a means of increasing® the reporte
Serendipitously, howevepyrevious group members in the Waterd adibritton group
di s c ov e-haipih peptidehat bhe Waters group designeetved as an independent
degron. Chapter four of this work describes the characterization of this highly robust peptide
reporter.
1.6 Capillary Electrophoresis

Capillary electrophoresis issparations technique first described by Jorgenson and
Lukacs?® CE separation occurs in a fused silica capillary with a small inner diameter that is
filled with a currentcarrying buffer solution. Following introduch of sample, both ends of the
capillary are immersed in buffer and a high electric voltage is applied across the capillary.
Analytes migrate within the capillary based on their electrophoretic mobility (a combination of
their charge, size, and shapejl atectroosmotic flow of the buffer. The electrophoretic mobility
of a sphere can be approximated using equations 1.1 and 1.2, while the velocity of a species in
CE is defined by equation 1%3.

Equation 1.1:



o
@ -
‘ = electrophoretic mobility
= particle charge
— = buffer viscosity

i= Stokebés radius (Equation 1. 2)

Equation 1.2

oy

0 =mass
i= Stokebds radius
w = partial specific volume

Equation 1.3

0 = velccity

= electrophoretic mobility

= electroosmotic mobility

‘O= applied electric field

The electroosmotic flow of buffer is a phenomenon that results from the small internal
diameter of the capillary and the charged inner surfaceabttpillary. For a fused silica
capillary, this charge is dependent on the buffer utilized as well as any surface modifications.
Capillaries without chemical surface modifications, a neutral or basic buffer will result in a more

highly negatively chargedapillary surface, attracting a large number of positively charged ions



to associate with the inner walls. This causes negative ions in solution to create an electric
double layer. When voltage is applied across the capillary, the positively chargexigpate
towards the negative pole. These cations associated with the electric double layer interact with
other components of the buffer through hydregending and electrostatic interactions, and
within the narrow confines of the capillary these intéoas are strong enough to cause bulk
migration of the buffer flow. This results in consistent flow towards the detector with a nearly
flat fluidic profile that sweeps all analytes towards the detector. Depending on its strength, this
can allow the det#ion of neutral or even negatively charged species. CE can be coupled with
laserinduced fluorescence detection (LIF), allowing for detection of fluorescent analytes at
extremely low concentrations (2dmoles)?® The high resolving power and small sample
requirements (< 10 nL) of CE, paired with thghhsensitivity of LIF, makes it an ideal
technique for the analysis of small numbers of cells, including single?2&R<®
1.7 Scope otheResearch

This dissertation details the development of novel pepéderters for the measurement of
E3 ligase activity via chemical cytometry. Chapter two focuses on the early development of a
library of E3 ligase reporters incorporating degrons from various sources in order to identify,
characterize, and optimize sutages that would be efficiently ubiquitinated in cells. This work
has been published in baftell Biochemistry and Biophysi@nd PLOS ONE? 3! Chapter
three details the creation of a diltrary of reporters @und the degron isolated from p53. This
work both identified a minimal degron element and investigated its ubiquitination kinetics and
specificity. The results of this work were reported on in the An&lysEhapter four focuses on
the characterization of novel degradatiore s i st ant E3 | iharpirssecondayp or t er ¢

structues. This work has been submitted to ACS Chemical Biology for publication. Finally,
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chapter five presents unpublished work that lays the groundwork for analysis of E3 ligase

peptide reporters by CE.
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1.8Figures

E1 Activation

Ublqultln / 6 \
E2 Conjugation

Removal of
Ubiquitin by
DUBs

:k,,ﬁ? &L
Transfer of
Ubiquitin to

Degradation by
the Proteasome Protein
: “—

Recognition Polyubiquitination
by 19S Cap

Figure 1.1 A simplified overview of the ubiquitin proteasome system (UPS)Ubiquitin is
activated by an E1 activating enzyme and transferred to an E2 conjugating enzyme. This
complex then interds with an E3 ligase, which recognizes targeted proteins and facilitates the
conjugation of ubiquitin to a proximal lysine. The conjugated ubiquitin can have further
ubiquitin molecules added to, forming a pallgiquitin chain. This polubiquitin chainis

recognized by the 19S regulatory element of the proteasome, which unfolds the protein into the
catalytic core, resulting in the degradation of the protein. Deubiquitinating enzymes (DUBS),
including those on the 19S regulatory element of the proteas@meleave ubiquitin from a

protein, allowing it to be recycled by the cell.
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Can be used Directly
with small measures E3

sample sizes ligase activity

Does not require
genetic
engineering

Figure 1.2 Limitations of current analytical techniques for measuring E3 ligase activity.
Current popular techniques do not encompass the requirements for the analysis of patient
samples. Western blots are the most popular form of analysis, but require large sas@ects
do not directly measure enzymatic activity. -RTR is compatible with small sample sizes, but
measures levels mMRNA, a proxy twice removed from ubiquitination. HRISE&d reporters
directly measure E3 ligase activity, but require genetic engingeapproaches, requiring large

initial numbers of cells and long development times.

13



)

Optional Spacer

(2) 4) (1)

(1) E3 Degradation Signal (Degron)

(2) Available Lysine for Ubiquitin Conjugation
(3) Fluorescent Tag (FAM)

(4) Optional Spacer Element

Figure 1.3General design of peptide reportersReporters consist of three key elements: (1) an
E3 binding recognition site (degron), (2) a proximal lysine residue for ubiquitin conjugation, and
(3) a fluorescent tag for detection and quantification. Additionallya@pptional spacer

elementcan beincluded tomodulatereporter lengttior optimalposting of the proximal lysine
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Chapter 2Generating a Degron Reporter Library

2.1 Introduction

The ubiquitin proteasome system (UPS) is a key enzymatic pathway that plays a central role
in cell homeostasis2 The UPS is composed of a consitin of enzymes with diverse
functions, which are collectively responsible for the degradation of misfolded and damaged
proteins. This process is regulated through the post translation modification of proteins by
ubiquitin (i.e., ubiquitination), whichn addition to its role in the degradation of proteins plays
an important role in DNA repair, cell cycle regulation, and immune responses. The UPS is
comprised of several enzyme families: Ubiquitin, E1 and E2 enzymes, and the E3 ligase.
Ubiquitin is a smk, 76 amino acid protein found throughout the cell and primarily functions to
post translationally modify URfrgeted proteins. E1 ubiquitactivating enzymes chemically
activate ubiquitin in a process consuming adenosine triphosphate (ATP) to cheautiadte
ubiquitin, which is then accepted by E2 ubiquitonjugating enzymes. Finally, E3 ligases
interact with the Ezubiqutin complex and facilitate the process of conjugating the activated
ubiquitin to an available lysine residue on a targeted jproteither the E3 ligases bring E2
enzymes and substrates together or they act as an intermediary for the activated ubiquitin to
accomplish the conjugation. Additionally, E3 ligases recognize proteins through specific
degradation signals, or degrons,target protein substratésThese substrates can be simple
amino acid sequences, or more complex, requirirsg fpanslation modifications such as

phosphorylation or oxidation. The E3 ligase is primarily responsible for the tightly controlled
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regulation of the UPS; they are a highly diverse class of enzymes comprised of over 600 proteins
in humans.

Following an intial ubiquitination event, the conjugated ubiquitin protein can accommodate
further ubiquitin conjugations via one of its seven lysine residues. The number and subsequent
position of ubiquitin molecules determine the signaling properties of the attaloiugokin
moieties? For instance, ubiquitin chains (i.e., palpiquitin) formed at the 48position lysine
residue target proteins to be sent to the 26S proteasome for degradEti®26S proteasome is
a large protein complex that recognizes patyquitin, thenunfolds and threads a targeted
protein into its catalytic core, where it is subsequently degraded into small peptide fragments.
Acting in opposition to E3 ligases are deubiquitinating enzymes (DUBs), which selectively
cleave the conjugated ubiquitin fraaprotein, potentially rescuing it from degradation and
allowing ubiquitin to be removed from a protein prior to degradation.

Dysregulation of the E3 ligases in particular has been observed in a number of diseases,
including several cancef$. Drugs that target elements of the UPS, such as the proteasome
inhibitor Bortezomib and the second generation Carfilzomib, have found clinical success treating
multiple myeloma, demonstrating that components of the UP&esdlent candidates for
targeted therapeutiést® Dysregulation of the E3 ligases in particular has been observed in a
number of diseases, including several cant&ré/hile there is intense interest in the research
community to investigate components of the UPS, current analytical tools used to probe the
enzymatic activity of these components leave much to be désired.

Severakechnologies including Western blots, gPCR (quantitative polymerase chain
reaction), FRET (Fdrster resonance energy transfer) sensors, and proteomic approaches such as

SILAC (stable isotope labeling with amino acids in cell culture) are used widely litetla¢ure;
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however, each have drawbacks that make them problematic for investigations into primary cell
samples: They either probe enzymatic activity indirectly, require genetic engineering, or require
large numbers of cells and thus only provide bulkyses!1® Chemical cytometry overcomes
these limitations by using peptitb@sed reporters as substrates for enzymes of interest, making it
an attractive alternative analytical stratégyThis strategy revolves around the use of peptide
based reporters that act substrates for enzymes of interest. These reporters can be introduced
into cells or cell lysates, where they are recognized by select enzymes and undergo post
translational modifications, (e.g., phosphorylati®ff. The reporters can be conjugated to a
fluorescent tag such as fluorescein, allowing highly sensitive laser induced fluorescence (LIF)
detection to be used. This, when paired with the extremely small sample size requirements,
exceptional separaticefficiency, and peak capacity of capillary electrophoresis (CE), can detect
enzymatic activity in samples as small as single cells. Througkestalblished solid phase

peptide synthesis (SPPS), peptides can be rapidly synthesized and prototypednbgygpassic
engineering requirements, and peptides measure rates fgresational modification,

allowing for direct measures of enzymatic activity.

Given the importance of E3 ligases in regulating and facilitating protein ubiquitination, their
penultmate position in the UPS, and their observed dysregulation in several diseases, they
present an excellent target for new peptide reporter technologies. Peptide reporters require three
key components in order to investigate E3 ligase ubiquitination &séfi) a degron for E3
ligase recognition, (2) an available lysine residue for ubiquitination, and (3) a fluorescent tag for
detection (Figur.1A). We also speculate that a fourth element, a spacer, might be required to
prevent steric hindrance betweslements of the reporter. This work describes the development

of a small library of nine reporters that contain elements from both natural and artificial sources,
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to determine an optimal substrate for measuring ubiquitinatférRarticular interest was paid to
the formation of polyubiquitin chains versus multiple mombiquitination events. An
additional library of iterations of the top performing initial reporters were synthesized to
investigate the effedf the spacer element and determine the position of the most rapidly
ubiquitinated lysine residue. Additionally, a computational model was developed to quantitate
and describe the ubiquitination process.
2.1.1Initial Selection of Reporter Library and Rerter Design

Initially, nine degrons were selectby Dr. Adam Melvin and Dr. Kaiulani Houstdar their
potential use as an E3 ligase repoftér. The origin and sequence of each degron used in the
initial reporter library are listed in Tab®1, along with the E3 ligases known to recognize them.
These selected peptides were the result of an extensive literature search, and come from several
representative classes of degrons, including degrons that requsghphgation prior to
recognition by E3 ligases (TAZ, IFNAR1, SRC3, and Cyclin D1), and degrons that are oxidation
dependent (HIL U) . Degrons were also pulled from a r
tumor suppressors (p53), proteins that are key ¢ol | h o me o s-Catesin),and( i NOS, D
artificial sources (Bongerf;*

All degrons were next incorporated into a standard design for peptide reporters. Each
peptide reporter consisted of a degron, aefhiral lysine, and a @erminal fluorescent tag.
Because the degrons pulled from the literature had highly variable sequence lengths that ranged
from as few as four amino acids (Bonger) to as many as 25 (p53), spacer elements were
incorporated to standarditiee size of the initial reporters and minimize steric effects between
reporter elements. Reporters containing small degron sequences were extended to approximately

25 amino acids using protein sequences from the NCBI database. In the event that the degro
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sequence did not contain a lysine proximal to the degron, as was the case for INOS and SRC3,
we incorporated polyethylene glycol (PEG) into the reporter to provide functional distance
between the degron and lysine residue. During the initial roundhtifessis, a triple lysine-C

terminus was designed into each peptide to provide net positive charge and thus promote peptide
solubility in aqueous solution, and also to minimize steric interactions between the fluorescein

tag and amide resin during synthesis

2.2 Experimental Design

2.2.1Peptide Reporter Synthesis

All reporters were synthesized using SPPS, either manually or with an automated synthesizer
(Creosalus TetrasUI Peptide Synthesizer, Louisville, K§§nthesis was carried by Dr. Adam
Melvin, Dr. Kaiulani HoustonandGregery Wosswith the Waters laboratory provity
expertise and guidanc®eptide synthesis was performed on CLEARamide resin beads (Peptides
International Louisville, KY), using Fmefd\]-protected amino acids purchased from Advance
Chem Tech (Louisville, Kentucky). The Fm{d]-protected unnatural amino acids Fridid-
(PEG)YCOOH, FmoeSer[PO(OBzhOH]-OH, FmoeThr[PO(OBzIl}OH]-OH, and Fmoe
Lys(ivDde)}OH were purchased from EMD Biosciences (Billerica, MA)-&@boxyfluorescein
acqured from Sigma (Saint Louis, MO) was used to fluorescently tag peptides.

Fmoc deprotection was carried out by gently agitating beads in a DMF (dimethylformamide)
solution containing 2% piperidine and 2% DBU ¢tljazobicyclie[5.4.0Junded-ene).

Deprotetion was carried out twice over the course of 15 minutes. For peptides containing
aspartate residues, an alternative deprotection solution containing 20% piperidine and 0.1 M
HOBt (hydroxybenzotriazole) in DMF was used. Amino acid activation was cautad a
solution of NMP (Nmethy}2-pyrrolidone) containing four equivalents of HBTU(2H-

bereotriazot1-yl)-1,1,3,3t et r amet hyl ur oni um hexapuorophosphese
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and five equivalents of DIPEA (N;Niisopropylethylamine). Amino acid coupling was carried
out twice for 3660 minutes each. To conserve regents, unnatural amuowaere coupled in a
single reaction over the course of four hours using five equivalents of the unnatural peptide and
four equivalents of HBTU, HOBt, and DIPEA.

Following the addition of the final amino acid, peptides had theerkhinus acetylated.
This was accomplished by reacting the peptide with 5% acetic anhydride and-G%dé in
DMF for 35 minutes. Next, the ivDde protecting group was removed to allow for conjugation of
the fluorescent tag. This was done by mixing the peptide with asohft3% anhydrous
hydrazine in DMF for three minutes three times. A Kaiser test confirmed the ivDde group
removal. To conjugate the peptide and fluorescent tag, four equivalents of 5,6
carboxyfluorescein and four equivalents of HOBt and PyBOP (beazokdi-yl-
oxytripyrrolidinophosphonium hexafluorophosphate) were mixed in DMF overnight in the dark.
Finally, peptide was cleaved from the resin using a mixture of 95% TFA (trifluoroacetic acid),
2.5% TIPS {riisopropylsilyl) and 2.5% water for 3 hourExcess TFA was evaporated under a
steady flow of nitrogen, and cleavage products were precipitated into ice cold ether. This mix
was extracted into water, lyophilized, and stored &€ until purification.

Following synthesis, all peptides were purifieging reverse phase HPLC on an Atlantis C
18 semipreparative column (Waterslorrisville, NC). Purification was carried out by either
Dr. Melvin or Gregery WossPeptides were first purified using a-60nute gradient from 95%
acetonitrile, 5% EHO and0.1% TFA to 95% KO, 5% acetonitrile, and 0.1% TFA. Peptide
masses were verified using MALDI (matiassisted laser desorption/ionization) mass
spectrometry. Following verification of peptide mass, the peptides were lyophilized and then

purified a secod time using the same gradient as above but extended teraid0@ duration.
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After purification, peptides were suspended in 50 mM phosphate buffer (pH 8.0) and quantified
using aNanodrop 2000 spectrophotometer (Thermo Scientific, Waltham, MA) atGhe 5,
carboxyfluorescein tag absorbance wavelength, 492 nm. Peptides were aliquoted and-stored at
20 °C.
2.2.2Generation of HeLa S100 Lysates and Cell Cultures

To ensure a consistent and potent source of UPS components, HelLa S100 lysates were
generated anffozen for use throughout the peptide library development pro¢tssa S100
lysates were generated by either Dr. Adam Mebriregery WossHelLa S3 cells (ATCC
Manassas, VA) were initially grown in Dulbecc
supplementeavith 10% v/v bovine calf serum (HyClone, GE Healthcare Logan UT) and
maintained in a 37 °C, 5% G@nvironment. Following initial thaw, cells were grown kY%
culture flasks until they reached 70% confluence. Following this, cells were rinsed with PBS
and treated with 2 mL trypsiBDTA for five minutes or until detached, at which point they were
transferred to a centrifuge tube and spun at 8009 for 1Gt@sin Media was discarded and cells
were resuspended in fresh media and expanded into additasied.fl This process continued
until eight flasks reached 70% confluence. Cells were then pooled together, the media was
discarded, and the cells were resuspended in suspension growth media (Roswell Park Memorial
Institute (RPMI) 1640 media supplementedhab% v/v bovine calf serum) to a density of 2 x
10° cells/mL in a 250 mL spinner flask. Cells were monitored closely and fresh media was
added daily to maintain a cell density of 2 X &4d 5 x 10 cells/mL. Once media volume
exceeded 250 mL, cells veespun down at 800g for 10 min and resuspended in fresh media in a

1 L spinner flask at a density of 2 x°kflls/mL. This process was repeated until the suspension
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volume reached 1 L, at which point the above process was repeated and the cellsstidosderr
3 L spinner flask.

Cells were allowed to grow with fresh media being added periodically until the suspension
reached a volume of 3 L and a density & % 1® cells/mL. The media was removed and cells
were washed in ice cold PBS. Cells wererspt 1200g for 10 minutes af@. The resulting
pellet volume was recorded as packed cell volume (PCV). PBS supernatant was removed from
the cells and replaced with 5 x PCV hypotonic buffer (10 mM HEPES, pH 8.0, 10 mM KCl, 1.5
mM MgClz, and 1 mM DTT), wich caused the cells to swell over 10 minutes at 4 °C. Cells
were spun at 1800g for 10 minutes at 4 °C and the hypotonic buffer was removed. Cells were
resuspended in 2 x PCV hypotonic buffer and lysed using approximately 10 strokes of a Dounce
glass hanogenizer. The resulting lysate was centrifuged for 10 minutes at 1200g, at which point
the resulting supernatant was collected and supplemented with 0.11 x PCV of buffer B (0.3 M
HEPES, pH 8.0, 1.4 M KCl,and 30 mM MgZl The resulting lysates were péaktin an ultra
centrifuge and spun at 100,000g for 60 minutes at 4 °C. The cytosolic supernatant was collected
and dialyzed twice in buffer D (20 mM HEPES, pH 8.0, 100 mM KCI, 0.2 mM EDTA, 0.5 mM
PMSF, 1 mM DTT, and 20% v/v glycerol) at 4 °C, first ovehtignd then again for four hours.

The reduced lysate was centrifuged one final time at 33,0009 for 20 minutes at 4 °C to remove
membrane proteins. The cytosolic lysates were quantified using a Nanodrop 2000, aliquoted,
and stored at80 °C.

For studies sing other cell lines, fresh cell lysates were prepared shortly before each
experiment. HelLa, H60, THR1, and U937 cells were all acquired from the Lineberger Tissue
Culture Facility at the University of North Carolina at Chapel Hill. HeLa cells wenergm

DMEM with 10% v/v fetal bovine serum (FBS, Atlanta Biologics, Flowery Branch, GA).-THP
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cells were grown in RPMI 1640 supplemented with 10% v/v FBS and 0.05-mM 2
mercaptoethanol. U937 cells were cultured in RPMI 1640 with 10% v/v FB®0Hiells vere
grown in RPMI 1640 with 10% v/v FBS and 1% v/v penicifitneptomycin.
2.2.3In Vitro Ubiquitination Assay

Peptide performance was measured usinig &itro ubiquitination assay using HelLa
S100 lysates as the source of UPS componémtgiro ubiqutination assaywere carried out
by Dr. Adam Melvin or Gregery Wos§. he r eacti on was carried out
buffer consisting of 10 mM TrsiCl, pH 7.6, 5 mM MgCJ, and 2 mM DTT. This buffer was
supplemented with 1 x ATP energy regenerasiolgition (ATRERS, Boston Biochem,
Cambridge, MA), 100 mM of the proteasome inhibitor M& (EMD Chemicals Billerica,
MA), 20 mg/mL ubiquitin aldehyde (Boston Biochem, Cambridge, MA), 400 mg/mL ubiquitin
or methylated ubiquitin (Enzo Life Sciences Famgaale, NY), and 750 ng of inhibitors
cOmplete ULTRA and PhosSTOP (Roche). HeLa S100 (2 mg/mL) lysates were thawed and
immediately added to this reaction mixture prior to the experiment. The reaction was initiated
with the addition of 750 ng of peptide,cathe sample was incubated at 37 °C for a set period of
ti me. The reaction was halted wit-Radyt he addit
Hercules, California) followed by boiling for 5 minutes.
2.2.4Ubiquitin Pull Down Assay

In order to validateibiquitination of peptide reporters, pull down experiments using
agarose beads coated in ubiquitin antibodies were empl®&®dtdown experimentaere
carried out by either Dr. Melvin or Gregery Woshke reaction buffer described in the previous
sectim was prepared using 5x the original react.i

concentrations constant. Pulldown reagents were prepared immediately prior to use. For each
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sampl e, 2 0 -Agdroseobtad Slwry (LifleSehsors Malvern, Penrssylvi a) and 25 ¢
AgaroseTUBES1 slurry (Tandem Ubiquitin Binding Entity, LifeSensors Malvern,
Pennsylvania) were thawed on ice and suspended in 1 mL of ice coldl TEBMM TrisHCI,
pH 8.0, 150 mM NaCl, and 0.1% v/v Twe2f) and centrifuged at 1800g fominutes at 4 °C.
The TBST was removed from the bead pellet and discarded, then the beads were suspended in 1
mL of fresh TBST. This process was repeated for a total of 5 washes, after which beads were
suspended in 140 €L of fresh TBS

Followinginmmbat i on of t he r eacThwavaddedtolialfteer , 300 ¢
reaction. Then, agarose control beads were added. The sample was then transferred to a tube
rotator and incubated for 1 hour at 4 °C. Samples were centrifuged at 18009 for 5 met to pel
the control beads and the sample supernatant was transferred to a fresh centrifuge tube. Agarose
TUBESL1 beads were added to the sample, and the sample was returned to the tube rotator and
incubated overnight at 4 °C. Samples were centrifuged at 188®gupernatant discarded, and
the beads suspended in 1 mL of FBSThis process was repeated five times to rinse away non
specifically adsorbed analytes. Foll owi ng th
sample buffer and heated at 9D for five minutes to elute any analytes bound to the bead.
Samples were centrifuged for 5 min at 130009, and the resulting supernatant collected. Samples
were either immediately analyzed or kept2fi °C until analysis.
2.2.5Ubiquitination Assays Caed out in Cell Lysates

Ubiquitination assays in cell lysates were carried out using the same protocoinas the
vitro ubiquitination pull downs, with the major exception being the substitution of freshly
prepared cell lysates for HeLa S100 lysates, wftha lysate protein concentration of 2

mg/mL. Ubiquitination assays in cell lysates were performedither Dr. Melvin or Gregery
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Woss Lysates were prepared from tissue cultured cell lines immediately prior to the assay.
Once cells had reached thgpeopriate confluence or cell density, cells were centrifuged at 800g
for 2 minutes, and washed twice in PBS. Cells were pelleted asuspended in approximately
1 x cell pellet volume using MPER lysis buffer (Mammalian Protein Extraction Reagent;, Fishe
Hampton, NH). This was vortexed at 900 RPM for 10 minutes at 25 °C, then centrifuged at 4 °C
for 15 minutes at 14,000 x g. The resulting supernatant was collected and its protein
concentration was quantified using an M5 spectrophotometer (Moleculare®eSunnyvale,
California). The sample was stored on ice until use.
2.2.5SDSPAGE Analysis

Samples were separated using SEXS5E and analyzed using fluorescence imaging.
SDSPAGE analysis wasarried out by either Dr. Melvin or Gregery Wossamples were
loaded into precast 16.5% Mini PROTEAN TFiiscine (BioRad Her cul es, CA) us|
sample per well. The gel was subjected to a 120 V differential until tricine buffer bands reached
the bottom of the gel. Benchmark fluorescent ladder (Theisher, Waltham, MA) was
included in all gels as a standard to estimate molecular weight of analytes. Gels were visualized
using a Typhoon Imager (GE Healthcare Life Sciences, Pittsburgh, PA) at the highest sensitivity
possible without saturating the detier. Gels were quantified using ImageJ software (US
National Institute of Health), and measured sample band intensity relative to the unreacted parent
peptide band intensity.
2.2.6Data Analysis

Dr. Adam Melvin was primarily responsible for the developt@rcomputational

models.Data was analyzed using Origin 7.0ri@nLab), equations were solved in MATLAB
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using ODE15s. Additional information about the mathematical model used can be found in
reference 25.
2.3Results and Discussion

An initial library of nine reporters was initially synthesized using SPPS, then purified by two
rounds of reverse phase HPLThe molecular weight of the reporter was verified following
purification using MALDITOF, after which it was reconstituted into 50 mM phosphate buffe
(pH 8.0). Reporter concentrations were quantified using absorbance measurements. The peptides
were stored a20 °C until use.

While developing and evaluating the peptide library, it was key to have a potent and
consistent source of UPS componentell (ysates provided an excellent source of these
components, as they contain a multitude of E1, E2, and E3 enzymes, enabling ubiquitination of
peptides even with unknown E3 ligases. Due to cell heterogeneity, it was vital to prepare a large
batch of lystes to perform separate ubiquitination experiments under reproducible conditions.

To this end, HelLa S100 cytosolic lysates were selected as a source of UPS components. These
lysates contain a litany of concentrated cytosolic enzymes, and could be giagarge
batches and frozen until use.

For ubiquitination experiments, HeLa S100 lysates were mixed with buffering reagents and
supplemented with Mg@IATP, and inhibitors for peptidases, phosphatases, and the
proteasome. Excess ubiquitin was also dddehe reaction buffer, either in the form of wild
type ubiquitin or methylated ubiquitin (MeUb). MeUb was chosen to probe -moigaitination
event kinetics because each of its lysine residues is blocked by methyl group; thus, MeUb is

incapable of fornmg poly-ubiquitin chains.
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Each of the nine initial reporters were evaluated in a time course assay and analyzed using
SDSPAGE (examples shown in Figu2e?). Early work was done by Dr. Adam Melvin and Dr
Kaiulani Houstonwith Gregery Woss joining thgroject after initial synthesis and evaluation of
several reporters.The fluorescent tag allowed for easy and sensitive detection of analytes
without the need for antibodies. All nine initial reporters demonstrated an increase in
ubiquitination over tne, as expected; however, formation of ubiquitinated products differed
between reporters, with some reporters producing more intense ubiquitination bands than others.
Analysis also showed the formation of a low molecular weight band over time, attribled
degradation of the parent peptide over time, which was expected even with the addition of
peptidase inhibitor.

Of particular note was that the incorporation of MeUb into the assay did not always result in
the formation of a single ubiquitination h(Figure2.2D). This result strongly indicated that
either multiplemonau bi qui ti nati on events occurred at s
(multi-monao-ubiquitination), or that endogenous ubiquitin from the HeLa S100 was
incorporated, contributg to a polyubiquitin chain. The latter was considered unlikely, as
MeUb was calculated to exceed endogenous ubiquitin by a factor of 100 ot’more.

In order to further validate that the ubiquitinated peptide accounted for the observed high
molecula weight bands, an antibodyased pull down assay was carried out. Following the
previously described ubiquitination reaction, samples were incubated with agarose beads coated
in ubiquitinspecific antibodies. This allowed for the collection of only weal containing an
ubiquitin moiety, providing excellent supporting evidence that the observed bands were
ubiquitinated reporter. As an additional benefit, the antibody pulldown also allowed for the

concentration of ubiquitinated analytes (FigRi@).
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2.3.1Initial Comparison of Degron Ubiquitination Rates

All nine developed peptide reporters demonstrated-tiependent ubiquitination. In
order to compare performance between reporters, the intensity of each band was normalized to
the band intensity of amnmodified peptide that was not subjected to the ubiquitination assay.
Within the nine peptide reporters surveyed, there was a high degree of variability in the
formation rate of high molecular weight bands, demonstrating the importance of the degron
compnent . Four of the initi al-Catemrpshowedrr s, Bong
particularly rapid ubiquitination kinetics, especially compared to the other five reporters (Table
2.2). Initial studies indicated that the reporter incorporating theoddigpm p53 was most
rapidly ubiquitinated, and close inspection of the results revealed the presence of bands
correlating to di, tri-, and tetraubiquitination events (~21, ~30, and 39 kDa) in addition to
monac-ubiquitination events. The origin of thesands were likely mukmonacubiquitination
events, as the ratio of added MeUb was calculated to be in large excess of endogenous wild type
ubiquitin (>100 times§’ While this result was initially unexpected, it can be explained by the
presence of mitiple lysine residues on each reporter, either in the original degron sequence or as
part of the triple lysine @erminus added to aid in synthesis.
2.3.2Effects of Degron Size and Lysine Position on Ubiquitin Rate

The next step in the reporter libyadevelopment was to further refine the top reporters
by investigating the effects of both the reporter size and the position of the most rapidly
ubiquitinated lysine residue. Initially, all reporters were standardized in length (~25 amino
acids); howeverit was unclear if the additional residues were required or if they affected
ubiquitination r at e-€atenin pepiides, 8 smaligraninimal deyronShad a n d
been reported, whereas the minimal degron size for p53 was unkhdWP. Additionally,

while the presence of multiple lysine residues could potentially enhance the overall
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ubiquitination rate, multiple ubiquitination sites can confound kinetic analysis by convoluting

poly- and multtmoncubiquitination events. To detect pelypiquitination chains is desirable not

only because it could deconvolute kinetic measurements, but also becausbigoitn chains

serve as the recognition element for the 19S regulatory particle of the 26S prote@dsome.

investigate these effects, four reporter-hlaries were synthesized using the top four

preforming peptides -CatpninB , Bonger, i NOS, and b
Il nitial wor k-Caaendone whsicthg per for med wel |

Catenin reporter itially incorporated a phosphorylated serine into the degron component, but

during the design of the expanded library, this residue was substituted with phosphomimetic

glutamic acid, which prevents dephosphorylation during a ubiquitination reaction. The

substitution did not appear to have an effect on the ubiquitination rate (Riglde Continued

work proceeded to examine the effect of peptide length on ubiquitination rate, as workeby Wu

al. had previously established the importance of the spaenfgtve en | ysi ne r esi due

Cateninds mini Mal sdhegCaeniewds dyntleesized using the minimal

degron element DEGIHEG; however, this version of the reporter exhibited markedly decreased

ubiquitination kinetics (Figur@.4D, lane 3). Given this finding, it is highly likely that the spacer

amino acids play an i mportantCateninruct ur al rol e
Following peptide length studies, we investigated the position ahdst rapidly

ubiquitinated lysine residue. Five additional variants of the reporter were synthesized, three full

length versions and two shortened ones, with all but a single lysine residue substituted for either

valine on the Ntlerminus or arginine on éhGterminus. The results demonstrate a clear and

pronounced preference for a lysine residue on tkeri@inal side of the full length peptide

(Figure2.4D lanes 48). Moving the lysine residue a single position away from ther@inus
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slightly decreas# ubiquitination, but not as much as having atehninal lysine. Both
shortened reporters had comparable and significantly reduced ubiquitin kinetics.

Si mi | -&atenih, devdiopment of the Bonger reporter focused on the importance of the
proximal dstance between the portable degron (RRRG) and the ubiquitination site. Three
variants of the reporter were synthesized, beginning with a compact, nine amino acid variant
(KRRRGK(FAM)KKK), as well as two variants incorporating PEG monomers:
(K(PEG)RRRGK(RM)KKK) and (K(PEGr RRRGK(FAM)KKK). The triple lysine €
terminus was left in place to investigate degron size, but it also had an effect-on poly
ubiquitination versus mukmonacubiquitination. The modified reporters were compared to the
initibkeddbut eperter ( KTRGVEEVAEGVVLLRRRGNK( FA
screening process using a padwn assay incorporating MeUb (FigutdA, lanes 13). These
results demonstrated that the Bonger based reporter only required the compact degron for
ubiquitination, and that removing the spacing element did not negatively impact the
ubiquitination rate. Additionally, we determined that the length of the reporter did not appear to
play a role in the formation of multhoncubiquitination.

Next, the prefererdl ubiquitination site was isolated. This was done by synthesizing
variants of the reporter using either a triple arginine or triple glyciteri@inus. Both of these
variants demonstrated marked decreases in ubiquitin band intensity, suggestinfetbataie
ubiquitination site was likely on the-@rminus (Figure 4A, lanes 4,5). This finding
corresponded well with reports in the literature about the Bonger peptide. A new variant was
synthesized that incorporated a single lysine residue on-teetnus (VRRRGK(FAM)GGK);
valine was chosen to replace lysine on theefhinus in an effort to increase stability based on

the N-end rule®® This new variant produced increased ubiquitin band intensity retativet of
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peptide reporters with only an-tdrminal lysine, suggesting that the€@minus lysine was
preferentially ubiquitinated (Figui24A lane 6).

A similar sublibrary was generated for INOS based around its portable degron (DINN).
Si mi | -&atenih, ,emdving the amino acid spacing elements significantly decreased the rate
of ubiquitination (Figur& 4B, lanes 1,2). Integrating a PEG spacer element did not recover the
ubiquitination rate, suggesting that the amino acid spacer element manpfragortant role in
enhancing ubiquitination rates, perhaps through an interaction with an E3 ligase. Further
experiments demonstrated that the replacement of the triple lyseren@us with a triple
arginine sequence did not further reduce the ratbiguitination, suggesting that the N
terminus contained the preferential ubiquitination site (FiguB, lane 3).

Refining the reporter containing the p53 degron was less straightforward because its portable
degron was unknown. Because of this uraety, the site of the preferentially ubiquitinated
lysine was first investigated. Variants of the p53 reporter where available lysine residues only
presented on the-Mr C-termini yielded similar results, which, paired with the presence-of di
ubiquitin, suggested that a lysine residue in the degron sequence might be contributing to the rate
of ubiquitination (Figure 4C, lanes 1,2). To test this hypothesis, a second set of peptides were
synthesized with a single available lysine residue, either dd-teeminus or in the middle of
the peptide. Both variants produced similar amounts of ubiquitination, with-téerihal
lysine variant demonstrating slightly faster kinetics. These results suggested that having a free
lysine residue available in thep@rter was sufficient for ubiquitination (Figu2edC, lanes 3,4).
Once it was determined that no single free lysine was preferentially ubiquitinated, work was
done to identify whether a degron sequence could be truncated without compromising the

reporterubiquitination rate. This was done by synthesizing three reporteesifhinal, a middle
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segment, and a-@rminal) using a shortened sequence selected at randebd @ino acids).

While all three reporters demonstrated ubiquitination, the peptidepo@ating the middle

segment performed best. These results suggest the previously reported portable degron for p53
might be further reduced and refined (FigR#C, lanes ).

In order to investigate whether reporter optimization had an impact orupwjyitination, a
final set of experiments was c & atenindgongeo,ut wi t h
INOS, and p53, using wild type recombinant ubiquitin (Figu8. Each peptide reporter
contained eit her -Cateninhoewo (pB3)freglgsing residugs) &g updn
analysis demonstrated the characteristicqudiliguitin ladder formation indicative of tetra
ubiquitin plus chain lengths.
2.3.3Performance of Reporters in Different Cell Lines &m¥itro Ubiquitination Assay

Theinitial peptide library screen identified and optimized fourpepforming peptide
reporters incorporating deQ@atenim JhehextstepiBonger ,
reporter development was to validate their performance outside of HeLa S108 (ysaten
freshly prepared cell lysates), and to examine how they were affected by variable E3 ligase
compositions and concentrations. HelLa S100 lysates used in the reporter development presented
a potent and reproducible source of UPS associated eszpmteonly allowed investigation into
a single, artificial cellular environment containing a fixed concentration of only cytosolic
enzymes. Additionally, it was unknown what the effect of reporter optimization had on E3 ligase
specificity. In order to ivestigate these effects, four cell lines were selected to investigate
peptide performance: HeLa (adenocarcinoma), U937 (histiocytic lymphoma)1 Taifute
monocytic leukemia), and HBO (acute promyelocytic leukemia). These assays were carried out

in a smilar fashion to those used in the HeLa S100 studies, with the substitution of freshly
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prepared lysates and the addition of recombinanttype ubiquitin. While the precise
concentration and composition of UPS components of each cell line was unknoas,

assumed that there would be variability between cell lines. This hypothesis appears to be
supported by the results: HeLa lysates produced markedly similar results to those of the HelLa
S100 lysates, as did U937 lysates. However,-IHiAd HL-60 lysdes produced substantially
diminished rates of ubiquitination, potentially indicating variability in tH3Sociated enzymes
between cells of different disease states (Figuga).

In order to investigate the specificity of the optimized p53 based repexfgriments were
carried out using a celteein vitro assay. The p53 reporter was incubated with recombinant E1,
E2, and Hdm2 enzymes in the presence of ATP" and ubiquitin. When all components were
present, the reporter was ubiquitinated; howeverueing either E1 or E2 enzymes prevented
the reaction from proceeding. In contrast, while the absence of Hdm2 did affect the
ubiquitination rate, it did not prevent ubiquitination. This indicated that Hdm2 was no longer
essential for ubiquitination andggested that the reporter was no longer specific to Hdm2
(Figure2.6B, lanes 14). Followup studies using the HdM2 inhibitors HBY3 and NS&56811
provided additional evidence supporting this idea, as neither drug prevented reporter
ubiquitination. Itshould be noted that a highdoseof Ned€@ 8 11 (1 e M) di d r educ
ubiquitination rate, though it is unclear whether this is an effect of Hdm2 activity loss or a non
specific effect of the inhibitor. (Figu26B, lanes 5B)
2.3.4Computational Modelingf Ubiquitination Rates

Kinetic analysis was computationally model®sdDr. Adam Melvinusing the generated
peptide library however, it warrants discussion as it informed further development of the

reporter library The goals of the kinetic model werediscribe the ubiquitination process in a
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stepwise function, ultimately determining the kinetics of ubiquitin conjugation to the peptide
reporter. This model relied on first order kinetics to account for the addition of ubiquitin (both
poly- and multtmono events) as well as the degradation of ubiquitinated products. The model
uses a Markov Chain Monte Carlo algorithm to fit the data collected from pulldown experiments
using both wildtype and methylated ubiquitin (Figu2&7). Based on these resultspagximate
rate constants for all nine reporters in the initial library screen were obtained ZIJble
2.4Conclusions

A library of nine novel peptide reporters that incorporated degrons from several sources
were synthesized and analyzed usingnantro cell-based assay. This work ultimately
identified four candidate reporters for future development based on ubiquitination rates versus
peptidasemediated degradation. With growing interest in the UPS and the role it plays in
disease, these reportersvaeas the groundwork for a new technology to fill a current gap in
analytical tools capable of measuring E3 ligase activity. Current techniques for investigating
UPS activity often require large populations of cells or genetic modifications, restrietiocis
often exclude the potential for measuring samples obtained directly from a patient.
Peptide reporters offer a means to overcome these shortcomings, especially when paired with
chemical cytometry techniques such aslGE. In addition, peptide repters boast several
distinct advantages over current state of the art technologies. Peptide reporters act as substrates
for E3 ligases and thus directly measure enzymatic activity, which allows them to account for
upstream effects in the UPS. They apidly synthesized using SPPS, allowing rapid
prototyping and refinement, as demonstrated by the construction of this library. While not
explored in this work, they are also capable of being loaded into cells in a variety of ways,

including: pinocytosisincorporation of a TAT sequence, or the addition of a myristoyt*ag.
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These reporters were initially developed in HeLa S100 lysates, which provided a
reproducible source of E1, E2, and E3 enzymes. To quantify tetdparameters of the
reporters, lysates were enriched with either sijige or methylated ubiquitin. To further
validate the reporters, additional pull down experiments were performed allowing for analysis of
only analytes with an ubiquitin moiety. Tkimetic parameters of the initial reporters were
derived from time course assays, from which the best performers were selected for optimization.
While kinetic studies have been done for some E3 ligases and specific degrons, there have been
few compreherige studies that examine multiple degrons under the same conditfdihis
work directly compared degron performances from several sources in both cytosolic lysates and
freshly prepared lysates. While the stalculated for degrons with available data were lower
than their predicated literature values, these values were obtained from artificial conditions, such
as optimizedn vitro recombinant protein assays or from using concentrated nuclear Rsétes.

One important characteristic of peptide reporters is their specificity, as there are several
reports of promiscuity in kinase reporters throughout the literature; however, none have explored
E3 ligase$>*’ Studies using p53 suggested that Hdm2 is no longer required for ubiquitination,
and that the p53 reporters may have significantly reduced specificity. This may prove to be an
advantageous quality, as it could factitéhe development of a more global UPS reporter.

In conclusion, the body of work described in this chapter details the initial development
of a peptidebased E3 ligase reporter that should be compatible withIEEThe work
identified four key degronthat were optimized and further refined to enable optomized kinetic

analysis of ubiquitination rates.
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2.5Figures and Tables

)

Optional Spacer

(2) 4) (1)

(1) E3 Degradation Signal (Degron)
(2) Available Lysine for Ubiquitin Conjugation
(3) Fluorescent Tag (FAM)

(4) Optional Spacer Element
1.1

Figure 2.1 General designof library peptide reporters. Reporters consistf three key
elements(1) anE3 binding recognition sita.€.,degron),(2) a proximal lysine residue for
ubiquitin conjugation, an{B) afluorescent tag for detection and quantification. Additionally,

(4) an optional spacer aeteent was included to standardize reporter length.

39



A B-Catenin B Bonger

Uubl - + + + + - - - - Ub -+ 1+ 1 + - - - -
MeUb| - - - - - 4+ + + + MeUb | - - - - - + 4+ + +
Time(thr)f - 1 2 4 6 1 2 4 6 Time(h)| - 1 2 4 6 1

65 -

&

33- 33-

23- 23-

C p53 D IFNAR1

Ub -+ + + + - - - - Ub -+ + + o+ -

MeUb |- - - - - + + + + MeUb |- - - - - + 4+ + +
Timeth)|- 1 2 4 6 1 2 4 6 Time(h)|-- 1 2 4 6 1 2 4 6
65 -

41 -

33

23-

12-

L TTTI (1L e

Figure 2.2 Preliminary validation of degron-based substrates.Four example results o

vitro ubiquitination assayupplemented with either wittype or methylated ubiquitin (MeUD).

As expected, the degr ee oQateninhp(B)@aonget, (Chpd3d, andn i nc
(D) IFNARL1 peptide reporters over time, and at different rates, demonstrating the impoftance

the degron element. Unreacted peptide was run in thmtedt lane to standardize results and to

identify unreacted peptide, as indicated by the arrows.
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Figure 2.3Ubiquitin ation assay pull dowrresults. The results of biquitin pull down assagy/
using wild type ubiquitin.The four best performing reporters are shown, which incorporated
degrons from( A )Catknin, (B Bonger, C) p53, andD) INOS. Assays were carried out in

triplicate and used to calculate the kinetic parameters in Table 2.
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VPLSSSVPSQKTYQGSYGFRLGK(FAM)RRR + KAWQQQSYLDEGIHEGATTTAP-K(FAM)RRR + - -
KPLSSSVPSQRTYQGSYGFRLGK(FAM)RRR - VAWQQQSYLDEGIHEGATTTAP-K(FAM)RRK -+ - -
VAWQQQSYLDEGIHEGATTTAP-K(FAM)RKR - - - - - + - -
KTYQGSYGK(FAM)RRR | - = - - + - -
VDEGIHEGK(FAM)RRK - - - - - - + =
VPSQKTYQGK(FAM)RRR - - + -
KDEGIHEGK(FAM)RRR - - - - - - = +
KPLSSSVPSQK(FAM)RRR | - - - - - -
+ lane| 1 2 3 4 5 6 7 8
Lane| 1 2 3 4 5 6 7
MW (KDa) 12(5:7
100- -
65- 41-
33-
41- L} %
33- _
23 - %
23
=

12'“ —— — —

Figure 2.4 Pulldown results ofthe expanded libraries. The expanded peptide library f¢A)

(C)

ubiquitin were carried out followed by an ubiquitin pulldowEachexpandedibrary wasused

Bonger, (B) INOS, p 5 Latenim mnaitro(uldquitinBtion assays supplemented with

to identify the optimal reporter length and lysine position. All samples were incubatednn the

vitro ubiquitination assay for 2durs.
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A B

VRRRGK(FAM)GGK | + - i
KDINNNK(FAM)RRR | - + -
KPLSSSVPSQKTYQGSYGFRLGK(FAM)RRR | - - =+ VDEGIHEGK(FAM)RRK | +
Lane | 1 2 3 Lane| 1
100 - : | MW (KDa) 12(5):
65 - £ -
41 - i 33-
33- e
23-
- -
23- L
.- 12- S
12- -

Figure 2.5Poly-ubiquitination of optimized reporters. Optimized reporters for Bonger (A,
l ane 1), i NOS (A, | aCawnin2 B, lang 15 Bere(subjectet arane
vitro ubiqutination assay supplimented with wilgpe ubiqutin for 2 hours, followed by a

ubiquitin pull down. Polyubiqutination was observed in all cases, to varying degrees.
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Figure 2.6 Optimized reporters ubiquitinated in cell lysates. (A) Top performing peptides
were incubated for Boursin lysates from four different cell lines (HelLa, U937, THRand
HL60), supplemented with wildype ubiquitin, then subjected to a ubiquitmulldown. (B) A
cell-freein vitro ubiquitination assay wasarried out using the optimizgb3-basedeporte.
Lane 1 contains all assay componehemnes 2i 4 arecontrol experimentwith key enzymatic
componentsemoved The assay was probed using two commercial Mdm2 inhibitors:3A8I
(1,10 mM, lane B6respectively) and NSG6811 (1,10 mM, lareri 8, respetively). All
reactions were incubated for 2 hours at@Qorior to halting the reaction with sample buffer.

Arrow indicates unmodified substrate.
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