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ABSTRACT

The N-end rule pathway controls the half-life of proteins in the cell based on the identity of their
N-terminal residue. Recognition is mediated by E3 ubiquitin ligases called N-recognins, which
directly bind destabilizing N-terminal residues (N-degrons) in substrates, catalyze the attachment
of the ubiquitin molecule and direct proteasomal degradation. Primary N-degrons are classified
in two groups: type 1, composed of basic residues (arginine, lysine and histidine), and type 2,
composed of bulky hydrophobic residues. A specific domain termed the UBR-box recognizes
type 1 N-degrons. The mammalian genome encodes seven UBR-box-containing proteins: UBR1
through UBR7. UBRI1, UBR2, UBR4 and UBRS5 bind N-degrons, whereas the enzymatic
specificities of UBR3, UBR6 and UBR7 remain unclear. My studies have been focused on the
structural and functional characterization of the UBR family of ubiquitin ligases. In particular,
my interest has been to understand the molecular determinants that govern substrate recruitment

by the UBR family in the N-end rule and the ubiquitin system overall.

First, I used a combination of biophysical and biochemical techniques to gain insight into how
N-degrons are recognized and how the UBR-box domain optimizes binding of different ligands.
Crystal structures of bound destabilizing peptides demonstrated that water molecules provide the
structural plasticity required to bind different positively charged amino acids. I also revealed the
ability of the UBR-box to bind methylated arginine and lysine peptides with high affinity and
that the second residue is essential for binding. Finally, I demonstrated that a mutation present in
the Johanson Blizzard syndrome changes the specificity for the second position by occluding the
secondary pocket, thus decreasing substrate binding. These studies completed the molecular

basis for N-degron recognition and revealed the plasticity of binding in the UBR-box.

Then, to understand the function of the UBR-box in other UBR proteins, I determined the crystal
structure of the UBR-box from UBR6/FBXO11. The crystal structure forms a domain swapped
dimer mediated by zinc coordination, where three independent protein chains come together to
regenerate the topology of the monomeric UBR-box fold. Analysis of the structure suggests that

the absence of N-degron binding arises from the lack of an amino acid binding pocket.
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Lastly, I studied substrate-binding mechanisms in the UBR family that are not associated with
the N-end rule. The C-terminus of UBRS harbors a catalytic HECT domain and an adjacent
MLLE domain. To understand the role of the MLLE domain in UBRS I used NMR spectroscopy
to characterize its binding properties. I identified a novel interaction with the adjacent HECT
domain mediated by a PAM2-like sequence. This work confirmed the role of the MLLE domain
of UBRS in substrate recruitment and suggests a potential role of this domain in regulating

catalytic activity.

My studies start to elucidate the great versatility of the UBR-box domain and the UBR family of
ubiquitin ligases. Initially associated only with the N-end rule, these UBR-containing proteins
reveal themselves as complex and multifunctional enzymes. From DNA damage response to
gluconeogenesis and autophagy, the UBR family of E3 ligases exploits diverse mechanisms to

control protein homeostasis in the cell.



RESUME

La demi-vie des protéines cellulaires est controlée par une voie de dégradation basée sur la régle
du N-terminal — elle dépend de I’identité du premier résidu de la protéine. Celui-ci est reconnu
par les ubiquitine ligases E3 appelées N-recognines, qui se lient directement aux résidus N-
terminaux déstabilisants (N-dégrons) des protéines substrats, et catalysent 1’ajout de molécules
d’ubiquitine, suivi de la dégradation par le protéasome. Il existe deux groupes de N-dégrons
primaires : ceux de type 1 consistent d’acides aminés basiques (arginine, lysine, histidine) tandis
que ceux de type 2 sont composés de résidus hydrophobes larges. Un domaine spécifique, le
UBR-box, reconnait les N-dégrons de type 1. Les mammiferes possédent sept protéines
contenant ce domaine, appelées UBR1 a UBR7. UBR1, UBR2, UBR4 et UBRS se lient aux N-
dégrons, tandis que la spécificit¢ enzymatique d’UBR3, UBR6 et UBR7 est inconnue. Mes
recherches ont porté sur la caractérisation structurale et fonctionnelle de la famille d’ubiquitine
ligases UBR. En particulier, je voulais ¢lucider les déterminants moléculaires qui contrdlent le
recrutement des substrats par la famille UBR dans le contexte de la régle du N-terminal et dans

le systéme ubiquitine-protéasome en général.

Initialement, j’ai employé une combinaison de méthodes biophysiques et biochimiques pour
déterminer les fagcons dont les N-dégrons sont reconnus, et comprendre comment le domaine
UBR-box est optimisé pour la liaison a différents ligands. Les structures cristallines en
complexe avec des peptides déstabilisants ont établi que des molécules d’eau rendent possible la
liaison a différents acides aminés cationiques. J’ai aussi révélé la capacité de ’'UBR-box a se lier
en haute affinité a I’arginine et la lysine méthylées; le deuxiéme résidu du substrat est aussi
essentiel a ce phénomene. De plus, j’ai démontré qu’une mutation causant le syndrome de
Johanson-Blizzard affecte la spécificité a la deuxiéme position en bloquant la poche secondaire
de liaison et affaiblissant la liaison au substrat. Ces travaux complétent la caractérisation de la
base moléculaire de la reconnaissance des N-dégrons et révelent la souplesse de liaison par

I’UBR-box.

Ensuite, afin de clarifier la fonction de ce domaine dans les protéines autres que les N-

recognines, j’ai déterminé la structure cristalline de I’'UBR-box de UBR6/FBXO11. La structure
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consiste en un dimere formé par échange de domaines supporté par la coordination d’ions de
zinc. Le domaine complet UBR-box monomérique est ainsi reconstitué par trois chaines de
protéines indépendantes. L’analyse de cette structure suggere que 1’incapacité de liaison aux N-

dégrons est due a I’absence de poche de liaison aux acides amings.

Finalement, j’ai investigué¢ des mécanismes de liaison aux substrats non reliés a la régle du N-
terminal. Le C-terminal d’UBRS contient un domaine catalytique HECT ainsi qu’un domaine
MLLE adjacent. Ce dernier, lorsqu’il est présent dans les protéines de liaison a la queue poly(A),
participe a l’interaction entre protéines par la reconnaissance du motif PAM2. Le domaine
HECT, par contre, catalyse directement le transfert de I’'ubiquitine. Afin de déchiffrer le role du
domaine MLLE d’UBRS, j’ai employé la résonnance magnétique nucléaire pour caractériser ses
propriétés de liaison. J’ai identifi¢ une nouvelle interaction entre celui-ci et le domaine HECT,
formée par I’intermédiaire d’une séquence semblable au PAM2. Ces résultats confirment le role
du domaine MLLE d’UBRS5 dans le recrutement des substrats, suggérant aussi une fonction de

régulation de I’activité catalytique.

Mes recherches ont commencé a élucider la versatilit¢é du domaine UBR-box et de la famille
d’ubiquitine ligases E3 UBR. Celles-ci étaient initialement associées seulement a la régle du N-
terminal, mais sont maintenant reconnues en tant qu’enzymes complexes et multifonctionnelles.
Allant de la repose aux dommages de I’ADN a la néoglucogenése et I’autophagie, ces enzymes

emploient des mécanismes variés pour contrdler I’homéostasie des protéines cellulaires.
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Phe-Ser peptide at 0.8 A resolution. This structure confirmed the essential role of water
molecules in arginine binding.

* Determined the crystal structure of the human UBR-box from UBR2 in complex with His-
Ile-Phe-Ser peptide at 1.5 A resolution, which revealed the molecular determinants for
histidine recognition by N-recognins and explained the lower affinity of histidine N-degrons
compared to arginine and lysine.

* Determined the crystal structure of the human UBR-box from UBR2 in complex with the
asymmetrically double methylated arginine peptide *"™*Arg-Ile-Phe-Ser that illustrated the
binding mechanism of methylated N-degrons.

* Determined the crystal structure of the V122L mutant of human UBR-box from UBR2,
which explained the reduced affinity of peptides for the UBR-box domain.

* The structures of arginine and histidine peptides along with methylated arginine highlighted
the role of water molecules as adaptors of N-degron binding.

* The identity of the second position in mammalian N-degrons is essential for binding.
Hydrophobic residues are preferred in the second position whereas proline disrupts binding
to the UBR-box even in the presence of N-terminal arginine.

* Analysis of the V122L mutant from Johanson-Blizzard syndrome using thermal shift assays
and isothermal titration calorimetry showed a considerable decrease in peptide binding,

explaining the impairment of substrate ubiquitylation observed in yeast cells.
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CHAPTER THREE

Structure of the UBR-box domain from UBR6/FBXOI11 reveals a domain swapping

mediated by zinc binding.

* Determined the crystal structure of human UBR-box from UBR6 at 2.2 A resolution. The
dimeric crystal structure reveals a unique form of domain swapping mediated by three zinc
binding sites, where three independent protein chains come together to emulate the
monomeric UBR-box fold.

* The UBR-box from UBR6 forms both, dimers and monomers in solution.

* Analysis of the conserved zinc fingers suggests that the absence of N-degron binding arises

from the lack of binding pockets.
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CHAPTER FOUR

The MLLE domain of the ubiquitin ligase UBRS binds to its catalytic domain to regulate

substrate binding.

The MLLE domain of UBRS directly binds and targets Paip2 for ubiquitylation and
proteasomal degradation.

The HECT domain interacts with the MLLE domain in UBRS5. NMR HSQC experiments
demonstrated that the MLLE domain directly binds the N-terminal lobe of the HECT
domain.

Binding between the HECT domain and the MLLE domain in UBRS is disrupted by PAM?2
peptides.

A PAM2-like motif located in the N-terminal lobe of the HECT domain mediates the
interaction with the MLLE domain. Mutation of the highly conserved phenylalanine residue

in the PAM2 motif disrupts binding.
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CHAPTER ONE: GENERAL INTRODUCTION

1.1 The Ubiquitin System

Protein ubiquitylation is one of the most frequent post-translational modifications in eukaryotic
cells (Khoury, Baliban & Floudas 2011). The 76-amino acid protein ubiquitin is covalently
attached via its carboxy-terminal glycine to, in most cases, a lysine residue in the target protein.
Ubiquitin was first discovered in 1974 as an abundant and ubiquitous protein present in all
eukaryotic cells (Schlesinger, Goldstein & Niall 1975). Its role in protein degradation was later
described through the discovery of the proteasome system, which was first observed as an ATP-
dependent proteolytic pathway responsible for the degradation of abnormal proteins (Etlinger &

Goldberg 1977).

In eukaryotes, an ATP-dependent multi-protein complex called the proteasome is responsible for
the majority of proteolysis in the cell. Together with enzymes that catalyze the transfer of
ubiquitin to substrates, the proteasome forms what is known as the ubiquitin proteasome system
(UPS) (Schrader, Harstad & Matouschek 2009). Proteins are targeted for ubiquitylation and
proteasomal degradation through specific sequences, conformational changes or posttranslational
modifications. These are called degradation signals or degrons (Varshavsky 1991). The minimal
signal for degradation was thought to consist of two elements: an acceptor lysine residue for
ubiquitin conjugation and a recognition site for the E3 ubiquitin ligase enzyme. However, later
discoveries have demonstrated the intricate nature of proteasomal regulation and have unveiled a

diversity of mechanisms that control protein turnover.

The exponential growth of research in the field over the next decades exposed the versatility of
ubiquitin as both, a degradation and regulatory signal. The ubiquitin molecule was revealed as a
key element in the control of subcellular location and function in cases where its conjugation to a
target protein did not lead to proteolysis. Degradation-independent functions of ubiquitylation
range from membrane protein trafficking and endocytosis to protein localization and regulation
of transcription factors in the nucleus (Acconcia, Sigismund & Polo 2009; Hammond-Martel, Yu

& Affar el 2012; Schnell & Hicke 2003; Varshavsky 2017).
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The nature of the ubiquitin modification has a direct impact on the activity and fate of the target
protein. Ubiquitin contains seven lysine residues (K6, K11, K27, K29, K33 K48 and K63) and an
N-terminal amino group that can be modified by ubiquitylation. Therefore, ubiquitin can be
attached to proteins as a single moiety on one or multiple sites, or as a poly-ubiquitin chain that
can be linked through any of its seven lysine residues or its amino terminal methionine (Peng et
al. 2003; Rahighi et al. 2009; Xu et al. 2009). Ubiquitin polymers can contain mixed linkages
within the same chain, providing versatility and specific functionality to the posttranslational
modification. In general, modifications through K48 and K11 linkages are associated with
proteasomal degradation, while K63 polymers or monoubiquitylation have non-proteolytic roles.
All possible linkages have been found in cells. However, the importance of linkages through K6,

K27, K29 or K33 is poorly understood.

The structural diversity of the ubiquitin chain is read by the cell as a code. Ubiquitin-binding
partners recognize specific structural arrangements such as the distance between moieties or the
relative orientation of ubiquitin molecules within the chain (Komander & Rape 2012).
Furthermore, the fate of the target protein is also determined by the combination of other factors
such as cellular localization, homeostasis and sensitivity to ubiquitin removal or
deubiquitylation. A tight control of protein ubiquitylation requires the concerted interaction of all

enzymes involved in the attachment of ubiquitin to the target protein.

Ubiquitin-like proteins (UBLs) are molecules that share sequence and structural similarity to
ubiquitin. These molecules are also posttranslationally attached to other proteins using similar
enzymatic cascades as ubiquitylation. SUMO, NeddS8, ISG15 and Atg8 are some of the identified
UBLs in eukaryotes. Conjugation of UBLs to proteins controls a diverse range of cellular
processes that go from regulation of CRL-mediated ubiquitylation (reviewed later in this chapter)

to antiviral function, autophagy and splicing, among others (van der Veen & Ploegh 2012).

1.1.1 Protein ubiquitylation
Ubiquitin chains are formed by a three-step cascade of reactions that start with the activation of
the ubiquitin molecule in an ATP-dependent manner (Hershko et al. 1983). The C-terminal

glycine residue in ubiquitin is activated by the E1 activating enzyme, forming an ubiquitin
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adenylate intermediate, followed by the formation of a thioester bond between a cysteine residue
in the E1 and ubiquitin. Activated ubiquitin is then transferred to an active cysteine in the E2
conjugating enzyme in a thioester bond. The final step in the reaction is catalyzed by an E3
ubiquitin ligase (Figure 1.1). Humans encode eight different E1 activating enzymes (Schulman
& Harper 2009), over 40 E2 conjugating enzymes (Wenzel, D. M., Stoll & Klevit 2011) and at
least 600 E3 ubiquitin ligases (Li, W et al. 2008). This bottleneck structure of enzyme diversity
in the cascade provides incremental specificity to the system as reactions progress. Moreover, E2
and E3 enzymes can act individually or in multi-protein complexes, responding to the need of

targeting a broad range of substrates.

Ubiquitin

E1

Activating Substrate
enzyme ATP

E2
\ Conjugating enzyme

\» E3
Ubiquitin

ligase

small peptides

ATP

Substrate

Ubiquitin

Proteasome

Figure 1.1. Cascade of reactions in the ubiquitin proteasome system (UPS).

Description of the multi-step catalytic process that controls attachment of ubiquitin to a target substrate.
Ubiquitylated proteins can have either of two fates: proteasomal degradation or change of subcellular location and

regulation of activity.
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1.1.1.1 E2 ubiquitin conjugating enzymes

The E2 conjugating enzyme family is composed by 17 subfamilies of proteins based on
phylogenetic analysis (Michelle et al. 2009). All E2 enzymes share a ~150-residue conserved
catalytic domain, the Ubiquitin Conjugation (UBC) domain, which contains a catalytic cysteine
residue that forms a thioester bond with ubiquitin and binds the E1 enzyme (Wenzel, D. M., Stoll
& Klevit 2011). The E1-E2 interaction ensures specificity towards ubiquitin, neglecting
ubiquitin-like modifiers (UBLs) such as SUMO, Nedd8, etc. (Schulman & Harper 2009).

E2 conjugating enzymes regulate ubiquitin chain topology and processivity of the ubiquitin
transfer (Figure 1.2). Versatility in the branching structure and length of the ubiquitin chain
work as a powerful regulatory code (Komander & Rape 2012), as various types of lysine and N-
terminal linkages trigger completely distinct outcomes in the cell. Some E2s forms only one
specific ubiquitin linkage while others generate different types of ubiquitin branching. Moreover,
the decision of whether lysine in the ubiquitin moiety (chain elongation) or in the substrate
(additional ubiquitylation site) will receive the next ubiquitin is made by the E2. Remarkably,
ubiquitin chain initiation and elongation requires specific E2-E3 interactions, in some cases
involving more than one E2 enzyme, each with distinct initiation and elongation roles
(Christensen, Brzovic & Klevit 2007; Jin, L et al. 2008; Kleiger et al. 2009; Rodrigo-Brenni &
Morgan 2007).
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RING domain
E3 ubiquitin ligase
(TRIM32)
E2 conjugating
enzyme
(UBE2D)
Ubiquitin

Thioester bond*
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C-terminal Active Thioester
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Figure 1.2. E2:Ub intermediate in complex with a RING domain from E3 ligase.

A. Structure of the UBE2D E2 conjugating enzyme covalently bound to ubiquitin. *C85K mutation allows
isopeptide bond formation instead of thioester bond, a more stable intermediate for crystallization. PDB: SFER. The
RING domain of the E3 ubiquitin ligase TRIM32 is bond to the E2 enzyme. B. Thioester bond formation between
the carboxyl-terminal group in the Gly-Gly motif of ubiquitin and the active cysteine (C85 in UBE2D) from the E2

conjugating enzyme.

1.1.1.2 E3 ubiquitin ligases

E3 ubiquitin ligases interact with the E2:Ub conjugate and the substrate protein to catalyze the
formation of an isopeptide bond between the carboxy-terminus of ubiquitin and the g-amino
group of a lysine residue in the substrate (Figure 1.1). The selectivity of the pathway relies

mainly on the ability of the E3 ligase to directly bind specific recognition signals or degrons in
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target proteins. This heterogeneous class of enzymes is characterized by the presence of at least
two functional domains: a domain that mediates interactions with the E2 conjugating enzyme
and a specific substrate recognition domain. In general, E3s function in one of two mechanisms:
they serve as catalytic intermediates for the ubiquitin transfer, or they assist as a scaffold for the
direct linkage of ubiquitin from the E2 to the substrate. Based on the type of E2-binding domain
and the mechanism involved in ubiquitin transfer, E3 ubiquitin ligases can be classified in three

groups: RING type, HECT type, and RBR ligases.

1.1.1.2.1 RING type

The Really Interesting New Gene (RING) type is the most abundant group of E3 ubiquitin
ligases. They function as mediators in the transfer of ubiquitin from the E2 enzyme to the
substrate, serving as a scaffold to orient the charged E2 and its substrate. The E3 RING type is
characterized by the presence of a RING or a U-box domain. The RING domain is a zinc-finger
of 40-60 amino acids that coordinates two zinc atoms in a cross brace arrangement. In contrast,
U-box domains do not coordinate zinc but adopt a similar fold to the RING domain. A
remarkable characteristic of RING-type ligases is their ability to form dimers. Homo- and
heterodimers have a distinctive capacity to regulate E2 interactions and activity, where the
availability of the RING domain to interact with the E2 can be either enhanced or abolished upon
dimerization (Brzovic et al. 2001; Dou et al. 2012; Liew et al. 2010; Poyurovsky et al. 2007;
Uldrijan, Pannekoek & Vousden 2007; Zhang, L et al. 2011). Dimers are formed either through
sequences found outside the RING domain or through the RING domain itself. Location of the
RING domain in the primary sequence does not seem to determine the ability of the E3 to

dimerize.

Substrates of RING-type E3 ligases are greatly diverse as are the numerous mechanisms to
regulate their ubiquitylation. Regulation of RING-type ligases can occur posttranslationally, at
the transcriptional level or via feedback mechanisms involving specific metabolites that interact
with the ligase or its substrate (Lee, JN et al. 2006; Lipkowitz & Weissman 2011; Zhang, L et al.
2011). RING-type E3s display a variety of roles involving tightly regulated multi-step processes
acting as tumour suppressors, oncogenes, activators of the DNA damage response or NF-xB

signalling, among others (Metzger et al. 2014). RING E3s can have multiple substrates and
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different ligases can modify the same target protein. One particular case is that of the yeast
Ubrlp protein, a RING E3 ligase that coordinates ubiquitylation of certain substrates along with
the HECT E3 Ufd4. Interaction between the two ligases increases processivity of the ubiquitin
transfer (Hwang, C-S et al. 2010).

1.1.1.2.1.1 Multi-subunit RINGs

Some RING-type ligases exist as an assembly of multiple proteins. One example is the Cullin-
RING ligase (CRL) family. This group of enzymes exhibits great diversity in terms of subunit
composition and function. Humans encode seven different cullin proteins (CULL, 2, 3, 4A, 4B, 5
and 7), all sharing a common molecular architecture presumably to further expand the repertoire
of substrates and diversify regulation. An active complex is formed by one or several cullin
(CUL) proteins, a RING-containing protein called RBX1 (Rocl/Hrdt), and different protein
adaptors that recognize and deliver substrates for ubiquitylation (Hua & Vierstra 2011). The
identifier protein in these complexes is the CUL scaffold protein. The C-terminal region of the
CUL protein interacts with the N-terminal domain of RBX1 to create a catalytic core. The C-
terminal RING domain RBX1 docks the charged E2 promoting ubiquitin transfer directly to the
substrate. The N-terminal region of the CUL subunit binds specific substrate adaptor receptors
such as F-box and DCAF proteins, among others (Figure 1.3). Studies using a CRL-specific
inhibitor suggest that CRL ligases mediate at least 20% of proteasomal-dependent protein
turnover in mammalian cells (Soucy et al. 2009). CRLs are activated by the covalent attachment
of a single ubiquitin-like protein named NeddS8 to a conserved lysine residue in the CUL subunit
(Kamura et al. 1999). Cycles of attachment and removal of the Nedd8 moiety serve as
modulators of ubiquitin activity. Neddylation enhances cullin-dependent ubiquitylation in vitro,
while removal of Nedd8 from cullin decreases E2 recruitment and activation (Wu, Chen & Pan

2000).

1.1.1.2.1.2 SCF complex
The archetypal CRL is the SKP1-CUL1-F-box (SCF) complex (Figure 1.3). SCFs are critical
regulators of cell cycle and its misregulation often results in oncogenic events (Frescas & Pagano

2008). The S-phase kinase-associated protein (SKP1) binds the N-terminus of CUL1 working as
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a docking site for different substrate adaptors. The substrate binding subunits in the complexes
are the members of the cyclin-F (F-box) family. F-box proteins share a conserved N-terminal
~40 amino-acid domain called the F-box (Skowyra et al. 1997) that directly interacts with SKP1.
Each F-box protein consists of at least two major functional domains: the F-box domain and one

or more C-terminal domains that bind substrates for ubiquitylation (Bai et al. 1996).

F-box
protein

# CULLIN 1

Figure 1.3. Structure of the SCF E3 ligase complex.

Crystal structure of the SKP1-F-box(SKP2)-Cullin]-RBX1 (SCF) E3 ligase complex. The SKP1 protein binds the
F-box domain in SKP2 (F-box protein in salmon), the Cullinl protein (CULI, in grey) serves as a bridge between
the F-box protein, which recognizes the substrate, and the RBX1 protein (purple), which recruits the charged E2
enzyme. PDB: 1LDK.

F-box proteins are classified in three groups according to the their substrate binding domains:
The FBXW family, characterized by the presence of WD40 repeat domains; the FBXL family,
including SKP2, which contains leucine-rich repeat domains; and the FBXO family, with various
substrates domains not fully characterized (Wang, Z et al. 2014). Substrate recognition by F-box
proteins often requires post-translational modifications in the target protein. Phosphorylation of a
degron motif in specific substrates is the most common regulatory mechanism for substrate
recruitment (Barbash, Lee & Diehl 2011; van Drogen et al. 2006; Welcker et al. 2003; Wertz et

al. 2011). In addition, some accessory proteins have been identified as mediators of substrate
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recognition. One example is SKP2, a F-box protein that utilizes CKS1 to form contacts with a
phosphodegron in p27 (Ganoth et al. 2001; Hao et al. 2005). F-box proteins also recognize
glycosylated substrates for ubiquitylation through F-box-associated domains (Glenn et al. 2008).
As cell cycle regulators, F-box proteins have a clear role in cancer development and
tumorigenesis. However, recent studies have expanded the scope of the SCF complex beyond
cell proliferation. Control of circadian rhythms, Parkinson’s disease and viral infections are
amongst the cellular process in which F-box proteins are involved (Skaar, Pagan & Pagano

2013).

A number of CRLs function as dimers. The prevalent dimerization mechanism observed in CRLs
is mediated by the substrate-interacting subunit of the complex. Dimerization through the
substrate adaptor protein (F-box protein in SCFs) utilizes specific domains to bring two CRL
complexes together. Many F-box proteins form dimers, including Fbw7, Popl, Pop2, Cdc4,
Met30, Skp2, among others. In most cases, these dimers are mediated by a conserved domain
located N-terminal to the F-box motif (Hao et al. 2007; Tang et al. 2007). Dimerization in
general does not affect the affinity for the substrate but it enhances ubiquitin chain initiation and

elongation, increasing the processivity of the complex (Bosu & Kipreos 2008).

ubiquitin A—\
Substrate
Substrate A_\ ~

Cys

RING-type
E3 E2

Figure 1.4. HECT- vs. RING-type E3 ubiquitin ligases

Schematic representation of the mechanisms for ubiquitin transfer by HECT- and RING-type E3 ubiquitin ligases.
The HECT domain forms a thioester intermediate during the transfer of ubiquitin from the E2 to the substrate, while

the RING domain serves as a scaffold for the transfer but does not directly bind ubiquitin.
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1.1.1.2.2 HECT type

Distinct from RING type ligases, Homologous to the EGAP C Terminus (HECT) type ubiquitin
ligases catalyze the transfer of ubiquitin to the substrate as intermediaries in a two-step reaction
(Scheffner, Nuber & Huibregtse 1995). First, ubiquitin is transferred from the E2 active cysteine
to a conserved cysteine residue in the HECT domain in a transthioesterification reaction. Then,
the target lysine in the substrate attacks the thioester HECT:Ub link to form the isopeptide bond
(Figure 1.4) (Huibregtse et al. 1995; Kamadurai et al. 2013). The human genome encodes 28
HECT-type E3 ubiquitin ligases varying from 80 to more than 500 kDa in size. The conserved
HECT domain, located in the C-terminus of the protein, can be divided structurally into N-

terminal and C-terminal lobes (Figure 1.5).

N-lobe C-lobe

Figure 1.5. Structure of the HECT domain.

Crystal structure of the HECT domain from HUWE1 (3993-4374). N-terminal lobe (dark blue) and C-terminal lobe
(light blue) are connected through a flexible linker (pink). PDB: SLP8
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The N-lobe directly interacts with the conjugated E2 enzyme (mainly UbcH7 and UbcHS5 family
members), while the C-lobe harbours the catalytic cysteine residue. Both lobes are linked
through a flexible region that facilitates the relative positioning of E2:Ub, substrate and catalytic
cysteine (Verdecia et al. 2003). The conjugation status of the E2 is a determinant factor in
HECT-type ubiquitylation activity. The distance between the bound E2 enzyme and the active
cysteine depends on the conjugation state of the bound E2 enzyme. Crystal structures of the
HECT:E2 complexes for EGAP and WWP1 show a suboptimal distance between the two active
cores that would preclude transthioesterification (Huang et al. 1999; Verdecia et al. 2003). In the
NEDDA4L:UbcHS5:Ub complex structure (Kamadurai et al. 2009), the loaded E2 enzyme is
positioned closer to the catalytic cysteine within a distance that promotes conjugation. In contrast
to RING-type, the ability of HECT E3s to form thioester bonds permits chain elongation on the
E3 (Scheffner & Kumar 2014). Given the flexibility of the HECT domain, conformational
changes prompted by different E2:Ub topologies are expected to coordinate chain topology and

elongation providing an additional regulatory mechanism.

1.1.1.2.2.1 Regulation of HECT-type ligases

Regulation of HECT-type E3s depends on the nature of their association with substrates.
Different domains located in the N-terminal extensions of the E3s mediate substrate recruitment.
Based on the presence of specific substrate-binding domains, HECT-type ligases are classified in
three subfamilies: the NEDDA4-like, which contains WW repeats; HERC, characterized by the
presence of RLD domains and a final group of HECT ligases that contain different N-terminal

domains (Scheffner & Kumar 2014).

Beyond direct interaction with its substrates, some HECT ligases utilize posttranslational
modifications and auxiliary proteins to regulate ubiquitin transfer. One example is the hormone-
dependent inhibition of NEDD4L. Insulin and aldosterone induce phosphorylation of NEDDA4L,
which leads to the recruitment of the adaptor protein 14-3-3. Binding of 14-3-3 prevents the
interaction of the ligase with its cognate substrate ENaC, a sodium channel subunit, thus
regulating sodium transport (Bhalla et al. 2005). ITCH, also a NEDD4-like ligase, is
autoinhibited by an intramolecular interaction between its WW domains and the HECT domain.

Ndfipl, an adaptor protein, binds to these WW repeats and releases the HECT domain prompting
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ubiquitin transfer (Riling et al. 2015). A related mechanism was also reported for LRAD3, an
activator for the ITCH ligase (Noyes et al. 2016). Similarly, WWP2 was shown to be
autoinhibited by a linker segment located in between WW repeats. Phosphorylation of specific
tyrosine residues within the linker reduces autoinhibition of the ligase while complete loss of the
segment leads to hyperactivation and self-destruction by autoubiquitylation in vivo (Chen, Z et
al. 2017). In addition, certain members of the a-arrestin family of proteins bind to the WW
domains in NEDD4 ligases assisting in the ubiquitylation of substrates (Han, Kommaddi &
Shenoy 2013; Shea et al. 2012).

Conformational changes and dimerization are important mechanisms for the control of
ubiquitylation in HECT ligases. Also in the NEDD4 family, regulation of ubiquitin transfer can
depend on oligomerization. Intramolecular interactions induced by ubiquitylation were observed
to promote trimerization and subsequent ligase inactivation from yeast to humans (Attali et al.
2017). In HUWEI, inter- and intramolecular interactions induce conformational changes that
regulate the activity of the E3. Structural elements located N-terminal to the HECT domain
mediate dimerization of HUWE]L. This self-association immobilizes the C-lobe and occludes its
C-terminal region, which contains a phenylalanine residue with catalytic activity (Sander et al.
2017). In SMURF?2, the C2 domain interacts with the HECT domain rendering the ligase inactive
by impairing its ability to form thioester bonds and non-covalent interactions with ubiquitin
(Mari et al. 2014). Binding of SMAD?7, an auxiliary protein, enhances E2 binding to the N-lobe
and disrupts the interaction between the C2 and the HECT domains releasing the autoinhibition

(Wiesner et al. 2007).

Reflecting their diverse cellular functions, HECT E3 ligases have the ability to synthesize
different types of ubiquitin chains (Kim, HC & Huibregtse 2009). For instance, E6AP
synthetizes K48-linked ubiquitin chains while the NEDD4 family forms both K63 and K48-
linked ubiquitin (Kim, HC & Huibregtse 2009). One of the unresolved questions is how the
assembly of the ubiquitin chain progresses in the HECT enzyme. Two mechanisms have been
proposed: assembly on the substrate by sequential attachment of single ubiquitin molecules or,
polymerization on the catalytic cysteine in the C-lobe followed by a one-step transfer of the

polymer to the substrate. Recent studies point at the prevalence of the first mechanism, where the
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ability to build different chain topologies relies on the C-lobe. Moreover, some HECT ligases
such as NEDD4, Rsp5 and SMURF?2 display a non-covalent ubiquitin binding site in the N-lobe
involved in promoting processivity in the chain transfer (Kim, HC et al. 2011; Maspero et al.
2011). It remains to be seen if this non-covalent ubiquitin binding site is also present outside the

NEDD4 family.

1.1.1.2.3 RBR type

RING-between-RING (Wertz et al.) type enzymes were described in 2011 as the third type of E3
ubiquitin ligases when their ability to form thioester bonds was first observed (Wenzel, Dawn M.
et al. 2011). RBR ligases display both RING- and HECT-like properties. They posses a RING
domain while an active cysteine residue mediates the two-step transfer of ubiquitin from the E2
to the substrate (Morett & Bork 1999; van der Reijden et al. 1999). RBRs consist of two RING
domains (RING1 and RING?2) separated by an in-between-RING (IBR) domain. The RING2
domain has a distinct zinc-binding pattern that does not classify it as a true RING domain,
however its RING name persists. Humans encode 12 RBR E3 ligases with similar domain
architectures. RING1 binds the E2:Ub conjugate while the second RING2 domain (also called
Rcat, required-for-catalysis) harbours the catalytic cysteine. The IBR domain (also called BRcat,
benign-catalytic) has a similar fold to the RING2; however, it lacks catalytic cysteine residues

(Spratt, Walden & Shaw 2014).

As in the case of the HECT and RING-types, RBR ligases possess protein-protein interaction
domains that regulate substrate recruitment and catalytic activity. Remarkably, RBR enzymes
appear to share a common mechanism of regulation in which the domains surrounding the
conserved RBR domains inhibit catalytic activity (Duda et al. 2013; Riley et al. 2013; Smit et al.
2012; Trempe et al. 2013; Wauer & Komander 2013). In particular, Parkin is autoinhibited by its
UBL domain, which binds to a region in between the IBR and RING2 domains. Several
substrates of Parkin have been shown to bind the UBL suggesting that substrate recruitment
contributes to the release of the inhibitory effect (Fallon et al. 2006; Tsai et al. 2003). The region
between IBR and RING?2 is also thought to prevent E2 binding to the RING1 further highlighting
the need of activation (Riley et al. 2013; Trempe et al. 2013; Wauer & Komander 2013).
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RBR proteins are also involved in important cellular processes such as transcription and
translation, regulation of posttranslational modifications, protein degradation, cell cycle
regulation and microbial infection. RBR enzymes are especially attractive targets for research
and drug development given their involvement in maladies such as Parkinsonism, dementia and

Alzheimer’s disease (Eisenhaber et al. 2007).

1.2 The N-End Rule Pathway

After the discovery of ubiquitin and the cascade of reactions that control its conjugation, one of
the key unresolved questions was how E3 ligases recognized substrates for degradation (Hershko
et al. 1983). In 1986, the group of Alexander Varshavsky observed that -galactosidase in S.
cerevisiae had a remarkably different half-life in the cell depending on the identity of its N-
terminal residue (Bachmair, Finley & Varshavsky 1986). Half-lives for X-B-galactosidase (X
representing any one of 20 natural amino acids, except proline) ranged from 2 min to more than
20 h. These experiments shaped what is known as the “N-end rule”, which relates the half-life of

a protein in the cell with the identity of its N-terminal residue.

The last three decades of studies on the mammalian N-end rule have led to the elucidation of its
fundamental role on homeostasis, with remarkably broad physiological functions that continue to
be discovered. Cardiovascular development, neurodegeneration, gluconeogenesis, neural tube
formation, spermatogenesis, apoptosis, oxygen, heme and NO sensing, and chromosomal
stability are some of the processes that rely on the timely degradation of proteins based on their
N-terminal residue (Varshavsky 2011). An even greater number of undiscovered substrates are
likely to exist. One of the biggest challenges of protein degradation studies has been the
insufficient knowledge of non-processive proteolytic events, as the conditional regulation of
protein cleavage often leads to the generation of C-terminal fragments that are N-end rule

substrates.
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1.2.1 N-degrons

Destabilizing N-terminal residues are termed N-degrons, which identify the N-terminal
degradation signals of proteins associated with the N-end rule pathway (Varshavsky 1991). In
both, prokaryotes and eukaryotes, timely recognition of degradation signals is the major
determinant of protein turnover. Surprisingly, prokaryotes contain a proteolytic system that
resembles the recognition signals of the N-end rule pathway but without the conjugation of
ubiquitin to the substrate (Dougan, D. A., Micevski & Truscott 2012). Bacteria and Achaea
utilize ATP-dependent proteases such as CIpAP to degrade target proteins bearing specific N-
degrons. In the N-end rule the recognition modules that bind N-degrons are termed N-recognins
(Varshavsky 1996). In bacteria the ClpS protein, an N-recognin, acts as an adaptor for CIpAP by
recognizing destabilizing N-terminal residues on target proteins and anchoring them to the
protease to initiate their degradation (Dougan, David A. et al. 2002; Erbse et al. 2006). In
eukaryotes, N-recognins are E3 ubiquitin ligases that directly recognize N-degrons in substrates

and target them for degradation by the 26S proteasome.

For more than 20 years, the eukaryotic N-end rule classified only 13 natural amino acids as
destabilizing. In 2010, a second branch of the N-end rule was discovered, termed the Ac/N-end
rule pathway (Hwang, C-S, Shemorry & Varshavsky 2010). In this branch, acetylation of
specific N-terminal residues is required for recognition. Moreover, a study published this year
revealed the destabilizing nature of proline as an N-terminal residue in the context of
gluconeogenesis (Chen, SJ et al. 2017). These findings described the third branch of the N-end
rule pathway, the Pro/N-end rule, and catalogued all 20 natural amino acids as potentially
destabilizing. Cellular compartmentalization of the N-recognin and its substrates as well as
posttranslational modifications of the N-degrons determine the fate of the proteins in the N-end

rule pathway.
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Figure 1.6. The mammalian N-end rule pathway.

Classification of the 20 natural amino acids as destabilizing N-terminal residues in the mammalian N-end rule
pathway. X represents any of 20 natural amino acids, ¢ represents a hydrophobic residue. The corresponding N-
recognins are indicated in blue boxes. 1+ The Pro/N-end rule has been only described in S. cerevisiae. However, there
is a highly conserved homolog of Gid4 suggesting the presence of the pathway in mammals as well. * Oxidized

cysteine.

1.2.1.1 The Ac/N-end rule pathway

Acetylation is the second most abundant protein modification in eukaryotic cells (Khoury,
Baliban & Floudas 2011). In eukaryotes, the N-terminal a-amino group of methionine is often
acetylated by N-terminal acetyltransferases (Nt-acetylases) that cotranslationally modify the
nascent protein (Gautschi et al. 2003). If the residue at the second position has a small side chain
(Ala, Val, Ser, Thr, Cys, Gly and Pro), the N-terminal methionine is frequently cleaved off
(Frottin et al. 2006). Moreover, removal of methionine often leads to acetylation of the resulting
N-terminal a-amino group with N-terminal acetylation observed both, cotranslationally and
posttranslationally in vivo (Helsens et al. 2011). No N-terminal deacetylases have been identified

so it is thought that N-terminal acetylation is an irreversible modification (Starheim, Gevaert &
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Arnesen 2012). Recently, the first lethal genetic disorder caused by a mutation in an N-terminal
acetylase was reported (Rope et al. 2011). In the Ogden syndrome impairment of N-terminal

acetylation causes developmental delays and cardiac arrhythmias.

The exact function of N-terminal acetylation has remained mostly elusive since its discovery in
1958 (Narita 1958). Recent studies have shed light into particular roles in individual proteins.
Translocation to the endoplasmic reticulum, enhancement of protein complexes during
neddylation and regulation of lysosomal localization are amongst the functions discovered to
date (Behnia et al. 2004; Oh, Hyun & Varshavsky 2017; Scott et al. 2011; Setty et al. 2004).
Since early studies on the proteasome, N-terminal acetylation was considered a metabolic
stabilizer by way of blocking the degradation of otherwise metabolically unstable proteins
(Hershko et al. 1984; Varshavsky 2011). However, the discovery of the Ac/N-end rule revealed
the destabilizing nature of the modification and assigned it a regulatory role in protein turnover

(Figure 1.6).

In the Ac/N-end rule pathway substrates are recognized when the a-amino group of N-terminal
Ala, Val, Ser, Thr, Cys and Met residues is acetylated during translation (Hwang, C-S, Shemorry
& Varshavsky 2010). This group of degradation signals is termed “°N-degrons. Removal of N-
terminal methionine by aminopeptidases (MetAPs) is conserved from bacteria to higher
eukaryotes and occurs in ~70% of proteins (Giglione, Boularot & Meinnel 2004). MetAPs
expose the degradation signal in the second residue while N-terminal acetylases generate the
A°N-degron on the nascent protein. Although essential and highly conserved throughout
organisms, these groups of enzymes had an elusive physiological role before their identification
as major components of the ubiquitin proteasome system through the N-end rule pathway (Lee,
KE et al. 2016; Oh, Hyun & Varshavsky 2017). The Ac/N-end rule pathway was first discovered
in yeast. N-terminal acetylation induced proteasomal degradation by the endoplasmic reticulum
E3 ligase DOA10 and the cytosolic and nuclear E3 called Not4 (Hwang, C-S, Shemorry &
Varshavsky 2010; Khmelinskii & Knop 2014; Kim, I et al. 2013; Shemorry, Hwang &
Varshavsky 2013). Later the existence of the Ac/N-end rule in mammals was confirmed by

studies on the E3 ligase Teb4 and its substrate Rgs2 (Park et al. 2015). Notably, hypertension-
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associated mutations on Rgs2 in humans had an increased degradation rate by the Ac/N-end rule

compared to wild type.

In the context of “*N-degrons and given the prevalence of cotranslational N-terminal acetylation,
what is the ultimate purpose of such massive production of short-lived proteins for the cell? The
answer would be centered on quality control and regulation of stoichiometry. Varshavsky and
colleagues propose a model based on the conditionality of “°N-degrons, where the nascent
degradation signal will only be recognized by a cognate E3 if the folding of the N-terminus is
delayed, if protective interactions with associated proteins do not occur or if mutations perturb
the correct conformation of the nascent protein (Varshavsky 2011). An example would be the
stoichiometric control of targets involved in multi-protein complexes such as histones and
ribosomal factors. When unassembled, these proteins are short-lived in the cells, due to their

degradation through the N-end rule pathway.

As studies on the Ac/N-end rule continue to emerge, the scope of N-terminal recognition as a
way of targeting proteins for degradation further expands. As nearly 90% of human proteins are
N-terminally acetylated, it is only a matter of time before more roles of this pathway are

discovered (Van Damme et al. 2012).

1.2.1.2 Pro/N-end rule pathway

Degradation of gluconeogenic enzymes is dependent on the action of the GID E3 ligase complex
(Hammerle et al. 1998). The role of proline as an N-degron in this system was explored by
Varshavsky and colleagues combining a modified two-hybrid binding assay and a novel method
called promoter reference technique, which allows for gene-specific control of translation. These
studies showed that fructose-1.6-biphosphatase, isocitrate lyase and malate dehydrogenase were
targeted for degradation through the recognition of their N-terminal proline residue.
Phosphoenolpyruvate carboxykinase, which harbors a proline in the second position, was also
shown to be targeted for degradation through recognition of its second residue (Chen, SJ et al.
2017). In addition, Gid4, a subunit of the GID E3 ubiquitin ligase complex in yeast was
identified as the recognition component, or N-recognin, for the Pro/N-end rule pathway (Figure

1.6).
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Discovery of the third branch of the N-end rule points at a highly specific role of N-terminal
proline in the gluconeogenic pathway. Proline in the second position is a permissive residue for
MetAPs, which would often lead to exposure of N-terminal proline in a variety of cytosolic
proteins. Future studies will determine if other proteins not associated with gluconeogenesis are

indeed targets of the Pro/N-end rule or are recognized by the GID ligase (Chen, SJ et al. 2017).

Even though the Pro/N-end rule has only been demonstrated in yeast, subunits of the GID E3
ubiquitin ligase complex are conserved in higher organisms, suggesting it might be conserved in
higher eukaryotes. The physiological role and implications of a Pro/N-end rule in multicellular

organisms remain to be revealed.

1.2.1.3 The Arg/N-end rule pathway

After the discovery of the Ac/N-end rule, the previously identified N-degrons were grouped into
the Arg/N-end rule branch. The N-end rule pathway relies on the action of specific proteases
that, upon the right stimuli, cleave the target proteins to expose specific N-degrons. The first
protease that has the potential to act is the MetAP. During protein synthesis, MetAPs often
remove the N-terminal translation initiator methionine revealing a new N-terminal residue or N-
degron. However, MetAPs are restricted to act only if the second residue bears a small side
chain. Endoproteases, on the other hand, display a variety of specificities towards binding and
cleavage sites, exposing new N-degrons previously supressed in internal sequences. The latter
mechanism dominates the Arg/N-end rule, where proteases including caspases, calpains,
secretases and separases, among others, create metabolically unstable fragments targeted by N-
recognins (Brower, Piatkov & Varshavsky 2013; Ditzel et al. 2003; Piatkov, Brower &
Varshavsky 2012; Rao et al. 2001).

The Arg/N-end rule classifies N-degrons on a hierarchical structure based on the number of
posttranslational modifications required for recognition. Primary N-degrons directly bind the N-
recognin while tertiary residues require two posttranslational modifications to prompt direct
interaction. Glutamine, asparagine and cysteine are tertiary N-degrons (Gonda et al. 1989). N-

terminal Asn/Gln amidases (NTAQ/NTAN) remove the amide group from the side chain
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generating the secondary N-degrons aspartate and glutamate. In the case of N-terminal cysteine,
specifically in plants and animals but not in yeast, oxidation by S-nitrosylation produces cys-
sulfenic, also a secondary N-degron (Hu, RG et al. 2005). All three, oxidised cysteine, aspartate
and glutamate are targets of arginylation by arginyl-tRNA-protein transferases (ATE) (Kwon et
al. 2002; Lee, MJ et al. 2005; Varshavsky 2011). Addition of the primary amino acid arginine to
the N-terminus of secondary N-degrons allows direct recognition by specific N-recognins.
Primary N-degrons are classified in two groups based on their chemical nature: type 1, which are
the basic residues arginine, lysine and histidine, and type 2 that are the bulky hydrophobic amino

acids phenylalanine, leucine, tryptophan, isoleucine and tyrosine (Figure 1.6).

1.2.1.3.1 The UBR family of ubiquitin ligases

The first identified N-recognin was Ubrlp in Saccharomyces cerevisiae (Bartel, Wunning &
Varshavsky 1990). UBRI encodes a ~225 kDa E3 ubiquitin ligase with no significant sequence
similarity to other yeast proteins while in mammals there are at least seven other similar proteins.
The mammalian N-end rule ligases UBR1 and UBR2 were characterized by the groups of
Alexander Varshavsky and H.Q. Han (Kwak et al. 2004; Kwon et al. 1998; Kwon et al. 2003;
Kwon et al. 2001). Both proteins are 47% identical and have overlapping functionality with
similar capabilities to bind N-degrons. Double UBR1”" and UBR2” mouse strains die as early

embryos in contrast with surviving UBR1”" or UBR2”” mutants.

Experiments involving fibroblasts derived from these UBR1”" and UBR2”" embryos showed that
despite the lack of functional UBR1 and UBR?2, the cells retained significant N-end rule pathway
activity. This prompted the search for other mammalian E3s with the ability to recognize N-
degrons. Affinity assays, iRNA experiments and proteomics identified UBR4 and UBRS as N-
recognins. Bioinformatics analysis showed the presence of a common motif among UBRI,
UBR2, UBR4 and UBRS, a ~70-residue putative zinc-finger that authors named the ubiquitin
recognin box (UBR-box) (Tasaki et al. 2005). Sequence alignments and phylogenetic analysis
revealed seven UBR-containing proteins in mammals, numbered UBR1 through UBR7 (Figure
1.7). UBR proteins are heterogeneous in size and sequence but all contain domains that classify
them as E3 ubiquitin ligases. These range from classical RING and HECT domains to multi-

subunit adaptors such as the F-box. However, not all of the UBR-box proteins bind N-degrons.
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Only UBR1, UBR2, UBR4 and UBRS bind type 1 N-degrons: arginine, lysine and histidine
(Tasaki & Kwon 2007; Tasaki et al. 2009).

1.2.1.3.1.1 The UBR-box domain

Pull down assays with recombinant proteins narrowed down the minimal sequence necessary to
interact with the N-degrons (Tasaki et al. 2009). The UBR-box became the focus of structural
studies aiming to explain the molecular determinants of binding to rationalize the specificity of
the pathway. In 2010, the groups of Kalle Gehring and Hyun Kyu Song obtained the crystal
structures of the bound and unbound UBR-box from human and yeast, respectively (Choi et al.
2010; Matta-Camacho et al. 2010). These structures confirmed the zinc-binding capabilities of

the domain and revealed a new protein fold.
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Figure 1.7. N-degron specificity and domain architecture in the UBR family of ubiquitin ligases.

A. Pull-down assay with overexpressed full-length UBR proteins: UBR2 and UBR3 in S. cerevisiae, UBR4, UBRS
in COS7 cells, and UBR6 and UBR7 in wheat germ lysate. X-peptides were used as bait. X represents arginine (type
1), glycine or phenylalanine (type 2) as N-terminal residues. UBR1 is not shown as it shares same specificity as

UBR2. B. Domain architecture in the UBR family of proteins. Modified from Tasaki et al 2009.

42



The human UBR-box domains from UBR1 and UBR2 share a ~76% sequence similarity with
nearly identical folds. The tertiary structure of the UBR-box is stabilized by three zinc ions that
form two adjacent zinc fingers each coordinated in a tetrahedral arrangement. The first zinc
finger has a novel coordination topology with one cysteine residue (Cys127) simultaneously
coordinating two zinc atoms. The second zinc finger has the typical Cys,-His, geometry with one
zinc ion as the coordination element. These zinc-binding sites frame the N-degron binding

pocket (see Chapter Two).

1.2.1.3.1.2 Type 1 binding site

The structures from human and yeast UBR-box with bound peptides revealed a conserved
mechanism of type 1 N-degron binding. The peptides interact with two regions: a negatively
charged pocket, which accommodates the N-terminal basic residue and, a hydrophobic pocket,
which binds the amino acid in the second position. Isothermal titration calorimetry experiments
revealed the specificity for N-degron binding. Peptides with an N-terminal arginine exhibited the
highest affinity for the human UBR-box domain followed by peptides with lysine and histidine
(see Chapter Two). In yeast, the UBR-box showed higher affinity for histidine rather lysine N-
terminal peptides. The difference in specificity is due to subtle variations in the fold and

interacting residues in the yeast UBR-box compared to human.

These studies also showed that free arginine interacts with the UBR-box but considerably weakly
compared to dipeptides (Choi et al. 2010; Matta-Camacho et al. 2010). These observations
agreed with early studies that demonstrated that dipeptides inhibit the N-end rule pathway in
both S. cerevisiae and mammalian recticulocytes (Baker & Varshavsky 1991; Reiss, Kaim &
Hershko 1988). Structural studies validated the importance of the second residue and explored
the dependency of subsequent amino acids in the N-terminus of the substrate. Human UBR-box
structures in complex with various arginine and histidine peptides show a conserved binding site
for the second residue, while the third and fourth amino acids do not interact with the domain
(Matta-Camacho et al. 2010) (see Chapter Two). In yeast, in addition to the conserved
dependency for the second residue, the polypeptide backbone from the third position is also
involved in hydrogen bond interactions with the UBR-box (Choi et al. 2010). These studies

showed that the first two N-degron residues are the main determinants for binding; however, it
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remains to be addressed if, in the context of full-length proteins, other regions further stabilize
binding. In the initial structural study on the human UBR-box (Matta-Camacho et al. 2010), a
preference for acidic residues in the second position was observed, while the yeast counterpart
had a multi-specific pocket that accommodated hydrophobic, acidic and basic residues. Recent
studies in the human UBR-box confirm the preference for hydrophobic residues in the second

position (see Chapter Two).

1.2.1.3.1.2 Type 2 recognition

The structure and molecular determinants for type 2 N-degron binding in the N-end rule remain
elusive. Bulky hydrophobic N-terminal residues constitute type 2 N-degrons. Phenylalanine,
isoleucine, tryptophan, tyrosine and leucine are recognized by UBR1 (Ubrlp in yeast), UBR2
and UBR4 through a secondary binding site independent of type 1 binding. An ~80-residue
fragment adjacent to the UBR-box in UBRI, named the N-domain (Figure 1.7), showed
sequence and functional similarity to the ClpS adaptor, the bacterial N-recognin (Erbse et al.
2006; Tasaki et al. 2009). This region was also found in UBR4 although with significantly lower

sequence similarity.

In the prokaryotic N-end rule, the CIpAP complex of E. coli governs N-degron binding (Wang,
KH et al. 2008). Studies of the ClpS adaptor showed that a hydrophobic pocket recognizes the N-
terminal a-amino group and the side chain of the N-degron, while also establishing contacts with
the second residue in the substrate. Advances in the understanding of type 2 interactions and the
structure of the N-domain will provide a platform for the design of inhibitors that not only will
transform the research on protein degradation but also will have potential pharmacological

applications.

Simultaneously with the discovery of the N-end rule in the 1980’s, the design of competitive
inhibitors demonstrated the potential of modulating protein degradation in vitro and in vivo
(Kwon, Levy & Varshavsky 1999; Reiss, Kaim & Hershko 1988). Small molecular weight
compounds have been shown to have an inhibitory effect on the N-end rule. The first example is
the amino acid derivative leucine methyl ester, which was reported to inhibit type 2 binding in

vivo using the mimic substrate Tyr-f-galactosidase (Baker & Varshavsky 1991). Recently, the
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group of Min Jae Lee identified Phe-derived monomeric molecules, such as p-
chloroamphetamine, as significant inhibitors of degradation for both, type 1 and type 2
substrates. The unexpected inhibitory effect on type 1 residues is not well understood. One
possibility is that binding to the N-domain impacts the conformational freedom of the protein or
the access of substrates to the UBR-box, which would have an indirect effect on type 1
recognition. Given its hydrophobic character, it seems unlikely that p-chloroamphetamine elicits

its inhibitory effect by binding the UBR-box domain directly.

Recent efforts to develop more potent, less toxic and more effective inhibitors have utilized the
proximity of the UBR-box domain and the N-domain in the primary sequence to design small
molecules that target both sites simultaneously (Lee, JH et al. 2015). Even though these
inhibitors, called heterovalent, have a higher efficacy compared to the classical dipeptides,
further improvement is needed to optimize their binding. Heterovalent inhibitors target the UBR-
box and the N-domain simultaneously by harbouring type 1- and type 2-like residues in the N-
terminal and C-terminal ends of the molecule. Both residues are connected through a variable
length linker. This geometry is expected to potentiate binding by maximizing the effective
concentration of the ligands. One important feature is the length of this linker, which is
optimized when it is the most similar to the spatial distance between the two binding sites. The
group of Min Jae Lee optimized the linker length using in silico docking computation studies and
in vitro assays (Jiang, YXL et al. 2013); however, it is suggested that these inhibitors could be

further optimized with more detailed structural information on the N-recognins.

1.2.1.3.1.3.1 N-terminal methionine as a degradation signal

Recently yet another discovery in the N-end rule expanded the scope of substrates that can be
targeted by the pathway. Kim ef a/ demonstrated that yeast Ubrlp and mouse UBR1 and UBR2
recognize unacetylated N-terminal methionine as a N-degron if the second position is a
hydrophobic residue (Met-¢) such as leucine, valine, alanine, phenylalanine, tyrosine, tryptophan
or isoleucine (Kim, HK et al. 2014). Binding of the Met-¢ N-degrons is thought to occur through
the type 2 site known as N-domain (Figure 1.7). Remarkably, addition of dipeptides bearing
arginine in the N-terminus enhanced polyubiquitylation of the substrate. This allosteric effect has

been observed with other type 2 substrates (Varshavsky 2011). Among the substrates targeted
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through this mechanism are misfolded proteins in the cytoplasm as well as transcription activator
Msn4, hydroxyaspartate dehydratase Sryl, the Golgi-associated GTPase Arl3 and the subunit of
the proteasome Pre5. This study suggests two modes of degradation for Met-¢ proteins: 1)
Unacetylated N-terminal methionine of a Met-¢ protein can act as N-degron for the Arg/N-rule.
2) Acetylation of the N-terminal methionine of the Met-¢ protein converts it into an “°N-degron
targeted by the Ac/N-end rule. One of the main conclusions of these findings is the plasticity of

N-degrons.

1.2.1.3.1.4 UBR1

Pioneering work on the N-end rule and the UPS predicted the presence of recognition elements
that would specifically bind N-terminal destabilizing residues in target substrates (Bachmair,
Finley & Varshavsky 1986; Gonda et al. 1989; Reiss, Kaim & Hershko 1988). Mutational
analysis in yeast allowed the isolation of the UBRI gene, the first N-recognin to be identified for
the N-end rule (Bartel, Wunning & Varshavsky 1990). Yeast ubriA cells resulted in slow
growth, impaired sporulation and deficient import of di- and tripeptides (Alagramam, Naider &
Becker 1995). These observations prompted the discovery of the first physiological function of
the N-end rule: control of peptide import through degradation of Cup9, a transcriptional
repressor of the Ptr2 peptide transporter (Byrd, Turner & Varshavsky 1998). In the positive
feedback mechanism, imported dipeptides bearing destabilizing N-terminal residues bind to the
Ubrlp protein leading to an allosteric activation of Cup9 degradation, therefore releasing Prt2
repression and increasing peptide intake. These studies also revealed a third binding site in
Ubrlp for an internal degron of Cup9 possibly located C-terminal to the N-domain (Turner, Du
& Varshavsky 2000; Xia, Turner, et al. 2008). In the activation mechanism, dipeptides bind to
the UBR-box and N-domain of Ubrlp causing the dissociation of the C-terminal autoinhibitory
domain from the N-terminal region, thus exposing the three binding sites. The Ubrlp interaction
with Cup9 is strongly increased only if both, type 1 and type 2 sites are occupied. Remarkably,
this autoinhibitory mechanism was also observed in mammalian UBR1 (Du et al. 2002). Several
E3 ubiquitin ligases are regulated by autoinhibitory mechanisms and posttranslational
modifications. Phosphorylation of Ubrlp on Ser300 and Tyr277 in yeast by the Yck1/Yck2

kinase is required for the accelerated degradation of Cup9. This regulatory mechanism might be
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present in the mammalian counterparts (Hwang, CS & Varshavsky 2008); however, there is no

clear evidence yet of phosphorylation in human UBRI.

The N-end rule pathway also elicits an important control in the degradation of misfolded or
damaged proteins. Ubrlp was the first ligase shown to be involved in cotranslational degradation
of nascent proteins. Over 50% of newly synthesized chains never reach their full size before their
degradation by the UPS. As partial folding occurs during ribosomal translation, a protein might
expose degradation signals that become shielded only upon completion of correct folding. This
mechanism facilitates quality control on protein synthesis, destroying polypeptides that fail to
fold correctly (Turner & Varshavsky 2000; Verma et al. 2013). Varshavsky and colleagues
proposed a similar model for the recently discovered “°N-degrons. Moreover, Ubrlp was also
found to be essential for targeting misfolded proteins for proteasomal degradation in the
endoplasmic reticulum and cytoplasm (Eisele & Wolf 2008; Stolz et al. 2013; Theodoraki et al.

2012). This function is also attributed in mammals to Parkin and CHIP ligases.

UBRUI is ubiquitously expressed in all tissues. Mouse embryos show high expression of UBR1 in
the branchial arches, tail and limb buds, while adults show the highest expression levels in
skeletal muscle and heart (Kwon et al. 1998). UBR1” mice are viable and fertile but weigh
significantly less than wild type mice (Kwon et al. 2001), which supports the importance of
UBRI1 in skeletal muscle maintenance. Despite overlapping binding capabilities, functions of
UBRI1 and UBR?2 differ significantly specially in terms of tissue expression levels. In contrast,
their simultaneous absence is fatal. UBR1”UBR2” embryos die at midgestation with defects in

neurogenesis and cardiovascular development (An et al. 2006).

The human UBRI gene encodes for a 200 kDa protein that contains at least two zinc finger
motifs (UBR-box and a RING-H2 domain), an N-domain, a putative internal degron recognition
motif (IIT) and a C-terminal autoinhibitory domain (AIN) (Figure 1.7) (Tasaki et al. 2009; Xia,
Webster, et al. 2008). Secondary structure predictions show abundant secondary structure
between the UBR-box and RING-H2, however, no additional domains have been characterized
yet. In 2005, Zenker et al identified several disease-associated mutations in the UBRI gene as the

cause for the congenital disorder known as the Johanson Blizzard syndrome (JBS) (Table 1.1).
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This autosomal recessive disorder is characterized by nasal wing hypoaplasia and exocrine
pancreatic insufficiency (Johanson & Blizzard 1971). JBS includes several other features such as
hearing impairment, aplasia of the scalp, dental defects, hypothyroidism, cognitive impairment,
short stature and urogenital and anorectal malformations. The birth prevalence of the syndrome
in Europe is estimated to be 1 in 250,000 individuals cataloguing it as a rare disease (Zenker et
al. 2005). Characterization of UBR1” mice showed exocrine pancreatic insufficiency, while the
pancreas of patients with JBS showed no expression of UBR1 and destructive pancreatitis. Given
the partial functional redundancy of mammalian N-recognins (UBR1 and UBR?2 in particular),
the Arg/N-end rule is still present but at a lower level of activity in JBS patients (Kwon et al.
2001). The UBRI1 protein substrate whose impaired degradation would cause the disorder is not
yet known. As JBS affects a variety of functions and processes, it is suggested that the disease
does not rise from the impairment of degradation of one substrate but more from a combination

of different proteins specific to particular tissues (Atik et al. 2015; Zenker et al. 2006).

Table 1.1. Mutations in the UBR1 gene causing Johanson Blizzard syndrome.

Nucleotide alteration

Predicted effect

Previous publications

c.81+2dupT r.spl.? p.?
c.81+5G>C r.spl.? p.? Alkhouri et al. (2008)
€.364G>C p.(Val122Leu) Hwang et al. (2011)
% | c.380G>T p.(Cys127Phe)
2 | c.407A>G p.(His136Arg) Zenker et al. (2005);
% Hwang et al. (2011)
2 | c.477delT p.(Gly160Alafs*5)b Zenker et al. (2005)
c.497A>G p.(His166Arg)
¢.529-13G>A p.(Asn177Leufs*10) Godbole et al. (2013)
£ | c.650T>G p.(Leu217Arg)
g €.660-2_660-1delAG r.spl.? p.? Zenker et al. (2005)
S | ¢.753_754delTG p-(Cys251*) Zenker et al. (2005)
Z | c.857T>G p.(lle286Arg)
c.950T>C p.(Leu317P ro) Liu et al. (2011)
€.1094-13A>G p.(Val365Glufs*2)
€.1094-12A>G r.spl.? p.? Zenker et al. (2005)
= | c.1166_1177del12 p.(Ala389_Phe392del)
c.1280T>G p.L427R Atik et al. (2015)
c.1440-1G>A r.spl.? p.? Al-Dosari et al. (2008)
¢.1507C>T p.(Arg503*) Hwang et al. (2011)
c.1537C>T p.(GIn513%) Zenker et al. (2005)
€.1648C>T p.(GIn550%) Zenker et al. (2005)
c.1688C>A p.(Ala563Asp)
c.1759C>T p.(GIn587%) Zenker et al. (2005);
Schoner et al. (2012)
€.1886C>G p.(Ser629*)

€.1911+14C>G
€.1979_1981delTTG
€.1993C>T

p.(Glu638Valfs*29)
p.(Valé60del)
p.(Arg665*)

Alkhouri et al. (2008)
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€.2034C>A p.(Tyr678%)

€.2098T>C p.(Ser700Pro) Almashraki et al. (2011)

€.2254+2T>C r.spl.? p.? Zenker et al. (2005);

Hwang et al. (2011)

€.2260C>T p.(Arg754Cys)

€.2261G>A p.(Arg754His)

€.2294_2296delAAG p.(Glu766del)

€.2319dupT p.(His774Serfs*6) Hwang et al. (2011)

€.2379+1G>C r.spl.? p.? Zenker et al. (2005)

€.2380-1G>A r.spl.? p.?

€.2432+5G>C r.spl.? p.? Atik et al. (2015)

€.2546_2547insA p.(Met849llefs*13)c Zenker et al. (2005)

€.2598delA p.(Pro867Hisfs*12)d Zenker et al. (2005)

€.2608G>T p.(Glu870%)

€.2839+5G>A p.(Arg947Aspfs*7) Elting et al. (2008)
% ¢.3304C>G p.(GIn1102Glu) Hwang et al. (2011)
T | c.3328G>T p.(Glu1110*)

€.3682C>T p.(GIn1228*) Quaio et al. (2014)

€.3694delC p.(Leu1232Trpfs*17)

c.3724A>G p.(Arg1242Gly)

€.3745dupA p.(Arg1249Lysfs*4)

€.3835G>A p.(Gly1279Ser) Zenker et al. (2005)

€.3998-1G>C p.(Glu1333_Gly1337del)

€.4093C>T p.(GIn1365%) Almashraki et al. (2011)

c.4188C>A p.(Cys1396*) Fallahi et al. (2011)

€.4193delT p.(Leu1398Argfs*3)

c.4277C>T p.(Pro1426Leu) Liu et al. (2011)

€.4280C>T p.(Ser1427Phe)

c.4291T>C p.(Ser1431Pro)

C.4524T>A p.(Tyr1508%)

c.4927G>T p.(Glu1643*) Zenker et al. (2005)

c.4942delG p.(Glu1648Lysfs*21)
Z | c.4981G>A p.(Gly1661Arg) Singh et al. (2014)
< | ¢.5080G>T p.(Glu1694*)

¢.5109-3A>G p.(Arg1704Glyfs*26)

¢.5135_5144del10 p.(Arg1712Leufs*14)

r.spl.?: RNA was not analyzed but the change is expected to affect splicing, e.g. when the splice donor or splice
acceptor site is changed. p.: protein. fs*x: frame shift with a new reading frame length x. Italic letters indicate that
the effect of splicing mutations was demonstrated on mRNA level. Highlighted areas indicate mutations present in
the UBR-box (blue), N-domain (purple), highly conserved area in UBR1 and UBR2 (brown), RING domain (cyan)
and autoinhibitory domain (green). Modified from Sukalo et al, 2014.

As regulation of the N-end rule continues to be explored, emerging roles and regulatory
mechanisms of the signature UBR1 N-recognin are discovered. One of the most interesting
interplays is that of yeast Ubrlp with the HECT type ubiquitin ligase Ufd4, where cooperative
interactions facilitate ubiquitylation. For Mgtl, a DNA repair enzyme that demethylates double

stranded DNA from O°-methylguanine, both ligases were shown to interact and co-target an
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internal degron in Mgtl to induce its proteasomal degradation (Hwang, CS, Shemorry &
Varshavsky 2009). The synergy between both ligases increased the yield and processivity of
polyubiquitylation. Although Ufd4 is not essential for Ubrlp activity, ufd4A cells display
impaired N-end rule activity. Moreover, Ufd41 is ~10 fold more abundant than Ubrlp in yeast,
thus the Ubr-Ufd4 complex is expected to mediate degradation of Arg/N-end rule substrates
(Hwang, C-S et al. 2010). It is important to note however, that Ufd4 is not an N-recognin, and it

does not recognize N-degrons.

UBRI has two cognate E2 enzymes: Ube2A/2B (Rad6 in yeast) and USEIL. The E1 activating
enzyme UBA1 mediates the activation of the vast majority of E2 enzymes and in UBR1 is paired
with Ube2A/2B (Xie, Y & Varshavsky 1999). UBAG is the second E1 enzyme in vertebrates and
functions with the cognate E2 USE1. This pair interacts with both, UBR1 and UBR2 (Lee, PC et
al. 2011). Notably, these two E2-E3 complexes work in parallel to promote degradation of the G
proteins Rgs4/5 (Lee, MJ et al. 2005).

1.2.1.3.1.5 UBR2

In Saccharomyces cerevisiae Ubr2p is also an E3 ubiquitin ligase with an UBR-box domain but
it does not function as a N-recognin (Wang, L et al. 2004). In mammals UBR2 is an N-recognin
(Figure 1.7). Cloning and characterization of mouse UBR2 showed similarities in substrate
binding properties as well as interactions with the same cognate E2 UBE2A/B (Kwak et al. 2004;
Kwon et al. 2003). Interestingly, UBR2-lacking female mice died as embryos while males were
born at normal frequency, which defined a gender-dependent role of UBR2 in development.
Male mice exhibited infertility and testis degeneration by two months of age due to massive
apoptosis in spermatocytes (Kwon et al. 2003). Expression profiling for both N-recognins
showed high levels of UBR2 in testes primary in spermatocytes, while UBR1 was only
prominent in spermatogonia, suggesting a role in meiosis. An et al demonstrated that UBR2 is
recruited to chromatin during cell cycle progression to contribute to the induction of
ubiquitylation of chromatin-associated proteins. In this process, UBR2 can also be allosterically
activated by dipeptides, which promote accelerated UBE2A/B-mediated ubiquitylation of H2A
and H2B histones (An et al. 2012; An et al. 2010). Another interesting role of UBR2 in

spermatogenesis is its ability to metabolically stabilize Tex19.1 through binding. This interaction
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is thought to be independent from the N-end rule, as ubiquitylation does not occur (Yang, F et al.
2010). A recent study on azoospermia (form of male infertility) found numerous rare non-silent
variants of UBR2 and other epigenetic regulators of spermatogenesis, suggesting an association

of genetic defects in UBR2 with infertility in humans (Li, Z et al. 2015).

UBR2 also controls DNA damage response assuring genome integrity upon genotoxic stress.
Cells lacking UBR2 are impaired in homologous recombination repair of double stranded DNA
(Ouyang et al. 2006). Moreover, studies on the proteasomal degradation of Smll protein, which
induces production of dNTPs necessary for DNA repair, showed that UBR2 and UBE2A/B
control Smll targeting for proteasomal turnover by inducing its ubiquitylation (Andreson et al.

2010).

The interplay between UBR1 and UBR?2 is essential for degradation of the G-proteins Rgs4 and
Rgs5. UBR1 and UBR2 function with both EI-E2 complexes UBA6-USEl and UBAI-
UBE2A/B; however, UBR2 specifically promotes K48 ubiquitin conjugation of Rgs4 (Lee, MJ
et al. 2005; Lee, PC et al. 2011). Interactions between UBR2 and its cognate E2s are mediated
through its conserved RING domain. The presence of K48 ubiquitin linkages in the substrate is a
specific signal for proteasomal degradation. Specificity towards particular ubiquitin linkages in
UBRI1 has not been reported. As most of the substrates known for UBR1 are targets of the
proteasome, it is expected a preference for K48 linkages. Given the high sequence similarity
between UBR1 and UBR2 in mammals, it is not surprising that their domain architecture is
conserved. Reports on the presence of the autoinhibitory domain in mouse UBRI1 (Du et al.

2002) open the door for a similar mechanism in mammalian UBR2 (Figure 1.7).

1.2.1.3.1.6 UBR3

Mouse UBR3 was first characterized in 2007 as the closest E3 to UBR1 and UBR2 in the UBR
family. Despite the presence of an UBR-box domain, UBR3 does not bind N-degrons (Figure
1.7). Full length UBR3 is a ~200 kDa protein with 22% similarity to UBRI and a conserved
RING domain that mediates interactions with the cognate E2s UBE2A/B. UBR3” Mouse strains
had various phenotypes depending on their genetic background, where some exhibited neonatal

lethality and suckling impairment while others died during embryogenesis. Adult female mice
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had loss of sense of smell, and expression assays suggest a regulatory role of UBR3 in additional
sensory pathways such as vision, touch, hearing and taste (Tasaki et al. 2007). Moreover, in
developing Drosophila eye discs, loss of UBR3 leads to a delayed differentiation of
photoreceptors, while in zebrafish causes a decrease in sonic hedgehog signalling in developing
eyes and sensory neurons (Li, T, Fan, et al. 2016). As numerous studies pointed at the essential
role of UBR3 in sensory pathways, the group of Hugo Bellen investigated the role of UBR3 in
inherited deaf-blind disorders such as the Usher syndrome. Li ef al found that UBR3 regulates
monoubiquitylation of Myosin II, which modulates Myosin II:Myosin VIla interactions required
for normal auditory organ development. Mutations in these two proteins are often associated
with inherited deafness in humans. Drosophila homologs of Pcdhl15 and Sans, proteins involved
in the Usher syndrome, where inmunoprecipitated by the UBR-box domain of UBR3 (Li, T,
Giagtzoglou, et al. 2016). However, the mechanistic details of how these proteins come together

to regulate ear development are yet to be elucidated.

Similarly to UBR2, UBR3 regulates cellular levels of proteins involved in DNA repair. In vitro
studies shown UBR3-dependent ubiquitylation of APE1, a transcription regulator implicated in
genome stability (Meisenberg et al. 2012). UBR3 is also involved in hedgehog signalling by
mediating ubiquitylation and degradation of Drosophila Cos2, a kinesis-related motor protein,
and its mammalian homolog Kif7 (Li, T, Fan, et al. 2016). Numerous studies have implicated
UBR proteins in different apoptosis mechanisms, either as promoters or negative effectors.
UBR3 in particular, was shown to be a positive modulator of apoptosis by regulating the activity
of caspase-cleaved DIAP1 during Drosophila development. Interestingly, this role is
independent of its E3 activity as the RING domain is not required for DIAP1 stabilization. In
contrast, the UBR-box domain is essential for the interaction with the caspase-generated
fragment of DIAP1, which bears an N-terminal asparagine that is required for binding (Huang, Q
etal. 2014).

Probably the most interesting role that has been discovered for UBR3 is the regulation of is
ubiquitylation activity by pri peptides in Drosophila. In eukaryotes, many non-coding RNAs
contain small open reading frames that can often produce peptides. This has been observed in

organisms from yeast to plants and humans (Ingolia et al. 2014; Lauressergues et al. 2015; Smith
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et al. 2014). In Drosophila, the polished rice or tarsal-less (pri) RNA contains small ORFs that
encode 11- to 32-residue peptides, which are required for development. Zanet et al showed that
pri peptides control binding of UBR3 to the Shavenbaby (Svb) transcription repressor, and
activate its proteasomal degradation (Zanet et al. 2015). It is suggested that the role of the pri
peptides on UBR3 is to modify binding selectivity for substrates through a potential
conformational change that would reveal the Svb binding site. The authors demonstrated that the
isolated UBR-box domain binds Svb independently of pri peptides, proposing that the pri
binding site is located outside of the UBR-box. This mechanism not only resembles that seen in
UBRI1 but also features a function of the UBR-box domain beyond the N-end rule. If direct
interaction between the UBR-box and Svb occurs in purified proteins, this would be additional
evidence of the substrate-binding capabilities of the UBR-box domain outside the N-end rule
pathway. In addition, binding of other UBR3 substrates such as APEl and DIAP1 was
independent of pri peptides, which highlights important differences in the binding mechanisms
that modulate UBR3 activity.

1.2.1.3.1.7 UBR4

Also known as p600, UBR4 is a 600 kDa protein localized in both, nucleus and cytoplasm. The
UBR4 gene produces multiple splice variants that presumably have different functions. UBR4 is
a N-recognin that binds type 1 and type 2 N-degrons. In the 600 kDa protein there are only two
domains identified (Figure 1.7). The UBR-box domain, which recognizes type 1 N-degrons and
a cysteine-rich domain (CRD), which is unique to UBR4. Even though UBR4 does not have a
clear ubiquitin ligase domain such as RING or HECT, studies have shown that the E3 activity
depends on the C-terminal fragment of UBR4 that contains the CRD (Morrison et al. 2013).

The initial characterization of p600 suggested a role in the regulation of integrin-mediated
signalling and membrane morphogenesis. In particular, UBR4 is associated to detachment-
induced apoptosis through interactions with the human papillomavirus (HPV) type 16 E7
oncoprotein and the tumor suppressor retinoblastoma (Nakatani et al. 2005). Later reports
showed that UBR4 in fact interacts with all 17 different types of HPV E7 proteins, including
those that are not related to cancer, indicating that this interaction might also be important for

virus replication. Moreover, the N-terminus of E7 mediates the interaction with UBR4 (White,
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Munger & Howley 2016; White et al. 2012). Also, Szalmas et al showed that cancer-causing
high-risk HPV E7 oncoprotein targets the tumour suppressor protein tyrosine phosphatase
PTPN14 for proteasomal degradation by recruiting UBR4 (Szalmas et al. 2017). Other studies
have also shown how UBR4 is implicated in other host pathogen interactions. During dengue
virus infection, the viral NS5 protein interacts with UBR4 to bridge the host protein STAT2 and
induce its degradation. This complex formation allows virus replication and inhibits IFN-I
signalling via STAT2 proteolysis (Morrison et al. 2013). During influenza A virus infection,
UBRA4 is recruited by the viral protein M2 to allow safe passage of viral glycoproteins to the cell

membrane, an essential process for virus budding (Tripathi et al. 2015).

UBR4 or p600 can also function in an E3-independent manner. Shim et al reported UBR4 as a
microtubule-associated protein that binds to the endoplasmic reticulum membranes and is
expressed in CNS neurons (Belzil et al. 2014; Shim et al. 2008). Also, UBR4 interacts with
calcium-bound calmodulin in the cytoplasm (Nakatani et al. 2005), suggesting a role in calcium-
dependent signalling. Similarly, genetic variants of UBR4 are associated with episodic ataxias,
rare neurological channelopathies that cause imbalance and lack of coordination (Conroy et al.
2014). Studies on circadian rhythms of behaviour in mice identified UBR4 as a time-of-day
dependent and light-inducible protein. However, the physiological targets of UBR4 during the
timing mechanisms remain elusive (Ling, HH et al. 2014). Mitochondrial quality control in
neurons involves proteasomal degradation through the N-end rule pathway. UBR4 (in addition to
UBRI and UBR2) can target PINK 1, a mitochondrial serine/threonine kinase, for degradation by
recognizing its N-terminal phenylalanine upon PARL cleavage. When mutated in the autosomal
recessive form of Parkinson disease, PINK1 recruits the E3 ubiquitin ligase Parkin in damaged
mitochondria to induce its degradation through mitophagy (Yamano & Youle 2013). In
summary, different studies have investigated the role of p600 or UBR4 in the brain. Identified
functions range from neurogenesis, neuronal signalling and survival to formation of neuronal
networks. Further studies on the importance of UBR4 in brain development might shed light

onto its implication on neurological diseases (Parsons, Nakatani & Nguyen 2015).

UBRA4 is physically associated to the 26S proteasome complex (Besche et al. 2009) and is also
involved in bulk degradation in the lysosome (Hong et al. 2015). UBR4 binds cellular cargoes
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destined to autophagic vacuoles and degradation by the lysosome. Moreover, UBR4"" mice died
during embryogenesis due to defective vascular development in the yolk sac. This structure
supplies amino acids to the embryo in early stages of development, which are generated through
lysosomal degradation of endocytosed maternal proteins. These results suggested a dual role of
UBR4 in protein degradation through both, autophagy and ubiquitylation. Rad6 or UBE2A/B is
associated to UBR4 as its cognate E2, particularly during endosome-lysosome vesicle trafficking
(Hong et al. 2015). The mitogen-activated protein kinase (MAPK) signalling controls cell
proliferation and is commonly misregulated during tumorigenesis. Recently, UBR4 was found to
control MAPK levels in Drosophila through the N-end rule pathway, while its action was
counteracted by the deubiquitinase USP47 (Ashton-Beaucage et al. 2016).

Ubiquitylation targets of UBR4 vary not only in function but also in tissue and subcellular
localization. UBR4 targets the ATP-citrate lyase (ACLY) for ubiquitylation and proteasomal
degradation under specific stimuli. Increased cellular concentrations of glucose reduce the
interaction of ACLY with UBR4 and therefore its ubiquitylation (Lin et al. 2013). Acetylation of
specific lysine residues in ACLY blocks their ubiquitylation preventing proteasomal turnover.
These observations expose a crosstalk between the two pathways in the regulation of fatty acid
synthesis and cell growth. Similarly, the membrane protein podocin, expressed in the epithelial
cells of the kidney, is targeted by UBR4 for ubiquitylation and proteasomal degradation.
Ubiquitylation of mislocalized multimers in conserved lysine residues does not only induce
degradation but promotes disassembly and unfolding of the monomeric podocin (Rinschen et al.

2016).

1.2.1.3.1.8 UBR5

UBRS, also known as EDD (E3 identified by differential display) or HYD (Hyperplastic discs),
was first characterized in humans as an E3 ligase bearing a carboxy-terminal HECT domain
(Callaghan et al. 1998). In Drosophila melanogaster, UBRS was first named hyperplastic discs
protein (HYD) because of its identification by a temperature-sensitive mutation that causes

imaginal discs' overgrowth in mutant larvae and infertility (Mansfield, Elizabeth et al. 1994).

' An imaginal disc is a sac-like epithelial structure found inside the larva of insects that undergo metamorphosis.
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Human UBRS is ubiquitously expressed, while within the germ cells in rat it is specifically
observed in testis and brain and, to a lower level, in lung, liver and kidney (Miiller et al. 1992;
Oughtred et al. 2002). UBR5 mRNA and protein are also seen frequently overexpressed or
mutated in colorectal, breast and ovarian cancers, implying a potential role in cancer
development (Clancy et al. 2003; Dompe et al. 2011; Fuja et al. 2004; Mori, Y et al. 2002;
O'Brien et al. 2008). UBR5™ embryos were not viable midgestation, demonstrating a key role of
UBRS5 in mammalian development. Similar to UBR4-lacking mice, UBR5” embryos showed
impaired yolk sac vascular development causing nutrient deprivation (Saunders et al. 2004).
Point mutations in UBRS have also been associated with a familial type of epilepsy (Kato et al.

2012).

The Wnt signalling pathway regulates normal development and controls adult stem cell renewal.
Hyperactivation of this pathway, usually associated with aberrant stabilization of f-catenin, is
commonly found in human cancers. UBRS was found to stabilize -catenin by increasing its
protein levels and activity through its ubiquitylation. Interestingly, UBRS does not directly bind
[-catenin, instead, it utilizes GSK-3f as a scaffold to induce ubiquitylation (Hay-Koren et al.
2011). Ubiquitylation is specific to K29 and K11 ubiquitin linkages and does not target f3-catenin
for degradation. In contrast, ubiquitylation of P-catenin by other E3s down regulates Wnt
signalling, an interesting example of complementary yet dissimilar roles of ubiquitylation in the
same pathway. Another role of UBRS in cell cycle progression involves the regulation of the
microspherule protein Msp58, a regulator of rRNA gene transcription. UBRS controls Msp58
through ubiquitylation and proteasomal degradation thus modulating cyclin levels during cell

development (Benavides et al. 2013).

In the chromosomes, upon phosphorylation, the telomerase reverse transcriptase (TERT) is
targeted for ubiquitylation and proteasomal degradation by a E3 ligase complex formed by
UBRS, DDBI1 and VprBP proteins, this down regulation leads to inhibition of telomerase activity
and subsequent cellular senescence (Jung et al. 2013; Nakagawa, Mondal & Swanson 2013).
Interestingly, DDB1 and VprBP are also part of the Cul4A-Rocl E3 ligase complex, suggesting
the ability of UBRS to act as an E3 ligase under different catalytic complexes (HECT vs. CRL
type). The modulator of apoptosis protein 1 (MOAP1) is targeted for proteasomal degradation by
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a number of E3 ligases including UBRS. Remarkably, UBRS5-induced turnover is cell cycle
dependent, suggesting that these different E3 ligases act on the same substrate in response to

different stimuli (Matsuura et al. 2017).

The human UBRS gene encodes a ~300 kDa HECT-type ubiquitin ligase. There are four domains
characterized in UBRS and two nuclear localization signals. An N-terminal UBA (ubiquitin
associated) domain, an UBR-box domain, a MLLE domain (also known as PABC) and a C-
terminal HECT domain (Figure 1.5, Figure 1.7). UBRS is a N-recognin because it binds type 1
N-degrons (Tasaki et al. 2009). However, no substrate of the N-end rule pathway has been
identified as a UBRS target. Secondary structure predictions suggest the presence of abundant
secondary structure throughout most of the protein, particularly between the UBR-box domain
and the MLLE domain. Thus, it is likely that other unidentified domains are found in UBRS
further expanding its functional repertory. Crystal structures of the UBA domain (Kozlov et al.
2007), the MLLE domain (Deo, Sonenberg & Burley 2001) and the C-terminal lobe of the
HECT domain (Matta-Camacho et al. 2012) have been determined; however, these domains only
account for approximately 15% of the total protein. Reported cognate E2s for UBRS are UbcH4,
UbcHS5B and UbcHSC.

UBA domains are common in proteins associated with the UPS, as they are known to mediate
ubiquitin interactions. In contrast, the MLLE domain is only present in two proteins in
eukaryotic cells: UBRS5 and PolyA-binding protein (PABP). MLLE was first characterized in
PABP as a protein-protein interaction domain that recognizes PAM2 motifs in effectors of
translation initiation, while in UBRS its role is not fully understood. Studies done on the MLLE
domain in PABP and UBRS highlighted the ability of the latter to bind PAM2 peptides in vitro
(Lim et al. 2006). The first clue on MLLE function in UBRS was given by Yoshida et a/, which
showed that Paip2, an inhibitor of translation initiation, was targeted for ubiquitylation and
proteasomal degradation by UBRS5 (Yoshida et al. 2006). Mammalian a4 phosphoprotein, an
essential component of the mTOR pathway, was also found to bind UBRS5 and PABP,
presumably through the MLLE domain (McDonald et al. 2010). UBRS also regulates

transcription through CDK9, a subunit of positive transcription elongation factor b (P-TEFD).
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Polyubiquitylation of CDK9 by UBRS in association with TFIIS recruits RNA polymerase II

along the y fibrinogen inducing its transcription (Cojocaru et al. 2011).

DNA damage response is one of the main pathways where UBRS is actively involved.
Henderson et al, showed that UBRS interacts with the calcium- and integrin-binding
protein/DNA-dependent protein kinase-interacting protein (CIB) while located in the nucleus
(Henderson et al. 2002). This interaction is sensitive to DNA damage. This study also revealed
that UBRS binds importin a5 and the progesterone receptor PR enhancing its transcriptional
activity. Honda et a/ indicated that the DNA topoisomerase II 3-binding protein 1 (TopBP1) is
ubiquitylated and targeted for proteasomal degradation by UBRS. Upon double strand DNA
breaks, TopBP1 is phosphorylated inhibiting its ubiquitylation in cells (Honda et al. 2002). Also,
UBRS interacts with the checkpoint kinase CHK2 to induce its activation in response to DNA
double stranded breaks. Down regulation of DNA damage repair proteins is a common promoter
of tumorigenesis, which further suggests the involvement of UBRS in cancer development
(Henderson et al. 2006; Munoz et al. 2007). Histone ubiquitylation is a common response to
double strand DNA lesions that is triggered by the E3 ligase RNF8. UBRS5 along with the HECT
type E3 TRIP12 control RNF168 levels by inducing its ubiquitylation and proteasomal
degradation to counteract excessive ubiquitylation in intact chromosomes (Gudjonsson et al.
2012; Okamoto et al. 2013). The ATM kinase and its cofactor ATMIN activate cell cycle
checkpoints and promote DNA repair. In response to ionizing radiation, UBRS ubiquitylates
ATMIN, which reduces its interaction with ATM, thus facilitating ATM function in double
strand breaks repair (Zhang, T et al. 2014). In damaged chromatin, SPT16, part of the histone
chaperone complex, is ubiquitylated by UBRS, which possibly leads to inhibition of RNA
polymerase II elongation in DNA lesions (Sanchez et al. 2016). TIP60, an acetyltransferase
implicated in DNA damage response and apoptosis, is ubiquitylated and targeted for degradation
by UBRS. During HPV infection, the E6 viral protein utilizes this interaction to destabilize
TIP60 and induce tumour formation (Subbaiah et al. 2016). UBRS also promotes gastric cancer
development by targeting gastrokine 1, a stomach-specific protein, for ubiquitylation (Yang, M

et al. 2016).
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Numerous proteins have been identified as binding partners of UBRS. Such interactions induce a
variety of outcomes that control key processes in the cell. Surprisingly, a great number of these
associations seem to be E3-independent, that is, do not result in ubiquitylation by UBRS. For
instance, MAPKs, also known as extraceullular signal-regulated kinases or ERKs, can act as key
regulators of various cellular processes including proliferation, differentiation and migration.
Identification of ERK substrates revealed UBRS as a target for in vivo and in vitro
phosphorylation (Eblen et al. 2003). Moreover, later proteomic studies identified 24
phosphorylation sites in human UBRS (Bethard et al. 2011). Myocardin, a transcription factor
that promotes expression of smooth muscle-specific genes, also interacts with UBRS in an E3-
independent manner. This interaction enhanced trans-activation of smooth muscle-specific
promoters and prevented myocardin degradation without affecting its mRNA expression (Hu, G
et al. 2010). Other E3-independent binding partners of UBRS are p53 (Ling, S & Lin 2011;
Smits 2012), B55a (Reid et al. 2013), GW182 proteins in the argonaute-miRNA complexes (Su
et al. 2011), the HPV type 18 E6/E6AP ligase (Tomaic et al. 2011), RIP1 and cIAP1 during
apoptosis (Christofferson et al. 2012), human herpes virus-6 Ul4 protein during induced cell-
cycle arrest (Mori, J et al. 2015), RORyt during TGF-f} signalling (Rutz et al. 2015) and CDC20,
BUB3 and BUBRI proteins during cellular response to abnormal mitosis (Scialpi, Mellis &
Ditzel 2015).

Posttranslational modifications in substrates are a common mechanism to prompt or prevent
ubiquitylation by UBRS. During gluconeogenesis, the rate limiting enzyme phosphoenolpyruvate
carboxykinase (PEPCK1) is regulated in response to changing levels of glucose. Under high
glucose concentrations, PEPCKI1 is destabilized by acetylation. This modification induces
binding of UBRS that in turn ubiquitylates and targets PEPCK1 for proteasomal degradation
(Jiang, W et al. 2011). The human chemical toxin sensor pregnane X receptor (hPXR) is a ligand
induced transcription factor that induces expression of detoxifying enzymes. Phosphorylation of
hPXR stimulates interaction with UBRS5 and subsequent ubiquitylation and proteasomal
degradation (Ong et al. 2014). In contrast, phosphorylation of nuclear myosin 1c (NM1) prevents
its polyubiquitylation by UBRS leading to its stabilization and induction of RNA polymerase I

transcription activation (Sarshad et al. 2014).
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1.2.1.3.1.9 UBR6

Also known as FBXOI11 or VIT1. UBR6 was first observed during differential display
experiments in melanocytes of patients with the pigmentary disorder vitiligo, implicating it with
the disease (Le Poole et al. 2001; Li, Y et al. 2009). FBXO11 is also associated with otitis media
(inflammation of the ear) as well as cleft palate defects in mice (Hardisty-Hughes et al. 2006;
Rye, Bhutta, et al. 2011; Rye, Blackwell & Jamieson 2012). Later studies demonstrated the
association of inherited chronic otitis media in human with single nucleotide polymorphisms in

FBXOI11 (Rye, Wiertsema, et al. 2011; Segade et al. 2006).

UBR6 was also initially identified as a human type Il arginine methyltransferase (PRMT9)
producing symmetrically double methylated arginine (Cook et al. 2006). As UBRG6 is a target of
splicing with 6 isoforms identified, Cook et al suggest that an isoform that lacks the F-box
domain could be a substrate of alternate splicing that activates its methyltransferase function. As
a supposedly methyltransferase, its protein sequence is unique amongst other PRMTs. However,
no further work supports these observations and another enzyme has been assigned the PRMT9
name (Hadjikyriacou et al. 2015). Moreover, FBXO11 possesses a F-box and an UBR-box
domain, strongly suggesting a role as an E3 ubiquitin ligase part of the SCF complex (Fielenbach
et al. 2007). Tasaki et al showed that despite the presence of the UBR-box domain,
UBR6/FBXO11 was unable to bind type 1 or type 2 N-degrons (Figure 1.7) (Tasaki et al. 2009).

In the immune response FBXOI11 was identified as part of a CDK9/CCNT1 complex that
negatively regulates HIV-1 Tat function and viral gene expression. It is suggested that FBXO11
reduces the level of CDK9 and CCNT]1 thus limiting their interaction with the viral protein Tat,
an activator of RNA polymerase II (Ramakrishnan et al. 2012). In C. elegans FBXO11 homolog
DRE-1 targets the transcriptional repressor BLMP-1 for proteasomal degradation controlling
aging and maturation. This interaction is also conserved in mammals (Horn et al. 2014; Huang,

TF et al. 2014).

FBXO11 functions as an E3 ligase part of the SCF complex. FBXOI1l1 promotes p53

neddylation and not ubiquitylation in vivo and in vitro leading to its inactivation (Abida et al.

2 Conjugation of the ubiquitin-like protein Nedd8
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2007; Tateossian et al. 2015; Xue et al. 2016). FBXO11 targets BCL6, a proto-oncoprotein
implicated in human B-cell lymphoma, for ubiquitylation and proteasomal degradation. FBXO!1
gene is absent or mutated in different diffuse large B-cell lymphoma cell lines, which was
associated with increased BCL6 stability (Duan et al. 2012). Mutations on FBXO11 were
specially found in a region of the protein with a putative CASH domain (Figure 1.7). These
mutations abrogated ubiquitylation of BCL6 by FBXO11 suggesting it functions as a substrate-
binding domain for the SCF™*°'" complex. CASH domains bear glycine and hydrophobic
residue repeats that fold into right-handed beta-helix structures and are often found in
carbohydrate-binding proteins and sugar hydrolases (Ciccarelli et al. 2002). However, their
function remains elusive. A number of studies have shown a link between mutations on FBXO11
and cancer development. Pancreatic cancer studies on humans and mice (Mann et al. 2012)
identified mutations on the FBXOII gene that were associated with poor prognosis. Similar
studies have identified associations in splenic marginal zone lymphoma (Parry et al. 2013),
glioblastoma, melanoma, prostate cancer (Ngollo et al. 2017; Yang, CH et al. 2015), breast
cancer (Xue et al. 2016) and leukemia (Nagel et al. 2017).

FBXO11 along with UBRS are examples of cross-regulation of E3 ligases through the UPS.
Cdt2, a substrate recognition subunit in the CRL4 complex of E3 ligases is also a FBXOI11
substrate. Its ubiquitylation and proteasomal degradation is important during the response to
TGF-B, exit from the cell cycle and cellular migration (Abbas et al. 2013; Rossi et al. 2013). As
an exception from the known mechanisms implicated in substrate recognition by F-box proteins,
phosphorylation of the substrate can abrogate Cdt2 binding to FBXO11. This is also observed for
BCL6. On the other hand, reports on the phosphorylation-dependent degradation of the
transcription factor SNAIL by FBXO11 show the highly specific mechanisms that this E3 ligase
has to recognize its different substrates (Jin, Y et al. 2015; Zheng et al. 2014). In addition,
FBXOI11 was shown to regulate voltage-gated sodium channel Nav 1.5 through proteasomal

degradation along with UBR3 (Zhao et al. 2015), an interesting interplay between UBR proteins.

1.2.1.3.1.10 UBR?7
UBR?7 is by far the least studied UBR protein in the family. The UBR7 gene encodes a ~50 kDa
polypeptide that comprises a plant homeodomain (PHD) domain and an UBR-box domain, both
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in the N-terminus of the protein. The UBR-box does not bind N-degrons (Tasaki et al. 2009),
while the function of the PHD domain remains elusive (Figure 1.7). Secondary structure
predictions on UBR7 sequence suggest the presence of additional domains due to abundant
secondary structure. However, no putative domains can be identified based on structure
similarity. The PHD domain is a zinc finger that resembles the structure of RING and FYVE
domains. Due to this similarity, UBR7 is suggested to be an E3 ubiquitin ligase although there is
no strong evidence as for this or any other function. The only reference to date is that of
Zimmerman et al, which reported the first study on UBR7 in mammalian spermatozoa. Here
UBR7 was found to have E3 ligase activity in mouse and boar testis and spermatozoa. These
observations however, suggest that this activity is not essential for sperm function during

fertilization (Zimmerman et al. 2014).

1.3 The proteasome

The 26S proteasome is a multi-subunit complex that catalyzes the breakdown of ubiquitylated
proteins. In mammals, it controls at least 80% of protein degradation and its function is key for
protein homeostasis as it influences the majority of cellular processes. Remarkably, protein
degradation is not its only function. Recent studies have shown how the proteasome complex has
the ability to select whether an ubiquitylated protein is degraded or remains functional by
removing the attached ubiquitin (Collins & Goldberg 2017). The group of Alfred Goldberg first
discovered this complex protein machine in 1987 after initial reports on protein degradation by
the UPS. Purification of a multi-protein complex from reticulocytes revealed a distinct ATP-
dependent protease of 1.5 MDa that only cleaved substrates if they were conjugated to ubiquitin
(Waxman, Fagan & Goldberg 1987). Today, numerous other proteins have been identified in the
complex, which makes up to over 2.5 MDa with the primary function of ATP-dependent protein
breakdown. The proteasome exists in multiple forms but the major assembly contains a 20S 28-
subunit core particle, called CP, and a 19S regulatory particle RP, which consists of around 19

subunits (Figure 1.8).

The proteasome works in a multi-step mechanism as the rest of the UPS, where the final step

catalyzes protein digestion into short peptides averaging 2 to 10 residues in length (Kisselev et
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al. 1999). Nearly all products are molecules that are reclaimed by the cell. Interestingly, some of
these digestion products can serve as precursors for antigenic peptides displayed on MHC-class [
molecules (Collins & Goldberg 2017; Goldberg et al. 2002). The multi-step mechanism starts
with the recognition of the ubiquitin-conjugated protein, followed by unfolding, translocation
and deubiquitylation of the substrate. All these critical processes are directed by the regulatory
particle RP through the action of six distinct ATPases that exert the protein-unfoldase activity
(Figure 1.8). The proteolytic active site, where peptide bond cleavage occurs, is enclosed in the
internal space of the cylindrical hollow core particle CP, whereas the RP unit controls substrate
entry through translocation. Recognition of the substrate occurs through its ubiquitin chain by the
RP. Next, ubiquitin molecules are cleaved off by proteasomal deubiquitylases (DUBs) and
recycled by the cell. Deubiquitylation allows unfolding and subsequent entry of the substrate to
the CP.

Ubiquitin

— recognition and
deubiquitylases
Recognition
Particle
RP
Proteases Core
Particle
CP

ATP-dependent
unfoldase

Figure 1.8. The 26S proteasome complex.

Structure of the yeast proteasome determined by hybrid methods. Several crystallographic structures were fit into an

electron microscopy reconstruction. The active site is located in the core particle CP shown in yellow and red. Three
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types of proteases (red) catalyze the breakdown of the polypeptide chain inside the CP. At both ends of the
cylindrical particle, an ATP-dependent unit (magenta) unfolds proteins and induces translocation to the CP. In blue,
regulatory subunits such as deubiquitylases and UBA-bearing proteins recycle the ubiquitin moieties detached from

the substrates. Modified from “Molecule of the Month” Protein Data Bank. PDB: 4CR2.

One of the distinct characteristics of the proteasome is its ability to specifically and rapidly
degrade proteins in the cell. Its function is correlated with environmental conditions that dictate
the levels of this multi-enzyme complex during cell proliferation. In Drosophila, the 26S
proteasome levels increase during growth and decrease in the aging process, whereas in
mammals, they are predominantly found in the nuclei during cell proliferation (Tanaka 2009).
Therefore, it is not surprising that the proteasome is been studied as a promising target for drug
design and development. Inhibition of the UPS through the proteasome impedes cell cycle
progression and cell survival. In fact, there are two FDA-approved drugs for the treatment of
cancer that inhibit the proteasome: bortezomib and carfilzomib. Despite the advances on
understanding the structural and functional features of the system, there is still a lack of
information regarding specificity and selectivity of particular proteasome types as well as their
relationship with disease and cellular homeostasis. New advances on structure solving methods
such as high-resolution cryo-EM have helped advance the knowledge of the system in past few
years, including the upstream enzymatic regulators. Hopefully these advances will elucidate

detailed mechanisms that serve as platform for therapeutic applications.

1.4 Concluding remarks

Despite the great increase of research on the UPS and in particular the N-end rule pathway, there
are still many unresolved questions. As the scope of the N-end rule expands to all natural amino
acids, one of the main questions to address is their timely and specific recognition by E3 ligases.
As reviewed in this chapter, the vast majority of E3 ligases in the UBR family of proteins are
involved in specific maladies. Uncovering the mechanisms underlying substrate recognition and
ubiquitin transfer by the E3 ligases is essential not only for understanding the regulation of
cellular processes but also will provide a structural framework for the design of specific

therapeutic compounds.
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In this thesis work I explore some of the substrate recruitment mechanisms in the mammalian
UBR family. One particular feature in structures of the UBR-box was the partial occupation of
the negative pocket upon binding of arginine (the largest N-degron residue). This observation
prompted the question of whether the UBR-box could bind modified N-degrons, small
molecules, or even internal degrons. Despite the rigid scaffold by which the UBR-box supports
N-degron recognition, there is a great degree of binding plasticity evidenced by the various sizes
and shapes of the classical N-degrons. Thus, I investigated the ability of the UBR-box to bind
modified N-degrons. This study further clarified the specificity of the Arg/N-end rule for both,
N-terminal and second residues, and explained the mechanisms involved in pathological

mutations.
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CHAPTER TWO: BOUND WATERS MEDIATE BINDING OF DIVERSE
SUBSTRATES TO A UBIQUITIN LIGASE

Juliana Mufoz-Escobar, Edna Matta-Camacho, Cordelia Cho, Guennadi Kozlov, Kalle Gehring.
Structure 25(5): 719-729 (2017).

2.1 Summary

The N-end rule pathway controls the half-life of proteins based on their N-terminal residue.
Positively charged type 1 N-degrons are recognized by a negatively charged pocket on the Zn-
finger named UBR-box. Here, we show that the UBR-box is rigid but bound water molecules in
the pocket provide the structural plasticity required to bind different positively charged amino
acids. Ultra-high resolution crystal structures of arginine, histidine and methylated arginine
reveal that water molecules mediate binding of N-degron peptides. Using a high-throughput
binding assay and isothermal titration calorimetry, we demonstrate that the UBR-box is able to
bind methylated arginine and lysine peptides with high affinity and, measure the preference for
hydrophobic residues in the second position in the N-degron peptide. Finally, we show that the
V122L mutation present in Johansson-Blizzard syndrome patients changes the specificity for the

second position due to occlusion of the secondary pocket.
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2.2 Introduction

UBR ubiquitin ligases are E3 ligases, which catalyze the last step in the ubiquitylation cascade
that modifies proteins for degradation and intracellular signalling (Ciechanover, Aaron & Iwai
2004). The selectivity of ubiquitylation is a result of the creation or exposure of degradation
signals (Schrader, Harstad & Matouschek 2009; Varshavsky 1991; Yu et al. 2015). Among the
best studied is the N-end rule pathway, where the N-terminal residue, called an N-degron,
controls the half-life of proteins (Varshavsky 2011). In the N-end rule, the destabilizing N-
terminal residues are grouped in two: type 1 N-degrons, composed of basic residues such as
arginine, lysine and histidine, and type 2 N-degrons, formed by bulky hydrophobic residues
(Gibbs et al. 2014). The recognition of N-degrons in the N-end rule branch is mediated by the
action of a family of ubiquitin ligases, termed the UBR family. The members are defined by the
presence of a domain of approximately 70 residues called the UBR-box (Tasaki et al. 2005;
Tasaki et al. 2009). In mammals, UBR1, UBR2, UBR4 and UBRS target type 1 N-degrons
(Tasaki et al. 2005). Arginine is the strongest binder followed by N-terminal lysine and histidine.

Crystal structures of yeast and human UBR-box show three zinc atoms organized in two
contiguous zinc fingers that stabilize the tertiary structure. A negatively charged pocket is
partially occupied by the arginine side chain (Choi et al. 2010; Matta-Camacho et al. 2010),
while a secondary pocket interacts with the second position of the N-degron. However, how the
binding site is simultaneously optimized to accommodate different N-terminal residues remained

elusive.

The study of the molecular determinants responsible for substrate recognition is of particular
interest in the development of E3 ubiquitin ligases as drug targets (Bulatov & Ciulli 2015;
Hamilton, Lee & Le Roch 2014; Liu et al. 2015; Skaar, Pagan & Pagano 2014). Recent studies
highlight the diversity of the physiological roles in which the N-end rule pathway is a regulator
(Sriram, SM, Kim & Kwon 2011). UBRI is the most studied E3 ubiquitin ligase in the pathway.
Functional inactivation of the two chromosomal copies of the UBR1 gene causes the congenital
disorder called Johanson-Blizzard syndrome (JBS) (Sukalo et al. 2014; Zenker et al. 2006). In
mice, double knockout of UBR1 and UBR?2 results in early embryonic lethality (An et al. 2006;
Kwon et al. 2003; Kwon et al. 2001). Given the stringency of the N-end rule pathway, the UBR-

box domain is a potential major target for the development of small-molecule effectors that
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mimic the destabilizing character of cognate N-degrons (Agarwalla & Banerjee 2016; Jiang,
YXL et al. 2013; Kwon, Levy & Varshavsky 1999; Lee, JH et al. 2015). One of the challenges
faced when studying the functional implications of the N-end rule is the lack of specific

inhibitors that target each family member independently.

In the present study, we reveal the ability of the UBR-box domain to bind non-canonical N-
degrons. We demonstrate that the UBR-box binds N-terminal methylated arginine and lysine
peptides with high affinity. We elucidate the mechanism for the plasticity of binding with a
complete structural study of six different ligands. The polyvalence of the domain is the result of
the strategic binding of water molecules around the negative pocket. Finally, we present a
comprehensive study of the molecular determinants for recognition in the second and third
positions in the N-degron. We examine the functional and structural implications of the V122L
mutation associated with JBS, and show that N-degron specificity is altered and binding affinity

decreased in the mutant protein.

2.3 Results

2.3.1 Ultra-high resolution structure of the human UBR-box in complex with arginine N-
degron

We determined the crystal structure of the UBR2-box in complex with the tetrapetide Arg-Leu-
Trp-Ser (referred to as RLWS) at 0.79 A (Figure 2.1 A). The UBR-box domain displays a
negatively charged pocket responsible for the recognition of the arginine residue. The amino
group defines the specificity for N-terminal arginine forming salt bridges with Asp150 and
Phe148. The only water molecule involved in binding is located in the proximity of Asp118 and
Thr120 bridging them with NHe and NH2w’ of arginine. In contrast, Aspl53 forms hydrogen
bonds with both NH2® groups in the arginine side chain (Figure 2.1 B). The second residue in
the bound peptide, leucine, is accomodated in the hydrophobic groove named secondary pocket.
Hydrophobic interactions govern the recognition of the second residue while the third position in
the peptide displays more mobility as seen in the alternate conformation of the tryptophan

residue. In our previous complex structure with RIFS peptide (Matta-Camacho et al. 2010), the
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only water molecule observed in the negative pocket was also found in the proximity of Asp118
and Thr120, while the second residue of the peptide, isoleucine, also binds the secondary pocket
in a hydrophobic interaction. The ultra-high resolution of the new structure confirmed the role
and location of water molecules in the binding of N-terminal arginine and highlighted the nature
of the interactions involved in recognition. The arginine- and histidine-bound structures reveal

the modulatory role of polar water molecules in human N-degron recognition.
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Figure 2.1. Ultra-high resolution structure of the UBR-box domain in complex with destabilizing
peptide RLWS at 0.79 A.

A. Surface representations of the human UBR-box domain from UBR2 in complex with the tetrapeptide RLWS. The
2Fo-Fc electron density map is contoured at 1 ¢ and carved at 2.0 A around the bound water molecule and peptide.
Only Aspll8 forms a water bridge with NHe from arginine. B. Schematic representation of the molecular

determinants involved in arginine and leucine recognition.
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2.3.2 Crystal structure of the human UBR-box in complex with a histidine N-degron

A high-resolution (1.55 A) crystal structure was obtained for the complex of human UBR2-box
and the tetrapeptide HIFS (Figure 2.2 A). The N-terminal histidine is located in the negatively
charged groove and establishes a network of organized water molecules that contact the histidine
side chain. The interaction of the N-terminal amino group is determinant for binding as in the
case of the arginine N-degron (Figure 2.2 B). The amino group of histidine forms three
hydrogen bonds with Phe148 (NH backbone) and Asp150 (both carboxyls in side chain). As
opposed to the arginine-bound structure, the histidine side chain does not interact directly with
the pocket. Instead, the No2 in the imidazole group connects to the carboxyl side chains of
Asp153 and Glul55 through a network of hydrogen bonds with three organized water molecules
in the binding pocket (Figure 2.2 B, C). In contrast, N&1 locates 3.4 A away from the closest
hydrogen bond donor suggesting that the only important stabilizing contact of the histidine side
chain occurs through the No62 and the water bridges. Aspl18 and Glul55 undergo
conformational changes in comparison to the arginine-bound structure in order to accommodate
histidine binding (Figure 2.2 D). In the arginine-bound structure, Asp118 mediates hydrogen
bonds with water. Upon histidine binding, Asp118 moves away from the binding pocket while
Glul55, not involved in arginine binding, approximates to the negative groove. Thr120, involved
in arginine binding, is 3.8 A away from the imidazole group, impeding any electrostatic
interaction. We tested the effect of Glul55 on binding of N-terminal histidine by measuring the
dissociation constant of E155A UBR2-box with HIFS peptide (Figure 2.3). We observed a Kd
of 38 uM compared to 34 uM for the wild-type protein, suggesting that most of the stabilizing

effect of histidine comes from the interaction with Asp153.
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Figure 2.2. Histidine N-degron binds the negative pocket through a highly structured network of
water molecules.

His1

Crystal structure of the human UBR2-box in complex with HIFS peptide at 1.5 A resolution. A. Electrostatic
potential surface representation of the UBR2-box domain in complex with the tetrapetide HIFS showing the charge
complementarity and three bound water molecules. The 2Fo-Fc electron density map was obtained before any ligand
was added to the model. Map was contoured at 1.5 ¢ and carved at 2.0 A. B. Schematic representation of the
interactions involved in histidine recognition. C. Water molecules stabilize the contacts between the imidazole
group of histidine and the pocket. Water w1l keeps Asp153 in the right orientation to connect with w3. No2 interacts
with the pocket through the water network formed by w2 to w4. D. Changes in the side chain orientations of Asp118

and Glul55 upon arginine (purple) and histidine peptide binding (grey).
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The human UBR2:HIFS complex differs substantially from the yeast UBR1:HIAA structure. In
yeast, the No1 in the imidazole group hydrogen bonds directly with Thr144 (Thr120 in human)
while no water molecules are present in the negative groove (Choi et al. 2010). This direct
interaction of the side chain with the binding pocket explains the higher affinity of histidine N-
degron observed for yeast (Kd= 13 uM) compared to human UBR-box (Kd = 34 uM) (Figure
2.4). Human and yeast UBR-box domains have 46% identity, with most interacting residues
conserved in both organisms, however, small differences in the global fold change the role of
certain residues during binding. It is important to highlight that Choi et al. only observed
binding of HIAA peptide at pH 6.5. This suggests that the protonation state of histidine
influences binding to the UBR-box in yeast. In the human domain, the imidazole group only

interacted with water molecules in the pocket, making it difficult to discern the protonation state

of histidine.
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Figure 2.3. ITC affinity measurements for UBR-box domains bearing the V122L and E155A
mutations with type 1 N-degron tetrapeptides.

Isothermal titration calorimetry experiments for different UBR-box mutants. V122L decreases N-degron binding in

UBRI1 and UBR2. E155A mutant in UBR2 does not decrease affinity for HIFS.

The arginine- and histidine-bound structures reveal the modulatory role of water molecules in N-
degron binding by the UBR-box. Water molecules are positioned around the negative pocket
promoting hydrogen bonds in spaces not occupied by the bound ligand. N-terminal arginine,

which binds with the highest affinity, interacts with three residues in the pocket, directly with
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Aspl150 and Aspl153 and through water with Asp118 (Figure 2.1 B). In contrast, histidine N-
degron needs at least two interconnected water molecules, w2 and w3, to interact with Asp153
and an additional with Glul55 (w4) (Figure 2.2 C). W1 bridges Asp150 and Asp153, keeping
the latter in optimal position for interaction with w3. The role of wl in the modulation of N-
degron binding seems to be fundamental as our methylated arginine complexes conserve wl as a

stabilizing module (discussed later).
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Figure 2.4. ITC affinity measurements of UBR-box domain from UBR2 binding to type 1 N-
degrons.

Isothermal titration calorimetry measurements with tetrapeptides bearing N-terminal arginine, lysine and histidine.

Arginine is the most destabilizing residue followed by lysine and histidine.

2.3.3 Post-translational modifications and N-degrons

Methylation of the nitrogen atoms of arginine and lysine residues is frequently involved in
regulation of gene transcription and molecular recognition. Arginine methylation is catalyzed by
different types of methyltransferases, which add one or two methyl groups to generate
monomethylated arginine (Han, Kommaddi & Shenoy) or symmetrically or asymmetrically
double methylated arginine (SDMA or ADMA) (Beaver & Waters 2016). Similarly, lysine can

be mono-, double- or tri- methylated by the action of lysine methyltransferases, frequently
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involved in regulation of histones (Boriack-Sjodin & Swinger 2016). We were interested in how
these post-translational modifications could affect N-degron recognition. We used thermal shift
assays (also called differential scanning fluorimetry) to measure the thermal stability of the
UBR2-box:peptide complexes using RIFS and KIFS peptides and compared them with their
methylated versions. Increment of the melting temperature upon addition of ligand is
characteristic of higher affinity binding. Our results show an increase of ~1°C for asymmetric
methylation of RIFS compared to unmodified peptide, while dimethylation of KIFS had the same
effect on thermostability as the unmodified peptide (Figure 2.5 A). Dissociation constants
measured by isothermal titration calorimetry (Soucy et al.) for RIFS and “P"M*RIFS are virtually
the same while "MKIFS affinity is 13 pM compared to 5.7 uM for the unmethylated peptide
(Figure 2.5 B). These results demonstrate that methylated N-terminal arginine and lysine bind to

the UBR-box domain of UBR2 with high affinity.

To understand the mechanism underlying this flexibility in ligand specificity, we determined the
crystal structures of the UBR2-box in complex with *PM*RIFS and the UBR1-box in complex

MMARIFS. The resolution of both structures, 1.1 and 1.6 A, respectively, allowed the

with
identification of key water molecules involved in binding (Figure 2.5 C, D). The different states
of arginine methylation induce conformational changes in the side chains that highlight the
plasticity of the UBR-box domain interactions. As seen in Figure 2.5 C, addition of methyl
groups induces a rotation in the arginine side chain towards Aspl18 that allows the peptide to
hydrogen bond directly without the need of water. At the expense of this turn, Asp153 no longer
binds directly the “*™*Arg side chain and needs a water molecule to mediate the hydrogen bond.
In the ™*Arg- and “PM*Arg-bound structures, water w1 bridges Asp150 and Asp153 as seen in
the histidine complex. In the "™ *Arg, w1 forms an extra contact with the free NH2 group further
stabilizing the complex. All the structures illustrate how water molecules modulate the high
affinity interaction with the negative pocket. In particular, wl keeps Asp150 and Asp153 in the
optimal orientation to bind the available NH groups from arginine side chains. In the case of

histidine, w1 position is conserved with a similar purpose, preserve side chain positioning for

water bridge formation.
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Methyl groups in both, *"M*Arg and MM*Arg, are stabilized by the aliphatic side chains of
Valll7, Alal56 and Glul55 (Figure 2.5 D). Even though the bound methylated conformer has a
different hydrogen bond pattern compared to wild-type arginine, the main interacting residues in
the pocket are conserved. The use of water bridges instead of direct interactions often has a
negative impact on the affinity. However, conformational restrains imposed by the methylation
of the arginine side chain locate hydrogen bond donors closer to Aspl18 and Thr120 which
enhance binding by direct interactions. This displacement of the ligand over the whole negative
surface exposes strategic places for the addition of donor/acceptor groups that could support all

hydrogen bond requirements without water bridge formation.
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Figure 2.5. Methylated N-terminal arginine and lysine peptides bind to UBR-box domain with high
affinity.

A. Melting temperature changes upon binding of methylated and classic N-degron peptides bearing N-terminal
arginine and lysine. ATm is the difference between the Tm of the UBR2-box:peptide complex and the Tm of

unbound UBR2-box. B. Dissociation constants, enthalpy and entropy changes for different peptides with UBR2-box
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measured by ITC. C. Comparison of the recognition elements involved in arginine, MMA, ADMA and histidine
peptide binding to the UBR-box. Hydrogen bonds are represented by dotted lines. Only N-terminal residue of
peptides is shown for clarity. Water is a key element in the stabilization of the interactions. W1 adopts the same
position for MMA, ADMA and histidine residues. In all three structures, w1 stabilizes Asp153 to optimize contacts
with the ligands. D. Surface representation of UBR1-box in complex with MMA peptide (left) and UBR2-box in
complex with ADMA peptide (right). Electron density maps 2Fo-Fc contoured at 1 ¢ for MMA and 2 ¢ for ADMA,
carved at 2.0 A. Maps were calculated before ligand was added to the model. Maps were obtained before any ligand

was added to the model.

2.3.4 A rigid scaffold that displays multiplicity of binding

The diverse size and shape of the UBR-box N-degrons prompts the question of how does the
domain adapt to bind all different ligands. For all arginine and methylated arginine structures the
backbone and side chains of the domain remain in the same conformation as in the unbound
structure. Only upon histidine binding, the side chains of Asp118 and Glul55 reorient to form
water bridges. We calculated the backbone RMSD per residue of the five crystal structures of the
UBR2-box and compared the largest and smallest N-degrons (Figure 2.6 A). A comparison of
all structures of bound and unbound UBR2-box shows no changes in the overall conformation of
the domain (Figure 2.6 B). Pairwise comparison of “M*RIFS and HIFS complexes showed that
the protein remains rigid despite large changes in the size of the N-terminal ligand (Figure 2.6
A, purple). To overcome the rigid scaffold and assist binding of different ligands, the domain
uses water molecules as flexible adapters. Strategic binding of water molecules supplies specific

hydrogen bonds for each ligand.

To further understand the role of bound water molecules in the negative pocket, we analyzed the
unbound crystal structure of the UBR-box from UBR2. In the 1.2 A resolution structure (V122L
UBR2-box), two water molecules were observed bound to the negative pocket. The positions of
the waters were the same as in the histidine- and methylated arginine-bound proteins: wl
interacts with Asp150 and Asp153 while w3 stabilizes the Asp 153 side chain (Figure 2.6 C).
This conservation in the positions of bound water molecules highlights their importance for the
stability of the protein and ligand binding. The peptide with an N-terminal arginine displaces w1
and w3 by directly interacting with Asp150 and Asp153 side chains.
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Figure 2.6. The UBR-box of UBR2 forms a rigid scaffold.

A. Backbone RMSD per residue of the five UBR2-box crystal structures and a pairwise comparison between the
complexes with the largest and smallest N-degrons. The graph shows an absence of ligand-dependent changes in the
N-degron-recognition site. Coordinates used were 3NY2 (ligand-free), 3NY3 (complex with RIFS peptide), STDA
(RLWS peptide), STDB (*°M*RIFS peptide), and 5STDD (HIFS peptide). B. Superposition of the five UBR2-box
structures color-coded according to the RMSD. Arginine (blue), dimethylarginine (grey) and histidine (green). Grey
spheres represent zinc ions. C. Surface representation of V1221 UBR2-box structure. Red spheres represent bound
water molecules around surface. Cyan spheres represent water molecules bound to the negative pocket in bound
UBR2-box structures (Arginine, ADMA, MMA and histidine peptides). Blue spheres represent water molecules

bound to the negative pocket in unbound UBR2-box structure.
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2.3.5 Specificity of the second and third positions of the N-degron

We investigated the dependency of the second and third positions in the N-degron for binding to
the UBR box. We selected arginine as the N-terminal residue and evaluated all 19 amino acid
substitutions in the second and third positions of the tetrapeptide RXXS. Thermal shift assays
were conducted to classify the destabilizing peptides as strong or weak binders. In the assay,
high affinity peptides increase the thermal stability of UBR2-box whereas poor binders do not
alter its melting temperature. We tested all 20 peptides with the RXFS sequence and observed
the highest change in melting temperature (Tm) for large, hydrophobic residues (Figure 2.7 A).
The maximum increase in stability (ATm) was approximately 7°C for Leu and Tyr. In contrast,
the smallest increases were observed for His (~2°C) and proline (~0°C) indicating weak or no
binding (Figure 2. 7A, C, F). In the UBR2:peptide structures, the backbone amino group of the
second residue is a hydrogen bond donor to the hydroxyl group of Thr120. When proline is
present in the second position, the absence of a hydrogen atom at the cyclic nitrogen prevents
hydrogen bond formation with Thr120 (Figure 2.1 B, Figure 2.2 B). In addition, the imino
group in proline might be far from the side chain of Vall22 reducing stabilizing contacts
between the peptide and the secondary hydrophobic pocket. The loss of these contacts is enough
to prevent the interaction of the N-degron with the UBR box even in the presence of N-terminal
arginine. The ~7°C difference in Tm observed between the best and worst binders in this group

highlights the importance of the second position for optimal binding to the UBR box domain.

Next, we evaluated the influence of the third position using peptides bearing the sequence
RAXS. The highest Tm change was observed for bulky hydrophobic residues such as tryptophan
(~3.5 °C) and phenylalanine (~3.4 °C) whereas the lowest was for histidine (~1.5 °C) (Figure 2.7
B). No residue abrogated binding to UBR2 and the Tm difference in this group of peptides was
~2 °C. Our results suggest that the third position has a modest contribution to binding at least in
the context of the isolated domain. As seen in the crystal structures, the side chain of the third
position does not directly interact with the domain (Figure 2.1 A, 2.2 A); it remains to be tested

if there is an effect of the third position in the context of the full length protein.
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Figure 2.7. The second position of type 1 N-degrons is important for binding to the UBR-box.

A. Melting temperature change of the UBR2-box upon addition of RXFS peptides, where X represents any of the 20
natural amino acids. * Indicates the negative control GRIFS, that bears an N-terminal glycine. Error bars represent
standard deviation. B. Melting temperature change of UBR2-box upon addition RAXS peptides. C. Change of
melting temperature versus peptide concentration for UBR2-box with the best and worst binding peptides. D-F.

Comparison of ITC experiments for selected peptides confirms the selectivity in the second position for hydrophobic

residues and against proline.

For select peptides, we measured the affinity by ITC experiments (Figure 2.7 D-F; Table 2.1,
Figure 2.4). In our previous work, we reported binding affinities for selected tetrapeptides
bearing different second positions (Matta-Camacho et al. 2010). In recent experiments, we
noticed that the use of 50 mM Tris as a buffer had an impact in the affinities measured
previously. We repeated ITC experiments using 20 mM HEPES buffer and observed markedly
higher affinities. For the highest affinity peptides, the improvement in affinity was roughly 40-
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fold. N-degron binding is highly dependent on the amino group of the N-terminus; competition

between Tris and the peptides likely explains the lower affinities observed previously.

Our ITC measurements confirmed that arginine and lysine N-degron have the highest affinity
whereas histidine N-degrons bind roughly 15 times less tightly (Figure 2.4). Leucine in the
second position gave the highest affinity peptide (Table 2.1). We did not observe any binding
with proline as the second amino acid (Figure 2.7 F). For the third position, tryptophan and
phenylalanine (RAWS and RAFS) showed the highest affinity at 2 uM whereas histidine in the
third position (RAHS) only has a 2-fold difference in affinity (Table 2.1).

Table 2.1. Dissociation constants, enthalpy and entropy changes for the UBR-box domain from
UBR?2 binding different tetrapeptides as measured by ITC.

Peptide K4 (M) AH (cal/mol) AS (cal/mol/deg)
RYFS 1.00 -12130 + 210 -13.9
RLFS 0.95 7470 + 96 2.07
RMFS 1.38 -10300 £ 9 -8.31
RAFS 1.90 -11480 + 62 -13.00
RIFS 2.10 -6405 + 69 4.13
RWFS 4.46 -10670 + 285 -11.90
RHFS 4.60 -10280 + 92 -10.70
RPFS No binding - -
RAWS 2.00 -10090 + 53 -8.40
RAHS 4.00 7850 + 83 -2.08
RLWS 1.20 -6264 + 59 5.70
KIFS 5.70 9166 + 82 -7.28
KLFS 3.70 7504 + 49 -0.76
HIFS 34.36 -6060 + 372 -0.24
ADMARIFS 1.45 -7048 + 104 2.66
PMKIFS 12.88 -5595 + 192 3.29
RLFS (UBR2_V122L) 34.01 2115+23 13.3
RLFS (UBR1_V122L) 55.86 -1337 + 83 14.9
HIFS (UBR2 E155A) 38.61 2075 + 89 13.1

2.3.6 Johanson Blizzard syndrome (JBS) and the second position in the N-degron

The JBS is a genetic disorder inherited as an autosomal recessive trait, which originates from the
loss of UBR1 (Zenker et al. 2005). To date, multiple pathogenic mutations along the UBRI gene
have been identified. Analysis of some JBS mutations located in the UBR1-box domain (C127F,
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H136R, G160AfsX5, HI66R) suggests that the disease arises from a loss of Zn*" binding
residues and structural stability (Matta-Camacho et al. 2010; Sukalo et al. 2014). In contrast, the
V122L mutation does not affect Zn*" binding or residues involved in N-terminal recognition.
Previous studies have shown that this mutation inhibits proteasomal degradation of a model
substrate in yeast (Hwang, CS et al. 2011). To understand the molecular implication of this
mutation, we used thermal shift assays to test the binding properties of all different RXFS
peptides. UBR1- and UBR2-box domains share a 77% identity with identical negative pockets.
However, during thermal shift assays, UBR1-box did not show a thermal curve preventing the
calculation of its melting curve. For this reason, we introduced the V122L mutation in UBR2-

box as it shares very similar binding properties to UBRI.

The addition of the peptides to the V122L mutant sample had a small effect on the
thermostability of the protein, showing loss of binding. The highest ATm was seen for the RAFS
and RMFS peptides (~1.6 and 1.3 °C respectively) while RLFS did not have a significant
increase in Tm (ATm = 0.4 °C) (Figure 2.8 A). For the wild type UBR2-box, RLFS had an
increase of 7°C in the Tm. In contrast, RLFS binding is lost for the V122L mutant. All peptides
tested had a similar effect as RLFS where no improved thermal stability was observed in the
mutant UBR2-box. ITC experiments also showed a decrease in affinity. Mutant UBR1- and
UBR2-boxes dissociation constants were 55uM and 36uM, respectively, showing a 30-fold
decrease in binding affinity (Figure 2.3 A, B; Table 2.1). In the structure of UBR2-box in
complex with RLWS, the recognition of Leu2 by the secondary pocket is mediated by
hydrophobic interactions through residues Phel03, Thr109 and Vall22 (Figure 2.8 B). The
V122L mutation while conservative, introduces a bulkier residue in the secondary pocket. We
obtained the crystal structure of the V122L UBR2-box domain. The orientation of the Leul22
side chain suggests that the close proximity of the bound second residue from the N-degron
would cause a repulsive effect limiting optimal binding to the pocket (Figure 2.8 B). This effect
is enough to decrease binding affinity of the arginine peptide by 36-fold in the case of RLFS.
These results suggest that this mutation would impact drastically the targeting of substrates with
already low affinities such as His-bearing proteins. The hydrophobic effect governing the
recognition of the second position in the N-degron is further supported by alanine in the second

position. RAFS peptide had the highest increase in thermostability for the mutant UBR2 (1.6 °C),
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which shows that a small hydrophobic residue in the second position could still bind although

with a clear decrease in affinity.

We also obtained the first structure of the human UBRI1-box in complex with a peptide
(MMARIFS). All residues involved in recognition in the negative pocket are conserved as in
UBR2; however, the secondary pocket has an additional residue, His141 that is located in
proximity to the bound isoleucine from the peptide. In Figure 2.8 C, the surface representation
compares the wild type and V122L mutations in the UBR1-box and its effect on the secondary
pocket. Leul22 would completely occlude the pocket as His141 also reduces the space available
for binding of the second position. Our results explain the fundamental role of the secondary

pocket in substrate recognition and contribute to the understanding of the mechanisms involved

in the pathogenesis of JBS.
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Figure 2.8. The V122L mutation in Johansson Blizzard syndrome prevents binding of N-degrons
with bulky residues in the second position.

A. Comparison of the melting temperature change of wild type UBR2-box and V122L UBR2-box upon addition of
peptides RXFS, where X is the residue shown. B. The hydrophobic pocket in UBR2-box is formed by Phel03,
Thr109 and Vall22 side chains; with hydrophobic contacts between Leu2 of the N-degron and Val122 of UBR2.
Crystal structure of V122L UBR2-box shows how Leul22 occludes the pocket and prevents binding of Leu2
(modelled). C. Ile2 from the UBRI structure in complex with MMA peptide. His141 is part of the secondary pocket
in UBRI1 along with Val122, Phe103 and Thr109. Surface representation of wild type and V122L UBR1 shows that

Leul22 (modelled) occludes the pocket preventing binding of the second residue in the N-degron.
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Table 2.2. Collection and refinement statistics for crystallographic data

UBR2 UBR2 UBR1 UBR2 V122L UBR2
RLWS APMARTFS MMARTFS HIFS
Data collection
PDB code 5TDA 5TDB 5TDC 5TDD 5UM3
Space group P 212121 P1 21 1 P 212121 P 41 P 212121
Cell dimensions
a, b, c(A) 28.7, 37.16, 29.57, 47.27,49.04, 29.31,29.31, 29.18,29.37,
57.47 37.17,29.75 53.63 74.15 66.05
a, B,y (°) 90, 90,90 90, 109.50, 90, 90, 90 90, 90, 90 90, 90, 90
90
Resolution (A) 17.03-0.79 1546-1.10 26.82 -1.61 20.73-1.55 17.62 -1.198
(0.81-0.79) (1.14-1.10) (1.67 -1.61) (1.60-1.55) (1.241 -
1.198)
Ruerge 0.048 0.062 0.081 0.1 0.098
/ol 38.11 (1.39) 32.69(2.03) 17.75(2.32) 32.12 (4.95) 17.87 (1.61)
Completeness 96.3 99.5 97.4 99.9 98.10
(%)
Redundancy 5.4 (2.6) 4.1 (3.9 4.5(2.9) 6.4 (5.7) 7.0 (3.1)
Refinement
Resolution (A) 0.79 1.1 1.61 1.55 1.19
No. reflections 65534 24584 16359 (1370) 9083 (902) 126332 (4935)
(4982) (2376)
Ryork/Rree 0.12/0.128  0.125/0.134 0.149/0.179 0.106/0.152 0.137/0.158
No. atoms 1422 1157 1252 650 669
Macromolecules 672 554 1165 595 574
Ligands 3 20 16 11 3
Solvent 107 54 71 44 92
Average B- 10.78 20.17 22.17 21.15 17.75
factors
Macromolecules 8.88 18.72 21.76 19.89 16.36
Ligands 5.68 21.39 16.75 35.48 12.27
Solvent 22.87 34.64 30.20 34.49 26.63
R.m.s deviations
Bond lengths 0.008 0.007 0.009 0.01 0.006
(A)
Bond angles (°) 1.06 0.98 1.05 0.96 0.95
Ramachandran
Favoured (%) 99 99 99 99 100
Allowed (%) 1.2 1.4 1.4 1.4 0
Outliers (%) 0 0 0 0 0
Rotamer outliers 0 0 0 0 0
Clashscore 3.79 0.9 0 0 0
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2.4 Discussion

2.4.1 Water as the sculptor of N-degron specificity

The UBR-box domain mediates N-degron recognition through two interacting pockets. A
negatively charged pocket determines specificity towards N-terminal residues while a secondary
pocket mediates interactions with the second position of the N-degron. In the first pocket, water
plays a key role in allowing different type 1 N-degrons to bind. Recognition of the N-terminus is
mediated through hydrogen bond formation and electrostatic interactions (salt bridges) with the
N-terminal amino group. This interaction is fundamental and is conserved in all type 1 N-
degrons. However, the side chains of different type 1 N-degrons are very different in size and
shape. Side chain recognition by the negative pocket involves different hydrogen bond
arrangements promoted by water. In the case of arginine, the strongest N-degron, the
stabilization of the side chain occurs through two direct hydrogen bonds and one water bridge.
For histidine, the weakest binder, the imidazole group forms a water bridge that involves three
organized water molecules. The lack of direct hydrogen bond interactions with the pocket and
the need for a rather “long” water bridge in the imidazole side chain explains the lower affinity
observed for the HIFS peptide. In all known structures (Figures 2.1 B, Figure 2.2 C and Figure
2.5 C), water molecules participate in recognition promoting water bridge formation and thus,
conferring plasticity to the binding. This was demonstrated by the recognition of arginine and its
methylated forms. In all three structures, water is involved in hydrogen bond formation;
however, its position changes depending on the bound conformation and location of donor
groups in the side chain. Histidine also illustrates this plasticity with the conformational changes
that take place in Aspl118 and Glul55 compared to the Arg-bound structures (Figure 2.2 D).
These conformational changes of key residues illustrate the structural mechanisms involved in
optimal binding where water bridges act as flexible adapters, matching the hydrogen-bonding

requirements of the protein.
Water has been shown to support high selectivity for ligands in several protein-peptide

interactions (Ladbury 1996; Levinson & Boxer 2014; Sleigh et al. 1999; Urakubo, Ikura & Ito

2008). One of the most important sources of binding free energy comes from the displacement of
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water molecules that solvate the protein-binding site (Breiten et al. 2013; Jana & Bandyopadhyay
2012; Snyder et al. 2014). Water molecules involved in hydrogen bonding sites are entropically
unfavorable because of the spacial limitations related to forming hydrogen bonds with the
protein and solvent simultaneously (Michel, Tirado-Rives & Jorgensen 2009). Our high-
resolution structures elucidate for the first time the modulatory role of structured waters in
human N-degron binding. From the complex structures, it is suggested that a further
displacement of waters from the negative groove would lead to an increase in the dissociation
constants. Similarly, the displacement of water molecules in the binding site by strategically
modifying the ligand is one of the main approaches to lead optimization in rational drug design.
However, a complete thermodynamic analysis of water molecules and the effects of their

removal upon ligand modification would be necessary during lead optimization.

2.4.2 Hydrophobicity as the second driving force in N-degron modulation

While the N-terminal side chain is positioned and the amino group is recognized in the negative
pocket, the second residue accommodates in a hydrophobic groove called the secondary pocket.
Residues Phe103, Thr109, Thr120, Vall22 and His141 (UBR1 only) are in close proximity to
the bound side chain and backbone of the second position; these interactions are essential to
achieve low micromolar affinity. Disruption of the hydrogen bond with the backbone NH group
in the second residue is sufficient to abrogate binding (RPFS peptide, Figure 2.7 A, C, F).
Similarly, the identity of the side chain in the second position is also a driving force in the
specificity of binding. In our previous work, ITC experiments showed a preference for acidic
residues in the second position (Matta-Camacho et al. 2010; Sriram, SM & Kwon 2010), while
yeast UBR-box favoured hydrophobic residues (Choi et al. 2010). However, our recent
experiments demonstrated that the use of Tris interfered with the affinity measurements
performed in our previous work. Thermal shift assays and ITC revealed the highest affinities for
hydrophobic residues in the second position. Our results define a rule for the second position of
the N-degron that agrees with what was observed in yeast. Our experiments with the V122L
mutant also support the importance of the second position side chain where binding was virtually

lost in the case of the best binding peptide, RLFS.
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2.4.3 JBS and the second position of the N-degron

Given the high sequence identity between UBR1 and UBR2, the Arg/N-end rule pathway is still
present in patients with JBS, although, at a lower level of activity (Zenker et al. 2006). Most of
the pathogenic mutations found to date are frameshifts or nonsense that lead to complete loss of
UBRI. Recently, the point mutation V122L was described in a JBS patient with mild
developmental delay and pancreatic insufficiency (Hwang, CS et al. 2011). Our results
demonstrated the need of a stable interaction with the hydrophobic pocket of the UBR-box to
achieve high affinity. Despite the lack of a known substrate associated to JBS, it is now clear that
the VI22L mutant would considerably decrease substrate targeting and therefore its
ubiquitylation. Moreover, if the JBS substrate has a histidine N-degron, its recognition would be
abrogated affecting its metabolic stability. This negative effect will also depend on the identity of

the second residue, as alanine in the second position binds with moderate affinity.

We also reported the first structure of the human UBR1-box in complex with a peptide. In this
structure, the imidazole group of His141, not conserved in UBR2, locates in the hydrophobic
pocket contributing to the stabilization of Ile2 from the N-degron. In the V122L mutant, the
presence of His141 would considerably restrict the positioning of the second residue from the N-
degron occluding even more the hydrophobic pocket (Figure 2.8 C). It is important to point out
that the metabolic effect of this mutation will also depend on the characteristics of the substrate
such as cellular levels and the type of the mutation seen in the other chromosome. In particular,
the patient bearing the V122L mutation in Hwang et al. had a frameshift mutation that
introduced a stop codon just before the RING domain. RING domains form the scaffold between
the E2 conjugating enzyme and the E3 ubiquitin ligase. Loss of this domain would impair
recruitment of the E2 therefore inhibiting ubiquitin transfer. In this particular patient, in one copy
of the gene substrate recruitment is impaired whereas in the second copy E2 binding is lost.
Additional studies involving the RING domain would contribute to the understanding of the N-
end rule pathway and its relationship with JBS pathogenesis.

Given the physiological importance of the N-end rule pathway and its numerous variations

recently discovered, there is a great interest in developing more potent inhibitors or effectors.

Recent studies have analyzed possible inhibitors for the N-end rule pathway using molecular
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dynamics and in silico docking (Jiang, YXL et al. 2013). A special interest has been observed for
the inhibition of the pathway through binding of small molecules to the N-domain (type 2
recognition unit)(Jiang, Y et al. 2014; Jiang, YXL et al. 2013; Sriram, S et al. 2013) Also, studies
have exploited the cooperative binding of type 1 and type 2 residues to develop heterovalent
inhibitors that target both, the UBR-box and N-domains (Agarwalla & Banerjee 2016).
Cooperative binding showed a higher thermodynamic and kinetic selectivity in protein-ligand
interactions compared to monomeric binding (Lee, JH et al. 2015). These prototype inhibitors
could be further optimized using the thermodynamic properties of the water networks formed
around histidine, arginine and methylated arginine in the pocket. Similarly, incorporation of a
hydrophobic group after arginine that occupies the secondary pocket could potentially impact the
specificity and affinity of the compound.

2.5 Conclusions

Proteosomal degradation relies entirely on effective protein-protein interactions. Deciphering
how substrate binding is optimized for each N-degron will provide a structural framework for the
rational design of inhibitors for the N-end rule pathway. Similarly, a greater understanding of N-
degron recognition will lead to the identification of novel substrates. We presented a complete
and definitive study of the specificity of type 1 N-degron binding and exposed the ability of the
UBR-box to bind non-canonical N-degrons. This multiplicity of binding is the result of the
strategic binding of water molecules within a rigid domain. Water molecules act as binding
adaptors allowing the human UBR-box to bind different N-terminal residues with specificity and
high affinity. Ligand binding assisted by water suggests it should be possible to design novel
high affinity inhibitors that occupy the entire negative pocket. Moreover, hydrophobic
interactions with the secondary pocket potentiate binding of the N-degron and bring the affinity
to physiological levels. Disruption of these interactions inhibits the recruitment substrates

evidenced by the V122L mutant in JBS.
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2.6 Materials and Methods

2.6.1 Cloning, expression and purification

Human UBR1 UBR-box domain (aa 98 — 168) and UBR2 UBR-box domain (aa 98 — 167) were
codon optimized for E. coli and cloned into the pGEX-6p-1 vector. Both proteins were
transformed in BL21 cells and expressed in LB media by induction with 1 mM IPTG at ODgoonm
of 0.8 for 18 hours at 16°C. At the point of induction, 200 uM ZnCl, was added to the culture.
Purification was performed using affinity chromatography with Glutathione S-transferase (GST)
immobilized in agarose beads followed by removal of the GST tag with 3C protease. The final
step of purification consisted of size exclusion chromatography (Superdex 75: GE Healthcare)
using 20 mM HEPES pH 7.6, 10 mM NaCl and 2 mM B-mercaptoethanol (buffer A) for UBR2-
box or 20 mM Tris pH 7.6, 10 mM NaCl and 2 mM B-mercaptoethanol for UBRI1-box. All
peptides were synthesized by Fmoc solid-phase peptide synthesis, purified by reverse phase
chromatography on a C18 column and verified by ion-spray quadruple mass spectroscopy

(BioBasic Canada Inc.). The lyophilized powder was resuspended in buffer A.

2.6.2 Crystallization
For the UBRI' ™“RIFS complex, crystals were obtained by equilibrating 1 pul drop of the

protein mixture UBR1:M™*

RIFS peptide (1:2 molar ratio) mixed with 1 pl of reservoir solution
containing 2.2 M (NH4),SO4, 0.2 K/Na Tartrate in hanging-drop vapour diffusion system
incubated at 20°C. All UBR2:peptide crystals were obtained by equilibrating 0.5 pl of the
protein mixture in 1:3 molar ratio mixed with 0.5 pl of reservoir solution in sitting-drop vapour
diffusion system and incubated at 20°C. UBR2:"PM*RIFS crystals were obtained in 0.1 M Bis-
Tris pH 5.5 and 25% PEG 3350; UBR2:HIFS in 0.1 M MES pH 6.5 and 12% PEG 20000;
UBR2:RLWS in 0.1 M MES pH 6.5 and 20% PEG 10000; V122L UBR2 in 0.1 M HEPES pH

7.5 and 25% PEG 4000.
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2.6.3 Data collection, structure solution and refinement

Crystals were cryoprotected by soaking in mother liquor supplemented with 15% glycerol, flash
cooled in liquid nitrogen, and data collection was performed at 100 K. Data sets were collected
on a ADSC Quantum-210 CCD detector (Area Detector Systems Corp.) at CHESS beamline Al
(L = 0.9769 A and A = 0.6362 A). Crystals of UBR1:"*RIFS belonged to the orthorhombic
system, space group P2,2,2; with 2 molecules per asymmetric unit corresponding to 28% solvent
content. Data were indexed, integrated, scaled and merged using HKL.2000 (Otwinowski, Z. &
Minor, W. 1997). Molecular replacement using the UBR1-box structure was used to determine
the complex structure. The initial model obtained from Phaser (McCoy et al. 2007) was
improved by several cycles of refinement, using the programs REFMAC (Murshudov, Vagin &
Dodson 1997) from the CCP4 suite (Winn et al. 2011) and Phenix.refine (Adams et al. 2010).
Crystals of UBR2:*PMARIFS belonged to the monoclinic system, space group P2, with 1
molecule per asymmetric unit corresponding to 32% solvent content. The model was improved
by several rounds of refinement using the UBR2:RIFS structure (pdb code 3NY3) without
peptide using phenix.refine. Crystals of UBR2:HIFS belonged to the tetragonal system, space
group P4, with 1 molecule per asymmetric unit corresponding to 30% solvent content. Molecular
replacement using the UBR2:RIFS model (pdb code 3NY3) without peptide was used to
determine the complex structure. The initial model obtained from Phaser was improved by
several rounds of refinement using phenix.refine. Crystals of V122L UBR2-box belonged to the
orthorhombic system, space group P2,2,2; with 1 molecule per asymmetric unit corresponding
to 26.7% solvent content. Molecular replacement with UBR2:HIFS model (pdb code 5TDD)
without peptide was used to determine the structure. The initial model obtained from Phaser was
improved by several cycles of refinement using the program Phenix. Crystals of UBR2:RLWS
belonged to the orthorhombic system, space group P2,2,2; with 1 molecule per asymmetric unit
corresponding to 27% solvent content. Molecular replacement using UBR2:RIFS model (pdb
code 3NY3) without peptide was used to determine the complex structure. The initial model
obtained from Phaser was improved by several cycles of refinement, using the program
phenix.refine. Refinement parameters included explicit hydrogen in riding position, individual
B-factors with anisotropic ADPs and refinement of occupancies. The final round of refinement
included optimized X-ray/stereochemistry and X-ray/ADP weights. Extra density corresponding

to the peptide bound in each structure was extended manually using the program Coot (Emsley et
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al. 2010). Structure figures were made with PyMol (Schrodinger 2015). Data collection and
refinement statistics are summarized in Table 2.2. The coordinates and structure factors have
been deposited in the RCSB Protein Data Bank (accession numbers STDA, 5STDB, STDC, 5STDD
and SUM3).

2.6.4 Thermal shift assays

Each reaction contained 20 pl of solution with 50 uM UBR2-box, 5 pl of Protein Thermal
Shift™ buffer, 1x Protein Thermal Shift™ dye (Life Technologies), buffer A and 0.1 mM to 2.5
mM peptide. Peptide concentrations were estimated based on amount of powder weighted and
molecular weight. Samples were heated from 25 °C to 99 °C at a rate of 1 °C per minute and
fluorescence signals were monitored by the StepOne Plus quantitative real-time PCR system
(Life Technologies). Data were analyzed using Thermal Shift software (Life Technologies). All
peptides were also tested alone (no protein controls) and flat lines were observed at all
temperatures during each experiment. The maximum change of fluorescence with respect to

temperature was used to determine the Tm.

2.6.5 Isothermal titration calorimetry

Experiments were carried out on a MicroCal iTC200 in buffer A at 20°C. The sample cell
contained 250 pl of 60 uM UBR2 and was titrated with 19 injections of 2 ul of 0.5 to 4 mM
peptide. The binding isotherm was fitted with a binding model employing a single set of

independent sites to determine the thermodynamic binding constants and stoichiometry.

2.6.6 Quantification and statistical analysis
Thermal shift assays for each peptide were performed in 8 replicates and standard deviation (SD)

was calculated for each ATm measurement and represented by error bars.
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2.6.7 Data resources

HKL2000 was used to process the raw diffraction data. Different software found in Phenix and
CCP4 suites were used to determine, refine and build the structure model. All software were
reported in Method Details and indicated in the Key Resources Table. The accession numbers for
the coordinates and structure factors of all structures in this paper have been deposited in the
PDB under the codes S5TDA (UBR2:RLWS), 5TDB (UBR2:*PMARIFS), 5TDC
(UBR1:ARIFS), 5TDD (UBR2:HIFS) and 5UM3 (UBR2_V122L).
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Studies on the UBR-box domain from N-recognins elucidated the N-end rule binding
mechanisms and exposed unique structural features that offer plasticity of binding. In the next
chapter my aim was to understand why the UBR-box domains in other members of the family do
not bind N-degrons and what alternative functions it could have. Thus, I focused my studies on

obtaining the crystal structure of the UBR-box from the SCF ubiquitin ligase UBR6/FBXO11.
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CHAPTER THREE: CRYSTAL STRUCTURE OF THE UBR-BOX FROM
UBR6/FBXO11 REVEALS A DOMAIN SWAPPING MEDIATED BY ZINC BINDING

Juliana Mufioz-Escobar, Guennadi Kozlov, Kalle Gehring. Under review.

3.1 Summary

The UBR-box is a 70-residue zinc finger domain present in the UBR family of E3 ubiquitin
ligases that directly binds N-terminal degradation signals in substrate proteins. UBR®6, also called
FBXOL11, is an UBR-box containing E3 ubiquitin ligase that does not bind N-terminal signals.
Here, we present the crystal structure of the UBR-box domain from human UBR6. The dimeric
crystal structure reveals a unique form of domain swapping mediated by zinc coordination,
where three independent protein chains come together to regenerate the topology of the
monomeric UBR-box fold. Analysis of the structure reveals novel coordination chemistry for
zinc in a protein and suggests that the absence of N-terminal residue binding arises from the lack

of an amino acid binding pocket.
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3.2 Introduction

E3 ubiquitin ligases catalyze the transfer of ubiquitin to proteins targeted for proteasomal
degradation. These enzymes recognize specific degradation signals, termed degrons, located in
substrate proteins (Hershko & Ciechanover 1998). The N-end rule pathway is a branch of the
ubiquitin proteasome system that relates the in vivo half-life of a protein to the identity of its N-
terminal residue (Bachmair, Finley & Varshavsky 1986). The UBR-box is a ~70 residue zinc
finger domain present in the UBR family of E3 ubiquitin ligases. The mammalian genome
encodes seven UBR-containing proteins named UBR1 to UBR7. In mammals, UBR1, UBR2,
UBR4 and UBRS target proteins for proteasomal degradation in the N-end rule pathway by
binding destabilizing N-degrons through the UBR-box domain (Tasaki et al. 2005; Tasaki et al.
2009). Remarkably, the presence of the UBR-box does not guarantee the ability to recognize N-
degrons. UBR3, UBR6 and UBR7 contain a UBR-box but do not bind destabilizing N-terminal
residues (Tasaki et al. 2009). In our previous work, we identified the molecular determinants for
N-degron recognition in UBR1 and UBR2 by studying the crystal structure of the UBR-box and
its ability to bind N-degron peptides. However, the role of the UBR-box domain in proteins that

are not part of the N-end rule is still not understood.

UBRGS, also called FBXO11, is an F-box subunit of the Skp1-Cullin-F-box (SCF) ubiquitin ligase
complex. As an F-box protein, UBR6 directly binds substrates for ubiquitylation and
proteasomal degradation. It comprises an N-terminal F-box, three presumptive substrate-binding
CASH domains and a C-terminal UBR-box (Duan et al. 2012). Despite the presence of a UBR-
box, UBR6 does not bind N-degrons (Tasaki et al. 2009). To understand the role of the UBR-box
in proteins that are not part of the N-end rule pathway, we determined the crystal structure of the
UBR-box domain from human UBR6. We analyze the distinct dimerization behavior observed
in solution and in the crystal, and propose an explanation for the inability of UBR6 to bind N-

degrons.
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3.3 Results and Discussion

3.3.1 The UBR-box domain of UBRG6 is a dimer in solution

UBRG6 eluted in two peaks during size exclusion chromatography, suggesting the protein forms
both dimers and monomers in solution (Figure 3.1 A). Dimerization was not dependent on time,
protein concentration or addition of reducing agents. We used multi-angle light scattering
coupled with size exclusion chromatography (SEC-MALS) to confirm the molecular mass of the
purified fractions (Figure 3.1 B). Dimerization has been observed in other zinc fingers (Aras et
al. 2009; McCarty et al. 2003) and F-box proteins (Chew et al. 2007; Zhuang et al. 2009) but the
UBR-boxes of UBR1 and UBR2 do not form dimers (Matta-Camacho et al. 2010; Munoz-
Escobar et al. 2017). It is unclear if the UBR6 UBR-box is a dimer in the context of the full-

length protein and if it affects its function.

3.3.2 Domain swapping in the UBR-box domain from UBR6

Crystallization experiments were set up for both monomer and dimer fractions of UBR6.
Crystals grew after approximately six months for both samples. All crystals had the same space
group and crystal form regardless of the input sample. Solving the structure by phasing with
anomalous diffraction of the zinc atoms showed that the crystals had four identical molecules in
the asymmetric unit arranged as two dimers. Each chain consists of three a-helices, two
antiparallel B-strands and two long loops (Figure 3.1 C). Dimerization is driven by zinc atoms: a
central symmetrical tetrahedral zinc coordinated by histidines 848 and 883, and two pairs of zinc

fingers with three zinc atoms each (Figure 3.1 C, E).

To our knowledge, the tetrahedral topology of the central zinc-binding site composed of only
histidine residues is very rare (Banaszak et al. 2012) (Figure 3.1 C). The most common
coordination topology of tetrahedral zinc sites is Cys,-Cys/His-Cys/His (with positional
variations). Around 30% of structural zinc coordination spheres in the PDB have a Cys,4 topology
while only 4% have a His;-Asp sphere (Laitaoja, Valjakka & Janis 2013). The histidines
composing the central zinc-binding site are not conserved in UBR-box domains in other UBR

proteins (Figure 3.2 A).
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Figure 3.1. UBR-box from UBRG6 forms different dimers in solution and in the crystal structure.

A. Size exclusion chromatogram of the UBR-box from UBR6 shows monomer and dimer fractions. B. Molecular
weight profiles from SEC-MALS for monomer (11 kDa) and dimer (18 kDa) fractions. C. Crystal structure of the
UBR-box from UBR6. The dimer structure is stabilized by seven zinc atoms. The central zinc binding-site has an
unusual topology with four histidine residues in a tetrahedral coordination sphere. Secondary structural elements are
al (I11e839-Tyr845), a2 (Val866-Cys872) and a3 (Asp889-Ala892), B1 (Met847-Cys853) and B2 (Val878-Asp884).
D. Size exclusion experiment shows that loss of the central zinc coordination sphere alters but does not prevent
dimerization in solution. E. Intermolecular zinc coordination in the UBR-box structure of UBR6. Zinc binding

residues are conserved in the UBR family.
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To test the effect of this zinc-binding site on dimerization, we mutated the histidines to alanine
and probed the mutant proteins by size exclusion chromatography. Dimer and monomer peaks
were observed for both the His848Ala and His883Ala mutants but the His848Ala mutant showed
an increase in the fraction of monomers (Figure 3.1 D). A His848/883Ala mutant was cloned
but the protein did not express. These results suggest that the dimerization observed in solution is
not dependent on the central zinc coordination site. We believe this zinc coordination site may be

an artifact of crystal packing as zinc was present in the crystallization drop at 10 uM.

The remaining zinc binding sites offer some insight into the significance of the structure and
suggest that it arises from a unique form of domain swapping. The second zinc finger has an
unusual topology also observed in UBR1 and UBR2 (Matta-Camacho et al. 2010), consisting of
two zinc ions each tetrahedrally coordinated by the shared cysteine 868 (Figure 3.1 E). All but
one of the zinc-coordinating residues are conserved across the UBR family (Figure 3.2 A). In
UBRI and UBR2, a histidine residue forms a Cys;-His coordination sphere while, in UBRG6, this
residue is replaced by Cys899 to generate a Cys, site. A remaining zinc atom in each zinc finger

is bound to a Cys,-His; site found in UBR1/2 structures (Figure 3.1 E).

Even though most of the zinc-binding residues are conserved in UBR6 compared to UBR1 and
UBR2 (Figure 3.2 A), the structure of UBRG6 is strikingly different. Analysis of the UBR6
structure suggests that it is the result of domain swapping where three independent protein chains
come together to regenerate the topology observed in the monomeric UBR-box fold (Figure 3.2
B, D). The first zinc ion is coordinated by Cys868 and Cys872 from chain one (green), and
Cys890 and Cys899 from chain two (cyan). The second zinc atom is coordinated by Cys865 and
Cys868 from chain one (green), Cys888 from chain two (cyan), and Cys835 from an adjacent
chain in the asymmetric unit (yellow) (Figure 3.1 E, Figure 3.2 B). This zinc finger is observed
twice in the structure as two protein chains coordinate each zinc-binding site in opposite sides of
the dimer (Figure 3.1 C). The third zinc finger has a typical Cys,-His; topology as observed in
UBR1 and UBR?2 (Figure 3.1 E). This zinc-binding site is the only one formed by one protein
chain. In UBR1 and UBR2, these zinc fingers form a rigid scaffold that frames the N-degron

binding site. Given the conservation of the zinc coordination spheres, we believe the combined
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structure observed in the right panel of Figure 3.2 B is probably a close representation of the

physiological structure of the UBR-box from UBR®6.
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Figure 3.2. Dimer crystal structure emulates the monomeric UBR-box fold.

A. Sequence alignment of the UBR-box domains from human UBR1, UBR2 and UBR6 highlights the conservation
of zinc-coordinating residues. The C-terminal histidine residue in UBR1 and UBR2 is not conserved in UBRS6.
Instead, Cys872 completes a tetrahedral coordination site. The histidine residues coordinating the central zinc ion in
UBRG6 are not conserved in the UBR family (green). B. Three protein chains in the asymmetric unit complete the

zinc coordination topology that resembles the UBR-box fold. C. Crystal structure of the UBR-box from UBR2
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(PDB: 3NY3). D. Superimposed structures of UBR2 and the zinc finger dimer of UBR6. E. Electrostatics potential
surface representation of UBR2 (PDB: 3NY3) shows N-degron binding pockets. F. Monomer model of UBR6. Zinc
finger of the dimer (panel B, right). Absence of pockets could explain the lack of N-degron binding in UBR6. G.
Homology model shows lack of interacting pockets. Structure model was generated based on human and yeast

UBR-box structures using SWISS-MODEL.

One question that remains is why the UBR-box in UBR6 does not bind N-degrons. We were
unable to detect binding of peptides with N-terminal arginine residues to the UBR-box of UBR6
by nuclear magnetic resonance. In UBR1 and UBR2, N-degron recognition occurs through a
negatively charged pocket that recognizes the positive N-terminal residue, and a secondary
hydrophobic pocket, which binds the second residue of the substrate (Figure 3.2 E). An
electrostatic potential surface representation of the UBR6 fragment containing the conserved
zinc fingers lacks any grooves in the area where N-degron binding is expected (Figure 3.2 F). A
homology model generated by the SWISS-MODEL server based on the available UBR-box
structures (human and yeast) (Figure 3.2 G) also shows the absence of grooves that would

support N-degron binding.

A physiological structure of the UBR-box domain will elucidate the role of the UBR-box that do
not bind N-degrons and will clarify the inability of the domain to interact with N-degrons.
Amongst the possibilities for UBR-box function are those of zinc fingers proteins. Tertiary
structured zinc fingers confer specific binding activities to various molecules beyond proteins,
such as DNA, RNA and small molecules. It remains to be discovered if the UBR-box is a

protein-protein interaction domain or if it serves other macromolecules.
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Table 3.1. Collection and refinement statistics for crystallographic data.

UBRG6 (833-904)

Data collection

Wavelength 1.2822
Resolution range 41.72 -2.202 (2.281 -2.202)
Space group P 212121

Unit cell 67.57 69.2 82.59 90 90 90
Unique reflections 20183 (1952)
Redundancy 4.3 (4.1)
Completeness (%) 99.81 (99)

Mean I/sigma(I) 14.67 (2.88)
Wilson B-factor 36.59

R-meas 0.094 (0.608)
CC172 0.851
Refinement

Reflections used in refinement
Reflections used for R-free
R-work

R-free

Number of non-hydrogen atoms

macromolecules

ligands
Protein residues
RMS(bonds)
RMS(angles)
Ramachandran favored (%)
Ramachandran allowed (%)
Ramachandran outliers (%)
Rotamer outliers (%)
Clashscore
Average B-factor

macromolecules

ligands

solvent
Number of TLS groups

20172 (1949)
1010 (98)
0.1948 (0.2940)
0.2474 (0.3414)
2377

2210
50
117
0.005
0.69
98.87
1.13
0
0.41
5.54
50.03
49.69
67.83
48.78
13
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3.4 Materials and Methods

3.4.1 Protein expression and purification

Human UBR6 (833-904) and H848A, H883A and H848/883 A mutants were cloned into pGEX-
6p-1 vector and expressed in BL21(DE3) E. coli cells. Cultures were grown at 37 °C until O.D.
at 600 nm reached ~0.7. At this point, 100 uM ZnCl, was added and protein was induced with
0.5 mM IPTG. Cultures were grown for 20 h at 16 °C. Lysis of pellets was done in 50 mM
HEPES pH 7.5, 200 mM NacCl, 0.1 mM PMSF, 10 uM ZnCl,, 5% glycerol and 5 mM B-
mercaptoethanol buffer. GST-tagged protein was purified using glutathione S-transferase (GST.)
sepharose beads and eluted with 20 mM reduced glutathione. GST tag was cleaved using
PreScission Protease” from GE life sciences. Proteins were further purified by size exclusion
chromatography using a HiLoad Superdex 75 16/600 column and 20 mM HEPES pH 7.5, 100
mM NaCl, 2 mM B-mercaptoethanol and 10 uM ZnCl, buffer. Gel filtration experiments for
UBRG6 mutants were performed in a Superdex 75 10/300 GL column.

3.4.2 SEC-MALS
Multi-angle light scattering coupled with size exclusion chromatography experiments were done
in with the Wyatt miniDawn TREOS and Optilab rex units using a Superose™ 6 10/300 GL

column. Data analysis was performed with the ASTRA software.

3.4.3 Crystallization, data collection and structure determination

Crystals of 10 mg/ml UBR6 (monomer and dimer fractions) were grown at 22 °C by sitting drop
vapor diffusion against 0.2 M NaNOs, 0.1 M Bis-Tris propane pH 6.5 and 25% PEG 3350.
Crystals were cryoprotected with 20% ethylene glycol and flash cooled with liquid nitrogen. X-
ray diffraction data sets were collected at A 1.28 at the Canadian Light Source facility beam line
08B1-1 using a RAYONIX MX300HE detector. Data was processed using HKL2000
(Otwinowski, Z. & Minor, W. 1997). Protein structure was determined using AutoSol program
from PHENIX (Adams et al. 2010). Model was finalized manually using COOT (Emsley et al.
2010). Structure refinement was done with CCP4 (Winn et al. 2011) and PHENIX (Adams et al.
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2010) suites. Translation/libration/screw (TLS) vibration motion was applied at the last stage of
refinement (Painter & Merritt 2006). Refinement statistics are given in Table 1. Figures were
produced using PyMol (Schrodinger 2015). The UBR6 homology model was generated by
SWISS-MODEL server (Biasini et al. 2014). The coordinates and structure factors of the UBR-
box domain from UBR6 have been deposited in the Protein Data Bank (PDB) with accession
code SVMD.
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To understand other substrate recruitment mechanisms in the UBR family I focused on structural
studies of UBRS5, an N-recognin with N-end rule-independent roles. This E3 ligase did not have
identified substrate-binding domains other than the UBR-box domain. However, there are not
confirmed N-end rule substrates for UBRS. In this work, I identified MLLE as a substrate-
binding domain, which in addition regulates multiple protein-protein interactions within UBRS
and with E3-independent binding partners. This work exposed a modulatory mechanism for
ubiquitylation of translation effectors based on an intramolecular interaction involving the HECT

and MLLE domains.

108



CHAPTER FOUR: THE MLLE DOMAIN OF THE UBIQUITIN LIGASE UBRS BINDS
TO ITS CATALYTIC DOMAIN TO REGULATE SUBSTRATE BINDING

Juliana Mufioz-Escobar, Edna Matta-Camacho*, Guennadi Kozlov and Kalle Gehring. J Biol
Chem. 11;290(37): 22841-50 (2015)

*Equal contributions

4.1 Summary

E3 ubiquitin ligases catalyze the transfer of ubiquitin from an E2 conjugating enzyme to a
substrate. UBRS5, a HECT-type E3 ligase, mediates the ubiquitination of proteins involved in
translation regulation, DNA damage response and gluconeogenesis. In addition, UBRS5 functions
in a ligase-independent manner by prompting protein-protein interactions without ubiquitination
of the binding partner. Despite recent functional studies, the mechanisms involved in substrate
recognition and selective ubiquitination of its binding partners remain elusive. The C-terminus of
UBRS harbors the HECT catalytic domain and an adjacent MLLE domain. MLLE domains
mediate protein-protein interactions through the binding of a conserved peptide motif, termed
PAM?2. Here, we characterize the binding properties of UBRS MLLE domain to PAM2 peptides
from Paipl and GW182. The crystal structure with a Paipl PAM2 peptide reveals the network of
hydrophobic and ionic interactions that drive binding. In addition, we identify a novel interaction
of the MLLE domain with the adjacent HECT domain mediated by a PAM2-like sequence. Our
results confirm the role of the MLLE domain of UBRS in substrate recruitment and suggest a

potential role in regulating UBRS ligase activity.
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4.2 Introduction

Ubiquitination is one of the most abundant post-translational modifications in eukaryotic cells.
Catalyzed by the ubiquitin proteasome system, ubiquitination has two major roles: regulation of
protein degradation, essential for normal cellular function and for the removal of harmful,
damaged or misfolded proteins, and control of protein activity by regulating protein—protein
interactions and subcellular localization (Pickart 2001; Varshavsky 2012). The ubiquitin
proteasome system targets proteins through the addition of one or more ubiquitin molecules to
specific lysine residues or to the N-terminus. This process is carried out by a complex cascade of
reactions catalyzed by activating (E1), conjugating (E2), and ligating enzymes (Ciechanover, A.
& Ben-Saadon 2004; Pickart 2001). The E3 ubiquitin ligases mediate the specificity towards
substrates and catalyze the final attachment of the 76-residue ubiquitin moiety to the target
protein. E3 enzymes fall into two categories based on their catalytic mechanism: RING (Really
Interesting New Gene) and U-box ligases promote ubiquitin transfer indirectly while RBR
(RING between RING) and HECT (homologous to E6-AP carboxyl terminus) type ubiquitin
ligases directly catalyze the transfer of ubiquitin to the substrate. In this latter category, the
ubiquitin is transferred from the E2 conjugating enzyme to the substrate in a two-step reaction. In
the first step, a catalytic cysteine in the E3 enzyme forms a thioester bond with the ubiquitin
from the E2-Ub intermediate. In the final step, ubiquitin is transferred from the thioester bond

with the E3 to a lysine residue in the substrate (Scheffner & Kumar 2014).

Ubiquitin protein ligase E3 component N-recognin 5 (UBRS) also known as EDD (E3 isolated
by differential display) is a mammalian ortholog of the HYD (hyperplastic discs) protein of
Drosophila melanogaster (Callaghan et al. 1998; Mansfield, E. et al. 1994). UBRS belongs to the
HECT-type group of E3 ubiquitin ligases. Human UBRS5 mediates ubiquitination of several
proteins, including B-catenin, TopBP1, TERT, RORyt, Paip2, CDK9, ATMIN, among others,
highlighting its role as an important effector in cell cycle progression and DNA damage response
(Cojocaru et al. 2011; Hay-Koren et al. 2011; Honda et al. 2002; Jung et al. 2013; Otwinowski,
Zbyszek & Minor, Wladek 1997; Rutz et al. 2015; Wang, X et al. 2013; Yoshida et al. 2006;
Zhang, T et al. 2014). UBRS has also been suggested to be a tumor suppressor. Overexpressed or
mutated UBRS has been found in solid tumors including ovarian, breast, hepatocellular, tongue,

gastric and melanoma (Bradley et al. 2014; Fuja et al. 2004; Meissner et al. 2013; Ohshima et al.
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2007). In addition, UBRS exhibits E3-independent activity as a transcriptional cofactor for the
progesterone receptor and serves as a binding partner for a diverse subset of proteins such as
GW182, p53, CHK2, TFIIS and DUBA (Cojocaru et al. 2011; Hay-Koren et al. 2011; Henderson
et al. 2006; Ling, S & Lin 2011; Rutz et al. 2015; Smits 2012; Su et al. 2011). Despite
accumulating knowledge about UBRS5 function, the biochemical roles and exact mechanisms of

recognition and ubiquitination by UBRS are yet to be determined.

UBRS is a large 309 kDa protein and consists of a N-terminal UBA domain followed by two
nuclear localization signals, a zinc finger-like UBR-box, a MLLE domain homologous to the C-
terminal domain of poly(A)-binding protein (PABP), and a HECT domain at its C-terminus
(Figure 4.1 A) (Kozlov et al. 2007; Kozlov et al. 2001; Matta-Camacho et al. 2012).
Remarkably, only two proteins in eukaryotic cells contain a MLLE domain, PABP and UBRS. In
PABP, MLLE is a protein-protein interaction domain that recognizes effectors of translation
initiation that display a conserved peptide motif, PAM2 (PABP-interacting motif 2) (Kozlov et
al. 2001). The term MLLE comes from a signature motif MLLEKITG in the domain and the
abbreviation of Mademoiselle in French. Solution and crystal structures of MLLE domains from
human UBRS5 and various PABPs have shown that the domains consist of a bundle of 4 or 5 a-
helices (Deo, Sonenberg & Burley 2001; Kozlov et al. 2001). The PAM2 motif was initially
identified in three proteins associated with mRNA translation and protein synthesis: Paipl
(PABP-interacting protein 1), Paip2, and eukaryotic Release Factor 3 (Xie, J, Kozlov & Gehring
2014). A bioinformatic survey highlighted the existence of many other PAM2-containing
proteins, which include ataxin-2, Tob1/2, USP10, dNF-X1, TPRD/TTC3 and dMAP 205kDa
(Albrecht & Lengauer 2004). The NMR solution and crystal structures of the MLLE domain
from human PABP in complex with PAM2 peptides revealed that peptides bind to the most
conserved helices 02, a3 and a5 of MLLE (Kozlov et al. 2004; Kozlov, Menade, et al. 2010; Lim
et al. 2006). Recently, GW182 was shown to bind to the PABP MLLE surface largely
overlapping with the PAM2-binding site (Jinek et al. 2010; Kozlov, Safaee, et al. 2010).

Accumulating evidence supports the model in which competition between UBRS and PABP for

shared binding partners is linked to translation and gene expression regulation. This has been

demonstrated for UBRS5-mediated proteasomal degradation of Paip2 upon PABP depletion
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(Yoshida et al. 2006) and for the recruitment of GW182 and Tob1/2 by UBRS to Argonaute-
miRNA complexes during gene silencing (Su et al. 2011)

The MLLE domain of UBRS was first shown to bind to a fragment of Paipl by GST-pull down
assays (Deo, Sonenberg & Burley 2001). The peptide binding properties of the UBRS MLLE
domain were later characterized by our lab using NMR chemical shift mapping and isothermal
titration calorimetry (Lim et al. 2006). Despite previous studies, there is no atomic structure for
UBRS MLLE bound to a PAM2 peptide. Moreover, the binding of GW182 to UBRS in miRNA

silencing has not been characterized.

A number of substrates for ubiquitination by UBRS5 have been described in the last few years. In
numerous cases, the C-terminal fragment of UBRS that includes the MLLE and HECT domains
mediates binding. These observations suggest a role of the MLLE domain in the substrate
selectivity of UBRS. For instance, Paip2 is targeted for proteasomal degradation by UBRS.
However, it is unclear if this interaction is mediated directly by the MLLE domain. A better
understanding of PAM2 recognition by UBRS5 should help in the identification of novel
physiological partners and provide insight into its ability to regulate ubiquitin and E3-

independent activity.

In the present study, we determined the crystal structure of the MLLE domain of UBRS in
complex with the PAM2 peptide from Paipl. The structure explains the overlapping binding
specificity of the MLLE domains from UBR5 and PABP. We reveal a novel intra-molecular
interaction involving the MLLE domain and the HECT domain of UBRS. This interaction is
mapped to the N-terminal lobe in the HECT domain and is mediated by a PAM2-like sequence.
Our results suggest a regulatory role of the MLLE domain in the catalytic activity of UBRS
beyond binding of PAM2-containing substrates.

112



4.3 Results

4.3.1 GW182 interacts with the UBRS MLLE domain

Human GW182, a core component of the miRNA-induced silencing complex, interacts with
PABP via its MLLE domain and this interaction is required for miRNA-mediated deadenylation
(Jinek et al. 2010; Kozlov, Safaee, et al. 2010). In a similar fashion, UBRS was recently
suggested to be a key component of the miRNA-silencing pathway with the MLLE domain being
essential for its silencing function (Su et al. 2011). UBRS5 regulated miRNA-mediated gene
silencing in an E3 ligase-independent manner by targeting the GW182 family of Argonaute-
miRNA complexes. In this study, UBRS recruited the translation effectors GW182 and Tob1/2
without prompting their proteasomal degradation. Previous studies have characterized the
binding properties of several effectors of translation initiation that interact with the PABP MLLE
domain through PAM2 motifs. To understand the ability of UBRS to bind GW182 we performed
a titration of the "N-labeled UBR5 MLLE domain with GW182 (1380-1401). Addition of the
peptide produced large chemical shift changes in a number of amides, indicating specific binding
(Figure 4.1 B). The titration resulted in fast-intermediate exchange that suggests high
micromolar binding affinity. A fit of the chemical shift changes measured a K4 of 175 + 35 uM.
Although significantly weaker than the interaction with the PABP MLLE domain (6 pM), the
chemical shift changes upon GW182 binding are similar to those seen upon binding the PAM?2
peptide from Paipl (Figure 4.1 C). The largest chemical shift changes upon GW182 peptide
binding were leucine, threonine, lysine, glycine and alanine residues in helices a2, a3 and the C-
terminus of helix a5 (Figure 4.1 D). This confirms that GW182 binds UBR5 MLLE domain

through its PAM2 motif as seen in other PAM2-containing proteins.
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Figure 4.1. The GW182 PAM2-like region interacts with UBR5 MLLE.

A. Schematic diagram of the structural domains of UBRS. The catalytic HECT domain is at the C-terminus. UBRS
also contains two nuclear localization signals (NLS) and three protein-protein interaction domains: a ubiquitin-
associated domain at its N-terminus, a zinc finger-like UBR domain near the middle of the protein and a domain
homologous to the C-terminal domain of poly(A)-binding protein called MLLE domain that is adjacent to the HECT
domain. B. "N-'"H NMR correlation spectra of the '"N-labeled UBR5 MLLE domain titrated with increasing
amounts of the GW182 (1380-1401) peptide, color-coded from red to purple. C. Comparison of the chemical shift
changes in the "N-labeled UBR5 MLLE domain upon addition of the GW182 peptide (left) and Paipl peptide
(right). Shifts are calculated as a weighted average in ppm as (AH*+(AN/5)%)"2 D. Mapping of the NMR chemical
shift changes onto a cartoon representation of the unliganded MLLE domain (PDB entry 112T) upon binding of
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GW182 (white, no change; red, maximum change). Helices 02, a3 and a5 of UBR5 MLLE are involved in peptide
binding.

4.3.2 Structure of UBRS MLLE bound to a PAM2 peptide

To further understand the binding specificity of the MLLE domain from UBRS, we attempted to
crystallize the domain in complex with the GW182 peptide. However, no crystals were obtained
during crystallization trials. On the other hand, we were able to obtain diffracting crystals for
MLLE in complex with the Paipl peptide. This peptide showed the highest affinity (K4 of 3.4
uM) among those tested in previous isothermal titration calorimetry studies (Lim et al. 2006).
The asymmetric unit contains two copies of the MLLE-peptide complex, which are very similar
with an RMSD of 0.24 A over 58 Ca atoms. The electron density was missing for 3 and 6
residues at the N- and C-termini of the Paip1 peptide suggesting they are disordered (Table 1).
The structure of the peptide-bound UBRS5 MLLE shows a helical bundle with four a-helices
folding into a right-handed superhelix. When compared to the structure of unliganded domain
from human UBRS (Deo, Sonenberg & Burley 2001), both structures are very similar, displaying
an RMSD of 0.72 A over residues GIn2381-Ala2437. The only significant difference can be seen
in the N-terminal helix, which slightly bends toward the peptide in the complex structure (Figure
4.2 A). As the structure of the MLLE domain from PABP contains an additional a-helix at the N-
terminus (Kozlov et al. 2001), the helices in the domain from UBRS are numbered from o2 to a5
for easier comparison. In the complex, the Paipl peptide adopts an extended conformation
except for a B-turn at residues Ser129-Alal32 that allows it to wrap around the highly conserved

helix o3.

Hydrophobic interactions make major contributions to peptide binding to MLLE domains
(Kozlov, Safaee, et al. 2010). The side chain of Paipl Phel35 interacts with Ca of Gly2384, the
methyl group of Thr2403, and stacks with the side chain of Tyr2388 in a classical “fishbone”
stacking arrangement (Figure 4.2 B). Next to it, the side chain of Prol137 packs against the
aromatic ring of Tyr2388. The side chain of Leul28 inserts into a hydrophobic pocket formed by
the side chains of Met2405, Leu2406, Leu2409, Ala2431, Leu2434 and the aliphatic part of
Glu2430 (Figure 4.2 C). An additional hydrophobic interaction involves Alal32 of Paip1, which
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is invariant in PAM2 sequences. The methyl group of Alal32 packs against Ca of Met2405,
carbonyl of Gly2404 and the Cy of Glu2408 (Figure 4.2 C).
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Figure 4.2. Crystal structure of the UBRS MLLE-Paip1 peptide complex.

A. UBR5 MLLE domain undergoes minor conformational changes upon binding the PAM2 peptide from Paipl.
Ribbon representation of overlaid structures of the liganded (yellow) and unliganded (magenta; PDB entry 112T)
MLLE domain from UBRS. The Paipl peptide residues are shown as sticks in green. B. Close-up of the side chains
of GIn2381 and Glu2385 of MLLE shows intermolecular hydrogen bonds with carbonyl of Pro137 and amide of
Ser138 of Paipl. The aromatic ring of Paipl Phel35 stacks with the side chain of Tyr2388. C. The side chain of
Lys2401 of MLLE forms intermolecular hydrogen bonds with carbonyls of Vall30 and Alal32 of Paipl. The
hydrophobic side chain of Leul28 plays a key role binding the MLLE domain.
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The peptide binding is reinforced by ionic interactions with the UBRS MLLE domain. The
carbonyls of Vall30 and Alal32 form hydrogen bonds with the side chain of Lys2401 (Figure
4.2 C). The amide of Phel35 forms a hydrogen bond with the carbonyl and the side chain of
Ser2400 (Figure 4.2 B), which also makes hydrogen bonds with the carbonyl of Phel35. The
carbonyl of Tyr136 makes a hydrogen bond with the side chain of GIn2381. The side chain of
Glu2385 makes a salt bridge with side chain and amide of Ser138 (Figure 4.2 B). The side chain
of Ser129 makes a salt bridge with the side chain of Glu2408. Carbonyl of this serine makes an
intramolecular hydrogen bond with the amide of Alal32, which stabilizes the bound
conformation of the peptide (Figure 4.2 C).

4.3.3 UBRS binds Paip2

Conservation in the binding properties of the MLLE domains from PABP and UBRS suggests
that the E3 ubiquitin ligase activity of UBRS may play a role in translation. For instance, UBRS
targets the translation inhibitor Paip2 for ubiquitination and proteasomal degradation when
PABP is depleted (Yoshida et al. 2006). To confirm this is due to a direct interaction, we tested
binding of Paip2 to full-length UBRS and the UBRS MLLE-HECT fragment (Figure 4.1 A). We
performed a series of pull-down assays using GST-fused full-length Paip2 as bait for binding to
the full-length UBRS (Figure 4.3 A), and GST-MLLE or GST-MLLE-HECT fragments of
UBRS as bait for Paip2 binding (Figure 4.3 B). In all cases binding of Paip2 to either the full-
length UBRS5 or the MLLE-containing fragments was observed. The presence of a phenylalanine
residue in PAM2 motifs is conserved throughout PAM2-containing proteins and required for
their interactions with MLLE domains (Kozlov et al. 2004). We tested if the Phel18 of Paip2
was required for the interaction with UBRS in our binding assays. The Paip2 F118A mutation
abrogated binding to both full-length UBRS and its MLLE domain confirming that the
interaction was direct and specific to the MLLE domain of UBRS (Figure 4.3 A, B).
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Figure 4.3. Binding of Paip2 to UBRS.
A. Binding of wild-type GST-Paip2 to full-length human UBRS. A mutation of a key phenylalanine residue in Paip2
prevents binding. B. Binding of wild-type Paip2 or its F118A mutant to GST-MLLE or GST-MLLE-HECT

fragments of UBRS.

4.3.4 MLLE interacts with the HECT domain of UBRS
The ability of UBRS to regulate its activity throughout the many pathways it is involved in

remains elusive. In E3 ligases, sequences or domains located in proximity to the HECT domain
often are involved in intra- and/or intermolecular interactions that modulate the catalytic activity
(Gallagher et al. 2006; Mari et al. 2014; Scheffner & Kumar 2014; Wiesner et al. 2007). The
MLLE domain in UBRS is located to the N-terminal side of the catalytic HECT domain with a
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~50-residue separation. Thus, we asked whether the MLLE domain might interact with the
HECT domain. To test this, we performed an NMR titration of '°N-labeled MLLE (Figure 4.4
A) with unlabeled GST-fused HECT domain (residues 2520-2799). Stepwise addition of the
GST-HECT domain resulted in severe line broadening and the loss of most of the peaks in the
NMR spectrum (Figure 4.4 B) suggesting formation of a high molecular weight complex. As
controls, titrations of MLLE with GST, with the UBA domain (residues 180-230) or with the
UBR-box (residues 1177-1244) of UBRS showed no spectral changes, indicating no binding
(data not shown). An additional control with the MLLE domain of PABP showed that HECT
binding was limited to the MLLE domain of UBRS5 (data not shown). Together, these data
demonstrate that the MLLE domain of UBRS specifically binds to its HECT domain.

The HECT domain of E3 ligases consists of a bilobal structure with a C-terminal lobe containing
the catalytic cysteine residue and an N-terminal lobe that binds the E2 enzyme. The lobes are
linked by a flexible region, which presumably facilitates proper positioning of the catalytic
cysteine towards the ubiquitin-E2 thioester bond (Scheffner & Kumar 2014). Our next question
involved the characterization of the MLLE:HECT interaction and, in particular, how the N- and
C-terminal lobes of the HECT domain were involved. We expressed and purified independently
the N-lobe (residues 2520-2662) and C-lobe (residues 2687-2799) of UBRS. Addition of the C-
lobe fragment to '°N-labeled MLLE produced no spectral changes indicating no binding (Figure
4.4 C). Conversely, the addition of the N-lobe fragment to '°N-labeled MLLE produced strong
line broadening similar to that observed with the HECT domain (Figure 4.4 D). Next we tested
if the MLLE:N-lobe interaction required the peptide-binding surface of the MLLE domain by
adding a PAM2 peptide to the complex of MLLE and N-lobe domains. If the MLLE:N-lobe
interaction was dependent on the PAM2-recognizing surface of MLLE then the peptide would
compete with the N-lobe for MLLE and the NMR signals would reappear, which is what we
observed. Addition of a peptide corresponding to residues 106-127 of Paip2 resulted in
reappearance of signals for MLLE at the positions consistent with MLLE binding the PAM2
peptide (Figure 4.4 E). Isothermal titration calorimetry measurements of the MLLE:N-lobe
interaction measured a K4 of 50 + 2.0 uM (Figure 4.4 F). These results show that the MLLE
domain from UBRS interacts with the HECT domain in a PAM2-dependent manner.
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Figure 4.4 The UBRS MLLE domain interacts with the HECT domain.

'H-"N correlation NMR spectra of ’N-MLLE domain show that the isolated domain forms a higher molecular
weight complex in the presence of the HECT domain. A. NMR spectrum of 0.15 mM N-MLLE alone. B. NMR
spectrum upon addition of 0.4 mM HECT domain. The fast transverse relaxation of magnetization due to the PN-
MLLE:HECT interaction leads to loss of most of the MLLE NMR signals. C. NMR spectrum after addition of 0.5
mM C-lobe domain shows no interaction. D. NMR spectrum after addition of 0.5 mM N-lobe shows an interaction.
E. The addition of 1.1 mM Paip2 (106-127) peptide leads to reappearance of the MLLE signals due to displacement
of the N-lobe and the lower molecular weight of the MLLE:Paip2 peptide complex. F. ITC experiment for the
binding of the N-terminal lobe of the HECT domain to the MLLE domain. The upper curve shows the baseline-
corrected thermograph, and the lower graph shows the integrated areas of the heat of binding along with a fit, from
which the stoichiometry (N) is 0.900 + 0.007 sites, the molar association constant (K) is (1.99 + 0.08))(104 M,
enthalpy (AH) is -1003 £ 11 cal/mol and entropy (AS) is 16.3 cal/mol/deg.
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4.3.4 The N-terminal lobe of the HECT domain contains a PAM2-like sequence

The alignment of the PAM2 sequences from the proteins known to bind PABP and/or UBRS to
the HECT domain revealed the presence of a sequence in the N-terminal lobe with features of a
PAM2 motif (Figure 4.5 A). The Phe2505 in the N-lobe of UBRS can be aligned with the
conserved phenylalanine of other PAM2-containing proteins. Conserved asparagine and alanine
residues are also present in the N-lobe. We designed a peptide bearing the HECT PAM2-like
sequence (residues 2499-2517) and performed 2D NMR titrations using '*N-labeled MLLE from
UBRS. Titration of the '"N-labeled MLLE with the HECT peptide produced large amide
chemical shift changes in fast-intermediate exchange (Figure 4.5 B). The largest chemical shift
changes occur in helices 02, a3 and a5 (Figure 4.5 C). The changes upon HECT peptide binding
are similar to those seen upon binding of GW182 and Paip! (Figure 4.1 C). A fit of the chemical
shift changes measured a K4 of 850 + 55 uM. The weak binding affinity of the peptide suggests
that additional intra-molecular contacts between HECT N-lobe and MLLE stabilize the
association between the intact protein domains. As a control, we tested a second peptide with a
mutation in Phe2505. Upon addition of the F2505A peptide, there were almost no changes in the
spectrum, indicating abrogation of the binding between MLLE and the mutant peptide (Figure
4.5 D).
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A. Sequence alignment of known PAM2 motifs and a PAM2-like sequence in the N-terminal lobe of the HECT

domain. B."H-""N correlation NMR spectra '"N-MLLE domain of UBRS5 titrated with increasing concentrations of

the HECT peptide. Red is the spectrum of "’N-MLLE alone and blue is the spectrum with the highest concentration
of peptide. C. Chemical shift changes in the '°N-labeled UBR5 MLLE domain upon addition of HECT peptide. The
largest chemical shift changes were by R2380, A2382, E2385 and Y2388 positioned in helix a2, L2406 in helix a3

and A2437 in helix a5. D. NMR spectra titrated with increasing concentrations of the mutant HECT peptide

(F2505A) show no significant changes.
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Table 4.1. Collection and refinement statistics for crystallographic data.

UBRS MLLE-Paip1 (123-144)

Data collection

Space group P6422
Cell dimensions

a, b, c(A) 95.79, 95.79, 82.94
Resolution (A) 50-2.60 (2.69-2.60)
Ryym 0.054 (0.343)
1/sl 24.2 (6.6)
Completeness (%) 99.9 (100.0)
Redundancy 10.1 (8.9)
Refinement
Resolution (A) 41.5-2.60
No. reflections 6999
Rwork / Rfree 0.227/0.289
No. atoms 1110

MLLE 902

Peptide 200

Water 8
B-factors

MLLE 16.4

Peptide 24.0

Water 48.3
R.m.s deviations

Bond lengths (A) 0.018

Bond angles (°) 2.06
Ramachandran statistics (%)
Most favored regions 93.4
Additional allowed regions 6.6
WHAT IF structure Z-scores’
1* generation packing quality 0.9
2" generation packing quality 1.3
Ramachandran plot appearance 0.5
Chi-1/chi-2 rotamer normality -1.7
Backbone conformation 1.4
WHAT IF RMS Z-scores’
Bond lengths 0.796
Bond angles 0.954
Omega angle restrains 1.007
Side chain planarity 0.709
Improper dihedral distribution 1.075
B-factor distribution 0.509
Inside/outside distribution 1.008
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4.4 Discussion

The specificity of the ubiquitination process relies on the E3 ubiquitin ligases and their ability to
directly interact with substrates. Over 600 different E3s have been identified in the human
genome and 28 belong to the HECT-type E3 family. In all cases, the HECT domain is located at
the carboxyl terminus of the protein and the substrate binding is mediated by various domains
located N-terminal to the HECT domain (Scheffner & Kumar 2014). The activity by HECT E3s
can be regulated at two levels. In the first level, substrate binding is mediated through protein-
protein interactions by domains/motifs located N-terminal to the HECT domain. Some HECT
proteins also interact with regulatory/auxiliary proteins that facilitate or interfere with substrate
binding (Ichimura et al. 2005; Shea et al. 2012; Shearwin-Whyatt et al. 2006). In the second
level, regulation occurs through intra- and/or intermolecular interactions that inhibit Ub-thioester
formation or E2 binding (Gallagher et al. 2006; Mari et al. 2014; Pandya et al. 2010; Wiesner et
al. 2007). Despite accumulating functional knowledge about the regulatory mechanisms that
govern E3 ligases, our structural understanding of the inter- and intra-molecular interactions that
modulate the catalytic activity of HECT-type enzymes has lagged. The HECT-type ligases in the
Nedd4 family are the most studied to date. In SMURF2, the C2 domain interacts with the HECT
domain rendering the full-length protein inactive. The N-terminal lobe of the HECT domain
interacts with the C2 domain and with ubiquitin. Both interacting surfaces overlap, affecting
transthiolation and non-covalent binding of ubiquitin to the N-lobe (Mari et al. 2014). In the case
of Itch, the autoinhibitory mechanism involves an intra-molecular interaction between the WW
domains and the HECT domain. Phosphorylation of the PRR regions of Itch causes a
conformational change that weakens the WW:HECT interaction increasing its catalytic activity
(Gallagher et al. 2006). A similar regulatory mechanism is seen in the non-Nedd4 HECT-type
ligase HUWE1. An N-terminal helical element was shown to affect the catalytic activity of the
HECT domain in HUWEIL. In absence of this N-terminal helix, the isolated HECT domain
gained activity relative to the helix-extended counterpart; the authors hypothesize that this could
be due to an increase in the inner flexibility of the HECT domain that allows the enzyme to

acquire a favourable orientation for ubiquitin transfer or product release (Pandya et al. 2010).

In the case of UBRS, we have identified an intra-molecular interaction between the HECT

domain and the adjacent MLLE domain. This interaction has the potential to regulate the
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catalytic activity of HECT in a manner similar to that seen in other E3 ligases. We measured the
affinity of the interaction between the isolated domains to be 50 uM, which is relatively strong
considering that, in the intact UBRS protein, the two domains are separated by only 50 amino
acids (Figure 4.3 A). Previous phosphoproteomic studies have reported UBRS5 to be heavily
phosphorylated (Bethard et al. 2011). It is possible that specific phosphorylation sites in the
protein lead to conformational changes that regulate ubiquitin activity. The MLLE-HECT
interaction might regulate HECT domain activity by preventing proper E2 binding or positioning
of the C-lobe to receive the ubiquitin. In parallel, the MLLE domain also acts as a substrate-

binding domain so that substrate binding might be correlated with activation of ligase activity.

UBRS plays an essential role in cellular process such as DNA damage response, translation
initiation and cell cycle progression. However, the mechanistic details of how UBRS interacts
with substrates are poorly understood. To date, the only PAM2-containing protein identified as a
substrate for ubiquitination and proteasomal degradation by UBRS is Paip2. Yoshida, et al
proposed a homeostatic mechanism where PABP and UBRS compete for binding to Paip2, an
inhibitor of PABP function. A decrease of PABP levels augments the concentration of Paip2 that
is available to interact with UBRS, leading to Paip2 proteasomal degradation. As Paip2 levels
decrease, the relative amount of PABP increases and the overall activity of PABP is restored in a
positive feedback. In contrast, UBRS plays an essential role in microRNA-mediated gene
silencing independent of its ubiquitin ligase activity (Su et al. 2011). To date, there are two
suggested roles of the MLLE domain in miRNA silencing. First, GW182 proteins recruit UBRS
into Ago-miRNA complexes through its MLLE domain. Second, UBRS MLLE interacts with
PAM?2-containing proteins in a similar fashion to PABP thus sharing binding partners such as
Paip1/2 and Tobl/2. Through protein interactions with these proteins, the extended protein
network includes different deadenylase complexes, all of which play key roles in regulating
translation and mRNA stability. In the present study, we characterized the binding of the UBRS
MLLE domain to the GW182 PAM2 peptide and determined the crystal structure of the MLLE-
Paipl complex. Comparison of the MLLE domains of UBRS and PABP shows that the major
intermolecular interactions that mediate peptide binding are preserved in both proteins. However,
in general, the affinity of the UBRS MLLE domain for PAM2 peptides is lower than that of the
PABP MLLE domain. The complex with the GW182 peptide is no exception. The GW182
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PAM?2 peptide binds to UBRS MLLE with approximately 30-fold lower affinity than to the
PABP MLLE domain (Kozlov, Safaee, et al. 2010). This likely reflects the unique C-terminal
sequence of the GW182 PAM2 motif, which contains a tryptophan residue that inserts between
the helices a2 and a3 of PABP MLLE (Jinek et al. 2010; Lim et al. 2006). The biological
significance of the wide-range of PAM2 affinities measured in vitro is unclear. It would be
interesting to investigate the functional significance of the differences in affinity for GW182 in

the Ago-miRNA complex formation.

The binding of the PAM2 peptides to UBRS shows surprising contrasts in function. PAM2
motifs from GW182 and Paip2 have the ability to bind the MLLE domains from both UBRS and
PABP although with a higher affinity for the latter. However, the proteins interact with UBRS
for different purposes. Paip2’s fate is to be targeted for proteasomal degradation whereas GW 182
promotes gene silencing. In contrast, the interaction of the PAM2 peptide from the HECT
domain of UBRS suggests a role in regulating UBRS activity. Despite the fact that all of these
interactions involve recognition of PAM2-like sequences, each of them seems to have a unique
effect in the response of UBRS. It remains to be discovered if the differences in affinity among
PAM?2 proteins are essential in determining the role of UBRS or if other events are key in

controlling the different activities of UBRS.

In conclusion, we have characterized the PAM2 peptide binding to the MLLE domain of UBRS
by X-ray crystallography and NMR spectroscopy. Future functional and structural studies are
required to address the role of the newly discovered MLLE-HECT interaction in the E3 ligase
activity of UBRS.
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4.5 Materials and Methods

4.5.1 Protein expression, purification and peptide synthesis

Human Paip2 protein and the MLLE, HECT and MLLE-HECT domains of rat UBRS
were cloned into BamHI and Xhol restriction sites of the pGEX-6P-1 vector (Amersham
Pharmacia Biotech, Piscataway, NJ), and the construct transformed into the E. coli
expression host BL21 Gold Magic (DE3) (Stratagene). The proteins were expressed and
purified by affinity chromatography to yield a GST-fused domain or an isolated domain
with a five-residue (Gly-Pro-Leu-Gly-Ser) N-terminal extension. Prior to crystallization,
the MLLE protein was additionally purified using size-exclusion chromatography in gel-
filtration buffer (50 mM Tris, 100 mM NaCl, pH 7.5). The final yield of purified protein
was ~7 mg per liter of Luria broth culture media.

A plasmid coding for the full-length human UBRS was kindly donated by Dr. Darren N.
Saunders (Garvan Institute of Medical Research) and the protein expressed in HEK293

cells as a His-tag fusion protein.

The Paipl (123-144), Paip2 (106-127), and GWI182 (1380-1401) peptides were
synthesized by Fmoc solid-phase peptide synthesis and purified by reverse phase
chromatography on a C18 column (Vydac, Hesperia, CA). The composition and purity of
the peptides were verified by electrospray ionization mass spectroscopy. The HECT
peptide and its F2505A mutant were expressed as GST-fused proteins in E. coli, purified
with affinity chromatography and cleaved with preScission protease leaving a five-
residue (Gly-Pro-Leu-Gly-Ser) N-terminal extension. Peptides were further purified by
reverse phase chromatography. Western blot analyses were done using anti-UBRS and

anti-Paip2 antibodies (Sigma-Aldritch).

4.5.2 Isothermal titration calorimetry measurements
Experiments were carried out on a MicroCal iTC200 titration calorimeter in 50 mM Tris-

HCI buffer (pH 7.6) and 150 mM NaCl at 20 °C. The reaction cell contained 200 pl of
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0.1 mM HECT-N lobe and was titrated with 19 injections of 2 pl of 1.0 mM MLLE
domain. The binding isotherm was fit with a binding model employing a single set of

independent sites to determine the thermodynamic binding constants and stoichiometry.

4.5.3 Crystallization

Crystallization conditions for the UBRS MLLE/Paip1 (123-144) complex were identified
utilizing hanging drop vapor diffusion with the JCSG+ crystallization suite (QIAGEN).
The best crystals were obtained by equilibrating a 1.0 pl drop of MLLE-Paipl (123-144)
mixture in 1:2 ratio (10 mg/ml) in 50 mM Tris-HCI (pH 7.5), 0.1 M NaCl, mixed with 1.0
ul of reservoir solution containing 1.0 M ammonium sulfate, 0.2 M lithium sulfate, 10%
glycerol and 0.1 M Tris-HCI (pH 8.5). Crystals grew in 3-10 days at 20°C. The crystals
contain two MLLE and two peptide molecules in the asymmetric unit corresponding to
Vi =2.89 A’Da’ and a solvent content of 57.4%. Residue numbers used here and in the

PDB deposition are 14 smaller than in UniProt entry Q62671.

4.5.4 Structure solution and refinement

Diffraction data from a single crystal of MLLE-peptide complex were collected on an
ADSC Quantum-210 CCD detector (Area Detector Systems Corp.) at beamline A1 at the
Cornell High-Energy Synchrotron Source (CHESS) (Table 1). Data processing and
scaling were performed with HKL.2000 (Otwinowski, Zbyszek & Minor, Wladek 1997).
The structure of UBRS MLLE/Paipl was determined by molecular replacement with
Phaser (McCoy et al. 2007), using the coordinates of MLLE from human UBRS5 (PDB
entry 112T). The initial model obtained from Phaser was completed and adjusted with the
program Xfit (McRee 1999) and was improved by several cycles of refinement, using the
program REFMAC 5.2 (Murshudov et al. 1999) and model refitting. At the latest stage of
refinement, we also applied the translation-libration-screw (TLS) option (Winn,
Murshudov & Papiz 2003). The final model has good stereochemistry according to the
program PROCHECK (Laskowski et al. 1993). The refinement statistics are given in
Table 4.1 (Vriend 1990). The coordinates and structure factors have been deposited in the
RCSB Protein Data Bank (accession number 3NTW).
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4.5.5 NMR spectroscopy

NMR assignments of the MLLE domain of rat UBRS were described earlier (Lim et al.
2006). All NMR experiments were recorded at 298 K. NMR titrations were carried by
adding unlabeled either protein or peptide into 0.15 mM sample of the '*N-labeled MLLE
domain and monitored by '°N-"H heteronuclear single quantum correlation spectra. NMR
spectra were processed using NMRPipe (Delaglio et al. 1995) and analyzed with XEASY
(Bartels et al. 1995).

4.5.6 Pull-down assays

Assays were performed in 1X PBS buffer with 0.1% Tween 20 (buffer A). 0.2 mg of
GST and GST-fused proteins were incubated in 25 pl of Glutathione Sepharose for 15
min. Supernatant was removed and beads were washed twice with buffer A. 0.05 mg of
bait proteins (Paip2 or UBRS) were incubated on the beads for 1h. Supernatant was
removed and beads were washed twice with buffer A. 1X loading dye was added to each

sample to run SDS-PAGE.
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CHAPTER FIVE: GENERAL DISCUSSION AND PERSPECTIVES

The studies here demonstrate the structural and functional diversity of the UBR family of
ubiquitin ligases. The shared characteristic is the presence of the UBR-box but the
function of the domain differs greatly amongst members of the family. UBR ligases use
distinct functions and frameworks for substrate targeting, which make it impossible to

associate the whole family to a single, common mechanism.

5.1 The UBR-box fold

Alignment of the protein sequences of all human UBR-box domains shows that almost all
the zinc-binding residues are conserved. An exception is the histidine residue (H3) that
forms the Cys;-His topology in UBR1 to UBR3. This residue is not present in the rest of
the UBR proteins (Figure 5.1, cyan) and appears to be replaced by a cysteine residue
adjacent to HI. In the UBRG6 structure, Cys872 (Figure 5.1, cyan) replaces H3 to form a
Cysastopology. As this cysteine residue is conserved in the H3-lacking UBR4 to UBR?7, it
is very likely that this same Cys, topology is conserved in all the other UBR proteins.

UBR1 (97-168) --QLCGRVFK- - - - - SGETTYSCRDCAI - -DPTCVLCMDCF 32
UBR2 (97-168) --HLCGRVFK- - - - - VGEPTYSCRDCAV--DPTCVLCMECF 32
UBR3 (18-189) --ALCGLVWT - - - - - ANFVAYRCRTCGI| - -SPCMSLCAECF 32

UBR7 (44-116)
UBR6/FBXO11 (833-904)
UBRA4 (1656-1729)
UBRS5 (1177-1245)

-EKCSYSQG- - -SVKRQALYACSTCTPEGEEPAGICLACS 36
--GQCLYKISSYTSYPMHDFYRCHTCNT -TDRNAICVNC 1 37
SLCNKLCTFTITQ KEFMNQHWYHCHTCKM- - VDGVGVCTVCA 40
-DTCSFTWTG-AEHINQD I FECRTCGL - -LESLCCCTECA 36

QG G G T gy
[ T

H1 H3
UBR1 (97-168) 33 QDSVHKNHRYKMHTSTGGGFCDCGDTEAWKT -GPFCVNHEP 72
UBR2 (97-168) 33 LGS IHRDHRYRMTTSGGGGFCDCGDTEAWKE -GPYCQKHEL 72
UBR3 (18-189) 33 HQGDHTGHDFNMFRSQAGGACDCGDSNVMRE - SGFCKRHQ | 72
UBRY7 (44-116) 37 Y-ECHGSHKLFELYTKRNFRCDCGNSKFKNLE---CKLLPD 73
UBR6/FBXO11 (833-904) 38 K- KCHQGHDVEF IRHD -RFFCDCGAGTLSNP- - - -CTLAGE 72
UBR4 (1656-1729) 41 K-VCHKDHE | SYAKYG-SFFCDCGAKEDGS - - - - - CLALVK 74
UBR5 (1177-1245) 37 R-VCHKGHDCKLKRTSPTAYCDCWEKCK - - - - - - - CKTLIA 69

Figure 5.1. Sequence alignment of the UBR-box domains in the UBR family of proteins.

Cysteine and histidine residues highlighted in green are conserved throughout the family and coordinate
zinc ions. Histidine residues in cyan coordinate zinc and are only conserved in UBR1 to UBR3. Cysteine

residues in cyan are conserved in UBR4 to UBR7.
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Homology models of the UBR-box from UBR4 and UBRS5 (Figure 5.2) suggest that N-
degron specificity might be significantly different for these UBR family members. In
UBR1 and UBR2, the secondary pocket is essential for high affinity binding and
specificity for hydrophobic residues. In UBRS, the secondary pocket is predicted to be
positively charged and should favour interactions with negatively charged second
residues. Speculatively, one might hypothesize that UBR4 and UBRS5 might be
specialized ligases for secondary N-degrons generated by arginylation of aspartic acid,

glutamic acid, or oxidized cysteine N-terminal residues.

UBR2 UBR4
Hydrophobic —
pocket

Negative
pocket

Figure 5.2. Secondary pocket in the UBR-box domains.

Comparison of the UBR-box domain in UBR2 (crystal structure), UBR4 and UBRS5 (homology models).
The hydrophobic or secondary pockets could be a potential source of specificity towards the second
position in the N-degron. The UBR-box in UBRS could have a positive character compared to the
hydrophobic groove in UBR1 and UBR2.

5.2 UBR-box domains that do not bind N-degrons

Initially associated with only type 1 N-degron recognition, the UBR-box domain appears
as a malleable scaffold for protein-protein interactions with other potential roles. In UBR
family members that do not bind N-degrons, the function of the UBR-box remains
unknown. In the case of UBR6, experiments I performed in the group of Dr. Michele
Pagano point at UBRG6 localization in the nucleus with association to chromatin. There
are a great number of possible roles for the UBR-box in UBR6. Zinc-binding domains

(such as RING domains in E3 ligases) have the ability to dimerize. Some CRLs use
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dimerization as a way to increase processivity or to inhibit catalysis. My experiments in
the Pagano lab using a mammalian cell system failed to demonstrate any full-length
dimerization mediated by the UBR-box domain. SCF E3 ligases function in a multi-
subunit complex that brings together different substrate adaptors for ubiquitylation. In
UBRGS, the putative CASH domain was shown to serve as a targeting-domain for a few of
the substrates (Duan et al. 2012). It is not uncommon for an E3 ligase to display multiple
substrate binding domains or to utilize auxiliary proteins to diversify and increase
specificity. Given its importance for BCL6 misregulation, structural work on UBR6
activation upon interaction with substrates will likely provide a therapeutic framework

for B-cell lymphoma.

An alternative role for the UBR-box is suggested from studies on UBR3. The caspase-
generated fragment of DIAP] that bears N-terminal asparagine binds UBR3 through the
UBR-box. Mutation of this N-terminal residue to methionine abrogates binding (Huang,
Q et al. 2014). This interaction is E3-independent as the RING domain is dispensable.
The UBR3 UBR-box domain also interacts with other proteins such as Svb, Pch15 and
Sans. In the case of Svb targeting, small peptides simultaneously bind to UBR3 to
activate substrate binding (Zanet et al. 2015). This mechanism is similar to that observed
in UBR1 and UBR2 with Cup9 (Xia, Turner, et al. 2008). This interesting interplay
further supports a protein-protein interaction role of the UBR-box beyond the N-end rule.
Structural and biophysical studies would highlight the molecular determinants for a

possible N-terminal and internal degron recognition in this UBR-box domain.

One of the biggest challenges in structural biology research is finding stable protein
fragments that are prone to crystallize or that are suitable for in vitro biophysical
experiments. The UBR family is no exception. Multiple trials to crystallize the UBR-box
domains of all members only led to success for UBR1 and UBR2. Given the abundance
of secondary structure in almost all UBR proteins according to bioinformatics analysis, a
promising approach for future structural work will be to study longer fragments around

the UBR-box domains.
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5.3 Substrate recognition by the UBR-box

In the N-end rule pathway, the two most studied N-recognins are UBR1 and UBR2.
Examination of the binding capabilities of the domain demonstrated that the UBR-box
interacts with more than the canonical N-terminal residue. I showed that the domains
bind methylated N-terminal arginine and lysine residues with high affinity, which opens
the door for identification of additional substrates. Given the prevalence of arginine and
lysine methylation in eukaryotic cells, particularly in histones and transcriptional
regulation, there is a possibility that methylated N-degrons can be targets of the N-end
rule. There are two possible mechanisms for methylated N-degron generation. First, an
N-terminal methyltransferase could catalyze methylation of the N-terminal arginine or
lysine side chain. Second, an internal methylated arginine or lysine could become
exposed upon cleavage by a protease. To date, there are no reports of N-terminal
methyltransferases that modify the side chain instead of the o amino group. Similarly,
cleavage by proteases at methylated arginine and lysine residues is uncommon, although
it does occur. Some bacterial proteases have shown specificity for cleavage at
methylation sites but there are no reports for mammalian enzymes with similar specificity
(Huesgen et al. 2015). The ability of methylated arginine and lysine to bind the UBR-
box also represents an opportunity to explore the structure-activity relationships in the
design of more specific inhibitors. The locations of water molecules in the negative

pocket provide an interesting framework for rational drug design.

5.3.1 Proline has a dual role in the N-end rule.

An interesting role of proline in the N-end rule emerged with the latest publications that
identified it as a destabilizing N-terminal residue. Proline in the second position of a type
1 N-degron abolishes binding to the UBR-box. In contrast, Pro2 in phosphoenolpyruvate
carboxykinase (PEPCKI) induces its degradation by the Pro/N-end rule through Gid4
(Chen, SJ et al. 2017). Moreover, PEPCKI1 is also a substrate of UBRS. However, it is
recognized by an internal degron. To our knowledge, proline is the only residue in the N-

end rule that displays a dual role both promoting and blocking E3 binding.
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5.3.2 UBR-box and N-domain, a cooperative interaction?

Despite the lack of structural information on the N-domain, multiple studies show
interplay with the UBR-box in terms of substrate targeting (Hwang, CS, Shemorry &
Varshavsky 2009; Tasaki et al. 2009; Xia, Turner, et al. 2008). The binding of small
peptides to the UBR-box is thought to induce a conformational change that exposes the
N-domain for type 2 binding. Similarly, this binding also activates internal degron
recognition by the third binding site in UBR1 (Figure 1.7). This hypothesis is supported
by the inhibitory effect of p-chloroamphetamine on type 1 and type 2 recognition (Jiang,
Y et al. 2014). Binding of the compound to the N-domain reduces significantly type 1
binding (UBR-box) but the mechanism is poorly understood.

A structure of the UBR-box domain together with the N-domain would elucidate this
inhibitory/activation mechanism and greatly aid the design of more potent inhibitors that
exploit the proposed conformational change. While the sequence similarity with the Clp
domain identifies a ~80-residue region for the N-domain, the presence of abundant,
predicted secondary structure in the vicinity suggests a bigger structure. Future structural
studies should focus on the ~400-residue fragments of UBR1 and UBR?2 that include the
UBR-box domain.

5.4 Internal degron recognition.

Given the potential ability of the UBR-box in UBR3 to bind proteins through internal
degrons, it remains to be seen if this ability is also present in the UBR-box of other UBR-
family proteins. In the case of UBRS, some targets of ubiquitylation depend on the
presence of the UBR-box for binding without involving N-terminal recognition

(Henderson et al. 2006; Munoz et al. 2007).
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5.5 UBRS as a HECT- and CRL-type ligase.
UBRS is perhaps one of the most versatile proteins in the family. Numerous and distinct
substrate recognition mechanisms have been reported and continue to be explored.

Unfortunately, very little is known about its catalytic mechanism and regulation.

Recent reports of UBRS activity suggest that it associates with DDB1, VprBP and
DYRK2 to form an E3 ligase complex (Hossain et al. 2017; Jung et al. 2013). In the
complex, VprBP acts as the substrate-binding site, while ubiquitylation occurs through
the HECT domain of UBRS. The association of UBRS5 with the DDB1 complex would
possibly expand its repertoire of substrates and diversify its regulation. The precise
mechanism of ubiquitylation by this complex is not understood but it is suggested that

phosphorylation by DYRK?2 is important for recognition.

As mentioned in Chapter One, UBRS is a large protein and the structure of only ~15% is
known. The studies here provide the first mechanistic view of a regulatory mechanism.
The interaction of MLLE with the HECT domain in UBRS is potentially autoinhibitory
as seen in the regulation of other E3 ligases. One of the main questions that remain is
how UBRS is able to regulate its E3-ligase activity in addition to its E3-independent roles
(Cojocaru et al. 2011; Ling, S & Lin 2011; McDonald et al. 2010; Su et al. 2011). Given
the size of the full length protein (300 kDa), multiple domains and regions are potentially
involved in modulating the intricate network of interactions and outcomes that UBRS
seems to control in the cell. A look at its structure and its association with these
complexes using electron microscopy could be a valuable approach to understand UBRS

regulation and catalytic activity.

5.6 Concluding remarks

This thesis work provides a comprehensive study of type 1 N-degron recognition by
UBRI and UBR2, expands the scope of binding partners for the UBR-box and proposes a
modulatory mechanism for ubiquitylation in a HECT-type ligase. These findings will
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hopefully serve as a platform for further investigation on UBR ligases regulation and its

relationship with cellular homeostasis and disease.
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