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ABSTRACT

Every step of chromosomal replication must be executed in an error free manner to protect genome
stability. Ubiquitylation is a fundamental regulatory post-translational protein modification that
controls intracellular signalling events including regulation of DNA replication. p97 segregase works
through binding proteins that are marked by ubiquitin and extracting them from membranes, cellular

surfaces or protein complexes that they are interacting with.

Little is known about how p97 with its cofactors regulates unperturbed DNA replication. Our group
has shown over the last few years that p97 segregase plays a key role in unloading of the replicative
helicase from chromatin at termination of DNA replication. To prime it for unloading during S-phase,
the terminated helicase is first ubiquitylated by Cul2"™ ubiquitin ligase.

Using the well-established cell-free system of Xenopus leavis egg extract, which is ideal for studying
DNA replication at the biochemical level, we have now analysed the mode of p97 recruitment to
chromatin during S-phase. Our data suggest that the p97 core complex is primarily brought to S-phase
chromatin not through direct binding to its substrate: the polyubiquitylated proteins, but by its
cofactor Ubxn7, which in turn binds to active (neddylated) Cul2 ubiquitin ligase. Immunodepletion of
Ubxn7 from the egg extract leads to a delay in unloading of terminated helicase despite an
accumulation of active Cul2"™ ligase. In conclusion, we have identified Ubxn7 as a p97 cofactor playing
a role specifically during S-phase unloading of terminated helicase by interacting with Cul2'™* ubiquitin
ligase and p97. Ubxn7 also interplays with Fafl for recruitment of p97 to polyubiquitylated CMG
helicase in S phase and mitosis. Furthermore, | also identified a number of posttranslational
modifications of p97 in S phase and mitosis, which may regulate p97 interactions with cofactors in
higher-order complex assemblies and allow for chain type specificity of p97 recognition. Finally, | also
identified that RPA could be a potential substrate of p97 in the S phase and mitosis, whilst p97 might

be itself a possible substrate of ATR kinase in mitosis.
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DDB2 DNA damage binding protein 2

DDR — DNA damage response

DDK — Dbf4 dependent kinase

DMF - Dimethylformamide

DNA — Deoxyribonucleic acid

DNA-PK — DNA dependent protein kinase

DNMT1 — DNA (cytosine 5) methyl transferase 1

dNTP - Deoxyribonucleotide

DSB — Double strand break

dsDNA — Double stranded DNA

DUB - Deubiquitylating enzyme

E6AP — Ubiquitin-protein ligase E3A, UBE3A

ELYS — AT-Hook Containing Transcription Factor 1, AHCTF1
ER — Endoplasmic reticulum

ERAD — Endoplasmic reticulum associated protein degradation 2
FACT — Facilitates chromatin transcription complex

Fafl — FAS associated factor 1

Faf2 — Fas Associated Factor Family Member 2

FANC — Fanconi anemia complementation group protein
FEN1 — Flap endonuclease 1

FIna — Flamin A

GINS - Go, Ichi, Nii, andSan

H — Histone

H2b1.1 — Histone H2B type 1-A

HECT — Homologous to the E6AP carboxyl terminus
Hfloo — H1.8 Linker Histone

Hifla — Hypoxia inducible factor 1 alpha

IgG — Immunoglobulin G

IP — Immunoprecipitation

IPTG — Isopropyl-B-D-1-thiogalactopyranoside



ISG15 — Interferon-stimulated gene 15

K - Lysine

LRR1 — Leucine rich repeat protein 1

MAD — Mitochondrion-associated degradation
MCM — Mcm2-7 complex

MPN — Mprl, Padl N-terminal domain

MS — Mass spectrometry

NEDDS8 — Neural precursor cell expressed, developmentally down-regulated protein 8
NEM — N-ethylmaleimide

NF-kB — nuclear factor kappa-light-chain-enhancer of activated B cells
Npl4 — Nuclear protein localization protein 4
NUP — Nuclear pore components

OD - Optical density

ORC - Origin recognition complex

PAGE — Polyacrylamide gel electrophoresis

PBS — Phosphate buffered saline

PCNA — Proliferating cell nuclear antigen

PIP box — PCNA interacting protein box

PIx1 — Polo-like kinase

PMSF — Phenylmethylsulfonyl fluoride

Pre-RC — Pre-replication complex

PUB — PNGase/UBA or UBX containing protein
PUL - PLAP, Ufd3 and Lublp

RanBP2 — RAN binding protein 2

RBR — Ring between ring domain Rbx — Ring box
RFC — Replication factor C

RING — Really interesting new gene

RNA — Ribonucleic acid

RNAi — RNA interference

RPA — Replication protein A

SALL4 — Sal like protein 4



SAKS1 — SAPK substrate protein 1
SCF — Skp1-cullin-F-box complex
SDS — Dodecyl sulfate sodium
SEM — Standard error of the mean
SENP — SUMO specific protease
siRNA — Small interference RNA

SMARCL1 — SWI/SNF related matrix associated actin dependent regulator of chromatin subfamily A
like protein 1

Smarca5 — SWI/SNF Related, Matrix Associated, Actin Dependent Regulator Of Chromatin, Subfamily
A, Member 5

Smc — Structural Maintenance of Chromosomes Protein
SPT16 — FACT complex subunit SPT16

SPRTN — SprT-Like N-Terminal Domain

SSB — Single strand break

ssDNA — Single stranded DNA

SUMO - Small ubiquitin like modifier

TopBP1 — DNA topoisomerase 2 binding protein 1
TPX2 — Microtubule Nucleation Factor

Traip — TRAF interacting protein

Trafd1 — TRAF-type zinc finger domain-containing protein 1
UBA — Ubiquitin Associated domain

UBA3 — Ubiquitin-like protein-activating enzyme 3
UBE2F — Ubiquitin Conjugating Enzyme E2 F
UBE2M — Ubiquitin Conjugating Enzyme E2 M

Ubi — Ubiquitin

Ubi-NOK — Ubiquitin no lysine

UBL — Ubiquitin like modifier

UBX — Ubiquitin regulatory X domain

UBXD1 — UBX domain containing protein 1

UBXD7 — UBX Domain Protein 7

UBXL — UBX like domain

UCH-L3 — Ubiquitin carboxyl-terminal hydrolase isozyme L3
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Ufd1 — Ubiquitin fusion degradation protein 1

UFM1 — Ubiquitin-fold modifier 1

Uhrfl — Ubiquitin like with PHD and RING finger domain containing protein 1
UIM — Ubiquitin interacting motifs

URM1 - Ubiquitin-related modifier-1

USP21 — Ubiquitin Specific Peptidase 21

USP9X — Ubiquitin Specific Peptidase 9 X-Linked

UV — Ultra violet

VBM — VCP binding motif

VCP — Valosin containing protein

VHL — Von Hippel-Lindau tumour suppressor

VIM — VCP interacting motif

XMAP215 — The member pf microtubule-associated proteins (MAPs)
XPC — Xeroderma pigmentosum complementation group C

WRN — Werner helicase

WSTF — Williams-Beuren syndrome transcription factor, BAZ1B

wt — Wild type

WWP2 — WW Domain Containing E3 Ubiquitin Protein Ligase 2
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1 INTRODUCTION

1.1. The Ubiquitin Proteasome system (UPS)

Ubiquitylation is a fundamental, regulatory post-translational protein modification that controls
intracellular signalling events. The ubiquitin proteasome system includes ubiquitin, the proteasome
and a variety of enzymes that manage the process of substrate ubiquitylation. Through this system,

ubiquitylated substrates are degraded by the proteasome and free ubiquitin is released and recycled.

1.1.1. The Structure of Ubiquitin

Ubiquitin is a highly abundant protein that consists of 76 amino acids with an approximate molecular
weight of 8.6 kDa. It is conserved from yeast to human. The structure of ubiquitin is compact with a
six-residue C terminal tail (Komander, Clague et al. 2009). Ubiquitin is attached to the substrate
through C-terminal GG at the distal end of the ubiquitin (Figure 1.1) (Komander, Clague et al. 2009).
Ubiquitin core residues are not flexible except for the b1-b2 loop including Leu8 (Komander and Rape
2012). This particular region shows flexibility and has a critical role for recognition by ubiquitin binding
proteins (Komander and Rape 2012) (Callis 2014). Ubiquitin is recognised via its hydrophobic surfaces.
The area containing lle44, Leu8 and Val70 is called the lle44 hydrophobic patch (Komander and Rape
2012) (Callis 2014) and most ubiquitin binding domains and proteasome attach to ubiquitin through
this lle44 patch. However, HECT E3 ubiquitin ligases, deubiquitylating enzymes (DUBs) and some UBD
ubiquitin binding domains bind ubiquitin through another lle36 patch. Moreover, the lle36 patch has
the ability to generate binding of ubiquitin molecules to each other. Besides these patches and the C-
terminus, the N-terminal region and the seven lysine residues are the most important properties of

ubiquitin, which enable ubiquitin chain assembly.
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Figure 1. 1 Ubiquitin structure The structural properties of ubiquitin, showing the C terminus (C term), the
seven lysine residues of the ubiquitin structure. The bubbles are showing the amino groups participating in
ubiquitin chain formation. The 136 (highlighted in green) and 144 (highlighted in blue) hydrophobic patches
centered in the N terminus. Taken from Deol et al, 2019 (Deol, Lorenz et al. 2019).

Process of ubiquitylation

The process of ubiquitylation involves three main steps which are activation, conjugation, and ligation.
These steps are mediated by an enzymatic cascade including E1 ubiquitin-activating enzymes,

E2 ubiquitin-conjugating enzymes and E3 ubiquitin ligases.

The first enzyme, E1, catalyses the activation of ubiquitin in an ATP-dependent manner, which means
that the C-terminal carboxyl group of ubiquitin is adenylated and then the E1 activating enzyme
becomes linked with ubiquitin through a thioester bond. After ubiquitin is activated, the E1 enzyme

transfers it to a cysteine residue in the E2 conjugating enzyme (Callis 2014).

At this stage, either E2 can transfer ubiquitin to its substrate or an E3 ligase catalyses the transfer of
the ubiquitin from the E2 to the substrate protein (Figure 1.2.) (Hershko, Ciechanover et al. 2000, Callis
2014). A bond is created between a lysine of the substrate protein and the C-terminal glycine of the
active ubiquitin (Pickart and Eddins 2004). For this reaction, the E3 associates directly with the E2.
Depending on the type of E3, E2 can either directly transfer the ubiquitin to the substrate or transfer
requires catalysis by the E3. E3 ligases have either a HECT domain, which transiently catalyses ubiquitin
transfer, or a RING domain that facilitates transfer of the ubiquitin from the E2 enzyme to the target

protein (de Bie and Ciechanover 2011) (Berndsen and Wolberger 2014).
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Figure 1. 2 The process of ubiquitylation. Ubiquitin is activated by an E1 enzyme, conjugated by an E2 enzyme
and either transferred by an E3 ligase or E2 enzyme. The ubiquitylated substrate is either degraded by the
proteasome or deubiquitylated by deubiquitylating enzymes (DUBs) . The ubiquitylated substrate has also other
roles role in DNA repair, lysosomal degradation, cell localisation, kinase modification or Endoplasmic reticulum
Associated degradation (ERAD) (Komander and Rape 2012, Skaar, Pagan et al. 2014).

So far, there are two known E1 enzymes, ~40 E2 enzymes and more than 600 E3 ligases encoded by
the human genome (Maculins, Carter et al. 2016). The process of ubiquitylation is reversible through
the action of approximately 100 deubiquitylating enzymes (DUBs), which are ubiquitin specialised
proteases. DUBs have a variety of ubiquitin binding domains, and can therefore recognise many
different ubiquitin chains and substrates (Komander, Clague et al. 2009). With the activities of DUBs,
ubiquitin can be recycled for different cellular processes (Callis 2014). The other important role of
DUBs is to prevent inappropriate degradation of proteins and to inhibit certain protein-protein

interactions (Hussain, Zhang et al. 2009).

1.1.2. Forms of Protein Ubiquitylation

Once a single ubiquitin has been attached to a single lysine residue of a target protein, the protein is
said to be monoubiquitylated (Figure 1.3.a). Monoubiquitylation can occur at several lysines

throughout a protein, in which case it is defined as multi-monoubiquitylation (Figure 1.3.b).



Monoubiquitylation regulates various processes such as endocytosis, meiosis and chromatin
remodelling. It can change protein activity and localization (Passmore and Barford 2004, Dikic,
Wakatsuki et al. 2009, Meyer and Rape 2014). Monoubiquitylation has also a critical importance in
regulating the DNA damage response and the DNA polymerase sliding clamp PCNA (Sigismund, Polo
et al. 2004, Ulrich 2012). Moreover, polymeric ubiquitin chains can form on the substrate proteins. In
this case, the lysine residues on the ubiquitin molecules are themselves ubiquitylated. These
polymeric chains can consist of either 2-10 ubiquitin molecules as a short chain, or more than ten
molecules as a long chain. This can occur on the same residue on each ubiquitin to form a homogenous
ubiquitin chain such as K48, K63 linked ubiquitin chain (Figure 1.3.c) or the first methionine (linear
chain) (Figure 1.3.d). Alternatively, different lysine residues within ubiquitin can be modified during
chain elongation resulting in mixed or branched ubiquitin chains (Figures 1.3.e and 1.3.f) (Komander
and Rape 2012). These are called heterogeneous ubiquitin chains and chains like these are used in NF-

kB signalling and protein trafficking (Komander and Rape 2012).
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Figure 1. 3 The different forms of ubiquitin chain. Ubiquitin modifications can be classified into two main types:
(a) monoubiquitylation and (c, d, e, f) polyubiquitylation. b) Multimonoubiquitylation can take place on more
than one lysine residue on the same protein. Polyubiquitylation can be divided into homogenous ubiquitylation
(each ubiquitin chain contains one type of ubiquitin linkage) (c, d) or heterogeneous ubiquitylation (containing
more than one type of ubiquitin linkage) (e, f) (Komander and Rape 2012).

Cells can detect all different ubiquitin chains through proteins with different types of ubiquitin binding
domains and the forms of ubiquitin chains determine the fate of the modified proteins. Either they
are targeted for degradation by the proteasome or they function to initiate signalling pathways (Figure

1.4.).
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Figure 1. 4 Functions of different types of ubiquitin chains. In brackets | show abundance of the particular type
of chain and the most known function of this type of chain. Blue balls indicate the amino group within the
ubiquitin structure. Taken from Komander et al, 2009

Ubiquitin has seven lysine residues that are lysine6 (K6), lysinell (K11), lysine27 (K27), lysine29 (K29),
lysine33 (K33), lysine48 (K48) and lysine63 (K63). Although ubiquitin chains, formed using all seven

residues, have been identified in a variety of cellular processes (Dittmar and Winklhofer 2019).

Mass spectrometry based proteomics defined ubiquitylation sites and distinguished a various of
ubiquitin chain linkages. Xu et al has analysed all ubiquitin content of yeast with quantative
proteomics study and detected percentages of ubiquitin chains (Xu, Duong et al. 2009). K48 and K11
linkages are the most abundant ubiquitin chain types in the cells, while K29 and K33 linked chains are
rare types in the cells. Polyubiquitin chains consisting of K48 and K11 linkages regulate proteasomal
degradation, while others control protein-protein interactions (Komander 2009). The ubiquitins in the
linear chains attach to each other through N-terminal methionine. It is spatially close to K63-linked

chain, therefore its structure is similar to K63 linkages.

The proteasome, which is a 2.5 MDa protease, has a variety of forms. 26S proteasome is the major
proteasome, which consists of the 19S regulatory region and the 20S core region, which is the acting

protease (Tanaka 2009). The coefficient sedimentation of these two regions combined is 26S, defined



by density-gradient centrifugation analysis, therefore it called 26S proteasome (Tanaka 2009). Protein
homeostasis is a biological process in the cells that controls protein quality by degrading, trafficking
and folding of proteins (Webster, Smith et al. 2017, Hoppe and Cohen 2020). Protein homeostasis is a
crucial process to maintain cell growth and viability. Degradation of proteins such as misfolded,
unfolded or damaged proteins by proteasome using ATP hydrolysis is a critical process that maintains
protein homeostasis in all eukaryotic cells (Evans 2005, Lata, Mishra et al. 2018). Most of the
ubiquitylated proteins are targeted by proteasome, while some proteins are also degraded by
proteasome through ubiquitin independent pathways such as p53, p73 and BIMEL that have

unstructured regions (Asher, Tsvetkov et al. 2005, Wiggins, Tsvetkov et al. 2011)

Proteins polyubiquitylated with K48-linked ubiquitin chains initially bind to a variety of ubiquitin
receptors within the 19S regulatory region of the proteasome, and then they are translocated into an
internal gap within the 20S particle to be hydrolysed. A protein marked with a K48-linked ubiquitin
chain is degraded within minutes in the cell (Finley 2009). DUBs and ubiquitin receptors form a part
of the proteasome. Many reports suggest that proteins which are to be degraded are
generally ubiquitylated with chains containing K48 linkages, but modification by K11-linked chains and
with other chain types (excluding K63) also can lead to proteasomal degradation of the substrate

(Komander, Clague et al. 2009, Matsumoto, Wickliffe et al. 2010, Wickliffe, Williamson et al. 2011).

1.1.3. Ubiquitin Binding Domains

Ubiquitin binding domains are specific domains within proteins that can recognise different forms of
ubiquitin and ubiquitin chains and decipher the ubiquitin signal (Rahighi and Dikic 2012). They non-
covalently bind to the ubiquitin protein (Dikic, Wakatsuki et al. 2009, Rahighi and Dikic 2012). Twenty
different ubiquitin binding domains (UBD) have been identified in ubiquitin binding proteins (Dikic,
Wakatsuki et al. 2009). Ubiquitin and UBD interactions are critical for many cellular processes in the
cell such as protein stability or the DNA damage response. Ubiquitin binding domains differ according
to the ubiquitylated protein to which they bind and the ubiquitin modifications involved (Dikic,
Wakatsuki et al. 2009, Rahighi and Dikic 2012). Although the biggest group of ubiquitin binding
domains such as Ubiquitin Interacting Motifs (UIM) and Ubiquitin Associated domains (UBA) use an a-
helix to bind the hydrophobic lle44 patch of ubiquitin, different ubiquitin binding domains are able to

bind different surfaces of ubiquitin (Hurley, Lee et al. 2006).

The UIM domain has been found to recognise ubiquitylation of the proteins degraded by the

proteasome or proteins related with protein transport (Hofmann and Falquet 2001, Polo, Sigismund
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et al. 2002). UIM has low affinity for monoubiquitylated proteins (Fisher, Wang et al. 2003). Some
ubiquitin binding domains have linkage selectivity, for example UBAs are classified into different
groups: the first group has more affinity for K48-linked ubiquitin chains, while the second group is
more selective to K63-linked ubiquitin chains. This is most probably due to conformational differences

of polyubiquitin chains (Hurley, Lee et al. 2006).

1.1.4. Other Types of Ubiquitin like Proteins

Following identification of ubiquitin, some other ubiquitin-like molecules (UBLs) were discovered that
also have roles in posttranslational modifications and which target substrates in a similar enzymatic
way (Welchman, Gordon et al. 2005, Herrmann, Lerman et al. 2007, van der Veen and Ploegh 2012,
Cappadocia and Lima 2018). UBLs include SUMOs, NEDD8, ATGS8, ATG12, URM1, UFM1, FAT10, and
ISG15 protein families. They play roles in different cellular processes such as nuclear transport,
autophagy, protein trafficking and DNA repair (Welchman, Gordon et al. 2005, van der Veen and
Ploegh 2012, Cappadocia and Lima 2018, Da Costa and Schmidt 2020). The conjugation of UBLs to
their substrates is also reversed by specific proteases alike DUBs or sometimes DUBs themselves
(Reyes-Turcu, Ventii et al. 2009). For example, deubiquitylating enzymes USP21 and UCH-L3
proteolytically target both ubiquitin and Nedd8, or USP18 cleaves off another UBL: ISG15 (Nijman,
Luna-Vargas et al. 2005).

1.1.4.1. NEDDS8 targets Cullin type ubiquitin ligases

NEDDS8 (neural precursor cell-expressed, developmentally downregulated 8) has the most sequence
identity to ubiquitin among the other ubiquitin like proteins, with 58% identity (Figure 1.5.) (van der
Veen and Ploegh 2012). The covalent attachment of NEDDS8 to a lysine residue of a target protein is
called neddylation and it is reversible (Xirodimas 2008). Similarly to ubiquitylation, NEDDS is activated
by a NEDDS8 E1 Activating Enzyme (NAE), which is a heterodimeric complex of App-Bp1 and Uba3,
conjugated by a NEDD8 E2 Enzyme Ubcl2 (alternative name is Ube2M) or Ube2F and ligated by a
substrate specific NEDDS8 E3 ligase Dcnl (Kurz, Chou et al. 2008, van der Veen and Ploegh 2012, Zhou,
Jiang et al. 2019).
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Figure 1. 5 The crystal structure of NEDD8 protein. NEDDS is a ubiquitin like protein. Red represents the C-
terminal tail. Taken from Ronau et al, 2016 (Ronau, Beckmann et al. 2016).

The most well-known substrates for NEDD8 modification are the Cullin family members (Cull, -2, -3, -
4A, -4B, -5, -7 and PARC). Cullins serve as molecular scaffolding subunits of Cullin-Ring Ubiquitin ligases
(CRLs) (Welchman, Gordon et al. 2005, Herrmann, Lerman et al. 2007, van der Veen and Ploegh 2012).
NEDDS8 covalently conjugates with a conserved lysine residue on Cullin and this neddylation leads to
enhanced ubiquitylation activity of Cullin via a conformational change (van der Veen and Ploegh

2012).

The de-neddylation of Cullins (NEDD8 removal) is carried out by CSN5 (zinc-dependent
metalloenzyme), a member of the eight-subunit COP9 signalosome (CSN). Neddylation of Cullins is
also inhibited by CAND1 (Cullin associated and neddylation-disassociated) (Liu, Furukawa et al. 2002,
Zheng, Yang et al. 2002). The regulation of Cullins activity by Nedd8 is described in more detail in
section 1.1.6.3.1.

1.1.5. Different types of ubiquitin ligases

Ubiquitin ligases (also called E3 ubiquitin ligases) regulate many different cellular processes such as
trafficking, cell division and cell signalling via regulating protein ubiquitylation and degradation. At the
final step of ubiquitylation, E3 ubiquitin ligase helps to transfer ubiquitin protein from the E2
conjugating enzyme to the specific substrate (Zheng and Shabek 2017, Horn-Ghetko, Krist et al. 2021).

More than 600 E3 ubiquitin ligases has been found in the human genome (Li, Bengtson et al. 2008,



Zheng and Shabek 2017). Ubiquitin ligases are divided into three classes based on their catalytic
subunits: HECT (homologous to E6AP C terminus), RBR (RING-between-RING) and RING (really

interesting new gene) (George, Hoffiz et al. 2018, Kung, Ramachandran et al. 2019).

1.1.5.1. HECT (homologous to E6AP C terminus) E3 ubiquitin ligases

Unlike RING E3 ligases, ubiquitin is first transferred to the catalytic cysteine on the HECT E3 ligase to
form a thioester bond with ubiquitin and then ubiquitin is transferred to the target protein (George,
Hoffiz et al. 2018, Kung, Ramachandran et al. 2019, Qian, Zhang et al. 2020, Wang, Argiles-Castillo et
al. 2020). There are two lobes in the HECT domain; the C terminal end contains the catalytic cysteine
residue and the N terminal end binds the E2 conjugating enzyme (Qian, Zhang et al. 2020, Wang,
Argiles-Castillo et al. 2020).

While ubiquitin is conjugated and transferred to the substrate through the HECT domain located in
the C terminal end of the E3 ligase, the variable N terminal domain provides substrate binding
recognition (Qian, Zhang et al. 2020, Wang, Argiles-Castillo et al. 2020). The two lobes bind each other
by a flexible hinge that provides ubiquitin transfer activity via rotation of the lobe (Huang, Kinnucan
et al. 1999). Based on the protein-protein interaction domains, 28 human HECT E3 ligases have been
divided into three main classes: (1) the neuronal precursor cell-expressed developmentally
downregulated 4 (NEDD4; nine members); (2) the HECT and RLD domain-containing (HERC; six
members) and (3) ‘other HECTs’ (13 members) (Rotin and Kumar 2009).

1.1.5.2. RBR E3s (RING-between RING)

RBR E3s, which present 14 in humans, have three motifs including RING1 and RING2. The third domain
is the IBR domain (in-between-RING domain) that separates these two RING domains. They catalyse
ubiquitin conjugation in a similar way to HECT E3 ubiquitin ligases. Ubiquitylation of a substrate occurs
in multiple steps: first the RING 1 domain identifies E2-ubiquitin conjugation, then the ubiquitin is
attached to the catalytic cysteine in the RING2 domain and finally the target protein is ubiquitylated.
The ubiquitylation cascade here combines the characteristics of HECT E3 and RING E3 ligases (Walden
and Rittinger 2018, Kung, Ramachandran et al. 2019) .



1.1.5.3. RING (Really Interesting New Gene)-type E3 ligases

RING E3 ubiquitin ligases are the largest subfamily of E3 ligases with 600 family members in human.
They comprise a zinc-binding domain called RING (Really Interesting New Gene) or without zinc
domain called the U-box. They both use the same mechanism to facilitate the transfer of the E2-
conjugated ubiquitin to the target protein, acting as a scaffold (Metzger, Pruneda et al. 2014, Dickson,

Cole et al. 2016, Garcia-Barcena, Osinalde et al. 2020).

RING type domains have a variety of established structures. Whereas some RING domains can function
as monomers, others function as heterodimers or homodimers (Deshaies and Joazeiro 2009, Kung,
Ramachandran et al. 2019). Although some RING domain-containing proteins do not have ubiquitin
ligase activity e.g. in Bardl, heterodimerization with a RING domain-containing protein, like BRCA1,

makes them functional (Kung, Ramachandran et al. 2019).

Some RING E3 ligases have multiple subunits that recognise substrates. They are divided into two
subgroups: CRLs (Cullin type RING ligases) and APC/C (anaphase-promoting complex/cyclosome)
(Deshaies and Joazeiro 2009, Bulatov and Ciulli 2015, Kung, Ramachandran et al. 2019). CRLs are also

categorised by the Cullin type they contain (Bulatov and Ciulli 2015).

1.1.5.3.1. Cullin type ubiquitin ligases

CRLs are the largest family of E3 ligases with more than 200 members (Sarikas, Hartmann et al. 2011).
CRLs consist of a Cullin as a scaffold protein (CUL1, CUL2, CUL3, CUL4A/4B, CUL5 or CUL7), a RING box
protein (RBX1 or RBX2) at the C terminus of the Cullin and an adaptor protein with a substrate receptor
at the N terminus (Figure 1.6.). RING box proteins interact with E2 conjugating enzymes; the adaptor
proteins are specific for each Cullin type and the substrate receptors have substrate specificity
(Metzger, Pruneda et al. 2014, Bulatov and Ciulli 2015, Fouad, Wells et al. 2019, Kung, Ramachandran
et al. 2019). For example, while Cull E3 ligase assembles with the SCF complex (Skp1 as an adaptor
protein and an F-box protein as a substrate recruiting factor) (Metzger, Pruneda et al. 2014), both Cul2
and Cul5 assemble with Elongins B and C as an adaptor. However, though they both use the same
adaptor, Cul2 and Cul5 interact with different substrate due to having different substrate receptors
that recognize specific substrates (Kamura, Maenaka et al. 2004). CRLs are able to ubiquitylate many
different target proteins in humans with more than 200 different Cullin substrate receptors (Kung,

Ramachandran et al. 2019).
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Figure 1. 6. Model of the Cullin RING E3 ligases (CRLs). All Cullin type E3 ligases (Cullin 1, 2, 3, 4 and 5) consist
of adaptor protein, substrate receptor, Cullin scaffold and RING domain protein. CRLs recognise substrate
protein via substrate receptor and ubiquitylate it using the E2 enzyme.

Cullin type ubiquitin ligases are highly regulated by different mechanisms such as neddylation by
Nedd8 E3 ligase (DCN1), deneddylation by CSN and CAND1 inhibitor proteins and phosphorylation
(Bulatov and Ciulli 2015). NEDDS8 protein can attach to all CRL family members except for unusual
Cullin RING E3 ligase subunit APC2 (anaphase-promoting complex-2). It is attached to the lysine
residue near the RBX1/2 domain on the Cullin scaffold protein and enhances ubiquitylation activity of

the Cullin protein. Neddylation and deneddylation cycles of CRLs is important for their function (Wu,
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Lin et al. 2005, Watson, Irwin et al. 2011). One E1-Nedd8 complex can bind multiple Nedd8 E2
conjugating enzymes due to its conformational flexibility. While E2 UBE2F is specific for RBX2 RING
domain, RBX1 is targeted by UBE2M (Huang, Ayrault et al. 2009). For 