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Abstract 

Ubiquitination is a post-translational modification that regulates virtually every cellular process 

within eukaryotes. Ubiquitin can be conjugated to a substrate as a single moiety or in the form of 

polyubiquitin chains. These chains can be assembled through 8 different linkages between two 

ubiquitin molecules, resulting in a wide diversity of polyubiquitin chain architectures. Intriguingly, 

recent studies have revealed that atypical mixed and branched polyubiquitin chains confer specific 

functions in eukaryotic cells, such as enhanced proteasomal degradation. E3 ubiquitin ligases 

mediate the conjugation of ubiquitin to target substrates, with the HECT sub-family of E3 ligases 

coordinating this process via their catalytic HECT domain. The HECTD1 E3 ubiquitin ligase has 

recently been identified to assemble branched atypical K29/K48 polyubiquitin chains. However, the 

mechanisms that regulate its catalytic activity and chain specificity are poorly understood.  

This research focused on elucidating the structural elements of the catalytic HECTD1 HECT domain 

to determine how they regulate the formation of branched K29/K48 polyubiquitin chains. Multiple 

sequence alignments highlighted three unique regions within the HECTD1 HECT domain that were 

absent in other HECT family members. The absence of these regions in the homologous S. cerevisiae 

ancestor UFD4, suggested these regions evolved to facilitate HECTD1’s ability to assemble branched 

K29/K48 polyubiquitin chains. An optimised HECTD1 HECT domain recombinant protein was 

expressed and purified for crystallographic studies, resulting in the formation of crystals that 

diffracted to ~3.5 Å resolution. The HECTD1 HECT domain was additionally revealed to form 

oligomers during its purification. Using a range of biophysical techniques such as SAXS-SEC-

MALLS, monomeric, dimeric and tetrameric HECTD1 HECT domain species were confirmed, with 

subsequent in vitro autoubiquitination assays highlighting the tetrameric conformation as the most 

catalytically active. Furthermore, chemically crosslinked dimeric and tetrameric HECTD1 HECT 

domain species were purified. The conserved α1-helix located at the N-terminus of all HECT E3 

HECT domains, was found to promote higher oligomerisation and aggregation of the HECTD1 

HECT domain. Interestingly, pseudo phosphorylation of this helix relieved this effect, alongside 

mildly reducing HECTD1 catalytic activity, indicative of a phosphorylation dependent regulatory 

mechanism for the oligomerisation and catalytic activity of the HECTD1 HECT domain. 

Overall, this research provides a foundation for future crystallographic and Cryo-EM studies 

investigating the catalytic HECT domain of HECTD1. Furthermore, the discovery of the three unique 

regions found within the HECTD1 HECT domain, alongside the role of the α1-helix in regulating its 

oligomerisation has provided new avenues for future research aimed at investigating the regulation 

and determinants of HECTD1’s polyubiquitin chain specificity.
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1.1 Ubiquitin 

The Human Genome Project (HGP) revealed that the human genome consists of around 20000 – 

25000 protein coding genes (ENCODE, 2012), far fewer than the original prediction of 100000 genes 

that was suggested at the start of the project (National Human Genome Research Institute, 1990). 

The complexity of the human proteome is predicted to be several orders of magnitude greater than 

the human genome (Smith and Kelleher, 2013), highlighting that multiple proteins are encoded by 

individual genes. Alternative Splicing (AS) of Messenger Ribonucleic Acid (mRNA) transcripts 

during gene expression is a key mechanism that facilitates the ability of one gene to encode a range 

of protein isoforms (Roth et al., 2005). However, the greatest contributing factor to the diversification 

observed for the human proteome can be attributed to Post-Translational Modifications (PTMs) of 

expressed proteins (Prabakaran et al., 2012). Expressed proteins can be covalently modified with a 

wide range of PTMs once they have been translated, resulting in a diverse plethora of protein species 

derived from the same gene. PTMs can range from the relatively simple addition of a chemical group 

such as a phosphate group (phosphorylation) (Johnson, 2009), acetyl group (acetylation) (Zhao et 

al., 2010), methyl group (methylation) (Erce et al., 2012) to the far more complex addition of large 

glycans (glycosylation) (Schjoldager et al., 2020) and polypeptide chains (ubiquitination, 

SUMOylation and NEDDylation) (Komander and Rape, 2012).  

The modification of proteins with polypeptides is an ancient mechanism utilised by eukaryotes, 

prokaryotes and archaea to assist in the regulation of proteostasis. In archaea, the most well studied 

polypeptide PTM is SAMPylation; the covalent modification of target proteins with Small Archaeal 

Modifier Protein 1 (SAMP1) or Small Archaeal Modifier Protein 2 (SAMP2). These protein 

modifications were initially discovered in the Haloarchaeon Haloferax volcanii, where they were 

proposed to target proteins for proteasomal degradation in a functionally analogous manner to 

ubiquitin in eukaryotes (Humbard et al., 2010). In prokaryotes, the Molybdenum Cofactor 

Biosynthesis Protein D (MoaD) and Sulphur Carrier Protein ThiS (ThiS) are involved in the sulphur 

transferase pathways of Escherichia coli (E. coli). These proteins are structurally similar to SAMP1 

and SAMP2, but act as small protein sulphur carriers in the biosynthesis of Molybdenum Cofactor 

(MoCo) (Lake et al., 2001) and Thiamine (Xi et al., 2001), respectively. These systems all share a 

conserved C-terminal activation step that is also found in the eukaryotic ubiquitination system, 

suggesting that they share a common ancestral origin. Other polypeptide PTM systems have also 

been discovered in prokaryotes, including Pupylation in Mycobacterium tuberculosis, where the 

Prokaryotic Ubiquitin-like Protein (Pup) acts as a covalent modifier of substrate lysines, targeting 

them for proteasomal degradation (Pearce et al., 2008). 
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Ubiquitin was first discovered by accident in 1975 by Gideon Goldstein during experiments 

attempting to isolate thymopoietin (Goldstein et al., 1975). The 8.6 kilodalton (kDa) protein was 

eventually revealed to be a universally conserved protein modifier throughout eukaryotes, with the 

discovery of its most notable role in the Ubiquitin Proteasome System (UPS), resulting in the award 

of the 2004 Nobel Prize in Chemistry to Aaron Ciechanover, Avram Hershko and Irwin Rose 

(Ciechanover, Heller, et al., 1980; Hershko et al., 1979). There are only three differences in the amino 

acid sequences of the Saccharomyces cerevisiae (S. cerevisiae) and mammalian ubiquitin proteins 

(Human to S. cerevisiae - P19S, E24D and A28S) highlighting the evolutionary pressure to maintain 

the structure and presence of Ubiquitin Binding Domains (UBDs) and lysine residues within the 

protein (Varshavsky, 2001). Studies comparing the crystal structures of S. cerevisiae and human 

ubiquitin confirmed their identical hydrogen bonding pattern and secondary structure arrangement, 

highlighting that the minor deviation in their amino acid sequences likely had no impact on their 

function (Vijay-Kumar et al., 1987). 

The crystal structure of ubiquitin was first determined in 1987 at a resolution of 1.8 Å (Vijay-kumar 

et al., 1987). The structure of ubiquitin revealed a tightly packed globular protein with a hydrophobic 

core. Analysis of the structure revealed the presence of three one-half turn α-helices and a short 

section of 3-10 helix. A five-stranded beta-sheet wraps around the face of the main helix (Figure 1.1a 

below), this structural arrangement is commonly known as the ‘beta-grasp fold’ and is the defining 

feature of ubiquitin and Ubiquitin-Like Proteins (UBLs). Ubiquitin contains three distinct 

hydrophobic patches designated as Phe4, Ile36 and Ile44 (Figure 1.1b below) (Dikic et al., 2009). 

These hydrophobic patches have been identified to have varying roles. The Ile44 patch is the most 

notable, by interacting with a range of UBDs and the proteasome (Sloper-Mould et al., 2001). The 

Ile36 patch is also recognised by many UBDs as well as Deubiquitinating (DUB) enzymes (Hu et 

al., 2002) and Homologous to the E6-Associated Protein (E6AP) Carboxyl Terminus (HECT) ligases 

(Kamadurai et al., 2009). The Phe4 hydrophobic patch in ubiquitin diverges from its closest homolog 

Neural Precursor Cell Expressed Developmentally Down-Regulated 8 (NEDD8) and likely assists in 

the ability of DUBs to distinguish between the two proteins (Ye et al., 2011).  

Another distinguishing feature of ubiquitin is its C-terminal tail containing the Gly76 residue which 

is positioned freely and flexible away from the core of the molecule. This along with the seven 

exposed lysine residues (K6, K11, K27, K29, K33, K48, K63) and N-terminal methionine (M1) 

residue is crucial to the function of ubiquitin as a protein modifier (Pickart, 2001) (Figure 1.1a 

below). The C-terminal tail and the presence of exposed lysine residues are conserved features found 

in other UBLs such as NEDD8 (Whitby et al., 1998) and Small Ubiquitin-Like Modifier 3 (SUMO-

3) (Ding et al., 2005). The level of structural conservation observed between ubiquitin and UBLs is 
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likely a key driving force in the similarities observed in the mechanisms of their post-translational 

modifications. 

 

 
Figure 1.1 The Structure of Ubiquitin 

The crystal structure of ubiquitin at 1.8 Å (PDB:1UBQ) (Vijay-kumar et al., 1987) 

rendered as a ribbon representation to highlight its key features. A) Structure of 

ubiquitin highlighting the seven lysine residues K6, K11, K27, K29, K33, K48, K63 

in yellow and M1 residue in magenta. The C-terminal glycine is also highlighted in 

magenta. The main alpha helix is shown green and the beta grasp fold in cyan. B) 

Surface structure of the same ubiquitin molecule, tilted to highlight the hydrophobic 

regions in red. The areas of the Phe4, Ile36 and Ile44 hydrophobic patches are further 

indicated by dashed black circles. Structures were rendered in PyMOL 2.0 

(Schrödinger, 2015). 
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1.2 The Ubiquitination Cascade 

In 1978, the Hershko research group were studying Adenosine Triphosphate (ATP) dependent 

protein degradation in rabbit reticulocytes. During their research they discovered a novel protein 

which was initially coined as ATP-dependent proteolytic factor 1 (APF-1) that was found conjugated 

to proteins before their degradation (Ciehanover et al., 1978). Two years later, APF-1 was confirmed 

to be the same protein as ubiquitin (Wilkinson et al., 1980). By 1983, a set of three enzymes were 

discovered that were shown to be involved in the enzymatic cascade that resulted in the conjugation 

of ubiquitin to a target substrate (Figure 1.2 below): an E1 activating enzyme (Ciechanover et al., 

1982; Haas et al., 1982), an E2 conjugating enzyme and an E3 ubiquitin ligase (Hershko et al., 1983). 

The E1 activating step of ubiquitination requires Mg2+ and ATP to initially form a ubiquitin adenylate 

which is conjugated to the E1 activating enzyme via a thioester bond (Ciechanover, Elias, et al., 

1980; Ciechanover et al., 1982). The E1-ubiquitin conjugate interacts with an E2 conjugating 

enzyme, resulting in the transfer of activated ubiquitin to the E2 catalytic cysteine, again via the 

formation of a thioester bond in a transthioesterification reaction. Another transthioesterification 

reaction transfers the ubiquitin from the E2 conjugating enzyme to an E3 ligase, which facilitates the 

conjugation of the ubiquitin molecule onto a target substrate via an isopeptide bond (Hershko et al., 

1983). Canonical ubiquitination involves the formation of an isopeptide bond between the C-terminal 

Gly76 carboxyl group of ubiquitin and the ε-amino group of a substrate lysine (Pickart, 2001). 

Ubiquitin can also be transferred to substrates via noncanonical linkages such as thioester bonds with 

cysteine residues, hydroxyester bonds with serine residues and peptide bonds with threonine residues 

(Figure 1.3 below) (McClellan et al., 2019). 

The number of enzymes in each category increases through the ubiquitination cascade giving rise to 

a highly diverse system which acts upon a multitude of different pathways in the cell. In mammals 

this system is composed of two E1 activating enzymes, around 40 E2 conjugating enzymes and 600-

700 E3 ligases (Schulman and Wade Harper, 2009; Ye and Rape, 2009; George et al., 2018; Stewart 

et al., 2016). Analogous systems involving the E1-E2-E3 cascade exist for the NEDD8 and SUMO 

UBLs, however, they utilise their own E1 enzymes, (NEDD8 Activating Enzyme (NAE) and SUMO 

Activating Enzyme (SAE) respectively), E2 enzymes (Ubiquitin Carrier Protein 12 (UBC12), 

Ubiquitin Conjugating Enzyme E2 F (UBE2F) and Ubiquitin Carrier Protein 9 (UBC9), respectively) 

and E3 enzymes to facilitate their conjugation substrates (Zhao et al., 2014; Pichler et al., 2017). The 

diversity in the class of E3 ubiquitin ligases likely stems from their substrate specificities and their 

ability to catalyse the formation of distinct polyubiquitin chains. 
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Figure 1.2 The Ubiquitination Cascade 

The ubiquitination cascade and the UPS. Ubiquitin activating enzymes (E1) 

adenylate ubiquitin using ATP on its C-terminal glycine. Ubiquitin is transferred to 

the cysteine residue of the E1 enzyme. A series of transthioesterification reactions 

results in ubiquitin being transferred to a conjugating (E2) enzyme and then ubiquitin 

ligase (E3). The E3 ligase catalyses the transfer of ubiquitin to the target substrate 

via the formation of an isopeptide bond. Ubiquitinated substrates (S) can be 

deubiquitinated by DUBs or transported to the 26S proteasome for proteolytic 

digestion, resulting in the recycling of ubiquitin molecules. Figure created using 

Biorender.com. 
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Figure 1.3 Nucleophilic Attack of Substrate Residues 

Mechanisms highlighting the method of nucleophilic attack by each of the five amino 

acids that can be conjugated to ubiquitin. A) Isopeptide bond (blue) formation by 

lysine residues. B) Thioester bond (Red) formation by cysteine residues. C-E) 

Hydroxyester bond (magenta) formation by serine, tyrosine and threonine residues. 

Figured created using ChemDraw. 
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1.3 Polyubiquitination and Polyubiquitin Chain Diversity 

The seven exposed lysine residues and N-terminal methionine residue in ubiquitin (M1, K6, K11, 

K27, K29, K33, K48, K63) can be ubiquitinated to form polyubiquitin chains as opposed to mono or 

multi-monoubiquitination (Akutsu et al., 2016). These chains can have considerably different shapes 

and structures depending on the ubiquitin linkages present and all of them have been found in vivo 

using S. cerevisiae (Figure 1.4 below) (Xu et al., 2009; Peng et al., 2003). The most abundant of 

these linkages found in Human Embryonic Kidney 293/293T (HEK293/HEK293T) mammalian cells 

are the canonical K48 (50%) and K63 (16%) chains (Phu et al., 2011; Dammer et al., 2011). K48 

chains are well known for their ability to target substrates for proteasomal degradation (Chau et al., 

1989; Finley et al., 1994). K63 chains have been reported to be involved in a number of different 

pathways such as endolysosomal degradation (Duncan et al., 2006), autophagy (Raiborg and 

Stenmark, 2009), mitophagy (Geisler et al., 2010), Deoxyribonucleic Acid (DNA) repair (Shao et 

al., 2009) and Nuclear Factor Kappa-Light-Chain-Enhancer of Activated B cells (NF-κB) activation 

(Deng et al., 2000) (see Table 1.1 below for cellular functions of all chain types). Typically, 

polyubiquitin chains are usually arranged in an ‘open’ or ‘closed’ conformation in respect to their 

hydrophobic interfaces. Canonical K48 polyubiquitin chains can adopt a closed conformation where 

contacts between the Ile44 patch on each molecule form the initial diubiquitin interfaces (Cook et 

al., 1992) which further interact with each other to form a compact tetrad of K48 linked polyubiquitin 

(Eddins et al., 2007). Alternatively, the K63 canonical chains can adopt an open and flexible 

conformation which is longer and less compact (Weeks et al., 2009). 
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Figure 1.4 Types of Diubiquitin Linkages within Polyubiquitin Chains 

The crystal structures of diubiquitin. Ile44 hydrophobic patches are highlighted in 

red. Ile36 hydrophobic patches are highlighted in orange. Donor ubiquitin molecule 

rendered in dark blue and the acceptor ubiquitin molecule is rendered in cyan. M1 

linked diubiquitin (PDB:5WQ4) (Faxiang Li et al., 2018), K6 linked diubiquitin 

(PDB:2XK5) (Virdee et al., 2010), K11 linked diubiquitin (PDB:2MBQ) (Castañeda 

et al., 2013), K27 linked diubiquitin (PDB:5GOD) (Wang et al., 2016), K29 linked 

diubiquitin (PDB:4S22) (Kristariyanto et al., 2015), K33 linked diubiquitin 

(PDB:4XYZ) (Michel et al., 2015), K48 linked diubiquitin (PDB:3AUL) (Hirano et 

al., 2011) and K63 linked diubiquitin (PDB:3H7P) (Weeks et al., 2009). Structures 

were rendered in PyMOL 2.0 (Schrödinger, 2015). 
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Table 1.1 Ubiquitin Chain Types and their Cellular Functions 

 

Chain Type Cellular Functions References 

M1 

NF-κB signalling1,2 

Wnt signalling3 

Activation of IKK complex4 

(Tokunaga et al., 2009)1 

(Takiuchi et al., 2014)2 

(Rivkin et al., 2013)3 

(Emmerich et al., 2013)4 

K6 
DNA repair1 

Mitophagy2 

(Morris and Solomon, 2004)1 

(Ordureau et al., 2015)2 

K11 

HIF-1α regulation1 

HIF-2α expression2 

Cell cycle regulation3 

Met4 activation4 

Wnt/β-catenin activation5 

(Bremm et al., 2014)1 

(Moniz et al., 2015)2 

(Matsumoto et al., 2010)3 

(Y. Li et al., 2019)4 

(Hay-Koren et al., 2011)5 

K27 

DNA damage response1 

Microbial DNA immune response2 

NF-kB activation3 

(Gatti et al., 2015)1 

(Wang et al., 2014)2 

(Cho et al., 2019)3 

K29 

Wnt/β-catenin repression1 

Repression of Notch signalling2 

JNK and p38 activation3 

Autophagosome maturation4 

Xenophagy activation5 

UFD pathway6 

NF-kB activation7 

(Fei et al., 2013)1 

(Chastagner et al., 2006)2 

(Yu et al., 2016)3 

(Feng et al., 2019)4 

(Heath et al., 2016)5 

(Johnson et al., 1995)6 

(Cho et al., 2019)7 

K33 

Elongation of TGN-derived tubules1 

Downregulation of TCR2 

Downregulation of AMPK3 

Autophagosome maturation4 

Xenophagy activation5 

(Yuan et al., 2014)1 

(Huang et al., 2010)2 

(Al-Hakim et al., 2008)3 

(Feng et al., 2019)4 

(Heath et al., 2016)5 

K48 
Proteasomal degradation1,2 

UFD pathway3 

(Chau et al., 1989) 

(Finley et al., 1994) 

(Johnson et al., 1995) 

K63 

DNA repair1 

NF-κB transcription factor activation2 

Lysosomal degradation3 

Autophagy4 

Mitophagy5 

Activation of IKK complex6 

(Chen and Sun, 2009)1 

(Deng et al., 2000)2 

(Duncan et al., 2006)3 

(Tan et al., 2008)4 

(Geisler et al., 2010)5 

(Emmerich et al., 2013)6 
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Table 1.1 Ubiquitin Chain Types and their Cellular Functions (Continued) 

 

Chain Type Cellular Functions References 

K11/K48 Proteasomal degradation1 

(Meyer and Rape, 2014)1 

(Grice et al., 2015)1 

(Yau et al., 2017)1 

(Boughton et al., 2020)1 

K48/K63 
NF-kB signalling1 

Apoptosis2 

(Ohtake et al., 2016)1 

(Ohtake et al., 2018)2 

K63/M1 Innate immune response1 

(Emmerich et al., 2016)1 

(Wertz et al., 2015)1 

(Emmerich et al., 2013)1 

K29/K48 Proteasomal degradation1 

(Kristariyanto et al., 2015)1 

(Liu et al., 2017)1 

(Xu and Peng, 2008)1 

(Saeki et al., 2004)1 

K11/K63 Endocytosis1 (Boname et al., 2010)1 

 

Polyubiquitin chains can be classified into two main families, homotypic where the ubiquitin chain 

is made up of identical linkages and heterotypic, where a mixture of different ubiquitin linkages are 

present. Heterotypic chains can be further subdivided into three sub-families: branched, mixed and 

hybrid polyubiquitin chains (Figure 1.5 below). Heterotypic mixed chains contain more than one 

type of ubiquitin linkage with each ubiquitin monomer modified at only one acceptor site resulting 

in a single polyubiquitin chain containing multiple linkage types. Alternatively, heterotypic branched 

chains are comprised of at least one ubiquitin moiety that has been modified on at least two acceptor 

sites. This can result in a range of polyubiquitin chains architectures that are composed of multiple 

branches of differing ubiquitin linkages (Perez-Hernandez et al., 2020). Additionally, UBLs can be 

conjugated to polyubiquitin chains to form hybrid chains (Pérez Berrocal et al., 2020) and 

polyubiquitin chains themselves can be further modified with a range of PTMs such as 

phosphorylation (Swaney et al., 2015) and acetylation (Ohtake et al., 2015). 

As with homotypic chains, the roles of mixed and branched heterotypic chains are still being 

elucidated, adding a further layer of complexity to the variety of ubiquitin signalling within cells. 

The Anaphase Promoting Complex/Cyclosome (APC/C) ubiquitinates its substrates with branched 
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K11/K48 chains to enhance their recognition by the proteasome and promote rapid protein 

degradation (Meyer and Rape, 2014). This has been further validated by the discovery of a novel 

interface found on the solved structure of a branched K11/K48 tri-ubiquitin molecule that binds 

Ribophorin 1 (RPN1) on the proteasome to increase substrate affinity (Boughton et al., 2020). 

Multiple E3 ligases can also work sequentially to assemble branched ubiquitin chains. This has been 

observed in the context of NF-κB signalling, where the K63 ubiquitinated Tumour Necrosis Factor 

(TNF) Receptor Associated Factor 6 (TRAF6) is further ubiquitinated by the HECT, Ubiquitin 

Associated Domain (UBA) and WWE Domain Containing E3 Ubiquitin Protein Ligase 1 (HUWE1) 

with K48 chains. The sequential addition of the K48 branches protect the K63 chains from 

deubiquitination by Cylindromatosis Lysine 63 Deubiquitinase (CYLD), resulting in enhanced NF-

κB signalling (Ohtake et al., 2016).  

The roles for hybrid ubiquitin-UBL chains depend on the UBL involved and the type of ubiquitin 

linkages present. The NEDDylation of ubiquitin to form NEDD8-ubiquitin hybrid chains has been 

identified as a protective mechanism during times of proteotoxic stress. The addition of NEDD8 onto 

polyubiquitin chains compromises further ubiquitination and promotes nuclear protein aggregation, 

thereby protecting the UPS from stress-induced dysfunction (Maghames et al., 2018). The presence 

of SUMO-Targeted Ubiquitin Ligases (STUBLs) also highlights the importance of SUMO-ubiquitin 

hybrid chains in the UPS, since they specifically act to ubiquitinate SUMOylated proteins for 

proteasomal degradation (Sriramachandran and Dohmen, 2014). SUMO-hybrid chains have also be 

shown to play a role in the DNA damage response pathway since they are essential for the localisation 

of BRCA1 to double stranded breaks (Guzzo et al., 2012; Nie and Boddy, 2016). 

The study of heterotypic chains is still in its infancy with a limited number of techniques that can 

effectively distinguish between mixed and branched polyubiquitin chains. While the presence of 

particular linkage types can be detected using ubiquitin linkage specific antibodies (Newton et al., 

2008; Matsumoto et al., 2010; Matsumoto et al., 2012), affirmers (Michel et al., 2017) and Tandem 

Ubiquitin Binding Entities (TUBES) (Hjerpe et al., 2009), these methods lack the ability to determine 

overall chain topology. Similarly, Ubiquitin Chain Restriction Analysis (UbiCRest), whereby 

polyubiquitin chains are treated with linkage-specific DUBs following Sodium Dodecyl Sulphate-

Polyacrylamide Gel Electrophoresis (SDS-PAGE) analysis can indicate which linkages are present 

but cannot be relied upon to determine chain topologies (Mevissen et al., 2013). Instead more 

quantitative methods are required such as middle-down mass spectrometry (MD-MS) (Xu and Peng, 

2008), Ubiquitin Clipping (Ub-Clipping) (Swatek et al., 2019) and Ubiquitin chain Protection from 

Trypsinisation (Ub-ProT) (Tsuchiya et al., 2018). MD-MS uses minimal trypsinisation to cleave 

polyubiquitin chains at Arg74 only. This produces intact ubiquitin monomers with remnant diGly-
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modifications at the lysine residues involved within the ubiquitin linkages (Valkevich et al., 2014). 

The presence of more than one diGly-modification on any ubiquitin monomer is indicative of a 

branch point within the chain. A similar result can be achieved with Ub-Clipping, where an 

engineered viral Leader Proteinase (Lbpro) can be used to hydrolyse ubiquitin at Arg74, with the 

benefit of prolonged incubation (Swatek et al., 2019). Ub-ProT utilises Trypsin Resistant TUBES 

(TR-TUBES), which are artificial proteins consisting of UBD repeats responsible for binding and 

protecting specific polyubiquitin chains (Tsuchiya et al., 2018). The replacement of Arg residues 

with Ala within the TR-TUBE prevents the digestion of the captured polyubiquitin chains during 

trypsinisation, facilitating downstream analysis using Ubiquitin Chain Enrichment Middle-Down 

Mass Spectrometry (UbiChEM-MS) (Crowe et al., 2017). All of these techniques can be further 

paired with Absolute Quantification (AQUA) to compare the peptides detected to known quantities 

of isotopically labelled synthetic peptides, providing accurate quantification of the results 

(Kirkpatrick et al., 2005). 
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Figure 1.5 The Types of Ubiquitin Signalling Morphologies 

Ubiquitin signals can have a wide range of morphologies, ranging from single 

ubiquitin moieties conjugated to a substrate (monoubiquitination), to chains of a 

specific linkage (homotypic polyubiquitination) and chains composed of different 

linkages (heterotypic polyubiquitination).  
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1.4 Deubiquitinating Enzymes 

The process of ubiquitination and polyubiquitin chain formation is reversible by a family of proteases 

called DUBs. The ~100 DUBs known to exist in humans are grouped into seven subfamilies: the 

Ubiquitin Specific Proteases (USPs), the Ubiquitin Carboxyl-terminal Hydrolases (UCHs), the 

Ovarian Tumour Proteases (OTUs), the Machado-Josephine Domain-Containing Proteases (MJDs), 

the Motif-Interacting with Ubiquitin-Containing Novel DUB Family (MINDYs), Zinc finger 

containing Ubiquitin Peptidase 1 (ZUP1), and the Jun Activation Domain-Binding Protein 1 (JAB1)/ 

Mpr1, Pad1 N-Terminal (MPN)/ Moloney Leukaemia Virus-34 Proviral Integration (MOV34) 

family (JAMMs) (Clague et al., 2013; Clague et al., 2019). These subfamilies use different catalytic 

domains to hydrolyse the isopeptide bond between ubiquitin molecules and ubiquitin-substrate 

conjugates. Despite the differences between their structures, six of the seven subfamilies employ a 

Cys-His-Asp/Asn catalytic triad mechanism to attack the isopeptide bond using the cysteine 

nucleophile (Komander et al., 2009; Kwasna et al., 2018; Abdul Rehman et al., 2016). The JAMM 

family uses a zinc metalloprotease mechanism whereby zinc ions are coordinated with histidine, 

aspartate and serine residues to activate a water molecule for the nucleophilic attack during the 

hydrolysis of the isopeptide bond (Shrestha et al., 2014). 11 of the ~100 DUBs, including 5 members 

of the JAMM family, lack any catalytic residues for hydrolysis and are hence classified as pseudo-

enzymes (Walden et al., 2018). Similar mechanisms also exist to reverse modifications of other UBLs 

(Amerik and Hochstrasser, 2004). NEDD8 has been shown to be specifically deNEDDylated by 

Constitutive Photomorphogenesis 9 (COP9) (Lyapina et al., 2001) and NEDD8 Specific Protease 1 

(NEDP1) (Mendoza et al., 2003). DeSUMOylation of SUMO modifications has been identified 

specifically in the SUMO/Sentrin-Specific Proteases (SENPs), DeSUMOylating Isopeptidases 

(DESIs), Ubiquitin-Specific Peptidase-Like 1 (USPL1) (Hickey et al., 2012). 

All DUBs contain at least one UBD and this contributes towards their ability to recognise and 

hydrolyse specific ubiquitin linkages (Mevissen and Komander, 2017). For example, OTU 

Deubiquitinase with Linear Linkage Specificity (OTULIN) specifically cleaves M1 linked linear 

polyubiquitin chains due to the presence of M1 specific UBDs, alongside a substrate assisted catalytic 

mechanism within its OTU domain (Keusekotten et al., 2013). The presence of multiple UBDs within 

DUBs can also result in a broad range of linkage specificities, with many able to hydrolyse multiple 

polyubiquitin chain types with similar rates of catalysis (Takahashi et al., 2020). Interestingly, DUBs 

have also been shown to hydrolysis specific linkages relative to their position within a polyubiquitin 

chain. For example, Ubiquitin Specific Protease 21 (USP21) is unable to cleave K6 polyubiquitin 

chains in an endo-specific manner but interacts with the distal ubiquitin moiety to hydrolyse the chain 

in an exo-specific manner (Hospenthal et al., 2013). DUBs can also be recruited to specific locations 
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within the cell, such as proteasomes. Ubiquitin C-Terminal Hydrolase 5 (UCHL5) reversibly 

associates with the regulatory 19S cap of proteasomes and this relieves an auto-inhibitory effect 

within the DUB, allowing substrate access and greatly enhanced catalytic activity (Sahtoe et al., 

2015). The recruitment of DUBs to the UPS highlights the importance of maintaining the cell’s pool 

of available ubiquitin for signalling and proteostasis. 

 

1.5 The Structure and Mechanism of the 26S Proteasome 

Proteostasis is the dynamic process of regulating the entire proteome of an organism. The degradation 

of short-lived, misfolded, or damaged proteins is an essential aspect of proteostasis and is facilitated 

by the UPS. The 26S proteasome is the terminal destination of this system where it acts as a universal 

recycling machine within the cell (Arrigo et al., 1988; Etlinger and Goldberg, 1977; Chau et al., 

1989). Together with molecular chaperones, shuttle factors, ubiquitin receptors, ATPases Associated 

with Diverse Cellular Activities (AAA-ATPase) unfoldases, E3 ligases and DUBs, the proteasome 

can continuously degrade unwanted proteins to maintain cellular proteostasis (Finley and Prado, 

2020). With the majority of cellular proteins degraded via this system, the UPS is vital to virtually 

all processes within the cell including but not limited to, transcription (Collins and Tansey, 2006), 

metabolism (Asher et al., 2005) and signal transduction (Chen et al., 2008). However, this system is 

highly complex, relying on a myriad of signalling molecules and molecular components to regulate 

the turnover of short-lived and damaged/misfolded proteins to maintain cellular proteostasis. 

Impairment of the UPS can lead to a loss in protein quality control, which has been associated with 

neurodegenerative diseases such as Alzheimer’s and Parkinson’s Disease (Takalo et al., 2013; Keller 

et al., 2000; McNaught and Jenner, 2001). 

The 26S proteasome is the largest and most complex holoenzyme known to exist within eukaryotic 

cells, consisting of a 20S Core Particle (CP) and 19S Regulatory Particle (RP) (Figure 1.6 below) 

(Bard et al., 2018). The CP consists of two pairs of stacked heteroheptameric rings. The inner pair 

consisting of β-1-7 subunits and the outer pair consisting of α-1-7 subunits (Groll et al., 1997). The 

inner β-rings form a proteolytic chamber with subunits that exhibit caspase-like, trypsin-like and 

chymotrypsin-like activity (Groll et al., 1997; Unno et al., 2002; Arendt and Hochstrasser, 1997). 

The outer α-rings function as a gateway to this chamber, tightly regulating its catalytic activity. When 

the CP is in a closed state, the N-terminal tails of the α-subunits converge to form a connected 

network that prevents entry into the catalytic channel (Groll et al., 2000). Subsequent binding of the 

RP subunit to the catalytic CP via α-pockets in the α-rings disrupts the network of N-terminal tails 
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and opens the catalytic chamber (Smith et al., 2007). This forms an extended channel within the 26S 

proteasome which substrates must pass through to be degraded.  

 

 
 

Figure 1.6 The Structure of the 26S Proteasome 

The 26S proteasome consists of two 19S regulatory particles and a 20S catalytic 

core. Each layer of the regulatory particle and catalytic core have been annotated 

with their corresponding sub-unit names.   

 

 

The 19S RP subunit is composed of a base and lid sub-complex. The base is comprised of an ATPase 

heterohexameric ring-shaped motor situated below four non-ATPase subunits. The ATPase motor is 

formed from the Regulatory Particle Triple-A ATPases 1-6 (RPT 1-6) with C-terminal AAA domains 

that have conserved loops which protrude into the central motor core. These loops facilitate substrate 

engagement and translocation by generating a mechanical pulling force via the hydrolysis of ATP 

which acts to simultaneously unfold and pass the substrate through to the 20S CP below (Maillard et 

al., 2011; Aubin-Tam et al., 2011; Martin et al., 2008). The non-ATPase subunits (RPN1, RPN2, 

RPN10 and RPN13) bind the ubiquitin covalently attached to substrates, priming them for entry into 

the ATPase motor below (He et al., 2012; Husnjak et al., 2008; Shi et al., 2016).  
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The lid sub-complex includes nine more RPN subunits (RPN3, RPN5-9, RPN11, RPN12 and 

RPN15) with RPN11 functioning as a resident proteasomal DUB responsible for removing ubiquitin 

chains prior to substrate translocation (Lander et al., 2012). This JAMM DUB removes ubiquitin 

molecules en bloc by hydrolysing the isopeptide bond at the base of the polyubiquitin chain and is 

essential for substrate entry into the core particle (Yao and Cohen, 2002). The remaining 8 RPN 

subunits form a scaffold surrounding RPN11. The function of this scaffold is likely to assist in the 

regulation of RPN11’s DUB activity, ensuring ubiquitin chains are cleaved in a manner that prevents 

substrate escape (Worden et al., 2017). DUBs can also be recruited to the proteasome to assist in 

ubiquitin chain cleavage, UCHL5 can target distal K6, K11 and K48 chains to potentially release 

poorly ubiquitinated substrates from the proteasome (Lam et al., 1997). UCHL5 can bind to the 

proteasome via the RPN13 subunit, resulting in the release of its catalytic cysteine and enhancing its 

affinity for ubiquitin five-fold (Sahtoe et al., 2015). This same subunit can also recruit E3 ubiquitin 

ligases, such as the Really Interesting New Gene (RING) Between RING (RBR) E3 PARKIN and 

the HECT ligase Ubiquitin Protein Ligase E3C (UBE3C), with the latter being recruited to 

proteasomes during proteotoxic stress, to increase proteasomal processivity (Aguileta et al., 2015; 

Chu et al., 2013). UBE3C has also been identified to polyubiquitinate the RPN13 subunit on stalled 

proteasomes, potentially blocking further substrate binding and protecting the proteasome from being 

overwhelmed (Besche et al., 2014).  

Proteins targeted for degradation via the proteasome must possess ubiquitin modifications and 

contain an unstructured initiation region in order to be efficiently degraded (Takeuchi et al., 2007). 

Ubiquitin independent mechanisms also exist where the presence of an unstructured region alone is 

sufficient for substrate binding and subsequent proteolysis initiation (Baugh et al., 2009). For 

example, ornithine decarboxylase contains an unstructured C-terminal region which, along with its 

binding to an accessory protein, can become tethered and initiated for entry into the 26S proteasome 

(Almrud et al., 2000). In the case of ubiquitination, all ubiquitin linkages have been observed to 

functionally interact with the 26S proteasome, however certain ubiquitin modifications target 

substrates for degradation more efficiently than others (Xu et al., 2009; Chau et al., 1989; Jin et al., 

2008; Saeki et al., 2009; Chen et al., 2020). The prime proteasome degradation signal is K48-linked 

polyubiquitin chains with tetrameric K48 ubiquitin being the minimal degradation signal for efficient 

proteasomal degradation (Thrower et al., 2000). This is likely due to the compact architecture of 

K48-linked tetraubiquitin enabling simultaneous binding to all three intrinsic ubiquitin receptors, 

RPN1, RPN10 and RPN13. Moreover, the proteasome shuttling factors Radiation Sensitive 23 

(RAD23) and Dominant Suppressor of Kar 2 (DSK2) also have enhanced receptivity for K48-linked 

ubiquitin chains (Tsuchiya et al., 2017). 
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1.6 The N-End Rule Pathways 

A key mechanism cells utilise to regulate the turnover of proteins are degradation signals, termed 

degrons (Varshavsky, 1991). In eukaryotes, E3 ligases (recognins) can recognise these regions on a 

substrate and facilitate its ubiquitination, resulting in proteasomal degradation (Bachmair and 

Varshavsky, 1989). The first of these degrons were identified using the ubiquitin fusion technique. 

The full-length DNA sequence of ubiquitin was joined in frame to β-galactosidase (β-Gal) to form a 

ubiquitin-fused protein Ub-β-Gal in E. coli. When this protein was fully expressed in S. cerevisiae, 

the ubiquitin moiety was rapidly cleaved by DUBs, specifically after its C-terminal amino acid 

Gly76. This mechanism was exploited to place different N-terminal residues on β-Gal, bypassing the 

typical start codon (AUG-Met) limitation on nascent proteins. The ability to observe the effects 

differing N-terminal residues had on protein half-life resulted in the discovery of the N-End Rule 

(Figure 1.7 below) (Bachmair et al., 1986). 

The initial observations in S. cerevisiae utilising β-Gal with varying N-terminal residues, led to the 

discovery that the N-terminal residue of protein could act as a stabilising or destabilising residue. 

Depending on the N-terminal residue present, the in vivo half-life of β-Gal could vary from two 

minutes to thirty hours (Bachmair et al., 1986). The primary destabilising residues of the N-End Rule 

pathway were initially grouped into positively charged (Arg, Lys and His) and bulky hydrophobic 

(Phe, Trp, Tyr, Leu and Ile) residues, with the primary recognin of these N-terminal degrons in S. 

cerevisiae found to be Ubiquitin Protein Ligase E3 Component N-Recognin 1 (UBR1) (Bartel et al., 

1990). In mammals a range of UBR proteins (UBR1-5) act as recognins for primary destabilising 

residues (Tasaki et al., 2005). Secondary (Asp and Glu) and tertiary (Asn and Gln) destabilising 

residues were revealed to be converted to Arg via post-translational modifications such as 

arginylation and deamidation, forming the basis of the Arg/N-End Rule pathway (Gonda et al., 1989). 

Mammalian Cys residues are initially oxidised via nitric oxide (R.G. Hu et al., 2005) before 

arginylation by Arginyltransferase 1 (ATE-1) (Kwon et al., 2002). N-Terminal Asparagine Amidase 

1 (NTAN1) and N-Terminal Glutamine Amidase 1 (NTAQ1) deamidate the mammalian Asn and 

Gln respectively, before their arginylation (Grigoryeve et al., 1996; Wang et al., 2009). The removal 

of N-terminal Met residues by Met-aminopeptidases and subsequent acetylation of the N-terminus 

results in previously stable residues (Ala, Val, Ser, Cys, Thr, Gly and Pro) becoming degrons through 

the Ac/N-End Rule pathway (Hwang et al., 2010). Further degrons have since been discovered within 

protein sequences (Mészáros et al., 2017) and most recently at the C-terminus, highlighting the 

increasing complexity of the cell’s machinery to regulate protein turnover (Koren et al., 2018). 
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Figure 1.7 The Arg/Ac/N-End Rule Pathway 

The stages of each N-terminal degron pathway. The Arg/N-End Rule Pathway 

produces primary destabilising N-degrons through deamidation/oxidation of tertiary 

residues and arginylation of secondary residues. The Ac/N-End Rule Pathway 

involves the cleavage of methionine and acetylation of stable residues to produce 

destabilising N-degrons. 
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1.7 The UFD Pathway 

During the research that elucidated the mechanisms underlying the N-End Rule pathway, an 

uncleavable ubiquitin fusion adduct UbG76V-β-Gal was observed to be rapidly degraded in vivo 

(Johnson et al., 1992). Polyubiquitination of this uncleavable fused ubiquitin moiety results in 

proteasomal degradation via the Ubiquitin Fusion Degradation Pathway (UFD). The main 

components of the UFD pathway have been identified in S. cerevisiae: Ubiquitin Activating Enzyme 

1 (UBA1), Ubiquitin Conjugating Enzyme 4 (UBC4), Ubiquitin Fusion Degradation Protein 2 

(UFD2) and Ubiquitin Fusion Degradation Protein 4 (UFD4). (Johnson et al., 1995). The E3 

ubiquitin ligase UFD4 catalyses UFD substrates with K29 linked polyubiquitin chains that are 

subsequently multi-monoubiquitinated with K48 branches by the E4 elongation enzyme UFD2 (Liu 

et al., 2017) (Figure 1.8 below). The main substrates identified for this pathway in S. cerevisiae are 

proteins containing an uncleavable ubiquitin moiety and O-6-Methylguanine-DNA 

Methyltransferase 1 (MGT1), a DNA repair methyltransferase that protects against alkylation 

damage (Hwang et al., 2009). 

 

 
 

Figure 1.8 The UFD Pathway 

The UFD Pathway rapidly degrades specific ubiquitin-fused substrates for 

proteasomal degradation. The enzymes in S. cerevisiae that specifically conjugate 

ubiquitin to substrates within this pathway are: UBC4 (E2), UFD2 and UFD4 (E3s) 

(Johnson et al., 1995; Liu et al., 2017). The predicted mammalian E3 ligases within 

this pathway are also shown: TRIP12, HUWE1 and HECTD1. 

 

In humans, the components of the UFD pathway are still being determined. The closest human 

homologs of the S. cerevisiae UFD4 E3 ligase are Thyroid Hormone Receptor Interactor 12 (TRIP12) 

and HECT Domain E3 Ubiquitin Protein Ligase 1 (HECTD1) (Marín, 2018). To assist in the 

investigation of the UFD pathway, Green Fluorescent Protein (GFP) reporters have been developed 

which act as artificial UFD substrates by incorporating N-terminal uncleavable ubiquitin tags 

(UbG76V-GFP) (Dantuma et al., 2000). Interestingly TRIP12 has been shown to ubiquitinate UbG76V-
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GFP using its HECT domain alone (Park et al., 2009). This was a surprising discovery since the N-

terminal domains of HECT E3 ligases are canonically required to facilitate the recognition of 

substrates. When TRIP12 was combined with Ubiquitination Factor E4B (UBE4B) (the human 

homolog of the S. cerevisiae UFD2), the polyubiquitination of UbG76V-GFP was increased, 

suggesting a conserved E3-E4 mechanism in priming and extending chains on UFD substrates. 

HUWE1 has also been suggested to function alongside TRIP12 in the UFD pathway. HUWE1 was 

initially identified from a targeted Small interfering RNA (siRNA) screen on genes that were 

predicted to be involved in the UFD pathway, with the subsequent knockdown of HUWE1 stabilising 

the UbG76V-YFP substrate (Poulsen et al., 2012). The stability of the UFD substrate was further 

improved with the simultaneous knockdown of TRIP12, suggesting a joint role in the human UFD 

pathway. Based on the ability of HUWE1 to co-precipitate with 26S proteasomes, it has been 

hypothesised that this E3 ligase may extend the ubiquitination of UFD substrates late into the 

degradation pathway, potentially functioning in an analogous manner to the S. cerevisiae UFD2 

(Poulsen et al., 2012). A key question regarding these E3 ligases is their ability to ubiquitinate the 

branched K29/K48 chains required for UFD proteasomal degradation (Johnson et al., 1995). 

Currently, there is limited evidence to suggest either of these E3 ubiquitin ligases can assemble these 

chains, with TRIP12 only recently revealed to assemble K29 linkages on K48 chains assembled by 

the Cullin-RING Ubiquitin Ligase (CRL) complex, resulting in the formation of branched K29/K48 

chains (Kaiho-Soma et al., 2021). A Caenorhabditis elegans (C. elegans) mutagenic screen using 

Ethyl Methanesulfonate (EMS) resulted in the stabilisation of the UbG76V-GFP UFD substrate in 

worms containing HECD-1 deletions (the worm homolog of human HECTD1) (Segref et al., 2014). 

If HECTD1 is an E3 ligase involved in the UFD pathway, it may function independently of an E4 

enzyme, due to its ability to assemble K29/K48 branched ubiquitin chains in vitro (Harris et al., 

2021). 

The main physiological substrate of the UFD pathway is generated during molecular misreading of 

the Ubiquitin B (UBB) gene. Molecular misreading of GAGAG motifs during transcription can result 

in dinucleotide deletions (e.g. ΔGA or ΔGU) that can shift the reading frame forward and produce 

+1 proteins with extended C-termini such as UBB+1 and β-Amyloid Precursor Protein (βAPP+1) 

(Van Leeuwen et al., 1998). The UBB+1 protein is a ubiquitin molecule with a 19 amino acid C-

terminal tail extension that replaces the Gly76 residue essential for isopeptide bond formation to a 

substrate. The UFD pathway recognises UBB+1 as a ubiquitin-fused substrate and ubiquitinates it 

with K29/K48 chains which can result in proteasomal inhibition (Lindsten et al., 2002). The exact 

mechanism in which UBB+1 inhibits the proteasome is still unclear. The extended 19 amino acid C-

terminal extension of UBB+1 has been shown to prevent the protein from being efficiently pulled 

through the 26S proteasome, resulting in UBB+1 occupying proteasomes and inhibiting protein 
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turnover (Verhoef et al., 2009).  Other studies have shown that extended ubiquitin species do not 

directly inhibit the proteasome, but rather inhibit the resident proteasomal DUBs such as Ubiquitin 

Specific Peptidase 6 (UBP6) and RPN11 (Krutauz et al., 2014). 

 

1.8 RING E3 Ubiquitin Ligases 

E3 ubiquitin ligases can be divided into three main classes based on their catalytic domains: 

Interesting New Gene (RING) E3s, Homologous to E6AP Carboxyl-Terminus (HECT) E3s and 

RING Between RING (RBR) E3s. The largest and most diverse class are the RING E3s with over 

600 enzymes known to exist in humans (Li et al., 2008). These E3 ubiquitin ligases contain a catalytic 

RING domain which can stabilise a ubiquitin charged E2 and promote the transfer of ubiquitin 

directly to a substrate (Figure 1.9 below) (Freemont et al., 1991; Lorick et al., 1999). Structural 

studies have shown that binding of the charged E2 to the RING domain secures ubiquitin in a closed 

conformation with its globular domain folded back onto the E2 (Dou et al., 2012; Dou et al., 2013; 

Plechanovov et al., 2012; Pruneda et al., 2012; Soss et al., 2013). This conformational bias exposes 

the thioester bond at ubiquitin’s C-terminal tail, which has been proven to promote nucleophilic 

attack by a substrate nucleophile (Branigan et al., 2020).  
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Figure 1.9 Mechanism of RING E3 Ubiquitin Ligase Activity 

The RING domain directly catalyses the transfer of ubiquitin from a ubiquitin 

charged E2 conjugating enzyme to the substrate by acting as a scaffold. 

Polyubiquitin chain specificity is likely determined by the recruitment of specific E2 

conjugating enzymes. Figure created using Biorender.com. 

 

In the context of polyubiquitin chains, secondary interactions between the bound E2 and the acceptor 

ubiquitin assist in determining polyubiquitin chain specificity. For example, Ubiquitin-Conjugating 

Enzyme E2 K (UBE2K) asserts K48 linkage specificity by interacting with the Glu51-Asn60 loop 

of the acceptor ubiquitin via a region near its active site (Middleton and Day, 2015). Alternatively, 

Ubiquitin-Conjugating Enzyme 13 (UBC13) forms a complex with Ubiquitin-Conjugating Enzyme 

E2 Variant 1 (UBE2V1) or Ubiquitin-Conjugating Enzyme E2 Variant 2 (UBE2V2) to catalyse the 

formation of K63 linked chains (Hofmann and Pickart, 1999). These Ubiquitin E2 Variants (UEVs) 

act as pseudo E2s with similar sequences and structures, but do not possess a catalytic cysteine 

(Sancho et al., 1998). In the case of UBC13 the UEV functions to orientate the acceptor ubiquitin to 

promote nucleophilic attack of K63 and is also required for the E3 mediated activation of the UBC13-

Ubiquitin thioester (Eddins et al., 2006). Alternatively, some RING E3s may influence ubiquitin 

chain topology independently by interacting with the acceptor ubiquitin via noncovalent docking 

sites and ubiquitin binding domains (Giannini et al., 2008; Notenboom et al., 2007).  
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The RING domain itself maintains a cross-brace topology stabilised by two zinc ions which are 

coordinated by seven conserved cysteines and one histidine (Bellon et al., 1997). This domain is 

sometimes replaced by a structurally similar U-box domain that can also facilitate ubiquitin-E2 

stabilisation and promote ubiquitin transfer. The U-box domain lacks the conserved zinc-chelating 

residues. Instead structural integrity is provided by hydrogen bonds and salt bridges which 

interconnect corresponding residues to form two hydrophobic cores that are conserved in all U-box 

containing proteins (Ohi et al., 2003). Aside from the catalysis of ubiquitination, RING and U-box 

domains, along with the alpha helical regions flanking them, are often responsible for RING-like E3 

dimerisation (Linke et al., 2008; Liew et al., 2010; Brzovic et al., 2001; Z. Li et al., 2006; Huang et 

al., 2011; Dou et al., 2012). This is an important regulatory mechanism that can enhance catalytic 

activity, with many RING E3s existing as active homo- or heterodimers (Vander Kooi et al., 2006; 

Mace et al., 2008; Yin et al., 2009; Liew et al., 2010). For example, the RING Finger Protein 4 

(RNF4) homodimer has increased affinity for ubiquitin charged Ubiquitin Conjugating Enzyme H5A 

(UBCH5A), with the E2 recruited to one RING monomer while the thioester bound ubiquitin 

interacts with the other RING monomer via its C-terminal tail (Plechanovová et al., 2011). 

Heterodimeric RING E3s are generally composed of one catalytically active RING protein bound to 

one catalytically inactive RING protein. The catalytically active Mouse Double Minute 2 Homolog 

(MDM2) can heterodimerise with its inactive partner, Mouse Double Minute 4 Homolog (MDM4) 

(Tanimura et al., 1999). MDM4 has been proposed to enhance the activity of MDM2 by either 

interacting with both the E2 and the substrate, Tumour  Suppressor Protein p53, or by inhibiting the 

auto-degradation of MDM2 by preventing the formation of MDM2 homodimers (Gu et al., 2002; 

Stad et al., 2001; Linares et al., 2003; Uldrijan et al., 2007; Poyurovsky et al., 2007).  

Multi-subunit RING E3s also exist where separate subunits are responsible for substrate recognition, 

most notably the Cullin-RING Ligase (CRL) subfamily. CRLs make up the largest subfamily of 

RING E3s accounting for about 20% of all proteins degraded via the proteasome (Lydeard et al., 

2013). These E3 complexes comprise of a core Cullin protein surrounded by a C-terminally bound 

small RING protein (RING box 1 or RING box 2) that is responsible for E2 interactions and N-

terminally bound adaptors or substrate receptors that are responsible for substrate engagement 

(Petroski and Deshaies, 2005a). Interestingly NEDDylation of Cullin proteins is required for CRL 

activation (Hori et al., 1999; Osaka et al., 2000; Ohh et al., 2002). NEDD8 ligation induces C-

terminal conformational rearrangements that enable the associated RING box protein to move freely, 

delivering the E2-ubiquitin to complex associated substrates (Duda et al., 2008). Other multi-subunit 

RING E3s include the APC/C and the Fanconi Anaemia Complementation Group (FANC) Core 

Complex E3, both of which are large complexes comprising 13 and 8 subunits respectively 

(Schreiber et al., 2011; Moldovan and D’Andrea, 2009).  
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1.9 RING Between RING E3 Ligases 

RBR E3 ubiquitin ligases also contain RING domains and are characterised by the presence of a 

triple RING motif comprised of two RING domains (RING1 and RING2) separated by an In-

Between-RING (IBR) domain (Moynihan et al., 1999). Unlike RING E3s, RBRs employ a two-step 

catalytic mechanism whereby ubiquitin is first transferred from the E2 to a catalytic cysteine in the 

RING2 domain, before being transferred to the substrate in a transesterification reaction (Figure 1.10 

below) (Wenzel et al., 2011; Stieglitz et al., 2012). The RING1 domain is responsible for recognising 

and binding a ubiquitin conjugated E2, while the RING2 domain is responsible for accepting 

ubiquitin onto its catalytic cysteine, with the IBR domain interconnecting the two via its two flexible 

linkers (Walden and Rittinger, 2018). Early studies suggested that both RING1 and RING2 adopt the 

same structure as canonical RING domains, with two zinc ions coordinated by multiple cysteine 

residues (Zhang et al., 2000). However, subsequent studies revealed that the cysteine residues of the 

RING2 domain pair in a different order, to create a completely different fold that is not capable of 

E2 recruitment (Spratt et al., 2013). Moreover, the RING2 domain contains a catalytic cysteine 

capable of forming a thioester bond with ubiquitin, a feature not observed for any other RING-like 

domain (Wenzel et al., 2011; Stieglitz et al., 2012). The IBR domain in RBR E3s adopts a similar 

fold to that of the RING2 domain and is also coordinated by two zinc ions, however the IBR domain 

lacks a catalytic cysteine residue and therefore cannot accept ubiquitin to form a thioester 

intermediate (Beasley et al., 2007). 
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Figure 1.10 Mechanism of RBR E3 Ubiquitin Ligase Activity 

RING Between RING E3 ligases mediate the transfer of ubiquitin from a ubiquitin 

charged E2 conjugating enzyme by initially forming a thioester bond. The E2 docks 

onto the RING1 domain and the thioester bond is formed on the RING2 domain. The 

ubiquitin molecule is then directly conjugated to the target substrate within the 

RING2 domain. Figure created using Biorender.com. 

 

1.10 HECT E3 Ligases 

The HECT family of E3 ubiquitin ligases were first characterised by the discovery of a ~350 amino 

acid domain in the C-terminus of the E6-Associated Protein (E6AP), that shared sequence homology 

with a number of related proteins (Huibregtse et al., 1995). This region was denominated the HECT 

domain and contains a catalytic cysteine residue that forms a thioester bond with the C-terminus of 

ubiquitin before mediating its transfer to a target substrate (Figure 1.11 below). The HECT domain 

consists of two lobes linked by a flexible hinge glycine region (Huang et al., 1999). The larger N-

lobe has been shown to contain ubiquitin and E2 binding regions, while the smaller and more 

compact C-lobe contains the catalytic cysteine (Huang et al., 1999; Kamadurai et al., 2009; Maspero 

et al., 2011; Maspero et al., 2013). 
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Figure 1.11 Mechanism of HECT E3 Ubiquitin Ligase Activity 

HECT E3 ligases bind ubiquitin charged E2 conjugating enzymes within their HECT 

domain and form an intermediary thioester bond with ubiquitin before conjugation 

to a target substrate. The high degree of flexibility of the HECT domain facilitates 

ubiquitin transfer. The polyubiquitin chain specificity is likely dependent on the 

HECT E3 ligase. Figure created using Biorender.com. 

 

Interestingly, the first HECT crystal structure of E6AP revealed a significant distance of 41 Å 

between the catalytic cysteine of the E2 and E3, making the nucleophilic attack of the 

transthioesterification reaction difficult to envisage (Huang et al., 1999). A further solved structure 

of Neural Precursor Cell Expressed, Developmentally Down-Regulated 4 Like (NEDD4L) in 

complex with the ubiquitin charged E2 Ubiquitin Conjugating Enzyme H5B (UBCH5B) revealed a 

much shorter distance of 8 Å, highlighting the degree of flexibility within the HECT domain (Figure 

1.12, below) (Kamadurai et al., 2009). Mutagenesis studies on the HECT N-C lobe linker region 

revealed that its flexibility was essential for protein ubiquitination (Verdecia et al., 2003). The ability 

of HECT E3 ligases to directly catalyse the ubiquitination of their substrates likely results in their 

chain specificity being dependent on the HECT domain itself, rather than its cognate E2. This has 

been supported by ubiquitin linkage analysis studies, where reactions containing varying HECT E3s 

with the same E2 enzyme resulted in differing ubiquitin linkages (Sheng et al., 2012).  
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Figure 1.12 E6AP + NEDD4L HECT Modelling 

The crystal structures of the E6AP and NEDD4L complexes, highlighting the 

flexibility of HECT E3 ligases. A) The E6AP and UBCH7 complex (PDB:1C4Z) 

(Huang et al., 1999). The distance between the catalytic cysteine residues of the E2 

and E3 HECT domain is roughly 40 Å. B) The NEDD4L and ubiquitin fused E2 

UBCH5B (PDB:3JW0) (Kamadurai et al., 2009). The distance of the catalytic 

cysteines is much shorter at roughly 8 Å. The N-lobes of the HECT domain are 

highlighted in blue, with the C-lobes in red and the flexible glycine hinge in orange. 

The catalytic cysteine residue surfaces are emphasised and rendered in magenta. E2 

molecules are highlighted in yellow and ubiquitin in green. Structures were rendered 

in PyMOL 2.0 (Schrödinger, 2015). 
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Intriguingly, swapping the C-lobe of Reverses SPT (Suppressor of Ty)-Phenotype protein 5 (RSP5) 

with the C-lobes of other HECT domains revealed that the chain specificity of HECTs was likely 

determined by the last 60 amino acids of the C-lobe (Kim and Huibregtse, 2009). Furthermore, 

studies that substituted the final amino acid of TRIP12 with E6AP, revealed that this substitution 

switched the polyubiquitin chain specificity of TRIP12 from K29 to K48 linked chains (Kaiho-Soma 

et al., 2021). The importance of the C-lobe is further supported by the observation that removing the 

conserved C-terminal phenylalanine in the last five residues of HECT domains completely abrogated 

their ability to ubiquitinate substrates (Salvat et al., 2004).  

The mechanism responsible for polyubiquitin chain assembly in HECT E3 ligases has yet to be fully 

elucidated. The two main hypotheses are known as the sequential addition model and the indexation 

model (Deol et al., 2019). In the sequential addition model, a ubiquitinated substrate forms the 

foundation of a polyubiquitin chain, with each ubiquitin moiety successively conjugated to the 

substrate to form a growing polyubiquitin chain (Petroski and Deshaies, 2005b). WW Domain 

Containing E3 Ubiquitin Protein Ligase 1 (WWP1) has been hinted to utilise this mechanism, as it 

initially assembles K63 linked chains in a sequential manner with a lag phase proportional to the 

function of the chain length (French et al., 2017). After the formation of a four subunit K63 linked 

polyubiquitin chain, WWP1 switches its chain preference to assemble branched and mixed K11/K48 

chains on top of the K63 chain, likely to promote proteasomal degradation (Ohtake et al., 2018). The 

reason for this shift in chain assembly preference is potentially due to the topological constraints 

imposed upon the HECT domain from the growing K63 chain. To overcome topological constraints 

during polyubiquitin chain formation, the presence of a ubiquitin exosite within the N-lobe of HECT 

domains has been shown to bind and stabilise polyubiquitin chains to assist in chain elongation 

(Ogunjimi et al., 2010; French et al., 2017; Kim et al., 2011).  

The indexation model assumes the ubiquitin molecule that forms the thioester bond with the catalytic 

Cys of the E3 enzyme, also provides the lysine residue that performs nucleophilic attack on the 

thioester bond of the ubiquitin charged E2 or E3. This was first shown in E6AP, where mixing an 

ubiquitin charged E2 containing no lysine residues (E2-Ub K0), together with a ubiquitin charged 

E6AP (E6AP-Ub) resulted in the formation of a diubiquitin conjugate that could be transferred to a 

substrate (Wang et al., 2006). This suggests that polyubiquitin chains are assembled between E2 and 

E3 enzymes and are conjugated en bloc to substrates. Currently, an E6AP molecule with a thioester 

linked diubiquitin or a polyubiquitin chain has yet to be detected and the model faces the key issue 

of spatial constraints as the chain extends. This could be explained by an equilibrium between the E3 

and E2 in sharing the growing chain, or successive rounds of substrate ubiquitination with smaller 

chains. In terms of HECT E3 ligases, the model faces a clear conceptual issue in that the E2 likely 
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plays a key role in the chain specificity and this does not appear to be the case with HECT E3 ligases 

(Kim and Huibregtse, 2009). 

The number of HECT E3 ligases is much lower than RING E3s, with less than 30 enzymes in the 

entire family. Despite this, the HECT family of E3 ligases are involved in a diverse range of cellular 

functions and together possess the ability to assemble a wide assortment of polyubiquitin chains 

(Table 1.2 below).  

 

Table 1.2 HECT E3 Ubiquitin Ligase Linkage Preferences and their Cellular 

Functions 

 

HECT E3 

Ubiquitin 

Ligase 

Linkage 

Preference(s) 
Cellular Functions References 

NEDD4 

K631,2 

K63 

K273 

K295 

K486 

Autophagy3,4,5 

Inflammatory response6 

Wnt Signalling7 

(Fang et al., 2014)1 

(Xu et al., 2015)2 

(Pei et al., 2017)3 

(Sun et al., 2017)4 

(Xie et al., 2020)5 

(Q. Liu et al., 2019)6 

(Novellasdemunt et al., 2020)7 

NEDD4L 
K631,2,3 

K295 

 

Endosomal Signalling1,2 

Cell Differentiation3,4 

Inflammatory Response5 

Wnt Signalling6 

 

(Grimsey et al., 2015)1 

(Staub et al., 1997)2 

(Farris et al., 2018)3 

(Liang et al., 2020)4 

(Gao et al., 2021)5 

(Novellasdemunt et al., 2020)6 

ITCH 

 

K631,2,3 

K274 

K295 

 

 

Inflammatory Response1,2,4 

Cell Differentiation3,5 

 

(Tao et al., 2009)1 

(Paul et al., 2018)2 

(Meijer et al., 2013)3 

(Yin et al., 2019)4 

(Chastagner et al., 2006)5 

WWP1 K481,2 
Immune Response1 

Inflammatory Response1,2 

(Nyati et al., 2017)1 

(Lin et al., 2013)2 

WWP2 K481,2 
DNA Damage Response1 

Immune Response2 

(Caron et al., 2019)1 

(Yang et al., 2013) 
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Table 1.2 HECT E3 Ubiquitin Ligase Linkage Preferences and their Cellular 

Functions (Continued) 

 

HECT E3 

Ubiquitin 

Ligase 

Linkage 

Preference(s) 
Cellular Functions References 

SMURF1 

 

K631,6 

K292,3 

K333 

K484,5,6 

Autophagy3,4 

Interferon Signalling5 

Proteasomal Degradation5 

BMP Signalling7,8 

(Zhu et al., 2018)1 

(Fei et al., 2013)2 

(Feng et al., 2019)3 

(Franco et al., 2017)4 

(Yuan et al., 2012)5 

(Gong et al., 2018)6 

(Koefoed et al., 2018)7 

(Rothman et al., 2016)8 

SMURF2 
K481 

K633 

Immune Response1 

Proteasomal Degradation1,3 

Inflammatory Response2,3 

EMT4 

(Pan et al., 2014)1 

(Lee et al., 2011)2 

(Ma et al., 2021)3 

(Chandhoke et al., 2016)4 

HECW1 N/A 
Proteasomal Degradation1,2 

Apoptosis3 

(Jin et al., 2020)1 

(J. Liu et al., 2019)2 

(Shinada et al., 2011)3 

HECW2 K631 
Neuronal Development2 

EMT3 

(Choi et al., 2016)1 

(Berko et al., 2017)2 

(Yang et al., 2018)3 

HERC1 K482 
DNA Damage Response1 

Proteasomal Degradation2 

(Diouf et al., 2011)1 

(Schneider et al., 2018)2 

HERC2 N/A 
Proteasomal Degradation1,2 

DNA Damage Response1,3 

(Kang et al., 2010)1 

(Wu et al., 2010)2 

(Bekker-Jensen et al., 2010)3 

(Danielsen et al., 2012)4 

HERC3 N/A 

Proteasomal Degradation1,2,3 

EMT1 

Inflammatory Response2 

(H. Li et al., 2019)1 

(Hochrainer et al., 2015)2 

(Chen et al., 2018)3 

HERC4 N/A Proteasomal Degradation1,2 
(Jiang et al., 2019)1 

(Xu et al., 2019)2 

HERC5 N/A ISGylation1,2 
(Wong et al., 2006)1 

(Dastur et al., 2006)2 
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Table 1.2 HECT E3 Ubiquitin Ligase Linkage Preferences and their Cellular 

Functions (Continued) 

 

HECT E3 

Ubiquitin 

Ligase 

Linkage 

Preference(s) 
Cellular Functions References 

HERC6 N/A ISGylation1 (Oudshoorn et al., 2012)1 

HUWE1 

K61 

K481,6 

K272 

K292 

DNA Damage Response2 

Immune Response4 

Wnt Signalling5 

Inflammatory Response6 

UFD7 

(Jäckl et al., 2018)1 

(Mandemaker et al., 2017)2 

(Fan et al., 2020)3 

(Guo et al., 2020)4 

(De Groot et al., 2014)5 

(Ohtake et al., 2016)6 

(Poulsen et al., 2012)7 

E6AP K481 Proteasomal Degradation2,3 

(Wang and Pickart, 2005)1 

(Munakata et al., 2007)2 

(Tomaić and Banks, 2015)3 

UBE3B N/A Proteasomal Degradation1 

(K. Li et al., 2020)1 

(Ambrozkiewicz et al., 2020)1 

(Braganza et al., 2017)1 

UBE3C 
K291 

K481 

 

Proteasomal Degradation2 

Wnt Signalling3,4 

EMT5 

 

(Wang et al., 2006)1 

(Kuo and Goldberg, 2017)2 

(Zhang et al., 2020)3 

(Wen et al., 2015)4 

(Tang et al., 2016)5 

AREL1 

K111 

K331,2 

K482 

K632 

Proteasomal Degradation3 

Apoptosis3 

(Michel et al., 2015)1 

(Singh et al., 2019)2 

(Kim et al., 2013)3 

UBR5 
K291 

K482,3 

Proteasomal Degradation3 

DNA Damage Response4,5 

Wnt Signalling6 

 

(Langerová et al., 2020)1 

(Wang et al., 2019)2 

(Schukur et al., 2020)3 

(C.G. Li et al., 2019)4 

(De Vivo et al., 2019)5 

(Flack et al., 2017)6 
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Table 1.2 HECT E3 Ubiquitin Ligase Linkage Preferences and their Cellular 

Functions (Continued) 

 

HECT E3 

Ubiquitin 

Ligase 

Linkage 

Preference(s) 
Cellular Functions References 

TRIP12 
K291 

K481 

Proteasomal Degradation1 

DNA Damage Response2,3 

UFD4,5 

Cell Differentiation6,7 

(Kaiho-Soma et al., 2021)1 

(Gudjonsson et al., 2012)2 

(Liu et al., 2016)3 

(Park et al., 2009)4 

(Poulsen et al., 2012)5 

(Henderson et al., 2015)6 

(Hagiwara et al., 2007)7 

HACE1 

 

K481 

K272 

 

Autophagy1 

EMT2 

Cell Migration3 

Proteasomal Degradation4 

(Liu et al., 2014)1 

(Palicharla and Maddika, 2015)2 

(El-Hachem et al., 2018)3 

(Castillo-Lluva et al., 2013)4 

HECTD1 
K291 

K481 

EMT2 

Inflammatory Response3 

Cell Migration4 

Wnt Signalling5 

DNA Damage Response6 

(Harris et al., 2021)1 

(Duhamel et al., 2018)2 

(Y. Li et al., 2020)3 

(Sarkar and Zohn, 2012)4 

(Tran et al., 2013)5 

(Bennett et al., 2020)6 

HECTD2 N/A 
Inflammatory Response1 

Proteasomal Degradation2,3 

(Coon et al., 2015)1 

(Tsai et al., 2017)2 

(Lloyd et al., 2009)3 

HECTD3 

 

K271 

K291 

K632,3 

 

Inflammatory Response1,2,4 

Apoptosis3 

Proteasomal Degradation5 

(Cho et al., 2019)1 

(Fubing Li et al., 2018)2 

(Li et al., 2013)3 

(Rangrez et al., 2020)4 

(Li et al., 2017)5 

HECTD4 N/A Proteasomal Degradation1 (Vatapalli et al., 2020)1 

 

HECT ligases have been organised into sub-families due to the organisation of their N-terminal 

domains and these are: the Neural Precursor Cell Expressed, Developmentally Down-Regulated 4 

(NEDD4) family, the large HECT And Regulator of Chromosome Condensation 1 (RCC1) Like 

Domain (RLD) Domain Containing E3 Ubiquitin Protein Ligase (HERC) family, the small HERC 
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family and the other HECTs (Sluimer and Distel, 2018). The NEDD4 family are characterised by the 

presence of multiple WW domains and a C2 domain (Figure 1.13 below) (Ingham et al., 2004) and 

have a propensity to assemble K63 linked polyubiquitin chains (Maspero et al., 2013). The C2 

domain (Ca2+/lipid binding) has been shown to recruit proteins to the phospholipid membrane (Plant 

et al., 1997) and aid in substrate recruitment and targeting (Plant et al., 2000). The WW domain 

named for its two tryptophan residues, interact with proline-rich motifs (PPxY) and serine/threonine 

residues within target substrates (Dodson et al., 2015). Both HERC family HECT E3 ligases are 

characterised by the presence of one or more RLD domains. Currently, the functions of these domains 

within the context of these E3 ligases remains unclear. The similar RCC1 domain adopts a seven-

bladed β-propeller structure with dual functions (Bischoff and Ponstingl, 1991). One side of the 

propellor interacts with the Guanosine Triphosphate (GTP) binding protein Rat Sarcoma (RAS) 

Related Nuclear Protein (RAN) to act as guanine nucleotide exchange factor (Renault et al., 2001), 

with the other side of the propeller shown to bind histones (Nemergut et al., 2001). 

The remaining HECT E3 ligases lack the WW domains of the NEDD4 family and the RLD domains 

of the HERC families and are therefore characterised as other HECTs. These E3 ligases have a 

diverse range of structural domains and polyubiquitin linkage preferences (Figure 1.13 below) 

(Scheffner and Kumar, 2014). The founding member of the HECT family of E3 ligases E6AP, falls 

into the other HECT category and was initially discovered as the E3 ubiquitin ligase associated with 

degradation of the tumour suppressor p53 (Scheffner et al., 1993). The Human Papillomavirus (HPV) 

associated oncoprotein E6 binds to the N-terminus of E6AP at the LxxLL motif to mediate the 

degradation of p53, promoting carcinogenesis. Mutations within the other domain of E6AP Amino-

Terminal Zinc-Finger of UBE3A Ligase (AZUL) have also been linked to Angelman Syndrome 

(Lemak et al., 2011). Currently, a full-length structure of E6AP has yet to be solved, but recent 

advances in cryogenic electron microscopy (Cryo-EM) have been promising within the field of 

HECT E3 ligases, with the full length structure of the large human HUWE1 E3 HECT ligase now 

solved (Hunkeler et al., 2020). The full-length structure of HUWE1, revealed the protein adopts a 

large alpha-solenoid assembly with a central pore, decorated with UBDs for substrate recognition. 

The HECT domain itself is situated above the plane of the ring assembly and is predicted to undergo 

significant conformational changes to switch between a resting and active state (Hunkeler et al., 

2020).  

Interestingly, recent studies investigating the evolution of HECT ligases from fungi to animals has 

suggested that the classification of HECT ligases by their N-terminal domains is fundamentally 

flawed (Marin, 2010; Marín, 2018). Based on phylogenetic analyses using vast databases of fungal 

and animal HECT domain sequences, the origin of all human HECT E3 ligases can be attributed to 
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just six ancestral fungal HECT E3 ligases (Marín, 2018). The phylogenetic analysis carried out 

within this research correlated with these findings (Figure 1.13 below). Intriguingly, the closest 

evolved human E3 HECT ligases from the S. cerevisiae UFD4 are TRIP12 and HECTD1. 

Considering UFD4 and TRIP12 have been identified to ubiquitinate substrates of the UFD pathway 

(Johnson et al., 1995; Park et al., 2009), this phylogenetic analysis further supports the hypothesis 

that HECTD1 may also function as an E3 ubiquitin ligase within the UFD pathway. 
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Figure 1.13 Phylogenetic Tree of Human and Fungal HECT Domains 

Average distance phylogenetic tree of human and S. cerevisiae HECT E3 HECT 

domains. Phylogenetic tree highlights the predicted evolution of human HECT E3 

orthologs from their ancestral S. cerevisiae HECT E3s. Tree branches are colour 

coded to highlight the human descendants from each S. cerevisiae E3. All predicted 

domains for the HECT E3s have been annotated according to the provided key. 

Phylogenetic tree was constructed using an alignment of HECT domains created in 

Jalview (Waterhouse et al., 2009) with the Blocks Substitution Matrix 62 

(BLOSUM62) (Henikoff and Henikoff, 1992). Phylogenetic tree was formatted 

using the Interactive Tree of Life (iTOL) (Letunic and Bork, 2016), with domain 

annotations imported from the Simple Modular Architecture Research Tool 

(SMART) database (Schultz et al., 1998). Domains were validated using InterPro 

(Blum et al., 2021). 

 

1.11 The Regulation of HECT E3 Ligases 

The regulation of E3 ligases is critical due to their ability to interact with a vast range of substrates 

within the cell. If E3 ligase activity and turnover is not tightly regulated, there would be catastrophic 

consequences for cellular function due to uncontrolled ubiquitination. For HECT E3 ligases, a key 

mechanism of regulation is the recruitment of adaptor proteins to modulate ubiquitination activity 

(Figure 1.14 below) and substrate specificity. One of the most established HECT adaptor proteins is 

the HPV associated E6 protein and its interaction with the LxxLL motif located within the N-

terminus of the HECT domain in E6AP (Scheffner et al., 1993; Martinez-Zapien et al., 2016). Along 

with directing the substrate specificity of E6AP towards the tumour suppressor p53, the E6 protein 

can also increase the catalytic activity of the HECT domain (Mortensen et al., 2015). The binding of 

HERC2 to the N-terminus of E6AP has also been observed to have a similar effect (Kühnle et al., 

2011). In the NEDD4 family, adaptors that bind to the WW domains, typically contain PY motifs 

(PPxY/LPxY) (Chen and Sudol, 1995). The NEDD4 Family-Interacting Proteins (NDFIP) utilise 

these PY adaptors to recruit Phosphatase and Tensin Homolog (PTEN) for ubiquitination (Howitt et 

al., 2012). PTEN has been identified as a regulator of cell proliferation and as a tumour suppressor 

(Salmena et al., 2008). Similar interactions with PY motifs and WW domains have also been 

observed with other viruses. The Viral Protein 40 (VP40) contains the PY motifs necessary to interact 

with NEDD4 and Itchy E3 Ubiquitin Protein Ligase (ITCH) to promote viral budding (Yasuda et al., 

2003; Han et al., 2016). 

The activity of the HECT domain can also be regulated through its interaction with E2 conjugating 

enzymes. The Small Mothers Against Decapentaplegic Homolog 7 (SMAD7) contain PY motifs that 

bind to the WW domains in Small Mothers Against Decapentaplegic (SMAD) Ubiquitination 

Regulatory Factor 2 (SMURF2). This interaction facilitates the recruitment of Ubiquitin Conjugating 



Chapter One - Introduction 

 

39 

 

Enzyme H7 (UBCH7) by SMAD7 to the HECT domain of SMURF2, promoting its catalytic activity 

(Ogunjimi et al., 2005). SMURF2 has been confirmed to have a low affinity for its cognate E2 

enzymes, highlighting its ubiquitination activity is dependent on the recruitment of adaptor proteins. 

SMAD7 also functions as an adaptor to recruit the SMURF E3 ubiquitin ligases to their substrate, 

the Transforming Growth Factor-β (TGF-β) receptor (Izzi and Attisano, 2006). Adaptor proteins 

have also been implicated in inhibiting the interaction between HECT E3 ligases and their E2 

conjugating partners. The UBL protein, Interferon Stimulated Gene 15 (ISG15) has been observed 

to block the interaction between NEDD4 and its E2, resulting in decreased ubiquitination of VP40 

and a reduction in viral budding (Malakhova and Zhang, 2008). 

 

 
 

Figure 1.14 Regulation of HECT E3 Ligases by E2 and Adaptor Recruitment 

The recruitment of adaptor proteins can have a profound effect on the regulation of 

HECT E3 ligases. Interaction between the HPV E6 protein with the N-terminus of 

the HECT domain in E6AP, increases its catalytic activity and redirects its substrate 

specificity (Mortensen et al., 2015). Adaptor binding to the N-terminus of HECT E3 

ligases can also regulate catalytic activity, such as HERC2 binding to E6AP (Kühnle 

et al., 2011). E2 recruitment can also be regulated to alter the activity of HECT E3 

ligases, with the binding of ISG15 to the NEDD4 HECT domain inhibiting its E2 

binding (Malakhova and Zhang, 2008). Figure created using Biorender.com. 

 

Intramolecular interactions within HECT ligases can result in conformational shifts between active 

and inactive states (Figure 1.15 below). In the NEDD4 family of E3 ligases, autoinhibition of the 

HECT domain is commonly a result of intramolecular interactions between the WW domains and 
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C2 domain (Ingham et al., 2004). The auto-inhibition of the HECT domain in ITCH is specifically 

due to the interactions between the HECT domain and the second WW domain, including the linker 

region that connects the third WW domain (Riling et al., 2015; Zhu et al., 2017). Phosphorylation 

within the proline-rich region between the C2 domain and WW domains has been shown to release 

this inhibition (Gallagher et al., 2006). The same linker region was also identified as essential in a 

similar auto-inhibitory mechanism in WWP2 (Chen et al., 2017). For SMURF2, the C2 domain 

interacts with the HECT domain to keep the enzyme in an auto-inhibited state (Wiesner et al., 2007) 

with the subsequent binding of SMAD7 to the WW domain relieving this inhibition (Aragón et al., 

2012). For NEDD4L, the C2 domain is also responsible for inhibition of the HECT domain, but this 

is relieved by elevated levels of calcium (Ca2+) that compete for HECT domain binding (Escobedo 

et al., 2014). 

 

 
 

Figure 1.15 Regulation of HECT E3 Ligases by Intramolecular Interactions 

Intramolecular interactions between the N-terminal and C-terminal domains of 

HECT E3 ligases can regulate their activity. The WW and C2 domains found within 

the NEDD4 family of HECT E3 ligases can interact with the upstream HECT domain 

to lock the enzyme in an autoinhibited conformation (Ingham et al., 2004). This auto-

inhibitory conformation can be relieved by several different mechanisms such as; 

SMAD7 binding to the WW domain of SMURF2 (Aragón et al., 2012), Ca2+ binding 

to the C2 domain of NEDD4L (Escobedo et al., 2014) and phosphorylation within 

the proline-rich region of ITCH (Gallagher et al., 2006). Figure created using 

Biorender.com. 

 



Chapter One - Introduction 

 

41 

 

The intermolecular interactions between HECT ligases can have a profound impact on their 

regulation and result in the formation of oligomeric proteins (Figure 1.16 below). The S. cerevisiae 

evolutionary ancestor of the NEDD4 family, RSP5 (Marín, 2018) has been shown to be inhibited 

through the formation of inhibitory trimers (Attali et al., 2017). The trimerisation interface has been 

hypothesised to be regulated by the conserved α1-helix found within the N-terminus of HECT 

domains (Verdecia et al., 2003). The ubiquitination of a lysine residue within this helix, coupled with 

the pull from the ubiquitin exosite region, promotes the conformational changes necessary for 

trimerisation (Attali et al., 2017). The residues of the α1-helix are especially conserved in the NEDD4 

family and show some conservation between the other HECT ligases, hinting at a conserved 

regulatory system to promote oligomerisation within the HECT E3 family. Experiments with 

ubiquitin fused to the α1-helix in NEDD4 resulted in its oligomerisation and subsequent auto-

inhibition, further supporting this notion (Attali et al., 2017). The α1-helix has also been confirmed 

to stabilise the HUWE1 HECT domain with its removal promoting catalytic activity (Pandya et al., 

2010). Additionally, HUWE1 has been shown to assemble auto-inhibitory homodimers upon binding 

with Tumour Suppressor Protein p14 Alternate Reading Frame (p14ARF), upon release 

intramolecular interactions adjacent to the HECT domain are responsible for maintaining its active 

conformation (Sander et al., 2017). SMAD Ubiquitination Regulatory Factor 1 (SMURF1) also 

forms auto-inhibitory homodimers through intermolecular interactions between the HECT domain 

of one monomer and the C2 domain of the other (Wan et al., 2011). AREL1 and UBE3C are both 

stabilised by the α-1 helix and are catalytically inactive when it is removed (Singh et al., 2019; Singh 

and Sivaraman, 2020).  

Conversely, oligomerisation of HECT domains has also been revealed to promote their catalytic 

activity. The initial crystal structure of the E6AP HECT domain revealed a trimeric arrangement, 

stabilised through interactions within the N-lobe that formed a trimeric interface at Phe727 (Huang 

et al., 1999). Mutating this key residue significantly reduced the ability of E6AP to assemble 

polyubiquitin chains (Ronchi et al., 2014). A second key oligomeric interface at Tyr636 was also 

shown to be regulated by phosphorylation (Chan et al., 2013). Kinetic assays confirmed that the 

trimeric E6AP was more active compared to its monomeric counterpart, confirming oligomerisation 

was a key regulatory mechanism to promote E6AP catalytic activity. The crystallised structure of 

E6AP does not include the α1-helix region, first observed to regulate the oligomerisation in RSP5 

(Huang et al., 1999; Attali et al., 2017). Experiments utilising the addition of a peptide identical to 

the α1-helix with the E6AP HECT domain revealed that the peptide promoted trimer dissociation 

and reduced catalytic activity (Ronchi et al., 2014). Oligomerisation of full-length NEDD4L is 

critical for polyubiquitin chain assembly and the mutation of its Phe823 residue, which is paralogous 

to the E6AP Phe727 residue, results in trimer destabilisation (Todaro et al., 2018). 
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Figure 1.16 Regulation of HECT E3 Ligases by Oligomerisation 

The catalytic activity of HECT E3 ligases can be regulated by oligomerisation. 

HECT E3 ligases have been shown to assemble a range of oligomeric conformations 

which can promote or inhibit their catalytic activity. HUWE1 and SMURF1 have 

both been observed to assemble inhibitory homodimers (Sander et al., 2017; Wan et 

al., 2011). E6AP and NEDD4 can both form trimers with contrasting functions, the 

trimerisation of NEDD4 inhibits its catalytic activity while the trimerisation of E6AP 

promotes its catalytic activity (Attali et al., 2017; Ronchi et al., 2014). The conserved 

α1-helix found within the N-terminus of the HECT domain has been revealed as a 

key structural regulatory element of HECT oligomerisation. Ubiquitination and 

phosphorylation of the α1-helix have both been proposed as mechanisms to promote 

the oligomerisation of HECT E3 ligases (Attali et al., 2017). Figure created using 

Biorender.com. 

 

The PTM of HECT E3 ligases is another mode of regulation that generally acts to promote/inhibit 

other regulatory mechanisms (Figure 1.17 below). For example, the phosphorylation of ITCH at 

Ser199, Thr222 and Ser232 by the serine/threonine c-Jun N-terminal Kinase 1 (JNK1) weakens the 

intramolecular interactions between the WW and HECT domains, thereby releasing the protein from 

an auto-inhibited state (Gallagher et al., 2006). Phosphorylation of NEDD4 at Tyr43 in the C2 

domain and Tyr585 in the HECT domain also relieves its auto-inhibition (Persaud et al., 2014). 

Alternatively, phosphorylation can disrupt intermolecular interactions. The phosphorylation of 

HUWE1 disrupts its association with p14ARF, resulting in conformational changes that prevent 

inhibitory dimer formation (Lee et al., 2016). Phosphorylation of Tyr636 within the oligomerisation 
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interface of E6AP has been hypothesised to alter intermolecular interactions and disrupt active trimer 

formation, however direct evidence of this has yet to be found (Chan et al., 2013). Interestingly, 

E6AP undergoes phosphorylation at Thr485, which subsequently inhibits its oligomerisation and 

catalytic activity (Yi et al., 2015). Further studies have revealed that disruption of this 

phosphorylation results in the enhanced ubiquitination and degradation of several proteasomal 

subunits, resulting in the accumulation of β-catenin and stimulation of the Wingless Related 

Integration Site (Wnt) signalling pathway (Lee et al., 2014; Yi et al., 2017). 

A key negative regulator of E3 ubiquitin ligase activity is ubiquitination of the E3 itself. For example, 

E6AP is negatively regulated by the HECT E3 ubiquitin ligase Ubiquitin Protein Ligase E3 

Component N-Recognin 5 (UBR5), which catalyses the polyubiquitination of E6AP and targets it 

for proteasomal degradation (Tomaic et al., 2011). This form of E6AP regulation is largely associated 

with HPV-infected cells, where UBR5 acts to ubiquitinate both E6 and E6AP leading to reduction in 

the formation of active E6/E6AP complexes (Tomaic et al., 2011). TRIP12 is also negatively 

regulated by ubiquitination and subsequent proteasomal degradation, however this is 

counterbalanced by the deubiquitinating activity of Ubiquitin Specific Peptidase 7 (USP7), which 

acts to deubiquitinate and stabilise TRIP12 (Cai et al., 2015). Alternatively, HECT E3 mediated 

ubiquitination of a substrate can be directly regulated by DUBs. In S. cerevisiae, the DUB Ubiquitin 

Specific Peptidase 2 (UBP2) can be coupled to the HECT E3 ligase RSP5 to directly antagonise the 

formation of polyubiquitin chains, to potentially rescue its substrates from ubiquitination (Kee et al., 

2005).  

PTMs and interactions of HECT E3s with other UBLs can also regulate E3 ligase activity (Figure 

1.17 below). For example, SUMOylation of SMURF2 at Lys26 and Lys369 has been shown to 

enhance its catalytic activity and promote the SMURF2 mediated degradation of Transforming 

Growth Factor Beta Receptor Type I (TGFβRI) (Chandhoke et al., 2016). It has been proposed that 

the conjugation of SUMO to Lys26 in the C2 domain of SMURF2 may regulate intermolecular 

interactions between the C2 and HECT domains, while SUMOylation of Lys369 may affect 

interactions between the WW domains of SMURF2 and PY motif containing adaptor proteins 

(Sluimer and Distel, 2018). SMURF2 can also be NEDDylated, however this leads to its 

ubiquitination and subsequent degradation (Shu et al., 2016). Alternatively, SMURF1 cooperates 

with UBC12 to catalyse its own NEDDylation and this has been shown to enhance E2 recruitment 

and promote SMURF1 ubiquitin ligase activity (Xie et al., 2014). Interestingly, both SMURF1 and 

SMURF2 can be regulated by non-covalent interactions with NEDD8 via conserved binding sites 

within their HECT domains (He et al., 2017). Mutating these binding sites results in the inhibition of 

SMURF mediated auto-polyubiquitination and substrate polyubiquitination with a partial reduction 
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in the ability of SMURF to form ubiquitin thioester intermediates. Similar non-covalent interactions 

occur between ISG15 and NEDD4, where they function to block the binding of a ubiquitin 

conjugated E2 to the E3, therefore inhibiting NEDD4’s E3 ubiquitin ligase activity (Malakhova and 

Zhang, 2008). 

 

 
 

Figure 1.17 Regulation of HECT E3 Ligases by Post Translational 

Modifications 

The catalytic activity of HECT E3 ligases can be regulated by a range of PTMs. 

Phosphorylation can regulate intermolecular and intramolecular interactions. The 

auto-inhibitory intramolecular interactions of ITCH and NEDD4 can be relieved by 

phosphorylation (Gallagher et al., 2006; Persaud et al., 2014). Alternatively, 

phosphorylation of HUWE1 can inhibit dimer formation (Lee et al., 2016). 

SUMOylation and NEDDylation can also regulate HECT E3 ligase catalytic activity. 

SUMOylation of SMURF2 enhances its catalytic activity and NEDDylation of 

SMURF1 enhances E2 recruitment to promote E3 ligase activity (Chandhoke et al., 

2016; Xie et al., 2014). Ubiquitination can negatively regulate HECT E3 ligase 

activity by targeting the E3 for proteasomal degradation, such as the ubiquitination 

of E6AP by UBR5 (Tomaic et al., 2011). Ubiquitination of HECT E3s can be 

antagonised by DUBs, which cleave the polyubiquitin chains to stabilise the HECT 

E3 ligase. DUBs and HECT E3s can work in tandem to regulate ubiquitination and 

polyubiquitin chain topology for specific substrates. The DUB UBP2 in S. cerevisiae 

can be coupled to the HECT E3 ligase RSP5, to antagonise substrate 

polyubiquitination (Kee et al., 2005). Figure created using Biorender.com. 
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1.12 The Human HECT E3 Ubiquitin Ligase HECTD1 

The human HECT E3 ubiquitin ligase HECTD1 is a 289.4 kDa protein consisting of 2610 amino 

acids (Figure 1.18 below). The UniProt database has computationally predicted seven additional 

protein isoforms for HECTD1, ranging from 122 to 2614 amino acids (Bateman et al., 2021). The 

predicted catalytic bilobular HECT domain of HECTD1 is located at its C-terminus, at amino acids 

2151-2610. At the N-terminus there is an Ankyrin repeat region at amino acids 361-483. This region 

is structurally recognised by its helix-turn-helix bundles, the function of such repeats are typically to 

mediate protein-protein interactions (J. Li et al., 2006). Further upstream is the Spindle Pole Body-

Associated Protein 1 (SAD1) and UNCoordinated (UNC) (SUN) domain at amino acid positions 

1110-1239. This domain is typically found in nuclear envelope associated proteins (Hodzic et al., 

2004; Padmakumar et al., 2005). The overall structure of this domain is characterised by a ‘stalk-

like’ α-helix alongside a ‘leaf-like’ subdomain formed by a β-sheet sandwich (Zhou et al., 2012). 

The Mindbomb (MIB) HERC2 domain is found at amino acid positions 1266-1338 and is structurally 

characterised by a five-stranded anti-parallel twisted β-sheet, the function of which has been 

unexplored within the context of this E3 ligase. Previous work has highlighted its role in substrate 

recognition for the ubiquitination of Notch ligands by MIB1 (McMillan et al., 2015). There is also a 

predicted Basic Tilted Helix Bundle (BTHB) domain at amino acid positions 1879-1966, identified 

by its five α-helices surrounding a hydrophobic core. The only other known protein to contain this 

domain is FK506 Binding Protein 25 (FKBP25) (Helander et al., 2014). Within the context of 

FKBP25, the BTHB domain has been revealed to bind double stranded RNA (dsRNA) (Dilworth et 

al., 2017). This interaction has been predicted to be facilitated by the BTHB domain’s key Lys 

residues (Lys22, Lys23, Lys48 and Lys52) that recognise phosphate groups on both sides of the 

major groove of dsRNA. The binding of the BTHB domain to dsRNA was shown to be responsible 

for the nucleolar localisation of FKBP25, where this protein has been revealed to function within 

pre-ribosome assembly (Gudavicius et al., 2014). Interestingly, these studies highlighted that the 

FKBP and BTHB domains were structurally independent and exhibited flexibility. This led to the 

proposed hypothesis that the BTHB domain could bind to dsRNA, while the FKPB domain could 

freely interact with proximal proteins. Intriguingly, the BTHB domain within HECTD1 is positioned 

roughly 200 amino acids N-terminally from its catalytic HECT domain. This suggests that the BTHB 

domain could function in a similar manner by binding dsRNA to assist in recruiting HECTD1 or its 

catalytic HECT domain to target substrates for ubiquitination.  
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Figure 1.18 Domain Map of the E3 Ubiquitin Ligase HECTD1  

Annotated boundary map of the domains and their relative position within the full-

length HECTD1 protein. Ankyrin repeats are highlighted in red, the SUN domain is 

highlighted in blue, the MIB/HERC2 domain is highlighted in purple, the BTHB 

domain is highlighted in dark yellow and the HECT domain is highlighted in green. 

 

A recent study identified HECTD1 as an important regulator of ribosome assembly during the 

regeneration of hematopoietic stem cells (Lv et al., 2021). Specifically, HECTD1 was found to 

ubiquitinate the ribosomal assembly factor, Zinc Finger Protein 622 (ZNF622), to promote its release 

from the pre-60S ribosome and enable 60S/40S joining during ribosome assembly. Considering that 

FKBP25 is also involved in pre-ribosome assembly, this parallelism supports the notion that the 

BTHB domain of HECTD1 may also play a similar role in recruiting the HECT domain to the 

nucleolus, where ribosome assembly occurs. HECTD1 has also been implicated in the DNA Base 

Excision Repair (BER) pathway where it has been proposed to ubiquitinate  Histone 2B and 3 at sites 

of DNA damage to promote chromatin remodelling (Bennett et al., 2020). This chromatin 

remodelling was subsequently shown to improve the accessibility of DNA damage sites to 

Apurinic/Apyrimidinic Endonuclease-1 (APE1); the function of which is to cleave the sugar 

phosphate backbone of DNA to prime the synthesis of its repair (Mol et al., 2000). 

HECTD1 has also been reported to shuttle between the nucleus and the cytoplasm of Henrietta Lacks 

(HeLa) cells, with the inhibition of nuclear export and import resulting in an accumulation of 

HECTD1 protein in the nucleus and cytoplasm respectively (Wang et al., 2020). This translocation 

was further shown to be important for the regulation of the Epithelial Mesenchymal Transition 

(EMT) transcription factor, Snail Family Zinc Finger Protein 1 (SNAIL). Co-immunoprecipitation 

assays revealed that HECTD1 interacts with and ubiquitinates SNAIL, targeting it for degradation 

and consequently suppressing EMT. Dysregulation of EMT is positively associated with tumour 

progression and metastatic expansion of cancer cells (Brabletz et al., 2018). Consistent with these 
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findings, decreased expression of HECTD1 correlated with reduced patient survival in cervical, 

breast and gastric cancer patients (Wang et al., 2020). Similarly, the ubiquitination and the 

subsequent degradation of Actin Cross-Linking Factor 7 (ACF7) by HECTD1 has been shown to 

reduce EMT and metastasis in breast cancer cells (Duhamel et al., 2018). Additionally, HECTD1 can 

be recruited by Condensin I/II complexes to Oestrogen Receptor α (ER-α) bound enhancer regions 

where it ubiquitinates the co-repressor Receptor Interacting Protein 140 (RIP140) (Li et al., 2015). 

This promotes the recruitment of co-activator P300 and facilitates the formation of enhancer-

promoter looping during interphase to upregulate the transcription of target genes. In breast cancer 

cells, oestrogen stimulation upregulates this pathway to promote aberrant gene expression. More 

recently, whole-exome genome sequencing studies carried out on tumours taken from six 

Inflammatory Breast Cancer patients, revealed HECTD1 as being one of the most commonly mutated 

genes, with 33% of tumours found to contain mutated HECTD1 (Luo et al., 2021).  

HECTD1 has also been shown to regulate the transcription factor NF-κB within the inflammatory 

response by ubiquitinating its inhibitor Nuclear Factor of Kappa Light Polypeptide Gene Enhancer 

in B-Cells Inhibitor, Alpha (IκBα) with K48 linked polyubiquitin chains (Y. Li et al., 2020). The 

binding of HECTD1 to Ribosomal Protein Subunit 3 (RPS3) was shown to be essential for the K48 

linked polyubiquitination of IκBα, with Latexin (LXN) acting as a competitive inhibitor for the 

binding to RPS3. Previous studies have also linked the binding of LXN to RPS3 to the inhibition of 

the pro-inflammatory NF-κB pathway (You et al., 2014). LXN deficiency was subsequently shown 

to contribute towards colitis in mice, with the elevated inflammation likely a result of the increased 

ubiquitination of IκBα by HECTD1 (Y. Li et al., 2020). HECTD1 has also been implicated in the 

neuroinflammatory response of primary mouse astrocytes following Lipopolysaccharide (LPS) 

treatment (Tang et al., 2021). LPS is a bacterial endotoxin that binds to and activates Toll-Like 

Receptor 4 (TLR-4) to produce proinflammatory cytokines and elicit an inflammatory response via 

the NF-κB pathway (Beutler, 2000). In primary mouse astrocytes the neuroinflammatory response 

elicited by LPS treatment was found to be dependent on HECTD1 expression, with its genetic 

knockdown resulting in the inhibition of LPS-induced astrocyte activation. This study highlights 

HECTD1 as a key regulator of neuroinflammation and therefore a potential therapeutic target for 

neuroinflammatory disorders such as Alzheimer’s and Parkinson’s disease (Guzman-Martinez et al., 

2019).  

Within the field of developmental biology, HECTD1 was initially found to play a role in neural tube 

closure and early embryogenesis, with the deletion of HECTD1 resulting in the embryonic lethal 

development of exencephaly in mice (Zohn et al., 2007).  Further studies revealed HSP90 as a 

substrate for HECTD1, hinting that a decrease in HSP90 promotes migration of the cranial 
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mesenchyme, promoting neural tube closure (Sarkar and Zohn, 2012). Mutations in HECTD1 have 

also been correlated with abnormal development of the placenta and its junctional zone (Sarkar et 

al., 2014; Sarkar et al., 2016). HECTD1 is also implicated in the development of the aortic arch 

within the heart, by regulating Retinoic Acid (RA) signalling, likely through the ubiquitination of the 

Retinoic Acid Receptor Alpha (RARA) (Sugrue et al., 2019). A further role for HECTD1 is within 

the Wnt signalling pathway, where it has been identified to polyubiquitinate the Adenomatous 

Polyposis Coli (APC) protein with K63 linked chains (Tran et al., 2013). The K63-linked 

polyubiquitination of APC by HECTD1 in HEK293 cells promotes its interaction with Axin, a key 

scaffold protein in the β-catenin destruction complex, the formation of which is required to maintain 

low levels of β-catenin in the absence of Wnt signalling. The deubiquitination of K63-linked APC 

has been shown to be modulated by the OTU DUB TRAF Binding Domain-containing protein 

(TRABID) (Tran et al., 2008). TRABID has since been shown to cleave K29 linkages with 40 fold 

higher efficiency than K63 linkages (Virdee et al., 2010). Recent studies with HECTD1 have recently 

revealed the enzyme preferentially assembles branched K29/K48 chains during its 

autoubiquitination, with TRABID shown to interact with HECTD1 as an E3/DUB pair to promote 

its stabilisation (Harris et al., 2021). Currently, no HECTD1 substrates have been identified to be 

polyubiquitinated with K29 or branched K29/K48 polyubiquitin chains. However, previous 

HECTD1 studies have often failed to comprehensively validate the chain specificity of their 

ubiquitinated substrates, using only a minimal number of ubiquitin linkage specific antibodies in 

their assays (Tran et al., 2013). Future studies investigating the ubiquitination of HECTD1 substrates 

would benefit from the use of ubiquitin mutants, whereby key Lys residues are mutated to Arg (K48R 

or K48 only etc.) to confirm which Lys residues are required for polyubiquitination (Harris et al., 

2021). In addition to this, the use of MD-MS would further confirm the chain topology and 

successfully identify branch regions (Valkevich et al., 2014). 
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1.13 Research Aims 

The E3 ubiquitin ligase HECTD1 has been revealed to regulate a range of cellular processes 

including but not limited to: EMT (Duhamel et al., 2018), Wnt signalling (Tran et al., 2013) and the 

inflammatory response (Y. Li et al., 2020). Critically, the absence of HECTD1 is embryonic lethal, 

due to its key functional roles in early embryogenesis (Zohn et al., 2007). Importantly, the discovery 

of HECTD1’s role in suppressing EMT and cancer metastasis (Duhamel et al., 2018), highlights its 

role as a tumour suppressor for a range of cancers (Luo et al., 2021). The role of HECTD1 within the 

pro-inflammatory NF-κB pathway (Y. Li et al., 2020) additionally highlights its potential role as a 

drug target for neuroinflammatory disorders such as Alzheimer’s and Parkinson’s disease (Guzman-

Martinez et al., 2019). 

Despite the range of studies that have investigated the cellular functions of HECTD1, there has been 

a clear lack of research into the regulation of the E3 ligase itself and its structural properties. 

Furthermore, the recent discovery that HECTD1 preferentially assembles atypical branched 

K29/K48 polyubiquitin chains (Harris et al., 2021) warrants further investigation into the potentially 

unique structural properties of HECTD1 and the regulatory mechanisms that control its catalytic 

activity. Importantly, elucidating the structural properties and regulatory mechanisms of HECTD1 

would crucially assist in identifying drug targetable regions within the protein for future studies. 

Therefore, this research sought to elucidate the structural and regulatory features of the HECTD1 

HECT domain with the following primary aims: 

 

1. The first aim of this research was to elucidate the structure of the HECTD1 HECT domain 

using X-ray crystallography. Currently the structure of the HECTD1 HECT domain is 

unknown. Solving this structure could potentially highlight unique structural features that 

assist in HECTD1’s ability to catalyse the polyubiquitin of atypical branched K29/K48 

chains. 

 

2. The second aim of this research was to elucidate the role of oligomerisation within the 

HECTD1 HECT domain. During the crystallographic studies of the HECTD1 HECT 

domain, early purifications hinted at the presence of oligomerisation within the recombinant 

proteins. Oligomerisation of HECT E3 ligases has been previously identified as a regulatory 

mechanism for their catalytic activity. Determining if oligomerisation regulates the catalytic 

activity of HECTD1 would assist in the development of potential future drugs targeting the 

modulation of this E3 ligase. 
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2.1  Materials 

 

2.1.1 General Reagents and Equipment 

 

Table 2.1 General Reagents and Equipment 

 

Reagent/Equipment Company Code 

1 kilobase (kb) Plus DNA Ladder Invitrogen 10787018 

10X FastDigest Green Buffer Thermo Fisher B72 

2-Amino-2-(Hydroxymethyl)-1,3-Propanediol (Tris) Hydrochloride Roche 10812846001 

2X YT Broth (Powder/Molecular Genetics) Sigma BP2467-500 

3MM Whatman Cellulose Chromatography Paper Merck WHA3030917 

4-(2-Hydroxy Ethyl)-1-Piperazine Ethane Sulphonic Acid (HEPES) Sigma PHG0001 

4-15% Criterion TGX Precast Midi Protein Gel, 18 well, 30 µl Bio-Rad 5671084 

4X Bolt Lithium Dodecyl Sulphate (LDS) Sample Buffer Invitrogen B0007 

4X Laemmli Sample Buffer Bio-Rad 161-0747 

50 mL Econo-Column Chromatography Column Bio-Rad 7372512 

50 mL Polypropylene Bottle with Cap Assembly Beckman-Coulter 361694 

500 mL, Polypropylene Bottle with Cap Assembly Beckman-Coulter 361691 

6545 Liquid Chromatography Quadrupole Time of Flight Mass 

Spectrometer (6545 LC/Q-TOF) 
Agilent 6545 

Acetic Acid Glacial VWR International BDH3092 

Acetone Sigma 32201-M 

Acrylamide/Bis-acrylamide, 37.5:1, 30% solution Alfar Aesar J62100 

Agarose Sigma A9539 

ÄKTA Start Protein Purification System GE Healthcare 29022094 

Allegra 25R Centrifuge Beckman-Coulter 369434 

Amersham ECL Prime Western Blotting Detection Reagent Cytiva RPN2232 

Ammonium Persulphate Sigma A3678 

Ampicillin Fisher Scientific BP1760 

Apple iPhone 12 Pro Max (Camera) Apple MGDA3B/A 
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Table 1.1 General Reagents and Equipment (Continued) 

 

Reagent/Equipment Company Code 

Avanti J-25 Centrifuge Beckman-Coulter 363102 

BCS Screen 
Molecular 

Dimensions 
MD1-104 

Bis (sulfosuccinimidyl) Suberate (BS3) Crosslinker Thermo Fisher 21580 

BL21-CodonPlus (DE3)-RIL Competent E. coli Cells Agilent 230245 

Branson 450 Digital Sonifier Branson S-450D 

Brilliant Blue R 250 Sigma 42655 

Chloramphenicol Sigma C0378 

ClearVue Sheets 
Molecular 

Dimensions 
MD6-01S 

CloneAmp HiFi PCR Premix Takara Bio 639298 

Cloning Enhancer Takara Bio 639615 

Complete Mini-Protean Gel Electrophoresis System Bio-Rad 1658001FC 

Criterion Cell Midi System Bio-Rad 1656001 

Crystal Phoenix Dispensing Robot 
Art Robbins 

Instruments 
602-0001-10 

CrystalClene Slips 18mm, Round 
Molecular 

Dimensions 
MD4-12 

Cuvettes (1 mL) Sarstedt 67.742 

Digital Lab Balance Sartorius 1203MP 

Dimethyl Sulphoxide (DMSO) Fisher Scientific BP231 

Disuccinimidyl Glutarate (DSG) Crosslinker Thermo Fisher 20593 

Dithiothreitol (DTT) Thermo Fisher R0862 

DNAse I Invitrogen 18047019 

DpnI Thermo ER1701 

DR 22A Mini-Transilluminator 
Clare Chemical 

Research 
DR22A 

Dri-Block Heat Block Techne DB-2A 

DS-11 FX + DNA Quantification Spectrophotometer DeNovix DS-11 

Durham pH Screen 
Molecular 

Dimensions 
MD1-101 

Durham Salt Screen 
Molecular 

Dimensions 
MD1-102 



Chapter Two - Materials and Methods 

 

53 

 

 

Table 1.1 General Reagents and Equipment (Continued) 
 

Reagent/Equipment Company Code 

Eppendorf Microcentrifuge 5417 R Eppendorf 2262180-7 

Eppendorf Research Plus, 8-channel, variable Pipette Eppendorf 3125000036 

Eppendorf Thermomixer Eppendorf 5382000031 

Epson Perfection V700 Scanner Epson B11B178022 

Ethanol VWR International 20821.330P 

Ethylenediaminetetraacetic Acid (EDTA) Sigma EDS 

FastDigest BamHI Thermo FD0054 

FastDigest Green Buffer Thermo B72 

FastDigest XhoI Thermo FD0694 

Fisherbrand Cell Density Meter Fisher Scientific 11899283 

Fusion SL Imager Vilber Lourmat FUSION-SL 

Gel Filtration HMW Calibration Kit GE Healthcare 28403842 

GelDoc-It² Imager UVP 97013804 

GelStar Nucleic Acid Gel Stain Lonza 50535 

Glucose Powder Sigma G7021 

Glutathione Sepharose 4B GST-tagged Protein Purification Resin GE Healthcare 17-0756-01 

Glycerol Sigma G5516 

Glycine Sigma G8898 

Goat Anti-Mouse IgG Peroxidase Conjugated Secondary Antibody, 

H+L 
Millipore AP124P 

Greiner 24 well Combo Plate (SBS format) with lid 
Molecular 

Dimensions 
MD3-16 

Hi-Prep 16/60 Sephacryl S-200 HR GE Healthcare 17116601 

Hi-Prep 16/60 Sephacryl S-300 HR GE Healthcare 17116701 

HiTrap Desalting Column 5 mL GE Healthcare 29048684 

Hydrochloric Acid (HCl) VWR International 20254.401P 

IMC18 Benchtop Incubator Thermo 50125590 

Imidazole Sigma 792527 

In-Fusion HD Cloning Kit Takara Bio 639649 
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Table 1.1 General Reagents and Equipment (Continued) 
 

Reagent/Equipment Company Code 

Innova 42 Shaking Incubator New Brunswick M1335 

Isopropanol VWR International 20922.32 

Isopropyl β-D-1-thiogalactopyranoside (IPTG) Thermo Fisher R0392 

JA-25.50 Fixed-Angle Aluminum Rotor Beckman-Coulter 363058 

JCSG Plus 
Molecular 

Dimensions 
MD1-37 

J-LITE JLA-10.500 Fixed-Angle Aluminium Rotor Beckman-Coulter 369681 

Kanamycin Fisher Scientific BP906 

KOD Hot Start DNA Polymerase Novagen 71086 

Lysogeny Broth (LB) (Lennox) Sigma L3022 

LB Broth with agar (Lennox) Sigma L2897 

L-Glutathione reduced Sigma G4251 

Lysozyme Sigma L6876 

Magnesium Chloride (MgCl2) Sigma M1028 

Methanol VWR International 85650.32 

Mg2+ - ATP Solution Boston Biochem B-20 

MicroAmp Fast Optical 96-Well Reaction Plate, 0.1 mL 
Applied 

Biosystems 
4346907 

MicroAmp Optical Adhesive Film 
Applied 

Biosystems 
4311971 

Microplate centrifuge, PCR Plate Spinner VWR 521-1694 

Millex-GS Syringe Filter Unit, 0.22 µm, mixed cellulose esters, 33 

mm, ethylene oxide sterilized 
Merck SLGS033SS 

Millex-HA Syringe Filter Unit, 0.45 µm, mixed cellulose esters, 33 

mm, ethylene oxide sterilized 
Merck SLHA033SS 

Mini Trans-Blot Cell System Bio-Rad 1703930 

Morpheus I Buffer System 1 
Molecular 

Dimensions 
MD2-100-101 

Morpheus I Halogens Mix 
Molecular 

Dimensions 
MD2-100-71 

Morpheus I Precipitant Mix 2 
Molecular 

Dimensions 
MD2-100-82 

Morpheus I Primary Screen 
Molecular 

Dimensions 
MD1-47 



Chapter Two - Materials and Methods 

 

55 

 

 

Table 1.1 General Reagents and Equipment (Continued) 
 

Reagent/Equipment Company Code 

Morpheus II Primary Screen 
Molecular 

Dimensions 
MD1-92 

Mouse Primary Ubiquitin Monoclonal Antibody (P4D1) Enzo P4D1 

Multipette M4 Repeater Pipette Eppendorf 4982000012 

NativeMark Unstained Protein Standard Invitrogen LC0725 

Ni-NTA Agarose Resin Qiagen 30210 

NuPAGE 4 to 12%, Bis-Tris, 1.0 mm, Mini Protein Gel, 10-well Invitrogen NP0321BOX 

NuPAGE MOPS SDS Running Buffer (20X) Invitrogen NP0001 

One Shot Mach1 T1 Phage-Resistant Chemically Competent E. coli 

Cells 
Invitrogen C862003 

PACT Premier 
Molecular 

Dimensions 
MD1-29 

PageRuler Plus Prestained Protein Ladder Thermo 26620 

PD-10 Desalting Column, with Sephadex G-25 resin, 1.0–2.5 mL GE Healthcare 17085101 

Pepsin Fisher Scientific 11428712 

Phosphate Buffered Saline (PBS) Tablets Oxoid BR0014G 

Phusion Hot Start II Polymerase Thermo F549 

Pierce Coomassie Plus - The Better Bradford Assay Reagent Thermo Fisher 23238 

Pierce Protease Inhibitor Tablets, EDTA-free Thermo Fisher A32965 

PIPETBOY Acu 2 Integra L155017 

PIPETMAN Classic Starter Kit, 4 Pipette Kit, P2, P20, P200, 

P1000 
Gilson F167380 

Potassium Chloride (KCl) Sigma P9541 

Power-Pac Basic Power Supply Bio-Rad 1645050 

Precast 4-12% NuPAGE Bis-Tris Mini Gels Invitrogen NP0322 

Precast Criterion TGX Midi Gels Bio-Rad 5671084 

Pre-Crystallisation Test Hampton Research HR2-140 

PreScission Protease GE Healthcare 27084301 

ProPlex 
Molecular 

Dimensions 
MD1-38 

ProteoSilver Silver Stain Kit Sigma PROT-SIL1 
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Table 1.1 General Reagents and Equipment (Continued) 
 

Reagent/Equipment Company Code 

PVDF Transfer Membrane 0.45 µm Thermo 88518 

QIAprep Spin Miniprep Kit Qiagen 27104 

QIAquick Gel Extraction Kit Qiagen 28704 

Recombinant Human Ubiquitin Mutant No K Boston Biochem UM-NOK 

Recombinant Human Ubiquitin Mutant with K29 only Boston Biochem UM-K290 

Recombinant Human Ubiquitin Mutant with K48 only Boston Biochem UM-K480 

Rectangular Quartz Cuvette 1mm Malvern 126645 

RUBIC Additive Screen 
Molecular 

Dimensions 
MD1-97 

RUBIC Buffer Screen 
Molecular 

Dimensions 
MD1-96 

S-5.1-500 Swinging-Bucket Aluminium Rotor Beckman-Coulter 368308 

Sealing Grease 
Molecular 

Dimensions 
MD6-02 

SevenCompact pH Meter Mettler Toledo 30130864 

SG1 
Molecular 

Dimensions 
MD1-88 

Sitting Drop Bridges 
Molecular 

Dimensions 
MD3-17 

Skimmed Milk Powder Thermo Fisher LP0031 

Sodium Chloride (NaCl) Sigma 31434-M 

Sodium Dodecyl Sulphate (SDS) Fisher Scientific BP166 

Sodium Hydroxide (NaOH) Sigma 6203 

Sodium Phosphate Monobasic Sigma S-0751 

SRT6 Fixed Speed Analogue Tube Mixer Roller Stuart 84798200 

StepOnePlus Real Time PCR system 
Applied 

Biosystems 
4376600 

Structure Screen 1 
Molecular 

Dimensions 
MD1-01 

Structure Screen 2 
Molecular 

Dimensions 
MD1-02 

Stuart Scientific Gyro rocker Sigma Z316520 

Sub Aqua Pro Unstirred Water Bath Grant SAP2S 
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Table 1.1 General Reagents and Equipment (Continued) 
 

Reagent/Equipment Company Code 

Sub-Cell GT Horizontal Electrophoresis System Bio-Rad 1704402 

Superdex 200 Increase 10/300 GL GE Healthcare 28-9909-44 

Superose 6 Increase 10/300 GL GE Healthcare 29-0915-96 

SYPRO Orange Protein Gel Stain Thermo Fisher S6650 

T-100 Thermo Cycler Bio-Rad 1861096 

T4 DNA Ligase 
New England 

BioLabs 
M0202S 

Tris (2-Carboxyethyl) Phosphine Hydrochloride (TCEP-HCl) Sigma 51805-45-9 

TEMED Sigma T7024 

Terrific Broth, Modified Fisher Scientific 11306002 

The Swissci Triple Drop Plate - Polystyrene 
Molecular 

Dimensions 
MD11-003 

Triton X-100 Sigma T9284 

Trizma Base Sigma T6066 

Tryptone Sigma T7293 

TWEEN 20 Sigma P1379 

U360 -80 °C Freezer Eppendorf U9425 

UBE1, E1 Enzyme Boston Biochem E-304-50 

Ubiquitin from Bovine Erythrocytes Sigma U6253 

Vivaspin 500 Centrifugal Concentrators Sartorius VS0101 

Vivaspin 6 Centrifugal Concentrators (10K,30K, 50K MWCO) Sartorius 
VS0602, VS0621, 

VS0631 

Wild M5A Upright Light Microscope Wild-Heerbrugg M5A 

Yeast Extract Sigma Y1625 

Zetasizer Nano S Malvern ZEN1500 
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2.1.2 Solutions and Buffers 

 

Table 2.2 Solutions and Buffers  

 

Buffer/Solution Recipe Protocol 

10X DNA Loading Dye 

Buffer 
40% (v/v) Glycerol, 0.25% (w/v) Bromophenol Blue 

10X Ubiquitination ATP 

Buffer 
250 mM Tris pH 7.4, 200 mM NaCl, 10 mM DTT and 10 mM Mg2+-ATP. 

Agarose Gel 1-2% w/v Agarose in Tris-Acetate-EDTA (TAE) Buffer 

Coomassie Blue Stain 
0.2% (w/v) Coomassie Brilliant Blue R 250, 50% (v/v) Methanol and 10% (v/v) Acetic 

Acid Glacial. 

Coomassie Destain 40% (v/v) Methanol and 10% (v/v) Acetic Acid Glacial. 

Crosslinking Conjugation 

Buffer 
20 mM HEPES pH 7.5 and 150 mM NaCl. 

Crosslinking Quenching 

Buffer 
1M Tris Base pH 7.5. 

Elution Buffer (GST-Tag 

Proteins) 

50 mM Tris Base pH 7.4, 150 mM NaCl, 25 mM L- Glutathione Reduced and 1 mM 

DTT. 

Elution Buffer (His-Tag 

Proteins) 
50 mM Tris Base pH 8.5, 500 mM NaCl, 500 mM Imidazole and 2 mM DTT. 

Gel Filtration Buffer 50 mM Tris Base pH 7.4, 150 mM NaCl and 1 mM DTT. 

LB Lennox Broth 20g per 1 L of ddH2O. Autoclave. 

Lysis Buffer (GST-Tag 

Proteins) 

50 mM Tris Base pH 7.4, 150 mM NaCl, 2 mM DTT, 2 mM EDTA, 1X Pierce 

Protease Inhibitor Tablet, EDTA-free, 1 mg/mL (40000 U/mg), 10% (v/v) Glycerol, 1% 

(v/v) Triton X-100. After 1 hour add DNAse I 10 μg/uL (2000 U) and 10 mM MgCl2 

Lysis Buffer (His-Tag 

Proteins) 

50 mM Tris Base pH 8.5, 500 mM NaCl, 40 mM Imidazole, 2 mM DTT, 1X Pierce 

Protease Inhibitor Tablet, EDTA-free, 1 mg/mL (40000 U/mg), 10% v/v Glycerol, 1% 

v/v Triton X-100. After 1 hour add DNAse I 10 μg/uL (2000 U) and 10 mM MgCl2. 

LB Lennox with Agar 

35g per 1L of ddH2O. Autoclave and keep warm. Add antibiotics while warm 

(Kanamycin 50 μg/mL / Ampicillin 100 μg/mL) and pour into petri dishes using aseptic 

technique. 

Membrane Blocking 

Buffer 
5% (w/v) Skimmed Milk Powder in PBS-T. 

Membrane Washing 

Buffer (PBS-T) 
1X PBS and 0.1% (v/v) Tween 20. 

Native PAGE Loading 

Buffer 

For 2X and to be mixed 1:1 with sample. 125 mM Tris-Hydrochloride pH 6.8, 0.02% 

(w/v) Bromophenol Blue and 20% (v/v) Glycerol. 

Native PAGE Running 

Buffer 
25 mM Tris Base and 192 mM Glycine. 

Optimised Morpheus B2 

Crystallisation Buffer 

100 mM of the Morpheus I Halogen Mix, 26% (v/v) of the Morpheus I Precipitant Mix 

2 and 100 mM of the Morpheus I Buffer System 1 pH 6.5. 
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Table 1.2 Solutions and Buffers (Continued) 

 

Buffer/Solution Recipe/Protocol 

Phosphate Buffered Saline (PBS) 

Buffer 
Add 10 PBS tablets to 1 L of ddH2O. 

PreScission Protease Buffer 50 mM Tris Base pH 7.4, 150 mM NaCl, 1 mM EDTA and 1 mM DTT. 

TEV Protease Buffer 50 mM Tris Base pH 8.0, 150 mM NaCl, 1 mM DTT. 

SDS-PAGE Loading Buffer 
For 2X and to be mixed 1:1 with sample. 2X LDS (4X Bolt or Laemmli) 

and 200 mM DTT. 

SDS-PAGE Running Buffer 25 mM Tris Base, 192 mM Glycine and 0.1% (w/v) SDS. 

Super Optimal Broth with Catabolite 

Repression (SOC) Media 

2% (w/v) Tryptone, 0.5% (w/v) Yeast Extract, 10 mM NaCl, MgCl2. 

Autoclave and then add filter sterilised (0.22 μm) 20 mM glucose. 

Tris-Acetate-EDTA (TAE) Buffer 40 mM Tris Base pH 8.3, 20 mM Acetic Acid and 1 mM EDTA. 

Wash Buffer (His-Tag Proteins) 
50 mM Tris Base pH 8.5, 500 mM NaCl, 10 mM Imidazole and 2 mM 

DTT. 

Wash Buffers (GST-Tag Proteins) 
High Salt Wash: 500 mM NaCl, 50 mM Tris Base pH 7.4 and 2 mM DTT. 

Low Salt Wash: 150 mM NaCl. 50 mM Tris Base pH 7.4 and 2 mM DTT. 

Wet Transfer Buffer 
25 mM Tris Base, 192 mM Glycine, 0.1% (w/v) SDS and 20% (v/v) 

Methanol. 
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2.1.3 Plasmids and Recombinant Proteins 

All recombinant protein molecular weights and theoretical Isoelectric Points (pI) were calculated 

using the ProtParam tool using the ExPASy server (Wilkins et al., 1999). For each recombinant 

protein used within these studies, the human amino acid sequence was used. Amino acid boundaries 

for each protein are shown in superscript, with relevant mutations indicated. 

 

Table 2.3 Plasmids and Recombinant Proteins 

 

Protein 

Name/Boundary

/Species 

Tag Plasmid Molecular Weight (Da) 
Isoelectric point (pI) 

(pH) 
Created By 

HECTD12090-2610 GST pGEX-6P-1 
GST tagged - 85857.11 

No tag - 59444.41 

GST tagged - 5.36 

No tag - 5.23 
Dr Julien Licchesi 

HECTD12129-2610 GST pGEX-6P-1 
GST tagged - 81375.10 

No tag - 54962.40 

GST tagged – 5.20 

No tag - 5.03 

Dr Julien Licchesi 

(Byrne et al., 2017)  

NEDD4940-1319 GST pGEX-6P-2 
GST tagged - 71978.73 

No tag - 45566.03 

GST tagged – 5.86 

No tag- 5.94 

Dr Thomas Mund, 

MRC-LMB, 

Cambridge UK 

HECTD12129-2605 GST pGEX-6P-1 
GST tagged – 80806.47 

No tag - 54393.77 

GST tagged – 5.17 

No tag – 5.00 
Dr Julien Licchesi 

HECTD12129-2605 His pETM11 
His tagged – 57312.00 

No tag - 54312.71 

His tagged – 5.11 

No tag – 5.00 
Dr Julien Licchesi 

HECTD12129-2610 

Δ2282-2341 
GST pGEX-6P-1 

GST tagged – 74635.82 

No tag - 48223.11 

GST tagged – 5.35 

No tag – 5.19 
Lee David Harris 

HECTD12129-2605 

Δ2282-2341 
GST pGEX-6P-1 

GST tagged – 74067.18 

No tag - 47654.48 

GST tagged – 5.32 

No tag - 5.14 
Lee David Harris 

HECTD12090-2610 

T2105D 
GST pGEX-6P-1 

GST tagged – 85871.10 

No tag - 59458.39 

GST tagged – 5.32 

No tag -5.19 
Lee David Harris 

HECTD12129-2491/ 

NEDD41198-1319 
GST pGEX-6P-1 

GST tagged – 86732.86 

No tag - 60320.16 

GST tagged – 5.20 

No tag – 5.04 
Lee David Harris 
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2.1.4 Primers 

All primers were synthesised by Sigma-Aldrich (Merck) with 100 μM stocks resuspended in Double 

Distilled Water (ddH2O). 

 

Table 2.4 Primers 

 

Recombinant Protein Primer Sequence (5’→3’) 
Cloning 

Method 

HECTD12129-2610 Δ2282-

2341 

Forward: 

TGTATGGGTGACATTAAAAGCGGAATTTTGACTTGGGAAGAC  

Reverse: 

GTCTTCCCAAGTCAAAATTCCGCTTTTAATGTCACCCATACA 

Site-Directed 

Mutagenesis 

HECTD1 2129-2605 Δ2282-

2341 

Forward: 

TGTATGGGTGACATTAAAAGCGGAATTTTGACTTGGGAAGAC 

Reverse: 

GTCTTCCCAAGTCAAAATTCCGCTTTTAATGTCACCCATACA 

Site-Directed 

Mutagenesis 

HECTD12090-2610 T2105D 
Forward: GAACCGACGTGAAGCCGATGTGGAGCGAACGAGA 

Reverse: TCTCGTTCGCTCCACATCGGCTTCACGTCGGTTC 

Site-Directed 

Mutagenesis 

HECTD12129-

2491/NEDD41198-1319 

Forward: 

AGTCCAAATGATTCTTTGTGGACTGGGAGATGTTGATGTG 

Reverse: 

TCACGATGCGGCCGCTCGAGCTAATCAACTCCATCAAAGC 

Megaprimer 

Domain 

Swapping 

 

2.1.5 Antibodies 

 

Table 2.5 Antibodies 

 

Antibody Name  Species Dilution Company Code Application 

Primary Ubiquitin Monoclonal Antibody  Mouse 1:5000 Enzo P4D1 
Western 

Blot 

Anti-Mouse IgG Peroxidase Conjugated Secondary 

Antibody, H+L 
 Goat 1:2000 Millipore AP124P 

Western 

Blot 
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2.2 Experimental Methods 

 

2.2.1 Multiple Sequence Alignments, Phylogenic Trees, Secondary Structure 

Prediction and Molecular Modelling 

Multiple Sequence Alignments (MSA) were performed using the Jalview software (Waterhouse et 

al., 2009). Each HECT E3 amino acid sequence was imported from the UniProt database (UniProt 

Consortium, 2018) and aligned using the Multiple Sequence Comparison by Log-Expectation 

(MUSCLE) MSA algorithm (Edgar, 2004). Sequence features were manually annotated from 

existing literature and colour coded. When comparing HECTD1 proteins in different species, the 

Taylor colouring scheme was used (Taylor, 1997), to emphasise potential amino acid substitutions 

and deletions. The phylogenetic tree was constructed using an alignment of HECT domains created 

in Jalview with the Blocks Substitution Matrix 62 (BLOSUM62) (Henikoff and Henikoff, 1992). 

The phylogenetic tree was formatted using Interactive Tree of Life (iTOL) (Letunic and Bork, 2016), 

with domain annotations imported from the Simple Modular Architecture Research Tool (SMART) 

database (Schultz et al., 1998). Domains were validated using InterPro (Blum et al., 2021). Secondary 

structure prediction of HECT domains was carried out using JPred (Drozdetskiy et al., 2015). 

Representation and rendering of crystal structures was undertaken using the PyMOL 2.0 software 

(Schrödinger, 2015). Crystal structures were downloaded from the Protein Data Bank (PDB) 

database and rendered in the PyMOL 2.0 software for figure generation. To generate a homology 

model of the HECTD1 HECT domain, the SWISS-MODEL (Waterhouse et al., 2018) algorithm was 

utilised using the previously solved NEDD4 HECT domain (PDB:2ONI) (Walker., 2007) as a 

suitable template. 

 

2.2.2 Site-Directed Mutagenesis 

Primers for site-directed mutagenesis were designed using the Agilent Quikchange Primer Design 

Tool (Liu and Naismith, 2008). Using the required template plasmid, the KOD Hot Start Polymerase 

Chain Reaction (PCR) kit (Novagen) was utilised for the site-directed mutagenesis. PCR was carried 

out in 25 μL reactions using: 50-100 ng of template plasmid, 1X KOD Hot Start Buffer, 1.5 mM 

Mg2SO4, 0.2mM Deoxynucleoside Triphosphate (dNTP) mix, 0.3 μM of each mutagenesis primer 

and 0.02 U of KOD Hot Start DNA Polymerase. The Bio-Rad T100 Thermal Cycler (Bio-Rad) was 

used for the PCR. The following cycle conditions were used in the reaction: initial denaturation of 

95 °C for 5 minutes followed by 18 cycles of denaturing at 95 °C for 20 seconds, annealing at 55 °C 



Chapter Two - Materials and Methods 

 

63 

 

for 1 minute and extension at 70 °C for 5 minutes. To cleave the methylated template plasmid DNA, 

10 U of DpnI (Thermo) was added to the product of the PCR for 1 hour at 37 °C. 

 

2.2.3 Bacterial Transformation by Heat Shock 

One Shot Mach1 T1 Phage-Resistant Chemically Competent E. coli (Invitrogen) were used for the 

transformation reaction. Cells stored at -80 °C in the U360 Freezer (Eppendorf) were defrosted on 

ice and subsequently incubated with 2.5 μL of the PCR product for 30 minutes. After incubation, the 

cells were heat shocked at 42 °C for 40 seconds in the Sub Aqua Pro Unstirred Water Bath (Grant) 

and immediately cooled on ice. 250 μL of SOC media was added to the cells and they were left to 

incubate at 37 °C at 400 Revolutions Per Minute (RPM) for 1 hour on the Eppendorf Thermomixer 

(Eppendorf) benchtop shaking incubator. The entire transformation reaction was then spread on a 

pre-warmed LB Agar (Sigma) plate supplemented with the correct antibiotic for plasmid selection 

(Ampicillin/Kanamycin) and left to incubate overnight (12-16 hours) at 37 °C in the Heratherm 

IMC18 incubator (Thermo). Single colonies were then picked from the plate and grown in 2 mL of 

LB Broth (Sigma), supplemented with antibiotics and grown overnight at 37 °C and 200 RPM in the 

Innova 42 shaking incubator (New Brunswick). Plasmids from the overnight cultures were isolated 

using the QIAprep Spin Miniprep Kit (Qiagen), following the manufacturer’s protocol. 

 

2.2.4 Screening of Recombinant Plasmids 

To select for successfully mutagenesised plasmids, the insert was cut from the plasmid backbone 

using the FastDigest restriction enzymes BamHI (Thermo) and XhoI (Thermo). A 10 μL reaction 

consisting of: 2 μL of plasmid, 1 U of each Fast Digest restriction enzyme and 1X FastDigest Green 

Buffer (Thermo). was incubated for 30 minutes at 37 °C. Using the Sub-Cell GT Horizontal 

Electrophoresis System (Bio-Rad) and the 1 kb Plus DNA Ladder (Invitrogen) as a standard, the 

digested reactions were run on a 2% (w/v) agarose gel supplemented with 1X GelStar Nucleic Acid 

Stain (10000X stock) (Lonza) with 1X TAE buffer at 100 V, until clear band separation was detected 

using a DR 22A Mini-Transilluminator (Clare Chemical Research). Gels were imaged using the 

GelDoc-It2 Imager (UVP). Successful mutagenesis plasmids were further confirmed by Sanger 

Sequencing using the Eurofins TubeSeq service with standard forward and reverse primers for the 

pGEX plasmid (pGEX FWD/pGEX REV). 

 



Chapter Two - Materials and Methods 

 

64 

 

2.2.5 Domain Swapping  

Domain swapping of the HECTD1 HECT domain C-lobe was carried out using a PCR generated 

megaprimer (Perez et al., 2006). Primers for the megaprimer were designed manually containing 

overlapping regions of the NEDD4 HECT C-lobe and the HECTD1 HECT N-lobe. To generate the 

megaprimer, PCR was undertaken using the NEDD4 HECT domain as the plasmid template. The 

following cycle conditions were used in the reaction: initial denaturation of 95 °C for 5 minutes 

followed by 32 cycles of denaturing at 95 °C for 20 seconds, annealing at 60 °C for 15 seconds and 

extension at 70 °C for 45 seconds. The resulting PCR product was subsequently run on a 2% (w/v) 

agarose gel and the target DNA band extracted using the QIAquick Gel Extraction Kit (Qiagen). The 

resulting purified megaprimer was then used in the domain swapping PCR reaction with the 

HECTD1 HECT domain as the template plasmid. The Phusion Hot Start II Polymerase (Thermo) 

was used for the high-fidelity PCR reaction with the following added: 50 ng of template plasmid, 

350 ng of megaprimer, 1X Phusion Buffer, 0.5 mM dNTP mix and 1 U of Phusion Hot Start II 

Polymerase. The following cycle conditions were used in the reaction: initial denaturation of 98 °C 

for 30 seconds followed by 18 cycles of denaturing at 98 °C for 10 seconds, annealing at 60 °C for 

1 minute and extension at 72 °C for 1 minute and 45 seconds. The resulting PCR product was 

transformed into competent cells using the heat shock method (previously described). Single colonies 

were grown up in 2 mL antibiotic supplemented LB Broth and the plasmids miniprepped (previously 

described). Plasmids were directly sent for Sanger Sequencing using the Eurofins TubeSeq service 

to confirm for successful domain swapping. 

 

2.2.6 Sodium Dodecyl Sulphate Polyacrylamide Gel Electrophoresis (SDS-PAGE)  

The Complete Mini-Protean Gel Electrophoresis System (Bio-Rad) was used for all hand casting of 

gels and running of SDS-PAGE. Hand cast SDS-PAGE gels were made as either one 4-16% gradient 

gel or as a gel of two fixed concentration (4% stacking and 12% resolving) (Table 2.6 below). 
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Table 2.6 SDS-Polyacrylamide Gel Recipes 

 

Reagent 

SDS-Polyacrylamide Gel (%) Native Polyacrylamide Gel (%) 

4% 

Stacking 

4% 

Resolving 

12% 

Resolving 

16% 

Resolving 

4% 

Stacking 

4% 

Resolving 

16% 

Resolving 

Acrylamide/Bis-acrylamide, 

37.5:1, 30% solution 
2 mL 2 mL 6 mL 8 mL 2 mL 2 mL 8 mL 

1.5 M Tris-HCl pH 8.8 - 3.75 mL 3.75 mL 3.75 mL - 3.75 mL 3.75 mL 

0.5 M Tris-HCl pH 6.8 3.75 mL - - - 3.75 mL - - 

10% SDS 150 μL 150 μL 150 μL 150 μL - - - 

10% APS 75 μL 75 μL 75 μL 75 μL 75 μL 75 μL 75 μL 

TEMED 10 μL 10 μL 10 μL 10 μL 10 μL 10 μL 10 μL 

ddH2O for 15 mL Final 

Volume 
9 mL 9 mL 5 mL 3 mL 9 mL 9 mL 3 mL 

 

To make the fixed concentration gels, the resolving layer was initially poured into the glass 1 mm 

plates, with 1 mL of 100% isopropanol (VWR) pipetted onto the surface of the gel layer to prevent 

uneven polymerisation. After the resolving gel was set, the isopropanol was removed, and the 

stacking gel poured onto the resolving layer. Gel combs (1 mm) were added to the top of the gel as 

soon as it is was poured to promote even well formation. For gradient gels, a 10 mL serological 

pipette was used to aspirate the 4% resolving gel followed by the 16% resolving gel. One large bubble 

was the introduced into the pipette to mix the two gels into a gradient. The gradient gel was then 

pipetted straight into 1 mm glass plates, topped off with 4% stacking gel and left to set with gel 

combs inserted. Precast gradient gels were also used in mini format (4-12% NuPAGE Bis-Tris 

(Invitrogen) and midi format using the Criterion Cell system (Bio-Rad) (4–15% Criterion TGX (Bio-

Rad). SDS-PAGE loading buffer was added to protein samples before boiling at 80 °C and leaving 

to cool on ice. To reduce condensation and loss of sample, the samples were centrifuged using the 

Eppendorf Microcentrifuge 5417 R (Eppendorf) at 2500 x g before loading. Gels were run in SDS-

PAGE Running Buffer at 50-200V (Power-Pac Basic Power Supply (Bio-Rad) with PageRuler Plus 

Prestained Protein Ladder (Thermo) until the desired protein separation was reached. 

 

2.2.7 Native PAGE  

For Native PAGE, all gels were hand cast as previously described with a 4-16% gradient, but without 

SDS. Samples were prepared using Native PAGE Loading Buffer and loaded into the gel without 

boiling to maintain their native state. Gels were run using Native PAGE Running Buffer with 
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NativeMark Unstained Protein Standard (Invitrogen). Electrophoresis was undertaken in the cold 

room (4 °C) at low voltage (< 100 V) to maintain low amperage. Both Native and SDS-PAGE gels 

were stained using Coomassie Blue Stain and incubated overnight (12-16 hours) on an orbital shaker 

Stuart Scientific Gyro rocker (Sigma). The gels were destained through multiple washes with 

Coomassie Destain until the background staining was no longer visible. To rehydrate the gels for 

imaging, they were incubated with double distilled water (ddH2O). Sensitive silver staining was 

carried out using the ProteoSilver Silver Stain Kit (Sigma), following the manufacturer’s protocol. 

All gels were imaged using the Epson Perfection V700 Scanner (Epson). 

 

2.2.8 Protein Expression 

Plasmids containing the protein of interest were transformed into BL21-CodonPlus (DE3)-RIL 

Competent Cells (Agilent) using the previously described method, with only 30 μL of cells plated 

onto antibiotic selective LB Agar to prevent overconfluent colonies. A single colony was picked and 

grown in 100 mL LB Broth with selective antibiotics (Kanamycin 50 μg/mL / Ampicillin 100 μg/mL 

and Chloramphenicol 25 μg/mL) for a starter culture overnight (12-16 hours) at 30 °C and 200 RPM. 

The following day the optical density (OD600) was taken for the starter culture using the Fisherbrand 

Cell Density Meter (Fisher Scientific) to confirm it had reached stationary phase (~ 1.7). A 2 mL 

glycerol (Sigma) stock of the starter culture was taken with a final glycerol concentration of 25%. 

Glycerol stocks were flash frozen in liquid nitrogen and stored at -80 °C. For bulk expression of 

proteins, 1 L of antibiotic selective (Kanamycin and Ampicillin only) LB Broth flasks were 

inoculated with 10 mL of starter culture and incubated at 37 °C at 200 RPM. The optical density was 

monitored regularly until an OD600 of 0.6 was reached. A 1 mL pre-induction (Uninduced) sample 

was taken and centrifuged at 2500 x g for 5 minutes, the resulting pellet was resuspended with SDS-

PAGE Loading Buffer. The cultures were cooled for 30 minutes in the cold room (4 °C) before being 

induced for expression with 500 μM of IPTG (Thermo). The cultures were then incubated at 16 °C 

at 120 RPM overnight (16-18 hours). After induction incubation period, another 1 mL sample for 

post-induction (Induced) was taken and prepared as previously described. The cells were then 

pelleted using the Avanti J-25 (Beckman Coulter) centrifuge using the JLA 10.500 rotor (Beckman 

Coulter) at 4500 x g for 20 minutes. The resulting supernatant was disposed of and the cells 

transferred to a 50 mL conical tube where they were pelleted once again using the Allegra 25R 

Centrifuge (Beckman Coulter) at 4000 x g for 20 minutes. The last of the supernatant was disposed, 

with the cells flash frozen in liquid nitrogen for storage or immediately used for the protein 

purification. 
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2.2.9 Affinity Purification of His-tagged Proteins 

For the purification of His-tagged proteins the bacterial pellet was kept on ice and lysed using Lysis 

Buffer (His-Tag Proteins). 10 mL of Lysis Buffer was used for every 1 L of pelleted cells. After 1 

hour of lysis, DNAse I (Invitrogen) was added to a final concentration of 10 μg/mL (2500 U). The 

lysate was sonicated on ice using the Branson 450 Digital Sonifier (Branson). Multiple rounds of 

sonication (3-5) were used until the lysate viscosity was reduced and suitable for centrifugation. Each 

round of sonication consisted of a 10 second protocol of short bursts at 80% amplitude, with a cooling 

period of 5 minutes between each round. The lysate was then centrifuged using the Avanti J-25 

(Beckman Coulter) centrifuge using the JA 25.50 rotor (Beckman Coulter) at 20000 x g for 30 

minutes at 4 °C. The resulting supernatant was filtered with a Millex-HA Syringe Filter Unit (0.45 

µm) (Merck) and transferred immediately to a freshly equilibrated 50 mL Econo-Column 

Chromatography Column (Bio-Rad) containing 0.5 mL of washed and pre-equilibrated Ni-NTA 

Agarose Resin (Qiagen) per 1 L of bacterial pellet. 10 μL samples of the pellet, supernatant and 

filtered supernatant were taken and mixed with SDS-PAGE Loading Buffer during this process. The 

chromatography column containing the filtered supernatant was left to incubate in the cold room (4 

°C) for 1 hour on the SRT6 Fixed Speed Analogue Tube Mixer Roller (Stuart). The column was 

opened, and the resulting supernatant was removed through gravity flow and the column washed 

with four column volumes (CV) of Wash Buffer (His-Tag Proteins). The His-tagged protein was 

eluted using Elution Buffer (His-Tag Proteins) by incubating 5 mL of buffer for 10 minutes and 

collecting the eluate, this was repeated for 3 elutions. 10 μL samples of flowthrough, wash and 

elution were collected and mixed with SDS-PAGE Loading Buffer. The elutions were tested for 

protein using Pierce Coomassie Plus (Thermo), filtered with Millex-HA Syringe Filter Unit (0.22 

µm) (Merck) and concentrated to 1 mL using the appropriate Vivaspin 6 Centrifugal Concentrator 

(Sartorius) for the molecular weight of the protein. For Tobacco Etch Virus (TEV) protease cleavage, 

the concentrated protein was buffered exchanged into TEV Protease Buffer using the PD-10 

Desalting Column (GE Healthcare). 500 μL of TEV Protease (1 mg/mL) (expressed and purified in 

Licchesi Lab) was added to the buffer exchanged protein and the sample was left to incubate for 2 

hours at room temperature (20 °C) or overnight in the cold room (4 °C) on the orbital roller. The 

cleaved protein sample was added to a freshly equilibrated chromatography column containing Ni-

NTA Agarose Resin (Qiagen) to capture the His-tagged TEV protease and left to incubate for 1 hour 

on the orbital roller in the cold room (4 °C). The cleaved protein was collected through the 

flowthrough and the column was washed with two 5 mL washes of TEV Protease Buffer. As 

previously described, samples were collected throughout this process to monitor the purification. The 

cleaved protein was filtered and centrifuged to 1 mL as previously described. 
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2.2.10 Affinity Purification of GST-tagged Proteins 

For the purification of Glutathione S-Transferase (GST)-tagged proteins the lysis was carried out as 

previously described using the Lysis Buffer (GST-Tagged Proteins). For the affinity chromatography 

step, 0.5 mL of pre-equilibrated Glutathione Sepharose 4B resin was used per 1 L of bacterial pellet 

(GE Healthcare) for 1 hour at 4 °C. Wash Buffers High Salt followed by Low Salt (GST-Tagged 

Proteins) and Elution Buffer (GST-Tagged Proteins) was used to elute the GST-Tagged protein. For 

the cleavage of the GST-tag, 500 U of PreScission Protease (GE Healthcare) was added to 5 mL of 

PreScission Protease Buffer and added directly to the chromatography column after the washing step. 

The column was left to incubate overnight (12-16 hours) in the cold room (4 °C) on the orbital roller. 

The following morning the flowthrough was collected from the column and 2 washes using 5 mL 

PreScission Protease Buffer was carried out to collect the remaining protein. As previously described, 

samples were collected throughout this process to monitor the purification. The cleaved protein was 

filtered and centrifuged to 1 mL as previously described. 

 

2.2.11 Gel Filtration on the ÄKTA Start Protein Purification System 

The ÄKTA Start Protein Purification System (GE Healthcare) was used for the gel filtration of 

protein samples. Either the Hi-Prep 16/60 Sephacryl S-200 HR (GE Healthcare) or the Hi-Prep 16/60 

Sephacryl S-300 HR (GE Healthcare) gel filtration columns were used depending on the desired 

separation range. To calibrate each column the Gel Filtration HMW Calibration Kit (GE Healthcare) 

was used, following the manufacturer’s protocol. The Partition Coefficient for each column was 

calculated using the following equation:  

𝐾𝑎𝑣 =
𝑉𝑒 − 𝑉0
𝑉𝑐 − 𝑉0

 

Where 𝐾𝑎𝑣 is the Partition Coefficient,  𝑉𝑒 is the Elution Volume (mL), 𝑉0 is the Void Volume (mL) 

and 𝑉𝑐 is the Geometric Column Volume (mL). 

For a standard gel filtration, the column was pre-equilibrated with Gel Filtration Buffer, with the 

buffer kept on ice (4 °C). The 1 mL of protein was injected directly into the injection loop and the 

gel filtration protocol was initiated using the pre-installed UNICORN (GE Healthcare) software. 

Eluted fractions were collected, with samples analysed by SDS-PAGE. Fractions containing the 

purified target protein were concentrated using the appropriate Vivaspin 6 Centrifugal Concentrators 

(Sartorius) and quantified using the DS-11 FX + DNA Quantification Spectrophotometer (DeNovix). 
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The molecular mass and extinction coefficient at 280 nm for each protein was calculated using the 

ProtParam tool from the ExpASy server (Wilkins et al., 1999).   

Buffer exchanges were carried out using the HiTrap Desalting Column 5 mL (GE Healthcare) with 

the ÄKTA start or using Vivaspin 500 Centrifugal Concentrators for smaller sample volumes (< 

500ul) (Sartorius), following the manufacturer’s protocol. Proteins were aliquoted and flash frozen 

in liquid nitrogen and stored at – 80 °C. 

 

2.2.12 Dynamic Light Scattering 

Dynamic Light Scattering (DLS) was carried out using the Zetasizer Nano S (Malvern). The 

instrument was pre-equilibrated to 4 °C or 20 °C and a Standard Operating Procedure (SOP) was 

generated using the Gel Filtration Buffer. All measurements were taken using a 1 mm Rectangular 

Quartz Cuvette (Malvern). 50 μL of filtered (0.22 μm) Gel Filtration Buffer was added to the cuvette 

and used for the blank measurement. The cuvette was then cleaned thoroughly with ddH2O and 50 

μL of protein sample was added for the main reading. The resulting Intensity, Number and Volume 

Distributions report was exported at the end of the DLS experiment. The calculated polydispersity 

indices and hydrodynamic diameters (Dh) were additionally exported. The Dh was used to calculate 

the estimated molecular weight of the proteins within the sample, using the Zetasizer software 

(Malvern).  

 

2.2.13 Thermal Shift Assay 

Thermal Shift Assays (TSA) were carried out on proteins for crystallography using the following 

screens: RUBIC Buffer Screen (Molecular Dimensions), RUBIC Additive Screen (Molecular 

Dimensions), Durham pH Screen (Molecular Dimensions) and Durham Salt Screen (Molecular 

Dimensions). Each screen was aliquoted using the Eppendorf Research Plus, 8-Channel Variable 

Pipette (Eppendorf) into MicroAmp Fast Optical 96-Well Reaction Plates (Applied Biosystems). 2 

μL of protein at 10 mg/mL (2 μg) was pipetted into each well of the prepared 96 well plate using the 

Multipette M4 Repeater Pipette (Eppendorf). A 62X solution of SYPRO Orange (Thermo) solution 

was made from the 5000X stock using ddH2O. From the 62X SYPRO Orange solution, 2 μL was 

added to each well of the 96 well plate using the multi-channel pipette for a final working 

concentration of 5X. The plate was sealed using MicroAmp Optical Adhesive Film (Applied 

Biosystems) and spun down at 500 x g for 20 seconds using a Microplate Centrifuge (VWR). A melt 

curve was performed using the StepOnePlus Real Time PCR system (Applied Biosystems) starting 
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at 4 °C and ramping up to 95 °C, at a rate of 1 °C per reading. The fluorescent target was set to 

Carboxyrhodamine (ROX) due to its compatibility with SYPRO Orange. After the melt curve was 

completed, the results were exported in .csv format and analysed using the NAMI Python script 

(Grøftehauge et al., 2015). 

 

2.2.14 Primary Crystal Screening and Optimisation 

Proteins were directly purified for crystallographic studies and used before flash freezing to minimise 

loss of sample quality. The Pre-Crystallisation Test (Hampton Research) was undertaken to 

determine the ideal protein concentration for primary screening (10 mg/mL). Primary screening 

crystallisation plates were set up by the Crystal Phoenix Dispensing Robot (Art Robbins Instruments) 

in 96 well Swissci Triple Drop Plates (Molecular Dimensions). Three protein:precipitant drop ratios 

were set up: 2:1 (200 nL:100 nL), 1:1 (100 nL:100 nL) and 1:2 (100 nL:200 nL). The following 

primary screens were used: Morpheus I Primary Screen (Molecular Dimensions), Morpheus II 

Primary Screen (Molecular Dimensions), BCS Screen (Molecular Dimensions), JCSG Plus 

(Molecular Dimensions), PACT Premier (Molecular Dimensions) ProPlex (Molecular Dimensions), 

SG1 (Molecular Dimensions), Structure Screen 1 (Molecular Dimensions) and Structure Screen 2 

(Molecular Dimensions). Plates were sealed using ClearVue sheets (Molecular Dimensions) and left 

to incubate at 18 °C or at 4 °C. Plates were monitored for crystal growth regularly using the Wild 

M5A Upright Light Microscope (Wild-Heerbrugg) and scored according to the presence of 

precipitate or crystal formation. All images were taken using the iPhone 12 Pro Max camera (Apple). 

For micro-seeding, a seed stock was generated by pipetting 2 μL of protein into a well containing 

crystals. All crystals were dislodged by pipetting up and down. The entire drop was aspirated and 

pipetted into a 10 μL aliquot of protein solution. The seed stock was used during primary screening 

by adding 1-2 μL of seed stock to the protein solution before being dispensed by the robot. The seed 

stock was also used during crystal optimisation hanging and sitting drop plate experiments by 

inserting a needle into the stock and lightly brushing the drops before setting up. 

For the optimisation of crystal hits, hanging drops and sitting drops were set up using the following: 

24 well Combo Plates (Molecular Dimensions), CrystalClene Coverslips (Molecular Dimensions) 

and Sitting Drop Bridges (Molecular Dimensions). Sealing grease (Molecular Dimensions) was used 

to seal the coverslips on each plate. Specifically, to optimise the Morpheus I B2 condition, the 

following stock reagents were used: Halogens Mix (Molecular Dimensions) Buffer System 1 

(Molecular Dimensions) and Precipitant Mix 2 (Molecular Dimensions). A standard X-Y 

optimisation grid was designed using the MakeTray tool (Hampton Research) to optimise the 
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concentration of each reagent. Plates were left to incubate at 18 °C or 4 °C and were monitored as 

previously described. Co-crystallisation of HECTD12129-2605 Δ2282-2341 and Ubiquitin (Sigma) was 

performed by preparing a 1:1 or 1:2 molar ratio (HECTD12129-2605 Δ2282-2341/Ubiquitin) solution. 

Hanging drops were then set up as previously described. 

To harvest crystals for X-ray diffraction, loops were selected according to the diameter of the crystal 

being harvested. The Morpheus screen contained cryoprotectant so additional cryoprotection was 

deemed unnecessary for most crystals. The crystals were harvested by soaking the loop containing 

the crystal in mother liquor (crystallisation screen buffer) and then immediately flash freezing in 

liquid nitrogen and loading into the puck. However, some samples were trialled with additional 

cryoprotectant (10-15% glycerol) by quickly soaking the crystals before flash freezing in liquid 

nitrogen and loading into the puck. Crystal tempering and annealing was also attempted by freezing 

the crystal in liquid nitrogen and subsequently equilibrating it at room temperature (20 °C) in mother 

liquor, before refreezing in liquid nitrogen. All crystals were sent for X-ray diffraction at the 

Diamond Light Source at Harwell, Oxfordshire, using beamline I04, through the Southwest Block 

Allocation Group (BAG). 

 

2.2.15 Structure Solving through Molecular Replacement 

All structure solving attempts were carried out by Dr Susan Crennell (University of Bath) with 

scientific input from Lee David Harris. Selected datasets were downloaded from the ISPyB server 

(Delagenière et al., 2011) from the Diamond Light Source. Data reprocessing was carried out using 

Xia2 (Winter, 2010) and DIALS (Winter et al., 2018). The Matthews Coefficients (Matthews, 1968) 

were calculated using the CCP4 pipeline (Winn et al., 2011). Three automated Molecular 

Replacement (MR) pipelines were used during attempted structure solving: BALBES (Long et al., 

2007), MoRDa (Vagin and Lebedev, 2015) and MrBUMP (Keegan and Winn, 2007). Outputted 

solutions were further processed using ARP/wARP (Langer et al., 2008) to improve the models. To 

generate the 8 PDB ensemble model, a Basic Local Alignment Search Tool Protein (BLASTp) search 

(Altschul et al., 1990) with an Expect Value (E-Value) cut-off of less than 1e-20 was used to identify 

highly homologous protein sequences to the HECTD12129-2605 Δ2282-2341 protein. 8 structures were 

found: WWP2 (PDB: 5TJ8) (Chen et al., 2017), WWP1 (PDB: 1ND7) (Verdecia et al., 2003), ITCH 

(PDB: 5XMC) (Zhu et al., 2017), UBE3C (PDB: 6K2C) (Singh and Sivaraman, 2020), ITCH + UbV 

(PDB: 5C7M), NEDD4L + UbV (PDB: 5HPK) (Zhang et al., 2016), HUWE1 (PDB: 3G1N) (Walker 

et al., 2007) and E6AP + Ubiquitin (PDB: 1C4Z) (Huang et al., 1999). These 8 homologous structures 

were inputted into SCULPTOR (Bunkóczi and Read, 2011) to remove residues within regions of low 
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sequence homology, that were unlikely to assist with the MR. These resulting sequences were 

subsequently inputted into ENSEMBLER (Parton et al., 2016), to create the new combined model 

for the MR. Additional MR attempts using the 8 PDB model as a template for HECTD12129-2605 Δ2282-

2341 were carried out using PHASER (Storoni et al., 2004). 

 

2.2.16 Size Exclusion Chromatography with Multi-Angle Laser Light Scattering 

(SEC-MALLS) and Small-Angle X-ray Scattering (SAXS) 

All Multiple Angle Laser Light Scattering (SEC-MALLS) and Small-Angle X-ray Scattering 

(SAXS) experiments were carried out and analysed by Dr Melissa Graewert at the European 

Molecular Biology Laboratory (EMBL)-Hamburg using beamline B12 with SAXS proposal SAXS-

819. The Peak 1 of the HECTD1 HECT domain 2090-2610 was analysed with SAXS in Batch mode 

(without size-exclusion) and with SEC-MALLS at 1/2/5 mg/mL concentrations with the Superdex 

200 Increase 10/300 GL column (GE Healthcare). Further SEC-MALLS was carried out on the same 

peak at 2 mg/mL with the Superose 6 Increase 10/300 GL column (GE Healthcare). Peak 2 of the 

HECTD1 HECT domain was analysed with SAXS and SEC-MALLS using concentrations of 

1/2/5/10 mg/mL. 

 

2.2.17 Liquid Chromatography/Mass Spectrometry (LC/MS)  

HECTD12090-2610 was prepared at 1 mg/mL and analysed by LC/MS using the Agilent 6545 Liquid 

Chromatography Quadrupole Time of Flight Mass Spectrometer (6545 LC/Q-TOF) (Agilent) using 

the ‘Intact Protein mAB and ADC’ workflow. Deconvolution of mass spectra was carried out in 

BioConfirm 10.0 (Agilent, 2019) using a mass range of 50,000-100,000 Da with a 0.5 Da mass step. 

Deconvoluted mass spectra were matched against the expected masses by importing the 

HECTD12090-2610 sequence from Sequence Manager 10.0 (Agilent).  

 

2.2.18 Protein Crosslinking 

Crosslinking was carried out using two homobifunctional amine to amine crosslinkers, Bis 

(sulfosuccinimidyl) Suberate (BS3) (Thermo) and Disuccinimidyl Glutarate (DSG) (Thermo). Both 

crosslinkers were prepared fresh before use in Crosslinking Conjugation Buffer and followed the 

same experimental protocol. Proteins for crosslinking were buffer exchanged into Conjugation 

Buffer to remove amines from the current buffer. For the initial crosslinking experiments, the 
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crosslinker was added to the protein sample at different ratios of protein:crosslinker (1:10, 1:20, 1:30, 

1:40 and 1:50) with varying concentrations of protein (2 μM, 20 μM and 150 μM). Crosslinking was 

carried out on ice at 4 °C for 2 hours, with the reaction quenched with Quenching Buffer for a final 

concentration of 50 mM Tris pH 7.5. For the time-course crosslinking, various time courses (0-120 

minutes) were set up using a protein at a set concentration (2 μM or 100μM) at a protein:crosslinker 

ratio of 1:10. The crosslinker was added and each reaction was quenched at the specified time points. 

SDS-PAGE gels were run using the crosslinked reactions and stained with Coomassie Blue Stain or 

Silver Stain, depending on the concentration of the protein used in the reaction.  

To isolate the crosslinked oligomeric species of the HECTD12129-2610 protein using gel filtration 

chromatography, the protein was initially purified and concentrated to 10 mg/mL (175 μM). 

Crosslinking was carried out on the sample using DSG (Thermo) at a protein:crosslinker ratio of 

1:10. After crosslinking and quenching, the entire reaction was run on the Hi-Prep 16/60 Sephacryl 

S-300 HR column (GE Healthcare) for gel filtration and the fractions were analysed using SDS-

PAGE. 

 

2.2.19 Western Blotting 

Western blotting was performed using the Mini Trans-Blot Cell System (Bio-Rad). After protein 

samples were run on SDS-PAGE and the desired separation was reached, the gel was removed and 

incubated in chilled Wet Transfer Buffer. The western blot sandwich was assembled using two pieces 

of 3MM Whatman Cellulose Chromatography Paper (Merck) and two sponges with the gel placed 

on PVDF Transfer Membrane 0.45 µm (Thermo). The PVDF membrane was pre-equilibrated with 

100% Methanol (VWR) for 1 minute and then washed in Wet Transfer Buffer. The blot was run for 

1 hour at 100 V. At the end of the electrophoresis run, the membrane was removed from the cassette 

sandwich and rinsed with Membrane Washing Buffer for 5 minutes and then incubated with 5 mL 

of Membrane Blocking Buffer for 1 hour on the orbital roller to block the membrane. Membranes 

were probed using the mouse primary anti-Ubiquitin P4D1 antibody (Enzo). The antibody was added 

directly to the Membrane Blocking Buffer at a 1:5000 mL concentration and left to incubate for an 

hour. The membrane was rinsed 3 times for 5 minutes in Membrane Washing Buffer and then 

incubated for 1 hour with the Goat Anti-Mouse IgG Peroxidase Conjugated Secondary Antibody 

(Millipore) at 1/5000 dilution in Membrane Blocking Buffer. The membrane was then washed 3 

times with Membrane Washing Buffer and rinsed in PBS Buffer prior to Enhanced 

Chemiluminescence (ECL) detection. The Amersham ECL Prime Western Blotting Detection 

Reagent (Cytiva) was used for the chemiluminescence reaction. Following a 1 min incubation with 
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1 mL of ECL substrate, the membrane was then exposed and imaged using the Fusion SL Imager 

(Vilber Lourmat). Membranes were subsequently air dried and stored between 2 sheets of blotting 

paper and kept refrigerated (4 °C). 

 

2.2.20 Ubiquitination Assay 

Ubiquitination assays were carried out as previously described (Harris et al., 2021; Byrne et al., 

2017). The E1 and E2 enzymes used in these reactions were the E1 enzyme UBE1 (Boston Biochem) 

and E2 conjugating enzymes UBCH5A and UBCH7 (Both expressed and purified in Licchesi Lab). 

Ubiquitin mutant K29/K48 only was expressed and purified at the Licchesi Lab (Harris et al., 2021). 

All reactions were prepared on ice with the following in each 10 μL reaction: 100 ng of E1 (UBE1), 

500 ng of E2 (UBCH5a/UBCH7), 2.5 μg of E3 (protein to be assayed e.g. HECTD1 HECT domain), 

2.5 μg of Ubiquitin or Ubiquitin mutant (K29 only, K48 only, K29/K48 only and K0) and 1X 

Ubiquitination ATP Buffer (diluted from 10X stock). The reaction was incubated at 30 °C for 3 hours 

in the T-100 Thermo Cycler (Bio-Rad). The reaction was quenched with an equal volume of SDS-

PAGE Loading Buffer. SDS-PAGE was additionally run on all the proteins used during the assay to 

test for protein quality. The ubiquitination reaction products were run on an SDS-PAGE gel and 

western blotted, probing for ubiquitin to determine the presence of polyubiquitin chains from 

autoubiquitination of the E3 ligase.
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3.1 Introduction 

The prime ubiquitin signal for the proteasomal degradation of UFD substrates has previously been 

identified to contain K29/K48 linkages (Lindsten et al., 2002; Johnson et al., 1995). The S. cerevisiae 

UFD4 E3 ligase catalyses the assembly of K29 linked polyubiquitin chains and requires the 

recruitment of the E4 elongation factor UFD2 to multi-monoubiquitinate K48 ubiquitin linkages to 

form branched ubiquitin chains on ubiquitin-fused substrates (Liu et al., 2017). Intriguingly, the 

novel human E3 ligase HECTD1 is an evolutionary descendant of the S. cerevisiae ancestor E3 ligase 

UFD4 (Marín, 2018). Moreover, the C. elegans orthologue of HECTD1 (HECD1) has been shown 

to regulate the stability of the artificial UFD substrate UbG76V- GFP (Segref et al., 2014). The Licchesi 

Lab has previously identified HECTD1 can assemble branched K29/K48 chains through in vitro 

autoubiquitination assays (Harris et al., 2021). The only other human HECT E3 ligase reported to 

assemble K29 and K48 polyubiquitin chains is UBE3C (You and Pickart, 2001), however this E3 

ligase is not a direct evolutionary descendant of the S. cerevisiae UFD4 (Marín, 2018) and has not 

yet been associated with the UFD pathway. The ability of HECTD1 to auto ubiquitinate itself with 

branched K29/K48 polyubiquitin chains along with its homology to the S. cerevisiae orthologue 

UFD4 presents a compelling hypothesis that the evolution of HECTD1 has resulted in the 

transformation of its polyubiquitin chain specificity. 

Comparing the sequence of the HECTD1 HECT domain with those found in the C. elegans and S. 

cerevisiae orthologues revealed the presence of three inserts (Regions 1-3) (Figure 3.1 below) 

(Appendix, Figure A below), unique to the HECTD1 HECT domain. The S. cerevisiae orthologue 

UFD4 is missing Regions 2-3 but contains some sequence homology for Region 1. Interestingly, the 

C. elegans orthologue contains Regions 1 and 3, with Region 2 missing, suggesting an evolutionary 

trend in the emergence of these sequence inserts.  
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Figure 3.1 The HECT Domain of HECTD1 Contains Three Unique Inserts 

Multiple Sequence Alignment of the HECTD1 HECT Domain with the orthologous 

S. cerevisiae UFD4 and C. elegans HECD1 HECT Domains. HECTD1 contains 

three unique regions within its HECT domain highlighted as: Region 1 (amino acids 

2194-2216) cyan, Region 2 (amino acids 2282-2342) green and Region 3 (amino 

acids 2354-2403) magenta. The highly conserved glycine hinge and catalytic 

cysteine residue are highlighted in black. Aligned in Jalview (Waterhouse et al., 

2009) using the MUSCLE algorithm (Edgar, 2004). 

 

These observations were further supported by comparing the HECTD1 HECT domain in different 

species (Appendix, Figure B below), the result of which revealed that all three regions were present 

upon the evolutionary emergence of Chordates. Interestingly, HECTD1 is critical for neural tube 

closure (Zohn et al., 2007), indicating that these regions may have evolved to facilitate this function. 

To further validate if these regions were only unique to HECTD1 a BLASTp (NCBI) (Altschul et 

al., 1990) and Hidden Markov Model (HMMER) from The European Molecular Biology Laboratory 

- European Bioinformatics Institute (EMBL-EBI) (Potter et al., 2018) search was carried out for each 

insert. These searches confirmed that the inserted sequences were indeed unique to HECTD1 and not 

found in other proteins. Further secondary structure predictions by JPred (Drozdetskiy et al., 2015) 

revealed Regions 1 and 2 were mainly unstructured loops, while Region 3 contained an unstructured 

loop flanked by two alpha helices (Figure 3.2 below).  
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Figure 3.2 The Unique Inserts within the HECTD1 HECT Domain Consist of 

Loops and Structured Regions 

Secondary structure prediction of the unique regions found within the HECTD1 

HECT domain. Region 1 (amino acids 2194-2216) cyan, Region 2 (amino acids 

2282-2342) green and Region 3 (amino acids 2354-2403) magenta. Lupas coiled-

coiled predictions are annotated below along with the JPred secondary structure 

prediction. Helices are annotated as red cylinders and Beta-Strands are annotated as 

green arrows. Secondary structure prediction and analysis was carried out using 

JPred (Drozdetskiy et al., 2015). Aligned in Jalview (Waterhouse et al., 2009) using 

the MUSCLE algorithm (Edgar, 2004). 

 

Protein loops are well documented to have functional roles, often being positioned at the protein 

surface and facilitating protein-protein interactions (Espadaler et al., 2006). Unlike the protein core, 

loops primarily do not contribute towards protein stability and are therefore less evolutionarily 

constrained. This can result in stepwise insertions or deletions of loop regions within a protein 

sequence (Panchenko and Madej, 2005). Furthermore, statistical clustering of octapeptide databases 

revealed that functional clusters primarily consisted of peptides from loop regions of proteins, 

highlighting the modular approach to evolving functionality in proteins (Tendulkar et al., 2004). The 

loops found in the Complementarity Determining Region (CDR) of Immunoglobulin are essential 

for the affinity and specificity of binding to virtually any antigen (Al-Lazikani et al., 1997), 

exemplifying the importance of protein loops in nature.  

Within the context of the ubiquitin system, protein loops have also been identified to have functional 

roles. For example two loops in the U-box domain of the E3 ubiquitin ligase, C-Terminus of Hsp70 

Interacting Protein (CHIP), are responsible for interacting with the α1-helix and two N-terminal loops 
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of UBCH5B, an E2 recruited by CHIP in vivo (Xu et al., 2006). The proteasomal subunit RPN13 

utilises two loops to preferentially bind K48-linked diubiquitin (Schreiner et al., 2008). Similarly, 

two surface loops block the catalytic cleft of Ubiquitin Specific Peptidase 14 (USP14), with the 

inhibition relieved by conformational changes upon ubiquitin binding (M. Hu et al., 2005). A similar 

switching mechanism is also found in USP7, where a C-terminal di-UBL motif is responsible for 

interacting with a ‘switching’ loop in the catalytic domain to enhance deubiquitination activity 

(Faesen et al., 2011). Moreover, two acidic loops have been identified in the E2 conjugating enzymes 

Ubiquitin-Conjugating Enzyme E2 G1 (UBE2G1) and Ubiquitin-Conjugating Enzyme E2 R1 

(UBE2R1), which interact with the donor ubiquitin molecule to stabilise the binding of the acceptor 

ubiquitin, specifically promoting K48 linked polyubiquitination (Choi et al., 2015). 

The structures of the HECT domains of HECTD1 and the S. cerevisiae orthologue UFD4 have yet 

to be solved, however a range of HECT domains have been structurally characterised (Table 3.1 

below). HECTD1’s ability to assemble branched K29/K48 polyubiquitin chains compared to the 

homotypic K29 polyubiquitin chains assembled by its ancestor UFD4, is likely facilitated by 

structural features within its HECT domain (Kim and Huibregtse, 2009). The discovery of the three 

unique inserts found within the HECTD1 HECT domain (Figure 3.3 below) poses the question of 

whether these regions have contributed to its evolved catalytic activity. This question is particularly 

fascinating, considering the expanding roles of protein loops within components of the ubiquitin 

system.  
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Table 3.1 List of HECT Domain Crystal Structures 

 

PDB 

ID Protein 
 

Amino Acid 

Boundaries Conditions References  

1D5F E6AP  518-875 
PEG1500 Ammonium Acetate, Sodium Chloride, 

HEPES-Na, pH 7.5, Vapour Diffusion, Hanging Drop, 

Temp 4°C 
(Huang et al., 

1999) 

1C4Z E6AP+UBCH7  518-875 
PEG1500, Magnesium Chloride, MES-Na, pH 6.5, 

Vapour Diffusion, Hanging Drop, Temp 4 °C 

(Huang et al., 

1999) 

1ND7 WWP1  546-917 Ammonium Acetate, Beta-Mercaptoethanol, pH 5.5, 

Vapour Diffusion, Hanging Drop, Temp 4 °C 
(Verdecia et al., 

2003) 

1ZVD SMURF2  369-748 
Sodium Phosphate, Potassium Phosphate, and Sodium 

Acetate, pH 6.8, Vapour Diffusion, Hanging Drop, 

Temperature Temp 25 °C 
(Ogunjimi et al., 

2005) 

2ONI NEDD4L  594-967 10 mM Tris-HCl, pH 8.0, 100 mM NaCl, 2% Glycerol 

and 1 mM DTT, Vapour Diffusion, Hanging Drop 21 °C 
(Walker et al.,  

2007) 

3JVZ NEDD4L + 

UBCH5B + Ub  596-975 0.1 M Sodium Citrate, pH 5.1-5.2, 2.4-2.5 M Sodium 

Chloride, Vapour Diffusion, Hanging Drop, Temp 4 °C 
(Kamadurai et al., 

2009) 

3H1D HUWE1  3993-4374 0.1 M Citric Acid, 1.8 M (NH4)2SO4, pH 5.2, Vapour 

Diffusion, Hanging Drop, Temp 18 °C 
(Pandya et al., 

2010) 

2XBF NEDD4  938-1319 100 mM Na-MES, pH 6.0, 4% PEG 400, 35 mM CaCl2, 

5 mM TCEP, Temp 20 °C 
(Maspero et al., 

2011) 

3TUG ITCH  524-903 30% PEG 1500, 0.2M NaCl 0.1M HEPES pH 7.5, 

Vapour Diffusion, Sitting Drop, Temp 24 °C 
(Dobrovetsky et 

al., 2011) 

3PT3 UBR5 C-Lobe 

Only  2687-2799 0.1M Bis-Tris, 0.2M NaCl, 25% PEG 3350, pH 6.5, 

Vapour Diffusion, Hanging Drop, Temp 22 °C 
(Matta-Camacho 

et al., 2012) 

4BBN NEDD4 + Ub  938-1319 2.5 M Sodium Malonate, pH 6.0, Temp 4 °C 
(Maspero et al., 

2013) 

4BE8 NEDD4  938-1319 
1.15 M Potassium Sodium Tartrate, 0.1 M Tris-HCl, pH 

9.0. Temp 20 °C 

(Maspero et al., 

2013) 

4LCD RSP5 + Sna3 + Ub  383-809 
0.1M Bis Tris Propane, 21% w/v PEG 3350, 1% w/v 

polypropylene glycol, pH 7.2, Vapour Diffusion, 

Hanging Drop, Temp 25 °C 
(Kamadurai et al., 

2013) 

4Y07 WWP2  492-865 
0.2M MgCl2, 0.1M HEPES pH 8.4 and 15% ethanol, 

Vapour Diffusion Hanging Drop, Temp 4 °C 
(Gong et al., 2015) 

5LP8 HUWE1 Dimer  3951-4374 HEPES pH 7, PEG20000, Vapour Diffusion, Sitting 

Drop, Temp 20°C 
(Sander et al., 

2017) 

5W87 HERC6 C-Lobe 

Only  902-1022 K2HPO4/NaH2PO4 pH 8.0, NaCl, Imidazole-HCl, Temp 

20 °C 
(Wang et al., 

2018) 

6JX5 AREL1  483-823 100mM Bis Tris (pH 5.5), 200mM Ammonium sulfate, 

Temp 23 °C 
(Singh et al., 

2019) 

6K2C UBE3C  693-1083 100mM HEPES 7.5, 20% PEG 10000, Temp 23 °C 
(Singh and 

Sivaraman, 2020) 
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Figure 3.3 Full-length HECTD1 in Relation to its HECT Domain 

Annotated boundary maps of the HECTD1 protein domains and its HECT domain 

structural features. A) Map of the domains found within HECTD1 and their relative 

position within the protein: Ankyrin repeats are highlighted in red, the SUN domain 

is highlighted in blue, the MIB/HERC2 domain is highlighted in purple, the BTHB 

domain is highlighted in dark yellow and the HECT domain is highlighted in green. 

B) Map of the structural features of the HECTD1 HECT domain: The N-lobe is 

highlighted in blue, the C-lobe is highlighted in red with its catalytic cysteine in 

orange, Insert 1 is highlighted in cyan, Insert 2 is highlighted in green and Insert 3 is 

highlighted in magenta. 
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3.2 Aims and Objectives 

The primary aim of this chapter was to elucidate the structure of the HECTD1 HECT domain through 

crystallographic studies. A large proportion of HECT E3 HECT domains have been structurally 

solved by X-ray crystallography (Table 3.1 above), revealing insights into their unique structural 

features and highlighting the key mechanisms employed to regulate their catalytic activity. Solving 

the structure of the HECTD1 HECT domain would reveal the specific conformation of its N and C 

lobes, to compare them to previously solved HECT domains. A complete solved structure of the 

HECT domain would also reveal the conformational orientations of the loop regions unique to 

HECTD1, identifying intramolecular interactions that may regulate its evolved catalytic activity. 

Crystallising the HECTD1 HECT domain will additionally serve as a benchmark for future co-

crystallisation studies, such as HECT-E2 and HECT-Ubiquitin complexes. These complexes would 

provide further insights into the mechanism of E2 recruitment by highlighting potential novel E2 

binding regions, as well as highlight potential ubiquitin binding regions, shedding light on the 

mechanism of ubiquitin transfer and polyubiquitin chain assembly in HECT ligases. 

Obtaining a crystal structure of the HECTD1 HECT domain will be achieved through the 

following objectives:  

1. Express and purify a stable recombinant HECTD1 HECT domain in E. coli to a high purity 

in sufficient quantities for crystallographic studies. 

 

2. Screen and identify crystallisation hits for the HECTD1 HECT domain and optimise 

successful conditions to achieve a high-resolution diffraction for structure solving. 

 

3. Utilise molecular replacement to solve the structure of the HECTD1 HECT domain using 

the high-resolution dataset obtained from X-ray diffraction. 
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3.3 Results 

 

3.3.1 Calibrating the 16/60 HiPrep Sephacryl S-200 Gel Filtration Column 

Throughout this research the elution volumes observed from gel filtration experiments have been 

compared to the manufacturer’s predicted elution profile to determine the molecular weights of 

eluted proteins. Calibrating the column using a range of protein standards is a more accurate method 

of determining the typical elution profile of a column. Typically, a series of protein standards are run 

through the column and their elution volumes (Ve) are recorded. Usually, a large molecule such as 

Blue Dextran 2000 is used to determine the void volume (V0) of the column. A calibration curve can 

then be plotted using the calculated partition coefficient (Kav) values for each protein standard which 

can then be used to determine the molecular weight of a protein which has eluted through the column 

(Figure 3.4 below). 

The estimated separation range of the 16/60 HiPrep Sephacryl S-200 column (GE Healthcare) is 

5000-250000 Da, which was deemed suitable for purifying the HECTD1 HECT domain. Due to this 

range of separation, the Thyroglobulin and Ferritin protein standards did not elute into separate peaks 

and eluted into the V0 (Figure 3.4b below). Therefore, the resulting calibration curve could only be 

used for proteins up to 160 kDa (Figure 3.4c below). 
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Figure 3.4 Calibration of the 16/60 HiPrep Sephacryl S-200 Gel Filtration 

Column 

Calibration of the Sephacryl S-200 gel filtration column using the HMW calibration 

kit (GE Healthcare). A) Determination of void volume (V0) using Blue Dextran (~ 

2000000 Da). B) Calibration of gel filtration column using HMW protein standards: 

Thyroglobulin (669000 Da), Ferritin (440000 Da), Aldolase (158000 Da), 

Conalbumin (75000 Da) and Ovalbumin (44000 Da). C) Calibration curve of eluted 

standards using the partition coefficient calculated from the void volume (V0) and 

elution volumes (Ve) from the protein standards. 
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3.3.2 Expression and Purification of His-HECTD1 2129-2605 

The Licchesi laboratory previously identified the catalytically active boundaries of the HECTD1 

HECT domain as amino acids 2129-2610 (Byrne et al., 2017). In addition to this, the Licchesi 

laboratory had also analysed the HECTD1 HECT domain through Hydrogen-Deuterium Exchange 

Mass Spectrometry (HDX-MS) (in collaboration with the Burke Lab, University of Victoria), 

revealing the five last amino acids to be unstructured (Licchesi, unpublished). Published 

crystallographic studies on HECT domains have also confirmed that the last five amino acids of 

HECT domains can inhibit crystal formation, due to their flexibility (Verdecia et al., 2003; Chen et 

al., 2017). Taking the data from these studies into account, a HECTD1 HECT domain construct was 

designed that included an N-terminally fused poly-histidine tag (6xHis) with the five C-terminal 

amino acids deleted (Figure 3.5a below). The construct was transformed into BL21-CodonPlus 

(DE3)-RIL Competent Cells (Agilent), with protein expression induced at an OD600 of 0.6 with 0.25 

μM IPTG. The protein was expressed overnight at 20 °C (Figure 3.5b below). Soluble protein was 

successfully purified using Immobilised Metal Affinity Chromatography (IMAC) to a good purity 

(Figure 3.5c below). 

Gel filtration chromatography was undertaken on the concentrated eluted fractions to remove trace 

contaminant proteins (Figure 3.6a below). SDS-PAGE analysis of the peak fractions revealed the 

presence of a purified protein at a molecular weight equivalent to the His-HECTD12129-2605 domain 

in all of the fractions from both peaks (Figure 3.6b below). It was initially assumed that the second 

peak contained the His-HECTD12129-2605 protein as it eluted at a similar volume to what was indicated 

from the manufacturer’s predicted elution profile (GE Healthcare). The first peak also lies within the 

predicted V0 of the column, so protein aggregates were initially assumed to be contained within this 

peak. However, the results of the SDS-PAGE analysis revealed that fractions within this peak also 

contained His-HECTD12129-2605 protein (Figure 3.6b below, lanes 1-5). From these data, it was 

hypothesised that Peak 1 may have contained oligomeric species of the His-HECTD12129-2605 protein, 

with the monomeric bands in all fractions a consequence of the denaturing conditions of SDS-PAGE 

and the boiling of the samples before loading. This was an intriguing observation, considering the 

previous studies also highlighting the oligomerisation of HECT domains during gel filtration 

experiments (Ronchi et al., 2014; Todaro et al., 2018). 
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Figure 3.5 Protein Expression and Purification of His-HECTD1 2129-2605 

IMAC of His-tagged protein purification with samples run on SDS-PAGE. A) 

Design of protein construct (bright green) in pETM-11 plasmid containing 6xHis tag 

(red) and (blue) TEV cleavage site Plasmid map made in SnapGene Viewer 

(Insightful Science). B) SDS-PAGE comparing IPTG induced protein expression in 

2 L of BL21-CodonPlus (DE3)-RIL E. coli bacteria cell cultures. C) SDS-PAGE 

comparing purification steps. Samples were collected during each stage of the 

purification to monitor the purity of the target protein. All SDS-PAGE samples were 

run on 12% hand cast gels. 
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Figure 3.6 Size Exclusion Chromatography of His-HECTD1 2129-2605 

Gel filtration was performed on the purified protein and analysed by SDS-PAGE. A) 

Gel filtration using a 16/60 HiPrep Sephacryl S-200 (GE Healthcare) column. 1 mL 

of concentrated sample was loaded. V0 is indicated by the red dashed line. Fractions 

used in subsequent SDS/Native PAGE and Crosslinking studies are represented with 

blue dots. Peaks are labelled by order of appearance. B) SDS-PAGE analysis of peak 

fractions from gel filtration. SDS-PAGE samples were run on 12% hand cast gels.  
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3.3.3 Oligomerisation of His-HECTD1 2129-2605 

To determine whether the multiple peaks observed from the gel filtration represented oligomerisation 

of the His-HECTD12129-2605 protein, the fractions from both peaks were run on Native PAGE. 

Interestingly, fraction 6 that corresponded to Peak 1 on the gel filtration (Figure 3.6a above) revealed 

a smear of high-molecular weight protein (Figure 3.7a below, lane 1). Fraction 10 (Figure 3.6a above) 

resulted in a slightly lower molecular weight smear compared to fraction 6 (Figure 3.7a below, lane 

2 compared to 1). There were discernible bands around 242 kDa and above the 146 kDa ladder 

marker that could suggest trimeric and tetrameric protein species, given the monomeric protein has 

a molecular weight of 57.3 kDa. Fraction 14 (Figure 3.6a above) revealed a similar but less intense 

smear to fraction 10 (Figure 3.7a below, lane 3 compared to 2). Fraction 19 (Figure 3.6a above) 

mainly consisted of monomeric protein, however there was a small high molecular weight smear, 

possibly indicating that the monomeric protein can still form oligomers (Figure 3.7a below, lane 4). 

To test this, fractions from Peak 2 were concentrated and re-run through the gel filtration column at 

the same injection volume used previously, resulting in an overall slightly lower protein 

concentration (data not shown). The protein eluted as a single peak at the same volume, suggesting 

that the formation of oligomeric species from monomeric species may be concentration dependent. 

Previous experiments with E6AP revealed that the dilution caused by gel filtration dissociated higher 

oligomers (Ronchi et al., 2014). The lower concentration of protein injected, coupled with the 

dilution effect by the gel filtration likely pushed the equilibrium of the His-HECTD12129-2605 protein 

further towards the monomeric state.  

After confirming the presence of oligomeric protein through Native PAGE (Figure 3.7a below), 

crosslinking assays were designed to determine if the oligomeric proteins could be observed on SDS-

PAGE after being covalently linked together. DSG was chosen as the crosslinker for this experiment 

as it reacts with primary amines. Two temperatures were trialled following manufacturer’s guidelines 

(4 °C and 20 °C) for the crosslinking incubation, to determine if temperature has an influence on 

either the efficiency of crosslinking or protein oligomerisation, but the results on SDS-PAGE were 

similar with both conditions (Figure 3.7b below). The results were comparable to the Native gel with 

fraction 6 containing high molecular weight protein species, fraction 10 containing more of an 

intermediate range of species and fraction 19 containing primarily monomeric species with some 

higher molecular weight species (Figure 3.7a below). As oligomerisation has been observed as a 

common feature of HECT domains in previous crystal studies (Ronchi et al., 2014; Sander et al., 

2017), Peak 1 was selected for primary crystal screening. The His-HECTD12129-2605 protein in 150 

mM Tris pH 7.4, 150 mM NaCl and 1 mM DTT was concentrated to 5 mg/mL but did not result in 

any crystal hits for any of the screens tried at 18 °C (Morpheus I, PACT Premier and ProPlex).  
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Figure 3.7 Oligomerisation of His-HECTD1 2129-2605 Confirmed by Native 

PAGE and Crosslinking 

Fractions from the gel filtration (Figure 3.6 above) were analysed by Native PAGE 

and crosslinked together using DSG for SDS-PAGE analysis. A) 4-12% hand cast 

Native gel of fractions. B) DSG crosslinked samples run on a 4-12% Bis-Tris 

NuPAGE SDS-PAGE gel (Invitrogen). 4 °C and 20 °C incubation temperatures were 

trialled to compare efficacy. 
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3.3.4 Expression and Purification of HECTD1 2129-2605 Delta 2282-2341  

The His- HECTD12129-2605 protein did not result in any crystal hits during primary screening but did 

produce oligomeric species (Figure 3.7 above). A key issue with His-tagged proteins is the tag can 

interfere with their native oligomeric state by mimicking intermolecular interactions (Amor-Mahjoub 

et al., 2006). TEV protease cleavage of the His-tag was trialled at room temperature for two hours 

and overnight at 4 °C in 50 mM Tris pH 8.0, 150 mM NaCl and 1 mM DTT (data not shown). 

However, protein solubility proved to be a problem after cleavage. To overcome this issue and 

determine if oligomerisation was dependent on His-tags, a new expression system was chosen.  

The pGEX expression system includes a GST tag with a Human Rhinovirus (HRV) 3C site (Leu-

Glu-Val-Leu-Phe-Gln/Gly-Pro) that Prescission Protease recognises and cleaves, specifically 

between the Glutamine and Glycine residues. The main advantage of Prescission protease is the 

presence of its GST tag, which allows it to bind to Glutathione Sepharose resin during cleavage, 

ensuring that it does not elute with the cleaved protein. If any GST contamination is present in the 

eluted flowthrough, it can be easily identified on SDS-PAGE due to the size of the tag. GST can also 

improve protein folding and soluble protein yields by acting as a chaperone (Harper and Speicher, 

2011). Similar to the His-tag, GST can interfere with the native oligomeric state of recombinant 

proteins due to its inherent homodimeric nature (Harper and Speicher, 2011). However, the overall 

efficiency of on-column tag cleavage and the ability to clearly detect GST contamination in cleaved 

proteins led to this choice of expression system.  

The results of the HDX-MS from the Licchesi/Burke Lab revealed that in addition to the last five 

amino acids, another region was found to readily exchange deuterated Hydrogen, indicative of a 

flexible region (Licchesi, Personal Communication). The boundaries of this region almost exactly 

coincided with Region 2, previously identified as being unique in human HECTD1 and not found in 

any other HECT or any other HECTD1 orthologues (Figure 3.1 above). These data also correlated 

with the secondary structure prediction carried out on this unique region, with no secondary structure 

elements predicted (Figure 3.2 above). Therefore, a new construct was designed using the pGEX 

expression system that included deletions of both the last five amino acids and Region 2 of the 

HECTD1 HECT domain (Figure 3.8a below).  

The GST-HECTD12129-2605 Δ2282-2341 construct was transformed into BL21-CodonPlus (DE3)-RIL 

Competent Cells (Agilent). Protein expression was induced at an OD600 of 0.6 using 0.5 μM IPTG 

with an overnight incubation at 16 °C (Figure 3.8b below, lanes 1 and 2). Soluble protein was purified 

using GST Affinity Chromatography followed by overnight cleavage with Prescission Protease at 4 

°C (Figure 3.8b below, lanes 3-11). The resulting GST-cleaved HECTD12129-2605 Δ2282-2341 protein was 
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concentrated and subsequently purified by gel filtration chromatography (Figure 3.8c below). The 

gel filtration revealed one main peak (Peak 1) with two smaller peaks preceding it (Figure 3.8c 

below). The SDS-PAGE analysis of the peak fractions revealed that Peak 1 contained the majority 

of the pure protein (Figure 3.8d below, lanes 5-9) but the smaller peaks also contained GST-cleaved 

HECTD12129-2605 Δ2282-2341 (Figure 3.8d below, lanes 1-4). This again may have been due to 

oligomerisation of the HECTD1 HECT domain, as the smaller peaks were within the V0. The shift 

in peaks is likely due to the removal of the protein tag, highlighting that the His-tag may have been 

promoting the oligomerisation of the HECTD1 HECT domain. 

Increasing protein concentrations (5, 10 12 mg/mL) for crystal screening were trialled using the Pre-

Crystallisation Test (Hampton Research). The 12 mg/mL concentration was found to be most 

appropriate for crystallisation. Therefore, this concentration was used for the primary crystal 

screening of HECTD12129-2605 Δ2282-2341 at 18 ° C with the following screens to cover a broad range of 

conditions with minimal redundancy: Morpheus I, PACT Premier, ProPlex, SG1 and JCSG Plus. 

Unfortunately, these primary screens did not produce any crystal hits after three weeks of incubation, 

with only small microcrystals observed in Morpheus I and PACT Premier. Subsequent hanging drop 

optimisation plates using these microcrystal conditions proved unsuccessful in generating crystal 

hits. 
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Figure 3.8 Protein Expression and Purification of HECTD1 2129-2605 Delta 

2282-2341 

Affinity chromatography and on-column cleavage of GST. A) Design of protein 

construct (bright green) in pGEX-6P-1 plasmid containing GST tag (red) and (blue) 

HRV 3C cleavage site (Plasmid map made in SnapGene Viewer (Insightful Science). 

B) SDS-PAGE comparing samples during purification and GST-cleavage. C) Gel 

filtration using a 16/60 HiPrep Sephacryl S-200 column (GE Healthcare). 1 mL of 

concentrated sample was loaded. The V0 is indicated by the red dashed line. The * 

and ** indicate the smaller peaks. Fractions used in SDS-PAGE are represented with 

blue dots D) SDS-PAGE of fractions from gel filtration. All SDS-PAGE samples 

were run on 12% hand cast gels 
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3.3.5 Optimisation of HECTD1 2129-2605 Delta 2282-2341 Primary Screening 

Utilising Dynamic Light Scattering 

Due to the lack of significant crystal hits on the previous primary screening attempts using various 

screens at 18 °C a new series of screens were set up at a lower incubation temperature of 4 °C. The 

rationale for this approach was due to the sheer lack of crystal hits over the whole series of primary 

screens. With no obvious precipitant or buffer condition promoting favourable crystallisation 

conditions and the protein concentration already at 12 mg/mL, temperature was deemed the next 

logical variable to alter to promote crystal formation. The impact of increasing and decreasing 

temperature on crystallisation has been previously documented (McPherson, 2017; Chen et al., 

2015), a lower temperature was chosen to reduce the rate of evaporation in an attempt to influence 

the supersaturation and nucleation events leading to crystal formation.  

The protein was expressed from the same construct (HECTD12129-2605 Δ2282-2341) using the same 

conditions and purification protocol (Figure 3.9a below). and the resulting gel filtration produced a 

similar chromatogram profile as was previously observed (Figure 3.8c above), with one main peak 

(Peak 1) and a small starting shoulder (Figure 3.9b below). The SDS-PAGE analysis of the resulting 

fractions yielded the same pattern observed in (Figure 3.8d above), with the main peak (Peak 1) 

containing most of the pure protein with some potentially oligomerised/aggregated protein in the 

starting shoulder (Figure 3.9c below).  
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Figure 3.9 Repeated Protein Expression and Purification of GST-Cleaved 

HECTD1 2129-2605 Delta 2282-2341 

Affinity chromatography and on-column cleavage of GST for repeated primary 

crystal screening. A) SDS-PAGE comparing samples during purification and GST-

cleavage. B) Gel filtration using a 16/60 HiPrep Sephacryl S-200 column (GE 

Healthcare). 1 mL of concentrated sample was loaded. The V0 is indicated by the red 

dashed line. The * indicates the smaller peak. Fractions used in SDS-PAGE are 

represented with blue dots. C) SDS-PAGE of fractions from gel filtration. All SDS-

PAGE samples were run on 12% hand cast gels 
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To determine whether the size distribution of the protein concentrated in Peak 1 was monodisperse 

and suitable for primary crystal screening, a Dynamic Light Scattering (DLS) experiment was 

undertaken using an aliquot of the concentrated protein at 2.5 mg/mL. The temperatures used for the 

DLS experiment were 4 °C and 20 °C to determine the effect of temperature on the polydispersity of 

the protein. A lower polydispersity index of < 0.2 is indicative of a relatively monodisperse sample 

and has an improved probability of successfully forming crystals (Ferré-D’Amaré and Burley, 1994; 

Stetefeld et al., 2016). 

Interestingly, the DLS experiment at 4 °C revealed the presence of two peaks of different sizes from 

the intensity distribution (Figure 3.10a below). The average hydrodynamic diameter (Dh) for Peak 

1DLS 4 °C was 10.98 nm and for Peak 2DLS 4 °C was 791.8 nm (Figure 3.10d below). The predicted Dh 

of one molecule of HECTD12129-2605 Δ2282-2341 protein was 6.2 nm, using its molecular weight of 47.654 

kDa. This prediction was based on the empirical relationship between the hydrodynamic radius (Rh) 

of a protein and its molecular weight (Nobbmann, 2003). The average Dh from Peak 1DLS 4 °C 

suggested a molecular weight of roughly 175 kDa, indicating a trimeric or tetrameric conformation. 

Additionally, the wide range of Dh observed for Peak 1DLS 4 °C was indicative of molecules possessing 

molecular weights between 30 and 1000 kDa. Therefore, along with the presence of trimer/tetrameric 

protein species, there were likely monomeric and higher oligomeric species present within the 

sample. Peak 2DLS 4 °C had a large average Dh of 791.8 nm (Figure 3.10d below), indicative of large 

protein aggregates. However, when the intensity distributions were transformed to volume and 

number distributions this peak was lost, indicating the concentration of these aggregates was very 

low compared to protein observed in Peak 1DLS 4 °C (Figure 3.10b and c below). Moreover, the average 

Dh of Peak 1DLS 4 °C in these two distributions was shifted towards a lower value of 7.8 nm and 6.8 

nm for the volume and number distributions respectively. This shift in average Dh supports the notion 

that most of the molecules within the sample were likely monomeric. 

The polydispersity index for this sample was 0.341, likely due to the range of oligomeric 

conformations predicted for this protein and the small presence of aggregates (Figure 3.10d below). 

This value was indicative of a moderately polydisperse sample, which would usually be considered 

problematic for crystallographic studies. However, given that previously solved structures of HECT 

domains have been shown to be oligomeric (Huang et al., 1999; Sander et al., 2017) coupled with 

the propensity of other HECT domains to form oligomers (Attali et al., 2017; Todaro et al., 2018), 

polydispersity may not be a limiting factor in HECTD1 HECT domain crystal formation.  
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Figure 3.10 Dynamic Light Scattering of HECTD1 2129-2605 Delta 2282-2341 

at 4 °C 

Dynamic Light Scattering using Zetasizer Nano S instrument (Malvern). DLS 

instrument was pre-equilibrated to 4 °C and a sample containing the protein buffer 

(Tris pH 7.4 50 mM, NaCl 150 mM, DTT 1 mM) was used as a blank measurement. 

A) Size distribution of sample by intensity of scattering. B) Volume distribution of 

sample particles transformed from intensity. C) Number distribution of scattered 

particles transformed from intensity. D) Table of calculated Dh with the Z-average 

and overall polydispersity index. 
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The DLS experiment at 20 °C detected three peaks in the intensity distribution (Figure 3.11a below). 

Peak 1DLS 20 °C was similar to the Peak 1 DLS 4 °C previously observed in the 4 °C DLS experiment 

(Figure 3.10a above) but with a slightly lower average Dh of 8.091 nm giving a predicted molecular 

weight of around 85 kDa. Unlike the 4 °C experiment this corresponded to a dimeric conformation 

of HECTD12129-2605 Δ2282-2341. The range of Dh for Peak 1DLS 20 °C (3 to 20 nm) was once again indicative 

of monomeric and higher oligomeric species also being present within the sample. Interestingly, two 

peaks (Peak 2DLS 20 °C and Peak 3DLS 20 °C) of higher Dh were also observed, again indicative of large 

protein aggregates (Figure 3.11a and d below). Similar to the 4 °C experiment these peaks were lost 

upon transformation of the intensity distributions to volume and number distributions suggesting 

these aggregates made up a very small proportion of the total protein content of the sample (Figure 

3.11b and c below). As previously observed in the 4 °C DLS experiment, a shift in the average Dh of 

Peak 1DLS 20 °C was detected for both the volume and number distributions towards the predicted 

molecular weight of the monomeric protein (Figure 3.11b and c below). The polydispersity index 

increased to 0.388, revealing that the increased temperature may have influenced the polydispersity 

of the protein sample. The increase in polydispersity could have been linked to the presence of 

additional aggregated protein peaks containing higher Dh than previously observed with the 4 °C 

experiment. 
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Figure 3.11 Dynamic Light Scattering of HECTD1 2129-2605 Delta 2282-2341 

at 20 °C 

Dynamic Light Scattering using Zetasizer Nano S instrument (Malvern). DLS 

instrument was pre-equilibrated to 20 °C and a sample containing the protein buffer 

(Tris pH 7.4 50 mM, NaCl 150 mM, DTT 1 mM) was used as a blank measurement. 

A) Size distribution of sample by intensity of scattering. B) Volume distribution of 

sample particles transformed from intensity. C) Number distribution of scattered 

particles transformed from intensity. D) Table of calculated hydrodynamic diameters 

(Dh) with the Z-average and overall polydispersity index. 
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The impact of increasing and decreasing temperature on crystallisation has been previously 

documented (McPherson, 2017; Chen et al., 2015), with lower temperatures shown to reduce the rate 

of evaporation, affecting the supersaturation and nucleation events leading to crystal formation. 

Coupling the DLS data that revealed the decrease in polydispersity of the HECTD12129-2605 Δ2282-2341 

protein at 4 °C (Figure 3.10d above) with the success of previously crystallised HECT domains at 

this temperature (Table 3.1 above), the primary crystal screens were repeated using Morpheus I and 

PACT Premier at 4 °C using the same protein concentration (12 mg/mL). These screens were 

repeated due to their ability to produce microcrystals in the previous trial. The Morpheus II primary 

screen was also used in this trial, due to its ability to produce protein crystals not observed in 

traditional screens. 

After three weeks of incubation, the primary crystallisation screens at 4 °C resulted in clear crystal 

hits in the Morpheus I screen (Figure 3.12a below and Figure 3.13 below). The increased frequency 

of crystal hits in the Morpheus I screen, confirmed the crystallisation of HECTD12129-2605 Δ2282-2341 

was dependent on incubation temperature. The Morpheus II primary screen also produced a few 

crystal hits (Figure 3.12b below), however these crystals were considerably smaller compared to 

crystals observed in the Morpheus I screen (images not shown). A crystal from the Morpheus II H5 

condition was fished and sent for X-ray diffraction, however this crystal only diffracted at a 

maximum of 8 Å resolution. A hanging drop optimisation plate was set up for this condition but did 

not result in recapitulating any new crystal hits. The PACT Premier screen did not produce any 

crystal hits (Figure 3.12c below). A clear trend was observed in the Morpheus I plate, with columns 

2 and 6 showing clear crystal hits. Both columns contained a wide variety of ligands with a pH range 

between 6.5 and 7.5, with all conditions containing the same precipitant mix of 40% Ethylene glycol 

and 20% Polyethylene Glycol (PEG) 8000. Representative images of crystal hits from the Morpheus 

I screen (Figure 3.13 below) highlight the various morphologies of crystals that formed within each 

condition.  
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Figure 3.12 Primary Screening Results for HECTD1 2129-2605 Delta 2282-2341 

at 4 °C 50 mM Tris pH 7.4 50, 150 mM NaCl 150 and 1 mM DTT 

Primary screening records using a heatmap to highlight the distribution of crystal 

hits. Plates were left to incubate for three weeks at 4 °C prior to being scored. Blue 

indicates a clear condition with no precipitation or crystallisation. Yellow indicates 

precipitation present with no crystallisation. Orange indicates minor precipitation 

with the presence of small micro-crystals. Red indicates a crystal hit condition with 

clear crystal formation. A) Morpheus I Screen (Molecular Dimensions). B) 

Morpheus II Screen (Molecular Dimensions). C) PACT Premier Screen (Molecular 

Dimensions). 
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Figure 3.13 Morpheus I Crystal Hits at 4°C 50 mM Tris pH 7.4 50, 150 mM 

NaCl 150 and 1 mM DTT 

Images from a compound light microscope at a total magnification of 1250X 

(Objective 62.5X, Eyepiece 10X and Camera 2X). Images taken with an iPhone 12 

Pro Max (Apple) using a Wild M5A Upright Microscope (Wild-Heerbrugg). Well 

number in top right corner of each image indicates the conditions which resulted in 

crystal formation. All conditions were from the Morpheus I primary screen. 
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Virtually all conditions that promoted crystallisation produced 3D tetragonal rod-shaped crystals 

with distinct sharp edges. Interestingly, condition A2 produced rounder 3D crystals with a more 

trigonal shape. Some conditions produced less crystals than others, such as C6. For all these 

conditions, crystals were collected and sent for X-ray diffraction but none of the crystals diffracted. 

As no clear diffraction was obtained, crystals from the Morpheus I screen (condition E10, image not 

taken) that shared the same morphology as the crystals selected for diffraction were collected, placed 

into LDS and run on SDS-PAGE (Figure 3.14 below). A band corresponding to the weight of the 

protein of interest was detected clearly before the washing step. After the washing step a very faint 

band was also detected, indicating that the crystals collected were likely HECTD12129-2605 Δ2282-2341 

protein. Further trials using hanging drop optimisation plates and sitting drop plates on the Morpheus 

I E2, E10 and E12 hit conditions were unfortunately unsuccessful in recapitulating the original 

crystals observed in the primary screening plates. 

 

 
 

Figure 3.14 SDS-PAGE of HECTD1 2129-2605 Delta 2282-2341 Crystals from 

the Morpheus E10 Condition 

SDS-PAGE of Morpheus E10 crystals before and after washing. Crystals were 

obtained from the primary screening plate and placed directly into LDS buffer 

(before wash). Crystals were also washed once in Morpheus E10 crystallisation 

buffer before placing into LDS. The expected molecular weight of the protein (47.6 

kDa) is indicated. SDS-PAGE samples were run on 12% hand cast gels 
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3.3.6 Thermal Shift Assays to Identify New Protein Buffers that Promote 

Crystallisation 

Due to the lack of success in recapitulating crystal hit conditions in hanging drop and sitting drop 

optimisation plates at the lower temperature of 4 °C, a new approach was determined. The Tris based 

protein buffer (50 mM Tris pH 7.4, 150 mM NaCl, 1 mM DTT) used for protein purification and gel 

filtration had not yet been changed. Protein buffers are essential for the stability of the protein 

(Zbacnik et al., 2017) and can have a significant impact on the ability of a protein to crystallise 

(Dupeux et al., 2011). To determine if a different buffer could promote further stabilisation of the 

protein a series of Thermal Shift Assays (TSA) were undertaken.  

The TSA is a technique that utilises a ligand that fluoresces in the presence of a non-polar 

environment, such as when it binds to an unfolded protein. During the assay, the protein sample and 

ligand are mixed and incrementally heated over time to create a melt curve. As the protein begins to 

denature and unfold, the hydrophobic core is accessible for the fluorescent ligand to bind to and 

fluoresce. SYPRO Orange dye is a common fluorescent ligand for this assay due to its excitation and 

emission wavelengths (472 nm / 570 nm) which are compatible with most qPCR machines. The mid-

point of this reaction is then determined to be the Melting Temperature (Tm) of the protein (Figure 

3.15 below) (Semisotnov et al., 1991; Lo et al., 2004). This technique can be further utilised in a 

high-throughput setting using 96 well plates. The plate contains a range of buffers and conditions 

which can all be simultaneously analysed on a qPCR machine to determine their effects on protein 

Tm. 
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Figure 3.15 Overview of the Thermal Shift Assay 

Initially the fluorescence from the ligand is quenched by the solution as the protein 

is fully folded, preventing ligand binding. As temperature increases, the protein 

begins to unfold and reveal hydrophobic regions to which the fluorescent ligand can 

bind to. The fluorescence increases as the protein unfolds, until the protein is fully 

denatured and peak fluorescence is achieved. The protein then begins to aggregate, 

and the ligand dissociates, which results in a decrease in the fluorescent signal. The 

Tm is determined by the mid-point of the increase of fluorescence.  

 

The RUBIC Buffer Screen (Molecular Dimensions) was used for these assays due to its wide range 

of buffers and salts found within the screen. To determine how reliable the data was from the screens, 

two different proteins were screened in the assay (HECTD12129-2605 and HECTD12129-2605 Δ2282-2341) 

and both repeated (n=2) (Figure 3.16 below and Figure 3.17 below), to test for reliability. The 

objective of screening both proteins with the TSA screen was to confirm if the unique Region 2 

(2282-2341) found only in the HECTD1 HECT domain, contributed to protein instability which 

would hinder protein crystallisation. The TSA results from HECTD12129-2605 Δ2282-2341 revealed a 

higher average Tm of 32.9 °C compared to the 30.6 °C Tm observed for HECTD12129-2605 (Figure 3.17 

below compared to Figure 3.16 below). This was in line with the HDX experiments previously 

carried out by the Licchesi/Burke labs, which identified Region 2 of HECTD1 as being flexible. 

Depending on the buffer conditions, similar effects on Tm were observed for both the HECTD12129-

2605 and HECTD12129-2605 Δ2282-2341 proteins (Figure 3.16 below and Figure 3.17 below). In particular, 

buffers containing HEPES and Sodium Phosphate Monobasic resulted in noticeable increases in Tm 

(Figure 3.16 and Figure 3.18 below, right side of both graphs). Some conditions resulted in no 

identifiable Tm. This was likely due to these conditions containing a pH near the Isoelectric Point (pI) 

of the proteins (HECTD12129-2605 pI = 5.00) (HECTD12129-2605 Δ2282-2341 pI = 5.14).  
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With the TSA screen optimised, one final assay was carried out on both proteins using the RUBIC 

Buffer Screen. The plate was fully analysed using the NAMI Python script (Grøftehauge et al., 2015) 

and a heat map was generated, highlighting the stabilising and destabilising conditions for both of 

these proteins (Figure 3.18 and Figure 3.19 below). The conditions that improved protein stability in 

both proteins once again contained HEPES and Sodium Phosphate Monobasic (F1-F8 Figure 3.18 

below and Figure 3.19 below). One condition (F5, Figure 3.18c below and Figure 3.19c below) 

appeared to increase the thermostability of both proteins with a ΔTm of 1.5 - 2 °C. Similar increases 

in magnitude of Tm were also shown in a RUBIC Buffer Screen carried out on Glucose Isomerase, 

which revealed a maximum ΔTm of 5.9 °C on the most stabilising condition (Boivin et al., 2013). 

This condition contained 20 mM Sodium Phosphate Monobasic pH 7.5 with no added salts. As this 

condition had the broad impact of improving thermostability in both proteins, it was selected as the 

new crystallisation buffer in the next series of trials. 
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Figure 3.18 TSA RUBIC Buffer Screen Analysis for HECTD1 2129-2605 

Melt curve data and resulting heat map generated from the Tm values calculated by 

the NAMI Python script. A) Plot of the negative first derivative of the normalised 

fluorescence. B) Plot of the fluorescence signal from the SYPRO Orange Dye 

normalised to the fluorescence signal of the passive reference Carboxyrhodamine 

(ROX). C) Heatmap of the RUBIC Buffer Screen 96 well plate with destabilising 

conditions coloured yellow to red and stabilising conditions coloured cyan to blue.  
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Figure 3.19 TSA RUBIC Buffer Screen Analysis for HECTD1 2129-2605 Delta 

2282-2341 

Melt curve data and resulting heat map generated from the Tm values calculated by 

the NAMI Python script. A) Plot of the negative first derivative of the normalised 

fluorescence. B) Plot of the fluorescence signal from the SYPRO Orange Dye 

normalised to the fluorescence signal of the passive reference Carboxyrhodamine 

(ROX). C) Heatmap of the RUBIC Buffer Screen 96 well plate with destabilising 

conditions coloured yellow to red and stabilising conditions coloured cyan to blue.  
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3.3.7 Primary Screening of HECTD1 2129-2605 Delta 2282-2341 Using the Sodium 

Phosphate Monobasic Buffer Identified from the TSA Screen 

TSA experiments successfully identified that Sodium Phosphate Monobasic stabilised both HECTD1 

HECT domain proteins. Using these data, a new crystallisation buffer was formulated: 50 mM 

Sodium Phosphate Monobasic pH 7.5 with 1 mM TCEP-HCl. The reducing agent DTT was replaced 

with TCEP-HCl due to its increased stability and reducing power (Getz et al., 1999; Han and Han, 

1994). The crystallisation protein HECTD12129-2605 Δ2282-2341 was purified using the same method 

previously but was buffer exchanged after the gel filtration into the new crystallisation buffer (Figure 

3.20 below). The freshly prepared protein was used at a concentration of 12 mg/mL on a new batch 

of primary screens (Morpheus I, Morpheus II, BCS). Both Morpheus screens were selected as their 

conditions promoted crystal hits in previous trials. The BCS screen was also selected due to its PEG 

smear conditions, with PEG promoting crystallisation in the Morpheus I hit conditions in previous 

trials (Figure 3.12a above). These screens were set up at 18 °C and 4 °C for three weeks to evaluate 

the effect of temperature on HECTD1 crystallisation with the new buffer. 
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Figure 3.20 Purification and Buffer Exchange of HECTD1 2129-2605 Delta 

2282-2341 

Affinity chromatography and on-column cleavage of GST with buffer exchange into 

new crystallisation buffer. A) SDS-PAGE comparing samples during the purification 

and after buffer exchange. Gel filtration using a 16/60 HiPrep Sephacryl S-200 

column (GE Healthcare) with main peak (Peak 1) labelled. B) Buffer exchange using 

a HiTrap Desalting 5 mL column (GE Healthcare). 
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The primary screens incubated at 18 °C with the new crystallisation buffer only produced one crystal 

hit in each Morpheus screen (Figure 3.21a and b below). However, the BCS screen produced a 

number of crystal hits (Figure 3.21c below). The morphologies of the crystals observed in these hit 

conditions differed from those found in the previously successful Morpheus I screen at 4 °C (Figure 

3.22 below). Clusters of rod-shaped crystals were observed in conditions E3 and E7. A pentagonal 

crystal was observed in condition E4. In condition F5, clover shaped clusters of crystals grew in large 

numbers. Conditions H2 and H4 both resulted in distinctive rod-shaped crystals. The crystals in these 

conditions were fished for X-ray diffraction but none produced a diffraction. 
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Figure 3.21 Primary Screening Results for HECTD1 2129-2605 Delta 2282-2341 

at 18 °C with 50 mM Sodium Phosphate Monobasic pH 7.5 Buffer 1 mM TCEP-

HCl 

Primary screening records using a heatmap to highlight the distribution of crystal 

hits. Plates were left to incubate for three weeks at 18 °C. Blue indicates a clear 

condition with no precipitation or crystallisation. Yellow indicates precipitation 

present with no crystallisation. Orange indicates minor precipitation with the 

presence of small micro-crystals. Red indicates a crystal hit condition with clear 

crystal formation. A) Morpheus I Screen (Molecular Dimensions). B) Morpheus II 

Screen (Molecular Dimensions). C) BCS Screen (Molecular Dimensions). 
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Figure 3.22 BCS Crystal Hits at 18°C 50 mM Sodium Phosphate Monobasic pH 

7.5 and 1 mM TCEP-HCl Buffer 

Images from a compound light microscope at a total magnification of 1250X 

(Objective 62.5X, Eyepiece 10X and Camera 2X). Images taken with an iPhone 12 

Pro Max (Apple) using a Wild M5A Upright Microscope (Wild-Heerbrugg). Well 

number in top right corner of each image indicates the conditions which resulted in 

crystal formation. All conditions were from the BCS primary screen. 
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The primary screens incubated at 4 °C contrasted greatly to the screens left to incubate at 18 °C. 

Overall, the new buffer and lower temperature appeared to stabilise the protein against precipitation 

across all of the screens (Figure 3.23 below). The BCS primary screen produced crystal hits in some 

of the same conditions as the 18 °C incubation plate, with some new hits. The morphologies of the 

crystals observed also differed (Figure 3.24 below). Condition E4 resulted in a pentagonal crystal, 

similar in morphology to the 18 °C condition. G4, a new hit condition resulted in the growth of rod-

shaped crystals, plated onto each other. Interestingly, H2 and H4 once again resulted in crystal growth 

but with altered morphologies, these crystals had a more prism like appearance and were smaller in 

length to the 18 °C crystals. The H7 condition produced a bundle of crystal dendritic spindles from 

a central nucleation point. H9 produced clusters of lotus flower shaped crystals. The lower incubation 

temperature likely reduced the speed of crystal formation and the overall size and morphology of the 

crystals in this screening plate. The Morpheus I Screen resulted in mixture of crystal morphologies 

in condition A6, with long needles and smaller tetragonal prisms (Figure 3.25 below). Large rod-

shaped crystals were observed in condition A10, with smaller rods and prisms observed in B2. The 

condition C9 resulted in many star-shaped needle crystals. D10 and G9 produced smaller crystals 

with irregular shapes but were larger than microcrystals. 

Crystals from the 18 °C BCS screen were fished and frozen with and without cryoprotectant (15% 

Glycerol) but did not produce a diffraction. However, crystals from the Morpheus I screen did diffract 

at a maximum resolution of 3.47 Å from condition A6. 
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Figure 3.23 Primary Screening Results for HECTD1 2129-2605 Delta 2282-2341 

at 4 °C with 50 mM Sodium Phosphate Monobasic pH 7.5 Buffer 1 mM TCEP-

HCl 

Primary screening records using a heatmap to highlight the distribution of crystal 

hits. Plates were left to incubate for three weeks at 4 °C. Blue indicates a clear 

condition with no precipitation or crystallisation. Yellow indicates precipitation 

present with no crystallisation. Orange indicates minor precipitation with the 

presence of small micro-crystals. Red indicates a crystal hit condition with clear 

crystal formation. A) Morpheus I Screen (Molecular Dimensions). B) Morpheus II 

Screen (Molecular Dimensions). C) BCS Screen (Molecular Dimensions). 
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Figure 3.24 BCS Crystal Hits at 4°C 50 mM Sodium Phosphate Monobasic pH 

7.5 and 1 mM TCEP-HCl Buffer 

Images from a compound light microscope at a total magnification of 1250X 

(Objective 62.5X, Eyepiece 10X and Camera 2X). Images taken with an iPhone 12 

Pro Max (Apple) using a Wild M5A Upright Microscope (Wild-Heerbrugg). Well 

number in top right corner of each image indicates the conditions which resulted in 

crystal formation. All conditions were from the BCS primary screen. 
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Figure 3.25 Morpheus I Crystal Hits at 4°C 50 mM Sodium Phosphate 

Monobasic pH 7.5 and 1 mM TCEP-HCl Buffer 

Images from a compound light microscope at a total magnification of 1250X 

(Objective 62.5X, Eyepiece 10X and Camera 2X). Images taken with an iPhone 12 

Pro Max (Apple) using a Wild M5A Upright Microscope (Wild-Heerbrugg). Well 

number in top right corner of each image indicates the conditions which resulted in 

crystal formation. All conditions were from the Morpheus I primary screen. 
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3.3.8 Primary Screening of HECTD1 2129-2605 Delta 2282-2341 with 50 mM 

HEPES pH 7.5, 50 mM NaCl and 1 mM TCEP-HCl 

Although crystals did grow using the Sodium Phosphate Monobasic buffer, they did not diffract at a 

high enough resolution for solving the protein structure. Therefore, an alternative stabilising buffer 

from the TSA was selected. 50 mM HEPES had the highest stabilising effect on the HECTD12129-2605 

Δ2282-2341 protein and was chosen for the next set of primary screens. A low concentration of 50 mM 

of NaCl was also added to this buffer. The low concentration of NaCl was added to reduce the 

chaotropic effect of the salt on protein crystallisation as well as to improve the stability and solubility 

of the protein. TCEP-HCl was used once again due to its increased half-life and reducing ability. 

Additionally, the trials were also set up using the original Tris based crystallisation buffer but with 

reduced salt (50 mM Tris pH 7.4, 50 mM NaCl and 1 mM TCEP-HCl) to compare the effect of 

reduced salt concentration on protein crystallisation. Morpheus I and II primary screens were selected 

with these buffers at 4 °C, due to their previous success in generating crystal hits (Figure 3.12 above 

and Figure 3.23 above). 

The HEPES based buffer resulted in crystal hits in both screens. The Morpheus I screen with the 

HEPES buffer (Figure 3.26 below) resulted in similar hits to the original Tris buffer (50 mM Tris pH 

7.4, 150 mM NaCl and 1mM DTT) (Figure 3.12 above), however there were some differences in the 

crystal morphologies (Figure 3.13 above and Figure 3.28 below). The HEPES buffer resulted in the 

formation of short and long rod-shaped crystals along with monoclinic shaped crystals. The HEPES 

buffer also resulted in some Morpheus II hits but these crystals were considerably smaller compared 

to the Morpheus I crystals. 

The Tris based buffer with reduced salt resulted in fewer crystal hits in the Morpheus I screen (Figure 

3.27a below) compared to the original higher salt Tris buffer, with no new hit conditions observed 

(Figure 3.12a above). Comparing the crystals observed in Morpheus I between the higher and lower 

salt Tris buffers revealed they possessed similar morphologies (Figure 3.13 above and Figure 3.28 

below). Interestingly, two new hit conditions were observed for the Morpheus II screen (Figure 3.27b 

below), compared to the higher salt Tris buffer (Figure 3.12b above). The crystals possessed a similar 

morphology to the long sharpened rods observed in the Morpheus I screen, but with an increase in 

overall size (Figure 3.28 below). These results revealed that the reduction in salt concentration had a 

positive effect on the ability of the Morpheus II screen to produce crystals, with little positive effect 

on the Morpheus I screen. Unfortunately, none of the harvested crystals from the HEPES or Tris 

buffers resulted in any diffraction. 
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Figure 3.26 Primary Screening Results for HECTD1 2129-2605 Delta 2282-2341 

at 4 °C with 50 mM HEPES pH 7.5 Buffer, 50 mM NaCl and 1 mM TCEP-HCl 

Primary screening records using a heatmap to highlight the distribution of crystal 

hits. Plates were left to incubate for three months at 4 °C. Blue indicates a clear 

condition with no precipitation or crystallisation. Yellow indicates precipitation 

present with no crystallisation. Orange indicates minor precipitation with the 

presence of small micro-crystals. Red indicates a crystal hit condition with clear 

crystal formation. A) Morpheus I Screen (Molecular Dimensions). B) Morpheus II 

Screen (Molecular Dimensions). 
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Figure 3.27 Primary Screening Results for HECTD1 2129-2605 Delta 2282-2341 

at 4 °C with 50 mM Tris pH 7.4 Buffer, 50 mM NaCl and 1 mM TCEP-HCl 

Primary screening records using a heatmap to highlight the distribution of crystal 

hits. Plates were left to incubate for three months at 4 °C. Blue indicates a clear 

condition with no precipitation or crystallisation. Yellow indicates precipitation 

present with no crystallisation. Orange indicates minor precipitation with the 

presence of small micro-crystals. Red indicates a crystal hit condition with clear 

crystal formation. A) Morpheus I Screen (Molecular Dimensions). B) Morpheus II 

Screen (Molecular Dimensions). 
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Figure 3.28 Morpheus I and Morpheus II Crystal Hits at 4°C 50 HEPES pH 

7.5, 50 mM NaCl and 1 mM TCEP-HCl Buffer + 50 mM Tris pH 7.4, 50 mM 

NaCl and 1 mM TCEP-HCl Buffer 

Images from a compound light microscope at a total magnification of 1250X 

(Objective 62.5X, Eyepiece 10X and Camera 2X). Images taken with an iPhone 12 

Pro Max (Apple) using a Wild M5A Upright Microscope (Wild-Heerbrugg). Well 

number in top right corner of each image indicates the conditions which resulted in 

crystal formation. Protein buffer indicated in bottom left of each image.  
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3.3.9 Optimisation of the Morpheus I B2 Condition with Further Crystallisation 

Trials Using Ubiquitin to form a HECT-Ub Complex 

Previous attempts to grow crystals that diffracted well enough to solve a high resolution HECTD1 

HECT domain structure were unsuccessful, despite using a range of screens, protein concentrations 

and buffer conditions. One key issue was the inability to recapitulate crystallisation in larger hanging 

and sitting drop plates. To overcome this problem, hits obtained from previous screens and buffer 

trials were compared to try and identify a common crystallisation condition. The hit from Morpheus 

I B2 was found in both Tris and Sodium Phosphate Monobasic buffers and produced some 

microcrystals in the HEPES buffer. Previous primary screens also proved that the HECTD12129-2605 

Δ2282-2341 protein preferentially crystallised at 4 °C. With these factors taken into consideration, a new 

crystallisation optimisation trial was designed using Morpheus I B2 buffer and the original 

crystallisation buffer (50 mM Tris pH 7.4, 150 mM NaCl and 1 mM TCEP-HCl). All the buffers, 

protein, plates, and equipment were pre-cooled to 4 °C for at least 30 minutes before setting up the 

hanging drops. This small step made a dramatic improvement on the crystallisation of the protein, 

with large crystals grown within three days of incubation at 4 °C. By modifying the precipitant, salt 

and halogen concentration in an optimisation grid, an improved condition was identified that resulted 

in the growth of large crystals (Figure 3.29b B5 below). The Morpheus I screen utilises a cocktail of 

premixed reagents to formulate their crystallisation conditions, the optimised condition contained: 

0.1 M of the Morpheus I Halogen Mix, 26% of the Morpheus I Precipitant Mix 2 and 0.1 M of the 

Morpheus I Buffer System 1 at pH 6.5. 
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Figure 3.29 Optimisation of the Morpheus I B2 Hit Condition Using Hanging 

Drop Plates 

Optimisation grid layouts and resulting crystal hits. A) Optimising the Precipitant 

Mix 2 concentration and the pH of the Buffer System 1. The * indicates the original 

Morpheus I B2 hit condition B) Optimising the Halogens Mix concentration and 

further optimising the Precipitant Mix 2 concentration at pH 6.5. The * indicates 

condition B1, the best hit from the previous optimisation grid. Each well contained 

two hanging drops of protein:precipitant at 2:1 (2 μL/1 μL) and 1:1 (1 μL/1 μL) 

ratios. Plates are colour coded according to the key provided.  

 

Co-crystallisation has been shown to increase protein stability, solubility and improve crystal 

diffraction (Hassell et al., 2006). Additionally, previously solved structures of HECT domains have 

been successfully solved in complex with ubiquitin (Maspero et al., 2011). Utilising the new 

crystallisation condition, the HECTD12129-2605 Δ2282-2341 protein was plated either alone or together 

with ubiquitin at a 1:1 or 1:2 molar ratio, using a hanging drop setup. The HECTD12129-2605 protein 
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was also plated with the original Morpheus I B2 condition and the newly optimised condition (Figure 

3.30 below). The rationale behind this approach was due to the previous success in generating large 

protein crystals using the optimised condition with the HECTD12129-2605 Δ2282-2341 protein. All protein 

conditions were plated using two drop ratios of protein: precipitant (2:1 and 1:1) with a range of drop 

volumes (1.5/1.0 μL, 3.0/2.0 μL and 6.0/4.0 μL) to determine if drop volume affected crystal growth. 

The results from this hanging drop optimisation plate successfully recapitulated the crystal hits 

observed with the HECTD12129-2605 Δ2282-2341 protein (Figure 3.30 A1-6 below). For the 2:1 and 1:1 

protein: precipitant ratios, the largest crystals were observed using the total drop volumes of 3 μL 

and 2 μL respectively (Figure 3.30 A3 and A4 below). This indicated that increasing or decreasing 

the drop volume had a negative impact on crystal growth. Similar results were observed for the 

HECTD12129-2605 Δ2282-2341 protein when plated with ubiquitin at both a 1:1 and 1:2 HECTD1:ubiquitin 

ratio, with the exception of condition C2, where larger crystals were observed at a lower total drop 

volume (Figure 3.30 C2 below). Interestingly the addition of ubiquitin to the HECTD12129-2605 Δ2282-

2341 protein resulted in the growth visibly larger crystals (Figure 3.31 below) suggesting that ubiquitin 

may have had a stabilising effect on the protein during crystallisation. 

The HECTD12129-2605 protein only crystallised in the original Morpheus I B2 condition suggesting 

that the optimisation of this condition was specific for the HECTD12129-2605 Δ2282-2341 protein. The 

HECTD12129-2605 protein crystals produced were also considerably smaller (image not shown) 

indicating that the crystallisation condition for this protein could be optimised further. Crystals were 

harvested from both Morpheus I B2 optimisation plates (Figure 3.29b above and Figure 3.30 below) 

and sent for X-ray diffraction. None of the HECTD12129-2605 protein crystals resulted in a diffraction. 

Nine of the HECTD12129-2605 Δ2282-2341 protein crystals diffracted with diffractions ranging from 3.77 

Å to 6.48 Å (Figure 3.29b B5 above). Four of the HECTD12129-2605 Δ2282-2341 with ubiquitin crystals 

diffracted over a similar range, with the best crystal resulting in a marginal improvement in resolution 

at 3.45 Å (Figure 3.30 D5 below). 

Overall, the diffractions obtained through these optimisations offered little improvement over the 

previous diffraction of 3.47 Å obtained from the Morpheus I A6 condition using Sodium Phosphate 

Monobasic buffer (Figure 3.23a above and Figure 3.25 A6 above). However, there was an overall 

improvement in the frequency of higher diffractions observed over the range of crystals collected, 

indicating that the larger crystals obtained through optimisation of the Morpheus I B2 condition were 

more likely to diffract, albeit to a similar resolution.   
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Figure 3.31 Morpheus I B2 Optimised Crystal Hits at 4°C using the 50 mM Tris 

pH 7.4, 150 mM NaCl and 1 mM TCEP-HCl Buffer with HECTD1 2129-2605 

Delta 2282-2341 Alone or with Ubiquitin 

Images from a compound light microscope at a total magnification of 1250X 

(Objective 62.5X, Eyepiece 10X and Camera 2X). Images taken with an iPhone 12 

Pro Max (Apple) using a Wild M5A Upright Microscope (Wild-Heerbrugg) 

Conditions indicated with each sub-heading. 
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3.3.10 Attempted Structure Solving of HECTD1 2129-2605 Delta 2282-2341 Using 

Molecular Replacement  

Molecular Replacement (MR) is a method to solve the ‘phase problem’ within crystallography. The 

method relies on the use of solved structures of homologous proteins to produce phase estimates for 

the unsolved structure (Rossmann, 1990). It is the most commonly utilised method for solving 

crystallographic structures due to the rapidly expanding database of solved structures (Evans and 

McCoy, 2007). MR has been shown to be a highly effective strategy when the protein of interest 

shares at least 35% sequence identity with its known structural homologue (Abergel, 2013). 

Additionally, screening for MR solutions using a number of different structural models has also been 

shown to assist in structure solving (Turkenburg and Dodson, 1996).  

The two highest resolution X-ray diffraction datasets collected for HECTD12129-2605 Δ2282-2341 were 

selected for attempted structure solving using MR. These datasets were from the following 

experiments: B5 from the optimised Morpheus I B2 plate (Figure 3.29b B5 above) and A6 from the 

Morpheus I primary screen using Sodium Phosphate Monobasic as the buffer (Figure 3.23a above 

and Figure 3.25 A6 above). These datasets were auto processed at Diamond shortly after data 

collection (Figure 3.32 below and Figure 3.33 below), however automatic downstream structure 

solving were unsuccessful. Both auto processed datasets were initially submitted to the automated 

MR pipeline BALBES (Long et al., 2007), but did not result in a solution. 

The datasets from the B5 and A6 crystals were reprocessed using Xia2 (Winter, 2010) and DIALS 

(Winter et al., 2018) in an attempt to improve the quality of the data for MR. The resolutions of the 

reprocessed datasets were 4.10 Å and 3.80 Å for B5 and A6 respectively (Table 3.2 below). The 

statistics for these two datasets were similar with comparable residual (R) factors (Rmerge and Rmeas) 

and mean signal:noise ratios (Mean I/σI). Rmerge and Rmeas are both indicators of the agreement 

between multiple observations of symmetrically equivalent reflections, however, Rmeas eliminates the 

bias caused by redundancy in the data. Both B5 and A6 datasets reported overall Rmerge values greater 

than 25%, indicative of sub-optimal data quality. Ideally, these values should be below 10% with 

high quality diffraction data reporting sub 5% (Wlodawer et al., 2013). The mean I/σI for both 

datasets were also sub-optimal with outer shell values below 2, implying that at this resolution there 

was still considerable noise within the data. No evidence was found for translational non-

crystallographic symmetry, twinning or anisotropy for either dataset. 
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Figure 3.32 X-ray Diffraction of Crystal from Condition B5 of the Optimised 

Morpheus I B2 Plate 

Images acquired during data collection of X-ray diffraction. A) Image of mounted 

crystal after X-ray diffraction. B) Snapshot of oriented crystal. C) Grid scan of 

crystal during X-ray centring. D) Representative diffraction image from dataset 

(resolution rings are indicated in red). Diffraction data collected at the Diamond 

Light Source using beamline I04. Dataset images downloaded from the ISPyB 

interface (Delagenière et al., 2011).  
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Figure 3.33 X-ray Diffraction of Crystal from Condition A6 of the Morpheus I 

Primary Screening Plate Using Sodium Phosphate Monobasic Buffer 

Images acquired during data collection of X-ray diffraction. A) Image of mounted 

crystal after X-ray diffraction. B) Snapshot of oriented crystal. C) Grid scan of 

crystal during X-ray centring. D) Representative diffraction image from dataset 

(resolution rings are indicated in red). Diffraction data collected at the Diamond 

Light Source using beamline I04. Dataset images downloaded from the ISPyB 

interface (Delagenière et al., 2011).  
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Table 3.2 Reprocessed Data Collection Statistics for Datasets B5 and A6 

 

Data Collection 
HECTD12129-2605 Δ2282-2341 

50 mM Tris (B5) 

HECTD12129-2605 Δ2282-2341 

50 mM Sodium Phosphate 

Monobasic (A6) 

Date 22/09/2020 14/02/2020 

Source Diamond I04 Diamond I04 

Wavelength (Å) 0.98 0.92 

Space Group P41 or P43 C2221 

Cell Dimensions a, b, c (Å) 172.618, 172.618, 304.547 91.866, 358.814, 383.369 

Cell Dimensions α, β, γ (°) 90.000, 90.000, 90.000 90.000, 90.000, 90.000 

Number of Reflections 2007273 (119902) 1733664 (125498) 

Number of Independent Reflections 69678 (4482) 63120 (4364) 

Resolution (Å) 78.05-4.10 (4.19-4.10) 89.70-3.80 (3.89-3.80) 

Rmerge 0.291 (2.414) 0.251 (2.048) 

Rmeas 0.297 (2.905) 0.261 (2.120) 

CC1/2 1.000 (0.681) 1.000 (0.835) 

Mean I/σI 7.8 (1.6) 10.2 (1.8) 

Completeness (%) 100 (100) 100 (100) 

Redundancy 28.8 (26.8) 27.5 (28.8) 

Anomalous Completeness (%) 100 (100) 100 (100) 

Anomalous Redundancy 14.4 (13.3) 14.2 (14.6) 

Outer shell statistics indicated with parentheses ()  

The predicted space group for the B5 dataset before reprocessing with Xia2 was either: P4, P41 or 

P41212. After the reprocessing this prediction changed to P41 or P43. The Matthews Coefficient (VM) 

is defined as the crystal volume per unit of molecular weight of protein, with VM  directly related to 

the fractional volume of solvent within a crystal (Matthews, 1968). The VM of a crystal can therefore 

predict the number of molecules within the asymmetric unit. Calculating the VM using the most likely 

space group for this crystal (P41), predicted the number of macromolecules within the asymmetric 

unit was either 20 or 21, with 18, 19 and 22 having a similar probability. The reprocessed B5 dataset 

was inputted into each of three automatic MR pipelines: BALBES (Long et al., 2007), MoRDa 

(Vagin and Lebedev, 2015) and MrBUMP (Keegan and Winn, 2007). These automated pipelines use 

complex algorithms to solve structures via the MR methods of Patterson rotation and translation 

functions (Evans and McCoy, 2007), requiring only the reflections dataset and protein sequence as 

inputs. While BALBES and MoRDa base their molecular replacement workflows on homologous 

structural domains found within internal databases, MrBUMP searches the PDB and uses raw PDB 

files to construct its models (Krissinel et al., 2018).  
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All three programmes failed to produce a convincing model, with the best solution from BALBES 

consisting of the P41 space group using a section of a domain (129 amino acids) from Pectenotoxin 

bound to Actin (Allingham et al., 2007) (PDB: 2Q0R), with only a 58% probability of solution, an 

Rfree value of 53.2% and a Quality Factor (Q-Factor) of 0.466. The conventional R factor (Rwork) is a 

measure of agreement between the observed diffraction amplitudes and the amplitudes calculated 

from the model itself. Unlike the conventional R factor, Rfree utilises a small subset (5-10%) of the 

originally observed diffraction amplitudes that are subsequently excluded before structure 

refinement. The value of Rfree should ideally be below 20% for a model that is within good agreement 

with the observed data (Kleywegt and Jones, 1997). The Q-Factor is calculated from the Rwork and 

Rfree factors, scoring the solution between 0 and 1, with a value above 0.75 indicative of a correct 

solution (Keegan et al., 2011). To improve the model outputted from BALBES, the solution was 

inputted into ARP/wARP, a program that utilises pattern recognition-based interpretation of electron 

density to refine initial protein models and assist in building poorly defined loop regions (Langer et 

al., 2008).  However, the output from ARP/wARP did not result in a likely solution with a model 

building score of 0.3. Successful solutions should have a model building score above 0.9. Other 

BALBES models which used full-length domain matches derived from NEDD4 (PDB: 2XBF), 

NEDD4 + Ubiquitin (PDB: 2XBB  and E6AP + Ubiquitin (PDB: 1C4Z) (Maspero et al., 2011; Huang 

et al., 1999) produced even lower scores. 

Due to the modelling software failing to provide a suitable template for MR, a BLASTp search was 

undertaken to find alternative homologous templates. Using an Expect Value (E-Value) cut-off of 

less than 1e-20  to identify only sequences of high similarity, 8 structures were found: WWP2 (PDB: 

5TJ8) (Chen et al., 2017), WWP1 (PDB: 1ND7) (Verdecia et al., 2003), ITCH (PDB: 5XMC) (Zhu 

et al., 2017), UBE3C (PDB: 6K2C) (Singh and Sivaraman, 2020), ITCH + UbV (PDB: 5C7M), 

NEDD4L + UbV (PDB: 5HPK) (Zhang et al., 2016), HUWE1 (PDB: 3G1N) (Walker et al., 2007) 

including the E6AP + Ubiquitin (PDB: 1C4Z) (Huang et al., 1999). The E-value refers specifically 

to the number of hits that are expected by chance when searching a database, with hits presenting a 

low value such as 1e-20 being extremely unlikely to be homologous by chance (Van Der Weele and 

Ding, 2017). These 8 homologous structures were inputted into SCULPTOR (Bunkóczi and Read, 

2011) to remove residues in regions of low sequence homology that were unlikely to assist with the 

MR. The resulting sequences were subsequently inputted into EMSEMBLER (Parton et al., 2016), 

to create a new combined model for the MR. 

MR was carried out using PHASER, an MR tool designed to automatically solve molecular structures 

using a series of steps: anisotropy correction, model generation, rotation function, translation 

function, packing function and rigid-body refinement (Storoni et al., 2004). The B5 dataset and 8 
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PDB ensemble model were input into PHASER along with the possible space groups, P41 and P43. 

Based on the previously determined VM, PHASER was initially set to search for 20 monomers in the 

asymmetric unit. This resulted in a model with a Translation Function Z-score (TFZ) of 7.4. For both 

the rotation and translation function stages of MR, Log-Likelihood-Gain (LLG) scores are calculated 

and these report on the agreement between the oriented model compared to a random distribution of 

the same atoms (Read and McCoy, 2016). Z-scores are calculated from the LLG and determine the 

number of standard deviations a particular LLG score is above the mean, with the TFZ specifically 

reporting on LLG scores from the translation function stage of MR (Oeffner et al., 2013). For a 

correct model the TFZ should be above 8.0. The low TFZ coupled with most of the monomers 

stacked on top of one another suggested that this was not a correct solution (Figure 3.34a below). In 

an attempt to reduce the number of monomers stacking on top of one another the data was re-inputted 

into PHASER, searching for 8 monomers (Figure 3.34b below). However, this still resulted in the 

monomers clashing and stacking on top of one another. Comparing the amino acid sequence of the 

model solutions to the amino acid sequence of HECTD12129-2605 Δ2282-2341 revealed that most amino 

acids within the unique Regions 1 and 3 had been excluded from the models. This was unsurprising 

considering the low resolution of the dataset coupled with these regions being unique to HECTD1 

and not found in any of the available models.  
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Figure 3.34 HECTD1 2129-2605 Delta 2282-2341 B5 Dataset PHASER 

Molecular Replacement Solutions 

Models based on the HECTD12129-2605 Δ2882-2341 B5 dataset using MR. A) B5 dataset 

solution using the 8-model ensemble derived template, searching for 20 monomers 

within the asymmetric unit. B) B5 dataset solution using the 8-model ensemble 

derived template, searching for 8 monomers within the asymmetric unit. 8 model 

ensemble generated using SCULPTOR (Bunkóczi and Read, 2011) and 

ENSEMBLER (Parton et al., 2016) with the following PDB IDs: 1C4Z, 5TJ8, 1ND7, 

5XMC, 6K2C, 5C7M, 5HPK and 3GIN. Monomers are rendered in separate colours. 

MR was undertaken using PHASER (Storoni et al., 2004). Model figures were 

rendered in PyMOL (Schrödinger, 2015). 
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The reprocessed A6 dataset predicted just one space group, C2221. Using this space group to 

calculate the VM, it was predicted that the most likely number of macromolecules within the 

asymmetric unit was 15 or 16. Similar to B5, the reprocessed A6 dataset was inputted into the each 

of the three automated MR pipelines: BALBES, MrBUMP and MORDA. Once again, all three 

programmes failed to produce a convincing model with the best output from BLABES having only 

a 46% probability of solution. The automated pipelines searched for 18 or 14 monomers in the 

asymmetric unit, a divergence from the 15 or 16 monomers predicted by the VM. 

The PDB structure with the highest percentage identity to HECTD12129-2605 Δ2882-2341 was E6AP (PDB: 

1C4Z), which forms a trimer (Huang et al., 1999). Taking into account the previously observed data 

from DLS (Figure 3.10 above) and Gel Filtration (Figure 3.9b and c above), hinting that HECTD12129-

2605 Δ2882-2341 also forms oligomers, it was predicted that the asymmetric unit may have consisted of 5 

trimers. To test this hypothesis, the A6 dataset was inputted into PHASER searching for 5 trimers 

using the 1C4Z trimer as a model template. This resulted in a low-quality solution with a top TFZ of 

6.2. To improve the quality of the template model, the amino acid sequence of 1C4Z was aligned 

with HECTD12129-2605 Δ2882-2341 and inputted into SCULPTOR to remove regions of low similarity. 

The A6 dataset was re-inputted into PHASER with the improved template model, again searching 

for 5 trimers. This approach failed to improve the MR solution, resulting in an even lower TFZ of 

6.0.  

Due to the lack of success with MR when searching for trimers in the asymmetric unit, a new 

approach was taken using the monomeric 1C4Z model. The reasoning behind this approach was due 

to the oligomeric conformation of the HECTD12129-2605 Δ2882-2341 protein being unknown. The VM 

prediction of 15 or 16 molecules could fit multiple whole/partial dimers, trimers or tetramers. 

Therefore, PHASER was re-run searching for 15 monomers using the improved 1C4Z model. This 

solution resulted in a modest improvement in the TFZ with a score of 7.0, still below the cut-off of 

8.0 for a correct solution (Figure 3.35a below). 
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Figure 3.35 HECTD1 2129-2605 Delta 2282-2341 A6 Dataset PHASER 

Molecular Replacement Solutions 

Models based on the HECTD12129-2605 Δ2282-2341 A6 dataset using MR. A) A6 dataset 

solution using the 1C4Z monomeric template, searching for 15 monomers within the 

asymmetric unit. B) A6 dataset solution using the 8-model ensemble derived 

template, searching for 12 monomers within the asymmetric unit. 8 model ensemble 

generated using SCULPTOR (Bunkóczi and Read, 2011) and ENSEMBLER (Parton 

et al., 2016) with the following PDB IDs: 1C4Z, 5TJ8, 1ND7, 5XMC, 6K2C, 5C7M, 

5HPK, and 3GIN. Monomers are rendered in separate colours. MR was undertaken 

using PHASER (Storoni et al., 2004). Model figures were rendered in PyMOL 

(Schrödinger, 2015). 
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As the 1C4Z based models were unsuccessful in generating an acceptable MR solution for the A6 

dataset, the previously generated 8 PDB model ensemble was attempted as a template model for MR 

using PHASER. To try and reduce the number of molecules clashing and stacking on top of each 

other, 12 monomers were searched for instead of the 15 previously. The resulting solution produced 

a similar quality model with clear clashes between the molecules (Figure 3.35b above).  

In a final attempt to solve the structure of HECTD12129-2605 Δ2282-2341 by MR, the highest resolution 

dataset acquired from the HECTD12129-2605 Δ2282-2341 with ubiquitin experiments was compared to the 

A6 and B5 datasets. The crystal that produced this dataset was from the D5 HECTD12129-2605 Δ2282-2341 

with ubiquitin (1:2) condition on the optimised Morpheus I B2 plate (Figure 3.30 above). The D5 

dataset was initially auto processed at Diamond, with the highest resolution dataset of 3.45 Å 

outputted from autoPROC+STARANISO (Vonrhein et al., 2011; Vonrhein et al., 2018). However, 

the completeness of this dataset was very low at 93.4%. The Xia2/DIALS auto processing of this 

dataset resulted in 100% completeness with a slightly lower resolution of 3.62 Å. Unfortunately, this 

auto-processing resulted in a mean I/σI for the outer shell of 0.1, which is indicative of data primarily 

consisting of noise. To improve the I/σI, the dataset was manually reprocessed using Xia2 and 

DIALS with a lower resolution cut-off of 4.0 Å. This resulted in a higher mean I/σI in the outer shell 

of 1.2 and a predicted space group of P41 (Table 3.3 below).  

The overall statistics for this dataset were comparably worse than the B5 and A6 datasets previously 

used, with a higher Rmeas of 0.324, a lower redundancy of 13.4 and a lower I/σI (Table 3.3 below). 

Due to the space group of this dataset being the same as the B5 dataset, it was deemed unlikely that 

the D5 crystal contained ubiquitin. As for the B5 and A6 datasets, the reprocessed D5 dataset was 

inputted into the automated MR pipelines: BALBES, MrBUMP and MORDA. All three programmes 

failed to produce an output, either crashing (BALBES and MORDA) or producing a marginal 

chopped up structure (MrBUMP). The calculated VM for the D5 dataset predicted that the asymmetric 

unit most likely consisted of 22 molecules. Taking this prediction into account, the reprocessed D5 

dataset was inputted into PHASER for MR using the 1C4Z model, searching for a range of 18-24 

monomers in the asymmetric unit. The outputted PHASER solution consisted of 19 monomers with 

a TFZ of 6.1 (Figure 3.36a below). Despite the low TFZ, this solution appeared to have a more 

symmetrical arrangement with better spatial fitting, however there was still pronounced clashing 

between molecules. Interestingly, PHASER predicted the space group to be P43, indicating there was 

an uncertainty between the space group of the crystal being P41 or P43. A similar observation was 

also observed with the B5 dataset (Table 3.2 above). 
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Table 3.3 Reprocessed Data Collection Statistics for Dataset D5 

 

Data Collection 
HECTD12129-2605 Δ2282-2341 + Ub (1:2) 

Optimised Morpheus I B2 condition, 50 mM Tris (D5) 

Date 05/12/2020 

Source Diamond I04 

Wavelength (Å) 0.98 

Space Group P41 

Cell Dimensions a, b, c (Å) 172.315, 172.315, 306.511 

Cell Dimensions α, β, γ (°) 90.000, 90.000, 90.000 

Number of Reflections 1004746 (59806) 

Number of Independent Reflections 75202 (4423) 

Resolution (Å) 87.88-4.00 (4.08-4.00) 

Rmerge 0.290 (2.234) 

Rmeas 0.314 (2.420) 

CC1/2 0.999 (0.679) 

Mean I/σI 5.5 (1.2) 

Completeness (%) 100 (100) 

Redundancy 13.4 (13.5) 

Anomalous Completeness (%) 100 (100) 

Anomalous Redundancy 6.7 (6.7) 

Outer shell statistics indicated with parentheses ()  

 

To determine if the 8 PDB model ensemble was a better MR template for the D5 dataset, PHASER 

was re-run using this template, once again searching for 18-24 monomers in the asymmetric unit. 

The resulting solution consisted of 20 monomers and had a TFZ of 7.4 (Figure 3.36b below). This 

was the same TFZ that was observed for the B5 solution which also consisted of 20 monomers using 

the same search model. This further supported the notion that this crystal from the D5 condition only 

contained HECTD12129-2605 Δ2282-2341 and did not form a complex with ubiquitin. 

In conclusion, each of the datasets used for MR (B5, A6 and D5) did not result in a model that was 

indicative of a correct solution (TFZ above 8.0). All model solutions had clear clashes between 

monomers with the unique Regions 1 and 3 remaining unsolved. Overall, the low resolutions of these 

datasets was likely the major limiting factor in structure solving by MR.  
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Figure 3.36 HECTD1 2129-2605 Delta 2282-2341 D5 Dataset PHASER 

Molecular Replacement Solutions 

Models based on the HECTD12129-2605 Δ2282-2341 D5 dataset using MR. A) D5 dataset 

solved using the 1C4Z monomeric template, with 19 monomers within the 

asymmetric unit. B) D5 dataset solved using the 8-model ensemble derived template, 

with 20 monomers within the asymmetric unit. 8 model ensemble generated using 

SCULPTOR (Bunkóczi and Read, 2011) and ENSEMBLER (Parton et al., 2016) 

with the following PDB IDs: 1C4Z, 5TJ8, 1ND7, 5XMC, 6K2C, 5C7M, 5HPK, and 

3GIN. Monomers are rendered in separate colours. MR was undertaken using 

PHASER (Storoni et al., 2004). Model figures were rendered in PyMOL 

(Schrödinger, 2015). 
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3.4 Discussion 

The first objective of this chapter was to express and purify a stable HECTD1 HECT domain protein 

for crystallographic studies. This was successfully achieved after identifying Region 2 as 

unstructured through secondary structure prediction and HDX. Subsequent removal of Region 2, 

alongside switching to a GST-tagged expression system, resulted in the production of high yields (5 

mg per litre of culture) of pure protein. One of the key reasons for solving the structure of the 

HECTD1 HECT domain was to elucidate the potential novel structural properties of its unique 

regions to determine their possible role in regulating its catalytic activity. The removal of Region 2 

was therefore sub-optimal in this regard; however, its removal had a positive effect on the 

thermostability of the protein when compared to HECTD12129-2605 (Figure 3.19 above compared to 

Figure 3.18 above). 

It was also noted during the gel filtration of the HECTD1 HECT domain that additional protein 

species were eluting within the V0, hinting towards the presence of higher molecular weight 

oligomers. The presence of oligomeric His-HECTD12129-2605 protein was later confirmed by 

crosslinking (Figure 3.7b above) and Native PAGE (Figure 3.7a above). Switching to a GST-tagged 

expression system reduced the formation of these species (Figure 3.8c above), supporting the notion 

that the presence of poly-histidine tags promote oligomerisation (Amor-Mahjoub et al., 2006). 

However, these predicted oligomers were not completely abolished by tag removal and were still 

detected at a lower concentration within the V0 during the gel filtration of HECTD12129-2605 Δ2282-2341 

(Figure 3.9b above). The presence of oligomers were further supported by the range of Dh observed 

for HECTD12129-2605 Δ2282-2341 in DLS experiments (Figure 3.10 above and Figure 3.11 above). 

DLS and the TSA proved to be invaluable techniques in attempting to accomplish the second 

objective of this chapter; to identify crystallisation hits and optimise successful conditions to achieve 

a high-resolution diffraction for structure solving. The DLS experiments specifically revealed that 

the HECTD12129-2605 Δ2282-2341 protein was more prone to aggregating at 20 °C, compared to 4 °C 

(Figure 3.11 above compared Figure 3.10 above ). This was a critical observation that was essential 

in increasing the number of crystal hits observed in the Morpheus I primary screens. The lower 

temperature of 4 °C was imperative for the optimisation of the Morpheus I B2 condition, with the 

pre-cooling of all plates, buffers and protein proving essential for recapitulating the crystals observed 

in the primary screen. TSA was particularly useful in identifying the HEPES and Sodium Phosphate 

Monobasic as alternative stabilising buffers for crystallisation. However, the crystals grown from 

using these buffers did not offer any improvement in diffraction. Interestingly, the crystals that 

diffracted from the Tris buffer had a range of predicted space groups (P4, P41, P43 and P41212) 
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whereas the crystal that diffracted from the Sodium Phosphate Monobasic buffer were only predicted 

to consist of the C2221 space group. This indicated that upon changing the buffer, different types of 

HECTD12129-2605 Δ2282-2341 protein crystals were forming. Considering optimisation of the Morpheus I 

B2 condition using a Tris based buffer did not result in a diffraction below 3 Å, future work may 

benefit from optimising this condition using the Sodium Phosphate Monobasic to promote an 

alternative crystal type that may diffract at a higher resolution.  

Despite the lack of success in obtaining a high-resolution diffraction (below 3 Å), MR was still 

attempted using the three highest resolution datasets at 3.45 Å, 3.47 Å and 3.77 Å. These datasets 

were collected from crystals from various crystallisation experiments and were grown using two 

different crystallisation buffers (Figure 3.37 below). Unfortunately, none of the resulting solutions 

were predicted to be correct, with low TFZs and clear clashing between monomers (Figure 3.34 

above, Figure 3.35 above and Figure 3.36 above). Along with the sub-optimal resolutions of the 

datasets, a key contributing factor to the difficulty in obtaining a correct solution was likely the lack 

of a suitable template model. All the available template structures consisting of previously solved 

HECT domains had a percentage sequence identity below 30%. Typically, the success rate of MR 

drops considerably when the template model has a percentage sequence identity below 35% 

(Abergel, 2013). In an attempt to overcome this limitation, an 8 PDB model ensemble was generated 

using the structures with the highest E-values compared to the HECTD1 HECT domain, since this 

has previously been shown to improve the success rate of MR (Turkenburg and Dodson, 1996). 

Unfortunately, this was also unsuccessful in producing a correct structural solution for the HECTD1 

HECT domain. The presence of the three unique regions within the HECTD1 HECT domain 

presented a clear issue during the MR, as none of the outputted solutions could resolve these regions 

fully. Due to the presence of these unique regions, a high-resolution dataset would likely be essential 

to solve the protein fully through MR, although this still may not guarantee a correct solution. An 

alternative approach would be to use Multiple Isomorphous Replacement (MIR) method, by soaking 

the collected crystal in a heavy metal solution to produce a heavy atom derivative crystal to assist in 

phase solving (Green et al., 1954). 

Interestingly, a key observation throughout this study was the observation of oligomeric HECTD1 

HECT domain proteins. These oligomeric proteins were first detected within the V0 during the gel 

filtration of the His-HECTD12129-2605 protein and were still detectable in lower concentrations after 

the GST tag cleavage of the HECTD12129-2605 Δ2282-2341 protein. The formation of oligomeric species 

were additionally supported by the DLS of the HECTD12129-2605 Δ2282-2341 protein. Intriguingly, the 

calculated VM for each of the datasets used for MR all predicted a high number of molecules (above 

16 monomers) within the asymmetric unit of each crystal. With such a high number of monomers 
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predicted within the asymmetric unit, it was feasible that multiple dimeric, trimeric or tetrameric 

proteins existed within the unit cell of the crystal. To further support this speculation, the previously 

solved E6AP HECT domain crystallised as a trimer (Huang et al., 1999) and the HUWE1 HECT 

domain crystallised as a dimer (Sander et al., 2017). The oligomerisation of HECT domains is an 

emerging feature of HECT E3 ligases and is further investigated within the context of HECTD1 in 

the next chapter. 
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Figure 3.37 HECTD1 HECT Domain Crystallisation Workflow 

Flowchart highlighting each stage of the crystallisation trials undertaken throughout 

this research. Box colours indicate the different buffers used. Red circles indicate the 

number of crystal hits observed for each primary/optimisation screen. 
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As a high-resolution dataset was not obtained from the crystals harvested during this research, 

multiple new approaches could be utilised in future work to potentially obtain a crystal that will 

diffract at a higher resolution (1-2 Å). A simple approach utilising the same protein would be to 

increase the number of primary screens trialled. Only Morpheus I, Morpheus II, PACT Premier, 

ProPlex, SG1, JCSG Plus and BCS screens were used throughout this research. There are a wide 

array of primary screens available commercially and it is likely that other screens would produce 

new crystal hits that result in higher diffracting crystals. The other advantage to this approach is a 

new condition may be identified which is easier to recapitulate in a hanging-drop setting, an approach 

that was shown to effective with the Morpheus I screen in these studies. Other HECT domains have 

crystallised at a range of temperatures and buffer conditions (Table 3.1 above). It is possible that the 

primary screens used in this research failed to identify the condition which was most optimal for 

crystallising the HECTD1 HECT domain. In addition to this, a higher throughput approach to 

screening more crystals may result in a diffraction that is high enough for accurate structure solving. 

There was already a large disparity between the diffraction resolutions obtained through the various 

crystals harvested in these studies and potentially screening more could result in a sub 3 Å diffraction 

dataset. 

During the harvesting of crystals for diffraction, damage can occur to the crystal during sample 

vitrification. The use of cryoprotectants can reduce the cooling rate required for vitrification and 

suppress ice nucleation (Pflugrath, 2015). The Morpheus screens are already cryoprotected, but 

additional glycerol washes were attempted on harvested crystals to further prevent the formation of 

ice crystals. These efforts had little effect on the diffraction results, indicating that the Morpheus 

cryoprotectant was likely satisfactory by itself. Crystal annealing by repeated flash cooling and 

warming (Harp et al., 1998) was also attempted to improve the microstructure and subsequent 

diffraction, but this also had little effect. Another factor influencing the diffraction quality of crystals 

is the solvent content. High solvent content can often result in poor diffracting crystals. Reduction of 

the solvent content can result in closer packing and better ordered crystals that produce improved 

diffractions (Frey, 1994). One method to dehydrate crystals grown in a hanging drop setting, is to 

replace the reservoir solution with a dehydrating solution (Huang and Szebenyi, 2016). Adding 

glycerol to a final concentration of 25% to the reservoir can achieve this. The crystals can also be 

crosslinked in solution using glutaraldehyde to improve the diffraction, but this can be difficult to 

reproduce and excessive crosslinking can lead to a reduction in diffraction quality (Lusty, 1999). 

Co-crystallisation of proteins with their ligands is another technique which can often lead to higher 

resolution X-ray diffraction due to the ability of ligands to stabilise proteins in a particular 

conformation (Hassell et al., 2006). For HECT domains potential co-crystallisation partners include 
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E2 conjugating enzymes, cofactors/adaptors of the HECT domain and ubiquitin. Ubiquitin was added 

to the HECTD1 HECT domain in this study to potentially stabilise the protein and form a complex. 

The presence of a ubiquitin exosite within the HECTD1 HECT domain could interact with the 

ubiquitin molecule to form this complex. The first structurally characterised HECT domain E6AP 

was crystallised in complex with its cognate E2 conjugating enzyme UBCH7 (Huang et al., 1999). 

Similar experiments could be carried out with the HECTD1 HECT domain using UBCH5A as the 

E2 binding partner. The advantage of this approach would be the characterisation of the HECT-E2 

binding interface. Other E2 enzymes could also be trialled using this approach such as UBCH7. 

Additionally, the E2 conjugating enzyme could be pre-charged with a ubiquitin molecule by 

replacing the catalytic cysteine residue with a serine to form a covalent oxy-ester bond. This approach 

has been used successfully with the NEDD4L-UBCH5B-Ub complex to determine the full structure 

of a HECT-E2-Ub interaction (Kamadurai et al., 2009). 

Activity Based Probes (ABPs) provide an alternative approach to the co-crystallisation studies 

described above. These probes were initially developed in the context of Activity Based Protein 

Profiling (ABPP) with the use of active site directed covalent probes to provide a readout for the 

activity of specific enzyme families within the proteome (Yang and Liu, 2015; Cravatt et al., 2008). 

These ABPs consist of a reactive group, responsible for covalent bond formation with the enzyme’s 

active site, the recognition element, and a reporter tag (Cravatt et al., 2008). In the context of the 

ubiquitin field, ABPs were first utilised to characterise DUB activity (de Jong et al., 2012). The first 

generation of these probes were Ub-ABPs, with the C-terminal Gly76 residue modified with an 

electrophilic ‘warhead’ such as ubiquitin aldehyde (Hershko and Rose, 1987). The warhead of these 

ABPs forms a covalent bond with the catalytic cysteines found within the components of the 

ubiquitin cascade. Second generation ABPs have also been developed to profile the catalytic activity 

of HECT and RBR E3 ligases. This was first demonstrated within the context of the RBR E3 ligases 

Parkin, where an Activated Vinyl Sulphide (AVS) electrophile positioned between the E2-Ub acted 

as the warhead that probed for the transthiolation activity. Using these probes, the phosphorylation 

of Parkin was identified to contribute to sustained transthiolation activity (Pao et al., 2016). The 

development of an ABP where the C-terminal glycine of ubiquitin is replaced with an electrophilic 

Dehydroalanine (Dha) moiety has facilitated the characterisation of each component of the ubiquitin 

cascade by maintaining the carboxyl terminus of ubiquitin. This mutation allows the Ub-Dha probe 

to traverse each step of the ubiquitination cascade in sequence, to profile catalytic activity or 

covalently trap each enzyme into a thioether adduct along the cascade (Mulder et al., 2016). Using 

these probes to covalently trap the HECTD1 HECT domain into a stable thioether adduct could 

stabilise its native flexibility and conformation, thereby promoting crystallisation. Additionally, 
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utilising the AVS based E2-Ub ABP in conjunction with the HECTD1 HECT domain could provide 

a snapshot of the mechanism responsible for Ub transfer from E2 to E3. 

Similarly, Ubiquitin Variants (UbVs) may be another area worth exploring for co-crystallisation 

trials with HECTD1. UbVs are ubiquitin mutants that display enhanced binding to Ub interactors 

such as DUBs and E3s. These mutants are selected from vast libraries of ubiquitin mutants based on 

their ability to significantly alter enzyme activity. The selected UbVs carry mutations in residues 

directly involved in Ub-enzyme interactions resulting in tighter binding between regions originally 

responsible for weak interactions. Crystallisation studies have been performed on DUB-UbV and 

E3-UbV complexes revealing transient interaction interfaces that would otherwise be unsolvable 

(Ernst et al., 2013; Zhang et al., 2016). HECTD1 specific UbVs have been identified to inhibit 

ubiquitination activity, likely by blocking the E2 binding site. This was also observed for other HECT 

E3s in complex with inhibitory UbVs such as WWP1-UbV (PDB ID: 5HPT) and ITCH-UbV (PDB 

ID: 5C7M) (Zhang et al., 2016). HECTD1 specific UbVs could therefore be utilised in co-

crystallisation trials to potentially alter the conformation of the enzyme to stabilise and promote 

crystallisation. This approach could improve crystal diffraction quality as well as identify currently 

unknown transient ubiquitin binding regions. 

Another approach to improving crystal diffraction quality is the redesigning of the construct itself. 

Secondary structure prediction (JPred) analysis of the HECTD1 HECT domain during MSA revealed 

that the N-terminus of the N- lobe of the domain contains an α1-helix. This helix is conserved across 

the HECT family of E3 ligases and has been identified as a key structural element that regulates 

oligomerisation in the NEDD4 family through ubiquitination (Attali et al., 2017). The helix also 

regulates oligomerisation observed in E6AP by inhibiting trimerization (Ronchi et al., 2014). 

Another recent study also identified this region to confer stability to the HECT domain of UBE3C 

(Singh and Sivaraman, 2020). Further work on the role of this α1-helix will be discussed in the next 

chapter. A model of this protein has been generated using this extended HECTD1 sequence with a 

domain map schematic to highlight the location of the α1-helix (Figure 3.38 below). 
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Figure 3.38 Model of the HECTD1 HECT Domain 2072-2610 with Domain Map 

Model structure of the HECTD1 HECT domain with the N-terminal extended α1-

helix. A) Anterior and posterior view of the HECTD1 HECT model with the N-lobe 

highlighted in blue, C-lobe in red, unique Region 1 in cyan, unique Region 2 in green, 

unique Region 3 in magenta, the catalytic cysteine is indicated by the orange spheres 

and the flexible glycine hinge is indicated by the grey spheres. B) Domain map 

schematic highlighting the location of the structural elements found in the HECTD1 

HECT domain, the colour scheme is the same as above (A). Model generated using 

SWISS-MODEL (Waterhouse et al., 2018) with the solved NEDD4 structure (PDB: 

2ONI) (Walker et al., 2007). Model figure was rendered in PyMOL (Schrödinger, 

2015). 
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4.1 Introduction 

The previous chapter identified that the HECTD1 HECT domain could form oligomeric species. 

However, the exact nature of such oligomers as well as the structural mechanisms that facilitate 

oligomerisation remain unclear. The preliminary data gathered during the crystallisation of the 

HECTD1 HECT domain revealed the presence of high molecular weight protein species that were 

found within the V0 of the 16/60 HiPrep Sephacryl S-200 HR gel filtration column (GE Healthcare). 

Subsequent DLS experiments further hinted that the HECTD1 HECT domain could form oligomeric 

species. Interestingly, the calculated Matthews Coefficients (VM) from the crystallography diffraction 

data consistently implied that the asymmetric unit likely consisted of oligomeric species, such as 

dimers or tetramers. 

Previous studies have highlighted that HECT E3 ligases exhibit a range of oligomeric states to 

regulate their catalytic activity. For the E3 ligase SMURF1, the intermolecular interaction between 

the N-terminal C2 domain of one molecule and the HECT domain of another, results in the formation 

of auto-inhibitory homodimers (Wan et al., 2011). Interestingly, a conserved key structural element 

within HECT domains is an α1- helix located at the N-terminus of the N-lobe (Figure 4.1 below). 

This helix has been shown to regulate the oligomerisation of the S. cerevisiae RSP5, the human 

NEDD4 (Attali et al., 2017) and E6AP HECT E3 ubiquitin ligases (Ronchi et al., 2014). This α1- 

helix has also been shown to stabilise the UBE3C HECT domain (Singh and Sivaraman, 2020), 

AREL1 HECT domain (Singh et al., 2019) and the HUWE1 HECT domain (Pandya et al., 2010). 

Sequence alignments have predicted that the HECTD1 HECT domain also contains this conserved 

α1- helix, but it has not yet been confirmed whether it provides stability to the domain or if it plays 

a role in the formation of HECT domain oligomers.  
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Figure 4.1 The α1-Helix is a Conserved Structural Element in HECT Domains 

Various solved HECT ligase domains with their α1-helixes highlighted in yellow. 

The N-lobe of each HECT domain is highlighted in blue, the C-lobe in red, the 

glycine hinge region as grey spheres and the catalytic cysteine as orange spheres. All 

structures were collected from the PDB. HUWE1 (PDB:3H1D) (Pandya et al., 2010), 

NEDD4 (PDB:2ONI) (Walker et al., 2007), RSP5 (PDB:4LCD) (Kamadurai et al., 

2013) and UBE3C (PDB:6K2C) (Singh and Sivaraman, 2020). All modelling 

rendered in PyMOL (Schrödinger, 2015). 

 

HECT E3 ligases exhibit variation in their oligomeric conformations. The C-terminal HECT domain 

of HUWE1 (amino acids 3951–4374) was discovered to form dimers during crystallographic studies 

(Sander et al., 2017) while full-length E6AP, NEDD4 and NEDD4L have all been shown to form 

trimers through gel filtration experiments (Ronchi et al., 2014; Attali et al., 2017; Todaro et al., 2018). 

Interestingly, the oligomerisation of these HECT E3 ligases appears to have contradictory functions. 

Trimerisation of E6AP promotes auto-ubiquitination, whereas the trimerisation of NEDD4 inhibits 

auto-ubiquitination (Attali et al., 2017).  
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With the oligomerisation of HECT domains previously being identified as a key regulator of catalytic 

activity, this research sought to determine which oligomeric conformations the HECTD1 HECT 

domain can form, as well as elucidate the role of oligomerisation in regulating its catalytic activity 

and/or chain specificity. The structurally conserved α1-helix found within the HECT domain of E3 

ligases has been previously identified to promote oligomerisation or confer stability to the HECT 

domain. The role of this conserved helix is currently unknown within in the context of HECTD1. 

Therefore, a primary aim of this chapter was to investigate the role of this structural element within 

the context of oligomerisation of the HECTD1 HECT domain.  

The previous chapter identified three unique regions within the HECTD1 HECT domain with 

unknown roles. Region 2 was of particular interest due to its most recent evolutionary emergence, 

highlighting its potential contribution to HECTD1’s recently evolved ability to catalyse atypical 

branched K29/K48 chains. This is particularly interesting given recent evidence indicating that loops 

within catalytic domains of DUBs might affect their deubiquitination activity. For example, the 

Ubiquitin Specific Peptidase 1 (USP1) contains three unique loops, two of which have been shown 

to regulate its catalytic activity (Dharadhar et al., 2021).Therefore, this chapter also explores the role 

of Region 2 on HECTD1 oligomerisation and catalytic activity. 

Elucidating the roles of the α1-helix and Region 2 within the context of oligomerisation and 

catalytic activity of the HECTD1 HECT domain will be achieved through the following 

objectives: 

 

1. Determine if the presence of the α1-helix promotes oligomerisation of the HECTD1 HECT 

domain using gel filtration, Small-Angle X-ray Scattering (SAXS), crosslinking and Native 

PAGE analysis. 

 

2. Characterise the potential various oligomeric conformations of the HECTD1 HECT domain 

through SAXS, Size-Exclusion Chromatography-Multiple Angle Laser Light Scattering 

(SEC-MALLS), crosslinking and Native PAGE analysis. 

 

3. Determine whether α1-helix and/or Region 2 influence the catalytic activity and 

polyubiquitin chain specificity of the HECTD1 HECT domain using in vitro auto-

ubiquitination assays. 
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4.2 Results 

 

4.2.1 Comparison of α1- Helices Located at the N-terminus of the N-lobes of HECT 

Domains 

The previous chapter highlighted the presence of oligomerisation within the HECTD1 HECT 

domain. With the importance of the α1-helix in other HECT oligomers highlighted in past literature, 

a Multiple Sequence Alignment (MSA) alignment focusing on the N-terminus of the N-lobes of 

HECT domains was undertaken to determine the level of conservation of this secondary structure 

element (Figure 4.2 below). Interestingly, all the HECT ligases including the S. cerevisiae and C. 

elegans proteins were predicted to contain alpha helices in the N-terminus of their N-lobes, with 

most of these secondary structures being within similar regions of the N-lobe. The individual 

secondary structure predictions for the HECT ligases revealed that most contained one extended α1-

helix (Figure 4.3 below). However, some HECT E3s such as HECTD1 were predicted to have an α1-

helix consisting of two sub-helices joined by a linker region (Figure 4.2 below and Figure 4.3 below). 

This predicted secondary structural feature appears to be evolutionary conserved, as the C.elegans 

and S. cerevisiae UFD4 also contain this linker between their alpha helices.  
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Figure 4.2 Secondary Structure Analysis of the N-lobe of HECT Domains 

Reveals the Conservation of the α1-Helix 

Multiple sequence alignment of HECT domain N-lobes. Residues highlighted in red 

are predicted to be secondary structure helices. Residues highlighted in blue are 

confirmed residues involved in oligomerisation interfaces from solved structures 

(Sander et al., 2017; Attali et al., 2017). The predicted α1-helix residues for HECTD1 

are outlined in black, with the linker region indicated. The α1-helix consists of two 

helical regions, designated as α1a and α1b. The column outlined in black is the area 

of conserved lysine residues within the NEDD4 family that is ubiquitinated to 

promote oligomerisation and inhibition of catalytic activity. MSA was carried out in 

Jalview (Waterhouse et al., 2009) using MUSCLE (Edgar, 2004) as the alignment 

algorithm. 
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Figure 4.3 Secondary Structure Predictions of the HECT Domain N-lobes of 

HECT E3 Families Highlight the Variety of α1-Helical Structures. 

Secondary structure prediction of HECT domain N-lobes for HECTD1, HUWE1, 

UBE3A (E6AP), TRIPC (TRIP12), HERC2 and NEDD4. Helices are highlighted as 

red cylinders and beta-sheets are highlighted as green arrows. The α1-helices are 

indicated by purple boxes. Secondary structure prediction and analysis was carried 

out using JPred (Drozdetskiy et al., 2015). 
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4.2.2 Attempted Expression and Purification of the Full α1-helix Region within the 

HECTD1 HECT Domain 

As the α1-helix in the NEDD4 family has been previously shown to contribute to the formation of 

oligomers (Attali et al., 2017), a new HECTD1 HECT domain construct was designed that included  

the full α1-helix region to investigate its role in oligomerisation. Initially, the HECTD1 HECT 

domain construct containing the complete α1-helix region (HECTD12077-2610) was attempted for 

purification. Unfortunately, the protein proved to be unstable and subsequently precipitated during 

the purification (Figure 4.4a below, lanes 6-10). To attempt to reduce the destabilising effect of the 

α1-helix region, a second HECTD1 HECT domain construct was designed with an extended N-

terminal region with the last five C-terminal residues removed (HECTD12036-2605) to further promote 

stability (Verdecia et al., 2003). Once again, the protein proved to be unstable and precipitated during 

its purification (Figure 4.4b below, lanes 6-10). The instability of both proteins confirmed the full 

α1-helix region within the HECTD1 HECT domain was indeed a destabilising element. This was an 

interesting observation and contrasted with the previous studies on the AREL1 and UBE3C HECT 

domains that highlighted the stabilising effect of the α1-helix (Singh et al., 2019; Singh and 

Sivaraman, 2020). One possible explanation for this contrasting effect could be the presence of the 

linker region that connect the two sub helices within the HECTD1 α1-helix region, which is missing 

from both the AREL1 and UBE3C α1-helices (Figure 4.5 below). 
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Figure 4.4 Purification of the HECTD1 2077-2610 and HECTD1 2036-2605 

Proteins Containing the Full α1-Helix Region. 

SDS-PAGE analysis of samples from protein purifications. A) Protein purification 

and GST cleavage of HECTD12077-2610. B) Protein purification and GST cleavage of 

HECTD12036-2605. Both sets of samples run on hand cast 12% SDS-PAGE. 
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Figure 4.5 Secondary Structure Predictions of the HECT Domain N-lobes of 

HECTD1, AREL1 and UBE3C. 

Secondary structure prediction of the HECT domain N-lobes for HECTD1, AREL1 

and UBE3C. Helices are highlighted as red cylinders and beta-sheets are highlighted 

as green arrows. The α1-helices are indicated by purple boxes. Secondary structure 

prediction and analysis was carried out using JPred (Drozdetskiy et al., 2015). 

 

4.2.3 Expression and Purification of HECTD1 2090-2610  

Given the putative destabilising effect of the full α1-helix region on the HECTD1 HECT domain, 

the next approach was to express and purify the HECT domain containing only the α1b sub-helix 

(HECTD12090-2610). The rationale behind this approach was to avoid the linker region that may be 

have been contributing to the destabilising effect of the α1-helix. Additionally, the α1b sub-helix 

region aligns more closely to the NEDD4 family of α1-helices and covers the region containing the 

conserved lysine residues that are ubiquitinated to regulate the oligomerisation of NEDD4 (Attali et 

al., 2017). 

The purification of HECTD12090-2610 which included the α1b sub-helix was successful with a clear 

increase in stability compared to the constructs containing the full α1-helix region (Figure 4.6a below 

compared to Figure 4.4 above). The GST cleavage resulted in soluble GST-free protein that was run 

through gel filtration using the 16/60 HiPrep Sephacryl S-200 column. Interestingly, two peaks were 

observed in the gel filtration, with the first peak (Peak 1) once again eluting within the range of the 

V0 indicating the presence of high molecular weight proteins (Figure 4.6c below). The Kav of Peak 2 

was calculated as 0.1, which was out of the range of the calibration curve of the column. However, 

Peak 2 was broad and contained a terminal shoulder that had an estimated Kav of 0.32, which 
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corresponded to the monomeric weight of the protein (59.4 kDa). The range of Kav values supports 

the notion that Peak 2 likely contained a range of oligomeric species of the HECTD12090-2610 protein. 

One key observation with this experiment was the increased size of the predicted oligomeric peak 

(Peak 1) in relation to Peak 2. Previous purifications with other HECTD1 HECT domain proteins 

usually resulted in a small oligomeric peak within the V0 and a larger monomeric peak (Chapter 3, 

Figure 3.5 above and Figure 3.8 above). However, the presence of the α1b sub-helix in this protein 

appeared to push the equilibrium towards the oligomeric state, resulting in a larger peak in the void. 

The SDS-PAGE analysis of the fractions revealed that both peaks contained the target protein (Figure 

4.6b below). Peak 1 and the starting shoulder fractions of Peak 2 appeared to have a small band 

present above the target protein band which was potentially a contaminant chaperone that bound to 

the protein throughout the expression and purification process. This contaminant band is not present 

in Peak 2, but some lower molecular weight bands are present that are likely degraded protein, 

indicating its potential instability.  



Chapter Four – Characterising the Oligomerisation of the HECTD1 HECT Domain 

 

159 

 

 
 

Figure 4.6 Purification of HECTD1 2090-2610  

Results from protein purification and gel filtration chromatography. A) Protein 

purification and GST cleavage samples run on SDS-PAGE. B) Gel filtration fraction 

samples run on 12% SDS-PAGE. C) Gel filtration using 16/60 HiPrep Sephacryl S-

200 column (GE Healthcare). V0 is indicated by the red dashed line. Fractions used 

in SDS-PAGE are represented with blue dots. All SDS-PAGE samples were run on 

12% hand cast gels. 2 L of pelleted E. coli was used for the purification. 
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4.2.4 Expression and Purification of HECTD1 2129-2610  

To determine the effect of the α1b sub-helix on the oligomerisation of the HECTD1 HECT domain, 

another construct was designed that lacked the α1-helix entirely (HECTD12129-2610). During the SDS-

PAGE analysis of the peaks observed from the gel filtration, a contaminant band was detected (Figure 

4.7b below) in both peaks, which was similar in molecular weight to the contaminant band observed 

with the HECTD12090-2610 protein (Figure 4.6b above). As hypothesised previously, this band was 

likely a chaperone that had bound to the protein during its expression and purification, indicative of 

its possible instability. Interestingly, all of the fractions analysed from Peak 2 contained the 

contaminant band, compared to only the starting shoulder fractions from the HECTD12090-2610 protein 

(Figure 4.6b above). This suggested that the presence of the α1b sub-helix could have stabilised the 

monomeric HECTD1 HECT domain. To validate this assumption, quantitative protein stability 

assays such as a Thermal Shift Assay (TSA) could be carried out in the future. Two main peaks were 

detected during the gel filtration (Peak 1 and Peak 2) (Figure 4.7c below), however there was a 

noticeable shift in the ratio between the two peaks compared to the HECTD12090-2610 protein (Figure 

4.6c above), with a clear decrease in the height of Peak 1. Both peaks contained the target protein 

(Figure 4.7b and c below), with Peak 1 once again eluting within the V0 of the column. The decrease 

in the height of Peak 1 may have been linked to the absence of the α1b sub-helix, with its presence 

supporting the formation of higher oligomers or aggregates. 
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Figure 4.7 Purification of HECTD1 2129-2610  

Results from protein purification and gel filtration chromatography. A) Protein 

purification and GST cleavage samples run on SDS-PAGE. B) Gel filtration fraction 

samples run on SDS-PAGE. C) Gel filtration using the 16/60 HiPrep Sephacryl S-

200 column (GE Healthcare). V0 is indicated by the red dashed line. Fractions used 

in SDS-PAGE are represented with blue dots. All SDS-PAGE samples were run on 

12% hand cast gels. 2 L of pelleted E. coli was used for the purification. 

  



Chapter Four – Characterising the Oligomerisation of the HECTD1 HECT Domain 

 

162 

 

4.2.5 Phosphomimetic Studies on the α1b Sub-Helix of the HECTD1 HECT Domain 

A key question regarding the regulation of HECT domains is how oligomerisation impacts their 

catalytic activity. In the context of the NEDD4 family, the conserved lysine residue (Lys 525) in the 

α1-helix is ubiquitinated and promotes the formation of inactive trimers (Attali et al., 2017). 

However, the HECTD1 HECT domain does not appear to contain this conserved lysine residue in its 

α1-helix (Figure 4.2 above). Another proposed mechanism is the phosphorylation of threonine and 

serine residues found within the conserved α1-helix of the other HECT E3s. The phosphorylation of 

these residues could function in a similar way to the ubiquitination mechanism in the NEDD4 family, 

by pulling the α1-helix away from a potential oligomerisation interface (Attali et al., 2017). To 

support this hypothesis further, phosphorylation of T485 in the α1-helix of E6AP has been revealed 

to downregulate its catalytic activity resulting in complications in dendritic spine development in the 

brain (Yi et al., 2015). Given the active form of E6AP is a trimer (Ronchi et al., 2014), it is possible 

the phosphorylation of T485 in its α1-helix promotes the dissociation of the trimer, although this has 

not yet been formally tested. 

Comparing the alignments carried out from previous research (Attali et al., 2017), the amino acid 

residue T2105 which is present in the HECTD1 HECT domain α1-helix, was selected as a possible 

candidate for phosphorylation. This residue is conserved among Thr/Ser residues within the α1-helix 

of other HECT E3 ligases. To investigate if phosphorylation of this residue impacted HECTD1 

oligomerisation, a phosphomimetic mutant was designed using site-directed mutagenesis (T2105D). 

Aspartic acid is chemically similar to phosphorylated serine/threonine and was selected as an ideal 

choice to mimic phosphorylation of a residue (Chen and Cole, 2015). Phosphomimetic studies have 

also been used previously within the field of HECT E3 ligases to investigate the regulation of NEDD4 

catalytic activity (Persaud et al., 2014). 

The expression and purification of HECTD12090-2610 T2105D resulted in fractions of pure protein with 

no contaminant bands (Figure 4.8b below, lanes 2-7). This suggested that the presence of the pseudo 

phosphorylated α1b sub-helix stabilised the HECTD1 domain further than the wild-type α1b sub-

helix (Figure 4.6b above compared to Figure 4.8b below). The gel filtration once again resulted in 

the elution of two peaks (Peak 1 and Peak 2) with the oligomeric Peak 1 much smaller in comparison 

to monomeric Peak 2 (Figure 4.8c below). Intriguingly, the ratio between the two peak heights were 

similar to the HECTD12129-2610 gel filtration profile (Figure 4.7c above), indicating that 

phosphorylation of the α1-helix of HECTD1 might reduce oligomer formation or at the least push 

the equilibrium towards the monomeric state. (Figure 4.8c below compared to Figure 4.6c above).  
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Figure 4.8 Purification of HECTD1 2090-2610 T2105D 

Results from protein purification and gel filtration chromatography. A) Protein 

purification and GST cleavage samples run on 12% SDS-PAGE. B) Gel filtration 

fraction samples run on SDS-PAGE. C) Gel filtration using 16/60 HiPrep Sephacryl 

S-200 column (GE Healthcare). V0 is indicated by the red dashed line. Fractions used 

in SDS-PAGE are represented with blue dots. All SDS-PAGE samples were run on 

12% hand cast gels. 2 L of pelleted E. coli was used for the purification. 
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4.2.6 Comparing the Gel Filtration Chromatogram Curves between the Purified 

HECTD1 HECT Domains 

After purifying each of the HECTD1 HECT domains and visually comparing the peaks observed, 

further peak integration was carried out to accurately determine the relative size of each peak. The 

peaks were analysed using the UNICORN software (GE Healthcare) and the peak ratios were 

calculated from their calculated areas (Figure 4.9 below). 

Due to the differing yields of protein shown on the chromatograms, calculating the Peak 1: Peak 2 

ratio was determined to be the most valid means of comparing peaks between proteins. The Peak 1: 

Peak 2 was 0.61 for the HECTD12090-2610 protein, reinforcing the hypothesis that the presence of the 

α1b sub-helix increased the formation of higher oligomeric species. The HECTD12129-2610 protein had 

a Peak 1: Peak 2 of 0.13, further indicating that removal of the α1b sub-helix may have limited the 

formation of higher oligomeric species. The phosphomimetic mutant HECTD12090-2610 T2105D had the 

smallest Peak 1: Peak 2 ratio of 0.13, supporting the notion that the pseudo phosphorylation of the 

α1b sub-helix dramatically reduced the formation of higher oligomers. Superimposing the three 

chromatograms with their corresponding integrated areas also confirmed that the presence of the α1b 

sub-helix may have stabilised the HECTD1 HECT domain, as more protein eluted within both pairs 

of the observed peaks for the HECTD12090-2610 and HECTD12090-2610 T2105D proteins compared to the 

HECTD12129-2610 protein (Figure 4.9 below). 
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Figure 4.9 Gel Filtration Chromatogram Curve Comparison between Purified 

HECTD1 HECT Domains 

Each gel filtration chromatogram curve was superimposed onto the same axis and 

compared. The curves are colour coded: Blue HECTD12129-2610, Purple HECTD12090-

2610 and Red HECTD12090-2610 T2105D. Table below indicates the area of each peak from 

the peak integration analysis, included peak height and retention. The ratio of Peak 

1 to Peak 2 are also indicated. All chromatograms are from the 16/60 HiPrep 

Sephacryl S-200 column (GE Healthcare). All analysis was undertaken using the 

UNICORN (GE) software. All purifications were carried out using 2 L of pelleted 

E. coli. 

  



Chapter Four – Characterising the Oligomerisation of the HECTD1 HECT Domain 

 

166 

 

4.2.7 Calibrating the 16/60 HiPrep Sephacryl S-300 Gel Filtration Column 

Due to the separation range of the 16/60 HiPrep Sephacryl S-200 column being too low to accurately 

determine the molecular weight of the oligomeric Peak 1 or the monomeric Peak 2 from the 

HECTD12090-2610 protein (Figure 4.6c above), a new column was selected with an increased range of 

separation. This column was the 16/60 HiPrep Sephacryl S-300 column (GE Healthcare) with a 

separation range of 10000-1500000 Da.  

The gel filtration calibration was carried out on the 16/60 HiPrep Sephacryl S-300 column using the 

same HMW protein standards (GE Healthcare) (Figure 4.10 below). This column successfully eluted 

the protein standards into clear separate elution peaks that could be used to generate a standard 

calibration curve which had a greater range than the 16/60 HiPrep Sephacryl S-200 column. All five 

high molecular weight standards resolved into distinct peaks during the calibration (Figure 4.10b 

below). 
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Figure 4.10 Calibration of the 16/60 HiPrep Sephacryl S-300 Gel Filtration 

Column 

Calibration of gel filtration column using the HMW calibration kit (GE Healthcare). 

A) Determination of V0 using Blue Dextran (~ 2000000 Da). B) Calibration of gel 

filtration column using HMW protein standards: Thyroglobulin (669000 Da), 

Ferritin (440000 Da), Aldolase (158000 Da), Conalbumin (75000 Da) and 

Ovalbumin (44000 Da). C) Calibration curve of eluted standards using the partition 

coefficient (Kav) calculated from the V0 and elution volumes (Ve) from the protein 

standards. 
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4.2.8 Purification of HECTD1 2090-2610 Using the 16/60 HiPrep Sephacryl S-300 

Gel Filtration Column 

Following the calibration of the 16/60 HiPrep Sephacryl S-300 column, HECTD12090-2610 was 

purified in an attempt to separate the oligomeric species present within Peak 1. Interestingly, the gel 

filtration resulted in the emergence of a new peak (Peak 2’) located between the oligomeric Peak 1 

and monomeric Peak 2 (Figure 4.11c below). The oligomeric Peak 1 once again eluted within the V0 

of the column, further supporting the notion that higher oligomeric species were present within this 

peak. When comparing the SDS-PAGE fractions from the observed peaks, there was virtually no 

bands detected within Peak 1 (Figure 4.11b below, lanes 1-3), suggesting that the formation of higher 

oligomers or aggregates resulted in the protein precipitating out of solution. All of the fractions from 

Peak 2’ and Peak 2 corresponded to the monomeric molecular weight of HECTD12090-2610 (59.4 kDa). 

The Kav of Peak 2’ was calculated as 0.42 and corresponded to a molecular weight of around 80-90 

kDa which was double the predicted molecular weight calculated from the Kav of Peak 2 (0.59) 

(Figure 4.10c above). Therefore, based on these Kav values, it was likely that the newly resolved Peak 

2’ consisted of dimeric HECTD12090-2610 while Peak 2 primarily consisted of monomeric 

HECTD12090-2610. 

The previous gel filtration of HECTD12090-2610 using the 16/60 HiPrep Sephacryl S-200 column, 

resulted in a Peak 2 Kav value outside the calibration range for the column (Figure 4.6c above). It was 

therefore likely that this Peak 2 contained a mixture of dimeric and monomeric HECTD12090-2610 

species which could not be separated. To confirm if additional oligomeric species of the HECTD12090-

2610 protein had resolved from the V0 of the 16/60 HiPrep Sephacryl S-300 column, the Kav value was 

calculated from the starting shoulder of Peak 2’ (Fraction F30). This value (0.24) corresponded to a 

molecular weight of roughly 200 kDa, which was indicative of a tetrameric HECTD12090-2610 protein. 

Considering the proximity of this region to the V0, it was likely these tetramers originally eluted 

within Peak 1 when using the 16/60 HiPrep Sephacryl S-200 column in the previous HECTD12090-

2610 purification (Figure 4.6c above). In conclusion, the 16/60 HiPrep Sephacryl S-300 column 

successfully resolved tetramers and dimers within Peak 2’ and monomeric HECTD12090-2610 species 

within Peak 2. The position of Peak 1 near the V0 of this column confirmed the presence of higher 

oligomers or aggregates that remained unresolvable using either the 16/60 HiPrep Sephacryl S-200 

column and 16/60 HiPrep Sephacryl S-300 column. 
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Figure 4.11 Purification of HECTD1 2090-2610 Using the 16/60 HiPrep 

Sephacryl S-300 Column 

Results from protein purification and gel filtration chromatography. A) Protein 

purification and GST cleavage samples run on SDS-PAGE. B) Gel filtration fraction 

samples run on SDS-PAGE. C) Gel filtration using 16/60 HiPrep Sephacryl S-300 

column (GE Healthcare). V0 is indicated by the red dashed line. Fractions taken for 

SDS-PAGE indicated by blue dots. Peaks are labelled by order of appearance. All 

SDS-PAGE samples were run on 12% hand cast gels. 2 L of pelleted E. coli was 

used for the purification. 
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4.2.9 Investigating the Peak 2 HECTD1 2090-2610 Protein Using SAX-SEC-

MALLS 

The first experiments utilising small angle X-ray scattering (SAXS) were used to study the 

nanostructures of metallic alloys (Guinier et al., 1955). A few decades later, the application of SAXS 

was used in the context of biological molecules (Glatter and Kratky, 1982). The basic principle 

behind a SAXS experiment is the utilisation of a collimated monochromatic X-ray beam which is 

scattered upon hitting a solvent sample. The scattering pattern is recorded by an X-ray detector and 

the scattering pattern is directly related to the shape and sizes of the particles within solution 

(Kikhney and Svergun, 2015). The high-intensity X-rays generated from a synchrotron are routinely 

used in SAXS due to faster measurement times and greater separation between the sample and the 

detector compared to traditional X-ray sources. The advantages of utilising SAXS in the context of 

structural biology is the small sample volume requirement and the non-destructive nature of the 

method which is particularly useful for repeating experiments. SAXS is routinely used to validate 

crystal structures, determine oligomerisation states within proteins and determining conformational 

changes due to ligand binding. Within the context of HECT E3 ligases, SAXS has been utilised to 

confirm the conformation of the HUWE1 dimer in solution (Sander et al., 2017). Additionally, for 

proteins that are difficult to crystallise, SAXS can also be used to deduce their structural properties.  

To determine if the Peak 2 observed during the HECTD12090-2610 purification using the 16/60 HiPrep 

Sephacryl S-200 column (Figure 4.6c above) consisted primarily of monomers, four samples of 

increasing concentrations (1, 2, 5 and 10 mg/mL) of purified HECTD1 2090-2610 Peak 2 protein were 

sent for SAXS and Size-Exclusion Chromatography-Multiple Angle Laser Light Scattering (SEC-

MALLS) analysis at EMBL Hamburg. The SEC-MALLS experiments using the four samples 

resulted in three elution profiles from the Ultra-Violet (UV), Differential Refractive Index (DRI) and 

Light Scattering (LS). The UV trace was not perfectly aligned with the DRI and LS as an absorption 

was detected further into the elution, which was potentially a degraded section of protein (Figure 

4.12a below). Nonetheless, the DRI and LS correlated well and resulted in the detection of a main 

peak that equated to ~ 60 kDa, which was very close to the monomeric molecular weight of the 

protein (59.4 kDa) (Figure 4.12b below). 
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Figure 4.12 SEC-MALLS and SAXS Studies on the Peak 2 HECTD1 2090-2610 

Protein 

Combined SEC-MALLS and SAXS experiments on Peak 2 from the HECTD12090-

2610 purification using the 16/60 HiPrep Sephacryl S-200 column (GE Healthcare). 

Fractions from Peak 2 were concentrated to 1, 2, 5 and 10 mg/mL and sent for 

analysis. A) SEC-MALLS with light scattering highlighted in black, UV absorbance 

in blue and the refractive index in red. B) Refractive index and light scattering from 

A, highlighting the elution trace and molecular weight within the elution volume 

range. C) SAXS in silico model of the HECTD1 HECT domain (grey envelope) 

overlaid with the crystal structure of E6AP (red) (PDB ID:1D5F) (Huang et al., 

1999). All experiments were carried out by Melissa Ann Graewert, EMBL Hamburg. 
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The SAXS experiments utilising Batch mode, where samples are directly loaded onto the sample cell 

instead of passing through a size-exclusion column, revealed concentration dependent changes on 

the scattering intensity. This suggested that that the oligomerisation of the HECTD1 HECT domain 

could be concentration dependent. Intriguingly, these data also highlighted the potential discrepancy 

between the observed level of oligomerisation from gel filtration chromatograms and that of the 

proteins when concentrated in solution. The dilution of the protein sample during the process of gel 

filtration could likely push the equilibrium towards the monomeric state. The SAXS data also 

resulted in the production of a structural envelope model of HECTD1 where the crystal structure of 

E6AP (PDB:15DF) (Huang et al., 1999) was also overlapped (Figure 4.12c above). Comparing this 

envelope model to E6AP, the overall geometry of the HECTD1 HECT domain is considerably larger. 

This was likely due to the unique inserted regions such as Region 2 that have been predicted to 

exhibit a high degree of flexibility, resulting in an increased occupation of space. In conclusion, the 

HECTD12090-2610 protein eluting from Peak 2 using the 16/60 HiPrep Sephacryl S-200 column was 

primarily monomeric, validating previous gel filtration-based predictions, however this protein was 

likely oligomerising under concentration dependent conditions. 

 

4.2.10 Investigating the Peak 1 HECTD1 2090-2610 Protein Using SAX-SEC-

MALLS 

After the SAX-SEC-MALLS experiments confirmed that the protein eluted within Peak 2 

corresponded to monomeric HECTD12090-2610, the predicted higher oligomeric Peak 1 from the same 

purification was then sent to EMBL Hamburg for similar analysis. Unfortunately, initial SEC-SAX 

experiments proved unsuccessful due to the protein eluting into the V0 of the Superdex 200 Increase 

10/300 column (GE Healthcare) (separation range 10 kDa – 600 kDa) (Figure 4.13d below). The 

radius of gyration calculated from the V0 peak was above 30 nm, suggesting the peak consisted of 

higher oligomers and/or protein aggregates. 

To analyse the protein samples by SEC-MALLS, the experiments were carried out using a Superose 

6 Increase 10/300 GL column (GE Healthcare) (separation range 5 kDa – 5 MDa) for enhanced high-

resolution separation chromatography, to separate any potential higher oligomers from protein 

aggregates. Once again, a large peak was observed in the V0 (Peak A) (Figure 4.13a below) but two 

smaller peaks were also resolved (Peaks B and C) (Figure 4.13b below). Peak B was very small, 

eluting at 15.5 mL with the larger Peak C eluting at 16.5 mL. The large DRI peak at 20 mL was due 

to a small buffer mismatch between the running and sample buffer. The calculated molecular weight 

of the protein within Peak B was 230 kDa (+/- 10% error), likely corresponding to a tetramer (Figure 
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4.13c below). Whereas the calculated molecular weight of the protein within Peak C was 65 kDa (+/- 

10% error), which was indicative of monomeric HECTD12090-2610. The predicted molecular weight 

of the protein eluting within Peak A was over 3 MDa. Considering the large predicted radius of 

gyration of proteins within PeakA1 (above 30 nm), it was highly likely that this peak contained 

aggregated oligomers.  

 

 

 
 

Figure 4.13 SEC-MALLS and SAXS Studies on the Peak 1 HECTD1 2090-2610 

Protein 

Combined SEC-MALLS and SAXS experiments using the Superose 6 Increase 

10/300 GL column (GE Healthcare) on the Peak 1 HECTD12090-2610 protein purified 

using the 16/60 HiPrep Sephacryl S-200 column (GE Healthcare). Fractions from 

Peak 1 were concentrated to 1, 2, 5 and 10 mg/mL and sent for analysis. A) SEC-

MALLS with light scattering highlighted in black, UV absorbance in blue and the 

refractive index in red. B) Magnified elution trace from A, a very small peak at 15.5 

mL is detected with a larger peak 16.5 mL. C) DRI and LS elution traces overlapped 

to highlight the molecular weight of each peak observed. D) SEC-SAXS results from 

the V0 elution, radius of gyration is indicated in red. All experiments were carried by 

Melissa Ann Graewert, at EMBL Hamburg. 
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The data from these experiments correlated well with the previous SEC-SAX-MALLS studies 

(Figure 4.12 above). From these data, monomeric HECTD12090-2610 was confirmed to be present 

within both eluted peaks from the gel filtration (Figure 4.6c above). Interestingly, the SEC-MALLS 

analysis of Peak 1 from the HECTD12090-2610 gel filtration confirmed the presence of higher 

oligomers/aggregates along with the presence of tetrameric and monomeric species. Considering the 

purification of HECTD12090-2610 resulted in the largest Peak 1 compared to the HECTD12129-2610 and 

HECTD12090-2610 T2105D purifications (Figure 4.9 above), the presence of the α1b sub-helix may have 

promoted the formation of higher oligomers/aggregates. Intriguingly, the smaller Peak 1 observed 

during the HECTD12090-2610 T2105D purification suggested that the pseudo phosphorylation of the α1b 

sub-helix had a diminishing effect on the formation of higher oligomers or aggregates.  

 

4.2.11 Confirmation of HECTD1 2090-2610 Oligomers Using Native PAGE 

The results from the SAXS experiments confirmed the presence of monomeric, tetrameric and higher 

oligomeric HECTD12090-2610 species. To further validate these observations, the three peaks that 

eluted during the HECTD12090-2610 purification using the 16/60 HiPrep Sephacryl S-300 column 

(Figure 4.11c above) were concentrated to 1 mg/mL and analysed using Native PAGE. This 

technique was selected for its non-reducing conditions, to preserve the essential intermolecular 

interactions required for HECTD1 HECT domain oligomerisation, enabling the oligomers to be 

visualised on a gel. To additionally provide some clarity on the impact of storage temperature on the 

stability of the protein and its oligomers, two series (Peak 1, Peak 2’ and Peak 2) of samples were 

prepared. The first series was flash frozen with liquid nitrogen and stored at -80 °C for three days, 

while the other was not flash frozen and directly stored at 4 °C for the same period. 

The results from the Coomassie Blue stained Native gel correlated with the previous SDS-PAGE 

fraction analysis (Figure 4.11b above, lanes 1-3) with virtually no protein detected in Peak 1 (Figure 

4.14a below, lanes 1 and 2). However, the high sensitivity of the silver stain confirmed the presence 

of protein within the sample as a long smear, with no distinguishable bands (Figure 4.14b below, 

lanes 1 and 2). This smear likely contained a mixture of aggregates as some protein remained 

unresolved at the top of the gel. Further analysis of Peak 1 by Quadrupole Time of Flight Liquid 

Chromatography Mass Spectrometry (QTOF-LC/MS) (Appendix, Figure E below) confirmed the 

absence of HECTD12090-2610 protein within the sample, supporting the hypothesis that the protein 

within Peak 1 was likely aggregated. The samples from Peak 2’ produced a long smear of protein 

with the Coomassie Blue staining which contained bands that corresponded to molecular weights 

equivalent to monomers, dimers, and tetramers (Figure 4.14a below, lanes 3 and 4). The 
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corresponding silver stained samples correlated with the Coomassie Blue staining, but additionally 

highlighted the presence of higher oligomers/aggregates that remained unresolved at the top of the 

gel (Figure 4.14b below, lanes 3 and 4). The Coomassie Blue and silver stained samples from Peak 

2 contained the largest concentration of monomeric HECTD12090-2610, with the presence of bands that 

were equivalent in molecular weight to dimeric and tetrameric proteins (Figure 4.14a and b below, 

lanes 5 and 6). Interestingly, when comparing the bands observed from the Peak 2’ samples compared 

to those from Peak 2, there appeared to be an increased concentration of tetramers in Peak 2’. This 

further supported the notion that the 16/60 HiPrep Sephacryl S-300 column, successfully resolved 

tetrameric HECTD12090-2610, which was likely eluting within the V0 when using the 16/60 HiPrep 

Sephacryl S-200 column. Overall, the storage temperature had no distinguishable effect on the 

observed oligomeric states of the HECTD12090-2610 protein after Coomassie Blue or silver staining. 
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Figure 4.14 Native PAGE Gels of Concentrated Peaks from the 16/60 HiPrep 

Sephacryl S-300 Column.  

Coomassie Blue staining and silver staining of Native PAGE. A) Coomassie Blue 

staining of Native PAGE gel. All peaks were concentrated to 1 mg/mL and 20 μg 

was loaded into each lane. Samples were taken and stored at 4 °C and -80 °C. B) 

Silver stained gel of the same layout as A. NativeMark Unstained Standard ladder 

was used in both gels. Both gels are hand cast 4-12% gradient gels. 
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4.2.12 Crosslinking Studies on the HECTD1 HECT Domain  

To investigate the potential intermolecular and intramolecular interactions responsible for HECTD1 

HECT domain oligomerisation, chemical homobifunctional crosslinkers were utilised in an attempt 

to ‘capture’ the specific oligomeric states of different HECTD1 HECT domain recombinant proteins 

for SDS-PAGE analysis. Given the success of using the primary amine crosslinker Disuccinimidyl 

Glutarate (DSG) to crosslink His-HECTD12129-2605 oligomers in the previous chapter (Chapter 3, 

Figure 3.7 above), an additional primary amine crosslinker Bis (Sulfosuccinimidyl) Suberate (BS3) 

was trialled to determine if a longer spacer arm improved the efficiency of crosslinking HECTD1 

HECT domain oligomers. Both crosslinkers contained the same reactive N-Hydroxy-

Sulfosuccinimide (NHS) ester group that reacts with primary amines to form stable, irreversible 

amide bonds (Mattson et al., 1993). BS3 has an increased spacer arm length of 11.4 Å, compared to 

the 7.7 Å spacer arm in DSG and this was predicted to crosslink further potential distal protein 

interactions.  

Initially, the BS3 crosslinker was optimised using the Peak 2 HECTD12090-2610 protein from the 16/60 

HiPrep Sephacryl S-300 column, at increasing concentrations (2-150 μM). The rationale behind this 

approach was to assist in determining if the oligomerisation of the HECTD1 HECT domain was 

indeed concentration dependent, which was previously suggested by the SAXS data. A range of 

crosslinker to protein ratios were also trialled (0-50) to identify the most efficient crosslinking 

conditions for the BS3 crosslinker (Figure 4.15 below). The results from this initial crosslinking study 

revealed that the crosslinker to protein ratio had little effect on the overall crosslinking of the 

HECTD12090-2610 protein, with a marginal improvement on the number of crosslinked oligomeric 

species when using the 1:10 ratio at 150 μM protein concentration (Figure 4.15 below, lane 14). The 

crosslinking of all three concentrations of protein resulted in the production of protein species of 

molecular weights equivalent to dimers, tetramers and higher oligomers. There was a large 

accumulation of higher oligomers/aggregates within the 150 μM crosslinked samples (Figure 4.15 

below, lanes 14-17), which indicated that the increased protein concentration was pushing the 

oligomerisation equilibrium of the protein towards higher molecular weight species. Interestingly, 

the crosslinking of the HECTD12090-2610 protein resulted in the emergence of a band (named X) at 

around 70 kDa in all concentrations trialled (Figure 4.15 below), which was not detected in previous 

Native PAGE experiments (Figure 4.14 above). Therefore, this band was predicted to be the product 

of a crosslinked intramolecular interaction within the HECTD1 HECT domain. This likely altered 

its conformation and subsequent migration through the polyacrylamide gel during electrophoresis.  
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Figure 4.15 Optimisation of the BS3 Crosslinker with HECTD1 2090-2610 

Crosslinking assay using Peak 2 HECTD12090-2610 protein eluted from the 16/60 

HiPrep Sephacryl S-300 column. Crosslinker was optimised using three protein 

concentrations and multiple crosslinker: protein ratios as shown above. Crosslinking 

was left to incubate on ice (4 °C) for two hours and subsequently quenched using a 

final concentration of 50 mM Tris pH 7.5. Samples were run on a 4-15% Criterion 

TGX SDS-PAGE gel (Bio-Rad). 

 

As the crosslinking of the HECTD12090-2610 protein resulted in the formation of a range of possible 

oligomeric species, time-course assays were then undertaken to determine if these oligomers could 

be isolated over specific time points. Samples were crosslinked and quenched at set time points over 

a two-hour incubation period using three proteins (HECTD12090-2610, HECTD12129-2610, HECTD12129-

2610 T2105D). These proteins were selected to investigate the role of α1b sub-helix on specific oligomer 

formation. The previous purifications of these proteins hinted that the presence of the non-

phosphorylated α1b sub-helix increased the formation of higher oligomers, with pseudo 

phosphorylation of the α1b sub-helix diminishing this effect (Figure 4.9 above). Since 

dimers/tetramers and higher oligomers were detected using the 2 μM samples in the BS3 optimisation 

previously (Figure 4.16 below, lanes 2-6), this concentration was used again with a protein to 

crosslinker ratio of 1:10. The lower concentration of protein was also closer to potential physiological 

protein concentrations within the cell (Beck et al., 2011). Due to the low concentration (2 μM) of 
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protein previously resulting in the difficulty in visualising the crosslinked oligomeric species of 

HECTD12090-2610 (Figure 4.15 above, lanes 2-6), the SDS-PAGE gels were silver stained for its 

increased sensitivity (Chevallet et al., 2006). 

The crosslinking of all three proteins assayed resulted in the formation of the X band (Figure 4.16b-

d, below), previously detected during the optimisation of the BS3 crosslinker (Figure 4.15 above). 

Interestingly, another band was detected in all proteins above the predicted dimeric bands, indicating 

that the X-band crosslinked species formed independent X dimers. A row of faint bands were 

detected within the HECTD12129-2610 and HECTD12090-2610 T2105D crosslinked proteins that were 

roughly equivalent to the molecular weight of tetramers (Figure 4.16c and d below). Intriguingly, the 

HECTD12090-2610 crosslinked protein did not reveal these bands, possibly suggesting that the 

unphosphorylated α1b sub-helix was inhibiting tetramer formation (Figure 4.16b below). 

Unfortunately, due to the low dynamic range of silver staining (Grove et al., 2009), the time-course 

dependent effect of the BS3 crosslinker on the HECTD1 HECT domain remained inconclusive. The 

non-crosslinked monomeric bands exhibited a similar intensity to the crosslinked monomeric bands 

in all three proteins, despite the presence of oligomeric bands appearing after crosslinking (Figure 

4.16b-d below, lane 1 compared to 2). This was highly indicative of silver stain saturation, which 

would have prevented any differences between the time points from being observed. 
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Taking the previous issues of silver staining saturation and reproducibility into account, the 

crosslinking of the HECTD12129-2610 protein was repeated using the BS3 crosslinker at a higher protein 

concentration (100 μM), to improve the visualisation by Coomassie Blue staining. To investigate 

whether the shorter spacer arm (7.7 Å) of the DSG crosslinker could increase the proportion of 

crosslinked species detected, the HECTD12129-2610 crosslinking was also repeated with this 

crosslinking reagent. The DSG crosslinker resulted in a greater concentration of dimeric and 

tetrameric HECTD12129-2610 being detected compared to BS3 (Figure 4.17c below, lanes 2-7 compared 

to Figure 4.17b below, lanes 2-5). This suggested that the shorter spacer arm was more efficient at 

crosslinking HECTD12129-2610 oligomeric species. Additionally, the X band from the previous assays 

(Figure 4.16 above) was still present. It was hypothesised that this may have been the result of a 

crosslinked flexible region within the protein that might have altered the migration of HECTD1 

during the gel electrophoresis. Given that previous HDX-MS data identified Region 2 as a flexible 

loop in HECTD1, the crystallisation protein (HECTD12129-2605 Δ2282-2341) was also assayed to 

determine if Region 2 contributed to the X band formation. The HECTD12129-2605 Δ2282-2341 protein was 

crosslinked using DSG, at the same protein concentration (100 μM) and protein to crosslinker ratio 

(1:10). 

For both proteins, there was no clear observable difference between the concentration of crosslinked 

species during the time course, indicating the crosslinking was likely instantaneous. Interestingly, 

the monomeric band intensity of HECTD12129-2610  did not appear to decrease after crosslinking, which 

contrasted with the results observed for crosslinked HECTD12090-2610 (Figure 4.17b below compared 

to Figure 4.15 above). This observation remained the same for DSG crosslinking (Figure 4.17c 

below). Additionally, both crosslinkers resulted in a lower detected band intensity of higher 

oligomers for HECTD12129-2610, compared to those observed for HECTD12090-2610 at a similarly high 

concentration of protein (150 μM) (Figure 4.17b below, lanes 2-5 compared to Figure 4.15 above, 

lanes 13-17). Together these data correlated with the previous gel filtration data (Figure 4.9 above), 

supporting the notion that the presence of the unphosphorylated α1b sub-helix strongly promotes 

higher oligomerisation of the HECTD1 HECT domain. The formation of lower oligomeric species 

was not dependent on the presence of the α1b sub-helix since bands representative of dimeric and 

tetrameric HECTD12129-2610 were still detected (Figure 4.17b below).  
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Intriguingly, the crosslinking of the HECTD12129-2605 Δ2282-2341 protein did not result in the formation 

of the crosslinked X band (Figure 4.17d above, lanes 2-7). This observation suggested that Region 2 

was responsible for the formation of the X band. This was in line with the initial prediction that the 

X band represented a crosslinked product, resulting from an intramolecular interaction within the 

HECTD1 HECT domain. The crosslinking of the HECTD12129-2605 Δ2282-2341 protein still captured the 

dimeric and tetrameric oligomers, with a possible reduction in higher oligomeric species compared 

to crosslinked HECTD12129-2610 (Figure 4.17c above). The detection of these oligomers suggested 

that the presence of Region 2 and its intramolecular interactions within the HECTD1 HECT domain 

were not required for its oligomerisation. Overall, the crosslinking studies carried out within this 

research successfully captured a range of oligomeric conformations of the HECTD1 HECT domain, 

while simultaneously supporting the proposed function of the α1b sub-helix in promoting the 

formation of higher oligomers/aggregates.  

 

4.2.13 Purification of Crosslinked HECTD1 2129-2610 Oligomers Using Gel 

Filtration 

Considering the previous difficulties in solving the structure of the HECTD1 HECT domain by X-

ray crystallography, an alternative approach for future work could involve utilising Cryogenic 

Electron Microscopy (Cryo-EM) to study specific HECTD1 HECT domain oligomers. Recent 

advances in Cryo-EM have successfully enabled the elucidation of oligomeric enzymes and large 

complexes that were difficult to solve by traditional X-ray crystallography (Vonck and Mills, 2017). 

Within the context of HECT E3 ligases, the full-length structure of HUWE1 (481.9 kDa) has recently 

been solved by Cryo-EM, revealing the structure of its HECT domain in relation to the entire protein. 

In order to solve the structure of a protein using Cryo-EM, the sample must be pure and as 

homogenous as possible (Thompson et al., 2016). 

The previous crosslinking studies on the HECTD12090-2610 protein revealed the presence of the α1b 

sub-helix promoted the formation of higher oligomers/aggregates (Figure 4.15 above). The removal 

of this sub-helix resulted in a reduction in the formation of these higher oligomers/aggregates while 

maintaining the HECTD1 HECT domain’s ability to form intermediate dimeric/tetrameric protein 

species (Figure 4.17b and c above). Taking these findings into account, the HECTD12129-2610 protein 

was selected for further crosslinking studies to isolate dimeric and tetrameric protein species while 

minimising the amount of protein lost to higher oligomers/aggregates. 
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DSG was selected as the crosslinker for these studies, due to its improved efficiency in crosslinking 

HECTD12129-2610 dimers and tetramers over BS3 (Figure 4.17c compared to b above). Due to the 

relatively low band intensity of dimers and tetramers compared to monomers in previously 

crosslinked samples (Figure 4.17c above), 10 mg (175 μM) of Peak 2 protein eluted from the 16/60 

HiPrep Sephacryl S-200 column was crosslinked. A high concentration of protein was used to 

maximise the number of dimers and tetramers captured during the crosslinking reaction and facilitate 

downstream detection by gel filtration. Following quenching the reaction using a final concentration 

of 50 mM Tris pH 7.5, the entire reaction was loaded onto the 16/60 HiPrep Sephacryl S-300 column, 

to separate and isolate the crosslinked oligomers by size-exclusion chromatography (Figure 4.18a 

below). The resulting gel filtration chromatogram consisted of two peaks (Peak 1’ and Peak 1). The 

SDS-PAGE analysis confirmed the presence of crosslinked proteins equivalent in molecular weight 

to HECTD12090-2610 dimers and tetramers within Peak 1’ (Figure 4.18a below, lanes 1-7). Fractions 

analysed from Peak 1 primarily consisted of monomeric crosslinked HECTD12090-2610, which had 

successfully separated from the crosslinked oligomers (Figure 4.18a below, lanes 9-16). Proteins 

corresponding to the X band were again visualised and were likely present in dimeric and tetrameric 

forms. These studies serve as a proof-of-principle that specific oligomeric species of the HECTD1 

HECT domain can be separated by gel filtration, therefore providing a platform for future Cryo-EM 

studies to elucidate the structure of these oligomers. 



Chapter Four – Characterising the Oligomerisation of the HECTD1 HECT Domain 

 

185 

 

 
 

Figure 4.18 Gel Filtration of Crosslinked HECTD1 2129-2610  

Crosslinking 10 mg (175 μM) of the Peak 2 HECTD12129-2610 protein eluted from the 

16/60 HiPrep Sephacryl S-200 column (GE Healthcare) using DSG at a 10:1 

crosslinker to protein ratio. Crosslinking reaction was quenched using a final 

concentration of 50 mM Tris pH 7.5, with the full reaction injected into the 16/60 

HiPrep Sephacryl S-300 column (GE Healthcare). A) Gel filtration of the crosslinked 

HECTD12129-2610 using the 16/60 HiPrep Sephacryl S-300 column (GE Heathcare). 

B) SDS-PAGE fraction analysis run on hand cast 12% resolving gels. V0 is indicated 

by the red dashed line. Fractions taken for SDS-PAGE indicated by blue dots. Peaks 

are labelled by order of appearance. Predicted tetrameric, dimeric and monomeric 

species are labelled, along with the X band. 
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4.2.14 The Impact of Oligomerisation on HECTD1 HECT Domain Catalytic Activity 

Oligomerisation within HECT E3 ligases has previously been linked to the regulation of their 

catalytic activity. Interestingly, oligomerisation of HECT E3 ligases has been revealed to have 

contrasting effects on the catalytic activity of the enzyme. NEDD4 assembles inhibitory trimers 

(Attali et al., 2017), whereas E6AP requires trimerisation for its activity (Ronchi et al., 2014). Within 

the context of HECTD1, the impact of oligomerisation on catalytic activity has yet to be explored. 

One method of studying the catalytic activity of E3 ligases is through in vitro autoubiquitination 

assays (Hershko et al., 1983; Zhao et al., 2012). By incubating the E3 ligase with its cognate E2 and 

E1 enzymes along with Mg2+-ATP, the ability of the E3 to autoubiquitinate itself can be determined 

(Nuber et al., 1998). The advantage of this approach is the activity of the E3 enzyme can be 

determined without the presence of a substrate. In regards to HECT E3 ligases, the activity of the 

enzyme can be determined utilising the HECT domain alone (You and Pickart, 2001).  

To determine if the catalytic activity varied between the proteins purified within this study 

(HECTD12090-2610, HECTD12129-2610 and HECTD12090-2610 T2105), autoubiquitination assays were 

undertaken using both GST-tagged and non-GST tagged protein variants. For each GST-tagged and 

non-GST tagged protein, concentrated samples from each observed peak during their purification 

using the 16/60 HiPrep Sephacryl S-200 column were assayed. The rationale behind this approach 

was to additionally assess the potential impact of the GST tag alongside the catalytic differences in 

protein concentrated from Peak 1 and Peak 2. 

All GST tagged proteins used within the autoubiquitination assay produced strong ubiquitination 

smears, indicating they were all fully active and autoubiquitinating themselves with polyubiquitin 

chains (Figure 4.19c below, lanes 2, 3, 6, 9 and 10). When comparing the non-GST tagged proteins, 

both Peak 1 and Peak 2 from HECTD12090-2610 exhibited faint polyubiquitination smears, with Peak 

2 producing clearer bands equivalent to mono/multi-monoubiquitinated protein (Figure 4.19c below, 

lanes 4 and 5). The HECTD12129-2610 protein from Peak 1 produced a stronger and higher 

polyubiquitination smear compared to the protein from Peak 2 (Figure 4.19c below, lanes 7 and 8). 

For the HECTD12090-2610 T2105D protein, Peak 1 once again produced a stronger and higher 

polyubiquitination smear compared to Peak 2 (Figure 4.19c below, lanes 11 and 12). One possible 

explanation for these observations is that the higher oligomers and tetramers eluting within Peak 1 

possess enhanced catalytic activity to produce longer/more complex polyubiquitin chains, compared 

to the monomers and dimers eluting within Peak 2. This is further supported by the strong 

polyubiquitination smears exhibited by the GST-tagged proteins, whereby the innate ability of GST 

to form homodimers (Maru et al., 1996) likely promoted the oligomerisation of the HECTD1 HECT 
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domain. When comparing the Peak 1 polyubiquitination smears, HECTD12129-2610 and HECTD12090-

2610 T2105D appeared to produce the longest smears, with HECTD12129-2610 producing marginally clearer 

mono/multi-monoubiquitination bands (Figure 4.19c below, lanes 4, 7 and 11). Taking these data 

into account, the presence of the unphosphorylated α1b sub-helix is potentially reducing the extent 

of auto-polyubiquitination of the HECTD1 HECT domain by promoting the formation of higher 

oligomers/aggregates (Figure 4.15 above). Interestingly, the Peak 2 smear produced by HECTD12090-

2610 T2105D was the lowest and weakest of the three proteins assayed (Figure 4.19c below, lane 12). 

This indicated that the phosphomimetic mutation potentially inhibited the catalytic ability of the 

monomeric/dimeric HECTD1 HECT domain, resulting in shorter/less complex polyubiquitin chains. 

Intriguingly, the phosphomimetic mutation did not reduce the length of the auto-polyubiquitination 

smear in the protein from Peak 1, suggesting that the tetrameric/higher oligomers could assemble 

similar polyubiquitin chains to the proteins in Peak 1 for HECTD12129-2610 (Figure 4.19c below, lane 

11 compared to 7). 

In conclusion, the data from these studies highlighted that the removal of the α1b sub-helix from the 

HECTD1 HECT domain resulted in a higher yield of tetramers and less higher oligomers/aggregates 

in Peak 1, which enhanced the length of the autoubiquitination smears observed. The 

phosphomimetic mutation appeared to also increase the catalytic activity to a similar effect in the 

proteins found within Peak 1, despite the presence of the α1b sub-helix. For both HECTD12129-2610 

and HECTD12129-2610 T2105D proteins, Peak 1 resulted in higher molecular weight auto-

polyubiquitination smears compared to Peak 2, indicating that the tetrameric/higher oligomers within 

these peaks were producing longer/more complex polyubiquitin chains. 
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4.2.15 Investigating the Impact of the α1-Helix and Region 2 on Polyubiquitin Chain 

Specificity of the HECTD1 HECT Domain 

The previous autoubiquitination assays revealed that tetrameric/higher oligomeric species of the 

HECTD1 HECT domain lacking the α1b sub-helix, auto-polyubiquitinated themselves with 

potentially longer/more complex polyubiquitin chains. A major limitation to this ubiquitination assay 

was the inability to determine ubiquitin chain specificity. To overcome this limitation and provide 

further insight into polyubiquitin chain specificity, previous studies have utilised ubiquitin mutants 

that have specific Lys residues substituted for Arg (Harris et al., 2021). By utilising ubiquitin mutants 

with only one available Lys for polyubiquitin chain formation (Ub K only), specific polyubiquitin 

chains can be investigated. 

To investigate the role of the α1b sub-helix and the effect of the phosphomimetic mutation on the 

polyubiquitin chain specificity of the HECTD1 HECT domain, the GST-tagged HECTD12090-2610, 

HECTD12129-2610 and HECTD12090-2610 T2105D proteins were utilised in mutant ubiquitination assays. 

Multiple sequence alignments of HECT domains identified that Region 2 was in close proximity to 

the key residues involved in ubiquitin binding to the NEDD4 exosite (Figure 4.20 below) (Maspero 

et al., 2011). Previous studies have suggested that function of the ubiquitin exosite within the HECT 

domain is likely to facilitate polyubiquitin chain processivity by anchoring the distal ubiquitin of the 

polyubiquitin chain to assist in chain elongation (Maspero et al., 2011; Kim et al., 2011). Therefore, 

this research additionally investigated whether the deletion of Region 2 impacted the catalytic 

activity and polyubiquitin chain specificity of the HECTD1 HECT domain. For this, the GST-tagged 

HECTD12129-2610 Δ2282-2341 protein was purified, due to the crystallisation protein (HECTD12129-2605 

Δ2282-2341) lacking the essential five C-terminal amino acids necessary for catalytic activity (Salvat et 

al., 2004) (Appendix, Figure F below).All proteins used within the assay were GST-tagged to reduce 

the potential variation in catalytic activity due to differences in oligomeric conformation. All GST-

tagged proteins eluted within the V0
 of the 16/60 HiPrep Sephacryl S-200 column, suggesting that 

they were all tetrameric/higher oligomers (Appendix, Figure F below). 
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Figure 4.20 Proximity of the Three Unique Regions of the HECTD1 HECT 

Domain to the Ubiquitin Binding Interface within the NEDD4 Exosite  

Sequence alignment of the HECTD1 HECT domain with the orthologous NEDD4 

HECT domain. HECTD1 contains three unique regions within its HECT domain 

highlighted as: Region 1 (amino acids 2194-2216) cyan, Region 2 (amino acids 

2282-2342) green and Region 3 (amino acids 2354-2403) magenta. Key residues 

responsible for ubiquitin binding at the exosite of NEDD4 are highlighted in orange 

(Maspero et al., 2011). Aligned in Jalview (Waterhouse et al., 2009) using the 

MUSCLE algorithm (Edgar, 2004). 

 

The results from the mutant in vitro auto-ubiquitination assay revealed that all proteins were 

catalytically active and assembling K29 and K48 polyubiquitin chains (Figure 4.21c-f below, lanes 

3-5). These results also validated previous observations that HECTD1 assembles branched K29/K48 

chains (Harris et al., 2021), since the full polyubiquitin smear observed with wild-type ubiquitin 

could only be recapitulated using the K29/K48 only ubiquitin mutant (Figure 4.21c-f below, lane 3 

compared to 6). Intriguingly, the length of the polyubiquitination smear observed using wild type 

and K29/K48 only ubiquitin with the GST-HECTD12090-2610 T2105 and GST-HECTD12129-2610 Δ2282-2341 

proteins appeared marginally shorter than the smears observed from GST-HECTD12090-2610 and GST-

HECTD1 2129-2610 proteins (Figure 4.21c-f below, lanes 3 and 6). This suggested that both the 

phosphomimetic mutation and the Region 2 deletion reduced the length/complexity of the auto-

polyubiquitinated chains assembled by HECTD1. Interestingly, there were fewer individual bands 

observed using the K0 ubiquitin mutant with the GST-HECTD12090-2610 T2105 and GST-HECTD12129-

2610 Δ2282-2341 proteins, compared to the GST-HECTD12090-2610 and GST-HECTD1 2129-2610 proteins 

(Figure 4.21e and f compared to c and d below, lane 2). This was indicative that both the 

phosphomimetic mutation and the deletion of Region 2 had a similar effect in reducing multi-

monoubiquitination of the HECTD1 HECT domain. In regards to chain specificity, there was a small 

reduction in the ubiquitination smear produced by HECTD12090-2610 T2105D using the K48 only 

ubiquitin mutant, compared to the other proteins assayed (Figure 4.21c-f below, lane 5). This may 
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have contributed to the reduced polyubiquitin smear observed with this protein using the wild-type 

ubiquitin, with fewer K48 ubiquitin linkages resulting in a reduction in the overall length/complexity 

of the polyubiquitin chains assembled. 

In conclusion, these assays revealed that the phosphomimic mutation and the Region 2 deletion 

reduced the overall length of the autoubiquitination smear produced by the HECTD1 HECT domain. 

This was likely indicative of a less catalytically efficient HECT domain. The removal of Region 2 or 

the α1b sub-helix did not dramatically affect the chain specificity of the HECTD1 HECT domain, as 

the K29/K48 only ubiquitin mutant was still able to be used to assemble polyubiquitin chains.  
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Figure 4.21 Autoubiquitination Assay of HECTD1 HECT Domain Proteins 

Using Mutant Ubiquitin Proteins 

Autoubiquitination assay carried out over three hours at 30 °C and terminated using 

a final concentration of 1X LDS and 100 mM DTT. All proteins were GST-tagged 

and eluted within Peak 2 (only one peak eluted for GST-HECTD12129-2610) using the 

16/60 HiPrep Sephacryl S-200 column (GE Healthcare). A) Domain map of proteins 

used in assays. B) Input controls of HECTD12129-2610 Δ2282-2341, (5 μg loaded). B) 

Western blot of autoubiquitination assay, probing for ubiquitin. 2.5 μg of 

ubiquitin/ubiquitin mutant, 0.1 μg E1 (UBA1), 0.5 μg E2 (UBCH5A) and 2.5 μg of 

E3 (HECTD1) was used in each ubiquitin mutant reaction. The ubiquitin/diubiquitin, 

mono/multi-monoubiquitinated and polyubiquitinated E3 enzymes are labelled. C) 

GST-HECTD12090-2610. D) GST-HECTD12129-2610. E) GST- HECTD12090-2610 T2105D. F) 

GST-HECTD12129-2610 Δ2282-2341. All samples were run on 4-12% Bis-Tris NuPAGE 

SDS-PAGE gels (Invitrogen). 
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4.2.16 Investigating the Role of the HECTD1 HECT Domain C-Lobe in 

Polyubiquitin Chain Specificity 

The previous mutant auto-ubiquitination assays revealed that the deletion of Region 2 did not impact 

the polyubiquitin chain specificity of the HECTD1 HECT domain (Figure 4.21f above). Previous 

studies have suggested that the polyubiquitin chain specificity of HECT domains is determined by 

the C-lobe (Kim and Huibregtse, 2009). Utilising chimeric HECT domain proteins, these studies 

revealed that for ITCH and RSP5, swapping the C-lobe with that from another HECT E3 ligase 

altered their polyubiquitin chain specificity. To investigate if the C-lobe of the HECTD1 HECT 

domain functions in a similar manner in determining polyubiquitin chain specificity, the C-lobe of 

HECTD1 was swapped with the C-lobe from NEDD4 to create a chimeric GST-HECTD12129-

2491/NEDD41198-1319 protein. The NEDD4 C-lobe was selected for these studies due to its ability to 

assemble free K63 polyubiquitin chains (Maspero et al., 2011), which would be clearly 

distinguishable from the K29/K48 branched polyubiquitin chains assembled by HECTD1. 

The purification of the HECTD12129-2491/NEDD41198-1319 chimera resulted in a gel filtration consisting 

of one main peak (Peak 1), with a terminal shoulder (Peak 2) (Figure 4.22c below). All fractions 

analysed by SDS-PAGE contained the protein of interest (86.7 kDa), with no bands indicative of 

bound chaperones (Figure 4.22b below). Interestingly, the elution of both Peak 1 and Peak 2 outside 

of the V0, contrasted with the gel filtration profiles observed from the previous GST-tagged HECTD1 

HECT domain purifications (Appendix, Figure F below). This suggested that the C-lobe from 

NEDD4 reduced the formation of tetrameric/higher oligomeric species of the GST-tagged HECTD1 

HECT domain. 



Chapter Four – Characterising the Oligomerisation of the HECTD1 HECT Domain 

 

194 

 

 
 

Figure 4.22 Purification of the GST-HECTD1 2129-2491 NEDD4 1198-1319 

Chimera 

Results from protein purification and gel filtration chromatography. A) Protein 

purification and GST cleavage samples run on SDS-PAGE. B) Gel filtration fraction 

samples run on SDS-PAGE. C) Gel filtration using the 16/60 HiPrep Sephacryl S-

200 column (GE Healthcare). V0 is indicated by the red dashed line. Fractions taken 

for SDS-PAGE indicated by blue dots Peaks are labelled by order of appearance. All 

SDS-PAGE samples were run on 12% hand cast gels. 2 L of pelleted E. coli was 

used for the purification. 
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To test the catalytic activity of the HECTD12129-2491/NEDD41198-1319 chimera, an autoubiquitination 

assay was performed using the NEDD4 and HECTD1 HECT domains as positive controls (Figure 

4.23 below). Two E2 conjugating enzymes, UBCH5A and UBCH7 were used as they have 

previously been shown to function with both E3 ligases (Anan et al., 1998). The autoubiquitination 

assay confirmed that the NEDD4 HECT domain was fully catalytically active by producing strong 

auto-polyubiquitination smears with both E2 enzymes (Figure 4.23 below, lanes 9-10). The 

formation of free polyubiquitin chains was also observed, in line with previous studies (Maspero et 

al., 2011). The HECTD1 HECT domain was also active with both E2 enzymes and produced an auto-

polyubiquitination smear (Figure 4.23 below, lanes 2 and 6) that was similar in length to those 

observed in previous assays (Figure 4.19c above, lane 3). There was a marginal decrease in the 

intensity of the auto-polyubiquitination smear produced with UBCH7, suggesting that the E2 binding 

to the HECTD1 HECT domain was more efficient with UBCH5A, supporting previous observations 

(Harris et al., 2021; Byrne et al., 2017). The HECTD12129-2491/NEDD41198-1319 chimera was 

catalytically inactive, with no visible ubiquitination smear produced by the proteins from Peak 1 or 

Peak 2 with either E2 enzyme (Figure 4.23c below, lanes 3, 4, 7 and 8). These data suggest that both 

the N and C lobe of the HECTD1 HECT domain are essential for catalytic activity. This contrasts 

with the research carried out on RSP5 and ITCH (Kim and Huibregtse, 2009), however, one 

explanation for this outcome could be linked to the difference in HECT E3 sub-families. Potentially, 

the ‘other’ HECT E3s such as HECTD1 require additional intramolecular interactions between their 

N and C-lobes for their catalytic activity. This hypothesis is further supported by the lack of catalytic 

activity observed with chimeric E6AP proteins containing a variety of C-lobe substitutions (ITCH, 

NEDD4 and HUWE1) (Kim and Huibregtse, 2009). In conclusion, the results from these assays 

confirmed that the N and C-lobes of the HECTD1 HECT domain were essential for its catalytic 

activity.  
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Figure 4.23 Autoubiquitination Assay of the HECTD1 2129-2491/ NEDD4 1198-

1319 Chimeric Protein  

Autoubiquitination assay carried out over three hours at 30 °C. All proteins were 

GST-tagged and eluted within Peak 2 using the 16/60 HiPrep Sephacryl S-200 

column (GE Healthcare). A) Input controls of proteins used in the assay, (5 μg loaded 

into each lane). B) Western blot of autoubiquitination assay, probing for ubiquitin. 

2.5 μg of ubiquitin, 0.1 μg E1 (UBA1), 0.5 μg E2 (UBCH5A/UBCH7) and 2.5 μg of 

E3 was used in each ubiquitin reaction. The ubiquitin/diubiquitin, free ubiquitin 

chains, monoubiquitinated and polyubiquitinated E3 enzymes are labelled. All 

samples were run on 4-12% Bis-Tris NuPAGE SDS-PAGE gels (Invitrogen). 
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4.3 Discussion  

The α1-helix which is a structurally conserved feature found at the N-terminus of all HECT E3 HECT 

domains has been previously identified as a structural element that regulates the oligomeric state of 

RSP5, NEDD4 and E6AP (Attali et al., 2017; Ronchi et al., 2014). The first objective of this chapter 

was to determine if the presence of the α1-helix promoted the oligomerisation of the HECTD1 HECT 

domain. Interestingly, secondary structure predictions revealed the HECTD1 HECT domain α1-helix 

consisted of two sub-helices (Figure 4.3 above), a prediction shared by its homolog TRIP12. Initial 

attempts to purify the HECTD1 HECT domain with its full α1-helix (HECTD12077-2610 and 

HECTD12036-2605) were unsuccessful, with the protein precipitating out of solution (Figure 4.4 above). 

This contrasted with previous studies that indicated the presence of the α1-helix stabilised the HECT 

domains of HUWE1 (Pandya et al., 2010), AREL1 (Singh et al., 2019) and UBE3C (Singh and 

Sivaraman, 2020). Interestingly, these HECT E3 ligases possessed a single α1-helix with no linker 

region, suggesting that the structural differences observed in the α1-helical region of HECTD1 

conferred a divergence in its function. The two α1 sub-helices with the linker region are evolutionary 

conserved within the HECTD1, TRIP12 and S. cerevisiae ancestor UFD4, further highlighting the 

structural and functional importance of this region. The presence of a conserved Gly within the linker 

region of the HECTD1 and UFD4 α1-helix (Figure 4.2 above) could function as a hinge for the two 

sub-helices (similar to the Gly hinge, in HECT E3 ligases), enabling them to adopt a range of 

conformations. Additionally, this potential flexibility could have been a key contributing factor to 

the instability observed with the HECTD12077-2610 and HECTD12036-2605 proteins (Figure 4.4 above). 

To overcome the protein instability issues observed when purifying the HECTD12077-2610 and 

HECTD12036-2605 proteins with the full α1-helix, the α1a sub-helix and linker region were removed. 

The remaining α1b sub-helix aligned closely to the NEDD4 family of α1-helices, which had been 

previously reported to regulate their oligomerisation (Attali et al., 2017). The resulting HECTD12090-

2610 protein possessed improved stability and eluted into two observable peaks during its gel filtration 

(Peak 1 and Peak 2) (Figure 4.6c above). Subsequent SAXS-SEC-MALLS analysis of both peaks of 

HECTD12090-2610 revealed that Peak 1 predominantly consisted of higher oligomers/aggregates 

alongside some detectable tetramers and monomers (Figure 4.13 above). Peak 2 primarily consisted 

of monomers that could potentially oligomerise under concentration dependent conditions (Figure 

4.12 above). Removal of the α1b sub-helix reduced the height of Peak 1 during the gel filtration of 

HECTD12129-2610, suggesting this helical region promoted the formation of higher/oligomers (Figure 

4.7c above). Further crosslinking assays confirmed these observations, with HECTD12090-2610 

crosslinking into higher oligomers/aggregates (Figure 4.15 above) and HECTD12129-2610 crosslinking 

into dimers and tetramers with an observable reduction in the formation of higher 
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oligomers/aggregates (Figure 4.17c above). Within the context of E6AP, the α1-helix has been shown 

to inhibit the formation of catalytically active trimers by blocking Phe727 intercalation (Ronchi et 

al., 2014). The same Phe727 residue is conserved in the HECTD1 HECT domain (Phe2465), 

therefore a similar inhibitory mechanism by the α1b sub-helix may have reduced the formation of 

tetramers in the HECTD12090-2610 protein. Interestingly, phosphorylation of the α1-helix has been 

hypothesised to regulate HECT domain oligomerisation by repelling the helix away from the 

oligomeric interface (Attali et al., 2017). In the case of the phosphomimetic HECTD12090-2610 T2105D 

protein, the pseudo phosphorylation of the α1b sub-helix resulted in a similar ratio of Peak1: Peak 2 

to the HECTD12129-2610 protein (Figure 4.9 above). This suggested that the phosphorylation of the α1b 

sub-helix had a similar effect on the oligomerisation of the HECTD1 HECT domain compared to its 

removal. Additionally, the fractions taken for the SDS-PAGE analysis from the HECTD12090-2610 

T2105D protein were potentially more stable compared to the HECTD12129-2610, fractions due to the 

absence of a bound chaperone (Figure 4.8b above compared to Figure 4.7b above). Further TSAs 

could be used to quantitatively validate these observations, by measuring the difference in their 

thermostabilities. Taking all these data into consideration, the presence of the α1b sub-helix may 

likely assist in stabilising the HECTD1 HECT domain, with its phosphorylation resulting in a 

conformational change that promotes the formation of stable tetramers. This contrasts with the 

unphosphorylated α1b sub-helix, which clearly promotes the formation of higher 

oligomers/aggregates. 

HECT E3 ligases have previously been shown to assemble a range of oligomeric conformations, with 

HUWE1 forming inhibitory homodimers (Sander et al., 2017), SMURF1 forming inhibitory 

homodimers (Wan et al., 2011), E6AP forming active trimers (Ronchi et al., 2014) and NEDD4 

forming inactive trimers (Attali et al., 2017). Considering the range of oligomeric species previously 

described, the next objective was to determine the potential oligomeric conformation of the HECTD1 

HECT domain, to elucidate its role in regulating catalytic activity. SAX-SEC-MALLS confirmed the 

presence of tetrameric and monomeric HECTD12090-2610 protein (Figure 4.12 above Figure 4.13 

above) with crosslinking and Native PAGE experiments confirming the presence of these species 

along with dimers (Figure 4.14 above Figure 4.15 above). The gel filtration of the HECTD12090-2610 

protein using the 16/60 HiPrep Sephacryl S-300 column, indicated that the tetrameric HECTD1 

HECT domain was previously eluting within the V0 volume of the 16/60 HiPrep Sephacryl S-200 

column (Figure 4.11c above). Taking into account the lack of higher oligomers/aggregates detected 

after crosslinking the HECTD12129-2610 protein (Figure 4.17c above), it was highly likely that the Peak 

1 observed for this protein primarily contained tetramers. Given the similar gel filtration profile 

observed with HECTD12090-2610 T2105D protein (Figure 4.8c above), it was also likely that the protein 

eluting within Peak 1 was primarily tetrameric. The confirmation of tetrameric HECTD1 is a novel 
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discovery within the field of HECT E3 ligases, with no tetrameric conformations previously reported. 

Another unique observation is the identification of two coinciding oligomeric species of the 

HECTD1 HECT domain (tetramer and dimer), with the dimer potentially functioning as an 

intermediate step in tetramerisation. The VM, calculated from the crystallography data in the previous 

chapter predicted the asymmetric unit consisted of multiple tetramers (Chapter 3, Section 3.3.10 

above), suggesting that the crystal structure of the HECTD1 HECT domain is also tetrameric. 

Previous investigations into HECT E3 ligases have shown that oligomerisation can regulate the 

catalytic activity of the enzyme in contrasting ways, with the trimerisation of E6AP promoting its 

activity (Ronchi et al., 2014) and the trimerisation of NEDD4 inhibiting its activity (Attali et al., 

2017). Considering the range of oligomeric species observed for the HECTD1 HECT domain 

(tetramers/dimers/monomers), a key objective which arose during these studies was determining if 

there were any differences in the catalytic activities between the various oligomeric conformations. 

To address this question, the catalytic activities of the GST-tagged and non-GST tagged proteins 

found within the Peak 1 and Peak 2 eluted from the 16/60 HiPrep Sephacryl S-200 column (for 

HECTD12090-2610, HECTD12129-2610 and HECTD12090-2610 T2105) were compared using auto-

ubiquitination assays. All GST tagged proteins displayed a high level of catalytic activity, based on 

the intensity of the polyubiquitin smears observed (Figure 4.19c above, lanes 2, 3, 6, 7, 9 and 10). 

Interestingly, all the peaks observed for the GST-tagged proteins eluted within the V0 of the 16/60 

HiPrep Sephacryl S-200 column (Appendix, Figure F below), indicating that they were likely 

primarily tetrameric. Taking into account the ability of GST tags to promote oligomerisation within 

recombinant proteins due to their innate ability to form homodimers (Maru et al., 1996) it is highly 

likely that the GST-tag was pushing the oligomeric equilibrium of the HECTD1 HECT domain 

towards the tetrameric state. Intriguingly, previous studies have hypothesised that the interference of 

HECT domain oligomerisation due to the α1-helix is likely artificial in nature due to the truncation 

of recombinant proteins at this region (Ronchi et al., 2014). If this hypothesis is true, the presence of 

the GST tag within the HECTD1 recombinant proteins used in this research may have been inhibiting 

the ‘artificial’ α1-helix interaction, thereby promoting the natural oligomeric state of HECTD1, 

which is likely a tetramer.  

When comparing the non-GST tagged proteins, there was a clear increase in the intensity of the 

ubiquitination smear observed from Peak 1 for the HECTD12129-2610 and HECTD12090-2610 T2105D 

proteins, once again hinting that the tetrameric species was the most active (Figure 4.19c above, lanes 

7 and 11). Both peaks from the HECTD12090-2610 protein resulted in a lower intensity smear compared 

to the Peak 1 from the HECTD12129-2610 and HECTD12090-2610 T2105D proteins (Figure 4.19c above, lanes 
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4 and 5 compared to 7 and 11), further supporting the proposition that the α1b sub-helix is inhibiting 

tetramer formation by promoting the formation of higher oligomers/aggregates. 

The increased predicted catalytic activity of the tetrameric HECTD1 HECT domain suggests that 

this protein shares a similar regulatory mechanism to E6AP, whereby oligomerisation promotes the 

activity of the E3 ligase (Ronchi et al., 2014). Interestingly, all proteins from Peak 2 eluting from the 

16/60 HiPrep Sephacryl S-200 column resulted in the production of shorter auto-polyubiquitination 

smears (Figure 4.19c above, lanes 5, 8 and 12). This suggested the HECTD1 HECT domain 

monomers/dimers were catalytically active but were unable to assemble the same length/complexity 

of polyubiquitin chains compared to their tetrameric counterparts. This is a potentially novel 

discovery, as previous studies have shown that oligomerisation of HECT domains is akin to a 

‘catalytic switch’, whereby oligomerisation either activates or deactivates the enzyme (Attali et al., 

2017; Sander et al., 2017). In the case of HECTD1, the observations from these findings suggest that 

the oligomerisation of its HECT domain increases its catalytic activity alongside enhancing its ability 

to polyubiquitinate longer/more complex chains. A key limitation of these experiments was the 

inability to accurately determine which HECTD1 HECT domain oligomers were being investigated 

during the auto-ubiquitination assays. The HECTD1 proteins eluting within Peak 2 from the 16/60 

HiPrep Sephacryl S-200 column likely contained monomers and dimers, therefore it was difficult to 

ascertain which of these was contributing to the activity observed within the assays. Future studies 

could overcome this issue by using a size exclusion column with a broad range and high resolution 

of separation such as the Superose 6 Increase 10/300 GL (5000-5000000 Da) to further separate the 

oligomeric species into distinct peaks. By taking the individual fractions from these peaks and 

carrying out a ubiquitination assay using 125I-ubiquitin, the amount of conjugated 125I-ubiquitin to the 

HECT domain could be determined by gamma counting, enabling absolute rates of polyubiquitin 

chain formation between HECTD1 oligomeric species to be calculated and compared (Ronchi and 

Haas, 2012). 

The final objective of these studies was to elucidate the potential roles of the α1-helix and Region 2 

on HECTD1 catalytic activity and chain specificity. To minimise oligomeric dependent effects on 

HECTD1 polyubiquitination the GST-tagged proteins were used in the assay, since the tag was 

predicted to promote tetramerisation of the HECTD1 HECT domain. The polyubiquitination smear 

intensity for the GST-HECTD12090-2610 and GST-HECTD12129-2610 proteins was similar for the wild-

type ubiquitin and mutant K29/K48 only samples (Figure 4.21c and d above, lanes 3 and 6), 

indicating both proteins could assemble similar chains and possessed similar levels of catalytic 

activity, irrespective of the presence of the α1b sub-helix. This was likely explained by the GST-tag 

reducing the impact of the α1b sub-helix on inhibiting tetrameric formation of the HECTD1 HECT 
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domain. Interestingly, the phosphomimetic HECTD12090-2610 T2105D protein exhibited a reduced 

polyubiquitination smear with wild-type ubiquitin, K48 only, K29/K48 only and K0 ubiquitin 

(Figure 4.21e above, lanes 2, 3 and 5). This revealed that the pseudo phosphorylation of the α1b sub-

helix reduced the amount of multi-monoubiquitination, the overall length/complexity of the 

polyubiquitin chains as well as impacting chain specificity. Intriguingly, phosphorylation of Thr485 

within the α1-helix of E6AP by Protein Kinase A (PKA) has previously been shown to inhibit 

catalytic activity (Yi et al., 2015). Mutations within this phosphorylation site have been shown to 

promote the catalytic activity of E6AP activity in vitro, further supporting the role of this structural 

element in regulating activity. The results from these studies correlated with the previous research 

on E6AP, suggesting that the phosphorylation of the α1b sub-helix negatively regulates the catalytic 

activity of the HECTD1 HECT domain. 

The mutant auto-ubiquitination assays revealed that deletion of Region 2 resulted in a marginally 

shorter polyubiquitination smear and reduced multi-monoubiquitination of the HECTD12129-2610 Δ2282-

2341 protein compared to the HECTD12090-2610 and HECTD1 2129-2610 proteins (Figure 4.21f above, lanes 

2 and 3). Unlike the HECTD12090-2610 T2105D phosphomimetic protein, there was no observable change 

in ubiquitin linkage specificity (Figure 4.21f above). The crosslinking assays confirmed that Region 

2 was interacting with the HECTD1 HECT domain, with the crosslinked ‘X’ band likely representing 

an intramolecular interaction that resulted in an altered migration through the polyacrylamide gel 

(Figure 4.17c and d above). Previous HDX experiments and secondary structure predictions 

confirmed this region to be unstructured and likely a flexible loop (Chapter 3, Figure 3.2 above). 

Considering the deletion of this region only mildly affected the catalytic activity by reducing chain 

length, it is unlikely that this region is essential for E2 binding/recruitment. Based on the proximity 

of this region to the NEDD4 exosite, it is still plausible that this region may still bind ubiquitin or 

assist in polyubiquitin chain assembly. 

Within the context of NEDD4, the ubiquitin binding exosite has been hypothesised to assist in 

stabilising and orienting the distal end of a growing polyubiquitin chain, with its presence likely 

essential for full catalytic activity and chain specificity (Maspero et al., 2011). As the deletion of 

Region 2 mildly reduced the length of the polyubiquitin smear it is possible that this region functions 

in a similar manner. Although unable to prove, due to the limitations of the auto-ubiquitination assays 

utilised in these studies, it is also plausible to suggest that Region 2 may be required for HECTD1 to 

ubiquitinate its substrates with specific polyubiquitin chains. Due to the proximity of all three unique 

regions (Regions 1-3) found in the HECTD1 HECT domain to the NEDD4 exosite (Figure 4.20 

above), it is also possible that some or all of these regions work together to assist in polyubiquitin 

chain formation. Therefore, deleting only one region at a time, may not result in a dramatic effect on 
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the activity of the enzyme. Within the context of DUBs, the deletion of the unique inserts L1 and L3 

resulted in the hyper-promotion of catalytic activity in USP1, whereas deletion of individual inserts 

had no effect, highlighting that inserted regions can work in tandem. This research attempted to delete 

Region 3 (HECTD12129-2610 Δ2354-2403) alongside Region 2 and 3 together (HECTD12129-2610 Δ2282-2341 + 

Δ2354-2403), but these proteins precipitated during purification (Appendix, Figure C below and Figure 

D below). Therefore, future studies could attempt to delete Region 1 or Region 2 individually or 

together to elucidate if these regions influence the catalytic activity or polyubiquitin chain specificity 

of HECTD1. Alternatively, Ala scanning could be utilised to mutate individual residues within the 

inserts, bypassing the need to delete entire regions. Furthermore, pull-down assays could be carried 

out to determine if these regions can bind to ubiquitin or E2 enzymes. 

The C-lobe of HECT E3 ligases has previously been shown to contribute towards polyubiquitin chain 

specificity within the NEDD4 sub-family. Substitution of the NEDD4 and RSP5 C-lobes with a range 

of other HECT E3 C-lobes resulted in a clear shift in their polyubiquitin chain specificity (Kim and 

Huibregtse, 2009). To further support this research, the conserved Phe found within the last 5 amino 

acids of all HECT E3 HECT domains has been proven essential for catalytic activity (Salvat et al., 

2004). The likely function of this residue is to assist in orienting the donor ubiquitin molecule towards 

the site of ubiquitination, to promote its conjugation to a substrate. Additionally, the last 5 amino 

acids of HECT ligases have been shown to have a profound impact on polyubiquitin chain specificity. 

The substitution of the last four amino acids of NEDD4 with those from E6AP resulted in a clear 

shift in the polyubiquitin chain specificity of the enzyme towards K48 linked chains (Maspero et al., 

2013). Substituting the final amino acid of TRIP12 with E6AP has also been shown to shift its 

polyubiquitin chain specificity from K29 to K48 linked chains (Kaiho-Soma et al., 2021). These 

combined studies clearly highlight that the C-terminal residues of HECT C-lobes function in 

interacting with the donor ubiquitin molecule during its conjugation to a substrate or acceptor 

ubiquitin. These interactions are likely responsible for fine-tuning the orientation of ubiquitin to 

promote the nucleophilic attack of specific lysines, thereby determining chain specificity. 

Interestingly, the chimeric HECTD12129-2491/NEDD41198-1319 protein containing the NEDD4 C-lobe 

was catalytically inactive (Figure 4.23c above). This suggested that substituting the C-lobe of the 

HECTD1 HECT domain interfered with potential N-C lobe interactions that were essential for its 

catalytic activity. Substitution of the E6AP C-lobe has also been shown to abrogate its catalytic 

activity (Kim and Huibregtse, 2009), supporting the hypothesis that the ‘other’ HECTs may require 

additional interactions between their N and C lobes. To further investigate the C-lobe’s influence on 

the polyubiquitin chain specificity of HECTD1, future studies could focus on the C-terminal residues 
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of the C-lobe. Substituting residues within the last 5-10 amino acids could confirm if the C-lobe of 

HECTD1 functions in a similar manner to previously suggested research. 

The previous chapter highlighted the success in crystallising the HECTD1 HECT domain, providing 

a clear platform for future work to optimise the crystallisation experiments to obtain a high-resolution 

dataset for structure solving. However, a clear limitation with the protein used in the crystallographic 

studies (HECTD12129-2605 Δ2282-2341) was the removal of Region 2 and the catalytically essential 5 C-

terminal amino acids. Therefore, a potential future structure would fail to provide insight into the 

structural properties/conformation of this unique region and would be a crystal structure of an 

inactive enzyme. The experiments from these studies successfully crosslinked the tetrameric, dimeric 

and monomeric HECTD1 HECT domain (Figure 4.18 above), revealing for the first time that these 

oligomeric species can be captured and isolated. Future studies could further improve the separation 

and resolution of the size-exclusion by utilising the Superose 6 Increase 10/300 GL column (5000-

5000000 Da), to isolate pure HECTD1 HECT domain monomers, dimers and tetramers. The size of 

these tetramers (over 200 kDa) would facilitate their use in Cryo-EM studies as an ideal alternative 

method for solving the structure of the HECTD1 HECT domain (Thompson et al., 2016). The 

advantages of this approach would be the ability to structurally characterise all three unique regions 

within a catalytically active tetrameric HECTD1 HECT domain. Solving the structures of these 

regions would provide further insight into their function and potential interactions within/between 

the N and C lobes of the HECT domain. 

In conclusion, this research has elucidated the specific oligomeric conformations of the HECTD1 

HECT domain. These studies have shed further insight into the regulatory role of the α1-helix and 

its phosphorylation on the catalytic activity of HECTD1 (Figure 4.24 below). The data from these 

studies support the hypothesis that the most catalytically active conformation of the HECTD1 HECT 

domain is tetrameric, with the presence of Region 2 being non-essential for oligomerisation. 
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Figure 4.24 Model Highlighting the Oligomerisation of the HECTD1 HECT 

Domain and the Regulatory Role of the α1b Sub-Helix 

Hypothetical model for the oligomerisation observed within the HECTD1 HECT 

domain and the regulatory role of the α1b sub-helix on catalytic activity (16/60 

HiPrep Sephacryl S-200 column elution profile). Peak 1 likely contained the 

tetrameric HECTD1 HECT domain species, while Peak 2 contained the dimeric and 

monomeric species. The tetrameric HECTD1 HECT domain is likely the fully active 

conformation due to its increased auto-ubiquitination activity (based on auto 

polyubiquitination smear length). The presence of the α1b sub-helix inhibits the 

formation of tetramers by promoting the formation of higher oligomers/aggregates. 

The removal of the α1b sub-helix promotes the formation of tetramers. 

Phosphorylation of the α1b sub-helix enables the formation of tetrameric species but 

reduces the catalytic activity of the HECTD1 HECT domain activity (based on auto 

polyubiquitination smear length). Figure created using Biorender.com. 
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The ubiquitin proteasome system is universally associated with virtually all cellular processes. 

Therefore, elucidating the mechanisms of the components of this complex signalling system is a 

promising avenue for future therapeutics. The highly diverse range of E3 ubiquitin ligases arbitrate 

substrate specificity during the ubiquitination cascade, highlighting them as auspicious potential 

tools for targeted protein degradation. Understanding the sophisticated regulatory mechanisms 

employed by these enzymes is a key requirement to unlock their therapeutic potential. The HECT 

family of E3 ligases are particularly interesting due to their intrinsic regulatory elements within their 

catalytic domains as well as their ability to assemble specific polyubiquitin chains, irrespective of 

their cognate E2 conjugating enzymes (Sheng et al., 2012). The E3 ubiquitin ligase HECTD1 has 

already been implicated in several human diseases including cancer (Wang et al., 2020; Luo et al., 

2021), inflammatory (Y. Li et al., 2020; Beutler, 2000) and developmental disorders (Sugrue et al., 

2019; Sarkar et al., 2014; Zohn et al., 2007), however its structure and mechanism of polyubiquitin 

chain formation remains obscure. Previous studies have suggested that HECTD1 can assemble both 

K48 (Y. Li et al., 2020) and K63 (Tran et al., 2013) polyubiquitin chains, however more recent 

biochemical analyses have provided evidence that the HECTD1 HECT domain can auto-ubiquitinate 

itself with atypical branched K29/K48 polyubiquitin chains (Harris et al., 2021). UBE3C is the only 

other HECT E3 that has been shown to assemble this chain type, with the function of these chains 

predicted to enhance substrate binding to the proteasome and accelerate their degradation (Chen et 

al., 2021; Mastrandrea et al., 1999).  

These studies sought to address the clear lack of research into the structural features and regulatory 

mechanisms present within the HECTD1 HECT domain that may be contributing towards its ability 

to assemble atypical branched K29/K48 polyubiquitin chains. The first aim was to solve the crystal 

structure of the HECTD1 HECT domain. Unfortunately, a solved structure was not obtained due to 

the inadequate resolution of X-ray diffraction from the HECTD12129-2605 Δ2282-2341 protein crystals. 

However, these initial studies have provided a clear framework for future work to optimise and 

improve the diffraction as well providing the proof of principle that the HECTD1 HECT domain can 

be crystallised. Intriguingly, these studies identified three unique regions (Regions 1-3) (Figure 5.1 

below) within the HECTD1 HECT domain, which were not present in the ancestral S. cerevisiae 

HECT E3 UFD4. Considering the S. cerevisiae UFD4 and UFD2 are both required to assemble 

branched K29/K48 polyubiquitin chains (Liu et al., 2017), the evolution of these unique regions 

within the HECTD1 HECT domain may have facilitated its ability to assemble these chains 

independently. 

During the expression and purification of the HECTD1 HECT domain proteins, there was clear 

evidence hinting that the HECT domain was oligomerising. Given the previously identified role of 
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oligomerisation in regulating the catalytic activity of other HECT ligases such as E6AP (Ronchi et 

al., 2014) and NEDD4 (Attali et al., 2017), the next aim of this research was to investigate the 

oligomerisation of the HECTD1 HECT domain. Interestingly, the HECTD1 HECT domain was 

confirmed to assemble dimers, tetramers and higher oligomers/aggregates, with the presence of the 

conserved region of the α1-helix (α1b sub-helix) (Figure 5.1 below), promoting higher 

oligomer/aggregate formation. Pseudo phosphorylation of the α1b sub-helix appeared to reduce this 

effect, likely by promoting conformational change, as previously predicted from the oligomeric 

studies with NEDD4 (Attali et al., 2017). 

Ubiquitination assays suggested that the tetrameric form of the HECTD1 HECT domain was more 

catalytically active due to the increased polyubiquitination smear lengths observed compared to 

monomeric/dimeric protein samples. These observations were in line with the previous studies with 

E6AP, where oligomerisation was shown to promote the catalytic activity of the ligase (Ronchi et 

al., 2014). Strikingly, no other HECT E3 ligase has been reported to assemble tetramers, highlighting 

that this may be a unique feature of the HECTD1 HECT domain. These studies additionally revealed 

that the deletion of Region 2 had little effect on the ability of the HECTD1 HECT domain to 

oligomerise but had a mild effect on its catalytic activity by reducing the observed polyubiquitination 

smear. Pseudo phosphorylation of the α1b sub-helix had a similar effect in reducing the 

polyubiquitination smear, further highlighting a possible regulatory role for phosphorylation in 

modulating HECTD1 catalytic activity in a similar manner to E6AP (Chan et al., 2013).  
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Figure 5.1 Highlighting the Potential Roles of the Conserved α1-Helix and 

Unique Regions of HECTD1 

Molecular modelling aligning the crystal structures of E6AP and NEDD4 to the 

SWISS-MODEL (Waterhouse et al., 2018) HECTD1 structure. For the HECTD1 

HECT model, the N-lobe is highlighted in blue, C-lobe in red, unique Region 1 in 

cyan, unique Region 2 in green, unique Region 3 in magenta, the catalytic cysteine 

is indicated by the orange spheres and the flexible glycine hinge is indicated by the 

grey spheres. The conserved α1-helix is highlighted in yellow. E6AP is rendered in 

light grey and NEDD4 is rendered in dark grey. The E2 binding sites found within 

E6AP are highlighted in orange and the ubiquitin exosite binding regions from 

NEDD4 are highlighted in pink. The α1-helix region from HECTD1 and NEDD4 are 

closely aligned. The E6AP E2 binding regions are within proximity to Region 2 and 

3. The NEDD4 exosite is within proximity to Region 1. The flexibility of these 

regions could also enable additional interactions which are not predicted from this 

model. Structural models used: E6AP (PDB:1D5F) (Huang et al., 1999), NEDD4 

(PDB:2XBF) (Maspero et al., 2011) with the HECTD1 model predicted using the 

structural template from NEDD4 (PDB:2ONI) (Walker., 2007). Modelling was 

rendered in PyMOL 2.0 (Schrödinger, 2015). 
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A fundamental limitation of this research was the structure of the HECTD1 HECT domain was 

investigated as a single entity. To fully characterise the structure of this enzyme and validate the 

potential oligomeric conformations that have been observed throughout these studies, a more holistic 

approach is required. Currently, the only solved full-length HECT E3 ligase is HUWE1, by cryo-EM 

(Hunkeler et al., 2020). In this structure, the HECT domain of HUWE1 was revealed to sit above a 

solenoid-shaped ring containing UBDs. The HECT domain found within this structure was predicted 

to be in a resting state. To switch to a catalytically active state, large conformational changes were 

predicted involving a key linker region within the solenoid ring. Interestingly, the structure was 

monomeric and did not show the HECT domain in the previously identified dimeric conformation 

(Sander et al., 2017). This further emphasises the importance of taking a holistic view of protein 

structure solving, as singular domain-based observations could be artificial in nature. Within the 

context of HECTD1, the full-length structure would further highlight the role of the full α1-helix in 

regulating the oligomerisation of the protein and eliminate potential ‘artificial’ interactions. This is 

particularly important considering previous studies have suggested that the truncation of HECT 

domains at the α1-helix region may promote ‘artificial’ intramolecular interactions (Ronchi et al., 

2014). 

To fully express the full length HECTD1 protein, the two most suitable expression systems would 

be either insect or mammalian cell based. Mammalian cell-based protein expression benefits from 

the highest levels of post-translational modifications found in higher eukaryotes, including the 

complex N-glycosylation characterised by terminal sialic acids (Watanabe et al., 2002). The main 

drawback to using a mammalian expression system is the difficulty and time required to develop a 

stable expression line which can produce optimal yields of desired protein. The complex N-

glycosylation has also been shown to interfere with crystallisation (Nettleship et al., 2010). In an 

insect cell-based expression system a stable cell line is not required, but the development of a 

recombinant baculovirus containing the protein of interest is necessary (Smith et al., 1983).  The 

development of new expression platforms such as the MultiBac system has streamlined the cloning 

of multi-protein complexes into one recombinant baculovirus (Palmberger et al., 2013). In the 

MultiBac system, deleterious apoptotic and proteolytic features of the baculoviral genome have been 

removed and advantageous features such as a fluorescent protein readout gene have been 

incorporated, leaving an optimised system that can facilitate the co-expression of one or several 

multi-protein complexes (Berger et al., 2004). This platform has revolutionised insect cell expression 

systems as it provides a simplified way to express complex mammalian proteins alongside their 

regulatory cofactors, chaperones and post-translational modifiers; that are naturally absent in insect 

cells (Fitzgerald et al., 2007). For example, the SweetBac derivative of the MultiBac system 

specifically incorporates two glycotransferase genes into the traditional MultiBac viral genome to 
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generate N-glycosylated proteins comparable to those expressed in mammalian cells (Palmberger et 

al., 2012). 

Successful expression and purification of full length HECTD1 could be utilised for single particle 

cryo-EM structural studies. In tandem with these studies, the isolated oligomeric species of the 

HECTD1 HECT domain could also be compared to the full-length structure. Comparing the 

oligomeric interfaces between these structures would confirm whether the complete protein confers 

any steric hindrance to the oligomerisation of the HECT domain. Understanding the complete 

structure of HECTD1 would potentially confirm the presence of intramolecular interactions that 

could promote or inhibit the catalytic activity of the HECT domain Additionally, combining the 

structural data from a variety of techniques could elucidate the precise mechanisms of polyubiquitin 

chain assembly of HECTD1. Utilising protein Nuclear Magnetic Resonance (NMR), specific regions 

of the HECT domain could be mapped to validate conformational changes necessary for 

polyubiquitin chain assembly (Beasley et al., 2019). Specifically, the NMR resonances of the C-lobe 

of HECTD1 could be fully assigned to determine the role of specific residues during polyubiquitin 

chain formation. The C-lobe of the UBR5 HECT domain has been shown to form a ubiquitin thioester 

intermediate, irrespective of the presence of its N-lobe (Matta-Camacho et al., 2012). Taking this 

into account, a future study could investigate the chemical shift perturbations of the HECTD1 C-lobe 

upon forming a ubiquitin thioester. These chemical shifts would potentially highlight key residues 

required for ubiquitin binding and orientation that could be essential for polyubiquitin chain 

specificity. Previous studies have revealed that HECT C-lobe residues are critical for catalytic 

activity (Salvat et al., 2004) and polyubiquitin chain specificity (Kim and Huibregtse, 2009), with 

the last C-terminal amino acid of TRIP12 shown to determine its chain specificity (Kaiho-Soma et 

al., 2021).  

The functions of the three unique regions found within the HECTD1 HECT domain is still currently 

unknown and is a compelling area for future research. Considering their proximity to the previously 

characterised exosite in NEDD4 (Maspero et al., 2011), it is possible that they may function in similar 

manner to bind and assist in orienting acceptor ubiquitin molecules during polyubiquitination. One 

method of validating their interaction with ubiquitin would be to carry out pulldown assays with 

ubiquitin on each individual region. This approach could also be used to investigate the binding of 

these regions to E2 conjugating enzymes. As discussed previously, these regions may work in tandem 

to interact with ubiquitin, therefore deleting multiple regions at once may have a more defined impact 

on catalytic activity through ubiquitination assays. Considering the issues experienced with protein 

stability after deleting Region 3 in these studies, future approaches could involve deleting partial 

regions or mutating individual residues using Ala scanning (Weiss et al., 2000). Another possible 
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role for these regions is improving the efficiency of polyubiquitin chain formation, as these studies 

revealed that the deletion of Region 2 had a marginal effect on the length of the auto 

polyubiquitination smear of the HECTD1 HECT domain. To measure the impact of these regions on 

ubiquitination kinetics, Förster Resonance Energy Transfer (FRET) assays (Clegg, 1996) could be 

used. These assays measure the quenching of a high energy donor fluorophore such as Ub-

Fluorescein, upon its energy transfer to a low energy acceptor fluorophore such as Ub-

Tetramethylrhodamine, during polyubiquitin chain assembly (Gururaja et al., 2005). By quantitively 

measuring the rate of fluorescent decay over time, the enzyme kinetics of polyubiquitin chain 

assembly can be determined and compared between HECTD1 HECT domains with or without the 

unique regions. Additionally, the phosphomimic HECTD12090-2610 T2105D protein could also be 

investigated using this approach to quantitively determine if phosphorylation of the α1b sub-helix 

functions as a mechanism to inhibit the rate of catalytic activity. 

Given the intricate complexity of ubiquitin signalling within the cell, the topology of a polyubiquitin 

chain has direct implications on its function. Currently, the specific topology of the atypical branched 

K29/K48 polyubiquitin chains assembled by the HECTD1 HECT domain has yet to be determined. 

Considering the HECTD1 HECT domain can independently assemble both K29 and K48 

polyubiquitin chains, there could theoretically be a range of possible branched K29/K48 chain 

architectures (Figure 5.2 below) The functions of these chains are still being elucidated, but have 

currently been associated with promoting the proteasomal degradation of UFD pathway substrates 

(Liu et al., 2017). Within the UFD pathway in S. cerevisiae, the E4 enzyme UFD2 monoubiquitinates 

the K29 linked ubiquitin chains assembled by the E3 enzyme UFD4 with K48 linked ubiquitin 

moieties (Liu et al., 2017). This mechanism of decorating K29 polyubiquitin chains with K48 linked 

ubiquitin conjugates was proposed to act as a signalling switch, subsequently improving substrate 

recognition at the proteasome and promoting proteasomal degradation. Similarly, UBE3C has been 

shown to ubiquitinate its substrate, Vacuolar Protein Sorting Associated Protein 34 (VPS34) with 

branched K29/K48 polyubiquitin chains, enhancing its binding to the proteasome for degradation 

(Chen et al., 2021). With the recruitment of UBE3C to the proteasome during proteotoxic stress 

(Gottlieb et al., 2019), it is highly likely these branched chains facilitate in the rapid degradation of 

highly toxic substrates. Additionally, UBE3C has also been revealed to ubiquitinate substrates from 

the Endoplasmic Reticulum Associated Protein Degradation (ERAD) pathway with branched 

K29/K48 chains, further supporting the notion of these chains acting as priority signals for the rapid 

degradation of misfolded, aggregated or toxic substrates (Leto et al., 2019). K11/K48 branched 

polyubiquitin chains are also found conjugated to substrates within the ERAD pathway (Locke et al., 

2014), with these chains found to bind strongly to the proteasomal subunit RPN1 (Boughton et al., 
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2020). Considering both branched chain types result in enhanced proteasomal processivity, it is likely 

a combination of chain branching and the presence of K48 linkages are responsible for this function. 

 

 
 

Figure 5.2 The Hypothetical Polyubiquitin Chain Architectures that could be 

Assembled by the HECTD1 HECT Domain. 

The exact topology of the atypical branched K29/K48 polyubiquitin chains 

assembled by the HECTD1 HECT domain remains unknown. Five potential chain 

types could exist: K48 chains multi-monoubiquitinated with K29-linked ubiquitin, 

K29 chains multi-monoubiquitinated with K48-linked ubiquitin previously observed 

with ubiquitination of UFD substrates in S. cerevisiae by UFD2 and UFD4 (Liu et 

al., 2017), K48 chains with K29-linked ubiquitin branches, K29 chains with K48-

linked ubiquitin branches and mixed chains containing K29 and K48 branches. K29-

linked ubiquitin molecules are shown in yellow, K48-linked ubiquitin molecules are 

shown in blue and substrate conjugated ubiquitin molecules are shown in grey. 

Figure created using Biorender.com. 
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Elucidating the overall topology of the branched K29/K48 chains assembled by HECTD1 is critical 

to determine the potency of these chain types as degradation signals. To assist in determining these 

chain topologies, MD-MS could be utilised. Polyubiquitin chains assembled in vitro by HECTD1 

could be subjected to minimal trypsinisation and analysed by MD-MS to determine the number and 

location of diGly peptide motifs on each ubiquitin moiety. This would highlight which lysine residues 

were involved in the isopeptide bonds for each ubiquitin conjugate, revealing the ubiquitin chain 

architecture. Alternatively, Ubiquitin-Clipping could be carried out on the polyubiquitin chains, 

instead of minimal trypsinisation, to cleave each ubiquitin at Arg74 prior to MD-MS (Swatek et al., 

2019). These methods have been successful used to characterise the branched K6/K48 chains 

assembled by the bacterial E3 Non-Lee-Encoded Effector Ligase (NleL) (Valkevich et al., 2014). 

Currently, there has yet to be a HECTD1 physiological substrate that has been identified to be 

ubiquitinated with branched K29/K48 chains. The physiological UFD substrate UBB+1 has been 

shown to be ubiquitinated with branched K29/K48 chains (Lindsten et al., 2002) and can inhibit the 

proteasome in a concentration dependent manner (van Tijn et al., 2007). This is likely due to a 

combination of its short 19 amino acid C-terminal extension inhibiting entry into the 20S catalytic 

core (Verhoef et al., 2009) and its inhibition of proteasomal DUBS such as UBP6 (Krutauz et al., 

2014). UBB+1 has additionally been shown to be accumulated in cells containing misfolded proteins 

in Alzheimer’s Disease (Van Leeuwen et al., 1998). Previous research has highlighted the connection 

between the ubiquitination system and neurodegenerative proteopathies, with the progression of 

these diseases linked to the build-up of misfolded and aggregated proteins (Atkin and Paulson, 2014). 

Given HECTD1’s homology to the S. cerevisiae UFD4 E3 ligase, coupled with its innate ability to 

assemble the same linkages found on UBB+1, there is a compelling argument to investigate the 

possibility that HECTD1 regulates substrates of the UFD pathway. Utilising the model UBB+1 

substrate UbG76V-GFP (Dantuma et al., 2000) and full length HECTD1, in vitro ubiquitination 

assays could be set up to determine if the E3 ligase can ubiquitinate the substrate. Potential positive 

controls to include within this experiment would be the HECT E3 ligases TRIP12 and HUWE1, due 

to their previously identified ability to regulate UFD substrates (Park et al., 2009; Poulsen et al., 

2012) Additionally, analysis of the polyubiquitin chains that are subsequently assembled on the 

substrate could be validated for  K29/K48 linkages using MD-MS (Valkevich et al., 2014). If 

successful, these studies could be supplemented with in vitro cell based experiments to determine 

the stability of the UbG76V-GFP substrate in an overexpressed/knocked down HECTD1 

environment. Using TR-TUBES (Yoshida et al., 2015) and UbiChEM (Crowe et al., 2017) in tandem 

with these studies would enable the chain architecture of the HECTD1 ubiquitinated UbG76V-GFP 

substrate to be further characterised in cells. These experiments further emphasise the importance of 
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studying full length HECTD1, as without the key N-terminal substrate recruitment domains, 

ubiquitination of a substrate would be highly unlikely. 

The therapeutic potential of the ubiquitination system is vast given the enormous number of 

substrates that are modified by this post-translational modification. In the context of E3 ubiquitin 

ligases, a promising and emerging technology are Protein Targeting Chimeras (PROTACs) 

(Sakamoto et al., 2001). PROTACs are heterobifunctional molecules that consist of an E3 ligase 

attached to a crosslinker containing a ligand that recruits a specific substrate for degradation. The 

recruitment of the substrate brings it into proximity of the E3 ligase, resulting in its subsequent 

ubiquitination and degradation by the proteasome. Therefore, this technology has the exciting 

potential to specifically target any protein of interest and could have therapeutic implications many 

diseases. The key limiting factors currently facing PROTAC development are identifying new 

ligands for substrate recruitment and utilising more E3 ligases over the current limited scope utilised: 

Von Hippel-Lindau (VHL) (Buckley et al., 2012), Cereblon (CRBN) (Winter et al., 2015), Cellular 

Inhibitor of Apoptosis Protein 1 (cIAP1) (Itoh et al., 2010) and MDM2 (Schneekloth et al., 2008). 

Interestingly, the HECT E3 ligase TRIP12 has been recently shown to enhance the degradation of 

Bromodomain-containing Protein 4 (BRD4) by interacting with the PROTAC induced Cullin RING 

Ligase 2 Complex (CRL2VHL) (Kaiho-Soma et al., 2021). Specifically, TRIP12 extends the K48 

polyubiquitin chains that are assembled on BRD4 by CRL2VHL with K29 linkages to promote 

K29/K48 chain branching, thereby promoting rapid proteasomal mediated degradation of the 

substrate. Taking these recent findings into account within the context of branched K29/K48 chains, 

further studies could investigate the role of HECTD1 alongside PROTACs to potentially discover 

more efficient strategies for targeted protein degradation in future drug design. Characterising the 

structural properties of HECTD1 and further elucidating its regulatory mechanisms would clearly 

assist in these future aims. 

In conclusion, this research has successfully crystallised the HECT domain of HECTD1 providing a 

clear roadmap for future optimisation that will assist in producing a high-resolution dataset for 

structure solving. In addition, these studies have revealed that the HECTD1 HECT domain can 

assemble a range of oligomeric species from tetramers, dimers to monomers and highlighted the role 

of the conserved α1-helix in promoting higher oligomerisation. The isolation of the crosslinked 

tetrameric and dimeric species of the HECTD1 HECT using gel filtration opens up new avenues of 

research for future Cryo-EM experiments to solve the structures of these oligomers. Finally, these 

studies have identified three unique regions to the HECTD1 HECT domain, the functions of which 

have yet to be explored fully.
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Figure A The HECTD1 HECT Domain Contains Three Unique Regions 

MSA of HECT domains from HECT E3 ligases. HECTD1 contains three unique 

regions within its HECT domain highlighted as: Region 1 (amino acids 2194-2216) 

cyan, Region 2 (amino acids 2282-2342) green and Region 3 (amino acids 2354-

2403) magenta. The highly conserved glycine hinge and catalytic cysteine residue 

are highlighted in black. Crystallised boundaries of solved regions within HECT 

domains are highlighted in purple. E2 binding regions from solved structures 

highlighted in orange. Ub binding regions from solved structures highlighted in 

yellow. Oligomeric interfaces are highlighted in blue. The NEDD4 ubiquitin exosite 

is highlighted in red. Aligned in Jalview (Waterhouse et al., 2009) using the 

MUSCLE algorithm (Edgar, 2004). E6AP + UBCH7 PDB:1C4Z (Huang et al., 

1999), WWP1 PDB:1ND7 (Verdecia et al., 2003), SMURF2 PDB:1ZVD (Ogunjimi 

et al., 2005), NEDD4L + UBCH5B + Ub (Kamadurai et al., 2009), HUWE1 

PDB:3H1D (Pandya et al., 2010), NEDD4 + Ub PDB:4BBN (Maspero et al., 2013), 

ITCH PDB:3TUG (Dobrovetsky et al., 2011 to be published), UBR5 PDB:3PT3 

(Matta-Camacho et al., 2012), RSP5 PDB:4LCD (Kamadurai et al., 2013), WWP2 

PDB:5TJQ (Chen et al., 2017), HERC6 PDB:5W87 (Wang et al., 2018), AREL1 

PDB:6JX5 (Singh et al., 2019), UBE3C PDB:6K2C (Singh and Sivaraman, 2020).  
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Figure B The HECTD1 HECT Domain Unique Regions are Conserved in 

Chordates 

MSA of HECT ligase HECT domains in different species. HECTD1 contains three 

unique regions within its HECT domain highlighted as: Region 1 (amino acids 2194-

2216), Region 2 (amino acids 2282-2342) and Region 3 (amino acids 2354-2403) all 

highlighted in black and annotated with red arrows. The highly conserved glycine 

hinge and catalytic cysteine residue are also highlighted in black. Aligned in Jalview 

(Waterhouse et al., 2009) using the MUSCLE algorithm (Edgar, 2004).  
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Figure C Purification of the GST-HECTD1 2129-2610 Delta 2354-2403 Protein 

Results from protein purification and gel filtration chromatography. A) Protein 

purification, with samples run on 12% SDS-PAGE. B) Gel filtration using 16/60 

HiPrep Sephacryl S-200 (GE) column. Void Volume (V0) is indicated by the red 

dashed line. 2 L of pelleted E. coli used for the purification. 
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Figure D Purification of the GST-HECTD1 2129-2610 Delta 2282-2341 + 2354-

2403 Protein 

Results from protein purification and gel filtration chromatography. A) Protein 

purification, with samples run on 12% SDS-PAGE. B) Gel filtration using 16/60 

HiPrep Sephacryl S-200 (GE) column. Void Volume (V0) is indicated by the red 

dashed line. 2 L of pelleted E. coli used for the purification. 
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Figure E Quadrupole Time of Flight - Liquid Chromatography/Mass 

Spectrometry Analysis of HECTD1 2090-2610 Peaks 1 and 2 

QTOF-LC/MS results from the proteins isolated from Peak 1 and 2 from the 

HECTD12090-2610 purification using the HiPrep Sephacryl S-200 (GE) column. A) 

Deconvoluted mass spectra and biomolecule summary of deconvoluted masses from 

Peak 1. B) Deconvoluted mass spectra and biomolecule summary of deconvoluted 

masses from Peak 2. QTOF-LC/MS was performed using the 6545 LC/Q-TOF 

apparatus (Agilent), with the deconvolution of mass spectra carried out using 

BioConfirm 10.0 (Agilent). 
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Figure F Gel Filtration Chromatograms of GST-tagged HECTD1 HECT 

Domain Recombinant Proteins 

Resulting gel filtration chromatograms from the purification of GST-tagged 

HECTD1 HECT domain recombinant proteins used within these studies.  A) Gel 

filtration of GST-HECTD12090-2610. B) Gel filtration of GST-HECTD12129-2610. C) Gel 

filtration of GST-HECTD12090-2610 T2105D. D) Gel filtration of GST-HECTD12129-2610 

Δ2282-2341. All gel filtrations were carried out using a 16/60 HiPrep Sephacryl S-200 

(GE) column. Peaks are labelled, with the Void Volume (V0) indicated by the red 

dashed line. 2 L of pelleted E. coli used for each purification. 
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