Elucidating the catalytic and structural functions of
ubiquitin specific proteases (USPs) 2 and 17

Thesis submitted to the University of Nottingham for the degree of Master of Pharmacy, Master
of Research.

June 2026

Adam Albera

20335326

Supervisors: Ingrid Dreveny, Jonas Emsley

School of Pharmacy, University of Nottingham.

Contents:

1.
2.
3.

Abstract

Graphical Abstract

Introduction

3.1 The ubiquitination process

3.2 Deubiquitination: the removal of ubiquitin

3.3 Approved inhibitors for USP2 and USP17

3.4 Mimetic usage in research

3.5 Protein purification

3.6 General concepts and methodologies of SDS-PAGE

3.7 Small molecule inhibitors

3.8 General concepts and methodologies of fluorescence polarization assays

3.9 General concepts and methodologies of mutagenesis

3.10 General concepts and methodologies of X-ray crystallography

Aims

Materials and Methods

5.1 Constructs used

5.2 Buffer and agar plate recipes

5.3 Expression of USP2CD, USP17D1D2-2GKG, and mutagenesis of USP17-D1D2

5.4 Purification of USP2CD, USP17D1D2-2GKG, and USP17D1D2-D332G2GKG

5.5 Gel cleavage assays using USP2CD, USP17D1D2-2GKG, and USP17D1D2-

D332G2GKG

5.6 Fluorescence Polarization and competition assays using PR-619 and K6 mimetic

5.7 Crystallization studies using USP17D1D2-2GKG

Results

6.1 Expression and purification of USP2CD by affinity chromatography.

6.2 Structural predictions of the K6 and K11 synthetic mimetics.

6.3 Gel cleavage assay using USP2CD to cleave a K6-linked di-ubiquitin mimetic.

6.4 Gel cleavage assay using USP2CD to cleave linear di-ubiquitin.

6.5 Fluorescence Polarization assay using USP2CD to cleave a di-ubiquitin fluorescent
probe

6.6 Expression and purification of USP17D1D2-2GKG by affinity chromatography



6.7 Gel cleavage assay using USP17D1D2-2GKG to cleave a K6-linked di-ubiquitin
mimetic
6.8 Gel cleavage assay using USP17D1D2-2GKG to cleave a K11-linked di-ubiquitin
6.9 Gel cleavage assay using USP17D1D2-2GKG to cleave linear di-ubiquitin
6.10 Gel cleavage assay using USP17D1D2-2GKG to cleave GG-linked di-ubiquitin
6.11  Fluorescence Polarization assay using USP17D1D2-2GKG to investigate the
cleavage rate of a di-ubiquitin mimetic
6.12 Competition Fluorescence Polarization assay using USP17D1D2-2GKG to
investigate the cleavage rate of a di-ubiquitin mimetic in the presence of a K6-linked
di-ubiquitin mimetic.
6.13 Fluorescence Polarization assay using USP17D1D2-2GKG to cleave a mono-
ubiquitin fluorescent probe
6.14 IC50 studies on USP17D1D2-2GKG against the small molecule inhibitor, PR-619,
through the use of fluorescence polarization
6.15 DNA sequencing following the mutagenesis of USP17D1D2-2GKG
6.16  Expression and purification of USP17D1D2-D332G2GKG catalytic domain by
affinity chromatography
6.17 Gel cleavage assay using USP17D1D2-D332G2GKG to cleave a K6-linked di-
ubiquitin mimetic
6.18 Gelcleave assay using USP17D1D2-D332G2GKG to cleave linear di-ubiquitin
6.19 Crystallisation Studies on USP17D1D2-2GKG and the USP17D1D2-2GKG/GG-
linked di-ubiquitin complex.
7. Discussion
7.1 Rationale of construct usage
7.2 Protein Purification and Expression
7.3 Gel cleavage assays
7.4 Fluorescence Polarization
7.5 Crystallisation Studies
8. Conclusion
9. Acknowledgements
10. Bibliography

1. Abstract

Ubiquitin is an essential regulatory protein, being the main component of the ubiquitination
process, a post-translational modification whereby target proteins (substrates) are sent to the
26s proteasome for degradation. Deubiquitinating enzymes (DUBs) are a category of enzymes
which hydrolyse the isopeptide bond between the ubiquitin and substrate, enabling the removal
of monoubiquitin or polyubiquitin chains, among the sub-categories of DUBs, ubiquitin specific
proteases (USPs) are the largest. USP2 and USP17 are among the most essential USPs, as both
regulate the cell cycle progression, specifically through the regulation of cyclin D and c-myc
respectively, meaning that cell proliferation is controlled and prevents tumorigenesis. However,
aberrant overexpression of these proteins can be the cause of specific cancers such as non-
small cell lung cancer and promote metastasis, therefore an effective and highly specific
inhibitor is highly in demand, especially for USP17.



The aims for this project are to successfully purify the correct constructs which will be used for
further analysis, identify and confirm the substrates that USP17 is able to cleave efficiently,
through mutagenesis confirm that USP17 with a D332G mutation is able to cleave linear di-
ubiquitin, using PR619 to identify the Ic50 of USP17, and test both proteins against multiple
fluorescein bound probes.

The constructs which required expressing, were successfully purified, these include USP2CD
and all the USP17 constructs. Through a series of gel cleavage assays, USP2 and the USP17
constructs were tested against 4 different substrates: K6-linked di-ubiquitin mimetic (K6), K11-
linked di-ubiquitin mimetic (K11), GG-linked di-ubiquitin (GG), and linear di-ubiquitin. USP2
successfully cleaving all the substrates, and the activated USP17 constructs (non-C89S
mutated) successfully cleaved K6, K11, and GG, with linear di-ubiquitin showing no activity, as
the literature states. However, with the D332G mutation of the wildtype USP17, the enzyme
showed very minor to no discernible improvements in the cleavage rate of linear di-ubiquitin,
which was demonstrated using gel cleavage assays. Furthermore, with the aid of repeated
fluorescence polarization assays, an Ic50 value for USP17 was determined at 1.549uM when
used against PR-619, a small molecule inhibitor. Crystallization was attempted on two moieties:
USP17D1D2-2GKG, and USP17D1D2-C89S2GKG/GG complex, both crystallizations utilised a
Morpheus screen and a standard gel filtration buffer, yet no crystals were identifiable on both
screens.

Overall, with the aid of more repeats, especially in crystallography, more conclusive data can be
reached, however the current findings can be utilized to do further assay work, especially to
determine the structural functions of USP17.

2. Graphical Abstract
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Figure 1- Graphical abstract demonstrating the eukaryotic ubiquitination/deubiquitination process, ubiquitin forms a covalent bond with the thiol group present on
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the E1 enzyme via the adenylated C-terminus on the ubiquitin (this reaction requires a hydrolysis of ATP to AMP and pyrophosphate). The E2 enzyme is able to
acquire ubiquitin via a thioester transfer, while the E3 enzyme binds to the substrate via the active binding domain, with the E2 enzyme binding to the allosteric site

of E3, an isopeptide bond is formed between the lysine residue of the substrate and the C-terminus present on the ubiquitin.



3. Introduction
3.1 The ubiquitination process

Ubiquitin is a 76 amino acid regulatory protein first discovered in 1981; its primary functions are
related to post translational modifications via covalent bonding to substrates in eukaryotic
organisms. Ubiquitin is involved in the process of ubiquitination, which is the bonding process
of ubiquitin to a target substrate through the use of a 3-enzyme cascade’. Enzyme E1 is used to
activate the ubiquitin through the use of ATP, additionally E1 charges E2 enzymes which are
responsible for conjugation® with E3 ubiquitin ligases recruiting the substrates to the transfer of
ubiquitin molecules via the C-terminal glycine to the substrate lysine residue®. However in rarer
cases such as linear di-ubiquitin the bond is made using the methionine M1 bond present on
the ubiquitin.? There is one E1 enzyme of its kind, while there are 20 E2 enzymes and hundreds
of E3 enzymes.* Ubiquitin is also able to form multiple bonds with other ubiquitin moieties
through polyubiquitination which can be formed via the methionine M1 or through 7 different
lysine residues K6, K11, K27, K29, K33, K48, or K63.2

Significant linkages among ubiquitin molecules include K6-linked di-ubiquitin, a complex which
has been recently discovered to bind to TAK1-binding protein 2 Npl4-zinc-finger domain (TAB2-
NZF), activating transforming growth factor-beta-activated kinase 1 (TAK1)®, otherwise referred
to as MAP3K7. Functionally the protein is able to regulate the genes relating to cell proliferation
and inflammation through mitogen-activated protein kinases (MAPK)®. Moreover, K6-linked di-
ubiquitin has been discovered to bind to parkin proteins, molecules which are produced from
the PARK2 gene and contribute directly to the development of Parkinson’s disease, however to
the contrary of the functionality of ubiquitin complexes, prevents the protein from degradation
via the 26s proteasome®. However, upon taking into consideration the literature strictly focused
on K6-linked di-ubiquitin, there seems to be a real lack of research directly relating to K6, its
structure, and its functionality within the human body and how diseases may arise through
aberrant expression. Furthermore K6-linked di-ubiquitin targets proteins to be directed to the
26s proteasome and hence degraded, yet with the research accomplished by Durcan et al. the
conclusion was made to be that K6 promoted protein survival in Parkinson’s disease instead.
On the contrary K6 is not understood fully due to the glaring lack of independent research done
on the protein, especially when compared to K11 polyubiquitin chains or without the
involvement of other lysine residues.



Figure 2- Crystalline structures of the four di-ubiquitin moieties of interest and colour coded using UCSF Chimera. (A): crystalline structure of K6-linked di-
ubiquitin, the structure was obtained from protein databank (PDB) with the code 2XK5. (B): crystalline structure of K11-linked di-ubiquitin di-ubiquitin, the
structure was obtained from PDB with the code 3NOB. (C): crystalline structure of linear (M1) di-ubiquitin, the structure was obtained from PDB with the code
2WDON. (D) predicted crystalline structure of GG-linked di-ubiquitin, the structure was predicted using Alphafold. Colour legend: orange- ubiquitin 1, green-
ubiquitin 2, blue- residues involved in the linkage between ubiquitins, magenta- residues involved in the linkage of K11-linked di-ubiquitin (colour change was

decided for better visualisation).

K11-linked di-ubiquitin chains have been involved in various biological processes, especially in
yeast as the complex was discovered to be of high abundance along with K48 and K637, upon
modifications in the environment, including removal of DSK2 (a protein involved in endoplasmic
reticulum-associated ubiquitin-dependent protein catabolism®). Rad23, a protein responsible
for nucleotide excision repair, consisting of a ubiquitin-like domain in its structure®, removal of
these proteins causes the abundance of K11 to increase by nearly triple, indicating the protein
is selectively targeted by proteins that are capable of forming a binding. K11 has been noted to
promote degradation of proteins, notably ubiquitin ligases such as anaphase promoting



complexes (APC/C), causing a defection of mitotic progression, ultimately leading to cell death
through the inability of proliferation™.

Interestingly, M1-linked (linear) di-ubiquitin is one of two ubiquitin complex which does not form
an isopeptide bond with a lysine, instead a true peptide bond is formed between the C-terminus
and N-terminal methionine of a second ubiquitin® (hence the term ‘linear’), with the synthesis
of the protein being catalysed by the linear ubiquitin chain assembly complex (LUBAC)". As for
the role of linear di-ubiquitin, along with K48, the proteins are able to regulate the nuclear
factor- kappa beta (NF-xB)', a transcription factor regulating inflammatory and immunity
responses’, particularly M1 polyubiquitin chains are able to activate the NF- k8 complex,
inducing cell death™.

The second of the unique ubiquitin complexes is Ub-GG-Ub, sometimes referred to as Ub
diglycine, generated through the formation of an isopeptide bond with an amine group present
on the R group of a lysine residue to a methionine on a second ubiquitin molecule. The moiety
was initially discovered in 1977 on histone A24 by scientists I.L Goldknopf and Harris Busch',
due to the nature of these proteins being modified variants of linear di-ubiquitin'®, identifying
these proteins is difficult despite the bottom-up mass spectrometry strategy'®. As for the
functionality of the protein, USP1 contains a Ub-GG-Ub complex within its structure, the
complex enables the enzyme to recognise its substrates, with addition to catalysis'’, regarding
any independent functions within a eukaryotic context, the information is scarce and not
analysed to a substantial degree.

Substrates which have a ubiquitin molecule or a polyubiquitin chain are recognised by the 26s
proteasome, an enzyme complex formed in eukaryotic cells, its main function is to degrade
proteins through an ATP-dependant cascade'®. The proteasome hydrolyses the structure of
substrates where the unfolded polypeptides are translocated to a degradation chamber
whereby proteolytic cleavage occurs’®. The proteins which are degraded include a vast range
with varying functionalities such as tumour suppressors, transcription factors, and cell cycle
regulators?.

3.2 Deubiquitination: the removal of ubiquitin

However, this process can be regulated through deubiquitination, which reverses the
catalysation of ubiquitin to substrates, in humans this process can be achieved with the use of
deubiquitinating enzymes (DUBs), there are 99 currently known DUBs split into 7 sub-families,
with ubiquitin specific proteases (USPs) being the most prevalent with 56 known USPs'®. USP2 is
among the most abundant USPs in the human proteasome, its main function is to deubiqutinate
cyclin D which allows cells to continue mitosis past the G1 phase®. Other functions of USP2
include stabilizing a large volume of oncoproteins such as TGF-b threonine/serine kinase
receptors and fatty acid synthase?' through the direct removal of ubiquitin, hence avoiding the
degradation occurring via the proteasome.



Figure 3- Crystalline structure of USP2WT with a mono-ubiquitin that contains a total of 4 mutations (S17G, N23K, S26T, and H29T), the structure can be found on

the protein data bank (PDB) under the code 3V6E.

USP2 has been identified to cleave numerous bonds due to its nonspecific nature?, including
isopeptide bonds successfully, meaning USP2 is able to efficiently hydrolyse the bonds in any
polyubiquitin moieties bound to lysine residues (K6, K11, K48), and linear polyubiquitin chains.
USP2 is classified as a cysteine protease, due to one of the residues present in the catalytic
triad being a cysteine at position 276, as the cysteine acts as a nucleophile, it is able to attack
the isopeptide bond forming a thioester intermediate, this intermediate is then hydrolysed,
releasing the ubiquitin moieties from either one another or the ubiquitinated protein?. This
same mechanism of action is used to attack and hydrolyse the peptide bond in linear
polyubiquitin chains®*.

However, aberrant expression of USP2 can cause tumorigenesis, mainly due to the stabilisation
of fatty acid synthase, a protein present and correlated to malignant prostate cancer,
overexpression of this DUB was found in 44% studied prostate tumours?. The literature also
mentions that USP2 is also able to stabilize squamous cell carcinoma tumours, however the
literature referenced by the author, does not mention this conclusion in the findings, hence the
most plausible tumour which USP2 has a more significant and clear impact are prostate
tumours. On the contrary, when USP2 is wrongly targeted for degradation, other tumours are
formed, specifically due to the destabilisation of programmed-death ligand-1 (PD-L1), USP2 is
unable to reverse ubiquitination of PD-L1 therefore this protein is degraded by the endoplasmic



reticulum-associated degradation (ERAD) pathway, causing the body to lose immunity to
tumorigenesis®.

USP17 (otherwise known as DUB3) is a DUB enzyme which is expressed during the G1 cell cycle
phase and is involved in the Ras and guanosine triphosphate (GTP) enzymes through
intracellular localisation?. Originally identified in mice, USP17 genes were discovered to be in a
tandemly repeated mega-satellite sequence (RS447) with a copy number between 20-103
present on chromosomal sequences 4p16.1 and 8p23.1, with USP17 being expressed most
prominently when induced by cytokines such as interleukin 4 and 6, which the article wrongly
identifies as interleukin 2 and 328, When USP17 is downregulated, the tumour cell is blocked
from accessing the synthesis phase of the cell cycle as the localisation of oncogenic GTPases
such as Ras is dysregulated?.

In regard to the substrate specificity of USP17, the enzyme is most proficient at cleaving K48-
linked polyubiquitin chains, the deubiquitination causes the previously ubiquitinated proteins to
not be directed to the 26s proteasome, therefore avoiding cell death. There is also evidence of
USP17 being able to fully hydrolyse other ubiquitin chains such as K11, K33, and K48 linked
di/polyubiquitin chains, partially hydrolysing K6, K27, and K29%*°, and incapable of hydrolysing
linear (M1 bound) di-ubiquitin chains®'.

Interestingly, the oncogenic characteristics of USP17 have also been reported. The results
indicated high level of USP17 in lung, colon, oesophagus and cervix tumour samples to promote
cell G1-S transition and cell proliferation®. Besides, USP17 was overexpressed in non-small cell
lung cancer tissues and patients with high level of USP17 had reduced survival®. In
osteosarcoma, USP17 was up regulated in tumour tissues and cell lines and USP17 facilitated
cell migration and invasion through deubiquitinating and stabilizing SMAD434,

The structure of USP17 contains a USP catalytic domain, which is composed of amino acids
responsible for the binding, mainly being aspartic acid, glycine, and cysteine, which is located
near to the N-terminus, with the hyaluronan (and RNA) binding motifs (HABM) being present at
positions 401-409 and 445-453, which is nearer to the C-terminus®®.

3.3 Approved inhibitors for USP2 and USP17

Currently there are several inhibitors which are selective against the two DUBs, for instance
ML364 is a selective inhibitor for USP2, which has an 1c50 of 1.1um, the inhibition of USP2
results in cyclin D1 to not be deubiquitinated causing an increase in its degradation®. Therefore
the cell cycle is terminated early causing a decrease in the proliferative potential of cancerous
cells.

Recently, through synthesis optimisation studies, a derivative of ML364 was synthesized
(LLK203), which shows dual-inhibitory effects against USP2 and USP8. The difference between
the two compounds is the removal of the thiazol functional group, and the replacement of the
ether functional group with a trifluoro methane®. A second, orally administered, ACE2 small
molecule inhibitor also shows potent inhibitory effects against USP2, being MS102, the
targeting of ACE2 is essential as the protein is regularly deubiquitinated by USP2, through
inhibition, ACE2 slowly degrades, mitigating the risk of ACE2-dependent COVID-19%,

While no direct and specific inhibitor for USP17 is available in the market at the moment,
palbociclib, a cyclin dependant kinase 4/6 inhibitor®®, has shown promise in identifying USP17
as a potential target, specifically in breast cancer. Since one of the various functions of USP17



is to stabilize a protein known as SNAIL14°, a transcription factor which binds to E-boxes on DNA
sequences to block the activation of particular genes such as E-cadherin®, via
deubiquitination. Palbociclib was also shown to indirectly affect USP17 such as targetting and
breakdown USP17 substrates such as melanoma-associated antigen (MAGEA3), a protein when
overexpressed, is an indicator of melanoma and lung cancer*?, and bromodomain containing
protein 4 (BRD4), a protein which directly affects the phosphorylation of SER2 in RNA
polymerase Il on the C-terminal domain. With the process being mediated by the positive
transcription elongation factor b** when aberrantly expressed, BRD4 upregulates the production
of oncogenes such as c-MYC, ultimately causing tumorigenesis*.

3.4 Mimetic usage in research

A protein mimetic, by definition, is a synthetic moiety specifically engineered to capture and
replicate the biophysical and chemical properties of the original biological molecule, a
successful mimetic is able to have identical protein-protein interactions and tertiary structure®.
Usually, mimetics are chosen over their counterpart in drug discovery, the specific reasons vary
between the proteins including prolonging storage life, decrease production costs, adding
essential PTMs to improve characteristics such as hydrophilicity, or adding any tags*. Two
mimetics were used in this research, being the K6 and K11-linked di-ubiquitin mimetics, as the
costs of synthesizing a large volume of these proteins was found to be more efficient. However,
both proteins underwent modifications.

Isopeptide bonds are covalent amine bonds, occurring between the carboxylic acid group of
residue 1 and the amine group found on the R-group of a lysine residue®, however due to the
high conformation specificity of the bond and the complex localization of both ubiquitin
substrates, engineering an isopeptide bond is a difficult procedure®’. As a result, ubiquitin
constructs containing this bond (any lysine bound polyubiquitin) need to be truncated (residues
cleaved), therefore the K6 and K11-linked di-ubiquitin constructs had the first 6 and 11 residues
respectively truncated to ensure the binding site between the two ubiquitin moieties was near
identical to the in vivo counterparts. As the mimetics exhibited the same catalytic properties as
described in literature, and the structures remained stable despite the truncation, these
mimetics were cleared for use to analyse the catalytic activity of USP17.

3.5 Protein Purification

Proteins are crucial to the human body, with further analysis being crucial to understanding and
discovering their catalytic and structural properties. However an appropriate technique is
required to be chosen to isolate the protein of interest, as transforming an E. coli strain will
result in a sample which contains various cellular components and products which are not
desired, these are known as contaminants. Protein purification is a multiple step technique
where the end result is a fully purified sample of protein of interest, with the concentration
correlating to the success of purification. The chances of a successful purification can increase
dramatically on multiple parameters such as the type of column used, the concentration of
imidazole used, and through the appropriate selection of fractions collected.

Initially, the desired DNA sample undergoes plasmid transformation using a heat shock
method, in conjunction with competent bacteria. In the case of this project NovaBlue cells, a
genetically modified variant of E. coli cells specifically engineered to have high transformation
efficiency- due to the cells being an E. coli K-12 derivative containing recA and endA mutations
which aid in facilitation of foreign plasmid DNA. Once colonies have been successfully



harvested, single colonies are chosen to overexpress- the medium chosen is preferential, with
Yeast Extract Tryptone (XYT media), originally designed for rapid M13 bacteriophage
propagation“® provide an increased concentration of tryptone and yeast than Lysogeny Broth
(LB). This allows higher density E. coli to increase production of the protein of interest in higher
volumes and more efficiently*®, however the rich composition of the broth can cause
overwhelming metabolic and genetic stress on the cells as E. coli are not naturally optimised to
inhabit such environments®®. LB media is a more widely, less optimised medium used for
overexpression, while still having the essential nutrients required for bacterial growth, since the
yeast and tryptone are significantly lower. This lowers the risk of potential stress for the E. coli
cells; however the chance of a higher end protein yield is lower as the overall concentration of
nutrients is lower than XYT media, therefore LB media is safer, however protein production may
be lower than anticipated.

Upon retrieving a pellet from the overexpressed substance, regardless of the medium used,
sonication is an essential purpose to ensure the E. coli cell structure is fully lysed. Sonication is
a technique which utilizes ultrasound waves to cause cellular barrier disruption through the
formation of a cavitation bubble, a vapour void occurring after liquid vapour pressure is higher
than the static pressure (this phenomenon is most commonly seen in high velocity propeller-
like motion in liquid). E. coli cells present within the vicinity of the cavitation bubble have their
plasma membranes and cell walls pulverized®', meaning that intracellular components can be
easily retrieved and analysed.

When the sonicated substance is prepared, it is slowly incorporated into a Histrap column, a
chromatography column used for immobilizing proteins tagged with a polyhistidine tag (His-
tags), a negatively charged affinity tag which becomes immobilized upon interacting with
positively charged transition metal ions®2. Ni* displays the highest affinity towards His-tags®?,
therefore if the column is purchased with no added component, nickel sulphate (NiSO,)
solution is used to recharge the column, on the contrary ethylene diamine tetra-acetic acid
(EDTA) is utilized for stripping already used nickel sulphate before recharging. However, an Excel
Histrap column is resistant to EDTA stripping, therefore can be reused constantly and be
washed with ethanol and deionized water to remove excess sample.

The most crucial equipment is the protein purifier, a chromatography system utilizing collection
vessels through 2 active pumps®*, one of the most common and consistent systems being the
Akta Start by Cytiva. Once the column is incorporated into the flow system, appropriate buffer is
pumped into the column at a manually chosen rate, the proteins present within the column are
then separated from the column and enter fraction tubes- proteins of interest appear on the
chromatogram with significantly higher absorbance. In the case of nickel columns and the
preferable choice of buffer, buffers with free imidazole are most efficient- imidazole acts as a
competitor for the metalion binding when interacting with histag proteins. Once a high enough
concentration is reached, the protein begins to elute from the column and be collected- an
essential action to consider is to obtain 2 buffers. One buffer with a low concentration of
imidazole to prohibit the binding of naturally occurring histag proteins®®, one with high
concentration for the elution of the desired protein, indicative of a peak appearing on the
chromatogram, the solution collected in the fraction tubes is then analysed to make absolute
certainty that the correct protein was eluted.

3.6 General concepts and methodologies of SDS-PAGE



Identification of the protein collected from purification is essential, as the presence of a peak is
often a sufficient indication of protein, to ensure the correct protein was eluted, the most
frequent method of identification is through the use of sodium dodecyl sulphate-
polyacrylamide gel electrophoresis (SDS-PAGE). The analytical technique was established in
1970 by UK Laemmli, an MRC laboratory of molecular biology in Cambridge®®, with the
methodology remaining consistent until present day, initially a protein is mixed thoroughly with
an anionic detergent, most often being sodium dodecyl sulphate, allowing movement to occur
through a gel matrix towards the cathode. Denaturation is compulsory in electrophoresis as the
proteins are required to be unfolded, as otherwise the proteins will be aggregated leading to
unclear readings regarding molecular weight®’.

As the name suggests, the most crucial ingredient in gels used for SDS-PAGE is acrylamide, a
carcinogenic chemical typically released in food rich with starch upon applying heat and in
cigarette smoke, in combination with tetramethylethylenediamine (TEMED) and ammonium
persulfate (APS) the acrylamide begins to undergo free radical polymerization. The APS
generates the release of these free radicals and TEMED acting as a catalyst to increase the
speed of this release®. The present free radicals multiply in numbers upon coming into contact
with acrylamide monomers (converting into more free radicals), inactive acrylamide monomers
begin forming polymer chains once reacting with the free radicals®®, the chains initiate
crosslinking between bis-acrylamide particles forming pores whereby the samples are able to
navigate through upon being exposed to a positive charge®. Complete depletion of acrylamide
monomers causes the radicalization to terminate®’, the result being a stable gel lattice.

Once loaded and activated, the proteins begin migration through the lattice, organized by their
molecular weight and charge, smaller/ negatively charged proteins being carried more
downstream. ldentification of the proteins can be made less complex with the use of a protein
ladder, a solution composed of a multitude of proteins of different, yet known, molecular
weights, highly utilized to correctly identify the target proteins in relation to their position, the
ladder is of great use in the estimation of molecular weight of adjacent bands while recognizing
unexpected bands as contaminants.

3.7 Small molecule inhibitors

Along with antibody treatment, small molecule inhibitors are one of the two most commonly
used therapies which are capable of efficiently targeting tumours while being able to cross the
threshold of the blood brain barrier (BBB)®2. However, small molecule inhibitors possess certain
advantages which makes their usage more favourable over antibodies (which are classified as
macromolecules), as small molecules tend to offer higher oral administration, bioavailability,
cost of manufacturing, and storage of API®3. Furthermore the distribution of APl is considered to
be highly effective, as small molecule inhibitors show improved solubility and tissue
distribution®. Therefore even with the recent rise of interest for monoclonal antibodies, small
molecule inhibitors are still a promising and advantageous therapeutic method, with the choice
being dependent what the API requires, for guaranteed distribution of drug at a target site for a
short duration, small molecule inhibitors are arguably the most efficient choice, however for
prolonged/ delayed release, monoclonal antibodies are more reliable.

2,6-diaminopyridine-3,5(thiocyanate) (PR-619) is one such small molecule inhibitor, a DNA
topoisomerase Il (TOP2) poison which has high specificity towards DUB inhibitors®®. The
mechanism of action being forming a covalent complex with the TOP2 preventing DNA
replication due to blocking transcription causing the strand to degrade, causing apoptosis in the



affected cells®. There is evidence of microtubules being affected in the presence of PR-619,
causing tau deposits to accumulate at the microtubule-organizing center (MTOC), resulting in
microtubule stabilization and destabilization of cellular structure, therefore not allowing the cell
to proliferate, this is most evident in nerve cells?’.

PR-619 is most evident as an antitumour agent, in a study regarding urothelial carcinoma
(caused by aberrant expression of USP14 and USP21), with 20uM of inhibitor showing notably
increased apoptotic activity occurring within the cancerous tissue after 2 days. The cells
released caspase-4 and phospho-JNK which are endoplasmic reticulum stress-related
apoptotic markers®, the effect of these markers is causing cell arrest before the cell enters the
mitotic stage of the cell cycle®. Furthermore, PR-619 shows promising results regarding
chondrosarcoma, a tumour developing at the site of supporting tissues surrounding healthy
bone. This cancer also involves overexpression of USP14 and USP21, 5uM of PR-619 was
effective in inducing apoptosis within 2 days due to inhibiting phospho-ERK and phospho-ARK,
crucial markers of their respective pathways’°.

3.8 General concepts and methodologies of fluorescence polarization assays
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Figure 4- Schematic of the principle of the fluorescence polarization assay, isopeptide bond substrate mimetic (ISO-MIM) di-ubiquitin is linked with a fluorescein-
5-maleimide 3 with a thioester bond, the fluorescein maleimide rotates slowly due to being bound to a significantly larger molecule, the emitted light becomes
more stable, FP value increases. After being introduced to a deubiquitinating enzyme such as USP17, the thioester bond is severed during the cleaving process
freeing the fluorescent moiety, the fluorescein rotates much more rapidly as itis no longer bound to a larger molecule, the emitted light becomes more scattered,

FP value decreases.

Assays are analytical techniques which aid in the discovery and analysis of the functionality of a
protein of interest- these can range from the measurement of the amount present to
interactions between other proteins. In the case of USP17, as a DUB, the determination of
enzymatic activity is crucial to understanding the molecular activity between the enzyme and its
substrates. Therefore the ideal choice of a high-throughput, quantitative assay allowing the



measure of the cleavage rate of a protein is the fluorescence polarization (FP) assay. Involving a
fluorophore bound to a substrate candidate, the fluorophore tumbles slowly when bound to a
moiety causing the light to be emitted more consistently in a single direction (polarized).
Inversely, an enzyme of interest may be able to cleave the bond between the fluorophore and
substrate, the fluorophore tumbles more rapidly due to the liberation, light becomes more
scattered (depolarization).

Regarding the science behind FP assays, upon its initial discovery in 1926”7, the technique has
undergone numerous changes regarding its usage and overall convenience. Currently the assay
functions by using linear plane-polarized light which excites a stationary molecule, causing the
molecule to become excited and be able to absorb this light resulting in a ‘glow-like’ effect, this
is known as fluorescence’. The value of polarization is inversely proportional to the molecule’s
rotation and can be calculated using the equation (polarization= intensity of fluorescence
parallel to polarized light — (instrument correction factor x intensity of fluorescence
perpendicular to polarized light)/ intensity of fluorescence parallel to polarized light +
(instrument correction factor x intensity of fluorescence perpendicular to polarized light))”%. This
movement although stimulated by the light, has a random factor of being present in a liquid,
which as Brownian motion suggests, fine particles, when in a liquid, move irregularly’.

A plate reader is equipped with various filters to ensure the correct signal is distributed
depending on the fluorophore used, the millipolarization units (mP) are then displayed. Analysis
of the data requires the identification of the difference between the mP of the samples (AmP)
compared to the mP of the probe, with the formula being: AmP= -(mP of probe- mP of sample).

3.9 General concepts and methodologies of mutagenesis

By definition, a mutation is a change in the nucleotide sequence on DNA, different variations
which often have an overall impact on the final protein structure include insertion (a nucleotide
is added to the original sequence), deletion (a nucleotide is removed from the original
sequence), or point (a nucleotide is exchanged for a different nucleotide)’. Most mutations
occur naturally and often spontaneously within an organism’s body, or when exposed to exterior
factors such as alpha, beta, or gamma radiation. However, mutations can also be
accomplished in a controlled environment on isolated DNA, such as polymerase chain reaction
(PCR), XL-1 red-cells, and degenerate oligonucleotides-Pfu (DOP)’®.

PCRis a site directed mutagenesis method using paired, double-stranded oligonucleotide
primers incorporated with mutation instructions for a specific section of the target DNA”’.
Additional components include template DNA, Thermus Aquaticus (taq) DNA polymerase (used
in PCR to withstand the high temperatures in the thermal cycler), and the 4 nucleotides present
within DNA”8. Once the mixture enters the thermal cycler, the DNA is denatured, to separate the
double strand allowing the modification to occur, once separated, the temperature is lowered to

50°c-67°c for annealing, allowing the primers to bind to the complementary sequence on the

template DNA, once bound the temperature is raised ensuring that the taq polymerase is able
to synthesize a single strand of DNA.

3.10 General concepts and methodologies of X-Ray crystallography

Structural determination of a previously unknown molecule is essential to understanding the
relation between its molecular structure and its function within the body, this process is
especially crucial in protein analysis as the quantity of amino acids can be identified. Hence the



catalytic triad (the three amino acids which are responsible for binding with the substrate) can
be determined. The 3D structure can also be discovered using these structural determination
techniques, which allows for intramolecular interactions to be identified, this includes tertiary
structure and how a protein is able to fold due to the presence of specific amino acids. One
such technique is X-ray crystallography (XRC), with XRC allowing to view the protein on its own
in a liquid matrix, view the protein along with a known substrate and understand the enzyme-
substrate complex, or having multiple proteins in the same matrix and compare the binding
differences between the different proteins used’®.

To further enhance the crystallization potential of USP17, the RDFrzS domain (2GKG), a fusion
tag, which is incorporated to the loop regions present within USP17%°. The tag consists of 5 a-
helices surrounding a central B-sheet and taking shape of a globular fold®', with a coiled N-
terminal receiver domain and a lagging pole retention C-terminal tail aid in the localization of
the tag on the subcellular level. The 2GKG tag possesses qualities of high solubility and
crystallizing potential®, therefore seeing the tag function with great success with USP11 and
USP158°, USP17 was deemed a suitable candidate for the tag due to the domain containing
disordered loops, potentially causing a challenge for crystallization.

4. Aims

1. USP2 and USP17, although belonging to the same family of proteins, have different
functionalities, and cleave different substrates, this can be determined using gel
cleavage assays (for a more qualitative analysis), and FP assays (for a more quantitative
analysis). Substrates of interest include the K6-linked di-ubiquitin mimetic, K11-linked
di-ubiquitin mimetic, GG-linked di-ubiquitin, and linear di-ubiquitin.

2. The 3D crystalline structure of USP17 is yet to be solved, to increase the odds of crystal
formation the 2GKG tag was incorporated into the structure of USP17 and a Morpheus
screen (versatile crystal screen), crystals have a chance of formation with subsequent
analysis.

3. Inspired by the USP11D1D2D833G mutation (causing an increase in the cleavage rate of
linear di-ubiquitin), mutating an aspartate residue to a glycine in the vicinity of the
catalytic triad, will theoretically decrease steric hindrance and enhance cleavage of
substrates. USP17 has an aspartate residue at the 332 position (only 2 residues away
from H334, which is a component of the catalytic triad), would mutating this residue to a
glycine enhance the cleavage rate of the previously non-cleavable linear di-ubiquitin?
Would the mutation cause the enzyme to not cleave any substrates which can be
cleaved by the original enzyme?

5. Materials and Methods

5.1 Constructs used



Construct Name

Residue number _| Veotor _|

USP2CD?232-%05 (Addgene) 38.925 605 full length, pET28a
346 catalytic
domain
USP1771-402D1D22GKG3-123 (insert at A229 50.468 530 full length pET21b
and A230) USP17,
331D1D2,
451 with 2GKG
RDFrzS3123 13.667 full length, 127 full length, Myxococcus
13.287 first 3 residues and 124 inserted into Xanthus
C-terminus removed, USP17
USP1771-402C8952GKG3-123 50.452 451 pET21b
USP1771402D1D2D332GC8952GKG3-123  50.393 451 pET21b
USP1771402D1D2D332G2GKG3123 50.410 451 pET21b
Linear di-ubiquitin 17.111 152 pET26b
K6-linked di-ubiquitin (mimetic) 16.479 148 pET26b
(Azenta)
Ubi-GG-Ubi 17.444 154 pET26b
K11-linked di-ubiquitin (mimetic) 16.197 143 pET26b
(Azenta)

Table 1- List of all the constructs and protein variations used throughout the methodologies, included are the molecular weights in kilodaltons (kDa), the residue
numbers ( for both molecular weights and residue numbers, the numbers vary to indicate both the original, full length constructs and the catalytic domain

accounting for the truncated non-catalytic regions of the constructs), and the plasmid vector used to express the constructs.

Table 1 shows a comprehensive list of all the constructs to be used throughout this research.
Since the entire residue length of USPs are unneeded, and analysis of the catalytic functions of
USP2 and USP17 is to be conducted, the residues which do not form the composition of the
catalytic domain, were truncated. The 2GKG tag had the first 2 and the last 4 residues truncated
and was inserted between A229 and A230 of USP17. Three different versions of USP17 were
also used, one with a C89S mutation for inactivation, one with a D332G mutation for research,
and one which included both mutations. Non-lysine linked di-ubiquitin constructs did not have
any truncation or modifications, K6-linked di-ubiquitin had the first 6 residues on ubiquitin 2
truncated, and K11-linked di-ubiquitin had 11 residues on ubiquitin 2 truncated.

5.2 Buffer and agar plate recipes

All buffers and agar plates composed during the duration of the research used ingredients
provided the University of Nottingham medical school.

Buffer A[50mM Tris-HCL, 300mM NaCl, 10% glycerol, 20mM imidazole, pH 7.4]
Buffer B [50mM Tris-HCL, 300mM NaCl, 10% glycerol, 500mM imidazole, pH 7.4]
Gelfiltration buffer [50mM Tris-HCL, 300mM NaCl, 1% glycerol, pH 7.2]
Ammonium buffer A: [20mM ammonium acetate, 1L, pH 5.1]

Ammonium buffer B: [500mM ammonium acetate, 1L, pH 5.1]

Agar plate composition (for competent cells): 15ml LB broth, 15ul chloramphenicol.



Agar plate composition (for pET21b): 15mLl LB broth, 15ul ampicillin.
Agar plate composition for control (pET21b): 15mLl LB broth, 15ul kanamycin.

5.3 Expression of USP2CD, USP17D1D2-2GKG, and mutagenesis of USP17D1D2-
D332G2GKG

Protocol for overnight expression: A single colony was chosen from the plate and aliquoted to 2
tubes with 5ml LB broth, which was then placed in an incubator at 37°c overnight.

Mini prep protocol: Following the overnight expression protocol, the 2 tubes were centrifuged for
10 minutes at 2500rpm, the supernatant was discarded, 200pul cold resuspension solution (with
added RNase), 200ul of lysis solution, and 350ul of neutralizing solution was aliquoted and
mixed via inversion, the tubes were then centrifuged at 13300rpm (top speed) for 10 minutes.
After discarding the flow through, the lysate was transferred to a binding column and spun at
top speed for 1 minute (flow-through being discarded), 100ml of ethanol was added to optional
wash solution- with 500l of the solution being aliquoted to both binding columns and spun at
top speed for 1 minute (flow-through being discarded). 750ul wash solution was aliquoted to
the binding columns, spun at top speed for 1 minute (flow-through being discarded), the
spinning process was repeated once more, with the flow-through also being discarded. 100pl
elution solution was aliquoted to the binding columns and placed in 1.5ml tubes, and spun for 1

minute at top speed, with the flow-through being stored at -20°c.

Overexpression following mini prep: 5ul of mini prep solution was aliquoted to a tube, agarose
was heated using a microwave until fully dissolved, once in the mould, 2ul of SDS gel dye was
added with the mixture being homogenized. Loading dye consisted of 500pl distilled water,
500ul glycerol, pipette tip of EDTA crystals, pipette tip worth of bromophenol blue, 2l of the dye
was aliquoted to the mini prep samples, 7yl of the samples were aliquoted to a 15% SDS-PAGE
gel, with the gel being run at 80V for 20 minutes. The transformation and overnight protocols
were repeated using BL21CP E. coli cells and chloramphenicol being aliquoted to the overnight
culture, the remaining parameters and conditions were identical for the overnight preparation.

Mutagenesis protocol: the primer was reconstituted using the appropriate volume of ultrapure
water. In a 600l tube, the following solutions were aliquoted: 10pul of appropriate forward
primer, 10ul of appropriate reverse primer, 5ul of reaction buffer, TULANTP, 1ul 50% DMSO, 1ul
Phusion DNA polymerase, a calculated volume of template double stranded DNA which
equalled to 10ng, an appropriate volume of distilled water made up the final mixture to 50pl.
The final volume was split equally between 3 smaller tubes, and inserted into the PCR machine,

with the parameters being: initial denaturation at 95°c for 5 minutes, denaturation at 95°c for 30
seconds, annealing at 62°c for 1 minute, extension at 72°c for 3 minutes, with the process
running at 40 cycles, and the final extension at 72°c for 10 minutes. 1ul of Dpnl enzyme was

aliquoted to the tubes after the PCR process, with the mixtures being incubated at 37°c

overnight, 4ul of each mixture were then transformed into Novablue cells and followed the
plasmid transformation protocol.

DNA sequencing protocol: (protocol was found on the Source Bioscience website®?) initially
samples were prepared to enhance purity and concentration. The T7 promoter and terminator
were annealed to the delivered DNA template, chain-terminating nucleotides were incorporated



to produce DNA fragments of various sizes, these fragments were then separated by size,
chromatograms were produced of the fragments and sent via e-mail.

Protocol for transformation: insert 1ul of pET21b to (vol) of novablue cells on ice for 10 mins,

heat shock the mixture at 42°c for 45 secs, back in ice for 2 mins, 500ul LB broth, shake tube at
37°c for 45 mins, on an ampicillin agar plate 200ul of mixture is inserted, plate is left at 37°c for

18 hours, colonies stored in the fridge at 2°c.

Harvesting cells protocol (USP17): 28ml of overnight culture is added to 800mLl LB broth, 800ul
ampicillin is additionally inserted, left at 37°c on 150rpm for 2 hours, absorbance (600) is read, if
above 0.5, 300ul IPTG is added, culture is placed back in the incubator overnight, temperature
lowered to 20°c. Mixture is divided into 4 centrifuge bottles, centrifuged for 30 minutes at
4500rpm at 9°c, the remainder of the mixture is placed into tubes and centrifuged at 6000rpm
for 20 minutes at 9°c. The resulting pellet was then scraped using a 25ml pipette, the solution
used for the scraping was a mixture of ~20ml supernatant and 30ml buffer A, once all pellet was
scraped, the resulting supernatant was centrifuged at 6000rpm for 20 minutes, the supernatant

was then discarded, and the resulting pellet was stored at -20°c.

5.4 Purification of USP2CD, USP17D1D2-2GKG, and USP17D1D2-D332G2GKG

Protein purification protocol: 20ml of buffer A was aliquoted to the USP pellets and
homogenized using a vortex, the mixture was transferred to a beaker on ice and sonicated for 8
minutes at 10 second intervals with 5 second breaks or until the pellet is completely
homogenized. The mixture is then divided between 2 tubes and centrifuged at 12000 rpm for 50
minutes, meanwhile the protein purifier and peristaltic pump with the Histrap excel column
were equilibrated using buffer A and B. The supernatant was filtered using a 0.45uM filter, with
the pellets and a remainder of the lysate which remained in the syringe being stored in the fridge
at 3°c. The lysate was then incorporated into the column using the peristaltic pump at flow rate
of 2mU/min, with the flow-through being stored in the fridge, the column was then attached to
the protein purifier with the Histrap column protocol- the fractions which showed a significant
peak were collected and 1ul of DTT was added to each before being stored in the fridge. The gel
samples were prepared in tubes according to the composition: 10ul of lysate, 10ul of flow-
through, tip load of both pellets, and 10pl of 5 fractions of interest, 5pl of SDS with 0.01pM of
DTT being added to each tube. The samples were heat shocked at 98°c for 10 minutes, 5ul of
samples were aliquoted to run on an SDS-PAGE gel for 50 minutes at 200V. In the meantime, an
additional tube of 10pul of the protein ladder was prepared, the entirety was then aliquoted on
the leftmost well of the gel to be used for comparison against potential bands. 5 samples which
showed the most intense bands at the correct MW to the protein of choice were aliquoted to a
10kDa concentrator tube and centrifuged at 6500rpm until the volume reached below TmL. 50pl
samples were aliquoted into smaller tubes and flash frozen using liquid nitrogen and stored in a

-80°c freezer.

Gel filtration protocol: this method was achieved using an Akta Start protein purifier: both
pumps were inserted into dH20 at a flow rate of 5ml/min for 2 minutes, with pump B being
cleaned first. Pump A was inserted into gel filtration buffer at a flow rate of 5ml/min for 2
minutes, the Excel histrap column was then cleaned at 0.8mUl/min for 2 hours. The column was
then cleaned with the water using pump B using the same flow rate for 10 minutes. Pump A was
inserted into the ammonium buffer A, pump B was inserted into the ammonium buffer B, 10ml



of buffer B followed by 15ml of buffer A were used to equilibrate the column at flow rate
0.8mU/min. 5 fractions acquired from protein purification were spun down in a 10kDa centrifugal
filter until the volume was 2ml, the solution was then transferred to 2 tubes on ice which were
centrifuged for 10 minutes at 13300rpm. Meanwhile, 20ml dH20 was inserted into the sample
loop using a syringe and needle with the switch being set to load sample- 20ml of gel filtration
buffer was inserted into the sample loop with the needle being left in the loop. The centrifuged
fractions were inserted into a 5ml syringe with the solution being slowly inserted into the loop
while the switch is set to load sample.

5.5 Gel cleavage assays using USP2CD, USP17D1D2-2GKG, and USP17D1D2-
D332G2GKG

Gel cleavage assay protocol: UbK6Ub (K6) was diluted to 10uM using gel cleavage buffer the gel
cleavage assay used the following tube compositions: 2x 10ul 10pM K6 mimetic + 10pl gel
cleavage buffer, and 4x 10ul 2uM USP2 + 10pl 10uM K6 mimetic, 10ul of SDS with 0.001mM DTT
was aliquoted immediately to one tube of K6 and one tube of K6 mimetic + USP2. The SDS/DTT
mixture was added to each USP2 tube at 1 hour, 2 hours, and overnight accordingly, the

samples were heat shocked for 10 minutes at 98°c, and 10ul were aliquoted to each well on the

18% SDS-PAGE gel and run for 50 minutes at 200V. The gel was then heated in the microwave for
1 minute while submersed in water, 1 minute submersed in SDS stain, and 1 minute in water.

Gel quantification protocol: imagel) was used to calculate the intensity of the bands presented
by the gels. The colours of the gel were inverted using the edit tab, the smallest band was
identified, and with the rectangle function activated, the entirety of the band was selected
(ensuring that the rectangle does not involve the background gel. To measure a blank, after the
rectangle was created, the rectangle was moved to only include the background of the gel,
ctrl+M was used to measure the parameters, the integrated density was noted. The rectangle
was moved back to its original position and measured; the integrated density of the band was
subtracted from the density of the blank. This process was repeated for each well with the
exception of the protein ladder, the same rectangle was used for each band and a new blank
was measured for each well.

5.6 Fluorescence polarization and competition assays using PR-619/K6 mimetic

Fluorescence polarization assay protocol: the K6-linked di-ubiquitin was diluted by a factor of
10, starting with 1uM decreasing down to 1nM, PBS being used as a dilutant. The probe, which
consisted of linear di-ubiquitin linked with fluorescein-5-maleimide was diluted using PBS to
10nM. To denature the USP2, the tube was placed in a 98°c water bath for 30 minutes. A total
volume of 50pl was inserted into each well in triplicates: 50ul PBS, 30ul PBS + 20ul 1uM
denatured USP2, 30ul PBS + 10pl denatured USP2 + 10pl 1puM K6, 30ul PBS + 10pl USP2 + 1uM
K6 (this composition was repeated for every K6 concentration). Before the substrate was added,
the microplate reader was initialized using the following parameters: wavelength 494nM, the
readings being accomplished every 30 seconds at a constant temperature of 25°c.

Competition fluorescence polarization assay protocol: the assay used a 384 well microplate
from Corning™, the well composition used was as followed: wells 1-3 were composed of 35ul
PBS + 15ul 350nM USP17D1D2-2GKG, wells 4-6 had an identical volume of PBS with the
remaining volume being composed of 5uM PR-619. In triplicates, the following wells were
composed of 20pul PBS + 15ul 350nM USP17D1D2-2GKG + a varying concentration of 15ul PR-



619/K6 mimetic, the concentrations used were 5uM, 4uM, 3uM, 2uM, 1.5uM, 1uM, 0.5uM,
which when added, was immediately inserted into the microplate reader.

IC50 calculation assay protocol: once the data was transferred from the microplate reader, the
data was analysed in an Excel spreadsheet, the rate of change was calculated by subtracting
the FP value at 0 minutes from the FP value at 15 minutes for each sample. This data was
organised into a table (X-axis- concentration of PR-619, Y-axis- rate of change) , any singular
anomalies were removed.

5.7 Structural determination of USP17-2GKG

Crystal tray protocol: following the gel filtration protocol, the 5 fractions which showed the
highest peaks were collected in a beaker, the combined fractions being placed in a 10uM
fractionation column and centrifuged for at 5000rpm until the volume reached 1-2ml. 5ml gel
filtration buffer was aliquoted to each well on a Morpheus crystal screen, while 10ul of
USP17D1D2-2GKG fraction mixture was aliquoted to the smaller, protruding wells on the
screen. Once aliquoting was accomplished, foil was cut using a scalpel and placed on the

crystal screen, the screen was then put in an incubator set at 20°c for 5 weeks.

Alphafold prediction protocol: For USP17D1D2-2GKG, and all other USP17 constructs, the
amino acid sequence used was found in protein databank, any truncations, residue
modifications, and protein inserts were accounted for and changed in the Alphafold server once
copied. After the job has concluded loading, the zip-file was saved, the. model file was saved
onto ‘this PC’ for easier access to SFC Chimera editing (any .model file would have sufficed, for
consistency purposes,. model_0 was chosen for all predicted structures). The protein structure
was then edited in Chimera to remove any ions/ particles not contributing to the raw tertiary
structure, and colour coded to highlight key areas of interest such as singular ubiquitin moieties
forming a di-ubiquitin and altered residues.

6. Results

6.1 Expression and purification of USP2CD catalytic domain by affinity
chromatography.

Initially, the proteins required for analysis, including the substrates, underwent plasmid
transformation to Novablue E. coli cells, followed by overnight growth and isolation of DNA
through the usage of a plasmid DNA miniprep kit from Thermo Scientific, the resulting DNA was
incorporated into Novablue E. coli cells, with a pellet being formed which was sonicated and
inserted into a Histrap Excel column- the column was then plugged into an Akta start 2 protein
purifier. All purifications and their corresponding chromatograms were all accomplished using
the same protein purifier and the same column. Compared to a standard Histrap column, EDTA
does not to be aliquoted to strip the nickel, instead buffer B and ethanol was added to remove
the excess protein and clear the column from contaminants. All SDS-PAGE gels was conducted
using the vertical electrophoresis tank BK-VET01 by BiobaseTM and the heating blocks used to
denature the protein samples was accomplished using the dry block heater- digital by GrantTM.
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Figure 5- Schematic of the catalytic domain of USP2 used in the research, with the boundaries, catalytic triad, and zinc finger domain indicated with the residues

composing of the subdomains

Figure 6- the catalytic domain of USP2 was taken from PDB (code: 2IBI), green being representative of the catalytic domain, ubiquitin being highlighted in orange.

The catalytic domain of USP2 was chosen, since the protein was previously researched to
cleave various substrates, including K6/K11-linked and linear di-ubiquitin, therefore this enzyme
was used as a control for the USP17 constructs in regard to purification, gel cleavage and
fluorescence polarization assays.
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Figure 7- A) Chromatogram for the nickel purification of USP2 D1D2 using the Histrap column and being run on the Akta Start 2 protein purifier, with a linear
increase of imidazole from 20mM to 500mM throughout the duration, fractions of interest, which were subsequently analysed using SDS-PAGE, included fractions
5-20, as the peak at 1.5 minutes was deemed most significant. B) Image of SDS-PAGE stained with Coomassie blue, the rightmost lane is occupied by the protein
ladder, which was the 10-200kDa wide range protein molecular weight marker supplied by Thermo Scientific, with the correct molecular weight (kDa) being
present on the right of the image. The other lanes show the fractions which were obtained from the purification, and which were present on the most significant

peak, according to the chromatogram.

Protein purification of USP2 went according to the hypothesis, with a substantial peak being
present within 10 collected fractions (fig. 7), fractions 5-20 were analysed using a 15% SDS-
PAGE gel (fig. 7), with a consistent band present at ~39KDa, which is slightly short of the
molecular weight of USP2-41 (41 KDa), no visible contaminations were observed as there was
no significant bands at different molecular weights. Bands 8-13 had a more intense shade
compared to the remaining bands; therefore these were selected for concentrating on a 10KDa
Cytiva protein concentrator and buffer exchange using gel filtration buffer, the final
concentration was measured to be 68.2uM with the aid of an IMPLEN NanoPhotometer N50-
touch UV/Vis Spectrophotometer.

Mass= concentration x volume x molecular weight

Mass=68.2uM x Tml x 41000



Mass=68.2x1x41000

Mass=2796.2ug

Mass=2.7962mg

6.2 Structural predictions of the K6 and K11 synthetic mimetics.

Due to an isopeptide bond being difficult to engineer for a protein in large volumes, the K6/K11-
linked di-ubiquitins used throughout the research were mimetics, the purpose of the truncated
residues was to mimic the orientation of the bond which would have occurred in the in-vivo
versions of the proteins. Predicted structures of the proteins were generated to visualize the
differences.

A

Figure 8- A) Official crystalline structure of K6-linked di-ubiquitin (PDB:2XK5). B) Predicted structure of the K6-linked di-ubiquitin mimetic generated in Alphafold,
first 5 amino acids of ubiquitin 2 (green) truncated. C) Official crystalline structure of K11-linked di-ubiquitin (PDB: 3NOB) D) Predicted structure of the K11-linked

di-ubiquitin mimetic generated in Alphafold, first 11 amino acids of ubiquitin 2 (green) truncated.

6.3 Gel cleavage assay using USP2CD to cleave a K6-linked di-ubiquitin mimetic.

All gel cleavage assay results were accomplished using 15% acrylamide gels mainly to allow
increased visibility of the ubiquitin bands present at ~9kDa, any repeats were accomplished in
the same day to eliminate any possibility of different environmental conditions such as
temperature and airflow. Following the conclusion of each gel cleavage assay result, the colour
of the images was inverted using ImageJ, with a sample area encompassing an unoccupied
section of the gel and used as a blank against the bands, the exact sample area was used for all
bands, the results of the densitometric data were subtracted from the blank and plotted into a
scatter graph, showing the regression or lack thereof of the density. Initially the purified USP2CD
was tested against a known substrate, 203uM K6-linked di-ubiquitin mimetic diluted to 20uM,
provided by Krzysztof Raszpla, a stopwatch was kept as to maximise the accuracy for the
reaction termination using 10ul 5x SDS loading dye.
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Figure 9- A) Image of SDS-PAGE stained with Coomassie blue, the leftmost lane is occupied by the protein ladder, which was the 10-200kDa wide range protein
molecular weight marker supplied by Thermo Scientific, lane 2 contains 10ul 10pM of K6-linked di-ubiquitin and 10ul 5x SDS-PAGE loading dye, lane 3 contains an
identical sample as lane 2 with the loading dye being added overnight, lane 4 contains 10pul 20pM K6 mimetic+ 10pul 3uM USP2CD + 10pl loading dye with the
buffer being added immediately after introducing the enzyme, lanes 5-7 contain an identical sample as lane 4, however the dye was added at regular intervals
being 1 hour, 2 hours, and 24 hours. Notable bands include one present at ~14kDa and ~39kDa. B) Densitometric data of the gel cleavage assay of 1.5uM USP2CD
with 10uM K6-linked di-ubiquitin showing the results of the measured integrated density of the band relating to the K6 mimetic on the SDS-PAGE, the values being

taken by Imagel.

The gel cleavage assay (fig.9 A) shows USP2CD present at the same molecular weight as
demonstrated in the expression and purification (fig. 6) of the deubiquitinase, with the bands
retaining the same intensity, from the initial aliquoting of enzyme to overnight. Lanes 2 and 3
(fig.9 A) present K6 mimetic also keeping the same density from 0 minutes alone to 0 minutes
upon being exposed to USP2CD, and overnight alone, however after an hour upon being
introduced to USP2CD, the density of the band decreased by 9.62x, with the density decreasing
further with time, additionally a band appears at the bottom, at the conclusion of development
of the gel, since the band remains consistent with the dissipation of K6, this represents the
product (ubiquitin) being formed.

The number of minutes 1.5uM USP2CD takes to hydrolyse 5uM of K6 mimetic (half of the total),
can be presented with the densitometric graph (fig. 9 B). The EC50 was measured to be 0.04553
hours/ 2.7318 minutes for USP2CD to decrease the mass of K6 mimetic by a half.

6.4 Gel cleavage assay using USP2CD to cleave linear di-ubiquitin.

As linear di-ubiquitin is used throughout this project to test if other enzymatic proteins are able
to cleave the peptide bond between the 2 ubiquitin molecules, in addition to the fact that
USP2CD is yet again, known to cleave the complex, another gel cleavage assay was conducted
to present how rapidly mono-ubiquitin is able to be produced, and where specifically on the gel
ubiquitin will appear compared to the linear di-ubiquitin band. Linear di-ubiquitin was provided
by Jiatong Zhang with a concentration of 231.6uM, diluted to 20uM.
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Figure 10- A) Image of an SDS-PAGE stained with Coomassie blue, the leftmost lane is occupied by the protein ladder, being the #26610 unstained protein marker
by Thermo scientific, lane 2 was occupied by 10pl of 10uM of linear di-ubiquitin and 10pl 5x SDS loading dye, lanes 3-9 contained 1.5pM USP2CD + 10pM linear di-
ubiquitin + 10pl 5x SDS loading dye. B) Densitometric data of the gel cleavage assay of 1.5uM of USP2CD and 10uM of linear di-ubiquitin with the measured

integrated density taken from the band relating to linear di-ubiquitin present on the gel using an equal sample area, the readings were accomplished using ImageJ.

The gel cleavage assay (fig. 10 A) shows linear di-ubiquitin present at 17kDa, with its
documented molecular weight being identical, and the USP2CD being present at 41kDa, this
information being consistent throughout the gel despite different timepoints. Bands present at
~9kDa begin to appear after 10 minutes and intensifying over time, these bands are in relation to
the product of the reaction, being ubiquitin.

The density of the di-ubiquitin decreases upon USP2CD being introduced, however although the
concentrations of the enzyme and the substrate remained identical to the K6 mimetic gel
cleavage assay (fig.9), the density decreases at a significantly slower rate, with the density
reduction of linear di-ubiquitin from 0 minutes to 1 hour being 1.7x, the difference is even more
visible when observing the estimated time to reduce the amount of substrate by half. The EC50
was calculated to be 5.167 hours, therefore upon comparing the EC50 of K6 mimetic (0.04553),
USP2CD cleaves linear di-ubiquitin 113.5x slower than K6.

6.5 Fluorescence polarization assay using USP2CD to cleave a di-ubiquitin probe.

An initial fluorescence polarization assay was performed with the recently purified USP2CD
protein against an isopeptide bond substrate mimetic (ISO-MIM) di-ubiquitin marked with
fluorescein-5-maleimide, the procedure ran for a course of an hour, the FP readings being
measured every 30 seconds to observe the change of the di-ubiquitin being cleaved at different
speeds depending on the varying concentrations of USP2CD.



150
1uM USP2

1004 . - ‘_‘_ +100nM USP2
R - 10nM USP2

1nM USP2

FP difference (AMP)

80

.50 Time (mins)

Figure 11- Scatter graph of the fluorescence polarization assay of the USP2CD and the di-ubiquitin fluorescent probe, the measurements were conducted using
the EnVision Xcite multimode plate reader and conducted over a period of one hour, with readings being taken every 30 seconds, and a colour-coded figure legend

showing the concentrations used during the assay.

The fluorescence polarization assay (fig. 11) had the FP difference values calculated using the
formula:

FP difference= - (FP (sample)-FP (probe))

The assay was conducted using a tenfold 3.3uM USP2CD dilution, followed by the insertion of
the 33nM di-ubiquitin probe and immediately inserted into the reader, with the graph displaying
that although the highest concentration of enzyme does increase after 30 minutes, 100nM of
USP2CD presents with a curved shape from the beginning of the assay and plateauing at
approximately 100 AMP, with 10nM and 1nM increasing at a slower, more linear rate than the
higher concentrations. The assay was conducted with triplicate repeats of each enzyme
concentration, however as air bubbles were present within the wells of 1uM of USP2CD, with
the two repeats showing random FP values, therefore only the repeat with no air bubbles was
analysed.

6.6 Expression and purification of USP17D1D2-2GKG catalytic domain by affinity
chromatography

Since the crystalline structure of USP17 has not been fully solved, with research currently
ongoing, the following structures were predicted using the Alphafold™ server, with unclear
regions being removed, with a prediction also being tested with a molecule of K6-linked di-
ubiquitin as to test a possible site for the binding on the structure.

Catalytic triad

[ [ 1
c89 A230  H334 D350
s71_| | | |  Rao2

A229 D332



Figure 12- schematic depicting the domain structure of the full length USP17, with the domain boundaries and the catalytic triad being highlighted. Other notable

residues include: A229 and A230- where the 2GKG tag was inserted, and D332 as the residue would be mutated.

Catalytic triad
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Figure 13- schematic depicting the USP17D1D22GKG domain structure, notable changes include the insertion of the 2GKG tag between A229 and A230, with the
boundaries of the amino acid structure of 2GKG also being included. K94 and K96 were highlighted as the 2 residues were mutated to an alanine and serine

respectively. Numbers in brackets represent the residue number, when the entire construct is considered as a single moiety.

D332G

Figure 14- 4 USP17 constructs were used for this research, with the predicted structures being generated in Alphafold and edited in UCSF chimera. A)
USP17D1D2-2GKG, B) USP17D1D2-C89S2GKG, C) USP17D1D2C89SD332G2GKG, D) USP17D1D2-D332G2GKG.Colour legend: Purple- catalytic domain of USP17

Blue- 2GKG, yellow- catalytic triad, orange- C89S, green- D332G.

Similarly to USP17D1D2-2GKG, USP17D1D2-D332G2GKG is an even more obscure molecule,
as the aspartate to glycine mutation was so far documented only on the studies with USP11,
attempting to enhance the peptide binding between linear di-ubiquitin, therefore this model
was predicted using the Alphafold™ server, with the uncertain regions being removed.



The expression process for USP17D1D2-2GKG was identical to USP2CD, with the same E. coli
strains, and the same antibiotics being used during overnight expression, the bacteria
underwent transformation, and mini prep enhancement, and before any expression could
begin, the protein was tested for the correct amino acid sequence, which resulted in a match,
the expressed protein used an identical histrap excel column for the purification process.
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Figure 15- A) Chromatogram of the purification of USP17D1D2-2GKG using the histrap column on the Akta Start 2 protein purifier, with a linear increase of
imidazole from 20mM to 500mM, fractions of interest included 6-11, as these were deemed to be related to the most significant peak, these were subsequently
analysed on SDS-PAGE. B) Image of SDS-PAGE stained with Coomassie blue, the leftmost lane is occupied by the protein ladder, which was the 10-200kDa wide
range protein molecular weight marker supplied by Thermo Scientific, with the correct KDa being present on the left of the image, lanes 2 and 3 (from left to right)
are occupied by the pellets which were centrifuged at 12000rpm for 45 minutes post-sonication, lane 4 is occupied by the flow-through collected from the
supernatant being introduced to the histrap column, lanes 5-10 were occupied by the corresponding fractions, which were related to the significant peak present

on the chromatogram.

The protein purification of USP17 (fig.15) went similarly to USP2, with a significant peak being
present at an identical fraction, with the most striking difference being that the peak of USP2
reached a maximum absorbance of 118mAU, whereas the peak of USP17 reached ~43mAU. The
molecular weight of USP17D1D2-2GKG was measured to be 51.4634KDa, which aligned with
the mW of the bands (fig.16), the band intensity on the resulting gel (fig.16), are comparable to
the bands present on fig. 10, with the intensity increasing with each subsequent fraction, in
relation to the absorbance of the peak (fig.16). All fractions present on fig.16 were aliquoted into
two dialysis columns followed by overnight dialysis, overall concentration measured at
35.80uM, and overall volume measured at ~950pl therefore the entirety of the remaining
solution was aliquoted to 19 tubes and flash frozen in liquid nitrogen. To calculate the overall
yield, concentration= mass/volume was used.



Mass= concentration x volume x molecular weight
Mass=35.8uM x 950ul x 51.4634KDa
Mass=35.8x0.95x 514634

Mass=1750.3pg

Mass=1.7503mg

6.7 Gel cleavage assay using USP17D1D2-2GKG to cleave a K6-linked di-ubiquitin
mimetic

Upon retrieving USP17D1D2-2GKG via expression and purification, initially, the protein was
tested with a K6-linked di-ubiquitin mimetic, despite literature stating an inefficient level of
cleavage being performed by USP17D1D2-2GKG against K6, since the mimetic has potentially
different properties than the substrate in vivo, the results could be different from the described
outcome.
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Figure 16- (A) Image of SDS-PAGE stained with Coomassie blue, the leftmost is occupied by the protein ladder, which was the #26610 unstained protein marker
from Thermo Scientific, lane 2 was occupied by 10pl 1.5uM USP17D1D2-2GKG and 10ul SDS-PAGE loading dye, lane 3 contains 10ul 3.0pM USP17D1D2-2GKG +
10pL 20pM K6-linked di-ubiquitin +10pl SDS-PAGE loading dye, lanes 4-9 are composed of an identical sample as lane 3 with the SDS-PAGE loading dye being
added at different timepoints (10 mins, 20 mins, 30 mins, 1 hour, 2 hours, and 24 hours). (B) Densitometric data of the gel cleavage assay of 1.5uyM USP17D1D2-
2GKG and 10ul K6 mimetic di-ubiquitin, with values of integrated density taken from the K6 mimetic band present on the SDS-PAGE gel using a sample size of

equal area, the readings being accomplished using ImageJ.

The gel cleavage assay shows the presence of K6-linked di-ubiquitin mimetic present at 17kDa,
the K6 mimetic sample also contains bands present at 19 and 30kDa, which in stark contrast,
do not dissipate over time. Additionally USP17D1D2-2GKG is symbolised by bands present at
51kDa, which stay consistent with the exception of the overnight sample, presenting the bands
in a more intense, saturated colour. The final band to note is of ubiquitin which appears at
~9kDa, intensifying in colour over the course of the assay.

The overall density of the K6 mimetic band depletes over a period of time, with the cleavage rate
surpassing USP2CD, additionally upon analysing the densitometric data, the EC50 was
estimated to be 0.002289 hours/ 0.13734 minutes/ 8.2404 seconds, 19.9x faster than USP2CD.



The regression line was found to plateau approximately at 8500 integrated density, whereas the
lines in the previous graphs were found to reach or were reaching the x-axis.

6.8 Gel cleavage assay using USP17D1D2-2GKG to cleave a K11-linked di-ubiquitin
mimetic.

Unlike K6, K11-linked di-ubiquitin is an active substrate of USP17, provided by Krzysztof
Raszpla, a direct comparison in the speed of cleavage was desired to be observed, therefore an
identical concentration of both USP17D1D2-2GKG and a K11-linked di-ubiquitin mimetic was
used in a separate gel cleavage assay, with K11 having a concentration of 116uM.
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Figure 17-A) Image of SDS-PAGE stained with Coomassie blue, the leftmost is occupied by the protein ladder, which was the #26610 unstained protein marker
from Thermo Scientific, lane 2 was occupied by 10pl 10pM K11 mimetic and 10ul SDS-PAGE loading dye, lane 3 contains 10ul 3.0uM USP17D1D2-2GKG + 10ul
20pM K11 mimetic +10pl SDS-PAGE loading dye, lanes 4-9 are composed of an identical sample as lane 3 with the SDS-PAGE loading dye being added at different
timepoints (10 mins, 20 mins, 30 mins, 1 hour, 2 hours, and 24 hours). B) Densitometric data of the gel cleavage assay of 1.5uM of USP17D1D2-2GKG and 10uM of
a K11-linked di-ubiquitin mimetic, with the values indicating the integrated density of the bands relating to the K11 mimetic on the SDS-PAGE gel using a sample

size of equal area for each band, the density values were calculated using Image).

The gel cleavage assay SDS-PAGE gel (fig. 17 A) shows bands signifying K11 di-ubiquitin at
~16kDa, almost aligning to the true molecular weight of the substrate (17kDa), with the band
intensity decreasing rapidly over the duration of the assay, in relation to the band present at
~9kDa representing ubiquitin, which increases rapidly over time, most evident when observing
the overnight sample, the bands relating to USP17D1D2-2GKG however remain consistent
through every time point. Unexpected bands appeared at 19 and 30kDa, remaining stable
throughout.

The densitometric data presents the decrease of density of the K11 band as the assay
progressed, upon further analysis, the EC50 was calculated to be 0.0374 hours/ 2.244 minutes,
marginally more rapid than USP2CD/K6 assay with 2.7318 minutes, yet significantly slower than
USP17D1D2-2GKG/K®6.

6.9 Gel cleavage assay using USP17D1D2-2GKG to cleave a GG-linked di-ubiquitin.



Following the success of the K6-linked di-ubiquitin mimetic with USP2CD and USP17D1D2-
2GKG, GG-linked di-ubiquitin was intended to be tested next (provided by Jiatong Zhang, with a
concentration of 221uM, since this di-ubiquitin is a standard lysine bond between the ubiquitin
molecules with a diglycine tag, the substrate was tested against USP17D1D2-2GKG to observe
any differences between the other lysine bound di-ubiquitin substrates.
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Figure 18- A) Image of SDS-PAGE stained with Coomassie blue, lane 1 was occupied by the protein ladder which was, lane 2 was occupied by 10ul 1.5uM
USP17D1D2-2GKG and 10ul SDS-PAGE loading dye, lane 3 contains 10pl 3.0uM USP17D1D2-2GKG + 10ul 20uM GG-linked di-ubiquitin +10ul SDS-PAGE loading
dye, lanes 4-9 are composed of an identical sample as lane 3 with the SDS-PAGE loading dye being added at different timepoints (10 mins, 20 mins, 30 mins, 1
hour, 2 hours, and 24 hours). B) Densitometric data of the 1.5uM USP17D1D2-2GKG and 10pM GG-linked di-ubiquitin gel cleavage assay, with the values of
integrated density taken using an identical sample area of the gel, the values were initially deducted from the blank, the deducted values are present on the table,

the density was calculated using Image).

The gel cleavage assay between 1.5uM USP17D1D2-2GKG and 10pM GG-linked di-ubiquitin,
present three bands of interest, one representing GG-linked di-ubiquitin present at 17kDa,
aligning perfectly with its true molecular weight, the band initially has high density, however can
be seen becoming less intense with each increasing time point, the band forming at 9kDa is
inversely proportional to the intensity of GG, indicating the band being ubiquitin, due to the
molecular weight being 8.6kDa, throughout the assay a band is present at 51kDa, which is
representative of USP17D1D2-2GKG, additionally unlike GG, the bands remain identical
regardless of time.

The densitometric data shows a steep regression curve, with the EC50 value being 0.282
hours/16.92 minutes, when observing other USP17 assays, the cleavage rate is 7.5x slower than
K11, and 125x slower than the measured EC50 of the K6 mimetic, an observation which was
also made was the fact that the regression line plateaus at 8500, a similarity shared with
USP17/K6.

6.10 Gel cleavage assay using USP17D1D2-2GKG to cleave linear di-ubiquitin.

Since USP17D1D2-2GKG has been documented to not cleave the peptide bond in linear di-
ubiquitin, a gel cleavage assay was conducted to ensure that the literature was factual.
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Figure 19-A) Image of SDS-PAGE stained with Coomassie blue lane 1 was occupied by 10pl protein ladder #26630 supplied by Thermo Scientific, lane 2 was
occupied by 10ul 10pM linear di-ubiquitin and 10pl SDS-PAGE loading dye, lane 3 contains 10ul 3.0uM USP17D1D2-2GKG + 10ul 20uM linear di-ubiquitin +10pl
SDS-PAGE loading dye, lanes 4-9 are composed of an identical sample as lane 3 with the SDS-PAGE loading dye being added at different timepoints (10 mins, 20
mins, 30 mins, 1 hour, 2 hours, and 24 hours). B) Densitometric data of the gel cleavage assay of USP17D1D2-2GKG and linear di-ubiquitin, the density was
measured using an equally sized sample of the linear di-ubiquitin, and subtracted from the blank, with the density values already being deducted, with the density

being measured using Imagel.

Unlike previous gel cleavage figures, the SDS-PAGE gel of the gel cleavage assay between
USP17D1D2-2GKG and linear di-ubiquitin (fig. 19 A), shows the linear di-ubiquitin present at
~16kDa, aligning to the molecular weight of 17kDa, the di-ubiquitin showing intense density for
the duration of the assay, with no visible ubiquitin bands present at 9kDa, similarly USP17D1D2-
2GKG remains consistent throughout the procedure as well.

The densitometric data (fig. 19 B) indicates that the EC50 is unattainable due to the fact that the
regression line does not have a curve angle, due to the density value of the overnight sample
being higher than the initial sample, while the sample whereby the reaction terminated at 30
minutes, shows the density decreasing slightly, when observing the SDS-PAGE gel (fig. 19 A), the
band does appear smaller upon comparing with the bands at the same molecular weight.

6.11 Fluorescence polarization assay using USP17D1D2-2GKG to cleave di-
ubiquitin.

Once the purified USP17D1D2-2GKG protein was tested using a gel cleavage against a known
substrate, being the ISO-MIM di-ubiquitin, the USP17D1D2-2GKG was diluted into 4

concentrations, with a second sample of 1uM being denatured in 98.0°c, these samples were

aliguoted to the same concentration of di-ubiquitin fluorescent probe marked with fluorescein-
5-maleimide, with the protocol on the microplate reader being identical to the one of USP2CD,
in order to create a direct comparison.
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Figure 20- Scatter graph showing the FP difference of the di-ubiquitin fluorescent probe over a period of one hour with error bars, and the readings being
conducted every 30 seconds, with different concentrations of USP17D1D2-2GKG being used, with the concentrations being colour coded by the figure present on

the right of the graph. The measurements were conducted using the EnVision Xcite multimode plate reader.

The fluorescence polarization assay between varying concentrations of USP17D1D2-2GKG and
the fluorescent di-ubiquitin probe (fig. 20), the calculations to obtain the FP difference were
identical to fig. 11, similarly, a tenfold dilution of USP17D1D2-2GKG was accomplished using
33nM of di-ubiquitin probe. Unlike fig. 11, the highest concentration of enzyme (1uM), presents
with a dramatic increase in FP difference before plateauing at 14 minutes, 100nM of enzyme
increases at a more linear range, with all other concentrations and the denatured enzyme
sample remaining at 0 or increasing slightly, however temporarily. Three repeats were
conducted for each enzyme concentration, with the mean being calculated and subtracted
from the FP of the probe.

6.12 Fluorescence polarization competition assay using USP17D1D2-2GKG and a
di-ubiquitin probe/ K6-linked di-ubiquitin mimetic.

Further to the assay only including the fluorescent di-ubiquitin probe, the task was to identify
the specificity of USP17D1D2-2GKG, specifically against the K6-diubiquitin mimetic, therefore a
competition fluorescence polarization assay was conducted to observe if an FP difference was
present, with an increase suggesting that the di-ubiquitin probe outcompeted the K6-diubiquitin
mimetic.
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Figure 21- Scatter graph showing the results of the competition fluorescence polarization assay between USP17D1D2-2GKG and the fluorescent di-ubiquitin probe
and the K6-linked di-ubiquitin mimetic over the course of 1 hour, with readings being conducted every 30 seconds, a colour-coded legend can be found on the

right of both graphs. The readings were accomplished using the EnVision Xcite multimode plate reader.

USP17D1D2-2GKG was further tested with the K6-linked di-ubiquitin mimetic to compete for
the catalytic domain with the fluorescent di-ubiquitin probe, the FP difference using the
measurement of the probe and sample formula. Image A shows the overall results for the assay
with all repeats included, image B shows the most idyllic repeat from each enzyme
concentration being selected, due to image A showing results that are deemed anomalous,
because of the presence of air bubbles. Image B indicates the curves increasing proportionally
to the enzyme concentration, with all concentrations increasing the FP difference between the
probe, however with some results showing that at certain time points, the 4uM USP17D1D2-
2GKG had a higher FP difference compared to 5uM, yet for the remainder of the assay, 5uM had
the most substantial increase.

6.13 Fluorescence polarization assay using USP17D1D2-2GKG to cleave a mono-
ubiquitin probe



USP17D1D2-2GKG was also introduced to the mono-ubiquitin probe to test the binding
potential to a singular molecule of ubiquitin with the only chemical modification being the
addition of fluorescein-5-maleimide in order to quantify the general binding potential of the
enzyme, with the concentration of USP17D1D2-2GKG being diluted by 10x to identify the
difference between each diluted sample.
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Figure 22- Scatter graph showing the results of the fluorescence polarization assay including various concentrations of USP17D1D2-2GKG and the mono-ubiquitin
probe, with the colour coded figure legend present on the right of the graph, the assay was conducted on the EnVision Xcite multimode plate reader, over the

course of one hour, with a reading every 30 seconds.

Following the introduction of a probe not yet studied on USP17D1D2-2GKG, the fluorescence
polarization assay uses the calculated FP difference values using the appropriate formula, yet
upon inspection of the obtained data, there is seemingly no correlation or activity present
between USP17D1D2-2GKG and the 10nM mono-ubiquitin probe, despite no noted air bubbles
present within the wells; which can be inferred when observing the graph, regardless of the
concentration of enzyme, even with the 100nM USP17D1D2-2GKG, despite being present at
20AMP consistently, the highest other data point being 10nM USP17D1D2-2GKG at 51 minutes
(15.6AMP), there is no stable increase in correlation with time.

6.14 IC50 studies on USP17D1D2-2GKG against the small molecule inhibitor, PR-
619, using fluorescence polarization.

Due to the IC50 of the USP17D1D2-2GKG not being currently established, a study was
conducted to investigate the inhibitive effects of PR-619 on the enzyme’s potential to prevent
the binding of a di-ubiquitin fluorescent probe to the catalytic domain of USP17D1D2-2GKG, the
procedure was repeated three times to observe any consistencies/ invalidate any anomalies
that may occur during the measurement.



Rate of inhibition
T

1-
0 1
0 6
PR-619 concentration (uM)
3=
c . .
S
5 2-
£ | .
- L]
"5 3 2 [}
1_
2 H *
14 ]
. . N b
0 + T 1
0 2 4 6

PR-619 concentration (UM)

4.
&
23 oo
0
z .
£ 24
— L ]
o
] [ ]
P2 . .
[ ]
0 | L] 1
0 2 4 6

PR-619 concentration (M)

Figure 23-Three repeats of the IC50 studies on USP17D1D2-2GKG using the small molecule inhibitor, PR-619, each being numbered in the title, the corresponding
tables of values each being present below the graphs, the measurements were conducted using an EnVision Xcite multimode plate reader for 15 minutes, with

readings being accomplished every 30 seconds.

Once the data was received, initially the FP values of the triplicates for each enzyme
concentration were converted into FP difference (AMP), the values taken from 0 minutes and 15
minutes were subtracted, resulting in the rate of inhibition, data omissions were decided as
anomalous due to the presence of air bubbles within the wells. IC50 curve 1 is the only graph
with zero omissions due to anomaly, in addition to having the largest span of 1.498, with IC50
curve 3 being slightly shorter with a span of 1.488, and the IC50 curve 2 having a significantly
shorter span of 0.497. The calculated IC50 of each curve is as follows:



IC50 of curve 1: 1.549uM
IC50 of curve 2: 1.038uM
IC50 of curve 3: 1.026uM.
6.15 DNA sequencing of USP17D1D2-2GKG following mutagenesis

To ensure that the purified protein was mutated successfully, with surrounding residues also
matching, USP17D1D2-D332G2GKG was sampled by Source Bioscience with appropriate
forward and reverse primers.

Quality Value > 35 20- 35
LOR Value > 600bp 301-600bp

Template Length of Quality
Name N-Base Calls Read Value

Reaction

USP17D332G2GKG T7promoterF

2 USP17D332G2GKG T7terminateR 27 %

Figure 24 - Table provided by Source Bioscience from the DNA sequencing procedure, with the figure legend above the table of results.

Sample 3 from the mutagenesis triplicates was selected as samples 2 and 1 consistently
showed a substantially lower quality/ incorrect amino acid sequences. 2 reactions were
conducted, both involving the T7 promoter and terminator for the forward and reverse reactions
respectively. The DNA sequences for both were pasted into a Expasy (a translate tool).

3'5' Frame 3 |
XSSXXGEHYEFSYVRAQEGOWY XMXXXEVXATNIAAX L TQQAX VXXX FTXXSGSVTXXALXVVE XXX XXX XREXEX XXX KAXKCKKXKK
KEXXXXKDXE PCRXHKXKLEKXX VI KK CGEX KKK ~VL - THLEXRPRX XX KKK FEX XXX SKF XXX MEREKKKKK

A

ie 20 3e 40 50 60 70 80
MEDDSLYLGG EWQFNHFSKL TSSRPDAAFA EIQRTSLPEK SPLSSEARVD LCDDLAPVAR QLAPRKKLPL SSRRPAAVGA
=1 iee lle 120 130 l4e 15 l1e@
GLQNMGNTCY ENASLQCLTY TPPLANYMLS REHSQTCQRP KCCMLCTMQA HITWALHSPG HVIQPSQALA AGFHRGKQED
i7e i8@ 190 200 210 220 230 240
AHEFLMFTVD AMKKACLPGH KQVDHHSKDT TLIHQIFGGC WRSQIKCLHC HGISDTFDPY LDIALDIQAA QSVKQALEQL
250 260 270 280 290 3ee 31e 32
VKPEELNGEN AYHCGLCLQR APASKTLTLH TSAKVLILVL KRFSDVTGNK LAKNVQYPEC LDMQPYMSQQ NTGPLVYVLY
330 340 350 360 370 380 390 400
AVLVHAGWSC HDGHYFSYVK AQEGQWYKMD DAKVTACSIT SVLSQQAYVL FYIQKSEWER HSESVSRGRE PRALGAEDTD
410
LKR

420 430 440 450 460 470 480
RRATQGE DHPCLQAPEL DERLVERATQ ESTLDHWKFP QEQNKTKPEF NVRKVEGTLP PNVLVIHQSK YKCGMKNHHP

490 500 510 520 530
EQQSSLLNLS STTRTDQESVY NTGTLASLQG RTRRSKGKNK HSKRALLVCQ

Figure 25 — A) Result from the 3’ to 5’ sequence read, translated using the Expasy tool. B) The full amino acid sequence of USP17 as shown by PDB. The matching

sequences of interest were highlighted orange.



Although the sample was deemed as low quality by the system, inserting the forward and
reverse sequences to Expasy, provided one of the frames with a sufficient residue sequence.
Confirming two results: The USP17D1D2-2GKG initially used for mutagenesis is the correct
protein, and the aspartic acid present in the 332 position has been successfully mutated to a
glycine. Therefore, the analysis through the use of assays could commence for the USP17
constructs.

6.16 Expression and purification of USP17D1D2-D332G2GKG catalytic domain by
affinity chromatography.

Initially, upon mini prepping the USP17D1D2-2GKG protein plasmid DNA, a sample was saved
for the mutagenesis process, using annealing at 62°c and instead of leaving the DNA for a total

of 3 hours, the DNA had an incubatory period of 21 hours, three repeats of the DNA were stored
and their amino acid sequence was tested to ensure the correct mutation was completed
before initiating expression.
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Figure 26- A) Chromatogram of the purification of USP17D1D2-D332G2GKG using the histrap column on the Akta Start 2 purifier, with a linear increase of imidazole
from 20mM to 500mM, fractions of interest included 8-13, as these were deemed to be related to the most significant peak, the fractions were subsequently
analysed on SDS-PAGE. B) Image of SDS-PAGE stained with Coomassie blue, the leftmost lane is occupied by the protein ladder, which was the unstained protein

molecular weight marker 116-14.4 KDa supplied by Thermo Scientific, lanes 2 and 3 were occupied by both pellets retrieved from centrifugated post-sonication



supernatant, the remaining lanes were occupied by the fractions collected from the histrap column purification, the fractions were chosen as these were in

relation to the most significant peak present on the chromatogram .
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Figure 27- A) Chromatogram of the second purification of USP17D1D2-D332G2GKG using the histrap column on the Akta Start 2 purifier, with a linear increase of
imidazole from 20mM to 500mM, fractions of interest included 8-13, as these were deemed to be related to the most significant peak, the fractions were
subsequently analysed on SDS-PAGE. B) Image of SDS-PAGE stained with Coomassie blue, the leftmost lane is occupied by the protein ladder, which was the
unstained protein molecular weight marker 116-14.4 KDa supplied by Thermo Scientific, lanes 2-4 were occupied by fractions 2-4 which were collected from the
histrap column purifications, as seen on the minor peak on the chromatogram (fig.27 A), the remaining lanes were occupied by the fractions 11-15 which

corresponded to the major peak on the chromatogram(fig.27 A).

The initial protein purification of USP17D1D2-D332G2GKG was successful, however it was
noted that the band intensity was lower in comparison to the previous purifications, with peak
absorbance reaching ~37mAU (fig.26 A), further inferred by the SDS-PAGE which showed bands
of lower intensity by comparison (fig.27 A). Fractions 8-12 were selected for concentration, yet
due to the omission of buffer exchange following the addition of fractions, meaning imidazole
was deemed to be present within the fractions, to ensure that the protein was non-functioning,
a fluorescence polarization assay was conducted using a standard di-ubiquitin probe, whereby
the wildtype showed a curve being in direct relation to the concentration of enzyme, in direct



contrast, the batch of collected USP17D1D2-D332G2GKG showed a more random, nonsensical
scatter graph, therefore a decision was made to discard the enzyme.

A repeated expression and purification of USP17D1D2-D332G2GKG was initiated, utilizing
glycerol stocks which were assembled and stored at -80°c during the first attempt.
Comparatively, the peak present on the chromatogram of the second attempt (fig. 27 A) is
significantly less subtle and peaks at a higher absorbance (~55mAU). Since two peaks were
present on the chromatogram, corresponding fractions for both peaks were analysed using
SDS-PAGE (fig. 27 B), fractions 2-4 do not show any discernible bands present at the
appropriate molecular weight (approximately 51.0KDa), therefore only fractions 11-15,
containing bands at the appropriate Mw and a lack of visible contaminants, were chosen to
undergo concentrating followed by buffer exchange, with the final concentration reaching
10.62puM and the protein being distributed evenly in 20 tubes each with a volume of 50ul. The
initial concentration of the first purification reached 25.7uM, however this reading was
disregarded as the large volume of imidazole would have given an inaccurate concentration of
the protein alone, therefore yield was calculated only for the second purification.

Mass= concentration x volume x molecular weight
Mass=10.62uM x Tml x 51.4054kDa
Mass=10.62x 1x51405.4

Mass=545921ng

Mass=545.921ug

6.17 Gel cleavage assay using USP17D1D2-2GKG to cleave a K6-linked di-ubiquitin
mimetic.

To address the lack of a confirmed 3D crystalline structure of all USP17 constructs, the binding
for the K6/K11-linked di-ubiquitin was predicted for visualisation purposes.




Figure 28-A) USP17D1D2-D332G2GKG bound to a K6-linked di-ubiquitin mimetic, with the colour legend: Purple- catalytic domain, yellow- catalytic triad, green-

D332G mutation, blue- 2GKG insert, red- K6-linked di-ubiquitin mimetic. B) USP17D1D2-D332G2GKG bound to a K11-linked di-ubiquitin mimetic, with the same

colour legend, except for K11, which is coloured orange.

Upon purification being successful, the mutation was hypothesized to not affect the binding of
other di-ubiquitin complexes, therefore, to initiate the testing, USP17D1D2-D332G2GKG was
retrieved and diluted to three varying concentrations: 1uM, 600nM, and 200nM, with the K6-
linked di-ubiquitin mimetic being diluted to 20uM, all three gel cleavage assays were
accomplished on the same day and were accomplished using three separate SDS-PAGE gels.
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Figure 29- (A, C, E)lmages of SDS-PAGE stained with Coomassie blue, lane 1 of all the gels is composed of the protein ladder, which was the #26610 unstained
protein marker from Thermo Scientific, lanes 2 were composed of 10ul 10uM K6-linked di-ubiquitin and 10pl SDS-PAGE loading dye, lanes 3-9 of all gel images
were composed of 10pl 20uM K6-linked di-ubiquitin + varying concentrations of 10ul USP17D1D2-D332G2GKG (1pM of USP17D1D2-D332G2GKG (A), 600nM of
USP17D1D2-D332G2GKG (C), 200nM of USP17D1D2-D332G2GKG (E) + 10ul SDS-PAGE loading dye. (B, D, F) Densitometric data of the 500nM USP17D1D2-
D332G2GKG(B), 300nM USP17D1D2-D332G2GKG (D), and 100nM USP17D1D2-D332G2GKG (F) gel cleavage assays, all assays used 10uM of the Ké-linked di-
ubiquitin mimetic, identical sample areas were used for individual gels, the sample area may differ across the gels however. Integrated density was measured

using ImagelJ.

The gel cleavage assays, although using differing concentrations of USP17D1D2-D332G2GKG,
share visual similarities, such as the K6-linked di-ubiquitin mimetic bands all presenting at the
same molecular weight, being 16kDa, which almost aligns with the molecular weight of 17kDa,
another similarity shared among the gels are the additional bands associated with the K6
mimetic sample present at 19kDa and 30kDa (although less visible in image C), another visual
similarity is the presence of the bands present at 51kDa, aligning with the molecular weight of
USP17D1D2-D332G2GKG, and finally the presence of bands seen at 9kDa, representing the
presence of the product formed during the reaction, ubiquitin, which has a molecular weight of
8.6kDa.

The difference between the gels are all related to their density, with USP17D1D2-D332G2GKG
bands increasing in density in relation to their concentration, bands presentin image A are most
visible and decreasing steadily as the concentration lowers, as a result the intensity of the K6
mimetic bands decrease more intensely and faster when the concentration of USP17D1D2-
D332G2GKG is higher, leading to ubiquitin being formed more slowly in image C as compared to
image A.

The densitometric data of all gel cleavage assays shows scatter graphs with varying slope
regression lines, image A signifying 500nM USP17D1D2-D332G2GKG, contains a regression line
which plateaus near to the x-axis, matching with the information given on the SDS-PAGE gel (fig.
29 A), the band representing the K6 mimetic is almost dissipated once 30-minute passes, the
EC50 value of image A was calculated to be 3.391 minutes. Image C presents a regression line
that is unstable due to the decrease of values not following the decrease of density between 0
and 5 minutes, upon removing data points of 15 minutes, 20 minutes, and 25 minutes, resulting
in the regression line becoming stable, the EC50 was calculated to be 19.76 minutes, a 5.83-



fold increase from 500nM. Image E presents the regression line with a steeper angle than image
C, however a line which plateaus at ~25000 integrated density, yet due to the initial decrease
being significant, the EC50 was calculated to be 5.388 minutes, 3.67-fold decrease in time as
compared to 300nM.

6.18 Gel cleavage assay of USP17D1D2-D332G2GKG and linear di-ubiquitin.

According to the literature stating that USP11 will be able to cleave linear di-ubiquitin upon
mutagenesis being conducted to alter the aspartic acid to a glycine, a USP17D1D2-D332G2GKG
sample was tested against linear di-ubiquitin, with an expectation for cleavage to occur and
mono-ubiquitin being formed, with the results of the reaction being visible on an SDS-PAGE gel.
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Figure 30- Images of SDS-PAGE gels stained with Coomassie blue, lane 1 for both images was occupied by the protein ladder, more specifically the #26610
unstained protein marker from Thermo Scientific, lane 2 for both images was occupied by 10ul 20pM linear di-ubiquitin + 10pl 5x SDS-PAGE loading dye, lanes 3-9
were occupied by 10ul 3uM (image A) and 1uM (image C) USP17D1D2-D332G2GKG + 10ul 20pM linear di-ubiquitin +10ul 5x SDS-PAGE loading dye. Densitometric
data of the 1.5uM (B) and 500nM (D) USP17D1D2-D332G2GKG and 10uM linear di-ubiquitin gel cleavage assays, in addition to the respective tables of values, the
integrated density values were calculated using an identical sample area and subtracted from the blank, also with an identical sample area, these values were

received with imageJ.



Both gel cleave assays (fig. 30 A, C) show the linear di-ubiquitin present at 17kDa, hence
matching the molecular weight of the protein complex, with the bands present at 51kDa being
representative of USP17D1D2-D332G2GKG, similarly to the wildtype, no bands were shown to
represent the formation of ubiquitin, indicated by the loss of density in the linear di-ubiquitin
bands as time progressed, and the formation of the ubiquitin bands which would have
presented at 9kDa, this is the case for image B, however upon inspection of the overnight
sample presentinimage A, and comparing the band to the ones prior, the density does
decrease slightly with seemingly an appearance of a band below linear di-ubiquitin, a repeat
was conducted alongside USP2CD, ensuring the band appeared at the correct height.

The densitometric graphs (fig. 30 B, D) contain the data presented by the gel cleavage assays
(fig. 30 A, C), although image C shows no correlation between the time and the density of linear
di-ubiquitin upon being exposed to USP17D1D2-2GKG (further reinforced by the density values
present in table D), image A shows a minor regression in relation from 0 minutes to overnight,
the density regression being -85.06/hour, an EC50 value could not be estimated as the
regression line was linear and not a curve, therefore if the assay were to theoretically continue
indefinitely, the calculated time to reach 0 density on the linear di-ubiquitin band, is 221.66
hours/ 9.24 days.
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Figure 31- Image of an SDS-PAGE stained with Coomassie blue, lane 1 is composed of the protein ladder which is the 26630 broad range protein ladder, lane 2 is
composed of 10uM of linear di-ubiquitin and 10ul SDS-PAGE loading dye, lanes 3-5 are composed of 3uM of USP2CD + 10uM linear di-ubiquitin whereby the
reaction was terminated at an hourly rate up to 3 hours, lanes 6 and 7 are composed of 3uM USP17D1D2-D332G2GKG + 10uM linear di-ubiquitin with the reaction

being cleaved at 3 hours and overnight respectively.

The repeated 1.5uM USP2CD/ USP17D1D2-D332G2GKG and 10uM linear di-ubiquitin assay (fig.
31), presents with linear di-ubiquitin bands present at 17kDa, remaining constant throughout
both deubiquitinase reactions, lanes 3-5 contain bands at 39kDa representative of USP2CD,
while lanes 6 and 7 contain bands at 51kDa signifying the presence of USP17D1D2-
D332G2GKG, both enzyme bands appear to not decrease in density with the assay progressing.
Unlike the enzymes, the density of linear di-ubiquitin decreases upon being exposed to
USP2CD, further inferred by the appearance of bands at 9kDa, being ubiquitin, however for
USP17D1D2-D332G2GKG, the density of linear di-ubiquitin increases in correlation to time, with
no ubiquitin present.



6.19 Crystallisation Studies on USP17D1D2-2GKG and the USP17D1D2-2GKG/GG-
linked di-ubiquitin complex.

Three crystallisation studies were conducted, one for the USP17D1D2-2GKG alone, one for the
mutant of the subsequent deubiquitinase (USP17D1D2-D332G2GKG), and one for the complex
of USP17D1D2-2GKG and GG-linked di-ubiquitin. All solutions were aliquoted to Morpheus
screens with a reservoir of gel filtration buffer, the screens were placed at a constant

temperature of 20°c for a duration of 2 months. Upon microscopic evaluation being done for all

proteins, despite a single well on the USP17D1D2-2GKG GG complex showing a promise of
precipitation being visible, once placed under ultraviolet light, the mass showed little protein in
its composition, it was deemed that the identity of the mass was a contaminant due to a sealing
error, with zero significant crystal structures present on the remaining screens, no results were
obtained for the trials.

7. Discussion
7.1 Rationale of construct use.

The first construct purified was the USP2 catalytic domain (USP2CD), as this deubiquitinating
enzyme, from known literature at least, is capable of cleaving all the ubiquitin moieties used in
the catalytic research of USP17. Only the catalytic domain was purified, as no crystallization
studies were planned for USP2, with the only interest of use being a direct comparison against
the USP17 constructs. 4 different USP17 constructs were utilised throughout the research
(fig.14), USP177402.2GKG*'%® was used to analyse the catalytic domain as the 2GKG
crystallization tag does not prohibit the enzyme from any catalytic activity and would be
expected to behave identically to the full length USP17. As the crystal structure of USP17 is yet
to be solved, the 2GKG tag was inserted to increase the protein’s solubility in gel filtration buffer,
truncation of the non-catalytic residues was deemed necessary for an even higher likelihood of
crystal formation as smaller proteins are more likely to crystallize®.

Mutating the cysteine residue at position 89 into a serine was essential to ensuring that if one of
the catalytic triad residues was mutated, USP17 was unable to cleave any ubiquitin moieties it
would typically be able to. Therefore, USP17D1D2-C89S2GKG and USP17D1D2-
D332GC89S2GKG upon being introduced to a liquid matrix containing the K6-linked di-ubiquitin
mimetic, both proteins were unable to produce any ubiquitin, which is in stark contrast to
USP17 constructs that did not contain the C89S mutation. The mutagenesis of USP17D1D2-
2GKG to USP17D1D2-D332G2GKG was heavily inspired by the USP11D1D2D886G mutation,
documenting the significant improvement of binding affinity against linear di-ubiquitin
compared to the wildtype- therefore the concluding remarks were due to steric hindrance, the
aspartate repelled the substrate, prohibiting binding®®.

The rationale behind using the mimetic was to reduce the difficulty of manufacturing a
substrate in large quantities for research purposes, therefore, to mimic the isopeptide bond
which is present in the in-vivo variant of the K6 and K11-linked di-ubiquitin, the first 6 and 11
residues were truncated respectively. Truncation is considered as a reliable modification to
ensure the bond occurs at the correct orientation and position, without the possibility of binding
to anincorrect residue. Although this was achieved, the predicted structures (fig. 8), suggest
that the entire tertiary structure of the di-ubiquitin is slightly altered, therefore the stability and
catalytic functionality was put into question. However as the data analysis spanned from
November 2024- August 2025 using the ubiquitin mimetics from the same batch, no instability



or change in function was noted, therefore truncation is ideal as it allows the moieties to behave
identically to the in-vivo counterparts, without noticeable compromise.

7.2 Purification of USP2/USP17 and mutagenesis of USP17

The multiple purifications performed were successful in purifying the appropriate proteins with
minimal impurities, all purifications used the same excel histrap column, which does not
require ethylenediaminetetraacetic acid (EDTA) and nickel to be reintroduced into the column,
allowing for more convenient usage of the column, the column has also demonstrated success
in the appropriate removal of more complex proteins such as USP17D1D2-2GKG and its
mutated variant, USP17D1D2-D332G2GKG. Histrap excel columns are also most commonly
used in samples of eukaryotic supernatant containing proteins rich in histidine, the nickel ions
present in the column are not susceptible to contaminants binding to the nickel ions due to
their increased resistance as compared to an HP histrap column.

Further analysis of the chromatograms solidifies the validation of the correct protein being
present, as the complexes which were targeted for elution all exceed 50kDa, meaning as a
larger complex, the protein is expected to elute within the first ten fractions (fig.7)(fig.15)(fig.27).

The peak which was associated with USP2 (fig.7 A) is significantly more prominent than the
peak associated with USP17D1D2-2GKG, USP2 peaking at an absorbance of 118mAU,
meanwhile USP17D1D2-2GKG peaking at 44mAU, which suggests a 2.68x lower yield,
interestingly the actualyield of protein for USP17D1D2-2GKG (being 33.05mg) was 2.05x lower
than that of USP2 (being 68.0mg), suggesting either the selection of fractions for concentrating
was better for USP17, or some USP2 protein was lost during the concentrating process. The
peak associated with USP17D1D2-D332G2GKG (fig.27) was even less prominent than that of
the wildtype (fig.15), peaking at approximately 37mAU, suggesting that potentially some protein
was denatured or lost during the mutagenesis process, which can occur if the annealing

temperature is not desirable for the protein to mutate correctly (the temperature used was 62.0°
c), furthermore the yield was significantly lower than that of the non-mutant, at 15.8mg.

Another factor which can impact the overall yield of the protein is the chosen method of
clearing the imidazole from the sample, which is a necessary procedure as imidazole impacts
the efficacy of the protein upon being flash frozen. Two methods wsafern to clear the imidazole,
buffer exchange (used for USP2 and USP17D1D2-D332G2GKG) and dialysis (used for
USP17D1D2-2GKG), both methods utilised an identical gel cleavage buffer recipe, with dialysis
being deemed a more appropriate method for the protein, due to buffer exchange, while more
time-efficient at retrieving the protein, ultimately product can be lost due to permeation, which
can be evident based on the yield of USP17D1D2-D332G2GKG and USP2, dialysis, while time
consuming, allows for a more safe approach to clearance, potentially causing the higher yield in
USP17D1D2-2GKG.

Although histrap affinity protein purification was used to have a pure sample of both USP17
variants, there are several other procedures that can separate the enzyme from the gathered
supernatant, forinstance ammonium sulphate precipitation is a commonly used low-cost
method for preparing samples before further chromatography, which uses multiple salt
concentrations to salt out proteins based on their solubility, causing separation®.

7.3 Gel Cleavage Assays

K6: USP17 showed a 19.9x increase in cleavage than USP2.



M1: 113.5x slower than K6 when cleaved by USP2, no activity for USP17 and the mutant.
K11: Selectivity comparable to USP2, much slower than K6.

The USP2 gel cleavage assay against the K6-linked di-ubiquitin mimetic(fig.8) was used as a
control to ensure that the appropriate method of purification, concentration, and storage was
being chosen and repeated for USP17, the choice of substrate, being K6-linked di-ubiquitin, was
due to USP2 having a strong affinity towards K6, K11, K48 linked di-ubiquitin, therefore an assay
which validated the protein was correct was imperative. This strong affinity can be confirmed on
the image (fig.8 A) as the K6 mimetic was cleaved within one hour and did not degrade
overnight, confirming that the substrate can be used for further testing on USP17.

Upon using the K6 mimetic and K11 in a gel environment, the samples contained contaminants
present at 19 and 30kDa, most likely originating from the E. coli lysate used for expression and
purification, since the bands remained not cleaved by the enzymes, infers that these
contaminants are not multichain ubiquitin compounds. One of the potential theories for the
identification of the protein with 19kDa, could be leucine-responsive regulatory protein, a
164bp regulatory protein, with the binding site only containing 15bp®®, the overall amino acid
sequence shows 2 histidine amino acids at the 68 and 117 positions, therefore explaining the
contamination when exposed to histags present within the column. On the contrary, proteins
produced by E. coli with a molecular weight of 30kDa include the peptidyl-prolyl cis/trans
isomerase, slyD®®, out of 48 amino acids present on the C-terminal tail, 15 of the amino acids
were identified to be a histidine®’, therefore the likelihood of nickel binding and eluting at an
identical time as the K6 mimetic is high.

After purification, USP17 was tested against 4 common di-ubiquitin constructs to identify the
substrates which the enzyme can cleave successfully and within a 24-hour period, the findings
confirm that K11 is a cleavable target by USP17, meanwhile there has been speculation
surrounding the efficiency of cleaving K6, however as fig. 16 suggests, the di-ubiquitin showed
clear signs of cleavage within only 10 minutes of the enzyme being introduced, which could be
misinterpreted as USP17 being in excess due to the high concentration, yet fig. 28 further
suggests that not only did the USP17D1D2-D332G2GKG variant cleave the K6, but the
concentration was significantly reduced (up to 15x lower than the concentration present at
fig.16), with 300nM of both proteins showing sufficient cleaving of the K6 mimetic at 5 minutes
upon introduction.

Some improvements that could have been implemented include the gel cleavage assay of
USP17D1D2-2GKG and K6, as the rightmost lane shows signs of the tube being improperly
closed while the assay was ongoing, this misuse would have resulted in the contamination
which can be seen on the SDS-PAGE gel (fig. 16), what can also be deduced is the fact that the
contents were exposed to a different environment than the sealed tubes, primarily the
temperature shift is less impactful on an unopen sample, therefore to mitigate this from
occurring is to ensure the tube produces an audible click upon closing. Due to the intensity of
the bands not reflecting the true result, a second blank was taken directly above the measured
sample, as the initial blank would not be intense enough and give an incorrect reading.

Some gel images were also not taken with the best quality, as when water presses onto a
transparent folder, darker circles will appear, potentially obstructing a clear view of the whole
gel, this can clearly be observed at fig. 18, where the compressed water causes 4 bands of GG-
linked di-ubiquitin to be submerged, additionally air bubbles pose the same issue. To rectify this



issue, multiple blanks were taken, since 4 bands of interest were within the patch of water, the
blank value was strikingly higher than for the remaining 3 bands, however a simpler solution is
to redo the image.

Furthermore, the estimated EC50 resulting from the densitometric data (fig. 16), was 19.9x
faster than USP2CD, a possible explanation for this occurrence is that more time points were
used for USP17D1D2-2GKG (10 minutes, 20 minutes, and 30 minutes) as compared to USP2,
the greater number of timepoints would allow the graph to have a significantly steeper curve,
therefore a repeat should have been replicated on USP2 and K6 mimetic to investigate whether
the EC50 would have been altered by the increase in samples. Yet, when observing the
USP17D1D2-2GKG assay with the K11-linked di-ubiquitin mimetic, both assays used identical
timepoints, however the EC50 remained within the same range as USP2CD/ K6, a possible
reason for the extreme EC50 value is due to the regression line being unstable because of
density values which were deemed anomalous, possibly the 20-minute band density, which
does not decrease enough according to the regression line.

A yet another improvement that can be implemented is using the enzyme at a lower
concentration immediately, 1.5uM although presents with clear and rapid results, the curve on
the associated densitometric data is too steep, hence the EC50 could also be perceived as too
rapid, and as a result the EC50 is greater than expected. Gel cleavage assays which use the
enzyme at a lower concentration, such as 100-500nM present as more realistic, evident in fig.
29 where a range of concentrations were used to provide multiple densitometric graphs with
varying EC50 values, however a parameter which is to be considered depending on the choice
of enzyme, is potency, as the substrates were already known to be cleaved by the enzyme, such
as USP17D1D2-2GKG and the K11-linked di-ubiquitin mimetic, yet if an enzyme is chosen and
the activity on a desired substrate is unknown, a higher concentration could be beneficial to
determine the potency.

7.4 Structural Determination

Crystallography is the study of determining the 3D crystalline structure of a protein of choice,
this can be achieved using X-Ray crystallography whereby a high concentration purified sample
is crystallized- these results can be viewed using an X-Ray beam, whereby electrons which
strike a copper anode, causing multiple wavelengths to be released- causing the formation of
the beam®. One major disadvantage in using X-Ray crystallography is that the sample needs to
match the requirements necessary to be screened, for instance the crystal lattice which is
formed needs to allow the binding site to not be obstructed by other crystal lattices®®.

Another widely used method of structural determination is through the use of cryogenic
electron microscopy (cryo-EM)- which uses a transmission electron microscopy to view
samples at -183°C which allows vitreous ice to be formed®. Throughout the time of
development, cryo-EM technology was able to improve in resolution imaging and overall
performance with enhancements being made for the freezing technique and sample
preparation®’.

Cryo-EM has multiple advantages over X-Ray crystallography such as samples not needing to
be in crystal form to be analysed, capturing the protein in multiple conformations, and its main
asset is to analyse proteins which have a higher molecular weight, which in the case of
USP17D1D2-2GKG having a molecular weight of 51kDa- cryo-EM would be more beneficial®2.
However, cryo-EM used to be not suitable for smaller protein complexes, this would include the



K6 mimetic which has a molecular weight of <60kDa, a homogenous sample preparationis a
necessity as protein flexibility will distortimaging. Finally 2A is the typical resolution
requirement for pharmaceutical research, although initially cryo-EM had a limit of 3A, recently
manufactured cryo-EM technology is capable of reaching as little as 1.2A, therefore the
consistently evolving technology is able to mitigate the initial limitations®.

7.5 Fluorescence Polarization

As demonstrated by fig. 21, USP17D1D2-2GKG was tested against the ISO-MIM di-ubiquitin, a
moiety with an engineered isopeptide bond and a fluorescein maleimide fluorescent tag. If the
enzyme were to inefficiently or only partially bind to the ISO-MIM, there would be little to no
improvement regardless of the concentration of the USP, however as can be seen, the activity of
the enzyme against the ISO-MIM increases dramatically, while also following a linear pattern
when the concentration is lowered by 10x. Moreover, the optimal concentration of USP17 was
discovered to be at 350nM, as the FP difference continues to increase at a linear, steady rate
despite reaching the one-hour limit.

USP17D1D2-2GKG was also tested against the mono-ubiquitin probe, a singular ubiquitin
moiety with the fluorescein maleimide bound to the allosteric site. As USP17D1D2-2GKG,
according to the results shown in fig. 21, was able to efficiently cleave the ISO-MIM at various
concentrations, therefore the protocol was repeated using the mono-ubiquitin probe. However,
looking at the scatter graph (fig. 22), the results were mostly random, as there was no
discernible correlation between the concentration of enzyme used and the fluorescence
polarization. A considerable disadvantage of fluorescein maleimide is bulkiness, when bound to
a substrate, especially a smaller moiety such as ubiquitin, the difference between the tumbling
speed of the bound and liberated forms of fluorescein is less distinguishable, potentially
causing the random results present in fig. 22.

PR-619 is a small molecule inhibitor, with a diverse inhibiting profile, therefore inhibiting the
catalytic triad present on USP17, as presented in fig. 23, the representative graph for the
calculated IC50 value would be graph 1, due to the sheer fact that none of the values from the
table were deleted and all were incorporated into the curve, giving an overall clearer impression,
therefore the calculated IC50 value for USP17D1D2-2GKG, specifically in the presence of PR-
619, is 1.549uM, to improve on the IC50 curve and fluorescence polarization assays overall,
would be to ensure the aliquoting of substances in the wells is concise and accurate, to mitigate
the likelihood of air bubbles becoming a hinderance to the resulting data analysis.

8. Conclusion

From the speculated hypothesis and the data generated, USP17D1D2-2GKG was deemed as a
protein with selective cleaving of multiple di-ubiquitin substrates, specifically GG, K6, and K11
with the gel cleavage assay results confirming the enzyme is able to produce monoubiquitin as
rapidly as 5 minutes, with linear di-ubiquitin not being able to be cleaved. This issue of the
cleaving not being successful was hypothesized to be remedied with mutagenesis of the
aspartic acid present at the 332 position into a glycine, as the binding cannot occur in the
wildtype due to potential steric hindrance, causing USP17 to inefficiently bind with the
ubiquitin, hence its incapability of being cleaved, as although aspartate has low steric
hindrance individually, glycine experiences none, potentially improving the binding domain to
accommodate linear di-ubiquitin.



Following gel cleavage assays, between both protein constructs, confirmed that the steric
hindrance of the catalytic domain present on USP17D1D2-2GKG was too high to sufficiently
bind to linear di-ubiquitin, however lowering that steric strain with the introduction of a smaller
amino acid with glycine, caused a minor improvement in the cleaving possibilities of linear di-
ubiquitin.

USP17 was wrongly described as a protein which inefficiently binds with K6, as the gel cleavage
assays and fluorescence polarization assays have shown, USP17 is able to cleave the K6-linked
bond with ease and haste, as monoubiquitin was able to appear within five minutes of being
introduced, and with the fluorescence polarization results, 1TuM of enzyme cleaved the
fluorescent tag present on the K6 almost immediately upon introduction, therefore out of all the
substrates tested in this study, K6 would be the second most efficient substrate to bind to
USP17, only behind K11. It is to be noted however, that the K6 used in the procedures was a
mimetic, the purpose being to increase stability and to limit the risk of denaturation, therefore
any interactions that could occur in vivo are not considered, such as the protein behaving
differently as was demonstrated, therefore literature that referenceconsistently butSP17 is
inefficient at cleaving K6-linked di-ubiquitin could potentially be correct if a mimetic was not
used, however since the structure of the protein remains intact bar a few PTMs, the conclusion
would be that USP17 not only cleaves K6 consistently, but also is selective.

Regarding the fluorescence polarization assays, USP2CD was used for one assay due to its
nature of being a control to ensure the protocol was being accomplished correctly, with the
scatter graph (fig. 11) proving that expression, purification, and storage of the protein was
successful, along with proving that the fluorescent di-ubiquitin probe was functioning as
intended , and therefore the protocols can be repeated on USP17D1D2-2GKG and USP17D1D2-
D332G2GKG.

As the crystallization failed to produce any meaningful crystal samples for analysis, only testing
on the Morpheus screen was deemed inefficient, therefore for any future work that can be
conducted, the ligand-friendly screen is a respectable alternative, as the slight alkaline
conditions that the screen contains allows the protein to be more accommodated and active,
increasing the likelihood of crystal formation. JCSG-plus screen can also be a consideration as
the various conditions that are present within one screen, hypothetically would allow USP17 to
remain active over an extended period, causing crystallization to occur. Moreover, the protocols
conducted on the Morpheus screens should have been repeated at least two more times to
reduce the possibility of errors being made with the gel filtration process, the storage of the
screens and proteins, or crystallisation being fully accomplished within a singular day rather

than the protein or complexes being stored at -80°c overnight.

Regarding any future work that can be accomplished to further the results gathered from this
project, crystallization studies should be prioritized, due to the lack of results presented by the
screens used.
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