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Abstract

Leishmaniasis is a neglected tropical disease, which inflicts a variety of
gruesome pathologies on humans. The number of individuals afflicted with
leishmaniasis is thought to vary between 0.7 and 1.2 million annually, of whom it
is estimated that 20 to 40 thousand die. This problem is exemplary of inequality
in healthcare - current leishmaniasis treatments are inadequate due to toxicity,
cost, and ineffectiveness, so there is an urgent need for improved

chemotherapies.

Ubiquitination is a biochemical pathway that has received attention in cancer
research. It is the process of adding the ubiquitin protein as a post-translational
modification to substrate proteins, using an enzymatic cascade comprised of
enzymes termed E1s, E2s, and E3s. Ubiquitination can lead to degradation of
substrate proteins, or otherwise modulate their function. As the name suggests,
this modification can be found across eukaryotic cell biology. As such,
interfering with ubiquitination may interfere with essential biological processes,
which means ubiquitination may present a new therapeutic target for

leishmaniasis.

Before ubiquitination inhibitors can be desighed, components of the
ubiquitination system must be identified. To this end, a bioinformatic screening
campaign employed BLASTs and hidden Markov models, using characterised
orthologs from model organisms as bait, to screen publicly-available Leishmania
mexicana genome sequence databases, searching for genes encoding putative
E1s, E2s, and E3s. To confirm some of these identifications on a protein level,
activity-based probes, protein pulldowns, and mass spectrometry were used.
Using an activity-based probe that emulates the structure of adenylated
ubiquitin, E1s were identified, and their relative abundance quantified. A
chemical crosslinker extended the reach of this probe, allowing the
identification of an E2 (LmxM.33.0900). It is noted that L. mexicana has two E1s
- unusual for a single celled organism. Of these E1s, LmxM.34.3060 was
considerably more abundant than LmxM.23.0550 in both major life cycle stages

of the in vitro Leishmania cultures.



It is important to describe the wider context of these enzymes - what is their
interactome, what are their substrates? To study this, CRISPR was used to fuse a
proximity-based labelling system, BiolD, on genes of interest - LmxM.34.3060
and LmxM.33.0900. The E2 (LmxM.33.0900) was shown to interact with the E1
(LmxM.34.3060), validating the results from the activity-based probe and
crosslinker experiments. Due to sequence homology with characterised
orthologs, the E2 was hypothesised to function in the endoplasmic reticulum
degradation pathway. Immunoprecipitations of a ubiquitin motif, diglycine, were
conducted with a view to gathering information on the substrates of ubiquitin.
Anti-diglycine peptides included some of those identified by BiolD. Experiments
examining ubiquitin’s role in the DNA damage response were also initiated, as
were improvements to the proximity-based labelling system, however these

were not followed to completion due to a lack of time and resources.

To examine the possibility of finding novel drug targets in the ubiquitination
cascade, recombinant proteins were expressed. LmxM.34.3060 was expressed in
a functional form, while a putative SUMO E2 (LmxM.02.0390) was functional
after refolding. Expressed LmxM.33.0900 was not functional and could not be
refolded into a functional form. Drug assays were conducted on LmxM.34.3060,
which found an inhibitor of the human ortholog, TAK-243, to be 20-fold less
effective against the Leishmania enzyme. Additional assays found an inhibitor
that was 50-fold more effective at inhibiting the Leishmania enzyme as opposed
to its human equivalent - 5'0-sulfamoyl adenosine. Furthermore, a new
mechanism of action, inhibiting the E1, for was identified for drugs previously
characterised to inhibit protein synthesis. LmxM.34.3060 underwent biophysical
characterisation, with structural information obtained using SAXS and protein
crystallography. A crystal structure was solved to 3.1 A, with the in-solution
SAXS structure complementary to this. TAK-243 was modelled into the
LmxM.34.3060 structure and clashes were predicted, concurring with TAK-243’s

reduced efficacy against the Leishmania enzyme in the drug assays.

This project aimed to characterise the potential of an understudied biochemical
system to provide novel therapeutic targets for a neglected tropical pathogen.

To achieve this aim it presents the identifications of two E1s, an interactome, a



structure, and a potent, selective inhibitor of a Leishmania ubiquitin activating

enzyme.
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LmxM.34.3060 A putative ubiquitin activating enzyme
MS Mass spectrometry
PBS Phosphate buffered saline
PSM Peptide spectral matches
RBR RING-between-RING
RING Really interesting new gene
SAXS Small angle X-ray scattering
SEC Size exclusion chromatography
THP1 A human monocyte cell line
Ub Ubiquitin

Ubl Ubiquitin-like
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1.1 Quipu

It is well known that the Inca empire featured vast stone cities, gold, and
treasure. But, at its height in the 15t century, it also consisted of 10 - 12 million
people governed by a federal system with power centralised in the capital city,
Cusco. Food and commodities were centrally controlled, with subjects issued
with necessities from state storehouses in exchange for labour (Cossins, 2018).
These storehouses had inventories, just as the subjects had tax records. Yet, the
Inca had no written script with which to conduct this extensive administration.
What they did have were intricately knotted cords, called “quipu”. Quipu
encode information in the specific structures of knots that are tied at distinct
positions - this is to say that detailed information is recorded in the way a cord
is connected to other cords via knots (Harari, 2014). So why open a biochemistry
thesis with anthropology? Because of the remarkable parallels between quipu, a
pre-Columbian record system, with ubiquitination, the act of modifying proteins

with ubiquitin to modulate their function.

1.2 The ubiquitin code

Like quipu, ubiquitination can be thought of as transmitting information,
information encoded in the linkages between proteins. Ubiquitination is the
term for when ubiquitin (Ub) is added to a substrate protein, typically through
forming an isopeptide bond between ubiquitin’s C-terminal glycine and the ¢-
amino group of a substrate’s lysine residue (Pickart, 2001). Although, non-
canonical ubiquitination deserves a mention, where ubiquitin can be added to
the amino group of the protein’s N-terminal, as well as cysteine, serine, or
threonine residues (forming peptide, thioester, and hydroxyester bonds
respectively) (McClellan, Laugesen and Ellgaard, 2019). But what is ubiquitin?
Ubiquitin owes its name to its ubiquitous expression. It is a protein composed of
76 compact and tightly hydrogen bonded amino acids, which form a B-sheet with
five anti-parallel B-strands and a single helical segment. Due to the way in which
the B-sheet appears to “grasp” the helical segment, this fold has become known
as the B-grasp (Vijay-Kumar, Bugg and Cook, 1987); and since first being
documented in ubiquitin it has been found in a diverse array of proteins,
becoming a defining feature of the ubiquitin-like (Ubl) protein family (Burroughs

et al., 2007). Notably, ubiquitin has seven lysine residues spread across all faces
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of the molecule, pointing in different directions (Figure 1-1). As ubiquitin is a
protein with lysine residues, and ubiquitin can be added to proteins at lysine
residues, ubiquitin can be added to itself, forming polyubiquitin chains. The
plethora of lysines on both substrate and ubiquitin moieties are integral to
understanding the ubiquitin code - each linkage results in a distinct chain
conformation, and the more distinct conformations the more diverse the
information that can be encoded. For instance, a polyubiquitin chain may be
compact, in which adjacent ubiquitin moieties interact with one another; or
open, in which the only interface between moieties is the linkage site. Examples
of compact chains include Lys48-linked diubiquitins, where interactions between
hydrophobic patches centred on Ile44 cause the moieties to pack tightly
together. And so in Lys48-linked tetraubiquitin, where two of these diubiquitins
are closely arranged (Eddins et al., 2007). Yet, in another compact chain,
moieties linked through Lys11 have their hydrophobic Ile44 patch facing out into
the solute (Bremm and Komander, 2011). In contrast, open conformations, like
those made by Met1- and Lys63-linked chains, have high conformational freedom
(Sims and Cohen, 2009). It is this structural diversity that forms the foundation

of the ubiquitin code.

Figure has been removed due to
copyright restrictions.

Figure 1-1 Ubiquitin and its topologies a) Structure of ubiquitin, showing its seven lysine
residues and methionine 1, all free amino groups available for building polyubiquitin chains. b) The
variety of topologies that ubiquitin can have in a cell. Both figures were taken from “The Ubiquitin
Code” by Komander and Rape (Komander and Rape, 2012).



Chapter 1 19
1.3 Activating ubiquitin

Of course, any functioning code demands specific assembly. In the same way a
thesis introduction can only function if letters are arranged to form meaningful
words, or a quipu can only function if the right knots are tied in the proper
positions, ubiquitination can only function if the same enzymes catalyse the
formation of the same products each time they act on a substrate. These
enzymes can be divided into three cooperating families: firstly, there is the
ubiquitin activating enzyme (E1), then the ubiquitin conjugating enzyme (E2),
and finally the ubiquitin ligase (E3) (Figure 1-2). The goal of an E1 is to activate
the C-terminus of ubiquitin, in preparation for its ultimate attack on a
substrate’s amino group. E1s achieve this through adenylation, which occurs
when the hydrophobic patches between ubiquitin and the E1 interact, causing
ubiquitin’s carboxy-terminal flexible tail to reach into the E1’s ATP binding
pocket and attack the a-phosphate of the ATP. Remarkably, at this point the E1
undergoes massive domain rearrangements around the bound ubiquitin. By
moving a catalytic cysteine approximately 130° from its prior position, over a
distance of 30 A, it enables this catalytic cysteine to attack the high-energy
adenylate, producing a covalent thioester linkage between the cysteine
sulphydryl and the C-terminus of ubiquitin (Schulman and Wade Harper, 2009).
During this thioesterification reaction, the domain containing the cysteine active
site changes from a helical conformation to an extended one, allowing it to
reach into the adenylation pocket. So the movements of the cysteine domain
can be categorised into two conformations: open (when adenylating ubiquitin),
and closed (when the adenylated ubiquitin reacts with the cysteine active site)
(Lorenz et al., 2013). And so conformational flexibility permits biochemical
flexibility - having various locales for multiple active sites allows the catalysis of
three reactions: adenylation, thioesterification, and transthiolation (the latter

being the transfer of ubiquitin from an E1 to an E2, more on which below).
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Figure has been removed
due to copyright restrictions.

Figure 1-2 Overview of the ubiquitination system. a) The functions of the enzymes involved in
ubiquitination, show an E1 adenylating ubiquitin, and an E2/RING E3 complex conjugating ubiquitin
to a substrate. Figure taken from Wikipedia article “Ubiquitin” (Rogerdodd, no date) b) The
ggrlnlc;graphics of the ubiquitination enzymes. Figure taken from Cao and Mao (Cao and Mao,

In humans two E1s can activate ubiquitin - UBA1 and UBA6. Both enzymes are
pseudosymmetrical monomers, both approximately 118 kDa. For more than two
decades it was thought that UBA1 was solely responsible for charging E2s, as is
the case in lower eukaryotes, but then UBA6 was discovered to also charge
ubiquitin (Jin et al., 2007). This was surprising as, despite both enzymes being
monomers of nearly identical mass, UBA1 and UBA6 share only 42.41% identity.
Furthermore, UBA6 activates the Ubl molecule FAT10 as well as ubiquitin.
Nonetheless, UBA6 activates ubiquitin as efficiently as UBA1 and transfers it to
an E2, UbcH5b, with equal efficiency (Pelzer et al., 2007). So why have two
enzymes doing the same job? Given that UBA6 is essential for early
embryogenesis in mice (in a capacity unrelated to FAT10), it is not merely
redundant (Chiu, Sun and Chen, 2007). In fact, UBA6 has its own E2, Use1, which
UBA1 cannot charge (Jin et al., 2007). The significance of this is that there is a
level of control even at this earliest stage of ubiquitination - an E1 may not
come into direct contact with ubiquitin’s substrates, but nonetheless influences

which substrates get ubiquitinated.

This may be the case in humans, but which other organisms possess two

ubiquitin E1s? UBA6 can be found in vertebrates (and, curiously, the sea urchin)
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but is not detected in insects, worms, fungi or plants, which have a single E1 to
charge ubiquitin (Groettrup et al., 2008). This regression through evolutionary
history begs the question of the origin of E1s. Given that complete toolkits for
conjugating ubiquitin and ubiquitin-like proteins exist in all main groups of
eukaryotes, it would appear that ubiquitination predates the last eukaryotic
common ancestor, with components even found in several archaeal groups
(Grau-Bové, Sebé-Pedros and Ruiz-Trillo, 2015). As such, ubiquitination must
have its origin in prokaryotes. The bacterial proteins molybdopterin-converting
factor subunit 1 (MoaD) and thiamine biosynthesis protein S (ThiS) both harbour
the B-grasp fold (Lake et al., 2001; Wang et al., 2001). These proteins carry
sulphur to be assimilated into molybdopterin and thiazole, respectively; where
molybdopterin is a small molecule cofactor and thiazole is a precursor in
thiamine production. MoaD and ThiS are activated by C-terminal adenylation,
which is carried out by the enzymes molybdopterin biosynthetic enzyme B
(MoeB) and ThiF, respectively. Furthermore, MoeB and ThiF possess sequence
homology with the E1 domain responsible for binding and adenylating ubiquitin,
the common building block of all E1s. To reiterate, MoaD and ThiS possess a fold
typical of ubiquitin and are only activated after adenylation of their C-terminals.
The enzymes MoeB and ThiF are responsible for this, and embody the minimal
component of E1s that can recognise and adenylate ubiquitin (Lake et al., 2001;
Wang et al., 2001). Although MoeB and ThiF may be the ancestral E1s, there are
no obvious prokaryotic antecedents of E2s. Perhaps this is why a uniting feature
of all the various ubiquitin and ubiquitin-like pathways is activation by an E1-like
enzyme (Hochstrasser, 2000). The far-reaching historical pedigree of the E1s,
coupled with their lasting sequence similarities and conserved mechanisms,
provides a sense of their importance to innumerable organisms, and certainly to

all eukaryotic cells.

Looking toward the next stage of the ubiquitination cascade, before an E2 can
accept an activated ubiquitin, a second ubiquitin must be bound to the E1
adenylation site. Therefore, the E1 is asymmetrically loaded with two ubiquitin
molecules: one covalently bonded to a catalytic cysteine and ready to be handed
off to an E2; and a second non-covalently associated at the adenylation active
site. This second ubiquitin molecule does seem to accelerate the transfer of the

ubiquitin at the cysteine active site, although what mechanism is at work is
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unknown (Schulman and Wade Harper, 2009). When it comes to recognising the
E2, the E1 does so in a tripartite manner, involving three domains. Of interest
are the mobile domains: the ubiquitin fold domain of the E1 (a C-terminal
domain, named due its use of a B-grasp fold), and the ubiquitin molecule at the
E1’s cysteine active site. Upon transfer of ubiquitin from the E1 to the E2, a
third of the tripartite interactions are lost. This facilitates movement of the
ubiquitin fold domain, which swings towards the E1 and away from the E2
(Huang et al., 2007). Having lost two thirds of its interacting surfaces, the
E2~ubiquitin is released from the E1. The mobility of these two domains also
adds directionality to the cascade, decreasing the chance of backwards

movement of ubiquitin from an E2 to an E1.

1.4 Conjugating and ligating ubiquitin

E2s, ubiquitin conjugating enzymes, are often viewed as mere middle men in the
ubiquitination cascade, simply carriers of ubiquitin. Yet, despite being only
twice the size of their substrate, containing just a solitary active site, E2s
generally catalyse two types of reactions: transthiolation (transfer from a
thioester to a thiol group) and aminolysis (transfer from a thioester to an amino
group) (Stewart et al., 2016). The defining motif of these enzymes is their
histidine-proline-asparagine tripeptide that generally appears eight amino acids,
on the C-terminal side, away from an active site cysteine. This motif assists in
the folding of the active site (Jones et al., 2001). This motif is part of a domain
common to all E2s - the approximately 150 amino acid UBC (UBiquitin
Conjugating) domain, which is the catalytic core domain, the minimum unit of
an E2 necessary for enzymatic activity (Valimberti et al., 2015). The UBC domain
has an a/B-fold, usually with four a-helices and a four stranded B-sheet (Stewart
et al., 2016) (Figure 1-3). The majority of human E2s comprise of only the UBC
domain, yet many have short extensions on their N- and/or C-terminals to
modulate their functions. Typically, these extensions are intrinsically
disordered, but some have secondary structures that contact the UBC domain
(Schelpe et al., 2016). A few E2s have an additional structured domain that is
connected to the UBC domain, and another significant minority are part of large
multidomain proteins (Stewart et al., 2016). All this is to say that the common
UBC fold of an E2 has been adjusted for use in particular systems. Yet a fuller

understanding of the approximately 40 human E2s can be better obtained when
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the intrinsic reactivity of an E2 is contrasted with its reactivity when part of an

E2-E3 complex (van Wijk and Timmers, 2010).

Figure has been removed due to
copyright restrictions.

Figure 1-3 The UBC fold of UBE2D2 Conserved structural features are indicated by red a-helices
and yellow B-sheets. The main site for interactions with E1s and E3s is indicated by the
components labelled H1, L1, and L2. The catalytic cysteine is shown by magenta spheres. This
figure was taken from van Wijk and Timmers (van Wijk and Timmers, 2010).

To state the obvious, E2s can exist as E2~ubiquitin conjugates. Yet, the
implications of this are perhaps less conspicuous - if E2~ubiquitin conjugates are
already wired to react, why don’t they? What keeps their reactivity low, and
how do E3s stimulate E2s? Even in the absence of an E3, most E2s show some
innate ability to transfer ubiquitin to free lysine (Stewart et al., 2016). Yet,
unexpected data has still been obtained when assessing this intrinsic reactivity
of E2~ubiquitin conjugates. One example is Ube2W, an E2 that functions as part
of the Fanconi anaemia complex, which responds to DNA damage. Ube2W
possesses no inherent ability to react with free lysine, instead attaching
ubiquitin to the N-terminal a-amino group of proteins, forming fusion proteins
(Vittal et al., 2014). This is in direct contrast to Ube2W’s reactivity in the
presence of its cognate E3s (BRCA1/BARD1 and FANCL, the latter also a part of
the Fanconi anaemia complex), which induce it to ubiquitinate the free amino
group of lysine (Zhang et al., 2011). The cause of this is Ube2W’s unusual UBC
domain, which has a disordered C-terminal extension that hovers near the active
site. This extension can accommodate a variety of substrate N-terminal
backbones, as Ube2W'’s disorder renders it non-specific (curiously, it cannot
catalyse polyubiquitination, as the N-terminal of ubiquitin is too highly
structured to be a good substrate for Ube2W) (Vittal et al., 2014). A similar
example is found with Ube2J2, an E2 that degrades misfolded proteins,
functioning as part of the endoplasmic reticulum associated degradation
pathway. Ube 2J2 can ubiquitinate lysine residues, but when exposed to an E3 of

viral origin (the RING E3 murine K3 from the mouse y-herpesvirus), Ube2J2 will
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preferentially ubiquitinate serine and threonine residues on the major
histocompatibility complex (Wang et al., 2007). Supporting evidence is that the
yeast homolog of Ube2J2, Ubcé, is essential to degrade a lysine-less substrate
(Boban, Ljungdahl and Foisner, 2015). Yet, despite these interactions, any
intrinsic ability of Ube2J2~ubiquitin conjugates to react with serine or
threonine, and so catalyse hydroxyl reactions, has yet to be demonstrated
(Stewart et al., 2016). These cases, albeit from unusual E2s, underline the

changeable natures of ubiquitin conjugating enzymes.

Working our way down the cascade we come to the ubiquitin ligases, E3s. These
play a decisive role in selecting substrates. Given the innumerable substrates of
ubiquitin, it is no surprise that E3s can number in their hundreds, with the
human genome encoding more than 600 (Li et al., 2008). Thankfully, these
multitudes can be broadly grouped into three families, families that are
dependent on the domain used to bind E2~ubiquitin. RING E3s (Really Interesting
New Gene) act as a scaffold to catalyse the direct transfer of ubiquitin from an
E2 to a substrate, lacking a catalytic cysteine themselves. This distinguishes
them from the HECT (Homologous to E6AP C-Terminus) and RBR (RING-Between-
RING) families, whose catalytic cysteine receives ubiquitin from an E2, before
passing it on to the substrate (Buetow and Huang, 2016). However, E3s are far
from equally distributed between these families, with the human genome
encoding approximately 600 RING, 28 HECT, and 14 RBR E3s (Buetow and Huang,
2016). A natural question arises: when E2s and E3s are working together, which
determines the substrate? That responsibility is left to the last party holding the
activated ubiquitin - an E2 when RING E3s are involved, and an E3 in the

circumstances when the E3 has a catalytic cysteine (Stewart et al., 2016).

One function of E3s is to dramatically increase the intrinsic reactivity of many
E2s. For example, E2s of the Ube2D family will react slowly with lysine if no E3 is
present, but rapidly react when presented with the RING domain of an E3
(Wenzel et al., 2011). Complexes of E2s and E3s form using the E2’s UBC binding
domain, (specifically its residues in loops four and seven, as well as those in
helix one), which interact with either the E3’s HECT or RING domain with a
moderate to weak affinity (Zheng et al., 2000). This same region of the E2 is

also responsible for E1 interactions, which, given its necessity in multiple
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protein interactions, may be why most E2s share similar electrostatic properties
in this area (Sheng et al., 2012). Furthermore, that an E2 uses one locale to
interact with multiple partners means that binding an E1 or an E3 is a mutually
exclusive event (Eletr et al., 2005). This also means that an E1/E2/E3 complex is
unlikely to form, so an E2 will need to be recycled before it can be used to add

additional ubiquitin to a substrate.

1.5 Reading the ubiquitin code

So that is how the code is written, but to what end? Why bother with a multi-
layered system comprising of hundreds of enzymes, what information could
possibly justify such an elaborate system? How can information even be derived
from the arrangement of small molecules? And are there other systems based on

similar principles?

To answer the last question first, ubiquitin is far from alone. As mentioned
above, the B-grasp fold provides a similar core structure for the nebulous
constellation of ubiquitin-like proteins, which features 17 members from 9
families. This provides evidence of common ancestry from pre-existing parts that
had already experienced extensive diversification in prokaryotes (Hochstrasser,
2009). One such cousin of ubiquitin is SUMO (Small Ubiquitin-related MOdifier),
which is also involved in a myriad of fundamental cellular processes, such as DNA
replication, transcription, cell cycle regulation, DNA damage repair, chromatin
organization, ribosome biogenesis, pre-mRNA splicing, nuclear trafficking, signal
transduction and protein degradation (Pichler et al., 2017). Ironic given its title,
but mammalian SUMO proteins are typically larger than ubiquitin, extending to
approximately 100 amino acids. Mammalian cells express up to five SUMO
paralogs, although Saccharomyces cerevisiae has only one SUMO protein, which
is essential (Pichler et al., 2017). Typically, SUMO is a monomer conjugate, in
which it is often attached at a SUMO consensus motif. Additionally, there is a
growing body of evidence that poly-SUMO chains are employed in at least some
aspects of SUMO function, although, unlike ubiquitin, there is no evidence that
different linkages result in different outcomes for the substrate (Ulrich, 2008). A
notable role for poly-SUMO chains is their ability to signal for ubiquitination of a
substrate, thereby promoting its degradation (Ulrich, 2008). As for attaching

SUMO, in humans the sole SUMO E1 is a heterodimer, comprised of subunits
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termed Sae1 and Sae2, where only Sae2 is catalytically active. Furthermore,

there is only one SUMOylation E2 present in humans, Ubc9.

To return to ubiquitin, even though the same principles underlie its cousins -
information is encoded its structural diversity. This diversity can be read by
effector proteins with ubiquitin binding domains, which translate the
modifications into specific outcomes. There are various facets of the chain
structure that can be recognised, for example the distance between ubiquitin
molecules. Rap80 (a protein involved in recruiting proteins for DNA repair) has
multiple ubiquitin binding domains that interact with ubiquitin’s Ile44 patch,
although these ubiquitin binding domains are separated by a helix. This helix
acts somewhat like a ruler, spacing the domains in such a way that only the open
conformation of Lys63-linked chains (as opposed to the closed conformation of
Lys48-linked chains) have the correct distance between Ile44 patches to be
recognised (Sims and Cohen, 2009). Alternatively, the flexibility of the chain can
be used - the TAK1 binding protein 1 (used for signalling nuclear factor-kB)
employs Npl4-like zinc fingers to distinguish between Lys63- and Met1- linked
chains. This is achieved as the Npl4-like zinc fingers bind to two Ile44
hydrophobic patches on subsequent moieties, which contorts the ubiquitin chain
in such a way as to displace Met1 from the distal unit’s C-terminus. Given this, it
is impossible for Met1-linked chains to bend in the same way, and so, despite
their structural similarity to Lys63-linked chains, Met1-linked chains are not
recognised by TAK1 binding protein 1 (Sato et al., 2009). Interestingly, ubiquitin
is highly conserved from yeast to human, featuring only three conservative
changes, rendering it one of the most highly conserved of all eukaryotic proteins
(Sharp and Li, 1987). This suggests ubiquitin’s structure is subject to high
evolutionary pressure, implying that ubiquitin binding domains recognise most of

ubiquitin’s surfaces.

As to the function of ubiquitin, it is an all-purpose molecule, touching on all
aspects of eukaryotic biology. Myriad mechanisms are dependent on ubiquitin:
cell cycle advancement, apoptosis, cell division, cellular differentiation,
organelle biogenesis, quality control in protein synthesis, protein transport,
stress responses, histone regulation, and DNA repair are just a few examples

(Weissman, 2001). This multitasking is why equally many human pathologies are
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linked to ubiquitination: muscle dystrophies, metabolic syndromes, inflammatory
disorders, infections, autoimmunity, neurodegenerative diseases, and cancer
(Popovic, Vucic and Dikic, 2014). When considering how many aspects of life
involve ubiquitination, it comes as no surprise that, in 2004, the highest honour
in science, the Nobel Prize, was awarded to Aaron Ciechanover, Avram Hershko,
and Irwin Rose for their discovery of ubiquitin-mediated protein degradation
(Editorial, 2004). Before this research protein degradation was an unfashionable
topic, clearing the cell of rubbish was thought to be no more exciting than
clearing household waste. Yet these investigators demonstrated the level of
specificity and control operating in protein degradation. Furthermore, now with
the benefit of additional decades of research, it is has become apparent that
ubiquitin has truly lived up to its name - ubiquitous in both expression and

function.

1.6 Leishmania and Leishmaniasis

The protozoan parasites of the Leishmania genus have had a colossal impact on
humanity across aeons, and even today they continue to annually disfigure 0.7 -
1.2 million people, whilst killing between 20 to 40 thousand (Alvar et al., 2012).
Leishmania are the second largest parasitic killer in the world because they are
the causative agents of various forms of leishmaniasis. Leishmania parasites, and
the disease they cause, are spread by their vector: infected female sand flies of
the phlebotomine subfamily. These flies are widely spread across the globe,
afflicting vast swathes of people from Brazil to Ethiopia, from India to Iraq, and
from Spain to Kazakhstan, to give a just a few examples of the 98 countries that
reported endemic leishmaniasis transmission (Alvar et al., 2012). Yet, although
the disease can be found almost worldwide, the parasite discriminates against
the poorest and most vulnerable in society disproportionately - becoming both a

cause and a consequence of poverty (Okwor and Uzonna, 2016).

The terrible burden inflicted by Leishmania has a long and storied history,
predating humanity and even the continents as we know them today. The
earliest Leishmania-like fossil was found inside of an extinct species of sand fly
that had been trapped in 100 million-year-old amber from the Cretaceous period
(Poinar and Poinar, 2004). This ancient origin lead to one hypothesis that a

monoxenous insect flagellate disseminated into mammals, whereby the
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diversification of mammals resulted in the evolution of new genera of parasites
(Espinosa et al., 2016). However, further variety in the Leishmania subgenera is
due to the breakup of the supercontinent Gondwana, which placed some hosts
and parasites in what is now South America and others into Africa, where
distinct evolutionary paths were taken. Not to mention that further complexity
is added as prehistoric hosts took migratory routes along land bridges that have
not existed in our recorded history (Momen and Cupolillo, 2000). To skip over
millions of years, this fascinating tale continues into the comparatively recent
history of the ancient Egyptians, as four approximately 4000 year-old mummies
were found to contain fragments of Leishmania mitochondrial DNA (Zink et al.,
2006). Subsequently, in the Middle Ages of the New World, Incas were using
pottery figurines to depict two different forms of leishmaniasis, and the
Conquistadores were warning one another of the “deep and fetid sores” insect
bites could cause (Novo et al., 2016). Around the turn of the 20t century a
Russian military surgeon named Piotr Fokich Borovsky was the first to
acknowledge that the lesions typical of leishmaniasis contained protozoans, yet,
as his discovery was published in an obscure Russian journal, his work went sadly
unaccredited (Hoare, 1938). Those who received the acclaim a few years later
were the Glaswegian Professor Sir William Boog Leishman, who was serving in
the British army in colonial India, and an Irish medical officer in the Indian
Medical Service named Charles Donovan. Donovan and Leishman made their
breakthroughs independently mere weeks apart and had their discovery named
in their honour - thus a new genus was born with Leishmania donovani
(Leishman, 1903).

What made Leishmania so notable throughout human history is the variety of
gruesome pathologies it incurs. There are over 20 Leishmania species that have
had ample time to diversify, thereby providing a nuanced yet expansive range of
symptoms. Nonetheless, the disease can be broadly classified into three main
forms: cutaneous, mucocutaneous, and visceral. Cutaneous leishmaniasis is, in
general, characterised by an erythema that appears at the site of a sand fly
bite, after a variable prepatent period. This erythema in turn advances into a
papule, then a nodule, before ulcerating to become the unsightly lesion that
typifies cutaneous leishmaniasis (Reithinger et al., 2007). Although rarely life

threatening, this disease is nonetheless debilitating to those who suffer it
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because, as with any disease that resembles leprosy, there is considerable
stigma attached - examples include women being abandoned by their husbands
and children being barred from school (Okwor and Uzonna, 2016). Additionally, a
lesion on a hand or foot can be disabling for the sufferer, preventing them from
working or walking. Mucocutaneous leishmaniasis is a serious complication of
cutaneous leishmaniasis, in which the parasites spread to mucous tissues through
the lymphatic or vascular systems. This can cause ulceration of the nasal
mucosa, lips, cheeks, soft palate, pharynx or larynx. Not only is this difficult to
treat and likely to develop a secondary bacterial infection, but it can also
interfere with the patient’s eating and respiration (Reithinger et al., 2007).
However, the vast majority of deaths are due to visceral leishmaniasis, which is
when cells of the reticuloendothelial system are parasitized. This can affect a
number of internal organs, although typically the liver and spleen are
particularly susceptible (Allison, 1993). Unfortunately, this is not all the sufferer
has to worry about - a study in Nepal found that average treatment cost for a
bout of visceral leishmaniasis was more than the annual household per capita
income, with some families forced to take out high-interest loans or sell their
livestock (Rijal et al., 2006); and a similar study in India noted that, for
households with a visceral leishmaniasis patient, the estimated annual household
expenditure on visceral leishmaniasis was higher than the average household
assets (Sarnoff et al., 2010). Despite these high costs, the afflicted have little
choice but to seek help as the disease is almost invariably fatal if left untreated

over a two-year period (Allison, 1993).

1.7 Treating leishmaniasis

Treatment for leishmaniasis is far from ideal. Without a vaccine, treatment is
based on chemotherapy. Yet this chemotherapy is based on very few drugs, and
these few drugs have serious shortcomings. Toxicity, difficult administration,
prolonged treatment, high production costs, and severe adverse reactions
characterise current leishmaniasis treatments. Perhaps these flaws could be
justified if the treatments were effective at completely eliminating parasites,
but that is not the case for the most commonly used drugs. A problem which
emerging drug resistance will only exacerbate (Sasidharan and Saudagar, 2021).
Despite being over six decades old, with an obscure mechanism, pentavalent

antimonials are the still the most frequently used anti-leishmanial drug. It has
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been noted that pentavalent antimonials are prodrugs, as the pentavalent
antimonite is reduced to trivalent antimonial, which is a more potent anti-
leishmanial. This is hypothesised to occur in the acidic environment of a
macrophage phagolysosome (the human host cell of the parasite) (Aruleba et al.,
2020). Yet, serious adverse effects can include muscle pain, joint pain,
abdominal pain, headaches, lethargy, nausea, anorexia, vomiting, and even fatal
cardiac arrhythmia (De Menezes et al., 2015; Sasidharan and Saudagar, 2021).
This is due to accumulation in tissues, that can induce pancreatitis,
pancytopenia, nephrotoxicity, cardiotoxicity. In turn, this accumulation is
caused by the prolonged course of drug administration - typically large daily
parenteral doses of 20 mg of pentavalent antimonials/kg/day for 20-30 days
(Frézard, Demicheli and Ribeiro, 2009). The severe side effects and long
treatment courses therefore demand hospitalisation of patients, who may,
understandably, abandon treatment, which furthers drug resistance (Sundar,
2001).

As drug resistance to pentavalent antimonals increases, amphotericin B becomes
the go-to drug for visceral leishmaniasis (Mann et al., 2021). Amphotericin B was
discovered by Donovick, Gold, Pagano, and Stout in 1955 (Donovick et al., 1955).
A product of the bacteria Streptomyces nodosus, isolated from a soil sample in
Venezuela’s Orinoco River region, it was initially licensed as an antifungal
(Cavassin et al., 2021). Its mechanism revolves arounds its amphipathic nature,
elongated structure, and ability to bind sterols. One such sterol is ergosterol, a
major component of Leishmania’s cell membrane. When the hydrophobic portion
of amphotericin B binds to ergosterol, within the cellular membrane, its polar
head faces away from the membrane. As such, this elongated molecule inserts
itself within the membrane, forming pores that lead to the egress of electrolytes
and other small metabolites from the intracellular medium, ultimately causing
cell death (Cavassin et al., 2021). However, another sterol is cholesterol, which
substitutes ergosterol in human cell membranes. Fortunately, amphotericin B
has a lower affinity for cholesterol, but still enough of an affinity to damage the
host kidneys, heart, and blood. (Cavassin et al., 2021). As a consequence,
inducing rigor, chills, and fever (De Menezes et al., 2015). Initially, due to poor
absorption through the gastrointestinal tract, it was administered intravenously,

with a 95% cure rate obtained using daily doses of 1 mg/kg for 20 days (Aruleba
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et al., 2020). Yet, the aforementioned side effects, exacerbated by the long
treatment regimen, undermine its efficacy. As such, liposomal formulations of
amphotericin were developed to reduce its adverse effects and better its
pharmokinetic properties. These drugs are a success in that they are less toxic,
but they are expensive and demand cooling due to instability at warmer
temperatures, complicating their use in the developing, tropical nations in most
need (De Menezes et al., 2015).

Another treatment option is paromomycin. An aminoglycosidic antibiotic, with
both antileishmanial and antibacterial capacities, it can cure both visceral and
cutaneous leishmaniasis (although it is more effective with the latter). This drug
can be administered intramuscularly, intravenously, and even topically (Matos et
al., 2020). It has an efficacy similar to amphotericin B, yet lacks the more
severe side effects of that drug (Wiwanitkit, 2012). For visceral lesihmaniasis,
dosing of 15 mg/kg for 21 days gives a 95% cure rate, with associated side
effects of nephrotoxicity and ototoxicity (Aruleba et al., 2020). Given the
formation of skin lesions and paromomycin’s effectiveness against both new and
old world leishmaniasis, topical formulations are the most commonly used
(Aruleba et al., 2020). The mechanism of paromomycin is not fully elucidated. It
has been suggested that mitochondria are targeted, although it is also known to
inhibit translocation and recycling of ribosomes, so inhibiting protein synthesis is
thought to be a primary mechanism (Singh, Kumar and Singh, 2012). Its
inexpensive nature is a huge boon; however, resistant cell lines are easy to
induce experimentally, and a Nepalese strain of L. donovani already shows high
natural paromomycin resistance (Aruleba et al., 2020). Furthermore,
paromomycin resistant strains are every bit as transmissible as the paromomycin

susceptible parental lines (Hendrickx et al., 2020).

A recent addition to the armamentarium is miltefosine. An alkylphosphocholine,
originally developed to treat cancer, it is considered a major breakthrough in
leishmaniasis treatment - the first oral drug (Singh, Kumar and Singh, 2012).
Coupled with its tolerable side effects (primarily mild vomiting and diarrhoea,
though nephro- and hepatotoxicity have been reported), it is a recommended
treatment for both cutaneous and visceral leishmaniasis (Sundar and Olliaro,

2007). As is often the case, the precise mechanism of action of is unclear.
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Miltefosine seems to disrupt mitochondrial function, lipid metabolism, and cause
apoptosis. Perhaps this is due to the drug’s ability to disrupt calcium
homeostasis, inducing intracellular calcium accumulation. Additionally,
miltefosine may impact the host immune response, through increased IFN-y,
TNF-q, IL-12, and nitric oxide production (Aruleba et al., 2020). Interplay with
the host’s immune system could explain a weakness of miltefosine - its variable
cure rate. For example, in Colombia miltefosine achieved a cure rate of 91% for
cutaneous leishmaniasis caused by Leishmania panamensis, but a cure rate of
53% was found in Guatemala against cutaneous disease caused by Leishmania
mexicana and Leishmania braziliensis. To compare like-for-like, miltefosine had
a 75% cure rate against L. braziliensis in Brazil (Aruleba et al., 2020).
Additionally, if host immunity contributes to miltefosine’s mechanism of action,
it could explain the high risk of relapse associated with this treatment.
Alternatively, this could be explained by miltefosine resistant strains, of which

several are already known (Sasidharan and Saudagar, 2021).

1.8 Leishmania biology

Leishmania have a fascinating digenetic life cycle, a single cell with multiple
morphologies and mixed reproductive methods, depending on its host organism
(Rougeron, De Meels and Banuls, 2017). The two major morphological stages of
the parasite are the promastigote and amastigote; the former present in the
insect vector and the latter found in in the mammalian host (Mann et al., 2021).
Promastigotes are characterised by their slender form (a cell body measuring 15
to 20 ym in length and 1.5 to 3.5 ym in width) and flagella (15 to 28 pm in
length) (Sasidharan and Saudagar, 2021). The flagella provides them with
motility and allows them to attach to the gut of the sandfly. After migrating
through the sandfly gut, the promastigotes reach the proboscis, ready for
transmission to a mammalian host. With the bite of the sandfly the parasite is
injected into the skin, where it is phagocytosed by macrophages and other
phagocytic cells. Within this new environment the parasite adopts its amastigote
form: ovoids measuring 2 to 4 um (Torres-Guerrero et al., 2017). Within this
usually hostile environment, the amastigote proliferates, eventually causing its
host cell to rupture. This begins a chain of further infection, leading to the

pathologies discussed earlier. This elaborate life cycle, which demands
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coordination of protein levels as the parasite develops in response to changing

environments, is shown in Figure 1-4.

Figure has been removed due to
copyright restrictions.

Figure 1-4 The life cycle of Leishmania. Image taken from CDC website (CDC, 2020).

There have been multiple roles noted for ubiquitin in Leishmania. Firstly, a
typical eukaryotic proteasome, coupled with the toxicity of proteasome
inhibitors, implies the parasite employs a conserved pathway for protein
turnover (Paugam et al., 2003). Although the precise role of the proteasome in
Leishmania’s differentiation requires further exploration, it must be noted the
parasite remodels itself over the course of its life cycle, not least diminishing its
flagella, so it seems plausible that proteasome mediated degradation may be
involved (Besteiro et al., 2007). On the note of protein degradation, the
ubiquitin-like protein ATGb is required for autophagy. When ATG5 was knocked
out, Leishmania cells were characterised by dysfunctional mitochondria, poorer
differentiation, morphological abnormalities, and much reduced virulence
(Williams et al., 2012). This demonstrates the need for protein degradation and

ubiquitin-like proteins in the parasite.
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An additional ubiquitin-like protein is SUMO. However, for an examination of its
roles we must turn to Trypanosoma parasites, which belong to the same
kinetoplastid class as their Leishmania cousins. Liao et al. used RNAi
interference to knock down SUMO in T. brucei, significantly inhibiting the growth
of SUMO-deficient cells. Furthermore, with chromosome segregation failing,
their cell cycle was arrested at the G2/M phase, indicating an essential role for
SUMO in T. brucei’s cell cycle (Liao et al., 2010). Klein, Droll, and Clayton
expand the SUMO repertoire by identifying a T.brucei SUMO specific protease
and a SUMO E2 (Klein, Droll and Clayton, 2013). Extending this topic to
Typansoma cruzi, Bayona et al. identify its SUMOylation machinery and
substrates, indicating conserved functions for SUMO even in this early divergent

eukaryote.

Another thought-provoking aspect of Leishmania biology is its constitutively
expressed genome but differentially expressed proteome - if mRNA levels are
constant, but protein levels vary, then there must be a post-transcriptional
method controlling protein abundance (Leifso et al., 2007). It is possible that
one such method may be the post-translational degradation of proteins

expressed unnecessarily.

Alternatively, once transcribed, unnecessary RNA may be degraded before
translation. One such protein that could achieve this is LACSBP, which binds to
an octameric sequence in the UTR of mRNAs, and exhibits riboendonuclease
activity. In vitro, LACSBP is also mediated through ubiquitination, in which
monoubiquitination downregulates its activity (Bhandari et al., 2011). When
LdCSBP’s zinc finger domain is ubiquitinated intramolecular forces interact with
the ubiquitin binding CUE domain, regulating the enzyme’s endonuclease activity
(Guha et al., 2014). Furthermore, the anti-leishmanial drug paromomycin also
inhibits the endonuclease activity of LACSBP, suggesting that interfering with the

parasite’s RNA metabolism may provide novel therapeutics (Guha et al., 2014).

Furthermore, the ubiquitin-like protein Ufm1, together with its corresponding E1
and E2, has been identified in Leishmania donovani (Gannavaram et al., 2011).

One protein modified by Ufm1 is the a-subunit of the mitochondrial trifunctional
protein, and when Ufm1 was knocked out there was a decrease in B-oxidation of

fatty acids, and, consequently, a decrease in the amount of acetyl-CoA



Chapter 1 35

produced. This resulted in amastigote growth defects both in vivo and ex vivo,
and reduced survival of the parasite (Gannavaram et al., 2012). Additionally,
knockouts of the protease responsible for Ufm1 processing, Ufsp, also result in
reduced survival. This is interesting as amphotericin B also seems to inhibit Ufsp
activity, further demonstrating the feasibility of targeting leishmanial ubiquitin-

like pathways with drugs (Gannavaram et al., 2014).

Recently, Burge et al. constructed a null mutant library of ubiquitination
enzymes identified through bioinformatic domain searches (Burge et al., 2020).
They describe how knockouts could not be generated for one of the two
ubiquitin E1s and four of the thirteen ubiquitin E2s, indicating their potential
essentiality. For the knockout of the other E1, a loss of fitness was displayed in
in vitro models, and a 20-fold loss of fitness was apparent in an animal host
model, in which knockouts were unable to sustain an infection. They also show
how two E2s form a complex essential for the promastigote to amastigote
transformation, and how this E2 complex has different substrates than its
composite parts. All this implies a complex, essential system integral for

parasite survival.

Other authors have reached the conclusion the Leishmania ubiquitination system
could provide promising drug targets (Duncan et al., 2011; Sinha and Sarkar,
2013; Munoz et al., 2015; Bibo-Verdugo et al., 2017; Boer and Bijlmakers, 2019;
Bijlmakers, 2021). In particular, Bijlmakers and Boer focus on the promise of
ubiquitin activating enzymes as novel drug targets - demonstrating that
Trypanosoma brucei, a parasite closely related to Leishmania, has an E1 that is
refractory to the inhibitor of the human E1 (Boer and Bijlmakers, 2019). As such,
implying a difference in the drug binding pockets of the human and
trypanosomal E1 - a boon for drug design which could, in theory, design a
selective compound. However, they were unable to obtain a structure of the
enzyme, relying on homology models to make predictions about the drug binding
site, undercutting the use of their work for structure-based drug design. If these
enzymes could be better characterised it could aid in expanding the flawed
chemotherapeutic arsenal currently in use, ultimately helping people with

leishmaniasis.
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1.9 Summary and aims

To summarise, leishmaniasis is a pernicious disease, preying on the world’s most
vulnerable communities. Many of its casualties can not or will not complete
treatment, as the current standard of care is often unaffordable, ineffective, or
toxic (De Menezes et al., 2015). As such, raising the standard of care, perhaps

with novel drugs targeting newly characterised pathways, should be a priority.

One such pathway is ubiquitination, the post-translational modification of
proteins, involved in almost every aspect of eukaryotic cell biology. In
Leishmania, the enzymes involved in charging and attaching ubiquitin to
substrates are still largely a mystery, at most identified by searching genomes
for annotated domains and knocking out the identified genes (Burge et al.,
2020). Although this provides valuable indications of essentiality for multiple
enzymes in the ubiquitination pathway, it leaves room to describe the enzymes
at a protein level - when are they expressed, how abundant are they, with what
do they interact, what are their structures, and, most importantly, are there

feasible drug targets?

This works aims to address some of those questions. To identify enzymes, BLAST
searches and hidden Markov models were employed. To confirm the existence of
E1s at a protein level, and measure their abundance at major life cycle stages,
activity-based probes and mass spectrometry were used. To identify the
interactome of these E1s, chemical cross linkers were used with these activity-
based probes, and CRISPR was used to embed a proximity-based labelling system
to an E1 and E2. To examine the substrates of these enzymes
immunoprecipitations against a ubiquitin motif were performed. To test the
feasibility of drug targets amongst the discovered enzymes proteins were
recombinantly expressed and drug assays developed. To assist in structure-based
drug design a structure of a key enzyme was solved and a compound modelled

into the drug binding pocket.
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2.1 Materials

Unless specified otherwise, all reagent and chemicals were obtained from Sigma-
Aldrich.

2.2 Methods

2.2.1 Bioinformatics

FASTA sequences of genes used as bait in searches were obtained from UniProt
(https://www.uniprot.org/). BLASTs were conducted using the TriTrypDB BLAST
tool (https://tritrypdb.org/tritrypdb/app, release 54). Multiple sequence
alignments were performed with T-Coffee from the tools available from the
EMBL-EBI website (https://www.ebi.ac.uk/Tools/msa/tcoffee/). Alignments
were visualised using Jalview (https://www.jalview.org/, release 2.11.1.3).
Alignments were submitted to jackhmmer
(https://www.ebi.ac.uk/Tools/hmmer/search/jackhmmer, version 2.41.1) to
provide hidden Markov models. Data was graphed in GraphPad Prism

(https://www.graphpad.com/scientific-software/prism/).

2.2.2 Parasite Culture

The species of Leishmania used in this study was largely L. mexicana, other than
in cyclophosphamide related experiments (detailed below). For experiments that
did not employ CRISPR, the strain was M379, an isolate originally obtained from
a vesper rat in Belize in 1962 (Lainson and Strangways-Dixon, 1964). For
experiments that did use CRISPR a modified strain of M379, LmexCas9T7, was
kindly donated by the Gluenz lab (Beneke et al., 2017). For experiments
analysing the role of ubiquitin in responding to cyclophosphamide induced DNA
damage, a Leishmania major cell line, modified to feature a dimerizable Cre
recombinase system was used (Santos et al., 2017). This cell line was kindly
donated by the McCulloch lab at the University of Glasgow. For storage,
cryopreservation of mid-log phase promastigotes used 1:1 dilution of parasite
culture with 70% heat-inactivated foetal bovine serum (Life Technologies) and
30% glycerol. Promastigotes were recovered and cultured in haemoflagellate
minimal essential medium (GE Healthcare) with 10% foetal bovine serum, at

25°C, with routine passages undertaken every two to three days. Axenic
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amastigotes were grown in Schneider’s Drosophila Media (Gibco) adjusted to pH
5.5 with 20% foetal bovine serum and 3 ml of 2.5 mg/ml haemin in 50 mM NaOH,
at 32°C with 5% CO2, with routine passages conducted weekly. LmexCas9T7 were
also cultured with 32 pg/ml hygromycin B phosphotransferase. Parasite growth
was monitored using a haemocytometer, diluting cultures in phosphate buffered
saline (PBS) and 25% glycerol. Both promastigote and axenic amastigote cultures

underwent a maximum of 15 passages before a new cell line was retrieved.

2.2.3 THP1 culture

THP1 cells, a monocyte cell line isolated from a patient with acute monocytic
leukaemia (Tsuchiya et al., 1980), were cultured in RPMI-1640 media with 10%
heat-inactivated foetal bovine serum (Life Technologies) at 37°C with 5% CO,.
Routine passages were conducted every 3 - 4 days, maintaining cell at a density
of 1 - 3x10° cells/ml.

2.2.4 Cell Lysis

After pelleting and supernatant removal, cell pellets were washed twice in PBS
and collected by centrifugation at 1000 xg, 10 min, 4°C. Cells were lysed
through water bath sonication (10 mins, 30 secs on/30 secs off, maximum

setting). Lysis buffers included:

o Laemmli buffer (2% SDS, 10% Glycerol, 62.5 mM Tris-Cl pH 6.8, 200 mM
DTT)

e Radioimmunoprecipitation assay (RIPA) buffer (1% NP-40, 0.5% sodium
deoxycholate, 0.1% SDS, 50 mM Tris pH 7.5, 125 mM NaCl, 0.1 mM EDTA)

e CHAPS buffer (0.5% w/v CHAPS, 100 mM NaCl, 50 mM HEPES pH 7.5)

The buffer used depended on downstream experiments. Protease inhibitor
cocktail was added to any lysis buffer and included: 2% proteoloc protease
inhibitor (Expedeon), 100 uM PMSF, 1 uM E64, 5 pg/ml Pepstatin A, 400 pM 1,10-
Phenanthroline, 1x Roche inhibitor cocktail, 1x PhosSTOP solution. Protein
content of lysates were measured using the Bio-Rad Protein Assay, a method

based on the Bradford assay.
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2.2.5 Activity-based probe

7.5x107 mid log phase promastigotes per condition were centrifuged at 1000 x g
for 10 mins at 4°C and the supernatant discarded. Cells were washed twice in
PBS, and resuspended in CHAPS based lysis buffer. When the negative control
was iodoacetamide treated then 15 mM iodoacetamide was added to the lysis
buffer and incubated with cells on ice for 20 mins in the dark. 34.5 pg/ml E1
specific probe was then added to the lysis buffer. Cells were lysed as detailed in
2.2.4 Cell Lysis. Afterwards, lysates were incubated at 25°C for 15 mins. If a
crosslinker was used 1 - 5 mM were added after this 15 minute incubation, and
lysates were incubated at room temperature for a further 30 mins, before being
quenched with 50 mM Tris pH 7.5. 25 pl neutravidin agarose beads
(ThermoFisher) were added to each ~100 pl condition. Beads were incubated
with samples for 1 hour at 4°C with rotation. Beads were collected by
centrifugation at 2500 x g for 2 mins, then washed with 750 pl of
radioimmunoprecipitation assay buffer. This was repeated 4 times. Samples,
including agarose beads, were resuspended in Laemmli buffer and incubated at
90°C for 10 mins. Aliquots were then run on gel and silver stained (see 2.2.6
SDS-PAGE), and further aliquots submitted for mass spectrometric analysis (see

2.2.8 Mass spectrometry sample preparation).

2.2.6 SDS-PAGE

For polyacrylamide gel electrophoresis, protein samples were mixed with
Laemmli buffer (if not previously used as a lysis buffer). Samples were heated to
90°C for 5 minutes. Typically, ~ 10 pyg of protein were run on a 4-20% gradient
polyacrylamide gel. Gels were supplied by either BioRad or Expedeon and run
according to the manufacturer's instructions. After running gels were imaged
with either silver stain, Coomassie blue, or fluorescence scanning. Silver staining
was done with the Pierce™ Silver Stain Kit (Thermo Fisher) according to the
manufacturer’s instructions. Coomassie blue stain Expedeon’s Instant Blue.

Fluorescence scanning was conducted using a Typhoon laser scanner (Cytiva).

2.2.7 Western blots

Anti-myc and anti-His tag antibodies were gifted by Dr Helena De La Torre

Olvera, and anti-ubiquitin were gifted by Dr Jeziel Damasceno, both of the
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University of Glasgow. For western blots of promastigote whole cell lysate, the
lysates of 1x107 cells were run per well. These were resolved on 4-20%
acrylamide gel from Expedeon, then transferred to a PVDF membrane.
Membranes were blocked with 5% skimmed milk powder in PBS-T (0.05% Tween
20) before incubation with primary antibodies. Secondary antibodies were either
anti-mouse or anti-rabbit, conjugated to horseradish peroxidase (Invitrogen).
Imaging relied upon the Pierce™ ECL Plus Substrate (Thermo Fisher) and

chemiluminescence imager.

2.2.8 Mass spectrometry sample preparation

Samples were processed for LC-MS/MS analysis using Expedeon'’s filter aided
sample preparation method. Protein samples in Laemmli buffer with DTT were
heated at 60°C for 5 mins. Samples were then loaded into a 30 kDa molecular
weight cut off filter (Microcon YM-30) and centrifuged at 14,000 x g for 15 mins.
Washes and buffer exchanges use 200 pyl 8 M urea in 0.1 M Tris-Hcl pH 8.5 and
centrifuged as above. Proteins were alkylated with 0.05 M iodoacetamide in urea
buffer and incubated for 20 mins in the dark. lodoacetamide is removed through
further centrifugation and two washes in urea buffer. Then three washes with
100 pl of 50 mM ammonium bicarbonate with centrifugation at 14,000 x g for 10
mins. Digestion uses trypsin at an enzyme to protein ratio of 1:100, with
incubation for 24 hours at 37°C. After digestion, filter units are placed in new
collection tubes, where peptides are collected by resuspension in 40 ul of 50 mM
ammonium bicarbonate and centrifuged at 14,000 x g for 10 mins. After
repeating this step once more, peptides still bound to the filter were retrieved
using 50 pl of 10% acetonitrile and centrifugation at 14,000 x g for 10 mins. Using
a vacuum centrifuge, peptides were then dried down in the wells of 96 well

plate ready for LC-MS/MS analysis.

2.2.9 TMT Labelling

Relative quantitation was achieved with the TMT Mass Tagging kit from Thermo

Scientific, as per the manufacturer’s instructions.
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2.2.10 Peptide/protein identification by nLC-ESI-MS/MS

After filter aided sample preparation, tryptic peptides were analysed with
nanoflow reversed-phase HPLC coupled to electrospray tandem mass
spectrometry. 0.05% formic acid was used to solubilise peptides, before
fractionization with a nanoflow uHPLC system (Thermo RSLCnano), then online
analysis by electrospray ionisation mass spectrometry on an Orbitrap Elite

(Thermo Scientific).

Before analysis on the Orbitrap Elite, peptides were desalted and concentrated
for 4 mins on a trap column, then transferred to the analytical column under
starting solvent conditions (4% solvent B). The water:acetonitrile gradient was: 4
- 40% v/v solvent B from 12 to 102 mins, 40 - 100% v/v solvent B from 102.1 to
116 mins, then held at 100% solvent B from 116 to 121 mins, before re-
equilibration at starting conditions (4% solvent B) for a total time of 125 mins.
Solvent A: water and 0.1% formic acid. Solvent B: 80% acetonitrile and 0.08%
formic acid. The analytical column had a fixed flow rate of 0.3 pyl/min. The
Orbitrap Elite has a precursor scan at 60,000 resolving power (for a mass range
of m/z 400 - 2000), with collision-induced dissociation fragmentation and
detection of the top 20 precursors in the linear ion trap. Singly charged ions
were excluded from selection, whereas selected precursors were added to a

dynamic exclusion list for 180 secs.

Analysis of TMT labelled samples differed as described below. If not otherwise
stated conditions were the same as for unlabelled samples. Starting solvent
conditions were 5% solvent B. The water:acetonitrile gradient used was: 5 - 45%
v/v solvent B from 4 to 154 mins, 45% - 100% v/v solvent B from 154 to 154.1
mins, then held at 100% v/v solvent B from 154.1 to 160 mins, before re-
equilibration to starting conditions (5% solvent B) for a total time of 165 mins.
The m/z mass range of the precursor scan was 380 - 1800. The top 3 precursor
ions were selected from the linear ion trap. These were also subjected to

higher-energy C-trap dissociation before detection in the Orbitrap.
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2.2.11 Protein identification with Mascot

Mass spectra were searched using the Mascot search engine, with protein
identities obtained using the LmexicanaMHOMGT2001U1103 database from
TriTrypDB.org. The search criteria were as follows: Enzyme, Trypsin; Maximum
missed cleavages, 1; Fixed modifications, Carbamidomethyl (C); Variable
modifications, Oxidation (M); Peptide mass tolerance, 0.4Da; Fragment mass
tolerance, 0.4 Da. Significance threshold set to 0.05. For studies of the

ubiquitinated peptides, the variable modification of GG (K) was also added.

Identifications over the 0.05 significance threshold and a protein score >30 were
included in the protein list. The protein score factors the combined ion scores of
each peptide mass spectra matched to a protein. In turn, the ion scores are
based on the probability that an observed match between the experimental data
and the database sequence is a random occurrence, using a 95% confidence
threshold. Peptide matches were not used for protein identification if their p-
value was greater than the significance threshold used for a false discovery rate
of 1%.

2.2.12 Proteomics figures

Data was also analysed using Proteome Discoverer™ (Thermo Fisher Scientific)
using Mascot, Sequest HT, and Amanda search engines, with the same search
criteria as described in 2.2.11 Protein identification with Mascot. Figures were

designed using Proteome Discoverer.

2.2.13 Amplification of CRISPR reagents

The pPLOT plasmids required for tagging genes of interest with standard,
miniTurbo and Turbo BirA* were kindly provided by Dr Jeziel Damasceno of the
University of Glasgow. E. coli containing these plasmids were cultured from
glycerol stocks using 30 ml LB media with 100 pg/ml ampicillin, incubated at
37° C overnight with shaking. Then cultures were pelleted by centrifugation at
3,300 x g for 5 mins, before the NucleoSpin Plasmid kit (Macherey-Nagel) was
used according to the manufacturer’s instructions to purify pPLOT plasmids from

E. coli. Plasmid DNA was quantified using a NanoDrop spectrophotometer
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(ND1000, Thermo Scientific) to measure the absorbance of the elution at 260

nm. Plasmids were stored at -80°C.

Primers to amplify the sgRNA and template DNA were designed using
http://leishgedit.net/. The primers used to tag each terminus of each gene of
interest are shown in Table 2-1. To amplify the repair cassettes, using the
primers in Table 2-1, the following standard 80 ul PCR master mix was used: 30
ng of pPLOT plasmid, 1 ul 10 mM dNTPs, 16 ul 10 uM forward primer, 16 pl 10 uM
reverse primer, 2.4 ul DMSO, 6 ul 25 mM MgCl,, 8 pl 10x HiFi buffer
(supplemented with 15 mM MgClz, to a final MgCl; concentration of 3.375 mM), 4
ul High-Fidelity DNA polymerase, and water to a total volume of 80 pl. The
thermocycler used was AlphaCycler (AC196, PCRMax), with the program set for 5
mins at 94°C, then 40 cycles of the following: 30 secs at 94°C, 30 secs at 65°C, 2
mins 15 secs at 72°C. A final elongation step of 72°C for 7.5 mins was used to

finish the cycle.

To amplify the sgRNA, using the primers in Table 2-1, the following standard 50
pl PCR master mix was used: 1 pl 10 mM dNTPs, 10 pl 10 uM GOO oligonucleotide,
10 pl 10 pM of the either the N- or C-terminal targeting sgRNA primers, 5 pl 10x
HiFi buffer (supplemented with 15 mM MgClz, to a final MgCl, concentration of
3.375 mM), 2.5 pl High-Fidelity DNA polymerase, and water to a total volume of
50 pl. The thermocycler used was AlphaCycler (AC196, PCRMax), with the
program set for 30 secs at 98°C, then 35 cycles of the following: 30 secs at 98°C,
30 secs at 60°C, 15 secs at 72°C. A final elongation step of 72°C for 7.5 mins was

used to finish the cycle.

Terminal

T t
arget gene targeted

PrimerSequence

Fwd CAGACACGAAAACATAGCTTCAAACTACCGGTATAATGCAGACCTGCTGC
N-  Rev  GTCGATCAACACTTCCTTCTCAGCCTCCATACTACCCGATCCTGATCCAG
LmxM.34.3060 sgRNA GAAATTAATACGACTCACTATAGGTTGTGCTTTGCGCTGTGTTTGTTTTAGAGCTAGAAATAGC
{putative E1) Fwd ACGGCCACTGTGTGCCTTGAAATTCAGCAGGGTTCTGGTAGTGGTTCCGG
C- Rev CCGGGTGGGGTGGGCATGGCCGGGGGGCGTCCAATTTGAGAGACCTGTGC

SgRNA GAAATTAATACGACTCACTATAGGGCAGCCAGCAGCTCCGGATTG AGAGCTAGAAATAGC

Fwd ACCAAAGAGTTCCAGTCCAGACCTTCCCCAGTATAATGCAGACCTGCTGC

LmxM33.0000 N- Rev  TTTCAGGCATTGCGCGGTAGGGGCCGTCATACTACC CGATCCTGATCCAG
{putative E2) SERNA GAAATTAATACGACTCACTATAGGACAGGTGGGAAGGCGAGTTAGTTTTAGAGCTAGAAATAGC

C-  Fwd ATAGGGCTGGGGCTCCTGCGGCAGCTGATGGGTTCTGGTAGTGGTTCCGG
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Rev  CTTCGTAGTTTATCAGAGGGAGGTTCGCCGCCAATTTGAGAGACCTGTGC

SgRNA GAAATTAATACGACTCACTATAGGAGTGAACACAGATCCCTAGGG AGAGCTAGAAATAGC

GO0 AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACTAGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAAC
Table 2-1 Primers used to tag the genes of interest with BirA*. Fwd: Forward primer; Rev:

Reverse primer. GO0 is an oligonucleotide used as template DNA for the amplification of all
sgRNAs used in this study.

2.2.14 Agarose gel electrophoresis

PCR products from amplification of repair cassettes were run on 1% (w/v)
UltraPure Agarose (BioRad) gels formed using 1x UltraPure TAE buffer (BioRad)
with 1x SYBR Safe DNA Gel Stain (ThermoFisher). 2 pl of PCR products were
mixed with 1x gel loading dye (ThermoFisher), running alongside 6 pl 1 kb DNA
ladder (New England Biolabs). Gels ran for 30 - 60 mins in 1x TAE buffer at 95 v
using the Mini-Sub Cell GT Electrophoresis System (Bio Rad). Gels were visualised
using a gel documentation system. For sgRNA PCR products, the same method
was adopted. However, agarose gels used 2% (w/v) UltraPure Agarose (BioRad).
After confirmation of PCR success, the remainder of the PCR products were heat

sterilised by incubation at 94°C for 5 mins.

2.2.15 Transfections

1x107 of mid log phase LmexCas9T7 were used per transfection, collected
through centrifugation at 800 x g for 5 mins. Pelleted cells were washed in 1 ml
1x transfection buffer (3x transfection buffer: 200mM Na;HPOQO4, 70mM NaH;PO4,
15mM KCL, 150mM HEPES pH 7.3, 1.5 mM CaClz) before resuspension in 200 pl
transfection buffer. 20 pl of sgRNA PCR products and 40 pl of repair cassette PCR
products were added to the cell resuspension. 250 pl of this mixture was then
transferred to a Gene Pulser electroporation cuvette, and the transfection
conducted using one pulse of the X-001 program in the Amaxa Nucleofector Il
(Lonza). Transfected cells were immediately transferred to 5 ml of warmed
haemoflagellate minimal essential medium with 10% foetal bovine serum.
Transfectants were incubated at 27°C for 16 hours, before selective antibiotics
were added (for standard BirA* tagged transfectants: 20 pg/ml puromycin; for
miniTurbo BirA* tagged transfectants: 5 pg/ml blasticidin). 10 to 14 days later
drug resistant populations emerged. Clonal cell lines were generated of all the
miniTurbo transfectants by serial dilution in 96 well plates. Diluting for an

average of 0.3 cells per well obtained putatively clonal colonies, which were



Chapter 2 46

moved into the 1 ml wells of 24 well plates after 2 weeks, then placed into 10

ml flasks, before stabilates were formed.

2.2.16 Diagnostic PCR

To confirm the insertion of the BirA* gene at the correct locus, genomic DNA was
extracted from 1x108 cells after pelleting by centrifugation at 600 x g for 5 mins.
Transfectants then had their DNA extracted using the DNeasy Blood and Tissue
Kit (Qiagen), as per the manufacturer's instructions. DNA elutions were
quantified using a NanoDrop spectrophotometer. 100 ng of extracted DNA was
then added to a master mix containing the following: 10 pl of 10 pM of a forward
primer, 10 pl of 10 uM of a reverse primer, 1 yl of 10mM dNTPs, 5 ul High-
Fidelity DNA Polymerase, 5 pl 10x HiFi buffer supplemented with 15 mM MgCl,,
and water to a total volume of 50 pl. The primers used for diagnostic PCRs are
shown in Table 2-2. PCR reactions used an AlphaCycler (PCRMax) with the
following program: 5 mins at 94°C, then 35 cycles of 30 secs at 94°C, 5 secs at
60°C, and 2.5 mins at 72°C. Then a final elongation step of 7 mins at 72°C. 5 pl
of PCR products were mixed with 1x Gel Loading Dye and run on a 1% agarose gel

(as detailed in 2.2.14 Agarose gel electrophoresis).

Anneals to Position Sequence
5 GAGCCAACCTGTACCTGTCC
BirA*
3 ACGCTCTCCTCCACTCTTCT
5 GGTGATGCGTGTCCTTGATG

LmxM.34.3060

(putative E1) Mid-gene  GTAGAGGTGCTCGGTGATTG

3 GACTTCGCTCTCCTTATCCC

5 CGCCTCTACTCATCGTCTC

LmxM.33.0900

(putative F2)  Mid-gene  CAATGTAAAGCGGCTCCAC

3 CTCTCTTTGTGGGGTGACG

Table 2-2 Primers used to confirm the presence of the BirA* tag. 5’: primer anneals near the 5’
end of the gene; 3’: primer anneals near the 3’ end of the gene; mid-gene: primer anneals at a
centre-point between the 5’ and 3’ primers.

2.2.17 BiolD

100 ml of BirA* tagged promastigote culture at a density of 2x10¢ cells/ml had
150 pM biotin added. Cultures were left for 18 to 24 hours. Parasites were then
washed twice in 10 ml PBS (centrifuged at 1000 x g for 10 mins). 4x102 parasites

were crosslinked using 1 mM DSP in 10 ml PBS for 10 mins at 26°C. The reaction
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was quenched with 200 pl 1 M Tris pH 7.5 incubated for 5 mins at room
temperature. 4x108 parasites were lysed in 500 pl of RIPA buffer, as described in
2.2.4 Cell lysis. 1 pl of BaseMuncher (Expedeon), an endonuclease, was added to
lysates and left on ice for 1 hour. Lysates were spun at 10,000 x g for 10 mins at
4°C, and the supernatants kept and quantitated with a BCA assay
(ThermoFisher). Streptavidin agarose beads were incubated with the lysates
overnight at 4°C with rotation. Agarose beads were then washed with the
following wash buffers, each incubated with the beads for 5 mins: RIPA buffer, 4
M urea, 6 M urea, 0.1 M Na,COs3, 1 M KCL, 50 mM TEAB. Beads were then boiled at
90°C for 10 mins in Laemmli buffer, before being trypsin digested as detailed in

2.2.8 Mass spectrometry sample preparation.

2.2.18 Conjugating anti-diglycine antibodies to magnetic
beads

Reagents were from the Pierce Crosslink Magnetic IP/Co-IP kit, with slight
modifications to the manufacturer’s instructions as detailed here. 13 ml of 1x
modified coupling buffer was prepared through mixing 0.65 ml 20x coupling
buffer, 0.65 ml IP lysis/wash buffer, and 11.7 ml water. 75 pl of bead solution
was added to two microfuge tubes, then beads were collected using a magnetic
stand and their storage solution discarded. 1.4 ml of modified coupling buffer
was added to each tube and incubated for 1 min at room temperature with
rotation. This step was repeated twice. 300 ul of 1x coupling buffer was formed
with 489.4 pl of water, 30.8 pl of 20x coupling buffer, 30.8 pl IP lysis/wash
buffer, 64 ul (32 pg) of anti-diglycine antibodies. 300 pl of this coupling buffer
was added to each microfuge tube, and incubated with rotation for 20 mins at
room temperature. Beads were then collected with a magnetic stand, the
supernatant removed. 300 pl of modified coupling buffer was added and beads
vortexed. Beads were then collected with a magnetic stand, the supernatant
removed. 900 pl of modified coupling buffer was added and beads vortexed,
before being collected on a magnetic stand and supernatant disposed. This step
was repeated two more times. 1 ml of water was added to the beads, beads
were vortexed and supernatant disposed. This step was repeated once more. If
crosslinking was conducted, it was as follows. 217 pl of DMSO was added to a
single tube of DSS (tubes included in the kit) to make a 25 mM solution. This
solution is diluted 1:100 in DMSO (0.25 mM DSS). A crosslinking solution is then
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formed with 24 pl 0.25 mM DSS, 15 pl 20x coupling buffer, 261 pl water.
Antibody-bead conjugates are then incubated with the crosslinking solution for
30 mins at room temperature with rotation. Beads are then collected with a
magnetic stand and supernatant discarded. 200 pl of elution buffer was
incubated with the beads for 3 mins at room temperature with rotation, before
beads were collected with a magnetic stand and supernatant discarded. This
step was repeated once more. 900 pl of modified coupling buffer and 100 pl of
neutralization buffer were mixed with beads, and removed through use of the
magnetic stand. 600 pl of IP lysis/wash buffer was mixed with the beads and

removed using the magnetic stand. Beads were stored in water at 4°C until use.

2.2.19 Anti-diglycine immunoprecipitations

For promastigotes, 7.5x107 cells were treated with 50 pM MG132, or an
equivalent volume of DMSO, and left overnight. Cells were then spun down at
1000 x g, 10 min, 4°C, and washed twice in 2.5 ml PBS. Cells were then
resuspended in 100 ul CHAPS lysis buffer and lysed as detailed in 2.2.4 Cell lysis.
Lysates were centrifuged at the maximum speed of a benchtop centrifuge for 15
mins at 4°C. The supernatant was kept and incubated for 1 hour with 10 mM
DTT, then incubated for 20 mins with 15 mM iodoacetamide in the dark, both at
room temperature. Protein content was extracted by acetone precipitation: 4
sample volumes of acetone at -20°C added to protein solution, incubated at -
20°C for at least 1 hour, centrifuged 10 mins at 13,000 x g, pellet washed twice
with 4 sample volumes of -20°C 80% acetone, centrifuged as before and
supernatant removed, pellets left to air dry. Pellet resuspended in 500 ul 6 M
urea and 50 mM HEPES pH 7.5 and vortexed. Bradford assay was run to
determine protein concentration. Urea solution was diluted to 1 M, trypsin
added at a 1:50 enzyme:protein ratio, then incubated overnight at 37°C.
Trypsinisation was stopped with the addition of 2% (v/v) formic acid (pH 2). Solid
phase extraction was conducted with standard density C18 cartridges (Empore).
Before loading the tryptic peptide solution, the solid phase extraction cartridges
were prepared by loading 1 ml of methanol and centrifuged at 1425 rpm for 1
min, then 0.5 ml of 0.1% trifluoroacetic acid and 70% acetonitrile and
centrifuging as before, then loading 0.5 ml of 0.1% trifluoroacetic acid and
centrifuging as before. Afterwards, the tryptic peptides were loaded into the

cartridge, and centrifuged for 800 rpm for 10 mins. The cartridge was
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transferred to a new collection tube, 0.5 ml of 70% acetonitrile was added, and
centrifuged at 800 rpm for 10 mins. The eluate contains the desalted peptides.
Peptides were then lyophilised in a vacuum centrifuge with heating, before
being resuspended in 500 pl of the IP/wash buffer of Pierce Crosslink Magnetic
IP/Co-IP Kit (ThermoFisher) and centrifuged at max speed for 5 mins at 4°C in a
benchtop centrifuge to remove insoluble material. Immunoprecipitations used 15
Hg of anti-diglycine antibodies (Merck) conjugated to magnetic beads per
immunoprecipitation. Incubation of peptides with beads occurred for 1 hour at
room temperature with rotation and vortexing every 15 mins. A magnetic stand
was used to collect beads, the supernatant removed and beads washed twice in
500 pl of IP/wash buffer. Beads were then washed with 500 ul ddH,0. Peptides
were then eluted using 100 pl of the elution buffer and incubating for 5 mins at
room temperature with rotation, the low pH of the elution buffer was then
neutralized with the neutralization buffer. The elution and neutralization was
then repeated once more, and peptides quantified using the Pierce Quantitative
Colorimetric Peptide Assay (ThermoFisher). Peptides were then submitted to
mass spectrometry as stated in 2.2.10 Peptide/protein identification by nLC-ESI-
MS/MS.

When anti-digylcine immunoprecipitations were performed with amastigotes the

following alterations to the method were made:

MG132 incubation was for 6 hours as opposed to overnight.

e Cells were lysed in radioimmunoprecipitation assay buffer as opposed to
CHAPS.

e 8x108 cells were used per condition.

¢ Anti-diglycine antibodies were chemically crosslinked to beads.

¢ Immunoprecipitations were performed in series, using 64 ug of antibodies

conjugated to beads per immunoprecipitation.

o Peptides were TMT labelled (see 2.2.9 TMT Labelling).
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2.2.20 Transforming E. coli

Gene synthesis and subcloning into pET15B (the plasmid used for expression of
the proteins of interest) was performed by DC Biosciences. Subcloning was
performed through restriction enzyme digests. Competent Rosetta E. coli, BL21
DE3 strain (Merck) were thawed on wet ice, and 1 - 10 ng of plasmid was added,
then cells and plasmids were incubated on ice for 5 mins. Solutions were heated
for exactly 30 secs in a 42°C water bath, then incubated on ice for 2 mins. 250
pl room temperature super optimal broth with catabolite repression media was
added. Cultures were left at 37°C with shaking at 250 rpm for 60 mins. Cells
were resuspended by finger flicking, and 50 pl placed on agar plates with 100
pg/ml ampicillin and 34 pg/ml chloramphenicol. Cells were equally distributed
around the plate and left for 15 mins at room temperature. Plates were then

inverted and placed in a 37°C incubator and left overnight.

2.2.21 Protein expression of LmxM.34.3060, LmxM.33.0900,
and LmxM.02.0390 for functional assays

Cultures were grown in LB at 37°C until the optical density at 600 nm was 0.6.
Then 1 mM IPTG was added and cultures were incubated overnight at 18°C with
shaking. Cells were pelleted by centrifugation at 5000 x g for 15 mins at 4°C,
then lysed as indicated in 2.2.4 Cell lysis. Lysates were clarified through
centrifugation at 20,000 x g for 30 mins at 4°C. The insoluble fraction was the
pellet formed after centrifugation, which was resuspended in Laemmli buffer
and DTT for examination on SDS-PAGE. Proteins of interest were purified using a
5 ml Histrap column (General Electric), then size exclusion chromatography,
both on an AKTA start. Refolding used a 5 ml Histrap column, equilibrated with
10 column volumes of resolubilisation buffer (50 mM Sodium Phosphate pH 8, 100
mM NaCl, 8 M Urea, 20 mM Imidazole, 10 mM 2-Mercaptoethanol). Sample was
loaded onto the column at a 1 ml/min flow rate. Washing buffer was 50 mM Na-
Phosphate pH 8, 100 mM NaCl, 3 M Urea, 10% Glycerol, 20 mM Imidazole, 10 mM
2-Mercaptoethanol. Elution was done step-wise, 1st with a gradient of 10%
elution buffer for 6 column volumes, followed by 100 % elution buffer for 8
column volumes (elution buffer: 50 mM Na-Phosphate pH 8, 100 mM NaCl, 10%
Glycerol, 500 mM Imidazole, 10 mM 2-Mercaptoethanol).
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2.2.22 Functional assays

5 pMol of E1 was mixed with 33 pMol of E2, 100 uM of ATP, 200 pM of MgCl,, 50
mM HEPES, 116 pM ubiquitin, and the relevant drug concentration, with the
volume made to 20 pl with water. The reaction was started by adding E1. The
reaction was incubated at 30°C for 30 mins and halted with the addition of 4x
Laemmli buffer. Reactions were then run on gel (see 2.2.6 SDS-PAGE) and

Coomassie stained using InstantBlue (Expedeon).

2.2.23 Protein expression of LmxM.34.3060 for
crystallography

Cultures were grown in LB at 37°C until the optical density at 600 nm was 0.6.
Then 1 mM IPTG was added and cultures were incubated overnight at 18°C with
shaking. Cells were collected through centrifugation at 4000 rpm, 15 mins, at
4°C and lysed using a microfluidizer. Lysates of cells expressing GST-ubiquitin
were mixed with lysates of cells expressing LmxM.34.3060 with 2.5 mM ATP and
2.5 mM MgCla. These were incubated for 2 hours at 4°C with stirring. Lysate
mixture was then placed on a column packed with glutathione beads and
incubated for 1 hour with stirring. These were washed with at least 12 column
volumes of wash buffer (25 mM Tris 7.6, 200 mM NaCl, 10 mM Imidazole, 5 mM 2-
Mercaptoethanol), until Bradford reagent did not change colour when exposed to
flow-through. Elution of LmxM.34.3060 from GST-ubiquitin used the wash buffer
with 25 mM DTT. Elution of GST-ubiquitin used the GST elution buffer (25 mM
Tris 7.6, 150 mM NaCl, 5 mM 2-Mercaptoethanol, 10 mM glutathione).
LmxM.34.3060 elution was incubated with HRV3C restriction enzyme overnight at
4°C in snakeskin dialysis tubing with 10 kDa molecular weight cut off
(ThermoFisher), dialysis buffer: 25 mM Tris pH 7.5, 150 mM NaCl, 1 mM DTT. The
dialysis products were then subject to strong anion exchange using a SOURCE Q
column (buffer A: 25 mM Tris pH 7.6, 1 mM DTT; buffer B: 1 M NaCl, 25 mM Tris
pH 7.6, 1 mM DTT). Fractions containing protein were then subject to size
exclusion chromatography (buffer: 25 mM Tris pH 7.6, 150 mM NaCl, 1 mM DTT).
Fractions containing protein were concentrated using spin columns, and flash

frozen before storage at -80°C.
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2.2.24 Protein crystals

The reaction mix that was incubated in crystallisation screening trays consisted
of 10 mg/ml LmxM.34.3060, 2.5 mM ATP, 2.5 mM MgClz, and 50 mM HEPES. The
3.1 A structure presented here was found in well E6 of a Morpheus screening tray
(Ligands: 30 mM Diethylene Glycol, 30 mM Triethylene glycol, 30 mM
Tetraethylene glycol, 30 mM Pentaethylene glycol. 100 mM sodium HEPES and
MOPS pH 7.5. 20% (v/v) Ethylene glycol and 10% (w/v) PEG 8000. The 96 well
tray was seeded with crystal fragments from a prior experiment (using the same
conditions) at a 1:100 dilution using a Mosquito Crystal liquid handling robot. The
tray was incubated at 6°C until crystals formed. Crystals were shot at the
Diamond Light Source, Oxford, and the structure solved with the generous
assistance of Mads Gabrielson of the Beatson Institute for Cancer Research. The
structure was determined by molecular replacement, using the structure of 5TR4
(PDB file), and the program MORDA.

2.2.25 SAXS

Purified LmxM.34.3060 (see 2.2.23 Protein expression of LmxM.34.3060 for
crystallography) in 25 mM Tris pH 7.6, 150 mM NaCl, 1 mM DTT was sent to the
Diamond Light Source and data collected by Mads Gabrielson. Data was analysed
with generous assistance from Mads Gabrielson using the ATSAS software
package. Basic data analysis was conducted using ScAtter 1V, ab initio modelling
conducted using DAMMIN, hypothetical scattering of the crystal structure
computed by CRYSOL.
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3.1 Introduction

Before Leishmania mexicana’s ubiquitination machinery can be targeted in any
drug discovery efforts, the machinery must be identified. This chapter will focus
on bioinformatic and proteomic identification of those enzymes. For
bioinformatics, the methods employed include BLAST searches and iterative
searches using Hidden Markov Models. Bait sequences for bioinformatics were a
representative selection of well-characterised ubiquitination enzymes,
predominantly from humans. A putative SUMOylation E1 and E2 was also
identified, as well as components of NEDDylation, urmylation, and ufmylation
E1s. For proteomics, activity-based probes were used, targeting either the
ubiquitin activating enzymes, all catalytically active ubiquitination enzymes
(E1s, E2s, and HECT E3s), or SUMOylating enzymes. The success of these probes
was judged through SDS-PAGE, affinity purification of tagged proteins, and mass

spectrometry.

3.1.1 Bioinformatics

An early, transformative contribution to drug discovery from the then-nascent
field of bioinformatics was the recognition of sequence homology between the
simian sarcoma virus onc gene v-sis and a platelet-derived growth factor by
simple string matching (Doolittle et al., 1983). This platelet-derived growth
factor became both a drug target and an influential lesson (demonstrating that
any factor inducing aberrant gene expression patterns of growth factors can
contribute to cancer) (Xia, 2017). This concept of searching for similarity has
gone on to become a cornerstone technique for computational biologists, and
has even found widespread use amongst general biologists, in a tool known as
BLAST (Basic Local Alignment Search Tool) (Altschul et al., 1990). However, the
similarity between proteins is more taxing to determine, as opposed to similarity
between genes, as amino acid substitutions are affected by their chemical
properties and frequency of occurrence (Pertsemlidis and Fondon, 2001). Using
high-confidence alignments of many homologous proteins, then calculating the
frequencies of substitutions, matrices that state the likelihood of various
substitutions have been formed (States, Gish and Altschul, 1991). Typically, a
BLAST operates in three steps (Pertsemlidis and Fondon, 2001):



Chapter 3 55

1. Remove the statistically significant yet biologically uninteresting low
complexity regions (such as CA repeats), then generate a list of all the
short sequences that comprise the query. For protein queries, a short
sequence is three amino acids. A scoring matrix is then used to determine
high scoring matches (where the three amino acid short sequences are re-
matched to the original query sequence) above a given threshold, termed
the neighbourhood word score threshold. Under standard parameters for
this threshold, every added residue in a query sequence results in

approximately 50 more short sequences.

2. A target database is searched for exact matches to the list of short
sequences. If a match occurs, it is used to seed potential alignments

between the query and the database’s target sequence.

3. If the score increases, the alighment is extended in both directions using
the list of short sequences. Then the score is compared to a cut-off score,
which is empirically determined through comparison of random
sequences, and if the alignment score is significantly great it is reported.
The statistical significance of a hit is determined by the probability that

random sequences could produce the same score.

Despite the justified popularity of BLAST searches, a more sensitive method
revolves around Hidden Markov Models (HMMs) (Johnson, Eddy and Portugaly,
2010). HMMs describe the evolution of observable events that depend on
imperceptible factors. They achieve this through linking probability distributions
of those observed events to the underlying unknowns (Yoon, 2009). What does
this mean in a biological context? A protein’s amino acid sequence counts as an
observable event. This observable event has statistical properties from which
domains, an unknown, can be inferred. So does a gene encode a protein of
interest? It may if the encoded protein has the same statistical properties as
characterised proteins (Yoon, 2009). So one method to identify proteins of
interest in a novel organism would be to align characterised proteins from
diverse model organisms, forming a general profile of a protein of interest, then
submitting this profile to HMM searches. In fact, high-confidence HMM results

could then be integrated into the original alignment, making a more general
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query sequence, which is then resubmitted to find more divergent proteins in

more species (Johnson, Eddy and Portugaly, 2010).

Proteins identified through bioinformatic screens could be checked using domain
search engines, such as SMART (Letunic, Khedkar and Bork, 2021), which allows
visualisation of the domain architecture of a protein, confirming the existence of
the expected domains. Additionally, identified proteins could be further
analysed by searching for their orthologs, using a tool such as OrthoMCL (Li,
Stoeckert and Roos, 2003). Still, these tools demand a sequenced genome for an
organism of interest. Thankfully, a functional genomics database for
kinetoplastid parasites exists - TriTrypDB (Aslett et al., 2009). Having such a

database permits the searching, annotation, and analysis of genomes.

3.1.2 Proteomics

Of course, a bioinformatic screening campaign tells you what genes exist, but it
does not tell you when their proteins are present, in what abundance, with
which post-translational modifications, to name only a few factors worthy of
investigation. To interrogate biology at the protein level, an appropriate tool
would be the aptly named proteomics. The liberally used “-omics” suffix refers
to studying a system in its totality, in this case its proteins, with a view to
examining their abundances, interactions, locations, and/or modifications. How
can any instrument or experiment measure something so nebulous and
multifaceted as a protein network? Key to multiple approaches is a mass
spectrometer (MS). Key to the optimal functioning of a mass spectrometer is
sample preparation and fractionation (Matallana-Surget, Leroy and Wattiez,
2010). For bottom-up proteomics (the most widely used proteomics), proper
sample preparation goes some way to solving the enduring issue of undetected
minor or underrepresented proteins in the sample. “Proper” sample preparation
can include separation of the proteome by protein mass and/or isoelectric point,
as well as depletion and enrichment methodologies (such as use of an activity-
based probe) (Matallana-Surget, Leroy and Wattiez, 2010). The end goal of
sample preparation is to reduce the concealment of the spectral features of
those low abundance proteins, which can be dominated by high abundance
proteins. To aid in protein identification, proteins are cleaved, often by trypsin,

into peptides (a surprising point on the most fundamental of biological
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nomenclature, it is curiously ill-defined as to when a polypeptide qualifies as a
protein). Peptides do not possess the complex structural aspects of proteins, are
more chemically amenable, and their smaller size makes them more agreeable
to MS analysis. Trypsin earned its place as the most commonly used cleavage
agent as it forms small and predictable peptides, due to specifically cutting at
the carboxyl side of lysine and arginine residues (except when they are followed

by proline) (Karpievitch et al., 2010).

Given that disparate peptides can have similar or identical molecular weights,
and so produce a single intense peak in the initial MS spectrum, it is important
to stagger their arrival to the MS. Frequently this is achieved using high-
performance liquid chromatography (HPLC). This system is comprised of a
column packed with hydrophobic beads (the stationary phase), a solvent (the
mobile phase), a pump to move to mobile phase, and a detector that measures
retention time (Karpievitch et al., 2010). The sample is diluted in the mobile
phase and pushed through the stationary phase, where peptides bind to the
beads at a strength proportional to the peptides’ hydrophobicity. This is to say
that hydrophilic peptides will elute sooner than hydrophobic peptides, and so
enter the initial MS run separately, increasing peak resolution (Karpievitch et
al., 2010).

Now the peptides are separated based on their hydrophobicity, how are they
introduced into the mass spectrometer? Electrospray ionisation forces the
sample through a spray needle or capillary tube where a high voltage (e.g. 3 - 6
kV) is applied and the sample travels through a warm, inert gas (perhaps
nitrogen) (Awad, Khamis and El-Aneed, 2015). This induces solvent evaporation
as the repulsive forces of the ions overcome the surface tension of the droplet,
causing the ions to desorb into the gas phase (El-Aneed, Cohen and Banoub,
2009).

With ions in the correct phase, it is now appropriate to measure their charge to
mass ratio. One such mass analyser is a quadrupole analyser, first described by
the Nobel Prize winning physicist Wolfgang Paul in the 1950’s (Paul and
Steinwedel, 1953). Wolfgang’s analyser contained four parallel electrical rods,
with two supplied with direct current, and two linked to an alternating radio

frequency. An ion enters the quadrupole analyser and is attracted to the rod
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possessing its opposite charge. However, the polarity of the rods is then
changed, which changes the trajectory of the ion. This happens repeatedly,
causing the ions to attempt a complex path through the analyser. Only ions
within a narrow range of mass to charge ratios successfully make it to the
detector at the other end of the analyser, ions outside of this range collide with
the rods and are lost. By changing the magnitude of the currents and radio
frequencies a variety of ions can be transmitted to the detector (El-Aneed,
Cohen and Banoub, 2009).

However, no matter how sensitive a detector or how long a gradient used on a
chromatography system, if a protein mixture is too complex low abundance
proteins of interest may go unidentified. Besides, if only a subset of proteins are
of interest, why submit the entire proteome for a time consuming MS run and
arduous data analysis? This need to isolate proteins of interest from complex
biosystems, for labelling and identification, has lead to the invention of activity-
based probes. An activity-based probe is a small molecule probe that typically
includes a reactive group (or warhead) that targets specific amino acids on
target proteins, a reporter group that enables detection or purification of
labelled targets, and a linker that minimises undesirable interactions between
the warhead and reporter group (Benns et al., 2021). A relevant example of an
activity-based probe is ubiquitin with a dehydroalanine warhead - if the C-
terminal glycine of ubiquitin is replaced by dehydroalanine it is still recognised
by E1s, E2s, and E3s but, upon activation by an E1, the electrophilic nature of
the dehydroalanine primes it to covalently react with the cysteine active site of
a ubiquitination enzyme (Mulder et al., 2016). The probe may react with the
cysteine active site of the E1 (forming a thioether-linked adduct), or it may
progress along the cascade (forming the native thioester bonds). If the probe
progresses along the cascade, there is a chance it will react with an E2 or E3
(notably, only HECT or RBR E3s, as those are the only E3 families that possess a
catalytic cysteine). The reporter group used depends on subsequent
experiments, so if purification is desired then a good reporter group would be
biotin, enabling biotin-streptavidin pulldowns. This enables a network of
ubiquitination machinery to be separated from the cellular milleu, integral for

its study.
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Science has progressed far thanks to reductionism, so why not focus on any one
individual protein? Because any one individual protein does not work in isolation,
it works as part of an information processing network - for example, in E. coli,
glucose concentration can be considered a signal, a signal that affects
transcription factors, transcription factors that affect protein expression,
proteins that affect which sugar is metabolised (Davies, 2019). Perhaps the need
to consider a system as a whole is best exemplified by a broken transistor radio
(Lazebnik, 2002). If a radio is broken, does one fix it by removing parts one by
one and studying what sound, if any, is produced? Would it be fixed by
examining the insides of transistors and capacitors to the atomic level? These
projects seem expensive, time consuming, and unlikely to repair it.
Alternatively, any individual moderately trained in the principles of electronic
circuitry, knowing how current flows from one component to another, converting
electromagnetic waves into sound waves, would be infinitely better equipped to
solve the problem. This is the case for omics, knowing how a system functions as
a whole provides insights into its emergent properties. If reductionism is the only

tool in the biologist’s toolbox then we have reduced too much.
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3.2 Aims and Hypotheses

Below is a study that identifies ubiquitination E1s, E2s, and HECT E3s through a
bioinformatic screening campaign, as well as the E1 and E2 involved in
SUMOylation. To obtain information at the protein level, these putative
identifications are confirmed through activity-based probes and mass

spectrometry.

e It is hypothesised that Leishmania mexicana ubiquitin and ubiquitin-like
machinery will be sufficiently related to well-characterised orthologs that

bioinformatic techniques will identify the parasite orthologs.

e It is hypothesised that expression at the protein level will be detectable

through activity-based probes and mass-spectrometry.
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3.3 Results

3.3.1 Bioinformatic screening

Using the full length of E1 encoding genes of well characterised organisms as
bait, BLAST searches against the L. mexicana genome yielded the genes seen in
Figure 3-1. Furthermore, after aligning the bait sequences, a profile hidden
Markov model was searched against the entire UniProt database. The L.

mexicana genes returned are represented with ticks in Figure 3-1.
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Figure 3-1 Screening the L. mexicana genome for putative ubiquitin activating enzyme
encoding genes. Using the two human ubiquitin activating enzymes (UBA1 and UBAG), the
ancestral prokaryotic enzymes (MoeB and ThiF, sequences from E. coli), as well as the S.
cerevisiae and C. elegans orthologs as bait for BLASTSs, and to generate a hidden Markov model
profile, L. mexicana orthologs were identified. Ticks by the gene accession number denote results
from hidden Markov models, while the BLAST scores are graphed.

The same method was used to screen for E2 encoding genes (Figure 3-2). In this
case, bait sequences were from the human genome, and represented the three

different classes of E2s (however, two enzymes were used to represent class I).
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Figure 3-2 Screening the L. mexicana genome for ubiquitin conjugating enzyme encoding
genes. Using the human conjugating enzymes from class | (UB2D2 and UBE2A), class Il
(UBE2C), and class Ill (UB2R2) as bait for BLASTs and to generate a hidden Markov model profile,
L. mexicana orthologs were identified. Ticks by the gene accession number denote results from
hidden Markov models, while the BLAST scores are graphed.
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To identify HECT E3s the results portrayed in Figure 3-3 were obtained.

Additionally, to identify the other catalytically active class of E3s, RBR, Figure

3-4 was formed.
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Figure 3-3 Screening the L. mexicana genome for ubiquitin ligase genes containing a HECT
domain. To identify L. mexicana orthologs, human HECT E3s from three different subfamilies were
employed: Sl(ngle)-HECT (UBE3A and HUWE1), C2-WW-HECT (NEDD4 and WWP1), and those
containing RCC1-like domains (HERCG6). These were used as bait for BLASTs and to generate a
hidden Markov model profile. Ticks by the gene accession humber denote a hit from the hidden
Markov models search, while the BLAST scores are graphed.
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Figure 3-4 Screening the L. mexicana genome for ubiquitin ligase genes containing a RBR
domain. To identify L. mexicana orthologs, three human RBR E3s with diverse domain
architectures were used — PARKIN, R144A, and ARI2. These were used as bait for BLASTs and to
generate a hidden Markov model profile. A tick by the gene accession number denotes a hit from
the hidden Markov models search, while the BLAST scores are graphed.

Table 3-1 surmises the results of the bioinformatic screens. Of note are the
ubiquitin-like modifications: SUMOylation, NEDDylation, urmylation, and
ufmylation. These were first identified as low scoring hits from BLASTs on
ubiquitination machinery, and further BLASTs using the human ubiquitin-like

orthologs yielded these IDs. Furthermore, ortholog searches were conducted on
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hits returned from the BLAST searches, providing further evidence as to whether

a gene encoded enzymes involved in ubiquitin or ubiquitin-like pathways. To

examine whether these hits contained relevant domains, domain searches were

also performed.

Ubiquitination

SUMOylation

NEDDylation Urmylation Ufmylation

El

LmxM.23.0550

LmxM.34.3060

LmxM.08.0220
(catalytic)
LmxM.28.0360
(regulatory)

LmxM.01.0710
(catalytic)
LmxM.32.2650
(regulatory)

LmxM.27.1670 LmxM.15.0970

E2

LmxM.04.0680
LmxM.05.0930
LmxM.07.0850
LmxM.13.1580
LmxM.22.0610
LmxM.24.1710
LmxM.24.2130
LmxM.31.0700
LmxM.31.0960
LmxM.32.2770
LmxM.33.0900
LmxM.33.1555
LmxM.34.1300

LmxM.02.0390

E3
(HECT)

LmxM.07.0280
LmxM.13.1470
LmxM.26.2370
LmxM.29.0910
LmxM.31.1090
LmxM.31.3930
LmxM.33.3960
LmxM.34.2450
LmxM.34.4000
LmxM.34.5390
LmxM.36.4370
LmxM.36.6340

E3
(RBR)

LmxM.29.2170

Table 3-1 A summary of the bioinformatic screening of the Leishmania mexicana genome, to
identify catalytically active ubiquitination machinery. The terms “catalytic” and “regulatory”
refer to subunits in the E1 dimer — “catalytic” refers to the subunit with the active site, while
“regulatory” is the subunit without an active site.

Table 3-2 shows this summary combined with data from publicly accessible

databases. The relative transcript expression levels were obtained from bulk

RNA sequencing (Fiebig, Kelly and Gluenz, 2015). Genes were transformed into

the orthologous Trypanosoma brucei protein using the TriTryp database, and the

localisation of the ortholog searched for using the TrypTag database (Dean,

Sunter and Wheeler, 2017). It is worth restating that this work has focused on
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E3s with cysteine active sites, as those are potentially easier drug targets than
E3s that do not possess an active site (RING E3s). This is in contrast to the Burge
et al. paper, which included RING E3s (Burge et al., 2020).

Relative transcript expression in different life cycle stages
Accession code Ortholog localisation
Intracellular amas. Axenic amast. Promastigote

LmxM.23.0550 No significant differences Cytoplasm, nucleoplasm, flagellar cytoplasm

- LmxM.34.3060 No significant differences ucleoplasm, peripheral nucleolus, posterior cell tip, cytoplasm, flagella cytoplasm
LmxM.02.0330 No significant differences ucleoplasm, cytoplasm
LmxM.04.0680 Lowest Lowest Highest ICytoplasm, flagellar cytoplasm, nuclear lumen
LmxM.05.0930 Highest Intermediate Lowest Cytoplasm, flagellar cytoplasm, nuclear lumen
LmxM.07.0850 No significant differences Endoplasmic reticulum
LmxM.13.1580 No significant differences /A - tagging failed
Lmxh.22.0610 Highest Lowest Lowest Cytoplasm, flagellar cytoplasm, nuclear lumen, nucleoplasm
LmxM.24.1710 No significant differences /4 - ortholog unidentified

& LmxM.24.2130 No significant differences Iytoplasm
LmxM.31.0700 Highest Highest Lowest ICytoplasm, endocytic, nucleoplasm, cytoplasm
LmxM.31.0960 Highest Intermediate Lowest Endocytic, cytoplasm
LmxM.32.2770 No significant differences Cytoplasm, flagellar cytoplasm, nuclear lumen
LmxM.33.0900 Highest Intermediate Lowest Endoplasmic reticulum, nuclear envelope, mitochondrion
LmxM.33.1555 Highest Intermediate Lowest Cytoplasm, flagellar cytoplasm, nuclear lumen
LmxM.34.1300 Lowest Intermediate Highest Cytoplasm
LmxM.07.0280 No significant differences Cytoplasm, nucleoplasm
LmxM.13.1470 Lowest Highest Highest Endocytic, cytoplasm
LmxM.26.2370 No significant differences [ytoplasm, flagellar cytoplasm
LmxM.29.0910 Highest Highest Lowest Iytoplasm, nucleoplasm
LmxM.31.1050 Highest Intermediate Lowest KCytoplasm, flagellar cytoplasm, nuclear lumen
LmxM.31.3930 Lowest Intermediate Highest Cytoplasm

E3 [HECT)
LmxM.33.3960 Highest Lowest Lowest ucleolus
LmxM.34.2450 Highest Intermediate Lowest Endocytic, cytoplasm, flagellar pocket, flagellum
LmxM.34.4000 Highest Highest Lowest /i - ortholog unidentified
LmxM.34.5350 Highest Highest Lowest Cytoplasm
LmxM.36.4370 Highest Intermediate Lowest /A - ortholog unidentified
LmxM.36.6340 No significant differences Cytoplasm
E3 (RBR) LmxM.29.2170 Highest ‘ Highest | Lowest Paraflagellar rod, cytoplasm

Table 3-2 Bioinformatically identified ubiquitination E1/E2/E3s with additional information
from database searches. The ubiquitination machinery putatively identified through bioinformatic
methods, with details added from a transcriptomic study (Fiebig, Kelly and Gluenz, 2015) and the
localisation of the T. brucei ortholog from the TrypTag database (Dean, Sunter and Wheeler,
2017). “Amast.” refers to amastigotes.

3.3.2 Proteomic screening using an activity-based probe
3.3.2.1 An E1 probe with Leishmania lysate

Although bioinformatic screening yielded genes that putatively encoded
ubiquitination machinery, whether these genes are expressed at the protein
level, and when, is a very different matter. As such, proteomic screening was
conducted using an activity-based probe. The results of using a probe specific
for E1s is demonstrated in Figure 3-5. In more detail, Figure 3-5 shows a biotin-

streptavidin pulldown when using a biotin labelled probe that interacts with E1s,
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compared to a streptavidin pulldown on a promastigote lysate without a probe
(to show endogenously biotinylated protein), and a pulldown on iodoacetamide
treated lysate (to inactivate E1s through alkylation of their cysteine active sites,
controlling for other protein-probe interactions). The banding pattern between
the experimental and control conditions is clearly different, with several
additional bands above the 100 kDa marker only present in experimental
conditions. The two putative ubiquitin activating enzymes that were identified
through bioinformatic screening were identified using mass spectrometry.
Interestingly, using the MASCOT program’s emPAIl value (Ishihama et al., 2005),
LmxM.34.3060 was estimated to be 3-fold more abundant than LmxM.23.0550 in
this analysis. However, both of these proteins were present in the
iodoacetamide treated negative control, albeit at a lower abundance - for
LmxM.34.3060, of the 65 unique peptide groups identified, 60 were found only in
the experimental condition; for LmxM.23.0550, of the 32 unique peptides groups

identified, 22 of these were only found in the experimental condition.
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probe

lodoacetamide
treated

Figure 3-5 An activity-based probe, specific for ubiquitin activating enzymes, reacting with
L. mexicana promastigote lysate. A) 34.5 pg/ml (1) and 69 pug/ml (2) of E1 probe (product code
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UbiQ-221, supplied by UbiQ) was incubated with lysate from L. mexicana promastigotes. These
reactions were compared against iodoacetamide treated lysate with 69 pg/ml of probe (3), cell
lysate without probe or iodoacetamide (4), probe without lysate (5), and the supernatant present
after boiling streptavidin beads in Laemmli buffer for 10 minutes (6). All samples were run on a 4-
20% SDS-PAGE gel and silver stained. Molecular weight markers had product code #P7712, and
were supplied by NEB. B) Samples from lane 2 (69 ug/ml of E1 probe) and lane 3 (iodoacetamide
treated lysate) were analysed by mass spectrometry, with the results shown in a Venn diagram
Given that of the 512 total proteins only two were of interest (interest defined
as present in the bioinformatic screening campaign), further attempts were
made to reduce the background, in case this background masked a signal from
other proteins of interest. Additionally, optimising this probe, which reacts with
a subset of ubiquitination enzymes, may aid in the use of other activity-based
probes that interact with more ubiquitination enzymes. To reduce the
background, RIPA buffer was used to wash the streptavidin beads after
pulldown, as opposed to PBS in prior iterations. Figure 3-6 shows how this
impacted the results. The number of wash steps alongside the volume of

streptavidin beads were optimised in Figure 3-7.
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Figure 3-6 Optimising wash buffers, to remove more contaminants present in a reaction of
an E1 specific activity-based probe with L.mexicana promastigote lysate. A) 34.5 uyg/ml of E1
probe (product code UbiQ-221, supplied by UbiQ) was incubated with lysate from L. mexicana
promastigotes. Lane 1 features the eluate from streptavidin beads, after four washes in RIPA
buffer. This is compared to an iodoacetamide treated lysate (2), and a probe-lysate reaction
washed with four lots of PBS (3). Respectively, lanes 4, 5, 6, and 7, show protein removed in the
1st, 2nd 3 and 4" washes in RIPA buffer. All samples were run on the same 4-20% SDS-PAGE
gel and silver stained. Molecular weight markers had product code #P7712, and were supplied by
NEB. B) Samples from (1) and (2) were sent for mass spectrometry, with the resulting protein IDs
displayed as a Venn diagram.
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Figure 3-7 Optimising streptavidin bead volume and the number of washes for an activity-
based probe, specific for ubiquitin activating enzymes, reacting with L. mexicana
promastigote lysate. 34.5 uyg/ml of E1 probe (product code UbiQ-221, supplied by UbiQ) was
incubated with lysate from L. mexicana promastigotes. These reactions differed in the volume of
streptavidin beads employed in the pulldown: 15 pl (1), 20 pl (2), 25 pl (3), or 30 yl (4).
Furthermore, these reactions were washed more thoroughly than in prior experiments, undergoing
10 washes in RIPA buffer. These were compared against probe incubated with iodoacetamide
treated lysate, eluted with 30 pl of streptavidin beads, after 10 RIPA washes (5). Additionally,
samples were contrasted against a sample representative of a previous protocol, using 2 x PBS
washes and 3 x RIPA washes (6). Lanes 7, 8, and 9 show the protein removed in the final three
washes (washes 8, 9, and 10 respectively). All samples were run on a 4-20% SDS-PAGE gel and
silver stained. Molecular weight markers had product code #P7712, and were supplied by NEB.

To further reduce non-specific binding two further method developments were
trialled: adding Tween 20 during the streptavidin bead and biotin probe
incubation, and eluting with a biotin based elution buffer (as opposed to boiling
the beads in Laemmli buffer) (Figure 3-8). Eluting using biotin returned the
fewest protein IDs, 25 in total, whereas boiling in Laemmli returned
approximately 90 identifications (in both the Tween 20 and iodoacetamide
control). In all samples both LmxM.34.3060 and LmxM.23.0550 were present,
though the Tween 20 sample had the most peptides from these putative E1s
identified. The Tween 20 sample also had an estimated 12-fold difference in
abundance of LmxM.34.3060 to LmxM.23.0550, whereas the proteins were

estimated to be of almost equal abundance when eluted using biotin.
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Figure 3-8 Optimising binding and elution methods for an activity-based probe, specific for
ubiquitin activating enzymes, reacting with L. mexicana promastigote lysate. A) 34.5 pyg/ml of
E1 probe (product code UbiQ-221, supplied by UbiQ) was incubated with lysate from L. mexicana
promastigotes. In lane 1 0.05% Tween 20 was added alongside the streptavidin beads, lane 2 had
0.1% added at the same point. Lane 3 shows an elution buffer using 0.5 mM biotin. Lane 4 shows
an elution buffer using 1 mM of biotin. After incubation with the biotin elution buffers, the same
streptavidin beads were boiled in Laemmli buffer for 10 mins. Supernatant from boiled beads used
with 0.5 mM biotin elution buffer are shown in lane 5, and those beads used with 1 mM of biotin are
shown in lane 6. Lane 7 shows a positive control, using prior elution methods. Lane 8 is a negative
control, with iodoacetamide treated lysate. All samples were run on a 4-20% SDS-PAGE gel and
silver stained. Molecular weight markers had product code #P7712, and were supplied by NEB. B)
Samples from lane 2 (0.1% Tween 20 during pulldown), lane 4 (1 mM biotin elution buffer), and
lane 8 (iodoacetamide treated lysate) underwent mass spectrometry, with protein identifications
shown in a Venn diagram.

Using axenic amastigotes in lieu of promastigotes yields similarly distinct bands

above 100 kDa, not present in control conditions, as seen in Figure 3-9.
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Furthermore, a new negative control was trialled - a chemically inactive probe,
that was unable to form a covalent bond with E1s, replacing the iodoacetamide
control. Mass spectrometric analysis revealed two of the predicted ubiquitin
activating enzymes: LmxM.23.0550 and LmxM.34.3060. Of note are the
estimated abundances within the sample, providing emPAl scores of 0.04 and
0.63 respectively. These scores suggest LmxM.34.3060 is approximately 16-fold
more abundant in the sample than LmxM.23.0550. These enzymes did not appear

in the negative control.

A)

B)

Inactive
E1 probe

Active E1
probe

Figure 3-9 An activity-based probe, specific for ubiquitin activating enzymes, reacting with
L. mexicana amastigote lysate. A) 34.5 ug/ml of E1 probe (product code UbiQ-221, supplied by
UbiQ) was incubated with lysate from L. mexicana axenic amastigotes (1). This reaction was
compared against cell lysate reacting with an inactivated probe (2). All samples were run on a 4-
20% SDS-PAGE gel and silver stained. Molecular weight markers had product code #P7712, and
were supplied by NEB. B) Venn diagram showing the distribution of mass spectrometric protein
identifications when using chemically active and chemically inactive probes.

3.3.2.2 A cascade probe with Leishmania cell lysate

In order to identify E2s and HECT/RBR E3s, an activity-based probe was
employed that should be transferred through the enzymatic cascade referred to
here as a cascade probe. Initially, fluorescent probes were employed to optimise
the reaction. Figure 3-10 shows varying concentrations of a rhodamine labelled
probe, and Figure 3-11 varies the concentration of a Cy5 labelled probe. Notable
bands are the three bold bands under 25 kDa in all conditions of all experiments,

including the negative control (apyrase was used to remove ATP from the lysate,
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thereby precluding the probe from entering the enzymatic cascade).
Furthermore, these bands are present when lysate was not used in the reaction

mixture (lane 5).
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Figure 3-10 Rhodamine fluorescence scan of various concentrations of an activity-based
ubiquitin probe reacting with L. mexicana promastigote lysate. Rhodamine labelled cascade
probe (product code UbiQ-131, supplied by UbiQ) was incubated with various concentrations of L.
mexicana promastigote lysate. Lane one shows a reaction that featured probe at 20 yg/ml, lane
two a reaction with probe at 10 pg/ml, and lane three used 5 pg/ml probe. Lane four also used 20
pg/ml probe, but the lysate was incubated with apyrase. Lane five shows a sample of probe run
without lysate. All samples were run on the same 4-20% SDS-PAGE gel and scanned for
rhodamine fluorescence. Molecular weight markers had product code #P7712, and were supplied
by NEB.
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Figure 3-11 Cy5 fluorescence scan of various concentrations of an activity-based ubiquitin
probe reacting with L. mexicana promastigote lysate. Cy5 labelled cascade probe (product
code UbiQ-104, supplied by UbiQ) was incubated with various concentrations of L. mexicana
promastigote lysate. Lane one shows a reaction that featured probe at 20 pg/ml, lane two a
reaction with probe at 10 ug/ml, lane three used 5 pg/ml probe, lane four 2.5 ug/ml probe, lane five
1 pg/ml probe. Lane six used 20 pg/ml of probe, after the lysate was incubated with apyrase. All
samples were run on the same 4-20% SDS-PAGE gel and scanned for Cy5 fluorescence.
Molecular weight markers had product code #P7712, and were supplied by NEB.

An experiment to vary the concentration of promastigote lysate is shown in
Figure 3-12. Again, the most distinct bands are present at and below 25 kDa. At
low concentrations of lysate there is some faint banding at 46 kDa and above,

however these bands are present when the probe is without lysate.
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Figure 3-12 Rhodamine fluorescence scan of an activity-based ubiquitin probe reacting with
L. mexicana promastigote lysate, varying the concentration of cell lysate. 20 ug/ml of
rhodamine labelled cascade probe (product code UbiQ-131, supplied by UbiQ) was incubated with
various concentrations of L. mexicana promastigote lysate. Lane one shows a reaction that
featured cell lysate at 2 mg/ml, lane two a reaction with lysate at 1.5 mg/ml, lane three 1 mg/ml
lysate, and lane four 0.5 mg/ml lysate. Lane five shows a sample of probe run without lysate. Lane
six was treated with 2 U of apyrase before sonication, and used 2 mg/ml lysate. All samples were
run on the same 4-20% SDS-PAGE gel and scanned for rhodamine fluorescence. Molecular weight
markers had product code #P7712, and were supplied by NEB.

A revision to the protocol was made around cell lysis - adding the activity-based
probe pre-lysis, then lysing using a water bath sonicator (as opposed to lysing
with a probe sonicator, then adding the probe). Figure 3-13 shows the impact of
these method improvements, on a Cy5 labelled probe. Although faint, bands not
visible in previous experiments can be seen between 32 and 46 kDa, which are

absent from the negative control.
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Figure 3-13 Cy5 fluorescence scan of an activity-based ubiquitin probe reacting with L.
mexicana promastigote lysate. A) 20 ug/ml of Cy5 labelled cascade probe (product code UbiQ-
104, supplied by UbiQ) was incubated with lysate from 3e7 L. mexicana promastigotes. Lane one
shows the aforementioned reaction, lane two shows the same reaction after treatment with 2 U of
apyrase. Lane three shows the probe reacting with human UBA1 (product code 61-0001-050,
supplied by Ubiquigent). B) The same image as in A), but with increased contrast. All samples
were run on the same 4-20% SDS-PAGE gel and scanned for Cy5 fluorescence. Molecular weight
markers had product code #P7712, and were supplied by NEB.

Given an identifiable signal, present only in experimental conditions,
optimisation could begin. Figure 3-14 shows varying concentrations of a Cy5
labelled probe - while existing bands get darker the more probe is used, no new
bands appear. Figure 3-15 shows the effect of modulating the concentration of
essential ligands - ATP and MgCl; - in the reactions. The clearest banding is
found without the addition of ATP or MgCl,. Figure 3-16 shows the effect of
varying the incubation time of the reaction, there does not seem to be any
visible differences in the banding patterns. Additionally, a methodological
improvement applied in these experiments was to run proteins <25 kDa off the
polyacrylamide gel, permitting greater visibility of bands at higher molecular
weights. Although a banding pattern becomes gradually more distinct over the
course of these experiments, there is no differentiation between the negative

control and experimental conditions.
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Figure 3-14 Cy5 fluorescence scan of various concentrations of an activity-based ubiquitin
probe reacting with L. mexicana promastigote lysate. Cy5 labelled cascade probe (product
code UbiQ-104, supplied by UbiQ) was incubated with lysate from 3e7 L. mexicana promastigotes.
Lane one shows a reaction that used 37.5 pug/ml of probe, lane two employed 54 ug/ml of probe,
lane three 69 ug/ml, lane four 83 pug/ml, and lane five 83 pug/ml of probe with treatment with 2 U of
apyrase. All samples were run on the same 4-20% SDS-PAGE gel and scanned for Cy5
fluorescence. Molecular weight markers had product code #P7712, and were supplied by NEB.
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Figure 3-15 Cy5 fluorescence scan of an activity-based ubiquitin probe reacting with L.
mexicana promastigote lysate, using various concentrations of ATP and MgCl.. 34.5 ug/ml of
Cy5 labelled cascade probe (product code UbiQ-104, supplied by UbiQ) was incubated with lysate
from 3e7 L. mexicana promastigotes. Lane one shows a reaction that had no added ATP or MgClo,
lane two pictures a reaction with 7.5 mM ATP and 15 mM MgCl: added, lane three 15 mM ATP and
30 mM MgClz, and lane four used 22.5 mM ATP and 45 mM MgCl.. Lane five used 15 mM ATP
and 30 mM MgClz as well, though addition was before cell lysis (contrary to other reactions). Lane
six was treated with 2 U of apyrase before sonication, and did not have any additional ATP. All
samples were run on the same 4-20% SDS-PAGE gel and scanned for Cy5 fluorescence.
Molecular weight markers had product code #P7712, and were supplied by NEB.
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Figure 3-16 Cy5 fluorescence scan of an activity-based ubiquitin probe that reacted with L.
mexicana promastigote lysate for various time periods. 34.5 pg/ml of Cy5 labelled cascade
probe (product code UbiQ-104, supplied by UbiQ) was incubated with lysate from 3e7 L. mexicana
promastigotes. Lane one shows a reaction that ran for 15 minutes, lane two reacted for 30 minutes,
lane three for 45 minutes, lane four for 60 minutes, and lane five for 90 minutes. Lane six also ran
for 90 minutes, but was first treated with 2 U of apyrase. All samples were run on the same 4-20%
SDS-PAGE gel and scanned for Cy5 fluorescence. Molecular weight markers had product code
#P7712, and were supplied by NEB.

To compare the fluorescence between rhodamine and Cy5 labelled probes, the
same lysate, reacting with each probe under the same method, was run on the

same gel. This can be seen in Figure 3-17. Note the distinct banding patterns,

entirely dependent on whether a rhodamine or Cy5 labelled probe is employed.
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Figure 3-17 Cy5 and rhodamine fluorescence scans of an activity-based ubiquitin probe
reacting with L. mexicana promastigote lysate, varying the concentration of both probes. A)
Cyb5 labelled cascade probe (product code UbiQ-104, supplied by UbiQ) was incubated with lysate
from 3e7 L. mexicana promastigotes. Lane one shows a reaction with 1 mg/ml of probe, lane two
used 3 mg/ml probe, lane four used 3 mg/ml probe after treatment with apyrase. B) Rhodamine
labelled cascade probe (product code UbiQ-131, supplied by UbiQ was incubated with lysate from
3e7 L. mexicana promastigotes. Lane one shows a reaction with 1 mg/ml of probe, lane two used 3
mg/ml probe, lane four used 3 mg/ml probe after treatment with apyrase. All samples were run on
the same 4-20% SDS-PAGE gel and scanned for Cy5 and rhodamine fluorescence. Molecular
weight markers had product code #P7712, and were supplied by NEB.

Given that the banding pattern was dependent on the fluorescent label
employed, one probe’s optimisation may not be generalisable to other probes,
so further optimisation was conducted using the biotin labelled probe (the same
probe that would be employed for biotin-streptavidin pulldowns and subsequent
mass spectrometry). Further parameters to be optimised were the cell number
needed to give a signal after a biotin-streptavidin pulldown, and the elution
method to retrieve the biotin labelled E1/E2/E3s from the streptavidin beads
(Figure 3-18). Despite distinct banding patterns on a silver stained gel between
the negative control (lane 6) and its most similar experimental condition (lane
4), none of the anticipated target proteins were identified through mass

spectrometry.
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Figure 3-18 Optimising cell number and elution for an activity-based probe, designed to
interact with ubiquitin conjugation machinery, reacting with L. mexicana promastigote
lysate. A) 34.5 pg/ml of cascade probe (product code UbiQ-102, supplied by UbiQ) was incubated
with lysate from L. mexicana promastigotes. In lane one 7.5e8 cells were used, and elution
conducted with a biotin-based elution buffer. In lane two 7.5e7 cells were used, and elution
conducted with a biotin-based elution buffer. In lane three 7.5e8 cells were treated with
iodoacetamide before sonication, and eluted with a biotin based elution buffer. Lane four used
7.5e8 cells for the reaction mix, and elution was conducted by boiling streptavidin beads in
Laemmli buffer. Lane five used 7.5e7 cells for the reaction mix, with elution conducted by boiling
streptavidin beads in Laemmli buffer. In lane six 7.5e8 cells were treated with iodoacetamide
before sonication, and eluted by boiling streptavidin beads in Laemmli buffer. All samples were run
on a 4-20% SDS-PAGE gel and silver stained. Molecular weight markers had product code
#P7712, and were supplied by NEB. B) The conditions in lane four (7.5e8 cells, eluted by boiling in
Laemmli buffer) and lane six (7.5e8 cells treated with iodoacetamide), underwent mass
spectrometry, with the number of protein identifications in both samples shown in a Venn diagram.

The volume of streptavidin beads used for pulldowns was also optimised, as was
the concentration of ATP and MgCl; (Figure 3-19). It was thought that a deficit of
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ATP could be preventing the cascade probe from interacting with the
ubiquitination machinery, and so extra ATP and MgCl, were added to the
reactions (7.5mM ATP and 10 mM MgCl;), or perhaps a bead proteome was
masking any signal from any proteins of interest (Trinkle-Mulcahy et al., 2008).
Although there was a correlation between the microlitres of beads used for
pulldowns and the number of protein identifications obtained, neither the
addition of extra ATP nor the use of fewer beads resulted in any identifications

of proteins of interest.
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Figure 3-19 Optimising bead volume and ATP concentration for an activity-based probe,
designed to interact with ubiquitin conjugation machinery, reacting with L. mexicana
promastigote lysate. A) 34.5 ug/ml of cascade probe (product code UbiQ-102, supplied by UbiQ)
was incubated with lysate from 7.5e7 L. mexicana promastigotes. In lane one 15 pl of streptavidin
beads were used to elute, lane two 20 ul, lane three 25ul, lane four 30ul. All four reactions also had
7.5mM ATP and 10 mM MgCl: added. Lane five used 25 pl of beads, without any additional ATP or
MgClz. Lane six features a reaction that was treated with iodoacetamide before sonication. All
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samples were run on a 4-20% SDS-PAGE gel and silver stained. Molecular weight markers had
product code #P7712, and were supplied by NEB. B) Number of protein identifications achieved
through mass spectrometry with various volumes of streptavidin beads, displayed as a bar chart.
C) A Venn diagram showing the similarities between the samples.

3.3.2.3 A cascade probe with human cell lysate

In an attempt to reproduce published data using the cascade probe (Mulder et
al., 2016), THP1 cells, a human monocyte line (Tsuchiya et al., 1980), were used

with a fluorescently labelled probe. This is shown in Figure 3-20.
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Figure 3-20 Cy5 fluorescence scan of various concentrations of an activity-based ubiquitin
probe reacting with THP1 lysate. Various concentrations of THP1 lysate were incubated with 20
pg/ml of Cy5 labelled cascade probe (product code UbiQ-104, supplied by UbiQ). Lane one shows
a reaction using lysate at 20 mg/ml, lane two had lysate at 10 mg/ml, lane three at 5 mg/ml, and
lane four at 1 mg/ml. Lane five also used lysate at 20 mg/ml, after treatment with 2 U of apyrase.
Lane six is a sample of the probe, without lysate. All samples were run on the same 4-20% SDS-
PAGE gel and scanned for Cy5 fluorescence. Molecular weight markers had product code #P7712,
and were supplied by NEB.

THP1 cells were used again, with an activity-based cascade probe that had
undergone further purification. The aim of further purification was to remove

probe oligomers. These results are demonstrated in Figure 3-21. A banding

pattern is present <25 kDa, which is independent of the presence of lysate.
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Figure 3-21 Cy5 fluorescence scan of various concentrations of a purified, activity-based
ubiquitin probe reacting with THP1 lysate. Various concentrations of THP1 lysate were
incubated with 20 pg/ml of (product code UbiQ-104, supplied by UbiQ) probe, purified to remove
oligomers, to confirm whether published data could be replicated. Lane one shows a reaction using
lysate at 20 mg/ml, lane two had lysate at 10 mg/ml, lane three at 5 mg/ml, and lane four at 1
mg/ml. Lane five also used lysate at 20 mg/ml, after treatment with 2 U of apyrase. Lane six is a
sample of the probe, without lysate. All samples were run on the same 4-20% SDS-PAGE gel and
scanned for Cy5 fluorescence. Molecular weight markers had product code #P7712, and were
supplied by NEB.

3.3.2.4 A cascade probe based on the sequence of Leishmania ubiquitin

Of the 76 amino acid protein, two amino acids differ between L. mexicana
ubiquitin and human ubiquitin - one conserved mutation, and one non-
conserved. A cascade probe that was based on the sequence of L. mexicana
ubiquitin (prior probes using the sequence of human ubiquitin) was provided by
UbiQ. Furthermore, this probe contained two tags: TAMRA and biotin, permitting
detection via fluorescent scanning and affinity purification. Various
concentrations of this probe, with some samples shown before and after
pulldowns, are shown in figure Figure 3-22, with fluorescent scanning in Figure
3-22A, and affinity purification in Figure 3-22B. To determine the optimal
volume of streptavidin beads figure Figure 3-23 was formed. In both figures, it is
important to note that the fluorescent signal, apparent before the biotin-
streptavidin pulldown, is no longer detectable after the pulldown. Of the 56
proteins detected through mass spectrometry, none were deemed proteins of

interest.
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Figure 3-22 Various concentrations of an activity-based cascade probe, based on the
sequence of L. mexicana ubiquitin with dual tags, reacting with L. mexicana lysate.

A TAMRA and biotin tagged cascade probe (product code UbiQ-246, supplied by UbiQ) was
incubated with lysate from 7.5e7 L. mexicana promastigotes. A) TAMRA fluorescence scan B) The
silver stain of the same gel. Lane 1 shows lysate is incubated with 40 ug/ml probe. Lane 2 shows
lysate with 30 pg/ml of probe. Lanes 3,4,5,6,7, and 8 all show samples after a biotin-streptavidin
pulldown. Lane 3 used probe at 40 pg/ml, lane 4 at 30 uyg/ml, lane 5 at 20 ug/ml, lane 6 at 10
pg/ml, and lane 7 at 5 yg/ml. Lane 8 uses 40 ug/ml of probe to pulldown an iodoacetamide treated
lysate. Lane 9 is solely the activity-based probe. All samples were run on the same 4-20% SDS-
PAGE gel and scanned for TAMRA fluorescence before being silver stained. Molecular weight
markers had product code #P7712, and were supplied by NEB.
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Figure 3-23 An activity-based cascade probe, based on the sequence of L. mexicana
ubiquitin with dual tags, reacting with L. mexicana lysate with various elution conditions.

A TAMRA and biotin tagged cascade probe (product code UbiQ-246, supplied by UbiQ) was
incubated with lysate from 7.5e7 L. mexicana promastigotes. A) TAMRA fluorescence scan B) The
silver stain of the same gel. Lane 1 shows lysate and probe mixture, before pulldown. Lane 2
shows left over supernatant, after pulldown with 75 pl of streptavidin beads. Lane 3 shows the
leftover supernatant after 15 pl of beads are used for a pulldown. Lane 4 is the elution using 75 pl
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beads. Lane 5 the elution from 60 pl beads Lane 6 the elution from 45 pl of beads. Lane 7 the
elution from 30 ul of beads. Lane 8 the elution from 15 pl of beads. Lane 9 used 75 pl of beads to
elute from an iodoacetamide treated lysate. All samples were run on the same 4-20% SDS-PAGE
gel and scanned for TAMRA fluorescence before being silver stained. Molecular weight markers
had product code #P7712, and were supplied by NEB.

3.3.2.5 E1 probe with crosslinker

To identify E2s, whilst using the E1 specific probe, chemical crosslinkers were
employed. Various concentrations of a non-cleavable crosslinker, DSS, are shown
in Figure 3-24. These samples were sent for mass spectrometric analysis.
Proteins identified in both the bioinformatic screening and mass spectrometry,
but absent in negative control, are listed in Table 3-3. Of particular interest is a
putative E2, LmxM.33.0900, which is present in all three experimental samples.
Also interesting, is the appearance of a putative HECT E3, LmxM.07.0280, in all
three experimental conditions. Table 3-3 does not feature the putative E1
LmxM.34.3060 - this was abundant in all three experimental samples, but a
peptide of LmxM.34.3060 was identified in the negative control condition, and
so LmxM.34.3060 was excluded from Table 3-3.

A)

Figure 3-24 Optimising a non-cleavable crosslinker, DSS, with an activity-based probe
specific for ubiquitin activating enzymes, in L. mexicana promastigote lysate. A) 34.5 pg/ml
of E1 probe (product code UbiQ-221, supplied by UbiQ) was incubated with lysate from L.
mexicana promastigotes. Lane 1 contains a reaction without DSS. This is compared to lane two
with 1 mM, lane three with 3mM, and lane four with 5 mM of DSS. Lane 5 has an unreactive probe
with lysate. All samples were run on the same 4-20% SDS-PAGE gel and silver stained. Molecular
weight markers had product code #P7712, and were supplied by NEB. B) A Venn diagram showing
the distribution of mass spectrometric protein identifications, in samples using 1, 3, and 5 mM of
DSS, with samples also identified in the unreactive probe condition removed.
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. Present in samples
Gene accession no.

(mM of DSS)
E1 LmxM.23.0550 1,35
LmxM.07.0850 3
E2
LmxM.33.0900 1,35
E3 (HECT) LmxM.07.0280 1,35

Table 3-3 Summary of mass spectrometric results obtained when using DSS, and an E1
specific activity-based probe to identify components of L. mexicana’s ubiquitination
machinery. The listed proteins appeared in the bioinformatic screening, but did not appear in a
negative control (a chemically inactive activity-based probe incubated with 5mM DSS).

A cleavable crosslinker, DTSSP, is shown in figure Figure 3-25. A key distinction
between the non-cleavable and cleavable crosslinkers are the number of bands,
with DTSSP Figure 3-25 having more. However, the presence of distinct bands
around 245 kDa are only seen with DSS in figure Figure 3-24. The number of
proteins that were identified in the experimental samples, but not present in
the negative control, are shown in figure Figure 3-25B. Other than the putative
E1s already identified using this probe, crosslinking with DTSSP provided no
further proteins of interest. This experiment was repeated, washing with PBS as
opposed to RIPA buffer (in case RIPA buffer caused premature cleavage of
DTSSP), and seeding the reaction with 350 pmol of recombinant LmxM.34.3060
(see 5.3.1). This did not improve on the initial DTSSP results, also yielding no

additional proteins of interest.
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Figure 3-25 Optimising a cleavable crosslinker, DTSSP, with an activity-based probe
specific for ubiquitin activating enzymes, in L. mexicana promastigote lysate. A) 34.5 pg/ml
of E1 probe product code UbiQ-221, supplied by UbiQ) was incubated with lysate from 1.5e8 L.
mexicana promastigotes. Lane 1 contains a reaction without DTSSP. This is compared to lane two
with 1 mM, lane three with 3mM, and lane four with 5 mM of DTSSP. Lane 5 has an unreactive
probe with lysate. All samples were run on a 4-20% SDS-PAGE gel and silver stained. Molecular
weight markers had product code #P7712, and were supplied by NEB. B) A Venn diagram showing
the distribution of mass spectrometric protein identifications, in samples using 1, 3, and 5 mM of
DTSSP, with proteins also identified in the iodoacetamide condition removed.

3.3.2.6 A SUMO cascade probe with Leishmania lysate

Given the existence of an activity-based probe based on the sequence of SUMO2,
SUMOylation was also investigated using similar principles. Figure 3-26 shows a
various concentrations of a fluorescently labelled probe, based on the sequence

of human SUMO2. Faint bands are denoted by asterisks.
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Figure 3-26 Rhodamine fluorescence scan of various concentrations of an activity-based
SUMOL probe reacting with Leishmania mexicana lysate. Various concentrations of SUMO1
probe (product code UbiQ-130, supplied by Ubiqg) were incubated with lysate from 7.5e7 L.
mexicana promastigotes, in order to identify SUMOylation machinery in the parasite. Lane one
shows 5 pg/ml of probe interacting with lysate, lane two shows 10 pg/ml, lane three 20 pg/ml, lane
four 30 yg/ml, and lane five 40 pg/ml. Lane six also shows 40 pg/ml of probe, however the lysate
was alkylated with iodoacetamide. Lane seven displays the fluorescence from 40 ug/ml of probe
without lysate present. Asterisks are used to draw attention to otherwise subtle bands in lane 1. All
samples were run on the same 4-20% SDS-PAGE gel and scanned for rhodamine fluorescence.
Molecular weight markers had product code #P7712, and were supplied by NEB.

A following experiment varied the cell number, with a proportional increase in
the amount of probe used. The results of this are shown in Figure 3-27. The
banding pattern is more distinct as more cells are used, more than were

necessary when studying ubiquitination.
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Figure 3-27 Rhodamine fluorescence scan of various concentrations of an activity-based
SUMOL1 probe reacting with Leishmania mexicana lysate. Various concentrations of (product
code UbiQ-130, supplied by Ubiqg) probe and L. mexicana promastigote lysate were incubated
together, in order to identify SUMOylation machinery in the parasite. Lanel: 7.5e7 cells with 0.5 pg
of probe (1 x reaction). Lane 2: 1.875e8 cells with 1.25 ug probe (2.5 x reaction). Lane 3: 3.75e8
cells with 2.5 pg probe (5 x reaction). Lane 4: 5.625e8 with 3.75 ug probe (7.5 x reaction). Lane 5:
7.5e8 cells with 5 ug probe (10 x reaction). Lane 6: lodoacetamide treated lysate in a 10 x
reaction. Lane 7: the probe without lysate. Asterisks are used to draw attention to otherwise subtle
bands in lane 5. All samples were run on the same 4-20% SDS-PAGE gel and scanned for
rhodamine fluorescence. Molecular weight markers had product code #P7712, and were supplied
by NEB.

A biotin streptavidin pulldown was conducted to enrich the SUMO machinery,
with this fraction undergoing mass spectrometry. However, a biotin labelled
probe was only available with the SUMO2 sequence, as opposed for the SUMO1 -
based probe that was used for fluorescent labelling. The results are shown as a

Venn diagram in Figure 3-28. None of the proteins identified were proteins of
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interest, as indicated in the bioinformatic screening.

Active lodoacetamide
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Figure 3-28 Venn diagram of the protein identifications obtained using a biotin tagged
activity-based probe, targeting Leishmania's SUMOylation machinery.
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3.4 Discussion

3.4.1 Ubiquitin activating enzymes

Bioinformatic analyses suggest that a ubiquitination system likely exists in L.
mexicana, with some components of these pathways being labelled using
activity-based probes that allowed selection by affinity chromatography and
subsequent identification through proteomic approaches. This study
predominantly details ubiquitin activating enzymes, which are identified as
LmxM.23.0550 and LmxM.34.3060. Although these genes have been identified
before, the bioinformatic methods employed here do not rely on domain
searches, and so do not rely on prior annotation of the Leishmania genome
(Burge et al., 2020). This is also the first time these E1s have been characterised
at a protein level, with their relative abundance noted. The idea that there are
two E1s is itself interesting - single celled organisms typically suffice with one
E1, as is the case with Schizosaccharomyces pombe (Olsen and Lima, 2013) and
Saccharomyces cerevisiae (McGrath, Jentsch and Varshavsky, 1991). In fact,
some multicellular organisms only have a single E1 enzyme, such as C. elegans
(Jones et al., 2002) and Drosophila (Watts, Hoopfer and Luo, 2003). The use of
two E1s is usually limited to vertebrates, from humans to zebrafish (although sea
urchins provide an interesting exception) (Jin et al., 2007). So, the question
naturally arises: why does the protozoan organism Leishmania need two E1s? The
related organism Trypanosoma brucei also has two E1 genes, which are each
syntenic orthologs of the putative Leishmania E1 genes (Boer and Bijlmakers,
2019). The percentage identity matrix in Table 3-4 compares the two putative
Leishmania E1s with two human orthologs. It is interesting that the putative
Leishmania E1s share 29.46% identity, whereas the two human E1s share 42.41%.
It is difficult to determine simple orthologous relationships between these two
species as both Leishmania enzymes share greater similarity to UBA1 than UBA6.
Nonetheless, in the human ubiquitination system UBAT1 is widely considered the
work horse of two ubiquitin activating enzymes. Its ortholog is essential in yeast
(McGrath, Jentsch and Varshavsky, 1991), and RNAi with UBA1 stops
embryogenesis in C. elegans before killing adult worms, the severest phenotype
of all the E1s tested (Jones et al., 2002). Furthermore, at non-permissive
temperatures, a temperature sensitive UBA1 mutant mammalian cell line

displays a dramatic decrease in ubiquitination, arresting the cell at the G2-M
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phase transition (Ciechanover, Finley and Varshavsky, 1984). UBA1 knockdown
also eliminates charging of the cell cycle E2s CDC34 and CDC34B, (Jin et al.,
2007). Yet UBA6 is not entirely redundant, as it is required for charging the E2
Use1, a job that UBA1 is unable to perform (Jin et al., 2007). So, if a percentage
identity difference of 57.59 % results in distinct specificities in the human
system, it is plausible that a difference of 70.54% could mean differentiation in
the Leishmania system. Does L. mexicana have an ortholog of Use1? Using Use1
as bait, a BLAST returns LmxM.34.1300 as the top scoring hit, a gene which was
also returned in the initial bioinformatic screening campaign, with an
expectation value of 9e-18. However, it is far from the only promising result,
with the next two top hits having e values of 5e-16 and 7e-16, so drawing simple
parallels between species would be unwise. Another role for UBA6 is charging
the Ubl FAT10 (Chiu, Sun and Chen, 2007) - could one of the putative Leishmania
E1s similarly charge a FAT10 ortholog? If there is a FAT10 ortholog in L. mexicana
it is not immediately obvious, as a BLAST search with the human FAT10 sequence
yields the same L. mexicana genes as a BLAST search using the human ubiquitin
sequence, but the FAT10 hits have substantially lower scores. This is supported
by the work of Karpiyevich et al., who state that, as of 2020, FAT10 has yet to
be found in any parasitic protozoan (Karpiyevich and Artavanis-Tsakonas, 2020).
Additionally, FAT10 appears to function in response to cancer stimuli, so it is
unsurprising that it has yet to be found in a unicellular organism (Ponder and
Bogyo, 2007). An alternative explanation for the existence of two E1s would be
gene duplication. This is most likely the case in plants, whose two or three
different E1s are 90% identical to each other, and transfer ubiquitin with similar
efficiency to several E2s (Hatfield et al., 1997). It is worth noting that the
Leishmania genome is plastic, presenting a plausible mechanism for gene
duplication (Sterkers et al., 2012). However, the two Leishmania E1s are quite
dissimilar in terms of amino acid identity, and there is at least one Leishmania
E2 that is preferentially charged by LmxM.23.0550 (Burge et al., 2020). One
scenario would be that a gene duplication event occurred in an ancestral
organism of Trypanosoma and Leishmania, an event entirely unrelated to the
dual E1s in vertebrates. Once this duplication event had taken place specificity
for each E1 could begin to evolve. Support for this theory is provided by the
phylogenetic tree shown in Figure 3-29. Here LmxM.23.0550 is shown to be as

distantly related to LmxM.34.3060 as it is to orthologous human proteins,
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implying that LmxM.23.0550 has an evolutionary origin in the deep past to have

allowed such divergence, an origin that is unconnected to the development of a

second E1 in vertebrates.

LmxM.23.0550 | LmxM.34.3060 | UBA1 (H.s.) | UBA6 (H.s.)
LmxM.23.0550 : 29.46 38.49 35.20
LmxM.34.3060 29.46 : 33.03 29.71

UBA1 (H.s.) 38.49 33.03 : 42.41
UBA6 (H.s.) 35.20 29.71 42.41 :

Table 3-4 A percentage identity matrix for published ubiquitin E1 structures, and the L.
mexicana E1 characterised in this study. H.s. stands for Homo sapiens.

LmxM.23.0550
LmxM.34.3060
MoeB (E. coli)
ThiF (E. coli)

UBA6 (Human)
UBA1 (Human)
UBAL1 (Yeast)
UBA-1 (C. elegans)

Figure 3-29 Phylogenetic tree showing the relationship between Els. The inferred
evolutionary relationship of the two Leishmania ubiquitin activating enzymes (LmxM.23.0550 and
LmxM.34.3060) with well-characterised orthologs.

—

———
e —

If abundance can be used as a crude proxy for importance (a more abundant E1
may be expected to charge more E2s, resulting in more ubiquitination than its
less abundant counterpart), then LmxM.34.3060 could be the more promising
drug target of the two putative Leishmania E1s. It is interesting that the T.
brucei orthologs of LmxM.23.0550 and LmxM.34.3060, TbUBA1a and TbUBA1b
respectively, both displayed severe growth defects in a large-scale RNAi study.
Of the ~10,000 genes studied TbUBA1b was in the top 1% of genes with the most
impact on T. brucei fitness, and TbUBA1a in the top 12% (Alsford et al., 2011). In
L. mexicana, null mutants of LmxM.34.3060 had a loss of fitness phenotype when
promastigotes were transformed into axenic amastigotes, and when
promastigotes underwent macrophage infection. On mouse infection
LmxM.34.3060 null mutants were undetectable in mouse footpads three weeks
post-infection (the earliest time point collected after infection). That being
said, these experiments were only conducted because null mutants could be
generated for LmxM.34.3060, whereas they could not be generated for
LmxM.23.0550 (Burge et al., 2020). Nonetheless, the Leishmania major
orthologs of both LmxM.34.3060 and LmxM.23.0550 are listed in the Tropical
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Disease Research drug target database (Uran Landaburu et al., 2020). Still, as
LmxM.34.3060 shares fewer amino acids with common identities to the human
orthologs, and so could have a dissimilar structure, it may be less challenging to
design a Leishmania selective LmxM.34.3060 inhibitor than a selective
LmxM.23.0550 inhibitor. Other authors have also reached this conclusion (Boer
and Bijlmakers, 2019).

In all mass spectrometry data where the N-terminal peptide of either
LmxM.34.3060 or LmxM.23.0550 is present it is consistently acetylated. The act
of joining an acetyl group (CH3CO) to the amino group (NHs*) N-terminal end of a
polypeptide neutralises the otherwise positive charge of the amino group,
changing the electrostatic properties of the protein (Varland, Osberg and
Arnesen, 2015). This alteration of a protein’s electrostatic properties can affect
a range of attributes, such as stability, folding, protein-protein interactions, and
subcellular targeting (Ree, Varland and Arnesen, 2018). Perhaps it is because of
this range of roles that 80 - 90% of the soluble human proteome, and 50 - 70% of
the yeast proteome, are acetylated at their N-termini (Varland, Osberg and
Arnesen, 2015). To the best of the author’s knowledge, the abundance of N-
terminal acetylation in the L. mexicana proteome is unknown. However, during
the differentiation of Leishmania donovani, one study listed 26 acetylated
proteins, of which three were part of the ubiquitination-proteasome system
(Rosenzweig et al., 2008). Elsewhere, 144 N-terminally acetylated proteins were
identified in the Leishmania infantum proteome, among which was the L.
infantum ortholog to LmxM.23.0550 (the ortholog to LmxM.34.3060 was not
listed) (Sanchiz et al., 2020). The authors state that, when N-terminal
acetyltransferase B is putatively thought to be responsible for acetylation, then
17.5% of those proteins have glutamic acid as their second amino acid (after
methionine). Glutamic acid is the second amino acid in LmxM.34.3060. When N-
terminal acetyltransferase C is putatively thought to be responsible then the
amino acid following methionine is leucine 5% of the time. This is the case with
LmxM.23.0550. In this dataset, the consistency of the modification, appearing,
without fail, whenever the N-terminal peptide of either putative E1 was
identified, gives reason to believe N-terminal acetylation may be integral to the

functioning of a L. mexicana ubiquitin activating enzyme. Whatever its role may
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be, this is evidence of crosstalk between post-translational modifications -

acetylation impacting ubiquitination.

3.4.2 Method development

It is clear that only a fraction of the activity-based probe experiments yielded
the expected results - namely, those tailored to interact with an E1 (results
summarised in Error! Reference source not found.). Why could this be? An
identical protocol, applied to chemical probes that operate on similar principles,
generates wildly different results. It is notable that when using a fluorescent
probe based on the sequence of human ubiquitin there is prominent banding
below 25 kDa irrespective of the presence of lysate. These bands appear at
regular intervals, approximately 9 kDa apart, which is the weight of the activity-
based probe. Perhaps these bands represent the activity-based probe as a
monomer, dimer, and trimer. These bands are also present irrespective of
whether the probe underwent further rounds of purification before use. As such,
the chosen remedy was to run the anomalous bands off the polyacrylamide gel,
so that this noise did not overwhelm any other signal. However, any other signal
achieved by fluorescent labelling was largely dependent on the fluorescent label
employed - Cy5 labelled probes generating an entirely distinct banding pattern
to rhodamine labelled probes. Needless to say, this did not instil confidence in
the data, and use of fluorescently labelled probes was soon abandoned. Use of
the biotin labelled cascade probe did not fare much better, failing to identify a
single protein that was suggested by the bioinformatic screening. While the
bioinformatic screen might have overlooked very divergent components of the
Leishmania ubiquitination pathway, both BLAST and HMM searches yielded the
same putative genes, of which E1s were validated by an activity-based probe.
Broadly, with some exceptions, mass spectrometry results that provided the
expected identifications (i.e. those from the E1 probe) obtained more protein
identifications from the experimental condition than the negative control, which
was not the case when cascade probe was used. Despite the fact that
Trypanosoma cruzi ubiquitin is immunologically distinct from its human
counterpart, only differing by three amino acids, it seems unlikely that the two
amino acid difference between human and Leishmania ubiquitin is to blame for
the failure of the probe (Télles et al., 1999). This is because an E1 specific

probe, also based on the sequence of human ubiquitin worked fine, and a probe
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based on the sequence of L. mexicana ubiquitin did not. Although this dual
labelled Leishmania probe may help explain the lack of mass spectrometric
identifications - its fluorescent signal disappears after the biotin-streptavidin
pulldown, indicating that any enzymes labelled in the lysate did not interact
with the streptavidin beads, or were lost during the wash steps. Given the
abundance of ubiquitin in the mass spectrometry results, a likely explanation
would be that enzyme-probe bond was broken during the wash step, however
this should not have happened if the covalent bond stated in the literature was
present (Mulder et al., 2016). Of course, this assumes that the pre-pulldown
fluorescent signal in the lysate is valid, which cannot be taken for granted, and
if the pre-pulldown fluorescent signal is misleading it may be that the activity-
based probe never bound to the enzymes in the first place. The multiple issues
with the activity-based probe make it difficult to determine the root cause of
the failure. However, a key difference between the E1 specific probe, which
worked, and the cascade probe, which did not, is the presence of an
electrophilic AMP analog in the E1 specific probe. This enables the E1 specific
probe to examine the first half of the E1 chemical reactions, the adenylation
reaction, and binds the activity-based probe to the E1 adenylation site (Lu et
al., 2010). In contrast, the cascade probe uses dehydroalanine to bind to the
catalytic cysteine of ubiquitination enzymes, theoretically causing a thioether
linkage between the probe and any ubiquitination enzyme with a cysteine active
site (Mulder et al., 2016). It is unknown whether something was amiss with the
synthesis of the cascade probe, or the theory of using dehydroalanine to form a
covalent bond is incorrect, but only one mechanism of activity-based probes
obtained results in this study - using a ubiquitin-adenylate mimic to probe the E1

adenylation site.
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Cascade or

Probe number E1 Protein Label Additional notes

UbiQ-102 Cascade H{Jm?r_] Biotin Did not obtain any proteins of interest
ubiquitin

UbiQ-104 Cascade Hymﬁrf oys FIuorescgnt labelling distinct from
ubiquitin rhodamine counterpart

UbiQ-130 Cascade ?J,\r;:(a)rlm Rhodamine Fluorescent labelling achieved

UbiQ-131 Cascade HL.Jm?r-\ e Fluorescent labelling distinct from Cy5
ubiquitin counterpart

. Human : ua 3 : 5 ;

UbiQ-159 Cascade SUMO2 Biotin Did not obtain any proteins of interest

UbiQ-221 E1 Hl:Jm'::lr? Bioti O.b'Falned thfé Els prgdlcted from
ubiquitin bioinformatic screening

UbiQ-246 Cascade L. m.exu_:qna TAMRA and biotin Did not obtal.n any proteins of interest,
ubiquitin fluorescent signal lost after pull down

Table 3-5 The activity-based probes used in this study. Summary of the activity-based probes
used to examine Leishmania mexicana’s ubiquitination system. Cascade refers to the probe’s
Eos'fntial to interact with the entire cascade of ubiquitination enzymes — E1s, E2s, and HECT/RBR
As for method optimisation, the method improvements employed in subsequent
iterations of the E1 probe methods employed were successful in driving down
the number of identifications of proteins unrelated to ubiquitination. However, a
lower signal to noise ratio did not lead to increased identifications, implying that
the signal to noise was not a problem. Subsequent iterations of the crosslinking
experiment used a cleavable crosslinker, DTSSP, as it was thought the more
predictable peptides (relative to a non-cleavable crosslinker) would lead to
increased identifications of ubiquitination components. This was not the case,
with MS results looking similar to results without any crosslinker use. The
implication of this is that the crosslinker was cleaved prematurely, perhaps
during the washing stages, or never crosslinked the lysate at all. It is unknown
what could have caused premature cleavage, as cleavage should be dependent
on a reducing agaent and PBS was used in wash steps. Alternatively, why DTSSP
would fail to crosslink the lysate is unknown - its mechanism, reacting with
lysine residues, is identical to the successful DSS crosslinker, and DTSSP was

solubilised according to the manufacturer’s instructions.
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3.5 Summary

This study has identified two putative Leishmania mexicana ubiquitin activating
enzymes: LmxM.23.0550 and LmxM.34.3060. These enzymes were first identified
in a bioinformatic screening, then validated using an activity-based probe. The
activity-based probe indicates they are expressed during both the promastigote
and axenic amastigote life cycle stages. The mass spectrometry data obtained
suggests that LmxM.34.3060 is considerably more highly expressed than
LmxM.23.0550.

This study has identified an E2: LmxM.33.0900. First identified in a bioinformatic
screening, and repeatedly identified through use of an activity-based probe and

a chemical crosslinker.

Future work should focus on identifying the other E2s and E3s that likely exist in

L. mexicana, whether they belong to a ubiquitin or a ubiquitin-like pathway.
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Chapter 4 Biochemical characterisation of the
ubiquitination system
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4.1 Introduction

The previous chapter identified components of the ubiquitination pathway using
bioinformatics and activity-based probes. This chapter will further characterise
the ubiquitination system at a biochemical level, identifying interacting proteins
and substrates of ubiquitin. To identify a wider interactome, fusion proteins will
be formed between proteins of interest and a promiscuous biotin ligase. These
fusion proteins will be formed using CRISPR. To identify ubiquitinated proteins,
immunoprecipitations will be conducted, precipitating tryptic peptides that
contain a ubiquitination motif. The data will be used to validate the results of
the activity-based probes with chemical crosslinkers, and screen E1-E2-substrate

cascades.

4.1.1 CRISPR

Has there been any revolution in biology that has swept the field more swiftly
than CRISPR? If there has been, the author is unaware of it. It was only in 2012
that Jinek et al. published the concept of repurposing a prokaryotic adaptive
immune system into a genome editing tool (Jinek et al., 2012). At this point, the
papers mentioning CRISPR totalled 127. As of August 2019, seven years later,
they amount to over 14,000 (Cohen and Desai, 2019). This could be why the 2020
Nobel Prize in Chemistry deservedly went to Jennifer Doudna and Emmanuelle
Charpentier, both of whom pioneered this innovative technology (Ledford and
Callaway, 2020). The first discovery of the Clustered Regularly InterSpaced
Palindromic Repeats from which CRISPR get its name were thanks to Francisco
Mojica, who noted curious structures of multiple copies of roughly palindromic
repeated sequences of 30 base pairs, separated by spacers of roughly 36 base
pairs that did not resemble any known family of microbial repeats (Mojica, Juez
and Rodriguez-Valera, 1993). Although similar structures (with no sequence
similarity) had been mentioned earlier in the literature (Ishino et al., 1987), it
was Mojica who first noted their significance. With these mysterious structures
described, researchers set about cataloguing the key features of the loci -
importantly, the presence of specific CRISPR-associated (Cas) genes in the
immediate vicinity of these structures (Jansen et al., 2002). Nonetheless,
labelling the system does not explain it. Perhaps the first experimental evidence

for the purpose of CRISPR came from food science. Philippe Hovarth was
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interested in overcoming the frequent bacteriophage infections that plagued the
industrial cultures of bacteria used in the dairy industry, bacteria such as

Streptococcus thermophilus that provide us with yoghurt and cheese. So Hovarth
and others employed a bacteriophage sensitive strain of S. thermophilus and two
bacteriophages, using genetic selections to isolate phage-resistant bacteria. The
resistant strains had acquired phage-derived sequences at their CRISPR loci. The

experimenters had seen acquired immunity in action (Barrangou et al., 2007).

Acknowledging that CRISPR is essentially a programmable restriction enzyme,
and employing it in vitro for genetic modifications on demand were Doudna and
Charpentier (Jinek et al., 2012). Using recombinant Cas9 protein from
Streptococcus pyogenes and custom designed guide RNA strands, they showed
that Cas9 could cut purified DNA in vitro. Furthermore, they showed that the
various RNA components used in vivo by S. pyogenes could be fused into one
single guide RNA (sgRNA). This sgRNA comprises of the spacer sequence (which,
in vivo, is the viral DNA to be cleaved) and the repeated sequence (which forms
a hairpin structure, necessary to interact with the Cas9 protein). So the CRISPR-
Cas9 system could be induced to inflict a double stranded break in the DNA
sequence of choice. This break can then be repaired by either nonhomologous
end joining, an error prone mechanism, or by homology directed repair, which
has higher fidelity (Jiang and Doudna, 2017). Provided with enough donor DNA to
use as a template, the incidence of homology directed repair can be increased.
Should this template DNA, with ends homologous to either side of the double
strand break, possess an insert sequence (such as an antibiotic resistance gene

and a tag) then gene editing can occur (Sansbury, Hewes and Kmiec, 2019).

Fortunately, with the ongoing CRISPR revolution comes increasing applications of
the technology. The system has now been established in pathogenic organisms
such as Plasmodium falciparum (Ghorbal et al., 2014) and Cryptosporidium
parvum (Vinayak et al., 2015), as well as traditionally neglected organisms such
as Toxoplasma gondii (Sidik et al., 2016) and Leishmania mexicana (Beneke et
al., 2017). In fact, the system has become so user friendly that modular plasmid
systems exist, where each plasmid serves as a template for PCR-amplification of
a drug-selectable repair cassette, with selectivity determined by the primers

designed with automated online software (Beneke et al., 2017; Beneke and
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Gluenz, 2019). This once-obscure microbial system has gone from a niche object
of curiosity in basic research (revealed through the bioinformatic screening of
bacterial genomes), to industrial applications (to improve yoghurt production),
to the focus of special issues of scientific journals, headlines in the New York
Times, and the subject of international ethics summits (Lander, 2016). Perhaps
this story is instructive - that scientific breakthroughs are ensemble acts, that
less popular topics are worthy of study, and that medical breakthroughs can

come from unpredictable origins.

4.1.2 BiolD

As stated previously (see 3.1.2), proteins do not work in isolation, but in
information processing networks. To build on this, information processing
requires organisation, as a system can only be perturbed if there is a system to
start with. Collisions in a random maelstrom of movement have no value, merely
exchanging one indiscriminate disorder for another indiscriminate disorder.
Proteins, and any inherent information they may contain, may be organised in
two ways - spatially and temporally. As such, this has given rise to spatial and
temporal proteomics, of which spatial proteomics is of primary concern to this

project.

Two proteins expressed at the same time can only interact if they are in the
same space. Yet a cell is subdivided into numerous organelles, complete with
elaborate transport mechanisms, all to control the movement of proteins (Scott
and Pawson, 2009). Hence the spatial organisation of the proteome is integral to
understanding the cell. To address this need, several techniques have been
developed. There is the yeast two-hybrid system (Briickner et al., 2009), affinity
purification (Xie et al., 2009), crosslinking mass spectrometry (Holding, 2015),
and luminescence-based interactome mapping (Blasche and Koegl, 2013) to
name only a few. However, some of these techniques struggle to identify weak,
transient interactions, or detect protein-protein interactions outside of the a
protein’s natural cellular context (as is the case when lysis is required before
screening for an interactome) (Snider et al., 2015). A method that is able to
detect weak protein-protein interactions in vivo is proximity-dependent biotin
identification, or BiolD (Roux et al., 2012). This uses Escherichia coli’s biotin

ligase BirA to biotinylate proteins. In the presence of ATP and biotin BirA will
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generate the reactive species biotinoyl-5’-AMP, hold it at its reactive site, then
facilitate its transfer to the amine groups of exposed lysines on target proteins
(Roux et al., 2012). To decrease the affinity of BirA for biotinoyl-5’-AMP the
mutant protein BirA* was formed, where the wild type’s arginine 118 was
mutated to glycine. This mutation permits the biotinylation of any protein within
a 10 nm radius of BirA* (Kim et al., 2014). When this BirA* is fused to a protein
of interest it will biotinylate the interactome of the protein of interest, or at
least those proteins that have an exposed lysine and come within 10 nm of the
protein of interest-BirA* fusion protein. The use of biotin for labelling presents
another benefit to the method - the use of stringent lysis conditions and harsh
wash buffers. However, it is not without its drawbacks. Namely, a long labelling
time of 24 hours. This means the technique may not capture those interactions
that have fast kinetics and cannot determine the chronology of any interactions.
Furthermore, the 32 kDa BirA* may modify the structure or activity of its fusion
partner. To address the reaction rate shortcoming Branon et al. used directed
evolution to produce two new biotin ligases: the 35 kDa TurbolD, and the 28 kDa
miniTurbo (Branon et al., 2018). Both enzymes reduce the tagging time to a few
minutes, permitting snapshots of an interactome to be captured. Given these
advantages, BiolD stands out as a first rate approach for analysing interaction
networks. In the context of a living cell, it allows experimenters to see what and

when proteins interact, it allows them to organise the proteome.

4.1.3 The DNA damage response and anti-diglycine
immunoprecipitations

Having acknowledged the need to consider the cell as an information processing
network (see 3.1.2), having acknowledged the need to consider the spatial and
temporal organisation of the proteome (above), the need to measure the ebb
and flow of a signalling cascade must now be acknowledged. To respond to cues
about their internal and external environments proteins must interact with one
another, and this can involve covalently modifying one another, leading to
activation or deactivation, perhaps a change in localisation or interactors. Mass
spectrometry is uniquely well placed to analyse these fluctuations in protein
modifications. Given a stimulus, is a protein modified? One way to determine
whether a protein has been modified with ubiquitin is to look for a mass shift in

tryptic peptides, specifically a 114.04 Da mass increase on lysines (Xu, Paige and
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Jaffrey, 2010). This 114.04 Da mass increase corresponds to the weight of two
glycines, the glycines that comprise the penultimate amino acids of ubiquitin.
These are conjoined to the lysine of a substrate protein, remnants of ubiquitin
left behind following a tryptic digest (the amino acid that precedes the two
glycine is arginine). Should a trypsinised peptide weigh 114.04 Da more than
predicted, there is a good chance that ubiquitin was present. However, it should
not be forgotten that this diglycine motif is isobaric with
dicarbamidomethylation (Kim, Zhong and Pandey, 2016). Furthermore, ubiquitin
is not the only Ubl to generate to this motif - NEDD8 and ISG15 leave diglycine

motifs upon trypsinisation (Kim et al., 2011a).

An important signalling cascade, communicating that something is fundamentally
wrong with the cell, is the DNA damage response. Ubiquitin is liberally used
within this context. Firstly, within 15 seconds of damage, a massive
accumulation of ubiquitin surrounds the site of DNA damage (Feng and Chen,
2012). This could be due to monoubiquitination of histone subunits H2A, H2B,
and H2AX, which destabilises the nucleosome (Li et al., 1993). However, a
specific pathway that is highly dependent on ubiquitin is the repair of
interstrand crosslinks, which relies on FANCD2 and a collection of partner
proteins. A deficiency in these proteins can lead to Fanconi anaemia, which is
typified by sensitivity to DNA crosslinking agents, bone marrow failure, increased
risk of cancer, and developmental abnormalities (Kottemann and Smogorzewska,
2013). Exposure to a DNA crosslinking agent (such as cisplatin or
cyclophosphamide) results in FANCD2 becoming monoubiquitinated on lysine 561
and its association with damaged DNA. Monoubiquitinated FANCD2 co-localises
with other proteins that promote repair, perhaps by homologous recombination,
or translesion DNA synthesis, or through nuclease activity (Longerich et al.,
2014). Multiple proteins with ubiquitin binding motifs interact with FANCD2’s

monoubiquitin and are thereby recruited to damaged DNA.

4.2 Aims and hypotheses

Below is a study that characterises the interactome for components of the
ubiquitination system, namely the putative E1 LmxM.34.3060, and the putative
E2 LmxM.33.0900. This information was obtained by using CRISPR to fuse a BirA*
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to the proteins of interest, then mass spectrometry to analyse the pull downs.

Additionally, attempts were made to immunoprecipitate ubiquitinated peptides.

¢ |t was hypothesised that the putative E1 and E2 will have an interactome
that features other components and substrates of the ubiquitin-

proteasome system.

¢ |t was hypothesised that Leishmania will utilise ubiquitin to respond to

interstrand crosslinking DNA damage.

4.3 Results

4.3.1 Standard BiolD
4.3.1.1 CRISPR

Usage of CRISPR requires DNA sequences to guide the Cas9 protein, and DNA
sequences to guide DNA damage repair (complete with the sequences for
insertion). Using online tools (http://leishgedit.net/), primers were designed for
a modular plasmid based CRISPR system. sgRNA was designed to direct the Cas9
protein to the 5’- and 3’-ends of the gene encoding LmxM.34.3060, a gene
encoding a putative ubiquitin activating enzyme. A schematic is shown in Figure
4-1, demonstrating these intended cleavage sites. Also shown are the PCR

products that will guide the Cas9 protein to the 5’-end of the gene.
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A)
C-term cleavage ll.\l—term cleavage
Lt

Ub E1 gene

]

Figure 4-1 Cleavage sites and guide DNA generation used for CRISPR modification of
LmxM.34.3060. A) Intended cleavage sites for the Cas9 protein. “Ub E1 gene” refers to ubiquitin
activating enzyme gene, “N-term cleavage” and “C-term cleavage’refer to whether modifications
will be at the N- or C-terminal of the LmxM.34.3060 protein. B) PCR amplification of DNA that will
guide Cas9 to the 5’-end of LmxM.34.3060. Lanes 1 — 5 show these PCR reactions, lane 6 shows
a negative control that used water instead of template DNA. Molecular weight markers had product
code N3231, and were supplied by NEB.

To guide the double strand break repair process, template DNA was amplified
from a plasmid that encoded a promiscuous biotinylating enzyme, BirA* (Figure
4-2). The predicted binding sites of primers used to create this construct are
shown - note the two binding sites for the “(1) Ub E1 N term Forward” primer,
and the two PCR products generated (fragments approximately 600 bp and 3000
bp). Due to an undesired fragment of 600 bp, a gradient PCR was conducted,
varying the annealing temperature from 65°C to 72°C. However, this did not

affect the ratio of the fragments.
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Figure 4-2 DNA amplified to fuse a biotinylating enzyme to the N-terminal of LmxM.34.3060.
A) Schematic of predicted primer binding sites on a plasmid containing the BirA* gene. B) PCR
products from this amplification run on an agarose gel. Lanes 1 — 5 show the PCR products
obtained, and lane 6 is a negative control. C) A gradient PCR run on an agarose gel. Lane labels
refer to the annealing temperature used, with “+ve” and “-ve” referring to positive and negative
controls respectively. Molecular weight markers had product code N0552 and were supplied by

NEB.
To fuse BirA* to the C-terminal of LmxM.34.3060 repair templates were
amplified (Figure 4-3). Although only one annealing site per primer is predicted,

two PCR products were identified by gel electrophoresis - one at the expected 3
kb, and another at 1.4 kb.
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Figure 4-3 DNA amplified to fuse a biotinylating enzyme to the C-terminal of LmxM.34.3060.
A) Schematic of predicted primer binding sites on a plasmid containing the BirA* gene. B) PCR
products from this amplification run on an agarose gel. Lanes 1 — 5 show the PCR products
obtained, and lane 6 is a negative control, a PCR reaction without template DNA. Molecular weight
markers had product code N0552 and were supplied by NEB.

Using the PCR reactions containing 3 kb and 0.6 kb for N-terminal tagging, and 3
kb and 1.4 kb for C-terminal tagging, transfections commenced. To determine
the success of the transfections western blots were conducted (Figure 4-4). For
both N- and C-terminally tagged cell lines a myc tagged protein of the expected
mass is present (approximately 168 kDa), however there is also a myc tagged
protein of approximately 92 kDa, which is smaller than the wild type
LmxM.34.3060. A second western blot conducted on subsequent progeny of the
same cell line, showed increased abundance of the 92 kDa protein and decreased

abundance of the 168 kDa protein.
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Figure 4-4 Western blots detecting the presence of modified LmxM.34.3060. A) Myc tagged
BirA* fused to the N-terminal of LmxM.34.3060. Lanes 1 — 3 feature lysates from various
transfected cultures, lane 4 is a lysate from the Cas 9 parental cell line. B) Myc tagged BirA* on N-
and C-terminal of LmxM.34.3060. Lane 1 is lysate from N-terminal tagged LmxM.34.3060, lane 2 is
C-terminal tagged LmxM.34.3060, lane 3 is lysate from the Cas 9 parental cell line. The lysates
probed in B) were obtained a few months after A). All samples were run on 4-20% SDS-PAGE
gels, transferred to a PVDF membrane, and the protein of interest detected using a-myc
antibodies. Molecular weight markers had product code NXA6050, and were supplied by
Expedeon.

Additionally, PCRs were performed to validate the insertion of the BirA* gene
into the correct location of the Leishmania genome. These are shown in Figure
4-5. Although amplifications of the target sequence (the BirA* gene) could be
made from the plasmid, amplification using genomic DNA was never successful.
On one occasion, amplification of a biopterin transporter, a positive control
unrelated to the CRISPR modifications, was successful when amplification of the
BirA* gene failed Figure 4-5(Figure 4-5C). However, the success of this positive

control was not able to replicated in subsequent experiments (Figure 4-5D).
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Figure 4-5 Leishmania genomic DNA amplified determine the insertion of BirA* to the N-
terminal of LmxM.34.3060. A) Using “confirmation” primers that anneal to the BirA* gene. Lanes 1
— 3 feature gDNA from various transfected cell lines. Lane 4 used gDNA from the Cas 9 parental
cell line, and lane 5 used the “Standard BirA*” plasmid as a template. B) Using the same reaction
conditions as A), but used more gDNA as a template, and more PCR products loaded onto the gel.
C) Using the same reaction conditions as A) and B), however lane 6 uses primers that bind to a
gene encoding a biopterin transporter. D) A combination of primers used to amplify various regions
of gDNA. Lanes 1 — 4 use the same primers that were employed for the amplification of repair
template, lanes 5 — 8 used both “confirmation” primers and “repair template” primers as the forward
and reverse primers respectively, lanes 9 — 12 used “repair template” and “confirmation” primers as
the forward and reverse primers respectively, lanes 13 — 16 used primers that anneal to a biopterin
transporter gene. For A), B), and C) molecular weight markers had product code N0467, for D)
molecular weight markers had product code N0552. Both were supplied by NEB.

4.3.1.2 BiolD

Despite the failure of the PCRs, a BiolD experiment was conducted. This was due
to the presence of a myc-tagged protein of the expected size in western blots.
Figure 4-6 shows the number of protein IDs obtained when the BiolD experiment
was conducted using BirA* as an N-terminal tag or as a C-terminal tag. Of note is
that the putative E1 itself was pulled down in both conditions. Four other
proteins were also pulled down with both N- and C-terminally tagged
LmxM.34.3060: a putative heat shock protein 70 related protein
(LmxM.18.1370), calmodulin (LmxM.09.0910), a Valosin containing protein
homolog (LmxM.36.1370), and the gamma subunit of protein transport protein
sec61 (LmxM.25.1015). These are listed in Table 4-1. There were 54 proteins
identified using an N-terminal tag, and 26 proteins identified with a C-terminal

tag. These are listed in Table 4-2 and Table 4-3 respectively. Of note is
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LmxM.34.1300, a putative E2 that was revealed in the bioinformatic screening,

and was identified only when using the N-terminally tagged putative E1.

C-terminal
tag

N-terminal
tag

Figure 4-6 A Venn diagram of protein identifications from mass spectrometry conducted on
cell lines with LmxM.34.3060-BirA* fusion proteins. N-terminal tag and C-terminal tag refer to
whether the BirA* was fused to the N- or C-terminal of LmxM.34.3060. Proteins also identified in a
negative control, the Cas 9 parental cell line, have been removed.

LmxM.34.3060 - both termini

Accession | Description

LmxM.09.0910 | calmodulin, putative

LmxM.18.1370 | heat shock protein, putative

LmxM.25.1015 | protein transport protein Sec61 gamma subunit, putative

LmxM.34.3060 | ubiquitin-activating enzyme E1, putative

LmxM.36.1370 | valosin-containing protein, putative

Table 4-1 Proteins identified by both N- and C-terminally BirA* tagged LmxM.34.3060.

LmxM.34.3060 - N-terminal
Accession | Description

LmxM.03.0710 | hypothetical protein, conserved

LmxM.03.0840 | hypothetical protein, conserved

LmxM.05.0830 | methylthioadenosine phosphorylase, putative

LmxM.06.0880 | acyl-coenzyme a dehydrogenase, putative

LmxM.07.0350 | hypothetical protein, conserved

LmxM.07.0570 | hypothetical protein, conserved

LmxM.07.0870 | splicing factor ptsr1-like protein

LmxM.08.0430 | hypothetical protein, conserved

LmxM.08_29.0250 | oxidase-like protein

LmxM.08_29.0880 | ADP-ribosylation factor-like protein 3A, putative (arl3a)

LmxM.08_29.1580 | hypothetical protein, conserved

LmxM.08_29.2630 | hypothetical protein, conserved

LmxM.09.0910 | calmodulin, putative
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LmxM.11.1130partial

unspecified product

LmxM.14.1210

hypothetical protein, conserved

LmxM.17.0870

hypothetical protein, conserved

LmxM.18.0610

ATP-dependent zinc metallopeptidase, putative, metallo-
peptidase, Clan MA(E), Family M41

LmxM.18.1340

hypothetical protein, conserved

LmxM.18.1370

heat shock protein, putative

LmxM.18.1400

60S ribosomal protein L34, putative

LmxM.19.0650

hypothetical protein, conserved

LmxM.19.1120

proteasome regulatory non-ATP-ase subunit 9,
putative,19S proteasome regulatory subunit 9, putative
(RPN9)

LmxM.21.0810

methionyl-tRNA synthetase, putative

LmxM.21.0845

hypoxanthine-guanine phosphoribosyltransferase

LmxM.22.0720

hypothetical protein, conserved

LmxM.23.0640

hypothetical protein, conserved

LmxM.24.0140

ankyrin/TPR repeat protein

LmxM.25.1015

protein transport protein Sec61 gamma subunit, putative

LmxM.27.1300

hypothetical protein, conserved

LmxM.27.1630

hypothetical protein, conserved

LmxM.28.0960

40S ribosomal protein 514

LmxM.28.1030

ribosomal protein S20, putative

LmxM.28.2470

MRP protein-like protein

LmxM.28.2510

acyl-CoA dehydrogenase, putative

LmxM.29.3340

60S ribosomal protein L9, putative

LmxM.30.0410

calpain-like cysteine peptidase, putative,cysteine
peptidase, Clan CA, family C2, putative

LmxM.30.0670

hypothetical protein, conserved

LmxM.30.1670

hypothetical protein, conserved

LmxM.31.0360

hypothetical protein, conserved

LmxM.31.0870

phenylalanyl-tRNA synthetase alpha chain, putative

LmxM.31.2180

hypothetical protein, conserved

LmxM.31.2690

ribosomal protein L27, putative

LmxM.32.2270

hypothetical protein, conserved

LmxM.32.2800

hypothetical protein, conserved

LmxM.33.2560

hypothetical protein, conserved

LmxM.34.0760

CBS domain protein, conserved

LmxM.34.1300

ubiquitin-conjugating enzyme E2, putative

LmxM.34.1880

60S ribosomal protein L5, putative

LmxM.34.3060

ubiquitin-activating enzyme E1, putative

LmxM.34.3530

hypothetical protein, unknown function

LmxM.34.3790

60S ribosomal protein L23, putative

LmxM.34.4430

mitochondrial phosphate transporter, putative

LmxM.36.0250

EIF3-interacting protein-like protein
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LmxM.36.1370 | valosin-containing protein, putative

Table 4-2 Proteins identified by N-terminally tagged BirA*-LmxM.34.3060.

C-terminal
Accession | Description

LmxM.02.0550 | hypothetical protein, unknown function

LmxM.03.0030 | D-3-phosphoglycerate dehydrogenase-like protein

LmxM.08.0940 | hypothetical protein, conserved

LmxM.08_29.2140 | C-8 sterol isomerase-like protein

LmxM.09.0910 | calmodulin, putative

LmxM.10.0405 | GP63, leishmanolysin

LmxM.11.0960 | 40S ribosomal protein S5

LmxM.13.1210 | nucleobase transporter

LmxM.14.1120 | kinesin K39, putative

LmxM.18.1370 | heat shock protein, putative

LmxM.24.0820 | inositol polyphosphate phosphatase, putative

LmxM.25.1015 | protein transport protein Sec61 gamma subunit, putative

LmxM.25.1210 | hypothetical protein, conserved

LmxM.26.1020 | dynein heavy chain, putative

LmxM.26.1240 | heat shock protein 70-related protein

LmxM.27.0760 | ras-related protein RAB1A, putative (Rab1A)

LmxM.27.1870 | trypanothione synthetase, putative

LmxM.28.2740 | activated protein kinase c receptor (LACK)

LmxM.30.1220 vacuo_lar-type proton translocating pyrophosphatase 1,
putative

LmxM.30.2790 | ADP-ribosylation factor, putative

LmxM.34.1410 | threonyl-tRNA synthetase, putative

LmxM.34.3060 | ubiquitin-activating enzyme E1, putative

LmxM.34.3230 | cystathione gamma lyase, putative

LmxM.36.1370 | valosin-containing protein, putative

LmxM.36.2360 | tyrosine aminotransferase, putative

LmxM.36.3180 | receptor-type adenylate cyclase a-like protein

Table 4-3 Proteins identified by C-terminally tagged LmxM.34.3060-BirA*.

An identical strategy was followed to obtain N- and C-terminal tags on the E2
identified from the E1-probe and crosslinking strategy - LmxM.33.0900 (Figure
4-7). Although a similar phenomenon occurred when amplifying the repair
cassettes to tag the N-terminal of the E2 as occurred when tagging the N-
terminal of the E1 - namely, two fragments of 3 and 0.6 kb were predicted and

observed, of which only the 3 kb was desired. When amplifying the repair
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cassette to tag the C-terminal of LmxM.33.0900 only one fragment of the

expected length was observed.

(5) Ub E2 N-term Forwar d (13 .35)

B)

Standard BirA*
7465 bp

(6 ) Ub E2 N-term reverse (2603 .. 2622)

- (7yUb E2 C-term forward (1580 .. 1601)
=~ 165 linker.

D) kb 1 2 3 4 5

Standard BirA*
7465 bp

(4553 ., 4572) (8) Ub E2 C-term reverse

Figure 4-7 DNA constructs formed to tag LmxM.33.0900 with BirA*,

A) Schematic of predicted primer binding sites on a plasmid containing the BirA* gene, with the
amplification products used to tag the N-terminal of LmxM.33.0900. B) PCR products from the
amplification described in A) run on an agarose gel. Lanes 1 — 5 show the PCR products obtained.
C) Schematic of predicted primer binding sites on a plasmid containing the BirA* gene, with the
amplification products used to tag the C-terminal of LmxM.33.0900. D) PCR products from the
amplification described in C) run on an agarose gel. Lanes 1 — 5 show the PCR products obtained.
Molecular weight markers had product code N0552 and were supplied by NEB.

The success of transfections was determined by western blotting, blotting for a
myc-tagged protein of the expected mass (73 kDa) (Figure 4-8). The N-terminally
tagged LmxM.33.0900 is greater than 74 kDa, whereas C-terminally tagged is just

smaller than 74 kDa. Nonetheless, transfectant cell lines possessed a myc-tagged

protein of approximately the right size.
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12-

Figure 4-8 Western blot detecting the presence of modified LmxM.33.0900. Lane 1 shows a
lysate from a transfectant cell line that had myc tagged BirA* fused to the N-terminal of
LmxM.33.0900. Lane 2 shows the myc tagged BirA* on the C-terminal of LmxM.33.0900.
Lane 4 is a lysate from the Cas 9 parental cell line. All samples were run on the same 4-20%
SDS-PAGE gel, transferred to a PVYDF membrane, and the protein of interest detected using
a-myc antibodies. Molecular weight markers had product code NXA6050, and were supplied
by Expedeon.

Using these cell lines, streptavidin pull downs and mass spectrometry were
conducted after spiking in biotin (Figure 4-9). Proteins also identified from a Cas
9 parental cell line were excluded. Both the N- and C-terminally tagged
LmxM.33.0900 featured LmxM.34.3060, the putative E1, in their pull downs.
Other proteins identified in both the N- and C-terminally tagged pull downs
include GP63 (LmxM.10.0405), a heat shock protein 70 related protein
(LmxM.26.1240), cystathione gamma lyase (LmxM.34.3230), poly(a) binding
protein (LmxM.34.4130), dynein heavy chain (LmxM.25.0980), 3-ketoacyl-CoA
thiolase like protein (LmxM.23.0690), the gamma subunit of protein transport
protein sec61 (LmxM.25.1015), and a hypothetical protein of unknown function
(LmxM.02.0550). All proteins identified by both transfectants are shown in Table
4-4, with proteins also identified by anti-diglycine immunoprecipitations (see
4.3.3 The ubiquitinome) highlighted in red. Proteins identified by each of the N-
and C-terminally tagged LmxM.33.0900 fusion proteins are shown in Table 4-5
and Table 4-6 respectively, with proteins identified by anti-diglycine

immunoprecipitations (see 4.3.3 The ubiquitinome) again highlighted in red.
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C-terminal
tag

N-terminal
tag

Figure 4-9 A Venn diagram of protein identifications from mass spectrometry conducted on
cell lines with LmxM.33.0900-BirA* fusion proteins. N-terminal tag and C-terminal tag refer to
whether the BirA* was fused to the N- or C-terminal of LmxM.33.0900. Proteins also identified in a
negative control, the Cas 9 parental cell line, have been removed.

Both

Accession
LmxM.02.0550
LmxM.10.0405
LmxM.23.0690
LmxM.25.0980
LmxM.25.1015
LmxM.26.1240
LmxM.34.3060
LmxM.34.3230
LmxM.34.4130

Table 4-4 Proteins identified by both N- and C-terminally BirA* tagged LmxM.33.0900.
Proteins highlighted in red also appear in anti-diglycine immunoprecipitations.

Description

hypothetical protein, unknown function

GPé63, leishmanolysin

3-ketoacyl-CoA thiolase-like protein

dynein heavy chain, putative

protein transport protein Sec61 gamma subunit, putative
heat shock protein 70-related protein
ubiquitin-activating enzyme E1, putative

cystathione gamma lyase, putative
polyadenylate-binding protein 2

N-terminal

Accession Description

LmxM.02.0550

hypothetical protein, unknown function

LmxM.10.0405

GP63, leishmanolysin

LmxM.10.0870

histone H3

LmxM.13.1210

nucleobase transporter

LmxM.13.1650

dynein heavy chain, putative

LmxM.16.0730

ubiquitin hydrolase, putative,cysteine peptidase, Clan CA,
family C19, putative

LmxM.23.0690

3-ketoacyl-CoA thiolase-like protein

LmxM.25.0980

dynein heavy chain, putative

LmxM.25.1015

rotein transport protein Sec61 gamma subunit, putative

LmxM.26.1240

heat shock protein 70-related protein

LmxM.27.1870

trypanothione synthetase, putative

LmxM.28.0930

hypothetical protein, conserved
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LmxM.30.2790 | ADP-ribosylation factor, putative

LmxM.34.1410 | threonyl-tRNA synthetase, putative

LmxM.34.3060 | ubiquitin-activating enzyme E1, putative

LmxM.34.3230 | cystathione gamma lyase, putative

LmxM.34.3700 | Gim5A protein, putative,glycosomal membrane protein

LmxM.34.4130 | polyadenylate-binding protein 2

LmxM.36.2360 | tyrosine aminotransferase, putative

Table 4-5 Proteins identified by N-terminally tagged BirA*-LmxM.33.0900. Proteins highlighted
in red also appear in anti-diglycine immunoprecipitations.

C-terminal

Accession | Description

LmxM.02.0550 | hypothetical protein, unknown function

LmxM.10.0405 | GP63, leishmanolysin

LmxM.12.0590 | hypothetical protein, conserved

LmxM.23.0690 | 3-ketoacyl-CoA thiolase-like protein

LmxM.24.1630 | succinate dehydrogenase flavoprotein, putative

LmxM.25.0420 | hypothetical protein, conserved

LmxM.25.0980 | dynein heavy chain, putative

LmxM.25.1015 | protein transport protein Sec61 gamma subunit, putative

LmxM.26.1240 | heat shock protein 70-related protein

LmxM.27.0760

ras-related protein RAB1A, putative (Rab1A)

LmxM.27.0930

isovaleryl-coA dehydrogenase, putative

LmxM.28.0960

40S ribosomal protein 514

LmxM.30.1220

vacuolar-type proton translocating pyrophosphatase 1,
putative

LmxM.34.0790

actin-like protein, putative

LmxM. 34.3060

ubiquitin-activating enzyme E1, putative

LmxM.34.3230

cystathione gamma lyase, putative

LmxM.34.4130

polyadenylate-binding protein 2

Table 4-6 Proteins identified by N-terminally tagged LmxM.33.0900-BirA*. Proteins highlighted
in red also appear in anti-diglycine immunoprecipitations.

4.3.2 MiniTurbo BiolD
4.3.2.1 CRISPR

To build on these results, a smaller, faster-labelling BirA* was used - miniTurbo.
Although the same sgRNA could be used as used for standard BirA* (as the same
genes were being targeted), new repair templates had to be formed that

encoded the miniTurbo BirA*. Figure 4-10 shows the repair templates amplified
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to tag the N-terminal of the putative E1 LmxM.34.3060 in a gradient PCR. It is
evident that two PCR products are expected, of 2204 bp and 2119 bp, however
only the former is desired. Although the similar sizes makes the fragments
difficult to resolve on gel, they should be amplified at different annealing
temperatures, given differences in the number of primer bases that can anneal
in each location. To amplify the desired 2204 bp fragment, the “Ub E1 N term
reverse” primer is predicted to have an annealing temperature of 57°C; whereas
to anneal at the truncated location the same primer is predicted to have an
annealing temperature of 42°C. As such a gradient PCR was conducted, with
temperatures ranging from 65.6°C to 71°C (with the higher temperatures
possibly decreasing the abundance of the truncated fragment). The product size
may increase marginally at higher temperatures, however any small difference
could easily be an experimental artifact. For transfections, the reaction in lane

4 was used.

(1) Ub E1 N term Forwart d (13 . 35)

miniTurbo Bira*
6853 bp

A T2 UbELNterm reverse (116 ., 2132)

J T(2ubELNterm reverse (2198 .. 2217)

B)

Figure 4-10 DNA amplified to fuse a biotinylating enzyme to the N-terminal of LmxM.34.3060.
A) Schematic of predicted primer binding sites on a plasmid containing the miniTurbo BirA* gene.
B) PCR products from a gradient PCR run on an agarose gel. Lanes 1 — 4 show the PCR products
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obtained at various annealing temperatures - lane 1: 65.6°C, lane 2: 67.1°C, lane 3: 69.8°C, lane 4:
71.6°C. Molecular weight markers had product code N0552 and were supplied by NEB.

An identical PCR gradient was used to amplify the repair templates for C-
terminal tagging of LmxM.34.3060. This is shown is Figure 4-11. Although only
one PCR product is predicted (2590 bp), Figure 4-11B shows products at
approximately 2500 bp and 1300 bp, with the ratio shifting in favour of the
smaller fragment at higher temperatures (a gradient of 65.6°C to 71°C). As
such, Figure 4-11C was formed, using PCR gradient with lower annealing
temperatures (50.6°C to 63.6°C).

_(3) Un E1 C-term Farware d (1374 .. 1394)
\

ssssss

(3941 ., 3964) (4) Ub E1 C-term reverse

B)

Figure 4-11 DNA amplified to fuse a biotinylating enzyme to the C-terminal of LmxM.34.3060.
A) Schematic of predicted primer binding sites on a plasmid containing the miniTurbo BirA* gene.
B) PCR products from a gradient PCR run on an agarose gel. Lanes 1 — 4 show the PCR products
obtained at various annealing temperatures - lane 1: 65.6°C, lane 2: 67.1°C, lane 3: 69.8°C, lane 4:
71.6°C. C) PCR products from a gradient PCR run on an agarose gel. Lanes 1 — 4 show the PCR
products obtained at various annealing temperatures - lane 1: 50.6°C, lane 2: 53.8°C, lane 3:
56.8°C, lane 4: 60.0°C, lane 5: 63.3°C. Molecular weight markers had product code N0552 and
were supplied by NEB.

The miniTurbo BirA* was also used to tag the putative E2 LmxM.33.0900. When
tagging the N-terminal of the putative E2, the problems encountered (two

similarly sized PCR products) and solutions developed (a gradient PCR) were
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identical as when tagging the N-terminal of the putative E1. This can be seen in
Figure 4-12. As before, although it is difficult to confirm the success of the
method, the reaction in lane 4 was used for transfections, due to it using the

highest annealing temperature.

miniTurbo BirA*
6083 bp

Figure 4-12 DNA amplified to fuse a biotinylating enzyme to the N-terminal of LmxM.34.3060.
A) Schematic of predicted primer binding sites on a plasmid containing the miniTurbo BirA* gene.
B) PCR products from a gradient PCR run on an agarose gel. Lanes 1 — 4 show the PCR products
obtained at various annealing temperatures - lane 1: 65.6°C, lane 2: 67.1°C, lane 3: 69.8°C, lane 4:
71.6°C. Molecular weight markers had product code N0552 and were supplied by NEB.

The miniTurbo BirA* was used to tag the C-terminal of LmxM.33.0900 as well.
The amplification of the repair templates necessary for this are shown in Figure
4-13. As found previously, the PCR amplification performed poorly and
generated multiple fragments at higher annealing temperatures (65.6°C - 71°C),
but amplified fragments of the expected size at lower temperatures (50.6°C -

63.6°C).
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A)

\ (7 ub ez ctem foward (1373 . 1354
\

miniTurbo BirA*
6853 bp

Figure 4-13 DNA amplified to fuse a biotinylating enzyme to the C-terminal of LmxM.33.0900.
A) Schematic of predicted primer binding sites on a plasmid containing the miniTurbo BirA* gene.
B) PCR products from a gradient PCR run on an agarose gel. Lanes 1 — 4 show the PCR products
obtained at various annealing temperatures - lane 1: 65.6°C, lane 2: 67.1°C, lane 3: 69.8°C, lane 4:
71.6°C. C) PCR products from a gradient PCR run on an agarose gel. Lanes 1 — 4 show the PCR
products obtained at various annealing temperatures - lane 1: 50.6°C, lane 2: 53.8°C, lane 3:
56.8°C, lane 4: 60.0°C, lane 5: 63.3°C. Molecular weight markers had product code N0552 and
were supplied by NEB.

After transfections western blots were performed to confirm the existence of
tagged proteins in cell cultures (Figure 4-14). The putative E1 with a miniTurbo
tag is predicted to have a mass of 160 kDa, while the putative E2~miniTurbo
conjugate is predicted to be 65.3 kDa. Tagging of each terminal of the putative
E1 seems to have resulted in a variety of myc-tagged proteins, with a protein of
approximately 45 kDa particularly abundant. However, the range of proteins
does not seem to include to a mass of 160 kDa. The western blot against the

modified putative E2 shows a myc tagged protein around 74 kDa for both N- and
C-terminally tagged protein.
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A) kDa 1 2 3 B) kba 1 2 3

14~ 14-

Figure 4-14 Western blots detecting the presence of LmxM.34.3060 and LmxM.33.0900
tagged with miniTurbo BirA*. A) Lysates from transfections involving LmxM.34.3060. Lane 1
shows a lysate from N-terminal tagging, lane 2 has a lysate from C-terminal tagging, and lane 3
shows a lysate of the Cas 9 parental cell line. B) Lysates from transfections involving
LmxM.33.0900. Lane 1 shows a lysate from N-terminal tagging, lane 2 has a lysate from C-terminal
tagging, and lane 3 shows a lysate of the Cas 9 parental cell line. All samples were run on the
same 4-20% SDS-PAGE gel, transferred to a PVDF membrane, and the protein of interest
detected using a-myc antibodies. Molecular weight markers had product code NXA6050, and were
supplied by Expedeon.

A method improvement employed when using miniTurbo BirA* was the use of
serial dilutions after the transfections and western blots were conducted. The
aim being to isolate single cells, and thereby generate clonal cell cultures.
Additionally, the PCR confirmation system was redesigned, with primers
predicted to bind at the midpoint of a gene of interest, and then at the
intergenic regions at either the 5’ or 3’ prime end of the gene (Figure 4-15). This
would allow a PCR product to be produced irrespective of the presence of the
miniTurbo insert - a smaller product if the transfection failed to have the
desired effect, and a larger one if the miniTurbo insert was found at the correct

locus.
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Fl C-term canfirm E1 mid gene confirm, ‘El mid gene confirm (RC) E1 N-term confirm

A) P

.‘
Ub E1 gene
7

]

B) E1l N-terminal (bp) C-terminal (bp)
Wild type 1824 1849
With miniTurbo 4029 4440

EZ2 mid gene confirm (RC)
C) E2 M-term confirmL E2 mid gene confirm, E2 C-term confirm
Lm#M.33.0900 >
= J

D) E2 N-terminal (bp) C-terminal (bp)
Wild type 576 538
With miniTurbo 2781 3126

Figure 4-15 DNA amplified to confirm the success of the miniTurbo transfections. A)
Schematic of wild type LmxM.34.3060 and surrounding intergenic region, showing where the
confirmation primers are predicted to bind. RC stands for Reverse Complement. B) Table of the
sizes of the predicted PCR products when tagging LmxM.34.3060, depending on where the tag
was inserted (N- or C-terminal) and whether transfections were successful (with miniTurbo or wild
type). C) Schematic of wild type LmxM.33.0900 and surrounding intergenic region, showing where
the confirmation primers are predicted to bind. RC stands for Reverse Complement. D) Table of the
sizes of the predicted PCR products when tagging LmxM.33.0900, depending on where the tag
was inserted (N- or C-terminal) and whether transfections were successful (with miniTurbo or wild

type).

After clones were generated, DNA extraction and PCRs commenced. Figure 4-16
shows PCRs conducted on genomic DNA from clonal cell lines, where cells were
transfected with the constructs to tag the C-terminal of the putative E2. Should
this transfection have been successful, there would be fragment of
approximately 3 kbp, whereas wild type genomic DNA would produce a fragment
of 500 bp. Of the 23 cell lines shown in Figure 4-16, none possess a 3 kbp
fragment. Curiously, most cell lines in Figure 4-16B possess a fragment of
approximately 1.5 kbp. It is also worth noting that production of any fragment,
even a 500 bp fragment, is not uniform across all PCR reactions. Furthermore,
PCR reactions conducted on the putative E1 with a potential C-terminal
miniTurbo tag were inconclusive. Due to external circumstances, and the time

consuming nature of screening, the miniTurbo project was ended here.
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Figure 4-16 Leishmania genomic DNA amplified determine the insertion of miniTurbo BirA*
to the C-terminal of LmxM.33.0900. A), B), and C) All lanes show PCR products amplified using
the genomic DNA of various transfectant clonal cell lines. Molecular weight markers had product
code NO552. Both were supplied by NEB.

4.3.3 The ubiquitinome
4.3.3.1 DNA damage and ubiquitination

To examine the substrates of ubiquitin, particularly those involved in the DNA
damage response, cyclophosphamide, a DNA alkylating agent, was added to cell
lines featuring a dimerizable Cre recombinase system (used to induce
conditional knockouts). Anti-ubiquitin western blots were conducted to see
whether addition of cyclophosphamide resulted in increased ubiquitination.
Figure 4-17 shows western blots conducted by adding 5 mM cyclophosphamide,
with samples collected at various time points. Curiously, in Figure 4-17A there
seems to be more ubiquitin before addition of the DNA damaging reagent than in
subsequent time points, although the second most is found three hours after
addition. In Figure 4-17B, no differences in ubiquitin abundance can be seen in

the 15-minute time points for the first three hours.
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Figure 4-17 Anti-ubiquitin western blots conducted on Leishmania lysates after the addition
of 5 mM cyclophosphamide. A) Cell lysates were collected every three hours for 15 hours, then
at 24 and 27 hours. Lane labels refer to the hours post cyclophosphamide addition. The blot was
imaged using X-ray film. B) Cell lysates were collected every 15 minutes for three hours. Lane
labels refer to the minutes post cyclophosphamide addition. The blot was imaged using a gel
documentation imaging system. All samples were run on 4-20% SDS-PAGE gels, transferred to a
PVDF membrane, and the proteins of interest detected using a-ubiquitin antibodies. Molecular
weight markers had product code NXA6050, and were supplied by Expedeon.

Subsequent experiments varied the concentration of cyclophosphamide. Figure
4-18 shows these experiments. The concentrations used here are 2.5, 5, and 10
mM. The only image that could possibly show any difference in ubiquitination is

using cyclophosphamide at 10 mM (Figure 4-18C), where there is potentially

more ubiquitin below 27 kDa at 195 and 210 minutes.
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Figure 4-18 Anti-ubiquitin western blots conducted on Leishmania lysates after the addition
of various concentrations of cyclophosphamide. A) Cells were exposed to 2.5 mM
cyclophosphamide and collected every 15 minutes for three hours. B) Cells were exposed to 5 mM
cyclophosphamide and collected every 15 minutes for three hours. C) Cells were exposed to 10
mM cyclophosphamide and collected every 15 minutes for 3.75 hours. All lane labels refer to
minutes post cyclophosphamide addition. All samples were run on 4-20% SDS-PAGE gels,
transferred to a PVDF membrane, and the proteins of interest detected using a-ubiquitin
antibodies. Molecular weight markers had product code NXA6050, and were supplied by
Expedeon.

Building on this, higher concentrations of cyclophosphamide were trialled, 15
and 20 mM, with time points extending until four hours and 55 minutes. This is
seen in Figure 4-19. There is possibly a subtle increase in banding in Figure 4-19A
at approximately 12 kDa at 105 and 120 minutes; and in Figure 4-19B at 105,
120, and 135 minutes between 40 kDa and 5 kDa. However, any potential
increases in ubiquitin are ambiguous at best. As such, the effect of
cyclophosphamide on ubiquitin’s role in the DNA damage response was not

explored further.
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Figure 4-19 Anti-ubiquitin western blots conducted on Leishmania lysates after the addition
of 15 and 20 mM of cyclophosphamide. A) Cells were exposed to 15 mM cyclophosphamide and
collected every 15 minutes for three hours. B) Cells were exposed to 20 mM cyclophosphamide
and collected every 15 minutes for three hours. C) Cells were exposed to 15 or 20 mM
cyclophosphamide and collected every 15 minutes after 3 hours of cyclophosphamide incubation.
All lane labels refer to minutes post cyclophosphamide addition. All samples were run on 4-20%
SDS-PAGE gels, transferred to a PVDF membrane, and the proteins of interest detected using a-
ubiquitin antibodies. Molecular weight markers had product code NXA6050, and were supplied by
Expedeon.

4.3.3.2 Anti-diglycine immunoprecipitations

To catalogue the ubiquitinome, anti-diglycine immunoprecipitations were
planned. To perform the immunoprecipitations anti-diglycine antibodies
(supplied by Millipore, cat. no.: MABS27) were conjugated to magnetic beads
coated with Protein A/G (supplied by ThermoFisher Scientific, cat. no.: 88805).
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Figure 4-20 shows the results of this procedure - although there were anti-
diglycine antibodies in the initial antibody solution before incubation with
beads, there are no detectable antibodies in the solution after incubation with

beads, and no antibodies detected in subsequent washes.

kba 12345
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Figure 4-20 Conjugation of anti-diglycine antibodies to Protein A/G beads. Lane 1 is the initial
antibody solution before incubation with Protein A/G beads, lane 2 is the antibody solution after
incubation with beads. Lanes 3, 4, and 5 are three subsequent washes of the beads after
incubation with antibodies. All samples were run on 4-20% SDS-PAGE gels, transferred to a PVDF
membrane, and the antibodies detected using a-mouse antibodies. Molecular weight markers had
product code NXA6050, and were supplied by Expedeon.

The anti-diglycine antibodies conjugated to magnetic beads were used to
immunoprecipitate ubiquitinated peptides. These peptides came from
Leishmania cultures that had overnight treatment with the proteasome inhibitor
MG132 (to prevent the degradation of ubiquitinated proteins), or treatment with
the drug vehicle DMSO. There were eight high confidence (false discovery rate of
1%) diGLY modified peptide spectral matches (PSMs) in the MG132 condition and
5 in the DMSO condition. If the confidence limit is relaxed to include PSMs made
at medium confidence then there are 1222 and 1346 PSMs in the MG132 and
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DMSO conditions respectively. This data is summarised in Table 4-7. The
distribution of unique peptides identified with at least medium confidence (false
discovery rate of 5%) can be seen in the Venn diagram in Figure 4-21. This makes
it apparent that the MG132 and DMSO treated samples contained distinct
populations of peptides with little overlap. It is also worth noting that none of
the diGLY modified PSMs resulted in any protein identifications. Which is to say,

none of the identifications made at the protein level used diglycine modified

peptides.
MG132 DMSO
High confidence digly modified PSMs 8 5
Medium confidence digly modified PSMs 1222 1346
Total PSMs identified to at least medium confidence 3003 3272
Maximum % of PSMs that may be digly modified 41.0 41.3

Table 4-7 Summary of the first anti-diglycine immunoprecipitation.

MG132

treated DMSO treated

58

Figure 4-21 Distribution of unique diglycine modified peptides identified to at least medium
confidence in MG132 and DMSO treated cells.

This dataset was integrated with the hits from the BiolD screen of the E2. There
were nine hits that were present in both the N- and C-terminal tagged versions
of LmxM.33.0900. Of these, three were also present in the PSMs of the diGLY
dataset (33%): a putative dynein heavy chain (LmxM.25.0980), a putative
cystathione gamma lyase (LmxM.34.3230), and the E1 of interest to this thesis
(LmxM.34.3060). Approximately 16% of the proteins identified by the N-terminal
tagged E2 (3 out of 19), and 29% of the proteins identified by the C-terminal
tagged E2 (5 out of 17), were present in the PSMs of this dataset. These proteins
are highlighted in the BiolD tables for LmxM.33.0900, where they are highlighted
in red (Table 4-4, Table 4-5, Table 4-6).
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A number of alterations were made for a second iteration of this experiment:

e The anti-diglycine antibodies were crosslinked to the magnetic beads (the
initial experiment did not have the antibodies crosslinked to the beads).
As such, immunoprecipitations could be conducted in series as co-elution
of antibodies was not a concern. Therefore, 64 ug of antibody could be
used per immunoprecipitation, as opposed to 15 ug when

immunoprecipitations were conducted in parallel.

e Amastigotes were used instead of promastigotes.

e Parasites were lysed in RIPA buffer as opposed to CHAPS-based buffer.

¢ 1 mg of protein was used, whereas the initial study used 200 pg.

e Parasites were incubated with MG132 for six hours as opposed to

overnight.

e TMT labelling was employed to quantify any changes induced by MG132.

The effect of these changes is displayed in Table 4-8. Furthermore, the labelling
of those diglycine modified peptides was inconsistent, so quantitative
information could not be derived. Given the inconsistency of the labelling, it was
also difficult to determine which sample a obtained any particular peptide. This

project did not proceed further.

High confidence digly modified PSMs 5

Medium confidence digly modified PSMs 2
Total PSMs identified to at least medium confidence 489
Maximum % of PSMs that may be digly modified 1.4

Table 4-8 Summary of the second anti-diglycine immunoprecipitation.
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4.4 Discussion:

4.4.1 BiolD

Here it is shown that a putative ubiquitin activating enzyme (LmxM.34.3060) and
a ubiquitin conjugating enzyme (LmxM.33.0900) feature in the same
interactome, validating results from crosslinking studies (see 3.3.2.5). When
BLASTed against the human proteome, LmxM.33.0900 shares 42.2% identity with
the human ubiquitin-conjugating enzyme E2 J2. A reciprocal BLAST, searching
the amino acid sequence of E2 J2 against the Leishmania proteome yields
LmxM.33.0900 as the top hit. In humans E2 J2 is a component of the
endoplasmic reticulum associated degradation pathway, a quality control system
that sends misfolded or unassembled proteins to the proteasome for destruction
(Lenk et al., 2002). This is also the case for its yeast ortholog UBCé6 (Sommer and
Jentsch, 1993). Transforming LmxM.33.0900 into its Trypanosoma brucei
ortholog, Tb927.4.3190, then searching the Trypanosome online protein
localisation database (http://tryptag.org/) for this ortholog’s localisation shows
it is associated with the endoplasmic reticulum and nuclear envelope (Dean,
Sunter and Wheeler, 2017). E2 J2 is anchored into the endoplasmic reticulum
through a transmembrane domain at its carboxy terminal (Claessen et al., 2010).
Aligning LmxM.33.0900 against characterised orthologs from humans, mice, fruit
flies and yeast shows a conserved hydrophobic C-terminal sequence (Figure
4-22). This implies a transmembrane domain, a transmembrane domain that may
anchor LmxM.33.0900 to the endoplasmic reticulum. If LmxM.33.0900 has a
similar function as its orthologs, its substrates would likely be varied, given that
any protein may be subject to misfolding. It is also interesting that other authors
have noted that the minimal endoplasmic reticulum associated degradation
networks of protozoan parasites have little redundancy in their components,
making them attractive drug targets. As such, a compound that has low
nanomolar activity against the Plasmodium falciparum (the causative agent of
malaria) endoplasmic reticulum associated degradation pathway has been

validated as an anti-parasitic (Harbut et al., 2012).
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Figure 4-22 Alignment of LmxM.33.0900 to orthologs from Saccharomyces cerevisiae, Mus
musculus (mouse), humans, and Drosophila melanogaster (fruit fly). Colour coding according
to the default Clustal X Colour Scheme, which colours groups of amino acids based on shared
chemical properties — notably, blue indicates hydrophobicity.

The lack of specificity in this hypothetical interactome makes it difficult to
compare with the experimentally derived interactome obtained from BiolD
screens. However, searches of the protein-protein interaction database STRING
(https://string-db.org/) did not predict the same substrates as identified by
BiolD. If further testing of the hypothesis that LmxM.33.0900 features in the
endoplasmic reticulum associated degradation pathway is desired, perhaps the
endoplasmic reticulum could be stressed, possibly by hydrogen peroxide. This
could increase the number substrates that LmxM.33.0900 would ubiquitinate
(Lam et al., 2014). Having stated how important the carboxy terminal is, it is
also worth considering what effects conjugating a BirA* may have on the
putative E2. Furthermore, if the carboxy terminal is a transmembrane sequence
then a BirA* conjugated to it would access an entirely separate space to a BirA*
conjugated to the N-terminal, which extends into the cytoplasm. If this is true,
it is perhaps surprising that approximately 50% of the proteins obtained when
tagging one terminal were identified when the opposite terminal was tagged
(approximately 18 proteins were identified with any one tag, of which 9 are
found with both tags). An additional consideration would be that an E2 and a
BirA* may compete for substrate lysines, the former to add ubiquitin and the
latter adding a biotin to the lysine’s €-amino group. This could reduce the

efficiency of any E2 or E3 BiolD screen.

The BiolD screen of the putative E1, LmxM.34.3060, yielded fewer proteins
shared between the N- and C-terminal tags. Perhaps this is unsurprising, as an E1
would be predicted to have fewer substrates than an E2 - namely ubiquitin and

E2s. As such, it is something of a concern that neither E2s nor ubiquitin
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consistently appeared in the results (ubiquitin not appearing at all, as was the
case with the putative E2). Although the E1 itself did consistently appear in its
own datasets, the BirA* likely biotinylating its fusion protein partner, and so
providing confidence that the BiolD system was working. Another identification
of note is LmxM.34.1300, a putative E2 identified in the bioinformatic screen
(see 3.3.1), was found in the BiolD dataset when the N-terminal of the E1 was
tagged. This putative E2 was also identified by the protein-protein interaction
database STRING as a likely interactor. However, this is the first time
LmxM.34.1300 has been seen in data sets from the wet lab, not being present in
the activity-based probe studies, or even when the putative E1 is tagged at its C-
terminal. A protein that did appear with tags at both termini was LmxM.36.1370,
a putative p97 ortholog, p97 is also known as valosin containing protein or
Cdc48. This is fascinating as p97 is also part of the ubiquitination pathway, in
which one of its functions is to transport ubiquitinated substrates to the
proteasome for degradation. Additionally, it has a characterised role in the
endoplasmic reticulum degradation pathway, extracting misfolded proteins from
the endoplasmic reticulum membrane (Sun and Qiu, 2020). This is curious as why
would a protein that functions at the very beginning of the ubiquitin-proteasome
pathway, an E1, associate with a protein at its end, p97? To the best of the
author’s knowledge, there is no precedent for a complex that features both E1
and p97 orthologs. Perhaps then E1 and p97 do not function as part of a larger
complex, but the E1 is a substrate of p97. If the E1 were to be misfolded, as
could happen when a 41 kDa BirA* is fused to it, then p97 may be responsible for
degradation of the malformed protein. An alternative hypothesis is that p97 is
nothing more than noise. After all, p97 is one of the most abundant proteins in
human cells, and is constitutively expressed in all eukaryotic cells (Ye, 2006).
Should p97 be as abundant in Leishmania, the BirA* tagged E1 may simply bump
into it, without any biochemical or biophysical reactions taking place. The
control, an anti-biotin pulldown, merely controls for endogenous biotinylation,
so does not control for the Brownian motion of a biological molecule. To control
for the riotous maelstrom of collisions in a biological system a BirA* by itself or
as a component of a fusion protein unrelated to ubiquitination, would need to be
expressed in the same locale as the target protein. However, perhaps an answer
can be inferred from the E2 data - this does not feature p97, if it did then p97

could be dismissed as noise (although its absence from the E2 dataset does not
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necessarily mean p97 can be interpreted as signal, given potentially distinct
localisations of the E1 and E2). What both the E1 and the E2 have in common is
LmxM.25.1015, the putative gamma subunit of protein transport protein Secé1.
Assuming that the E1 and E2 have different substrates and do not form an E1-E2-
substrate complex (which would be novel), the presence of LmxM.25.1015 in the
interactomes of both E1 and E2 enzymes may indicate it is noise, merely an

abundant protein.

An easy improvement to this method would be to deplete the media of biotin
before the labelling reaction, which could lower the background biotinylation of
proteins unrelated to ubiquitination. Further work to be done on this system
would revolve around applying the improved transfection methods from
miniTurbo to use with the standard BirA*. It is assumed that generating a clonal
culture, in this case using serial dilution, would increase the signal from a BiolD
experiment. An alternative method to generate clonal cultures, in which both
alleles of a gene of interest are tagged, would be to use two selectable markers
- perhaps puromycin and blasticidin resistance genes - thereby forcing a cell to

insert two sequences of interest.

4.4.2 Anti-diglycine immunoprecipitations and the DNA damage
response

At best, the take home message from this project is that some peptides are
diglycine modified. A very general statement, that will not surprise anyone.
Perhaps the most surprising thing about this project is cyclophosphamide’s lack
of effect on ubiquitination in Leishmania. In its role as a DNA alkylating agent,
cyclophosphamide was thought to induce interstrand crosslinks in DNA (Kondo et
al., 2010). This is a particularly pernicious form of DNA damage, demanding a
variety of proteins, functioning in a variety of pathways, to repair the damage
(Hashimoto, Anai and Hanada, 2016). In humans, one repair complex that
involves ubiquitination is the Fanconi anaemia complex, which are eight proteins
that constitute a multi-subunit ubiquitin E3. This complex monoubiquitinates
another Fanconi anaemia protein FANCD2, which colocalises in nuclear foci with
other proteins involved in DNA damage repair (Jacquemont and Taniguchi,
2007). Other proteins linked with DNA damage are the E2 RAD6 and the E3
RAD18, which monoubiquitinate PCNA (Hoege et al., 2002). Yet, in this study, no



Chapter 4 137

substantial increase in ubiquitination was seen upon addition of a DNA damaging
agent. How could this be? Are Leishmania remarkably resistant to
cyclophosphamide? Or do they not respond to interstrand crosslinks with
ubiquitination? Future studies would do well to try other DNA damaging agents,
but still with the aim of inducing interstrand crosslinks. Components of a
stripped down Fanconi anaemia complex have been found in C. elegans, D.
melanogaster, as well as budding and fission yeast (McHugh, Ward and
Chovanec, 2012). If Leishmania does not possess any orthologs it would have

diverged significantly from other eukaryotes. This in itself would be notable.

The anti-diglycine immunoprecipitations yielded approximately 1300 PSMs with a
false discovery rate of 5%, in both drug and vehicle treated conditions. However,
turning PSMs into protein identifications proved to be challenging, as mass
spectrometric software typically requires multiple peptides from any given
protein in order to provide a confident protein identification. The experimental
method demanded selecting for modified peptides as opposed to proteins, and,
due to their stoichiometry, there is unlikely to be more than one ubiquitinated
peptide per protein. Yet this method has been published elsewhere (Xu, Paige
and Jaffrey, 2010; Rose et al., 2016; Udeshi et al., 2020). Although the key
distinction between those studies and this one remain unknown, the vast
majority of published methods use a kit from Cell Signalling Technology (product
number 5562), whereas a home-made kit was used here. Although wet lab
reagents do not assist with dry lab data analysis, they do provide data to
analyse. Perhaps a store brought kit results in more peptides, some of which are
unique and fragment well, and so more confident identifications can be made in
the dry lab. A further concern is that the maximum percentage of diglycine
spectral matches dropped precipitously from 41% to 1.4%, despite what were
considered logical improvements between experiments. It seems unlikely that
using more protein, or using amastigotes as opposed to promastigotes, caused
this decreased efficiency. A potential cause is the act of crosslinking the
antibodies to beads - anecdotally, in other cases, the author has been informed
that crosslinking antibodies to these agarose beads caused a sharp drop in
efficiency. It is also worth noting that the kit from Cell Signalling Technology
does not have the anti-diglycine antibodies crosslinked to the agarose beads.

This is likely because, while a chemical crosslinker may covalently bind an
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antibody to Protein A/G, it will also cause intra-antibody crosslinking, which
could affect the structure of the antibody. Additionally, although the
combination of TMT labelling with diglycine peptides has been published (Rose
et al., 2016), it is not in frequent use, whereas the majority of the literature
uses label free methods. This could be due to the relative recency of the
publication of isobaric tags being used with diglycine peptides, and old habits of
label free quantitation dying hard. Or it could be due to the risk of the two
amino termini on diglycine modified peptides (one on the peptide backbone, one
on the diglycine residues) both being labelled and confounding data analysis.
Whatever the reason, the addition of TMT labels was one factor among many
that preceded poorer quality data. Given the failure of stimuli to increase
ubiquitination (both cyclophosphamide and MG132), and the failure to
immunoprecipitate diglycine modified peptides to a high confidence, this

project was abandoned.
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4.5 Summary

This study has presented the interactomes of two putative components of
Leishmania’s ubiquitination pathway. It was hypothesised that such interactomes
would feature other components of the ubiquitin-proteasome system. This was
shown to be true, in which an E2 was shown to associate with an E1, and the E1
shown to associate with another E2. However, this study would benefit from
clear evidence that the BirA* gene was inserted at the correct locus, something

that PCRs conducted on transfectant DNA were unable to demonstrate here.

This study has presented the number of ubiquitinated peptides obtained from
immunoprecipitations, and the impact of cyclophosphamide on ubiquitination. It
was hypothesised that cyclophosphamide would perturb ubiquitination. This was
not proven, as western blots did not show any notable changes in ubiquitination.
It was hypothesised that the substrates of ubiquitin could be identified from
immunoprecipitations. This was true to an extent, as >1000 peptides were
identified to a 5% false discovery rate. However, these peptide spectral matches
were not turned into protein identifications, and attempts to quantify them
failed.

Future work should focus on validating the BiolD screen and troubleshooting the

anti-diglycine immunoprecipitations.
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Chapter 5 Biophysical characterisation of
LmxM.34.3060
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5.1 Introduction

The kinetoplastid ubiquitination system comprises multiple druggable targets
(Gupta et al., 2018; Boer and Bijlmakers, 2019; Bijlmakers, 2021). Previous
studies have identified some of these targets, not least the ubiquitin activating
enzymes. This chapter will confirm the results of bioinformatic and proteomic
screening (Chapter 3), as well as provide further insight into drug development,
through enzyme expression, and the development of in vitro functional assays.
In these assays an inhibitor of the human ortholog of LmxM.34.3060 was tested
(TAK-243), as well as structural analogs nucleocidin and 5’-Sulfamoyladenosine.
Furthermore, biophysical characterisation of LmxM.34.3060 was conducted to
aid rational drug development. This characterisation relied on small angle X-ray

scattering, protein crystallography, and drug modelling.

5.1.1 Ubiquitination inhibitors

Activation of ubiquitin is a multistep process, demanding a multidomain enzyme.
Broadly, the role of a ubiquitin-activating enzyme, an E1, can be divided into

four distinct processes (Schulman and Wade Harper, 2009):
1. Adenylation of the first ubiquitin
2. Thioester formation of the first ubiquitin to the E1 cysteine active site
3. Adenylation of the second ubiquitin
4. Transfer of the first ubiquitin to the E2 by transthiolation

The complex biochemistry at play provides ample opportunity for inhibition, a
point already demonstrated by the numerous inhibitors of multifarious
mechanisms. Figure 5-1 lists some these inhibitors alongside their sites of action.
To start with an obvious, if not easy, target: the catalytic cysteine at the
cysteine active site. The thiol group, that which defines cysteine and renders it
crucial in biology, offers a target for an electrophillic inhibitor. Such an inhibitor
could covalently modify the active site, inflicting irreversible and potent
inhibition on its target (Visscher, Arkin and Dansen, 2016).Yet, this strength is

also their greatest weakness - cysteine reactive sites are abundant throughout
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nature, so an off-target effect of an irreversible inhibitor could have dire
consequences for an organism. Nevertheless, the Food and Drug Administration
have approved the kinase inhibitors rociletinib and osimertinib, which selectively
target cysteine residues to a high degree (Visscher, Arkin and Dansen, 2016).
More pertinant are the inhibitors PYR-41 (Yang et al., 2007) and PYZD-4409 (Xu
et al., 2010), both of which inhibit ubiquitin E1s. Both compounds preferentially
kill malignant cell lines, although their exact mechanism of action is obscure
(Huang and Dixit, 2016). However, there are concerns about their specificity -
for example, despite a decrease in UBA1 activity, there is an increase in
ubiquitinated proteins with mass >250 kDa, explained by PYR-41 interacting with
deubiquitnating enzymes (Barghout and Schimmer, 2021). As such, the anti-
cancer effect of PYR-41 may be due to inhibition of off-target proteins,
alongside UBA1.

A far more difficult, yet conceptually interesting, target would be the ubiquitin
fold domain, the E2’s docking site integral for the ubiqutin transfer. The same
problem applies here as when targeting most protein-protein interactions: a vast
surface area deplete of the pockets necessary for small molecule inhibitors (Jin,
Wang and Fang, 2014).Even so, a peptide that inhibits the NEDD8 E1-E2
interaction, composed of the 26 amino acids in the E2’s N-terminal extension,
has generated structural insights into the selectivity of the NEDD8 pathway
(Huang et al., 2004).
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Figure 5-1 Inhibitors of ubiquitin and ubiquitin-like activating enzymes, and their sites of
action. AAD: Active Adenylation Domain, CCD: Catalytic Cysteine Domain, UFD: Ubiquitin Fold
Domain. Figure taken from Barghout and Schimmer (Barghout and Schimmer, 2021).

Given the drawbacks when focusing an inhibitor on the catalytic cysteine or
ubiquitin fold domain, it is no wonder that greater attention has been directed
towards the adenylation domain. The precedent for small molecule ATP
mimetics was set by targeting tyrosine kinases in cancer therapy, when the anti-
tumour drug Glivec was rationally designed to interact with an ATP-binding
pocket (Capdeville et al., 2002). As such, it does not require a stretch of the
imagination to consider an ATP mimetic that might interact with an E1’s ATP
binding pocket. Furthermore, the unique mechanism, whereby AMP is
conjugated to ubiquitin at the ATP binding site, represents an opportunity to
develop inhibitors with little impact on other ATP dependent enzymes. Yet,
despite all the promise, we are left with the challenge of selecting for one E1
among many - whether that is targeting a ubiquitination E1 instead of its NEDD8

equivalent, or targeting a Leishmania E1 instead of its human ortholog.

Nonetheless, selectivity for specific E1 enzymes has been demonstrated. Firstly,
Ubl~-AMP analogs, such as those activity based E1 probes discussed in Chapter 3,
inhibit specific E1s at the adenylation site (specificity determined by the

proteinaceous Ubl component) (Lu et al., 2010). The trouble is the size of the
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molecule - it is difficult to pass an entire protein through a cell’s membrane,
and as such it has little use as a drug. Nonetheless, of note is this molecule’s
chemical warhead: a sulfamide group. The closely related sulfamate group (the
difference between the sulfamide and sulfamate groups being an amino group in
the former replaced with an oxygen atom in the latter), when conjugated to a
nucleobase analog, permits an E1 to synthesise its own Ubl~AMP analog inhibitor
in situ. This principle, in the form of a compound termed MLN4924, was used to
inhibit the NEDD8 E1, which in turn inhibited the growth of human tumour
xenografts on mice (Soucy et al., 2009). Currently, MLN4924 has progressed to
phase Il clinical trials against leukemias (https://clinicaltrials.gov/, 2021). The
recently characterised and related compound TAK-243 inhibits the human
ubiquitin activating enzyme UBA1 (Hyer et al., 2018), and has succeeded in

phase | trials against advanced solid tumours (Barghout and Schimmer, 2021).

Why does this sulfamate group conjoined to a nucleobase analog, often
adenosine, work? That is due to its mimcry of AMP. Imitating the phosphate
group in the native Ubl~AMP intermediate, the sulfamate’s nitrogen forms a
covalent bond with ubiquitin’s C-terminal glycine (Hyer et al., 2018). How does
this mimicry inhibit an E1? In a mechanism so novel it deserved its own name -
substrate assisted inhibition (Brownell et al., 2010; Chen et al., 2011). When the
Ubl is bonded to the E1’s cysteine active site, the now empty nucleotide binding
pocket of the E1 binds the sulfamate based inhibitor. Once in place, the
sulfamate group acts as a nucleophile, attacking the thioester bond joining Ubl
to E1. Thus, a Ubl-inhibitor adduct is formed. This adduct then moves to the
adenylation site, forming a quasi-stable complex that precludes the further
uptake of either ATP or Ubl by the E1 (Brownell et al., 2010).

Yet, this well characterised mechanism does not explain selectivity - all E1s have
corresponding Ubls and adenylation pockets, so all could be inhibited by the
same sulfamate inhibitor. This can be avoided thanks to extensions applied to
the nucleobase analog, which, through multiple non-covalent forces, interact
more or less favourably with the variable ATP binding pockets of E1’s (Misra et
al., 2017). As such, connecting a sulfamate warhead to a nucleobase analog
represents a general mechanism for potent yet specific inhibition of E1s. This

provides a need for detailed examination of the ATP binding pocket of any E1 for
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which an adenosine sulfamate inhibitor is to be designed. A need which demands

both biochemical and biophysical methods.

The compounds 5'0-sulfamoyl adenosine and nucleocidin share TAK-243’s
adenosine sulfamate group, but lack TAK-243’s extension after the nucleobase.
(Figure 5-2). Nucleocidin is an antibiotic produced by Streptomyces calvus, a
bacteria isolated from soil in Dinepur, India (Thomas et al., 1956). It was shown
to be a potent anti-trypanosmal compound (trypanosomes being a sister
organism of Leishmania), but was reported to be too toxic to the host for clinical
use. It is thought to have a mechanism that inhibits protein synthesis, though as
Florini, Bird, and Bell note in their publication on the topic: “Nevertheless, it
remains difficult to understand how inhibition of protein synthesis can result in
death in 2 hours” (Florini, Bird and Bell, 1966). Other authors have noted the
potential of the sulfamate group to inhibit E1s, as Brownall et al. quote Bloch
and Coutsogeorgopoulos when they write: “We suspect that this pan-specific E1
inhibition may explain why one such analog, the natural product nucleocidin ...
gained notoriety as ‘One of the most toxic nucleosides encountered in nature.’”
(Bloch and Coutsogeorgopoulos, 1971; Brownell et al., 2010). Lux, Standke, and
Tan hypothesise the same in their review article of sulfonyladenosine inhibitors
(Lux, Standke and Tan, 2019). 5'0-sulfamoyl adenosine is a readily synthesised
analog of nucleocidin, lacking only nucleodin’s fluorine atom, also thought to
inhibit protein synthesis (Shuman, Robins and Robins, 1969; Bloch and
Coutsogeorgopoulos, 1971). Experimental work, originally conducted in 1971 or
earlier, has focused on the ability of 5'0-sulfamoyl adenosine and nucleocidin to
inhibit protein synthesis. References to the compounds in regards to E1

inhibition have been untested hypotheses.
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Figure 5-2 The compounds TAK-243, nucleocidin, and 5'0-sulfamoyl adenosine. All
compounds share a sulfamate group (H2NSOz), but nucleocidin and 5'O-sulfamoyl adenosine both
lack an extension off of their nucleobase group (present in TAK-243). Compound structures were
taken from the PubChem database ([(2R,3S,4R,5R)-5-(6-Amino-9H-purin-9-YL)-3,4-
dihydroxytetrahydro-2-furanyllmethyl sulfamate | CLOH14N606S - PubChem, no date; Tak-243 |
C19H20F3N505S2 - PubChem, no date; Nucleocidin | CLOH13FN60O6S - PubChem, no date).

5.1.2 Protein Expression And Purification

Nothing embodies the revolutionary power of recombinant protein expression
better than insulin. When insulin production switched from mammalian
pancreatic extracts to recombinant bacterial and yeast systems the gulf between
supply and demand closed (Ladisch and Kohlmann, 1992). This exemplifies a
broader transformation in biochemistry, enabled by researchers expressing and
purifying proteins in industrial quantities. On a theoretical level, the steps
necessary for successful expression of recombinant protein are simple: take your
gene of interest, clone it into an expression vector, transform the construct into
a relevant host, induce protein expression, purify the protein. However, this
simplification belies the necessary optimisation and frequent troubleshooting

steps.

Nonetheless, the outline of a protein expression project is defined by the host
organism, as all molecular tools, reagents, and equipment must be compatable
with the machinery used to synthesise the protein of interest. Due to a plethora
of advantages, a good starting point for protein expression is often found in
Escherichia coli. Examples of these advantages include a doubling time of 20
minutes (given an optimised environment) (Sezonov, Joseleau-Petit and D’Ari,
2007), achievable high cell densities in laboratory cultures, readily available
inexpensive media, and simple transformation with exogeneous DNA (Rosano and
Ceccarelli, 2014).
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To use E. coli, an expression vector must be chosen from a vast catalogue. A
commonly used vector series are termed pET. Their common usage can be justified
through their application of the T7 transcription and translation regulatory
system, which permits strong, tightly controlled expression of the protein of
interest (Studier et al., 1990; Dubendorf and Studier, 1991). Under the T7 system,
expression of the recombinant protein is typically induced through addition of
isopropyl B-D-1-thiogalactopyranoside (IPTG) (Rosano and Ceccarelli, 2014).
After expression, the challenge becomes separating the protein of interest from
the medley of proteins in an E. coli lysate. To aid in this, it is invaluable to have
an affinity tag on the expressed protein. One such tag is the polyhistidine, or
His, tag. As the name would suggest, consecutive histidine residues are attached
to a recombinant protein’s terminus, permitting its immobilisation on a fixed
matrix of transition metal ions, in a process known as Immobilised Affinity Metal
Chromatography (Terpe, 2003). Unfortunately, it is likely further rounds of
purification will be necessary. Additional orthogonal variables can be selected
for with techniques such as size exclusion chromatography, in which proteins are
fractionated according to size, due to a relationship between protein size and
protein flow rate through porous beads (Burgess, 2018). lon exchange
chromatography enables fractionation by isoelectric point, where, at a given pH,
a protein is electrostatically bound to a column possesing an opposite charge.
Through varying the ionic strength of the elution buffer, the protein is eluted
(Ulltah, 2012). Thanks to this variety of techniques polypeptides are produced in
the vast quantities suitable for industrial and commercial activities, and have

driven academic research for over 40 years (ltakura et al., 1977).

5.1.3 Small Angle X-ray Scattering

In the appropiately titled 1929 article “A New X-ray Effect”, Raman and
Krishnamurti note note how smaller particles of graphite powder scatter X-rays
more intensely than larger particles, with this intense scattering visible at small
angles from the primary X-ray beam (Raman and Krishnamurti, 1929). Although
this was the first experimental observation of X-rays scattering at small angles,
the theoretical framework waited for André Guinier to write his doctoral thesis
on the subject. A thesis, successfully defended in 1939, that gave the world
Guinier’s approximation (more on which below), a powerful tool that remains in

use over eight decades later (Ravy, 2015). It was Guinier’s insight that first
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permitted interpretation of the diffuse X-ray scattering signals found close to
the primary beam, and extended their uses into the biological realm. Among
Guinier’s realisations were that biological macromolecules in solution would be
ideal systems to be studied by the then new method, due to both their typical
size ranges, and the potential for highly pure samples (Weiss, 2017). Thus, a new

biophysical method was born: Small Angle X-ray Scattering (SAXS).

SAXS is based on the elastic scattering of X-rays by macromolecules: when a
monochromatic wave hits an object, its constituent electrons become sources of
secondary waves. The scattering of interest in SAXS occurs due to the discrete
electron density contrast between the solvent and macromolecule, which is to
say the difference in the humber of electrons per unit volume between the
sample and the solvent (Putnam, Lowe and Meiler, 2013). As such, the
parameter that demands measurement in a SAXS experiment is momentum
transfer (q), shown in equation 1. This shows how momentum transfer relates to
the wavelength of the incident X-rays (A) and half their scattering angle (0).

Figure 5-3 demonstrates how this measurement is made.

41 sin 6

E tion 1
7l quation

q:
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Figure 5-3 A typical SAXS experiment. a) A monochromatic beam of X-rays hits a sample, and
scattered photons are collected by a 2D detector. The data is radially averaged to obtain the
scattering curve. b) The scattering curve of a protein sample (blue data points) is obtained after
subtracting the solvent scattering (red data points) from the sample scattering (black data points).
This figure is taken from Blanchet and Svergun, and refers to momentum transfer as s (as opposed
to q) (Blanchet and Svergun, 2013).

From here, the scattering intensity, | (q), can be calculated. It is proportional to
the scattering from a single macromolecule averaged over all orientations, and
is found through the Debye equation (equation 2). This shows how the sum of
scattering intensity from N atoms is multiplied by the scattering factors (f), and
the distance between the scattering atoms (rij). The free movement and random
orientations of biological molecules necessitate averaging scattering data over
all orientations, meaning detailed orientational information is lost. Yet
information on interatomic distances is maintained, which is enough to calulate
serveral structural parameters, and even a low resolution shape of the

macromolecule of interest.
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Still, the most taxing difficulty with SAXS is not data collection, but data
analysis. Typically, analysis starts with Guinier’s approximation (equation 3).
This allows estimation of the Radius of Gyration (Rg) and the forward scattering,
called /1(0). Rq is the average root-mean- square distanced to the centre of
density in the molecule weighted by the scattering length density, which is to
say the particle’s distribution of mass around its center, or, even more crudely,
its overall size. I (0) refers to the scattering that would take place if g = 0 could
be measured (given the beamstop, scattering at g = 0 cannot be directly
observed), it is proportional to the molecular weight and concentration of the

protein (Putnam, Lowe and Meiler, 2013; Kikhney and Svergun, 2015).

R 2
InI(q) =InI(0) —% X q? Equation 3

However, Guinier’s linear relationship only holds when q x Rg < 1.3 (for a
spherical protein at least). As such, Rg and /(0) are estimated from the low q
portion of the scattering data (after excluding any noise from the beamstop),
and are found, respectively, through the slope and intercept of the resulting
linear plot (Kikhney and Svergun, 2015). The Guinier plot can also be used to
infer sample quality - a non-linear Guinier region could be indicative of poor
sample quality (or a very elongated protein). Poor sample quality refers to non-
specific interactions between particles, such as aggregation (increased
scattering at low angles) and inter-particle repulsion (decreased scattering at
low angles) (Blanchet and Svergun, 2013). Figure 5-4a shows Guinier plots for

samples with and without linear Guinier regions.

Despite the many uses of a Guinier plot, the Rg and /(0) values obtained are
approximations. More accurate assessments can often be obtained through the
pair-distance distribution, p(r) (equation 4), as all the scattering data may be

used (as opposed to the Guinier approximation, which holds only for low values

of q).
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Equation 4

The p(r) function provides a histogram of distances between all possible pairs of
atoms in a particle. This is a representation of the SAXS data in real space,
achieved through an indirect Fourier transformation (Kikhney and Svergun,
2015). A spherical particle will yield a bell shaped distribution, which smoothly
finishes at the maximum distance between atoms, the Dmax. Again for a spherical
particle, its peak should be at approximately half the Dmax (Blanchet and
Svergun, 2013). Figure 5-4c provides example p(r) distributions for various

particle morphologies.

Yet more information on morphology can be deduced from a Kratky plot, which
enables distinction of a compact, globular protein from a disordered, unfolded
one. For example, the scattering profile for a compact protein decays at 1/q4,
whereas the profile for disordered protein decays at 1/q. Furthermore, a
compact protein often yields a Kratky plot that peaks at low angles of q, as
opposed to disordered proteins that do not have a defined peak, preferring to
increase continously at high g (Blanchet and Svergun, 2013). So, a globular
protein will display a bell-shaped Kratky plot with a well defined maximum
(Figure 5-4b). An additional note, if one wishes to compare Kratky plots of
different proteins: it is benficial to multiply q by Rg prior to plotting. This
normalises the data, and results in a dimensionless Kratky plot (Kikhney and
Svergun, 2015).
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Figure 5-4 Examples of SAXS data from various proteins. a) SAXS scatter curve, with Guinier
plot (inset). An ideal protein solution is in black, a protein solution with non-specific aggregation in
green, and a protein solution subject to inter-particle replusion in red. b) Kratky plot for a folded
protein (black) and an unfolded protein (red). c) Example p(r) distributions for a spherical (red),
dumbbell-shaped (blue), cylindrical (green), and disk-shaped (yellow) proteins. This figure is taken
from Blanchet and Svergun (Blanchet and Svergun, 2013), and refers to momentum transfer as s
(as opposed to q).

Nevertheless, no number of biophysical equations can tell us why we should use
SAXS. Why bother to apply a method that can only ever provide a low resolution
structure? The value of SAXS lies in the samples it examines - proteins in
solution. Proteins do not merely wallow around in their chosen solvent. It is a
fundamental part of the biochemistry of life, life and liquid interwoven with
such complexity and subtlety that the solvent is part of the machinery (Cockell,
2018). Contrast this with protein crystallography, which can provide atomic level
detail in a highly artificial environment (there are rarely protein crystals in vivo,
and rarer yet if those crystals are non-pathological), and SAXS is a powerful

addition to the biophysicists toolkit.
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5.1.4 Protein Crystallography

In 1912 Friedrich, Knipping, and Laue made the seminal discovery of the
pronounced diffraction patterns exhibited when X-rays passed through crystals of
copper sulphate pentahydrate and zinc sulphide; a discovery that pleased both
physicists (providing evidence of X-rays as electromagnetic waves), and
crystallographers (as evidence that atoms arrange in a space-lattice
configuration in crystals) (Eckert, 2012). However, it was graduate student
Lawrence Bragg who provided a mathematical framework to explain diffraction
patterns of the like observed by Laue (Thomas, 2012). Yet when Bragg employed
his eponymous law to solve the arrangement of atoms in a crystal of sodium
chloride, using its X-ray diffraction pattern, the results were contentious. His
proposed structure, a three-dimensional checkerboard arrangement of sodium
and chloride ions, was attacked as “more than repugnant to common sense” by
the top chemists of the day (Armstrong, 1927). Yet, as we know now, Bragg was
correct. From his theory of X-ray crystallography, Lawrence Bragg went on to
become the youngest science Nobel laureate, at the mere age of 25
(Ramakrishnan, 2018). This is emblematic of the effectiveness of protein

crystallography, which makes the invisible visble.

To see protein structure at the atomic level is to have insight into enzymatic
mechanisms, protein interactions, and a foundation for rational drug design.
Yet, despite its manifold uses, there is no comprehensive theory regarding
protein crystallisation. As such, crystal growth is largely empirical in nature,
demanding a user’s intuition. In the absence of insight (or even with), a good
approach is largely trial-and-error based. A priori knowledge of crystallisation
conditions would be hard-won, as even for a small protein, such as myoglobin,
there are roughly a thousand atoms, resulting in thousands of bonds, with
thousands of degrees of freedom (McPherson and Gavira, 2014). Furthermore,
the non-biological parameters that affect crystallisation are diverse, including,
but not limited to, incubation time and temperature, precipitant type and
concentration, mother-liquor volume and macromolecule concentration. Due to
the vast range of parameters that require searching, extensive series of parrallel
trials are often performed, with successive rounds of trials building on any

promising results (McPherson and Gavira, 2014).
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So a general approach to obtaining protein crystals demands as much protein as
patience from the investigator. But what is happening in a crystal screening tray?
In one way or another, the end goal is to create supersaturation, significantly
reducing the solubility of the protein in solution. There are diverse approaches
to accomplish this, but a popular way is vapour diffusion - demanding a small
droplet (1 - 10 pl) of protein solution and a larger liquid reservoir (0.5 - 1 ml),
which often contains a precipitant, salt, buffer, and ligands. The protein
solution is mixed 1:1 with the precipitant solution, then equilibrated against the
larger liquid reservoir. Given time, hours or days, water is lost from the protein
solution and gained by the liquid reservoir. Correspondingly, the concentration
of reagents in the 1:1 protein solution:reservoir mix increases (McPherson,
2004). With luck, this should aid crystal growth, a process that occurs with two
distinct yet inseperable stages: nucleation and growth. Intriguingly, nucleation
remains one of the least understood processes in nature (Vekilov, 2016). Still,
classical nucleation theory holds that mesoscopic, disordered protein clusters
form in a dense liquid, after which crystal nuclei form within the clusters
(Vekilov, 2016).

This brings us to crystal growth, which requires lower supersaturation levels than
nucleation, and features as many mechanisms as there are paramerters to vary
(a lot). Although the precipitant is often key to crystallisation, for brevity, only
two popular, broad categories will be considered: organic solvents, and long
chain polymers. Organic solvents decrease the dielectric constant of the media,
this perturbs the electric fields that mediate the interactions of proteins in
solution. In order to satisfy their electrostatic demands, the proteins associate
with one another (McPherson and Gavira, 2014). On the other hand, long chain
polymers function through volume exclusion - by taking up more room than they
otherwise deserve, long chain polymers deny proteins space in the solvent,
causing protein aggregation (McPherson and Gavira, 2014). Protein solubility is
also dramatically impacted by pH, as this modifies the chance of salt bridges and
hydrogen bonds, thereby influencing protein-protein contacts (Russo Krauss et
al., 2013).

Although the physics and chemistry at play in protein crystallisation is truly

fascinating, all the more so for its mystery, the topic is sadly too vast to be
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covered in detail. Nonetheless, a final note, what makes a good protein crystal?
A highly ordered crystal. If the atoms of its constituent proteins are in the same
defined positions over time and throughout the crystal, it can diffract to high
resolution. But disorder, either in the form of atoms moving over time or the
contents of one unit cell differing from another, lowers the intensity of
diffraction spots, and so the resolution of the diffraction image (Acharya and
Lloyd, 2005).

Still, with luck and perseverance, protein crystals may form. As touched upon
previously, the next challenge faced by the investigator is converting their
protein crystal into diffraction data. This is typically achieved by shooting the
protein crystal with high intensity X-rays from a syncotron. How many times does
a crystal need to be shot? A complete data set contains all reflections of the
reciprocal space asymmetric unit. At least two terms in the preceeding sentence
need explanation: “reciprocal space”, and “asymmetric unit”. Reciprocal space
is a mathematical construct, based on direct space (the space of everyday life),
that aids in understanding diffraction phenomena. An asymmetric unit is the
smallest portion of the crystal that, through the action of symmetry operations,
can produce the unit cell of the crystal (the unit cell is the smallest portion of
the crystal that, through symmetry operations, can reproduce the entire crystal)
(Dauter, 2017). This brings us to Bragg’s law, displayed in all its elegant
simplicity in equation 5.

nd = 2d sin @ Equation 5

This states that when an X-ray of wavelength A is incident to a crystal surface,
its angle of incidence (8) will reflect with an equal angle of scattering (6).
Furthermore, when the path difference (d) is an integer (n) constructive
interference will occur (Bragg, 1934). Bragg’s law is well illustrated by the Ewald
construction (Figure 5-5). Constructive interference is, of course, what results in
the spot on the detector, a datapoint closer to solving the structure of a protein.
On which note, the strategy for data collection depends on several conditions
(Smyth and Martin, 2000):

1. Crystallographic symmetry: The symmetry present in the crystal system

and space group. A high symmetry crystal system, such as a cubic one,
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could have data collected through as little as 35° of rotation. Compare to
a low symmetry system, such as monoclinic, that could require data

collection through 180°.

2. Non-crystallographic symmetry: The amount of symmetry present in the
asymmetric unit. A particle such as a virus would have a high level of non-
crystallographic symmetry (thanks to identical subunits), whereas a
protein monomer may possess no non-crystallographic symmetry. The

monomer would thus require a more complete data set than the virus.

3. The possibility of molecular replacement. If the structure of a similar
protein has already been solved, it can be used as a starting point for new

data and “fill-in” any gaps in the data.

4. The upper resolution limit of the crystal.

Figure 5-5 Bragg’s law illustrated by the Ewald construction. The central section of an Ewald
sphere of radius 1/A, representing the X-rays, diffracting off a crystal (not drawn) in the centre of the
sphere. The reflections in the reciprocal space are represented by the lattice of dots. a) If a point in
reciprocal lattice lies at the surface of the Ewald sphere (red dot) the trigonometric conditions of
Bragg’s law are met. b) To obtain more reflections the crystal is rotated, bringing new points onto the
surface of the Ewald sphere, satisfying Bragg’s law. This figure is taken from Dauter (Dauter, 2017).

Of course, it is also perfectly feasible to simply collect data blindly. Starting
from an arbitrary crystal orientation, using full beam intensity, rotating through
through 180°, with an image every 0.1°, although this would likely be

suboptimal. Still, armed with a diffraction pattern, the investigator is equipped

to solve the structure of life’s machinery.
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5.2 Aims and Hypotheses

Below is a study that expresses functional Leishmania ubiquitin activating
enzyme, LmxM.34.3060, and a functional SUMOylation E2, LmxM.02.0390. It goes
on to chart LmxM.34.3060’s response to various adenosine sulfamate based
inhibitors. To further understand LmxM.34.3060’s capacity as a novel drug
target, protein crystallography was conducted, with drug modelling performed
on the resultant LmxM.34.3060 structure. To validate the crystallographic

model, small angle X-ray scattering was performed.

e |tis hypothesised that LmxM.34.3060 will respond differently to drugs

that are tailored to the human ortholog.

e |t is hypothesised any difference will be due to differences in the

structure of the ATP binding pocket.
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5.3 Results

5.3.1 Expression of LmxM.34.3060 for drug assays

Given the data gathered from an activity-based probe, the most abundantly
expressed ubiquitin activating enzyme in vitro cultures, LmxM.34.3060, was
expressed recombinantly. LmxM.34.3060 is also the Leishmania ubiquitin
activating enzyme that is most dissimilar to human/host orthologs. A small-scale
test was run using 10 ml of E. coli, to compare the abundance of LmxM.34.3060
in soluble (so potentially functional) and insoluble (presumably misfolded)
conditions, in addition to examining leaky expression (defined as expression
without IPTG stimulation). A Western blot probed with anti-His antibody can be
seen in Figure 5-6, suggesting that expression is entirely dependent on IPTG
induction, and a His tagged protein of the expected size is found in both soluble
and insoluble fractions of lysates. Of note is the approximately 56 kDa band

present wherever the full-length protein (~ 127 kDa) is expressed.
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Figure 5-6 Western blot against E. coli lysates, after induction of Leishmania E1 expression.
After culturing 10 ml of recombinant E. coli, expression of LmxM.34.3060 (a putative L. mexicana
ubiquitin activating enzyme) either induced using IPTG, or without IPTG to check for leaky
expression. Lanes 1 and 2, show E.coli lysates from induced and non-induced cultures
respectively. Lanes 3 and 4 are the soluble fractions of lysates from induced and non-induced
cultures. Lanes 5 and 6 are the insoluble fractions from induced and non-induced cultures. All
samples were run on the same 4-20% SDS-PAGE gel, transferred to a PVYDF membrane, and the
protein of interest detected using a-His antibodies. Molecular weight markers had product code
NXA6050, and were supplied by Expedeon.

Given the partial success of the small scale expression - demonstrating that at
least some protein is expressed in a soluble, so potentially functional, form - the

10 ml experiment was scaled up to 400 ml. Purification of the His tagged protein

using a nickel column can be seen in Figure 5-7. A protein of the expected mass
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in fraction 5 is abundant enough to warp the neighbouring gel lanes. Again, a
protein of ~ 56 kDa is also found wherever this protein is highly expressed.
Additionally, there are plenty of proteins of other molecular weights to be found

within fraction 5, so further purification was necessary.
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Figure 5-7 Purification by immobilized metal affinity chromatography of a recombinant
ubiquitin activating enzyme from Leishmania mexicana. a) Lysate from E. coli expressing L.
mexicana ubiquitin E1, was passed over a nickel column, and fractions eluted using various
concentrations of an imidazole-based buffer were collected at various times. The blue line shows
how the UV absorbance, related to protein concentration, varies in each fraction. Fraction numbers
are in red, starting with the letter “T”, along the x axis. b) These fractions were run on gel, with the
lane numbers referring to the fraction. All samples were run on the same 4-20% SDS-PAGE gel
and Coomassie stained. Molecular weight markers were supplied by NEB, product code #P7712.

Size exclusion chromatography (SEC) was employed for further purification,
using fraction 5. A chromatograph and its corresponding gel in Figure 5-8.
Although not found in isolation, a protein of the expected size can be seen
across fractions C11 to D5 (inclusive). Fractions C11 to D5 were pooled, in the

expectation that the residual amounts of unwanted protein would not affect the

biochemical assays required to demonstrate functionality.
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Figure 5-8 Purification by size exclusion chromatography of a recombinant ubiquitin
activating enzyme from Leishmania mexicana. a) After undergoing His tag purification, a
fraction of E. coli lysate was passed through gel filtration, with fractions collected over time. The
blue line shows how the UV absorbance, related to protein concentration, varies in each fraction.
Fraction numbers are in the red boxes on the x axis. The grey line relates to templates of known
molecular weights. b) Fractions from size exclusion chromatography were run on gel and
Coomassie stained. The lane labels relate to the fraction numbers that can be seen in the
chromatograph. All samples were run on the same 4-20% SDS-PAGE gel and Coomassie stained.
Molecular weight markers had product code #P7712, and were supplied by NEB.

To discern whether the synthesised LmxM.34.3060 was operational, and could
indeed activate ubiquitin, a functional assay was conducted (Figure 5-9).
Without a reducing agent, a mass shift could be seen when LmxM.34.3060 was
incubated with human ubiquitin and the necessary cofactors. However, when a
reducing agent was included in the loading buffer, the mass shift typical of a
LmxM.34.3060~ thioester bond was absent. Furthermore, addition of the human
E2 UbcH5a results in another, reducing agent dependent, mass shift - that of
UbcH5a with and without Ub. However, it is worth attention that, despite an
abundance of cofactors and ubiquitin, not all expressed LmxM.34.3060 reacted

with ubiquitin, as evidenced by the double banding in lanes 1 and 3.
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Figure 5-9 : Coomassie stain of a ubiquitin charging and transfer assay, employing
expressed Leishmania E1. L. mexicana ubiquitination E1, expressed using E. coli, underwent a
functional assay, to determine whether it could charge human ubiquitin and transfer it to the human
ubiquitin E2 UbcH5a. Lane 1 indicates a reaction in which the E1 is incubated with human
ubiquitin, ATP, MgCl., and HEPES. Lane 2 demonstrates the same reaction, but with the presence
of 100 mM DTT. Lane 3 also shows the interaction of human ubiquitin ATP, MgClz, and the
Leishmanial E1, but additionally has a human E2. Lane 4 is identical to lane 3, but features 100
mM of DTT. All samples were run on the same 4-20% SDS-PAGE gel and Coomassie stained.
Molecular weight markers had product code #P7712, and were supplied by NEB.

5.3.2 Inhibitors of LmxM.34.3060

To investigate LmxM.34.3060’s potential as a novel therapeutic target TAK-243,
an inhibitor active against the human E1, UBA1, was tested. Figure 5-10
indicates the concentration of TAK-243 necessary to inhibit Leishmania and
human ubiquitin activating enzymes. It is apparent that a higher concentration
of TAK-243 is needed to inhibit the Leishmania enzyme, as opposed to its human
counterpart. This difference may be more noticeable if all of the LmxM.34.3060
employed was functional, however this is not the case demonstrated by the
double banding even with 0 pM of inhibitor. Even so, with 5 pM of TAK-243 the
human E1 displays no visible UBA1~ conjugates while Leishmania’s

LmxM.34.3060 is still able to react with ubiquitin at this inhibitor concentration.
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Figure 5-10 Coomassie stain of human and Leishmania E1 ubiquitin charging, when
incubated with various concentrations of a human E1 inhibitor (TAK-243) Micromolar values
along the lanes indicate the concentration of TAK-243 employed in that reaction. The upper lanes
demonstrate the effect of TAK-243 on human E1 UBAL, and the lower set show the interactions of
the same inhibitor on the Leishmania E1. Samples were run on two 4-20% SDS-PAGE gels (one
gel featured reactions involving human E1, the other Leishmania E1), and Coomassie stained.
Molecular weight markers had product code #P7712, and were supplied by NEB.

Given that not all the expressed LmxM.34.3060 was functional, a commercial
human E2, UbcH5a, was added to the inhibition assay. The greater homogeneity
of UbcH5a, combined with a greater relative weight increase when bound to
ubiquitin, permits easier interpretation of results. In Figure 5-11, it can be seen
that 2.5 pM of TAK-243 added to the Human E1 results in approximately a 1:1
ratio of UbcH5a with and without ubiquitin. However, an approximately 1:1 ratio
of activated and inactivated UbcH5a is obtained after 50 uM of TAK-243 was

added to the Leishmania E1.

50 uM
20 M
10 uM
5uM
2.5 uM
1uM
0.5 uM
No ATP
0 uM

kDa

Human E1

E2~Ubiquitin

E2

0>
Leishmania E1 <o

25 -
52 E2~Ubiquitin TAK-243

17 E2

Figure 5-11 Coomassie stain of human and Leishmania E1 ubiquitin charging, and transfer
to the human E2 UbcH5a, when incubated with various concentrations of a human E1
inhibitor (TAK-243). Micromolar values along the lanes indicate the concentration of TAK-243
employed in that reaction. The upper lanes demonstrate the effect of TAK-243 on human E1 UBAL,
and the lower set show the interactions of the same inhibitor on the Leishmania E1. Samples were
run on two 4-20% SDS-PAGE gels (one gel featured reactions involving human E1, the other
Leishmania E1), and Coomassie stained. Molecular weight markers had product code #P7712, and
were supplied by NEB. TAK-243 image taken from PubChem entry on TAK-243 (Tak-243 |
C19H20F3N505S2 - PubChem, no date).
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Analysing the density of the E2 without ubiquitin band led to the densitometric
profiles shown in Figure 5-12. It can be seen that the abundance of uncharged E2
increases quicker when the human E1 is inhibited by TAK-243 as opposed to
LmxM.34.3060.
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Figure 5-12 Densitometric analysis of E2 bands with TAK-243. Densitometry performed on the
uncharged E2 band, when the human or Leishmania E1 is inhibited with TAK-243. Image analysis
performed with ImageJ.

Using this improved method, additional drug assays were conducted. Figure 5-13
shows that semi-pure nucleocidin (kindly provided by Ms Ola Pasternak and Prof.
David Zechel, Queen’s University, Canada), a previously characterised protein
synthesis inhibitor that has an adenosine sulfamate group, also inhibits the

Leishmania E1. A 1:1 ratio of UbcH5a with and without ubiquitin was achieved

with approximately 50 pM nucleocidin, whereas the human E1 did not achieve

equivalent inhibition with 200 uM, the maximum concentration used.
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Figure 5-13 Coomassie stain of human and Leishmania E1 ubiquitin charging, and transfer
to the human E2 UbcH5a, when incubated with various concentrations of nucleocidin.
Micromolar values along the lanes indicate the concentration of nucleocidin employed in that
reaction. The upper lanes demonstrate the effect of nucleocidin on human E1 UBA1, and the lower
set show the interactions of the same inhibitor on the Leishmania E1. Samples were run on two 4-
20% SDS-PAGE gels (one gel featured reactions involving human E1, the other Leishmania E1),
and Coomassie stained. Molecular weight markers had product code #P7712, and were supplied
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by NEB. Nucleocidin image taken from PubChem (Nucleocidin | C10H13FN606S - PubChem, no
date).

Again, analysing the density of the uncharged E2 bands formed a densitometric
profile (Figure 5-14). The abundance of uncharged E2 increases quicker when
LmxM.34.3060 is exposed to nucleocidin, relative to the human E1. However,

both parasite and mammal E1s are inhibited by nucleocidin.
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Figure 5-14 Densitometric analysis of E2 bands with nucleocidin. Densitometry performed on
the uncharged E2 band, when the human or Leishmania E1 is inhibited with nucleocidin. Image
analysis performed with ImageJ.

5'0-sulfamoyl adenosine, another compound with a sulfamate active group, but
lacking nucleocidin’s fluorine, was examined using the same method (Figure
5-15). 1 pM of 5'0-sulfamoyl adenosine achieved approximately 50% inhibition of

the Leishmania E1, while the human E1 was inhibited to a similar extent using 50
HM.
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Figure 5-15 Coomassie stain of human and Leishmania E1 ubiquitin charging, and transfer
to the human E2 UbcH5a, when incubated with various concentrations of 5'O-sulfamoyl
adenosine. Micromolar values along the lanes indicate the concentration of 5'O-sulfamoyl
adenosine employed in that reaction. The upper lanes demonstrate the effect of 5'O-sulfamoyl
adenosine on human E1 UBA1, and the lower set show the interactions of the same inhibitor on the
Leishmania E1. Samples were run on two 4-20% SDS-PAGE gels (one gel featured reactions
involving human E1, the other Leishmania E1), and Coomassie stained. Molecular weight markers

250
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had product code #P7712, and were supplied by NEB. 5'O-sulfamoy| adenosine image taken from
PubChem entry on 5'O-sulfamoyl adenosine ([(2R,3S,4R,5R)-5-(6-Amino-9H-purin-9-YL)-3,4-
dihydroxytetrahydro-2-furanyllmethyl sulfamate | CLOH14N606S - PubChem, no date).

Plotting the density of the uncharged E2 bands forms the densitometry profile in
Figure 5-16. The abundance of uncharged E2 increases quicker when
LmxM.34.3060 is inhibited by 5'0-sulfamoyl adenosine, compared to 50-
sulfamoyl adenosine’s inhibition of the human E1. Although, both parasite and

mammal E1s are inhibited by 5'0-sulfamoyl adenosine.
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Figure 5-16 Densitometric analysis of E2 bands with 5'0-sulfamoyl adenosine. Densitometry
performed on the uncharged E2 band, when the human or Leishmania E1 is inhibited with 5'O-
sulfamoyl adenosine. Image analysis performed with ImageJ.

5.3.3 Expression of LmxM.34.3060 for protein crystallography

A crystal structure of LmxM.34.3060 would aid in drug development so, given the
relatively good expression of functional LmxM.34.3060, it seemed prudent to
attempt protein crystallography. To achieve the quantity of LmxM.34.3060
required for protein crystallography, the 400 ml E. coli cultures were scaled up
to 12 L. Furthermore, following an initial lack of success in generating crystals
using the aforementioned protein purification workflow, further purification
steps were taken to increase homogeneity of the recombinant LmxM.34.3060.
Chief among these additional steps was reacting LmxM.34.3060 with GST-tagged
ubiquitin, then purifying with glutathione beads in a gravity flow column. To
remove LmxM.34.3060 from the bead bound GST-Ub~LmxM.34.3060 complex,
DTT was added, thereby removing LmxM.34.3060 whilst leaving GST-Ub attached
to the solid support. This had the benefit of selecting only LmxM.34.3060 that
was functional, as opposed to the prior method that purified any soluble
LmxM.34.3060. Additionally, the His tag was cleaved from recombinant

LmxM.34.3060, using the protease HRV3C, to present an enzyme as close as
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possible to its in vivo equivalent. Key steps from this improved protocol are
represented in Figure 5-17. There was an absence of a ~ 127 kDa band in the
flow through from the glutathione beads (lane 1), and a similar absence of such
a band remaining on the beads after glutathione addition (lane 4). This likely
represents the absence of LmxM.34.3060 in the glutathione bead flow through,
and shows LmxM.34.3060 was removed from the beads with DTT addition. Post
His tag cleavage (lane 3), there were few visible proteins, but a band at

approximately 127 kDa is clearly visible.

kDa 1 2 3 4
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Figure 5-17 Coomassie stain from GST-Ub purification and HRV3C cleavage of Leishmania
E1l. An improved protocol to select for functional LmxM.34.3060, as opposed to soluble
LmxM.34.3060, was employed and samples from various stages of that protocol presented here.
Lane 1 is flow-through, lysate that did not interact with glutathione beads, diluted 1:100. Lane 2 is
LmxM.34.3060 that still possess a His tag, as opposed to the sample in lane 3 that is
LmxM.34.3060 without a His tag. Lane 4 is the elution from the GST beads using a glutathione
based elution buffer. All samples were run on the same 4-20% SDS-PAGE gel and Coomassie
stained. Molecular weight markers had product code #26616, and were supplied by ThermoFisher.

Another additional purification step added was ion exchange chromatography,
further increasing the purity of LmxM.34.3060 used in crystal screening trays by
selecting for an additional orthogonal variable, the isoelectric point (according
to ProtParam (Gasteiger et al., 2005), expected to be around 5.25 for
LmxM.34.3060). A chromatograph of this process, with fractions of interest run
on the gel, can be seen in Figure 5-18, which show that there is increased
removal of contaminants. From this point on fractions were pooled to create two
samples: fractions C25, C26, and C27 formed a “peak” sample, while fractions
C22, C23, and C24 comprised the “off-peak” sample. Given the shoulder at C24,
which is potentially representative of aberrant protein due to abnormal elution

properties, this seemed a sensible precaution.
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Figure 5-18 Purification by ion exchange chromatography of a recombinant ubiquitin
activating enzyme from Leishmania mexicana. a) A chromatograph of UV absorbance during
ion exchange chromatography to purify LmxM.34.3060. The green line shows how UV absorbance,
and so protein concentration, at the column outlet varies; whilst the black line shows the increasing
concentration of the sodium chloride-based elution buffer. The purple and blue lines show the
changes in the column and system pressures respectively. Catchments of fraction identities can be
seen at the top of the chromatograph. b) Coomassie stain of fractions obtained from ion exchange
chromatography. Fractions featuring abundant protein were run on SDS-PAGE, to confirm
presence of LmxM.34.3060. Lane labels refer to the fraction identities, naming that correlates with
the fractions shown in the chromatograph. All samples were run on the same 4-20% SDS-PAGE
gel and Coomassie stained. Molecular weight markers had product code #26616, and were
supplied by ThermoFisher.

Both peak and off-peak samples required further processing, which necessitated
size exclusion chromatography. The chromatograph of this process for the peak
sample, and its accompanying gel, can be seen in Figure 5-19. Curiously, despite
this in theory being the purest sample, there is a noticeable abundance of
unwanted protein just below 70 kDa. The off-peak sample also underwent its
own size exclusion chromatography, the chromatograph and gel portrayed in
Figure 5-20. Although the maximum absorbance found in any fraction from the
off-peak sample is lower than the maximum absorbance found in peak sample,
this protein appears to be much purer under Coomassie staining. An overview of

the entire LmxM.34.3060 purification process can be seen in Figure 5-21.
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Figure 5-19 Size exclusion chromatography on a ubiquitin activating enzyme from
Leishmania mexicana, performed on the peak sample obtained after ion exchange. a) To
further purify LmxM.34.3060 for crystallographic purposes, the peak sample obtained after ion
exchange was passed through gel filtration. The green line represents UV absorbance, and how it
varies between fractions. The fractions numbers can be found in the green boxes along the top of
the graph. b) Coomassie stain of fractions from size exclusion chromatography. Fractions featuring
abundant protein were run on SDS-PAGE, to confirm presence of LmxM.34.3060 along with any
contaminants. Lane labels refer to the fraction identities. All samples were run on the same 4-20%
SDS-PAGE gel and Coomassie stained. Molecular weight markers had product code #26616, and
were supplied by ThermoFisher.
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Figure 5-20 Size exclusion chromatography on arecombinant Leishmania mexicana
ubiquitin activating enzyme, performed on the off-peak sample obtained after ion exchange.
a) To further purify LmxM.34.3060 for crystallographic purposes, and minimise loss of protein, the
off-peak sample obtained after ion exchange was passed through gel filtration. The green line
represents UV absorbance, and how it varies between fractions. The fractions numbers can be
found in the green boxes along the top of the graph. b) Coomassie stain of fractions from size
exclusion chromatography. Fractions featuring abundant protein were run on SDS-PAGE, to
confirm presence of LmxM.34.3060 along with any contaminants. Lane labels refer to the fraction
identities. All samples were run on the same 4-20% SDS-PAGE gel and Coomassie stained.
Molecular weight markers had product code #26616, and were supplied by ThermoFisher.
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LmxM.34.3060 presence of GST- GST-Ub complex LmxM.34.3060
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Figure 5-21 Summary of the workflow used to produce to a homogenous, functional
Leishmania ubiquitin activating enzyme suitable for protein crystallography.

5.3.4 Small Angle X-ray Scattering of LmxM.34.3060

With the generous assistance of Dr Mads Gabrielson (University of Glasgow), SAXS
analysis enabled determination of the solution structure of LmxM.34.3060.
Figure 5-22 demonstrates an X-ray scattering curve of LmxM.34.3060. The
scattering curve is as expected for a globular protein, however there is an

“uptick” at very small values of the scattering vector (q).
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Figure 5-22 Intensity plot of X-ray scattering for an L. mexicana E1 Intensity () as a function of
the amplitude of the scattering vector (q), charting how incident X-rays interact with electrons in
LmxM.34.3060.

To evaluate the impact of issues that may have affected the scattering data,
such as sample aggregation, radiation damage, buffer mismatch, and
interparticle interaction, a Guinier plot was formed Figure 5-23. Using lower and
upper q x Rg limits of 0.64 and 1.29 respectively, linear scaling is clearly

evident. Furthermore, the residuals are flat and randomly distributed around 0.
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Figure 5-23 Guinier fitting of the X-ray scattering data for recombinant L. mexicana E1. The

natural logarithm of the scattering intensity, 1(g), versus the square of the amplitude of the
scattering vector, g2

Using the Rg and 1(0) values gathered from the Guinier plot, a dimensionless
Kratky plot can be calculated (Figure 5-24), the shape of which provides an
excellent tool for assessing the folding of samples. Note the Gaussian

distribution of the plot.
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Figure 5-24 Dimensionless Kratky plot of scattering data for L. mexicana E1. Normalised
scattering profile by mass and concentration of the LmxM.34.3060, using Rg and 1(0) values from
the Guinier fitting.

To further assess the folding of samples, by determining their flexibility, the
decay of the scattering intensity can be used. Graphs that have different power-
law relationships are shown in Figure 5-25. Of the four graphs, it is the Porod-
Debye plot that plateaus first, stating that the scattering intensity decay is q.
The Kratky-Debye plot has a negative linear slope.
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Figure 5-25 Flexibility of L. mexicana E1, determined by decay of q in various power-law
distributions. SAXS data from LmxM.34.3060, transformed as g*xI(q) vs. q in the Porod plot;
g*xI(q) vs. g* in the Porod-Debye plot; g?xI(q) vs. g2 in the Kratky-Debye plot; g®xI(q) vs g®in the
SIBYLS plot. The Porod-Debye plot plateaus first.

To confirm that buffer subtraction was successful, an integrated area plot of q x

I(q) was formed (Figure 5-26). This flattens to a plateau at low values of q.
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Figure 5-26 Integrated intensity plot of X-ray scattering data for L. mexicana E1. Total
scattered intensity of SAXS data from LmxM.34.3060, used to determine the success of buffer

subtraction.
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A pair-distance distribution function, or P(r)-distribution, is plotted in Figure
5-27. Note the single peak, and the slightly longer tail at larger values of r. The
distribution smoothly finishes at 108 A, the dmax.
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Figure 5-27 Integrated intensity plot of X-ray scattering data for L. mexicana E1. Total
scattered intensity of SAXS data from LmxM.34.3060, used to determine the success of buffer
subtraction.

Key biophysical parameters are presented in Table 5-1, providing a summary of
the data obtained through SAXS.

LmxM.34.3060

SAXS data
collection
1(0)

Real 1.2E-

Reciprocal 1.1E-2
Re

Real 36.32

Reciprocal 36.90
Ve 785.9
Volume (A3) 6.1E5
r 46.9
dmaX 108
Re 15.94
Px 1.9

Table 5-1 Data collection from small angle X-ray scattering conducted on LmxM.34.3060.

This data was used to generate a model of LmxM.34.3060 in solution, which is

pictured in Figure 5-28.
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Figure 5-28 Model of an in-solution structure of LmxM.34.3060, constructed from SAXS data.

5.3.5 Crystal structure of LmxM.34.3060

For structure determination by X-ray crystallography, a wide variety of crystal
screening trays were formed, using LmxM.34.3060 at multiple concentrations in
multiple volumes, incubated at both 6°C and 19°C. However, these did not form
any protein crystals. Alternatively, success occurred when LmxM.34.3060 was
incubated with ATP, MgClz, and ubiquitin (further details in 2.2.24). The highest
resolution dataset was 3.1 A, using crystals formed in well E6 of the Morpheus
screening tray (0.12 M ethylene glycols; 0.1 M Sodium HEPES and MOPS (acid) pH
7.5; 20% v/v Ethylene glycol and 10% w/v PEG 8000). The data collection and
refinement statistics are summarised in Table 5-2. Using molecular replacement,
the three-dimensional structure of LmxM.34.3060 was solved. This is seen in
Figure 5-29. Remote data collection at the synchrotron, as well as structure

refinement, was kindly conducted by Dr Mads Gabrielson (University of Glasgow).

LmxM.34.3060

Protein crystal data collection
Space group C2224
Cell dimensions

a, b, c (A) 22.53, 260.04, 138.46,

a, B,y (") 90, 90, 90
Resolution (A) 112.77 - 3.12 (3.17 - 3.12)"
Total number of reflections 489254
Unique reflections 72565
Rmerge (%) 77.7 (695.3)
Rpim (%) 32.2 (280.4)
Completeness (%) 100.0 (100.0)
Multiplicity 6.7 (7.1)
I/col 1.8 (0.1)
CC(1/2) 0.954 (0.214)

Wilson B (A2) 43.13
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Current Refinement

Statistics
Rwork (%) 38.4
Rfree (%) 42.14
No. atoms
Protein 12424
Water -
R.m.s.d. bond (A) 0.004
R.m.s.d. angle (°) 0.906
B-factors
Main chain 80.17
Side chain 75.76
ATP 76.94
Ramachandran outliers (%) 12.25
Molprobity score 3.02

Table 5-2 Data collection and refinement statistics for the highest resolution protein crystal
of LmxM.34.3060, in complex with ATP.

Data was collected at 0.91260 A. Values in parentheses are for the highest resolution shell.

Figure 5-29 Surface of a Leishmania ubiquitin activating enzyme at 3.1 A. The surface of
LmxM.34.3060, obtained through protein crystallography.

Overlaying the structure obtained by SAXS with the crystallographic structure
results in Figure 5-30. Although each structure overlaps considerably, white
arrows point to locations that are exclusive to either the crystallographic or in-

solution structures.
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Figure 5-30 An overlay of crystallographic and SAXS structures of a Leishmania ubiquitin
activating enzyme. Blue mesh represents the surface of LmxM.34.3060 at 3.1 A, obtained through
protein crystallography. Green spheres show the structure determined through small angle X-ray
scattering. White arrows point to areas that appear in only the crystallographic or solution
structures.

Using the CRYSOL software (Franke et al., 2017), a SAXS scattering curve can be
estimated from a protein’s crystallographic structure. Figure 5-31 plots
LmxM.34.3060’s SAXS data against this theoretical scattering curve, determined

using its crystal structure.
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Figure 5-31 SAXS data from LmxM.34.3060 (black circles), a Leishmania mexicana ubiquitin
activating enzyme, plotted against a theoretical scattering curve, determined using its
crystallographic structure (red line). The theoretical curve was calculated using the CRYSOL
software.
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5.3.6 The drug binding pocket of LmxM.34.3060

Of particular interest to this project is the ATP binding site, where adenosyl
sulfamate inhibitors are predicted to bind (Misra et al., 2017). Figure 5-32
focuses on this site, while portraying interactions between the ligand and

enzyme.
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Figure 5-32 The ATP binding site of a Leishmania ubiquitin activating enzyme.

a) The structure of LmxM.34.3060, shown in green in cartoon form, with ATP, multicoloured, bound
to the relevant pocket. b) A close up of ATP sitting in the ATP binding site. ¢) Interactions between
ATP and the surrounding amino acids at the binding site. Red quarter circles represent
hydropho'gic interactions, dotted green lines denote hydrogen bonds, with the distance between
atoms in A.
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Using this structure with location of ATP as a template, the inhibitor for the
orthologous human E1, TAK-243, could be modelled in place of ATP. This
concept is seen in Figure 5-33, where two methods of modelling TAK-243 are
employed - fitting TAK-243 to the position of ATP in LmxM.34.3060, as well as
copying the positioning of TAK-243 from an orthologous structure in the Protein
Databank (5TR4). Hydrogen bonds 2.55 A or smaller are highlighted, as are

covalent bonds between drug and enzyme.
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Figure 5-33 TAK-243 modelled into a Leishmania ubiquitin activating enzyme. a) The
structure of TAK-243, as obtained from entry 61T in the Protein Databank. b) TAK-243 fitted to the
position of ATP in LmxM.34.3060 crystallographic structure. c) The position of TAK-243 copied
from the orthologous structure 5TR4 in the Protein Databank. Red quarter circles represent
hydrophobic interactions, dotted green lines denote hydrogen bonds, with the distance between
atoms in A. Purple circles indicate possible clashes in the models.
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5.3.7 Expression of LmxM.33.0900

A putative L. mexicana ubiquitin conjugating enzyme, identified through mass
spectrometric and bioinformatic methods, was expressed with a polyhistidine tag
in BL21 derivatives of E. coli. Figure 5-34 shows a small-scale test of E2
expression, which found a substantial portion of protein in the insoluble
fraction. As such, the concentration of IPTG, as well as the growth media, were
varied in an attempt to alter the solubility of expressed LmxM.33.0900 (Figure
5-35). It is notable that the majority of the E2 is present in an insoluble fraction
of the bacterial lysate (defined as the pellet formed post-centrifugation of the
lysates, as opposed to the soluble fraction present in the supernatant). That

which is found in the soluble fraction exhibits an unexpected double band.
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Figure 5-34 Western blot against E. coli lysates, after induction of Leishmania E2
expression. After culturing 10 ml of recombinant E. coli, production of LmxM.33.0900 (a putative L.
mexicana ubiquitin conjugating enzyme) were either induced using IPTG, or without IPTG to check
for leaky expression. Lanes 1 and 2, show E.coli lysates from induced and non-induced cultures
respectively. Lanes 3 and 4 are the soluble fractions of lysates from induced and non-induced
cultures. Lanes 5 and 6 are the insoluble fractions from induced and non-induced cultures. All
samples were run on the same 4-20% SDS-PAGE gel, transferred to a PVYDF membrane, and the
protein of interest detected using a-His antibodies. Molecular weight markers had product code
NXA6050, and were supplied by Expedeon.
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Figure 5-35 Western blot against E. coli lysates, after induction of Leishmania E2
expression. After culturing 10 ml of recombinant E. coli, production of LmxM.33.0900 (a putative L.
mexicana ubiquitin conjugating enzyme) was induced using IPTG or auto-induction media (AIM).
Lanes 1, 2, 3, and 4 show E.coli lysates, from bacteria induced using 1 mM, 0.5 mM, 0.2 mM, of
IPTG respectively, or (in the case of lane 4) AIM. Lanes 5, 6, 7, and 8 show an identical order of
IPTG and AIM conditions, but are soluble fractions of lysates, separated using centrifugation.
Lanes 9, 10, 11, and 12 again show the four conditions in the same order, but present the insoluble
fraction of the lysates. All samples were run on the same 4-20% SDS-PAGE gel, transferred to a
PVDF membrane, and the protein of interest detected using a-His antibodies. Molecular weight
markers had product code NXA6050, and were supplied by Expedeon.
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Albeit not the majority, but a still significant proportion of target protein was
found to be soluble, which made a nickel column purification of the His tagged
protein worthwhile. This process is illustrated by Figure 5-36a, where the total
protein content present in the column outlet is charted using UV absorbance, to
determine which fractions contain the most protein. Fractions found to contain a
higher protein content, and particularly those identified during the elution
stages of the program, were analysed by gel electrophoresis to identify any
bands corresponding to the predicted molecular weight of LmxM.33.0900
(approximately 40 kDa). This gel can be seen in Figure 5-36b. A relatively pure -~
40 kDa protein is visible in fraction 14, the penultimate fraction to elute from
the column, and so required a high concentration of imidazole to displace the

protein from the column.
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Figure 5-36 His tag purification of LmxM.33.0900, a putative of Leishmania E2. a) 800 ml of
recombinant E. coli cultures were lysed, and the soluble fraction applied to an AKTA Start. Shown
are the UV absorbance (blue line), an indicator of total protein abundance, and the concentration of
the imidazole-based elution buffer (green line), over the volume passed through the column. The
fractions numbers are indicated by the numbers 1 to 15, divided by the thick black lines on the x
axis. b) Samples from various fractions obtained from AKTA His-tag purification were run on gel
and Coomassie stained. Lane labels correspond to the fractions. Fractions 1, 2, and 3 are from
washes. 4 is waste. Fractions 5, 6, 7, and 14 are from various elution peaks. F/T is flow through,
lysate that did not bind to the column. All samples were run on the same 4-20% SDS-PAGE gel
and Coomassie stained. Molecular weight markers had product code #P7712, and were supplied
by NEB.

To ascertain whether this ~ 40 kDa protein was indeed the protein of interest,
the same fractions were assessed by Western blotting, using anti-His antibodies.
It can be seen in Figure 5-37 that a His-tagged protein of the expected mass is
present in the elution fractions, most notably so in fraction 14. It is interesting

that the bands found are neither singular nor well-formed, with slight variations

in their apparent molecular masses between fractions.
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Figure 5-37 Western blot against various fractions from His tag purification of Leishmania
E2. Samples from various fractions obtained from AKTA His-tag purification of a putative
Leishmania ubiquitin conjugating enzyme. Lane labels correspond to the fractions present in Figure
5-36. Fractions 1, 2, and 3 are from washes. 4 is waste. F/T is flow through, lysate that did not bind
to the column. Fractions 5, 6, 7, and 14 are from various elution peaks. All samples were run on the
same 4-20% SDS-PAGE gel, transferred to a PVDF membrane, and the protein of interest
detected using a-His antibodies. Molecular weight markers had product code NXA6050, and were
supplied by Expedeon.

Despite few obvious contaminants in fraction 14, size exclusion chromatography
was conducted, both to remove the trace contaminants, and exchange the
imidazole elution buffer. This process is shown in Figure 5-38a, which indicates
the UV absorption of each fraction. As assessed by UV absorption, fractions
containing a surfeit of protein were run on gel, to confirm the presence of a
protein of the expected mass. Figure 5-38b shows a Coomassie stained gel of the
fractions obtained from SEC, where the only detectable band is at the expected
molecular weight of ~ 40 kDa. In addition, fractions 5, 6, and 7 from the His tag
purification were pooled to undergo SEC as well, demonstrated in Figure 5-39a.
However, after SEC, the pool of fractions 5, 6, and 7, do not contain detectable
LmxM.33.0900, but a variety of proteins of various masses (Figure 5-39). Given
this, work with fractions 5, 6, and 7 was discontinued, and work with fraction 14

continued.



Chapter 5 185
a) 3

8.0

6.0

4.0

Absorbance at 280 nm (mAU)

0 50 100 150

b)

Figure 5-38 Size exclusion chromatography, conducted on an expressed ubiquitin
conjugating enzyme from L. mexicana. a) Chromatograph of Fraction 14 (referring to prior His
tag purification fraction) of LmxM.33.0900 underwent gel filtration. The blue curve indicates
absorbance fluctuations at the column’s outlet. The red lines and associated numbers indicate the
position and identity of fractions that were selected for gel electrophoresis. b) Coomassie stain of
fractions obtained from gel filtration The lane numbers correspond to the numbered lines in a), so
represent the fraction identities. All samples were run on the same 4-20% SDS-PAGE gel and
Coomassie stained. Molecular weight markers had product code #P7712, and were supplied by
NEB
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Figure 5-39 Size exclusion chromatography, conducted on pooled fractions of an expressed
ubiquitin conjugating enzyme from L. mexicana. a) LmxM.33.0900 fractions 5, 6, and 7
(referring to prior His tag purification fraction) were pooled and underwent gel filtration. The blue
curve shows how absorbance varies as buffer flows through the column; the green curve indicates
the same, but for the earlier sample featured in Figure 5-38 (used to compare the samples). The
red lines and associated numbers indicate the position and identity of fractions that were selected
for gel electrophoresis. b) Coomassie stain of fractions obtained from gel filtration of pooled
fractions of a ubiquitin conjugating enzyme of Leishmania mexicana. The lane numbers correspond
to the numbered lines in a), so represent the fraction identities. All samples were run on the same
4-20% SDS-PAGE gel and Coomassie stained. Molecular weight markers had product code
#P7712, and were supplied by NEB.
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The purified E2 was tested for activity in a functional assay, to see whether it
could accept adenylated ubiquitin from the expressed L. mexicana
LmxM.34.3060 or yeast E1. The results detailed in Figure 5-40 show an identical
result in the experimental and negative control conditions (without and with a
reducing sample buffer, respectively), indicating that LmxM.33.0900, expressed

under these conditions, was not functionally active.

Figure 5-40 Coomassie stain of an activity assay involving synthesised Leishmania
ubiquitination enzymes. An E1 and an E2 from Leishmania mexicana were expressed in E. coli
and purified, with the enzyme’s interactions with human ubiquitin shown here. Lane 1 features the
Leishmania E1 and E2 in a non-reducing sample buffer, and lane 2 shows an identical reaction, but
in a reducing sample buffer (100 mM of DTT). Lane 3 shows the Leishmania E2 coupled with an
E1 from yeast. Lane 4 functions as positive control, using Leishmania E1 and a human E2
(UbcH5a), which are known to be capable of ubiquitin transfer. All samples were run on the same
4-20% SDS-PAGE gel and Coomassie stained. Molecular weight markers had product code
#P7712, and were supplied by NEB.

5.3.8 Refolding of LmxM.33.0900

Given the results obtained with LmxM.33.0900 thus far, an attempt was made to
refold the enzyme into a functional conformation. LmxM.33.0900 expression was
induced under identical conditions; however cells were lysed in a re-
solubilisation buffer, containing 8 M urea. After centrifugation, the soluble
fraction was again loaded onto a nickel column. Refolding was achieved through
washing the column in 3 M urea, before eluting in a buffer without urea. After
passing through the nickel column, fractions with a notable abundance of

protein were subjected to SDS-PAGE, to confirm their purity. Figure 5-41 shows
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these results, demonstrating an abundance of protein of various masses,

including a distinct band around the expected size for LmxM.33.0900.
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Figure 5-41 His tag purification and refolding of Leishmania E2, LmxM.33.0900 a) 800 ml of
recombinant E. coli cultures were lysed in 8 M urea. The soluble fraction was applied to an AKTA
Start and the column washed with 3 M urea refolding buffer, before elution without urea, using an
imidazole buffer. Shown are the UV absorbance (blue line), an indicator of total protein abundance,
and the concentration of the imidazole-based elution buffer (green line), over the volume passed
through the column. The vertical black lines and number show the identity of each fraction. b)

Coomassie stain of various fractions from the refolding and His tag purification. Lane labels

correspond to fractions present in a). F/T refers to flow through. All samples were run on the same

4-20% SDS-PAGE gel and Coomassie stained. Molecular weight markers had product code
#P7712, and were supplied by NEB.
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Given the presence of unexpected molecular weights, fractions 12, 13, and 14
were pooled, and run through size exclusion chromatography (Figure 5-42a). This
was particularly revealing, due to the profusion of protein in the void volume
(fractions 1 - 6, inclusive). Considering the void volume generally contains
proteins too large to enter the gel filtration column, if a ~ 40 kDa protein, the
expected size of recombinant LmxM.33.0900, is present it could indicate a
misfolded protein. As before, fractions of interest were run on gel
electrophoresis to confirm or deny the presence of a 40 kDa protein. Fractions
from the void volume did include an abundant ~ 40 kDa protein (Figure 5-42b).
When subjected to a functional assay this protein did not interact with

LmxM.34.3060, which was known to be functional (data not shown).
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b)

Figure 5-42 Size exclusion chromatography on refolded Leishmania E2. a) Refolded, His-tag
purified Leishmania ubiquitin conjugating enzyme underwent size exclusion chromatography. The
blue line indicates how UV absorption, an indicator of total protein content, varied over the volume
of solution passing through the column outlet. The vertical red lines and corresponding numbers
indicate the identity of a sample. b) Coomassie stain of fractions from size exclusion
chromatography. Lane labels indicate which fraction is present. Asterisks are used to denote bands
of the approximate size of the protein of interest. All samples were run on the same 4-20% SDS-
PAGE gel and Coomassie stained. Molecular weight markers had product code #P7712, and were
supplied by NEB

5.3.9 Expression of LmxM.02.0390

Through bioinformatic strategies, a putative SUMOylation E2 was identified -
LmxM.02.0390. However, upon expression in E. coli, the protein proved
undetectable in the soluble fraction of lysates. Yet LmxM.02.0390 was
detectable in the insoluble fraction of lysates (Figure 5-43). Figure 5-43 also
shows the insolubility of LmxM.02.0390 is constant across various concentrations
of IPTG, or the use of auto-induction media. While acknowledging the low
chance of success, due to the low investment of resources required the
experiment was repeated with four other transformants of E. coli, in the hope
that LmxM.02.0390 may be marginally better expressed in a separate

transformant line (Figure 5-44). This was not the case, and it became apparent
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that LmxM.02.0390 would be unlikely to express in a functional conformation in

E. coli.

Figure 5-43 Western blot against E. coli lysates, after induction of Leishmania SUMO E2
expression. After culturing 10 ml of recombinant E. coli, production of LmxM.02.0390 (a putative
L. mexicana SUMO conjugating enzyme) was induced using IPTG or auto-induction media (AIM).
Lanes 1, 2, 3, and 4 show E.coli lysates, from bacteria that were induced using 1 mM, 0.5 mM, 0.2
mM, of IPTG respectively, or (in the case of lane 4) AIM. Lanes 5, 6, 7, and 8 show an identical
order of IPTG and AIM conditions, but are soluble fractions of lysates, separated using
centrifugation. Lanes 9, 10, 11, and 12 again show the four conditions in the same order, but
present in the insoluble fraction of the lysates. All samples were run on the same 4-20% SDS-
PAGE gel, transferred to a PVDF membrane, and the protein of interest detected using a-His
antibodies. Molecular weight markers had product code NXA6050, and were supplied by
Expedeon.
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Figure 5-44 Multiple bacterial lysates after autoinduction of Leishmania SUMO E2, displayed
on an anti-His Western blot. Ten millilitres of BL21 E. coli, grown in autoinduction media were
incubated overnight at 18°C. Cultures were then lysed via sonication, and lysates from four
different cultures are seen in lanes 1, 2, 3, and 4. After centrifugation at 20,000 xg, soluble and
insoluble fractions from the same four lysates were formed. Lanes 5, 6, 7, and 8 demonstrate the
protein of interest found in the soluble fractions; and lanes 9, 10, 11, and 12 display the SUMO E2
found in the insoluble fractions. All samples were run on the same 4-20% SDS-PAGE gel,
transferred to a PVDF membrane, and the protein of interest detected using a-His antibodies.
Molecular weight markers had product code NXA6050, and were supplied by Expedeon.

5.3.10 Refolding of LmxM.02.0390

Given the near total insolubility of LmxM.02.0390 expressed in E. coli, employing
the same refolding protocol as stated above seemed prudent. Although the
protocol failed to produce a functional LmxM.33.0900, the smaller size of
LmxM.02.0390 (~ 17 kDa) increased the likelihood of success. As before,
LmxM.02.0390 was expressed in E. coli BL21 derivatives, which were lysed
through sonication in a resolubilisation buffer containing 8 M urea. The lysate
was then applied to a nickel column, washed with 3 M urea to refold, and eluted
in buffer without imidazole, a process that can be seen in Figure 5-45a. The
asymmetry of the absorbance peak across fractions 13 and 14 is noteworthy -
particularly the protuberance on 14, which interrupts the otherwise smooth
descent of the absorbance curve. Again, fractions deemed interesting by virtue
of their protein content were run on gel (Figure 5-45b). Initial impressions were

of fairly pure fractions, which largely contain protein of the expected mass.
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Notably, fraction 14 has an aberration, which has caused an irregularity in the

running of the sample.
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Figure 5-45 Chromatograph of His tag purification and refolding of Leishmania SUMOylation
E2, after expression in E. coli. a) 800 ml of recombinant E. coli cultures were lysed in 8 M urea.
The soluble fraction was applied to an AKTA Start, and the column washed with 3 M urea refolding
buffer, before elution without urea, using an imidazole buffer. Shown are the UV absorbance (blue
line), an indicator of total protein abundance, and the concentration of the imidazole-based elution
buffer (green line) over the total volume passed. The vertical black lines and corresponding
numbers indicate the fraction identities. b) Coomassie stain of fractions from the His tag
purification. Lane labels correspond to fractions present in a). F/T refers to flow through, lysate that
did not bind to the column. All other lanes feature fractions from the elution. All samples were run

on the same 4-20% SDS-PAGE gel and Coomassie stained. Molecular weight markers had
product code #P7712, and were supplied by NEB
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The outcome of refolding LmxM.02.0390 was again determined by functional
assay, using an anti-His Western blot to detect the His tagged LmxM.02.0390,
and a His tagged known substrate of SUMO in the orthologous human pathway,
termed RANGAP (Figure 5-46). For fraction 13, multiple masses of LmxM.02.0390
are present without a reducing agent, but all mass shifts are eliminated upon
addition of DTT. However, LmxM.02.0390’s ability to SUMOylate RANGAP is
ambiguous. The evidence is a single faint band, which is resistant to reducing
agents (as the RANGAP-SUMO covalent bond should be). Fraction 14 did not
produce the multiple bands indicative of functionality (data not pictured),
however it is unknown whether this is due to incorrect folding, or an

unexpectedly low protein concentration in the stock solution.
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Figure 5-46 Anti-His Western blot, showing in vitro SUMOylation, against refolded His
tagged Leishmania SUMO E2, and His tagged human RANGAP. Refolded Leishmania SUMO
E2 was incubated with human SAE1, human SUMO1, ATP and MgCl.. Lane 1 shows the reaction
of these components in a non-reducing sample buffer, compared to lane 2 that included 111.1 mM
DTT. Lane 3 also contained refolded Leishmania SUMO E2, human SAE1, human SUMO1, ATP,
MgCl2, as well as human RANGAP in a non-reducing sample buffer. Lane 4 features an identical
reaction to 3, but in a reducing buffer, employing 111.1 mM DTT; an asterisk is used to denote a
faint band All samples were run on the same 4-20% SDS-PAGE gel, transferred to a PVDF
membrane, and the protein of interest detected using a-His antibodies. Molecular weight markers
had product code NXA6050, and were supplied by Expedeon.
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5.4 Discussion

5.4.1 An E1 identification validated

Here it is shown that a putative ubiquitin activating enzyme, LmxM.34.3060,
identified through bioinformatics and proteomics, interacts with ubiquitin in a
manner dependent on the presence of ATP and absence of a reducing agent - the
behaviour expected of any Ubl E1 (Hjerpe et al., 2012). Searching the UniProt
database using the PFAM domain pf10585 (termed “UBA_e1_thiolCys”, referring
to the cysteine active site of the ubiquitin-activating enzyme), and filtering for
only those results that have evidence at protein level, yields 45 results from 14
organisms. It is worth noting that most of these hits likely do not function to
activate ubiquitin. If functional, they may activate a Ubl substrate (hence the
ratio of results to organisms). Furthermore “evidence at protein level” does not
demand expression of a protein alongside a functional assay. For that reason,
the 14 organisms should be considered a generous upper limit of the number of
organisms with a well-characterised ubiquitin activating enzyme. Still, these
organisms are predominantly model organisms, with the possible exception of
Triticum aestivum (wheat), and Oryctolagus cuniculus (rabbit). None are
protozoan, and none are parasites. For this reason, a L. mexicana E1 adds

diversity to the catalogue of characterised ubiquitin E1 orthologs.

It was also demonstrated this Leishmania E1 could activate human ubiquitin,
then transfer it to the human E2 UbcH5a. Relative to L. mexicana ubiquitin,
human ubiquitin has 2 differences in the 76 amino acid protein (97% identity
shared), and one of those two divergent amino acid residues is a conservative
substitution. As such, it is perhaps no surprise that an L. mexicana E1 is not
selective between human and Leishmania ubiquitin. On a similar note, a BLAST
on the L. mexicana genome, with UbcH5a as the query sequence, yields a top
scoring hit with an E value of 2e-80 (LmxM.34.1300). This hit has 72% of amino
acids identical to UbcH5a, and 88% of amino acids have similar chemical
properties. It would be interesting to see how dissimilar a non-Leishmania E2
would have to be from any Leishmania orthologs before an inter-species E1-E2

assay stopped functioning.
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5.4.2 Drug assays

A much lower concentration of TAK-243 is needed to inhibit the human E1 UBA1
than is needed to inhibit its Leishmania ortholog. From this it can be inferred
that the ATP binding pockets of both enzymes differ. This is notable as it
provides support for future drug discovery efforts - had both E1s been inhibited
equally well by TAK-243 it would mean both ATP binding sites were similar, and

the possibility of specificity for any adenosine sulfamate based drug remote.

Both nucleocidin and 5'0-sulfamoyl adenosine inhibit the Leishmania E1 more
than the human ortholog. 5'0-sulfamoyl adenosine in particular was
approximately 50-fold more potent against the parasite than human enzyme,
inhibiting ~50% of the parasite’s E1 activity at 1 pM. Although nucleocidin was
less potent, it should be noted that the nucleocidin used came from a small-
amount (0.193 mg) of semi-pure stock, which adds uncertainty to the
measurements - a purer stock, with less associated error in weighing, may have
better potency. Regardless, this is the first time these compounds have been
shown to inhibit an E1, as opposed to protein synthesis. This additional
mechanism of action could help resolve previously unexplained phenomena in
the literature, such as the rapid action of nucleocidin, which authors
acknowledge is difficult to explain by inhibition of protein synthesis alone
(Florini, Bird and Bell, 1966). Also, the differences in inhibition between the
human and parasite E1s adds further weight to the possibility of designing an
inhibitor specific for the parasite E1. Furthermore, this matches the literature
that states these inhibitors were more toxic to the parasites than mammalian
hosts - as the inhibitors were more effective against parasite enzymes than
human enzymes (yet they still inhibited the human E1) (Thomas et al., 1956;
Florini, Bird and Bell, 1966; Shuman, Robins and Robins, 1969). Perhaps these
molecules, particularly 5'0-sulfamoyl adenosine, could be treated as initial lead
compounds, with future work focusing on tailoring the nucleobase extension to
the drug binding pocket of LmxM.34.3060, adding additional selectivity and
rendering these compounds less toxic. Of course, this may be premature, as
toxicity to Leishmania has not been demonstrated by this assay. To do that, and
bolster the case for further research, a cell viability assay, such as an alamar

blue assay, would need to be conducted.
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5.4.3 Crystal structure

A crystal structure of LmxM.34.3060 is presented here. This puts it amongst 15
other structures of full length ubiquitin activating enzymes (found through
searching the InterPro database for structures under entry IPR0O18075, the code
for “Ubiquitin-activating enzyme E1”). Of these structures eight are from
Saccharomyces cerevisiae, six from Schizosaccharomyces pombe, and one from
humans. Given the paucity of species represented in the database, the L.
mexicana E1 adds some much-needed diversity. This is evidenced in the
percentage identity matrix in Table 5-3. The L. mexicana E1 has, at most,
32.57% shared identity with any of the existing structures, whereas the existing
structures share at least 53.37% of their identity with one another. The
resolution of the existing structures range from 2.032 A to 3.153 A, so, at 3.1 A,
the L. mexicana structure is comparable. It is also worth noting that this is not
the first time that protein crystallography has been attempted on a kinetoplastid
ubiquitination E1, but this is the first time it has been successful (Boer and
Bijlmakers, 2019).

L. mexicana | S. cerevisiae S. pombe Human

L. mexicana - 32.47 32.20 32.57

S. cerevisiae 32.47 - 59.31 53.37

S. pombe 32.20 59.31 - 54.17
Human 32.57 53.37 54.17 -

Table 5-3 A percentage identity matrix for published ubiquitin E1 structures, and the L.
mexicana E1 characterised in this study.

Lessons learned from the crystallisation process include the importance of
purification - His tag purification, ion exchange chromatography, and size
exclusion chromatography did not result in a crystallisable protein. Perhaps this
is because homogeneity was lacking. When an extra, function-based, purification
step was introduced, reacting LmxM.34.3060 with GST tagged ubiquitin then
purifying with glutathione-agarose, crystals were more forthcoming. Assuming
that not all LmxM.34.3060 expressed in E. coli is functional, the Ub-GST
purification removes non-functional protein, in a way no other purification
method could manage (other methods selected for proteins with a similar tag,
size or isoelectric point). Despite the otherwise overwhelming need for

uniformity in the protein mixture, an unknown protein, likely an E1 fragment,
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around 70 kDa was present after all rounds of purification. This did not seem to
affect crystallisation. Another key ingredient for obtaining protein crystals of
LmxM.34.3060 was the addition of ATP-Mg. ATP-Mg was also necessary for the
formation of all other ubiquitin E1 protein crystals reported in the surveyed
literature (Olsen et al., 2010; Schafer, Kuhn and Schindelin, 2014; Lv et al.,
2018). If, in the absence of ATP-Mg and Ub, the open and closed conformations
of LmxM.34.3060 exist in equilibrium, as is the case in the S. pombe E1 (Lv et
al., 2017), the addition of those ligands should shift the equilibrium in favour of
the open conformation. Yet, despite its presence in the protein mixture,
ubiquitin was not present in any protein crystals. Perhaps the thioester Ub~E1
bond was too unstable to exist within the crystallisation conditions examined, so
perhaps a crosslinker would be necessary to maintain the Ub~E1 structure. Still,
ATP-Mg are visible in the crystal structure. This may have aided crystallisation by
ensuring a homogenous open conformation throughout the crystallising E1s. If
the three important factors of real estate are location, location, location, then
the equivalent three factors of crystallography must be purity, purity, and

homogeneity (McPherson and Gavira, 2014).

The reason the author and others (Bijlmakers, 2021) have displayed an interest
in protein crystallography on E1s is because a structure permits drug modelling.
Drug modelling on Leishmania LmxM.34.3060 has enormous potential as the
enzyme is necessary for proliferation of the parasite in mice (Burge et al.,
2020). Within LmxM.34.3060, of particular interest is the adenylation site, which
would be key to the success of any adenosine sulfamate based inhibitor. When
TAK-243 was fitted to the structure of the bound ATP, two possible clashes were
found; when the structure of TAK-243 was copied from an orthologous structure
in the Protein Databank, two (different) clashes were nonetheless present. The
clashes, defined as a covalent bond between drug and enzyme or a hydrogen
bond of < 2.55 A, predominantly occur within the C-terminal of TAK-243. This is
thought to be the specificity determining component of adenosine sulfamate
based anti-E1 drugs (Misra et al., 2017), and so would be where clashes would be
predicted. This also correlates well with the biochemical assay, which found
higher concentrations of TAK-243 necessary for inhibition of LmxM.34.3060 - a

phenomenon explained by the clashes predicted in the drug model.
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5.4.4 SAXS data

Using SAXS, an in-solution structure was also obtained. The scatter plot (Figure
5-22) shows an uptick at very small values of q - this could represent protein
aggregation or noise from beamstop scattering. However, the linearity of the
Guinier region indicates good sample quality, and the integrated intensity plot
shows buffer subtraction worked as it plateaus at low values of q. Given this,
and the coherence of later analyses, the uptick at very small values of q is likely
due to beamstop scattering. The Kratky plot is typical of a globular protein, with
its bell-shaped curve that peaks at low values of q. There is also no indication
from the Kratky plot that LmxM.34.3060 is flexible, so the various molecules
likely exist in the same conformation in the SAXS sample. This may be surprising,
as it has been suggested that the open and closed conformations of the S. pombe
E1 exist in equilibrium prior to the binding of ATP-Mg and ubiquitin (Lv et al.,
2017). Nonetheless, the Kratky plot concurs with the flexibility analysis - in
which the Porod-Debye plot, which indicates a compact particle, plateaus before
the Kratky-Debye plot, used to determine flexibility. Completing a coherent
picture of a compact, globular particle is the p(r) distribution. Its slightly
asymmetrical bell-shaped peak is indicative of a slightly elongated sphere. A
further mark of consistency is the small difference between real and reciprocal
parameters - whether calculated through the Guinier approximation or p(r)
distribution there is only a difference of 1E-3 photons per second for 1(0), and a
difference of 0.58 A for Rg. To the author’s knowledge, this is the first time SAXS
has been conducted on a ubiquitin E1, however a globular, near-spherical

protein would fit with existing crystallographic E1 structures (Lv et al., 2018).

Of particular interest are the non-overlapping domains between the SAXS and
crystallographic structures. BLAST searches of the amino acids present in the
crystal structure’s non-overlapping domain aligns with the adenylation domains
of characterised E1s. This is noteworthy as the adenylation domain has been
shown to rotate by 106° in the S. pombe ubiquitin E1 (Lv et al., 2017), and 130°
in the human SUMO E1 (Olsen et al., 2010). Therefore, it is possible that the
Leishmania E1 has been captured in both open and closed conformations. Given
that crystals were found only with the addition of ATP-Mg, whilst SAXS was
conducted on a sample without those ligands, it is not implausible. As the

addition of ATP-Mg should shift the open:closed equilibrium toward the open
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conformation, any structure disparate from that (i.e. the SAXS structure) would
represent the closed conformation. Alternatively, the spatial demands imposed
by the crystallisation process may have forced the flexible adenylation domain
into an artificial position, one that is not representative of either open or closed
conformations. Finally, the agreement between the crystal and SAXS structures
is quantified using the CRYSOL software. A theoretical SAXS dataset was
calculated, based on predictions as to how the LmxM.34.3060 crystal structure
would scatter X-rays in a SAXS experiment. It can be seen the theoretical
scattering curve overlaps considerably with the scattering curve obtained from
the actual SAXS experiment, providing further validity to the model. Given this
concurrence between the crystal and SAXS models, it can be said that the crystal

structure is broadly representative of an E1 in solution.

5.4.5 SUMO E2

An expressed SUMOylation E2, a L. mexicana LmxM.02.0390, is presented here. It
is able to accept activated human SUMO1 from the human SUMO E1. BLASTing
the human SUMO1 amino acid sequence against the L. mexicana genome yields a
top hit with an E value of 9e-23 (gene ID: LmxM.08.0470). This hit shares 51%
identity with the human SUMO1, which increases to 74% when permitting
conservative mutations. BLASTing the human SUMO2 isoform yields the same top
hit, which maintains a similar relationship to the human protein (+4% for both
identity and similarity). Under standard search parameters, this hit is not
returned when the human ubiquitin sequence is used as bait in a BLAST. As such,
it is likely that L. mexicana has a separate SUMOylation system, with possibly
just the one SUMO isoform. A solitary SUMO isoform would fit the published
literature on Trypanosoma brucei, and stand in contrast to the four human
isoforms (Liao et al., 2010). It is interesting that, unlike ubiquitin, which is
highly conserved between organisms, SUMO proteins seem to have diverged
more. Perhaps this attests to ubiquitin’s essentiality, and SUMO’s less necessary
functions (though still essential in Trypanosoma brucei for cell cycle regulation
(Liao et al., 2010), and proteomics has revealed diverse roles for SUMO in

Trypanosoma cruzi (Bayona et al., 2011)).

Of course, the Leishmania E2 worked alongside a human E1 in this assay, and a

similar bioinformatic comparison between characterised human and putative L.
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mexicana E1s can be conducted. The human catalytically active subunit UBA2
displays 40% identity and 54% similarity to its putative Leishmania ortholog.
Curiously, the catalytically inactive human subunit SAE1 displays more similarity
to a Leishmania ubiquitin E1 (LmxM.23.0550) than to its predicted ortholog
(LmxM.28.0360). Further evidence that the discipline of bioinformatics requires
more than BLAST searches. Still, the predicted ortholog possesses 43% identity
and 59% similarity. Why this fixation on percentage identities? Because it follows
that the L. mexicana E1 and E2 of SUMOylation have diverged alongside their
SUMO protein. But, more importantly, because this study has built two inter-
species Ubl cascades, and it is interesting to note how much variability the
components can tolerate before their orthologs are no longer recognised. It is
also stimulating to speculate about the selective pressure placed on a system by

considering its capacity to diverge.

Nonetheless, this has been a digression from L. mexicana SUMO E2 that is
demonstrated here. Why did refolding the SUMO E2 work when refolding the
ubiquitin E2 failed? It is likely to do with the shorter length of the former - as
shorter proteins have fewer amino acids, it seems plausible that this results in
fewer biochemical interactions between those amino acids. Therefore, when
denaturing conditions are gradually alleviated, the odds of a few amino acids
adopting the proper conformation seem greater than the odds of many amino
acids spontaneously adopting their proper structure (given a lack of chaperone

proteins, at least).

A surprise finding was the apparent assembly of reducing agent sensitive
polySUMO chains in the functional assay. An interesting and plausible
explanation for this is the in vitro assembly of polySUMO chains by
LmxM.02.0390, chains which continue to interact with the LmxM.02.0390 active
site, ready to be transferred en bloc to a substrate. That is not to say that this
biochemistry exists in vivo, as it could well be an artifact caused by the
presence of a SUMO conjugating enzyme and SUMO1, without a substrate. Still,
the formation of polySUMO chains forming on a SUMO E2 during an in vitro assay
has been noted by other authors (Yang et al., 2006). Other authors have noted
the existence of polySUMO chains in vivo, and presented a structure of human
SUMO E2 non-covalently interacting with SUMO to promote the formation of
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polySUMO chains (Knipscheer et al., 2007). Could the Leishmania LmxM.02.0390
possess the same domain, used to the same effect? Figure 5-47 presents an
alignment of the L. mexicana and human LmxM.02.0390s. If anything, the lack of
conservation of the human E2’s non-covalent binding site is all the more
conspicuous given how well conserved the rest of the enzyme is. It is perhaps
more profitable to compare the Leishmania SUMOylation system to a closer
relative. Fortunately, the SUMOylation enzymes in T. brucei have been
characterised (Ye et al., 2015). Adding further weight to this characterisation of
a Leishmania SUMO E2 is the fact that it is a syntenic ortholog of the T. brucei
SUMO E2.

40 50 60 70 80
Human 1MSGIALSRLAQE, F'EG.V BVPTKNPDGTMNLMNWECA | PGKKGTPWEGGLFKLRMLFKDDYPSSPPKCKFEPPLFHP 84
L. mexicana 1 MSVSPSSTTPGA AAR 777777 SAAAATLPAGLDLLHWEAG | PGKPGTPWEGGEFRLRLNFTEDYPTKPPKCVFTPVLFHP 78
Conservation e -_-—- -— = = == - - - - - m m =
575 6776445 649------ 5966 5 4 5 5 5 56
90 100 110 120 130 140 150
Human 85 NVYPSGTVELS | LEEDKDWRPAITIKQILLGIQELLNEPNIQDPAQAEAYT | YCQNRVEYEKRVRAQAKKFAPS - 158
L. mexicana 79 NVYPSGTVELS | LNEEKDWRPNITIKQILLAIQELLDHPNIKDPAQEEPYKVYMRD | KEYEARVREEVQRHHWKG 153
Conservation - " — - - —

Figure 5-47 Sequence alignment of human and L. mexicana SUMO E2s. Highlighted are the
non-covalent LmxM.02.0390-SUMO interaction site (blue), and the cysteine active site (red), which
were characterised in the human enzyme.

What is in more doubt is LmxM.02.0390’s ability to SUMOylate RANGAP. There is
evidence in a single faint band the expected weight of SUMOylated RANGAP,
which is resistant to reducing agents (as the RANGAP-SUMO covalent bond should
be). Yet, given the weakness of this band (Figure 5-46), it is not conclusive
evidence of LmxM.02.0390’s ability to SUMOylate a mammalian substrate.
However, this could be explained as an inefficient reaction. The greater
divergence of the SUMOylation machinery compared to the ubiquitination
enzymes has already been noted, perhaps this differentiation results in reduced
reaction kinetics when disparate, multi-species components are expected to

work in tandem.

5.4.6 Structural predictions

Recently, advances in the field of artificial intelligence, namely from Google’s
DeepMind subsidiary, lead to the creation of AlphaFold - a software capable of
highly accurate protein structure predictions (Jumper et al., 2021).
Theoretically, all the information about a protein’s final three-dimensional

structure should be obtainable a priori from its amino acid sequence.
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Practically, understanding the thermodynamics of the innumerable interatomic
forces that determine this structure is immensely challenging, to say the least.
As such, the protein folding problem has remained intractable since the 1950’s.
However, AlphaFold evades that question through standard machine learning -
identifying correlations between the sequence and structure of the
approximately 170,000 proteins in the protein databank, then applying these
correlations to sequences with unknown structures (Ball, 2020). Yet the strength
of this technique - avoiding the quagmire of complex thermodynamics in favour
of noting correlations - is also its weakness: machine learning is only competent
within the bounds of its training set. If the training set used by AlphaFold to
make predictions is focused on human proteins, featuring few early branching
organisms, then predictions for early branching organisms will be less accurate.
As such, efforts have been made to incorporate data on early branching
organisms, such as Leishmania (Wheeler, 2021). Using this tailored version of
AlphaFold, predictions have been made for some of the proteins of interest

listed here.

A particularly interesting candidate for structural prediction would be
LmxM.34.3060 - given the empirically determined structure published here, a
similar prediction from AlphaFold would validate the program. Unfortunately,
such a prediction cannot be provided. Obviously, running AlphaFold is
computationally intensive. Access to suitable processors is provided by Google,
free of charge, with certain terms and conditions. One term is a maximum usage
time of 12 hours. Perhaps due to their demanding nature and fair usage of
resources, larger proteins are broken into discrete parts. This in itself is
problematic, as a large protein may not function as the sum of disconnected
blocks, but as a holistic entity in which domains, although distant on a
bioinformatic string of amino acids, interact with one another due to their
proximity in a three-dimensional structure. Regardless, LmxM.34.3060,
comprised of 1154 amino acids at full length, is broken into three distinct
overlapping chunks of 399, 552, and 604 amino acids. The smallest segment
required approximately 10.5 hours to be modelled. The second largest segment
failed to be modelled within 12 hours. This precludes obtaining a full length
model of LmxM.34.3060, and shows that as advanced as an algorithm may be, it

is only helpful if you have the resources to run it.
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A far smaller protein is LmxM.02.0390, the SUMO E2, which is 153 amino acids.
This required around 3.5 hours of processing time. The predicted structure is
shown in Error! Reference source not found.. The confidence of this AlphaFold
structure corresponds to the sequence alignment between human and parasite
enzymes, shown in Figure 5-47. A poor alignment is shown between residues 12
to 19 (inclusive) of the Leishmania enzyme with its human ortholog,
corresponding to a deletion of the sequence the human enzyme employs to non-
covalently interact with SUMO (Knipscheer et al., 2007). A similar stretch
(residues 10 to 24, inclusive) has poor confidence in its structural prediction as
well, although it is predicted to form a flexible loop. Due to their disorder, the
structure of flexible loops is difficult to predict. However, whether it has a low
confidence because it is a flexible loop, or whether it is predicted to be a loop
because it is in a low confidence region (due to poorly matching homology
models) is debatable. It is perhaps noteworthy that, when searching the Protein
Data Bank, none of the orthologous structures possess such a loop. If the
Leishmania enzyme also interacts with SUMO via this site, it would be unusual if
this protein-protein binding site had such disorder. Nonetheless, the B-grasp fold
has its structure predicted with high confidence, although this is unsurprising for
a well conserved, highly ordered domain with well-characterised functions. It is
the less well characterised domains, such as the backside binding site of an E2,
that remain the most interesting. Yet here it is also the most the divergent area,

and so it is here that structural prediction falters.
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Figure 5-48 AlphaFold structural prediction for LmxM.02.0390. a) Structural prediction by
AlphaFold for a Leishmania SUMO E2. b) Depictions of a per residue confidence metric, pLDDT.
Higher scores indicate greater confidence.

The ubiquitination E2, LmxM.33.0900, at 292 amino acids, demanded
approximately 6.5 hours of processing time (although it should be noted that the
initial run of AlphaFold failed to produce data after apparent “completion”, so
the total time spent on this structure was ~13 hours). This structure is shown in
Figure 5-49. Immediately obvious is the flexible loop that encircles the main
body of the protein. This disordered segment starts at residue 172 and continues
until residue 267. This segment, approximately a third of the protein, lacks any
secondary structure at all, producing a structure that is preposterous even at
first glance. Of course, it should be noted that the confidence of this structure is
rated as low, so AlphaFold is aware of the structure’s absurdity. This lends
credence to the theory that regions of low confidence are predicted to be
flexible loops (as opposed to flexible loops being hard to predict). So why is this
region difficult to predict? Well the sequence alignment (shown in Figure 4-22)
shows this region differs substantially from those of model organisms.
Compounding this problem is that the only published structure of an ortholog,
the human enzyme E2 J2, only features the core domain - missing the last 74
amino acids of the C-terminal. As stated earlier (4.4.1), orthologs of
LmxM.33.0900 possess a transmembrane domain at their C-terminal (Claessen et

al., 2010). Given the abundance of hydrophobic residues, transmembrane
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domains are notoriously difficult to crystalise, which is perhaps why a full length
E2 J2 has yet to be solved through protein crystallography. Having said that,
there is a high confidence structure at the C-terminal - the terminal 20 amino
acids, of which the majority are hydrophobic, are confidently predicted to form
a helix. This is also a conspicuously well-conserved component when viewing the
sequence alignment (Figure 4-22), and was hypothesised to form a
transmembrane domain. The core UBC domain, conserved among orthologs, is
predicted with high confidence. Again, this structure demonstrates that

predictions are hard to make, especially about structures you don’t already

o
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Figure 5-49 AlphaFold structural prediction for LmxM.33.0900.a) Structural prediction by
AlphaFold for a Leishmania ubiquitination E2. b) Depictions of a per residue confidence metric,
pLDDT. Higher scores indicate greater confidence.
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5.5 Summary

This study has presented a functional Leishmania mexicana ubiquitin activating
enzyme. It was hypothesised that this E1 would respond differently from its
human counterpart when faced with potent inhibitors of its ortholog. This was
shown to be true, with the Leishmania enzyme considerably less affected than
the human enzyme. Inhibitors that affected the Leishmania enzyme more than

the human ortholog were also identified.

It was hypothesised that differences in response to inhibition would be due to
differences in the ATP binding site. To visualise the ATP binding site, a 3.1 A
structure was obtained through protein crystallography. To validate the
crystallographic structure, SAXS was conducted. The data from both
methodologies concurred. Using the validated crystallographic structure, drug
modelling was conducted. This predicted clashes between the Leishmania

enzyme and human E1-specific drug, TAK-243.

Furthermore, a SUMOylation enzyme has been identified. A Leishmania SUMO
conjugating enzyme, able to form polySUMO chains in vitro. This provides a

glimpse of ubiquitin-like pathways in Leishmania mexicana.

To build on this, future work could use radiolabelled ATP to quantify the effect
of various inhibitors, as well use cell viability assays such as alamar blue to
determine the toxicity of inhibitors. However, the priority should be to utilise
the crystal structure presented here, to aid in the rational design of drugs to
inhibit LmxM.34.3060.
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Chapter 6 Concluding Remarks

The experiments detailed here are focused on the components of the Leishmania
ubiquitination system and characterise the potential of a key enzyme in this
system as a novel therapeutic target. Genes encoding putative enzymes of the
ubiquitination system were identified through BLAST searches and hidden Markov
models. At the protein level, two ubiquitin activating enzymes were detected
using activity-based probes. The reach of these activity-based probes was
extended using a chemical crosslinker, identifying a ubiquitin conjugating
enzyme. This interaction between the ubiquitin activating and ubiquitin
conjugating enzyme was validated in vivo through interactome screening using
BiolD. BiolD also provided a list of putative substrates of the ubiquitin
conjugating enzyme, some of which were validated by anti-diglycine
immunoprecipitations, which selected for the fingerprints of ubiquitinated

peptides.

Having described components and substrates of the ubiquitination system, the
most abundant ubiquitin activating enzyme was recombinantly expressed in a
functional form (as was a SUMO conjugating enzyme). The structure of this
ubiquitin activating enzyme was solved through protein crystallography and
small angle X-ray scattering. This structure was used to explain the activities of
small molecule inhibitors of the ubiquitin activating enzyme, inhibitors
identified through a biochemical assay developed in this study. This biochemical
assay allowed comparisons to be made between the inhibitors of the Leishmania
enzyme and its human ortholog, and selective inhibitors of the parasite enzyme

were identified.

6.1 A ubiquitination system exists in Leishmania
mexicana

Leishmania can thrive in the disparate environments of a human macrophage
and a sandfly midgut. To achieve this they must remodel themselves, from their
molecular biology to their morphology (Coelho et al., 2012; Sundar and Singh,
2018). It has been inferred that there is a ubiquitin-proteasome system that
mediates protein degradation (Pérez-Pertejo et al., 2011), and ubiquitin-like

pathways have been identified (Gannavaram et al., 2012). Recently, Burge et al.
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constructed and screened a knock out library of genes thought to be involved in
the ubiquitination pathway, identifying the same genes of interest reported
herein, using an orthologous method (Burge et al., 2020). Notably, cell lines
missing an E1 could not establish infections in mice, if knock out cell lines could

be generated at all.

This document uses BLASTs and hidden Markov models to identify genes of
interest, then confirms that predicted E1s interact with an activity-based probe
specific for E1s. It shows an E1-probe complex interacts with a predicted E2.
This validates the bioinformatic work, demonstrates that both putative E1s are
expressed at both major stages of the parasite’s life cycle, and suggests which
E1 is the most abundantly expressed. As such, it provides previously unknown

information at the protein level of these potential drug targets.

Further work could use an activity-based probe that interacts with all
components of the ubiquitination cascade, not just E1s. This would allow
information on stage dependent expression, and the relative abundances of
every catalytically active ubiquitination enzyme to be obtained. If more detailed
information on the relative abundances of each E1 is necessary then a
quantitative proteomic approach, such as TMT labelling, could be used to
provide greater confidence than the emPAl score used here. Using the mass
spectrometry data from the E1-E2 crosslinker experiment, the peptides
crosslinked between each enzyme should identify their interaction sites, so it
could be worth reanalysing this existing data with structural biology in mind. On
a separate note, ubiquitin-like pathways exist. This document touches upon
them, acknowledging their appearances on the fringes of the bioinformatic
screening campaign, and putatively assigning pathways to the identified
enzymes. These deserve further attention - particularly NEDD8. Given NEDD8’s
crosstalk with ubiquitination, its role in DNA repair (Brown et al., 2015), and the
existence of a mammalian NEDD8 E1 inhibitor in clinical trials for an array of
cancers (Shah et al., 2016), further experiments could characterise another

potential drug target.
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6.2 Biochemical characterisation of the ubiquitination
system

Ubiquitination is an ordered system, responding to specific stimuli at a particular
place and a precise time. As such it is important to appreciate the wider context
of these enzymes - when they function, with which partners, and to what end?
Geoghegan et al. unravel protein kinase signalling in Leishmania’s kinetochore
using BiolD (Geoghegan et al., 2021). Kim et al. explain ubiquitin’s role on a
substrate through monitoring the ubiquitinome in the presence of a proteasome
inhibitor (Kim et al., 2011b). Tiengwe, Muratore and Bangs (2016) identify
components of the endoplasmic reticulum associated degradation pathway in
trypanosomes, and note conditions where this pathway is essential (Tiengwe,

Muratore and Bangs, 2016).

Work in this thesis screens for the interactomes of the enzymes identified in
Chapter 3. This is achieved by using CRISPR to fuse a promiscuous biotin ligase to
either the N- or C-termini of an E1 and E2. This shows an in vivo interaction
between an E1 and its cognate E2. Furthermore, this identifies putative
substrates of the E2, and hypothesises that the E2 may belong to an endoplasmic
degradation pathway. Ubiquitinated substrates were also identified through
immunoprecipitation of peptides with a ubiquitin motif. As such, the wider
context of ubiquitination is provided, which follows ubiquitin from an E1, to an

E2, to a substrate.

Further work should prioritise repeating and validating the BiolD screen.
Repetition of the BiolD screen could be conducted using the miniTurbo BirA*, its
quicker reaction kinetics potentially generating more results (which is to say, a
lower background coupled with more transient interactors). Alternatively, other
proximity labelling systems, such as SPPLAT (Rees et al., 2015) and APEX (Rhee
et al., 2013) exist, which provide orthologous methods to confirm the results. A
screening method could even be combined with the immunoprecipitations shown
here, first selecting for biotin at the protein level, then the ubiquitin motif at
the peptide level, identifying the substrates of a specific E2. Screening methods
aside, validating particular interactions between screening hits could be
achieved using BRET (Xu, Piston and Johnson, 1999) or PLA (Soderberg et al.,

2006). However, a far more ambitious project, utilising the
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immunoprecipitations detailed here, would be to identify the ubiquitination that
occurs when a parasite transitions through its major life cycle stages. Entire
organelles, such as the flagella, can be drastically remodelled, so it is likely that
ubiquitination plays an important role as the parasite manoeuvres between

insects and mammals.

6.3 Biophysical characterisation of a ubiquitin activating
enzyme

E1s are already validated drug targets, with inhibitors existing for the NEDD8 and
ubiquitin E1s (Yang et al., 2007; Soucy et al., 2009). These inhibitors are in
either early or late stage clinical trials for a variety of cancers (Barghout and
Schimmer, 2021). The structure-activity relationship of these inhibitors has been
well-characterised, with the drug binding site identified as the ATP binding
pocket of an E1 (Misra et al., 2017). Given their characterised mechanisms and
clinical success, other authors have been interested in the E1s of kinetoplastid
parasites for the purpose of drug design (Bijlmakers, 2021). However, they have
failed to generate a crystal structure, relying on homology based modelling to
compare human and parasite E1s (Boer and Bijlmakers, 2019). The difficulty in
obtaining crystal structures of full length E1s may be why the only published
structures are from humans and two species of yeast (Saccharomyces cerevisiae

and Schizosaccharomyces pombe).

This thesis reports the recombinant expression of a putative ubiquitin activating
enzyme and a SUMO conjugating enzyme, both in functional forms, and develops
an activity assay for each. Using the activity assay, drugs are trialled against
ubiquitin activating enzyme, and a drug that is a potent, specific inhibitor of the
Leishmania enzyme is identified. Furthermore, concurring structures of this
enzyme are found through protein crystallography and SAXS. The crystal

structure is used to explain the activity of one of these drugs.

Future work could consider optimising the crystallisation conditions, to achieve a
higher resolution than the 3.1 A presented here. If it is of interest, the structure
of the E1 in complex with ubiquitin and an E2 could also be sought. If the

structures of complexes are desired, a technique that melds mass spectrometric

and structural approaches is HDX-MS, which would advise on the conformational
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changes an E1 goes through while charging and transferring ubiquitin. On which
note, only bacterial expression systems were trialled for E2 expression, and so
there is plenty of room for alternative expression systems if a functional
Leishmania ubiquitin conjugating enzyme is desired. However, more pressing
than any of these suggestions would be structure-based drug design. Indeed, this
application, and its potential impact in clinical settings, was the primary drive

for research into the structure of this E1.

6.4 A novel drug target

The aim of this project was to characterise an understudied system in a
neglected tropical pathogen, with the ultimate goal of contributing a novel drug
target to the literature. Having identified two ubiquitin activating enzymes at
the protein level, having described their interactome, solved the structure of an
enzyme, and analysed its inhibitors, it is hoped that this study has had some
success towards that lofty goal. Of course, further research is needed before any
tangible benefits reach the millions of leishmaniasis patients worldwide. Yet, it
is the sincerest hope of the author that this work may be cited by someone, who
is cited by another someone, who develops any form of aid for a terrible disease
that Kills tens of thousands of the world’s poorest people annually. If this work
can feature as a footnote to research that alleviates human suffering then the

author will be content.
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