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Abstract

Leishmaniasis is a neglected tropical vediorne disease and is caused by the protozoan parasite
LeishmaniaLeishmanidasa complex digenetic life cyglend the cellular differentiation that occurs
during differentiation is orchestrated in part by théiquitin-proteasome pathway, including the
ubiquitin-cleaving deubiquitinase (DUB) cysteine peptidases. The parasite expresses 2@mJBs
four of them are essential for the viability of the insetage promastigote form of the parasite.
Inducible gee deletion also identifies DUB2 as being important in establishing infection in mice,
therefore reflectinga potential drug target. However, the function of DUB2 is not clear. Thus, we
aimed to identify the substrates of DUB2 using two approaches. Finstiyng affinitybased
ubiquitinated peptide enrichment (ubiquitinomics), 113 proteins were identified that had an
increased ubiquitin level upon inducible deletion of DUB2. Secondly, proximity dependent
biotinylation (interactomics) revealed 73 proteinsathwere significantly enriched and therefore in
close proximity to DUB2. Gene ontology enrichment analysis categorised these proteins in various
biological processes, with transporting and translation top for the ubiquitinomics and interactomics
datasets respectively. DUB2 appears therefore to have a pleiotropic function. Overlapping hits,
including UBC2 and SUMO, have been classified as promising DUB2 sulmstichtesidation is in
progress. In the same study, we also conducted a drug screeaimgaign in collaboration with
Novartis (Fast laB, in which 50,000 compounds were tested against the recombinantly expressed
LnDUB2. From this initial screen, 438 compounds inhibiiEidhmaniamexicanaDUB2proteolytic
activity, with a followeeup dose responsexperiment categorizing 86 of these compounds as
highfmoderate inhibitors (Gof ™ n Subsequéntly, in further collaboration with Novartis, we are
actively investigating an additional screening strategy involving chemically related compounds. This
effort is aimed at expanding the pool of potential selective and promising compounds against and
LmDUB2.
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1 Introduction

1.1 Leishmaniand leishmaniasis

1.1.1Epidemiologynd Pathophysiology

Leishmaniasis is a spectrum of zoonotic diseases that stem from intracellular, obligate, protozoan
parasites belonging to theeishmaniagenus Transmission occurs among mammalian hosts through

the bites of Leishmanimfected female sandfliesspecifically from the Phlebotomus genus (Old
World) and the Lutzomyia genus (New worldyhile there are over than 50 distindteishmania
species, only 20 have been identified as being the causative agents of leishmaassitiggast al.,

2022). This gnetic diversity within the pathogeniceishmaniaparasite is one of the underlying
reasors behind the varying spectrum of diseases that leishmaniasis manifests as. Overall, these
manifestations of leishmaniasis are classified in five typisseral leismaniasis (VL), mucocutaneous
leishmaniasis (MCL) and cutaneous leishmaniasis (CL) which are the most common forms of the
disease, and diffuse cutaneous leishmaniasis (DCL) anekgastzar dermal leishmaniasis (PKDL)
which are rarer. Each form of leishniasis has different symptoms and thus, their severity varies. For
instance, CL is characterized by a range of symptoms including punctuateaety lesions at the

site of the sandfly bite (localised CL [LCL]) or by multipleutcarative nodules (difise CL [DCL]) that
categorizes CL with the lowest mortality rate. Conversely, on the other side of the mortality spectrum
is VL. VL is characterized by disseminated visceral (liver and spleen specifically) infection that could be
lethal, if untreated (Sadharanet al.,2021;Guptaet al.,2022).

Among all parasitic diseases, leishmaniasis ranks second only to malaria in terms of mortality. When
considering disabilifadjusted life years (DALYS), it stands as the third most prevalent cause of
morbidity, fdlowing malaria and schistosomiasidofez et al., 2023. In 2021, among the 200
countries and territories providing data to the World Health Organization, leishmaniasis was prevalent
in 99 countries and territories. This indicated that over a billion peegere at risk of contracting the
disease, with an estimation of ~1 million cases to occur annually. In 2021, the worldwide tally of CL
and VL cases reported to the WHO surpasses 220,000 and 11,000, respectively. For CL, the Syrian Arab
Republic accountkfor the largest proportion of Ghfected patients, approximately 35%, followed

by Afghanistan with around 18%, and Pakistan with 8%. Regarding VL, the countries with the highest
reported cases were Sudan, comprising approximately 29%, succeeded byaaat 15% and

Brazil at 13% (WHO, 2023). Collectively, leishmaniasis is endemic in Asia, Africa and Latin America.

The reasons of the endemic state of leishmaniasis is in the already mentioned countries and territories
are various. For instance, trimal and subtropical conditions contribute to the optimal growth of the
sandfly vector, which in response promotes the spread of the zoonotic disease. In addition, poverty is
another factor contributing in epidemiology of the disease. The inadequate hpasih unsatisfactory
domestic sanitation, such as a lack of waste disposal or exposed sewage systems, could potentially
amplify the proliferation of sandflies, providing them with more breeding and resting locations, while
also facilitating their proximityo humans Alvaret al.,2006). Due to the epidemiology of leishmaniasis
being closely linked to socioeconomic conditions, the disease is classified among the twenty neglected
tropical diseases (NTDgplyneux 2012). Furthermore, several significant farst elevate the risk of
leishmaniasis transmission: malnutrition and-infection with HIV, environmental alterations and
population movement. The first two factors compromise the immune system, thereby heightening
susceptibility to leishmaniasiglfraret al., 2008). Meanwhile, the latter two factors contribute to the
broader distribution of sandflies, amplifying the global significance of leishmarfagisefst 2004).
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1.1.2Lfe Gycle ofLeishmania

Leishmaniaparasites have a complex dimorphic ldgcle with two predominant developmental
forms: the promastigote form that is found inside the sandfly vector and the amastigote form that is
presentin the mammalian host (Fig).lln morphological terms, promastigotes exhibit an elongated
ovoid cell bodwith a long, motile flagellum, while amastigotes display a relatively compact, rounded
cell body and a short, nemotile flagellum (Omondgt al.,2022). Despite the observable differences

in morphology between the two stages of the parasite, there ds® anotable variations in their
metabolic activity and growth characteristics. For exampishmaniaamastigotes undergo a strict
metabolic response, which includes reducing lipid production and increasing fatty -asidation.

This metabolic shift hpk protect the parasite from various stresses, such as nutrient scarcity,
encountered within the mammalian host (Saundess al., 2021). Consequently, lesiaterived
amastigotes exhibit a significantly slower growth rate, with a doubling time of 12 daypared to

the highly metabolically active promastigotes, which have a much quicker doubling time of 18 hours
(Kloehnet al.,2015; Sunteet al.,2017).

Nonetheless, focusing first on the liégcle of theLeishmanigarasite at the sandfly promastigote
stage, there are six different promastigote forms, which are found in the following sequence after the
sandfly receives its firsteishmanidnfected blood meal: procyclic, nectomonad, leptomonad,
haptomonad, retroleptomonad and metacyclic promastigotem@@diet al.,2022). The infection of

the female sandfly begins with the insect biting the skin of an infected mammal that induces a
haemorrhagic pool. The sandfly then ingests tiegshmanidnfected blood (~3200 amastigotes per
1.6>| blood meal) and diests it at its abdominal midgut (Rogettsal.,2002). Sequentially, a chitin
containing peritrophic matrix (PM) is formed from secretions of the midgut epithelium, which encloses
the blood meal, and causes the amastigote cells to cluster together (Retgats2002; Sunteet al.,
2017). By that point several factors, including temperature and the pH, trigger the differentiation of
the amastigotes to the highly replicative procyclic promastigotes. Procyclic promastigotes have a short
flagellum relativeto their cell body and their motility is relatively weak. After 72 hours post
differentiation, procyclic promastigotes transform to nectomonad promastigotes that are
characterised by egligiblecelldivision and strong motility. The initiating factor foells to undergo
differentiation at this life stage could be attributed to the presence of saliva, depletion of hemin within
the ingested blood, or a potential interplay of both factors (Chadghl.,1995). Eventually, the PM
disintegrates at its anteor site, allowing the parasites to enter the midgut lumen of the sandfly. This
process, along with the capacity of nectomonad promastigotes to attach to the microvilli of the midgut
using their flagellum and surfa@xposed lipophosphoglycans (LPG), warkadnjunction to hinder

the removal of the parasites from the sandfly through defecation (Pimen#d.,1997).

Sequentially, at 96 hours pestfection, nectomonad promastigotes migrate at the cardia, stomodeal
valve and the thoracic midgut of the sahgfwhere they differentiate to leptomonad promastigotes.
The leptomonad promastigote acquire the same size as the procyclic, however they have longer
flagellum compared to their cell body (Suntgral.,2017). The parasites at this form undergo highly
proliferation via binary fission and they can differentiate to either haptomonad or metacyclic form.
Focusing first on the haptomonad stage of the parasite, it has dikeathape and adheres to the
cuticular lining of the stomodeal valve of the sandflyngsan extended tip of their flagellum. This
attachment damages the stomodeal valve, impacting its functionality, and simultaneously promotes
the backflow of parasites from the midgut (Schletral., 1992; Volfet al.,2004). Like the metacyclic
promastigtes, they are highly motile parasites with the shortest length compared to the rest of the
promastigotes. They do not undergo egiVision However, they can swim freely inside the midgut of
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the sandfly. This phenomenon is attributed to the alterationtludir surfaceexposed LPGs, where
longer phosphoglycan repeats are introduced, and the masking of their midgut adherinchside
galactose residues through the addition of terminal arabinddeGonvilleet al.,1992).

Eventually, at a followap blood mal, the infected female sandfly injects the infectious metacyclic
promastigotes into the mammalian host, which establishes a new infection andeiseamanidife-

cycle starts all over again. However, apart from the parasites itself, the insect injeives theilt
prevents blood clotting and the promastigote secretory gel (PSG). PSG is produced by the leptomonad
promastigotes within the anterior midgut of the sandfly. PSG is compospmbtdophosphoglycas

and it is responsible for several crudiaictions. Firstly, it obstructs the anterior midgut of the sandfly,
thereby hindering the bloodeeding process. This leads to more attempts at bieetling by the
sandfly, resulting in an increased likelihood of parasite transmisBioggrst al.,2002; Rogeret al.,

2007). Secondly, PSG promotes the regurgitation of a greater number of parasites per sandfly bite.
This action synergistically complements the haptomonad attachment function previously mentioned
(Rogerset al., 2004). Lastly, PSG sigrafitly enhances the severity of leishmaniasis diseases. It
achieves this by triggering the recruitment of macrophages (ultimate targéeishmaninto the

lesion site, through the activation of the wound healing process (Gieaadl, 2018). At this poitj it

is noteworthy that the consumption of additional uninfected blood hiyegsshmanieanfected sandfly
induces the in vivo de-differentiation of metacyclic promastigotes into retroleptomonad
promastigotes. These recently discovered retroleptomonad prdigaes share phenotypical
similarities with the leptomonad form, while also displaying a high replicative capacity within the
midgut. Intriguingly, these retroleptomonad promastigotes undergdiféerentiation into metacyclic
promastigotes. Consequentlyheir significantly proliferative behaviour contributes to an increased
count of infectious parasites within the sandfly prior the subsequent transmission occurrence (Serafim
et al.,2018).

Focusing next at the interaction between the mammalian host #redLeishmaniaparasite, the

sandfly bite triggers the accumulation of firstly neutrophils and secondly of macrophages at the bite
site of the host skin. Sequentially, the metacytkishmanigromastigotes, which were released via
regurgitation from thevector to the host, interact and adhere to the recruited neutrophils and
macrophages, but also to various types of host cells, including Langerhans cells and fibroblasts (Peters
et al.,2008). The high motility of metacyclic promastigotes allows migraifahe cells through the
collagen matrix, enhancing the possibility of encountering the desired host cells located either at the
bite site or near to it (Petropolistal.,H nmMn 0 ® Ly iSNBadGAy3Iftex AyFSOGSR
K2 NB S¢ S ythedpbsifed willir&akhiitheir primary target, the macrophages (Laskay.,

2003). Delivery of the parasites to the macrophages is achieved via the ingestionL&ishenania

infected apoptotic neutrophils by the macrophage (Lasidal.,2008).

Nevetheless, direct encounter of the parasite with a macrophage involves binding of the parasite at
different surface receptors of the macrophage. For instance, the sudapeessed zinc
metalloprotease gp63 plays a role in opsonisation of the parasiter@sudts in the adherence of the
parasite to complement macrophage receptors CR1 and CR3 (Bogdan, 2020). Once the parasite
adheres to the surface of the macrophage, the macrophage forms pseudopods and phagocytose the
parasite. The engulfed parasite beconeeslosed within a vacuole called the parasitophorous vacuole
(PV), all the while keeping up its flagellar movement. This flagellar movement damages the plasma
membrane of the macrophages, leading to the triggering of lysosomal exocytosis. Consequently, th
PV eventually merges with the phagolysosome of the host cell (Forestatr, 2011). The change in

the pH due to the acid environment of the phagolysosome combined with the change of the
temperature triggers the differentiation of the metacyclic prortigstes to honmotile amastigotes
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(Baraket al.,2005). Amastigotes proliferate within the vacuole, which ruptures following successive
rounds of cell division. This results in the liberation of the newly reproduced amastigotes within the
infected tissueThis enables amastigotes to extend the infection by invading additional macrophages,
or to transmit the infection to new hosts through ingestion by an uninfected female sandfly during its
blood meal (Teixeirat al.,2013; Sasidharaet al.,2020). It is nteworthy that there are two types of

PV: the multioccupancy PV and the small singtcupancy PV. The former PV encloses multiple
amastigotes, such as the casd.irmexicanawhile the latter PV contains a single amastigote, such as
in the case of.. mgor (Realet al.,2010)
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Figurel: Life cycle ofLeishmania.Starting from the bloodneal received by &eishmaniginfected
sandfly, Leishmania metacyclic promastigotes are injected in the host (e.g. dog, human),
phagocytosed by the host immune cells (e.g. macrophages), differentiate into amastigotes, proliferate
and establish infection (purple box). Subsequent blomehl by a naive sandfly froam infected host

leads to the ingestion dfeishmaniaand therefore to the infection of the sandfly. Inside the sandfly,
amastigotes differentiate to the following promastigote forms: procyclic, nectomonad, leptomonad,
metacyclic, and retroleptomonad.
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1.1.3CellulaMorphology

Overall Leishmaniaells possess several organelles that commonly observed in other eukaryotic cells.
For instance, it contains a nucleus, a single mitochondrion, endoplasmic reticulum, Golgi apparatus,
and various components dhe endocytic pthway, as illustrated in Fi@ (Besteiroet al., 2009).
Nonethelessl.eishmaniayenus belongs in the order of kinetoplastida, an evolutionary edivigrgent
unicellular class of eukaryotes that possesses a unique structure known as¢btapkast Camacho

et al.,2019). The kinetoplast is a specialized section of the mitochondria housing the most intricate
and unigue mitochondrial DNA found in natuiRudzinskaet al, 1964). The kinetoplast DNA (KDNA)

is comprised of a singular intercoeeted network of circular DNA molecules, representing the 30% of
the cellular DNA. This network consists of approximately 25 to 50 larger circular DNA molecules called
maxicircles, along with a much larger number, ranging from 5,000 to 10,000 of sm@ildarcDNA
molecules known as minicirclegifmazet al.,2022). The maxicircles, typically ranging in size from 20

to 40 kb, have the role of expressing mitochonddssociated proteins, including those participating

in the respiratory chain, and they also involve in the encoding of rRNAs. Meanwhile, r@sicary

in size from 0.5 to 10 kb and are responsible for encoding guide RNAs, which are involved in the editing
of maxicirclederived transcriptsCavalcantet al.,2018). Kinetoplast is localized at the anterior site

of the parasite, in between the nleus and the flagellum of the parasite.

TheLeishmanigoromastigoteflagellum emerges from the flagellar pocket and bears a resemblance
to other eukaryotic flagella, featuring a flagellum axoneme composed of the typical arrangement of 9
+ 2 outer doublet ad central pair microtubules (Landfear, 2022). A unique characteristic of the
kinetoplastid flagellum is the existence of a paracrystalline structure known as the paraflagellar rod
(PFR). This PFR extends along the axoneme, running parallel from just biesydlagellar pocket to

the farthest tip, and plays a significant role in the motion of the parasite (Magh,1999). However,
during the transformation of the promastigotes into amastigotes, a remarkable change occurs in the
flagellum. It becomes éemely short, almost to the point of not extending beyond the flagellar
pocket (Hoareet al.,1966). The arrangement of the axoneme shifts to 9 + 0 configuration, due to the
loss of the central pair of microtubules, and the PFR is also eliminated (Wkhetesdr, 2015).
Consequently, these changes result in restricted movement of the amastigote flagellum. Additionally,
the flagellum becomes associated with the parasitophorous vacuole membrane of the host cell and
acquires a sensory function (Wheekgral, 2015). Nevertheless, the arrangement of the flagellum,
kinetoplast, and nucleus serves as a helpful indicator for determining the life stageisiimania
parasite(Hoareet al.,1966).

Another fascinating feature of thieeishmaniaell is the flagellapocket. It is a small invagination of

the outer membrane of the cell, serving as a site through which the flagellum extends from the interior
of the cell. InLeishmaniathe flagellar pocket is divided into two distinct regions: the bulbous lumen
and theflagellar pocket neck. The flagellar pocket neck is where the flagellum firmly attaches to the
cell body. This attachment is facilitated by a complex called the flagellum attachment zone (FAZ),
which comprises various cytoskeletal proteins (Wheeleal.,2016; Corralegt al.,2021). Notably,

the flagellar pocket is also the site where the new flagellum emerges, alongside the old one.
Subsequently, this flagellar pocket splits into two separate pockets, each associated with its own
flagellum (requiring dunctional FAZ2; Hallidagt al., 2020). Beyond its role as an anchor for the
flagellum, the flagellar pocket also serves as a site for cellular processes likaada@xocytosis. This
makes it crucial interface through which the parasite interacts walthost environment\(/heeler et

al., 2016. Interestingly, theLeishmaniaamastigote flagellar pocket maintains the same ipart
structure, but it undergoes significant restructuring due to changes in the localization of FAZ proteins.
This restructuringesults in a narrowing of the gap between the flagellum and the flagellar pocket
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neck membrane (Wheel@t al.,2016). This adaptation may contribute to protecting the parasite from
the harsh environment within the parasitophorous vacuole of the macrophadpch is acidic and
rich in proteases (Suntext al.,2017).

Glycosomesare another distinct subcellular structure ibeishmania Glycosomes are microbody
organelles characterized by a protaich matrix enclosed by a single membradargdhadeet al.,

2015). Their name comes from their role in housing nine enzymes crucial for the glycolysis pathway
(Opperdoeset al.,1977). However, glycosomes also play a significant role in other essential €nergy
producing processes like the fatty adidoxidation patlway. The compartmentalization of these
pathways ensures the survival of the parasite in anaerobic conditions, such as during infection in host
macrophages@pperdoest al.,1993). What is intriguing is that glycosomes exhibit peroxisbkee
targeting mebanisms, even though peroxisomes themselves are absent in these cells. This led to the
classification of glycosomes as specialized peroxisomes (Haahstka2016). Notably, the number

of glycosomes varies between promastigotes and amastigotes, witdvarage of around 20 in the
former and 10 in the latter (Cudt al.,2014).
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1.1.4Current Teatments

Over the past few decades, there has been a development of a wide range of medicines to treat
leishmaniasis. However, many of thasedications are characterised by their high toxicity, resistance
issues, prohibitively high costs, lengthy treatment durations, or impractical methods of
administration, rendering them unsuitable for effective treatment. One of the first leishmaniasis
treatments was the pentavalent antimonial monotherapy, including meglumine antimoniate
(Glucantim&®) and sodium stibogluconate (PentostayBrahmachari, 1940Antimonials function by
converting prodrugs from Si¥) to the more potent S@ll) form of antimor, and subsequently, they
interfere with thiol metabolic pathways. Furthermore, there are reports suggesting that sodium
antimony gluconate stimulates the production of reactive oxygen species (ROS) and the synthesis of
nitric oxide, both of which play ale in killing the parasites (Kumagi al., 2022). However, in the

Indian subcontinent, the potency of pentavalent antimonials has been observed to diminish since the
late 1990s. This decrease is attributed to the environmental selectidn dbnovanstrains (causes

VL) that have an increased gene copy numbaviBPAwhich expresses an Afithding transporter
involved in sequestering Sb (ll) intro intracellular vesicles (feemly,2015; Dumetzt al.,2018). In
addition to the emergence of antimongesistance, pentavalent antimonials come with further
drawbacks. These include lengthy treatment regimens lasting at least 20 to 28 days, involving daily
and often painful intramuscular injections or intravenous infusions. Furthermore, their use can lead
to adverse side effects such as nausea, vomiting, pancreatitis, as well as cardiac and hepatic toxicity
(Mooreet al.,2010).

Another available treatment is the use of the repurposed macrolide polyene antifungal Amphotericin
B (AmB; Dutcher, 1968). The ohanism of action of this drug againstishmanianvolves binding to
ergosterol molecules present on the membrane of the parasite, causing membrane depolarization and
an influx of ions that leads to oxidative stress (PeBtereet al.,2017). CurrentlyAmB stands as the

most potent treatment for VL in India. However, similar to antimonials, it has its drawbacks. Firstly,
AmB has been associated with adverse effects such as anemia, hypokalemia, hypomagnesemia, and
renal toxicity. It can also cause lessae effects like fever, chills, nausea, vomiting, and headaches.
Secondly, the cost of AmB can be prohibitive, making it financially inaccessible to poorer patients
(Kumariet al.,2022). Thirdly, resistance to AmB has been observed in clinical isoldied@iovani

with increased expression of the multidrug resistance gkti#ER1,leading to a higher efflux rate of
amphotericin B from the parasite (Purkait al.,2012). Nonetheles, efforts to reduce the toxicity of

the drug have been successful by shifting from a sodium deoxycHuodested formulation to a lipid

based one. For example, liposomal amphotericin B (AmBisome), which contasteardiyl
phosphatidylglycerol, phosphatitbholine, cholesterol, and AmB in a unilamellar liposome
formulation, has been reported to reduce toxicity significanthdlerMoore et al., 1993). It
successfully treats 95% of VL cases in India with just a single infusion, however expensitiainold
storage is required. This can pose a significant challenge in developing countries that do not have the
required infrastructure and resources (Sunéaial.,2010).

Next, miltefosine stands out as the sole orally administered medication for treating lensasis
originally designed as an anticancer drug (Suradal., 2000). Its mechanism of action against the
parasite can be categorised into two main aspects. Firstly, it directly combatetslemanigarasite

by interacting with the miltefosine transp®r, disrupting its membrane metabolism and
composition. Secondly, it modulates the signalling-bElper cell type 1 to enhance the clearance of

the intracellular parasite by macrophagesl( £t&l§2022). Despite its widespread use, resistance to
miltefosine can develop. This resistance may arise due to the absence of the Miltefosine Sensitivity
Locus or through mutations in the miltefosine transporter, as observed in clinical and cultured
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Leishmaniarespectively I affitte et al., 2016; Carnielliet al., 2019). Additionally, administrating
miltefosine to pregnant women has been associated with teratogenic effects. Other side effects of the
drug include gastrointestinal disturbances and hepatorenal toxicity @ati,2022).

Two additional treatmats for leishmaniasis are paromomycin and pentamidine (Suedat.,2007;
Wiwanitkit, 2012). Paromomycin works by inhibiting the protein biosynthesis of the parasite, while
pentamidine targets the mitochondrial topoisomerase Il and also inhibits trgotgnri(Fernandezt

al., 2011; Cosekt al., 2020). However, paromomycin can be toxic to the kidneys and the hearing
system, while pentamidine may induce gastrointestinal disorders, and diabetes mellituse{Sbni
2022). While these treatments can beead individually, they are also administered in combination.
For example, paromomycin can be given with miltefosine or pentavalent antimonials to treat VL in
India and East Africa, respectively (Buetaal., 2018). The primary reason for using combination
therapies is to reduce the development of druegistantLeishmaniatrains. Therefore, organizations

like the Drugs for Neglected Diseases initiative (DNDi) are dedicated to improve these combination
therapies and to develop new treatment8Hattacharyaet al., 2020). For instance, golierived
complexes were found to have asgiishmanial activity against. infantumand L. braziliensis
amastigotes, while new targetable proteins, including teéshmanigroteasome, were successfully
explored as ideal #rapeutic targets (Wylliet al.,2019; Tune®t al., 2020). Furthermore, there is a

lack of availability of prophylactic vaccines against leishmaniasis due to the intracellular nature of the
infection and the complex interaction betwedreishmaniaand thehost (Sonkt al.,2022). Despite

this statement, a number of promising vaccines heagentlyentered the clinical trials, including the

live attenuatedLmCert vaccine and the ChAD&3H adenovirudased vaccine (Osmaat al., 2017;
Zhanget al.,2020). Nonetheless, regardless the progress made on these promising drugs and vaccines,
the results are yet to be finalized. Therefore, this underscores the urgent need for a more
comprehensive understanding béishmaniaell biology.

1.1.5Gene Expresgon and Regulation

As previously mentioned, there are various specied @ifhmania each having a unique genetic
structure and signature corresponding to its number of chromosomes and sets of gRogs €t al.,

2011). For instancé,. mexicandnas 34chromosomes and potentially 9,169 protein coding genes, of
which 90% were identified as transcripts in both axenic promastigotes and axenic amastigotes (Fiebig
et al.,2015). As the rest of trypanosomatids, theishmanisgenes are organised into polygishic
transcription units (PCUWBartholomeuet al.,2021). Most of the genes have intré&ss open reading
frames and are placed in head-tail fashion. The order of the genes per PCU is partially evolutionary
conserved in other kinetoplastids, howeveethrrangement of these genes is independent of their
MRNA expression levels as well as the functions of their encoded proteins (Clayton, 2019).
Nevertheless, transcription of protein encoding genes is conducted by RNA polymerase Il in a
bidirectional manne It initiates transcription at the divergent strand switch regions situated between
two polycistronic transcription units that are orientated away from each otihdar(lezCalvilloet

al., 2003). The transcription initiation regions are DNA dites lack open reading frames, have open
chromatin with rich GT sequences and have a unique combination of acetylated histodes
bromodomain factors (Thomaet al.,2009;Chandraet al.,2017; Jonest al.,2022; Russet al.,2022)
Concerning transcriptiotermination, specific DNA regions come into play that mark the conclusion

of a PCU. These regions include the convergence strand switch region situated between two PCUs and
regions upstream of either tRN&hcoding genes or genes transcribed by IRMardetti et al.,1998;
Siegelet al., 2009). Once the polycistronic preRNA is transcribed, a series oftcanscriptional
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processes occur, including cleavage, polyadenylation, and-sglitdng, leading to the formation of
mature mRNAs (Santi & Murta, 2022

¢CeLAOlIffes (GKS SELINBaarzy tS@gSta 2F AYRAQGARdzZ ¢
region (UTR), which serves as a target for RNA binding proteins. These proteins can influence gene
expression by stabilizing, sequestering, or rdeling the RNA (De Pables al., 2019). Moreover,
regulation can also occur at the protein level, involving mechanisms such as translation control, post
translation modifications, and protein degradation (De Pablos, Ferreira & Walrad, Réxsnysheva

et al., 2020). For instance, when the alpkabunit of eukaryotic initiation factor 2 undergoes
phosphorylation, it results in the reduction in the overall MRNA translation. This event acts as a trigger
for the differentiation of the promastigote to amastiggoform (Cloutieret al., 2012). In addition to
posttranscriptional regulation, it is important to note that theeishmaniagenome exhibits high
plasticity (Santi & Murta, 2022). For instance, the parasite undergoes mosaic aneuploidy, which means
it acqures an abnormal number of chromosomes compared to other strains of the same species.
Consequently, the gene copy number of certain genes also changes, contributing to variations in gene
dosage within the cell. This serves as a significant adaptive meoh#orithe parasite under stressful
conditions (Restrepet al.,2019). Similarly, other stresglaptive mechanisms that influence gene

copy humbers entail the addition or removal of genes in tandem, or the generation of linear or circular
extrachromosomagiene copies (Rogees al.,2011).

1.1.6Genetic Approaches Applicabldgishmania

As previously mentioned in section 1.1.5, theishmaniagenome displays remarkable plasticity,
presenting significant obstacles in genetically modifying essential genes. Furthermore, the absence of
functional RNA interference in maryeishmaniaspecies, includind.. mexicana along with the
digenetic life cycleof the parasite, introduces additional complexities when attempting genetic
interventions. This complexity extends not only to the execution of genetic approaches but also to
comprehending the essential role of a gene throughout the entire life cycleeoparasite (Duncan,
Jones & Mottram, 2017; Jonexs al., 2018). Nevertheless, throughout the years several genetic
modification approaches have been developed @shmaniaHowever, the most widely used one is
the clustered regularly interspaced shortlpalromic repeats (CRISPR) CRi&RBciated gene 9
(Cas9) system.

Briefly, the CRISRRas9 system consists of two crucial components: the Cas9 nuclease and a guide
RNA (gRNA). Cas9 is an Ripendent DNA endonuclease, while gRNA is an RNA molecule
compiising scaffold RNA components for binding to Cas9 and a complementary RNA sequence called
the protospacer, responsible for guiding Cas9 to the desired genomic target. To induce a double
stranded break, the DNA target site must be located downstream optb®spaceradjacent motif

(PAM), which consists of the triple nucleotide N@Bdtimskaya2022) Leishmaniaan repair double
stranded breaks using two methods: homologous recombination and rhicnaology mediated end

joining (MMEJPassosSilvaet al.,2010; Lafitteet al., 2016). Although, various studies have utilized
either systems for genetic modification ireishmaniausing CRISP®Ras9 since 2015, the most
effective tool, as developed by Beneke al. (2017), uses the innate homologous recombination
mechanism of the parasiteZbang& Matlashewski 2015; Sollelist al.,2015;Zhang Lypaczewski &
Matlashewski2017). The way of using HR in this approach is by introducinggB@#ated repair
cassette with homologous arms and gRNA (cDNB)rimexicaa or L. majorcell lines expressing Cas9

and T7 RNA polymerase from the tubulin locus. The T7 RNA polymerase is responsible to transcribe
the gRNA from DNA into a functional RNA molecule. Cells carrying the successful genetic modification
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can be selectedia antibiotics. This approach can be used either for knocking out or endogenously
taggingLeishmaniayenes (Beneket al.,2017).

Alternatively, a modified CRISERS9 approach, known as CRISPR/Cas9 cytosine base editor (CBE),
has been recently introducenh Leishmaniaas a way to perform precision editing. Briefly, CBE is a
cytidine deaminase domain fused to an impaired form of Cas9 (Cas9 nickase), in which the former
converts cytidine to uridine via deamination, while the latter targets CBE to a prieciget. To
prevent base excision repair, which will reverse the cytidoaridine conversion, two monomers of

uracil glycosylase inhibitor domains were tethered on the protein. In addition, to improve the CBE
editing rates, a.. majorRad521derived singt-stranded DNAinding domain was also inserted. All
these modifications led to the formation of the hyBE4max CBE that was successfully expressed within
four Leishmaniaspecies, and facilitated the conversion of arginine, tryptophan, or glutamine codons
into STOP codons. TRRISPR/Cas9 CBE approach does not require neither the use of donor DNA for
achieving precise editing nor the use of antibiotics for selecting successfully edited cells, while the
editing efficiency of this approach reaches 100%. Thertiy approach is ideal for studying lesfs
function inLeishmanigdEngstle& Beneke, 2023

Nonetheless, the use of CRISP&9 system is revolutionary in the fieldL@ishmanian terms of
practicality and efficiency. Furthermore, the use of CRIS&#® as a knockout tool could be
informative in terms of characterizing the essentiality désshmaniagene. For instance, the knockout

of essential gene will prevent the recovery mutants upon transfection, suggesting that the
investigated gene is essential for the parasite. However, this observation is inconclusive due to the
possibility of a technical failure (Damianetal.,2020). A way to counteract this limitation is thrdug

the generation of a facilitated mutant. This involves transfection of the cell line prior the deletion of
chromosomal gene copies with a plasmid carrying an episomal copy of the gene (=transgene). If the
cell line survives the CRISERs9 KO, while retdng the plasmid over time, it means that the
investigated gene is essential. This is known as an unforced plasmid shuffle. An alternative way
involves a process known as forced plasmid shuffle, where negative selection pressure is applied to
encourage cés to lose the transgene (Dachet al., 2014; Jone®t al., 2018). In this method, the
transgene is expressed alongside a thymidine kinase (TK) suicide cassette, rendering cells sensitive to
ganciclovir (GCV). When GSV is present, TK produces a toximolitetaalled GCV triphosphate,

which inhibits DNA synthesis. This serves as a negative selection pressure on the plasmid. However, if
cells lacking the endogenous gene rely on the plasmid for their survival, even with the fithess cost it
incurs, it indicges that the gene is essential (Murga al.,2009).

The primary limitation of the CRISERs9 system developed by Beneakeal. (2017) is its lack of
inducibility. Consequently, it is not possible to observe the cellular impact of knocking out anassenti
gene in a timedependent manner before the death of the cell. To facilitate such experiments, an
alternative genetic modification approach exists, known as the inducibrelrecombinase system.

This method incorporates two crucial components: the @@mbinase enzyme and genes flanked

by locus of crossover of bacteriophage P1 (loxP) sites, with the former facilitating the excision of the
latter. To render this system inducible, the Cre enzyme was split and fused into two inactive fragments,
each copled with a FK506inding protein (FKBP12) and the binding domain of the FKB&E2ycin
associated protein (FRB). In the presence of rapamycin, these two inactive fragments of Cre dimerizes
(forming DiCre), thereby creating a functional Cre recombinapealde of excising loxftanked genes
(Duncan, Jones & Mottram, 2017).lnmexicanathe initial strategy entailed replacing one allele of

the target gene with the DiCre sequence, and the second allele with &léméed (floxed) copy of

the gene (Dunaaet al.,2016). Subsequently, to ensure sufficient Cre recombinase expression, the
DiCre sequence was placed under the ribosomal locus, while the second allele of the target gene was
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replaced with a hygromycin resistance cassette (Damiatail,2020).Overall, this approach enables

the characterization of genes, whether they are essential or not, in an inducible manner, while also
permitting the study of how the cell responds to the depletion of the investigated gene. More recently,
the CRISRRas9 sysim and the diCre system have been combined, with the former being employed
to replace both wiletype alleles with floxed versions in a cell line expressing, Cas9 nuclease, T7 RNA
polymerase, and rapamyecinduced DiCre recombinas& dgoubatet al., 2020; amascencet al.,

2020).

1.2 Ubiquitination ilNon-Trypanosomatids

1.2.1 The biquitin Gode

Ubiquitin, a protein with a molecular weight of 8.6 kDa, is composed of 76 amino acid residues
organised into a compact-grasp structural fold. This canonical ulitip fold is formed through the
assembly of a Strandedi -sheet, a short @ helix and a 3.8urn "-helix {ijayKumaret al., 1987;

Dikic, Wakatsuki & Walter&009. Initially, ubiquitin is expressed as an inactive precursor by cytosolic
ribosomes. ltexists in various forms, including monoubiquitin, polyubiquitin (consisting of two or
more ubiquitin molecules), or fused with other proteins. Remarkably, it exhibits a strong preference
for fusion with eS31 and eL40 ribosomal proteidsutin-Villanueveet al.,2021). The maturation of
ubiquitin involves the release and activation of itde@ninal glycine residue. Upon activation,
ubiquitin gains the ability to be covalently and reversibly attached to target proteins, a process
commonly referred to as ufuitination (Hochstrasser2000).

Ubiquitination is just one among hundreds of diverse goatslational modifications (PTMs), akin to
phosphorylation and acetylation (Ram&zzahiri 2021). It possesses remarkable functional flexibility,
characterisedby a multitude of intricate layers (Mevissen & Komander, 2017). Initially, ubiquitin
primarily forms an isopeptide bond with tlfeamino group of a lysine residue in the target protein, a
process known as canonical ubiquitination (Busch, 1984). Howewvedysine ubiquitination, often
considered atypical, also exists. Ubiquitin can attach to proteins at thédrinal amino group
through a peptide bond, as well as to specific amino acid residues such serine, threonine and tyrosine
(supported byin vitro evidence) via an oxyester bond. Additionally, ubiquitin can form a thioester
bond with cysteine amino acid residues. Remarkably, ubiquitin is not limited to modifying proteins
alone; it can also conjugate to various Rprotein substrates. These include REbose, bacterial
lipopolysaccharide, and cellular sugakeleall 2022;Squair& Virdee, 2022 lkeda, 2023). Notably,
ubiquitin, being a protein itself, can also undergo ubiquitination. Currently, there are thirteen known
ubiquitination sites in ubigtin. Among these, the seven lysine residues (K6, K11, K27, K29, K33, K48
and K63) and the f&rminal methionine (M1) are weltharacterised, while the four threonine
residues (T12, T14, T22 and T55) and serine (S28) were recently identified MetCabry021;
Rodriguez Carvajat al.,2021). The diversity of ubiquitination sites within ubiquitin, coupled with its
ability to function as a single molecule (monoubiquitination) or as part of polyubiquitin chains with
varying lengths and architectures, sifijgantly enhances the complexity of this PTM (Ohtake &
Tsuchiya2017). Furthermore, ubiquitin itself can undergo additional PTMs, such as acetylation and
phosphorylation, and can be conjugated to other ubiquiike molecules, such as NEDD8 and SUMO
(Laoursiere, Hadi& Shaw, 202P Together, these intricate ubiquitin patterns constitute the
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domains.

Regarding the mechanism of ubiquitin conjugation, three usialy conserved types of enzymes that
function sequentially are involved: E1 ubiquiintivating enzymes, E2 ubiquioonjugating enzymes
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and E3 ubiquitin ligases. Briefly, E1 enzyme activates ubiquitin via asefféRdent process involving
addition of an adenylyl group to the -@rminus of ubiquitin. This adenylation step enables the
formation of a thioester bond between the active site of E1 and ubiquitin. Sequentially, ubiquitin is
transferred via tranghioesterification on the cysteine residue dte active site of E2. Eventually,
ubiquitin will be conjugated to the target substrate either through or facilitated by the E3 ligase (Dikic
& Schulman, 2023). As it was mentioned previously, the ubiquitin chain might vary in length. This is
predominantlydetermined by the E2 and E3 activity, however in some rare cases an E4 accessory
factor supports this lengthening process (Kastgil.,1999). Ubiquitination is reversible, and cleavage

of ubiquitin moieties from its target is achieved via the class ofgases known sideubiquitinases

(DUB; Fig.)3

Nevertheless, the ubiquitin system is evolutionary conserved across eukaryotes, however elements of
this system were tracked beforehand of eukaryogenisis, in at least three different archaeal groups
(GrauBow SebéPedrds& RuizTrillo, 2015). On the other hand, prokaryotes do not contain the
complete ubiquitin toolkit. For instance, some of the bacteria contain E1 and E2 enzymes, which
instead of participating in protein labelling, they are involvedniolybdopterin and thyamin
biosynthesis Tayloret al., 1998;Leimk\hler, Wuebbens& Rajagopalan, 20Q01Furthermore, obligate
intracellular bacteria, such dsgionella pneumophikand pathogenié&scherichia cofE.col), possess

genes that code for E3 ligasasd DUB enzymes. These genes function as virulence factors, allowing
these bacteria to manipulate the ubiquitin system of the hd&iZandychovat al.,2021). Moreover,
ubiquitin-like related proteins are also present in prokaryotes. The small sulgdntier protein MoaD

and ThiS, which are involved nmolybdopterinand thyamin biosynthesis, have the characteristic

grasp fold as ubiquitin. Conversely, thlycobacterium tuberculosisrotein Pup does not share any
sequence or structural homology with wjpiitin, however it is involved in targeting proteins for
proteasomal degradation via pupylation. Interestingly, all three ubictiitie related proteins share

the same GlyGly (DiGly) motif at theitedEminal sequence with ubiquitinfanget al.,2001;Rwolph

et al.,2001;Pearceet al.,2008). Collectively, it is understood that different elements of the ubiquitin
system can be found in various domains of life. However, the entire system is exclusively present in
archaea and eukaryotes.

Multi-
monoubiquitination

©0

Monoubiquitination '

’ Polyubiquitination

Figure3: Ubiquitination and deubiquitination.E1 activates ubiquitin through adenylation of its C
terminus, using ATP. Ubiquitin is attached at the active site cysteine of E1 via thioester bond, while
free AMP and inorganic pyrophosphgfPi) are released. Subsequently, ubiquitin is transferred to
the E2 active site via trartkioesterification. Then, E3 ligases facilitate either the direct (ubiquitin is
not transferred to the active site cysteine of the E3 RING ligase) or indirectifirbig transferred to

the active site cysteine of the E3 HECT/RBR ligase) conjugation of ubiquitin to the targeted substrate
via isopeptide bond. The covalent attachment of a single ubiquitin is known as monoubiquitination,
while conjugation of multipleibiquitin molecules, either onto the monoubiquitin or at different sites

on the substrate, are known as polyubiquitination and moibnoubiquitination, respectively.
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Cleavage of ubiquitimolecules is performed by DUBReproduced image from Burge, Motina&
Wilkinson (2022).

1.2.2 Role of blquitin

Ubiquitination is a PTM involved in a plethora of cellular processes, and this is attributed to the
diversity and multdimensionality of the ubiquitin code. Focusing first on monoubiquitination, which
has been shown to be important for the degradationpobteins with a size smaller than 150 amino
acids that contain low structural disorder (Braten al., 2016). Specifically, monoubiquitination
dependent proteasomal degradation is associated with proteins involved in the carbohydrate
transport and oxidatig stress response pathway, but also with translation and proteasomal
degradation (Bratemet al.,2016; Jungt al.,2017). Furthermore, monoubiquitination can function as

a subcellular localization signal. For instance, it triggers the endocytosis aédbptor tyrosine
kinases from the plasma membrane, and facilitates the secretion of the cancer stem cell marker CD133
into extracellular vesicles (Hagluetial.,2003;Yanget al.,2018). Additionally, the conjugation of a
single ubiquitin facilitates ptein-protein interactions Magits & Sablina, 2022 For instance,
monoubiquitination of the insulin receptor substrate (IRSallows interaction with the ubiquitin
binding protein EPSHN. As a result, cell proliferation induced by the inslike growh factor 1 (IGF

1) is stimulated Fukushimeet al.,2015). On the other hand, monoubiquitination can also block the
interaction of two proteins. An illustrative case is that of R&&ted protein B, of which its
monoubiquitination prevents its binding tdhe effector exocyst complex component EXO84.
Consequently, this inhibition prevents the initiation of autophagy (Simetek,2013).

Complexity in the ubiquitin code is added when two or more ubiquitin molecules are bound on a
protein substrate. An emple of this category is muthonoubiquitination, of which single ubiquitin
moieties are attached to unoccupied lysine residues on the substrate prdseiwduth, Baietti&
Sablina, 2020 Multi-monoubiquitination, just like monoubiquitination, could aa$ an alternative
degradation signal. For example, the anaphpeemoting complex targets Cyclin B1 for proteasomal
degradation through mukimonoubiquitination, which subsequently triggers the mitotic exit of the
cell (Dimoveet al.,2012). Multtmonoubiguitination has also a degradatiendependent biological

role. A noteworthy example is the muhionoubiquitination of the heat shock protein 70 (HSP70), a
process mediated by the E3 ubiquitin ligase parkin. In this context,-mahioubiquitination prevats

the proteasomal degradation of HSP70, suggesting a potential mechanism for rescuing its functionality
as a chaperone (Mooret al., 2008). In addition, mukimonoubiquitination plays a crucial role in
regulating changes in cell morphology and motililymammalian cells. This regulation occurs by
modulating the interaction between the VASP protein and actin, in which qmaltioubiquitination

of the former diminishes the polymerization of the latt&é¢Cormicket al.,2023).

As mentioned previously, ulpilitin has multiple sites of ubiquitination. Thereby, polyubiquitination
chains, depending on which ubiquitination site are developed, acquire lirgagefic function (Tracz

& Bialek, 202} For instance, Lys4Bked chains, which are the most abundgualyubiquitination

type in most of cells, act as a signal that targets proteins for proteasomal degradation (Adtialqv
2018). This type of polyubiquitin chain has a primary contribution in the overall regulation of protein
homeostasis, including theemoval ofmislocalized misfolded or prematurely folded proteins from

the cell Song,Herrmann& Becker, 202]). One of the many specific examples highlighting the
importance of the K4dinked polyubiquitination is in the regulation of the protein levelstioé
centrosomal OLAL through proteasomal degradation, which is required for the proper maturation of
the centrosome during the G2 phase of the cell (Fahgl., 2023). The second most understood
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polyubiquitin chain is the one with Lys63 linkages, whicinvolved in various cellular processes,
including membrane trafficking and DNA repair @wal.,2023;Qinet al.,2023). In regards of the
biological significance of the rest linkages,-likBed polyubiquitination chains are involved
predominantly in mitophagy and the DNA damage response, whildikideld polyubiquitin chains are
associated with the cell cycle andsponses to biotic and abiotic stressors (TracBidlek, 202}
Furthermore, K27 K29 and K33inked polyubiquitination chains play a major role in innate
immunity, intracellular signalling pathways and protein trafficking respectively @tan2014 Chen

et al., 2023; Jianget al., 2023). Finally, Mdinked polyubiquitination chains are involved in-N&
signalling under stresaduced inflammation (Aaltet al.,2022).

Nevertheless, all these polyubiquitination chains are composed of ubiquitisth attached to each

other using the same ubiquitination site. Therefore, the structure of such chains is characterised as
homogenous. Conversely, polyubiquitination chains containing a mixture of ubiquitin linkages are
classified as heterotypic, andd architecture can be mixed or branched. Interestingly, the biological
significance of heterotypic chains is less understood. Nonetheless, a abhndyctedin 2016 has
revealed that the K4&63 branched chains act as a signal stabilizer that promdt&€s N a A Iy I £ Ay =
Specifically, the heterotypic polyubiquitination prevented the deubiquitination of the initially K63
linked polyubiquitinated TRAF6 protein, which in response enhanced 0dEtivity. Thus, it was
further concluded that heterotypic polyubidtination provides an additional level of protein
regulation (Ohtakest al.,2016). Another example of a studied heterotypic polyubiquitin chain is the
K11K48. K14K48 polyubiquitination serves as an efficient proteasomal degradation signal against
aggegationprone proteins and dislocated proteBubstrates of the endoplasmic reticulum
associated degradation system. In particular, %8B chains bind with higher affinity to proteasomes
and p97/VCP, making them a priority signal for efficient couplingdeyradation l(etoet al.,2019).

Apart from being ubiquitinated, ubiquitin can be subjected to other PTMs. For instance, acetylation,
which is the covalent attachment of acetyl group on the basic amino acid residues lysine and arginine,
was observed omoth free and substrateonjugated ubiquitin molecules. Interestingly, acetylated
ubiquitin molecules are unable to form elongated polyubiquitin chains, such as in the case of the
histone protein H2B, suggesting that acetylation might act as a protefilig&ion mechanism that
regulates polyubiquitidinked proteasomal degradation (Ohtalka al., 2015). Phosphorylation is
another PTM that targets ubiquitin, in which it attaches a phosphoryl group predominantly on serine,
threonine and/or tyrosine aminacid residues. Phosphorylation of the ubiquitin serine 65 by the
PINK1 kinase is one of the few wellaracterised phosphabiquitin events. It takes place when the
inner mitochondrial membrane is depolarized due to a damage of the mitochondrion atmbibiged

in the activation of the E3 ligase Parkin. As a result, the activated Parkin ubiquitinates various outer
membrane mitochondrial proteins, which subsequently triggers mitophbaggnbourneet al.,2023)

As previously mentioned, ubiquitination issalobserved in sugars and lipids and this is known as
atypical ubiquitination. The first evidence of nprotein ubiquitination was identified on the lipid A
moiety of the lipopolysaccharides of the Gramagative bacteriumSalmonella entericaerovar
Typhimurium S.Typhimurium) during infection of mammalian cells. This-nanonical ubiquitination

event was performed by the E3 ubiquitin ligase ring finger protein 213 of the host cell, as a triggering
mechanism to eliminate the intracellular pathogen vidanhagy (Otteret al.,2021).Furthermore, it

has been discovered that conjugation of ubiquitin also occurs in the phospholipids of yeast and
mammalian cells, with a preference for phosphatidylethanolamine (PE) located in endosomes and the
vacuole of yeasinterestingly, ubiquitination of PE is mediated by enzymes of the canonical ubiquitin
system, such as the Tull ubiquitin E3 ligase complex. This ubiquitination event is speculated to
contribute into the formation of intraluminal vesicles through the ratment of the ESCRT complex.
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Similarly, ubiquitinatedPE has also been observed in baculoviruses under tos#idhfection, and it

is hypothesised that this modification might contribute in the egress of the virus through ESCRT
complex (Sakamaket al., 2022). Finally, elegant in vitro experiments introduced atypical
ubiquitination in sugars. Specifically, it has been shown that the mammalian E3 ligasg, M@ith

is part of the LUBAC complex, monoubiquitinates glycogen anéllinked maltoheptaoseat the C6
hydroxyl moiety of their glucose residues. However, two other components of the LUBAC complex
predominantly bind to unbranched glucosaccharides. As a result, it is speculated that the LUBAC
complex is recruited solely at these unbranched glucosamd inside the cell, and through
monoubiquitination it ensures that these glucosaccharides will be removed. This prevents the
formation of polyglucosan that is toxic for vital organs (Kedgall.,2022). Collectively, neoanonical
ubiquitination is inportant as a defence mechanism against intracellular bacteria and -siegiaed

toxins, and also is required for intracellular vehicle trafficking.

1.2.3 E1 UbiquitiActivating Bzymes

Overall, there are eight E1 ubiquiactivating enzymes in the humgroteome, of which according

to their structural and biochemical properties are subdivided in two classes: canonical and non
canonical (Barghou& Schimmer, 2021l Focusing first on the eukaryotic canonical E1 enzymes, one
of their multiple types of domains is the adenylation domain (AD). The AD is pseudosymmetric,
possessing an active and inactive domain, of which the former is responsible for recognising and
adenylating ubiquitin and ubiquititike molecules (collectively are called UBLS) and the latter
maintains structural stability (Let al.,2017). Another domain of Els is the catalytic cysteine domain
(CCD), which as the adenylation domain, isdivfiled ino the first and second CCD. Together, the
CCDs are involved in the formation of thioester bond between the UBLs and the E1 enzgired.(Lv
2017). Furthermore, the ubiquitifold domain is also conserved in Els, and it interacts with the
cognate E2s fatransferring the UBL viadnsthiolation(Lvet al.,2017). In the case of necanonical

E1ls, one of the most striking differences is the presence of other domains, such as in the case of UBA4
that possesses a-&rminal rhodanese homology domain. Thisnain is important for transferring

sulfur to its UBL substrate known as URNIldgset al.,2016).

Focusing solely on the enzymatic activity of canonical E1s, they activate UBL molecules in a multistep
and ATRlependent procedure. The first step involuée adenylation of a free UBL molecule at its C
terminus (UBL~AMP) in the presence of ATP antf.\sgquentially, the adenylated UBL is attached

to the active AD of the E1, while ajPPreleased. Then, a nucleophilic interdomain reaction takes
place, wiere the catalytic cysteine of the CCD attacks the adenylated UBL. As a result, the AMP to be
released, and the UBL to bind at the CCD of the E1 via thioester bond. In the meantime, a second free
UBL undergoes adenylation and is rmvalently attached athe active AD of the same E1 enzyme
(Haas & Rose, 1982). This leads to the formation of a dduBldoaded E1 enzyme, which favours

the enzyme energetically and/or conformationally and accelerates the transfer of the UBL to-the E2
conjugating enzyme (Capgacia & Lima, 2018). Transfer of the UBL from E1 to E2 is achieved via
transthiolation reaction, while the ubiquitifold domain of E1 plays a crucial role in maintaining the
interaction between these two proteins until the reaction is completed. Fin#fig, now single
UBL~AMBound E1 is available to repeat the same cycle of thioesterification, adenylation and
transthiolation (Schulman &arper, 2003

As previously mentioned, the ubiquitination system is involved in a plethora of biological processes,
ranging from regulating the cell cycle to contributing in inflammation and immune responses. Several
diseases have been associated with the dysregulation of this PTM, including various forms of cancer
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and neurodegeneration. Thus, different components of thbiquitin system have been utilized as
drug targets (Barghow& Schimmer, 2021 Focusing on the E1 enzymes, there are two ideal sites that
have been targeted for therapeutic discoveries. The first one is their specialised nuclieiniifiteg

pocket in the active AD, which selectively binds to the UBL~AMP. Variousragieliule E1 inhibitors

have been developed throughout the years, with the adenosine sulfamate E1 inhibitors that mimicking
the UBL~AMP intermediate to stand out (Browmelhl.,2010). Alernatively, the catalytic cysteine of

the CCD has been also explored as a drug targeting site. For instanet!, BYRPYZB409 are two
inhibitors utilizing this mechanism of action, selectively against the most well studied E1, the UBA1
(Yanget al.,2007; Xuet al.,2010). However, none of these compounds have entered clinical trials.
This could be attributed to the fact that E1 enzymes are the initiating component of ubiquitination,
thus targeting such enzymes will provoke inhibitions of various eelluhctions. The only E1 inhibitor

that has entered the clinical trials is pevonedistat. Pevonedistat targets the E1 enzyme NAE, which is
involved in neddylation. Overall, neddylation participates in a smaller number of biological functions,
therefore it makes NAE ideal for therapeutic targeting (Soatyal., 2009). Despite targeting E1
enzymes for inhibition, E1 activity enhancers are also under investigation. For instance, auranofin was
found to improve the overall performance of UBAL, promoting ubigation and degradation of
misfolded ER proteins, and thereby opening the horizons for developing specialized drugs of various
neurodegenerative disorders (Yahal.,2023).

1.2.4 E2 UbiquitiConjugating Ezymes

Overall, there are 40 E2biquitin conjgating enzymes in humans. Members of the E2 family share a
highly conserved 15800 amino acid ubiquiticonjugating catalytic (UBC) fold, which act as a binding
site for E1s, E3s and the activated ubiquitin/UNein(Wijk& Timmers 2010). Within the UB@omain,

there is an active site cysteine and about 10 residues upstream of this cysteine, there is-arotfPN
The former is involved in two crucial reactions: firstly, in the transfer of activated ubiquitin/UBL from
the E1 to E2 via transthioesterifidah and secondly, in the transfer of ubiquitin to either on E3 ligase
or targeted substrate via aminolysis (Huaral.,1999; Olsen & Lima, 2013). On the other hand, the
asparagine from the HRMotif is responsible for creating the peptide bond betweée Gterminal
glycine of ubiquitin and a lysine of the targeted substrate, while the histidine and proline residues
provide structural support throughout the process (&tal.,2003). In many E2 enzymes, there is an
additional backside surface of the UB&@nain. It is situated opposite the catalytic pocked and it binds
to the activated ubiquitin/UBL via necovalent interactions. This backside surface facilitates the
proper positioning of ubiquitin/lUBL, exposing the thioester bonding site for undergoirigodysis
(Nguyeret al.,2014). Nevertheless, E2 enzymes containing solely the catalytic UBC core are classified
as class I, while those consisting of an additiorarNGterminal extension, or both, are categorised

as class Il, Ill and IV respectively @teal., 2023. Theseadditional extensions provide functional
differences across the E2s. For instance, titeriinal extension in the UBE2E proteins promotes
monoubiquitination, while the @erminal extension of UBE2R1 facilitates the formation of
polyubiquitin chains (Kolan, Toth & Gonda, 199&chumacher, Wilsor& Day, 2013 Thus, E2
terminal extensions modulate the ubiquitin activity of the interacting E3s, and also provides some
selectivity to the enzymes themselves.

As was already mentioned, the smaller number #mellack of specificity of E1 enzymes make them
poor therapeutic targets. However, this is not the case of E2 enzymes (€edét2020). For instance,
Ubc13 has been found to participatiimgthe constitutive activation of the NFB signalingnd alsojn

the ubiquitination of the tumour suppressor gene p53, which causes reduction of its activity. One
approach of inhibiting the Ubcl3 enzymatic activity is by targeting the active site cysteine.
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Interestingly, the chemical compound NSC697923 was foundot@lently bind at the catalytic
cysteine of Ubc13, and selectively interacting further with a unique Ubc13 binding cleft (Eoalge
2015). At this point is worth mentioning that Ubcl3, as well as some other E2s, require to form a
complex with a catatic inactive E2, such as UevlA and MMS2, in order to perform their enzymatic
activity. Thus, another appealing therapeutic approach is to disrupt the formation of such complexes.
The natural products Leucettamol A and manadosterols A and B have been tioulierupt the
Ubcl3Uev1A interactiorin vitro, however this was never validatéa vivo (Tsukamotoet al.2008;
Ushiyamaet al., 2012. In the case of the CC0651 inhibitor, it interferes with the discharge of the
ubiquitin molecule from the cell divisiarycle 34 protein (CDC34) to the acceptor lysine residue. The
compound inhibits the E2 activity allosterically via binding at the cryptic binding pocket of the E2
enzyme, causing subtle changes in the structural conformation of the enfyecedrellet al., 2011).
Nonetheless, at the moment there are no ongoing clinical trials exploring E2 inhibitors.

1.25 E3 biquitinLigases

The final step of ubiquitination involves transferring of the ubiquitin molecule from the E2 conjugating
enzyme to the targetedubstrate. This step is achieved in the presence of the class of enzymes known
as E3 ligases, which contains more than 600 members. The diversity in this class is critical for providing
selectivity and efficiency of substrate ubiquitination. Overall, tBdifases are categorised in three
broad families; the really interesting new gene (RING) finger family, the homologous to E6AP C
terminus (HECT) family and the RING between RING (RBR) famdydZ@023). Focusing firstly on

the largest subgroup dE3 ligases, RING finger E3 ligases are distinguished by their RINg&or U
domain, which are structurally similaMétzger, Hristova& Weissman, 2012 Notably, one of the

main differences between the two domains is that the enzymatic activity offdneer requires
chelation of two zinc ions (Z9), while the latter domain does not (Zheng & Shabek, 2017).
Nevertheless, RING E3s serve as a scaffold for the concomitant recruitment of the active ubiquitin
conjugated E2 and the specific substrate duribgjuitination. The EE3 interaction causes allosteric
activation of the E2, which stimulates the ubiquitin release (Branigan, Carlos Peréaly 202). In
regards of HECT E3s, they all contain the conserved 350 -@tithdong HECT domain, which is
locaed at their Gterminal. Notably, the HECT domain has three main features: #geriinal Nlobe,

the Cterminal Clobe and the flexible linker connecting the two. Thdoe is involved in the E2
interaction, while the dobe contains an active site cysie, which acts as an attachment site for
ubiquitin that is transferred via transthioesterification from E2. As about the flexible linker, it
facilitates the ubiquitin transfer by rearranging the conformation of theaNd Globes, thereby
bringing the adwve sites of E2 and E3 into close proximiitudng et al., 199%luimer& Distel, 2018).
Finally, the RBR family of E3s exhibits functional characteristics from both RING and HECT E3 ligases,
categorising them as RING/HECT E3 hybrids. Overall, theyrctimte domains, which are arranged

in the given order: RING1 domain.Requiredfor-catalysis) and BR (benigncatalytic). The RING1
domain is involved in E2 interactions, while thg Bomain contains an active site cysteine to which
ubiquitin isattached to. The BR domain shares structural similarities with the/omain, however

it lacks the catalytic cysteine residue. As in the case of HECT E3 ligases, RBRs utsisp @atalytic
mechanism for conjugating ubiquitin to the substratedf¥elet al.,2011; Spratt, Walde& Shaw,

2014).

Compared to the Els and E2s, the E3 ligases possess specific roles within the cells (Saahpson
2023). For instance, MDMZ2 is an E3 ligase that tightly regulates the activity of tumour suppressor p53
through both direct proteirprotein interaction and ubiquitination, under nestress conditions.
However, overexpression of MDM2 has been associated with various human malignancies, making it
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ideal therapeutic target. Nutlins, which is a class oimislamline analogs, were found to inhibit the
MDM2-p53 interaction via binding at the p53 binding pocket of MDM2 (Vessiteal., 2004).
Interestingly, a nutlirderivative known as RG7388 has been discovered to disrupt the MiHg 2
interaction with a superiopotency and selectivityinget al.,2013). It has undergone clinical trials

for the treatment of neuroblastoma and acute myelogenous leukemia €Yed,2014). Two other
examples of E3 ligases with a specific cellular function are the cellular imabiépoptosis proteins
(clAP) 1 and 2. These two proteins act as key regulators of the innate immunity response via
contributing to the survival signal derived from the tumour necrosis factor (TNF) surface receptors.
However, dysregulation of clAP1 andeR has been associated with various cancers, including liver
carcinomas and pancreatic cancers, thus they have been persuaded as anticancer drug targets.
TL32711,LCL161 and GBI152 are some of the many inhibitors that have been under clinical
investigaton for treating solid tumours via targeting clAP1 and cl@®®gjareet al.,2012;Benetatos

et al.,2014; Bardiat al.,2018).

1.2.6 DeubiquitinatingrZymes

Ubiquitination is associated with myriad eblsed physiological and biological aspects. However, the
ubiquitination status established by the ubigquiionjugating enzymes (E1, E2 and E3) is tightly
regulated and counterbalanced by another class of eregyrthe deubiquitinases (or deubiquitylases;
hereafter DUBs; Wilkinson, 1997). In general, the number of identified DUBs in each organism varies.
For instance, in humans there are ~100 DUBs bu#adncharomyces cerevisitteere are only 20
(ClaguelUrbé & Komander, 2019). Furthermore, sequence and domain conservation analysis classified
DUBs in seven major evolutionary conserved families: ubigsit@tific proteases (USP), ubiquitin
carboxyterminal hydrolases (UCHSs), ovarian tumour proteases (QMBjhadeJosephin domain
containing protease (MJDs), matifteracting with ubiquitincontaining novel DUB family (MINDY),
JABIMPNMOV34 Padl ferminal+ (MPN+) domain proteases (JAMMSs) and zinc finger with UFM1
specific peptidase domain protein (ZUFSke & al.,2023). The DUBs are further categorised based

on their mechanism of action into two classes: metalloproteases (only JAMMs family) and cysteine
proteases (the rest of the families). Focusing on the former class, these DUB metalloproteases possess
a catalytic core composed of two histidines and an aspartate/glutamate, which, in association with a
water molecule, coordinate a Znion to carry out their isopeptidase activity (Shresttaal., 2014).

In regards of the latter class, canonical cystginetease DUBs contain a catalytic triad composed of

a cysteine, a histidine and an aspartate/asparagine residues, which coordinates the hydrolysis of the
isopeptide bond that links the-t2rminus of the ubiquitin with its substrate (Komander & Barford,
2008).

DUBs are crucial for maintaining the ubiquitin homeostasis of the cells. For instance, DUBs are involved

in the generation ofle novoubiquitin molecules by processing ubiquitin precursors expressed either

as polyubiquitin chains (UBB, UBC) or fuséll other proteins, such as ribosomal subunits (UBA52,

UBAS8O; Growet al., 2015). Furthermore, DUBs rescue ubiquitin from degradation at the site of

proteasome, allowing its raese, but they also deubiquitinate various ubiquitinated substrates

elsewherein the cell, contributing in the maintenance of the ubiquitin podd (Poot, Tiar& Finley,

2017). In addition, DUBs function as interpreters and editors of the ubiquitin code, of which their

activity is influenced by various factor, including the subtalllocalisation, structure of the catalytic

domain and presence of additional domai@apaMohammadzadel& Tong, 2022 For instance, the

LINBaSyOS 2F dzoAljdZAGAY OAYRAYy3 araiasSa {m FyR {mQ

Specifically, Sits interacts with the distal ubiquitinadizo A [j dZA G A Yy X 6 KAE S {mMQ &AGS

dzoAljdZAGAYZ LXFOAy3a GKS adOraartsS 02yR Ayid2 GKS O
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determines the orientation of the proximal ubiquitin, vehi subsequently determines the lysine
residue that is presented to the catalytic center and thereby, the linkage specificity of the DUB (Sato,
2022). These ubiquitibinding sites can be present on the catalytic domain of the DUB, as exemplified
by the Késpecific USP30 (Sagb al.,2017). Alternatively, they may be found on an ubiqultinding
domain (UBD) situated within the DUB (i.ecig), such as the-@rminal ubiquitin interacting motif

(UIM) in the case of the K&épecific OTUD1 (Mevissen al., 2013). Furthermore, another scenario
involves the presence of a UBD on an interacting partner (iteams), such as the UIM located on the
interacting partner of the Ké3pecific AMSH, known as signal transducing adaptor molecule (STAM;
McCullougtetal.,2006). Linkage specificity for polyubiquitin chains is provided by additional ubiquitin
sites that accommodate more distal or proximal ubiquitin moieties, such as the S2 site found on the
K11 chain specific OTUD2 (Mevisseal.,2013). All DUBs pssss at least one ubiquitin binding site
(S1), however DUBs exhibit substrate specificity and no linkagéS OA FA OA G & FS4 Gdz2NB |
OAYRAY3I aAridsS Ay dindhy dte (Mevissen &Kuntandezp201y)dzA G A y

Despite the type of ubiquitin lkage, there are additional features of the substrate that interlink
substrate specificity and DUB activity, includieggth and architecture of ubiquitin chains, whether

the modifier is ubiquitin or ubiquititike molecule, the presence of other PTMs dmiquitin, and the

nature of the substrate itself (Mevissen & Komander, 2017). Furthermore, there are some DUBs that
process polyubiquitin chains bound to a substrate, either in a distal to proximal orientatian (
cleavage) or from within the chaier{do cleavage; Yet al.,2011;Hospenthal, Freun& Komander,

2013. There are also DUBs capable of cleaving intact ubiquitin chains from their substrates, which is
known asen bloccleavage. For instance, USP14 and PSMD14 are two DUBs that penfdrioc
cleavage of polyubiquitin chains, aiming to prevent substrates from proteasomal degradation and
rescue functional ubiquitin from substrates committed to proteasomal degradation, respectively (Lu
et al.,2015; Leeet al.,2016). Therebyen bloccleavage habeen closely associated with proteasomal
degradation, highlighting the correlation between the cellular activity of DUBs and their substrate
specificity ClaguelUrbé & Komander, 2019).

As it was previously discussed, ubiquitination is involved in agiatbf biological processes, such as
protein homeostasis, DNA repair and immune responses. Unsurprisingly, DUBs also play a major role
in these cellular functions, therefore their dysregulation has been associated with many health
conditions, such as cancand neurological disorders (Celeddi al., 2020; Belloet al., 2022). For
example, the USP7 overexpression has been associated with neuroblastoma, due to the
deubiquitination and thereby the stabilization of the oncoprotein transcription factor MYCN (Tavana
et al.,2016). In addition, USP10 overexpression contribingke pathology of tauopathies, including

lf T KSAYSNDAE RA&ASFAST o0& AYyRddZOAy3a (GKS F2NXIFGAzY
neurons of brain lesiong{atnitskaiaet al., 2019). Nevertheless, inhibition of such DUBs supresses
their diseag-inducing functions, including the destabilization of specific target proteins associated
with the pathology of a disease. For instance, FT671-¢owalent) and FT827 (covalent) were
discovered to strongly and selectively inhibit USP7, resulting inuppression of tumour growth in

mice. This inhibition leads to the degradation of the oncoprotein E3 ligase MDM2, subsequently
stabilizing the tumour suppressor p53 and promoting tumour cell deattivo(Turnbullet al.,2017).
IMP-1710 is another potenaind stereoselective small Dtighibitor targeting UCHL1, resulting in the
suppression of fibrotic phenotypes in idiopathic pulmonary fibrosis cellular models, with minimal
cytotoxicity (Panyairet al., 2020). A USP1gpecific inhibitor known as VLX1570 ckad Phase | in
clinical trials as a treatment for relapsed and refractory multiple myeloma. However, the study was
discontinued due to high pulmonary toxicifggwinskyet al., 2020). Nonetheless, the selective nature

of DUBs making these proteins promgstargets for future drug development.
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Recently, the concept of targeted protein stabilization (TPS) via DUBs has been introduced as a
potential therapeutic approaches of diseases, such as cystic fibrosis (CF). These diseases are
characterisedy proteins that undergo abnormal ubiquitination and subsequent degradation, like the

CF transmembrane regulator (CFTR) chanii¢le idea behind TPS involves the targeted recruitment

of a specialised DUB to its aberrantly ubiquitinated substrate. Through deubaiion, this process

will stabilize the protein of interest and rescue its cellular function. So far, there are two currently
available approaches. The first approach utilizes engineered DUBs (enDUBS) that perform nanobody
directed deubiquitination. This achieved by expressing a DUB substrate of interest with a yellow
fluorescence protein (YFP) tag and its respective DUB, as an enDUB whose catalytic unit is fused to a
nanobody specific for GFP and YFP, making the enDURrgéted. This method was aped and
validated in along QT type 1 cardiomyocyte model, using OTUD1 as enDUB and the potassium voltage
gated channel subfamily Q member 1 (KCNQ1) as a substrate. The ubiquitination of KCNQ1 prevents
its trafficking to the cell surface (Kannet al., 2020). In regards of the second approach, it uses a
heterobifunctional stabilizer, known as DUBTAC, to bring in close proximity the abnormally
ubiquitinated substrate and its DUB by forming a ternary complex. This process leads to the
deubiquitination and subsequent stabilization of the substrate. DUBTAC is a small molecule composed
of three components: a covalent recruiter that selectively and allosterically binds to the DUB of
interest, a smaitmolecule ligand that specifically targets the substrate] a linker connecting these
molecules together. The length and composition of the linker is critical for the overall functionality of
the stabilizer. As a proof of concept, a DUBTAC calleeRi03A was developed, consisting of an
EN523 OTUBL recruitenltied to lumacaftor, a drug that binds to the mutant CFTR. When applied to
human CF bronchial epithelial cells, this DUBTAC led to improved chloride channel conductance in the
mutant CFTR channel due to the stabilization of the CFTR channel proteirfHereisiget al,, 2022).
Although there is limited information available about the kinetics of the ternary -Buitrate
complex formation in both approaches, it is noteworthy that the EduBstrate association did not
adversely affect the function of eitiheprotein. This finding makes both approaches promising
therapeutic strategies.

1.2.7 FPoteasome

Ubiquitination and 26S proteasome are tightly associated for regulating protein turnover within the
cell, with the former targeting undesirable or damagedteins to the latter, while the latter
proteolytically cleaves these proteins into short peptides (Abi Habibl., 2022). Together, they
comprise the ubiquitirproteasome pathway (UPS), and in this section | am going to focus solely on
the proteasome. Fstly, the 26S proteasome is a ~2.5MDa complex comprising 47 subunits in humans,
making it the largest known eukaryotic protease (Livie¢hal.,2016). Secondly, the 26S subunit is
compartmentalized into two particles: the hollow cylindrical 20S core g@ar{CP) and the 19S
regulatory particle (RP) that caps CP at one or both of its ends. CP is made of four stacked heptameric
rings, two identical outef -rings and two identical innéer-rings, which are comprised of sevierand

seven subunits respectivig. The central catalytic chamber of the proteasome is formed by the two
heptamerici -rings and is localized internally of the complex, preventing uncontrollable degradation
of surrounding functional proteins (Grat al.,1997). Within the catalytic chamber, there are three
catalytically active subunits:1,i 2 andi 5, which cleave acidic, basic and hydrophobic residues
respectively. Thus, the proteasome has been associated with cafibaserypsinlike and
chymotrypsinlike activities (Dicket al., 1998). Nevertheless, proteins targeted for proteasomal
degradation are getting dabiquitinated, if ubiquitin/ubiquitin chain is present, and unfolded by RP
proteins before are inserted into the catalytic chamber (Rusdtatk., 2010). Ultimately, these mis
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functional proteins are converted into 3 to 30 amino acid long peptides by the proteasome, which are
then degraded down to amino acids by cytoplasmic peptidases (Kigtedey1998).

Malfunction of the proteasome has ba associated with several cancer, such as multiple myeloma,
and ageNSf I 6 SR YR ySdZNPRSISYSNI GAGS RA&SIHaSaz AyoO
disease (George & Tepe, 2021). As a result, multiple compounds have been developed throughout the
yeas targeting the proteasome. One of them is Bortezomib (Velcade). Bortezomib is an approved by
the US Food and Drug Administration (FDA) proteasomal inhibitor for treating multiple myeloma (MM)
and mantle cell lymphomaHgrndonet al., 2013) As adipeptide boronate inhibitor, Bortezomib
targets the sidechain hydroxyl group of the-d¢rminal threonine located in thel andi 5 active site

of the proteasome, thereby inducing various cellular pathways, including an apoptotic response
against the carcinogenaells (Hideshimat al.,2003). However, treatment with Bortezomib has been
associated with peripheral neuropathy, probably due to araffet inhibition of proteases, including
serine proteases/rastuKapuret al.,2011) This led to the development die first irreversible FDA
approved proteasomal inhibitoiCarfilzomib(Kyproli®). Carfilzomibis a tetrapeptide epoxyketone

that forms a dual covalent adduct specifically with the sitiain hydroxyl group and the free amine

of the Nterminal threonineactive site of 5, making it selective and potent inhibitor of proteasome
(Kuhnet al.,2007) It is used for treating relapsed and refractory MM patients, including the ones with
bortezomibresistance (Herndoret al., 2013). Other approved proteasom@rgeting drugs are:
Ixazomib (Ninlar@), Marizomib (salinosporamide Approzomib (ONX 0912andDelanzomib (CEP

18 77Q Ambrosicet al.,2023).

1.2.8 UbiquitinLike Mblecules

Ubiquitin and its cellular functions have been widely studied. However, terat least 17 ubiquitin

like (UBL) molecules in humans that share similar folding structure with ubiquitin that have been
reported to be attached on other molecules (type 1) or to occur as protein domains, fulfilling protein
protein interaction roles (tye Il; Schulman & Wade Harp@0Q09 Santonico, 2020). Similarly with
ubiquitin, covalent attachment of type | UBLs is achieved via thtgrmainus, which contains either

one or two glycine residues, and the cycle of conjugatlenonjugation of each UB& performed by
specialised EE2E3 and isopeptidase enzymes (Hwang,& &g 2022). One UBL that has been well
characterised is the small ubiquitin molecule (SUMO). So far, there are five SUMO isoforms, expressed
at different mammalian organs, such 88§MO1 in brain. However, for the SUMOylation cycle to kick
off, SUMO undergoes a maturation process performed by sentrin isopeptidases (SENRPeZ,
Kageyam& Cimarosti, 2028 Nevertheless, SUMO is known for its predominant nuclear role involved
in transcription, nuclear transport and DNA repair (Wang & Dasso, 2009). Another UBL molecule is the
neuronal precursor celbxpressed developmentally downregulated protein 8 (NEDD8). NEDDS has the
highest identity and similarity to ubiquitin of tip 55%, andpredominantly, it acts as a scaffold
protein within the multtcomponent assembly of E3 ligases referred to as GRihigLigases
(Hochstrasser, 2009 Furthermore, NEDDS8 is involved in various other processes, including the
formation of stress granulesgedradation of misfolded aggregatigorone proteins and DNA damage
(Meszka Polanowska Xirodimas, 2022). Some of other UBLs are the interfstonulated gene 15
(ISG15), autophagglated protein 12 (ATG12), and ATGS8, of which ATGS is the only UBL Imolecu
that is solely attached to a lipidlystad& Simonsen2019).
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1.3 Ubiquitination in.eishmania

1.3.1Ubiquitin and UBLs lreishmania

Ubiquitin is present in all eukaryotes, includingishmanialn particular, the protein sequence of the
76-amino acid long ubiquitin is highly conserved betwéeishmaniaand humans, with ubiquitin of

L. majorand L. mexicanaarying at amino acid 14 (A instead of T) and 52 (E instead of D), while the
one fromL. tarentolae having additional two differences at position 11 (T instead of K) and 47 (D
instead of G;Graeff et al., 1993; Fleischman& Campbell, 1994 Furthermore, as previously
mentioned, ubiquitin is expressed as inactive precursor in the form of eithenoubiquitin,
polyubiquitin or fused to another protein. An early study revealed thatonovangenome contains

a gene with a minimum of 44 tandemly arranged ubiquitin coding repeats, which was almost 5 times
bigger than the human one (Wibomg al., 1985; Kirchhoffet al., 1988). Furthermore, a recent
comprehensive examination of ubiquitin genes, which exhibit a minimum of 80% identity in at least
80% of their length compared to yeast ubiquitin, discovered several noteworthy findings. In the
braziiensisgenome, two polyubiquitin genes were identified, of which the one contains 13 and the
other one 14 tandem ubiquitin repeats. Additionally, a single ubiquitin gebehiraziliensigras found

to be fused with the 60S ribosomal subunit L40 (RPL&@)s@me study unveiled significant insights
into the genome of.. infantum It identified a pair of polyubiquitin genes, featuring 9 and 11 tandem
repeats of ubiquitin, respectively. Notably, the latter of these genes was observed to be fused with
RPL40. éditionally, a tandem arrangement of 9 ubiquitin repeats was also detectdd imajor
(Martin-Villanuevaet al.,2021). In L. major there is also evidence of another ubiquitin gene that is
fused to a 52 amino acidng sequence, encoding for the ribosahprotein S27aGraeffet al.,1993;
TriTrypDB, 2023). Finally, tarentolaewas demonstrated to possess both a polyubiquémcoding
(ubiC) and RPS2Tased ubiquitin protein genesubiA and ubiB), all of which exhibit expression
(Fleischmann& Campbdl 1994. Collectively, it is concluded that there is a considerable
heterogeneity across theeishmaniggenomes in regards of the architecture of ubiquitin genes.

Like other eukaryotes] eishmaniaexpresses various ubiquitiike modifiers (UBLs) alondsi
ubiquitin. InL. majorthe UBLs ATG8 and ATG12 have been identified as participants in the process of
autophagy. Specifically, ATG12 become covalently attached to ATG5, facilitated by the activity of the
Ellike ATG7 and Hike ATG10. The resulting @%ATG12 complex plays a crucial role in
autophagosome formation by ensuring the attachment of phosphatidylethanolamine to ATGS.
Furthermore, this complex is also essential for the proper functioning of the mitochondrion,
particularly in terms of oxidativeapacity and energy generation, but it is also required for the
differentiation process of the parasite (Williarasal.,2012). Similarly, AT8 sustains the survival.of
donovanithroughout its lifecycle and under stress exposure. Both of these conditions are dependable
on autophagy, justifying the necessity of ATG8 (GiBh&aha, 2019 The ubiquitin fold modifiefl
(UFM1) is also present ireishmanialn particular, UFML wasfound to be activated in the presence

of ATP by the Ellke UBA5 and conjugated to mitochondrial proteins via thelile2 UFCL.
Interestingly, ufmylation contributes ih-oxidation of fatty acids and macrophage survivallof
donovaniamastigotes Gannavaam et al., 2011; Gannavaranet al., 2012). Furthermore, the small
ubiquitin-like modifier (SUMO) is another UBL fountd@shmaniaexpressed as an inactive precursor

by a single gene. The SUMO expressing gene is essential for the sutvivddrdvanpromastigotes

and it is primarily localized in the nucleus, supporting the known involvement of SUMO in nuclear
organization and chromosome segregation. However, nuclear localization and SUMOylation is
observed only when it is activated by the sentsipedfic protease (SENP), which cleaves-tsr@inus

(Beaet al.,2020). Moreover, ubiquititelated modifierl (URM1) and its conjugation pathway do also
exist inLeishmaniaThe localization of URM1 near the flagellar pocket, combined with identified
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proteins undergo urmylation, suggesting that the URM1 pathway is involved in early endosome
mediated processes (Sharratal., 2016).

1.3.2 Ubiquitination anBeubiquitination Components ireishmania

The eukaryotic ubiquitination system is composed of ubigtactivating (E1), ubiquithkeonjugating

(E2) and ubiquitidigating (E3) enzymes for performing ubiquitination, and deubiquitinating enzymes
(DUBS) for deconjugating ubiquitin. A recent genomic survey of these compondntsniexicana
revealed that tlere are2 E1, 13 E2, 79 BE&d 20 DUBs (Burgs al.,2020; Damianowt al., 2020).
Focusing on the DUBS, 2 belong in the C12 family (UCH), 17 in the C19 family (UPS), and 1 in the C65
family (OTU). They are all cysteine peptidases and belong to the cysteine peptidase clan CA due to
their similar structure to that of papain. Anath study from the same group has also introdd&

more DUBS, of which 1 belongsthe C78 family (Ufmispecific protease; UFSP), 1 the C85 family
(OTUlike), and 5 the C97 family (PPPBEewalet al.,2019). The first two families belong also to clan

CA, while the last one is part of the clan CP, which is known for its péikaifold (Rawlingst al.,

2014). Nevertheless, the last 8 DUBs are predicted to function ag Bligicific proteased3rewalet
al.,2019).

1.3.3UPS and theeishmania.ifeCycle

ThelLeishmanigarasite, as it was described in section, undergoes extensive cellular transformations
throughout its digenetic life cycle. For instance, whole cell protein profiling demonstrated variations
in the expression of more than 1,100 proteinacross procyclic promastigotes, metacyclic
promastigotes, and intracellular amastigotes (De Paldbsal., 2019). In addition, a separate
investigation highlighted the necessity of protein degradation through autophagy for the effective
differentiation d the parasite (Culet al.,2014). The ubiquitination system in association with the
proteasome are known to be responsible for orchestrating the protein homeostasis within eukaryotic
cells. Thus, to investigate whether UPS contributes to the progres$iine life cycle of.. mexicana,

null mutant promastigotes were created using deletion mutagenesis. Out of the 2 E1, 13 E2, 13 E3 (12
HECT, 1 RBR), and 20 DUBs that underwent double allele knockout, it was found that the E1, UBAla,
the E2s, UBC3, UBC7,A1R and UBC13, as well as the DUBs, DUB1, DUB2, DUB12 and DUB16, could
not be recovered. This observation suggested that these UPS components are essential for the
Leishmanigoromastigote stage. The remaining 37 null mutants, excludidgc5andndubl18, were

each assigned a unique barcode, pooled together and subjected to promastigataastigote
differentiation via three different ways: by infecting either footpads of mice @crophages, or
axenically. Subsequently, their survival was assessed vidhigighput DNAsequencing based bar

seq. Thenull mutantsnpubc cdc34 nubc2 puevl nhect2 ndub4,ndub?7 and ndubl13exhibited the

most pronounced and consistently observed fitness deficits. Thus, it was concluded that these
proteins are key players for tHeeishmanialifferentiation cycle (Burget al.,2020; Damianoet al.,

2020).

1.3.4DUBs and Trypanosomatids

Although DUBSs play a crucial part in the life cyclees$hmaniathey have also been linked to various
functions within the trypanosomatids (Burge, Mottram & Wilkinson, 2022; Kuetaal., 2022).
Focusing first irL. infantum,a study identified an OTU deujuiitinase, called OtuLi (DUB17 Lin
mexicang, which has K48&nd K63inked polyubiquitin chain specificity. When OtuLi was incubated
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with murine peritoneal macrophages, it induced the biogenesis of lipid droplets and the release of
pro-inflammatory cyt&ines TNF and 11-6. This suggests that OtuLi may have an immunomodulatory
role that could aid in establishing a parasitic infection in the host. However, it remains unclear whether
OtuLi is secreted, and additional evidence is needed to address thistd#zevedoet al., 2017).
Furthermore, ubiquitin modifiers oF. b. bruceiincluding the DUBs Th927.9.5520 and Th927.9.14470
(DUB9 and DUBSG in mexicanarespectively), have been identified as contributing factors that render
sensitivity against the tgolytic apolipoproteinL1, which is present in the human serum. Thus, these
proteins might explain whiyrypanosomessuch ad'. b. bruceiare noninfectious to humans (Currier

et al.,2018).

In addition to the involvement of establishing infection, DUBs also contritouitgracellular protein
trafficking via the endosomal system and endocytosis. Interestingly, an RNAI screen revealed that
bruceiUSP7 and VDU1 (DUB6 and DUBYZ. imexicanarespectively) play a role in the therapeutic
sensitivity ofT. bruceto suramin (Alsforaet al.,2012). Specifically, they were found to regulate the
ubiquitination status and, consequently, the protein stability of the invariant surface glycoprotein 75
(ISG75), which is also known to be involved in the mechanism of action of suramin. However, it is
worth noting that the direct deubiquitination of 1ISG75 by USP7 or VDUL1 was not investigated.
Nevertheless, the knockdown of both proteins individually disedpthe endocytosis process in
bloodstreamT. brucei underscoring the importance of these DUBs in intracellular trafficking and
endocytosisZoltneret al.,2015). Finally, twd. infantumDUBs, DUB10 and DUB15, have been linked
with translation and ribosme-associated quality control pathways. This conclusion was reached
through a study conducted on the RNA helicase DDX3. When DDX3 was knocked out, ribosomes were
arrested in elongation. As a result,-tanslational ubiquitination, which is responsibleadiminating
truncated nascent polypeptides, increased, supporting that ribosomal stalling led to the production of
aberrant polypeptides. This, in turn, led to the increased recruitment of ubiquitination components,
including E3 ligases and the DUB15th® ribosomes. Additionally, it resulted in the upregulation of
other ubiquitinrelated components, including DUB10, highlighting the importance of these proteins
in quality control pathways and translatioRgdmanabharet al.,2021).

1.3.5 DUB& Toxopasma gondiand Plasmodium falciparum

Apart from thelLeishmaniaand Trypanosomaspecies, insights into parasitic DUBs have also been
extracted fromother parasites, includingoxoplasma gondand Plasmodium falciparumFocusing

first in T. gondij the causing agent of toxoplasmosis, four active DUBs were initially identified using an
ubiquitin activitybased protein profiling approach coupled with mass spectrometry. The human
orthologueT. gondilUCHL3 was one of them, which was found to locatizeoth the cytoplasm and
nucleus of the tachyzoite stage bfgondiand to possess deubiquitinating and deNeddylation activity
(Frickeket al.,2007). Dhara and Sinai (2016) predicted that 12 ovariamor domaircontaining (OTU)
cysteine proteases wenaresent inT. gondij of whichTgOTU7,TgOTU8 and'gOTU9 were predicted

to possess a distinct protein structure relative to human OTU domain containing proteins. Despite the
structural uniqueness of the threEgOTU proteins, the authors focused on thigOTUD3A protein

due to its fluctuating mRNA and protein levels during the endodyogeny process of tachyzoites. The
protein is localized predominantly in the cytoplasm, with partial localization to the developing
daughter scaffolds during cytokinesis. Recorahirexpression of gOTUD3A further revealed lysine
linkage specificity with descending preference towards-Kid81 and K63inked polyubiquitin chains.
However, the recombinanTgOTUDS3A protein selectively deubiquitinates endogenous-ik&8d
Toxoplasmaproteins (Dhara & Sinai, 2016). The same group provided additional functional
characterisation ofTgOTUDSA, in which knocking out the proteimding geneprovided a fitness
advantage to the mutant. gonditachyzoites over the wiltlype cells. This advéageous change was
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attributed to the production of 3 to 5 viable daughter cells within the gravid mother, instead of the
typical 2, during endodyogeny due to the dysregulation of centrosome duplication. Thus, the two
studies combined have associafegOTUA with the cell cycle df. gondi{Dharaet al.,2017). Wilde

et al., (2023) expanded the predicted number of OTU domain containing proteinsgiondiito 14

and characterised the dibiquitin linkage specificity of 11 of these proteins. Specificaliycated
protein constructs containing the OTU catalytic domain were screened against 7 differdsidditin
proteins, each possessing specificity for at least one of the following fewlpigiuitin linkages: K6,
K11, K48 and K63. Furthermone vivocharacterisation offgOTUD6B andgOTUD3B revealed that

the former is essential for the intracellular growth of tachyzoite parasites within host cells, while both
localize in the cytoplasm (Wildet al., 2023). Finally, insights into another OTU domain aoihg
protein, TQOTU7, were provided by Xet al. (2024). TgOTU7 was found to localize solely at the
apicoplast membrane of tachyzoite cells throughout the cell cycle, with its protein levels changing at
each given stage. InterestinglygOTU7Zknocked out tachyzoites were defecting in establishing plague
formation, host cell invasion, and replication, underscoring the essentiality of the protein in the lytic
cycle of the parasite. In addition, depletionTdOTU7 disrupted apicoplast biogesis during the cell
cycle, highlighting once more the importance the protein witAingondii TgOTU7 was further
validated as linkagaonspecific deubiquitinase, linking the ubiquitination system offthgondiiwith

its cell growth regulation and apiptast homeostasis (X&t al.,2024).

In regardsto P. falciparum the bloodborn parasite responsible for up to 2 million people annual
malariarelated deaths, it is predicted to express 29 DUBs. Thedfirst characterised DUB in this
parasite, P. falégparum UCH54 RPUCH54), was found to possess both deubiquitinating and
deNeddylating activity (Artavanitsakona®t al.,2006). The dual activity (#lUCH54 is uncoupled,

with its former deubiquitinating activity being essential for the blood stRgdatiparum while the

latter activity is dispensable (Karpiyeviehal.,2019). SimilarlyPfUCHL3 also exhibits dual activity,
K2gSOSNI Ala FdzyOlAz2y Aa SaaSydaAialt F2N (&€&, a dzNIDA ¢
2010). This makes thBfUCHL3 protein an ideal target for antimalarial drugs, leading to the
conduction of three independent compound screens. The first study performén siicoscreening

using AutoDock Vina, assessing 320,000 compounds against the crystal structBfidCoL3.
Interestingly, two compounds, Zinc 17465979 and Zinc 04366855, inhibited the growth of the asexual
erythrocytic stages dP. falciparumat nano molar concentrations, though selectivity and cytotoxicity
against human cells were not assessed (Frata., 2013). Conversely, another virtual screen was
conducted using the 400 compounds of the Pathogen Box, selective for disease types Il and Ill. It
identified MMV676603 and MMV688704 as effective inhibitors RIRUCHL3 at micromolar
concentrationsin vitro. These findings were supported bg vivo experiments, demonstrating
selective parasite killing at their asexual stage without toxicity to mammalian cells (8tert2022).
Finally, a covalent fragment library of 1700 members was screened a@dihgiL 3, identifying 7
scaffold proteins that selectively inhibited the recombinafUCHL3 activity over its human
homologue, although 3 of these compounds were found to be toxic to human cells (lethaiff

2023).

In addition to the extensive charactertgan of ubiquitin Gterminal hydrolase DUBs (UCHs)Rof
falciparum insights into some ubiquitispecific peptidases (USPs) have also been gained. For
instance,PIUSP is a DUB with a K48 linkage diubiquitin specificity and is associated with the ER,
contributing to the ER morphology and development. Its function is indispensable for the asexual
blood stages of the parasite and has been linked to regulating protein homeostasis ardadlrogd
stress tolerance against dingroartemisinin (Arorat al.,2023). Another studied USP DUBPEISP14,
which cepurifies with the 26S proteasome &%. falciparum Despite being a homologue of human
USP14, which requires the proteasomal complex for deubiquitinating aci@ilgP14 is catalytically
active independenil, although the presence of the 26S proteasome slightly enhances its activity.
Known human USPigpecific inhibitors such asAP15 and IUI inhibit the growth of intraerythrocytic
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P. falciparumparasites at micromolar concentrations (Waeg al., 2015). UBP1, another well
characterised USP DUB, has been linked to antimalarial drug resistance in -Adtivaal P.
falciparumclinical isolates against artemisidirased therapies due to single point polymorphisms
(SNPs; Adanet al.,2018; Yaret al.,2020). A recent study has deciphered the mechanism by which
UBP1 SNPs provide resistance to these therapies, showing that impaired UBP1 affects the
ubiquitination state and localization of the multidrug resistance transporter 1, establishing multidrug
redstance (Xuet al., 2024). In summary, DUBs have also been investigated in other non
trypanosomatid parasites such ds gondiiand Plasmodium with their functions spanning diverse
biological pathways of these organisms.

1.4 Aims

As previously mentioned)amianouet al. (2020) identified four DUBs, including DUB2, as essential

for the survival of.. mexicangromastigotes. Focusing on DUB2, it was also discovered that it plays a
crucial role in establishing infections in the footpads of mice, establigisiglfjas a key virulence factor

of LeishmaniaLive cell imaging demonstrated that DUB2 is predominantly localized in the nucleus.

This finding was further supported by an immunoprecipitation assay, which identified, among others,
nuclear protein interacirs involved in transcription/ chromatin dynamics, mRNA splicing and mRNA
capping. Moreover, recombinantly expressed DUB2 was used to experimentally confirm its
deubiquitinating activity. This was achieved through an activityed probe assay (more detadan

be found in chapter 3). In addition, it was observed that DUB2 displays a broad linkage specificity, as

it cleaves all the dibiquitin chains expect for Lys27 and Metevertheless, the essential role of

DUB?2 for the parasite raised twocrucialgué A 2 yayY G2 Keé Aa 5! .wu SaaSyaalf
FNB (KS adzaidN> GiSamexiead®d 5./ 1 HES GIyNRB ST SR F2N 0 KSNI L
these questions in mind, the project had the following objectives:

1 Expand the analysis of the imgeting proteins of DUB2 using biotin proximity labelling.
1 Develop a peptideentric ubiquitinomics workflow using mexicangromastigotes.

9 Identify substrates of DUB2 using total ubiquitinomics and proteomics workflows.
1

Identify compounds inhibitin@UB2 activity.
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2 Materials and Mthods

2.1 Molecular biology techniques

2.1.1 Polymerase Chaipdtion (PCR)

Primers for PCR were designed using either@h&GEN CLC Main Workbermsditware, LeishGEdit
(http://www.leishgedit.net/ ; Benekeet al., 2017) or manually and synthesized by Sightdrich.

PCRs were performed using either the PCRBIO Ultra Mix Red (BioSyst&¥5®) ldighridelity DNA
Polymerase (NEBgccord Y3 (G KS YI ydzFl OGdzZNBNRa LINRG202f a4
approaches are summarizedTiablesl & 2. Annealing temperature of primers was calculated using

the Tm Calculator (NEB:tps://tmcalculator.neb.com/#!/mair).

Tablel: PCR Ingredients and Concentratiomgredientsand final concentrations of PCR reactions

used along witteither Q5 DNA Polymerase or Ultra Mix Red

Ingredients Final concentration
5x Q5 reaction buffer 1x
o || 10mM dNTPs 200puM
g :';3 10uM forward primer 0.5uM
a g 10uM reverse primer 0.5uM
O 2 || Template DNA <100ng
“ | as High-fidelity DNA polymerase 0.02U/ pl
5X Q5 High GC enhancer (optional) | (1x)
Nuclease-free water Up to 25ul final vol.
2x PCRBIO Ultra Mix Red 1x
X 10uM forward primer 0.4puM
% 2 || 10uM reverse primer 0.4pM
% = Template DNA <500ng genomic
Nuclease-free water Up to 25ul final vol.
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Table2: PCR conditionsStandardized conditions used for Q5 DRélymeraseand Ultra Mix Red
based PCRS

Step Temperatures Time
o Initial Denaturation 98°C 30sec
< 2 35-45 cycles 98°C 10sec
8 g 50-72°C 30sec
8 (_:; 72°C 30sec/kb
o Final extension 72°C 2min
Hold 16°C
Initial Denaturation 95°C 2min
E 35 cycles 95°C 30sec
X 55°C-65°C 30sec
= 72°C 15sec/kb
% Final extension 72°C 10min
Hold 16°C

2.1.2 Agarose Geldetrophoresis

Gels were prepared using 1% w/v or 2% w/v agarose in 1 x TAE buffer (40 mM Tris (Invitrogen), 20
mM acetic acid Thermo Fisher Scientific) and 1 mM EDTA (Thermo Fisher Scientific, pH 8) for DNA
products <500 bp or >500 bp respectively. Agarose solution was then heated for 3 min in the
microwave. Upon cooling down, 1 x SYBR Safe DNA gel stain (Invitrogen) wasnaddee gel
mixture, which was then poured into a plastic gel mould that contained a comb for producing the
wells. 2>l DNA samples were resuspended with 1 x Purple Gel Loading Dye (NEB) and then loaded
onto the solidified gel. 5l of 1 kb Plus DNRadder (NEB) was used as a DNA marker. Samples were
run at 86100 V for 3545 min and the gel was then imaged using the UV illation from ChemiDoc
(Bio-Rad).

2.1.3 Site Directed Mutagenesis
Sitedirected mutagenesis of plasmids was performed using@B® SiteDirected Mutagenesis Kit
(NEB). Briefly, primers carrying the mutated site of interest were designed using the NEBaseChanger
(https://Inebasechanger.neb.com). To generate the sitdirected mutated DA product, an
exponential amplification via PCR was performed, using the following reaction setup: 1 x Q5 Hot Start
HighCARSt A& W - al&aiSNJaAEI nodp >mp FTyakpkhteIRA LINA Y SN
and nucleaséf NBS 4 I (i S NhedPICR riurg condionswer@ initial denaturation step 6198
for 30 sec, 25 cycles of 98 for 10 sec, 8C- 72°C for 30 sec and 72 for 30 seckh final extension
of 72°C for 2 min and hold at°€. To check the presence of the amplified DNA prodagdrose gel
electrophoresis was conducted as described in section 2.1.2. Sequentially, circularization of the
generated plasmid was performed by-dedzd LISY RAy3 m >f t/ w LINRRdAzOGEZ &
0dzFFSNE ™M >f wmn - Y[ 5 -fr&ywhtér ¥l thahAinBubating R at &T forfl h.y dzOf S
Plasmids were transformed in NEB@Ijha Competent. colicells(High Efficiency; NEB) and cells
were grown as described in section 2.1.7. Plasmids were extracted using the QIAprep Spin Miniprep
Kit (Qiage; section 2.1.8), quantified using NanoDrop and the-ditected mutation was validated
via subsequent DNA sequencing (Plasmidsaurus or Eurofins Genomics; section 2.1.4).
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2.1.4 DNA&juencing

For validating the sequence of a DNA fragment from either PCR product or genomic DNA, samples
GSNB aSyid F2NI {Fy3ISNI {SI[dSyOAy3d 09dz2NPFTFAYy&a DSyYy2YA
of50Mnn yIk>t 2F LHdNRFA SR 5 mershwihii GeSgiad ugingldither the

QIAGEN CLC Main Workbesdftware or manually and synthesised by Sightdrich.

To fully sequence plasmids, samples were analysed via long reads sequencing to high consensus
accuracy, which was performed by Plasmidsaudy ™M n ng>ft plaid was sent to the company

in PCR strips (StarLab). The DNA concentration was calculatethesipgbit 3 Fluoromete(Thermo

Fisher Scientific).

2.1.5 Ethanol recipitation

PCR products were mixed and precipitated followihg ethanol precipitation assay protocol by

Thermo Scientific. This was performed to cleap and concentrate PCR amplicons. Briefly, DNA
samples were mixed with 1/10 volume of 3 M sodium acetate, 2.5 volumes-0bidel00% ethanol

and glycogen to a fal concentration of 1 mgnL! (Thermo Scientific TM). The mixture was then
incubated for 60 min at20°C, centrifuged for 15 min at 10,000 rpm and eventually the supernatant

gFa RAAOIFINRSR® ¢KS LISttSi o1 a NRAY IoBFRmin@ahl10,600 H nn > f
rom, aitRNA SR FyR NB&dzALISYRSR Ay wmn >f 2F RSA2yAT SR
e.g. SgRNA and donor DNA cassettes, then a downstream sterilization step was performed were the
products were incubated for 5 min 86°C.

2.1.6 DNA Extraction

DNA extraction from cells was performed using the DNeasy® Blood & Tissue Kit (QIAGEN), according
G2 GKS YI ydzFl Ol dzNBeNsIn@re haN@sied (9,800 s g, 10 niin, Rl and then
resuspended in 200 pl 1 x phosphdteffered saline (PBS). 20 ul of proteinase K and 200 pl of buffer

AL were added in the sample and incubated for 10 min &56equentially, 200 pl of 100% ethanol

were added in the solution, which solution was then transferred into a DNeasy Mini spimrcol
Sample was centrifuged at 6,000 g gs all the following centrifugation stepfer 1 min and the flow

through was discarded. Washes with 500 pl buffer AW1 and then with 500 pl buffer AW2, coupled
with a centrifugation step of 1 min and 3 min respeely, were performed. DNA was eluted in a new
collection tube, by adding 200 pl buffer AE on the DNeasy Mini spin colorhny 2 5 N2 LIJv M nn
Spectrophotometer (Thermo Fisher Scientific) was utilized for determining DNA purity and
concentration.

2.1.7E. coliTransformation, Culture and Storage

Unless otherwise stated, transformations were performed into NEB®Ba CompetenkE.coli(NEB)
Briefly, 2100 ng of plasmid was added in tEecolicells, which were already thawed on ice for 10 min.
Then, sample as gently vortexed and incubated on ice for 30 min followed by a 30 sesheeked

at 422C. Sequentially, cells were placed on ice #8r8in; mixed with 956 of prewormed at RT SOC
media; incubated for 1 h at 3€ and eventually 108l of cells werespread on a Luria Broth (LB) agar
containing 100>g mL* ampicillin, which was incubated o/n at ®7. Isolated colonies were selected
and grew o/n in a liquid L&ntaining 106> IL* ampicillin 600>l of overnight culture and 408l of
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50% v/v glycerol (20% v/v final concentration) were mixed and store2Da€C into cryovial for a long
term storage.

2.1.8DNA Etraction fromE. coli

DNA was extracted from3 mL of o/n E.colicultures in LB medium using tii@Aprep Spin Miniprep

Kit (QIAGEN} OO2NRAY3 (2 GKS YblyyZF5 QF dNBE NRa n LINRIEDO NR
(Thermo Fisher Scientifislas utilized for determining DNA purity and concentration.

2.2. Biochemical techniques

2.2.1 SDPAGE=xland Coomassie Blugaing

For SDS electrophoresis, samples were mixedwith iz ! D9 x [ 5{ ¢ohtamnidg ® mMdzF ¥ S NJ
dithiothreitol (DTT)as a reducing agent. Samples were heated for 10 min & &Mhd loaded into

b dzt ! 91206 BisTris Protein Gel@nvitrogen) Sequentiajl, samples were run at 150 V folh

inlxbdzt ! D9un aht{ {5{ wdzyyWhgragel stdating SdsJrequired @dlsinei 3 Sy 0
incubated in 10mLof Ly & (| y (i . f dz§ mnded §eBtle)SHaKENg, yoln, at RT. Imaging was
performed using the optimalwdo-exposure on the Coomassie Blue Gel application of ChemiDac (Bio
wkROD® ¢2 SAGAYIFGS Y2fSOdA NI gSATAKGAT {LISOGNY n ad
Scientific) was used.

2.2.2 Western Blotting

For western blotting, samples were prepdrand run as described in section 2.2.1, unless otherwise
indicated. All the following incubation and washing steps were performed under gentle shaking at RT.
However, instead of performing gel staining, gels were incubated mLdf 20% ethanol for 1nin.

. t20GAy3 61 A GKSy LIS NWandel Stdkks drivikogeand the 8nCblottingt 2 G n H
systemA . f 20 H 0 ¢ KS N¥MemiZahawaSthen Blaoked®witl eitieA5&skim milk in
Trisbuffered saline with 0.1% Tween® 20 detergent TTB&maAldrich) or5% BSA (SigmaAldrich)

for 1 h. Probing with primary antibodies diluted in either 5 % milk TBST or 5% BSA in TBST at indicated
concentrations was performed, followed by a 10 min washing step with TBST that was repeated thrice.
Seconary antibodies diluted in 5% milk at indicated dilutions were then added into the blot for 1h
and then the blot was washed with TBST three times. In the case of usingpHR&ated secondary
antibodies/ f | NMesté&rrECL Substrai¢-Rad)was addeda the blot for 5 min and then imaged

via the chemiluminescentchannel of ChemiDoc imaging system {Rax). Fluorescent and
colorimetric channels of ChemiDoc (Btad) were used for imaging fluorescent secondary antibodies

and protein ladders respectively.

2.2.3 StairfFree Imaging

For stainfree imaging, the entire preparation of samples was identical with section 2.2.1, however
samples were loaded intd¢15% MIiPROTEAN® TGX S@INB S »  t NXBioRad) Pradethf &
standards, includingrecision Plu®rotSA yu ! ya il Ay SR t Radjiviere yoadédiab y Rl NR
well. Samples were run in 25 mM Tris, 190 mM glycine and 0.1% SDS (TGS; pH 8.3) buffer at 200 V for
40 min. After gel electrophoresis, gel was activated using the following parameters on @edwfD

imaging system: Staifree Gel, 45 sec and optimal automatic exposure for application, gel activation
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time and image exposure respectively. Sequentially, blotting was performed as described in section
2.2.2 and blot was then imaged using the Sfaie Blot application of ChemiDoc under optimal
automatic exposure. This image was used as total protein loading control and for normalization, which
was performed via Image Lab. Blots were then blocked, probed and imaged as indicated in section
2.2.2.

2.2.4 ActivityBased Protein Profiling

Activity-based protein profiling (ABPP) of themexican®UBs was performed following the protocol
published by Damianoet al. (2020).Briefly, 3 x 10log-phasedL. mexicangromastigote cells were
harvested and wshed with icecold TSB buffer thrice (1,000 x g, 10 min, RT). TSB buffer corddined

mM NacCl, 5 mM KCI, 3 mM Nd##D, 118 mM sucrose and 10 mM glucagdl 7.4. Sequentially, cells

were lysed using the following iem®ld lysis buffer50 mM TrisHCI pH 4, 120 mM NaCl, 1% NP40
GAGK (KS F2ftt26Ay3a AYKAOA I 2niBpepst&tid ¥V>EOmpRe SIRRA Yy { K S
Tablets Mini, EASYpack Rease Inhibitor Cocktail, Rochd)mM DTTL mM PMSF and.01 mM E64
Samples were incubated for H&in at £#C and then pelleted at 17,000 x g for 15 min. Supernatant was
kept and protein concentration was calculated using Bradford Assay (section 2.2.6). Protein samples
were diluted at 1 mgnL!in a final volume of 25! using lysis buffer, while kept on ice. Ther| bf

M >a 2F /&p!ot! >SLaNI MM adH dekevadded inyttie samples and incubated
between 5 min and 60 min at RT. Then, samples were prepared and run dPARIESgel (section
2.2.1), howevethis was performed at% and with 200 V. Gel was then washed with@ildnd the
Cy5UbPAabelled DUBs were imaged using thmersham Typhoofexcitation: 635 nm;ilter: Cy5
670BP30GE Healthcare Life Sciences).

2.2.5 Competitive ABPP for DUB Inhibitising CySUbPA

To investigate whether a chemical compound was inhibitind.esshmaniaDUB, the ABPP
methodology was used (section 2.2.4). However, the diluted protein samples were incubated for 1 h
with 30>M of the tested compound prior the addition oféiCy5UbPA probe, of which was incubated

for only 510 min. Some of the tested compounds were lighbsitive, therefore the experimental
procedure was performed in the dark. Image lab was used to quantify band intensities and Rstudio
was used to perform stistical analysis.

2.2.6 Quantification of Protein Concentration

To quantify protein concertation of samples, BradfordBicinchoninic acid (BCA) assess used
FOO2NRAY3I (G2 YIydzZFlI OGdzZNBEND& LINR(G202fF & dwBcYiLIF G A6 A
assay was used and absorbance readings were recorded at 562 nm and 595 nm for BCA and Bradford
assay respectively, using the CLARI®*titicroplate Reader (BMG LabTech).

2.3 Protein Expression and Purification

2.3.1 Generation and ValidatiohDUB2 Expressing Plasmids

Successful expression of the recombinant proteins DUB2 and its catalytic inactive mutaff®UB2
was previously achieved by Damiarefal. (2020) using the baculovirus expression system following
the Baecto-Bac Baculovirus expression protocol (Invitrogefie PFastBacNKiiss3GDUB2 and
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PFastBacNKiiss3GDUBZ%?A vectors previously generated by Damianeu al. (2020) were re
validated vissequencing (section 2.1.4). SubsequeridlyB2vas transposed into thEMBacY bacmid
DNA(baculovirus genome), which bacmid was then purified and used for transfecting and infecting
insect cells.

2.3.2 Transfection of Insect Celith Bacmids (PWirusSock)

The ovarian cells isolated fro8podoptera frugiperdéSf21)cells were used as the insect host. They
were grown inSF900™ II Serum Free Medium (SFM; Thermo Fisher Scientific) and incubatetCat 27
on a shaker (68 rpm). Cells were counted udiiregTrypan Blue Dye Exclusion method combined with
the ViCELL XR Cell Viability Analyser (Beckman Coulter) and kept diluted at defts1oLt. For
transfecting Sf21 cells with the bacmidstransfection mixture was prepared containing: 20of
isolaed bacmid (-2gmL?) and 5>I of lipofectamin®3000 (Thermo Fisher Scientific) added in 200
>| media. This was incubated for 30 min at RT and then it was topped up witho8 fresh media.
Meanwhile, 2mL of 0.5 x 108 sf21 insect cellsnL.* were seedd in a 6well dish through a 30 min
incubation at 27C and their medium was then removed. Afterwards, the transfection mixture was
added to wells seeded with the sf21 insect cells and incubated o/n°&.2®&ibco Fetal Bovine Serum
(FBS; Thermo Fisher &tific) was then added in 2% v/v final concentration to minimize the
breakdown of the recombinant proteins from the insect peptidases. Cells were incubated for up to 8
days at 27C, until green fluorescence was observed. The green fluorescence indibatetie first
virus stock (PO virus stock) was produced. PO virus stock was stor¥d. at 4

2.3.3 Production of P1 and P2 Virtec

0.5-1 mL of PO virus stock was added into &f sf21 culture at concentration of 1 x 46ellsmL™.

Cells were harvestkbusually after 31 days, when enough YFP signal was expressed and the growth of

the cells slowed down. This virus stock was P1 and the entire amplification procedure was repeated
once more, which produced the P2 virus stock. P2 was then used to detettmeimeinimal amount

of virus stock needed to infect sufficiently scaled up sf21 cultures for protein production. This is known
as virus titer determination.

2.3.4 Nickel Affinity Purification

The overall purification of the DUB2 recombinant protein wadqrered as follows: nickel affinity
purification; Histag cleavage; nickel affinity purification and s&elusion chromatography (SEC).
Focusing on nickel affinity purification first, scalgul baculovirusnfected sf21 cells were harvested
and stored irpellets at-20°C. Pellets were resuspended in lysis buffer containing 30 mMHQlipH
yons ndo bl /32 ndvecapmethandliamilaiabldt & EOmMplétYLARA tablets,
Mini, EASYpack Protease Inhibitor Cocktail (Roche) and lysed viatisonit.ysates were then
centrifuged at 21,000 x g for 30 min &éCland supernatant was loaded onto AKTA Start (GE Life
Sciences) at a rate offBLmin. A 5mLHistrap crude FF column (GE Life Sciences) was attached onto
AKTA and washed with buffer A consis@&@gmM TrisHCI(pH 80), 0.3 M NaCl, 0.03 M imidazaed

p Y amefcaptoethanol Protein purification was achieved via gradient elution using the fatigw
buffer B¢ 30 mM Trisg HCI (pH 8.0), 0.3 M NaCl, 0.5 M imidazole anfla -mercaptoethand
Selection and validation of DUB2 containing fractions was achieved via observing the absorbance at
260 nm and performing SEFSAGE gel combined with Coomad3lige gel staining (section 2.2.1).
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2.3.5 HisTag Cleavage

Overnight dialysis at°€ in buffer A mixed with ld3C proteaséProteinProduction FacilitJniversity

of York)and newly expressed DUB21irbOratio was performed to cleave the Hiag from DUB2To
accomplish this, SnakeSKirof 10K molecular weight cidff (MWCQO) was used. Dialysed samples
were then loaded onto AKTA Start (GE Life Sciences) and nickel affinity purification was repeated, with
DUB2 being collected in the fletirough due to thdack of HisTag.

2.3.6 Sizé&xclusion Chromatography

Protein samples were concentrated Amicon® spin column80K MWCO; Millipore) and SEC was
carried out using the HiLoad 16/600 S75pg column (GE Life Sciences) attached on AKTA Start GE Life
Sciences). Equilibration of the column and elution of the DUB2 recombinant protein was achieved
using the SEC buffer (29vnTrisHCI pH 8.0, 150 mM NaCl and 5 mivhercaptoethanol). Selection

and validation of DUB2 containing fractions was achieved via observing the absorbance at 260 nm and
performing SD®AGE gel combined with Coomassie Blue gel staining (section 2.2ctjorSra
containing DUB2 were pooled and concentrateeb(BigmL?); aliquoted in Protein LoBi®kubes
(Eppendorf); snajfiroze and stored iR80°C.

2.3.7 Buffer Exchange of Recombinant DUB2

.dzZFFSNJ SEOKIFYy3AS 61 & O NNA SR IluBndzZfK MgaCOyascording & theeS 6 | u
YI ydzZFlF OG dzNENDa LINRG202ftd . NASTFfesx O2mMICHEP, B a Sljd
mM TrisHCI pH 8.@nd 150mM NaCJ by adding 306l of buffer on top of the column and centrifuging

it at 1,500 x g fod min at £C. This step was repeated five times and then 236f concentrated

protein sample was added into the column. Sample was centrifuged at 1,500 x g for 2 Rhaatdd

the buffer exchanged sample was used as desired.

2.3.8 NativePAGE=l|

t NPGSAY al YLX Sa ¢ SNEslyohe Nafive Samyle BuffeEandveer® Bafled ottd\aR &
b2 SEun 2 SR3IS2 S t-Glyciney 1.00nen, MiniPrdfein G&LNKen, samples were run for ~1

h at 225 V1 X TrisGlycine native buffer was used as rumpbuffer. Gel staining was carried out using
Coomassie Blue as described in section 2.2.1.

2.3.9 SEMMALS

Sizeexclusion chromatographmulti angle laser light scattering (SE@LLS) was performed using
Superdex S202 10/300 GL column (G.E. Healthcai®yatt HELEGB multiangle light scattering
detector and a Wyatt rEX refractive index detector linked to a Shimadzu HPLC @ehaf protein
samples (2 mgnL?t) were loaded onto the column and the Gxbn filtered SEC buffer (section 2.3.7)
was useds running buffer.

2.3.10 Intact Mass Protein Characterisation using Mass Spectrometry

Protein sample was tefold diluted with aqueous 50% (v/v) acetonitrile containing 1% (v/v) formic

acid and then it was injected at a rate of>Bmin into Bruker maXi$iD qTOF mass spectrometer

using electrospray ionisation. Maximum entropy deconvolution was used to convert multiply charged
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species to average neutral masses and this was carried out using Compass 1.7 software (Bruker
Daltonics).

2.3.11 Ubiquitin Rhodamine 110 Kinetic Assay

This assay was carried out to identify the optimal molarities for DUB2 and Ubiquitin Rhodamine 110
(Ub-Rho; Boston Biochem) substrate. Serial dilutions were performed using assay bliffefM(Jris

pH 8, 50 mMNaCl0.002% Tween 20 and 5 mM DTT), with final moralities being twice concentrated
(2 x final). Each DUB2 and-Bho dilution was incubated for 10 min at RT and then| &f tested
dilution of DUB2 and URho were dispensed in the same well and mixetllimc B4-well plates
(ThermoFisherScientifig. The last two columns were used as control, without DUB2 being added.
Plates were centrifuged at 1,000 x g for 1 min and then fluorescence data were collected every 5 min
for 1 h using the PheraStar fluorescencat@lreader at 485 nm excitation and 535 nm emission
wavelengths (Varcat al.,2021). All data were normalized and plotted in Rstudio.

2.3.12 Ubiquitin Rhodamine 110 Endpoint Assay (Drug Screen)

For drug screening, compounds were acoustically transflesreaGreiner medium binding 153&ell

plate and then 2.5>1 of DUB2 solution in assay buffer at a 2 x final concentration was dispended. In
columns 4448, no compounds were added and in columns487 assay buffer without DUB2 was
added instead. The forar was the active control and the latter was the negative control. Plates were
incubated for 10 min and then 238 of Ub-Rho at 2 x final concentration in the assay buffer was added
to the plate. Plates were incubated for 70 min at RT and then fluorescene recorded once, using

the PheraStar plate reader at excitation amnission wavelengths at 485 nm and 535 ,nm
respectively. Helios, a software developed at Novartis to analysethighghput screening data
(Gubleret al., 2018) was used to analyse the screening data. Data were: a) normalized using the
positive and negative controls, b) corrected in regards of systematic plate loaijmendent errors

and c) fitted in a dose response curve (for compounds tested in varimeenotrations). To assess the
potency of compounds, the data was subjected to a fitting process using-adoameter sigmoid Hill
curve model. The qualified absolute activity concentration (QAC50) was calculated and compounds
that did not achieve an acpeable QAC50, their AC50 was reported as the % of activation of DUB2 at
their highest tested molarity (Vara al.,2021).

2.4L.mexicanaand HelLa cell cultures

2.4.1Promastigote Celiuture

L. mexicangMNYC/BZ/62/M379) promastigote cell line®re grown at 25°C, in HOMEM medium
OY2RATFTASR 91 3ftSQa YSRAdzYT DA-in&#véted detilBavinSsélny (i S R
(FBS; Gibco) and 1% v/v penicifiireptomycin solution (Sigmaldrich). Cells were kept at lgzhase,

unless otherwise stated. Selection gsuwere added at the following concentrations (Benekal.,

2017): 10>g mL?! blasticidin (InvivoGen), 15g mL! G418 (InvivoGen), 56g mL! hygromycin
(InvivoGen), 56.g mL?* nourseothricin (Jena Bioscience) and>mL?* puromycin (InvivoGen).

For bngterm storage, stabilates were prepared by mixing 5006f logphase promastigote cultures
with 500>| of 0.2>m filtered HOMEM (Gibco) supplemented with 20% v/v FBS and 5% DMSO and
then stored at eitherr80°C or liquid nitrogen. To recover stabilatieglls were defrosted at RT and
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added into 10mL of HOMEM supplemented with 20% v/v FBS a#dv/v penicillirstreptomycin, at
25°C Antibiotics were added the following day.

2.42 Promastigote to Amastigotefferentiation

Promastigote cell lines were incubated fo43days at stationary phase and then the cells were
harvested at 1,000 x g for 10 min. Pelleted cells were resuspended in amastigote medium (pH 5.5)

O2y Gl AyAy3d {OKYSARSNIRA 5 NP aa)laftdAisdmLYHERIN (igmag DA 6 O 2
Cells were incubated at 3@ with 5% C£n either 6well plates or flasks, and kept at or below 1 X 10

cellsmL™.

2.4.3 Cell Counting

Cell density of promastigote cell cultures was determined either via manual or automated counting.
The former was performed using haemocytometer, of which cells wetetithes diluted with 2%
formaldehyde. The latter one was performed using the Beckmatt€@aLl Particle Counter (>>3n
diameter), of which cells were diluted either 1000 for not stationary cells or 2000 times for stationary
cells in a final volume of IALof filtered Beckman Coult€f ISOTORN Il Diluent. For amastigote cells,
only manuakounting was performed followed by ddustering of 50@I cells through a needle.

2.4.4 Growth Curve
To determine the growth rate of a cell line, cells were seeded at 2 oell®mL? at growing conditions
and then counted every 24 h for 5 days. Thgnowth curves were plotté and analysed using Rstudio.

2.4.5Hela Cellulture

Stabilates of HeLdHdenrietta LacKscervical cancer cells, which were kindly provided by Prof. Paul
YIFedSQa 3IANRAzLIZ ¢ SNB °GC WatewbdtR CdllRwete thenYrangferradyin aldb o T
falcon tube.Dulbecc® Modified Eagle Medium (DMER)pplementedwith 10% fetal bovine serum
(FBS) an@l00unitsmL* penicillin/streptomycin (Thermo Fisher Scientific) was used as culturing media
of Hd_a cells. Therefore, 1L of prewarmed at 37C media was added dredpy-drop (to avoid
osmotic shock) in thawing HeLa cells. Cells were centrifuged at 5,000 rpm for 2 min and cells were
resuspended in fresh 1®L medium. Cells were counted usihgemocytometer gection2.4.3) and

0.7 x 16 cellsmL?! were seeded in &orning® 2%m2 Rectangular Canted Neck Cell Culture Flask
(Corning) containing 10 ml media. Growing cultures were incubated °&, 3vith the flask placed
horizontal for cells to adére and the lid slightly unscrewed.

HelLa cells were growing at ~70% confluent. To split the cells, media was gently removed from the
adhered cell culture and gently washed witimh of 1 x PBS. Sequentially, PBS was removed and 1.5
mLof Corning® Cellgtper solution (Corning) was added to detach the adhered cells from the walls
of the flask. Cells were then incubated for ~10 min and gently mixed during thigpénad. Once all

the cells were detached, &L of DMEM was added. Cells were counted udiagmocytometer
(section 2.4.3) and cells were diluted to reach the optimal seeding density, which is §.@edgiaL

!, Final growing volume was always bl and all the already mentioned PBS, Corning Cellstripper
solution and DMEM were wormed at 7 before used.
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2.4.6Storage of HeLadlls

Filter sterile freezing media containing 10% DMSO and 20% FBS in DMEM, which was st@ged at 4
was used for dongterm storage of 70% confluent HeLa cells. Cells were prepared and counted as
described in 2.4.5Sequentially, 1 x 2@ells were centrifuged for 3 min at 500 rpm; supernatant was
removed and pellet was resuspended in the freezing media. Cells were stor8@P@tand then in
liquid nitrogen.

2.5 Genetic Modification afeishmania

2.5.1 EndogenouBagging

For endogenous tagging bf mexicangromastigotes, the CRISERs9based approach developed

by Benekeet al. (2017) was used. This involves the use of ithenexicangromastigote cell line
expressing Cas9 and T7RNAP (T7/Cas9). Two sets afspriate designed per GOI through the online
resource LeishGEdibttp://www.leishgedit.net/ ; section 2.1.1): the first one for generating the
single guide RNA (sgRNA) in the form of dosbianded DNA, and the send one to amplify the DNA

repair cassettes that will used for tagging. The dowgttanded sgDNA is transcribed into sgRNA
vivoby T7RNAP and is responsible for targeting the Cas9 at the desired site of cleavage where DNA
repair cassette will be instrd. The sgDNA is generated through the combination of two primers: the
forward primer that contains a T7 promoter, 20 nucleotgkuence that determines the Cas9
GFNBSGAY3a aAGSET FyR I O2YLX SYSy (il NB a&aSledR®y OS oAl
primer contains the rest elements required for generating the sgDNA scaffold. The reverse primer is
the same for every generated sgDNA (OL6137). As about the set of primers for generating the DNA
repair cassette, both primers have a-80cleotidelong sequence that is homologous with the regions
situated upstream and downstream the intended doubteanded break. This addition was meant to

aid in homologous recombination.

For generating and amplifying the sgDNA scaffold, the following PCR reaesaised at final volume

of 20>I: 2>M forward primer, 2>M reverse OL6137 primer, 0.2 mM dNTR4,Q5® DNA Polymerase
(NEB),1 X Q5 reaction buffer (NEB) and diH20. Regarding the PCR conditions, the following PCR
protocol was employed: 98 for 30 sefollowed by 35 cycles of 98 for 10 sec, 6C for 30 sec and

72°C for 15 sec. Finally, after all cycles, there was a terminal extensioAGfat2L0 min. In the case

of DNA donor cassette, the following PCR reaction was performed at a final volume-lof24eM

forward primer, 2>M reverse primer, 0.2 mM dNTH4) Q5® DNA Polymerase (NEBY,Q5 reaction

buffer (NEB), 30 ng of a pPLOTvkpial and diH20. The PCR conditions for this PCR reaction were:
94°C for 5 ming5 cycles of 94°C for 30 s, 65°C for 30 sec and 72°C for 2 min 15s and 72°C for 7 min
PCR amplicons were validated via gel electrophoresis (section); sgRNA and DNA dores cesset
mixed and then purified and concentrated via glycogen precipitation (section 2.); and transfected in
the parental cell line (section 2.5.2). Primers and plasmids used are listed in a supplementary
document.

2.5.2 Transfection

PCRderived amplions from section 2.5.1 were concentrated and sterilized as described in section
2.1.5. Sequentially, 1 x 4bg-phase cells from the parental promastigote cell line were harvested
6mInann E 3T mMAa YAYZI weo |y R >INBpedEntibnytRePRPrilmagfy mc dn
Cell 4D NucleofectorTM X Kit S (Lonza). From the same kit there isaell&ansfection strip, in

which 2>l of DNA and 26l of resuspended cells were dispensed. Transfection was carried out via
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electroporation using theT cell, human, unstim (HE unstimulated FI 115) program of Lonza 4D.
Transfected cells were transferred26°C prewormed HOMEM medium and incubated overnight at
25°C. Antibiotic selection was carried out the following day (se@idnl).

2.5.3 Cloningf Cells

For most generated cell lines, cloning was performed to ensure homozygous cell lines were used, to
subsequently minimize variation across replicates. One daytpssfection, cells were cloned out in

a 96well plate (Thermo Fisher Scientifiaking promastigote medium containing the required
antibiotics. Specifically, 208 of cell culture containing 10,000 cells were added in A1 well, and then

a 2fold serial dilution was performed firstly across-A1 wells and secondly from column 1 to cohu

12. Highlydiluted cloned cells were then harvested (1,000 x g, 10 min, RT) and tested whether they
were possessing homozygous mutation through PCR.

2.5.4DiCre T7 Cas9 Cell Line and Raparnndirced Kockout

To generate the inducible DiCre DUB2 liedl, the CrispiCas3based endogenous tagging approach

was utilized (section 2.5.1) to replace the endogen@id2 gene with aloxPflanked DUB2 C
terminally HA tagged cassette containing puromycin resistance expressing gene. The DiCre T7/Cas9
promastigoe cell linepf which the diCre machinery was integrated into the ribosomal locus, was used
as the parental line (Geogheganal.,2022). The donor cassette was generated via Gibson assembly
using the NEBuilder assembly tool. Briefly, themexicandUR gene was amplified via PCR using
primers designed via NEBuilder, which contained homology arms that bind to the desired site of the
plasmid (pGL2938). Specifically, the desired site was at an EcoRI restriction site, downstream of the N
terminal LoxP sitand upstream of the HA tag, with tfi2UB2stop codon and a linker being excluded

and included, respectively. GeneratddlUB2 amplicons were validated via gel electrophoresis.
Sequentially, the plasmid was linearized using the EcoRI restriction enzymeiashierformed by
incubating 1>g of pGL2938, 1 x NEBuffer EcoRI and nucleesavater (50>| reaction) at 37C, for

15 min. Successful linearization was confirmed via gel electrophoresis, of which linearized DNA was
migrating faster on the agarose g8equentially, both DUB2 amplicons and linearized plasmids were
purified via gel extraction followed by glycogen precipitation. For a successful ligation, vector
(linearized plasmid) and insertio®(B2 were mixed at 1:1 ratio, with the vector being at 27
femtomole, and they were incubated with 0 of Master Mix NEBuilder HiFi DNA assembly buffer
and with diHO at a final volume of 28I for 1 h at 50C. Sequentially, transformation of chemically
competent E. colicells was performed (section 2.1.7), plasmid was extracted (section 2.1.8) and
validated via sequencing (Plasmidsaurus; section 2.1.4). Eventually, thdlalokéd DUB2 C
terminally HA tagged cassette containing puromycin resistance expressing gene pldedrfrom

GKS LXFAYARY dzaAy3d LINAYSNAE O2yllAyAy3a K2yzf238
endogenousDUB2and transfected within the parental cell line. Successful gene replacement was
achieved via the use of two sgRNAs, which targeptie | YR 0 Q | ¢ BUB2ahd cbyirig2 3 Sy 2 d:
followed by diagnostic PCR was performed to ensure double allele replacement. To exéiéBthe

gene from the homozygous mutants, the following procedure was performed: cells derived from a
log-phase culture wre seeded at 6 x 10 cellsmL? into growing medium; incubated for 2 d in the
presence of 300 nM of rapamycicells were then reseeded at desired cell density and incubated for

2-3 d infreshmedia containing 300 nM rapamycin. If desired, cells wamdsted at 1,000 x g for 10

min and prepared accordingly for downstream analyses. All the primers and plasmids used are
attached in a supplementary file.
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2.5.5 AlamarBlue Viability Assay

AlamarBlue assay (Thermo Fisher Scientific) was performed in order to see whether a tag affected the
metabolic activity of the parasite compared to the-tagged control. 206 of tagged promastigote
cultures diluted at a cell density of 1 x®1gellsmL* were added in triplicates in a 98ell plates.
Similarly, an uftagged promastigote culture of the same cell density and a menlg solution were
added in triplicates as positive and negative control respectively>t28L* of resazurin dissolved in

1 x PBS was added to tested wells and incubated for 8 h°&. 2Betabolically active cells convert
resazurin to resorufin. To detect such activity, fluorescence was recorded at 590 nm using the
CLARIOst8ts Microplate Reader (BMG LabTech). To calculdie percentage difference of
fluorescence between tagged and-tagged cells, the following formula was used, of which FI 590 is
the fluorescent intensity at 590 nm emission. Statistical analysis and plotting was performed in
Rstudio.

Average Fl 590 of test agent dilution

Percentage difference between treated and control cells = x100

Awverage FI 590 of untreated control

For testing how théag affects the differentiation process of the parasite, axenic amastigote cells were
prepared as described in section 2.4.2 at a cell density of $ocelldmL?. 200>I of axenic amastigote

cell cultures were added in triplicates in a-@®ll plates,along with the controls, and incubated at
33°C. At0 h, 24 h, 48 h and 72 h posluction of promastigotdo-amastigote differentiation, 1259

mL?! of resazurin was added for 8 h at°83 Recording of fluorescence and data analysis was
performed as in promastigote cells.

Specificity of promising DUB inhibitors agaibstmexicangromastigote cells were also determined

via the AlamarBIlue viability assay. D0@f 1x10 cellsmL* were added in triplicate at a 9vell plate

and mixed with a 106/ diluted inhibitor at 2 x final concentration. DM$@ated cells from the same

cell line were used as negative control and cells treated with miltefosine were used as positive
controls. Seriatlilutions were performed for all tested compounds, including the controls. Cells were
then incubated for 24 h at 2&, under dark conditions and thd25>g mL?* of resazurin was added

for 4 h. Fluorescence was recorded as described previously and degaanalysed and plotted using
GraphPad Prism (log [inhibitor] vs normalized respereiable).

2.5.6 Immunofluorescence

Immunofluorescence was performed on cover glass coated withlpbjsine. Cover glass (22x50 mm;
VWR; CN: 630137) was incubated i8.01% polyL-lysine solution (P4707; Sigstddrich) for 1 h, at
37°C. Coated cover glass was then washed twice witkQdidried at RT and sterilized under UV light
exposure o/n. Coated cover glass could be store up for a year, undefrdestonditions.

2.5 x 16 promastigotes were washed once with 1 x PBS solufdd17 SigmaAldrich) and pelleted

at 1,500 x g, for 10 min, at RT. Cells wesaispendedn 200>| of 1 x PBS and were left to adhere on
coated cover glass for 15 min, at RT. Sequenttalyadhered promastigotes were washed twice with
1 x PBS and fixed with 4% wi/v formaldehyde/PBS2E¥0G Thermo Scientific) for 10 min, at RT. FA
was quenched with 250 mM glycine/PBS (G7126; Siglaréch) for 5 min at RT. Cells were washed
twice with 1X PBSpermeabilisedwith 0.1 %v/v Triton 2100/PBS (300024N; BDH) for 15 min at RT
and blocked with 5% w/v bovine serum albumin(A7030; Sigidech)/0.01%w/v saponir{440914Y;
BDH)PBSor 1 h, at RT. Immunostaining of cells was performed by incub#imgells for 1 h with
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the primary antibody diluted in the blocking buffer at RT, followed by 3 washes with 0.1% v/v Triton
X-100/PBS, for 3 min each. Cells were then incubated with the secondary antibody diluted in blocking
solution under dark conditiondor 1 h, at RT, washed twice with 0.1% v/v TritetO®/PBS for 2 min

per time, further washed twice with 1 x PBS for 2 min per wash and finally washed for 1 min with
diHO. Cells were dried, embedded in ProLdhDiamond antifade mountant with DAPI o/ander

dark conditions P36962 Invitroged™) and covered with an Epredia Superffd&lus Adhesion
microscope slide (J1800AMNZ; Fisher Scientific). Cell imaging was performed-sisiclg ah the
multi-channel inverted Zeiss Axio Observer microscope,iwhias equipped with an Orddash4.0 V3
Digital CMOS camera (Hamamatsu Photonics). To deconvolve the imtagk, the Microvolution
plugin of Fiji was used with 100 iterations.

2.6 XkminiTurbolD

All the following steps apart from the BioLock treatrhésection 2.5.1) were performed as described

in Geoghegaret al. (2022). BrieflyDUB2and CLKlwere endogenously tagged with the miniTurbo
biotin ligase at their Gand N terminus, respectively, using CRISP&9 endogenous tagging. This was
performed in the parental T7/Cas9 promastigote cell line. Double allele tagging was achieved using
two different donor constructs containing either BLA or PAC resistance cassettes, which were
generated using th@PLOTv1 myc::miniTurbolD::mylasmids pGL2822 ami5L2835 respectively.

The generated cell lines were called DUB2::miniTurbo::Myc and Myc::miniTQidsd:. Primers are
listed in the supplementary file.

2.6.1 BioLock Treatment

2 >| of BioLock Biotin blocking solution (IBA Lifesciencejntarf HOMEM was added in a lphase
promastigote cell culture for 16 h. Cells were pelleted (1,000 x g, 1(RMppwashed with filtered 1 x

PBS, harvested (1,000 x g, 10 min, RT) and resuspended with fresh HOMEM at a cell density of 5 x 10
cellsmL?,

2.6.2 Biotin Labelling and Crosslinking

Forin vivobiotin labelling, otin solution (SigmaAldrich)was added in loghase (BioLocleated)
promastigote cell culture at final concentration of 588 for 30 min at 25C.Samples were gently
shaken every 5 min. Cells were then harvested (1,000 x g, 10%@j)nadd washed twice with igmold

1 x PBS (1,008 g, 10 min, 4C). In vivocrosslinking was then performed, of which cells were
resuspended with 1 mM DSP crosslinker dissolved imamened at 37C 1 x PBS and incubated for

10 min at 28C. Cells were gently shaken every 2 min. To quench-tngssg, TrisHCI pH 7.5 was
added for 5min at a final concentration of 20 mM. Cells were harvested (1,000 x g, 10 min, RT) and
stored at-80°C until lysis.

2.6.3 Lysis, Streptavidin PDibwn and O#Bead Protein Digestion

Pelleted cells were resuspended50A0 >| of icecold Radioimmunoprecipitation assay (RIPA) buffer

supplemented with 0.1 mM PMSF>@ mL* pepstatin A, > r E64 and 0.4 mM 410 phenanthroline.

Furthermore, for every 3nL of RIPA buffer 1 tablet of cOmplete ULTRA TabMisi( EASYpack

Praease Inhibitor Cocktail, Roche) was added. Cells were then sonigsitegl theBioruptor® Pico

A2yAOlIGA2Y RSOAOS 0O05AF3ASYy2RSU0 gahdisEmples warg thanO G A 2 y
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treated with 1>| of Benzonase (250 Units, Abcam) for 1 h on@sl extracts were then centrifuged

(10,000 x g, 10 min,»C) and the supernatant was retained. Biotinylated material was enriched using

100 >| of magnetic streptavidin bead suspension (Resyn Bioscience) per sample and this step was
performed by enebver-end rotation o/n at 4C. Beads were then washed in 580f the following

solutions, for 5 min each, on eraVerend rotation at RT: RIPA (4 x wash@s), a dz2NBSI Ay pn
triethyl ammonium bicarbonate (TEAB) Bt5(LxwashY ¢ a dzNBIF Ay (pxwasia ¢ 91! .
M a (Ivx/whsh)ang 1 Ya ¢ 9 (1.x wdsh).y\Olgad digestion was then performed by-re
suspending beads 208 50 mM TEAB pH 8.5 containing 10 mM TCEP, 10 mM iodoacetamide, 1 mM
CaClJ, 1M urea and 500 ng trypsin Lgs(Promega) and inbating them o/n at 37C under 200 rpm

shaking conditions. Supernatant was retained in protein LoBind eppendorf tubes. Beads were washed
twice with 501 diHO for 5 min at enébver-end rotation at RT and these 160were mixed with the

retained supernatant Peptides were then acidified with trifluoroacetic acid (TFA) to a final
concentration of 0.5% v/v, centrifuged (17,000 x g, 10 min, RT) and the supernatant was kept for
peptide desalting.

2.6.4 Peptide Desalting

In-house C18 tips were used to desalt peptmmtaining supernatants. C18 desalting tips were
equilibrated with 100> of the following solutions in the given order: aqueous 100% v/v acetonitrile
(ACN) solution, aqueous 80% v/v ACN 0.1% v/v TFA solatiaagaeous 0.1% v/v TFA solution. Then,
peptide-containing supernatants were loaded onto the equilibrated C18 tips and thetAmugh

was reloaded onto the column. This step was repeated thrice. C18 tips were washed twice with 100
>| of 0.1% v/v TFA aglon and peptides were finally eluted with 30 of aqueous 80% v/v ACN 0.1%

v/v TFA solution. The elution step was performed twice and eluates were mixed and dried for MS
analysis. All the centrifugation steps in this section were performed at 2,00@apix2 min at RT.

2.6.5 Liquid Chromatography with Tandem Mass SpectrometM$IMS)

Samples were resuspended in aqueous 0.1% v/v TFA solution and loaded onto an mClass nanoflow
UPLC system (Waters) equipped with a PepMam 21004, C18 EasyNano nacapillary column (75

mm x 500 mm, Thermo). Peptides were eluted into an Orbitrap FUibribrid mass spectrometer

over 3 h acquisition and data were acquired using agpendent acquisition (DDA) mode performed

in top speed mode utilizing a fixed Lgcle. The most intense precursors with charge states ranging
from 2 to 5 were selected.

2.6.6Data Analysis of MQafa

Peak lists in.raw format were imported into Progenesis QI (Version 2.2., Waters) to allow peak picking
and chromatographic alignmentConcatenated MS2 peak list exported in.mgf format and was
searched through the Mascot programmiddtrix Science Ltd., version 2.7 .pdgainst the TriTrypDB
derivedL. mexicanaubset database, which is composed of 8,250 sequences and 5,180,224 residues.
The percolator algorithm was used for peptide identification to 1% FDR and identified peptides were
then imported into Progenesis QI, in which they were associated with precursor intensities. Non
conflicting, relative precursor intensities that were norizatl based on the total peptide signal per
sample were utilized for relative protein quantification. Quantifications were filtered to include only
proteins with a minimum of two unique peptides. Sections 2.6.5 and 2.6.6 up to this point were
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performed by he MS facility of the University of York. Next, data were transformed in Rstudio and
proximal proteins were identified from the statistical package limma at 1% FDR.

2.6.7 Bioinformatics

CGeneOntology (GOEnrichment analysis was performed either marydhrough literature or via the

Gene Ontology Enrichment tool of TriTrypDB at chosen ontology (biological process, cellular
component or/and molecular function) at a-yalue of 0.05 as a cuiff. To identify possible
orthologues ofL. mexicangroteins, potein-protein BLAST (BLASTp; NCBI) and/or HMMER (MPI
Bioinformatics Toolkit) was used at pdefined conditions and hits were selected at&ue equalled

with or less than 0.05. TrypTagtp://tryptag.org/) and LeishTaditp://www.leishtag.org/) websies

were used to predict protein localizatioBi(lingtonet al.,2023)

2.6.8 Cdmmunoprecipitation

Coimmunoprecipitation (ceP) was performed to test whether the KiiniTurbolD hits form stable
protein complexes with DUB2 (procedure adapted from Jetes,2022). In thd.. mexicand 7/Cas9
promastigote cell line, proteins of interest (POI) were ged) endogenously with a 3xHA tag,
positioned either at their Nor Gterminus. The decision on where to place the tag was guided by the
presence of Nerminal sighal peptides for secretion, as determined using SignalP from TriTrypDB, or
indications of mitehondrial targeting, identified with MitoProt from TriTrypDB. Additionally,
previously documented tagging sites for these proteins were considered in the selection process.
ConcomitantlyDUB2endogenoushBxMyectagged at its @erminus (DUB::Myc).

The pocess of generating these cell lines expressing POI::HA or HA::POI and DUB2::Myc was carried
out following the procedure outlined isection2.5.1. In summary, the PCR reagents and conditions
used to create DNA donor cassettes and sgRNAs were consisterthese previously described in

the same section. Specific primer sequences for each case were provided in the supplementary file.
Plasmids pGL2966, pGL2967 and pGL2666 were used to generate DNA donor cassettes fBQagging

at its Nterminus,POlat its Gterminus and DUB2 at its-t€rminus, respectively. Upon validation of

PCR products via gel electrophoresis, the DNA donor cassette and sgRNA of POI were mixed with the
DNA donor cassette and sgRNA of DUB2. Then, glycogen precipitation was perfotioeedfoy
transfection. Blasticidine and puromycin antibiotics were used for selecting successful taggb of
andDUBZ2 respectively.

To perform celP, 30mL of midlog cultures were harvested (1,200 x g, 10 min, RT) and then
resuspended and incubateditly 10mL of 1 mM DSP crosslinker dissolved in-ma@rmed at 37C 1 x

PBS incubated for 10 min at 5 To quench crodking, Tris pH 7.5 was added to a final
concentration of 20mM and then parasites were washed with 1 x PBS (1,200 x g, 10 min,IRT). Cel
were then resuspended in 108 RIPA buffer supplemented with>l BaseMuncher Endonuclease
(250 units) and cOmplete ULTRA Talin{, EASYpack Rease Inhibitor Cocktail; 1 tablet pem3L

of RIPA buffer; Roche). To ensure sufficient lysis of the cells, sonication was also petfsimgetie
CAZNYZLIG2NY t A02 az2yAOFiA2y RSOAOS 65 Kelax@atB RS0V 6 A
were then centrifuged (10,000 x g, 10 mifCiand 20> of the supernatant was extracted and
prepared for westerrblot analysis (section 2.2.2) as premunoprecipitation sample. The rest of the
supernatant was HAag immunoprecipitated using 3¢ anti-HA magnetic beads (Pierce) for 2 h at an
end-over-end rotation at 4C. The antHA magnetic beads were twice washed with a 1 x PBS buffer
supplemented with 8 mM NaHPQ pH 7.5,150 mM NaCl and 0.025% Tween. Beads were then
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washed thrice in 50&1 lysis buffer for 5 min at an erolver-end rotation at RTProteins were then
eluted using 4@ f 1 x LDS buffer supplemented 250 mM DTT followed by a 10 min incubatidiCat 70
The presence of investigated prey proteins and DUB2 bait protein were investigated via western
blotting for the HA and Myc epitopesspectively.

2.7 Ubiquitinomics

2.7.1 Harvesting, Lysis and Protein Digestion

Promastigotes were grown to a cell density of 4 kcHllsmL?! and then, 1.5 x 1R@ells were pelleted
(3,500 rpm, 10 min, RT). In the case of WB2 (Abcam) treatment, the proteasomal inhibitor was
added in the growing culture for 6 h at a final concentration cfRDpre-harvesting. Followed by two
washes with 1 x PBS, cells were lysétth 5% w/v SDS buffer (SDS; Thermo Fisher Scientific, 50 mM
TAEB buffer; Sigm@&ldrich ) and sonicated with a microtip sonicator (Sonics M@l for two rounds

of 10 sec, each at an amplitude of 50% and 1 min resting on ice in between. Due tohthshagity

of the lysate, additional sonication was performed using Bieruptor® Picasonication device
05AF3ASY2RS0 6A0K ONGARGHDRCG Lydaje wasscéfrifSged far A5 at
10,000 x g and the supernatant was transfermed new protein LoBind eppendorf tube. Sequentially,
protein quantification was performed using the Pierce BCA a2382§ Thermo Fisher Scientific).
Upon protein gquantification, equal amounts of total protein were used per sample for the
downstream expdamental workflow. To reduce the disulphide bonds of proteins, DTT was added at
a final concentration of 1 mgL? for 1 h, under the stirring conditions of 350 rpm andGAising a
Thermomixer (BIOER). Lysate was then cooled down to RT using ice, @mspere then alkylated

with 1/10 volume of 100 mM 2hloroacetic acid (Sigraldrich) for 30 min, under dark and RT
conditions. At this point, 10>g of protein sample were isolated (ptg/psinisation sample),
resuspended in 1 x LDS buffer (NuPAGEFO007 Thermo Fisher Scientific) containing 10 mM DTT
(RO861;Thermo Fisher Scientific), denatured afCGor 10min and stored aP(°C. To the remained
lysate, 1/10 sample volume of 12% phosphoric acid (Sigltidch) was added and mixed thoroughly.
Sequatially, 6.6 x sample volume of 90% methanol (Honeywell)/100 mM TEAB {8idrid) buffer

was added to the lysate and a cloudy protein colloid was formed. Immediately, the sample was
transferred onto the Srap Midi Cartridge o n; ProtikFidand cemifuged for 2 min at 4,000 x g,

at RT, where the flowhrough was discarded. To desalt the sample, thie&p cartridge was further
washed 4 times using each timear.of 90% methanol/100 mM TEAB buffer under the same spinning
conditions and then transfeed into a new 15nL falcon tube. To digest the proteins into peptides,
500> of trypsin/LysC protease mix (Mass Spec Grade) 71 Promega) resuspended in 50 mM TAEB
(pH ~8) at a concentration of 1:50 protease mix: protein sample was added onoTitag cartridge,

o/n, at 37”C. The falcon tube was placed vertically to ensure even absorption of the protease mix and
the lid of the tube was loosely placed to ensure absorption into the cartridge without creating negative
pressure. The following day, rie sequential centrifugation steps of 2 min, at 4,000 x g and RT,
without discarding the flowthrough were performed using: firstly 50¢ of 50 mM TAEB buffer,
secondly 500> of 0.5%v/v TFA in water§igmaAldrich) and thirdly 50%/v ACN (Thermo Fishe
Scientific)/ 0.5%/v TFA in water. The pH of the eluate was tested to be less than 3 (if not, 50% v/v
TFA in water was added). Then,>of peptides were isolated and prepared as the-fpypsinisation
sample, and together they were used in stfiiee gel imaging (section 2.2.3) to test the successful
digestion of proteins to peptides. Furthermore, 180 of peptides per sample were transferred in a
1.5mL protein LoBind tube, while the rest were transferred in mRprotein LoBind tube. All of the
samples were dried using a vacuum concentrator (Sp€ad), o/n, at 37TC and stored at80°C. The
former samples were used for total proteomics, while the latter samples were further prepared for

55



total ubiquitinomics. Althe MSrelated experiments were comtted using filter tips, Protein LoBigd
tubes Eppendorf and the MSrade water (Thermo Fisher Scientific).

2.7.2 K¢ -GG Remnant Immunoaffinity Purification

Immunoaffinity purification was conducted according to the PTMScan HS3G remnant magnetic
immunoaffinity beads protocol (Cell Signalling Technology). Briefly, the lyophilized peptides were
centrifuged for 5 min at 2,000 x g, RT and resuspended imlLd&§ 1 X HS IAP Bind buffer. The pH of

the dissolved peptides was testéa be not lower than 7 (neutralized with 1M Tris base, if necessary)
and the tube was gently shaken for 5 min, at RT, using thermomixer (<500 rpm, RT). Solution was
cleared by centrifugation for 5 min at 10,000 x g @ 4nd further cooled on ice. Meahile, the vial

of antibodybead slurry was spin for 2 sec at 2,000 x g, gently resuspended by pipetting and then 20
>| of bead slurry were placed inn2L of protein LoBind eppendorf tube. lamld 1 x PBS was added to

the beads and mixed by inverting thebte five times. The tube was then placed on a magnetic wrack
for 10 sec and the buffer was carefully removed. This washing step was then repeated for four times
in total. The soluble peptides were transferred into the tube containing the antibody beatls an
incubated for 2 h on an erdver-end rotator, at 2C. Sequentially, the tube was spin for 2 sec at 2,000

X g, placed on a magnetic wrack for 10 sec and the peptide solution from within was discarded. Beads
were resuspended in hLof HS IAP Wash buffenixed by inverting the tube five times, centrifuged

for 2 sec at 2,000 x g, and the buffer was removed upon placing the tube for 10 sec on a magnetic
wrack. This washing step was repeated for another three times and then additional two washes with
1 mLchiled LCMS water were performed following the exact same procedure as for washing the beads
with the HS IAP wash buffer. To elute peptides from the antibodies bound beadsa&@eous 0.15%

viv TFA was added and gently mixed using a thermomixer at $800RT. The tube was centrifuged

at 2,000 x g for 2 sec and the eluted sample was transferred in a nanlLbftein LoBind eppendorf

tube. This step was repeated once more. DiGly peptides were then desalted as described in section
2.6.4.

2.7.3 timsTOF Bl Data Acquisition

Lyophilised peptides were resuspended in>1@f aqueous 0.1% TFA solution and loaded onto a C18
performance column (15 cm x 15fn) attached to the HPLC Evosep One instrument (Evosep, Odense,
Denmark). Peptides were eluted intdrapped ion mobility spectrometry coupled to a tinod-flight

mass spectrometer (TimsTOF HT; Bruker) working on a parallel accunidatiahfagmentation
(PASEFnode. The 15 sample per day (SPD) and 30 SPD elution methods were used for data
dependent DDA) and datindependent (DIA) acquisition modes respectively. The former uses a 90
min gradient, while the latter one 48 min gradient.

2.7.4 timsTOF MS Data Analysis

The following approach was used for both proteomiesd ubiquitinomicsbased experimets
performed in timsTOF mass spectrometer. Peak lists in.raw format were imported into FragPipe and
DIANN for DDA and DIA derived raw data, respectively. All data were searched against the
LmxMCOT7 FAST database and trypsin was selected as a prgesticti approach. For variable
amino acid modifications, oxidised methionine and GlyGly @&fjatisationof lysine (+114 DA) were
selected. FDR was set at 1% for both peptide precursor and protein, and for the proteomics datasets,
only proteins with atleast two unique peptides were kept for downstream analysis. Further
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protein/peptide filtering, data processing and statistical analysis in order to identify significantly
enriched ubiquitination sites or proteins was performed using limma package inéshiat DEP
package of Rstudio.
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3 Investigation of Proximal Proteins of DUB2 usirgiKiI urbolD

3.1 Introduction

Insights into the biological function of a protein are often achieved through the discovery of its
interactingpartners, known as the protein interactome. Protein interactomes have been extensively
studied using affinity purification, in which a specific antibody against the target protein is used to
affinity purify the protein along with any other proteins thateabound to it. The curified proteins

are then identified via masspectrometry and this is known as affinity purification mass spectrometry
(ARMS). APMS relies on the principle that the protein interactions would be preserved throughout
the cell lysisnd protein purification. However, this is not always the case due to the loss of the native
environment of the interacting proteins posell lysis. Consequently, the recovered molecules, such
as the lowaffinity and transiently interacting proteins, apgone to be lost. Another limitation of AP

MS is the requirement of highuality antibodies against the baits, which limits diversity. Nevertheless,
the use of chemical crodmkers immediately after cell lysis or directly in cells, has been shown to
improve the maintenance of protein interactions in M5. However, it also increases the likelihood

of obtaining false positive interactor&ingraset al.,2007;Subbotin& Chait, 2013

3.1.1 Proximity Dependent Biotinylation

In the last decadeproximity dependent biotinylation (PDB) has emerged as an alternative approach

for profiling protein interactomesRoux et al.,, 2012; Rhee et al., 2D1BDB utilizes engineered

enzymes that are capable in the presence of their substrates to synthesig reéghtive intermediate

chemical adducts that diffuse away and attach covalently to proteins localized in close proximity with
them.InvivoF dza A2y 2F (KSasS SylevySa G2 | aLISOAFAO GF NB!
of the substrates of hat PDB enzyme leads to the subsequential covalent modification of the
SyR23Sy2dzaté& LINPEAYIf AYGiSNIOlGAYy3I LINRPGSAYya 6GKS
purified using an affinity matrix, and then identified via MS. The high affirgtwden preys and

matrix, such as the one between biotin and streptavidin (with a dissociation constanifK
approximately 1684 M), ensures that neither the harsh cell lysis nor washing conditions can adversely
affect the ultimate identification of thévestigated protein interactome. This overcomes the primary
limitation of ARMS Samavarchirehraniet al.,2020)

Another advantage of PDB is the availability of two classes of enzymes that are currently utilized,
providing flexibility to the system iterms of choosing the optimal approach for answering different
guestions in different organisms. Biotin protein ligases and peroxidases are the two enzymatic classes
employed in PDB technique and each of them performs distinct chemical reactions. Bocegte

former enzymatic class converts biotin (substrate) into biotpny@MP in the presence of ATP, which

is then released into the cellular environment around the enzyme forming a reactive biptiajiP

cloud. Eventually, these highly reactive emiles react with the primary amine of lysine residues of
proximal proteins, resulting in their biotinylatiohe peroxidases catalyse redox reactions, such as
the redaction of hydrogen peroxide {Bb) via oxidizing aromatic moleculés.g.biotin-phenol) This
results to the formation of active radicals (e.g. phenoxyl radicals), which subsequently covalently label
the electronrich amino acid residues (mainly tyrosine) of nearby proteins. In both approaches,
labelledproximal interactingproteins can be wprified with streptavidin as an affinity matrix, atigen
identified via MS (Gentzel et al., 2019; Zhou & Zou, 28Ret al.,2023).
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3.1.2 Proximity Dependent Biotinylation Enzymes

Currently, there are three peroxidases and eight available biotin préiteises, which have been used

to map various protein interacting profiles. Briefly, the former group of enzymes consists of
horseradish peroxidase (HRP), soybean ascorbate peroxidase (APEX) and its catalytic activity improved
version APEX2 (Rhet al., 2013; Hunget al, 2016; Baet al.,2018). The main advantage of these
enzymes is their capability of performing PDB as short as a minute. This enables the characterisation
of dynamic processes, such as the@tein-coupled receptor signalling (Paek al., 2017). As
discussed previously, protein labelling takes place in the presencglpf lrbwever HO»is toxic for

the cells. This can lead to membrane disruption, making the use of these enzymes less attractive,
especially for whole organism PDB studies.

Nevertheless, biotin protein ligases are predominantly used in the field of PDB for investigating
interacting proteins of proteins of interest. The first engineered enzyme used in PDB was the 35 kDa
BiolD (known as BirA*), which is a mutant (R118G) versi&saierichia c@l &.cof BirA Roux et

al., 2012. BiolD has relatively slow labelling kiwstirequiring 184 h for efficient biotinylation, which
subsequently prevents the temporal resolution of dynamic processes. Despite this limitation, the slow
kinetics of BiolD might be beneficial in reducing the background through the increased expbsure o
the true interactors to biotinylation. Another limitation of BiolD is that the enzyme works optimally at
37°C, which can reduce the efficiency of the enzyme in organisms growing under lower or higher
temperatures. Later on, in 2016, BiolD2 was introduesdan improved secongeneration BiolD
enzyme, derived frorAquifex aeolicuA. aeolicus BiolD2 has a molecular weight of 26.6 kDa, which

is smaller than BiolD, mainly because it lacks tierMinal DNAbinding domain. This makes the
enzyme less likgl to affect the localization and function of the bait, but also it reduces the
DNA/chromatin associated protein background. Regardless, the labelling kinetics of the enzyme is
slow, thus several hours of labelling is required (Kim et al., 2016). SinBla8yJ, an engineered BirA*
biotin ligase derived fronBacillus subtilislacks the Nerminal DNA binding domain. Initially, it was
suggested that BASU exhibited up to a 1-881d increase in labelling kinetics compared to BiolD
(Ramanatharet al.,2018).However, a followup study revealed that its kinetics are more similar to
BiolD and BiolD2 (Branen al.,2018).

On the other hand, TurbolD and miniTurbo, which were created by directed evolution &. thali

biotin ligase BirAR118Soutperformed BiolDBiolD2 and BASU with up to-2d higher enzymatic
activity. This reduces the incubation time at less than 10 minutes and also, it permits the use of lower
biotin concentration (<500 nM). Interestingly, between the two enzymes, TurbolD is more active,
making it ideal for experiments requiring maximized biotinylation yield, sensitivity and recovery.
Nonetheless, this heightened enzymatic activity results in the utilization of even the limited amounts
of biotin present in both the growing media and celighich subsequently leads to promiscuous
biotinylation. This is less profound in the less active miniTurbo, making this enzyme a better candidate
for time specific experiments, where restricted background biotinylation is required. In addition,
miniTurbo (B kDa) is smaller than TurbolD (35 kDa), due to the absence of-teamishal DNA
binding domain. This provides miniTurbo additional advantages in terms of reducing both the
background and interference of the localization and function of the targeted prdBranonet al.,

2018).

In 2020, AirID was introduced as a novel biotin ligase and it was developed by combining ancestral

enzyme reconstruction and sigirected mutagenesis. Despite sharing 82% protein sequence with

BiolD, AirID has better biotinylatiactivity. However, a direct comparison of AirlD and the most active

PDB enzyme, TurbolD, demonstrated that AirlD necessitates a minimum of 3 hours to achieve

FRSljdzt 6S o06A20GAYy I 0SSt t-hoy @guiremght. Oisydispddtydinienzitid ¢ dzND 2
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kinetics positions AirlD below TurbolD in this aspect (Ktdd.,2020). Most recently, two more PDB
enzymes have been developed: microlD and ultralD. MicrolD is tieenhinal fragment of BiolD2,
extending up to the amino acidK It has a sizefdl 9.7 kDa and performs biotinylation labelling as
early as 10 minutes. Interestingly, a single mutation (L41P) in microlD resulted in the development of
ultralD, which exhibits at least 5 times highevivobiotinylation activity compared to microlD. i
speculated that L41P substitution in ultralD promotes the destabilisation of the Hiottling site,
facilitating the release ofiotinyl-p -@MP. Although ultralD exhibits notably superior activity
compared to microlD, its enzymatic efficacgasnpamble withthat of TurbolD. Furthermore, ultralD
displays a reduced background signal in the absence of exogenous biotin compared to TurbolD,
thereby enhancing the specificity of its biotinylation labelling. Lastly, the compact size of microlD and
ultralD reduces the likelihood of interfering with the function, trafficking, and interaction of the fused
protein (Kubitzet al.,2022).

3.1.3 Proximity Dependent Biotinylation in Kinetoplastids

Different PDB approaches were also used to investigate the interacting protein networks of various
proteins in kinetoplastids (reviewed (Beoghegaret al.,2022). The first reported application of PDB

in kinetoplastids was by Morriswooet al. (2013), whee they used a tetracyclineducible BiolD
system inT. bruceto investigate the protein composition of the discrete cytoskeletal structure known
as bilobe. Another PDB enzyme used .ifbruceivas BiolD2, which revealed the interaction between

the innermitochondrial membrane insertase Oxal and ZapE2 that is conserved in other eukaryotes
(Pyrih et al., 2020). In addition, as discussed previously, PDB labelling methods performed by
peroxidases such as APEX2, can be toxic, particularly in-styzlaism tudies. Despite this concern,
VélezRamirezt al.(2021) successfully employed APEX2 as a PDB apprdadiniiceto characterise
protein interactomes in various flagellum subdomains, including the axoneme and the flagellum tip.
InT. cruzi TurbolD wasiltilized to investigate the flagellar membrane and/or associated proteins of
the two main replicative stages of the parasitepimastigote and amastigote. This study led to the
discovery of 218 flagellar proteins in the epimastigote stage and 99 flagedizins in the amastigote
stage. Among these, the flagellar localization of three proteins was validated via immunofluorescence
(Wonet al.,2023). Finally, our group used PDB to gain insights into fundamental aspects of chromatin
biology inLeishmaniaSpecifically, we investigated the interactomes of the bromodomain factor 5
(BDF5) and the kinetoplastid kinetochore proteins KKT2, KKT3 and KKT19-801H Xlonest al.,
2022;Geoghegaret al.,2022). XiBiolD is a novel PDB approach that was hieed byGeoghegan

et al. (2022), which involves aim vivoDSP crosslinking step following proximity biotinylation. This
additional step significantly improved the proximal protein signal intensity by approximatetyd,0
which led to the identificatiorof 16 out of the 25 predicted inner KKT proteins and the discovery of
two novel ones. In the same study, we also utilized the miniTurbo PDB enzyme to characterise the
dynamic interactions of kinetochore proteins throughout the cell cycle of hydroxysyezhronized

L. mexicangromastigotes.

3.1.4 Aims

In this study, we are interested to investigate the proximal protein interacting network ol.the
mexicanaDUB2. The direct protein interactome of this protein has been previously investigated using
in vivo crosslinking ARS, which revealed that DUB2 interacts with various proteins involved in
diverse biological processes such RBIA splicing/capping (e.g. CYC12); RNA binding (e.g. GCD10p);
transcription (e.g. NIF3); DNA replication (e.g. PCNA); endosaffieking (e.g. VPS4); ubiquitination
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(e.g. polyubiquitin) and phosphorylation (e.g. MKK1). These interacting partners of DUB2, along with
its reportedDUB2nuclear localizatiorplacing DUB2 neactively transcribed gend®amianowet al.,

2020) However, as it has already been mentionaBMS is prone to losing weak and transient
protein-protein interactions. Thus, in this study performed-BioID using theniniTurbo enzyme to
provide a holistic protein profiling ddUB2that would complement thepreviously mapped protein
interactome The PDBniniTurbo enzyme was chosentas most suitableenzymefor this project due

to its: high activity with a restricted promiscuous biotinylatiamsence of DNA binding domain, which
makes the enzyme smaller afeks likely to interfere with thauclearlocalization and function of the

bait protein useof nontoxic labelling conditionsand ideal function for dynamic cellular processes,
such as enzymatic cleavage. At this point, it is worth mentioning thatiDl@ad microlD were not
available at the given time that the experiment was performed. Nonetheless, in the end, the dataset
containing the proximal interacting proteins of DUB2 will be compared with other extegsimes

data to potentially identify subsates of DUB2 (Liet al.,2018; chapter 4).

In brief, we performed the following steps in the given order to achieve our goal in this chapter:

1 Generated an endogenously miniTurigerminattagged DUB2 promastigote cell line and an
endogenously miniTud»N-terminattagged CLK1 control.

1 Optimized the XiBiolD using miniTurbo protocol to minimize background biotinylation in the
absence of exogenous biotin.

1 Identified proximal interacting partners of DUB2
9 Investigated interaction between DUB2 and its pnoai interacting proteins via et.

1 Checked the overlap between-terived interactome (Damiancet al.,2020) and miniTurbo
derived proximal interactome

1 Reinvestigated DUB2 localization
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3.2 Results

3.2.1 Generation and ValidationMiiTurbeTagged Cell Lines

In order to investigate the protein interacting network of the DUB2 inlthenexicangromastigote

stage, we endogenously double allele tagged BMéB2encoding gene (LmxM.08_29.2300) with a
3xMyctagged miniTurbo expressinggeence to its @erminus(DUB2::miniTurbo::Myc)n addition,

to ensure that both alleles were successfully tagged, we integrated a different drug resistance marker
allowing selection witleither blasticidin or puromycinin each allele. This was perforochen a T7Cas9
expressing promastigote cell line (parental line) using the CRI&8Rapproach developed by Beneke

et al. (2017). At this point is worth mentioning th&@UB2 was thought to ba nuclear protein,
therefore we selected.. mexicanaCDCa3ike kinase 1 CLK1LmxM.09.0400), which localizes in the
same specific subcellular compartment, as a control for this approach (Daminal, 2020;
Geoghegaetal.,H nH MO ® ¢ KS NBI &2y aa BSFOMFBMGE G020 NI YESS/NIB
it allows for subtraction of nonspecific proximal labelling in the nucleus. Secondiggilitates the
identification of endogenously biotinylated proteins and lastly, it &ljth the removal of proteins
associating with the protein biogenesis machineryud;fan N-terminally double allele tagged with a
3xMyctagged miniTurbcCLKXMyc::miniTurbo::CLKXell line was also generated.

To select successfully transformed promastigotes, we performed dual antibiotic selection using BSD
and PURantibiotics Subsegantially, we carried out a genomic validation that timeiniTurbo
expressing gene and antibiotic resistance cassette gforomycin acetyltransferaséPAG and
blasticidin S deaminas@SD were indeed integrated in the expected genomic regions via three
independent diagnostic PCRE(. 4\). Furthermore, we confirmed through arMyc western blotting

(Fig. 8) that both mutant cell lines were expressing their b&itdB2(untagged size: 81kDa; with
fusion: ~110 kDa) an€@LK1(untagged size: 53 kDa; with fusio~82 kDa) fused to the 3xMyc
miniTurbo (29.2 kDa). This indicated that regardless the size of the tag the target specific protein
remained stableHowever, we observed additional bands in both samples, suggesting either a partial
degradation of the tagge proteins or norspecific binding of thé'-Myc primary antibody. The
absence of positive and negative controls, such as anothertagged cell line and the parental cell
line, respectively, precludes the justification of either of these conclusiMossover, DUB2is known

for its vital role in the promastigoté-amastigote differentiation process &f mexicanaThus, we
conductedan AlamarBlue assayp address whether the presence of the 3xMwmiTurbo was
interfering with theDUB2function during this differentiation process (Damianetual.,2020). Upon
calculating the percentage difference of fluorescence intensities between treated and untreated
(T7Cas9kells, we found out through thene-way ANOVAanalysis that there was noggiificant
difference between the treated and untreated samples,18th, 56 h or 128 h after induction of
differentiation (ig. £) Therefore, we concluddthat the presence of the 3xMyminiTurbo does not
affect the metabolic activity pattern, viabilitand proliferation capacity of the cells during
differentiation, indicating that the essential function BfJB2remains intact.
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Figure4: Generation and validation of DUB2 and CLK1 tagged with miniTurbo cell lihAeBCRs
performed on genomic DNA from T7Cas9 (control), DUB2::miniTurbo::Myc and Myc::miniTurbo::CLK1
promastigotes, followed by agarose gel electrophoresis (1% wi/v, 45 min, 100 V). lllustration for each
given PCR is also included, usirgihinally tagging of gene drfiterest (GOI) with 3xMyminiTurbo

as an exampleAl This PCR investigates any miniTuubtagged targeted GOI within the genome,

with primers designed to amplify regions within t@&Dland upstream (for Merminal tagging) or
downstream (@erminal tagging) of thePAC/BSIPesistance cassette. If an untagged gene is present,
then a DNA fragment of equal size with the T7Cas9 version of the gene was expected. Tagged DNA
fragments are ~2.7 ki8.3 kb and the untagged ones (only present in T7Cas9 promasjgate <1

kb. A2&3. Successful integration of t@SDand PAQresistance cassettes respectively, with primers
designed to anneal to th@SD/PAQCesistance cassette an@Ol Successful integration for both
resistance cassettes was revealed in the genome of both miniftadged promastigotes with
expected products of ~3 kb being observed. Negative contrald; just reagents) was used in each
PCR to test for any possiblentamination. PCRBIO Ladder IX(p was used as a DNA laddé&.
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Expression of 3xMyainiTurbo tagged proteins DUB2 (110 kDa) and CLK1 (82 kDa) was validated via

a western blot analysis using promastigote cell extracts. "FMyc clone 4A6 (mouse monoclain
IgG1) antibody (1:5000; EMD Millipore) was used as a primary antibody arfdrntiweise IgG HRP

O2yedAlGS yGdAo2Re omYpnnnT tNRYS3ALL 61 & dzaSR |

Multicolor Broad Range Protein Ladder (2) was addedC. Averaged percentage difference of

fluorescence intensity per indicated miniTurbo cell line against T7Cas9 control, at the given time points

postinduction of promastigotéo-axenic amastigote differentiation (n=3). Onay ANOVA was
performed for each time pat, with no significant different being reported between T7Cas9 and

miniTurbotagged cell lines (p > 0.05). Abbreviations: FP; forward primer, RP; reverse primer, BSD;

blasticidin S deaminase, PAC; puromycin acetyltransferase, GOI; gene of intereBt; perfentage

of fluorescence intensity of tagged over control cell lines, P; promastigotes, A_10h; axenic amastigotes

10h postdifferentiation induction.

3.2.2 Optimization of MiniTurbo Workflow Using BioLock

Next, we tested for evidence ofn-vivo miniTurbomediated biotinylation inL. mexicana
promastigotes. Biotin is the substrate of the miniTurbo enzyme that is required to perform
biotinylationin vivo,thus we added exogenous biotin in the media. Due to the high enzymatic activity
oftheenzyme, 506 a 2F SE23Sy2dza 6A20GAY YR on YAYy 27
to perform proximity biotinylation in.eishmanigromastigote cultures (Geogheganal.,2021). We

then affinity purified theDUB2::miniTurbo::My¢110 kDa) andyc::miniTurlm::CLKXY82 kDa) via an
over-night (o/n) pulldown using streptavidicoated beads (lane 6 Fig. A&B). Notably, we observed
promiscuous biotinylation of both bait proteins in eluate samples even without the addition of the
exogenous biotin (lane 8 Fig 5A&B). This is explained by the high catalytic activity of the miniTurbo
that allows the utilization of low biotin levels present in both the growth medium and the cell itself.
Degradation products of both baits (30 kDa f@UB2::miniTurbo::Mycand 35 k@& for
Myc::miniTurbo:CLK)l were also captured in both conditions, indicating that the o/n pulld@voell
lysiscould have somehow affected the protein stabilitythe cells. In addition to the selfiotinylation

of the bait proteins, we also examinedrfevidence of the miniTurbmediated biotinylation protein
profiling, using a streptavidin blot analysis byprebing the same membrane with streptavidin
horseradish peroxidase (HRP) conjugate. However, in both promastigote cultures, the biotinylated
protein profiling in the presence or absence of exogenous biotin was identical, supporting further the
high enzymatic activity of miniTurbo (lines 4 to &ig. $£&D). Taken together, these results suggest
that miniTurbedependent biotinylation is efficidrin livingLeishmanigpromastigotes.

This uncontrolled biotinylation by miniTurbo in the absence of exogenous biotin was expected.
Therefore under the same experimente tried to minimize this phenomenon by depleting the
exogenous biotin in the medium dfe growing cultures. This was carried out by adding BioLock (IBA
Lifesciences), a biotiblocking solution that contains avidin, 18 h before performingitheivobiotin
labelling. Interestingly, botBUB2::miniTurbo::Myand Myc::miniTurbo:CLKJproteins were affinity
purified by streptavidircoated beads only when exogenous biotin was atlidethe culture after the

18 hdepletion (compare lanes 2 and 4 kig. AA&B). This indicates that indeed the activity of the
miniTurbo is affected by the psence of biotirn the medium and also th&ioLock solution could be
used as an optimization step to reduce uncontrolled miniTurbo biotinylation. Furthermore, the
presence of BioLock solution in the growing cultures could have affected the proximitinigtos
depleting some of the added exogenous biotin. Therefore under the same experiment, we also

examined whether washing off the growing medium of the cultures containing BioLock with 1 x PBS

and then replacing it with fresh medium before biotin labejlitookplacewould improve the biotin
labelling inductionHowever it did not increase the seliotinylation of theDUB2::miniTurbo::Myc
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and Myc::miniTurbo:CLK1proteins (compare lanes 1 and 2 Kig. RA&B), indicating that adding
exogenous biotin to dinal concentration of 500-M is enough to support miniTurbo biotinylation
without being depleted by BioLock. Similarly, washing off of the BioLock containing media did not have
any obvious impact on the promiscuous miniTuderived biotinylation of bottbaits in the absence

of biotin (compare lanes 3 and 4 fiig. A&B), supporting that this optimization step might not be
necessary.

In addition to the sefbiotinylation of the bait proteins, we also examined for evidence of the
biotinylated protein profing under the different conditions, using a streptavidin blot analysis, where
the same membranes were q@obed with STRIRP conjugate. Both BioLeickated promastigotes,
expressing eitheDUB2::miniTurbo::Myor Myc::miniTurbo:€LK 1revealed identicgbrotein patterns

in the presence of exogenous biotin, regardless whether the washing step was applied or not
(compare lanes 1 and 2 iRig. ££&D). Similarly, in the absence of exogenous biotin, the same
biotinylated protein profiling is observed when the ashing step was applied for the
DUB2::miniTurbo::Myculture (lane 3 irFig. &). In contrast, under the same condition, there is an
absence of a 45 kDa protein in thMyc::miniTurbo:€CLKXulture (lane 3 in FigD), indicating that the
particular proteinis a promising interacting protein @fLK1hat has been biotinylated by miniTurbo.
Interestingly, the persistency of the particular protein pattern in both streptavidin blots under those
three conditions, indicates that all these proteins might be eitmglogenously biotinylated proteins,
proteins associated with the protein biogenesis machinery or compartment specific proteins. Notably,
in the absence of both of the washing step and the exogenous biotin, there was a decrease of these
biotinylated proteirs (lane 4 irFig. %£&D). This supports the conclusion from the previous results in
Fig. A&B that the overnight treatment with BioLock solution can reduce the promiscuous miniTurbo
biotinylation activity in the absence of exogenous biotin. Furthermorese¢heesults suggest that
replacing the BioLoekontaining growing medium with a fresh one, which contains some exogenous
biotin, is enough to recover some endogenouslyd/or miniTurbabiotinylated captured proteins in

a short time window. However, we caotrexclude the possibility that the addition of exogenous biotin

in the presence of BioLock might affect adversely the identification of the transient and weak protein
protein interactions via miniTurbo in theeishmaniagpromastigotes. Thus, the washingeptwas
included in downstream experiments.

For all the studied conditions, input samples were collected before the streptavidin pulldowns to show
that both the baits Fig. £&F) and other biotinylated proteins (FigG&H) were present beforehand,

and tha the absence or presence of successful biotinylation defined by the different applied
conditions determined the already mentioned observatio@igopetpidase B (OPB; 83bawas

used as a loading contrd¥ig. 3&J).
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Figure5: Optimization of XEBiolD using miniTurbo workflow using BioLadRriefly, promastigote

cells expressing DUB2::miniTurbo::Myc and Myc::miniTurbo::CLK1 were cultured in HOMEM medium;
just before cells reached lgghase (2 x 1Tcells m_1), BioLock solution was added (BioLock: +) or not
(BioLock:) in the growing cultures for 18h; BioLeo#ntaining medium was washed off and replaced
with fresh HOMEM medium (wash: +) or not (wagh500>M final concentration of exogenous biotin

was added (biotin: +) or not (biotir) for 30 min to induce miniTurbo biotinylation; in vivo crosslinking
was performed using DSP; cells were lysed using RIPA buffer and biotinylated proteins were affinity
purified using streptaviditoated beads. A podh of each cell lysate (called input sample) was
extracted before streptavidin pulldown was performed (IP: DUB2, IP: CARB).Western blot
analysis using-Myc tag clone 4A6 (mouse monoclonal IgG1) antibody (1:5000; EMD Millipore) as a
primary antibodyand" -mouse IgG HRP conjugate antibody (1:5000; Promega) as secondary antibody
revealed the presence or not of DUB2::miniTurbo::Myc (110 kDa) and Myc::miniTurbo::CLK1 (82 kDa)
upon streptavidin pulldown, under the different examined conditiob&D.Reprobed the same two
membranes (A&B) with streptavidihorseradish peroxidase (HRP) conjugate (1:5000; Thermo Fisher
Scientific) to observe the biotinylated protein profile of the differerttiyated eluates derived from

the two miniTurbetagged cell lined&F. Pre-streptavidin pulldown input samples were also analysed

as in A&B to prove that the 3xMyc miniTuramgged proteins were successfully expressed in the cell
lines, and that the absence of proteins in A&B was due to their unsuccessful biotinylatibe by
miniTurbo enzymeG&H Biotinylated protein profile of input samples ppalldown, as performed in
C&D.1&J. Oligopetpidase B (OPB; 83.5 kDa) was used as loading control for input. The membranes
from C&D were rgrobed with the primaryh-LmjOPB (shegpantibody (1:20,000; Munday et al.,
2011) and secondary EasyBltosheep IgG (HRP) antibody (1:5000; GeneTex). Abbreviations: STR
HRP; streptavidiumorseradish peroxidase conjugate, IP; input.
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Biotin (a.k.a. vitamin H) is a micronutrient (2¢g4nol™) that is essential for all organisms. Biotin is
either synthesisedle novosuch as in most prokaryotes, fungi and plants, or it is uptaken by biotin
transporters (e.g. sodium multivitamin transporter SMVT), like in mammalian cells and yeasts
(reviewed inTong, 2013; Azhaat al., 2015).Leishmanigbelongs in the latter group, making them
auxotrophic for biotin (Naderer & McConville, 2008). Depletion of biotin from the growing medium of
the promastigote cultures by using BioLock could affect adversely te@huolic activity, cell
proliferation and viability of the cells. Therefote investigate this, we perform an AlamarBlue assay,
in which we grewDUB2:miniTurbo::Mycand Myc::miniTurbo::CLKpromastigote cultures in the
presence of BioLock (treated) ootn(untreated) for 4d. Every 24h, we recorded the fluorescence
intensityof the 3replicates that were used in each condition and calculated the percentage difference
of fluorescence between BioLctleated promastigotes and untreated onelsig. & illustiates the
averaged percentages of the fluorescence difference in a heat map, with a gradgnetyaspanning
between 896 and 11% respectively.Oneway ANOVA analysievealed no significant difference
between the metabolic activity of BioLcotleated anduntreated promastigotes for i miniTurbe
tagged cell lineat every tested timepoint, indicating that the presence of BioLock does not negatively
impact the metabolic activityf the cells. Contrastingly,-day growth curve revealed a profound
defect onthe cell growth of the BioLoekeated DUB2:miniTurbo::Mycand Myc::miniTurbo::CLK1
promastigotes compared to BioLock untreated, but only 48 h-Bistock treatmen{Fig. @). This
suggests that biotin depletion via BioLock permits the sufficient grafitells until they reach ~4

10° cells ni:! (early logphase). However, beyond that growing point (late log phase) the available
biotin in the growing medium is not enough to sustain comparable growth rates as the ones observed
in the untreated promastigotes. Collectively, we showed BiolLock isptatile to be used as an
overnightbiotin-depletion treatment to minimize miniTurbmediated uncontrolled biotinylation.

A. Fluorescence Intensity (%)
- 1 100
T7Cas9- 1103 86.0 102.1 105.2
- 927 99.2 98.8 1016
DUB2 L 150
CLK1-{ 1013 100.1 98.9 96.4
I I I 1 0
1 2 3 4

Incubation Time (d)
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Figure6: Impact of BioLock in the metabolism and growth of tHeeishmaniapromastigotes.A.
BioLock tretment had no significant effect on the metabolic activity of the treated
DUB2::miniTurbo::Myc (DUB2), Myc::miniTurbo::CLK1 (CLK1) and T7Cas9 pronwdtigmative

to the untreated ones, per investigated incubation period (days3deplicates weraised for each

case, and each given value represent the averaged percentage difference of fluorescence intensity
between treated and untreated samples taken in each time pdni.reatment with BioLockor up

to 2 days (d) of incubatiohad no significaneffect on the growth of the investigatepromastigote

cell linesPromastigotes were grown in the presenceatrsence of BioLock for 4 daysllcensity was
measured every 24h, and the mean * S.E. of three replicates was plotted. Cells treated witk BioLoc
are depicted with a dashed line and labelled as _BL (=BioLock; e.g.CLK1_BL).

3.2.3 Identification of DUB2 Proximal Interactome

Upon generating and validating our miniTudamged promastigote cell lines and optimizing the
miniTurbo workflow using Biokk, we performed labefree tandem masspectrometry (MS/MS) to
identify the proximal interacting proteins of DUB2. For the MS/MS analysis, we prepared three
independent samples from each cell line, as described in the schem&ig.i®. Briefly, we aded
BioLock solution o/to the growing promastigotes, and theh8 h post incubatiomve washed out the
BioLockcontaining growing medium and replaced it with fresh one. Then, we added exogenous biotin
to a final concentration of 508M for 30 min, washedt off and then crosdinked the promastigotes

with dithiobis (succinimidyl propionate; DSP). We then extracted lysates from 1cell) affinity
purified biotinylated proteins using streptavidooated beads; performed ebead trypsin digestion

and then sent them for MS/MS.

Label free quantification by masspectrometry, combined with downstream limntasel
enrichment analysis revealed @hd 165 proteins to be significantly enriched @UB2and CLK1
respectively (5% FDR; nH3g. B). Confidencen the quality of ouMSdata was provided through a
principal component analysis(PCA). The PCA plotevealed distinct clustering of
Myc::miniTurbo::DUB2 and CLK1::miniTurbo::Myc samples poratbgical replicats per condition to
cluster together. This reduindicates that there is variation between the samples of the two tested
cell lines, however this variation is not as high between the biological replicates, showing
reproducibility and robustness of the dafai§. T & D. This conclusion was furthergoorted through

a Pearson correlation coefficient analysis, where strong and positive correlation was observed
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between the biological replicates per cell line (PCC>0.98). The significant proximal interacting proteins
of DUB2 are listedn Table3, of whichthe top three proteins with the highest foldchange (FC)
enrichmentover the CLK1 proximal interactome were: the ubiquitin carbteyhinal hydrolase

DUB2 (LmxM.08_29.2300; LB = 5.31), kinesin K391(xM.14.11D; LogFC = 3.04) and the 50S
ribosomebinding GTPase (LS&inxM.05.0200t.0gFC = 2.17). Aer the CLK1 proximal interactome,

the three top proteins were: the hypothetical protein LmxM.06.0430 {EGg=-6.02), CLK1
(LmxM.09.0400t.0gFC=5.43) and the hypothetical protein LmxM.31.1130 @EGy—=4.78 data not
shown). At this point it is worth mentioning that thkinetoplastid kinetochore mtein 2 (KKT2), KKT5

and KKT24, which are known interactors of Clte identified inour CLKroximal interactome,
providing validation that our appach was successful (data not included).

Next, we carried out a gene ontology (GO) enrichment analysis to categorise the proximal interacting
proteins of DUB2 based on their biological processes. This was performed via manual inspection
through literaturecombined with the GO enrichment tool provided by TriTrypDB. The GO analysis
categorised the proximal interactome in 17 different biological processes, with protein translation
having the most hits (41%), followed by RNA binding/processing (8%), cytaskskiciated proteins

(7%) and glycolysis (7%; HEp.
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Figure7: Investigation of the proximal interactome of DUBZA. Schematic of PDB using miniTurbo
enzyme. MiniTurbdagged DUB2 promastigote was used as an example. Minifladuged CLK1
promastigote cell line was concomitantly subjected to the same conditBnislentification of the
proteins significantly enriched theDUB2 (73 hits; blue) and CLK1 (165 hits;dathsets Enrichment
analysis performed using limma packag&siudio(p<0.05). In grey are the nesignificant detected
proteins. False Discovery Rate was set up at 5% and 3 biological replicatesse@r€.Wariation
between DUB2 and CLK1 datasstebservedhowever not across replicates, as calculated by PCA.
Each symbol represents a different replicate per conditishile coloursdistinguishes the conditions
used (blue foDUB2::miniTurbo::Myderived data; pink foMyc::miniTurbo::CLkderived data. D.
Strong and positive correlatioobserved across replicatesvithin each condition, whereas the
correlation between conditions is weaker but still positive. Correlation was calculated usingfPCC
which dark red indicates very strong and positive correlation (PCC=1) and light red means no
correlation (PCC=0). The three replicates per sample are numbered as _1, 2 and _3.

Table 3 Proximal interacting proteins of DUB2For each protein the following information were
included: accession number, L.d&pld Change value, acronyms used in literature, description as given
in TritrypDB, and whether the protein is present in the immunoprecipitaterived DUB2
interactome datasetamianou et al., 2020) and the ubiquitinomics datasets from chapter 4.

Proximal Interactome of DUB2 IP-Derived | Ubiquitinome
Interactome
of DUB2
Accession Log2FC Description Acronym (Damianou | (Chapter 4)
et al.,2020)
LmxM.08_29.2300 5.31 DuUB2 Deubiquitinase 2 Yes Yes
LmxM.14.1120 3.04 K39 kinesin 39
LmxM.05.0200 2.17 LSG1 50S ribosoméinding
GTPase
LmxM.11.0820 2.01 hypothetical Yes
protein
LmxM.15.0170 1.71 PP2C/PDP Protein phosphatase Yes
2C/pyrwate dehydrogenast
phosphatase (PDP)
LmxM.21.0550 1.62 DLAT dihydrolipoamide
acetyltransferase
LmxM.29.0880 1.59 ADK adenosine kinase Yes
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LmxM.34.2950 1.57 KPAF1 kinetoplast
polyadenylation/uridylation
factor
LmxM.31.2730 1.54 hypothetical
protein
LmxM.18.0300 1.52 RAN/NTF2/MAS RAN protein binding Yes
protein, Nuclear transport
factor 2/mucinassociated
surface protein
LmxM.36.3470 1.39 el of 20GDH 2-oxoglutarate
(E16K 0O h w dehydrogenase E1
KDE1 component
LmxM.19.0190 1.36 MBF1 Multiprotein bridging factor Yes
-1
LmxM.36.3910 1.30 AdoHcy or SAHH Sadenosylhomocysteine Yes
hydrolase- not clear
localization in
ONB LI y2a2Y
LmxM.13.1210 1.25 NT3 nucleobase transporter 3 Yes
(purine)
LmxM.18.1380 1.18 PDHA1 pyruvate dehydrogenase E
alpha subunit
LmxM.33.1520 1.12 TPPHike p25-alpha; Tubulin Yes
Polymerization Promoting
Protein (TPPHjke protein
LmxM.33.0820 1.11 EF1b Elongation Factor-beta
LmxM.34.0030 1.09 PYK pyruvate kinase
LmxM.36.6650 1.08 iPGMA 2,3-bisphosphoglycerate Yes
independent
phosphoglycerate mutase
LmxM.21.0840 1.07 MetAP2 methionyl aminopeptidase Yes
2
LmxM.36.1940 1.07 NT2 inosineguanosine Yes
transporter
LmxM.16.1470 1.06 KLIF Kinesin Localized to the
Ingressing Furrow (baseuh
T.brucei)
LmxM.15.1440 1.05 GInRS glutaminyHRNA synthetasg Yes
LmxM.19.0160 0.99 MetAP methionyl aminopeptidase Yes
LmxM.28.0490 0.90 PCCB Propiony}CoA carboxylase
beta chain
LmxM.31.2950 0.89 NDKb Nucleosidediphosphate Yes
kinase b
LmxM.36.0180 0.83 EF2 elongation factor 2
LmxM.28.2555 0.83 RPS17 40S ribosomal protein S17%
LmxM.26.2330 0.83 RPL35 60S ribosomal protein L35
LmxM.28.2420 0.82 E2 of 20GDH 2-oxoglutarate
(E26K 0 -2 N dehydrogenase, E2
KDE?2 component,

72




dihydrolipoamide
succinyltransferase,

LmxM.08_29.2380 0.81 kinesin Yes Yes
LmxM.20.1700 0.79 non-specific S/T non-specific
kinase Serine/Thrionineinase
LmxM.34.4940 0.76 hypothetical Yes
protein
LmxM.27.0880 0.75 el of 20GDH 2-oxoglutarate Yes
(EleK U0 h w dehydrogenase E1
KDE1 component
LmxM.27.0670 0.74 aATP11 Putative amino acid Yes
transporter aATP11
LmxM.26.1630 0.74 RPS33 40S ribosomal protein S343
LmxM.09.1010 0.73 Hypothetical (Present in the outer Yes
(POMP10 mitochondrialmembrane
disagree) proteome 10)
LmxM.10.0070 0.73 RPL35a ribosomal protein L35a, Yes
putative
LmxM.14.1270 0.73 RPS27A putative Yes
ubiquitin/ribosomal protein
S27a
LmxM.13.0570 0.72 RPS12 40S ribosomal protein S14 Yes
LmxM.14.1160 0.71 ENO enolase Yes
LmxM.07.0500 0.67 RPL7A 60S ribosomal protein L73
LmxM.34.1670 0.67 RPL26 60S ribosomal protein L26 Yes
putative
LmxM.05.0680 0.65 CTP tricarboxylate carrier or
citrate transport protein
LmxM.03.0200 0.64 P5CDH Delta1-pyrroline-5- Yes
carboxylatedehydrogenase
LmxM.34.0240 0.64 RPL30 60S Ribosomal protein L3 Yes Yes
LmxM.22.1360 0.63 FPPS Farnesyl pyrophosphate Yes
synthase
LmxM.15.0950 0.61 RPS3 putative 40S ribosomal Yes
protein S3
LmxM.29.0460 0.61 aspRS Aspartyl tRNA synthetase
LmxM.16.0590 0.60 Glndependent Putative glutamine Yes
CPS/CPSase dependent carbamoyl
phosphate synthetase
LmxM.36.5010 0.60 RPSA 40S ribosomal protein SA Yes
LmxM.34.1880 0.58 RPL5 60S ribosomal protein L5
LmxM.33.2790 0.56 SRP68? Signalrecognitionparticle Yes
68
LmxM.34.3760 0.55 RPL27A/L29 60S ribosomal protein Yes
L27A/L29
LmxM.31.2690 0.55 RPL27 Ribosomal protein L27
LmxM.15.0200 0.54 RPL13a putative 60S ribosomal Yes Yes
protein L13a
LmxM.21.1720 0.53 RPL32 60Sribosomal protein L32
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LmxM.31.0950 0.52 TSN Tudor staphylococcal Yes

nuclease (TSN, also know

as TudotSN, SND1 or p10(

LmxM.08_29.2460 0.52 RPL13 60S ribosomal protein L13

LmxM.01.0050 0.50 MCC 3-methylcrotonytCoA

carboxylase alpha subunit
LmxM.30.0640 0.50 REMC5/REMC5 RNA editing mediator

complex protein 5
LmxM.21.0730 0.50 RPL36 60S ribosomal protein L3§
LmxM.18.0510 0.48 ACO acotinase or Aconitate Yes
hydratase
LmxM.32.1955 0.47 RPL37 60S ribosomal protein L37 Yes
LmxM.24.2110 0.46 HMGS 3-hydroxy-3-methylglutary} Yes
CoA synthase

LmxM.26.0170 0.45 RPL7 60S ribosomal protein L7 Yes
LmxM.34.0600 0.44 RPL18a 60S RibosomairoteinL18a Yes
LmxM.22.1520 0.42 RPL14 40S ribosomal protein L14 Yes
LmxM.11.0960 0.42 RPS5 40Sribosomal protein S5
LmxM.24.0040 0.42 RPL17 60S ribosomal protein L17 Yes
LmxM.31.3130 0.41 RPL3 60S ribosomal protein L3 Yes
LmxM.07.0680 0.39 RPS9 40S ribosomal protein S9 Yes
LmxM.36.3750 0.37 RPS27 40S ribosomal protein S2I7
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Figure8: Proximal interactome of DUB2Proteins were clustered based on their main biological
process, in descending order from the protein with the highest Eotfd Change (FC; darker green) to
the one with the lowest Lad-C (light gren). The extended version of the protein acronyms and their
exact Log FC value can be found in Talde Abbreviations: SAH;-Alenosylhomocysteine, TCA,
tricarboxylic acid cycle.
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3.2.4 Comparison of DUB2 Interactomes Generated \BioKD using miniTioo and
Immunoprecipitation

Sequentially, we compared the interactome previously generated by Damiah@l (2020) via
immunoprecipitation (IP interactome) with our -BiolD proximal interactome. As previously
mentioned, there were 110 statistically sificant enriched proteins in the DUB2 IP interactome
compared to the RDK2 interactome, with RDK2 being used as the control. From these 110 interacting
proteins of DUB2, we found the followirggven proteins, to be also present in our proximal
interactome (Fig. 9; Table 3= ubiquitin carboxyterminal hydrolase (DUB2; LmxM.08_29.2300),
kinesin (LmxM.08 29.2390), 60S ribosomal protein L13a (RPL13a; LmxM.156080)hosomal
protein L14(RPL14; LmxM.22.152®)0S ribosomal protein LL(RPL7LmxM.26.017Q)60S ribosomal
protein L30 (RPL30; LmxM.34.0240) and 60S ribosomal protein L18a (RPL18a; LmxM.34.0600).

miniTurbo

Immunoprecipitation

Figure9: Investigation of the overlapping proteins between the two DUB2 interactomes derived
from XL:-BiolD using miniTurbo and immunoprecipitation (Damianetial., 2020).

3.2.5 Investigation of DUB@teracting Proteins Relationship vial@munoprecipitation

Next, weinvestigatel whether DUB2 forms strong and stable interactions with some of the proximal
interacting proteins. Overalll5 proteins were selected from the proximal interactome of DUB2 and
co-immunoprecipitation was conducted. Selection of this il proteins was performed based on

at least one of the following criteria: fold enrichment value, ubiquitoatstate (based on
ubiquitinomics datasets generated in Chapt@rathd whether the protein hdibeen identified in the
previously published DUBRZteractome {[able 3 Damianotet al., 2020). Cyclin 12 (CYC12) and NGG1
interacting factor 3ike protein (NIF3) were included in this experiment, as two of the most highly
enriched interacting partners of DUB2 identified in the Damiagioal. (2020)study.

The principle behind conmunoprecipitation is firstly to immunoprecipitate a protein of interest (POI)

along with its interactive proteins using a specific antibody against that POI, and secondly to validate
the presence of this protein compler the enrichment solution via western blot. In our case, we
aimed to immunoprecipitate thédA::POI, along with the DUB2BMD  LINE (i S-WA/antibattiash y 3 h
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conjugated on magnetic beads and then test for gresence of HA::POI and DUB2;d\proteins in
theSf dz 6 ST @Al ¢ Sa&h S NIWRESRIMary@@ibodEs kegpactively (summarized
in Fig. 1®). To perform this experimentve first generated cell lines expressing the POl and DUB2
with an HA tagand 3xMyc tagrespectively. This was achexV viathe simultaneoussndogenous
tagging of thePOland DUB2gene in T7Cas9 promastigote cel®uccessful expression of both HA
tagged POI and DUBIlyc was validated by western blpfprior immunoprecipitation(Fig. 1@).
Sequentially, communoprecipiation combined with ann-vivocrosslinking was performed for each
cell line. Crostinking was performed for two reasons: firstly, to enhance the stability of any possibly
transient interactions and secondly, to imitate the crlisking conditions useith the XEBiolD All the

POI were successfully immunoprecipitated, apart from K39, however none of the investigated proteins
co-immunoprecipitatel with DUB2(Fig. 1@). As a positive control, we used the well characterised
heterodimer complex of UBA2EV1 where the UBC2Mycwas successfully @ammunoprecipitated

with the UEVIHA(Burgeet al.,2021).
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Figurel0: Use of celP to explore the interacting relationship between selected proteins and DUB2.
A.Experimental workflow of canmunoprecipitation. Briefly, H#agged POI, upon in vivo crosslinking

dzaAy3a 5{t O65{t ORAGKA20AE0a4dz00AYAYAREf LBMRLIAZYI i
antibody coated magnetic beads along with its interactiagtners. Eluates were run on a western

blot, and the presence ofthe HA 33SR t hL FtyR (KS 5! . HYYaBO 6dymd
LINR YI NB | vy (-MyE 2pRndary lanfilddy 'was used respectively for each caBe.
Immunoprecipitation was performedgainst 17 selected H&gged POt 15 of them derived from

the DUB2 miniTurbo interactome and 2 (CYC12 and NIP3) from the DUB2 immunoprecipitation

derived interactome. All 17 Hagged POI promastigote cell lines were also expressing DUB2::Myc.
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The top western blots are probed with ah-HA antibody and they show the presence of thetdgged

POI prior immunoprecipitation. These samples are known as input. The same membrane- was re
LINR 6 SR éMyd datibddyto show the presence of DUB2::Myc (~81.5 kiDt)d cell lysate,

prior immunoprecipitation (bottom western blots). UEV1 and UBC2, which are known interacting
proteins inL. mexicanawere used as positive controls and the parental T7Cas9 as a negative control.
HA::BDF5 expressing cell line was useahaadditionah -HA control. The expected molecular weight

for each POI is included in kDa next to the name of each POI (e.g. KLIF (11638kDBidA
immunoprecipitation was performed, eluates were run on $FIA&E gel and protein investigation was
performed via western blotting. The top two western blots were probed Wite Bantibody to show

the successful immunoprecipitation of the k#gged POI. The same membranes were theprobed

with h-Myc antibody to investigate whether DUB2::Myc wasiramunopredpitated with the HA
tagged POI (bottom two western blots). The significance of each control that was included is described
in B. Abbreviations: DSP; dithiobis(succinimidyl propionate)) crosslinker, DUB2; deubiquitinase 2,
UEV1,; ubiquitirconjugating enaye E2 variant 1 ,UBC2; ubiquitonjugating enzyme E2 2 , KLIF,;
kinesin localized to the ingressing furrow , CYC12; ey2lin TSNtudor staphylococcal nuclease,
RPSA40S ribosomal protein SA , RPL18a; 60S ribosomal protein L18a, RPL7; 60S ribossmiar pr
NIP3; NGG1 interacting factor-liRe protein , LSG1; 50S ribosoinading, GTPase, BDF5;
bromodomain factor 5 , EE elongation factor 2 , NTF2; Nuclear transport factor 2 , SAHH; S
adenosylhomocysteine hydrolase , RPL14; 40S ribosomal pra#®inRPS12t0S ribosomal protein

S12, ENO; enolase, K39; kinesin 39; iP@\Aisphosphoglyceratindependent phosphoglycerate
mutase.

3.2.6 DUB2 Localization

Even if DUBBadpreviouslybeencharacterised as nuclear protein, there were no nuclear proteins as
proximal interacting partners of DUB2. Thus, we decided dmvestigate the protein localization of
DUB2 via immunofluorescencerirstly, we endogenously Hfagged DUB2 at its Gterminal
(DUB2::HAIN the parental T7Cas9 cell line aRdQresistance cassette was used for drug selection.
Secondly, to ensure that bolbUB2alleles were tagged, we cloned out DUB2::HA cells and tested for
homozygotes using diagnostic PER)(11). 75% of th clones were homozygous for the 1tk and

upon the PCR validation, we tested the homozygote Clone 11 (CI11) for the expression of DUB2::HA,
using"-HA western blotting. Indeed, a single protein was detected at ~81.5 kDa, confirming the
successful expregmm of DUB2::HAHig. 1B). Finally, we investigated the localization of DUB2 by
conducting -ce Bbased immunofluorescence analysis using the DUB2::HA promastigotes. The results
revealed consistent presence of DUB2 in both the cytoplasm and nucleus thrdupkaelicycle of

the Leishmanigromastigote. However, DUB2 was not detected associated with the kinetoplast or in
the flagellum Fig. 1T).
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Figurel1l: Localization of DUB2A. Diagnostic PCR of clon&UB2::HApromastigotes with PAC
resistance cassette. Homozygote mutants were selected based on not having thgpeildntagged
version ofDUB2gene (482bp)B. Detection of successful DUBIA protein expression was achieved
through western blotting (1:500®;-ce B11 mouseg 16B12; BioLegend). Only Clone 11 was tested for
this experiment and the T7Cas9 promastigote cell line was used as a negative mitdB2::HAs
localised predominantlyn the nucleus and cytoplasm &f mexicangromastigote cellsThiswas
investigated through immunofluorescence, in which cells were fixed with 4% w/v formaldethyde.
e l1l mouse¢ 16B12 (BioLegend) at 1:100 dilution and Goawouse IgGAlexa Fluor® 647
(SouthernBiotech) at 1:500 dilution were used as primary and secgiaadibodies respectively. DAPI
was used for DNA staining. Images were deconvolved using Microvéljtaplugin for ImageJ and
Fiji.



3.3 Discussion

Overall, the emerged role of proximity dependent biotinylation in the field of interactomics provides
an insightful understanding of the function and localization of the protein, including transient and
weak interactions, such as in the case of deubiga#iegs and their substrates. In this study, we were
able to investigate the proximal interactome of the mexicanddUB2 using the XRiolD approach,
with miniTurbo being the PDB enzyme of choice (Geoghetah, 2022).

We have successfully generated an endogenously minifuadiged DUB2 promastigote cell line, with

both of the DUBZ2alleles being tagged as a result of dual antibiotic selection (BSD and PUR). Despite
the size of the miniTurbo enzyme (28 kDaXefninal tagging of DUB2 with miniTurbo did not
interfere with the essential function of the DUB2 enzyme. Conversely, three attempts at double allele
tagging DUB2 with miniTurbo at thetBrminus were unsuccessful, with promastigote cells being
unable to recover. Fra the latter observation, it is suggested that there are either regulatory
St SySyida G (DKBRgepeQreq@rgdRor theFsuctesful expression of the gene or the
expression of DUB2 enzyme fused with miniTurbo could affect its essential fursnidior
localization. Nevertheless, it supports previous conclusions that expression of DUB2 is essential for
the survival of thdLeishmanigromastigotes (Damianoet al.,2020).

The miniTurbo is known to be one of the best PDB enzymes in terms ofrighefietics, allowing
biotinylation to be performed both in less time and in the presence of less exogenous biotin. Despite
YAYACdZND 2Qa8 NBLMzIF GA2y F2N Ol dzitAly2818)f tieee dvasatill O1 I NP c
quite a significant amouraf background biotinylation in both the miniTurklagged DUB2 and CLK1

cell lines even when exogenous biotin was absent. Similar observations of mindarbed
biotinylation in the absence of exogenous biotin were reported for the investigation of theth
proximal interacting partners of KKT3 throughout the cell cycle of #tishmanigoromastigotes and

of its compartmentspecific miniTurbdgagged control BDF5 as well (Geoghegaral., 2022). This
phenomenon was also observed in other studying systeuons) as in the case of NB295R adrenal

cells, of which PDB using miniTurbo was performed to characterise the proximal interacting proteins
of the protein kinase A catalytic subunit (Ometr al., 2023). A possible reason to explain this
miniTurbaderived background biotinylation, at least for the caselafishmaniajs the presence of
biotin in the growing medium of the biotiauxotrophic promastigote cells. The small quantities of
biotin combined with the high sensitivity and activity of the constaniigressed miniTurbo enzyme
could lead to background labelling.

The impact of biotin concentration in the growing medium for the performance of PDB using TurbolD
was also addressed in a study conducte@atcharomyces pombaterestingly, when the TurbolD
tagged Rmt3 strain was cultivated in a bietiae medium, there was a substantial decrease in Rmt3
biotinylation compared to the same strain grown in a biegimpplemented mediumlL@rochelleet al.,

2019). Indeed, we demonstrated that to be the caseun experiment. Depletion of biotin from the
growing media using the avidgontaining BioLock solution, resulted in reduction of background
biotinylation. These results are consistent with a recent application of BioLock as a biotin scavenger
to countera¢ the TurbolBdependent background biotinylation of the bait, E#®ident chaperon
CNPY3. This uncontrollable biotinylation was inhibiting the essential function of CNPY3 in monocyte
cells due to the presence of biotin in the growing media of the cellkjmgahe PDB using the TurbolD
enzyme toxic for the cell$S@arloffet al., 2023). Nevertheless, we developed an optimizeeBXILD
protocol, of which background biotinylation by the miniTurbo enzyme in the absence of exogenous
biotin was successfully miniaed.
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Focusing on the proximal interacting proteins of DUB2, we identified 73 significantly enriched
proteins, of which DUB2 was the protein with the highest fth@énge enrichment over the control
dataset. This validated that PDB using miniTurbo has edbskiccessfully, and that our dataset and
statistical analysis were reliable. The next two most enriched proteins were the kinesin K39 and the
50S ribosoméinding GTPase (LSG1). Kinesins are knowsdlé@d@hdent motor proteins that interact

with microtubuks, playing a pivotal role in a range of cellular processes. In kinetoplastids, they
contribute to vital functions such as cellular growth and differentiation. K39 is a kinesin containing a
tandem series of 39 amino acid repeat units andLindonovani it has a celcycle dependent
localization with a predominant enrichment at the posterior pole of the cell. This suggested that K39
is involved with intracellular trafficking during cdkpendent morphological events (Geradd al.,
2007). K39 is also knowta interact with the microtubuleassociated regulator coronin 12, which is
involved in the microtubule remodelling during thesishmaniacytokinesis $ahasrabuddhet al.,
2009). Interestingly, the human kinesin orthologue KIF16B, which is involvedtiatisport of early
endosomes to the plus end of microtubules, was found to be regulated via ubiquitination. However,
the exact functionality of this PTM was not investigated furthemhfaselet al.,2022). Nevertheless,

it is suggested that DUB2 might involve in the regulation of thecgele dependent intracellular
trafficking and cytokinesis of tHeeishmanigromastigotes.

On the other hand, the third highly enriched LSG1 protein is not wetliesiuin kinetoplastids.
Nonetheless, insights to its biological function were taken from its bacterial and eukaryotic
orthologues. In the former case, the LSkzicterial orthologue EngA is involved in numerous biological
processes, including ribosomal b@awesis and celkycle progression (Bharat & Brown, 2014). In the
latter case, theS. cerevisiad. SG1 is involved solely in the ribosomal biogenesis and cytoplasmic
maturation of the 60S ribosomal subunit (Kargasl.,2019). However, there are no evidsnof any

kind of interaction between LSG1 and components of ubiquitination machineries, such as DUBs.
Despite the lack of such evidence, DUB2 might still regulate either directly or indirectly LSG1,
suggesting the possible role of DUB2 in regulating dbwd-associated processes. It is worth pointing

out that there is a possibility of a ribosorradsociated protein, such as LSG1, to be biotinylated during
the translation of the DUB2 fusion protein. However, this scenario is discounted due to the use of th
CLK1 control, which is also translated in fusion with miniTurbo.

As well as the top enriched proteins, another proximal interacting protein of DUB2 worth mentioning
is the Kinesin Localized to the Ingressing Furrow (KLIF). KLIF is an orphan lahésimame was
given due to its localization pattern along the furrow ingression. THeaisoharacterised function of
KLIF inl. bruceisuggests that it is an essential kinetoptapecific protein, which is involved in the
completion of cytokinesis viacilitating the furrow to completely ingress. The reason we are focusing
on this high confidence interactor is twofold: &) bruceiDUB2 protein was present in the same
proximal interactome of TOEFAZ1 where KLIF was discovered, increasing the chaniked-tiaamd
DUB2 are somehow associated (Hiletal.,2018) and b) the KLIF protein was identified as one of
the ubiquitinated proteins from my DiGly dataset. Therefore, this supports the first hypothesis that
DUB2 regulates microtubulgssociate eventsuch as cytokinesis, through the regulation of kinesin
proteins, including KLIF and the already mentioned kinesin K39.

Furthermore, another hypothesis is that DUB2 might be involved in regulating the secretion pathway
of L. mexicana due to the presencef known secreting proteins in the proximal interactome of the
DUB2. For instance, enolase and nuclediphosphate kinase b are two proximal interacting proteins

of DUB2 that were previously verified as secreted proteins. The former is a glycolytic and
gluconeogenic enzyme that is also involved in binding plasminogen/plasmin on the surface of the
parasite to break down macrophagkerived fibrin and the latter in preventing the Afiediated
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cytolysis of the macrophages (Keflial.,2008; Géme#Arreazaet al., 2014). Furthermore, the signal
recognitionparticle 68 (SRP68) protein was also identified as one of the proximal interacting proteins
of DUB2. SRP68 is a known eukaryotic protein that targets newly synthesised proteins containing a
secretion signalrbm the cytoplasm to the membrane of endoplasmic reticulum (Roball., 2022).

Thus, interaction of DUB2 with SRP68, enolase and nuetiplsesphate kinase indicate that DUB2
might regulate protein secretion and intracellular trafficking-ofnexicangromastigotes.

Nevertheless, insights into the biological function of the proximal interacting proteins of DUB2
indicated that are involved in 17 different biological processes. Thus, it is suggested that DUB2 might
have a pleiotropic function in theeisimania promastigote cells. Interestingly, the vast majority of
these interacting proteins participate in ribosorredsociated processes, suggesting that the
predominant role of DUB2 is to regulate translation. This statements is additionally supported from
the comparison of the DUB2 proximome with the DUBZIdRved interactome generated by
Damianouet al.(2020). Surprisingly, six out of the seven overlapping proteins (DUB2 is excluded) are
r-proteins, which are part of the large ribosomal subunit. Foraimse, the eukaryotic 60S ribosomal
protein L14 (RPL14), which was identified as part of the secretonte wiexicangpromastigotes
(Hamilton, 2019), is involved in the stable assembly-pfoteins that are located either in a close
proximity with it or d the solventexposed part of the peptide exit tunnel. These properties of RPL14
contribute to the sufficient availability of 60S subunits within the cell and also to the effective
maturation of prerRNAs to rRNAEépinafMarchenaet al., 2018). Another rample is the 60S
ribosomal protein 7 (RPL7), which is aprotein that assembles to the early nucleolar ribosome
precursors containing 27S pr&NAs (Babianet al.,2013). Depletion of RPL7 led to the significant
reduction of the levels of 60S subuni8)S ribosomes, precursor rRNAs (e.g.12S rRNA) and mature
rRNAs (e.g. 5.8S rRNA), supporting that RPL7 is important for ribosomal biogenesis and rRNA
processing (Robledet al., 2008). Collectively, these possible interactions of thepeoteins with
DUB2indicate that DUB2 regulates translation through ribosomal biogenesis and rRNA maturation.

Previous studies have highlighted the direct regulation of ribosomal proteins and protein synthesis by
DUBs. For instance, yeast Ubp3p deubiquitinase (human odhel of USP10) regulates the
proteasomemediated degradation of aberrant nascent polypeptides during the ribosasseciated
quality control (RQC) process, through the manmquitinated state of ribosomal protein S3 (RPS3;
present in my hits too; Jurgf al., 2017). In addition, USP10 is involved in rescuing from proteasomal
degradation the monaibiquitinated but still functional ribosomal subunits that are stalled in
translation (Meyeret al.2020). Interestingly, DUB2 and USP10 are both ubigsjtacifc-processing
proteases (USP), however based on phylogenetic analysis performed by Damitialq@2020), the

two DUB proteins are relatively distinct. Ubp3 and Otu2 were also identified as DUBs regulating
translation through the association with the 4Q%osome. Specifically, Ubp3 maintains the
monoubiquitination state of the -protein eS7 for efficient translation, and upon translation
termination, Otu2 associates with the 40S ribosome and deubiquitinates the monoubiquitinated eS7.
This leads to the rehse of the translated mRNAs, allowing the formation of a new functional 80S
ribosome and the remitation of a new round of translationT@keharaet al., 2021). Thus, it is
understood that DUBs can regulate ribosomal proteins through various approaeh&s;ing the
efficient translation of proteins within the cell. These examples support further our hypothesis that
DUB2 is somehow involved in the regulation of translation.

At this point it is worth mentioning that variation between the IP aneBxilDapproaches can be
attributed to three reasons: firstly, the two approaches are mainly used cemehtary and not
interchangeably due to the small overlap they have (Baudetial., 2020; McCoyet al., 2023);
secondly, different controls were used for eaapproach (RDK2 for IP and CLK1 feBiXLD) that
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might affected the statistically determined interactomes per case; and thirdly, the endogenous single
allele Nterminus tagging oDUB2might had somehow mibcalized the protein to the nucleus and

the lysosome and therefore the eimmunoprecipitated hits observed by Damianetal. (2020) might

not be reliable. The latter argument is support by our previously mentioned unsuccessful attempts to
endogenously Merminally double allele tag th®UB2with miniTurboexpressing cassetteThe
promastigotes were never able to recover upon théekiminus tagging. However, due to the lack of
robust evidence justifying this hypothesis, both datasets were equally treated in this thesis.

Overall, some deubiquitinas are known to be part of a stable complex and their activity is regulated
within that complex. For instance, the yeast DUBs Ubp8 and Rpnll are components of the-histone
modifying complex SAGA and the 26S proteasome respectively and association wiihténaating
partners (e.g. Sgfll and Rptl respectively) induces their activation (Metgdn2016; Dambacher

et al.,2016). This is not the case for DUB2. Out of the 14 distinct interacting proteins identified with
statistical enrichment in either oneor both interactomics datasets (A8iolD, IP), none e€o
immunoprecipitated DUB2 during their immunoprecipitation. This implies, firstly, that DUB2 operates
independently within the cell without establishing stable complexes. Secondly, despite emptoying
vivoDSP crosbBnkers during the affinity purification process (as described in methods), the interaction
between these proteins and DUB2 may be transient or wddks underscores the significant
advantage ofproximity labelling approachesn capturing hese potein-protein interactions
compared to the lessensitive immunoprecipitatiortechniques. Finally, this observation gains
additional support from the effective emnmunoprecipitation of UBC2 together with its bait, UEV1.
UBC2 and UEV1 were usectastrol since they have previously been demonstrated to form a stable
heterodimer complexn vitro (Burgeet al.,2020). In summary, the evidence supports the notion that
DUB2 functions autonomously within the cell, and the examined interacting proteznsare likely

to serve as substrates of DUB2 due to their transient and weak interaction with it.

However, it is crucial to acknowledge that this affinity purification experiment was executed only once,
thus any conclusions inferred from it should beated with caution. Furthermore, promastigote cells
underwent the affinity purification process without prior incubation with BioLock. Consequently, the
immediate interactome of DUB2 might display variations under bidépletion conditions in
comparison ® normal circumstances. In opposition, it is worth considering that the impact of BioLock
on the overall proteome of promastigotes is likely to be minimal due to protocol optimization and the
identification of established interacting proteins through thdniurbo control, CLK1 (data not
shown;Geoghegart al.,2022).

Moving towards the localization of DUB2, it was previously suggested that DUB2 is mainly localized in
the nucleus of thd_eishmanigpromastigotes. However, occasional lysosomal localizatias also
reported under the same study. To characterise the localization of DUB2, Danaibalo{(2020) used

live cell imaging on promastigote cells expressirtgiinally-tagged mNeonGreen DUB2. However,
these cells were not cloned out to ensure taggingooth DUB2 alleles. This, combined with our
previous unsuccessful doubdlele tagging attempts at the-iérminus of DUB2 suggests that the
previously reported localization pattern might be wrong. In addition, based on the significantly
enriched protens in our proximal interactome of DUB2, there were no evidence of any nuclear
specific localized proteins except for certain proteins like ribosomal proteins that are situated in the
nucleolus during preibosomal assembly. Ravestigation of the cellulatocalization of DUB2
revealed that DUB2 is localized in the cytoplasm and partially in the nucleus throughout tbgctesl

of the promastigotes. However, DUB2 was absent from the flagellum and the kinetoplast. Taken
together, this ubiquitous localizativof the DUB2 protein withiheishmanigpromastigotes validates

84



the anticipated pleiotropic role of DUB2 and provides a rationale for the array of interacting hits
identified in both XiBiolD and IP interactomics datasets.

To summarize, our efforts haveiccessfully mitigated the background biotinylation stemming from
the highly active PDB miniTurbo enzymesulting to the optimization of the XBiolD protocol in
Leishmanigoromastigotes. This accomplishment was made possible through the implementation of
BioLock solution. Additionally, we have effectively generated stable minifadged DUB2 and CLK1
cell lines, where the fusion of proteins did not disrupt their essential function witeishmaniaells.

Our investigation encompassed the charactermatiof the proximal interactome of DUB2, a
comparison with the prexisting IPbased interactome established by Damiaredual. (2020), and an
assessment of whether selected interacting proteins form stable complexes with DUB2. Our findings
indicated that sich stable complexes were not formed; nonetheless, further inquiry is warranted to
ascertain if these proteins form weak or transient interactions. This might be achieved through the
use of milder lysis buffer (such as NP#&ed) when working witin vivo crosslinked promastigote

cells. Furthermore, it could be valuable to replicate the affinity purification experiment under
conditions of biotin depletion induced by BioLock. Lastly, ®wvauation of DUB2 localization
uncovered its prevalent presencertiughout the promastigote cell, dispelling the prior notion of
exclusive localization to the nucleus and lysosome, as previously reported.
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4 Investigation of Total Ubiquitinomics and Proteomics Changes in
mexicanaPromastigotes iRResponse to DUB2 Depletion

4.1 Introduction

4.1.1 Identification of DUB Substrates

It is currently weHlestablished that deubiquitinases (DUBSs) are involved in a braage of biological
processes, such as controlling protein quality and regulating ggpeession. However, many of the
insights into the function of a DUB is provided through the identification of its ubiquitinated
substrates. The most conventional way of identifying substrates of DUBs is by observing changes in
the total ubiquitinome of tle cell in response to a type of modulation that affects the protein levels

of the investigated DUB. For instance, ubiquitinated proteins that are deubiquitinated by a DUB wiill
remain ubiquitinated upon knockout, or knockdown of that DUB. Thus, upon gicaiih, more
ubiquitinated proteins will be detected in the knockout/knockdown DUB sample compared to the
wild-type control Eluet al,, 2022).

Despite the fact that the overall ideology on how to identify DUB substrates is consistent, there are
variations on how to perform eachktep. For instance, in the case of investigating substrates for the
ubiquitin-specific peptidase 14 (USP14), modulation of the protein levels of USP14 in HEK293T cells
was achieved via the ectopic expression of USP14 WT or oatadgctive (C114A) USP14 and
identification of changes in the overall ubiquitinome was performed. Specifically, ubiquitinated
proteins were firstly enriched via immunoprecipitation using K63, K48 and FK2 antibodies that
recognise K6finked, K48inked ard monao/ poly- ubiquitinated proteins respectively and secondly
sent for label free proteomics analysShadchankaet al.,2019). On the other hand peptideentric
approaches are more popular. They utilize immunoaffinity enrichment of ubiquitinateddesp(k

GG) using branebpecific diglycine (DiGly) antibodies coupled with proteomics analysis. These
branchedDiGly containing peptides are generated via the tryptic miscleavage of ubiquitinated lysine
residues of the targeted protein combined with thencomitant cleavage of the-t@rminally arginine

of the conjugated ubiquitin-YLRBGG). Bingatt al. (2014) used such peptideentric approach to
identify substrates of USP30 in response to RNdiced USP30 knocked down in HEK293 cells.

Neverthelessboth of these examples contain an enrichment step of ubiquitinated moieties. This is
attributed to the low stoichiometry of ubiquitinated proteins in physiological conditions, which makes
them challenging to be detected by MS in the presence of abundantubiquitinated peptides.
Furthermore, certain types of ubiquitination targets proteins to the proteasome for degradation,
which contributes to their quick turnover, making their detection even more difficult. The use of
proteasome inhibitors, such as M@&, can prevent this phenomenon from taking place, leading to
an upto three-fold increase of ubiquitinated proteins within the sampléggneret al.,2011). For the
proteomics, most of the ubiquitinomics workflows use ddipendent acquisition (DDA) adata
collection mode in tandem mass spectrometry (MS/MS). However, the introduction of data
independent acquisition (DIA) maspectrometry combined with a neural netwebased data
processing improved further the depth and precisiorim¥ivo ubiquitinomics and therefore of DUB
substrate identification. For instanceStegeret al. (2021) investigated changes in the total
ubiquitinome of HCT116 cells upon inhibition of USP7 with the specific covalent inhibitor FT671 using
DIAMS. Strikingly, they were &b to detect 8087 ubiquitinated proteins, of which 552 were
upregulated upon 15 min of FT6Trkatment.
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4.1.2 DUB Substrates and Ubiquitinomics in Parasitology

In the field of parasitology, despite the identification of numerous DUBSs in various orgdhéna,

have been no studies investigating substrates of DUBs using ubiquitindfuissalet al., 2022).
Instead, there are two proteomics analyses that provided insights into the molecular targets of the
trypanosomal DUB orthologues USP7 and VDU, chaisioggthem agssential mediators of surface
protein turnover and endocytic activity. This was achieved via observing the alterations in the total
proteomes ofTrypanosoma cruzaind T. bruceiin response to USP7 and VDU silenciaitferet al.,
2015;SowaMelo et al.,2023). However, application of ubiquitinomics in the field of parasitology is
not unprecedented Overall, there are three ubiquitinomit®msed studies in four different parasites
Plasmodium berghdP. berghéi L. mexicana, T. brucahd T. evanst; of whichP. berghehas the
highest number of identified ubiquitinated sites (=2183), corresponding to 519 protashpaet al.,

2023; Harris 2022;Zhanget al., 2020). Focusing on the only available ubiquitinomics study in the
Leishmanigarasite conducted by Harris (2022), he attempted to characterise the total ubiquitinome
of the promastigote. At a 1% false discovery rate (FDR) he was able to identify 8 and 5 ubiquitination
sites under MG132 and DMSO conditions respectively. Howeveubihaitinome of eukaryotic cells

is expected to be the-80% of their total proteome, which is not the case for this study, addressing
the need of developing an optimized ubiquitinomics workflov.éishmania

4.1.3 Aims

The aim of the research described in this chapter was to identify changes in the overall ubiquitinome
and proteome ofL .mexicanapromastigotes upon inducible deletion of DUB2. These results,
combined with the two available interactomes of DUB2, shouléakpromising substrates of DUB2.
Our approach is based on the study conductedLiyet al. (2018), in which a comprehensive
proteome, ubiquitinome andinteractome analysisrevealed substrates of USP14. In brief, we
performed the following steps in thewgn order to achieve our goal:

1 Developed an optimized peptideentric ubiquitinomics workflow using L. mexicana
promastigote cells via testing
a. Lysis buffers
b. Protein input
c. The usage of MG132 proteasome inhibitor
d. The use of different DDMS/MS database sech engines, DHMS/MS and different
massspectrometers
1 Generate an inducible DUB2X-°***_eishmaniapromastigote cell line using a modified
version of the recently developed inducible diCre/Cas9 system, to knock out Fagupat
et al.,2020).
1 Identify changes in the total ubiquitinome and proteome lafishmanigpromastigotes in
response to DUB2 knock out, using both total ubiquitinomics and total proteomics.
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4.2 Reults

4.2.10ptimization Steps of the Ubiquitinomiceikflow inL. mexican&omastigotes

4.2.1.1 Buffers and Loading Input

The first question that we tried to answer is which cell lysis buffer releases the highest number of
ubiquitinated proteins into the buffer? We tested three different cell lysis buffers, including 5%
sodium dalecyl sulphate (SDS) buffer, sodium deoxycholate (SDC) buffer and
radioimmunoprecipitation assay (RIPA) buffer, in the presence or absence of protease inhibitors.
Based on a western blot analysis using the-&K2 primary antibody, which detects mermmd poly-
ubiquitinated proteins, we found out that SDS buffer without the peptidase inhibitors releases the
highest number of ubiquitinated proteins compared to thiher tested conditions (Fig2A). This was
validated quantitatively by comparing band intéies between the lanes, which were normalized
using the band intensity of the houdeeping enzyme oligopeptidase B (OPB; data not shown).
Furthermore, almost no ubiquitinated proteins were observed when using the SDC buffer. To sum up,
SDS buffer withoyprotease inhibitors was found to be the best buffer for lysing promastigote cells.

The second optimization step we performed was to identify how many ubiquitinated proteins are in
L. mexicangromastigotes compared to Henrietta Lacks (HelLa) cells.&dson we performed this
experiment was because we are using the customized Bigsljgated magnetic beads (CST), which
suggests using-2mg of input protein. However, these kits were developed using human cells,
therefore we needed to find out the amoumif input required fromL. mexicangromastigotes. To
test that, we compared, via a western blot analysis usinghtHeK2 primary antibody, the band
intensities of ubiquitinated proteins derived from SPSedL. mexicangromastigotes and Hela cells,
treated or not with M@32 proteasome inhibitor (Fig. B2 MG132 is used broadly in ubiquitination
studies, to prevent the proteasomal degradation of the ubiquitinated proteins, which facilitates the
accumulation and identification of transiently ubiquitinatptbteins. Based on western blot analysis
we found out that HelLa cells have ~3.5 times more ubiquitinated proteinsltharexicanain both
MG132 and DMS®eated conditions(n=1). Thus, it was concluded that for investigating the total
ubiquitinome ofL.mexicangpromastigotes, ~7mg of protein input should be used.
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Figure12: Optimization steps for the ubiquitinomics workflow irL. mexicanapromastigotes.A.
Western blot analysis &f. mexican@romastigoteT7Cas9 extracts lysed with the indicated lysis buffer,
in the presence (+) or absence) pf protease inhibitors. The artibiquitin FK2 antibody was used in
1:5000 dilution. The same blot was-peobed with a-OBP antibody (1:20000) as a loading and
normalization controlB. Western blot analysis of ubiquitinated proteins from cell extracts derived
from T7Cas9 promastigotes and HelLa cells, treated or not witti 88proteasome inhibitor. 1:5000

a -Ub (FK2) antibody was used as a primary antibody. The total proteomifietby the stainfree

gel, was used as loading and normalization control.

4.21.2 Massspectrometer, Acquisition Mode and MG132 Proteasome Inhibitor

Upon optimization of the ubiquitiomics workflow, we performed a preliminary experiment using a
single DiGhenriched sample df. mexican@romastigotes, which was treated with MG132d. 13\).

Briefly, we harvested and lysed 1.5%tells using 5% SDS buffer and we isolated and purified 7mg of
promastigote proteins. We then performed an overnight protein digestion using tryps#/larsd
sequentially we confirmed by Coomassie staining that the proteins were digested successfully to
peptides Fig. 18). We chose to use the Trypsin/kgsmix because it minimizes the trypsiarived

missed cleavages and improves several aspects of the mass spectrometry analysis of complex protein
mixtures, including enhancing the identification of pelets and proteins (Saveliegt al., 2013).
Following that, we enriched the DiGignjugated peptides using the asdiGly conjugated magnetic
beads and then we sent them for labHete DDAMS/MS, using the Orbitrap Fusion mass
spectrometer. At 1% False Disery Rate (FDR), we identified 4384 unique peptides, of which 2209
contained the DiGly remnanFEig. 1&). These 4384 peptides correspond to 1240 different proteins,

of which the 881 are ubiquitinated. To confirm that the identified peptides are indeéqlitinated,

we manually inspected the MS2 spectra and observed a shift of 114.0423 Da in the presence of the
DiGly remnant (data not shown). Therefore, it is concluded that we have developed a robust workflow
to investigate the total ubiquitinome df. mexicanapromastigotes.

Next, we were interested to test whether the newly acquired TimsTOF HT-spastometer
outperforms the Orbitrap Fusion in identifying Di@bnjugatedLeishmanigpeptides. At the same

time, we were also interested in whether DIA deimproves protein coverage over DDA mode, as
proved previously in human cells (Hansen et al., 2021; Stagdr,2021). Thus, we ran an M2

treated and a DMS@eated DiGlyenriched sample using either DDA or DIA workflows established on
the TimsTOMT. To avoid biological variation across samples, we loaded 50% per sample per
acquisition mode.

Once we acquired the raw data for each condition, we needed to identify peptides possessing the
characteristic DiGlyemnant. Therefore, we firstly analyseke DiGlyenriched rawdata acquired in

DDA mode using three different database search engines: Mascot, PEAKS11 and FragPipe. FragPipe
identified 7848 and 12917 ubiquitination sites in WT and MG132 treated samples, outperforming both
Mascot and PEAKS11 thdentified respectively from the WT sample 6714 and 7175 ubiquitination
sites and from the MG13feated sample 10880 and 8210 ubiquitination sitegy( 1®). Secondly,

to process the DIA raw data, we used IDIN. Due to the lack of a spectral libragy DiGlymodified
peptides, we used DIAN in a librarffree mode. Overall, DIAIN classified as ubiquitinated peptides
5826 for the WT sample and 6740 for the MG132 con#d.(1®). At this point is worth mentioning

that we set the FDR of all the ansds at 1%. Nevertheless, under the tested conditions, DDA and not
DIA performed better at the identification of ubiquitinated peptides for both MGr@ated and WT
samples, with FragPipe software giving the deepest coverage. Despite the data acquisdirtime
overall performance of TimsTOF HT mgsctrometer for identifying ubiquitination sites in MI32-
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treated samples is around twenty times better than the previously used Orbitrap Fusion mass
spectrometer Fig. 1E). Thus, we decided to proceed WiDDA TimsTOF HT as ragssctrometer

and acquisition mode, and FragPipe as database search engine for identifying peptides with a DiGly
remnant from L. mexicanapromastigotes. Even if the use of the proteasome inhibitor MG132
increased the number of ubidfinated proteins, we decided to not use it for reasons explained in the
discussion.
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o\ — o\ —— Digestion ¥ Pulldown b4
L & [ TF £ — N s — @ = i
P = % .': & —STK’(MDAWEVPQELVLEAYR}GT \
g - L 9 & &
L % ¥, me132 S
P s Ubiquitinated Protein
<
C.
B. Trypsin/ Lys-C .
— Orbitrap - MG132
Pre Post
2240
2200
2160
2120
uDiGly = Non-DiGly
D. E
TimsTof HT TimsTOF
14000
12000
3
T 10000
a
& 8000
2
g 6000
[C]
o' 4000
z
2000
‘ Orbitrap
WT MG132

® Mascot- DDA W PEAKS11-DDA  w FragPipe - DDA DIA-NN - DIA

Figurel13: Continuation of the optimizations for the ubiquitinomics workflowA. Schematic of the
experimental ubiquitinomics workflow. Parenthesis around MG#8ated promastigote cells
indicates that this step can be excluded if desif@dCoomassie staining of gel containicgjshmania
promastigote protein sample préproteins) and post(peptides) trypsin/ Ly€ digestionC.Number

of peptides with and without branched DiGly motif identified by the Orbitrap Fusion (n=1; 1% FDR).
D. Number of DiGly peptides identified from a single MGIréated sample and a single DMSO
treated (WT) sample, of which half of each was loaded for-Rbé DIAMS/MS, using the TimsTOF

HT masspectrometer. Raw data were searched with MascotAREL1 and FragPipe for DDA and
with DIANN for DIA (1% FDE)Comparison of the two masspectrometers TimsTOF HT adwbitrap
Fusion in terms of coverage loéishmaniaibiquitinated proteins. Data of the MG13&ated samples
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from A. and D. were compared. For the case of TimsTOF HT, data analysed by ErBjRipeere
the best and therefore used for this analysis.

4.2.2 Generation of DUBRIAFLOX*_eishmani@romastigote Cell Line

The primary aim of the research described in this chapter was to identify changes in the total
ubiquitinome and proteome of theeishmanigromastigotes in response to DUB2 deletion. However,
DUB2is an essential gene required for the survivability of teéshmanigpromastigote cells. Thus,

the only available way to study the cellular function of such gene is through the use of an iaducibl
diCre system. For the purposes of this study, we decided to generate indDtid&nockouts (iKO)
using a modified approach inspired by the rapamBi@rebased inducible RISPRCas9 system
developed by Yagoubat al.(2019). Briefly, we decided teplace the endogenoudUB2gene with

a LoxFflanked DUB2HACGterminally tag construct, which we gendea via Gibson assembly (Fig.

14 0 d CdzNI KSNXY2NB:X R26y&aiUNBlIY 2F (GKS o0Q [2Et aAil
both approaches, insertits were achieved using homologous recombination via the CRISER
system.

To ensure maximum depletion of DUB2 from the promastigotes, we first needed to select for
homozygous mutants having both of thé&tJB2alleles replaced with the floxed version$ius, we
performed cloning followed by PCR validations. Overall, 78% of the clones had both of their alleles
successfully replaced (FIgB (HI1)). We showed via western blotting that four of these homozygous
mutants expressetiAtagged DUB2 proteins (F14C) and that allowed us to proceed to the follow

up investigation of whether the DiCre system was active in the presence of rapamycin and how that
affected the growth pattern of the promastigotes. By observing the gresath of twohomozygous
mutants treated either with DMSO or rapamycin for six dayw® found out thatclone A had a
profound defect in its growth aftefour daysof incubation with rapamycigFg. 14D (I)). In addition,

there was a small delay in the growth rate of DM®&ated clone Aompared to the prental T7DiCre
control (Fig. 1® (Il)). Nevertheless, these results suggedteat DUB2excision was successful.
Indeed, we confirmed both at the genomic and protein level thatBiéB2gene andDUB2protein

was successfully excise®@(@ays; Fig. 18 (1)) and degraded (# days; Fig. 13 respectivelyBased

on these resultsye concluded that weénave generated a functional inducible DUBZ-%*cell line,

which respounled efficiently to rapamycin.

Next, we investigated whether these of the proteasone inhibitor MG132 prevents the degradation

of DUB2 aftefour andfive days of rapamycin incubation. Bath time-points the DUB2 protein levels

of rapamycintreated samples were reduced compared to the DME%ted controls, regardlessf
whether they have been treated with the MG132 inhibi{giig. 14). To be more specific, there is a

0.88 and 0.89 fold decrease of the DUB2 signal upon incubation with rapamycin for four and six days
respectively, despite the presence of MG1BRus, he ue of MG132 at these given time points would

not have interfered with the degradation process of DUB2.

Lastly, we were also interested to observe whether there are any profound changes in the total
ubiquitinated protein profile ofLeishmanigpromastigotes upon deletion of DUB2. To do that, we
guantified and compared the intensities of ubiquitinomes observed on a western blot probed with the
anti-ubiquitin FK2 antibody. A 96h rapamycin treatment of DYB2promastigotes increased the
intensity of tre ubiquitinome profile |y ~1.5 foldchange (n=1; Fig. ). Data were normalized against
the intensity of the house keeping protein oligopeptidd3e(OPB). Thus, it is expected in the
downstream ubiquitinomics experiment to observe higher number of idedtifubiquitinated
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proteins in rapamycitreated samples, wherdDUB2is knocked out. However, this preliminary
conclusion has the caveat of being conducted once.

To summarize, we successfully created a homozygous™Bpromastigote cell line that responds
to rapamycin, with four days of incubation being the optimal tipwnt for the DUBZXKO
ubiquitinomics.
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Figure14: Generation of T7Cas9 DUBPAF>** | mexicangoromastigote cell line. A. Schematic of how tt
inducibleDUBZ2cell line was generated and how the rapamycin (RAfRjuced excision of DUB2 is achievBi
Diagnostic PCR for identifying homozygote clones carryingakBDUB2HALoxPPURcassette B (I)Schemati
of the PCR design and the expected DNA sizes with or without the DNA caBg#ite7 clones were tested \
this PCR and amplicons were run on a 1% AgarosB @kl) The parental T7DiCre cell line was used as co
C.Seleted clones and cell populations were tested for expression of DUB2::HA via western blot. 1:%,69€
rabbit and 1:5,000 -Rabbit (Promega) werused as primary and secondary antibodies. As a loading contrc
was used. Membrane was stripped off andl@dNE 6 SR ¢ A (i K -LijBPB (shad) ahkibNdy (120,
adzyRIFe Sid If®x wnmm0 | YR &Sl dzSy Gshdefigh 8HRB) aniifody {166 S
GeneTex). D. Growth curve of inducible DiCre DUB2::HA promastigote cell line in respor®& SO an
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days, and cells were 1eeded at day 2 and 6 as described in D (I). E. Investigation of whether DUBZ
excis@ in response to rapamycin using PER(l) Schematic of the designed PCR, which also indicate
expected sizes of hDNA amplicons per treatmeri. (I)PCR analysis and run of DNA amplicons on 1% a
gel of samples derived fromarie A, clone H, parental cell line T7DiCre and the positive 8¥F6ontrol. DN,
derived from promastigote cellst the indicated time points (e.g. D2 = DMB8€ated for 2 days). Only reage
were used as negative contreV€).F.Timecourse of DUB2 protein levels in the presence of RAP or DMSC
GSAGSNY of 200 C2 NJILINBIOAYAALE HiyKISA dLINBREY krékiivdgnkey Dytight6s
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LINR Y NB 6 mY H steepdonkey DyligRt488 |:5,000) antibody as a secon@arfo test whethe
MG132 proteasome inhibitor prevents degradation of DUB2 after 4 and 5 days of DMSO/RAP treatme
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control OPB weredientical with F. Changes in the total ubiquitinome were also investigated-pyolang the
alFYS YSYONYYS 4-dzo Klj dzKSA YINK XY HzBBE Py (iAo 2ReE -rovse HRPm
antibody (1:5,000; Promega).

93



4.2 3ldentification of Changes in the Totddifjlitinome ofLeishmanidromastigotes upon
Inducible Bletion of DUB2

So far, we have developed an optimized lalvek quantitative masspectrometry workflow for
investigating ubiquitinated proteins In mexicangromastigotes and we have generated an inducible
DUBZ°**"cell line, with four days of rapamycin incubatibaing the optimal incubation period for
depleting DUB2 protein levels. Combining the two, we are going to investigate changes in the total
ubiquitinome and proteome dfeishmanigpromastigotes in the presence and absence of DUB2.

Overall, we treated_eisimania promastigotes either with DMSO or rapamycin for 96h. For each
condition, we used three independent biological replicates, of which cells were grew up in a cell
density of 5 x 10cells ni.X. We then harvested 1.5 x 46ells per replicate and lysetlém in 5% SDS
buffer. Upon alkylation and reduction of proteins, we desalted the proteins using Strap columns.
Sequentially, we performed trypsinisation and isolated 29®f peptides per sample for investigating
alterations in the total proteome in respse to inducible deletion of DUB2. The rest of the peptides
underwent DiGlyenrichment and were sent for DBMS/MS using timsTOF HT in order to identify and
guantify ubiquitinated peptides in each sampked. 12\). For performing statistical tests, we dshe
Rstudio package DEP, which standDifierential Enrichment analysis of Proteomics data

Across all six DiGenriched samples, we identified 12026 distinct peptides, of which 7771 were
ubiquitinated Fig. 1B). These ubiquitinated peptides casisthe ~68% of the overall identified
peptides, indicating efficient enrichment of peptides carrying the DiGly remnant. However, not all
DiGly peptides were present in all six replicates, with 1438 of them being detected in a single replicate
(Fig. 1%). hclusion of peptides with too many missing values will affect adversely both the
downstream imputation methodology and statistical analysis. Therefore, we selected peptides that
were detected in at least two out of three replicates in at least one of the treated conditions
(Hanseret al.,2021). By doing that, we ended up with 5918 DiGly peptides in total, with the exact
remained numbers per sample spanning from 4454 jio 5304 R_1; Fig. 1®). Overlapping analysis

of these 5918 DiGly peptides indicated that most of them (=3352) were present in all six samples, with
the smallest number (=393) being quantifiable in two samples of a single condkign 1(k).
Sequentially, we applied varianceabtlizing transformation to correct the background and normalize
the data and we found that it had no effect in the data distribution across the samipigs 1(F).
Moreover, there is no varianemean dependence across the data and this was depicted d&ombal

red line, of which red line represents the running median estimdfdg. (1%5).
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Figurel15: Insights into the ubiquitinomics data in response to the DUB2.KOSchematic of the
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peptides being present in one or more samples. For instance, if a DiGly peptide is present in only one
of the six samples, then it will be allocated in number of sammgataining overlapping DiGly peptides

1, but if a DiGly peptide is present in all six samples, then it will be allocated in number of sample
containing overlapping DiGly peptides 6. No filtering was applied in this daiagétumber of DiGly
peptides remained per sample after applying the following threshadgtiples that were detected in

at least two out of three replicates in at least one of the two treated conditions were kept for
downstream analysi€ Same as C., however of DiGly peptides meeting the condition mentioned in
D. F.Comparison of distribution between normalized and not normalized data, which were labelled
as data_norm and as data_filt2_thrl respectiveéB;.Rank of the means of the abundance of the
ubiquitinated peptides plotted against standard deviations. Each point represents several
ubiquitinated peptides with similar SD and nme& he red line depicts the running median estimator.

5SA4LIAGS GKS a0t SIHyAy3aé 27F (K Fig. BA).GThug, impaBdiass S NB €
needed. At this point is walnt introducing the categorisation of missing values, with the two main

classes be: missing at random (MAR) and missing not at random (MNAR). In brief, MAR missing values

are when peptides are detected in some but not all samples across different conditliasould be

due to technical limitations such as in the case of the sg#nthastic selection of peptides under DDA

MS/MS. As about MNAR, they are the missing values being solely present in samples of a specific
condition. This might be due to biologicsignificance. MNAR and MAR missing values are imputed
differently, thus we first categorise the type of missing values being present in our ubiquitinomics
dataset. Based on the heatmapkify. 18\, some missing values are only present in rapamiyeated

samples making them possible MNAR missing values. However, some others are observed randomly
FONRP&a 020K GNBFGYSydGas OFrdS3a2NRAaAy3d GKSY a L3

Despite the first observations from the heatmap, further analyses are requiredderstand better

the nature of these missing values. Firstly, we checkedlthesities and the cumulative fractions of
the peptides with and without missing valuedissing values are primarily from peptides with lower
intensity, suggesting that these miag values should be treated as MNAR and ackfisored
imputation method should be appliedrig. 18&C). Nevertheless, DEP package allows you to test
different imputation approaches at the same time, including M#&Rtric, MNARcentric or even
combined(Fig. 1®). The imputation method of missing values that outperformed the rest by scoring
the highest number of limmderived significant hits was the one using random minimal draws derived
from the left end of Gaussian distribution (labelled as manualitawion; Fig. 1€&). This approach is
known for favouring MNAR datasets, which agrees with the previous conclusions for the nature of the
missing values, and therefore it was selected as the imputation method for this dataset.
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Figurel6: Exploration and imputation of missing valueA. Heatmap of missing values per sample.
Each line represents an ubiquitinated peptide, which is missing in at least one of the six samples. White
box indicaes missing value (no quantifiable value) and black box indicates quantified &lue.
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Intensity distributions (=densijyof proteins with and without missing valuesaXis indicates the
GRSyaAride 2F LINRPOIFOATf Al e é-AxishlbtedywalugsE.CunfalStiveGrictiof OS 2 F
of proteins with and without missing values-a¥is indicates the pimability of a random variable

having values less than or equal to x. For the following 3 plots different imputation methods were
tested concomitantly.D. Distribution of intensities, before and after imputatiok. Significantly
differentiated ubiquitinated peptides (limma; p<0.05) between the two treatments, rapamycin and
DMSO, upon replacing missing values using the given imputation approach.

First insights into the quality of our data were revealed via principal component analysis (PCA). PCA
of the top 500 variable ubiquitination sites revealed that DM&@ RARreated samples are well
separated inwo different clustersfig. 1A). Noticeably, DMSO sample 1 (D1) is not tightly clustered
with the rest of the replicates, suggesting that the sample is relatively variable. However, based on
Pearson correlation coefficient (PCC) analysis, all three Btk&t@d samples, including D1, have a
strong and positive correlatiorF{g. 1B). Therefore, we decided to keep the D1 sample to maintain
statistical power for the downstream analysis. Overall, combining PCA and PCC results, we concluded
that the varianceacross the samples is driven primarily by the difference in DUB2 protein levels.

To identify significant changes in the total ubiquitinome in response to deletion of DUB2, we used
limma analysis, which combines proteinise linear models and empirical Bystatistics. Collectively,

we identified 165 ubiquitination sites to be significantly different, of which 122 ubiquitination sites
corresponded to 113 proteins that were upregulated in the absence of DUB2 (p&0&,C). Due

to the application of atatistical significance threshold at a palue less than 0.05, we decided to
exclude a fold change threshold in all statistical analysis in this chaptet @!12022). Nevertheless,

all these significant ubiquitinated peptides were solely enrichedjiticates per condition, supporting

the robustness of our conclusiorBig. 1 D).

From these significant proteins, we are interested in the 113 ubiquitinated proteins that are
significantly upregulated in the absence of DUB2. The reasoning behinsl tinéd if an ubiquitinated
protein is a substrate of DUB2, then in the absence of DUB2 this substrate will remain ubiquitinated.
These changes are translated in our experiment as upregulation of ubiquitination sites in rapamycin
treated samples, comparea tthe DMS@reated controls. Therefore, for the needs of this study to
identify substrates of DUB2 we focused only on these significant ubiquitinated peptides. We listed all
the significantly upregulated ubiquitinated proteimsTable4 and we highlighte&nown proteins that

are ubiquitinated (e.g. root hair defective 3; RDH3) and/or are part of the ubiguititeasome
pathway (e.g. proteasomal BETAG6 protein). Nevertheless, the top three upregulated ubiquitinated
proteins are: the seringhreonine kinasereceptorassociated protein (STRABPMxM.27.1250
Log2FC=5.23), a hypothetical protein with a coiled coil domain based on HMMER analysis
(LmxM.34.3240 Log2FC=4.68) and the amino acid transporter (AA19nxM.07.1160 Log2FC=

4.55).

To get insightaito the biological processes, the cellular compartment, and the molecular function of
the significantly upregulated ubiquitinated proteins, we performed gene ontology enrichment analysis
using TritrypDB (p<0.0%:ig. 1EG). Through this analysis, we relezh that these proteins are
involved in diverse biological processes, with most of them being involved in cellular localization and
transporting G0O:0051179& GO:0006810 proteins=17), but also in cell projection organisatiG(
0030030 proteins =4;Fig. 1'E). Furthermore, cellular compartment analysis revealed that most of
the hits are localized at the posterior of the cell, such as in the cell projecG@n 042995
proteins=26), with a particular contribution to the cytoskeleton of the ¢&D(0005856 protein =14;

Fig. 1F). Finally, in regards to the molecular function of the hits, the analysis suggested that

98



transporter activity(G0O:0005215 and nucleosiddriphosphatase activityG0:0017111 are the top
two, with seven and six proteins ipg involved in each function respectivéhig. 115)
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Figurel7: Exploration of the significantly different ubiquitinated peptides between DUB2pleted

and wild-type samplesA. PCA plot of the top 500 variable DiGly peptides. Each symbol represents a
different replicate per condition, of which condition is coloured with red for DMSO (D) anddslue
RAP (RB.PCC matrix, of which dark red indicates very strong and positive correlation (PCC=1) and
light red means no correlation (PCC=@). Volcano plot depicting the significantly different
ubiquitinated peptides in black, while in grey are the rmgnificant hits. On the right site are the
ones upregulated in the DMSO samples, while on the left site are the ones upregulakedRAP
samples.D. Heatmap of all significant ubiquitinated peptides (rows) per sample (column). Red
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indicates signi€iant ubiquitinated peptide upregulation while blue significant downregulation. Gene
Ontology analyses of significantly upregulated ubiquitinated proteins in response téngded
DUB2 depletion. The top 10 GO terms, with the highest number of protemprasented irk. for
biological processes.for cellular component ané.for molecular function.

Table 4: Significantly upregulated ubiquitinated peptides in DUB2 depleted samplEsr each
significantly upregulated ubiquitinated peptide derived from the DUB2 depleted samples, the
following information were listed: Gene ID, product description, which was takem TioT rypDB, the
amino acid sequence of the ubiquitinated (DiGly) peptide, theRald Change (LelgC) between
DMSGQtreated and rapamychtreated samples and whether the particular protein or its homologues
in other organisms was pveusly reported as ubiquitinated. In the DiGly peptide column, the lysine

NEaARdzZSas GgKSNBE dzoAljdZAGAYylFdA2Yy 200dz2NB gAGK |

Other PTMs were also included: oxidation of methionine = M [15.9949]; phosphorgdatat = S
[79.9663]; phosphorylated threonine = T [79.9663] atid/latedthiol groups of protein cysteines = C
[45.9877].

Gene ID Product Description DiGly Peptide LogFC .Ub. In
Literature
LmxM.27.1250| serine-threonine kinase recepter VAPAAPAADNGVADIRKY 5.23
associated protein, putative '
LmxM.34.3240| hypothetical protein, conserved SVAIADVQAQLSQK -4.68
LmxM.30.2810| KH domain/Domain of unknown | VPGLSEGVLSKPEDGDHAPT|
function (DUF1771)/Smr domain -4.55
containing protein, putative
LmxM.07.1160| amino acid transporter 19, putativf QDDNPELRRHAGAEDTNTGEA 450
DEEDAEEVPRK '
LmxM.15.0590| hypothetical protein, conserved HEAYVNPEHNPELYSHLYK -4.09
LmxM.34.3890 calmodulinlike protein AAGLNPSEKKI -3.85
LmxM.08_29.16 ABC transporter domain protein, LESYRYLAAK 378
40 putative '
LmxM.31.0370| root hair defective 3 GFRinding VQEKTFR 3.76 Sunet al. 2020
protein (RHD3), putative ' "’
LmxM.13.1530| phospholipidtransporting ATPase ILPGLSK 3.67
1-like protein '
LmxM.09.1490 cytochrome b_Hike protein, YYIGDVHPDDRIK 3.47
putative '
LmxM.32.1110| hypothetical protein, conserved SSADPATAPVAEVTQLRHAK 3.41
LmxM.33.2420 glycosyltransferaséike protein NPDGTRSPGSGVAPWHETYH -3.26
LmxM.36.5010| 40S ribosomal protein SA, putativi GKS[79.9663]IGMM[15.9949]YV, Blazejewsket
LLAR 318 al., 2022
LmxM.26.2120| hypothetical protein, conserved EPPSPPPPLPTKRH -3.18
LmxM.19.1010 WD domain, @eta repeat, SAAARISDPSQITAPDGAGTK 317
putative '
LmxM.34.4180| bardetbiedl syndrome 1 protein KLESLLDSGVQTSSR -3.16
LmxM.08_29.05 Ca2+ATPase N terminal SLSQKALSSIAR
00 autoinhibitory domain containing -3.15
protein, putative
LmxM.08.0070| Putative zinc finger motif, C2HC5| DGAVTEAGAEDEEPHDADES
type/ASCH domain containing GAEPLPSLKIQ'YSPDGTR -3.11
protein, putative
LmxM.31.2030 | Rasrelated protein RAB2B, putativ LISIQ&SVK 3.08 Zhanget al.,
' 2021
LmxM.27.1750 dynein heavy chain, putative | GDSM[15.9949]WQNSHSBEREG
ALAK -2.94 Leeet al.,2008
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LmxM.30.1180

hypothetical protein, unknown

GKSYLIPK

. -2.93
function
LmxM.26.2120| hypothetical protein, conserved Y&GLDPAAAVAANR 2.92
LmxM.25.0080| poly(A}binding protein, putative LDTAVNKELQAAFTK -2.90 Liet al.,2021
LmxM.08_29.06 ABC transporter, putative AISDDDELHSASFANGS[79.96
20 KM[15.9949]N& -2.89
LmxM.25.0280| hypothetical protein, conserved M[15.9949]EVVQVSE®EQLR -2.89
LmxM.16.0970| hypothetical protein, conserved DAVAELQHKPPPPLLEPAAQH 2.86
LmxM.23.0547 | hypothetical protein, conserved DKVVAGSAASAALR -2.85
LmxM.08_29.11 tryparedoxin 1, putative LQKQNEM[15.9949]VDM[15.994
60 9]SSLSGK -2.82
LmxM.13.1620 squalene monooxygenadike ILVDYNKPTLPRQSEWLIQDVA Forestiet al
protein R -2.80 2013
LmxM.23.1020 hypothetical protein, unknown | DVEETDDA®VEAADDAAKDVE
function ADGEAK -2.80
LmxM.25.1430 Putative intraflagellar transport EDAM[15.9949]LEEQRK 278
protein Al '
LmxM.27.0970 ABC transporter, putative LLAAVDLE®AHYM[15.9949]SK 2.76
LmxM.36.6650 2,3-bisphosphoglycerate IDDEHEHEVPSDR
independentphosphoglyce ra -2.74
temutase
LmxM.10.0400| pteridine transporter ft5, putative | DIKQDATAATPQQKPATNVGL
79.9663]PVDEK -2.73
LmxM.29.2740| TPR domain protein, conserved| AKATGLSAGGGM[15.9949]GGH
MGGMPDMGQFANMMSI[79.96¢ 273
INPQFM[15.9949]ETAQR -
LmxM.29.0490| hypothetical proteinconserved TEDIIVWR -2.70
LmxM.34.2110| hypothetical protein, conserved AAATAQEALEERYR -2.69
LmxM.32.0400 serine peptidase, putative EALLSKPLTDAAKASGDSFNH -2.68
LmxM.33.1050 | TPR repeat/SET domain containirf DIEABQESSDAANSPATM[15.9
protein, putative 9]JAK -2.67
LmxM.33.3760 actin-like protein, putative VLPYQGGTGGGTSKASSPTAV
KEAPVR -2.65
LmxM.08_29.06| phosphate transporter, putative DLSHESR 263
50 '
LmxM.08_29.14 asparagine synthase, putative LVNAAATTTPELKRP 262
90 '
LmxM.29.0380 phosphatase 2C, putative GGM[15.9949]IFATEDHKPYIP
TER -2.61
LmxM.31.2120| hypothetical protein, conserved | GGGWLSSM[15.9949KEVNAA
SGLFLEPR -2.59
LmxM.23.0630| exocyst complex component Secl| FYTTVISTAAPABA 258
putative '
LmxM.36.5150 kinesinD LADE¥DLQVEK 255
LmxM.16.0930 Snf7, putative KYELVASLEHEK 255
LmxM.09.0100| flagellar pocket cytoskeletal proteil ETKLM[15.9949]SEASSYLGNM]|
bilbol .9949]R -2.54
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LmxM.25.2020| hypothetical protein, conserved FGAGAKQLSADGYNVILEGR 2.47
LmxM.32.1750| macrophage migration inhibitory | VESWGEYPP8KP15.9949]M[1
factor-like protein 5.9949]TPR -2.46
LmxM.27.1750 dynein heavy chain, putative VFGSTDVLRETAHAR -2.40
LmxM.08.0070 VQQSYFEDDVEVFAEETKIEKAH -2.39
LmxM.36.1390| hypothetical protein, conserved NLLFUSEEAEDK -2.39
LmxM.04.0680| ubiquitin-conjugating enzyme E2, LELFLPEEYPM[15.9%FRK McKenneet al.,
putative -2.37 2001; Burgeet
al., 2020
LmxM.10.0400| pteridine transporter ft5, putative | SAVSHEVALDAAQPDDS[79.96
EENT[79.9663]SSLEAAGKDIT) -2.36
AEK
LmxM.03.0030 D-3-phosphoglycerate PSLIDPPYHALLLEGVNPAAKE Wanget al.,
: . -2.34
dehydrogenasdike protein 2020
LmxM.32.2440 KHassociated protein 1 VVASQESM[15.994KN -2.33
LmxM.19.1150| hypothetical protein, conserved TPLITKELAELR
-2.30
LmxM.08_29.07| U-box domain protein, putative LLSEIPPLR® 228
80 '
LmxM.05.0350 trypanothione reductase NDAVLVDAXESM[15.9949]DNI
YAIGDVTSR -2.23
LmxM.08_29.21]  rab-GDP dissociatiomhibitor, NAYYGGESASLNLEQLYQKH 291
60 putative '
LmxM.27.1210| translation initiation factor elF2B ILDVIEAERM[15.9949]SFK 2921
delta subunit, putative '
LmxM.27.0480 Nucleolar protein 60, putative KPFM[15.9949]SSPVLR -2.20
LmxM.10.0400| pteridinetransporter ft5, putative | SAVSHEVALDAAQPDDS[79.96
EENTS[79.9663]SLEAAGVVT[1 219
663KDLQAEK -
LmxM.16.0080 Galactose oxidase, central EREEAFR
domain/Domain of unknown -2.17
function (DUF4110), putative
LmxM.36.5140 VHS domain containirgrotein, VQLSLIERDKALR 217
putative '
LmxM.22.0730| cytoskeleton associated protein, EEEHELK 216
putative '
LmxM.23.1300 lathosterol oxidasdike protein AGDKYVDPVYASYHEEK 214 Jaenickeet al.,
' 2011
LmxM.08.0470| small ubiquitin proteinputative AEAAAAVSAQQKMYNADGAEM Leconeet al.,
[15.9949]FFK -2.14 2016; Pfeifferet
al., 2017
LmxM.23.1020 hypothetical protein, unknown DVEAADGHKE[45.9877]AEAVD
function MEEK -2.13
LmxM.34.2810| hypothetical protein, conserved | M[15.9949]FVHPSLRPTEQLGT]
SKGQNTNGSR -2.13
LmxM.36.1340| N-acetyltransferase subunit Nat1, QEEGYHB&AILLNPK 212
putative '
LmxM.08.0090 adaptor complex protein (AP) 3 HIADRKNEVNVADPR
: . -2.09
delta subunit 1, putative
LmxM.16.1420| hypotheticalprotein, conserved TGGSVEGAFLPR -2.08
LmxM.20.0690| hypothetical protein, conserved LIAETAAYERNSFIR -2.05
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LmxM.28.1990

Leucinerich repeat protein 1,

NVDEDIDVLTDELQDTPGDKHH1

putative K -1.97
LmxM.27.0680 amino acid permease, putative | KLESS[79.9663]SLT[79.9663]D Soetent al
ESAAK -1.97 B
2001
LmxM.10.0510 glycerot3-phosphate GFFBSGGNLIAYAK
dehydrogenase [NAD+], -1.96
glycosomal/mitochondrial
LmxM.31.0250| hypothetical protein, conserved VAVGHGPGSSQLDWRSS -1.95
LmxM.09.0220| hypothetical protein, conserved GKLSIPTDAEGSQVFDRR -1.94
LmxM.08_29.21| rab-GDP dissociation inhibitor, NAYYGGESASLNLEGEX® 191
60 putative '
LmxM.14.0490 Amastin surface glycoprotein, M[15.9949KSLVAEQK 1.90
putative '
LmxM.30.2020 succinydiaminopimelate ILEADPPYGAKYXTF
g . . -1.88
desuccinylasdike protein
LmxM.36.1580| hypothetical protein, conserved | M[15.9949]PHPSADALLAPPSV
WWKLQEQALTR -1.86
LmxM.33.0480 ion transporter, putative FLDPYTNGASKNMDM[15.9949]Y
NSAAALR -1.86
LmxM.27.0790 MatE, putative RPTSISLDASPAKBAI -1.85
LmxM.28.2250| glycosomal membrane proteiiike ENLL&GNFDAAHLR 183
protein '
LmxM.24.2180 Trypanosome basal body EKDGTIAALR 182
component protein '
LmxM.34.1760 proteasome complex subunit TTVNLEDMKLASVSK 181 Bescheet al.,
Rpn13ubiquitin receptor, putative ' 2014
LmxM.29.1790 DNAJ domain protein, putative ESVAAVTGASNGTEKKEG -1.80
LmxM.33.0350| eukaryotic translation initiation | VAPIVSWLGM[15.9949]RADA 180
factor 5, putative '
LmxM.36.4320| hypothetical protein, conserved | VSLYSDEVGHNYEVDM][15.%94
LEDAFTGR -1.80
LmxM.10.0400| pteridine transporter ft5, putative DLQAEKLV 1.71
LmxM.27.1710 eukaryotic translation release GM[15.9949]GTSVISVYM[15.9
factor, putative 9]TRKEQIAGM[15.9949]VAK -1.71
LmxM.03.0890 NLI interacting factclike DGQGSGDGAVEVEPGNSDDD
phosphatase, putative AGGTLEER -1.67
LmxM.30.2170 | ARMlike helical domaircontaining | LLNKNILSNEPVDLLSM[15.9949
protein EAR -1.56
LmxM.10.1150 Cilia andflagellaassociated M[15.9949]AEYIKQ 153
protein 45, putative '
LmxM.27.1980| FtsJ cell division protein, putative, YVFNDDDDLPDWBEQR -1.53
LmxM.17.0910 acyltransferase, putative FAKELLLSR -1.51
LmxM.26.1890| hypothetical protein, conserved FL&ELLESHR 1.47
LmxM.13.0450 ALBAdomain protein 1 NQGVVEMWK -1.40
LmxM.08.0470 VVNADGAEM[15.9949KK -1.40
LmxM.30.0440| cytoskeletonassociated protein | APSKAISDT[79.9663]VS[79.966
CAP5.5, putative JAEEEPK -1.38
LmxM.10.1290| Betal,2 mannosidehosphorylase| DEFTAVPELSWELEDPWRN -1.36
LmxM.24.0140 ankyrin/TPR repeat protein LDPTKDLQQVK -1.33
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LmxM.09.1020| LEMS3 (liganeffect modulator 3) KLIPDFVHEYGR 132
family / CDC50 family, putative '
LmxM.31.0330 hypothetical protein, unknown | SSQALATPTSGEEGTWLHEJIHAL
function R -1.30
LmxM.31.1330| PPPDE pgtative peptidase .domai ITIKEVPSR 197
containing protein, putative '
LmxM.18.1100| Ankyrin repeats (3 copies), putativ| SVAEFAAHM[15.994@)K -1.24
LmxM.33.3430 cleavage angholyadenylation DVDYDAPEWDRK Leeet al.,2020;
= . -1.24 :
specificity factor, putative Liuet al.,2022
LmxM.36.3210 14-3-3 protein 1, putative LPDDLAELIYM[15.994RIAEEA
ER -1.17 Satoet al.,2011
LmxM.09.0640| hypothetical protein, conserved M[15.9949]LTEINGLYDR 117
LmxM.06.0140 proteasome bgta 6 subunit, VQLQQM[15.9949KYR 1.04
putative '
LmxM.36.0260 xylulokinase, putative HEPEIRA/DK -1.01
LmxM.01.0120| hypothetical protein, conserved AQTAVEFK -1.01
LmxM.20.1140 protein transport proteinYIF1, NYFAVDNTYR 101
putative '
LmxM.13.1130| Uncharacterised ACR, YagE fam ETLEVDDKRAR -0.89
COG1723, putative '
LmxM.06.0240| Present in the outer mitochondrial AAASAAEDDEAARGQR -0.89
membrane proteome 34 '
LmxM.36.0460| vacuolar proteirsortingassociated| AVGQF&DVQNVLTQHVPLVR -0.68 MacDonaldet
protein, putative ' al., 2017
LmxM.16.1550 Component of motile flagella 6, IAEASLQGR 0.22
putative
LmxM.14.0660 fatty acid elongase, putative AAAGESAPATARAG -0.03

4.2 4 Identificationof Changes irthe Total Foteome ofLeishmani@romastigotes upon DUB2

Knoclout

In addition to identifying differences in the total ubiquitinome of theishmanigpromastigotes, we
were also interested to observe how the total proteome changed in resptandeletion ofDUB2 As

$S SEGNI OGSR dmnn

>4

27

described inFig. 1% > LINEGSAY FTNRY
and then, upon sample processing, we loaded them for both {ibel DDA and DIAMS/MS. Usage

of both acquisition modes ensures a ghee protein coverage and therefore a better overlap between

the proteomics and ubiquitinomics datasets. One of the benefits of such proteomics datasets is that
it provides further insights in the regulatory function of DUB2, such as preventing protaimb&iog
degraded by the proteasome. However, the primary reason of performing such experiment is to
receive information on the stoichiometry (=occupancy) of the unmodified (i@ly) peptides, and

thus of the overall protein within the sample. Comparisof such data with the stoichiometry of
DiGlymodified peptides could explain possibly changes observed in ubiquitinomics data. For instance,
if the number of the ubiquitinated sites of a protein increases in the absence of DUB2 but also the
overall abumlance of the same protein increases, then it is more likely the former observation to be
explained simply by the increase in the abundance of the protein itself.

Focusing on the DIA dataset first, the data were searched against a theoretical librar sy
and analysed by Rstudio using the DEP package. In total, there were 6225 proteins in the DIA data,
covering more than the 67% of the predicted proteome of the parasite (Regeis 2011). Overlap
across the three rapamycineated was strikingwith only 8 proteins not being present in all three
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samples. However, in the case of DMiB&ated samples, 258 out of the 6225 identified proteins were

not quantified in all 3 samples, with sample 3 (D3_DIA) missing 251 of these préigins®&B).
Comparison across all 6 samples revealed that 5961 proteins were quantified in all 6 samples, with
only 2 proteins being measured in just 3 out of 6 samples. Thus, there was no need of filtering the
data for downstream analysi&ig. 1&&D). Background o@ction and normalization of the data via
variance stabilizing transformation did not affect the data distribution across the samples, however
there is a variancenean dependency by proteins with smallest intensities (mean<1BigO1E&F).
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Figurel8 DIA-dependentproteomics data in response to deletion of DUBR. Proteins identified by

DIA A. 3 DMS®eated samples and. 3 RARreated samples identified using TimsTOF HT mass
spectrometer in DIA modeC. Overlapping proteins across all 6 samples. Each bar represents the
overall number of samples containing an overlapping protein. For example a protein that is present in
three out of six samples will be distributed in the bale@i3.D. Summarized identified proteins per
sample E.Rank of the means of the abundance of the ubiquitinated peptides plotted against standard
deviations. Each point represents a number of ubiquitinated peptides with similar SD and Thean.
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red line depicts the running median estimatdt. Data distribution based on protein intensity of
normalized datadata_norm) and not (data_filt2_thr1l).

Nevertheless, some missing values remained across the samples with-idd&d sample 3 having

the highest number (251 missing valuegy. 19\). Ater examining the nature of these missing values,

S RAAO02QOSNBR GKIG GKSe FlLff dzyRSNJ 0KS OF 6S32NEe
determined that the Knearest neighbour approach was the most effective imputation method (data

not shown) Sequentially, limma analysis identified 111 significantly differentially expressed proteins,

of which 72 were significantly downregulated in the DUB2 knocked out samples (p<0.05, liigma,

19B). Samples per treatment are clustered togetheig( 1€) and their profiles for the significant

proteins matching with the rest of the replicateBig. 1®). This, combined with the strong and

positive Pearson correlation coefficient that the replicates have per condition, support that the
samples per experimentaondition are very similar making the analysis robEgy.(1E).

At this point, it is worth mentioning that we were solely interested in the significantly downregulated
proteins in response to rapamycin treatment. Downregulated proteins indicate that these proteins
were being degraded by proteasome in the absence of DUBus, it supports the hypothesis that
these proteins are substrates of DUB2, by which DUB2 prevents their proteasomal degradagon (Liu
al., 2018).From the 72 downregulated proteins in response to DUB2 knock out, the top 3 hits are:
ubiquitin carboyl-terminal hydrolase (DUB2mxM.08_29.2300LogFC = 2.24jyypothetical protein
(LmxM.08.0020LogFC = 1.28) amucleoside transporter {LmxM.15.1240LogFC = 1.10; Tablg.5

At this point it is worth mentioning that 25 of these significantly dovgulated proteins were
identified as ubiquitinated based on our totalmexicang@romastigote biquitinomics dataset (Table

5). However, none of them had a significapregulationin their ubiquitinated state in the presence

or absence of DUB2

Insights mto the biological processes of the significantly downregulated proteins in response to the
knockout of DUB2 revealed that most of these proteins were involved in arBlii&d process such

as DNA metabolismGO: 0006259%roteins = 6), DNA repai50:0006281 proteins = 5) and DNA
replication GO: 0006260proteins = 3Fig. 1%). This is further supported by the cellular component
analysis, where two out of the six GO Terms are involved at the site of DNA da@@ge090734;
protein = 1) and site oflouble-strand break GO: 0035861protein = 1;Fig. 1%). Finally, gene
ontology analysis of these hits in regards of their molecular function indicated that 3 proteins have
dioxygenase activityd0:0051213, while 3 other proteins have a catalytic adjivégainst DNAGO:
0140097). The rest 27 GO terms span from deubiquitinase activity (GO: 010100; proteins = 2) to
protein phosphatase regulatory activity (GO: 0019888; proteinFdgL 1H).
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Figurel9: Insights into the significantly different proteins identified via DIMS/MS. A. Heatmap of
missing values per sample. Each line repnés a protein, which is missing in at least one of the six
samples. White box indicates missing value (unique peptides <2) and black box indicates quantified
@l f dz§ 6 dzy A |j B28olcads pldi depc the significantly different proteins in black, of which
the ones on the right were upregulated in DM8€ated samples and the ones on the left were
upregulated in RR samplesC.PCA plot of the top 500 variable proteins. Different symbols indicate
different sample, with red and blueepresenting DMSO (D) and rapamycin (R) treatments
respectivelyD. Heatmap of all significantly different proteins (repMn each sample (column). Red =
upregulation; Blue = downregulatiofe.PPC matrix, of which dark red means veryrsgrand positive
correlation (PCC=1) and light red means very weak and negative correlationr(PECTop 10 GO
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terms with the highest number of proteins for biological procesg@scellular component andH.
molecular function.

Table5: Significantly downregulated proteins in response to deletion of DUB2 derived frine DIA
dataset. For each significantly downregulated proteins (limma; p < 0.05) derived from the DUB2
depleted samples, théollowing information were listed: Gene ID, product description, which was
taken from TriTrypDB, the Lg&pld ChangéLogFC) between DMSteated and rapamycitreated
samples and whether they are ubiquitinated based on loumexicangromastigote ubiquitinomics
dataset from section 4.3.

Gene ID Product Description LogFC Ubiquitinated
LmxM.08_29.2300 ubiquitin carboxyterminal hydrolase, putative 2.24 Yes
LmxM.08.0020 hypothetical protein, conserved 1.28
LmxM.15.1240 nucleoside transporter 1, putative 1.10
LmxM.19.1030 hypothetical protein, conserved 1.06
LmxM.28.0550 DNA repair protein RAD51, putative 0.98
LmxM.06.1060 20GFe(ll) oxygenase superfamily, putative 0.97
LmxM.36.3160 tubulin bindingcofactor ¢, putative 0.97
LmxM.31.3280 hypothetical protein, conserved 0.95
LmxM.13.1450 EF handike protein 0.95
LmxM.10.0740 hypothetical protein, conserved 0.87
LmxM.14.0050 hypothetical protein, conserved 0.82
LmxM.30.0760 hypotheticalprotein, unknown function 0.81
LmxM.30.2860 protein kinase, putative 0.80 Yes
LmxM.28.1830 DNA repair proteirike protein 0.75 Yes
LmxM.36.6360 Protein of unknown function (DUF2962), putative 0.74
LmxM.07.0743 protein phosphatase inhibitor, putative 0.74
LmxM.31.1990 hypothetical protein, conserved 0.72
LmxM.33.1340 hypothetical protein, conserved 0.72 Yes
LmxM.36.2760 Nodulinlike, putative 0.70 Yes
LmxM.16.0770 hypothetical protein, conserved 0.70
LmxM.23.0010 hypothetical proteinconserved 0.69 Yes
LmxM.31.3030 chaperone protein DnaJ, putative 0.68 Yes
LmxM.08_29.1850 pre-RNA processing PIH1/Nop17, putative 0.67 Yes
LmxM.10.0030 phosphateRepressible P_hosphate Permedike 0.66
protein
LmxM.24.0760 DNA repair andecombination protein RAD54, putatiV 0.64
LmxM.29.3110 Sadenosylmethionine decarboxylase proenzyme 0.62
LmxM.03.0410 hypothetical protein 0.58 Yes
LmxM.13.1070 hypothetical protein, unknown function 0.58 Yes
LmxM.36.0750 hypothetical proteinconserved 0.58 Yes
LmxM.34.0180 Kinetoplastid kinetochore protein 24, putative 0.57 Yes
LmxM.33.3160 hypothetical protein, conserved 0.57
LmxM.22.0360 hypothetical protein, conserved 0.57
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LmxM.33.3010 rhodaneselike domain containing proteirputative 0.57
LmxM.33.4600 1,2—Dihydro_xy3—keto—5—methy|¥hiopentene 0.56
dioxygenase, putative
LmxM.29.3440 DNA ligase |, putative 0.55
LmxM.33.3580 hypothetical protein, conserved 0.55
LmxM.23.1370 mitochondrial carrier proteidike protein 0.53
LmxM.31.3070 MIZ/SPRING zinc finger, putative 0.53
LmxM.06.1260 pteridine transporter, putative 0.53 Yes
LmxM.22.1400 hypothetical protein, conserved 0.52
LmxM.22.1340 Putative Sadenosy-lL—methionineerendent 0.52
methyltransferase, putative
LmxM.36.3150 ADPRribosylation factor QTPase activating protein, 0.52
putative
LmxM.36.1950 DNA mismatch repair protein MSH6, putative 0.50
LmxM.15.0110 hypothetical protein, conserved 0.50
LmxM.08 29.2260[ DNA replication complex GINS protein Slidfative 0.50
LmxM.34.3540 pre-rRNAprocessing protein PNOL1, putative 0.50 Yes
LmxM.34.4650 protein phosphatase, putative 0.48
LmxM.26.2150 hypothetical protein, conserved 0.48
LmxM.13.0990 hypothetical protein, conserved 0.47
LmxM.36.0890 eukaryotic translation ir)itiation factor 6 (eby, 047 Yes
putative
LmxM.30.0790 c2 domain protein, putative 0.46
LmxM.32.1895 LisH domaircontaining protein FOPNL, putative 0.45
LmxM.10.0200 Mitogen-activated protein kinase 10, putative 0.45 Yes
LmxM.27.2450 hypothetical protein, conserved 0.45
LmxM.10.1130 hypothetical protein, conserved 0.45
LmxM.22.0500 hypothetical protein, conserved 0.44 Yes
LmxM.31.3990 GIPL galf transferase, putative 0.44 Yes
LmxM.36.4230 paraflagellar rod componenputative 0.44 Yes
LmxM.13.0460 hypothetical protein, conserved 0.43 Yes
LmxM.18.0480 uracitDNAglycosylase, putative 0.43
LmxM.33.0410 hypothetical protein, conserved 0.42 Yes
LmxM.15.0770 protein kinase, putative 0.42 Yes
LmxM.27.1360 hypotheticalprotein, conserved 0.41
LmxM.27.1480 cyclic nucleotidebinding d(_)main containing protein, 0.41
putative
LmxM.31.1210 pentatricopeptide repeat d_omain containing protein 041
putative
LmxM.24.0620 ubiquitin carboxyterminal hydrolase, putative 0.38 Yes
LmxM.16.0360 hypothetical protein, conserved 0.38
LmxM.30.2710 phosphatidylinosito¥-phosphate Skinaselike protein 0.37 Yes
LmxM.05.0130 protein kinase, putative 0.37
LmxM.34.4870 hypothetical protein, conserved 0.35
LmxM.30.2530 hypothetical protein, conserved 0.34 Yes
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LmxM.05.0200 50S ribosoméinding GTPase, putative 0.33 | |

We were also interested to investigate whether the mode of data acquisition of-spesgrometry
affects the coverage of total protein profiles and consequently the overlap with the ubiquitinomics
data. Thus, we ran the same six samples (3 x DMSO & 3J)xRARe used for generating DIA data

on DDAdependent labefree quantitative masspectrometry. For thele novosearch of the DDA
data, we used FragPipe, where we filtered the peptides at 1% false discovery rate (FDR) and accepted
proteins that have akeast two unique peptides. In total, we identified 5738 proteins that corresponds
to ~62% of the total.eishmanigroteome (Rogerst al.,2011). From the DMS@eated samples, we
guantified 5717 proteins, of which the 5402 were present in all three samples, 221 in two samples
and 94 in just one of the sampldsiq. 2@). For the case of rapamydireated samples, we identified

in total 5720proteins, of which 5522 were quantified in all three replicates, 125 in just two replicates
and 73 in only ondHig. 2®). Comparison of all six samples revealed an overlap of 5342 proteins across
all six, however 16 proteins were present in just onehaf samplesKig. 2@). Thus, we filtered the
DDA data using the condition that detected proteins in at least two of the samples of a single
treatment would be kept. 5697 proteins passed the conditionifig.(2D&E) and the proteins with
lower ranked intesity means having overall higher calculated standard deviation compared to the
rest (Fig. 2F). Nevertheless, normalization and transformation of the data had no impact in the
sample distribution Fig. 2@) and missing values were still counted in all shenples Fig. 2H).
Downstream investigation revealed that these missing values were MNAR, and the best imputation
approach was the quantile regression imputation of defhsored data (QRILC) approach, which
utilizes random draws from truncated distribati generated under quantile regression parameters
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Figure 20: Insights into the DDA proteomics data in response to deletion of DUBRerlapping
proteins acros#. DMSQtreated samples and. RAPtreated samples identified using TimsTOF HT
massspectrometer at DIA modeC. Number ofproteinsbeing present in one or more samples. For
instance, if a protein is present in only one of the six samples, then it will be allocabed with
number 1. No filtering was applied in this datagetNumber of proteins remained per sample after
applying he following threshold: proteins that were detected in at least two out of three replicates in
at least one of the two treated conditions were kept for downstream analy&siSame as C., however

for proteins meeting the condition mentioned in B.Rank of the means of the abundance of the
ubiquitinated peptides plotted against standard deviations. Each point represents a number of
ubiquitinated peptides with similar SD and mean. Tée line depicts the running median estimator.

G. Data distribution based on protein intensity of normalized data (data_norm) and not
(data_filt2_thrl). H. Heatmap of missing values per sample. Each line represents a protein, which is
missing in at least one of the six samples. White box indicates misdirgarad black box indicates
guantified value.

50 out of the 82 differentially expressed proteins were significantly downregulated in response to
rapamycininduced deletion oDUB2(Fig. 2A). Moreover, all the significant proteins have similar
intensity patterns across their replicates, with replicates clustered together, making the data analysis
consistent and therefore robusk{g. 2B). In addition, to investigate whether there is véioa across

the samples, we performed Pearson correlation coefficient and principal component an&igsis (
21C&D). The former approach indicated that the replicates per condition have a strong and positive
correlation (PCC> 0.98), while the latter apprioahowed that samples are clustered in a treatment
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dependent manner. Thus, samples per condition are very similar to each other, which further
enhances the confidence to the treatmedépendent significant observations.

The top three hits that were sidigantly downregulated upon DUB2 knockout arbiquitin carboxy
terminal hydrolase(DUB2;LmxM.08_29.2300LogFC=3.14), hypothetical proteitrixM.33.2485
LogFC = 2.15) an@letratricopeptiderepeat (TPR) containing protei.iixM.36.2070LogFC =1.90
Table . Broader investigation to the biological importance of the downregulated proteins in response
to the decreased protein levels of DUB2 suggests that these proteins are involved in various biological
processes such cellular responses to stré€3 (006950 proteins = 4) and DNA repafs©:0006281
proteins = 3Fig. 2E). Moreover, cellular component analysis performed in TritrypDB indicates that
these proteins are found in five distinct components: cell (0051286 proteins= 2), pellicleO:
0020039 protein =1), site of DNA damage®:0090734 protein =1), ubiquitin ligase comple®Q:
0000151 protein = 1) and mitochondrial intermembrane spa@O(0005758 protein = 1;Fig. 2F).

In regards of the molecular function, hits are varialih three proteins having ligase activit@Q:
0016874 and two proteins having an enzyme regulator activ@p(0030234 Fig. 215). Furthermore,
from these significantly downregulated proteins, 14 were also identified as ubiquitinatdd in
mexicanapromastigotes, however none of their ubiquitination sites was significantly upregulated in
respanse to DUB2 depletion (Tabl&. 6

Subsequently, we wanted to directly compare the two significantly altered EK@B2roteomes
generated using either DIA or DDA mapectrometry mode. This would help us decide with which
total proteome dataset we will proceed to downstream analyses. Focusing only on the significantly
downregulated proteins of each dataset for reasons mentioned previously, there is an overlap of 21
proteins between the two sets, including the &Rassociated kinase 1 (AAKhpeDNA ligase | (Ligl;
Table 7 Fig. 2H). However, this number does not even cover the 75% of significant downregulated
hits of the less abundant DEderived downregulated proteme. Thus, we utilized both datasets in
downstream analyses, to increase the possibilities of identifying promising DUB2 substrates.
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