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Abstract 
 

Leishmaniasis is a neglected tropical vector-borne disease and is caused by the protozoan parasite 

Leishmania. Leishmania has a complex digenetic life cycle, and the cellular differentiation that occurs 

during differentiation is orchestrated in part by the ubiquitin-proteasome pathway, including the 

ubiquitin-cleaving deubiquitinase (DUB) cysteine peptidases. The parasite expresses 20 DUBs, and 

four of them are essential for the viability of the insect-stage promastigote form of the parasite.  

Inducible gene deletion also identifies DUB2 as being important in establishing infection in mice, 

therefore reflecting a potential drug target. However, the function of DUB2 is not clear. Thus, we 

aimed to identify the substrates of DUB2 using two approaches. Firstly, using affinity-based 

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 proteins that were 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 substrates, and validation is in 

progress. In the same study, we also conducted a drug screening campaign in collaboration with 

Novartis (Fast lab), in which 50,000 compounds were tested against the recombinantly expressed 

LmDUB2. From this initial screen, 438 compounds inhibited Leishmania mexicana DUB2 proteolytic 

activity, with a followed-up dose response experiment categorizing 86 of these compounds as 

high/moderate inhibitors (IC50 ғ мл ˃aύΦ Subsequently, 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 Leishmania and Leishmaniasis  

1.1.1 Epidemiology and Pathophysiology 
Leishmaniasis is a spectrum of zoonotic diseases that stem from intracellular, obligate, protozoan 

parasites belonging to the Leishmania genus.  Transmission occurs among mammalian hosts through 

the bites of Leishmania-infected female sandflies, specifically from the Phlebotomus genus (Old 

World) and the Lutzomyia genus (New world). While there are over than 50 distinct Leishmania 

species, only 20 have been identified as being the causative agents of leishmaniasis (das Chagas et al., 

2022). This genetic diversity within the pathogenic Leishmania parasite is one of the underlying 

reasons behind the varying spectrum of diseases that leishmaniasis manifests as. Overall, these 

manifestations of leishmaniasis are classified in five types: visceral leishmaniasis (VL), mucocutaneous 

leishmaniasis (MCL) and cutaneous leishmaniasis (CL) which are the most common forms of the 

disease, and diffuse cutaneous leishmaniasis (DCL) and post-kala-azar dermal leishmaniasis (PKDL) 

which are rarer. Each form of leishmaniasis has different symptoms and thus, their severity varies. For 

instance, CL is characterized by a range of symptoms including punctuate self-healing lesions at the 

site of the sandfly bite (localised CL [LCL]) or by multiple non-ulcerative nodules (diffuse 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 (Sasidharan et al., 2021; Gupta et al., 2022). 

Among all parasitic diseases, leishmaniasis ranks second only to malaria in terms of mortality. When 

considering disability-adjusted life years (DALYs), it stands as the third most prevalent cause of 

morbidity, following malaria and schistosomiasis (Hotez 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 people were 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 accounted for the largest proportion of CL-infected 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 by Kenya at about 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, tropical 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 housing and 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 proximity to humans (Alvar et al., 2006). Due to the epidemiology of leishmaniasis 

being closely linked to socioeconomic conditions, the disease is classified among the twenty neglected 

tropical diseases (NTDs; Molyneux, 2012). Furthermore, several significant factors elevate the risk of 

leishmaniasis transmission: malnutrition and co-infection with HIV, environmental alterations and 

population movement. The first two factors compromise the immune system, thereby heightening 

susceptibility to leishmaniasis (Alvar et al., 2008). Meanwhile, the latter two factors contribute to the 

broader distribution of sandflies, amplifying the global significance of leishmaniasis (Sutherst, 2004). 
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1.1.2 Life Cycle of Leishmania 
Leishmania parasites have a complex dimorphic life cycle with two predominant developmental 

forms: the promastigote form that is found inside the sandfly vector and the amastigote form that is 

present in the mammalian host (Fig. 1). In morphological terms, promastigotes exhibit an elongated 

ovoid cell body with a long, motile flagellum, while amastigotes display a relatively compact, rounded 

cell body and a short, non-motile flagellum (Omondi et al., 2022).  Despite the observable differences 

in morphology between the two stages of the parasite, there are also notable variations in their 

metabolic activity and growth characteristics. For example, Leishmania amastigotes undergo a strict 

metabolic response, which includes reducing lipid production and increasing fatty acid -̡oxidation. 

This metabolic shift helps protect the parasite from various stresses, such as nutrient scarcity, 

encountered within the mammalian host (Saunders et al., 2021). Consequently, lesion-derived 

amastigotes exhibit a significantly slower growth rate, with a doubling time of 12 days, compared to 

the highly metabolically active promastigotes, which have a much quicker doubling time of 18 hours 

(Kloehn et al., 2015; Sunter et al., 2017).  

Nonetheless, focusing first on the life-cycle of the Leishmania parasite at the sandfly promastigote 

stage, there are six different promastigote forms, which are found in the following sequence after the 

sandfly receives its first Leishmania-infected blood meal: procyclic, nectomonad, leptomonad, 

haptomonad, retroleptomonad and metacyclic promastigotes (Omondi et 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 the Leishmania-infected blood (~3200 amastigotes per 

1.6 ˃ l blood meal) and digests it at its abdominal midgut (Rogers et al., 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 (Rogers et al., 2002; Sunter et 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 relative to their cell body and their motility is relatively weak.  After 72 hours post-

differentiation, procyclic promastigotes transform to nectomonad promastigotes that are 

characterised by negligible cell-division and strong motility. The initiating factor for cells 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 (Charlab et al., 1995). Eventually, the PM 

disintegrates at its anterior 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 surface-exposed lipophosphoglycans (LPG), work in conjunction to hinder 

the removal of the parasites from the sandfly through defecation (Pimenta et al., 1997).  

Sequentially, at 96 hours post-infection, nectomonad promastigotes migrate at the cardia, stomodeal 

valve and the thoracic midgut of the sandfly, where 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 (Sunter et al., 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 a leaf-like shape and adheres to the 

cuticular lining of the stomodeal valve of the sandfly using an extended tip of their flagellum. This 

attachment damages the stomodeal valve, impacting its functionality, and simultaneously promotes 

the backflow of parasites from the midgut (Schlein et al., 1992; Volf et al., 2004). Like the metacyclic 

promastigotes, they are highly motile parasites with the shortest length compared to the rest of the 

promastigotes. They do not undergo cell-division. However, they can swim freely inside the midgut of 
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the sandfly. This phenomenon is attributed to the alteration of their surface-exposed LPGs, where 

longer phosphoglycan repeats are introduced, and the masking of their midgut adhering side-chain 

galactose residues through the addition of terminal arabinose (McConville et al., 1992). 

Eventually, at a follow-up blood meal, the infected female sandfly injects the infectious metacyclic 

promastigotes into the mammalian host, which establishes a new infection and the Leishmania life-

cycle starts all over again. However, apart from the parasites itself, the insect injects saliva that 

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 composed of proteophosphoglycans 

and it is responsible for several crucial functions. Firstly, it obstructs the anterior midgut of the sandfly, 

thereby hindering the blood-feeding process. This leads to more attempts at blood-feeding by the 

sandfly, resulting in an increased likelihood of parasite transmission (Rogers et al., 2002; Rogers et 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 

(Rogers et al., 2004). Lastly, PSG significantly enhances the severity of leishmaniasis diseases. It 

achieves this by triggering the recruitment of macrophages (ultimate target of Leishmania) to the 

lesion site, through the activation of the wound healing process (Giraud et al., 2018). At this point, it 

is noteworthy that the consumption of additional uninfected blood by a Leishmania-infected sandfly 

induces the in vivo de-differentiation of metacyclic promastigotes into retroleptomonad 

promastigotes. These recently discovered retroleptomonad promastigotes share phenotypical 

similarities with the leptomonad form, while also displaying a high replicative capacity within the 

midgut. Intriguingly, these retroleptomonad promastigotes undergo re-differentiation into metacyclic 

promastigotes. Consequently, their 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 and the Leishmania parasite, the 

sandfly bite triggers the accumulation of firstly neutrophils and secondly of macrophages at the bite 

site of the host skin. Sequentially, the metacyclic Leishmania promastigotes, which were released via 

regurgitation from the vector 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 migration of the cells through the 

collagen matrix, enhancing the possibility of encountering the desired host cells located either at the 

bite site or near to it (Petropolis et al., нлмпύΦ LƴǘŜǊŜǎǘƛƴƎƭȅΣ ƛƴŦŜŎǘŜŘ ƴŜǳǘǊƻǇƘƛƭǎ ŀŎǘ ŀǎ ǘƘŜ ά¢ǊƻƧŀƴ 

ƘƻǊǎŜέ ŜƴǎǳǊƛƴƎ ǘƘŀǘ the parasites will reach their primary target, the macrophages (Laskay et al., 

2003). Delivery of the parasites to the macrophages is achieved via the ingestion of the Leishmania-

infected apoptotic neutrophils by the macrophage (Laskay et al., 2008). 

Nevertheless, direct encounter of the parasite with a macrophage involves binding of the parasite at 

different surface receptors of the macrophage. For instance, the surface-expressed zinc-

metalloprotease gp63 plays a role in opsonisation of the parasite. This results 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 becomes enclosed 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, the 

PV eventually merges with the phagolysosome of the host cell (Forestier et al., 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 promastigotes to non-motile amastigotes 
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(Barak et 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 tissue. This 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 (Teixeira et al., 2013; Sasidharan et al., 2020). It is noteworthy that there are two types of 

PV: the multi-occupancy PV and the small single-occupancy PV. The former PV encloses multiple 

amastigotes, such as the case in L. mexicana, while the latter PV contains a single amastigote, such as 

in the case of L. major (Real et al., 2010).   

 

 

Figure 1: Life cycle of Leishmania. Starting from the blood-meal received by a Leishmaniaςinfected 
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 blood-meal by a naïve sandfly from an infected host 
leads to the ingestion of Leishmania, and 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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1.1.3 Cellular Morphology  
Overall, Leishmania cells 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 of the endocytic pathway, as illustrated in Fig. 2 (Besteiro et al., 2009). 

Nonetheless, Leishmania genus belongs in the order of kinetoplastida, an evolutionary early-divergent 

unicellular class of eukaryotes that possesses a unique structure known as the kinetoplast (Camacho 

et al., 2019). The kinetoplast is a specialized section of the mitochondria housing the most intricate 

and unique mitochondrial DNA found in nature (Rudzinska et al, 1964). The kinetoplast DNA (kDNA) 

is comprised of a singular interconnected 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 smaller circular DNA 

molecules known as minicircles (Yilmaz et al., 2022).  The maxicircles, typically ranging in size from 20 

to 40 kb, have the role of expressing mitochondrial-associated proteins, including those participating 

in the respiratory chain, and they also involve in the encoding of rRNAs. Meanwhile, minicircles vary 

in size from 0.5 to 10 kb and are responsible for encoding guide RNAs, which are involved in the editing 

of maxicircle-derived transcripts (Cavalcanti et al., 2018). Kinetoplast is localized at the anterior site 

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

The Leishmania promastigote flagellum 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 and 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 beyond the flagellar pocket to 

the farthest tip, and plays a significant role in the motion of the parasite (Maga et al., 1999). However, 

during the transformation of the promastigotes into amastigotes, a remarkable change occurs in the 

flagellum. It becomes extremely short, almost to the point of not extending beyond the flagellar 

pocket (Hoare et 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 (Wheeler et al., 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 (Wheeler et al., 2015). Nevertheless, the arrangement of the flagellum, 

kinetoplast, and nucleus serves as a helpful indicator for determining the life stage of Leishmania 

parasite (Hoare et al., 1966).  

Another fascinating feature of the Leishmania cell is the flagellar pocket. 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. In Leishmania, the flagellar pocket is divided into two distinct regions: the bulbous lumen 

and the flagellar 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 (Wheeler et al., 2016; Corrales et 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 a functional FAZ2; Halliday et al., 2020). Beyond its role as an anchor for the 

flagellum, the flagellar pocket also serves as a site for cellular processes like endo- and exocytosis. This 

makes it crucial interface through which the parasite interacts with its host environment (Wheeler et 

al., 2016). Interestingly, the Leishmania amastigote flagellar pocket maintains the same two-part 

structure, but it undergoes significant restructuring due to changes in the localization of FAZ proteins. 

This restructuring results in a narrowing of the gap between the flagellum and the flagellar pocket 
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neck membrane (Wheeler et al., 2016). This adaptation may contribute to protecting the parasite from 

the harsh environment within the parasitophorous vacuole of the macrophage, which is acidic and 

rich in proteases (Sunter et al., 2017).  

Glycosomes are another distinct subcellular structure in Leishmania. Glycosomes are microbody 

organelles characterized by a protein-rich matrix enclosed by a single membrane (Jamdhade et al., 

2015). Their name comes from their role in housing nine enzymes crucial for the glycolysis pathway 

(Opperdoes et al., 1977). However, glycosomes also play a significant role in other essential energy-

producing processes like the fatty acid -̡oxidation pathway. The compartmentalization of these 

pathways ensures the survival of the parasite in anaerobic conditions, such as during infection in host 

macrophages (Opperdoes et al., 1993). What is intriguing is that glycosomes exhibit peroxisome-like 

targeting mechanisms, even though peroxisomes themselves are absent in these cells. This led to the 

classification of glycosomes as specialized peroxisomes (Haanstra et al., 2016). Notably, the number 

of glycosomes varies between promastigotes and amastigotes, with an average of around 20 in the 

former and 10 in the latter (Cull et al., 2014).  

 

 

Figure 2: The organelles of Leishmania. Organellar composition of Leishmania promastigote (left) and 
amastigote (right). Reproduced image from Besteiro et al. (2007). 
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1.1.4 Current Treatments 
Over the past few decades, there has been a development of a wide range of medicines to treat 

leishmaniasis. However, many of these medications 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 

(Glucantime®) and sodium stibogluconate (Pentostam®; Brahmachari, 1940).  Antimonials function by 

converting prodrugs from Sb (V) to the more potent Sb (III) form of antimony, 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 a role in killing the parasites (Kumari et 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 selection of L. donovani strains (causes 

VL) that have an increased gene copy number of MRPA, which expresses an ATP-binding transporter 

involved in sequestering Sb (III) intro intracellular vesicles (Perry et al., 2015; Dumetz et al., 2018). In 

addition to the emergence of antimony resistance, 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 

(Moore et al., 2010).  

Another available treatment is the use of the repurposed macrolide polyene antifungal Amphotericin 

B (AmB; Dutcher, 1968). The mechanism of action of this drug against Leishmania involves binding to 

ergosterol molecules present on the membrane of the parasite, causing membrane depolarization and 

an influx of ions that leads to oxidative stress (Ponte-Sucre et al., 2017). Currently, AmB 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 less severe effects like fever, chills, nausea, vomiting, and headaches. 

Secondly, the cost of AmB can be prohibitive, making it financially inaccessible to poorer patients 

(Kumari et al., 2022). Thirdly, resistance to AmB has been observed in clinical isolates of L. donovani, 

with increased expression of the multidrug resistance gene MDR1, leading to a higher efflux rate of 

amphotericin B from the parasite (Purkait et al., 2012). Nonetheless, efforts to reduce the toxicity of 

the drug have been successful by shifting from a sodium deoxycholate-based formulation to a lipid-

based one. For example, liposomal amphotericin B (AmBisome), which contains di-stearoyl 

phosphatidylglycerol, phosphatidylcholine, cholesterol, and AmB in a unilamellar liposome 

formulation, has been reported to reduce toxicity significantly (Adler-Moore et al., 1993). It 

successfully treats 95% of VL cases in India with just a single infusion, however expensive cold-chain 

storage is required. This can pose a significant challenge in developing countries that do not have the 

required infrastructure and resources (Sundar et al., 2010). 

Next, miltefosine stands out as the sole orally administered medication for treating leishmaniasis, 

originally designed as an anticancer drug (Sundar et al., 2000). Its mechanism of action against the 

parasite can be categorised into two main aspects. Firstly, it directly combats the Leishmania parasite 

by interacting with the miltefosine transporter, disrupting its membrane metabolism and 

composition. Secondly, it modulates the signalling of T-helper cell type 1 to enhance the clearance of 

the intracellular parasite by macrophages (tŀƭƛŏ et al., 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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Leishmania, respectively (Laffitte et al., 2016; Carnielli et 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 (Soni et al., 2022).  

Two additional treatments for leishmaniasis are paromomycin and pentamidine (Sundar et al., 2007; 

Wiwanitkit, 2012). Paromomycin works by inhibiting the protein biosynthesis of the parasite, while 

pentamidine targets the mitochondrial topoisomerase II and also inhibits transcription (Fernández et 

al., 2011; Coser et al., 2020). However, paromomycin can be toxic to the kidneys and the hearing 

system, while pentamidine may induce gastrointestinal disorders, and diabetes mellitus (Soni et al., 

2022). While these treatments can be used 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 (Burza et al., 2018). The primary reason for using combination 

therapies is to reduce the development of drug-resistant Leishmania strains. Therefore, organizations 

like the Drugs for Neglected Diseases initiative (DNDi) are dedicated to improve these combination 

therapies and to develop new treatments (Bhattacharya et al., 2020). For instance, gold-derived 

complexes were found to have anti-leishmanial activity against L. infantum and L. braziliensis 

amastigotes, while new targetable proteins, including the Leishmania proteasome, were successfully 

explored as ideal therapeutic targets (Wyllie et al., 2019; Tunes et 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 between Leishmania and the host (Soni et al., 2022). Despite 

this statement, a number of promising vaccines have recently entered the clinical trials, including the 

live attenuated LmCen-/ - vaccine and the ChAD63-KH adenovirus-based vaccine (Osman et al., 2017; 

Zhang et 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 of Leishmania cell biology.  

 

1.1.5 Gene Expression and Regulation 
As previously mentioned, there are various species of Leishmania, each having a unique genetic 

structure and signature corresponding to its number of chromosomes and sets of genes (Rogers et al., 

2011). For instance, L. mexicana has 34 chromosomes 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, the Leishmania genes are organised into polycistronic 

transcription units (PCU; Bartholomeu et al., 2021). Most of the genes have intron-less open reading 

frames and are placed in head-to-tail fashion. The order of the genes per PCU is partially evolutionary 

conserved in other kinetoplastids, however the arrangement 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 II in a 

bidirectional manner. It initiates transcription at the divergent strand switch regions situated between 

two polycistronic transcription units that are orientated away from each other (MartƤȳnez-Calvillo et 

al., 2003). The transcription initiation regions are DNA sites that lack open reading frames, have open 

chromatin with rich GT sequences and have a unique combination of acetylated histones and 

bromodomain factors (Thomas et al., 2009; Chandra et al., 2017; Jones et al., 2022; Russel et al., 2022). 

Concerning transcription termination, 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 tRNA-encoding genes or genes transcribed by Pol-I (Marchetti et al., 1998; 

Siegel et al., 2009). Once the polycistronic pre-mRNA is transcribed, a series of co-transcriptional 
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processes occur, including cleavage, polyadenylation, and trans-splicing, leading to the formation of 

mature mRNAs (Santi & Murta, 2022).  

¢ȅǇƛŎŀƭƭȅΣ ǘƘŜ ŜȄǇǊŜǎǎƛƻƴ ƭŜǾŜƭǎ ƻŦ ƛƴŘƛǾƛŘǳŀƭ ǇǊƻǘŜƛƴ ŎƻŘƛƴƎ ƎŜƴŜǎ ŀǊŜ ŎƻƴǘǊƻƭƭŜŘ ōȅ ǘƘŜ оΩ ǳƴǘǊŀƴǎƭŀǘŜŘ 

region (UTR), which serves as a target for RNA binding proteins. These proteins can influence gene 

expression by stabilizing, sequestering, or degrading the RNA (De Pablos et 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, 2016; Karamysheva 

et al., 2020). For instance, when the alpha-subunit 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 amastigote form (Cloutier et al., 2012). In addition to 

post-transcriptional regulation, it is important to note that the Leishmania genome exhibits high 

plasticity (Santi & Murta, 2022). For instance, the parasite undergoes mosaic aneuploidy, which means 

it acquires 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 mechanism for the parasite under stressful 

conditions (Restrepo et al., 2019). Similarly, other stress-adaptive mechanisms that influence gene 

copy numbers entail the addition or removal of genes in tandem, or the generation of linear or circular 

extrachromosomal gene copies (Rogers et al., 2011). 

 

1.1.6 Genetic Approaches Applicable in Leishmania 
As previously mentioned in section 1.1.5, the Leishmania genome displays remarkable plasticity, 

presenting significant obstacles in genetically modifying essential genes. Furthermore, the absence of 

functional RNA interference in many Leishmania species, including L. mexicana, along with the 

digenetic life cycle of 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 cycle of the parasite (Duncan, 

Jones & Mottram, 2017; Jones et al., 2018). Nevertheless, throughout the years several genetic 

modification approaches have been developed in Leishmania. However, the most widely used one is 

the clustered regularly interspaced short palindromic repeats (CRISPR) CRISPR-associated gene 9 

(Cas9) system.  

Briefly, the CRISPR-Cas9 system consists of two crucial components: the Cas9 nuclease and a guide 

RNA (gRNA). Cas9 is an RNA-dependent DNA endonuclease, while gRNA is an RNA molecule 

comprising 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 of the protospacer-adjacent motif 

(PAM), which consists of the triple nucleotide NGG (Gostimskaya, 2022). Leishmania can repair double 

stranded breaks using two methods: homologous recombination and micro-homology mediated end 

joining (MMEJ; Passos-Silva et al., 2010; Lafitte et al., 2016). Although, various studies have utilized 

either systems for genetic modification in Leishmania using CRISPR-Cas9 since 2015, the most 

effective tool, as developed by Beneke et al. (2017), uses the innate homologous recombination 

mechanism of the parasite (Zhang & Matlashewski, 2015; Sollelis et al., 2015; Zhang, Lypaczewski & 

Matlashewski, 2017). The way of using HR in this approach is by introducing PCR-generated repair 

cassette with homologous arms and gRNA (cDNA) in L. mexicana or L. major cell 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 selected via antibiotics. This approach can be used either for knocking out or endogenously 

tagging Leishmania genes (Beneke et al., 2017).  

Alternatively, a modified CRISPR-Cas9 approach, known as CRISPR/Cas9 cytosine base editor (CBE), 

has been recently introduced in Leishmania as 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 precise target. To 

prevent base excision repair, which will reverse the cytidine-to-uridine conversion, two monomers of 

uracil glycosylase inhibitor domains were tethered on the protein. In addition, to improve the CBE 

editing rates, a L. major Rad51-derived single-stranded DNA-binding domain was also inserted. All 

these modifications led to the formation of the hyBE4max CBE that was successfully expressed within 

four Leishmania species, and facilitated the conversion of arginine, tryptophan, or glutamine codons 

into STOP codons. The CRISPR/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%. Thereby, this approach is ideal for studying loss-of-

function in Leishmania (Engstler & Beneke, 2023). 

Nonetheless, the use of CRISPR-Cas9 system is revolutionary in the field of Leishmania in terms of 

practicality and efficiency. Furthermore, the use of CRISPR-Cas9 as a knockout tool could be 

informative in terms of characterizing the essentiality of a Leishmania gene. For instance, the knockout 

of essential gene will prevent the recovery of 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 (Damianou et al., 2020). A way to counteract this limitation is through 

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 CRISPR-Cas9 KO, while retaining 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 cells to lose the transgene (Dacher et al., 2014; Jones et 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 toxic metabolite called 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 fitness cost it 

incurs, it indicates that the gene is essential (Murta et al., 2009).  

The primary limitation of the CRISPR-Cas9 system developed by Beneke et al. (2017) is its lack of 

inducibility. Consequently, it is not possible to observe the cellular impact of knocking out an essential 

gene in a time-dependent manner before the death of the cell. To facilitate such experiments, an 

alternative genetic modification approach exists, known as the inducible di-Cre recombinase system. 

This method incorporates two crucial components: the Cre recombinase 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 coupled with a FK506-binding protein (FKBP12) and the binding domain of the FKBP12-rapamycin 

associated protein (FRB). In the presence of rapamycin, these two inactive fragments of Cre dimerizes 

(forming DiCre), thereby creating a functional Cre recombinase capable of excising loxP-flanked genes 

(Duncan, Jones & Mottram, 2017). In L. mexicana, the initial strategy entailed replacing one allele of 

the target gene with the DiCre sequence, and the second allele with a loxP-flanked (floxed) copy of 

the gene (Duncan et 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 (Damianou et al., 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 CRISPR-Cas9 system and the diCre system have been combined, with the former being employed 

to replace both wild-type alleles with floxed versions in a cell line expressing, Cas9 nuclease, T7 RNA 

polymerase, and rapamycin-induced DiCre recombinase (Yagoubat et al., 2020; Damasceno et al., 

2020). 

 

1.2 Ubiquitination in Non-Trypanosomatids 

1.2.1 The Ubiquitin Code 
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 ubiquitin fold is formed through the 

assembly of a 5-stranded ̡ -sheet, a short 310 helix and a 3.5-turn -hhelix (Vijay-Kumar et al., 1987; 

Dikic, Wakatsuki & Walters, 2009). Initially, ubiquitin is expressed as an inactive precursor by cytosolic 

ribosomes. It exists 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 proteins (Martín-Villanueva et al., 2021). The maturation of 

ubiquitin involves the release and activation of its C-terminal glycine residue. Upon activation, 

ubiquitin gains the ability to be covalently and reversibly attached to target proteins, a process 

commonly referred to as ubiquitination (Hochstrasser, 2000). 

Ubiquitination is just one among hundreds of diverse post-translational modifications (PTMs), akin to 

phosphorylation and acetylation (Ramazi & Zahiri, 2021). It possesses remarkable functional flexibility, 

characterised by a multitude of intricate layers (Mevissen & Komander, 2017). Initially, ubiquitin 

primarily forms an isopeptide bond with the ʁ-amino group of a lysine residue in the target protein, a 

process known as canonical ubiquitination (Busch, 1984). However, non-lysine ubiquitination, often 

considered atypical, also exists. Ubiquitin can attach to proteins at their N-terminal amino group 

through a peptide bond, as well as to specific amino acid residues such serine, threonine and tyrosine 

(supported by in 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 non-protein substrates. These include ADP-ribose, bacterial 

lipopolysaccharide, and cellular sugars (Kelsall, 2022; Squair & Virdee, 2022; Ikeda, 2023). Notably, 

ubiquitin, being a protein itself, can also undergo ubiquitination. Currently, there are thirteen known 

ubiquitination sites in ubiquitin. Among these, the seven lysine residues (K6, K11, K27, K29, K33, K48 

and K63) and the N-terminal methionine (M1) are well-characterised, while the four threonine 

residues (T12, T14, T22 and T55) and serine (S28) were recently identified McCrory et al., 2021; 

Rodriguez Carvajal et 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, significantly enhances the complexity of this PTM (Ohtake & 

Tsuchiya, 2017). Furthermore, ubiquitin itself can undergo additional PTMs, such as acetylation and 

phosphorylation, and can be conjugated to other ubiquitin-like molecules, such as NEDD8 and SUMO 

(Lacoursiere, Hadi & Shaw, 2022). Together, these intricate ubiquitin patterns constitute the 

άǳōƛǉǳƛǘƛƴ ŎƻŘŜέΣ ǿƘƛŎƘ ƛǎ ǊŜŎƻƎƴƛǎŜŘ ŀƴŘ ƛƴǘŜǊǇǊŜǘŜŘ ōȅ ǇǊƻǘŜƛƴǎ ŎƻƴǘŀƛƴƛƴƎ ǳōƛǉǳƛǘƛƴ-binding 

domains.  

Regarding the mechanism of ubiquitin conjugation, three universally conserved types of enzymes that 

function sequentially are involved: E1 ubiquitin-activating enzymes, E2 ubiquitin-conjugating enzymes 
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and E3 ubiquitin ligases. Briefly, E1 enzyme activates ubiquitin via an ATP-dependent process involving 

addition of an adenylyl group to the C-terminus 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 trans-thioesterification on the cysteine residue at the 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 

predominantly determined by the E2 and E3 activity, however in some rare cases an E4 accessory 

factor supports this lengthening process (Koegl et al., 1999). Ubiquitination is reversible, and cleavage 

of ubiquitin moieties from its target is achieved via the class of proteases known as deubiquitinases 

(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 

(Grau-Bové Sebé-Pedrós & Ruiz-Trillo, 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 involved in molybdopterin and thyamin 

biosynthesis (Taylor et al., 1998; LeimkǸhler, Wuebbens & Rajagopalan, 2001). Furthermore, obligate 

intracellular bacteria, such as Legionella pneumophila and pathogenic Escherichia coli (E.coli), possess 

genes that code for E3 ligases and DUB enzymes. These genes function as virulence factors, allowing 

these bacteria to manipulate the ubiquitin system of the host (Vozandychova et al., 2021). Moreover, 

ubiquitin-like related proteins are also present in prokaryotes. The small sulphur-carrier protein MoaD 

and ThiS, which are involved in molybdopterin and thyamin biosynthesis, have the characteristic -̡

grasp fold as ubiquitin. Conversely, the Mycobacterium tuberculosis protein Pup does not share any 

sequence or structural homology with ubiquitin, however it is involved in targeting proteins for 

proteasomal degradation via pupylation. Interestingly, all three ubiquitin-like related proteins share 

the same GlyGly (DiGly) motif at their C-terminal sequence with ubiquitin (Wang et al., 2001; Rudolph 

et al., 2001; Pearce et 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.  

 

Figure 3: 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 pyrophosphate (PPi) are released. Subsequently, ubiquitin is transferred to 
the E2 active site via trans-thioesterification. Then, E3 ligases facilitate either the direct (ubiquitin is 
not transferred to the active site cysteine of the E3 RING ligase) or indirect (ubiquitin is 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 multiple ubiquitin molecules, either onto the monoubiquitin or at different sites 
on the substrate, are known as polyubiquitination and multi-monoubiquitination, respectively. 



26 

 

Cleavage of ubiquitin molecules is performed by DUBs. Reproduced image from Burge, Mottram & 
Wilkinson (2022).  

 

1.2.2 Role of Ubiquitin 
Ubiquitination is a PTM involved in a plethora of cellular processes, and this is attributed to the 

diversity and multi-dimensionality of the ubiquitin code. Focusing first on monoubiquitination, which 

has been shown to be important for the degradation of proteins with a size smaller than 150 amino 

acids that contain low structural disorder (Braten et al., 2016). Specifically, monoubiquitination-

dependent proteasomal degradation is associated with proteins involved in the carbohydrate 

transport and oxidative stress response pathway, but also with translation and proteasomal 

degradation (Braten et al., 2016; Jung et al., 2017).  Furthermore, monoubiquitination can function as 

a subcellular localization signal. For instance, it triggers the endocytosis of the receptor tyrosine 

kinases from the plasma membrane, and facilitates the secretion of the cancer stem cell marker CD133 

into extracellular vesicles (Haglund et al., 2003; Yang et al., 2018). Additionally, the conjugation of a 

single ubiquitin facilitates protein-protein interactions (Magits & Sablina, 2022). For instance, 

monoubiquitination of the insulin receptor substrate (IRS-2) allows interaction with the ubiquitin-

binding protein EPSIN-1. As a result, cell proliferation induced by the insulin-like growth factor 1 (IGF-

1) is stimulated (Fukushima et al., 2015). On the other hand, monoubiquitination can also block the 

interaction of two proteins. An illustrative case is that of RAS-related protein B, of which its 

monoubiquitination prevents its binding to the effector exocyst complex component EXO84. 

Consequently, this inhibition prevents the initiation of autophagy (Simicek et al., 2013).  

Complexity in the ubiquitin code is added when two or more ubiquitin molecules are bound on a 

protein substrate. An example of this category is multi-monoubiquitination, of which single ubiquitin 

moieties are attached to unoccupied lysine residues on the substrate protein (Sewduth, Baietti & 

Sablina, 2020). Multi-monoubiquitination, just like monoubiquitination, could act as an alternative 

degradation signal. For example, the anaphase-promoting complex targets Cyclin B1 for proteasomal 

degradation through multi-monoubiquitination, which subsequently triggers the mitotic exit of the 

cell (Dimova et al., 2012). Multi-monoubiquitination has also a degradation-independent biological 

role. A noteworthy example is the multi-monoubiquitination of the heat shock protein 70 (HSP70), a 

process mediated by the E3 ubiquitin ligase parkin. In this context, multi-monoubiquitination prevents 

the proteasomal degradation of HSP70, suggesting a potential mechanism for rescuing its functionality 

as a chaperone (Moore et al., 2008). In addition, multi-monoubiquitination plays a crucial role in 

regulating changes in cell morphology and motility in mammalian cells. This regulation occurs by 

modulating the interaction between the VASP protein and actin, in which multi-monoubiquitination 

of the former diminishes the polymerization of the latter (McCormick et al., 2023).  

As mentioned previously, ubiquitin has multiple sites of ubiquitination. Thereby, polyubiquitination 

chains, depending on which ubiquitination site are developed, acquire linkage-specific function (Tracz 

& Bialek, 2021). For instance, Lys48-linked chains, which are the most abundant polyubiquitination 

type in most of cells, act as a signal that targets proteins for proteasomal degradation (Akimov et al., 

2018). This type of polyubiquitin chain has a primary contribution in the overall regulation of protein 

homeostasis, including the removal of mislocalized, misfolded or prematurely folded proteins from 

the cell (Song, Herrmann & Becker, 2021). One of the many specific examples highlighting the 

importance of the K48-linked polyubiquitination is in the regulation of the protein levels of the 

centrosomal OLA1 through proteasomal degradation, which is required for the proper maturation of 

the centrosome during the G2 phase of the cell (Fang et al., 2023). The second most understood 
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polyubiquitin chain is the one with Lys63 linkages, which is involved in various cellular processes, 

including membrane trafficking and DNA repair (Hu et al., 2023; Qin et al., 2023). In regards of the 

biological significance of the rest linkages, K6-linked polyubiquitination chains are involved 

predominantly in mitophagy and the DNA damage response, while K11-linked polyubiquitin chains are 

associated with the cell cycle and responses to biotic and abiotic stressors (Tracz & Bialek, 2021). 

Furthermore, K27-, K29- and K33-linked polyubiquitination chains play a major role in innate 

immunity, intracellular signalling pathways and protein trafficking respectively (Yuan et al., 2014; Chen 

et al., 2023; Jiang et al., 2023). Finally, M1-linked polyubiquitination chains are involved in NF- Bˁ 

signalling under stress-induced inflammation (Aalto et al., 2022).  

Nevertheless, all these polyubiquitination chains are composed of ubiquitins that are 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, and their architecture can be mixed or branched.  Interestingly, the biological 

significance of heterotypic chains is less understood. Nonetheless, a study conducted in 2016 has 

revealed that the K48-K63 branched chains act as a signal stabilizer that promotes NF-ˁ. ǎƛƎƴŀƭƛƴƎΦ 

Specifically, the heterotypic polyubiquitination prevented the deubiquitination of the initially K63-

linked polyubiquitinated TRAF6 protein, which in response enhanced NF-ˁɰ activity. Thus, it was 

further concluded that heterotypic polyubiquitination provides an additional level of protein 

regulation (Ohtake et al., 2016).  Another example of a studied heterotypic polyubiquitin chain is the 

K11-K48. K11-K48 polyubiquitination serves as an efficient proteasomal degradation signal against 

aggregation-prone proteins and dislocated protein-substrates of the endoplasmic reticulum-

associated degradation system. In particular, K11-K48 chains bind with higher affinity to proteasomes 

and p97/VCP, making them a priority signal for efficient coupling and degradation (Leto et 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 on both free and substrate-conjugated 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 protein stabilization mechanism that 

regulates polyubiquitin-linked proteasomal degradation (Ohtake et al., 2015). Phosphorylation is 

another PTM that targets ubiquitin, in which it attaches a phosphoryl group predominantly on serine, 

threonine and/or tyrosine amino acid residues. Phosphorylation of the ubiquitin serine 65 by the 

PINK1 kinase is one of the few well-characterised phospho-ubiquitin events. It takes place when the 

inner mitochondrial membrane is depolarized due to a damage of the mitochondrion and it is involved 

in the activation of the E3 ligase Parkin. As a result, the activated Parkin ubiquitinates various outer 

membrane mitochondrial proteins, which subsequently triggers mitophagy (Lambourne et al., 2023)  

As previously mentioned, ubiquitination is also observed in sugars and lipids and this is known as 

atypical ubiquitination. The first evidence of non-protein ubiquitination was identified on the lipid A 

moiety of the lipopolysaccharides of the Gram-negative bacterium Salmonella enterica serovar 

Typhimurium (S. Typhimurium) during infection of mammalian cells. This non-canonical 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 via autophagy (Otten et 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 yeast. Interestingly, ubiquitination of PE is mediated by enzymes of the canonical ubiquitin 

system, such as the Tul1 ubiquitin E3 ligase complex. This ubiquitination event is speculated to 

contribute into the formation of intraluminal vesicles through the recruitment of the ESCRT complex. 
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Similarly, ubiquitinated-PE has also been observed in baculoviruses under insect-cell infection, and it 

is hypothesised that this modification might contribute in the egress of the virus through ESCRT 

complex (Sakamaki et al., 2022). Finally, elegant in vitro experiments introduced atypical 

ubiquitination in sugars. Specifically, it has been shown that the mammalian E3 ligase HOIL-1, which 

is part of the LUBAC complex, monoubiquitinates glycogen and 1h:4-linked maltoheptaose at 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 glucosaccharides 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 (Kelsall et al., 2022). Collectively, non-canonical 

ubiquitination is important as a defence mechanism against intracellular bacteria and sugar-derived 

toxins, and also is required for intracellular vehicle trafficking. 

 

1.2.3 E1 Ubiquitin-Activating Enzymes 
Overall, there are eight E1 ubiquitin-activating enzymes in the human proteome, of which according 

to their structural and biochemical properties are subdivided in two classes: canonical and non-

canonical (Barghout & Schimmer, 2021). 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 ubiquitin-like molecules (collectively are called UBLs) and the latter 

maintains structural stability (Lv et al., 2017). Another domain of E1s is the catalytic cysteine domain 

(CCD), which as the adenylation domain, is sub-divided into the first and second CCD. Together, the 

CCDs are involved in the formation of thioester bond between the UBLs and the E1 enzyme (Lv et al., 

2017). Furthermore, the ubiquitin-fold domain is also conserved in E1s, and it interacts with the 

cognate E2s for transferring the UBL via transthiolation (Lv et al., 2017). In the case of non-canonical 

E1s, one of the most striking differences is the presence of other domains, such as in the case of UBA4 

that possesses a C-terminal rhodanese homology domain. This domain is important for transferring 

sulfur to its UBL substrate known as URM1 (Jüdes et al., 2016).   

Focusing solely on the enzymatic activity of canonical E1s, they activate UBL molecules in a multistep 

and ATP-dependent procedure. The first step involves the adenylation of a free UBL molecule at its C-

terminus (UBL~AMP) in the presence of ATP and Mg2+. Sequentially, the adenylated UBL is attached 

to the active AD of the E1, while a PPi is released. Then, a nucleophilic interdomain reaction takes 

place, where 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 non-covalently attached at the active AD of the same E1 enzyme 

(Haas & Rose, 1982). This leads to the formation of a double-UBL-loaded E1 enzyme, which favours 

the enzyme energetically and/or conformationally and accelerates the transfer of the UBL to the E2-

conjugating enzyme (Cappadocia & Lima, 2018).  Transfer of the UBL from E1 to E2 is achieved via 

transthiolation reaction, while the ubiquitin-fold domain of E1 plays a crucial role in maintaining the 

interaction between these two proteins until the reaction is completed. Finally, the now single 

UBL~AMP-bound E1 is available to repeat the same cycle of thioesterification, adenylation and 

transthiolation (Schulman & Harper, 2009).  

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 the ubiquitin system have been utilized as 

drug targets (Barghout & 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 nucleotide-binding 

pocket in the active AD, which selectively binds to the UBL~AMP. Various small-molecule E1 inhibitors 

have been developed throughout the years, with the adenosine sulfamate E1 inhibitors that mimicking 

the UBL~AMP intermediate to stand out (Brownell et al., 2010). Alternatively, the catalytic cysteine of 

the CCD has been also explored as a drug targeting site. For instance, PYR-41 and PYZD-4409 are two 

inhibitors utilizing this mechanism of action, selectively against the most well studied E1, the UBA1 

(Yang et al., 2007; Xu et 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 cellular functions. 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 (Soucy et al., 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 UBA1, promoting ubiquitination and degradation of 

misfolded ER proteins, and thereby opening the horizons for developing specialized drugs of various 

neurodegenerative disorders (Yan et al., 2023).   

 

1.2.4 E2 Ubiquitin-Conjugating Enzymes 
Overall, there are 40 E2-ubiquitin conjugating enzymes in humans. Members of the E2 family share a 

highly conserved 150-200 amino acid ubiquitin-conjugating catalytic (UBC) fold, which act as a binding 

site for E1s, E3s and the activated ubiquitin/UBL (van Wijk & Timmers, 2010). Within the UBC domain, 

there is an active site cysteine and about 10 residues upstream of this cysteine, there is an HPN-motif. 

The former is involved in two crucial reactions: firstly, in the transfer of activated ubiquitin/UBL from 

the E1 to E2 via transthioesterification and secondly, in the transfer of ubiquitin to either on E3 ligase 

or targeted substrate via aminolysis (Huang et al., 1999; Olsen & Lima, 2013). On the other hand, the 

asparagine from the HPN-motif is responsible for creating the peptide bond between the C-terminal 

glycine of ubiquitin and a lysine of the targeted substrate, while the histidine and proline residues 

provide structural support throughout the process (Wu et al., 2003). In many E2 enzymes, there is an 

additional backside surface of the UBC domain. It is situated opposite the catalytic pocked and it binds 

to the activated ubiquitin/UBL via non-covalent interactions. This backside surface facilitates the 

proper positioning of ubiquitin/UBL, exposing the thioester bonding site for undergoing aminolysis 

(Nguyen et al., 2014). Nevertheless, E2 enzymes containing solely the catalytic UBC core are classified 

as class I, while those consisting of an additional N- or C-terminal extension, or both, are categorised 

as class II, III and IV respectively (Lei et al., 2023). These additional extensions provide functional 

differences across the E2s.  For instance, the N-terminal extension in the UBE2E proteins promotes 

monoubiquitination, while the C-terminal extension of UBE2R1 facilitates the formation of 

polyubiquitin chains (Kolman, Toth & Gonda, 1992; Schumacher, Wilson, & 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 and the lack of specificity of E1 enzymes make them 

poor therapeutic targets. However, this is not the case of E2 enzymes (Celebi et al., 2020). For instance, 

Ubc13 has been found to participating in the constitutive activation of the NF- Bˁ signaling and also, in 

the ubiquitination of the tumour suppressor gene p53, which causes reduction of its activity. One 

approach of inhibiting the Ubc13 enzymatic activity is by targeting the active site cysteine. 
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Interestingly, the chemical compound NSC697923 was found to covalently bind at the catalytic 

cysteine of Ubc13, and selectively interacting further with a unique Ubc13 binding cleft (Hodge et al., 

2015). At this point is worth mentioning that Ubc13, as well as some other E2s, require to form a 

complex with a catalytic inactive E2, such as Uev1A 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 found to disrupt the 

Ubc13-Uev1A interaction in vitro, however this was never validated in vivo (Tsukamoto et al.,2008; 

Ushiyama et al., 2012). In the case of the CC0651 inhibitor, it interferes with the discharge of the 

ubiquitin molecule from the cell division cycle 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 enzyme (Ceccarelli et al., 2011). 

Nonetheless, at the moment there are no ongoing clinical trials exploring E2 inhibitors.  

 

1.2.5 E3 Ubiquitin Ligases 
The final step of ubiquitination involves transferring of the ubiquitin molecule from the E2 conjugating 

enzyme to the targeted substrate. 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, the E3 ligases 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) family (Zou et al., 2023). Focusing firstly on 

the largest subgroup of E3 ligases, RING finger E3 ligases are distinguished by their RING or U-box 

domain, which are structurally similar (Metzger, Hristova & Weissman, 2012). Notably, one of the 

main differences between the two domains is that the enzymatic activity of the former requires 

chelation of two zinc ions (Zn2+), 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 during ubiquitination. The E2-E3 interaction causes allosteric 

activation of the E2, which stimulates the ubiquitin release (Branigan, Carlos Penedo & Hay, 2020). In 

regards of HECT E3s, they all contain the conserved 350 amino-acid long HECT domain, which is 

located at their C-terminal. Notably, the HECT domain has three main features: the N-terminal N-lobe, 

the C-terminal C-lobe and the flexible linker connecting the two. The N-lobe is involved in the E2 

interaction, while the C-lobe contains an active site cysteine, 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 the N- and C-lobes, thereby 

bringing the active sites of E2 and E3 into close proximity (Huang et al., 1999; Sluimer & 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, they contain three domains, which are arranged 

in the given order: RING1 domain, Rcat (required-for-catalysis) and BRcat (benign-catalytic). The RING1 

domain is involved in E2 interactions, while the Rcat domain contains an active site cysteine to which 

ubiquitin is attached to. The BRcat domain shares structural similarities with the Rcat domain, however 

it lacks the catalytic cysteine residue. As in the case of HECT E3 ligases, RBRs utilize a two-step catalytic 

mechanism for conjugating ubiquitin to the substrate (Wenzel et al., 2011; Spratt, Walden & Shaw, 

2014).  

Compared to the E1s and E2s, the E3 ligases possess specific roles within the cells (Sampson et al., 

2023). For instance, MDM2 is an E3 ligase that tightly regulates the activity of tumour suppressor p53 

through both direct protein-protein interaction and ubiquitination, under non-stress 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 of cis-imidazoline analogs, were found to inhibit the 

MDM2-p53 interaction via binding at the p53 binding pocket of MDM2 (Vessilev et al., 2004). 

Interestingly, a nutlin-derivative known as RG7388 has been discovered to disrupt the MDM2-p53 

interaction with a superior potency and selectivity (Ding et al., 2013). It has undergone clinical trials 

for the treatment of neuroblastoma and acute myelogenous leukemia (Yee et al., 2014). Two other 

examples of E3 ligases with a specific cellular function are the cellular inhibitor of apoptosis proteins 

(cIAP) 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 cIAP1 and cIAP2 has been associated with various cancers, including liver 

carcinomas and pancreatic cancers, thus they have been persuaded as anticancer drug targets. 

TL32711, LCL161 and GDC-0152 are some of the many inhibitors that have been under clinical 

investigation for treating solid tumours via targeting cIAP1 and cIAP2 (Flygare et al., 2012; Benetatos 

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

 

1.2.6 Deubiquitinating Enzymes 
Ubiquitination is associated with myriad cell-based physiological and biological aspects. However, the 

ubiquitination status established by the ubiquitin-conjugating enzymes (E1, E2 and E3) is tightly 

regulated and counterbalanced by another class of enzymes, the 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 but in Saccharomyces cerevisiae there are only 20 

(Clague, Urbé & Komander, 2019). Furthermore, sequence and domain conservation analysis classified 

DUBs in seven major evolutionary conserved families: ubiquitin-specific proteases (USP), ubiquitin 

carboxy-terminal hydrolases (UCHs), ovarian tumour proteases (OTU), Machado-Josephin domain-

containing protease (MJDs), motif-interacting with ubiquitin-containing novel DUB family (MINDY), 

JAB1-MPN-MOV34 Pad1 N-terminal+ (MPN+) domain proteases (JAMMs) and zinc finger with UFM1-

specific peptidase domain protein (ZUFSP; Xue et 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 Zn2+ ion to carry out their isopeptidase activity (Shrestha et al., 2014). 

In regards of the latter class, canonical cysteine protease 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 C-terminus 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 of de novo ubiquitin molecules by processing ubiquitin precursors expressed either 

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

UBA80; Grou et al., 2015). Furthermore, DUBs rescue ubiquitin from degradation at the site of 

proteasome, allowing its re-use, but they also deubiquitinate various ubiquitinated substrates 

elsewhere in the cell, contributing in the maintenance of the ubiquitin pool (de Poot, Tian & 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 subcellular localisation, structure of the catalytic 

domain and presence of additional domains (Caba, Mohammadzadeh & Tong, 2022). For instance, the 

ǇǊŜǎŜƴŎŜ ƻŦ ǳōƛǉǳƛǘƛƴ ōƛƴŘƛƴƎ ǎƛǘŜǎ {м ŀƴŘ {мΩ ǇǊƻǾƛŘŜ ǳōƛǉǳƛǘƛƴ ƭƛƴƪŀƎŜ ǎǇŜŎƛŦƛŎƛǘȅ ǘƻ ǘƘŜ 5¦.Φ 

Specifically, S1 site interacts with the distal ubiquitin a di-ǳōƛǉǳƛǘƛƴΣ ǿƘƛƭŜ {мΩ ǎƛǘŜ ōƛƴŘǎ ǘƻ ǘƘŜ ǇǊƻȄƛƳŀƭ 

ǳōƛǉǳƛǘƛƴΣ ǇƭŀŎƛƴƎ ǘƘŜ ǎŎƛǎǎƛƭŜ ōƻƴŘ ƛƴǘƻ ǘƘŜ ŎŀǘŀƭȅǘƛŎ ŀŎǘƛǾŜ ǎƛǘŜ ŦƻǊ ƘȅŘǊƻƭȅǎƛǎΦ IƻǿŜǾŜǊΣ ǘƘŜ {мΩ ǎƛǘŜ 
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determines the orientation of the proximal ubiquitin, which subsequently determines the lysine 

residue that is presented to the catalytic center and thereby, the linkage specificity of the DUB (Sato, 

2022).  These ubiquitin-binding sites can be present on the catalytic domain of the DUB, as exemplified 

by the K6-specific USP30 (Sato et al., 2017). Alternatively, they may be found on an ubiquitin-binding 

domain (UBD) situated within the DUB (i.e. in cis), such as the C-terminal ubiquitin interacting motif 

(UIM) in the case of the K63-specific OTUD1 (Mevissen et al., 2013). Furthermore, another scenario 

involves the presence of a UBD on an interacting partner (i.e. in trans), such as the UIM located on the 

interacting partner of the K63-specific AMSH, known as signal transducing adaptor molecule (STAM; 

McCullough et al., 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 (Mevissen et al., 2013). All DUBs possess at least one ubiquitin binding site 

(S1), however DUBs exhibit substrate specificity and no linkage-ǎǇŜŎƛŦƛŎƛǘȅ ŦŜŀǘǳǊŜ ŀ {мΩ ǎǳōǎǘǊŀǘŜ-

ōƛƴŘƛƴƎ ǎƛǘŜ ƛƴǎǘŜŀŘ ƻŦ ŀ {мΩ ǳōƛǉǳƛǘƛƴ-binding site (Mevissen & Komander, 2017). 

Despite the type of ubiquitin linkage, there are additional features of the substrate that interlink 

substrate specificity and DUB activity, including length and architecture of ubiquitin chains, whether 

the modifier is ubiquitin or ubiquitin-like molecule, the presence of other PTMs on ubiquitin, 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 orientation (exo-

cleavage) or from within the chain (endo- cleavage; Ye et al., 2011; Hospenthal, Freund & Komander, 

2013). There are also DUBs capable of cleaving intact ubiquitin chains from their substrates, which is 

known as en bloc cleavage. For instance, USP14 and PSMD14 are two DUBs that perform en bloc 

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; Lee et al., 2016). Thereby, en bloc cleavage has been closely associated with proteasomal 

degradation, highlighting the correlation between the cellular activity of DUBs and their substrate 

specificity (Clague, Urbé & Komander, 2019).  

As it was previously discussed, ubiquitination is involved in a plethora of 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 cancer and neurological disorders (Celebi et al., 2020; Bello et 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 contributes in the pathology of tauopathies, including 

!ƭȊƘŜƛƳŜǊΩǎ ŘƛǎŜŀǎŜΣ ōȅ ƛƴŘǳŎƛƴƎ ǘƘŜ ŦƻǊƳŀǘƛƻƴ ƻŦ ǎǘǊŜǎǎ ƎǊŀƴǳƭŜǎ ǘƘŀǘ ǇǊƻƳƻǘŜ ¢ŀǳ ŀƎƎǊŜƎŀǘƛƻƴ ƛƴ 

neurons of brain lesions (Piatnitskaia et al., 2019). Nevertheless, inhibition of such DUBs supresses 

their disease-inducing functions, including the destabilization of specific target proteins associated 

with the pathology of a disease. For instance, FT671 (non-covalent) and FT827 (covalent) were 

discovered to strongly and selectively inhibit USP7, resulting in the suppression 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 death in vivo (Turnbull et al., 2017). 

IMP-1710 is another potent and stereoselective small DUB-inhibitor targeting UCHL1, resulting in the 

suppression of fibrotic phenotypes in idiopathic pulmonary fibrosis cellular models, with minimal 

cytotoxicity (Panyain et al., 2020). A USP14-specific inhibitor known as VLX1570 reached Phase I in 

clinical trials as a treatment for relapsed and refractory multiple myeloma.  However, the study was 

discontinued due to high pulmonary toxicity (Rowinsky et al., 2020). Nonetheless, the selective nature 

of DUBs making these proteins promising targets 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 

characterised by proteins that undergo abnormal ubiquitination and subsequent degradation, like the 

CF transmembrane regulator (CFTR) channels. The idea behind TPS involves the targeted recruitment 

of a specialised DUB to its aberrantly ubiquitinated substrate. Through deubiquitination, 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 is 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 enDUB YFP-targeted. This method was applied and 

validated in a long 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 (Kanner et 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 small-molecule ligand that specifically targets the substrate, and 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 called NJH-2-057 was developed, consisting of an 

EN523 OTUB1 recruiter linked 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 protein levels (Henning et al., 2022). 

Although there is limited information available about the kinetics of the ternary DUB-substrate 

complex formation in both approaches, it is noteworthy that the DUB-substrate association did not 

adversely affect the function of either protein. This finding makes both approaches promising 

therapeutic strategies.  

 

1.2.7 Proteasome 
Ubiquitination and 26S proteasome are tightly associated for regulating protein turnover within the 

cell, with the former targeting undesirable or damaged proteins to the latter, while the latter 

proteolytically cleaves these proteins into short peptides (Abi Habib et al., 2022). Together, they 

comprise the ubiquitin-proteasome pathway (UPS), and in this section I am going to focus solely on 

the proteasome. Firstly, the 26S proteasome is a ~2.5MDa complex comprising 47 subunits in humans, 

making it the largest known eukaryotic protease (Livneh et al., 2016). Secondly, the 26S subunit is 

compartmentalized into two particles: the hollow cylindrical 20S core particle (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 outer h -rings and two identical inner ̡-rings, which are comprised of seven  hand 

seven ̡  subunits respectively. The central catalytic chamber of the proteasome is formed by the two 

heptameric ̡ -rings and is localized internally of the complex, preventing uncontrollable degradation 

of surrounding functional proteins (Groll et al., 1997). Within the catalytic chamber, there are three 

catalytically active subunits: ̡1, 2̡ and 5̡, which cleave acidic, basic and hydrophobic residues 

respectively. Thus, the proteasome has been associated with caspase-like, trypsin-like and 

chymotrypsin-like activities (Dick et al., 1998). Nevertheless, proteins targeted for proteasomal 

degradation are getting de-ubiquitinated, if ubiquitin/ubiquitin chain is present, and unfolded by RP 

proteins before are inserted into the catalytic chamber (Ruschak et al., 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 (Kisselev et al., 1998).  

Malfunction of the proteasome has been associated with several cancer, such as multiple myeloma, 

and age-ǊŜƭŀǘŜŘ ŀƴŘ ƴŜǳǊƻŘŜƎŜƴŜǊŀǘƛǾŜ ŘƛǎŜŀǎŜǎΣ ƛƴŎƭǳŘƛƴƎ tŀǊƪƛƴǎƻƴΩǎ ŘƛǎŜŀǎŜ ŀƴŘ !ƭȊƘŜƛƳŜǊΩǎ 

disease (George & Tepe, 2021). As a result, multiple compounds have been developed throughout the 

years 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 lymphoma (Herndon et al., 2013). As a dipeptide boronate inhibitor, Bortezomib 

targets the side-chain hydroxyl group of the N-terminal threonine located in the ̡1 and ̡ 5 active site 

of the proteasome, thereby inducing various cellular pathways, including an apoptotic response 

against the carcinogenic cells (Hideshima et al., 2003). However, treatment with Bortezomib has been 

associated with peripheral neuropathy, probably due to an off-target inhibition of proteases, including 

serine proteases (Arastu-Kapur et al., 2011). This led to the development of the first irreversible FDA-

approved proteasomal inhibitor, Carfilzomib (Kyprolis®). Carfilzomib is a tetrapeptide epoxyketone 

that forms a dual covalent adduct specifically with the side-chain hydroxyl group and the free amine 

of the N-terminal threonine active site of ̡5, making it selective and potent inhibitor of proteasome 

(Kuhn et al., 2007). It is used for treating relapsed and refractory MM patients, including the ones with 

bortezomib-resistance (Herndon et al., 2013). Other approved proteasomal-targeting drugs are: 

Ixazomib (Ninlaro®), Marizomib (salinosporamide A), Oprozomib (ONX 0912), and Delanzomib (CEP-

18 770; Ambrosio et al., 2023).  

 

1.2.8 Ubiquitin-Like Molecules 
Ubiquitin and its cellular functions have been widely studied. However, there are at 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 I) or to occur as protein domains, fulfilling protein-

protein interaction roles (type II; Schulman & Wade Harper, 2009; Santonico, 2020). Similarly with 

ubiquitin, covalent attachment of type I UBLs is achieved via their C-terminus, which contains either 

one or two glycine residues, and the cycle of conjugation-deconjugation of each UBL is performed by 

specialised E1-E2-E3 and isopeptidase enzymes (Hwang, Lee & Kho, 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 as SUMO1 in brain. However, for the SUMOylation cycle to kick 

off, SUMO undergoes a maturation process performed by sentrin isopeptidases (SENPs; Queiroz, 

Kageyama & Cimarosti, 2023). 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 cell-expressed developmentally downregulated protein 8 (NEDD8). NEDD8 has the 

highest identity and similarity to ubiquitin of up-to 55%, and predominantly, it acts as a scaffold 

protein within the multi-component assembly of E3 ligases referred to as Cullin-Ring-Ligases 

(Hochstrasser, 2009). Furthermore, NEDD8 is involved in various other processes, including the 

formation of stress granules, degradation of misfolded aggregation-prone proteins and DNA damage 

(Meszka, Polanowska & Xirodimas, 2022). Some of other UBLs are the interferon-stimulated gene 15 

(ISG15), autophagy-related protein 12 (ATG12), and ATG8, of which ATG8 is the only UBL molecule 

that is solely attached to a lipid (Lystad & Simonsen, 2019).   
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1.3 Ubiquitination in Leishmania  

1.3.1 Ubiquitin and UBLs in Leishmania 
Ubiquitin is present in all eukaryotes, including Leishmania. In particular, the protein sequence of the 

76-amino acid long ubiquitin is highly conserved between Leishmania and humans, with ubiquitin of 

L. major and L. mexicana varying at amino acid 14 (A instead of T) and 52 (E instead of D), while the 

one from L. tarentolae having additional two differences at position 11 (T instead of K) and 47 (D 

instead of G; Graeff et al., 1993; Fleischmann & Campbell, 1994). Furthermore, as previously 

mentioned, ubiquitin is expressed as inactive precursor in the form of either monoubiquitin, 

polyubiquitin or fused to another protein. An early study revealed that L. donovani genome contains 

a gene with a minimum of 44 tandemly arranged ubiquitin coding repeats, which was almost 5 times 

bigger than the human one (Wiborg et al., 1985; Kirchhoff et 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 L. 

braziliensis genome, two polyubiquitin genes were identified, of which the one contains 13 and the 

other one 14 tandem ubiquitin repeats. Additionally, a single ubiquitin gene in L. braziliensis was found 

to be fused with the 60S ribosomal subunit L40 (RPL40). The same study unveiled significant insights 

into the genome of L. 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. Additionally, a tandem arrangement of 9 ubiquitin repeats was also detected in L. major 

(Martín-Villanueva et al., 2021).  In L. major, there is also evidence of another ubiquitin gene that is 

fused to a 52 amino acid-long sequence, encoding for the ribosomal protein S27a (Graeff et al., 1993; 

TriTrypDB, 2023). Finally, L. tarentolae was demonstrated to possess both a polyubiquitin-encoding 

(ubiC) and RPS27a-fused ubiquitin protein genes (ubiA and ubiB), all of which exhibit expression 

(Fleischmann & Campbell, 1994). Collectively, it is concluded that there is a considerable 

heterogeneity across the Leishmania genomes in regards of the architecture of ubiquitin genes.  

Like other eukaryotes, Leishmania expresses various ubiquitin-like modifiers (UBLs) alongside 

ubiquitin. In L. major, the 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 

E1-like ATG7 and E2-like ATG10. The resulting ATG5-ATG12 complex plays a crucial role in 

autophagosome formation by ensuring the attachment of phosphatidylethanolamine to ATG8. 

Furthermore, this complex is also essential for the proper functioning of the mitochondrion, 

particularly in terms of oxidative capacity and energy generation, but it is also required for the 

differentiation process of the parasite (Williams et al., 2012). Similarly, AT8 sustains the survival of L. 

donovani throughout its life-cycle and under stress exposure. Both of these conditions are dependable 

on autophagy, justifying the necessity of ATG8 (Giri & Shaha, 2019). The ubiquitin fold modifier-1 

(UFM1) is also present in Leishmania. In particular, UFM-1 was found to be activated in the presence 

of ATP by the E1-like UBA5 and conjugated to mitochondrial proteins via the E2-like UFC1. 

Interestingly, ufmylation contributes in ̡-oxidation of fatty acids and macrophage survival of L. 

donovani amastigotes (Gannavaram et al., 2011; Gannavaram et al., 2012). Furthermore, the small 

ubiquitin-like modifier (SUMO) is another UBL found in Leishmania, expressed as an inactive precursor 

by a single gene. The SUMO expressing gene is essential for the survival of L. donovani promastigotes 

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 sentrin-specific protease (SENP), which cleaves its C-terminus 

(Bea et al., 2020). Moreover, ubiquitin-related modifier-1 (URM1) and its conjugation pathway do also 

exist in Leishmania. The 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 (Sharma et al., 2016).  

 

1.3.2 Ubiquitination and Deubiquitination Components in Leishmania 
The eukaryotic ubiquitination system is composed of ubiquitin-activating (E1), ubiquitin-conjugating 

(E2) and ubiquitin-ligating (E3) enzymes for performing ubiquitination, and deubiquitinating enzymes 

(DUBs) for deconjugating ubiquitin.  A recent genomic survey of these components in L. mexicana 

revealed that there are 2 E1, 13 E2, 79 E3 and 20 DUBs (Burge et al., 2020; Damianou et 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. Another study from the same group has also introduced 8 

more DUBs, of which 1 belongs to the C78 family (Ufm1- specific protease; UFSP), 1 the C85 family 

(OTU-like), and 5 the C97 family (PPPDE; Grewal et 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 papain-like fold (Rawlings et al., 

2014). Nevertheless, the last 8 DUBs are predicted to function as UBL ς specific proteases (Grewal et 

al., 2019). 

 

1.3.3 UPS and the Leishmania Life Cycle 
The Leishmania parasite, 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 proteins across procyclic promastigotes, metacyclic 

promastigotes, and intracellular amastigotes (De Pablos et al., 2019). In addition, a separate 

investigation highlighted the necessity of protein degradation through autophagy for the effective 

differentiation of the parasite (Cull et 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 progression of the life cycle of L. 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, UBA1a, 

the E2s, UBC3, UBC7, UBC12 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 

Leishmania promastigote stage. The remaining 37 null mutants, excluding ɲubc5 and ɲdub18 , were 

each assigned a unique barcode, pooled together and subjected to promastigote-to-amastigote 

differentiation via three different ways: by infecting either footpads of mice or macrophages, or 

axenically. Subsequently, their survival was assessed via high-throughput DNA-sequencing based bar-

seq. The null mutants ɲubc1/cdc34, ɲubc2, ɲuev1, ɲhect2, ɲdub4, ɲdub7 and ɲdub13 exhibited the 

most pronounced and consistently observed fitness deficits. Thus, it was concluded that these 

proteins are key players for the Leishmania differentiation cycle (Burge et al., 2020; Damianou et al., 

2020).  

 

1.3.4 DUBs and Trypanosomatids 
Although DUBs play a crucial part in the life cycle of Leishmania, they have also been linked to various 

functions within the trypanosomatids (Burge, Mottram & Wilkinson, 2022; Kumar et al., 2022). 

Focusing first in L. infantum, a study identified an OTU deubiquitinase, called OtuLi (DUB17 in L. 

mexicana), which has K48- and K63-linked 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 cytokines TNFh and IL-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 this aspect (Azevedo et al., 2017). 

Furthermore, ubiquitin modifiers of T. b. brucei, including the DUBs Tb927.9.5520 and Tb927.9.14470 

(DUB9 and DUB6 in L. mexicana, respectively), have been identified as contributing factors that render 

sensitivity against the trypolytic apolipoprotein-L1, which is present in the human serum. Thus, these 

proteins might explain why trypanosomes, such as T. b. brucei, are non-infectious to humans (Currier 

et al., 2018). 

In addition to the involvement of establishing infection, DUBs also contribute to intracellular protein 

trafficking via the endosomal system and endocytosis. Interestingly, an RNAi screen revealed that T. 

brucei USP7 and VDU1 (DUB6 and DUB7 in L. mexicana, respectively) play a role in the therapeutic 

sensitivity of T. brucei to suramin (Alsford et 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 ISG75 by USP7 or VDU1 was not investigated. 

Nevertheless, the knockdown of both proteins individually disrupted the endocytosis process in 

bloodstream T. brucei, underscoring the importance of these DUBs in intracellular trafficking and 

endocytosis (Zoltner et al., 2015). Finally, two L. infantum DUBs, DUB10 and DUB15, have been linked 

with translation and ribosome-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, co-translational ubiquitination, which is responsible of eliminating 

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 DUB15, to the ribosomes. Additionally, it resulted in the upregulation of 

other ubiquitin-related components, including DUB10, highlighting the importance of these proteins 

in quality control pathways and translation (Padmanabhan et al., 2021).  

 

1.3.5 DUBs in Toxoplasma gondii and Plasmodium falciparum 
Apart from the Leishmania and Trypanosoma species, insights into parasitic DUBs have also been 
extracted from other parasites, including Toxoplasma gondii and Plasmodium falciparum. Focusing 
first in T. gondii, the causing agent of toxoplasmosis, four active DUBs were initially identified using an 
ubiquitin activity-based protein profiling approach coupled with mass spectrometry. The human 
orthologue T. gondii UCHL3 was one of them, which was found to localize to both the cytoplasm and 
nucleus of the tachyzoite stage of T. gondii and to possess deubiquitinating and deNeddylation activity 
(Frickel et al., 2007). Dhara and Sinai (2016) predicted that 12 ovarian-tumor domain-containing (OTU) 
cysteine proteases were present in T. gondii, of which TgOTU7, TgOTU8 and TgOTU9 were predicted 
to possess a distinct protein structure relative to human OTU domain containing proteins. Despite the 
structural uniqueness of the three TgOTU proteins, the authors focused on the TgOTUD3A 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. Recombinant expression of TgOTUD3A further revealed lysine-
linkage specificity with descending preference towards K48-, K11- and K63-linked polyubiquitin chains. 
However, the recombinant TgOTUD3A protein selectively deubiquitinates endogenous K48-linked 
Toxoplasma proteins (Dhara & Sinai, 2016). The same group provided additional functional 
characterisation of TgOTUD3A, in which knocking out the protein-coding gene provided a fitness 
advantage to the mutant T. gondii tachyzoites over the wild-type cells. This advantageous 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 associated TgOTUD3A with the cell cycle of T. gondii (Dhara et al., 2017). Wilde 
et al., (2023) expanded the predicted number of OTU domain containing proteins in T. gondii to 14 
and characterised the di-ubiquitin linkage specificity of 11 of these proteins. Specifically, truncated 
protein constructs containing the OTU catalytic domain were screened against 7 different di-ubiquitin 
proteins, each possessing specificity for at least one of the following four di-ubiquitin linkages: K6, 
K11, K48 and K63. Furthermore, in vivo characterisation of TgOTUD6B and TgOTUD3B revealed that 
the former is essential for the intracellular growth of tachyzoite parasites within host cells, while both 
localize in the cytoplasm (Wilde et al., 2023). Finally, insights into another OTU domain containing 
protein, TgOTU7, were provided by Xia et 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. Interestingly, TgOTU7-knocked 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, depletion of TgOTU7 disrupted apicoplast biogenesis during the cell 
cycle, highlighting once more the importance the protein within T. gondii. TgOTU7 was further 
validated as linkage-nonspecific deubiquitinase, linking the ubiquitination system of the T. gondii with 
its cell growth regulation and apicoplast homeostasis (Xia et al., 2024). 
 
In regards to P. falciparum, the blood-born parasite responsible for up to 2 million people annual 
malaria-related deaths, it is predicted to express 29 DUBs. The first-ever characterised DUB in this 
parasite, P. falciparum UCH54 (PfUCH54), was found to possess both deubiquitinating and 
deNeddylating activity (Artavanis-Tsakonas et al., 2006). The dual activity of PfUCH54 is uncoupled, 
with its former deubiquitinating activity being essential for the blood stage P. falciparum, while the 
latter activity is dispensable (Karpiyevich et al., 2019). Similarly, PfUCHL3 also exhibits dual activity, 
ƘƻǿŜǾŜǊ ƛǘǎ ŦǳƴŎǘƛƻƴ ƛǎ ŜǎǎŜƴǘƛŀƭ ŦƻǊ ǘƘŜ ǎǳǊǾƛǾŀƭ ŀƴŘ ƎǊƻǿǘƘ ƻŦ ǘƘŜ ǇŀǊŀǎƛǘŜ ό!ǊǘŀǾŀƴƛǎπ¢ǎŀƪƻƴŀǎ et al., 
2010).  This makes the PfUCHL3 protein an ideal target for antimalarial drugs, leading to the 
conduction of three independent compound screens. The first study performed an in silico screening 
using AutoDock Vina, assessing 320,000 compounds against the crystal structure of PfUCHL3. 
Interestingly, two compounds, Zinc 17465979 and Zinc 04366855, inhibited the growth of the asexual 
erythrocytic stages of P. falciparum at nano molar concentrations, though selectivity and cytotoxicity 
against human cells were not assessed (Franco et al., 2013). Conversely, another virtual screen was 
conducted using the 400 compounds of the Pathogen Box, selective for disease types II and III. It 
identified MMV676603 and MMV688704 as effective inhibitors of PfUCHL3 at micromolar 
concentrations in vitro. These findings were supported by in vivo experiments, demonstrating 
selective parasite killing at their asexual stage without toxicity to mammalian cells (Bharti et al., 2022). 
Finally, a covalent fragment library of 1700 members was screened against PfUCHL3, identifying 7 
scaffold proteins that selectively inhibited the recombinant PfUCHL3 activity over its human 
homologue, although 3 of these compounds were found to be toxic to human cells (Imhoff et al., 
2023). 
 
In addition to the extensive characterisation of ubiquitin C-terminal hydrolase DUBs (UCHs) of P. 

falciparum, insights into some ubiquitin-specific peptidases (USPs) have also been gained. For 

instance, PfUSP 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 and drug-induced 

stress tolerance against dihy- droartemisinin (Arora et al., 2023). Another studied USP DUB is PfUSP14, 

which co-purifies with the 26S proteasome of P. falciparum. Despite being a homologue of human 

USP14, which requires the proteasomal complex for deubiquitinating activity, PfUSP14 is catalytically 

active independently, although the presence of the 26S proteasome slightly enhances its activity. 

Known human USP14-specific inhibitors such as b-AP15 and IUI inhibit the growth of intraerythrocytic 
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P. falciparum parasites at micromolar concentrations (Wang et al., 2015). UBP1, another well-

characterised USP DUB, has been linked to antimalarial drug resistance in African-derived P. 

falciparum clinical isolates against artemisinin-based therapies due to single point polymorphisms 

(SNPs; Adams et al., 2018; Yan et 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 

resistance (Xu et al., 2024). In summary, DUBs have also been investigated in other non-

trypanosomatid parasites such as T. gondii and Plasmodium, with their functions spanning diverse 

biological pathways of these organisms. 

1.4 Aims 
As previously mentioned, Damianou et al. (2020) identified four DUBs, including DUB2, as essential 

for the survival of L. mexicana promastigotes. Focusing on DUB2, it was also discovered that it plays a 

crucial role in establishing infections in the footpads of mice, establishing itself as a key virulence factor 

of Leishmania. Live 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 interactors 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 activity-based probe assay (more details can 

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

it cleaves all the di-ubiquitin chains expect for Lys27 and Met1. Nevertheless, the essential role of 

DUB2 for the parasite raised two crucial queǎǘƛƻƴǎΥ ά²Ƙȅ ƛǎ 5¦.н ŜǎǎŜƴǘƛŀƭΚέ ƻǊΣ ƛƴ ƻǘƘŜǊ ǿƻǊŘǎΣ ά²Ƙŀǘ 

ŀǊŜ ǘƘŜ ǎǳōǎǘǊŀǘŜǎ ƻŦ 5¦.нέΣ ŀƴŘ ά/ŀƴ L. mexicana 5¦.н ōŜ ǘŀǊƎŜǘŜŘ ŦƻǊ ǘƘŜǊŀǇŜǳǘƛŎ ǇǳǊǇƻǎŜΚέ ²ƛǘƘ 

these questions in mind, the project had the following objectives:  

¶ Expand the analysis of the interacting proteins of DUB2 using biotin proximity labelling. 

¶ Develop a peptide-centric ubiquitinomics workflow using L. mexicana promastigotes. 

¶ Identify substrates of DUB2 using total ubiquitinomics and proteomics workflows. 

¶ Identify compounds inhibiting DUB2 activity. 
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2 Materials and Methods 
 

2.1 Molecular biology techniques 

2.1.1 Polymerase Chain Reaction (PCR) 
Primers for PCR were designed using either the QIAGEN CLC Main Workbench software, LeishGEdit 

(http://www.leishgedit.net/ ; Beneke et al., 2017) or manually and synthesized by Sigma-Aldrich. 

PCRs were performed using either the PCRBIO Ultra Mix Red (BioSystems) or Q5® High-Fidelity DNA 

Polymerase (NEB), accordƛƴƎ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ǇǊƻǘƻŎƻƭǎΦ LƴƎǊŜŘƛŜƴǘǎ ŀƴŘ ŎƻƴŘƛǘƛƻƴǎ ƻŦ ōƻǘƘ 

approaches are summarized in Tables 1 & 2.  Annealing temperature of primers was calculated using 

the Tm Calculator (NEB; https://tmcalculator.neb.com/#!/main). 

 

Table 1: PCR Ingredients and Concentration. Ingredients and final concentrations of PCR reactions 
used along with either Q5 DNA Polymerase or Ultra Mix Red. 

 

 

 

 

 

 

 

 

 

 

 

http://www.leishgedit.net/
https://tmcalculator.neb.com/#!/main
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Table 2: PCR conditions. Standardized conditions used for Q5 DNA Polymerase and Ultra Mix Red-
based PCRS 

 

 

 

 

 

 

 

 

 

 

 

2.1.2 Agarose Gel Electrophoresis 
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) was added into the 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.  5 ˃l of 1 kb Plus DNA Ladder (NEB) was used as a DNA marker. Samples were 

run at 80-100 V for 35-45 min and the gel was then imaged using the UV illumination from ChemiDoc 

(Bio-Rad).  

 

2.1.3 Site Directed Mutagenesis 
Site-directed mutagenesis of plasmids was performed using the Q5® Site- Directed Mutagenesis Kit 

(NEB). Briefly, primers carrying the mutated site of interest were designed using the NEBaseChanger 

(https://nebasechanger.neb.com/). To generate the site-directed mutated DNA product, an 

exponential amplification via PCR was performed, using the following reaction setup: 1 x Q5 Hot Start 

High-CƛŘŜƭƛǘȅ н · aŀǎǘŜǊ aƛȄΣ лΦр ˃a ŦƻǊǿŀǊŘ ǇǊƛƳŜǊΣ лΦр ˃a ǊŜǾŜǊǎŜ ǇǊƛƳŜǊΣ м-нр ƴƎ˃ƭ-1 template DNA 

and nuclease-ŦǊŜŜ ǿŀǘŜǊ ǳǇ ǘƻ нр ˃ƭΦ ¢he PCR run conditions were: initial denaturation step of 98oC 

for 30 sec, 25 cycles of 98 oC for 10 sec, 50oC - 72oC for 30 sec and 72oC for 30 seckb-1, final extension 

of 72oC for 2 min and hold at 4oC. To check the presence of the amplified DNA product, agarose gel 

electrophoresis was conducted as described in section 2.1.2. Sequentially, circularization of the 

generated plasmid was performed by re-ǎǳǎǇŜƴŘƛƴƎ м ˃ƭ t/w ǇǊƻŘǳŎǘΣ ǿƛǘƘ р ˃ƭ н · Y[5 ǊŜŀŎǘƛƻƴ 

ōǳŦŦŜǊΣ м ˃ƭ мл · Y[5 ŜƴȊȅƳŜ ƳƛȄ ŀƴŘ о ˃ƭ ƴǳŎƭŜŀǎŜ-free water and then incubating it at RT for 1 h. 

Plasmids were transformed in NEB® 5-alpha Competent E. coli cells (High Efficiency; NEB) and cells 

were grown as described in section 2.1.7.  Plasmids were extracted using the QIAprep Spin Miniprep 

Kit (Qiagen; section 2.1.8), quantified using NanoDrop and the site-directed mutation was validated 

via subsequent DNA sequencing (Plasmidsaurus or Eurofins Genomics; section 2.1.4). 

https://nebasechanger.neb.com/
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2.1.4 DNA Sequencing 
For validating the sequence of a DNA fragment from either PCR product or genomic DNA, samples 

ǿŜǊŜ ǎŜƴǘ ŦƻǊ {ŀƴƎŜǊ {ŜǉǳŜƴŎƛƴƎ ό9ǳǊƻŦƛƴǎ DŜƴƻƳƛŎǎύΦ .ǊƛŜŦƭȅΣ ǎŀƳǇƭŜǎ ǿŜǊŜ ǇǊŜǇŀǊŜŘ ōȅ ƳƛȄƛƴƎ мр ˃ƭ 

of 50-млл ƴƎκ˃ƭ ƻŦ ǇǳǊƛŦƛŜŘ 5b! ǿƛǘƘ н ƭ˃ ƻŦ мл ˃a ǇǊƛƳŜǊΦ tǊƛmers were designed using either the 

QIAGEN CLC Main Workbench software or manually and synthesised by Sigma-Aldrich. 

To fully sequence plasmids, samples were analysed via long reads sequencing to high consensus 

accuracy, which was performed by PlasmidsauruǎΦ мл ˃ƭ ƻŦ мл ng ˃ ƭ-1 plasmid was sent to the company 

in PCR strips (StarLab). The DNA concentration was calculated using the Qubit 3 Fluorometer (Thermo 

Fisher Scientific).  

 

2.1.5 Ethanol Precipitation  
PCR products were mixed and precipitated following the ethanol precipitation assay protocol by 

Thermo Scientific. This was performed to clean-up and concentrate PCR amplicons. Briefly, DNA 

samples were mixed with 1/10 volume of 3 M sodium acetate, 2.5 volumes of ice-cold 100% ethanol 

and glycogen to a final concentration of 1 mg mL-1 (Thermo Scientific TM). The mixture was then 

incubated for 60 min at -20oC, centrifuged for 15 min at 10,000 rpm and eventually the supernatant 

ǿŀǎ ŘƛǎŎŀǊŘŜŘΦ ¢ƘŜ ǇŜƭƭŜǘ ǿŀǎ ǊƛƴǎŜŘ ǿƛǘƘ нлл ˃ƭ ƻŦ ŎƻƭŘ тл҈ ŜǘƘŀƴƻƭΣ ŎŜƴǘǊƛŦǳƎŜŘ for 3 min at 10,000 

rpm, air-ŘǊƛŜŘ ŀƴŘ ǊŜǎǳǎǇŜƴŘŜŘ ƛƴ мл ˃ƭ ƻŦ ŘŜƛƻƴƛȊŜŘ ǿŀǘŜǊΦ LŦ ǘƘŜ ƳŀǘŜǊƛŀƭ ǿŀǎ ǳǎŜŘ ŦƻǊ ǘǊŀƴǎŦŜŎǘƛƻƴǎ 

e.g. sgRNA and donor DNA cassettes, then a downstream sterilization step was performed were the 

products were incubated for 5 min at 95oC. 

 

2.1.6 DNA Extraction  
DNA extraction from cells was performed using the DNeasy® Blood & Tissue Kit (QIAGEN), according 

ǘƻ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ǇǊƻǘƻŎƻƭΦ р Ȅ мл6 cells were harvested (2,000 x g, 10 min, RT) and then 

resuspended in 200 µl 1 x phosphate-buffered saline (PBS). 20 µl of proteinase K and 200 µl of buffer 

AL were added in the sample and incubated for 10 min at 56oC. Sequentially, 200 µl of 100% ethanol 

were added in the solution, which solution was then transferred into a DNeasy Mini spin column. 

Sample was centrifuged at 6,000 x g ς as all the following centrifugation steps- for 1 min and the flow 

through was discarded. Washes with 500 µl buffer AW1 and then with 500 µl buffer AW2, coupled 

with a centrifugation step of 1 min and 3 min respectively, were performed. DNA was eluted in a new 

collection tube, by adding 200 µl buffer AE on the DNeasy Mini spin column. bŀƴƻ5ǊƻǇϰ мллл 

Spectrophotometer (Thermo Fisher Scientific) was utilized for determining DNA purity and 

concentration. 

 

2.1.7 E. coli Transformation, Culture and Storage 
Unless otherwise stated, transformations were performed into NEB® 5 -alpha Competent E. coli (NEB). 

Briefly, 1-100 ng of plasmid was added in the E.coli cells, which were already thawed on ice for 10 min. 

Then, sample was gently vortexed and incubated on ice for 30 min followed by a 30 sec heat-shocked 

at 42oC. Sequentially, cells were placed on ice for 2-5 min; mixed with 950 ˃l of pre-wormed at RT SOC 

media; incubated for 1 h at 37oC and eventually 100 ˃l of cells were spread on a Luria Broth (LB) agar 

containing 100 ˃g mL-1 ampicillin, which was incubated o/n at 37oC. Isolated colonies were selected 

and grew o/n in a liquid LB containing 100 ˃ Ǝ mL-1 ampicillin. 600 ˃ l of overnight culture and 400 ˃l of 
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50% v/v glycerol (20% v/v final concentration) were mixed and stored at -80 oC into cryovial for a long-

term storage. 

 

2.1.8 DNA Extraction from E. coli  
DNA was extracted from 1-5 mL of o/n E.coli cultures in LB medium using the QIAprep Spin Miniprep 

Kit (QIAGEN) ŀŎŎƻǊŘƛƴƎ ǘƻ ǘƘŜ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ǇǊƻǘƻŎƻƭΦ bŀƴƻ5ǊƻǇϰ мллл {ǇŜŎǘǊƻǇƘƻǘƻƳŜǘŜǊ 

(Thermo Fisher Scientific) was utilized for determining DNA purity and concentration.  

 

2.2. Biochemical techniques  

2.2.1 SDS-PAGE Gel and Coomassie Blue Staining 
For SDS electrophoresis, samples were mixed with 1 x bǳt!D9ϰ [5{ {ŀƳǇƭŜ .ǳŦŦŜǊ containing 10 mM 

dithiothreitol (DTT) as a reducing agent. Samples were heated for 10 min at 70oC and loaded into 

bǳt!D9ϰ 4 -12% Bis-Tris Protein Gels (Invitrogen).  Sequentially, samples were run at 150 V for 1-2 h 

in 1 x bǳt!D9ϰ aht{ {5{ wǳƴƴƛƴƎ .ǳŦŦŜǊ όLƴǾƛǘǊƻƎŜƴύ. When gel staining was required, gels were 

incubated in 10 mL of Lƴǎǘŀƴǘ.ƭǳŜϰ ό9ȄǇŜŘŜƻƴύ, under gentle shaking, o/n, at RT. Imaging was 

performed using the optimal auto-exposure on the Coomassie Blue Gel application of ChemiDoc (Bio-

wŀŘύΦ ¢ƻ ŜǎǘƛƳŀǘŜ ƳƻƭŜŎǳƭŀǊ ǿŜƛƎƘǘǎΣ {ǇŜŎǘǊŀϰ aǳƭǘƛŎƻƭƻǊ .ǊƻŀŘ wŀƴƎŜ tǊƻǘŜƛƴ [ŀŘŘŜǊ ό¢ƘŜǊƳƻ CƛǎƘŜǊ 

Scientific) was used.   

 

2.2.2 Western Blotting 
For western blotting, samples were prepared and 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 in 10 mL of 20% ethanol for 10 min. 

.ƭƻǘǘƛƴƎ ǿŀǎ ǘƘŜƴ ǇŜǊŦƻǊƳŜŘ ǳǎƛƴƎ t±5C ƛ.ƭƻǘϰ н Transfer Stacks (Invitrogen) and the dry blotting 

system ƛ.ƭƻǘϰ н ό¢ƘŜǊƳƻ CƛǎƘŜǊ {ŎƛŜƴǘƛŦƛŎύ. Membrane was then blocked with either 5% skim milk in 

Tris-buffered saline with 0.1% Tween® 20 detergent (TBST; Sigma-Aldrich) or 5% BSA (Sigma -Aldrich) 

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.  

Secondary 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 using HRP-conjugated secondary 

antibodies, /ƭŀǊƛǘȅϰ Western ECL Substrate (Bio-Rad) was added to the blot for 5 min and then imaged 

via the chemiluminescent channel of ChemiDoc imaging system (Bio-Rad). Fluorescent and 

colorimetric channels of ChemiDoc (Bio-Rad) were used for imaging fluorescent secondary antibodies 

and protein ladders respectively.  

 

2.2.3 Stain-Free Imaging 
For stain-free imaging, the entire preparation of samples was identical with section 2.2.1, however 

samples were loaded into 4ς15% Mini-PROTEAN® TGX Stain-CǊŜŜϰ tǊƻǘŜƛƴ DŜƭǎ (Bio-Rad). Protein 

standards, including Precision Plus ProtŜƛƴϰ ¦ƴǎǘŀƛƴŜŘ tǊƻǘŜƛƴ {ǘŀƴŘŀǊŘǎ ό.ƛƻ-Rad) were loaded as 

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 ChemiDoc MP 

imaging system: Stain-Free 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 Stain-Free 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 Activity-Based Protein Profiling  
Activity-based protein profiling (ABPP) of the L. mexicana DUBs was performed following the protocol 

published by Damianou et al. (2020). Briefly, 3 x 107 log-phased L. mexicana promastigote cells were 

harvested and washed with ice-cold TSB buffer thrice (1,000 x g, 10 min, RT). TSB buffer contained 44 

mM NaCl, 5 mM KCl, 3 mM NaH2PO4, 118 mM sucrose and 10 mM glucose (pH 7.4). Sequentially, cells 

were lysed using the following ice-cold lysis buffer: 50 mM Tris-HCl pH 7.4, 120 mM NaCl, 1% NP40  

ǿƛǘƘ ǘƘŜ ŦƻƭƭƻǿƛƴƎ ƛƴƘƛōƛǘƻǊǎ ōŜƛƴƎ ŀŘŘŜŘ ƛƴ ǘƘŜ ƎƛǾŜƴ ƻǊŘŜǊΤ м ˃Ǝ mL-1 pepstatin, 1 x cOmplete ULTRA 

Tablets (Mini, EASYpack Protease Inhibitor Cocktail, Roche), 1 mM DTT, 1 mM PMSF and 0.01 mM E64. 

Samples were incubated for 15 min at 4oC 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 mg mL-1 in a final volume of 25 ˃l using lysis buffer, while kept on ice. Then, 1 l˃ of 

м ˃a ƻŦ /ȅр¦ōt! ǇǊƻōŜ ό¦ōƛvύ ŀƴŘ н l˃ of 50 mM ɿaOH were added in the samples and incubated 

between 5 min and 60 min at RT. Then, samples were prepared and run on SDS-PAGE gel (section 

2.2.1), however this was performed at 4oC and with 200 V. Gel was then washed with diH2O and the 

Cy5UbPA-labelled DUBs were imaged using the Amersham Typhoon (excitation: 635 nm; filter: Cy5 

670BP30; GE Healthcare Life Sciences). 

 

2.2.5 Competitive ABPP for DUB Inhibitors using Cy5UbPA 
To investigate whether a chemical compound was inhibiting a Leishmania DUB, 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 of the Cy5UbPA probe, of which was incubated 

for only 5-10 min. Some of the tested compounds were light-sensitive, therefore the experimental 

procedure was performed in the dark. Image lab was used to quantify band intensities and Rstudio 

was used to perform statistical analysis.  

 

2.2.6 Quantification of Protein Concentration  
To quantify protein concertation of samples, Bradford or Bicinchoninic acid (BCA) assay was used 

ŀŎŎƻǊŘƛƴƎ ǘƻ ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ǇǊƻǘƻŎƻƭΦ /ƻƳǇŀǘƛōƛƭƛǘȅ ƻŦ ǘƘŜ ƭȅǎƛǎ ōǳŦŦŜǊ ǊŜŀƎŜƴǘǎ ŘŜǘŜǊƳƛƴŜd which 

assay was used and absorbance readings were recorded at 562 nm and 595 nm for BCA and Bradford 

assay respectively, using the CLARIOstarPlus Microplate Reader (BMG LabTech).  

 

2.3 Protein Expression and Purification  

2.3.1 Generation and Validation of DUB2 Expressing Plasmids 
Successful expression of the recombinant proteins DUB2 and its catalytic inactive mutant DUB2C302A 

was previously achieved by Damianou et al. (2020) using the baculovirus expression system following 

the Bac-to-Bac Baculovirus expression protocol (Invitrogen). The PFastBacNKI-his-3C-DUB2 and 
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PFastBacNKI-his-3C-DUB2C302A vectors previously generated by Damianou et al. (2020) were re-

validated via sequencing (section 2.1.4). Subsequently, DUB2 was transposed into the EMBacY bacmid 

DNA (baculovirus genome), which bacmid was then purified and used for transfecting and infecting 

insect cells. 

 

2.3.2 Transfection of Insect Cells with Bacmids (P0 Virus Stock) 
The ovarian cells isolated from Spodoptera frugiperda (Sf21) cells were used as the insect host. They 

were grown in SF-900TM II Serum Free Medium (SFM; Thermo Fisher Scientific) and incubated at 27oC 

on a shaker (68 rpm). Cells were counted using the Trypan Blue Dye Exclusion method combined with 

the Vi-CELL XR Cell Viability Analyser (Beckman Coulter) and kept diluted at 1 x 106 cells mL-1. For 

transfecting Sf21 cells with the bacmids, a transfection mixture was prepared containing: 10 l˃ of 

isolated bacmid (¬2 ˃g mL-1) and 5 ˃ l of lipofectamine® 3000 (Thermo Fisher Scientific) added in 200 

l˃ media. This was incubated for 30 min at RT and then it was topped up with 3 mL of fresh media. 

Meanwhile, 2 mL of 0.5 x 106 sf21 insect cells mL-1 were seeded in a 6-well dish through a 30 min 

incubation at 27oC and their medium was then removed. Afterwards, the transfection mixture was 

added to wells seeded with the sf21 insect cells and incubated o/n at 27oC.  Gibco Fetal Bovine Serum 

(FBS; Thermo Fisher Scientific) 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 27oC, until green fluorescence was observed. The green fluorescence indicated that the first 

virus stock (P0 virus stock) was produced. P0 virus stock was stored at 4oC.  

 

2.3.3 Production of P1 and P2 Virus Stock 
0.5-1 mL of P0 virus stock was added into 25 mL sf21 culture at concentration of 1 x 106 cells mL-1. 

Cells were harvested usually after 3-4 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 determine the minimal 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 was performed as follows: nickel affinity 

purification; His-tag cleavage; nickel affinity purification and size-exclusion chromatography (SEC). 

Focusing on nickel affinity purification first, scaled-up baculovirus-infected sf21 cells were harvested 

and stored in pellets at -20oC. Pellets were resuspended in lysis buffer containing 30 mM Tris-HCl pH 

уΦлΣ лΦо bŀ/ƭΣ лΦло a ƛƳƛŘŀȊƻƭŜΣ р Ƴa ʲ-mercaptoethanol and a tablet of cOmpleteTM ULTRA tablets, 

Mini, EASYpack Protease Inhibitor Cocktail (Roche) and lysed via sonication. Lysates were then 

centrifuged at 21,000 x g for 30 min at 4oC and supernatant was loaded onto AKTA Start (GE Life 

Sciences) at a rate of 5 mL min-1. A 5 mL His-trap crude FF column (GE Life Sciences) was attached onto 

AKTA and washed with buffer A consisting 30 mM Tris-HCl (pH 8.0), 0.3 M NaCl, 0.03 M imidazole and 

р Ƴa ʲ-mercaptoethanol. Protein purification was achieved via gradient elution using the following 

buffer B ς 30 mM Tris ς HCl (pH 8.0), 0.3 M NaCl, 0.5 M imidazole and 5 Ƴa ʲ-mercaptoethanol. 

Selection and validation of DUB2 containing fractions was achieved via observing the absorbance at 

260 nm and performing SDS-PAGE gel combined with Coomassie Blue gel staining (section 2.2.1). 
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2.3.5 His-Tag Cleavage 
Overnight dialysis at 4oC in buffer A mixed with a H3C protease (Protein Production Facility, University 

of York) and newly expressed DUB2 in 1:50 ratio was performed to cleave the His-tag from DUB2. To 

accomplish this, SnakeSkinTM of 10K molecular weight cut-off (MWCO) 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 flow-through due to the lack of His-Tag.  

 

2.3.6 Size-Exclusion Chromatography 
Protein samples were concentrated in Amicon® spin columns (30K 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 (25 mM Tris-HCl pH 8.0, 150 mM NaCl and 5 mM -̡mercaptoethanol). Selection 

and validation of DUB2 containing fractions was achieved via observing the absorbance at 260 nm and 

performing SDS-PAGE gel combined with Coomassie Blue gel staining (section 2.2.1). Fractions 

containing DUB2 were pooled and concentrated (3-6 mg mL-1); aliquoted in Protein LoBind® tubes 

(Eppendorf); snap-froze and stored in -80oC.  

 

2.3.7 Buffer Exchange of Recombinant DUB2 
.ǳŦŦŜǊ ŜȄŎƘŀƴƎŜ ǿŀǎ ŎŀǊǊƛŜŘ ƻǳǘ ǳǎƛƴƎ ǘƘŜ ½Ŝōŀϰ {Ǉƛƴ 5ŜǎŀƭǘƛƴƎ /ƻlumns (7K MWCO) according to the 

ƳŀƴǳŦŀŎǘǳǊŜǊΩǎ ǇǊƻǘƻŎƻƭΦ .ǊƛŜŦƭȅΣ ŎƻƭǳƳƴ ǿŀǎ ŜǉǳƛƭƛōǊŀǘŜŘ ǿƛǘƘ ǘƘŜ ŘŜǎƛǊŜŘ ōǳŦŦŜǊ όŜΦƎΦ 1 mM TCEP, 25 

mM Tris-HCl pH 8.0 and 150 mM NaCl) by adding 300 ˃l of buffer on top of the column and centrifuging 

it at 1,500 x g for 1 min at 4oC. This step was repeated five times and then 130 l˃ of concentrated 

protein sample was added into the column. Sample was centrifuged at 1,500 x g for 2 min at 4oC and 

the buffer exchanged sample was used as desired.  

 

2.3.8 Native-PAGE Gel 
tǊƻǘŜƛƴ ǎŀƳǇƭŜǎ ǿŜǊŜ ƳƛȄŜŘ ƛƴ м Ȅ bƻǾŜȄϰ ¢Ǌƛǎ-Glycine Native Sample Buffer and were loaded onto a 

bƻǾŜȄϰ ²ŜŘƎŜ²Ŝƭƭϰ п ǘƻ нл҈Σ ¢Ǌƛǎ-Glycine, 1.0 mm, Mini Protein Gel. Then, samples were run for ~1 

h at 225 V. 1 X Tris-Glycine native buffer was used as running buffer. Gel staining was carried out using 

Coomassie Blue as described in section 2.2.1. 

 

2.3.9 SEC-MALS 
Size-exclusion chromatography-multi angle laser light scattering (SEC-MALLS) was performed using 

Superdex S200-2 10/300 GL column (G.E. Healthcare), Wyatt HELEOS-II multi-angle light scattering 

detector and a Wyatt rEX refractive index detector linked to a Shimadzu HPLC system. 200 ˃ l of protein 

samples (2 mg mL-1) were loaded onto the column and the 0.2 m˃ filtered SEC buffer (section 2.3.7) 

was used as running buffer.  

 

2.3.10 Intact Mass Protein Characterisation using Mass Spectrometry 
Protein sample was ten-fold diluted with aqueous 50% (v/v) acetonitrile containing 1% (v/v) formic 

acid and then it was injected at a rate of 3 l˃ min-1 into Bruker maXis-HD qTOF mass spectrometer 

using electrospray ionisation. Maximum entropy deconvolution was used to convert multiply charged 



47 

 

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 buffer (50 mM Tris 

pH 8, 50 mM NaCl, 0.002% Tween 20 and 5 mM DTT), with final moralities being twice concentrated 

(2 x final). Each DUB2 and Ub-Rho dilution was incubated for 10 min at RT and then, 5 l˃ of tested 

dilution of DUB2 and Ub-Rho were dispensed in the same well and mixed in Nunc 384-well plates 

(Thermo Fisher Scientific). 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 fluorescence plate reader at 485 nm excitation and 535 nm emission 

wavelengths (Varca et 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 transferred on a Greiner medium binding 1536-well 

plate and then 2.5 l˃ of DUB2 solution in assay buffer at a 2 x final concentration was dispended. In 

columns 44-48, no compounds were added and in columns 47-48, assay buffer without DUB2 was 

added instead. The former was the active control and the latter was the negative control. Plates were 

incubated for 10 min and then 2.5 ˃l 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 fluorescence was recorded once, using 

the PheraStar plate reader at excitation and emission wavelengths at 485 nm and 535 nm, 

respectively. Helios, a software developed at Novartis to analyse high-throughput screening data 

(Gubler et 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 location-dependent errors 

and c) fitted in a dose response curve (for compounds tested in various concentrations). To assess the 

potency of compounds, the data was subjected to a fitting process using a four-parameter sigmoid Hill 

curve model. The qualified absolute activity concentration (QAC50) was calculated and compounds 

that did not achieve an acceptable QAC50, their AC50 was reported as the % of activation of DUB2 at 

their highest tested molarity (Varca et al., 2021).  

 

2.4 L. mexicana and HeLa cell cultures  

2.4.1 Promastigote Cell Culture 
L. mexicana (MNYC/BZ/62/M379) promastigote cell lines were grown at 25oC, in HOMEM medium 

όƳƻŘƛŦƛŜŘ 9ŀƎƭŜΩǎ ƳŜŘƛǳƳΤ DƛōŎƻύ ǎǳǇǇƭŜƳŜƴǘŜŘ ǿƛǘƘ мл҈ ǾκǾ ƘŜŀǘ-inactivated fetal bovine serum 

(FBS; Gibco) and 1% v/v penicillin-streptomycin solution (Sigma-Aldrich). Cells were kept at log-phase, 

unless otherwise stated. Selection drugs were added at the following concentrations (Beneke et al., 

2017): 10 ˃ g mL-1 blasticidin (InvivoGen), 15 ˃g mL-1 G418 (InvivoGen), 50 ˃g mL-1 hygromycin 

(InvivoGen), 50 ˃g mL-1 nourseothricin (Jena Bioscience) and 40 g˃ mL-1 puromycin (InvivoGen). 

For long-term storage, stabilates were prepared by mixing  500 l˃ of log-phase promastigote cultures 

with 500 ˃ l of 0.2 m˃ filtered HOMEM (Gibco) supplemented with 20% v/v FBS and 5% DMSO and 

then stored at either -80oC or liquid nitrogen. To recover stabilates, cells were defrosted at RT and 
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added into 10 mL of HOMEM supplemented with 20% v/v FBS and 1% v/v penicillin-streptomycin, at 

25oC. Antibiotics were added the following day.  

 

2.4.2 Promastigote to Amastigote Differentiation 
Promastigote cell lines were incubated for 3-4 days 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) 

ŎƻƴǘŀƛƴƛƴƎ {ŎƘƴŜƛŘŜǊΩǎ 5ǊƻǎƻǇƘƛƭŀ ƳŜŘƛǳƳ όDƛōŎƻύΣ нл҈ C.{ όDƛōŎo) and 15 ˃ g mL-1 HEMIN (Sigma). 

Cells were incubated at 33oC with 5% CO2 in either 6-well plates or flasks, and kept at or below 1 x 107 

cells mL-1.  

 

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 were 2-4 times diluted with 2% 

formaldehyde. The latter one was performed using the Beckman Coulter Z1 Particle Counter (> 3 ˃m 

diameter), of which cells were diluted either 1000 for not stationary cells or 2000 times for stationary 

cells in a final volume of 10 mL of filtered Beckman CoulterTM ISOTONTM II Diluent. For amastigote cells, 

only manual counting was performed followed by de-clustering of 500 ˃l cells through a needle. 

 

2.4.4 Growth Curve 
To determine the growth rate of a cell line, cells were seeded at 1 x 105 cells mL-1 at growing conditions 

and then counted every 24 h for 5 days. Then, growth curves were plotted and analysed using Rstudio.   

 

2.4.5 HeLa Cell Culture 
Stabilates of HeLa (Henrietta Lacks) cervical cancer cells, which were kindly provided by Prof. Paul 

YŀȅŜΩǎ ƎǊƻǳǇΣ ǿŜǊŜ ǘƘŀǿŜŘ ŦƻǊ м Ƴƛƴ ƛƴ ŀ отoC water bath. Cells were then transferred in a 15 mL 

falcon tube. DulbeccoΩs Modified Eagle Medium (DMEM) supplemented with 10% fetal bovine serum 

(FBS) and 100 units mL-1 penicillin/streptomycin (Thermo Fisher Scientific) was used as culturing media 

of HeLa cells. Therefore, 10 mL of pre-warmed at 37 oC media was added drop-by-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 10 mL medium. Cells were counted using haemocytometer (section 2.4.3) and 

0.7 x 106 cells mL-1 were seeded in a Corning® 25 cm² Rectangular Canted Neck Cell Culture Flask 

(Corning) containing 10 ml media. Growing cultures were incubated at 37oC, with the flask placed 

horizontal for cells to adhere and the lid slightly unscrewed.   

HeLa cells were growing at ~70% confluent. To split the cells, media was gently removed from the 

adhered cell culture and gently washed with 5 mL of 1 x PBS. Sequentially, PBS was removed and 1.5 

mL of Corning® Cellstripper 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 this time-period.  Once all 

the cells were detached, 9 mL of DMEM was added. Cells were counted using haemocytometer 

(section 2.4.3) and cells were diluted to reach the optimal seeding density, which is 0.7 x 106 cells mL-

1. Final growing volume was always 10 mL and all the already mentioned PBS, Corning Cellstripper 

solution and DMEM were wormed at 37oC before used.  
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2.4.6 Storage of HeLa Cells  

Filter sterile freezing media containing 10% DMSO and 20% FBS in DMEM, which was stored at 4oC, 

was used for a long-term storage of 70% confluent HeLa cells. Cells were prepared and counted as 

described in 2.4.5. Sequentially, 1 x 106 cells were centrifuged for 3 min at 500 rpm; supernatant was 

removed and pellet was resuspended in the freezing media. Cells were stored at -80oC and then in 

liquid nitrogen.  

 

2.5 Genetic Modification of Leishmania 

2.5.1 Endogenous Tagging 
For endogenous tagging of L. mexicana promastigotes, the CRISPR-Cas9-based approach developed 

by Beneke et al. (2017) was used. This involves the use of the L. mexicana promastigote cell line 

expressing Cas9 and T7RNAP (T7/Cas9). Two sets of primers were designed per GOI through the online 

resource LeishGEdit (http://www.leishgedit.net/ ; section 2.1.1): the first one for generating the 

single guide RNA (sgRNA) in the form of double-stranded DNA, and the second one to amplify the DNA 

repair cassettes that will used for tagging. The double-stranded sgDNA is transcribed into sgRNA in 

vivo by T7RNAP and is responsible for targeting the Cas9 at the desired site of cleavage where DNA 

repair cassette will be inserted. The sgDNA is generated through the combination of two primers: the 

forward primer that contains a T7 promoter, 20 nucleotide-sequence that determines the Cas9 

ǘŀǊƎŜǘƛƴƎ ǎƛǘŜΣ ŀƴŘ ŀ ŎƻƳǇƭŜƳŜƴǘŀǊȅ ǎŜǉǳŜƴŎŜ ǿƛǘƘ ǘƘŜ оΩŜƴŘ ƻŦ ǘƘŜ ǊŜǾŜǊǎŜ ǇǊƛƳŜǊΣ ǿƘƛƭŜ ǘƘŜ reverse 

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 30-nucleotide long sequence that is homologous with the regions 

situated upstream and downstream the intended double-stranded break. This addition was meant to 

aid in homologous recombination.  

For generating and amplifying the sgDNA scaffold, the following PCR reaction was used at final volume 

of 20 ˃ l: 2 ˃ M forward primer, 2 ˃M reverse OL6137 primer, 0.2 mM dNTPs, 1U Q5® DNA Polymerase 

(NEB), 1 X Q5 reaction buffer (NEB) and diH2O. Regarding the PCR conditions, the following PCR 

protocol was employed: 98oC for 30 sec followed by 35 cycles of 98oC for 10 sec, 60oC for 30 sec and 

72oC for 15 sec. Finally, after all cycles, there was a terminal extension at 72oC for 10 min. In the case 

of DNA donor cassette, the following PCR reaction was performed at a final volume of 40 l˃: 2 ˃ M 

forward primer, 2 ˃M reverse primer,  0.2 mM dNTPs, 1U Q5® DNA Polymerase (NEB), 1 X Q5 reaction 

buffer (NEB), 30 ng of a pPLOTv1 plasmid and diH2O. The PCR conditions for this PCR reaction were: 

94°C for 5 min, 45 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 donor cassettes were 

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  
PCR-derived amplicons from section 2.5.1 were concentrated and sterilized as described in section 

2.1.5.  Sequentially, 1 x 106 log-phase cells from the parental promastigote cell line were harvested 

όмΣллл Ȅ ƎΣ мл ƳƛƴΣ w¢ύ ŀƴŘ ǊŜǎǳǎǇŜƴŘŜŘ ƛƴ мсΦп ˃ƭ tо ōǳŦŦŜǊ ŀƴŘ оΦс l˃ supplement from the P3 Primary 

Cell 4D ς NucleofectorTM X Kit S (Lonza).  From the same kit there is a 16-well transfection strip, in 

which 2 ˃ l of DNA and 20 ˃l of resuspended cells were dispensed. Transfection was carried out via 

http://www.leishgedit.net/
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electroporation using the T cell, human, unstim (HE unstimulated FI 115) program of Lonza 4D. 

Transfected cells were transferred in 25oC pre-wormed HOMEM medium and incubated overnight at 

25oC. Antibiotic selection was carried out the following day (section 2.4.1). 

 

2.5.3 Cloning of Cells 
For most generated cell lines, cloning was performed to ensure homozygous cell lines were used, to 

subsequently minimize variation across replicates. One day post-transfection, cells were cloned out in 

a 96-well plate (Thermo Fisher Scientific) using promastigote medium containing the required 

antibiotics. Specifically, 200 l˃ of cell culture containing 10,000 cells were added in A1 well, and then 

a 2-fold serial dilution was performed firstly across A1-H1 wells and secondly from column 1 to column 

12. Highly-diluted cloned cells were then harvested (1,000 x g, 10 min, RT) and tested whether they 

were possessing homozygous mutation through PCR.  

 

2.5.4 DiCre T7 Cas9 Cell Line and Rapamycin-Induced Knockout 
To generate the inducible DiCre DUB2 cell line, the Crispr-Cas9-based endogenous tagging approach 

was utilized (section 2.5.1) to replace the endogenous DU2 gene with a loxP-flanked DUB2 C-

terminally HA tagged cassette containing puromycin resistance expressing gene. The DiCre T7/Cas9 

promastigote cell line, of which the diCre machinery was integrated into the ribosomal locus, was used 

as the parental line (Geoghegan et al., 2022).  The donor cassette was generated via Gibson assembly 

using the NEBuilder assembly tool. Briefly, the L. mexicana DUB2 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 site and upstream of the HA tag, with the DUB2 stop codon and a linker being excluded 

and included, respectively. Generated DUB2 amplicons were validated via gel electrophoresis. 

Sequentially, the plasmid was linearized using the EcoRI restriction enzyme. This was performed by 

incubating 1 ˃ g of pGL2938, 1 x NEBuffer EcoRI and nuclease-free water (50 ˃ l reaction) at 37oC, for 

15 min. Successful linearization was confirmed via gel electrophoresis, of which linearized DNA was 

migrating faster on the agarose gel. Sequentially, both DUB2 amplicons and linearized plasmids were 

purified via gel extraction followed by glycogen precipitation. For a successful ligation, vector 

(linearized plasmid) and insertion (DUB2) were mixed at 1:1 ratio, with the vector being at 27 

femtomole, and they were incubated with 10 ˃l of Master Mix NEBuilder HiFi DNA assembly buffer 

and with diH2O at a final volume of 20 ˃l for 1 h at 50oC. Sequentially, transformation of chemically 

competent E. coli cells was performed (section 2.1.7), plasmid was extracted (section 2.1.8) and 

validated via sequencing (Plasmidsaurus; section 2.1.4). Eventually, the loxP-flanked DUB2 C-

terminally HA tagged cassette containing puromycin resistance expressing gene was amplified from 

ǘƘŜ ǇƭŀǎƳƛŘΣ ǳǎƛƴƎ ǇǊƛƳŜǊǎ ŎƻƴǘŀƛƴƛƴƎ ƘƻƳƻƭƻƎȅ ŀǊƳǎ ǘƘŀǘ ǊŜŎƻƳōƛƴŜ ŀǘ ǘƘŜ рΩ ŀƴŘ оΩ ¦¢w ƻŦ ǘƘŜ 

endogenous DUB2 and transfected within the parental cell line. Successful gene replacement was 

achieved via the use of two sgRNAs, which target the рΩ ŀƴŘ оΩ ¦¢w ƻŦ ŜƴŘƻƎŜƴƻǳǎ DUB2, and cloning 

followed by diagnostic PCR was performed to ensure double allele replacement. To excise the DUB2 

gene from the homozygous mutants, the following procedure was performed: cells derived from a 

log-phase culture were seeded at 1-5 x 105 cells mL-1 into growing medium; incubated for 2 d in the 

presence of 300 nM of rapamycin; cells were then re-seeded at desired cell density and incubated for 

2-3 d in fresh media containing 300 nM rapamycin. If desired, cells were harvested 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 un-tagged control. 200 ˃l of tagged promastigote 

cultures diluted at a cell density of 1 x 106 cells mL-1 were added in triplicates in a 96-well plates. 

Similarly, an un-tagged promastigote culture of the same cell density and a media-only solution were 

added in triplicates as positive and negative control respectively. 125 g˃ mL-1 of resazurin dissolved in 

1 x PBS was added to tested wells and incubated for 8 h at 25oC. Metabolically active cells convert 

resazurin to resorufin. To detect such activity, fluorescence was recorded at 590 nm using the 

CLARIOstarPlus Microplate Reader (BMG LabTech). To calculate the percentage difference of 

fluorescence between tagged and un-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. 

 

For testing how the tag affects the differentiation process of the parasite, axenic amastigote cells were 

prepared as described in section 2.4.2 at a cell density of 1 x 106 cells mL-1. 200 ˃ l of axenic amastigote 

cell cultures were added in triplicates in a 96-well plates, along with the controls, and incubated at 

33oC. At 0 h, 24 h, 48 h and 72 h post-induction of promastigote-to-amastigote differentiation, 125 ˃ g 

mL-1 of resazurin was added for 8 h at 33oC. Recording of fluorescence and data analysis was 

performed as in promastigote cells.  

Specificity of promising DUB inhibitors against L. mexicana promastigote cells were also determined 

via the AlamarBlue viability assay.  100 l˃ of 1x105 cells mL-1 were added in triplicate at a 96-well plate 

and mixed with a 100 ˃ l diluted inhibitor at 2 x final concentration. DMSO-treated cells from the same 

cell line were used as negative control and cells treated with miltefosine were used as positive 

controls. Serial dilutions were performed for all tested compounds, including the controls. Cells were 

then incubated for 24 h at 25oC, under dark conditions and then 125 g˃ mL-1 of resazurin was added 

for 4 h. Fluorescence was recorded as described previously and data were analysed and plotted using 

GraphPad Prism (log [inhibitor] vs normalized response-variable). 

 

2.5.6 Immunofluorescence 
Immunofluorescence was performed on cover glass coated with poly-L-Lysine. Cover glass (22x50 mm; 

VWR; CN: 631-0137) was incubated in 0.01% poly-L-lysine solution (P4707; Sigma-Aldrich) for 1 h, at 

37oC. Coated cover glass was then washed twice with diH2O, dried at RT and sterilized under UV light 

exposure o/n. Coated cover glass could be store up for a year, under dust-free conditions.  

2.5 x 106 promastigotes were washed once with 1 x PBS solution (P4417; Sigma-Aldrich) and pelleted 

at 1,500 x g, for 10 min, at RT. Cells were resuspended in 200 ˃ l of 1 x PBS and were left to adhere on 

coated cover glass for 15 min, at RT. Sequentially, the adhered promastigotes were washed twice with 

1 x PBS and fixed with 4% w/v formaldehyde/PBS (FA; 28906; Thermo Scientific) for 10 min, at RT. FA 

was quenched with 250 mM glycine/PBS (G7126; Sigma-Aldrich) for 5 min at RT. Cells were washed 

twice with 1 X PBS, permeabilised with 0.1 %v/v Triton X-100/PBS (300024N; BDH) for 15 min at RT 

and blocked with 5% w/v bovine serum albumin(A7030; Sigma-Aldrich)/0.01% w/v saponin(440914Y; 

BDH)/PBS for 1 h, at RT. Immunostaining of cells was performed by incubating the cells 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 conditions, for 1 h, at RT, washed twice with 0.1% v/v Triton X-100/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 

diH2O. Cells were dried, embedded in ProLongTM Diamond antifade mountant with DAPI o/n, under 

dark conditions (P36962; InvitrogenTM) and covered with an Epredia SuperfrostTMPlus Adhesion 

microscope slide (J1800AMNZ; Fisher Scientific). Cell imaging was performed using Z-stack on the 

multi-channel inverted Zeiss Axio Observer microscope, which was equipped with an Orca-Flash4.0 V3 

Digital CMOS camera (Hamamatsu Photonics). To deconvolve the image Z-stacks, the Microvolution 

plugin of Fiji was used with 100 iterations.  

 

2.6 XL-miniTurboID 
All the following steps apart from the BioLock treatment (section 2.5.1) were performed as described 

in Geoghegan et al. (2022). Briefly, DUB2 and CLK1 were endogenously tagged with the miniTurbo 

biotin ligase at their C- and N- terminus, respectively, using CRISPR-Cas9 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 the pPLOTv1 myc::miniTurboID::myc plasmids pGL2822 and pGL2835, respectively. 

The generated cell lines were called DUB2::miniTurbo::Myc and Myc::miniTurbo::CLK1. Primers are 

listed in the supplementary file.  

 

2.6.1 BioLock Treatment  
2 ˃ l of BioLock Biotin blocking solution (IBA Lifescience) per mL of HOMEM was added in a log-phase 

promastigote cell culture for 16 h. Cells were pelleted (1,000 x g, 10 min, RT), washed 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 106 

cells mL-1.  

 

2.6.2 Biotin Labelling and Crosslinking 
For in vivo biotin labelling, biotin solution (Sigma-Aldrich) was added in log-phase (BioLock-treated) 

promastigote cell culture at final concentration of 500 M˃ for 30 min at 25oC. Samples were gently 

shaken every 5 min. Cells were then harvested (1,000 x g, 10 min, 4oC) and washed twice with ice-cold 

1 x PBS (1,000 x g, 10 min, 4oC). In vivo cross-linking was then performed, of which cells were 

resuspended with 1 mM DSP crosslinker dissolved in pre-warmed at 37oC 1 x PBS and incubated for 

10 min at 25oC. Cells were gently shaken every 2 min. To quench cross-linking, Tris-HCl 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 -80oC until lysis.  

 

2.6.3 Lysis, Streptavidin Pull-Down and On-Bead Protein Digestion 
Pelleted cells were resuspended in 500 ˃ l of ice-cold Radioimmunoprecipitation assay (RIPA) buffer 

supplemented with 0.1 mM PMSF, 1 ˃ g mL-1 pepstatin A, 1 ˃ ɾ E-64 and 0.4 mM 1-10 phenanthroline. 

Furthermore, for every 3 mL of RIPA buffer 1 tablet of cOmplete ULTRA Tablets (Mini, EASYpack 

Protease Inhibitor Cocktail, Roche) was added. Cells were then sonicated using the Bioruptor® Pico 

ǎƻƴƛŎŀǘƛƻƴ ŘŜǾƛŎŜ ό5ƛŀƎŜƴƻŘŜύ ǿƛǘƘ н ǎƻƴƛŎŀǘƛƻƴ ŎȅŎƭŜǎ олΩΩ hbκолΩΩ hCC and samples were then 
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treated with 1 ˃ l of Benzonase (250 Units, Abcam) for 1 h on ice. Cell extracts were then centrifuged 

(10,000 x g, 10 min, 4 oC) and the supernatant was retained. Biotinylated material was enriched using 

100 ˃ l of magnetic streptavidin bead suspension (Resyn Bioscience) per sample and this step was 

performed by end-over-end rotation o/n at 4oC. Beads were then washed in 500 l˃ of the following 

solutions, for 5 min each, on end-over-end rotation at RT: RIPA (4 x washes), п a ǳǊŜŀ ƛƴ рл Ƴa 

triethyl ammonium bicarbonate (TEAB) pH 8.5 (1 x wash)Σ с a ǳǊŜŀ ƛƴ рл Ƴa ¢9!. ǇIуΦр (1 x wash), 

м a Y/ƭ (1 x wash) and рл Ƴa ¢9!. ǇIуΦр (1 x wash). On-bead digestion was then performed by re-

suspending beads 200 ˃l 50 mM TEAB pH 8.5 containing 10 mM TCEP, 10 mM iodoacetamide, 1 mM 

CaCl2, 1M urea and 500 ng trypsin Lys-C (Promega) and incubating them o/n at 37oC under 200 rpm 

shaking conditions. Supernatant was retained in protein LoBind eppendorf tubes. Beads were washed 

twice with 50˃ l diH2O for 5 min at end-over-end rotation at RT and these 100 l˃ were 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 peptide-containing supernatants. C18 desalting tips were 

equilibrated with 100 ˃ l 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 solution and aqueous 0.1% v/v TFA solution. Then, 

peptide-containing supernatants were loaded onto the equilibrated C18 tips and the flow-through 

was re-loaded onto the column. This step was repeated thrice. C18 tips were washed twice with 100 

l˃ of 0.1% v/v TFA solution and peptides were finally eluted with 30 ˃l 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 2,000 rpm for 1-2 min at RT.  

 

2.6.5 Liquid Chromatography with Tandem Mass Spectrometry (LC-MS/MS) 
Samples were resuspended in aqueous 0.1% v/v TFA solution and loaded onto an mClass nanoflow 

UPLC system (Waters) equipped with a PepMap, 2 m˃, 100 Å, C18 EasyNano nanocapillary column (75 

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

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

in top speed mode utilizing a fixed 1 s cycle. The most intense precursors with charge states ranging 

from 2 to 5 were selected.   

 

2.6.6 Data Analysis of MS Data 
Peak lists in.raw format were imported into Progenesis QI (Version 2.2., Waters) to allow peak picking 

and chromatographic alignment. Concatenated MS2 peak list exported in.mgf format and was 

searched through the Mascot programme (Matrix Science Ltd., version 2.7.0.1) against the TriTrypDB-

derived L. mexicana subset 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 normalized 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 the 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  
Gene Ontology (GO) enrichment analysis was performed either manually through literature or via the 

Gene Ontology Enrichment tool of TriTrypDB at chosen ontology (biological process, cellular 

component or/and molecular function) at a p-value of 0.05 as a cut-off. To identify possible 

orthologues of L. mexicana proteins, protein-protein BLAST (BLASTp; NCBI) and/or HMMER (MPI 

Bioinformatics Toolkit) was used at pre-defined conditions and hits were selected at E-value equalled 

with or less than 0.05. TrypTag (http://tryptag.org/ ) and LeishTag (http://www.leishtag.org/) websites 

were used to predict protein localization (Billington et al., 2023).  

 

2.6.8 Co-Immunoprecipitation  
Co-immunoprecipitation (co-IP) was performed to test whether the XL-miniTurboID hits form stable 

protein complexes with DUB2 (procedure adapted from Jones et al., 2022). In the L. mexicana T7/Cas9 

promastigote cell line, proteins of interest (POI) were tagged endogenously with a 3xHA tag, 

positioned either at their N- or C-terminus. The decision on where to place the tag was guided by the 

presence of N-terminal signal peptides for secretion, as determined using SignalP from TriTrypDB, or 

indications of mitochondrial targeting, identified with MitoProt from TriTrypDB. Additionally, 

previously documented tagging sites for these proteins were considered in the selection process. 

Concomitantly, DUB2 endogenously 3xMyc-tagged at its C-terminus (DUB::Myc).  

The process of generating these cell lines expressing POI::HA or HA::POI and DUB2::Myc was carried 

out following the procedure outlined in section 2.5.1. In summary, the PCR reagents and conditions 

used to create DNA donor cassettes and sgRNAs were consistent with those 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 for tagging POI 

at its N-terminus, POI at its C-terminus and DUB2 at its C-terminus, 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 performed, followed by 

transfection. Blasticidine and puromycin antibiotics were used for selecting successful tagging of POI 

and DUB2, respectively. 

To perform co-IP, 30 mL of mid-log cultures were harvested (1,200 x g, 10 min, RT) and then 

resuspended and incubated with 10 mL of 1 mM DSP crosslinker dissolved in pre-warmed at 37oC 1 x 

PBS incubated for 10 min at 25oC. To quench cross-linking, 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, RT). Cells 

were then resuspended in 100 ˃l RIPA buffer supplemented with 1 ˃l BaseMuncher Endonuclease 

(250 units) and cOmplete ULTRA Tablet (Mini, EASYpack Protease Inhibitor Cocktail; 1 tablet per 3 mL 

of RIPA buffer; Roche). To ensure sufficient lysis of the cells, sonication was also performed using the 

.ƛƻǊǳǇǘƻǊϯ tƛŎƻ ǎƻƴƛŎŀǘƛƻƴ ŘŜǾƛŎŜ ό5ƛŀƎŜƴƻŘŜύ ǿƛǘƘ н ǎƻƴƛŎŀǘƛƻƴ ŎȅŎƭŜǎ олΩΩ hbκолΩΩ hCC. Cell extracts 

were then centrifuged (10,000 x g, 10 min, 4oC) and 20 ˃ l of the supernatant was extracted and 

prepared for western-blot analysis (section 2.2.2) as pre-immunoprecipitation sample. The rest of the 

supernatant was HA-tag immunoprecipitated using 30 ˃l anti-HA magnetic beads (Pierce) for 2 h at an 

end-over-end rotation at 4oC. The anti-HA magnetic beads were twice washed with a 1 x PBS buffer 

supplemented with 50 mM NaH2PO4 pH 7.5, 150 mM NaCl and 0.025% Tween. Beads were then 
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washed thrice in 500 ˃l lysis buffer for 5 min at an end-over-end rotation at RT. Proteins were then 

eluted using 40 ˃l f 1 x LDS buffer supplemented 250 mM DTT followed by a 10 min incubation at 70oC. 

The presence of investigated prey proteins and DUB2 bait protein were investigated via western-

blotting for the HA and Myc epitopes respectively.  

 

2.7 Ubiquitinomics  

2.7.1 Harvesting, Lysis and Protein Digestion 
Promastigotes were grown to a cell density of 4 x 106 cells mL-1 and then, 1.5 x 109cells were pelleted 

(3,500 rpm, 10 min, RT). In the case of MG-132 (Abcam) treatment, the proteasomal inhibitor was 

added in the growing culture for 6 h at a final concentration of 20 M˃ pre-harvesting. Followed by two 

washes with 1 x PBS, cells were lysed with 5% w/v SDS buffer (SDS; Thermo Fisher Scientific, 50 mM 

TAEB buffer; Sigma-Aldrich ) and sonicated with a microtip sonicator (Sonics Vibra-Cell) for two rounds 

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

of the lysate, additional sonication was performed using the Bioruptor® Pico sonication device 

ό5ƛŀƎŜƴƻŘŜύ ǿƛǘƘ н ǎƻƴƛŎŀǘƛƻƴ ŎȅŎƭŜǎ олΩΩ ON/ олΩΩ OFF, at 4oC. Lysate was centrifuged for 15 min at 

10,000 x g and the supernatant was transferred in a new protein LoBind eppendorf tube. Sequentially, 

protein quantification was performed using the Pierce BCA assay (23225; Thermo Fisher Scientific). 

Upon protein quantification, equal amounts of total protein were used per sample for the 

downstream experimental workflow.  To reduce the disulphide bonds of proteins, DTT was added at 

a final concentration of 1 mg mL-1 for 1 h, under the stirring conditions of 350 rpm and 55oC using a 

Thermomixer (BIOER). Lysate was then cooled down to RT using ice, and proteins were then alkylated 

with 1/10 volume of 100 mM 2-chloroacetic acid (Sigma-Aldrich) for 30 min, under dark and RT 

conditions. At this point, 10 ˃g of protein sample were isolated (pre-trypsinisation sample), 

resuspended in 1 x LDS buffer (NuPAGETM; NP0007; Thermo Fisher Scientific) containing 10 mM DTT 

(R0861; Thermo Fisher Scientific), denatured at 70oC for 10min and stored at -20oC. To the remained 

lysate, 1/10 sample volume of 12% phosphoric acid (Sigma-Aldrich) was added and mixed thoroughly. 

Sequentially, 6.6 x sample volume of 90% methanol (Honeywell)/100 mM TEAB (Sigma-Aldrich) buffer 

was added to the lysate and a cloudy protein colloid was formed. Immediately, the sample was 

transferred onto the S-Trap Midi Cartridge (җ олл ˃Ǝ; ProtiFi) and centrifuged for 2 min at 4,000 x g, 

at RT, where the flow-through was discarded. To desalt the sample, the S-Trap cartridge was further 

washed 4 times using each time 3 mL of 90% methanol/100 mM TEAB buffer under the same spinning 

conditions and then transferred into a new 15 mL falcon tube. To digest the proteins into peptides, 

500 ˃ l of trypsin/Lys-C protease mix (Mass Spec Grade; V5071; Promega) resuspended in 50 mM TAEB 

(pH ~8) at a concentration of 1:50 protease mix: protein sample was added onto the S-Trap cartridge, 

o/n, at 37oC. 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, three sequential centrifugation steps of 2 min, at 4,000 x g and RT, 

without discarding the flow-through were performed using: firstly 500 ˃l of 50 mM TAEB buffer, 

secondly 500 l˃ of 0.5% v/v TFA in water (Sigma-Aldrich) and thirdly 50% v/v ACN (Thermo Fisher 

Scientific)/ 0.5% v/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, 10 ˃ g of peptides were isolated and prepared as the pre-trypsinisation 

sample, and together they were used in stain-free gel imaging (section 2.2.3) to test the successful 

digestion of proteins to peptides. Furthermore, 100 g˃ of peptides per sample were transferred in a 

1.5 mL protein LoBind tube, while the rest were transferred in a 2 mL protein LoBind tube. All of the 

samples were dried using a vacuum concentrator (Speed-Vac), o/n, at 37oC and stored at -80oC. The 

former samples were used for total proteomics, while the latter samples were further prepared for 
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total ubiquitinomics. All the MS-related experiments were conducted using filter tips, Protein LoBind® 

tubes (Eppendorf) and the MS-grade water (Thermo Fisher Scientific).  

 

2.7.2 K- ʁ  -GG Remnant Immunoaffinity Purification 
Immunoaffinity purification was conducted according to the PTMScan HS K- ʁ  -GG 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 in 1.5 mL of 1 X HS IAP Bind buffer. The pH of 

the dissolved peptides was tested to 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 at 4oC and further cooled on ice.  Meanwhile, the vial 

of antibody-bead slurry was spin for 2 sec at 2,000 x g, gently resuspended by pipetting and then 20 

l˃ of bead slurry were placed in 2 mL of protein LoBind eppendorf tube. Ice-cold 1 x PBS was added to 

the beads and mixed by inverting the tube 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 beads and 

incubated for 2 h on an end-over-end rotator, at 4oC. 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 1 mL of HS IAP Wash buffer, mixed 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 mL chilled 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 beads, 50 l˃ aqueous 0.15% 

v/v TFA was  added and gently mixed using a thermomixer at <500 rpm, RT. The tube was centrifuged 

at 2,000 x g for 2 sec and the eluted sample was transferred in a new 1.5 mL protein 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 MS Data Acquisition  
Lyophilised peptides were resuspended in 10 ˃ l of aqueous 0.1% TFA solution and loaded onto a C18 

performance column (15 cm x 150 m˃) attached to the HPLC Evosep One instrument (Evosep, Odense, 

Denmark). Peptides were eluted into a trapped ion mobility spectrometry coupled to a time-of-flight 

mass spectrometer (TimsTOF HT; Bruker) working on a parallel accumulationςserial fragmentation 

(PASEF) mode. The 15 sample per day (SPD) and 30 SPD elution methods were used for data-

dependent (DDA) and data-independent (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 proteomics- and ubiquitinomics-based experiments 

performed in timsTOF mass spectrometer. Peak lists in.raw format were imported into FragPipe and 

DIA-NN for DDA- and DIA- derived raw data, respectively. All data were searched against the 

LmxMC9T7 FAST database and trypsin was selected as a protein digestion approach. For variable 

amino acid modifications, oxidised methionine and GlyGly (GG) derivatisation of lysine (+114 DA) were 

selected. FDR was set at 1% for both peptide precursor and protein, and for the proteomics datasets, 

only proteins with at least 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 integrated in DEP 

package of Rstudio.  
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3 Investigation of Proximal Proteins of DUB2 using XL-miniTurboID 
 

3.1 Introduction  
Insights into the biological function of a protein are often achieved through the discovery of its 

interacting partners, 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 that are bound to it. The co-purified proteins 

are then identified via mass-spectrometry and this is known as affinity purification mass spectrometry 

(AP-MS). AP-MS relies on the principle that the protein interactions would be preserved throughout 

the cell lysis and protein purification. However, this is not always the case due to the loss of the native 

environment of the interacting proteins post-cell lysis. Consequently, the recovered molecules, such 

as the low-affinity and transiently interacting proteins, are prone to be lost. Another limitation of AP-

MS is the requirement of high-quality antibodies against the baits, which limits diversity. Nevertheless, 

the use of chemical cross-linkers immediately after cell lysis or directly in cells, has been shown to 

improve the maintenance of protein interactions in AP-MS. However, it also increases the likelihood 

of obtaining false positive interactors (Gingras et al., 2007; Subbotin & Chait, 2014).  

 

3.1.1 Proximity Dependent Biotinylation  
In the last decade, proximity dependent biotinylation (PDB) has emerged as an alternative approach 

for profiling protein interactomes (Roux et al., 2012; Rhee et al., 2013). PDB utilizes engineered 

enzymes that are capable in the presence of their substrates to synthesis highly reactive intermediate 

chemical adducts that diffuse away and attach covalently to proteins localized in close proximity with 

them. In vivo Ŧǳǎƛƻƴ ƻŦ ǘƘŜǎŜ ŜƴȊȅƳŜǎ ǘƻ ŀ ǎǇŜŎƛŦƛŎ ǘŀǊƎŜǘ ǇǊƻǘŜƛƴ όǘƘŜ άōŀƛǘέύΣ ŦƻƭƭƻǿŜŘ ōȅ ǘƘŜ ŀŘŘƛǘƛƻƴ 

of the substrates of that PDB enzyme leads to the subsequential covalent modification of the 

ŜƴŘƻƎŜƴƻǳǎƭȅ ǇǊƻȄƛƳŀƭ ƛƴǘŜǊŀŎǘƛƴƎ ǇǊƻǘŜƛƴǎ όǘƘŜ άǇǊŜȅέύ ƻŦ ǘƘŜ ōŀƛǘΦ ¢ƘŜ ŎƻǾŀƭŜƴǘƭȅ ƭŀōŜƭƭŜŘ ǇǊŜȅǎ ŀǊŜ 

purified using an affinity matrix, and then identified via MS. The high affinity between preys and 

matrix, such as the one between biotin and streptavidin (with a dissociation constant, Kd, of 

approximately 10-14 M), ensures that neither the harsh cell lysis nor washing conditions can adversely 

affect the ultimate identification of the investigated protein interactome. This overcomes the primary 

limitation of AP-MS (Samavarchi-Tehrani et al., 2020).  

Another advantage of PDB is the availability of two classes of enzymes that are currently utilized, 

providing flexibility to the system in terms of choosing the optimal approach for answering different 

questions 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. For instance, the 

former enzymatic class converts biotin (substrate) into biotinyl-рΩ-AMP in the presence of ATP, which 

is then released into the cellular environment around the enzyme forming a reactive biotinyl-рΩ-AMP 

cloud. Eventually, these highly reactive molecules react with the primary amine of lysine residues of 

proximal proteins, resulting in their biotinylation. The peroxidases catalyse redox reactions, such as 

the redaction of hydrogen peroxide (H2O2) via oxidizing aromatic molecules (e.g. biotin-phenol). This 

results to the formation of active radicals (e.g. phenoxyl radicals), which subsequently covalently label 

the electron-rich amino acid residues (mainly tyrosine) of nearby proteins. In both approaches, 

labelled proximal interacting proteins can be purified with streptavidin as an affinity matrix, and then 

identified via MS (Gentzel et al., 2019; Zhou & Zou, 2020; Xu et al., 2023). 
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3.1.2 Proximity Dependent Biotinylation Enzymes 
Currently, there are three peroxidases and eight available biotin protein ligases, 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 (Rhee et al., 2013; Hung et al., 2016; Bar et 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 G-protein-coupled receptor signalling (Paek et al., 2017).  As 

discussed previously, protein labelling takes place in the presence of H2O2, however H2O2 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 

BioID (known as BirA*), which is a mutant (R118G) version of Escherichia coliΩǎ όE.coli) BirA (Roux et 

al., 2012). BioID has relatively slow labelling kinetics, requiring 18-24 h for efficient biotinylation, which 

subsequently prevents the temporal resolution of dynamic processes. Despite this limitation, the slow 

kinetics of BioID might be beneficial in reducing the background through the increased exposure of 

the true interactors to biotinylation. Another limitation of BioID is that the enzyme works optimally at 

37oC, which can reduce the efficiency of the enzyme in organisms growing under lower or higher 

temperatures. Later on, in 2016, BioID2 was introduced as an improved second-generation BioID 

enzyme, derived from Aquifex aeolicus (A. aeolicus). BioID2 has a molecular weight of 26.6 kDa, which 

is smaller than BioID, mainly because it lacks the N-terminal DNA-binding domain. This makes the 

enzyme less likely 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). Similarly, BASU, an engineered BirA* 

biotin ligase derived from Bacillus subtilis, lacks the N-terminal DNA binding domain. Initially, it was 

suggested that BASU exhibited up to a 1000-fold increase in labelling kinetics compared to BioID 

(Ramanathan et al., 2018). However, a follow-up study revealed that its kinetics are more similar to 

BioID and BioID2 (Branon et al., 2018). 

On the other hand, TurboID and miniTurbo, which were created by directed evolution of the E. coli 

biotin ligase BirA-R118S, outperformed BioID, BioID2 and BASU with up to 23-fold 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, TurboID 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 cells, which 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 (28 kDa) is smaller than TurboID (35 kDa), due to the absence of the N-terminal 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 protein (Branon et al., 

2018). 

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

enzyme reconstruction and site-directed mutagenesis. Despite sharing 82% protein sequence with 

BioID, AirID has better biotinylation activity. However, a direct comparison of AirID and the most active 

PDB enzyme, TurboID, demonstrated that AirID necessitates a minimum of 3 hours to achieve 

ŀŘŜǉǳŀǘŜ ōƛƻǘƛƴ ƭŀōŜƭƭƛƴƎΣ ƛƴ ŎƻƴǘǊŀǎǘ ǘƻ ¢ǳǊōƻL5Ωǎ м-hour requirement.  This disparity in enzymatic 
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kinetics positions AirID below TurboID in this aspect (Kido et al., 2020). Most recently, two more PDB 

enzymes have been developed: microID and ultraID. MicroID is the N-terminal fragment of BioID2, 

extending up to the amino acid K117. It has a size of 19.7 kDa and performs biotinylation labelling as 

early as 10 minutes. Interestingly, a single mutation (L41P) in microID resulted in the development of 

ultraID, which exhibits at least 5 times higher in vivo biotinylation activity compared to microID. It is 

speculated that L41P substitution in ultraID promotes the destabilisation of the biotin-binding site, 

facilitating the release of biotinyl-рΩ-AMP. Although ultraID exhibits notably superior activity 

compared to microID, its enzymatic efficacy is comparable with that of TurboID. Furthermore, ultraID 

displays a reduced background signal in the absence of exogenous biotin compared to TurboID, 

thereby enhancing the specificity of its biotinylation labelling. Lastly, the compact size of microID and 

ultraID reduces the likelihood of interfering with the function, trafficking, and interaction of the fused 

protein (Kubitz et 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 in Geoghegan et al., 2022). The first reported application of PDB 

in kinetoplastids was by Morriswood et al. (2013), where they used a tetracycline-inducible BioID 

system in T. brucei to investigate the protein composition of the discrete cytoskeletal structure known 

as bilobe. Another PDB enzyme used in T. brucei was BioID2, which revealed the interaction between 

the inner mitochondrial membrane insertase Oxa1 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 whole-organism studies. Despite this concern, 

Vélez-Ramírez et al. (2021) successfully employed APEX2 as a PDB approach in T. brucei to characterise 

protein interactomes in various flagellum subdomains, including the axoneme and the flagellum tip. 

In T. cruzi, TurboID was utilized to investigate the flagellar membrane and/or associated proteins of 

the two main replicative stages of the parasite - epimastigote and amastigote. This study led to the 

discovery of 218 flagellar proteins in the epimastigote stage and 99 flagellar proteins in the amastigote 

stage. Among these, the flagellar localization of three proteins was validated via immunofluorescence 

(Won et al., 2023).  Finally, our group used PDB to gain insights into fundamental aspects of chromatin 

biology in Leishmania. Specifically, we investigated the interactomes of the bromodomain factor 5 

(BDF5) and the kinetoplastid kinetochore proteins KKT2, KKT3 and KKT19 using XL-BioID (Jones et al., 

2022; Geoghegan et al., 2022). XL-BioID is a novel PDB approach that was introduced by Geoghegan 

et al. (2022), which involves an in vivo DSP crosslinking step following proximity biotinylation. This 

additional step significantly improved the proximal protein signal intensity by approximately 10-fold, 

which led to the identification of 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 hydroxyurea-synchronized 

L. mexicana promastigotes.  

 

3.1.4 Aims 
In this study, we are interested to investigate the proximal protein interacting network of the L. 

mexicana DUB2. The direct protein interactome of this protein has been previously investigated using 

in vivo crosslinking AP-MS, which revealed that DUB2 interacts with various proteins involved in 

diverse biological processes such as: RNA splicing/capping (e.g. CYC12); RNA binding (e.g. GCD10p); 

transcription (e.g. NIF3); DNA replication (e.g. PCNA); endosome trafficking (e.g. VPS4); ubiquitination 
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(e.g. polyubiquitin) and phosphorylation (e.g. MKK1). These interacting partners of DUB2, along with 

its reported DUB2 nuclear localization, placing DUB2 near actively transcribed genes (Damianou et al., 

2020). However, as it has already been mentioned AP-MS is prone to losing weak and transient 

protein-protein interactions. Thus, in this study performed XL-BioID using the miniTurbo enzyme to 

provide a holistic protein profiling of DUB2 that would complement the previously mapped protein 

interactome. The PDB miniTurbo enzyme was chosen as the most suitable enzyme for this project due 

to its: high activity with a restricted promiscuous biotinylation; absence of DNA binding domain, which 

makes the enzyme smaller and less likely to interfere with the nuclear localization and function of the 

bait protein; use of non-toxic labelling conditions; and ideal function for dynamic cellular processes, 

such as enzymatic cleavage. At this point, it is worth mentioning that ultraID and microID 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 extensive ςomics 

data to potentially identify substrates of DUB2 (Liu et al., 2018; chapter 4).  

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

¶ Generated an endogenously miniTurbo-C-terminal-tagged DUB2 promastigote cell line and an 

endogenously miniTurbo-N-terminal-tagged CLK1 control.  

¶ Optimized the XL-BioID using miniTurbo protocol to minimize background biotinylation in the 

absence of exogenous biotin. 

¶ Identified proximal interacting partners of DUB2 

¶ Investigated interaction between DUB2 and its proximal interacting proteins via co-IP. 

¶ Checked the overlap between IP-derived interactome (Damianou et al., 2020) and miniTurbo-

derived proximal interactome 

¶ Re-investigated DUB2 localization 
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3.2 Results 

3.2.1 Generation and Validation of MiniTurbo-Tagged Cell Lines 
In order to investigate the protein interacting network of the DUB2 in the L. mexicana promastigote 

stage, we endogenously double allele tagged the DUB2 encoding gene (LmxM.08_29.2300) with a 

3xMyc-tagged miniTurbo expressing sequence to its C-terminus (DUB2::miniTurbo::Myc). In addition, 

to ensure that both alleles were successfully tagged, we integrated a different drug resistance marker 

allowing selection with either blasticidin or puromycin - in each allele. This was performed on a T7Cas9 

expressing promastigote cell line (parental line) using the CRISPR-Cas9 approach developed by Beneke 

et al. (2017). At this point is worth mentioning that DUB2 was thought to be a nuclear protein, 

therefore we selected L. mexicana CDC2-like kinase 1 (CLK1; LmxM.09.0400), which localizes in the 

same specific subcellular compartment, as a control for this approach (Damianou et al., 2020; 

Geoghegan et al., нлнмύΦ ¢ƘŜ ǊŜŀǎƻƴǎ ƻŦ ǳǎƛƴƎ άŎƻƳǇŀǊǘƳŜƴǘ-ǎǇŜŎƛŦƛŎέ ŎƻƴǘǊƻƭǎ ǿŜǊŜ ǘƘǊŜŜŦƻƭŘΦ CƛǊǎǘƭȅΣ 

it allows for subtraction of nonspecific proximal labelling in the nucleus. Secondly, it facilitates the 

identification of endogenously biotinylated proteins and lastly, it helps with the removal of proteins 

associating with the protein biogenesis machinery. Thus, an N-terminally double allele tagged with a 

3xMyc-tagged miniTurbo CLK1 (Myc::miniTurbo::CLK1) cell line was also generated. 

To select successfully transformed promastigotes, we performed dual antibiotic selection using BSD 

and PUR antibiotics. Subsequentially, we carried out a genomic validation that the miniTurbo 

expressing gene and antibiotic resistance cassette for puromycin acetyltransferase (PAC) and 

blasticidin S deaminase (BSD) were indeed integrated in the expected genomic regions via three 

independent diagnostic PCRs (Fig. 4A). Furthermore, we confirmed through an -hMyc western blotting 

(Fig. 4B) that both mutant cell lines were expressing their baits DUB2 (untagged size: 81kDa; with 

fusion: ~110 kDa) and CLK1 (untagged size: 53 kDa; with fusion: ~82 kDa) fused to the 3xMyc 

miniTurbo (29.2 kDa). This indicated that regardless the size of the tag the target specific protein 

remained stable. However, we observed additional bands in both samples, suggesting either a partial 

degradation of the tagged proteins or non-specific binding of the h-Myc primary antibody. The 

absence of positive and negative controls, such as another myc-tagged cell line and the parental cell 

line, respectively, precludes the justification of either of these conclusions. Moreover, DUB2 is known 

for its vital role in the promastigote-to-amastigote differentiation process of L. mexicana. Thus, we 

conducted an AlamarBlue assay to address whether the presence of the 3xMyc-miniTurbo was 

interfering with the DUB2 function during this differentiation process (Damianou et al., 2020). Upon 

calculating the percentage difference of fluorescence intensities between treated and untreated 

(T7Cas9) cells, we found out through the one-way ANOVA analysis that there was no significant 

difference between the treated and untreated samples, at 10 h, 56 h or 128 h after induction of 

differentiation (Fig. 4C). Therefore, we concluded that the presence of the 3xMyc-miniTurbo does not 

affect the metabolic activity pattern, viability and proliferation capacity of the cells during 

differentiation, indicating that the essential function of DUB2 remains intact. 
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Figure 4: Generation and validation of DUB2 and CLK1 tagged with miniTurbo cell lines. A. PCRs 
performed on genomic DNA from T7Cas9 (control), DUB2::miniTurbo::Myc and Myc::miniTurbo::CLK1 
promastigotes, followed by agarose gel electrophoresis (1% w/v, 45 min, 100 V). Illustration for each 
given PCR is also included, using N-terminally tagging of gene of interest (GOI) with 3xMyc-miniTurbo 
as an example. A1. This PCR investigates any miniTurbo-untagged targeted GOI within the genome, 
with primers designed to amplify regions within the GOI and upstream (for N-terminal tagging) or 
downstream (C-terminal tagging) of the PAC/BSD resistance 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 kb- 3.3 kb and the untagged ones (only present in T7Cas9 promastigotes) are <1 
kb. A2&3. Successful integration of the BSD and PAC resistance cassettes respectively, with primers 
designed to anneal to the BSD/PAC resistance cassette and GOI. Successful integration for both 
resistance cassettes was revealed in the genome of both miniTurbo-tagged promastigotes with 
expected products of ~2-3 kb being observed. Negative control (-ve; just reagents) was used in each 
PCR to test for any possible contamination. PCRBIO Ladder I (5 l˃) was used as a DNA ladder. B. 
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Expression of 3xMyc-miniTurbo tagged proteins DUB2 (110 kDa) and CLK1 (82 kDa) was validated via 
a western blot analysis using promastigote cell extracts. The -hMyc clone 4A6 (mouse monoclonal 
IgG1) antibody (1:5000; EMD Millipore) was used as a primary antibody and the -hmouse IgG HRP 
ŎƻƴƧǳƎŀǘŜ ŀƴǘƛōƻŘȅ όмΥрлллΤ tǊƻƳŜƎŀύ ǿŀǎ ǳǎŜŘ ŀǎ ŀ ǎŜŎƻƴŘŀǊȅ ŀƴǘƛōƻŘȅΦ CƻǊ ƭŀŘŘŜǊΣ ǘƘŜ {ǇŜŎǘǊŀϰ 
Multicolor Broad Range Protein Ladder (10 l˃) was added. C. Averaged percentage difference of 
fluorescence intensity per indicated miniTurbo cell line against T7Cas9 control, at the given time points 
post-induction of promastigote-to-axenic amastigote differentiation (n=3). One-way ANOVA was 
performed for each time point, with no significant different being reported between T7Cas9 and 
miniTurbo-tagged cell lines (p > 0.05). Abbreviations: FP; forward primer, RP; reverse primer, BSD; 
blasticidin S deaminase, PAC; puromycin acetyltransferase, GOI; gene of interest, % of FI; percentage 
of fluorescence intensity of tagged over control cell lines, P; promastigotes, A_10h; axenic amastigotes 
10h post-differentiation induction. 

 

3.2.2 Optimization of MiniTurbo Workflow Using BioLock 
Next, we tested for evidence of in-vivo miniTurbo-mediated biotinylation in L. mexicana 

promastigotes. Biotin is the substrate of the miniTurbo enzyme that is required to perform 

biotinylation in vivo, thus we added exogenous biotin in the media. Due to the high enzymatic activity 

of the enzyme, 500 ˃ a ƻŦ ŜȄƻƎŜƴƻǳǎ ōƛƻǘƛƴ ŀƴŘ ол Ƴƛƴ ƻŦ ōƛƻǘƛƴ ƭŀōŜƭƭƛƴƎ ǿŀǎ ŜƴƻǳƎƘ ŦƻǊ ǘƘŜ ŜƴȊȅƳŜ 

to perform proximity biotinylation in Leishmania promastigote cultures (Geoghegan et al., 2021). We 

then affinity purified the DUB2::miniTurbo::Myc (110 kDa) and Myc::miniTurbo::CLK1 (82 kDa) via an 

over-night (o/n) pulldown using streptavidin-coated beads (lane 6 in Fig. 5A&B). Notably, we observed 

promiscuous biotinylation of both bait proteins in eluate samples even without the addition of the 

exogenous biotin (lane 8 in 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 for DUB2::miniTurbo::Myc and 35 kDa for 

Myc::miniTurbo::CLK1) were also captured in both conditions, indicating that the o/n pulldown or cell 

lysis could have somehow affected the protein stability in the cells. In addition to the self-biotinylation 

of the bait proteins, we also examined for evidence of the miniTurbo-mediated biotinylation protein 

profiling, using a streptavidin blot analysis by re-probing 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 8 in Fig. 5C&D). Taken together, these results suggest 

that miniTurbo-dependent biotinylation is efficient in living Leishmania promastigotes. 

This uncontrolled biotinylation by miniTurbo in the absence of exogenous biotin was expected. 

Therefore, under the same experiment we tried to minimize this phenomenon by depleting the 

exogenous biotin in the medium of the growing cultures. This was carried out by adding BioLock (IBA 

Lifesciences), a biotin-blocking solution that contains avidin, 18 h before performing the in-vivo biotin 

labelling. Interestingly, both DUB2::miniTurbo::Myc and Myc::miniTurbo::CLK1 proteins were affinity 

purified by streptavidin-coated beads only when exogenous biotin was added to the culture after the 

18 h depletion (compare lanes 2 and 4 in Fig. 5A&B). This indicates that indeed the activity of the 

miniTurbo is affected by the presence of biotin in the medium and also that BioLock 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 proximity labelling by 

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 labelling took place would improve the biotin 

labelling induction. However, it did not increase the self-biotinylation of the DUB2::miniTurbo::Myc 
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and Myc::miniTurbo::CLK1 proteins (compare lanes 1 and 2 in Fig. 5A&B), indicating that adding 

exogenous biotin to a final 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 miniTurbo-derived biotinylation of both baits in the absence 

of biotin (compare lanes 3 and 4 in Fig. 5A&B), supporting that this optimization step might not be 

necessary. 

In addition to the self-biotinylation of the bait proteins, we also examined for evidence of the 

biotinylated protein profiling under the different conditions, using a streptavidin blot analysis, where 

the same membranes were re-probed with STR-HRP conjugate. Both BioLock-treated promastigotes, 

expressing either DUB2::miniTurbo::Myc or Myc::miniTurbo::CLK1, revealed identical protein patterns 

in the presence of exogenous biotin, regardless whether the washing step was applied or not 

(compare lanes 1 and 2 in Fig. 5C&D). Similarly, in the absence of exogenous biotin, the same 

biotinylated protein profiling is observed when the washing step was applied for the 

DUB2::miniTurbo::Myc culture (lane 3 in Fig. 5C). In contrast, under the same condition, there is an 

absence of a 45 kDa protein in the Myc::miniTurbo::CLK1 culture (lane 3 in Fig 5D), indicating that the 

particular protein is a promising interacting protein of CLK1 that 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 either endogenously 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 proteins (lane 4 in Fig. 5C&D). This supports the conclusion from the previous results in 

Fig. 5A&B that the overnight treatment with BioLock solution can reduce the promiscuous miniTurbo 

biotinylation activity in the absence of exogenous biotin. Furthermore, these results suggest that 

replacing the BioLock-containing growing medium with a fresh one, which contains some exogenous 

biotin, is enough to recover some endogenously- and/or miniTurbo-biotinylated captured proteins in 

a short time window. However, we cannot exclude 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 the Leishmania promastigotes. Thus, the washing step was 

included in downstream experiments.  

For all the studied conditions, input samples were collected before the streptavidin pulldowns to show 

that both the baits (Fig. 5E&F) and other biotinylated proteins (Fig. 5.G&H) were present beforehand, 

and that the absence or presence of successful biotinylation defined by the different applied 

conditions determined the already mentioned observations. Oligopetpidase B (OPB; 83.5 kDa was 

used as a loading control (Fig. 5I&J). 
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Figure 5: Optimization of XL-BioID using miniTurbo workflow using BioLock. Briefly, promastigote 
cells expressing DUB2::miniTurbo::Myc and Myc::miniTurbo::CLK1 were cultured in HOMEM medium; 
just before cells reached log-phase (2 x 106 cells mL-1), BioLock solution was added (BioLock: +) or not 
(BioLock: -) in the growing cultures for 18h; BioLock-containing medium was washed off and replaced 
with fresh HOMEM medium (wash: +) or not (wash: -); 500 ˃ M final concentration of exogenous biotin 
was added (biotin: +) or not (biotin: -) 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 streptavidin-coated beads. A portion of each cell lysate (called input sample) was 
extracted before streptavidin pulldown was performed (IP: DUB2, IP: CLK1). A&B. Western blot 
analysis using h-Myc tag clone 4A6 (mouse monoclonal IgG1) antibody (1:5000; EMD Millipore) as a 
primary antibody and h -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 conditions. C&D. Re-probed the same two 
membranes (A&B) with streptavidin- horseradish peroxidase (HRP) conjugate (1:5000; Thermo Fisher 
Scientific) to observe the biotinylated protein profile of the differently-treated eluates derived from 
the two miniTurbo-tagged cell lines. E&F. Pre-streptavidin pulldown input samples were also analysed 
as in A&B to prove that the 3xMyc miniTurbo-tagged proteins were successfully expressed in the cell 
lines, and that the absence of proteins in A&B was due to their unsuccessful biotinylation by the 
miniTurbo enzyme. G&H. Biotinylated protein profile of input samples pre-pulldown, as performed in 
C&D. I&J. Oligopetpidase B (OPB; 83.5 kDa) was used as loading control for input. The membranes 
from C&D were re-probed with the primary h -LmjOPB (sheep) antibody (1:20,000; Munday et al., 
2011) and secondary EasyBlot -hsheep IgG (HRP) antibody (1:5000; GeneTex). Abbreviations: STR-
HRP; streptavidin-horseradish peroxidase conjugate, IP; input. 
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Biotin (a.k.a. vitamin H) is a micronutrient (244 g mol-1) that is essential for all organisms. Biotin is 
either synthesised de novo such 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 in Tong, 2013; Azhar et al., 2015). Leishmania belongs 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 the metabolic activity, cell 
proliferation and viability of the cells. Therefore, to investigate this, we perform an AlamarBlue assay, 
in which we grew DUB2::miniTurbo::Myc and Myc::miniTurbo::CLK1 promastigote cultures in the 
presence of BioLock (treated) or not (untreated) for 4d. Every 24h, we recorded the fluorescence 
intensity of the 3 replicates that were used in each condition and calculated the percentage difference 
of fluorescence between BioLock-treated promastigotes and untreated ones. Fig. 6A illustrates the 
averaged percentages of the fluorescence difference in a heat map, with a gradient of grey spanning 
between 85% and 110% respectively. One-way ANOVA analysis revealed no significant difference 
between the metabolic activity of BioLock-treated and untreated promastigotes for both miniTurbo-
tagged cell lines at every tested time-point, indicating that the presence of BioLock does not negatively 
impact the metabolic activity of the cells. Contrastingly, 4-day growth curve revealed a profound 
defect on the cell growth of the BioLock-treated DUB2::miniTurbo::Myc and Myc::miniTurbo::CLK1 
promastigotes compared to BioLock untreated, but only 48 h post-BioLock treatment (Fig. 6B). This 
suggests that biotin depletion via BioLock permits the sufficient growth of cells until they reach ~4 x 
106 cells mL-1 (early log-phase). 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 BioLock is acceptable to be used as an 
overnight biotin-depletion treatment to minimize miniTurbo-mediated uncontrolled biotinylation.  
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Figure 6: Impact of BioLock in the metabolism and growth of the Leishmania promastigotes. A. 
BioLock treatment had no significant effect on the metabolic activity of the treated 
DUB2::miniTurbo::Myc (DUB2), Myc::miniTurbo::CLK1 (CLK1) and T7Cas9 promastigote cells relative 
to the untreated ones, per investigated incubation period (days; d). 3 replicates were used for each 
case, and each given value represent the averaged percentage difference of fluorescence intensity 
between treated and untreated samples taken in each time point. B. Treatment with BioLock for up 
to 2 days (d) of incubation had no significant effect on the growth of the investigated promastigote 
cell lines. Promastigotes were grown in the presence or absence of BioLock for 4 days, cell density was 
measured every 24h, and the mean ± S.E. of three replicates was plotted. Cells treated with BioLock 
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 miniTurbo-tagged promastigote cell lines and optimizing the 

miniTurbo workflow using BioLock, we performed label-free tandem mass-spectrometry (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 schematic in Fig. 7A. Briefly, we added 

BioLock solution o/n to the growing promastigotes, and then, 18 h post incubation we washed out the 

BioLock-containing growing medium and replaced it with fresh one. Then, we added exogenous biotin 

to a final concentration of 500 ˃M for 30 min, washed it off and then cross-linked the promastigotes 

with dithiobis (succinimidyl propionate; DSP). We then extracted lysates from 1 x 109 cells; affinity 

purified biotinylated proteins using streptavidin-coated beads; performed on-bead trypsin digestion 

and then sent them for MS/MS. 

Label free quantification by mass-spectrometry, combined with downstream limma-based 

enrichment analysis revealed 73 and 165 proteins to be significantly enriched for DUB2 and CLK1 

respectively (5% FDR; n=3; Fig. 7B). Confidence in the quality of our MS data was provided through a 

principal component analysis (PCA). The PCA plot revealed distinct clustering of 

Myc::miniTurbo::DUB2 and CLK1::miniTurbo::Myc samples, with biological replicates per condition to 

cluster together. This result indicates 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 data (Fig. 7C & D). This conclusion was further supported 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 listed in Table 3, of which the top three proteins with the highest fold-change (FC) 

enrichment over the CLK1 proximal interactome were: the ubiquitin carboxyl-terminal hydrolase 

DUB2 (LmxM.08_29.2300; Log2FC = 5.31), kinesin K39 (LmxM.14.1120; Log2FC = 3.04) and the 50S 

ribosome-binding GTPase (LSG1; LmxM.05.0200; Log2FC = 2.17). As for the CLK1 proximal interactome, 

the three top proteins were: the hypothetical protein LmxM.06.0430 (Log2FC = -6.02), CLK1 

(LmxM.09.0400; Log2FC= -5.43) and the hypothetical protein LmxM.31.1130 (Log2FC = -4.78; data not 

shown).  At this point it is worth mentioning that the kinetoplastid kinetochore protein 2 (KKT2), KKT5 

and KKT24, which are known interactors of CLK1, were identified in our CLK1 proximal interactome, 

providing validation that our approach 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 literature combined 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%), cytoskeletal-associated proteins 

(7%) and glycolysis (7%; Fig. 8).  

 



71 

 

 

Figure 7: Investigation of the proximal interactome of DUB2. A. Schematic of PDB using miniTurbo 
enzyme. MiniTurbo-tagged DUB2 promastigote was used as an example. MiniTurbo-tagged CLK1 
promastigote cell line was concomitantly subjected to the same conditions. B. Identification of the 
proteins significantly enriched in the DUB2 (73 hits; blue) and CLK1 (165 hits; red) datasets. Enrichment 
analysis performed using limma package in Rstudio (p<0.05). In grey are the non-significant detected 
proteins. False Discovery Rate was set up at 5% and 3 biological replicates were used. C. Variation 
between DUB2 and CLK1 datasets is observed, however not across replicates, as calculated by PCA. 
Each symbol represents a different replicate per condition, while colours distinguishes the conditions 
used (blue for DUB2::miniTurbo::Myc-derived data; pink for Myc::miniTurbo::CLK1-derived data). D.  
Strong and positive correlation observed across replicates within each condition, whereas the 
correlation between conditions is weaker but still positive. Correlation was calculated using PCC, of 
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 DUB2. For each protein the following information were 
included: accession number, Log2 Fold Change value, acronyms used in literature, description as given 
in TritrypDB, and whether the protein is present in the immunoprecipitation-derived DUB2 
interactome dataset (Damianou et al., 2020) and the ubiquitinomics datasets from chapter 4.  

Proximal Interactome of DUB2 IP-Derived     
Interactome 

of DUB2 

Ubiquitinome 

Accession Log2FC Description Acronym (Damianou 
et al.,2020) 

(Chapter 4) 

LmxM.08_29.2300 5.31 DUB2 Deubiquitinase 2 Yes Yes 

LmxM.14.1120 3.04 K39 kinesin 39 
  

LmxM.05.0200 2.17 LSG1 50S ribosome-binding 
GTPase 

  

LmxM.11.0820 2.01 hypothetical 
protein 

  
Yes 

LmxM.15.0170 1.71 PP2C/PDP Protein phosphatase 
2C/pyruvate dehydrogenase 

phosphatase (PDP) 

 
Yes 

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/MASP RAN protein binding 
protein, Nuclear transport 
factor 2/mucin-associated 

surface protein 

 
Yes 

LmxM.36.3470 1.39 e1 of 2-OGDH 
(E1o-Ƙύ hw ʰ-

KDE1 

2-oxoglutarate 
dehydrogenase E1 

component 

  

LmxM.19.0190 1.36 MBF-1 Multiprotein bridging factor 
-1 

 
Yes 

LmxM.36.3910 1.30 AdoHcy or SAHH S-adenosylhomocysteine 
hydrolase - not clear 

localization in 
ǘǊȅǇŀƴƻǎƻƳŜǎΧ 

 
Yes 

LmxM.13.1210 1.25 NT3 nucleobase transporter 3 
(purine) 

 
Yes 

LmxM.18.1380 1.18 PDHA1 pyruvate dehydrogenase E1 
alpha subunit 

  

LmxM.33.1520 1.12 TPPP-like p25-alpha;  Tubulin 
Polymerization Promoting 
Protein (TPPP)-like protein 

 
Yes 

LmxM.33.0820 1.11 EF-1b Elongation Factor 1-beta 
  

LmxM.34.0030 1.09 PYK pyruvate kinase 
  

LmxM.36.6650 1.08 iPGMA 2,3-bisphosphoglycerate-
independent 

phosphoglycerate mutase 

 
Yes 

LmxM.21.0840 1.07 MetAP2 methionyl aminopeptidase 
2 

 
Yes 

LmxM.36.1940 1.07 NT2 inosine-guanosine 
transporter 

 
Yes 

LmxM.16.1470 1.06 KLIF Kinesin Localized to the 
Ingressing Furrow (based on 

T.brucei) 

  

LmxM.15.1440 1.05 GlnRS glutaminyl-tRNA synthetase 
 

Yes 

LmxM.19.0160 0.99 MetAP methionyl aminopeptidase 
 

Yes 

LmxM.28.0490 0.90 PCCB Propionyl-CoA carboxylase 
beta chain 

  

LmxM.31.2950 0.89 NDKb Nucleoside-diphosphate 
kinase b 

 
Yes 

LmxM.36.0180 0.83 EF-2 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 2-OGDH 
(E2o-Ƙύ ƻǊ ʰ-

KDE2 

2-oxoglutarate 
dehydrogenase, E2 

component, 
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dihydrolipoamide 
succinyltransferase, 

LmxM.08_29.2380 0.81 kinesin 
 

Yes Yes 

LmxM.20.1700 0.79 non-specific S/T-
kinase 

non-specific 
Serine/Thrionine-kinase 

  

LmxM.34.4940 0.76 hypothetical 
protein 

  
Yes 

LmxM.27.0880 0.75 e1 of 2-OGDH 
(E1o-Ƙύ hw ʰ-

KDE1 

2-oxoglutarate 
dehydrogenase E1 

component 

 
Yes 

LmxM.27.0670 0.74 aATP11 Putative amino acid 
transporter aATP11 

 
Yes 

LmxM.26.1630 0.74 RPS33 40S ribosomal protein S33 
  

LmxM.09.1010 0.73 Hypothetical 
(POMP10-
disagree) 

(Present in the outer 
mitochondrial membrane 

proteome 10) 

 
Yes 

LmxM.10.0070 0.73 RPL35a ribosomal protein L35a, 
putative 

 
Yes 

LmxM.14.1270 0.73 RPS27A putative 
ubiquitin/ribosomal protein 

S27a 

 
Yes 

LmxM.13.0570 0.72 RPS12 40S ribosomal protein S12 
 

Yes 

LmxM.14.1160 0.71 ENO enolase 
 

Yes 

LmxM.07.0500 0.67 RPL7A 60S ribosomal protein L7a 
  

LmxM.34.1670 0.67 RPL26 60S ribosomal protein L26, 
putative 

 
Yes 

LmxM.05.0680 0.65 CTP tricarboxylate carrier or 
citrate transport protein 

  

LmxM.03.0200 0.64 P5CDH Delta-1-pyrroline-5-
carboxylate dehydrogenase 

 
Yes 

LmxM.34.0240 0.64 RPL30 60S Ribosomal protein L30 Yes Yes 

LmxM.22.1360 0.63 FPPS Farnesyl pyrophosphate 
synthase 

 
Yes 

LmxM.15.0950 0.61 RPS3 putative 40S ribosomal 
protein S3 

 
Yes 

LmxM.29.0460 0.61 aspRS Aspartyl tRNA synthetase 
  

LmxM.16.0590 0.60 Gln-dependent 
CPS/CPSase 

Putative glutamine-
dependent carbamoyl-
phosphate synthetase 

 
Yes 

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? Signal-recognition-particle 
68 

 
Yes 

LmxM.34.3760 0.55 RPL27A/L29 60S ribosomal protein 
L27A/L29 

 
Yes 

LmxM.31.2690 0.55 RPL27 Ribosomal protein L27 
  

LmxM.15.0200 0.54 RPL13a putative 60S ribosomal 
protein L13a 

Yes Yes 

LmxM.21.1720 0.53 RPL32 60S ribosomal protein L32 
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LmxM.31.0950 0.52 TSN Tudor staphylococcal 
nuclease (TSN, also known 
as Tudor-SN, SND1 or p100) 

 
Yes 

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

LmxM.01.0050 0.50 MCC 3-methylcrotonyl-CoA 
carboxylase alpha subunit 

  

LmxM.30.0640 0.50 REMC5/REMC5A RNA editing mediator 
complex protein 5 

  

LmxM.21.0730 0.50 RPL36 60S ribosomal protein L36 
  

LmxM.18.0510 0.48 ACO acotinase or Aconitate 
hydratase 

 
Yes 

LmxM.32.1955 0.47 RPL37 60S ribosomal protein L37 
 

Yes 

LmxM.24.2110 0.46 HMGS 3-hydroxy-3-methylglutaryl-
CoA synthase 

 
Yes 

LmxM.26.0170 0.45 RPL7 60S ribosomal protein L7 Yes 
 

LmxM.34.0600 0.44 RPL18a 60S Ribosomal protein L18a Yes 
 

LmxM.22.1520 0.42 RPL14 40S ribosomal protein L14 Yes 
 

LmxM.11.0960 0.42 RPS5 40S ribosomal 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 RPS27-1 40S ribosomal protein S27-1 
  

 

 

 

Figure 8: Proximal interactome of DUB2. Proteins were clustered based on their main biological 
process, in descending order from the protein with the highest Log2 Fold Change (FC; darker green) to 
the one with the lowest Log2 FC (light green).  The extended version of the protein acronyms and their 
exact Log2 FC value can be found in Table 3. Abbreviations: SAH; S-Adenosylhomocysteine, TCA; 
tricarboxylic acid cycle.  
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3.2.4 Comparison of DUB2 Interactomes Generated via XL-BioID using miniTurbo and 

Immunoprecipitation 
Sequentially, we compared the interactome previously generated by Damianou et al. (2020) via 

immunoprecipitation (IP interactome) with our XL-BioID proximal interactome. As previously 

mentioned, there were 110 statistically significant 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 following seven proteins, to be also present in our proximal 

interactome (Fig. 9; Table 3): ubiquitin carboxyl-terminal hydrolase (DUB2; LmxM.08_29.2300), 

kinesin (LmxM.08_29.2390), 60S ribosomal protein L13a (RPL13a; LmxM.15.0200), 60S ribosomal 

protein L14 (RPL14; LmxM.22.1520), 60S ribosomal protein L7 (RPL7; LmxM.26.0170), 60S ribosomal 

protein L30 (RPL30; LmxM.34.0240) and 60S ribosomal protein L18a (RPL18a; LmxM.34.0600).  

 

 

Figure 9: Investigation of the overlapping proteins between the two DUB2 interactomes derived 
from XL-BioID using miniTurbo and immunoprecipitation (Damianou et al., 2020).  

 

3.2.5 Investigation of DUB2-Interacting Proteins Relationship via Co-Immunoprecipitation 
Next, we investigated whether DUB2 forms strong and stable interactions with some of the proximal 
interacting proteins. Overall, 15 proteins were selected from the proximal interactome of DUB2 and 
co-immunoprecipitation was conducted. Selection of this subset of proteins was performed based on 
at least one of the following criteria: fold enrichment value, ubiquitination state (based on 
ubiquitinomics datasets generated in Chapter 4) and whether the protein had been identified in the 
previously published DUB2 interactome (Table 3; Damianou et al., 2020). Cyclin 12 (CYC12) and NGG1 
interacting factor 3-like protein (NIF3) were included in this experiment, as two of the most highly 
enriched interacting partners of DUB2 identified in the Damianou et al. (2020) study.  
 
The principle behind co-immunoprecipitation 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 complex in the enrichment solution via western blot. In our case, we 

aimed to immunoprecipitate the HA::POI, along with the DUB2::MȅŎ ǇǊƻǘŜƛƴΣ ǳǎƛƴƎ ʰ-HA antibodies 
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conjugated on magnetic beads and then test for the presence of HA::POI and DUB2::Myc proteins in 

the ŜƭǳŀǘŜΣ Ǿƛŀ ǿŜǎǘŜǊƴ ōƭƻǘ ōȅ ǳǎƛƴƎ ʰ-I! ŀƴŘ ʰ-Myc as primary antibodies respectively (summarized 

in Fig. 10A). To perform this experiment, we first generated cell lines expressing the POI and DUB2 

with an HA tag and 3xMyc tag, respectively. This was achieved via the simultaneous endogenous 

tagging of the POI and DUB2 gene, in T7Cas9 promastigote cells. Successful expression of both HA-

tagged POI and DUB2::Myc was validated by western blot, prior immunoprecipitation (Fig. 10B). 

Sequentially, co-immunoprecipitation combined with an in-vivo cross-linking was performed for each 

cell line. Cross-linking was performed for two reasons: firstly, to enhance the stability of any possibly 

transient interactions and secondly, to imitate the cross-linking conditions used in the XL-BioID. All the 

POI were successfully immunoprecipitated, apart from K39, however none of the investigated proteins 

co-immunoprecipitated with DUB2 (Fig. 10C). As a positive control, we used the well characterised 

heterodimer complex of UBC2-UEV1, where the UBC2::Myc was successfully co-immunoprecipitated 

with the UEV1::HA (Burge et al., 2021).  
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Figure 10: Use of co-IP to explore the interacting relationship between selected proteins and DUB2. 
A. Experimental workflow of co-immunoprecipitation. Briefly, HA-tagged POI, upon in vivo crosslinking 
ǳǎƛƴƎ 5{t ό5{t όŘƛǘƘƛƻōƛǎόǎǳŎŎƛƴƛƳƛŘȅƭ ǇǊƻǇƛƻƴŀǘŜύύ ŎǊƻǎǎƭƛƴƪŜǊύΣ ǿŜǊŜ ƛƳƳǳƴƻǇǊŜŎƛǇƛǘŀǘŜŘ Ǿƛŀ ʰ-HA 
antibody coated magnetic beads along with its interacting partners. Eluates were run on a western 
blot, and the presence of the HA-ǘŀƎƎŜŘ thL ŀƴŘ ǘƘŜ 5¦.нΥΥaȅŎ όϤумΦр ƪ5ŀύ ǿŀǎ ƛƴǾŜǎǘƛƎŀǘŜŘΦ ʰ-HA 
ǇǊƛƳŀǊȅ ŀƴǘƛōƻŘȅ ŀƴŘ ʰ-Myc primary antibody was used respectively for each case. B. 
Immunoprecipitation was performed against 17 selected HA-tagged POI ς 15 of them derived from 
the DUB2 miniTurbo interactome and 2 (CYC12 and NIP3) from the DUB2 immunoprecipitation-
derived interactome. All 17 HA-tagged POI promastigote cell lines were also expressing DUB2::Myc. 
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The top western blots are probed with an h-HA antibody and they show the presence of the HA-tagged 
POI prior immunoprecipitation. These samples are known as input. The same membrane was re-
ǇǊƻōŜŘ ǿƛǘƘ ŀƴ ʰ-Myc antibody to show the presence of DUB2::Myc (~81.5 kDa) in the cell lysate, 
prior immunoprecipitation (bottom western blots). UEV1 and UBC2, which are known interacting 
proteins in L. mexicana, were used as positive controls and the parental T7Cas9 as a negative control. 
HA::BDF5 expressing cell line was used as an additional h -HA control. The expected molecular weight 
for each POI is included in kDa next to the name of each POI (e.g. KLIF (116.8kDa)) C. -hHA 
immunoprecipitation was performed, eluates were run on SDS-PAGE gel and protein investigation was 
performed via western blotting. The top two western blots were probed with -hɶɮ antibody to show 
the successful immunoprecipitation of the HA-tagged POI. The same membranes were then re-probed 
with -hMyc antibody to investigate whether DUB2::Myc was co-immunoprecipitated 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; ubiquitin-conjugating enzyme E2 variant 1 ,UBC2; ubiquitin-conjugating enzyme E2 2 , KLIF; 
kinesin localized to the ingressing furrow , CYC12; cyclin-12 , TSN; tudor staphylococcal nuclease, 
RPSA; 40S ribosomal protein SA , RPL18a; 60S ribosomal protein L18a, RPL7; 60S ribosomal protein L7, 
NIP3; NGG1 interacting factor 3-like protein , LSG1; 50S ribosome-binding, GTPase, BDF5; 
bromodomain factor 5 , EF-2; elongation factor 2 , NTF2; Nuclear transport factor 2 , SAHH; S-
adenosylhomocysteine hydrolase , RPL14; 40S ribosomal protein L14 , RPS12; 40S ribosomal protein 
S12, ENO; enolase, K39; kinesin 39; iPGMA; 2,3-bisphosphoglycerate-independent phosphoglycerate 
mutase. 

  

3.2.6 DUB2 Localization  
Even if DUB2 had previously been characterised as nuclear protein, there were no nuclear proteins as 
proximal interacting partners of DUB2. Thus, we decided to re-investigate the protein localization of 
DUB2 via immunofluorescence. Firstly, we endogenously HA-tagged DUB2 at its C-terminal 
(DUB2::HA) in the parental T7Cas9 cell line and PAC resistance cassette was used for drug selection. 
Secondly, to ensure that both DUB2 alleles were tagged, we cloned out DUB2::HA cells and tested for 
homozygotes using diagnostic PCR (Fig. 11A). 75% of the clones were homozygous for the HA-tag and 
upon the PCR validation, we tested the homozygote Clone 11 (Cl11) for the expression of DUB2::HA, 
using h -HA western blotting. Indeed, a single protein was detected at ~81.5 kDa, confirming the 
successful expression of DUB2::HA (Fig. 11B). Finally, we investigated the localization of DUB2 by 
conducting h -ɶɮ-based immunofluorescence analysis using the DUB2::HA promastigotes. The results 
revealed consistent presence of DUB2 in both the cytoplasm and nucleus throughout the cell-cycle of 
the Leishmania promastigote. However, DUB2 was not detected associated with the kinetoplast or in 
the flagellum (Fig. 11C).   
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Figure 11: Localization of DUB2. A. Diagnostic PCR of cloned DUB2::HA promastigotes with a PAC 
resistance cassette. Homozygote mutants were selected based on not having the wild-type untagged 
version of DUB2 gene (482bp). B. Detection of successful DUB2-HA protein expression was achieved 
through western blotting (1:5000; h-ɶɮ.11 mouse ς I6B12; BioLegend). Only Clone 11 was tested for 
this experiment and the T7Cas9 promastigote cell line was used as a negative control. C. DUB2::HA is 
localised predominantly in the nucleus and cytoplasm of L. mexicana promastigote cells. This was 
investigated through immunofluorescence, in which cells were fixed with 4% w/v formaldehyde. -h
ɶɮ.11 mouse ς I6B12 (BioLegend) at 1:100 dilution and Goat -hMouse IgG-Alexa Fluor® 647  
(SouthernBiotech) at 1:500 dilution were used as primary and secondary antibodies respectively. DAPI 
was used for DNA staining. Images were deconvolved using MicrovolutionTM, a plug-in for ImageJ and 
Fiji. 
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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 deubiquitinases and their substrates. In this study, we were 

able to investigate the proximal interactome of the L. mexicana DUB2 using the XL-BioID approach, 

with miniTurbo being the PDB enzyme of choice (Geoghegan et al., 2022).  

We have successfully generated an endogenously miniTurbo-tagged DUB2 promastigote cell line, with 

both of the DUB2 alleles being tagged as a result of dual antibiotic selection (BSD and PUR). Despite 

the size of the miniTurbo enzyme (28 kDa), C-terminal 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 the N-terminus were unsuccessful, with promastigote cells being 

unable to recover. From the latter observation, it is suggested that there are either regulatory 

ŜƭŜƳŜƴǘǎ ŀǘ ǘƘŜ рΩ ŜƴŘ ƻŦ ǘƘŜ DUB2 gene required for the successful expression of the gene or the 

expression of DUB2 enzyme fused with miniTurbo could affect its essential function and/or 

localization. Nevertheless, it supports previous conclusions that expression of DUB2 is essential for 

the survival of the Leishmania promastigotes (Damianou et al., 2020).   

The miniTurbo is known to be one of the best PDB enzymes in terms of labelling kinetics, allowing 

biotinylation to be performed both in less time and in the presence of less exogenous biotin. Despite 

Ƴƛƴƛ¢ǳǊōƻΩǎ ǊŜǇǳǘŀǘƛƻƴ ŦƻǊ ŎŀǳǎƛƴƎ ƭŜǎǎ ōŀŎƪƎǊƻǳƴŘ ōƛƻǘƛƴȅƭŀǘƛƻƴ ό.Ǌŀƴƻƴ et al., 2018), there was still 

quite a significant amount of background biotinylation in both the miniTurbo-tagged DUB2 and CLK1 

cell lines even when exogenous biotin was absent. Similar observations of miniTurbo-derived 

biotinylation in the absence of exogenous biotin were reported for the investigation of both the 

proximal interacting partners of KKT3 throughout the cell cycle of the Leishmania promastigotes and 

of its compartment-specific miniTurbo-tagged control BDF5 as well (Geoghegan et al., 2022). This 

phenomenon was also observed in other studying systems, such as in the case of NCI-H295R adrenal 

cells, of which PDB using miniTurbo was performed to characterise the proximal interacting proteins 

of the protein kinase A catalytic subunit (Omar et al., 2023). A possible reason to explain this 

miniTurbo-derived background biotinylation, at least for the case of Leishmania, is the presence of 

biotin in the growing medium of the biotin-auxotrophic promastigote cells. The small quantities of 

biotin combined with the high sensitivity and activity of the constantly expressed miniTurbo enzyme 

could lead to background labelling.  

The impact of biotin concentration in the growing medium for the performance of PDB using TurboID 

was also addressed in a study conducted in Saccharomyces pombe. Interestingly, when the TurboID-

tagged Rmt3 strain was cultivated in a biotin-free medium, there was a substantial decrease in Rmt3 

biotinylation compared to the same strain grown in a biotin-supplemented medium (Larochelle et al., 

2019). Indeed, we demonstrated that to be the case in our experiment. Depletion of biotin from the 

growing media using the avidin-containing BioLock solution, resulted in reduction of background 

biotinylation.  These results are consistent with a recent application of BioLock as a biotin scavenger 

to counteract the TurboID-dependent background biotinylation of the bait, ER-resident 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 cells, making the PDB using the TurboID 

enzyme toxic for the cells (Garloff et al., 2023). Nevertheless, we developed an optimized XL-BioID 

protocol, of which background biotinylation by the miniTurbo enzyme in the absence of exogenous 

biotin was successfully minimized.  
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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 fold-change enrichment over the control 

dataset. This validated that PDB using miniTurbo has worked successfully, and that our dataset and 

statistical analysis were reliable. The next two most enriched proteins were the kinesin K39 and the 

50S ribosome-binding GTPase (LSG1). Kinesins are known ATP-dependent motor proteins that interact 

with microtubules, 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 and in L. donovani, it has a cell-cycle dependent 

localization with a predominant enrichment at the posterior pole of the cell. This suggested that K39 

is involved with intracellular trafficking during cell-dependent morphological events (Gerald et al., 

2007). K39 is also known to interact with the microtubule-associated regulator coronin 12, which is 

involved in the microtubule remodelling during the Leishmania cytokinesis (Sahasrabuddhe et al., 

2009). Interestingly, the human kinesin orthologue KIF16B, which is involved in the transport 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 further (Lohraseb et al., 2022). Nevertheless, 

it is suggested that DUB2 might involve in the regulation of the cell-cycle dependent intracellular 

trafficking and cytokinesis of the Leishmania promastigotes. 

On the other hand, the third highly enriched LSG1 protein is not well studied in kinetoplastids. 

Nonetheless, insights to its biological function were taken from its bacterial and eukaryotic 

orthologues. In the former case, the LSG1-bacterial orthologue EngA is involved in numerous biological 

processes, including ribosomal biogenesis and cell- cycle progression (Bharat & Brown, 2014). In the 

latter case, the S. cerevisiae LSG1 is involved solely in the ribosomal biogenesis and cytoplasmic 

maturation of the 60S ribosomal subunit (Kargas et al., 2019). However, there are no evidence of 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 ribosomal-associated processes. It is worth pointing 

out that there is a possibility of a ribosomal-associated 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 the 

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 kinesin that its name was 

given due to its localization pattern along the furrow ingression. The so-far characterised function of 

KLIF in T. brucei suggests that it is an essential kinetoplast-specific protein, which is involved in the 

completion of cytokinesis via facilitating the furrow to completely ingress. The reason we are focusing 

on this high confidence interactor is twofold: a) T. brucei DUB2 protein was present in the same 

proximal interactome of TOEFAZ1 where KLIF was discovered, increasing the chances that KLIF and 

DUB2 are somehow associated (Hilton et al., 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 microtubule-associate events, such 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 presence of known secreting proteins in the proximal interactome of the 

DUB2. For instance, enolase and nuclease-diphosphate 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 macrophage-derived fibrin and the latter in preventing the ATP-mediated 



83 

 

cytolysis of the macrophages (Kolli et al., 2008; Gómez-Arreaza et al., 2014). Furthermore, the signal-

recognition-particle 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 signal from the cytoplasm to the membrane of endoplasmic reticulum (Pool et al., 2022). 

Thus, interaction of DUB2 with SRP68, enolase and nuclease-diphosphate kinase indicate that DUB2 

might regulate protein secretion and intracellular trafficking of L. mexicana promastigotes.  

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 the Leishmania promastigote cells. Interestingly, the vast majority of 

these interacting proteins participate in ribosomal-associated 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 DUB2 IP-derived interactome generated by 

Damianou et al. (2020). Surprisingly, six out of the seven overlapping proteins (DUB2 is excluded) are 

r-proteins, which are part of the large ribosomal subunit. For instance, the eukaryotic 60S ribosomal 

protein L14 (RPL14), which was identified as part of the secretome of L. mexicana promastigotes 

(Hamilton, 2019), is involved in the stable assembly of r-proteins that are located either in a close 

proximity with it or at the solvent-exposed 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 pre-rRNAs to rRNAs (Espinar-Marchena et al., 2018). Another example is the 60S 

ribosomal protein 7 (RPL7), which is an r-protein that assembles to the early nucleolar ribosome 

precursors containing 27S pre-rRNAs (Babiano et al., 2013). Depletion of RPL7 led to the significant 

reduction of the levels of 60S subunits, 80S 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 (Robledo et al., 2008). Collectively, these possible interactions of these r-proteins with 

DUB2 indicate 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 orthologue of USP10) regulates  the 

proteasome-mediated degradation of aberrant nascent polypeptides during the ribosome-associated 

quality control (RQC) process, through the mono-ubiquitinated state of ribosomal protein S3 (RPS3; 

present in my hits too; Jung et al., 2017). In addition, USP10 is involved in rescuing from proteasomal 

degradation the mono-ubiquitinated but still functional ribosomal subunits that are stalled in 

translation (Meyer et al. 2020). Interestingly, DUB2 and USP10 are both ubiquitin-specific-processing 

proteases (USP), however based on phylogenetic analysis performed by Damianou et al. (2020), the 

two DUB proteins are relatively distinct. Ubp3 and Otu2 were also identified as DUBs regulating 

translation through the association with the 40S ribosome. Specifically, Ubp3 maintains the 

monoubiquitination state of the r-protein eS7 for efficient translation, and upon translation 

termination, Otu2 associates with the 40S ribosome and deubiquitinates the monoubiquitinated eS7. 

This leads to the release of the translated mRNAs, allowing the formation of a new functional 80S 

ribosome and the re-imitation of a new round of translation (Takehara et al., 2021).  Thus, it is 

understood that DUBs can regulate ribosomal proteins through various approaches, ensuring 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 and XL-BioID approaches can be 

attributed to three reasons: firstly, the two approaches are mainly used complementary and not 

interchangeably due to the small overlap they have (Baudouin et al., 2020; McCoy et al., 2023); 

secondly, different controls were used for each approach (RDK2 for IP and CLK1 for XL-BioID) that 
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might affected the statistically determined interactomes per case; and thirdly, the endogenous single-

allele N-terminus tagging of DUB2 might had somehow mis-localized the protein to the nucleus and 

the lysosome and therefore the co-immunoprecipitated hits observed by Damianou et al. (2020) might 

not be reliable. The latter argument is support by our previously mentioned unsuccessful attempts to 

endogenously N-terminally double allele tag the DUB2 with miniTurbo expressing cassette. The 

promastigotes were never able to recover upon the N-terminus tagging. However, due to the lack of 

robust evidence justifying this hypothesis, both datasets were equally treated in this thesis.  

Overall, some deubiquitinases are known to be part of a stable complex and their activity is regulated 

within that complex. For instance, the yeast DUBs Ubp8 and Rpn11 are components of the histone-

modifying complex SAGA and the 26S proteasome respectively and association with their interacting 

partners (e.g. Sgf11 and Rpt1 respectively) induces their activation (Morgan et al., 2016; Dambacher 

et al., 2016). This is not the case for DUB2. Out of the 14 distinct interacting proteins identified with 

statistical enrichment in either one or both interactomics datasets (XL-BioID, IP), none co-

immunoprecipitated DUB2 during their immunoprecipitation. This implies, firstly, that DUB2 operates 

independently within the cell without establishing stable complexes. Secondly, despite employing in 

vivo DSP cross-linkers during the affinity purification process (as described in methods), the interaction 

between these proteins and DUB2 may be transient or weak. This underscores the significant 

advantage of proximity labelling approaches in capturing these protein-protein interactions, 

compared to the less sensitive immunoprecipitation techniques. Finally, this observation gains 

additional support from the effective co-immunoprecipitation of UBC2 together with its bait, UEV1. 

UBC2 and UEV1 were used as control since they have previously been demonstrated to form a stable 

heterodimer complex in vitro (Burge et al., 2020). In summary, the evidence supports the notion that 

DUB2 functions autonomously within the cell, and the examined interacting proteins are more 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 be treated 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 biotin-depletion conditions in 

comparison to 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 the miniTurbo control, CLK1 (data not 

shown; Geoghegan et al., 2022).  

Moving towards the localization of DUB2, it was previously suggested that DUB2 is mainly localized in 

the nucleus of the Leishmania promastigotes. However, occasional lysosomal localization was also 

reported under the same study. To characterise the localization of DUB2, Damianou et al. (2020) used 

live cell imaging on promastigote cells expressing N-terminally-tagged mNeonGreen DUB2. However, 

these cells were not cloned out to ensure tagging in both DUB2 alleles. This, combined with our 

previous unsuccessful double-allele tagging attempts at the N-terminus of DUB2 suggests that the 

previously reported localization pattern might be wrong. In addition, based on the significantly 

enriched proteins 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 pre-ribosomal assembly. Re-investigation of the cellular localization of DUB2 

revealed that DUB2 is localized in the cytoplasm and partially in the nucleus throughout the cell-cycle 

of the promastigotes. However, DUB2 was absent from the flagellum and the kinetoplast. Taken 

together, this ubiquitous localization of the DUB2 protein within Leishmania promastigotes validates 
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the anticipated pleiotropic role of DUB2 and provides a rationale for the array of interacting hits 

identified in both XL-BioID and IP interactomics datasets.  

To summarize, our efforts have successfully mitigated the background biotinylation stemming from 

the highly active PDB miniTurbo enzyme, resulting to the optimization of the XL-BioID protocol in 

Leishmania promastigotes. This accomplishment was made possible through the implementation of 

BioLock solution. Additionally, we have effectively generated stable miniTurbo-tagged DUB2 and CLK1 

cell lines, where the fusion of proteins did not disrupt their essential function within Leishmania cells. 

Our investigation encompassed the characterisation of the proximal interactome of DUB2, a 

comparison with the pre-existing IP-based interactome established by Damianou et al. (2020), and an 

assessment of whether selected interacting proteins form stable complexes with DUB2. Our findings 

indicated that such 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 NP40-based) when working with in vivo cross-linked promastigote 

cells. Furthermore, it could be valuable to replicate the affinity purification experiment under 

conditions of biotin depletion induced by BioLock. Lastly, a re-evaluation of DUB2 localization 

uncovered its prevalent presence throughout 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 L. 

mexicana Promastigotes in Response to DUB2 Depletion 
 

4.1 Introduction 

4.1.1 Identification of DUB Substrates 
It is currently well-established that deubiquitinases (DUBs) are involved in a broad-range of biological 

processes, such as controlling protein quality and regulating gene expression. 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 the 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 will 

remain ubiquitinated upon knockout, or knockdown of that DUB. Thus, upon quantification, more 

ubiquitinated proteins will be detected in the knockout/knockdown DUB sample compared to the 

wild-type control (Elu et al., 2022).  

Despite the fact that the overall ideology on how to identify DUB substrates is consistent, there are 

variations on how to perform each step. 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 catalytic inactive (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 K63-linked, K48-linked and mono-/ poly- ubiquitinated proteins respectively and secondly 

sent for label free proteomics analysis (Chadchankar et al., 2019). On the other hand peptide-centric 

approaches are more popular. They utilize immunoaffinity enrichment of ubiquitinated peptides (K-

GG) using branch-specific di-glycine (DiGly) antibodies coupled with proteomics analysis. These 

branched-DiGly containing peptides are generated via the tryptic miscleavage of ubiquitinated lysine 

residues of the targeted protein combined with the concomitant cleavage of the C-terminally arginine 

of the conjugated ubiquitin (-VLRLRGG).  Bingol et al. (2014) used such peptide-centric approach to 

identify substrates of USP30 in response to RNAi-induced USP30 knocked down in HEK293 cells.  

Nevertheless, both 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 abundant non-ubiquitinated 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 MG132, can prevent this phenomenon from taking place, leading to 

an up-to three-fold increase of ubiquitinated proteins within the sample (Wagner et al., 2011). For the 

proteomics, most of the ubiquitinomics workflows use data-dependent acquisition (DDA) as a data 

collection mode in tandem mass spectrometry (MS/MS). However, the introduction of data-

independent acquisition (DIA) mass-spectrometry combined with a neural network-based data 

processing improved further the depth and precision of in-vivo ubiquitinomics and therefore of DUB 

substrate identification. For instance, Steger et al.  (2021) investigated changes in the total 

ubiquitinome of HCT116 cells upon inhibition of USP7 with the specific covalent inhibitor FT671 using 

DIA-MS. Strikingly, they were able to detect 8087 ubiquitinated proteins, of which 552 were 

upregulated upon 15 min of FT671-treatment.  
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4.1.2 DUB Substrates and Ubiquitinomics in Parasitology 
In the field of parasitology, despite the identification of numerous DUBs in various organism, there 

have been no studies investigating substrates of DUBs using ubiquitinomics (Kumar et al., 2022).  

Instead, there are two proteomics analyses that provided insights into the molecular targets of the 

trypanosomal DUB orthologues USP7 and VDU, characterising them as essential mediators of surface 

protein turnover and endocytic activity. This was achieved via observing the alterations in the total 

proteomes of Trypanosoma cruzi and T. brucei in response to USP7 and VDU silencing (Zoltner et al., 

2015; Souza-Melo et al., 2023). However, application of ubiquitinomics in the field of parasitology is 

not unprecedented. Overall, there are three ubiquitinomics-based studies in four different parasites - 

Plasmodium berghei (P. berghei), L. mexicana, T. brucei and T. evansi ς of which P. berghei has the 

highest number of identified ubiquitinated sites (=2183), corresponding to 519 proteins (Rashpa et al., 

2023; Harris, 2022; Zhang et al., 2020). Focusing on the only available ubiquitinomics study in the 

Leishmania parasite conducted by Harris (2O22), 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. However, the ubiquitinome of eukaryotic cells 

is expected to be the 5-10% of their total proteome, which is not the case for this study, addressing 

the need of developing an optimized ubiquitinomics workflow in Leishmania.  

 

4.1.3 Aims 
The aim of the research described in this chapter was to identify changes in the overall ubiquitinome 

and proteome of L .mexicana promastigotes upon inducible deletion of DUB2. These results, 

combined with the two available interactomes of DUB2, should reveal promising substrates of DUB2. 

Our approach is based on the study conducted by Liu et al. (2018), in which a comprehensive 

proteome, ubiquitinome and interactome analysis revealed substrates of USP14. In brief, we 

performed the following steps in the given order to achieve our goal:  

¶ Developed an optimized peptide-centric 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 DDA-MS/MS database search engines, DIA-MS/MS and different 

mass-spectrometers  

¶ Generate an inducible DUB2-HAFLOX+/+ Leishmania promastigote cell line using a modified 

version of the recently developed inducible diCre/Cas9 system, to knock out DUB2 (Yagoubat 

et al., 2020). 

¶ Identify changes in the total ubiquitinome and proteome of Leishmania promastigotes in 

response to DUB2 knock out, using both total ubiquitinomics and total proteomics.  
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4.2 Results 
 

4.2.1 Optimization Steps of the Ubiquitinomics Workflow in L. mexicana Promastigotes 

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 dodecyl 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 anti-FK2 primary antibody, which detects mono- and poly-
ubiquitinated proteins, we found out that SDS buffer without the peptidase inhibitors releases the 
highest number of ubiquitinated proteins compared to the other tested conditions (Fig. 12A). This was 
validated quantitatively by comparing band intensities between the lanes, which were normalized 
using the band intensity of the house-keeping enzyme oligopeptidase B (OPB; data not shown). 
Furthermore, almost no ubiquitinated proteins were observed when using the SDC buffer. To sum up, 
SDS buffer without protease 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. mexicana promastigotes compared to Henrietta Lacks (HeLa) cells. The reason we performed this 

experiment was because we are using the customized DiGly-conjugated magnetic beads (CST), which 

suggests using 1-2mg of input protein. However, these kits were developed using human cells, 

therefore we needed to find out the amount of input required from L. mexicana promastigotes. To 

test that, we compared, via a western blot analysis using the -hFK2 primary antibody, the band 

intensities of ubiquitinated proteins derived from SDS-lysed L. mexicana promastigotes and Hela cells, 

treated or not with MG132 proteasome inhibitor (Fig. 12B). MG132 is used broadly in ubiquitination 

studies, to prevent the proteasomal degradation of the ubiquitinated proteins, which facilitates the 

accumulation and identification of transiently ubiquitinated proteins. Based on western blot analysis 

we found out that HeLa cells have ~3.5 times more ubiquitinated proteins than L. mexicana, in both 

MG132 and DMSO-treated conditions (n=1). Thus, it was concluded that for investigating the total 

ubiquitinome of L. mexicana promastigotes, ~7mg of protein input should be used. 
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Figure 12: Optimization steps for the ubiquitinomics workflow in L. mexicana promastigotes. A. 
Western blot analysis of L. mexicana promastigoteT7Cas9 extracts lysed with the indicated lysis buffer, 
in the presence (+) or absence (-) of protease inhibitors. The anti-Ubiquitin FK2 antibody was used in 

1:5000 dilution. The same blot was re-probed with a-OBP antibody (1:20000) as a loading and 
normalization control. B. Western blot analysis of ubiquitinated proteins from cell extracts derived 
from T7Cas9 promastigotes and HeLa cells, treated or not with MG-132 proteasome inhibitor. 1:5000 

a -Ub (FK2) antibody was used as a primary antibody. The total proteome identified by the stain-free 
gel, was used as loading and normalization control. 

 

4.2.1.2 Mass-spectrometer, Acquisition Mode and MG132 Proteasome Inhibitor 

Upon optimization of the ubiquitinomics workflow, we performed a preliminary experiment using a 

single DiGly-enriched sample of L. mexicana promastigotes, which was treated with MG132 (Fig. 13A). 

Briefly, we harvested and lysed 1.5x109 cells using 5% SDS buffer and we isolated and purified 7mg of 

promastigote proteins.  We then performed an overnight protein digestion using trypsin/Lys-C and 

sequentially we confirmed by Coomassie staining that the proteins were digested successfully to 

peptides (Fig. 13B). We chose to use the Trypsin/Lys-C mix because it minimizes the trypsin-derived 

missed cleavages and improves several aspects of the mass spectrometry analysis of complex protein 

mixtures, including enhancing the identification of peptides and proteins (Savelien et al., 2013). 

Following that, we enriched the DiGly-conjugated peptides using the anti-DiGly conjugated magnetic 

beads and then we sent them for label-free DDA-MS/MS, using the Orbitrap Fusion mass-

spectrometer. At 1% False Discovery Rate (FDR), we identified 4384 unique peptides, of which 2209 

contained the DiGly remnant (Fig. 13C). These 4384 peptides correspond to 1240 different proteins, 

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

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 of L. mexicana promastigotes. 

Next, we were interested to test whether the newly acquired TimsTOF HT mass-spectrometer 

outperforms the Orbitrap Fusion in identifying DiGly-conjugated Leishmania peptides. At the same 

time, we were also interested in whether DIA mode improves protein coverage over DDA mode, as 

proved previously in human cells (Hansen et al., 2021; Steger et al., 2021). Thus, we ran an MG-132-

treated and a DMSO-treated DiGly-enriched sample using either DDA or DIA workflows established on 

the TimsTOF HT. 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 DiGly-remnant. Therefore, we firstly analysed the DiGly-enriched raw-data 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 that identified respectively from the WT sample 6714 and 7175 ubiquitination 

sites and from the MG132-treated sample 10880 and 8210 ubiquitination sites (Fig. 13D).  Secondly, 

to process the DIA raw data, we used DIA-NN. Due to the lack of a spectral library for DiGly-modified 

peptides, we used DIA-NN in a library-free mode. Overall, DIA-NN classified as ubiquitinated peptides 

5826 for the WT sample and 6740 for the MG132 control (Fig. 13D). At this point is worth mentioning 

that we set the FDR of all the analyses at 1%. Nevertheless, under the tested conditions, DDA and not 

DIA performed better at the identification of ubiquitinated peptides for both MG132-treated and WT 

samples, with FragPipe software giving the deepest coverage. Despite the data acquisition mode, the 

overall performance of TimsTOF HT mass-spectrometer for identifying ubiquitination sites in MG-132-
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treated samples is around twenty times better than the previously used Orbitrap Fusion mass-

spectrometer (Fig. 13E). Thus, we decided to proceed with DDA TimsTOF HT as mass-spectrometer 

and acquisition mode, and FragPipe as database search engine for identifying peptides with a DiGly-

remnant from L. mexicana promastigotes. Even if the use of the proteasome inhibitor MG132 

increased the number of ubiquitinated proteins, we decided to not use it for reasons explained in the 

discussion.  

 

Figure 13: Continuation of the optimizations for the ubiquitinomics workflow. A. Schematic of the 
experimental ubiquitinomics workflow. Parenthesis around MG132-treated promastigote cells 
indicates that this step can be excluded if desired. B. Coomassie staining of gel containing Leishmania 
promastigote protein sample pre- (proteins) and post- (peptides) trypsin/ Lys-C digestion. C. 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 MG132-treated sample and a single DMSO-
treated (WT) sample, of which half of each was loaded for DDA- and DIA-MS/MS, using the TimsTOF 
HT mass-spectrometer. Raw data were searched with Mascot, PEAKS11 and FragPipe for DDA and 
with DIA-NN for DIA (1% FDR). E. Comparison of the two mass-spectrometers TimsTOF HT and Orbitrap 
Fusion in terms of coverage of Leishmania ubiquitinated proteins. Data of the MG132-treated samples 



91 

 

from A. and D. were compared. For the case of TimsTOF HT, data analysed by FragPipe ς DDA were 
the best and therefore used for this analysis. 

 

4.2.2 Generation of DUB2-HA FLOX+/+ Leishmania Promastigote Cell Line   
The primary aim of the research described in this chapter was to identify changes in the total 

ubiquitinome and proteome of the Leishmania promastigotes in response to DUB2 deletion. However, 

DUB2 is an essential gene required for the survivability of the Leishmania promastigote cells.  Thus, 

the only available way to study the cellular function of such gene is through the use of an inducible 

diCre system. For the purposes of this study, we decided to generate inducible DUB2 knockouts (iKO) 

using a modified approach inspired by the rapamycin-DiCre-based inducible CRISPR-Cas9 system 

developed by Yagoubat et al. (2019). Briefly, we decided to replace the endogenous DUB2 gene with 

a LoxP-flanked DUB2HA C-terminally tag construct, which we generated via Gibson assembly (Fig. 

14!ύΦ CǳǊǘƘŜǊƳƻǊŜΣ ŘƻǿƴǎǘǊŜŀƳ ƻŦ ǘƘŜ оΩ [ƻȄt ǎƛǘŜ ƛǎ ŀ ǇǳǊƻƳȅŎƛƴ ǊŜǎƛǎǘŀƴŎŜ ƎŜƴŜ ŦƻǊ ǎŜƭŜŎǘƛƻƴΦ Lƴ 

both approaches, insertions were achieved using homologous recombination via the CRISPR-Cas9 

system.  

To ensure maximum depletion of DUB2 from the promastigotes, we first needed to select for 

homozygous mutants having both of their DUB2 alleles replaced with the floxed versions. Thus, we 

performed cloning followed by PCR validations. Overall, 78% of the clones had both of their alleles 

successfully replaced (Fig. 14B (I-III)). We showed via western blotting that four of these homozygous 

mutants expressed HA-tagged DUB2 proteins (Fig.14C) 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 growth-rate of two homozygous 

mutants treated either with DMSO or rapamycin for six days, we found out that clone A had a 

profound defect in its growth after four days of incubation with rapamycin (Fig. 14D (I)). In addition, 

there was a small delay in the growth rate of DMSO-treated clone A compared to the parental T7DiCre 

control (Fig. 14D (II)). Nevertheless, these results suggested that DUB2 excision was successful.  

Indeed, we confirmed both at the genomic and protein level that the DUB2 gene and DUB2 protein 

was successfully excised (>2 days; Fig. 14E (I-II)) and degraded (> 4 days; Fig. 14F) respectively. Based 

on these results, we concluded that we have generated a functional inducible DUB2-HAFLOX+/+ cell line, 

which responded efficiently to rapamycin. 

Next, we investigated whether the use of the proteasome inhibitor MG132 prevents the degradation 

of DUB2 after four and five days of rapamycin incubation. At both time-points the DUB2 protein levels 

of rapamycin-treated samples were reduced compared to the DMSO-treated controls, regardless of 

whether they have been treated with the MG132 inhibitor (Fig. 14G). 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 MG132. Thus, the use 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 of Leishmania promastigotes upon deletion of DUB2. To do that, we 

quantified and compared the intensities of ubiquitinomes observed on a western blot probed with the 

anti-ubiquitin FK2 antibody. A 96h rapamycin treatment of DUB2FLOX+/+ promastigotes increased the 

intensity of the ubiquitinome profile by ~1.5 fold-change (n=1; Fig. 14G). Data were normalized against 

the intensity of the house keeping protein oligopeptidase-B (OPB). Thus, it is expected in the 

downstream ubiquitinomics experiment to observe higher number of identified ubiquitinated 
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proteins in rapamycin-treated samples, where DUB2 is knocked out. However, this preliminary 

conclusion has the caveat of being conducted once.  

To summarize, we successfully created a homozygous DUB2FLOX+/+ promastigote cell line that responds 

to rapamycin, with four days of incubation being the optimal time-point for the DUB2-KO 

ubiquitinomics.  
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Figure 14: Generation of T7Cas9 DUB2-HA Flox+/+ L. mexicana promastigote cell line. A. Schematic of how the 
inducible DUB2 cell line was generated and how the rapamycin (RAP) - induced excision of DUB2 is achieved. B. 
Diagnostic PCR for identifying homozygote clones carrying the LoxP-DUB2-HA-LoxP-PUR cassette. B (I) Schematic 
of the PCR design and the expected DNA sizes with or without the DNA cassette. B (II) 17 clones were tested via 
this PCR and amplicons were run on a 1% Agarose gel. B (III) The parental T7DiCre cell line was used as control.  
C. Selected clones and cell populations were tested for expression of DUB2::HA via western blot. 1:5,000 of -hHA 
rabbit and 1:5,000 h-Rabbit (Promega) were used as primary and secondary antibodies. As a loading control, OPB 
was used. Membrane was stripped off and re-ǇǊƻōŜŘ ǿƛǘƘ ǘƘŜ ǇǊƛƳŀǊȅ ʰ-LmjOPB (sheep) antibody (1:20,000; 
aǳƴŘŀȅ Ŝǘ ŀƭΦΣ нлммύ ŀƴŘ ǎŜǉǳŜƴǘƛŀƭƭȅ ǿƛǘƘ ǘƘŜ ǎŜŎƻƴŘŀǊȅ ŀƴǘƛōƻŘȅ 9ŀǎȅ.ƭƻǘ ʰ-sheep IgG (HRP) antibody (1:5,000; 
GeneTex).  D. Growth curve of inducible DiCre DUB2::HA promastigote cell line in response to DMSO and 
rapamycin (RAP). D (I) Triplicates of clone A (CLA) and clone H (CLH) were incubated for 6 days in either DMSO or 
RAP (300 nM), at a starting concentration of 1 x 105 cells mL-1. At day 2, cells were re-seeded in fresh media at 
concentration of 1 x 105 cells mL-1and 300 nM of RAP and DMSO were re-added. D (II). At the same time the 
parental cell line was used as control (n=3). In this case, both clone A and parental cell line were grown for 11 
days, and cells were re-seeded at day 2 and 6 as described in D (I). E. Investigation of whether DUB2 gene is 
excised in response to rapamycin using PCR. E (I) Schematic of the designed PCR, which also indicates the 
expected sizes of the DNA amplicons per treatment. E (II) PCR analysis and run of DNA amplicons on 1% agarose 
gel of samples derived from clone A, clone H, parental cell line T7DiCre and the positive BDF5FLOX+/- control.  DNA 
derived from promastigote cells at the indicated time points (e.g. D2 = DMSO-treated for 2 days). Only reagents 
were used as negative control (-ve). F. Time-course of DUB2 protein levels in the presence of RAP or DMSO, using 
ǿŜǎǘŜǊƴ ōƭƻǘΦ CƻǊ ǇǊƻōƛƴƎΣ ǘƘŜ ǇǊƛƳŀǊȅ ʰ-I! Ǌŀōōƛǘ ŀƴǘƛōƻŘȅ όмΥрΣлллύ ŀƴŘ ǎŜŎƻƴŘŀǊȅ ʰ-rabbit donkey Dylight650 
(1:5,000) were used.  OPB was used as loading control and it was detectŜŘ ǳǎƛƴƎ ǘƘŜ ʰ-LmjOPB antibody as a 
ǇǊƛƳŀǊȅ όмΥнлΣлллύ ŀƴŘ ǘƘŜ ʰ-sheep donkey Dylight488 (1:5,000) antibody as a secondary. G. To test whether 
MG132 proteasome inhibitor prevents degradation of DUB2 after 4 and 5 days of DMSO/RAP treatment, DUB2 
protein levels were investigated via western bot. The probing conditions used for both DUB2::HA and the loading 
control OPB were identical with F. Changes in the total ubiquitinome were also investigated by re-probing the 
ǎŀƳŜ ƳŜƳōǊŀƴŜ ǿƛǘƘ ǘƘŜ ǇǊƛƳŀǊȅ ʰ-ǳōƛǉǳƛǘƛƴ ƳƻǳǎŜ ŀƴǘƛōƻŘȅ CYн όмΥрΣлллύ ŀƴŘ ǘƘŜ ǎŜŎƻƴŘŀǊȅ ʰ-mouse HRP rat 
antibody (1:5,000; Promega). 
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4.2.3 Identification of Changes in the Total Ubiquitinome of Leishmania Promastigotes upon 

Inducible Deletion of DUB2 
So far, we have developed an optimized label-free quantitative mass-spectrometry workflow for 

investigating ubiquitinated proteins in L. mexicana promastigotes and we have generated an inducible 

DUB2FLOX+/+ cell line, with four days of rapamycin incubation being the optimal incubation period for 

depleting DUB2 protein levels. Combining the two, we are going to investigate changes in the total 

ubiquitinome and proteome of Leishmania promastigotes in the presence and absence of DUB2. 

Overall, we treated Leishmania 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 106 cells mL-1. We then harvested 1.5 x 109 cells per replicate and lysed them in 5% SDS 

buffer. Upon alkylation and reduction of proteins, we desalted the proteins using Strap columns. 

Sequentially, we performed trypsinisation and isolated 100 ˃ g of peptides per sample for investigating 

alterations in the total proteome in response to inducible deletion of DUB2. The rest of the peptides 

underwent DiGly-enrichment and were sent for DDA-MS/MS using timsTOF HT in order to identify and 

quantify ubiquitinated peptides in each sample (Fig. 15A). For performing statistical tests, we used the 

Rstudio package DEP, which stands for Differential Enrichment analysis of Proteomics data.  

Across all six DiGly-enriched samples, we identified 12026 distinct peptides, of which 7771 were 

ubiquitinated (Fig. 15B).  These ubiquitinated peptides consist the ~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. 15C). Inclusion 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 two treated conditions 

(Hansen et al., 2021). By doing that, we ended up with 5918 DiGly peptides in total, with the exact 

remained numbers per sample spanning from 4454 (D_1) to 5304 (R_1; Fig. 15D). 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 condition (Fig. 15E). 

Sequentially, we applied variance stabilizing transformation to correct the background and normalize 

the data and we found that it had no effect in the data distribution across the samples (Fig. 15F). 

Moreover, there is no variance-mean dependence across the data and this was depicted as horizontal 

red line, of which red line represents the running median estimator (Fig. 15G).  
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Figure 15: Insights into the ubiquitinomics data in response to the DUB2 KO. A. Schematic of the 
ubiquitinomics and proteomics workflow, using the inducible deletion DUB2Flox+/+ promastigote cell 
line. Biological triplicates were used per DMSO and rapamycin (RAP) treatment. B. Number of 
identified DiGly and non-DiGly peptides per sample. R= rapamycin; D= DMSO. C. Number of DiGly 
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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 samples containing 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 dataset. D. Number of DiGly 
peptides remained per sample after applying the following threshold: peptides that were detected in 
at least two out of three replicates in at least one of the two treated conditions were kept for 
downstream analysis. E. 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_thr1 respectively. G. 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 mean. The red line depicts the running median estimator.  

5ŜǎǇƛǘŜ ǘƘŜ άŎƭŜŀƴƛƴƎέ ƻŦ ǘƘŜ ŘŀǘŀΣ ǘƘŜǊŜ ǿŜǊŜ ƭƻǘǎ ƻŦ ƳƛǎǎƛƴƎ ǾŀƭǳŜǎ όFig. 16A). Thus, imputation was 

needed. At this point is worth 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 conditions. This could be 

due to technical limitations such as in the case of the semi-stochastic 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 biological significance.  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 heatmap of Fig. 16A, some missing values are only present in rapamycin-treated 

samples making them possible MNAR missing values. However, some others are observed randomly 

ŀŎǊƻǎǎ ōƻǘƘ ǘǊŜŀǘƳŜƴǘǎΣ ŎŀǘŜƎƻǊƛǎƛƴƎ ǘƘŜƳ ŀǎ ǇƻǎǎƛōƭŜ άa!wέ ƳƛǎǎƛƴƎ ǾŀƭǳŜǎΦ  

Despite the first observations from the heatmap, further analyses are required to understand better 

the nature of these missing values. Firstly, we checked the densities and the cumulative fractions of 

the peptides with and without missing values. Missing values are primarily from peptides with lower 

intensity, suggesting that these missing values should be treated as MNAR and a left-censored-

imputation method should be applied (Fig. 16B&C). Nevertheless, DEP package allows you to test 

different imputation approaches at the same time, including MAR-centric, MNAR-centric or even 

combined (Fig. 16D). The imputation method of missing values that outperformed the rest by scoring 

the highest number of limma-derived significant hits was the one using random minimal draws derived 

from the left end of Gaussian distribution (labelled as manual imputation; Fig. 16E). 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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Figure 16: Exploration and imputation of missing values. A. 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 indicates missing value (no quantifiable value) and black box indicates quantified value. B. 
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Intensity distributions (=density) of proteins with and without missing values. Y-axis indicates the 
άŘŜƴǎƛǘȅ ƻŦ ǇǊƻōŀōƛƭƛǘȅέΣ ƳŜŀƴƛƴƎ ǘƘŜ ŎƘŀƴŎŜ ƻŦ ƻōǘŀƛƴƛƴƎ ·-axis-related values. C. Cumulative fraction 
of proteins with and without missing values. Y-axis indicates the probability 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 imputation. E. 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 DMSO- and RAP-treated samples are well-

separated in two different clusters (Fig. 17A). 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 DMSO-treated samples, including D1, have a 

strong and positive correlation (Fig. 17B). 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 variance across 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 protein-wise linear models and empirical Bayes statistics. 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<0.05, Fig. 17C). Due 

to the application of a statistical significance threshold at a p- value less than 0.05, we decided to 

exclude a fold change threshold in all statistical analysis in this chapter (Elu et al., 2022). Nevertheless, 

all these significant ubiquitinated peptides were solely enriched in replicates per condition, supporting 

the robustness of our conclusions (Fig. 17D).  

From these significant proteins, we are interested in the 113 ubiquitinated proteins that are 

significantly upregulated in the absence of DUB2. The reasoning behind this is that 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, compared to the DMSO-treated 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 proteins in Table 4 and we highlighted known proteins that 

are ubiquitinated (e.g. root hair defective 3; RDH3) and/or are part of the ubiquitin-proteasome 

pathway (e.g. proteasomal BETA6 protein). Nevertheless, the top three upregulated ubiquitinated 

proteins are: the serine-threonine kinase receptor-associated protein (STRAP; LmxM.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 (AA19; LmxM.07.1160; Log2FC= -

4.55).   

To get insights into 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<0.05; Fig. 17E-G). Through this analysis, we revealed that these proteins are 

involved in diverse biological processes, with most of them being involved in cellular localization and 

transporting (GO: 0051179 & GO: 0006810; proteins=17), but also in cell projection organisation (GO: 

0030030; proteins =4; Fig. 17E).  Furthermore, cellular compartment analysis revealed that most of 

the hits are localized at the posterior of the cell, such as in the cell projection (GO: 0042995, 

proteins=26), with a particular contribution to the cytoskeleton of the cell (GO: 0005856; protein =14; 

Fig. 17F). Finally, in regards to the molecular function of the hits, the analysis suggested that 
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transporter activity (GO: 0005215) and nucleoside-triphosphatase activity (GO: 0017111) are the top 

two, with seven and six proteins being involved in each function respectively (Fig. 17G). 

 

Figure 17: Exploration of the significantly different ubiquitinated peptides between DUB2-depleted 
and wild-type samples. A. 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) and blue for 
RAP (R). B. PCC matrix, of which dark red indicates very strong and positive correlation (PCC=1) and 
light red means no correlation (PCC=0). C. Volcano plot depicting the significantly different 
ubiquitinated peptides in black, while in grey are the non-significant hits.  On the right site are the 
ones upregulated in the DMSO samples, while on the left site are the ones upregulated in the RAP 
samples. D. Heatmap of all significant ubiquitinated peptides (rows) per sample (column). Red 
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indicates significant ubiquitinated peptide upregulation while blue significant downregulation. Gene 
Ontology analyses of significantly upregulated ubiquitinated proteins in response to RAP-induced 
DUB2 depletion. The top 10 GO terms, with the highest number of proteins are presented in E. for 
biological processes, F. for cellular component and G. for molecular function.  

Table 4: Significantly upregulated ubiquitinated peptides in DUB2 depleted samples. For each 
significantly upregulated ubiquitinated peptide derived from the DUB2 depleted samples, the 
following information were listed: Gene ID, product description, which was taken from TriTrypDB, the 
amino acid sequence of the ubiquitinated (DiGly) peptide, the Log2Fold Change (Log2FC) between 
DMSO-treated and rapamycin-treated samples and whether the particular protein or its homologues 
in other organisms was previously reported as ubiquitinated. In the DiGly peptide column, the lysine 
ǊŜǎƛŘǳŜǎΣ ǿƘŜǊŜ ǳōƛǉǳƛǘƛƴŀǘƛƻƴ ƻŎŎǳǊǎ ǿƛǘƘ ŀ Ƴŀǎǎ ǎƘƛŦǘ ƻŦ ммпΦлпно 5ŀΣ ǿŜǊŜ ǊŜǇǊŜǎŜƴǘŜŘ ŀǎ άYέΦ 
Other PTMs were also included: oxidation of methionine = M [15.9949]; phosphorylated serine = S 
[79.9663]; phosphorylated threonine = T [79.9663] and alkylated thiol groups of protein cysteines = C 
[45.9877]. 

Gene ID Product Description DiGly Peptide 
Log2FC 

Ub. In 
Literature 

LmxM.27.1250 serine-threonine kinase receptor-
associated protein, putative 

VAPAAPAADNGVADITKVK 
-5.23   

LmxM.34.3240 hypothetical protein, conserved SVAIADVQAQLSQKK -4.68   

LmxM.30.2810 KH domain/Domain of unknown 
function (DUF1771)/Smr domain 

containing protein, putative 

VPGLSEGVLSKPEDGDKAPTKLK 
-4.55 

  

LmxM.07.1160 amino acid transporter 19, putative QDDNPELTKKPHAGAEDTNTGEAL
DEEDAEEVPRK 

-4.50   

LmxM.15.0590 hypothetical protein, conserved HEAYVNPEHNPELYSTLYKK -4.09   

LmxM.34.3890 calmodulin-like protein AAGLNPSEEKIK -3.85   

LmxM.08_29.16
40 

ABC transporter domain protein, 
putative 

LESYTKYLAAK 
-3.78   

LmxM.31.0370 root hair defective 3 GTP-binding 
protein (RHD3), putative 

VQELKTFR 
-3.76 Sun et al., 2020 

LmxM.13.1530 phospholipid-transporting ATPase 
1-like protein 

ILPGKLSK 
-3.67   

LmxM.09.1490 cytochrome b5-like protein, 
putative 

YYIGDVHPDDADKVK 
-3.47   

LmxM.32.1110 hypothetical protein, conserved SSADPATAPVAEVTQLPHAKK -3.41   

LmxM.33.2420 glycosyltransferase-like protein NPDGTFKSPGSGVAPWHETYR -3.26   

LmxM.36.5010 40S ribosomal protein SA, putative GIKS[79.9663]IGMM[15.9949]YW
LLAR -3.18 

Blazejewski et 
al., 2022 

LmxM.26.2120 hypothetical protein, conserved EPPSPPPPLPTAAHKR -3.18   

LmxM.19.1010 WD domain, G-beta repeat, 
putative 

SAAASKISDPSQITAPDGAGTK 
-3.17   

LmxM.34.4180 bardet-biedl syndrome 1 protein KLESLLDSGVQTSSR -3.16   

LmxM.08_29.05
00 

Ca2+-ATPase N terminal 
autoinhibitory domain containing 

protein, putative 

SLSQLKALSSIAR 
-3.15 

  

LmxM.08.0070 Putative zinc finger motif, C2HC5-
type/ASCH domain containing 

protein, putative 

DGAVTEAGAEDEEPHDADESVVPT
GAEPLPSLLQKIWYSPDGTR -3.11 

  

LmxM.31.2030 Ras-related protein RAB2B, putative LISIQGKSVK 
-3.08 

Zhang et al., 
2021 

LmxM.27.1750 dynein heavy chain, putative GDSM[15.9949]WQNSHSSLKLPEG
ALAK -2.94 Lee et al., 2008 
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LmxM.30.1180 hypothetical protein, unknown 
function 

GKSYLIPK 
-2.93   

LmxM.26.2120 hypothetical protein, conserved YGKGLDPAAAVAANR -2.92   

LmxM.25.0080 poly(A)-binding protein, putative LDTAVNAKELQAAFTK -2.90 Li et al., 2021 

LmxM.08_29.06
20 

ABC transporter, putative AISDDDELHSASFANGS[79.9663]L
KM[15.9949]NGK -2.89 

  

LmxM.25.0280 hypothetical protein, conserved M[15.9949]EVVQVSQEKEQLR -2.89   

LmxM.16.0970 hypothetical protein, conserved DAVAELQHLPKPPPPLLEPAAQR -2.86   
LmxM.23.0547 hypothetical protein, conserved DKVVAGSAASAALR -2.85   

LmxM.08_29.11
60 

tryparedoxin 1, putative LQKQNEM[15.9949]VDM[15.994
9]SSLSGK -2.82 

  

LmxM.13.1620 squalene monooxygenase-like 
protein 

ILVDYNKPTLPSLEKQSEWLIQDVAP
R -2.80 

Foresti et al., 
2013 

LmxM.23.1020 hypothetical protein, unknown 
function 

DVEETDDAAKDVEAADDAAKDVEA
ADGEAK -2.80 

  

LmxM.25.1430 Putative intraflagellar transport 
protein A1 

EDAM[15.9949]LEEQETKLK 
-2.78   

LmxM.27.0970 ABC transporter, putative LLAAVDLEDKAHYM[15.9949]SK -2.76   

LmxM.36.6650 2,3-bisphosphoglycerate-
independentphosphoglyce ra 

temutase 

IDDEHETFKEVPSDR 
-2.74 

  

LmxM.10.0400 pteridine transporter ft5, putative DLKQDATAATPQQKPATNVGLQS[
79.9663]PVDEK -2.73 

  

LmxM.29.2740 TPR domain protein, conserved AKATGLSAGGGM[15.9949]GGFPE
MGGMPDMGQFANMMS[79.9663

]NPQFM[15.9949]ETAQR 
-2.73 

  

LmxM.29.0490 hypothetical protein, conserved TEDIIVWKR -2.70   

LmxM.34.2110 hypothetical protein, conserved AAATAQEALEEAQKYR -2.69   

LmxM.32.0400 serine peptidase, putative EALLSGKPLTDAAKASGDSFNR -2.68   

LmxM.33.1050 TPR repeat/SET domain containing 
protein, putative 

DIEASKQESSDAANSPATM[15.994
9]AK -2.67 

  

LmxM.33.3760 actin-like protein, putative VLPYQGGTGGGTSAAGKGSSPTAV
KEAPVR -2.65 

  

LmxM.08_29.06
50 

phosphate transporter, putative DLSFFKSR 
-2.63   

LmxM.08_29.14
90 

asparagine synthase, putative LVNAAATTTPELASPKK 
-2.62   

LmxM.29.0380 phosphatase 2C, putative GGKM[15.9949]IFATEDHKPYIPEE
TER -2.61 

  

LmxM.31.2120 hypothetical protein, conserved GGGWLSSM[15.9949]LDKGVNAA
SGLFLEPR -2.59 

  

LmxM.23.0630 exocyst complex component Sec10, 
putative 

FYTTVISTAAPASAKK 
-2.58   

LmxM.36.5150 kinesin-D LADEVKDLQVEK -2.55   

LmxM.16.0930 Snf7, putative KYELVASLEHEK -2.55   

LmxM.09.0100 flagellar pocket cytoskeletal protein 
bilbo1 

ETKLM[15.9949]SEASSYLGNM[15
.9949]R -2.54 
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LmxM.25.2020 hypothetical protein, conserved FGAGAVKQLSADGYNVILEGR -2.47   

LmxM.32.1750 macrophage migration inhibitory 
factor-like protein 

VESWGEYPPSKPKM[15.9949]M[1
5.9949]TPR -2.46 

  

LmxM.27.1750 dynein heavy chain, putative VFGSTDVLTEKVTAHAR -2.40   

LmxM.08.0070 
 

VQQSYFEDDVEVFAEETVEAEKTK -2.39   

LmxM.36.1390 hypothetical protein, conserved NLLFLSKEAEDK -2.39   

LmxM.04.0680 ubiquitin-conjugating enzyme E2, 
putative 

LELFLPEEYPM[15.9949]KPPK 
-2.37 

McKenna et al., 
2001; Burge et 

al., 2020 

LmxM.10.0400 pteridine transporter ft5, putative SAVSHEVALDAAQPDDS[79.9663]
EENT[79.9663]SSLEAAGVVTKDLQ

AEK 
-2.36 

  

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

PSLIDPPYHALLLEGVNPAAKELLESK 
-2.34 

Wang et al., 
2020 

LmxM.32.2440 KH-associated protein 1 VVASQESM[15.9949]VKR -2.33   

LmxM.19.1150 hypothetical protein, conserved TPLITAKELAELR 
-2.30 

  

LmxM.08_29.07
80 

U-box domain protein, putative LLSEIPPLRPKR 
-2.28   

LmxM.05.0350 trypanothione reductase NDAVLVDAYSKTSM[15.9949]DNI
YAIGDVTSR -2.23 

  

LmxM.08_29.21
60 

rab-GDP dissociation inhibitor, 
putative 

NAYYGGESASLNLEQLYQKFNK 
-2.21   

LmxM.27.1210 translation initiation factor eIF2B 
delta subunit, putative 

ILDVIEAELKM[15.9949]SFK 
-2.21   

LmxM.27.0480 Nucleolar protein 60, putative SKPFM[15.9949]SSPVLR -2.20   

LmxM.10.0400 pteridine transporter ft5, putative SAVSHEVALDAAQPDDS[79.9663]
EENTS[79.9663]SLEAAGVVT[79.9

663]KDLQAEK 
-2.19 

  

LmxM.16.0080 Galactose oxidase, central 
domain/Domain of unknown 
function (DUF4110), putative 

EREEAKFFR 
-2.17 

  

LmxM.36.5140 VHS domain containing protein, 
putative 

VQLSLIEEIKDKALR 
-2.17   

LmxM.22.0730 cytoskeleton associated protein, 
putative 

EEEELKELK 
-2.16   

LmxM.23.1300 lathosterol oxidase-like protein AGDPKYVDPVYASYHEEK 
-2.14 

Jaenicke et al., 
2011 

LmxM.08.0470 small ubiquitin protein, putative AEAAAAVSAQQISLKVVNADGAEM
[15.9949]FFK -2.14 

Lecona et al., 
2016; Pfeiffer et 

al., 2017 

LmxM.23.1020 hypothetical protein, unknown 
function 

DVEAADGEAKC[45.9877]AEAVD
MEEK -2.13 

  

LmxM.34.2810 hypothetical protein, conserved M[15.9949]FVHPSLRPTEQLGTTTA
STKGQNTNGSR -2.13 

  

LmxM.36.1340 N-acetyltransferase subunit Nat1, 
putative 

QEEGYESIKQAILLNPK 
-2.12   

LmxM.08.0090 adaptor complex protein (AP) 3 
delta subunit 1, putative 

HIADTKNEVNVADPR 
-2.09   

LmxM.16.1420 hypothetical protein, conserved TGGSVGSKAFLPR -2.08   

LmxM.20.0690 hypothetical protein, conserved LIAETAAYETVKNSFIR -2.05   
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LmxM.28.1990 Leucine-rich repeat protein 1, 
putative 

NVDEDIDVLTDELQDTPGDAHTTKIL
K -1.97 

  

LmxM.27.0680 amino acid permease, putative KLESS[79.9663]SLT[79.9663]DDG
ESAAK -1.97 

Soetens et al., 
2001 

LmxM.10.0510 glycerol-3-phosphate 
dehydrogenase [NAD+], 

glycosomal/mitochondrial 

GFFQKSGGNLIAYAK 
-1.96 

  

LmxM.31.0250 hypothetical protein, conserved VAVGHGPGSSQLDVPSSKR -1.95   

LmxM.09.0220 hypothetical protein, conserved GKLSIPTDAEGSQVFDRR -1.94   

LmxM.08_29.21
60 

rab-GDP dissociation inhibitor, 
putative 

NAYYGGESASLNLEQLYQKFNK 
-1.91   

LmxM.14.0490 Amastin surface glycoprotein, 
putative 

M[15.9949]KSLVAEQK 
-1.90   

LmxM.30.2020 succinyl-diaminopimelate 
desuccinylase-like protein 

ILEADPPYGAKVTFK 
-1.88   

LmxM.36.1580 hypothetical protein, conserved M[15.9949]PHPSADALLAPPSVQE
WVKLQEQALTR -1.86 

  

LmxM.33.0480 ion transporter, putative FLDPYTNGASTAKNDM[15.9949]Y
NSAAALR -1.86 

  

LmxM.27.0790 MatE, putative RPTSISLDASPAASAIKK -1.85   

LmxM.28.2250 glycosomal membrane protein-like 
protein 

ENLLGKNFDAAHLR 
-1.83   

LmxM.24.2180 Trypanosome basal body 
component protein 

EKDGTIAALR 
-1.82   

LmxM.34.1760 proteasome complex subunit 
Rpn13 ubiquitin receptor, putative 

TTVNLEDFKKILASVSK 
-1.81 

Besche et al., 
2014 

LmxM.29.1790 DNAJ domain protein, putative ESVAAVTGASNGTEVEGKK -1.80   

LmxM.33.0350 eukaryotic translation initiation 
factor 5, putative 

VAPIVSWLGM[15.9949]DAKADA 
-1.80   

LmxM.36.4320 hypothetical protein, conserved VSLYSDEVGHNYEVDM[15.9949]K
LEDAFTGR -1.80 

  

LmxM.10.0400 pteridine transporter ft5, putative DLQAEKKLV -1.71   

LmxM.27.1710 eukaryotic translation release 
factor, putative 

GM[15.9949]GTSVISVYM[15.994
9]TPKEQIAGM[15.9949]VAK -1.71 

  

LmxM.03.0890 NLI interacting factor-like 
phosphatase, putative 

DGQGSGDGAVEVEPQNSLKASDDD
AGGTLEER -1.67 

  

LmxM.30.2170 ARM-like helical domain-containing 
protein 

LLNKNILSNEPVDLLSM[15.9949]LP
EAR -1.56 

  

LmxM.10.1150 Cilia- and flagella-associated 
protein 45, putative 

M[15.9949]AEYIKQK 
-1.53   

LmxM.27.1980 FtsJ cell division protein, putative YVFNDDDDLPDWFVKDEQR -1.53   

LmxM.17.0910 acyltransferase, putative FAEKELLLSR -1.51   

LmxM.26.1890 hypothetical protein, conserved FLGKLLESHR -1.47   

LmxM.13.0450 ALBA-domain protein 1 NQGVVEVKK -1.40   

LmxM.08.0470 
 

VVNADGAEM[15.9949]FFKIK -1.40   

LmxM.30.0440 cytoskeleton-associated protein 
CAP5.5, putative 

APSAKAISDT[79.9663]VS[79.9663
]AEEEPK -1.38 

  

LmxM.10.1290 Beta-1,2 mannoside phosphorylase DEFTAVPELSWELEDPYIQNVKR -1.36   

LmxM.24.0140 ankyrin/TPR repeat protein LDPTNKDLQQVK -1.33   
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LmxM.09.1020 LEM3 (ligand-effect modulator 3) 
family / CDC50 family, putative 

KLIPDFVHEYGR 
-1.32   

LmxM.31.0330 hypothetical protein, unknown 
function 

SSQALATPTSGEEGTWLETPLFLKTT
R -1.30 

  

LmxM.31.1330 PPPDE putative peptidase domain 
containing protein, putative 

ITTKEVPSR 
-1.27   

LmxM.18.1100 Ankyrin repeats (3 copies), putative SVAEFAAHM[15.9949]KQK -1.24   

LmxM.33.3430 cleavage and polyadenylation 
specificity factor, putative 

DVDYDAPEVQKLK 
-1.24 

Lee et al., 2020; 
Liu et al., 2022 

LmxM.36.3210 14-3-3 protein 1, putative LPDDLAELIYM[15.9949]AKLAEEA
ER -1.17 Sato et al., 2011 

LmxM.09.0640 hypothetical protein, conserved M[15.9949]LTEDLKGLYDR -1.17   
LmxM.06.0140 proteasome beta 6 subunit, 

putative 
VQLQQM[15.9949]LKYR 

-1.04   

LmxM.36.0260 xylulokinase, putative HEPEIFAKVDK -1.01   

LmxM.01.0120 hypothetical protein, conserved AQTAVSKFK -1.01   

LmxM.20.1140 protein transport protein YIF1, 
putative 

NYFAVDNTYVKR 
-1.01   

LmxM.13.1130 Uncharacterised ACR, YagE family 
COG1723, putative 

ETLEVDDNFKAR 
-0.89   

LmxM.06.0240 Present in the outer mitochondrial 
membrane proteome 34 

AAASAAEDDEAAVAKWGQR 
-0.89   

LmxM.36.0460 vacuolar protein sorting-associated 
protein, putative 

AVGQFGKDVQNVLTQHVPLVR 
-0.68 

MacDonald et 
al., 2017 

LmxM.16.1550 Component of motile flagella 6, 
putative 

IAEAKSLQGR 
-0.22   

LmxM.14.0660 fatty acid elongase, putative AAAGESAPATAPAGKK -0.03   

 

 

4.2.4 Identification of Changes in the Total Proteome of Leishmania Promastigotes upon DUB2 

Knockout 
In addition to identifying differences in the total ubiquitinome of the Leishmania promastigotes, we 

were also interested to observe how the total proteome changed in response to deletion of DUB2. As 

described in Fig. 15!Σ ǿŜ ŜȄǘǊŀŎǘŜŘ Ϥмлл ˃Ǝ ƻŦ ǇǊƻǘŜƛƴ ŦǊƻƳ ŜŀŎƘ ǎŀƳǇƭŜ ǇǊƛƻǊ ǘƻ 5ƛDƭȅ ŜƴǊƛŎƘƳŜƴǘ 

and then, upon sample processing, we loaded them for both label-free DDA- and DIA-MS/MS. Usage 

of both acquisition modes ensures a deeper 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 proteins from being 

degraded by the proteasome.  However, the primary reason of performing such experiment is to 

receive information on the stoichiometry (=occupancy) of the unmodified (=non-DiGly) peptides, and 

thus of the overall protein within the sample.  Comparison of such data with the stoichiometry of 

DiGly-modified 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 abundance 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 library using DIA-NN 

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 (Rogers et al., 2011). Overlap 

across the three rapamycin-treated was striking, with only 8 proteins not being present in all three 
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samples. However, in the case of DMSO-treated samples, 258 out of the 6225 identified proteins were 

not quantified in all 3 samples, with sample 3 (D3_DIA) missing 251 of these proteins (Fig. 18A&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 analysis (Fig. 18C&D). Background correction and normalization of the data via 

variance stabilizing transformation did not affect the data distribution across the samples, however 

there is a variance-mean dependency by proteins with smallest intensities (mean<1000; Fig. 18E&F). 

 

Figure 18 DIA-dependent proteomics data in response to deletion of DUB2. A. Proteins identified by 
DIA A. 3 DMSO-treated samples and B. 3 RAP-treated samples identified using TimsTOF HT mass-
spectrometer in DIA mode. C. 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 bar called 3. 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 mean. The 
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red line depicts the running median estimator. F. Data distribution based on protein intensity of 
normalized data (data_norm) and not (data_filt2_thr1). 

 

Nevertheless, some missing values remained across the samples with DMSO-treated sample 3 having 

the highest number (251 missing values; Fig. 19A). After examining the nature of these missing values, 

ǿŜ ŘƛǎŎƻǾŜǊŜŘ ǘƘŀǘ ǘƘŜȅ Ŧŀƭƭ ǳƴŘŜǊ ǘƘŜ ŎŀǘŜƎƻǊȅ ƻŦ άa!wέ ƳƛǎǎƛƴƎ ǾŀƭǳŜǎΦ ¢ƻ ŀŘŘǊŜǎǎ ǘƘƛǎ ƛǎǎǳŜΣ ǿŜ 

determined that the K-nearest 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, limma, Fig. 

19B). Samples per treatment are clustered together (Fig. 19C) and their profiles for the significant 

proteins matching with the rest of the replicates (Fig. 19D). This, combined with the strong and 

positive Pearson correlation coefficient that the replicates have per condition, support that the 

samples per experimental condition are very similar making the analysis robust (Fig. 19E). 

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 DUB2. Thus, it supports the hypothesis that 

these proteins are substrates of DUB2, by which DUB2 prevents their proteasomal degradation (Liu et 

al., 2018). From the 72 downregulated proteins in response to DUB2 knock out, the top 3 hits are:  

ubiquitin carboxyl-terminal hydrolase (DUB2; LmxM.08_29.2300; Log2FC = 2.24); hypothetical protein 

(LmxM.08.0020; Log2FC = 1.28) and nucleoside transporter 1 (LmxM.15.1240; Log2FC = 1.10; Table 5). 

At this point it is worth mentioning that 25 of these significantly downregulated proteins were 

identified as ubiquitinated based on our total L. mexicana promastigote ubiquitinomics dataset (Table 

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

or absence of DUB2. 

Insights into the biological processes of the significantly downregulated proteins in response to the 

knockout of DUB2 revealed that most of these proteins were involved in a DNA-related process such 

as DNA metabolism (GO: 0006259; proteins = 6), DNA repair (GO: 0006281; proteins = 5) and DNA 

replication (GO: 0006260; proteins = 3; Fig. 19F). This is further supported by the cellular component 

analysis, where two out of the six GO Terms are involved at the site of DNA damage (GO: 0090734; 

protein = 1) and site of double-strand break (GO: 0035861; protein = 1; Fig. 19G). Finally, gene 

ontology analysis of these hits in regards of their molecular function indicated that 3 proteins have 

dioxygenase activity (GO: 0051213), while 3 other proteins have a catalytic activity against DNA (GO: 

0140097). The rest 27 GO terms span from deubiquitinase activity (GO: 010100; proteins = 2) to 

protein phosphatase regulatory activity (GO: 0019888; protein = 1; Fig. 19H).  
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Figure 19: Insights into the significantly different proteins identified via DIA-MS/MS.  A. 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 missing value (unique peptides <2) and black box indicates quantified 
ǾŀƭǳŜ όǳƴƛǉǳŜ ǇŜǇǘƛŘŜǎ җнύ B. Volcano plot depicts the significantly different proteins in black, of which 
the ones on the right were upregulated in DMSO-treated samples and the ones on the left were 
upregulated in RAP samples. C. PCA plot of the top 500 variable proteins. Different symbols indicate 
different sample, with red and blue representing DMSO (D) and rapamycin (R) treatments 
respectively. D. Heatmap of all significantly different proteins (rows) in each sample (column). Red = 
upregulation; Blue = downregulation.  E. PPC matrix, of which dark red means very strong and positive 
correlation (PCC=1) and light red means very weak and negative correlation (PCC=-1). F. Top 10 GO 
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terms with the highest number of proteins for biological processes, G. cellular component and H. 
molecular function.  

 

Table 5: Significantly downregulated proteins in response to deletion of DUB2 derived from the DIA 
dataset. For each significantly downregulated proteins (limma; p < 0.05) derived from the DUB2 
depleted samples, the following information were listed: Gene ID, product description, which was 
taken from TriTrypDB, the Log2Fold Change (Log2FC) between DMSO-treated and rapamycin-treated 
samples and whether they are ubiquitinated based on our L. mexicana promastigote ubiquitinomics 
dataset from section 4.3.  

Gene ID Product Description Log2FC Ubiquitinated 

LmxM.08_29.2300 ubiquitin carboxyl-terminal 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 2OG-Fe(II) oxygenase superfamily, putative 0.97  

LmxM.36.3160 tubulin binding cofactor c, putative 0.97  

LmxM.31.3280 hypothetical protein, conserved 0.95  

LmxM.13.1450 EF hand-like protein 0.95  

LmxM.10.0740 hypothetical protein, conserved 0.87  

LmxM.14.0050 hypothetical protein, conserved 0.82  

LmxM.30.0760 hypothetical protein, unknown function 0.81  

LmxM.30.2860 protein kinase, putative 0.80 Yes 

LmxM.28.1830 DNA repair protein-like 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 Nodulin-like, putative 0.70 Yes 

LmxM.16.0770 hypothetical protein, conserved 0.70  

LmxM.23.0010 hypothetical protein, conserved 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 phosphate-Repressible Phosphate Permease-like 
protein 

0.66 
 

LmxM.24.0760 DNA repair and recombination protein RAD54, putative 0.64  

LmxM.29.3110 S-adenosylmethionine 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 protein, conserved 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 rhodanese-like domain containing protein, putative 0.57  

LmxM.33.4600 1,2-Dihydroxy-3-keto-5-methylthiopentene 
dioxygenase, putative 

0.56 
 

LmxM.29.3440 DNA ligase I, putative 0.55  

LmxM.33.3580 hypothetical protein, conserved 0.55  

LmxM.23.1370 mitochondrial carrier protein-like protein 0.53  

LmxM.31.3070 MIZ/SP-RING 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 S-adenosyl-L-methionine-dependent 
methyltransferase, putative 

0.52 
 

LmxM.36.3150 ADP-ribosylation factor GTPase activating protein, 
putative 

0.52 
 

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 SLD5, putative 0.50  

LmxM.34.3540 pre-rRNA-processing protein PNO1, 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 initiation factor 6 (eIF-6), 
putative 

0.47 
Yes 

LmxM.30.0790 c2 domain protein, putative 0.46  

LmxM.32.1895 LisH domain-containing 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 component, putative 0.44 Yes 

LmxM.13.0460 hypothetical protein, conserved 0.43 Yes 

LmxM.18.0480 uracil-DNA-glycosylase, putative 0.43  

LmxM.33.0410 hypothetical protein, conserved 0.42 Yes 

LmxM.15.0770 protein kinase, putative 0.42 Yes 

LmxM.27.1360 hypothetical protein, conserved 0.41  

LmxM.27.1480 cyclic nucleotide-binding domain containing protein, 
putative 

0.41 
 

LmxM.31.1210 pentatricopeptide repeat domain containing protein, 
putative 

0.41 
 

LmxM.24.0620 ubiquitin carboxyl-terminal hydrolase, putative 0.38 Yes 

LmxM.16.0360 hypothetical protein, conserved 0.38  

LmxM.30.2710 phosphatidylinositol-4-phosphate 5-kinase-like 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 ribosome-binding GTPase, putative 0.33  

 
 

We were also interested to investigate whether the mode of data acquisition of mass-spectrometry 

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 & 3 x RAP) that we used for generating DIA data 

on DDA-dependent label-free quantitative mass-spectrometry.  For the de novo search of the DDA 

data, we used FragPipe, where we filtered the peptides at 1% false discovery rate (FDR) and accepted 

proteins that have at least two unique peptides. In total, we identified 5738 proteins that corresponds 

to ~62% of the total Leishmania proteome (Rogers et al., 2011). From the DMSO-treated samples, we 

quantified 5717 proteins, of which the 5402 were present in all three samples, 221 in two samples 

and 94 in just one of the samples (Fig. 20A). For the case of rapamycin-treated samples, we identified 

in total 5720 proteins, of which 5522 were quantified in all three replicates, 125 in just two replicates 

and 73 in only one (Fig. 20B). Comparison of all six samples revealed an overlap of 5342 proteins across 

all six, however 16 proteins were present in just one of the samples (Fig. 20C). 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 conditioning (Fig. 20D&E) and the proteins with 

lower ranked intensity means having overall higher calculated standard deviation compared to the 

rest (Fig. 20F). Nevertheless, normalization and transformation of the data had no impact in the 

sample distribution (Fig. 20G) and missing values were still counted in all the samples (Fig. 20H). 

Downstream investigation revealed that these missing values were MNAR, and the best imputation 

approach was the quantile regression imputation of left-censored data (QRILC) approach, which 

utilizes random draws from truncated distribution generated under quantile regression parameters. 
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Figure 20: Insights into the DDA proteomics data in response to deletion of DUB2. Overlapping 
proteins across A. DMSO-treated samples and B. RAP-treated samples identified using TimsTOF HT 
mass-spectrometer at DIA mode. C. Number of proteins being present in one or more samples. For 
instance, if a protein is present in only one of the six samples, then it will be allocated in bar with 
number 1. No filtering was applied in this dataset. D. Number of proteins remained per sample after 
applying the 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 analysis.  E. Same as C., however 
for proteins meeting the condition mentioned in D. F. 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. The red line depicts the running median estimator. 
G. Data distribution based on protein intensity of normalized data (data_norm) and not 
(data_filt2_thr1). 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 missing value and black box indicates 
quantified value. 

50 out of the 82 differentially expressed proteins were significantly downregulated in response to 

rapamycin-induced deletion of DUB2 (Fig. 21A). Moreover, all the significant proteins have similar 

intensity patterns across their replicates, with replicates clustered together, making the data analysis 

consistent and therefore robust (Fig. 21B). In addition, to investigate whether there is variation across 

the samples, we performed Pearson correlation coefficient and principal component analysis (Fig. 

21C&D). The former approach indicated that the replicates per condition have a strong and positive 

correlation (PCC> 0.98), while the latter approach showed 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 treatment-dependent significant observations.  

The top three hits that were significantly downregulated upon DUB2 knockout are: ubiquitin carboxyl-

terminal hydrolase (DUB2; LmxM.08_29.2300; Log2FC=3.14), hypothetical protein (LmxM.33.2485; 

Log2FC = 2.15) and Tetratricopeptide repeat (TPR) containing protein (LmxM.36.2070; Log2FC = 1.90; 

Table 6). 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 stress (GO: 0006950; proteins = 4) and DNA repair (GO: 0006281; 

proteins = 3; Fig. 21E). Moreover, cellular component analysis performed in TritrypDB indicates that 

these proteins are found in five distinct components: cell tip (GO: 0051286; proteins= 2), pellicle (GO: 

0020039; protein =1), site of DNA damage (GO: 0090734; protein =1), ubiquitin ligase complex (GO: 

0000151; protein = 1) and mitochondrial intermembrane space (GO: 0005758; protein = 1; Fig. 21F). 

In regards of the molecular function, hits are variable, with three proteins having ligase activity (GO: 

0016874) and two proteins having an enzyme regulator activity (GO: 0030234; Fig. 21G). Furthermore, 

from these significantly downregulated proteins, 14 were also identified as ubiquitinated in L. 

mexicana promastigotes, however none of their ubiquitination sites was significantly upregulated in 

response to DUB2 depletion (Table 6). 

Subsequently, we wanted to directly compare the two significantly altered DUB2-KO proteomes 

generated using either DIA or DDA mass-spectrometry 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 AP-2 associated kinase 1 (AAK1) and DNA ligase I (LigI; 

Table 7; Fig. 21H). However, this number does not even cover the 75% of significant downregulated 

hits of the less abundant DDA-derived downregulated proteome. Thus, we utilized both datasets in 

downstream analyses, to increase the possibilities of identifying promising DUB2 substrates.  

 




























































































