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Summary

Human African trypanosomiasis (HAT), also known as sleeping sickness, and animal
trypanosomiasis, also known as Nagana plague, are pathologies caused by single-celled
parasites of the genus Trypanosoma of the family Trypanosomatidae belonging to the class
Kinetoplastea. The species infecting humans are Trypanosoma brucei gambiense (Thg),
responsible for the chronic form of sleeping sickness, which accounts for over 95-97% of
reported cases, and Trypanosoma brucei rhodesiense (Tbr), causing the acute form, which

accounts for only 3-5% of cases.

Despite the introduction of fexinidazole in 2019 and some other promising molecules, there
is an urgent need to develop new therapies for the disease in the hopes of curing it. This is
because the present HAT medications are obsolete, out-of-date, and have significant adverse
effects. The medical crisis remains persistent given the emergence of drug resistance,
administration restrictions that necessitate a parenteral route for severe forms, or the great
difficulty in developing molecules that can cross the blood-brain barrier to treat phase 2,
which is typically lethal and fatal for patient given the emergence of many neurological

symptoms.

The discovery of current drugs used against Human African Trypanosomiasis has been made
possible by using phenotypic screening measuring the effects of molecules on parasite growth
and survival. Although this approach has been successful, the targeted proteins, the

mechanism of action, and often the cause of the side effects remained to be discovered.

To address the question of deconvoluting the active compound’s targets and to support drug
design and lead optimization, scientists started to develop methods to identify cellular targets
and elucidate the mechanism of action of lead compounds. Up to now, many target
identification techniques have been developed and successfully applied. However, some
drawbacks such as the loss of some parts of the proteome or strong background signals have

been reported.

This project aims at developing a novel deconvolution tool able to overcome the limitations
of existing techniques. To achieve this aim, we generate a novel system that combines SNAP-

tag technology and BiolD technology based on the BirA* protein and can integrate and express



the fusion protein within Trypanosoma. SNAP-tag, which is based on a modified version of
human O6-alkylguanine-DNA-alkyltransferase (hAGT), a DNA repair protein with the unique
ability to form a covalent bond with its substrate (benzylguanine (BG)), will add the required
selectivity to the new system. A promising molecule whose target we hope to discover will be
linked to the BG part via a linker: PEG4, which consists of a succession of four ethylene glycol
units. BirA* protein is a mutant version of the Escherichia coli (E. coli) biotin ligase that
generates the highly reactive intermediate biotinoyl-5'-AMP. This modified biotin ligase,
having lost its affinity for the intermediate, promotes its release into the environment,
enabling BirA* to biotinylate any partner in its immediate vicinity in the presence of ATP and
biotin. This functionality will be exploited to enhance sensitivity by biotinylation of putative
therapeutic targets of interest and detection of protein-protein interactions. The resulting
fusion protein will facilitate the capture of small molecule targets in the cytosol and organelles
of the Trypanosoma brucei (T. brucei), thereby surpassing the limitations of the individual

methods.

Various challenges and scientific questions related to the development of the method were
addressed. Indeed, the design of a plasmid allowing homologous recombination and
expression of a polycistronic gene in T. brucei represents the first challenge that was
successfully met. The ability to obtain different stable cell lines correctly integrating the gene
of interest was challenging and difficult but has been successfully achieved. As the
functionality of the system is depending on the three-dimensional arrangement of the
different proteins in the 3D space, various tools have been generated by modifying either the

linker or the nature of the BirA* protein within the fusion protein.

In this project, we were able to alter the properties of BirA* by using its two mutants, TBirA*
and mTBirA*, which belong to TurbolD and miniTurbo systems, both of which are based on
the BiolD system, and then, in a subsequent step, the linker by adjusting either its length or

the nature of the amino acids that compose it.

As a result, BirA* and the linker made of either GGS (Glycine-Serine-Gylcine) or PTP (Proline-
Threonine-Proline) gave the most convincing results, which included the successful isolation
of DHFR-TS, the methotrexate's target that had previously been joined to the BG-PEGs moiety

to form the BG-PEG4-Mtx derivative.
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Expression of the various tools showed no parasitic toxicity. Moreover, adequate
overexpression under induction by the antibiotic tetracycline was successfully achieved.
Parallel to these results, electroporation of parasites increases the chances of detecting the
target of interest captured by western blot. This method, generally used to insert different
plasmids and thus generate genetically modified strains, was exploited to force entry of the
BG-PEG4-Mtx derivative into the parasite in the hope of better observing DHFR-TS. This
experiment improved visualization of the target of interest while simultaneously

demonstrating the non-lethality of electroporation for the parasites.

Summarizing, the following systems composed by BirA* the linker GGS (Glycine-Serine-
Gylcine) and SNAP-tag (cMyc_BirA* GGS_SNAP-tag) or the linker PTP (Proline-Threonine-
Proline) (cMyc_BirA*_PTP_SNAP-tag) have demonstrated the most promising and convincing
results for effectively isolating the targets of control molecules of interest, specifically
bifunctional dihydrofolate reductase-thymidylate synthase (DHFR-TS) and Adenosine kinase

of T. brucei (TbAK), the respective targets of methotrexate and the C1 molecule.

In conclusion, this effort has resulted in a promising target detection and capture technology.
With further advances, a powerful, accurate and targeted system could be generated and
employed in the future to capture and discover potential targets of promising compounds in

T. brucei and in many other parasite species.
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Résumeé

La Trypanosomiase Humaine Africaine (THA), également appelée maladie du sommeil, et la
trypanosomiase animale, également appelée peste de Nagana, sont des pathologies causées
par des parasites unicellulaires du genre Trypanosoma de la famille des Trypanosomatidae
appartenant a la classe des Kinetoplastea. Les espéces infectant I'homme sont Trypanosoma
brucei gambiense (Thg), responsable de la forme chronique de la maladie du sommeil, qui
représente plus de 95 a 97 % des cas signalés, et Trypanosoma brucei rhodesiense (Tbr),

causant de la forme aigué, qui ne représente que 3 a5 % des cas.

Malgré l'introduction du fexinidazole en 2019 et de quelques autres molécules prometteuses,
il est urgent de développer de nouvelles thérapies pour cette maladie dans |'espoir de la
guérir. En effet, les médicaments actuels contre la THA sont obsoletes, dépassés et ont des
effets indésirables importants. La crise médicale reste persistante compte tenu de
I'émergence de résistances aux médicaments, des restrictions d'administration qui
nécessitent une voie parentérale pour les formes sévéres, ou encore de la grande difficulté a
développer des molécules capables de traverser la barriere hémato-encéphalique pour traiter
la phase 2, typiguement mortelle et fatale pour le patient compte tenu de I'émergence de

nombreux symptomes neurologiques.

La découverte des médicaments actuellement utilisés contre la trypanosomiase humaine
africaine a été rendue possible par |'utilisation d'un criblage phénotypique mesurant les effets
des molécules sur la croissance et la survie du parasite. Bien que cette approche ait été
couronnée de succes, les protéines ciblées, le mécanisme d'action et souvent la cause des

effets secondaires restent a découvrir.

Pour répondre a la question de la déconvolution des cibles du composé actif et pour soutenir
la conception de médicaments et I'optimisation des tétes de série, les scientifiques ont
commencé a développer des méthodes pour identifier les cibles cellulaires et élucider le
mécanisme d'action des tétes de série. Jusqu'a présent, de nombreuses techniques
d'identification des cibles ont été développées et appliquées avec succes. Cependant, certains
inconvénients tels que la perte de certaines parties du protéome ou des signaux de fond

importants ont été signalés.
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Ce projet vise a développer un nouvel outil de déconvolution capable de surmonter les limites
des techniques existantes. Pour atteindre cet objectif, nous générons un nouveau systeme qui
combine la technologie SNAP-tag et la technologie BiolD basée sur la protéine BirA* et qui
peut intégrer et exprimer la protéine de fusion dans Trypanosoma. SNAP-tag, qui est basé sur
une version modifiée de la O6-alkylguanine-DNA-alkyltransférase humaine (hAGT), une
protéine de réparation de I'ADN ayant la capacité unique de former une liaison covalente avec
son substrat (benzylguanine (BG)), ajoutera la sélectivité nécessaire au nouveau systeme. Une
molécule prometteuse, dont nous espérons découvrir la cible, sera liée a la partie BG par
I'intermédiaire d'un linker : PEG4, qui consiste en une succession de quatre unités d'éthyléne
glycol. La protéine BirA* est une version mutante de la biotine ligase d'Escherichia coli (E. coli)
qui génere l'intermédiaire hautement réactif biotinoyl-5'-AMP. Cette biotine ligase modifiée,
ayant perdu son affinité pour l'intermédiaire, favorise sa libération dans I'environnement, ce
qui permet a BirA* de biotinyler n'importe quel partenaire dans son voisinage immédiat en
présence d'ATP et de biotine. Cette fonctionnalité sera exploitée pour améliorer la sensibilité
par biotinylation des cibles thérapeutiques putatives et la détection des interactions protéine-
protéine. La protéine de fusion résultante facilitera la capture de petites molécules cibles dans
le cytosol et les organites de Trypanosoma brucei (T. brucei), dépassant ainsi les limites des

méthodes individuelles.

Différents défis et questions scientifiques liés au développement de la méthode ont été
abordés. En effet, la conception d'un plasmide permettant la recombinaison homologue et
I'expression d'un géne polycistronique chez T. brucei représente le premier défi qui a été
relevé avec succes. La capacité d'obtenir différentes lignées cellulaires stables intégrant
correctement le gene d'intérét a été un défi et une difficulté, mais a été réalisée avec succes.
Comme la fonctionnalité du systéme dépend de l'arrangement tridimensionnel des
différentes protéines dans I'espace 3D, divers outils ont été générés en modifiant soit le linker,

soit la nature de la protéine BirA* dans la protéine de fusion.

Dans ce projet, nous avons pu modifier les propriétés de BirA* en utilisant ses deux mutants,
TBirA* et mTBirA*, qui appartiennent aux systémes TurbolD et miniTurbo, tous deux basés
sur le systeme BiolD, puis, dans une étape ultérieure, le linker en ajustant soit sa longueur,

soit la nature des acides aminés qui le composent.
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Ainsi, BirA* et le linker composé soit de GGS (Glycine-Sérine-Gylcine) soit de PTP (Proline-
Thréonine-Proline) ont donné les résultats les plus probants, parmi lesquels I'isolement réussi
du DHFR-TS, la cible du méthotrexate qui avait été précédemment jointe a la partie BG-PEG4

pour former le dérivé BG-PEGa-Mtx.

L'expression des différents outils n'a montré aucune toxicité parasitaire. De plus, une
surexpression adéquate sous induction par Il'antibiotique tétracycline a été obtenue avec
succes. Parallelement a ces résultats, I'électroporation des parasites augmente les chances de
détecter la cible d'intérét capturée par western blot. Cette méthode, généralement utilisée
pour insérer différents plasmides et ainsi générer des souches génétiqguement modifiées, a
été exploitée pour forcer I'entrée du dérivé BG-PEGs-Mtx dans le parasite dans I'espoir de
mieux observer le DHFR-TS. Cette expérience a permis d'améliorer la visualisation de la cible

d'intérét tout en démontrant la non-létalité de I'électroporation pour les parasites.

En résumé, les systémes suivants composés de BirA*, du linker GGS (Glycine-Sérine-Gylcine)
et du SNAP-tag (cMyc_BirA*_GGS_SNAP-tag) ou du linker PTP (Proline-Thréonine-Proline)
(cMyc_BirA* _PTP_SNAP-tag) ont démontré les résultats les plus prometteurs et les plus
convaincants pour isoler efficacement les cibles des molécules de contréle d'intérét, en
particulier la dihydrofolate réductase-thymidylate synthase bifonctionnelle (DHFR-TS) et
I'adénosine kinase de T. brucei (TbAK), les cibles respectives du méthotrexate et de la molécule

C1.

En conclusion, cet effort a abouti a une technologie prometteuse de détection et de capture
de cibles. Avec des avancées supplémentaires, un systéme puissant, précis et ciblé pourrait
étre généré et employé a l'avenir pour capturer et découvrir des cibles potentielles de
composés prometteurs chez T. brucei et également chez de nombreuses autres especes de

parasites.
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.1 Introduction

As of today, two different approaches are widely used in the search for new, more effective

drugs: Target-based and Phenotype-based approaches (1, 2).

The whole-genome sequencing of multiple diverse organisms made the target-based strategy
easier to implement (3). Indeed, this strategy became more popular as a result of
improvements in genome sequencing technology, which made it possible to efficiently and
inexpensively sequence the whole genome of a wide range of species (3-5). Nowadays, many
databases containing the whole genome sequences of different types of parasites are
available (e.g. the Tritryp database) and with the help of evolving bioinformatics and

molecular biology tools, potential therapeutic targets could be identified (3, 6-8).

With the progress of new genetic methods including genome sequencing, genetic
recombination, Clustered Regularly Interspaced Short Palindromic Repeats (CRISPR)-Cas9,
RNA interference (RNAi), and knock-out/knockdown of a particular gene in addition to
increasingly powerful bioinformatics tools, the target-based strategy is, in general, becoming
more and more attractive for the search of more effective drugs (2). Many successes of the

target-based approach have been reported, including some tyrosine kinase inhibitors against
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cancer, such as Gleevec (imatinib targeting BCR-Abl), Iressa (gefitinib targeting EGFR), and
various antivirals notably Isentress (raltegravir targeting HIV integrase), Relenza (zanamivir
targeting influenza virus neuraminidase)(1, 9-12), Paxlovid (nirmatrelvir targeting the main
protease (MP™©) of SARS-CoV-2 virus) (13), Lagevrio (molnupiravir, targeting the RNA-
dependent RNA polymerase (RdRp)of the SARS_CoV-2 virus)(13, 14) or also Remedesivir
which was revealed to firmly attach to the SARS-CoV-2 membrane protein (Mprotein), RNA-
dependent RNA polymerase (RdRp), and major protease (MP™) (15). Furthermore, an analysis
of 113 first-in-class drugs that were approved by the Food and Drug Administration (FDA)
showed that 78 of them were identified and discovered using target-based strategies (16). Out
of these, 33 were biologics and 45 were small molecules (16). Nevertheless, the requirement
for target expression in an adequate in-vitro system is a major drawback of target-based drug
development (17). Tests using in-vitro recombinant proteins or recombinant cells do not
always reflect the complexity found in intact organisms (17-19). Another challenge of target-
based drug discovery is that drugs may act on multiple targets (18). Consequently, the
therapeutic impact observed may not always be solely attributable to the identified molecular

target (18, 19).

To recapitulate the complexity found in an intact organism and with the huge progress in the
development of tools such as induced pluripotent stem cells, organoids, gene editing
techniques such as CRISPR-Cas, and high-content imaging methods there has been a
resurgence of phenotypic drug discovery in the pharmaceutical industry. Phenotypic drug
discovery is based on the evaluation of a given compound on a particular phenotype, be it
cells, protozoa, organs, or animals. This approach makes it possible to identify drugs with an
interesting pharmacological action without necessarily knowing the target or the mechanism
of action (2, 20). Indeed, the whole-organism screening strategy has been widely used for the
development of current antiprotozoal drugs (20-22). A majority of the antiprotozoal agents
currently on the market were discovered by phenotypic screening, either through the
repurposing of already-approved therapies or through testing libraries of novel compounds.
The repurposing axe is based on the idea of using an already approved drug for a new disease
or indication. The main advantage of this strategy is that it saves time and money, and thus

avoids some of the tedious and complicated approval procedures (21, 23). Phenotypic
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screening on a whole organism has also some limitations one of which is that the mechanism

of action causing the compound efficacy remains to be elucidated.

Knowing the target, as well as the mechanism of action, could speed up the progress of lead
optimization and drug candidates in clinical studies (20). It is estimated that almost half of the
safety failures in clinical trials are related to the target of the drug (24). It would therefore be
possible to decrease development costs if several targets and mechanisms of action were to

be studied and evaluated (1).

In conclusion, although the majority of antiprotozoal drugs are derived from whole parasite
screening, target-based strategies, used as complementary methods to phenotypic screening,
could potentially accelerate the drug development process and thus limit the costs involved,
especially for drugs that have a low return on investment and are therefore unattractive to

the pharmaceutical industry due to the high costs of approval procedures (21).

.2 Parasitic diseases

.2.1 African Trypanosomiasis

The protozoan parasite Trypanosoma brucei (T. brucei) causes Human African trypanosomiasis
(HAT) also known as sleeping sickness.

It is transmitted by the bite of an infected tsetse fly (25, 26). HAT is localized in sub-Saharan
Africa and is caused by two subspecies of the parasite. On one side, Trypanosoma brucei
gambiense is responsible for the chronic form of the disease and is mainly found in 24
countries in west and central Africa and it accounts for over 95% of cases that were reported
according to the WHO (27). On the other side, T. b. rhodesiense which is present in 13
countries in eastern and southern Africa, is responsible for the acute form and represents
about 5% of reported cases (25, 27, 28). The two forms of the disease can be fatal, especially
if left untreated. Both forms are characterized by two different stages. The early
hemolymphatic stage where patients have non-specific symptoms such as episodes of fevers
lasting up to 7 days, headache, weakness, malaise, fatigue, arthralgia and myalgia, and the

late encephalitic stage where the parasite invades the central nervous system. This is
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characterized by more specific and damaging symptoms such as limb tremors, personality
changes, hallucinations, delusions, poor coordination, numbness, and disruption of the sleep
cycle which represents the leading symptom of that stage (27-29). This latter stage occurs
rapidly (within a few months) in the disease caused by T. b. rhodesiense whereas it may take

years to develop when patients are infected with T. b. gambiense (27, 29, 30).

Although the number of confirmed cases has decreased significantly, from 26’550 in 2000 to
980 in 2019 according to the latest data provided by the WHO, the available treatments for
either the early or the late stage present severe side effects (Table 1). For example,
melarsoprol is generally used to treat the second phase of the disease, but this drug has many
side-effects, one of which is life-threatening: the post-treatment encephalopathy (PTRE)
which is fatal in 5-10% of treated patients (27, 31).

The other molecules are used to treat either the first or the second stage according to the two

different subspecies of T. brucei (Table 1).
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Table 1: Drugs used to treat stages 1 or 2 of HAT and their side effects and resistance profiles

vomiting)

Drug Spectrum Stage Main side effects Resistance References
Pentamidine T. b. | Hypo/Hyperglycemia, No (failure (28, 29, 32,
gambiense Hypotension, renal remains rare) 33)
disfunction
(nephrotoxicity)
Suramin T. b. | Allergic reactions Yes (Expression of | (28, 29, 32-
rhodesiense (anaphylaxis), a particular 34)
nephrotoxicity, bone Variant Surface
marrow toxicity Glycoprotein
called VSGsY)
Eflornithine T. b. Il Bone marrow toxicity, Yes (through loss (28, 29, 32,
gambiense seizures, hearing loss, of a putative 33, 35)
alopecia, gastrointestinal | amino acid
effects transporter
TbAAT6)
Nifurtimox T. b. Il Gastrointestinal effects, Yes (cross- (28, 29, 32,
(used as a gambiense neurologic effects resistance 33, 36)
combination (tremor, vertigo, mechanism with
therapy with ataxia...), less side effects | other molecules)
eflornithine) in combination therapy
with eflornithine
Melarsoprol T. b. Il Reactive encephalopathy | Yes (though (28, 31, 33,
gambiense, (PTRE), agranulocytosis, mutations 37)
T. b. skin rashes, affecting an
rhodesiense cardiotoxicity, peripheral | aquaglyceroporin
neuropathy (AQP2))
Fexinidazole T. b. 1,1 Gastrointestinal effects No (28, 33, 38-
gambiense (mainly nausea, and 41)
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The toxic and even fatal side effects (e.g., melarsoporol), and the emergence of resistance
demonstrate the need to develop more effective and safer compounds to treat the different
stages of HAT (31). While intensive recent research led fexinidazole to the market, the need
for further efficacious and safe treatments to treat both stages with fewer side effects remains
(39-41) in order to reach the WHQ's goal of eliminating the transmission of T. gambiense HAT

by 2030 (42).

.2.2 Leishmaniasis

Leishmaniasis is a category of tropical illnesses caused by parasitic protozoans of the genus
Leishmania. There are more than 20 species of Leishmania in the globe, and each one can
produce diverse clinical symptoms, which are divided into three categories: cutaneous

leishmaniasis (CL), mucocutaneous leishmaniasis (MCL), and visceral leishmaniasis (VL) (43).

CLis the most prevalent type of the disease, it is usually painless but can be painful and persist
for years. The sores usually appear where the infected sandfly bit, such as the face, legs, and

arms.

MCL is characterized by lesions that can partially or completely damage the mucous
membranes of the nose, mouth, and throat cavities, resulting in patient disfigurement and

social marginalization (44, 45).

VLis the most dangerous form of the disease, and it is characterized by fever, weight loss, liver
and spleen enlargement, pancytopenia, and hypergammaglobulinemia, and it can be deadly
if left untreated. Leishmaniasis mostly affects the poor populations of African, Asian, and Latin
American countries (44). Chemotherapy is currently the mainstay of antileishmanial

treatment (46).

Various medications are available (Table 2), with the choice of medicine varying depending on
the type of illness and geographic area. However, the available medications present significant
toxicity and little effectiveness in some endemic areas. Furthermore, therapeutic failure,
patient recurrence, and fatalities leading to illness complications are common, necessitating

the development of new, less harmful therapy approaches (44).
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Table 2 summarizes the drugs used against leishmaniasis, their side effects and the status of

the resistance.

Table 2: Drugs used to treat VL and CL and their side effects and resistance profiles

Drug

Main side effects

Resistance

References

Pentavalent
antimonials

Headache, myalgia,
nephrotoxicity,
cardiotoxicity,
hepatotoxicity, pancreatitis
(47-51)

Yes (multifactorial resistance with
different pathways: Entry, metabolism
and transport of the drug and also
impairment of apoptosis in resistant
strains) (52)

(47-52)

Paromomycin

Reversible ototoxicity,
nephrotoxicity, liver
enzymes alteration (47, 50,
51, 53)

No (in vitro resistance only)

(47,50, 51, 53)

secondary to
methemoglobinemia (47,
57)

Amphotericin B Nephrotoxicity, Yes (rare cases of resistance. Decreased (47, 53-55)
myocarditis, hypokalemia drug uptake following the decline of the
(47, 54) affinity to ergosterol) (55)
Liposomal Nephrotoxicity (however
amphotericin B more rare than with
amphotericin B) (47, 53)
Miltefosine Renal and gastrointestinal Yes (due to its long half-time, it is subject | (47, 53, 56)
toxicity (47, 53) to the emergence of resistance. Decrease
of the uptake of the drug) (53, 56)
Pentamidine Myalgia, syncope, transient | Yes (Decreased accumulation in the (47, 54)
hypoglycaemia and cytosol and in the mitochondrion)
hyperglycemia, anemia,
leukopenia, cardiotoxicity,
nephrotoxicity, pancreatitis
(47, 54)
Sitamaquine Nephrotoxicity, cyanosis No (in vitro resistance only) (47,57)

.2.3 Chagas Disease

Chagas disease also known as American trypanosomiasis is a tropical vector-borne disease

caused by the protozoan parasite Trypanosoma cruzi. The illness is mainly transmitted to

humans by triatomine bugs also called “kissing bugs”. However, Chagas disease can also be

transmitted congenitally (from mother to child), through organ transplantation and blood

transfusion and even through oral contamination (58, 59). Acute infection can be fatal, and

cardiomyopathy affects 25%—30% of those who are infected (59, 60).
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In tropical and subtropical nations, particularly in Latin America, it is a neglected illness linked
to poverty. People who are impacted reside in rural and peri-urban regions, in substandard
housing and in precarious socioeconomic situations. Chagas disease has recently extended to
non-endemic countries in Europe, the United States, and Japan, making it a worldwide public

health and medical issue (59, 61).

The nitrofurans were launched as an effective class of anti-T. cruzi drugs among which
nifurtimox stood out for its higher performance. Benznidazole, a 2-nitroimidazole derivative,
is also used in the treatment of Chagas disease. Benznidazole and nifurtimox which were both
launched in the 70’ are still currently WHO-recommended standards of treatment in clinical
Chagas disease chemotherapy. Their exact mechanism of action is unknown, but both operate
as prodrugs that must be activated by nitro-reductases found in T. cruzi in order to cause
cytotoxicity (61). The effect of nifurtimox on T. cruzi involves redox cycling and radical species,
which causes harm to the parasites, by decreasing intracellular thiol levels as well as inducing

DNA damage and lipid peroxidation (61).

The treatment schedule for nifurtimox and benznidazole is lengthy, and several side effects
might arise, impeding the treatment’s success. Gastrointestinal symptoms (nausea, vomiting,
and anorexia), signs of central nervous system toxicity (insomnia, irritability, and
disorientation) as well as headache, rash, myalgia, arthralgia, dizziness or vertigo, and mood
swings are all common side effects of nifurtimox. While allergic dermatitis, nausea, vomiting,
anorexia, weight loss, sleeplessness, loss of taste, onycholysis, and dose-dependent peripheral
sensitive neuropathy are all typical side effects of benznidazole. Neuropathy and bone marrow
depression are also two rare significant side effects. Although both nitroheterocyclic
medicines are effective in treating recent stages of infection, their advantages are limited in
the chronic phase, with efficacy varying according to geographical location. In addition to the
fact that treatment efficiency decreases with the time of the infection pharmacological

adverse effects are more prevalent among older patients (61).

Therapeutic failures are frequent and are due to several factors such as genetics of the host
and the parasite, treatment compliance and resistance phenomenon. Despite being the first

in-line drugs, several cases of resistance due to benznidazole and nifurtimox have emerged
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(62). Resistance mechanisms often involve a mutation in the NADH-dependent type-I

nitroreductase (TcNTR) which is essential to activate the pro-drugs (63).

T. cruzi infection is still treated using medications that were first approved more than 50 years
ago, their safety and effectiveness profiles are far from ideal, and are mostly determined by
the stage of infection and the patients’ age (64). Thus, there is a consensus in stating that

sustained drug discovery efforts in Chagas disease area are urgently needed.

As demonstrated by the wealth of literature summarized above, the development of new
drugs is urgently needed due to the emergence of resistance to existing therapeutics and the

severe side effects of some of the molecules currently used (65).

Nowadays, the discovery of new antiparasitic compounds using phenotypic approaches at the
hit and lead stages of drug development is usually followed by the determination of the
molecular mechanism of action, the identification of its cellular target for further optimization,
and full development as a drug. Indeed, the characterization of the mechanism of action is
instrumental for the identification of on and off-targets and therefore facilitates the
estimation of the compound’s safety profile (18, 66-68). At a later stage, knowing the precise
molecular mechanism of action (MoA) impacts positively further development by simplifying
the regulatory process, thus limiting unnecessary costs and reducing development time (69).
Deconvolution techniques have been developed for this purpose, and these methods as well

as those based on metabolomics and computational methodologies are reviewed below.

.3 Target deconvolution methods

The technique of pinpointing the precise target of a biologically active small molecule is known
as target deconvolution. This is an important step that greatly supports the drug discovery
process since it enables scientists to comprehend how a molecule affects a certain ailment

and to create more efficient remedies (18).

Multiple target deconvolution techniques are utilized to determine the targets of small
molecules that have proven promise in treating neglected tropical diseases (NTDs)(22, 70, 71).
Biochemical assays, molecular modeling, and chemical validation through high-throughput

compound library screening are some of these techniques (18).
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Furthermore, genetic strategies including RNA interference (RNAi) or CRISPR-Cas9-mediated
gene editing are also employed in target deconvolution for NTDs (71). These techniques allow
promising therapeutic targets to be identified and molecules that warrant further research to

be prioritized.

The upcoming section will provide a detailed overview of three primary deconvolution

methods based on different strategies. These methods include Genetic and chemical

proteomic-based strategies, Metabolomic-based strategies, and Computational-based

strategies. By presenting the defining features and approaches of each method, this section

will provide an in-depth understanding of their unique characteristics.

.3.1 Genetic and chemical proteomic—based strategies
.3.1.1 Genetic-based strategies

RNA interference (RNAI)
Andrew Fire and Craig Mello were recognized for discovering RNAI, for which they shared the
2006 Nobel Prize in Physiology or Medicine (72). They used double-stranded RNA to silence
genes in the nematode Caenorhabditis elegans in a work they published in 1998 (73, 74). Since
then, RNAi has been extensively used to evaluate the biological role of genes by
downregulating their expression (75). Thereafter, small RNAi libraries were generated in order
to identify potential targets, and through screening, two kinases of T. brucei, CRK12, and ERKS,
were identified and appear to play a critical role in the parasite's regular proliferation. This
study underscores the possibility of utilizing high-throughput analysis of RNAi library for target

finding and deconvolution (76).

Besides the potential for target finding, | would also like to shortly point out that RNAi has
emerged as a potential therapeutic strategy for various diseases, such as genetic disorders,
viral infections such as human immunodeficiency virus (HIV), hepatitis B and C viruses (HBV
and HCV), respiratory syncytial virus (RSV) (77), and specific types of cancer (78, 79). Indeed,
several RNAi therapeutics received regulatory approval, including givosiran (brand name
Givlaari), approved by the FDA in 2019 to treat acute porphyria (80); patisiran (brand name

Onpattro), approved by the FDA in 2018 to address hereditary transthyretin-mediated
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amyloidosis (hATTR) (81); inclisiran (brand name Leqvio), approved by the European
Medicines Agency in 2020 to treat hypercholesterolemia in adults (82); and lumasiran (brand
name Oxlumo), approved by the FDA in 2020 for the treatment of primary hyperoxaluria type
1 (PH1), a rare genetic disease (83). This demonstrates the great potential of RNAi as an
effective therapeutic approach for the treatment of a wide range of human disorders in

addition to the discovery of promising drug targets (84, 85).

CRISRBased genome editing
The recently identified defense mechanism against mobile genetic components brought in by
certain invaders such as phages or invasive plasmids is present in several prokaryotic
organisms. This defense system is made up of a special type of repetitive DNA sequences
intercut with spacers that are highly variable sequences from phages or plasmids that
constitute prokaryotes' immunological memories (77, 86). It also includes the endonuclease
protein Cas, which can cut DNA at specific locations using a guide sequence in an RNA duplex
(77). This natural defense system called CRISPR/Cas represents a cutting-edge tool that
enables accurate and effective genome editing in a range of organisms, allowing researchers
to add, remove, or alter particular genes in order to study their function (87, 88). This ground-
breaking approach that revolutionized the field of molecular biology, holds new promise for
the swift and precise elucidation of the function of any gene (74). This technique
demonstrated a significant value in the field of drug target discovery (89). In one investigation,
CRISPR-Cas9 screening identified cancer therapeutic targets (90). Six established
pharmacological targets and 19 new dependencies were found after screening 192 chromatin
regulatory domains in murine acute myeloid leukaemia cells (90). The usefulness of this
method in the field of target deconvolution was furthered by another study that
demonstrated how the combination of metabolomic analysis and CRISPR interference allowed

a rapid and efficient understanding of pharmacological mechanisms of action (89, 91).

In conclusion, several genetic approaches, including siRNA and CRISPR-Cas9, are utilized in
the discovery of novel targets, whereas knock-out or knock-in will be more prevalent at the

validation stage.
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Genome mining
Genome mining has the potential for discovering new genes but has not been yet used for
target deconvolution. In contrast it has been successfully to decipher gene function and used
in the frame of drug discovery. Indeed, one of the most important applications of genome
mining, which relies on several bioinformatic tools, is the discovery of new genes responsible
for the biosynthesis of new bioactive products, such as secondary metabolites thought to be
useful molecules produced by some microorganisms, including Streptomyces. The majority of
these metabolites have shown a key therapeutic value (92). Additionally, when this strategy
is combined with genetic engineering, which permits combinatorial biosynthesis and
therefore the introduction of structural alterations in molecules that are challenging to reach
chemically, new and more effective antibiotics can be designed and generated (93).
Furthermore, thousands of genomic sequences from several species, such as bacteria,
parasites, and others, are now publicly available. Improvements in high-throughput genome
sequencing methods and the volume of DNA data presently accessible led to the development
of multiple in silico genome mining algorithms and technologies to assist in the discovery and
characterization of novel drugs (94). These techniques were used, for instance, to map the
genome of Streptomyces, which uncovered new silent secondary metabolite biosynthetic
gene clusters (smBGCs) that are ready to link with their encoded natural products for the

discovery of novel compounds (92).

There are other powerful genetic methods for deciphering gene function. These typically use
knock-out and knock-in techniques to suppress, alter, or replace specific genes of interest.
After manipulating the genetic sequence, researchers analyze the resulting phenotype, or
physical traits and behaviors, to gain insight into the gene's role in biological processes (95).
However, these techniques are often applied in research to explore the functions of certain
genes, to understand their roles in biological processes, and to validate a potential target but

they are not employed yet for target deconvolution.

TbAK is an example of a prospective target validated by the knock-out method. This key
enzyme, important in the purine salvage pathway, is hyperactivated by 4-[5-(4-
phenoxyphenyl)-2H-pyrazol-3-ylJmorpholine and its derivatives, thus paving the way for

potential new antitrypanosomal compounds against T. b. rhodesiense (96-99). In another
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example, researchers used genetic knock-out of the tyrosine aminotransferase (TAT) gene to
investigate and better understand its function and to evaluate if this enzyme might be
classified as a possible therapeutic target (100). The study showed that the genetic knockout
of TAT causes apoptosis and that the life and viability of parasites depend on this enzyme

(100).

Generation of resistant parasites
Laboratory selection of parasites for drug resistance represents a common strategy for
determining the mode of drug action as well as predicting the risk of the development of drug
resistance and identifying the various resistance mechanisms (101). The method involves
identifying drug-resistant strains by two means: First, in vivo by giving sub-curative doses to
infected rodents, which are the most closely analogous to humans in terms of circumstance.
Second in-vitro directly on the strains in culture by using sub-lethal medication doses that can
be progressively increased as the parasites become less sensitive in order to impose constant

selection pressure (101).

.3.1.2 Chemical proteomic—based strategies

Affinity-based approaches
Affinity purification: This method has been widely utilized to identify target proteins that bind
small compounds of interest and to clarify their direct protein binding (102). The affinity
purification method involves passing cell lysates or various protein extracts through solid
support (column, resins, beads, etc.) pre-immobilized with a ligand of interest. Next, washing
procedures are carried out to remove any unbound components that are irrelevant (103, 104).
Then, an elution step using specific buffers containing or not the free ligand able to disrupt
the immobilized ligand-protein of interest interaction by competition or denaturation is
performed in order to release the retained target(s) of interest. Finally, mass spectrometry is
usually used to identify the retrieved protein(s) of interest (102-104). These techniques have
been employed successfully to determine various protein targets (102, 105). The following

articles, among others, provide a great description of the approach (102-104).

One of the targets, such as the ThbAK enzyme stated above, was discovered by chemical

proteomics (affinity chromatography combined with mass spectrometry) and was then
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genetically confirmed by the RNAi method by generating an adenosine kinase knock-down

mutant of the parasite (98).

Three-Hybrid Systems: These systems represent powerful tools for studying small molecule-
protein interactions in vivo. They have been developed in yeasts and bacteria and usually take
two-hybrid systems as a starting point. The brilliant strategy behind two-hybrid systems came
after witnessing that the DNA-binding domain and the domain with activating regions of the
transactivator protein of the yeast Saccharomyces cerevisiae, GAL4, can be physically
separated and interact indirectly through the interaction of a protein ‘X’ attached to the DNA-
binding domain and a protein ‘Y’ attached to the domain with activating regions (106). The

aim is then to detect the interaction between the two proteins ‘X’ and ‘Y (106)’.

To turn the two-hybrid system into a three-hybrid system, a third element had to be added
which is a synthetic hybrid ligand composed of an anchor molecule linked to the molecule of
interest. The protein ‘X’ becomes a specific receptor for the anchor molecule, this part of the
system is constant and represents an anchor. The protein ‘Y’ becomes the unknown target to
identify, taken from a cDNA library fused to the domain with activating regions. Following an
interaction between ‘Y’ and the molecule of interest, the transcription of a reporter gene is

activated (107).

This system has proven useful in the identification of drug targets. Using a Yeast three-hybrid
approach, the mechanism of action of the anti-inflammatory drug sulfasalazine was studied.
It inhibited the biosynthesis of the cofactor tetrahydrobiopterin (108). Another study
identified the procollagen-lysine 2-oxoglutarate 5-dioxygenase 2 (PLOD2 or lysyl hydroxylase,
LH2) as a novel target of ethinylestradiol (109). This method has not yet been used for the

discovery of new targets for Sleeping sickness, Chagas disease, and Leishmaniasis.

Within the thesis, the tools developed further from the Three-Hybrid Systems principle will be

presented and discussed in depth in part 3.1.3.

Nonaffinity-based approaches
The need to modify each drug individually (without losing bioactivity) limits current affinity-
based target identification techniques, whereas indirect, non-affinity-based approaches rely

on the drug's ability to induce specific biochemical or cellular readouts (110).
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Drug affinity-responsive target stability (DARTS): The interaction between small
molecules and target proteins is usually formed by ionic bonds, hydrogen bonds, van der
Waals forces, and other intermolecular forces. The DARTS approach is based on the fact that
drug binding is thought to stabilize target proteins making them less prone to protease
degradation. It can detect drug-target interactions in cells by monitoring changes in the
stability of proteins (110). When the protein binds to a small molecule, its stability usually
increases compared to the apo form. The binding of a small molecule to target proteins can
be captured by comparing their enzyme hydrolysates after separation by SDS-PAGE (111).
The binding partners of the drug disulfiram, the factors IQGAP1 and MYH9 were identified
using DARTS (112, 113).

Proteomics: This approach is a growing area of protein biochemistry and a high-throughput,
systematic, and holistic science (114). Classical protein investigations have been of great help
and provided rich information about individual proteins. However, regarding the complexity
of biological systems, it does not take into consideration the broad network linked to the
protein (115). Proteomics, in contrast, highlights the dynamic nature of proteins and allows
studying protein-protein, as well as small molecule-protein interactions (115). In the
proteomic area, it is important to discern two main objectives. The first one aims to do a
“protein profiling” by measuring the abundance, modification, activity, localization, and
interaction of all the proteins in a sample. It is particularly useful to characterize biomarkers
in disease. Coupled with LC-MS/MS, it led to the characterization of two proteins, neuroserpin,
and moesin, which present an interest in the understanding of sleeping sickness
pathophysiology and diagnosis (116). The second objective is designated as “functional
proteomics” and is broadly used in drug discovery during the step of target identification
allowing the identification of putative substrates or putative interactions between proteins
(115). A subtype of functional proteomics is chemical proteomics, the latter allows using a
small synthetic molecule to seek for the mode of action and protein function (117). In the
proteomic field, we also distinguish two aspects, the discovery-oriented referred to as
“unbiased” and the system-oriented referred to as “targeted”. In the first category, a complex
biological sample is analyzed by separating and identifying as many proteins as possible, using,

usually, two-dimensional gel electrophoresis, in-gel digestion, and mass spectroscopy in
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tandem coupled to liquid chromatography (LC-MS/MS) (115). Therefore, “unbiased”
proteomics allows the identification of both known and unknown proteins. On the contrary,
the second category is oriented, known proteins related by sequence, biological function or
diagnostic potential are analyzed and quantified (115). Exploiting proteomics, new antigens
and target proteins have been identified and whole proteomes of etiological agents are being

investigated (118).

Activity-based protein profiling (ABPP): The ABPP, which consists of a reactive group (reactive
electrophile) required for covalent attachment to the active site, a linker to direct particular
probes to specific enzymes, and a labeling group (fluorophore, biotin, clickable group) for
target labeling. This approach relies on the use of this probes that can be used to isolate
targets and formally define the proteins that bind to them, depending on the activity of small
molecules of interest. The foundation concerning the activity-based probes (ABPs) is the use
of covalent inhibitors that can immediately mark the target proteins, as opposed to affinity-
based probes, which use non-covalent inhibitors. In-situ formation of stable covalent
complexes from non-covalent contacts is made possible by the photoreactive group's capacity
to produce a highly reactive intermediate in response to UV light irradiation (119) (120).
Protein concentration and proteomic screening of the target proteins can be carried out after

stable probe-protein complexes are established in-situ (119).

.3.2 Metabolomic-based strategies

Metabolomics aims to identify and quantify small biochemicals (including metabolic
intermediates, and secondary metabolites) within a given biological sample. Measurements
of the metabolome can be used to detect subtle changes, and the study of metabolic changes
within parasites after drug perturbation provides tools for analyzing the mode of drug action.
In addition, knowing the concentrations of metabolites in the various life cycle stages of the
parasites will help in the building of in silico models of parasite metabolism that will further
be able to predict drug targets and resistance mechanisms (121, 122). Metabolomics can be
divided in two categories: untargeted metabolomics which consists of the scan of all
detectable metabolites (in intra- and/or extra-cellular matrices), and targeted metabolomics
(quantification of preselected metabolites). Mass spectrometry (MS) and nuclear magnetic

resonance (NMR) are the most used analytical methods in metabolomics, and MS is generally
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hyphenated to a separation technique such as gas chromatography (GC), liquid

chromatography (LC) or less frequently capillary electrophoresis (CE).

One of the first studies using LC-MS based non-targeted metabolomics approach to highlight
the drug targets of anti protozoan agents was a study of the combination of nifurtimox and
eflornithine against T. brucei. After treatment with a sub-1Cso level of eflornithine (20 uM), as
expected ornithine was found to increase significantly, whereas putrescine was found to
decrease significantly. Nifurtimox was shown to be converted to a trinitrile metabolite
indicative of metabolic activation, as well as inducing changes in levels of metabolites involved
in carbohydrate and nucleotide metabolism (123). The metabolism of fluorinated pyrimidines
in T. brucei was analysed by LC-MS (124). The study provided information on the MoA of these
analogs, as well as information on the reversibility of the enzymes in pyrimidine biosynthesis,
providing evidence that a uridine phosphorylase was expressed in the bloodstream-form of
the trypanosomes (125). A novel benzoxaborole derivative (AN5568) was selected as a lead
compound for the treatment of HAT and is currently being investigated in phase Il clinical
trials in the Democratic Republic of the Congo and Guinea (126). An LC-MS metabolomics-
based approach showed that the treatment of blood-stage trypanosomes with AN5568 led to
significant perturbations in the metabolism of the parasite. In particular, elevated levels of
metabolites involved in the metabolism of S-adenosyl-L-methionine, an essential methyl

group donor, were found (127).

The first experiment of untargeted LC-MS metabolomics on T. cruzi exposed the parasites to
benznidazole, and revealed that cellular thiols such as trypanothione, homotrypanothione,
and cysteine were depleted during the treatment. Numerous metabolites of benznidazole
were also detected, as well as covalent conjugates of the drug combined with low molecular
weight thiols and some non-thiol metabolites. Metabolomics pointed out that benznidazole
primarily affected thiol-containing molecules in T. cruzi, and this interference with thiol
metabolism contributed to the MoA (128). In a recent study (129), metabolic signatures of
myoblasts infected with T. cruzi after treatment with six different drugs (benznidazole,
nifurtimox, Posaconazole and three experimental drugs) were obtained by direct infusion to

mass spectrometry (DI-MS) and NMR. The fingerprinting approach resulted in three different
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clusters. Two could be explained by already known MoA for benznidazole, nifurtimox, and
posaconazole, whereas the three experimental drugs formed a separate cluster. The latter
impact on the tricarboxylic acid cycle, but no specific pathways could be attributed to drug
action, which might be caused by a high percentage of common metabolome between a
eukaryotic host cell and a eukaryotic parasite. Nevertheless, the authors concluded that this
metabolic fingerprinting approach to a complex host-cell parasite system is validated and can
potentially be applied in the early stage of drug discovery and could help to prioritize early

leads or reconfirmed hits for further development.

Several untargeted metabolomic studies were led on Leishmania during the last decade with
various success rates. Drug targets and resistance of Leishmania parasites towards several
well-established drugs (pentavalent antimonials, miltefosine, pentamidine) were studied
(130-135). More recently, a tentative to elucidate the MoA of methyldehydrodieugenol B, a
natural compound isolated from Nectandra leucantha, towards Leishmania infantum via an
untargeted metabolomics approach was carried out. Due to the complexity of the parasite
metabolism and the great diversity of altered metabolites, a multi-target mechanism was

assigned to the drug candidate (136).

.3.3 Computational-based strategies

Wet-lab methodologies can be combined with computer-aided drug design (CADD) to address
target deconvolution (137). In detail, CADD techniques can describe an atomic level structure-
activity relationship (SAR) optimizing the drug design process (138). CADD methodologies are
divided into ligand-based drug design (LBDD), which consider the features of known ligand for
a target of interest, and structure-based drug design (SBDD), which takes into account the
structural information of the drug-target interaction. Most of these approaches are based on
the concept of chemical similarity: similar molecules cause an analogous biological response,

and on the other hand, similar proteins bind comparable ligands (139).

.3.3.1 Ligand-based computational approaches for Target Prediction

Regarding target deconvolution strategies, LBDD methods aim to predict the ligand activity

for an ensemble of targets (139). The simplest LBDD strategy is based on the similarity rank of
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known compounds assuming that the target tested of the most similar compounds is also the
most likely target of the query compounds. The first step to compute a similarity index is the
representation of the ligands under investigation by molecular descriptors or chemical
fingerprints. The molecular descriptors can be grouped in one-dimensional, two-dimensional,
and three-dimensional (140-144), based on the molecular information represented. Instead,
chemical fingerprints model the molecular properties into a bit string, allowing a fast
comparing among compounds (145). Consequentially, each compound can be compared and
ranked using metric algorithms such as Tanimoto coefficient (146) which is one of the most
popular. The above-mentioned methodologies were exploited by web server tools such as
Polypharmacology Browser(147), SpiDER(148), SuperPred(149), HitPick(150), Swiss Target
Prediction (STP)(151), Prediction of Activity Spectra for Biologically Active Substance
(PASS)(152), Similarity Ensemble Approach (SEA)(153), MOst-Similar ligand-based Target
inference approach (MOST)(154), Candidate Ligand ldentification Program (CLIP)(155) and
Chemical Similarity Network Analysis Pulldown (CSNAP), proposing protein targets based on
the similarity of the compounds (139, 156). Target prediction can be performed by machine
learning (ML) classification that requires an interaction threshold (e.g., pKi, pEC50) or by ML
regression making quantitative binding affinity predictions (e.g., Ki). Based on the protein-
ligand predicted bioactivity, multiple candidate proteins were ranked, and the most likely
target was identified. These methods are named quantitative structure-activity relationship
(QSAR) models and exploit ML algorithms such as Gaussian processes (GP), support vector
machines (SVM)(157), artificial neural networks (ANN), Bayesian artificial neural networks
(BRANN), decision trees (DT), random forests (RF)(158), Naive Bayes (NB)(159), and k-nearest
neighbour (kNN) clustering methods(160). Recently, D. A. Winkler summarized the main
applications of artificial intelligence and machine learning drug discovery tools for neglected

tropical disease (161).

.3.3.2 Structure-based computational approaches
The SBDD strategies identify and optimize the ligand-receptor interactions by exploiting 3D
protein structural information obtained from experimental structures available in the Protein

DataBank (PDB, https://www.rcsb.org)(162), or by comparative protein structure model in the

ModBase (https://modbase.compbio.ucsf.edu)(163). Structure-based methods suffer from
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the lack of experimental 3D structures, and this is especially true in the case of
trypanosomatids(145). This deficiency can be partly overcome by using homology modeling
techniques that reconstruct the 3D target protein structure from its amino acid sequence.
Homology modeling consists of three main steps: i) choosing an evolutionarily related
template protein with experimental structure available ii) alignment of the template and
target amino acid sequence ensuring a high amino acid sequence similarity, especially at the
binding site iii) reconstruction of the secondary and tertiary target structure. The quality of
the homology model is a critical aspect and must be verified before the application of SBDD
methods. Generally, a sequence identity greater than 40% is considered acceptable (164).
Modeller(165), Swiss-Model(166), I-TASSER(167), and PROCHECK(168) represent the most
used tools to address the homology modeling issue. They allow the computation of quality
assessment scores for the homology model based on geometric indicators (bond lengths,
bond angles), Ramachandran plots, physics-based energy functions, and statistical
potentials(169-173). Regarding a target deconvolution perspective, SBDD methods highlight
the most likely targets for a query ligand or the most similar targets for a query target (174),
also named reverse screening. Reverse screening methods can be divided into three major
classes: pharmacophore screening, shape screening and reverse docking (175, 176). Shape
and pharmacophore screening methods, in the absence of target structure, describe the
binding pocket comparing the overall shape or main biochemical features of query ligand
based on compounds databases with target information, allowing target identification (177-
179). The most used shape similarity descriptor 2D is FingerPrint2D (FP2) which encodes many
chemical features towards a bit vector such as extended-connectivity fingerprints (ECFPs) and
molecular access system (MACCS). In this context, some of the most used shape-screening

tools are ChemProt(180), ROCS(181), ChemMapper (182), and SEA (183).

Pharmacophore screening describes the functional features of molecules with target proteins
in a spatial arrangement. The main pharmacophore model characteristics are the hydrophobic
center, hydrogen bond donor vector, hydrogen bond acceptor vector, positively charged
center, and negatively charged center. The combination of the pharmacophore features for a
specific compounds-target protein ensemble gives the pharmacophore model. In the same

way as shape screening, the success of pharmacophore screening depends on a reference
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database with protein annotations. In the pharmacophore screening landscape, the most
widely used web server is PharmMapper(184-186), which maps over 7000 pharmacophore
templates and ligand databases extracted from all the targets in TargetBank, DrugBank(187),
BindingDB(188), and Potential Drug Target Database (PDTD)(189) to determine the target

protein based on query molecules.

Reverse docking predicts the binding pose and estimates the binding energy of ligand-receptor
complexes requiring 3D protein structures to identify targets with the highest binding affinity
of the query ligand(175). First, each docking tool requires target pre-processing to reach an
efficient comparison, encoding the binding site or the entire target. The query molecules are
docked for each protein target in the database. Finally, the docking poses are scored using
binding energy functions. Generally, reverse docking is a more complex process than shape
and pharmacophore screening that requires a large dataset of protein structures, the binding
site recognition, and the pre-processing of the target and query molecules which depends on
the docking tool and a score function to rank the predicted targets The main reverse docking
engines available in literature are TarFisDock(190), idTarget(191), VTS(192), VinaMPI(193) and
IFPTarget(194). Likewise, web software was developed for reverse screening as SEA(183)

(Keiser et al., 2007b), PharmMapper(184), and INVDOCK(195).

.3.3.3 Molecular dynamics

In a target deconvolution perspective, an objective is elucidating the molecular mechanism of
guery compounds. In this context, molecular dynamics (MD) simulations, can predict and
characterize the target-drug interactions (196) In drug discovery, MD simulations are useful
tools regarding binding free energy estimation at the molecular level (197). In the last
decades, several techniques were developed such as free energy perturbation (FEP)(198),
umbrella sampling (199), funnel metadynamics (200), and thermodynamic integration
(T1)(201). However, the above-mentioned methods have a high computational cost and hence
an imbalance between accuracy and efficiency. In this context, endpoints methods such as
molecular mechanics Poisson-Boltzmann surface area (MM/PBSA), molecular mechanics
generalized Born surface area (MM/GBSA)(202, 203), and linear interaction energy (LIE)(204)

represent valid alternatives to achieve a good compromise between accuracy and
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computational cost (203). Recently, hybrid approaches involving MD simulations and ML

techniques are being developed to optimize computational resources (205).

.3.3.4 Databases for neglected diseases

Target deconvolution strategies make extensive use of protein and ligand databases that
describe ligand structure and pharmacophore or protein structures. Generally, each web
server application of target deconvolution has its own database, mostly constructed from
public databases such as ChEMBL, PubChem, DrugBank, BindingDB, KEGG, and PDB.
Regarding NTDs, the special program for Research and Training in Tropical Diseases (TDR)(206)
released the TDR targets database (http://tdrtargets.org/), an online open-access framework
that contains chemogenomic information for both pathogens and non-pathogenic model
organisms and toward a set of informatic tools that help the identification and prioritization
of drug targets for neglected tropical diseases, such as HAT, Chagas Disease, and
Leishmaniasis. Similarly, the Target-Pathogen database (207)

(http://target.sbg.gb.fcen.uba.ar/patho) is an online resource focused on neglected tropical

diseases that collects structural information of proteins such as function, metabolic role, off-
targeting, structural properties including druggability, essentiality, and omic experiments,
facilitating the identification of drug targets. Likewise, the Eukaryotic Pathogen, Vector and

Host Informatics Resource (VEuPathDB, https://veupathdb.org)(208) supports more than 500

organisms, integrating data from public repositories. Furthermore, VEuPathDB integrates
bioinformatics tools for analysis, data mining and standardized workflows such as OrthoMCL

for predicting orthology.

To summarize, target deconvolution utilizes a range of methodologies, such as proteomics,
metabolomics, and computational methods along with various affinity-based techniques.
These methods can lead to the identification of the target(s) of a drug or compound within a
complex system, without modifying the system itself. Contrarily, genetic approaches, except
for RNAI, are more commonly used for the validation stage since they modify the system,
which may add uncontrollable factors. Among this knock-out and knock-in procedures, which
entail the deletion or addition of a DNA sequence of interest are widely used to study the

impact on cellular or organizational function.
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4 SWOT analysis

To aid gaining a better understanding of the impact of each technique and its significance in
target deconvolution a comprehensive SWOT (Strengths, Weaknesses, Opportunities,
Threats) analysis of each method, detailing their strengths, weaknesses, opportunities, and
threats has been done and is reported in a summarized manner in Table 3 and discussed more

exhaustingly in the next chapters.
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Table 3: SWOT analysis of different deconvolution techniques and examples

Reverse genetics
(RNAI, CRISPR-Cas9),

suitable targets
-Simple,
inexpensive, and
easy to execute in
the lab (22, 209)
(210)

(RNAIi) must be
available

- the low or non-
existent expression
of certain orphan
gene clusters (211)

techniques, such as
bioinformatics tools, Al,
robotics, HTS.

- Validation of proteins
involved in the
development of
resistance (e.g.
TbAAT6, ThAT1/P2
adenosine Transporter)
(22) (35, 212)

- Vast DNA databases
have been generated
and are freely
accessible (211)

- QSAR studies can be
achieved to discover
various interactions(22)
- Allow validation of a
target (Knock-out/
Knock-in)

the biotechnological
potential of natural
compounds (209).
- May only be
applied to known
biosynthetic gene
clusters (209)

Deconvolution | Strengths | Weaknesses | Opportunities Threats Examples of
tools identified or
validated Targets
Genetic -Allow - Suitable knock- - Can be used in - Not always -T.b.rhodensiense
approaches identification of down system conjunction with other | suitable to predict adenosine kinase

(TbrAK) validated
by RNAI (96)
-T.b.Glutathione
Synthetase (ThGS):
identified as a
potential drug
target (213)

- T.b.ornithine
decarboxylase
(214, 215) (ThODC
knockdown)

-TbAT1/P2
Adenosine
Transporter,
putative amino
acid transporter
TbAAT6

- CRK12 and ERKS8:
two kinase targets
in T. brucei (76)

Affinity
chromatography
linked to the
proteomic approach
for targets
identification (the
molecule of interest
is attached to a
matrix and targets
(DNA, RNA, proteins
coming from crude
parasite extract or a
specific fraction) are
eluted and identified

- Easy, fast, and
reproducible
method

- Soluble targets
may be easily
isolated and then
identified by mass
spectrometry (22)

- Different types
of proteins can be
studied
(membrane
proteins,
enzymes,
cytoskeletal
proteins) (22)

- Irrelevant
proteins may bind
to drug-matrix
unspecifically

- Transient
interactions and
insoluble protein
targets may be
missed (216)

- Target protein
may be lost during
elution due to non-
covalent
interactions (105)

- In the case of
prodrugs, the
enzyme of
metabolization is
identified rather
than the actual
target (217)

- The isolated protein
can be cloned and
overexpressed in
bacteria or eukaryotic
cells(22)

- Specific proteins
found in particular
organelles such as the
kinetoplast or
apicoplast can be
purified for further
investigations (e.g.
T.brucei Tb927.2.6100
protein, tryptophanyl-
tRNA synthetase
(TrpRSapi) (218) (209)

- Off-target proteins
can be identified

- Limited specificity
(104)

- Ligand availability
(219)

- Difficulty in
positioning the
linker (104)

- Complex mixture
- Proteins
denaturation (220)

- High background
noise

- T.brucei glycerol-
3-phosphate
dehydrogenase
(221)

- T.brucei lapatinib-
binding protein
kinases (ThLBPKs)
(222).
-Alba-domain

Proteins of T.brucei
(223)
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Table 3: Continuation of the table

Generation of
resistant strains by
either exposing them
to higher drug
concentrations or
through mutations
(22)

process

- Non-target
proteins may be
discovered (22)

therapy (35) (212)

a time-consuming
process

Deconvolution | Strengths | Weaknesses | Opportunities Threats Examples of

tools identified or

validated Target
Generation of - Identification of - Difficulty to - Pinpointing the - Obtaining a - TbAT1/P2
. drug resistance obtain resistant resistance mechanism compound- adenosine

resistant . . . . . . A

. mechanisms (22) strains and lengthy | to guide first-line resistant strain is transporter
parasites

- Putative amino acid
transporter TbAAT6

Activity-based
protein profiling
(ABPP)

- Enable the swift
identification of
lead compounds
with the potential
to treat human
ailments (119).

- Allow the
investigation of
the effects of
enzymes and
small compounds
in natural
conditions (119,
224)

- Enable the
understanding of
the mode of
action and
evaluation of
potential side
effects (119)

- Monitor the
activity of
enzymes (225)

- Ineffective
crosslinking (119)
- ambiguous
labeling (119)

- A library can be used
directly for phenotypic
screening and target
identification (225)

- Combining activity-
based probes (ABPs)
and a covalent inhibitor
can facilitate target
identification and
enable investigation of
the function and
mechanism of the
identified proteins
(225-227).

- Addition of a clickable
group on the ABPP can
smoothen the passage
from phenotypic
screening to target
identification (225)

- Understanding of the
pharmacological effects
and possible adverse
events facilitated by
the use of ABPP in
conjunction with
bioimaging studies
(226)

- A strong technique for
identifying proteins
involved in disease
(225)

- An active
nucleophile site
must be present
in the enzyme's
active site (226)
- Difficulty to
discriminate
between generic
labeling and
target
involvement (119)

- TgDJ-1, a crucial
protein involved in
the invasion process
of the host cell by
Toxoplasma gondii
(68)

- Dipeptidylpetidase
1 (DPAP1) as a key
player in malarial
infection (225, 228)

Page 41 sur 247




Suzanne Sherihan SAHRAOUI
Part 1: Review

Table 3: Continuation of the table

drug-target
interactions at
atomistic
resolution

- Identification of
relevant features
of the protein-
ligand biological
activity by ML
(139, 229)

- Protein
conformation
flexibility is
considered by MD
simulations (139,
230).

- The visualization

considerably
simplify the protein
conformation
flexibility

- Advanced
sampling methods
(FEP, umbrella
sampling, funnel
metadynamics, T,
etc.) have a high
computational
cost.

- Low performance
of the ligand-based
target prediction if
the number of
known ligands is
small or activity

small molecules in
public databases

-Investigation of the
mechanism of action of
hits discovered from
phenotypic screens (68)

- Availability of a large
range of applications
(232).

- Prioritizing and
narrowing down the
screening process(233).
- Learning existing
features of known
ligands and targets to
predict drug-target
interactions by ML, DL,

(233)

-Unavailability of 3D
structures of some
targets (233).

- Proper
construction of
target structure
databases, correct
identification of
binding pockets,
computational
efficiency, and
proper
normalization of
docking scores(230)
can be an issue in
reverse docking -
Low accuracy of the

Deconvolution | Strengths | Weaknesses | Opportunities Threats Examples of
tools identified or
validated Target
In silico approach | - Drug candidates - Molecular - Availability of libraries | - Useless prediction | - Lung-intrinsic M1-
can be predicted docking algorithms | with structures, if the drug-target like-driven
- Prediction of neglect or activity, and targets of affinity is weak cytokine as a

target in the
pathogenesis of
bronchopulmonary
dysplasia (234)

leads and
confirmation of
hits during the
early stage of drug
discovery (129)

- The annotation of
unknown
compounds is a
time-consuming
and labor-intensive
task (236).

- Efficient data
deconvolution is
required (121).

technologies (237)

- A single analytical
technique is not able to
scan the entire
metabolome, hence
multiplatform
assemblies are usually
preferred (136)

- Great possibilities
since the size of the
metabolome is not well
defined (238)

mandatory (237).

-Statistical data is
key (239).

- A high demand for
analytical
performance is
required (136).

- Multiple profiling
experiments are
required (238).

of the mplecular cliffs (156, 174, and Al (233). binding energy
mechanism 231). estimation by
through MD docking scores
simulations can (139, 230).
enhance the
efficiency and
knowledge of the
design process.
Metabolomics - Simple to - Difficulty to - Using mass - The use of - A benzoxaborole
execute (121) validate some spectrometry and NMR | orthogonal derivative
- Prioritization of | Piomarkers (235) as complementary techniques is (AN5568)

perturbated the
metabolism of T.
brucei (127)

- Eflornithine
increased ornithine
and decreased
putrescine (240)

- Nifurtimox
activated the
metabolism and
induced changes in
levels of
metabolites (240)

- Benznidazole
affected molecules
with thiols in T.
cruzi (129)
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4.1 STRENGTHS

Many innovative and effective deconvolution methods have been developed over the past
few years. These made possible to then study drug-binding to ascertain the activity of the
studied drug on the target of interest, as well as the mechanism of action (MoA) via the
overexpression of a protein of interest in a specific organism or cell. These facilitated our

understanding of the MoA interactions between a drug and its target.

The primary and common advantages of all these strategies are that they are usually

straightforward, affordable, and easy to implement in the lab (22, 209).

In the following section the key benefits of each approach, briefly summarized in Table 3, are

further described and discussed.

Genetic approaches: By examining changes to the phenotypes of cells and organisms
containing mutations in their genomes, reverse genetics helps scientists comprehend how
genes function. Additionally, the major sequencing effort and the emergence of databases
containing whole genomic sequences of many parasite strains, notably the TriTrypDB
database, made a large amount of data publicly available (6). With the help of new
computational methods, complete and accurate target identification, as well as the search for
potential targets of known drugs, may be possible in addition to the identification of parasite
proteins that may interact with known drugs (6). Furthermore, genome mining, an interesting
tool for drug discovery, led to the identification of numerous microbial genomes that contain
orphan (cryptic) gene clusters that encode enzymes involved in the synthesis of new
secondary metabolites paving the way for the discovery of new putative active compounds
against bacteria and parasites in the future (210, 241) (242). For instance, the discovery of
coelichelin, a cryptic modular non-ribosomal peptide synthetase (NRPS) produced by

Streptomyces coelicolor A3(2)'s genomic sequence (211).

Last but not least, the most significant benefit of the direct genetic approach is the
investigation's objectivity, which does not necessitate making any hypotheses about the
molecular origins of the phenotype under consideration. Indeed, direct genetics produced
several novel and unforeseen breakthroughs as a result. An illustration of such is the

identification of a Toll-like receptor (TLR)-4 as the lipopolysaccharide sensor (95, 243).
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Finally, these genetic approaches have been widely used not only for the discovery but also
for the validation of therapeutic targets through gene insertion or deletion (88, 244). An
additional example of a target that has been validated using genetics approaches following
identification by targeted deconvolution techniques is the TbAK (as previously described)
which was pinpointed by chemical proteomics and validated genetically using RNAi as the

intracellular target of 4-[5-(4-phenoxyphenyl)-2H-pyrazol-3-yl]-morpholine (96, 97, 245).

Affinity chromatography: Given its ease of use, affordability, and capacity to develop drug-
binding assays based on their attachment to a suitable matrix, this approach is frequently
utilized for identifying possible targets interacting with promising compounds. Additionally,
these processes are fast and reproducible, generally easy to set up, and need little in the way
of equipment (affinity column, resins, beads) (22). These techniques also facilitate the
isolation and identification of soluble targets by mass spectrometry. As a result, multiple
protein types can be studied (enzymes, and membrane proteins as well as some cytoskeleton

proteins after adaptation of the extraction conditions) (22).

Generation of resistant parasites: Different proteins involved in the development of drug

resistance can be determined and studied (22).

Activity-based protein profiling: The ability to use this technology to examine the actions of
enzymes and small compounds in natural surroundings along with its great potential to allow
the study of in vivo proteins represents its most significant benefits. Therefore, its
implementation into the early stages of the pharmaceutical development process has been
mentioned to be facilitate the discovery of new therapeutic targets (119, 224). Moreover,
when it is paired with bioimaging, it creates a potent approach that offers a global and

quantitative evaluation of the proteins that bioactive compounds bind to (119).

Metabolomics: Untargeted metabolomics can be applied in the early stage of drug discovery
and is intended to help prioritize leads or reconfirmed hits for further development (129).
Moreover, laboratory experiments in the metabolomics workflow are relatively simple. Drugs
are added to cells, and cell extracts are analyzed using MS or NMR, in which the levels of each

metabolite can be recorded (121).
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In silico approach: The strength of the in silico approaches is to be able to mine the structural,
chemical, biological data provided by years of research towards finding the target of a given
molecule. In this context, reverse docking, ligand-based approaches complemented by
machine learning and molecular dynamics can be defined as strengths intrinsic strengths of
the approach. Machine learning methods statistically analyse the correlation between
chemical structures and protein-ligand interaction and have demonstrated their ability to

identify and predict relevant features of the protein-ligand biological activity (139, 229).

Molecular dynamics simulations provide an accurate description of the protein conformation
flexibility which usually is neglected in reverse docking (139, 230). Furthermore, observing a
specific molecular mechanism can enhance the efficiency and knowledge of the drug design
process, enabling intuitive breakthroughs beyond mere interpretation and offering

comprehensive insights that surpass the scope of the specific application under examination.

4.2 WEAKNESSES

Deconvolution approaches offer many benefits (Table 3), but some of them have drawbacks
as well. These limitations are also intrinsically linked to the complexity of the task. Indeed, the
target of interest must be specifically expressed in the pathogen, necessary for parasite life
but distinct from that of the mammalian host cell, in order to develop effective antiprotozoal
medications for neglected tropical diseases (21). This complexity may be also turned into an
opportunity as the differential activity between host and pathogen can be exploited for finding

the relevant target(s).

In the following section the key weaknesses of each strategy, briefly summarized in Table 3,

are further described and discussed.

Genetic approaches: While genetic techniques are continuously evolving and improving (209),
a suitable knock-down system for target discovery must typically be available to execute
reverse genetics. Reverse genetics has other weaknesses, including technical difficulties,
particularly in organisms that are complicated to genetically modify, including humans, some
animals, and multicellular plants that have polygenic characteristics along with massive
genomes (246) (247). Additionally, considering the phenotype, if it is intricate or pleiotropic

(impacting various traits), it may be challenging to pinpoint the particular role of a gene.
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Undoubtedly, a single gene can have multiple purposes, and its deletion or alteration can have
an impact on a variety of characteristics (248). Last but not least, if a protein is universally
expressed, the phenotype brought on by gene disruption can be associated with almost any

type of cell or tissue (249).

Genome mining has provided some strength for drug discovery but has limitations when the
expression of the relevant orphan gene cluster is either absent or low (211). Moreover, the
identification of biosynthetic gene clusters is limited to those that are already known (210,
241). Furthermore, there remains a challenge in connecting these gene clusters with specific
biological functions (250). Finally, while genome mining is rapidly evolving and starts giving
results for drug discovery it needs more refinement and improvement for being used as

primary target deconvolution method.

Affinity chromatography: This strategy has certain drawbacks, including the possibility of non-
specific binding of irrelevant proteins to the drug matrix. The potential identification of
secondary targets, such as transporters or enzymes, instead of the intended target is a
weakness but at the same time represent an opportunity to better understand the
pharmacological profile of the compound. Furthermore, when using compounds that in reality
are prodrugs activated in situ, the target may not always be the intended protein, but rather
the metabolizing enzyme that transforms the prodrug into the desired molecule. In this

situation, the appropriate compound should be used (217).

Moreover, as the technique requires the use of strong detergents to solubilize the proteins,
transient interactions, and insoluble targets (such as trypanosome cytoskeleton proteins) may
go unnoticed in addition to the potential loss of the target protein during elution (216).
Besides, rigorous washing will lessen the ability to recognize protein complexes with which
the target of interest is directly interacting, which could lead to the loss of crucial information
(105). Also, the generation of immobilized affinity agents that preserve cellular activity is

another difficult aspect of affinity purification procedures (105).

Generation of resistant parasites: The major weakness of this method is the possibility of
directing the search to other proteins involved in drug metabolism or transport rather than to

the actual target (22)
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Activity-based protein profiling: Although ABPP technology led to enormous strides and
substantial breakthroughs, it is still difficult to discern the distinction between nonspecific
labeling and real drug-target interaction (119). Moreover, the underlying problems with
inadequate cross-linking still provide a significant difficulty, notwithstanding the successful

uses of this method (119).

Metabolomics: Efficient data deconvolution is required, and the annotation of unknowns
compounds remains a bottleneck in untargeted metabolomics, as it is a time-consuming and
labor-intensive task (236). Furthermore, the validation of biomarkers is still quite challenging
since some studies suffer from small size and a design not sufficiently specific for this task

(235).

In silico approach: Molecular docking has limitations in accurately predicting the binding
affinity of small molecules to target proteins. The accuracy of the predicted binding poses can
also be affected by the quality of the protein structure and the flexibility of the ligand and
receptor. The ligand-based target prediction strategy suffers from some limits in case of
targets with a small number of active ligands or activity cliffs that are ligands pairs of
compounds with high structural similarity but unexpectedly high activity difference, affecting
the generalization ability of machine learning models (156, 174, 231). Finally, enhanced
sampling methods such as FEP, umbrella sampling, funnel metadynamics, Tl can be
computationally expensive and consequently large numbers of ligand-protein complexes

cannot be evaluated.

4.3 OPPORTUNITIES

Deconvolution approaches might offer a variety of opportunities since they give valuable
information on the binding of an interesting molecule to its putative target(s) to be validated

further with chemical genetic approaches.

In this section the key opportunities of each approach, briefly summarized in Table 3, are

described and discussed in more debth.

Genetic approaches: One of the main advantages of these techniques is that they can be used

in conjunction with other methods to ascertain the various interactions between the target
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and other proteins or between the target and its ligands, such as bioinformatic tools, artificial
intelligence, robotics and HTS. Indeed, for instance, the combined application of these cutting-
edge techniques allowed for the discovery of similarities between parasite strains treated with
an ODC inhibitor (eflornithine) and those whose ODC was inactivated, proving that ODC would

be a useful target for the development of new HAT treatments (215).

Furthermore, reverse genetics, which includes sequencing, enabled the identification of key
enzymes and the validation of proteins that are responsible for the development of resistance
(such as TbAAT6, TbAT1/P2 adenosine transporter), as well as the identification of crucial
biochemical pathways that differ from those of mammalian hosts and essential targets (22)

(35, 212).

Moreover, large panels of DNA databases have been developed and are accessible to the
public, allowing for the application of bioinformatics tools and novel approaches for the target
deconvolution in particular via in silico approaches and the subsequent drug discovery. In
respect to drug discovery, genome mining seeks to identify the genes encoding for novel
bioactive molecules (211). Thanks to its association with synthetic biology, natural substances
can be produced using altered microorganisms (210). As an illustration, a precursor of
artemisinin is produced via fermentation and is then semi-synthetically modified to get

artemisinin used against malaria (210, 251).

Lastly, these techniques provide an opportunity for conducting QSAR analyses on target
isoforms in order to comprehend the interactions between the relevant chemical and the

active site (22).

Affinity chromatography: This technique is simple, fast, and reliable that opens up a wide
range of possibilities since the identified drug-interacting protein can be cloned and

overexpressed in bacteria or eukaryotic cells, then purified for future investigations (22).

Additionally, certain parasite organelle structures, such as the kinetoplast (containing circular
DNA in trypanosomatids) or the apicoplast (found in the majority of apicomplexan parasites),
can be isolated in order to examine them and ascertain their fundamental constituents. For

instance, the T. brucei Th927.2.6100 protein has been identified as an essential protein
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associated with the kinetoplast DNA or the tryptophanyl-tRNA synthetase (TrpRS? ") found in

the apicoplast of Plasmodium falciparum (209, 218).

Furthermore, the combination of affinity chromatography and mass spectrometry enables the
identification of particular protein-protein interactions as well as the discovery of target

proteins, even those with low abundance (102, 252, 253).

Generation of resistant parasites: The ability to identify the mechanism of resistance to direct
first-line treatment is one of this method's greatest opportunities: for example, analysis of T.b.
gambiense from patients relapsing after melarsoprol treatment revealed alterations in the
TbAT1 gene linked to the adenosine transporter 1, resulting in loss of drug uptake by the P2
purine transporter (212). As another example, deletion of the amino acid transporter gene

TbAATG in resistant strains led to resistance to eflornithine (35).

Activity-based protein profiling: The ABPP, which relies on covalently binding the putative
target(s) and immediate target(s) labeling, facilitates the generation of databases that would
enable the simultaneous application of phenotypic screening and target identification (direct
linkage mediated by the addition of an alkyne or an azide forming the clickable group ) (68,
228, 254) (226). Moreover, the combining ABPP with bioimaging allows a better
understanding of pharmaceutical effects and prospective risks (119). Furthermore, the
combination of activity-based probes and a covalent inhibitor in the same experiment can be
used to examine the function of the identified protein and understand the mechanism of
action of the inhibitor (226, 227). For instance, the inhibitor WRR-086 that had previously been
chosen and transformed into an ABPP enabled the identification of TgDJ-1, a crucial protein

involved in the process of host cell invasion by Toxoplasma gondii (225, 226).

Another example where the opportunities of ABPP have been successfully used, is the
discovery of dipeptidylpetidasel (DPAP1) as promising therapeutic target. DPAP_1 was found
to have a substantial role in malarial infection. This discovery was made using a broad-
spectrum cathepsin-C specific probe and thus demonstrated the effectiveness of the ABPP

method for target identification and discovery of disease-associated proteins (225, 228).

Metabolomics: The combination of mass spectrometry and NMR as complementary

technologies allow the reproducible identification, quantification of metabolites, and stable
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isotope tracing in vivo (237, 255). Moreover, a challenge, which represents both an exciting
opportunity for chemical discovery and an intimidating analytical burden, is that the size of
the metabolome is not well defined (238). Despite the inherent drawbacks of this approach,
metabolomics is a key tool and will be used more readily in the identification of drug targets

for anti-parasite drug discovery (121).

In silico approach: Computational approaches for target prediction can have a large range of
applications; they can be used for predicting the undesirable effects of drugs or their
mechanism of action (232). It can also help in prioritizing certain drug targets and therefore
narrowing down the validation process and accelerating the screening step (233). In order to
forecast novel drug-target interactions, machine learning, deep learning, and artificial
intelligence use models that learn the characteristics of existing medicines and their targets

(233).

Methods for computer-aided drug design have advanced rapidly. Methods such as virtual
screening of induced-fit docking (IFD), molecular docking, and MD simulations aided in
determining protein function. In contrast to drug affinity-responsive target stability (DARTS),
in silico approaches provide accurate combined information, making them an effective
supplement to DARTS. Because of their virtual state, in silico approaches that calculate the
binding details of a small molecule ligand may be inaccurate. DARTS, on the other hand, is
typically performed in response to physiological states, such as those found in cells or tissues.
In this context, DARTS and in silico methods are complementary (111), allowing the limitations

of each method to be overcome.

4.4 THREATS

Deconvolution approaches have many benefits, but there may still be some concerns. These
methods rely on the discovery and confirmation of prospective therapeutic targets, which
might not include all pertinent proteins for a given disease. Indeed, targets designed for
streamlined cell-based assays may not always behave as expected in intricate organ systems
and may not be transferable to humans (2). The drug sildenafil serves as an excellent
illustration of the great complexity of human organisms. This medicine, which was initially

intended to treat cardiovascular disease, has now been approved for use in treating erectile
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dysfunction owing to an unanticipated pharmacological impact (2). Furthermore,
understanding a target or mode of action might not be adequate to fully describe the
situation. Drugs may have multiple targets, and their apparent efficacy is not always the result
of the mechanisms they were previously thought to have (2). Selective serotonin reuptake
inhibitors (SSRIs), which are used to treat depression, are an outstanding example. Indeed,
the effect that was first anticipated was an increase in serotonin levels in synapses, but it was

revealed to have a more intricate mode of action (256).

The management and processing of big data produced by the myriad of newly discovered
targets and combinatorial chemistry, as well as the requirement for sophisticated Al-based
machine learning tools, is a enormous challenge and thus a potential threat to all

deconvolution methods if not accurately addressed (257).
Below some threats associated with each approach summarized in Table 3 are discussed:

Genetic approaches: Despite its many advantages, this strategy may not be able to anticipate
the biotechnological potential of some compounds, such as natural products, and may only
be relevant to identify biosynthetic gene clusters (209). Additionally, it might set some

boundaries regarding the formulation of chemical structures (209).

Affinity chromatography: Determining where to bind the linker to the molecule of interest
without impairing activity is a challenge and remains a threat along with its eventual
difficulties of production and purification (219). It is essential to produce ligands that are
readily attached to solid supports and are similar to the relevant bioactive compounds. The
risk is that these ligands do not have the same selectivity or affinity for binding to the desired
targets, which would impede the capture of the intended proteins (104). Moreover,
employing an affinity column to purify a particular target can be challenging if the sample
contains a complex protein mixture. Furthermore, proteins may occasionally become
denatured during the purification process, rendering them unusable for later applications
(220). Finally, affinity chromatography may produce significant background noise, which can

make it challenging to identify and measure the target protein (103).

Generation of resistant parasites: A hurdle would be that some strains might require a long

time to develop drug resistance.

Page 51 sur 247



Suzanne Sherihan SAHRAOUI
Part 1: Review

Activity-based protein profiling: It can be challenging to tell the difference between generic
labeling (the non-specific marking) and actual drug and target interaction (119). Also, in some
cases, an active nucleophile site is necessary to be present in the active site of the enzyme to
attach covalently the ABPP to target proteins (but could be overcome by adding a photo-

reactive moiety) (226).

Metabolomics: The complex nature of biological samples, comprising metabolites from
different chemical classes with distinct physicochemical properties (polarity, solubility,
volatility), imposes a high demand on the analytical performance, and multiplatform
assemblies are usually preferred (136). It is clear that no single profiling experiment can be
truly comprehensive for even currently known metabolites (238). In addition, the use of
orthogonal techniques is mandatory to provide valuable information for the identification of
unknown metabolites (237). Correct treatment of statistical data is important for any

metabolomic approach (239).

In silico approach: On the one hand, one of the primary concerns of SBDD methodologies is
the requirement of high-quality experimental or theoretical structures. The 3D structures of
the targets have to be available if one wants to use the molecular docking or MD simulations
(233). On the other hand, LBDD methods have also some limitations and drawbacks that need
to be considered. One of the main challenges is the requirement of a known ligand or a set of
active compounds to derive a reliable model. Additionally, if the binding of a drug to its target
is not strong enough, the prediction of the interaction can be useless (233). Several issues are
related to reverse docking such as proper construction of target structure databases, correct
identification of binding pockets, computational efficiency, and proper normalization of
docking scores(230). Furthermore, the binding energy estimation by docking scores is usually

of low accuracy (139, 230).

.5 Conclusion

To summarize, the target(s) deconvolution methods used within the drug discovery process
are crucial in advancing the discovery of novel and more potent therapies. Each tool provides
distinct skills and insights that can be useful when combined. For example, the use of

computational methods to predict ligand activity for newly isolated targets through affinity
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chromatography or using activity-based protein profiling with proteomics to screen identified
targets, demonstrates the complementary nature of each method and the significance of

taking this into account when a new target is to be discovered.

Despite the many benefits of the target(s) deconvolution methods, several limitations, such
as difficulty in isolating targets of interest with weak interactions, interference from
structurally related proteins, and complex mechanisms of action remain. Thus, it is crucial to
continue developing target deconvolution tools in the field that takes into account the in vivo
situation. With the continuous advancement and widespread use of such tools, the likelihood

of effective drug discovery will increase.

In line with this need, the thesis project aim was set to develop a new tool that will operate in
vivo within the T. brucei parasite, and that will enable the precise identification of targets of

interest and their interacting partners (see Part 2 below)
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.1 Aim of the project

As described in the review of Part 1 above, Human African trypanosomiasis (HAT), also known
as sleeping sickness, belongs to the class of neglected tropical diseases together with
leishmaniasis and Chagas disease. HAT is treated with drugs that are unfortunately often
associated with numerous and sometimes very serious side effects such as encephalophagy
syndrome, which is a rare but serious side effect of melarsoprol, or strong allergic reactions
and nephrotoxicity (1, 2). Moreover, resistance to these treatments seems to be emerging,

which poses a real problem for the effective treatment of the populations concerned (2).

These serious adverse effects are typically attributed to an incomplete understanding of the
molecule's mode of action, its selectivity, or also unidentified proteins that the medications

might target (3-6).

The discovery of many molecules to treat sleeping sickness has been made possible by the use
of the phenotypic screening approach, which consists of testing libraries of new compounds
on cell cultures to determine which molecule will lead to parasite death. However, neither the

target proteins nor the mode of action is clarified by this strategy (4, 6-11).

To answer this unresolved query, scientists have begun to focus on identifying targets in cells
(or on membranes) and concentrate on elucidating the mechanism of action of a compound

of interest (4, 6, 8, 10, 11).

In the process of developing new drugs, it is crucial to comprehend a molecule's mode of
action and potential therapeutic targets, as putative adverse effects could eventually be
predicted and a better understanding of the function of the targeted protein and its pathways

could be envisaged (4, 12-14).

Since then, many target identification techniques and approaches have been developed and
successfully applied such as chemical proteomics techniques, including affinity purification
using compound-immobilized beads, photoaffinity labeling, and also genomic metabolomics

and in silico approaches (detailed in Part 1) (5, 8, 11, 14-23).
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Affinity-based methods are widely used for target isolation and identification (15, 24). These
techniques have been applied in our lab in the context of research on neglected tropical
diseases, and they have made it possible to identify and validate the T. brucei adenosine kinase
(TbAK) as a target of the compound CD12001 (4-[5-(4-phenoxyphenyl)-2H-pyrazol-3-yl]-
morpholine)(25-28).

However, affinity-based techniques come with significant limitations. For instance, the
inability to probe particular portions of the proteome because of its loss brought on by the
intense lysis conditions employed to solubilize proteins. Additionally, in order to make
proteins more soluble, it frequently takes the application of potent detergents, which makes
it difficult to identify fleeting or weak protein-protein interactions (29). Another drawback to

this approach is the strong background signal caused by non-specific interactions (24, 30).

Several new approaches have been developed to overcome the difficulties encountered with
the affinity-based method, including activity-based protein profiling, a chemical proteomics
approach in which small molecules with extremely reactive functionality bind covalently to
the catalytic site of their targets (31). Unfortunately, because of its restriction to specific

chemicals and enzymes, this approach has some flaws that limit its usefulness (31).

The approach known as yeast-two hybrid (Y2H), which has been established for the detection
of protein-protein interactions in a living cell, is just one of the many techniques that have
been further developed to examine the molecular targets and the many interactions (32, 33).
Nonetheless, this approach has certain limitations, such as a high apparent incidence of false

positives and false negatives (34, 35).

Another method that builds on the Y2H screen is the yeast-three hybrid (Y3H), which has been
defined as beneficial for finding unusual proteins in cells (36-40). Despite the power of this
system, one of its drawbacks would be directly related to its readout based on the activation
of the reporter gene (e.g., LEU2, LacZ) in yeast cells. In this context, only soluble target proteins
translocating to the yeast nucleus can be identified, while proteins located in organelles or

membranes may not be detected (39).
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Two ground-breaking strategies have recently been discovered to get beyond many of the
drawbacks of the various methods discussed above. These two technologies, known as BiolD

and SNAP-tag, are explained in depth in Part 3 below.

Although both methods present numerous advantages, some limitations of each technique

taken separately have been pointed out and outlined in Part 3 below.

The project’s concept is based on working in vivo and the working hypothesis, that combining
two orthogonal methods, BiolD and SNAP-tag, could lead to overcoming some of the
limitations of the single approaches. The choice of working in vivo with Trypanosoma brucei
brucei (Tbb) was made based on its favourable characteristics, namely, its lack of human
pathogenicity, its rapid growth, and its ease of manipulation. Indeed, Thb subspecies mainly
infect animals such as cattle but not humans owing to the existence in human serum of
trypanosome lytic factors (TLF1 and TLF2) that induce lysis of this parasite subtype (41, 42).
While the idea of fusing two proteins seems straight forward how to link them is challenging
as the proper functioning of a fusion protein depends on the length and type of amino acids
constituting the linker connecting the distinct domains of the fusion protein. Thus, the choice
of an appropriate linker between the BirA* and SNAP-tag domains needs to be explored
during this study. Since linkers have been shown to establish communication between the
various domains composing fusion proteins, they are now understood to conduct far more
essential functions than just serving as connectors between the different components (43).
Additionally, they preserve the biological activities of the different modules and maintain their

proper interaction (44).

These working hypotheses led to the definition of the project overall aim that is to develop a
new in vivo target deconvolution system issued by the combination of BiolD and SNAP-tag
technologies and able to subsequently identify small molecule target proteins not only in the
cytosol but also in the organellar sub-proteomes of T. brucei hence transcending the
limitations of the two procedures used individually and breaking the constraints of

conventional target identification approaches.

Therefore, the deliverable of this project will be a sensitive target(s) identification tool

appropriate for small molecules that interact with their target proteins with moderate to high
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affinity to be used in the future for deconvoluting targets of lead compounds discovered

through phenotypic screening in several projects of the group as well as those carried out in

collaboration with DNDi.
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.1 Introduction

.1.1 Trypanosoma brucei parasites

.1.1.1 Classification and morphology

Trypanosomes are hemoflagellate protozoan parasites of the class Kinetoplastea, order
Trypanosomatida, family Trypanosomatidae, and genus Trypanosoma (1, 2). These organisms
belong to the class of kinetoplasts because of the characteristic presence of a dense structure
called a kinetoplast, which takes the form of an array of circular mitochondrial DNA or

kinetoplast DNA (kDNA) molecules located in a specialized part of the mitochondrion (1, 3).

Trypanosomes including other protozoan parasites such as Leishmania spp. are also

characterized by the presence of a single flagellum in addition to the kinetoplast (4, 5).

Trypanosomatids can adopt six main morphologies, described in the figure hereunder:
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Figure 1: The six major morphologies adopted by trypanosomatids (image A taken from (6) and image B taken
from (7))
The parasitic species Trypanosoma brucei (T. brucei) adopt only two forms: The

trypomastigote (Figure 1A (a)) and epimastigote (Figure 1A (b)) morphologies (7).

Two morphologically indistinguishable subspecies of T. brucei cause sleeping sickness, each
responsible for a particular form of the disease. The first subspecies T. b. gambiense (Thg) is
responsible for chronic African trypanosomiasis, a disease found mainly in West Africa, while
the second subtype T. b. rhodesiense (Tbr) is responsible for acute African trypanosomiasis, a
form of the illness primarily presents in East Africa. Yet, T. brucei has a third species known as
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T. b. brucei (Tbb). This subtype of the parasite mainly infects cattle and is not pathogenic to
humans (2, 8). Indeed, Human beings are naturally immune to this subtype owing to the

presence of trypanosome lytic factors (TLFs) allowing their lysis (9, 10).

Trypanosome lytic factors (TLFs) are high-density lipoproteins that belong to human innate
immunity (11, 12). These factors fall into two categories: TLF1 and TLF2. Both contain the
apolipoprotein L1 (APOL1) which seemed to be important for trypanolytic activity (13, 14).
Along with APOL1, they also share additional proteins including haptoglobin (Hp)-related
protein and apolipoprotein A1 (APOA1) (Hpr). Apolipoprotein A2 (APOA2), paraoxonase, and
hemoglobin are the key distinctions between TLF1 and TLF2, in addition to the fact that TLF1
is a smaller and more lipid-rich protein whereas TLF2 is larger and less lipid-rich. However, it
has been noted that TLF2 is reportedly linked to immunoglobulin M (IgM), which accounts for
its increased size (about 1000 kDa compared to about 500 kDa for TLF1) (10, 11, 13).

The other two subspecies of T. brucei (Tbr and Thg) have developed resistance to TLFs, which

explains their ability to infect humans and induce sleeping sickness (10, 12, 13).

The Serum Resistance-Associated protein (SRA), a shortened form of the Variant Surface
Glycoprotein VSG that appears to interact with APOL1 and impede APOL1-mediated parasite
lysis, mediates Thr resistance to TLF (12, 15, 16). Hemoglobin (Hb) seems to enhance the
activity of Hpr, which is thought to be involved in trypanosome lysis together with APOL1 in
TLF1 (12, 14, 17-22). However, the Hpr/Hb combination in human serum would bind to the
Hp/HbR receptor of Thb (TbbHpHbR) which induces its lysis (17, 23, 24). Unlike Tbr, Tbg does
not contain the SRA gene, and its resistance to TLFs seems to be multifactorial. Likewise, it has
been demonstrated that a reduction in the expression of TbogHpHbR would cause this subtype
of the parasite to escape from human innate immunity, explaining its pathogenicity and
susceptibility to infection (17). In addition, an L210S substitution would inactivate the
TbgHpHDbR receptor conferring resistance (25). Another factor contributing to the defense
mechanism would be the presence of a parasite-specific glycoprotein (TgsGP) preventing

APOL1 toxicity (25-27).
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Figure 2: General structure of Trypanosoma brucei (BSF) and its main components, image taken from (28, 29)

As illustrated in Figure 2 above, T. brucei parasites have a very dense coat of glycoproteins
called VSGs (Variant Surface Glycoproteins) covering the surface of their plasma membrane

(30).

VSGs represent the main surface antigens. Indeed, when the parasite infects its host, it
undergoes an antigenic variation during which the expression of the VSG is modified. This is
achieved by drawing from a genomic repertoire of more than 1000 different genes. Each gene
encodes a unique variant of the VSG, produced only once and encompassing the entire surface

of the plasma membrane (30).

These VSGs are highly immunogenic, causing an immune response that allows the production
of antibodies against the type of VSG expressed on the parasites' envelopes. However, some
of them will evade the immune response by modifying the VSG expressed on the surface,
which induces a re-increase in parasitemia. These fluctuations in parasitemia are a defining
feature of HAT disease and are brought on by this antigenic variation, involving this cyclical
expression of a new VSG resulting in the appearance of new mutants in the host blood (28,

30-33).

VSGs are characteristic of bloodstream forms. For procyclic variants, procyclins, which as
VSGs, are glycosylphosphatidylinositol-anchored proteins, are the primary surface proteins of

procyclic parasites (33-35). Unlike VSGs, procyclins are not required for procyclic cultures (33,
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36). The expression of these VSGs takes place in the salivary gland of the tsetse fly, but this

process remains poorly understood (37).

The three subspecies of T. brucei are morphologically indistinguishable. Thb is lysed by TLFs
as previously detailed but how to distinguish between Thr and Thg in order to adapt the

treatment according to the targeted strain?

As mentioned above, one mechanism of action that allows Thr parasites to escape TLFs
present in human serum is the presence of serum resistance-associated protein (SRA) (15, 38).
The gene encoding for this protein has, therefore, been taken as a diagnostic tool to be able

to detect and validate the presence or absence of Thr strains in the patient’s blood (38).

One further distinctive feature of the parasite's morphology is the presence of a single
flagellum which is essential for the mobility and thereby the propulsion of the cell. In addition,
it showed to be an important organelle in morphogenesis as well as in cellular cytokinesis.
Furthermore, it has been proven that the flagellar membrane hosts many factors involved in

parasite virulence entailed in host-parasite signaling and interactions (39).

The flagellum is always present in the parasite during each step of its life cycle, as depicted in
Figure 3 above, and is necessary for its survival (39). This latter, as illustrated in part B of Figure

3, is composed of a central pair of microtubules forming the 9 + 2 axoneme which represents
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the main source of motility of the parasite (39, 40). It emerges from the basal body (barrel-
shaped in blue in Figure 3B), emerges from the cell body membrane at the flagellar pocket,

and extends externally, forming this flagellar structure (39, 41).

.1.1.2 Vector of Trypanosoma brucei: The tsetse fly

The tsetse fly belonging to the genus Glossina is the vector that transmits the T.brucei
parasites responsible for HAT disease (42). There are three main subgroups of tsetse flies
classified according to the environment they inhabit: Glossina palpalis (G.palpalis) (riverine
tsetse fly), Glossina morsitans (G. morsitans) (savannah tsetse fly ) and Glossina fusca (G.
fusca) (forest-dwelling tsetse fly) (43). Although all tsetse fly species are capable of spreading
the HAT, G.palpalis spp. and G.fuscipes spp. represent the main vectors engaged in HAT

transmission (43).

The fusca subgroup of Glossina is generally implicated in the transmission of animal
trypanosomiasis to cattle, while the palpalis subgroup, including mainly G. palpalis, is
responsible for the transmission of the T.b gambiense (Thg) subtype of the parasite in West
and Central Africa (44). The T.b rhodesiense (Tbr) is transmitted by the morsitans subgroup,
primarily G. morsitans, which transmits the disease in East Africa explaining the spread of its

acute form in this geographical area (44).

Glossina species are characterized by tawny or brown-colored flies that vary in size depending
on the subgroup (45). The largest flies, measuring between 9.5 and 14 mm, belong to the fusca
subgroup (not including the proboscis). The species in the palpalis and moristans subgroups

are smaller, with sizes ranging from 6.5 to 11 mm (excluding the proboscis) (45).

.1.1.3 The genome of T. brucei

The haploid nuclear genomic DNA of the T. brucei parasite is about 35 Mb in size. Its diploid
DNA in the nucleus consists of 3 different types of chromosomes that differ in size. Indeed it
consists of around 11 pairs of megabase chromosomes with sizes ranging from 1 Mb to 6 Mb,
several chromosomes of 200 to 900 kb called intermediates, and about 100 linear

minichromosomes of 50 to 150 kb (37).
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The VSG genes are found on the subtelomeres of all different classes of T. brucei chromosomes

(46).

Minichromosomes house the untranscribed base copies of VSG genes. Their expression sites
have also been found on intermediate chromosomes, and their base copies and expression
sites have been identified in megabase diploid chromosomes (47), which would also contain

most of the transcribed genes (48-53).

Mitochondrial DNA, also known as kinetoplast DNA (kDNA), is localized in a peculiar structure
of kinetoplastid protozoa, including trypanosomes, and this organelle is called kinetoplast (54,
55). The kDNA is a massive network made up of thousands of minicircles and several dozens
of maxicircles (55-58). The kinetoplast is located near the flagellar basal body (55). Maxicircle
DNAs encode rRNAs and certain proteins, including those belonging to respiratory complex
subunits, and their transcripts require editing involving the insertion or deletion of uridylate
or uridine residues at specific sites to form an open reading frame. As for minicircles, their
DNA encodes guide RNAs that have the function of editing maxicircle DNA transcripts to
produce functional mRNAs (55, 56, 58-60).

The mRNA processing in trypanosomatids differs from that of other eukaryotic groups,
including fungi, plants, and mammals (61). Indeed, in kinetoplastids, gene transcription is
polycistronic and requires a trans-splicing process, individual mature mRNAs are obtained by
trans-splicing which consists of adding a short capped sequence at the 5' end, and this process
is coupled with polyadenylation of the previous mRNA in order to stabilize and obtain the
mature mRNA coding for proteins (61-65). These mechanisms allowed the emergence of
treatments used against human and animal trypanosomiasis that target mRNA maturation,
such as AN7973, a benzoxaborole-based compound that was found to rapidly inhibit mRNA

trans-splicing (within one hour) (63).

.1.1.4 Life-cycle of Trypanosoma brucei

As mentioned in section 1.1.1, the T. brucei parasite can take on one of two morphologies
depending on the infected host: The parasite adopts the trypomastigote shape when it is
within its permanent mammalian host (human or animal). In this form, the kinetoplast and

basal body are posterior to the nucleus whereas they are anterior when the parasite takes the
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epimastigote morphology. The tsetse fly of the genus Glossina contracts blood
trypomastigotes when it consumes a blood meal from an infected mammalian host, as seen
in the illustration below that depicts the parasite's life cycle (Figure 4). The blood
trypomastigotes are converted into procyclic forms in the infected fly's midgut. These multiply
through binary fission. Trypomastigotes take on an epimastigote form after they exit the
midgut and proliferate via binary fission in the insect's salivary glands. During the fly's blood
meal on the mammalian host, these epimastigotes will later change into metacyclic
trypomastigotes and be injected into the skin tissue of the latter. After passing from the
lymphatic system to the bloodstream, these parasites assume the morphology of blood
trypomastigotes that continue to replicate by binary fission and are transported to other body
fluids such as cerebrospinal fluid or lymphatics. These different life stages of the T. brucei
parasite are only extracellular, whereas the Trypanosoma cruzi (T. cruzi) parasite can adopt an

intracellular phase (2).
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’Q Infective stage

& oagnostic stage

Figure 4: Life-cycle of African trypanosomes (Image taken from (2))

According to the infected host, T. brucei's life cycle is divided into two primary stages, as
indicated in Figure 4 above. When infecting either a human or a vector (the tsetse fly), the

parasite will take either the procyclic form (PCF) or the bloodstream shape (BSF) (66).
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Figure 5: Different morphologies taken by Trypanosoma brucei parasite into the vector and mammalian host,

image A taken from (66) and B taken from (67)

As the T. brucei grows in the bloodstream, its shape alters to take on a slender appearance
(Figure 5 above). When the overgrowth is reached, the parasites switch to a non-proliferating
stumpy form, which not only controls their number in circulation by preventing overgrowth
and thereby extending their survival but also ensures coordination of the morphological
changes that occur during the time the parasites are transmitted into the vector (tsetse fly)
and upon reintroduction into the cell cycle since division arrest occurs in the G1 phase of the
cellular cycle (66, 68). As mentioned earlier, and illustrated in the diagram above (image A),
during the blood stage, the slender forms express VSGs glycoproteins allowing them to escape
and bypass the immune system by the antigenic variation that enables the expression of a
VSG distinct from the one that was previously expressed in response to the development of

antibodies against the type of the glycoprotein that was previously expressed (69).

As outlined, the morphological transition into stumpy forms enables the transmission of
parasites to tsetse flies when they consume a blood meal (66). Procyclic forms are then
produced and these proliferate in the midgut of the fly. These forms also express surface
glycoproteins which are the EP and GPEET procyclins (70). Following this, the parasites go from
the midgut to the salivary glands, where they attach with their flagella and transform into a
proliferating epimastigote (66). Finally, they transform into non-proliferating metacyclic forms

that re-acquire the VSG coat, ready to be transmitted to a mammalian host (66).
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Figure 6 below also effectively illustrates the parasite's ability to reorganize its internal
organelles, including its kinetoplast, nucleus, and flagellum, according to the various stages of

its life cycle (66, 67, 71).

As described in section 1.1 (part 1.1.1), various species of the kinetoplastids exhibit additional
or distinct morphologies from those adopted by T. brucei. In addition to the trypomastigote
and epimastigote stages that are shared with T. brucei, T. cruzi also exhibits the amastigote
type that appears in the cytoplasm of an infected cell (67, 72). Leishmania species adopt the
amastigote (proliferative aflagellate types found in mammalian host cells) and promastigote

(proliferative flagellate types found in female sandflies) variations (67, 72-74).
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Figure 6: Arrangement of organelles according to the different morphologies adopted by the kinetoplastid

species (Image taken from (67))

The only two morphologies taken by T. brucei are those highlighted in red in the figure above.

.1.1.5 African Trypanosomiasis
Human African Trypanosomiasis (HAT), often known as sleeping sickness, is provoked by Tbr
(which is responsible for the acute form) and Thg (which is responsible for the chronic form)

and can be fatal if left untreated. These two forms are well described above in Part 1 (Review).

Animal trypanosomiasis also known as the Nagana pest is induced by Thb. This latter infects
animals and therefore livestock, which represents an enormous economic challenge and a
considerable loss of income for sub-Saharan Africa, leading to a significant increase in poverty

in the affected areas (30).

There are two distinct types of sleeping sickness (or HAT) which can be identified by two
different stages, as was discussed in the review (Part 1): The hemolymphatic phase, also

referred to as stage |, starts after a tsetse fly bite and is marked by the parasite's proliferation
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in the blood and lymphatic systems as well as the body's internal organs. This phase is
characterized by nonspecific symptoms such as headache, itchiness, joint pain, fever, weight

loss, arthralgias, fatigue, or general malaise (75, 76).

The late phase (stage I1), also known as the encephalopathic state, presents with more specific
symptoms characterized by neurological signs such as tremors, numbness, poor coordination
and general muscle weakness, confusion, and disruption of the sleep cycle, which is the main
symptom of the disease and has led to its renaming: Sleeping sickness (76). A wide variety of
mental and psychiatric symptoms, including anxiety, agitation, indifference, irritability, mania,
and hallucinations were also documented (76). If neglected, this stage frequently results in

coma and death (76-79).

.1.1.6 Geographical distribution of the disease

The Thg subtype, which causes the chronic form of the disease distinguished by its extremely
lengthy duration, is the most prevalent variety in West and Central Africa. Indeed, signs start
to appear after a period of several months to several years (about 2 years) during which the
parasites start to settle in the central nervous system (CNS) after crossing the blood-brain
barrier, and usually, when symptoms start to develop, the patient is already in an advanced
stage of the disease (76-79). The lack of symptoms during the initial phase suggestive of a Thg
parasite infection is explained by the low parasitemia of this subtype at the onset of the

disease (8, 75, 79).

In eastern and southern Africa, the most common subtype is the Tbr parasite, which is
responsible for the acute form of the disease (78, 80). Rhodesiense HAT causes a rapid onset
of symptoms that can be seen within a few months or weeks of infection (80, 81). Then, the
parasite quickly starts to invade the central nervous system. In contrast to HAT gambiense,
HAT rhodesiense is a more acute version that often lasts a few weeks to months before death

occurs if the disease is not treated swiftly (77, 78, 80, 81).

Figure 7 below shows the distribution of sleeping sickness according to Trypanosoma brucei

subtype:
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Figure 7: Distribution of sleeping sickness disease according to the Trypanosoma brucei subtype (Left image

taken from (75) and right image taken from (76))

Gambiense HAT accounts for approximately 95-97% of all reported cases, while rhodesiense

HAT represents only about 3-5% of cases (77, 80).

.1.2 A small overview of other neglected tropical diseases caused
by parasite of the same family

.1.2.1 American Trypanosomiasis or Chagas disease

American Trypanosomiasis also called Chagas disease, is caused by T. cruzi which is another
protozoan flagellate parasite belonging to the same family, class, order, and genus as T. brucei
and is responsible for one of the major neglected tropical diseases. Unlike T. brucei, T. cruzi is
able to alternate between the intracellular and extracellular stages (82). The infection of
mammalian hosts including humans occurs through feces or urines of infected triatomine
insects commonly known as “kissing bugs” (82-84). There are many other routes of
transmission, including vector bites, transfusion of infected blood or organ transplants,
consumption of food contaminated with vector excreta or secretions from infected
mammalian hosts, also from laboratory exposure or an infected mother to her new-born

during pregnancy or delivery (82, 85).
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The parasites are encouraged to enter the body when the individual instinctively spills the
bug's feces or urine into the bite, eyes, mouth, or skin sores. These bugs bite on exposed

portions of the skin, such as the face, and then defecate or urinate nearby (86).

For more details about the disease, refer to Part 1 (the review).

.1.2.2 Leishmaniasis

Other parasites belonging to the same class, family, and order but differ in genius cause
leishmaniasis. The disease is brought on by numerous species of the genius Leishmania and
is spread to mammalian hosts, including humans, via the biting of infected female sandfly
vectors, which feed on blood to create eggs (87, 88). The two major morphologies adopted by
this parasite are the extracellular promastigote found in the digestive tract of the vector and
the intracellular amastigote detected, after the phagocytosis phase of the promastigotes, in
macrophages and other types of mononuclear phagocytic cells of the mammalian host (89,

90) (See Part 1 for more details).

Leishmaniasis is divided into three main forms: Visceral leishmaniasis (VL) also called kala-
azar, fatal in over 95% of cases if left untreated, caused primarily by Leishmania donovani or
Leishmania infantum (infecting also dogs and cats (91)), and leads to irregular fever outbreaks,
weight loss, enlargement of the spleen and liver and anemia; Cutaneous leishmaniasis (CL),
the most prevalent form of the sickness brought on by several species of Leishmania such as
Leishmania aethiopica, Leishmania major, Leishmania tropica, Leishmania mexicana, and
Leishmania amazonensis. This form is responsible for the appearance of ulcers or stigmata,
leaving lifelong scars; Mucocutaneous leishmaniasis (ML) induced by certain species,
including Leishmania braziliensis, Leishmania panamensis, and Leishmania peruviana (92-
97), and characterized by destruction (partially or totally) of mucous membranes of the throat,
nose, and mouth. Unfortunately, due to the existence of many diverse species, developing

effective vaccines and treatments remains challenging (98-100).

These three major neglected tropical diseases have been described more in detail in the

review (Part 1).
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.1.3 Current target deconvolution methods as starting technologies
for the development of the new tool

Recognizing the importance of identifying a medicine's target to avoid potential side effects
and understand its mechanism of action, several deconvolution techniques have been
developed and extensively reviewed (refer to Part 1). These tools enable accurate
identification and exploration of the desired target, simplifying the selection of potential hits

and their optimisation towards producing the desired outcomes.

Revolutionary and highly successful target deconvolution approaches have been developed
and widely used. These methods not only provide insight into the interactions between a
molecule and its target(s) but have also facilitated the establishment of studies on the activity
of the drug of interest in its target (101). Affinity chromatography, which is frequently used in
conjunction with the proteomic approach for later target identification, is one of the most
used target-based techniques (102). Indeed, this method, which consists of attaching the
molecule of interest to a matrix in order to capture its target by elution (the target can be

DNA, RNA, or proteins), is easy to handle, rapid, and reproducible (101, 103, 104).

Many additional techniques have also been found to be effective and beneficial, including
metabolomic, computational, genetic, and genetic techniques, such as genome mining, DNA
sequencing, and reverse genetics, which includes knockout, RNA interference (RNAI),
overexpression of a gene of interest, and the method of generating resistant strains, which is
widely used in parasitology to identify the proteins involved in resistance mechanisms (101,

103-105). In the review (Part 1), each of these techniques has been described in detail.

Another pair of cutting-edge approaches that have been developed and are widely employed
are BiolD and SNAP-tag technologies that are central approaches for this thesis and the aimed
development of the novel deconvolution tool. Thus, for the thesis the details of these
strategies including strengths, weaknesses and opportunities are described in chapter 3.1.3.1

and 3.1.3.2.
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.1.3.1 BiolD technology and its variants

The BiolD approach is a recent method based on a mutated form of the E. coli biotin ligase,
called BirA*, which produces a highly reactive intermediate called biotinoyl-5'-AMP. This
mutated version of biotin ligase has lost its affinity for the intermediate, which leads to its
promiscuous release into the surrounding environment. In the presence of ATP and biotin,
biotinoyl-5'-AMP will be able to biotinylate all partners in its immediate vicinity (within a 10
nm radius (Figure 8 below) by forming an amide bond between the lysine residue of proteins

and biotin (106, 107).

Numerous studies have already used the fusion of BirA* to a protein of interest to show that
the BiolD approach is a potent and effective method for the detection of protein-protein
interactions in particular, but also for the identification of novel components in the T. brucei
cytoskeleton that are typically difficult to isolate due to their intractability and weak

interactions (106-108).

The BiolD method has several benefits, including the ability to use harsh lysis conditions, such
as strong detergents, without losing information on interacting proteins owing to the high
affinity between biotin and streptavidin (Kd, D101*M), the ability to detect transient and weak
interactions, and because biotinylation occurs before cell lysis, BiolD is not impacted by the
solubility of interacting proteins in a test tube. Moreover, it may be used with a variety of cell
types and species, including HEK-293, Hela, parasites, and more (106-110). Since this method
occurs in living cells, our understanding of cell structure and function could be improved. Even
while this strategy has a lot to offer in terms of advantages, there are some drawbacks. Indeed,
as a result of biotinylation's promiscuity, background signals may appear. Additionally, BirA*'s
small labeling radius (10 nm) may prevent intriguing targets from being biotinylated (108). The
effectiveness of BiolD also depends on the availability of primary amines (lysine residues), and
BirA*size (35 kDa) may affect the functions and characteristics of the fusion protein (111, 112).
Pull-down or immune-precipitation techniques are typically used for the isolation of
biotinylated proteins, given their simplicity of implementation. However, these techniques
can be quite sensitive to the conditions present throughout the various cell lyses, particularly

when isolating insoluble proteins, which demand more sophisticated procedures specifically
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due to their significant interactions with multiple proteins in an overly complex environment.

The utilization of intricated experimental designs would be required in this situation (110).
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Figure 8: Biotinylation of proteins via BirA* (108)

Along with BiolD, APEX2 (27 kDa), a triple mutant of wild-type soybean ascorbate peroxidase
(APX) obtained by structure-guided mutagenesis and screening, is another enzyme frequently
used for enzymatically catalyzed proximal tagging. It is an improved second-generation
version with greater labeling capacity than the original APEX. The presence of H,0; to initiate

labeling is required for APEX2 to be functional (113-115).

One of the advantages of APEX2 is its speed, as proximal protein labeling occurs in 1 min or
less (116, 117). However, in contrast to BiolD labelling, it requires the use of H,02, which can
be toxic for living samples. Indeed, with BiolD only biotin, which is not toxic, is required to
begin the tagging, making the BiolD approach one of the most popular methods in the field of
proximity protein labeling with over 100 applications since its introduction in 2012 and cited

in over 300 articles (116, 118, 119).

A smaller and improved version of BiolD, called BiolD2, was developed from a thermophilic
bacterium A. aeolicus. The improved version has many advantages, such as greater sensitivity
which requires less biotin supplementation, more selective targeting of fusion proteins, and
better labeling of nearby partners. However, the labeling time and activity are still comparable
to the original BiolD, meaning that it still requires more than 16 hours of incubation (109, 116,

119).
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The main limitation of BiolD and BiolD2 is their slow kinetics as they require a long incubation
time (>16 hours) (116). Two new promiscuous ligases based on BiolD technology have recently
emerged. These new modified variants are called TurbolD and miniTurbo (116, 119). Both
were generated via BiolD ligase-directed evolution, and they produced rapid and robust
biotinylation after only 10 minutes of incubation with extra biotin, as opposed to 18—24 hours
with the original BiolD method (116, 119). Additionally, the miniTurbolD protein, which is
smaller (28 kDa) than BiolD and TurbolD (35 kDa), may be an alternative if their fusion protein
configuration results in steric hindrance. MiniTurbo has 13 mutations with a loss in the N-

terminal domain, while TurbolD has 15 mutations compared to the wild type of BirA (116).

According to some research, TurbolD can generate nearly as much biotinylated protein in 10
minutes as BiolD2 or even the original BiolD approach can in 18 hours. MiniTurbo is a good
option when careful control of labeling at a specific moment is necessary since it was
demonstrated in some experiments that the protein was 1.5 to 2 times less active than

TurbolD but displayed less labeling before the addition of exogenous biotin (116).

In addition, with TurbolD, it has occasionally been shown that both protein instability,
sustained biotinylation in the absence of exogenous biotin supply, and an increase in labeling
radius contribute to a rather strong background (119). However, in some cases, TurbolD
demonstrated efficient and robust biotinylation in cellular sub-compartments such as in the

lumen of the endoplasmic reticulum compared to the original BiolD (119).

Studies comparing TurbolD, miniTurbo, and the original BiolD in each of the following
organelles: the lumen of the endoplasmic reticulum, its membrane, the nucleus, and the
mitochondrial matrix of HEK 293T cells showed a difference in their activity depending on the
organelle. Indeed, In the lumen of the endoplasmic reticulum as well as in the mitochondrial
matrix, TurbolD-induced labeling demonstrated a greater signal after 10 min of incubation
than BiolD did after 18 h of incubation with extra biotin. Additionally, in all four compartments
of the cell, Turbold was found to have a higher activity than minTurbo. Therefore, these two
technologies will be assessed as part of this thesis topicin order to compare their effectiveness

with BiolD (116).
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Furthermore, it was revealed in the large-scale proteomic experiments that, despite TurbolD's
faster labeling speed, BiolD was just as active in enriching proteins in the endoplasmic
reticulum membrane facing the cytosol as compared to proteins in the cytosol. As a result, the
labeling radius of these two technologies is comparable (116). Considering that the targeted
proteins are primarily found in the parasite cytosol, this raises the interest level of testing

TurbolD and miniTurbolD fused to SNAP during this project.

.1.3.2 SNAP-tag technology

SNAP-tag is a revolutionary technology based on a modified version of human Os-
alkylguanine-DNA-alkyltransferase (hAGT), a 20 kDa DNA repair protein that has the specificity
of being covalently attached to its substrate Os-benzylguanine (BG), via a reactive cysteine
residue (Cys145) of its active site (120-123) (Figure 9). The BG substrate can carry different
markers including dyes, fluorophores such as fluorescein (BG-FL) or diacetylfluorescein (BG-
FDA), guanine-conjugated beads, biotin, or even drugs such as methotrexate (BG-Mtx), which

leads to a panel of BG derivatives (124-126).

Several techniques, including the yeast two-hybrid system, or fusions with fluorescent
proteins, have certain shortcomings since they rely on non-covalent interactions between a
small molecule and its target, making it very challenging to specifically label a protein in vivo
in order to understand its function (123). Accordingly, for target identification and
characterization in this study, SNAP-tag is a great system to use. Indeed, this technology is a
potent tool for protein labeling and has shown many advantages over other tags, including
the irreversible self-labeling of SNAP fusion proteins in the living cell prompted by covalent
binding to its substrates, its high specificity, the avoidance of non-specific labeling induced by
the low intrinsic reactivity and affinity of its substrates for other proteins or else many
substrates have strong cellular permeability, allowing the tagging of intracellular proteins in
living cells (125). There have been several reported limitations to this technique, such as the
difficulty in tagging intracellular proteins attributable to the SNAP substrate's ability to pass
through membranes when bulky groups are added (127). Furthermore, it can be challenging
to evaluate protein dynamics over a limited time frame due to the labeling and washing
processes, which can take up to an hour (127). Another drawback is the need for exogenous

expression of the fusion protein which can affect cellular pathways (128).
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Figure 9: The SNAP-tag labeling technique (Figure modified from (130) )

The labeling reaction is shown in Figure 9 above. The BG carrying the molecule of interest that
is chemically bound is covalently attached to SNAP through the reaction between the
substituted benzyl group of the BG substrate and the cysteine of the active site, giving rise to

the transfer of the compound to the protein (124-126, 130).

.1.4 Challenges of the project

The ultimate goal of this thesis project, as outlined in Part 2, is to develop a highly sensitive
and specific tool that can effectively capture the target of a molecule of interest in vivo.

This tool will be generated by joining two proteins, BirA* and SNAP-tag, which have displayed
extraordinary abilities, particularly in their capacity to capture the target of interest as well as
any potential interference partners nearby (via the BirA* domain) and to improve its
selectivity of the interaction (through the SNAP-tag domain).

The development of this new system includes foreseeable challenges. Indeed, answering
several scientific questions will be necessary for the project to reach its intended conclusion:
In the course of this work, the cMyc_BirA*_Linker SNAP-tag fusion protein (Figure 10 here
under) will be overexpressed in the NYSM strain of the Thb parasite derived from Lister 427
which is a cell line that simultaneously expresses the T7 RNA polymerase and the tetracycline

repressor TetR (131).

Figure 10: Protein of interest overexpressed in Tbb
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The first set of questions will focus on the molecular biology part and are: Will the fusion
protein be well expressed and if so, will it be toxic to the parasite? BirA* is a large protein of
35.4 kDa (108), could its fusion with SNAP-tag alter the function of each domain of the fusion
protein? Does the nature and length of the linker between BirA* and SNAP-tag matter for the
proper functioning of the biological activity of each module? What would be the optimum
amino acid composition for an ideal linker? Furthermore, as mentioned in section 3.1.3.1, one
of the limitations of BirA* is its promiscuous biotinylation of all proteins within a radius of
about 10 nm (107), as well as the potential for protein interactions in the cellular environment
that might increase the background signals (132, 133). Will biotinylation of the desired target
be accompanied by considerable background signals?

Based on the literature additional hurdles to overcome can be anticipated, particularly
concerning the optimization of the pull-down protocol for biotinylated proteins, as the
parasites are covered with a thick layer of glycoproteins (VGFs) as described previously
(section 1.1) (30). Specific detergents and various adjustments will have to be established in
order to be able to isolate and detect the proteins of interest without losing them during the

different isolation processes.

The fusion protein will be in vivo tagged with synthesized BG derivatives after being
overexpressed under tetracycline induction. The interaction between the small molecule (SM)
substrate (Figure 11) and its target will bring it into the vicinity of BirA* which should
biotinylate the SM target upon the addition of biotin. The second series of scientific
investigations relates to the project's chemical part: Does the target molecule already have a
chemical functionalization that permits direct binding to BG derivatives or will more
processing—perhaps functionalizing the drug candidate—be required to provide the desired
result?

Will the BG derivatives be able to readily pass the parasite membrane once they have been
properly produced and chemically characterized, including identification and stability testing

under test conditions? If not, is there a way to force their crossing through the membranes?
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Figure 11: the fusion protein labeled in vivo with BG derivative will bring the interacted target in proximity to

the BirA* for the biotinylation

As noted, there will be a large number of scientific questions that need to be answered, and
both the biology and chemistry sections will present how this various challenges and
guestions have been answered.

The isolation phase is the part that directly follows the labeling step: Owing to the
extraordinary affinity between biotin and streptavidin (Kd = 10'%M), the isolation of
biotinylated proteins will be performed by biotin-mediated affinity purification using
streptavidin-coated Dynabeads as well described in both section 2.2.25 below and the article
by Dr. Brooke Morriswood et al. (106). The proteins will be electrophoretically separated and
identified by western blotting with a streptavidin fluorophore-bound to recognize biotinylated
partners. This identification will be verified by LC-MS/MS (ESI-LC-MSMS) mass spectrometry
after trypsin digestion, either directly on the beads or bands of interest excised from SDS-
PAGE gels. The preparation of the samples and their analysis, which can be delicate and
ambiguous given the complexity of the organism employed in this investigation, could also be

noted as a hurdle.

In order to validate the method and provide a sensitive tool capable of detecting transient
interactions, a well-characterized drug/target system with moderate to high affinity will be

considered as a proof-of-concept system:

C1/TbAK (Th adenosine kinase): C1 is a derivative of CD12001, a compound that was shown
to be active against the parasite with a Ki of 1 uM (134-136).

Methotrexate (Mtx)/TbDHFR-TS (Tb dihydrofolate reductase-thymidylate synthase): Mtx
inhibits DHFR with high affinity (Ki = 0.1 nM) (137).

Structural formula of BG-PEG4-C1 and BG-PEG4-Mtx structures are in Figure 12 below.
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Figure 12: structures of the two BG-PEG4 derivatives: BG-PEG4-C1(left) and BG-PEG4-Mtx (right)

Another obstacle is the presence of heat shock proteins whose molecular weight may
correspond to that of a target protein studied, such as DHFR-TS with a molecular weight of 56
kDa, close to that of the heat shock protein HSP60 (60 kDa) which is part of the chaperone
system involved in the assembly and disassembly of different protein complexes, in the folding
and unfolding as well as in the translocation of polypeptides (138).

Indeed, several heat shock proteins, also known as mitochondrial chaperones 70 and 40
(mtHsp70/mtHsp40), with molecular weights of 70 kDa and 40 kDa, respectively, were found

to be not only abundant but also multifunctional and carry an important role in mitochondrial

DNA replication and maintenance (139). Such chaperons may remain attached to the protein

of interest and be revealed on the gel as a band confounding the results.

Many of the challenges presented in this chapter had to be addressed during this research to

successfully achieve the ultimate goal of developing an efficient, sensitive, and selective in

vivo target deconvolution tool.
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.2 Materials and Methods

.2.1 Materials

SNAP-tag gene cloned into pUC57-Kan (GENEWIZ®), pLew100_BirA*plasmid, 3XHA-TurbolD-
NLS_pcDNA3 plasmid, 3XHA-miniTurbolD-NLS_pcDNA3 plasmid, The strain was provided as a
gift by Pascal Maser, Swiss Tropical and Public Health Institute (Basel, Switzerland), Q5® High-
Fidelity 2X Master Mix (New England BioLabsi., Cat N> M0492S), T4 DNA Ligase (20’000 units,
New England BioLabsinc, Cat N° M0202S, NEB, USA), T4 buffer (10X, Cat N°M0202S, USA), FCS
(Fetal Calf Serum; BioConcept; Cat N°: 2-01F10-1), FBS (Fetal Bovine Serum; Gibco; Cat N°
10270;), IMDM (1x) + GlutaMAX™ Supplement (Gibco; Cat N° 31980-022), 2-Mercaptoethanol
(2ME)(Sigma Aldrich; Cat N° M6250), Penicillin/streptomycin (5000 Units/mL Pen, 5000 pg/mL
Strep, Gibco, Cat N°: 15070-063 100 mL), G418 (Geneticin)(100 mg/mL, InvivoGen, Cat.# ant-
gn-1), Hygromycin B Gold (100 mg/mL, InvivoGen, Cat.# ant-hg-1), PageRuler prestained
protein ladder (ThermoFisher Scientific MA USA; Cat N°26616), TRIS-buffered saline (TBS,
10X), with 0.5% Tween 20 (Alfa Aesar by ThermoFisher Scientific, Cat N° 160448), IGEPAL® CA-
630 (Sigma-Aldrich, Cat N°56741), BSA (Albumin Fraction V, AppliChem; A1391), Nonidet P-40
(NP-40, Fluka, Cat N° 74385) Red Anti-c-Myc Affinity Gel, (EZview™, Sigma-Aldrich, Cat N°
E6654), western blot antibodies reference details below (section 2.2.23.2), PCR Thermocycler
(Biometra Tone GmbH; serial N°:3729324; Germany), Centrifuge (Heraeus Megafuge 40,
Thermo Scientific, Ref: 75004503), Microscope Slides (Superfrost Plus; Thermo Scientific; Ref
J1800AMNZ; USA), Hoechst 33342 dye (Thermo Scientific), Mowiol 4-88 (Sigma Aldrich, Cat
N°81381), ReadyProbes™ Tissue Autofluorescence Quenching kit (Invitrogen; Cat N°R37630),
Sonicator (Bandelin Sonopuls; serial N° 519002 019), Filter (“rapid”-FILTERMAX 250-500,
0.2um, Techno Plastic Products AG (TPP), Switzerland), Pierce™ BCA Protein Assay Kit
(ThermoScientific, #23225 ), PageRuler™ prestained protein ladder 10 to 180 kDa (26616,
ThermoFisher Scientific), PageRuler™ unstained protein ladder 10 to 200 kDa (26614,
ThermoFisher Scientific), Ponceau S 5% (P3504, Sigma-Aldrich), Dynabeads™ M-280
Streptavidin (Invitrogen by Thermo Fisher Scientific, Cat No. 11205D), DynaMag™-2
(Invitrogen by ThermoFisher Scientific, Cat N°12321 D).
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.2.2 Methods

.2.2.1 Generation of pLew100_cMyc_BirA* GGS_SNAP-tag plasmid:
The GGS_SNAP-tag insert was synthesized by GENEWIZ®, the BamHI and Xhol restriction sites
were incorporated into the gene of interest, and the gene was then cloned into the pUC57-

kan plasmid. The SNAP-tag gene codons were optimized for expression in Tbhb strains.

The insert was then digested with the restriction enzymes BamHI and Xhol and ligated into
the expression vector pLew100 _cMyc_BirA* pre-digested with the same enzymes to obtain
the final plasmid pLew100_cMyc_BirA* _GGS_SNAP-tag encoding the first fusion protein
cMyc_BirA* GGS_SNAP-tag.

.2.2.2 Generation of pLew100_cMyc_TBirA*_GGS_SNAP-tag plasmid:

The cMyc_TBirA* gene encoding the cMyc_TurbolD system was amplified by PCR using as a
template the plasmid 3XHA-TurbolD-NLS_pcDNA3 and incorporating through the fly-ends of
the used primers (Primers 0SS0025 TurbolD FW and 0SS0026 TurbolD RV, present in the table
below) the following restriction sites Hindlll, Xhol, as well as the cMyc gene. The resulting
insert (Figure 13 below) was then ligated into the expression plasmid
pLew100_cMyc_BirA* GGS_SNAP-tag pre-digested with Hindlll and Xhol (allowing removal
of the BirA* gene) to obtain the final plasmid pLew100 _cMyc_TBirA* GGS_SNAP-tag
encoding the second fusion protein cMyc_TBirA*_GGS_SNAP-tag. For details of the primers

used to design the insert of interest, see Table 3 below.

! awe

Figure 13: Design and production of the insert of interest Hindlll_cMyc_TBirA*_Xhol
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Table 1: PCR parameters used for the production of inserts of interest

Steps T°C Time (h:min:s) Number of cycles

1 95 0:05:00

2 95 0:00:30 Cycles 40x

3 55-77 (Annealing temperature: 0:00:30 Cycles 40x

Tm) depending on the primers
used
4 72 (Elongation temperature) *0:01:00 (Extension Cycles 40x
time)
5 72 (Final extension) 0:05:00 Cycles 40x
6 16 oo

* To be adapted according to the DNA polymerase used. For Q5 DNA polymerase, the extension time is generally
between 20 and 30 seconds per kb for complex or genomic samples and 10 seconds per kb for simple templates
such as plasmids or complex templates of size < 1 kb.

.2.2.3 Generation of pLew100_cMyc_mTBirA*_GGS_SNAP-tag plasmid:

For the cMyc_mTBirA* gene encoding the cMyc_miniTurbo system, the same method as
mentioned above for the synthesis of the cMyc_TBirA* gene was used but this time using the
3XHA-miniTurbolD-NLS_pcDNA3 plasmid as a template and incorporating through the flying
ends of the used primers (primers 0SS0030 miniTurbolD FW and 0SS0031 TurbolD RV, details
in Table 4 below) the following restriction sites Hindlll, Xhol, and the cMyc gene. The resulting
insert (Figure 14 below) was then ligated into the expression plasmid
pLew100_cMyc_BirA* GGS_SNAP-tag predigested with Hindlll and Xhol to obtain the final
plasmid pLew100_cMyc_mTBirA* _GGS_SNAP-tag encoding the third fusion protein of
interest cMyc_mTBirA* _GGS_SNAP-tag.

! e

Figure 14: Design and production of the insert of interest Hindlll_cMyc_mTBirA* Xhol

.2.2.4 Generation of pLew100_cMyc_GGGS_BirA*_SNAP-tag plasmid:

The plasmid pLew100_cMyc_BirA* GGS_SNAP-tag (8373 bp) was used as a template to
perform site-directed mutagenesis to insert an additional glycine into the GGS linker. To avoid

any subsequent translation problems, a different codon coding for glycine was chosen. The
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GGT codon was inserted before the first GGA codon to obtain the final GGGS linker (G: Glycine
and S: Serine). The PCR parameters used, and the designated primers required to perform

site-directed mutagenesis are described in the table below.

Q5 Master mix using Q5 High-Fidelity DNA Polymerase was used to perform the PCR.

Table 2: PCR parameters used for site-directed mutagenesis

Steps T°C Time (h:min:s) Number of cycles
1 95 0:01:00
2 95 0:01:00 Cycles 18x
3 | Tm:73.1(GGGS), 74.8 (GGGGS) 0:01:10 Cycles 18x
(Tm: Annealing temperature)
4 72 (Elongation temperature) *0:06:00 (Extension Cycles 18x
time)
5 72 (Final extension) 0:08:00 Cycles 18x
4 oo

* To be adapted according to the DNA polymerase used. For Q5 DNA polymerase, the extension time is generally
between 20 and 30 seconds per kb for complex or genomic samples and 10 seconds per kb for simple templates
such as plasmids or complex templates of size < 1 kb.

Immediately after PCR, the amplification reaction was chilled on ice for 2 min before adding
1ul of Dpnl (20 U/ul, New England Biolabs) and 1pl of CutSmart 10X buffer (New England
Biolabs) and incubating for 1 h at 37°C. Dpnl will cleave the methylated DNA to separate the

newly generated plasmid from the parental one.

After the incubation period, a transformation step with the reaction tubes was performed in

competent NovaBlue E. coli bacteria (see section 2.2.10 below for details).

.2.2.5 Generation of pLew100_cMyc_GGGGS_BirA*_SNAP-tag plasmid:

The method is the same as described in section 2.2.4 above. The only differences are the
parental plasmid that was used as a template to perform the site-directed mutagenesis, which
was the one generated by the first site-directed mutagenesis:
pLew100_cMyc_GGGS_BirA* SNAP-tag plasmid (8376 bp), the primers used and their

hybridization temperature (see Table 3 below). The Tm was set at 74.8°C. The idea was to add
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a glycine with a different codon (GGC) from the one next to it to obtain the GGGGS linker

composed of four glycines and one serine.

Table 3: Table of primers used for site-directed mutagenesis

Primer Sequences Tm Generated plasmids
names (°C)
0SS0035 | 5'-GAA GCG CAG AGA AGC TCG | 73.8
fw AGG GTG GAG GTT CCA TGG ACA
AGG ATT G-3'
0SS0036 | 5'-CAATCCTTG TCC ATG GAACCT | 73.8 pLew100_cMyc_GGGS_BirA*_SNAP-
rv CCA CCC TCG AGC TTC TCT GCG tag
CTTC-3'
0SS0037 | 5'-GAA GCG CAG AGA AGC TCG | 75.1 | pLew100_cMyc_GGGGS_BirA* SNAP-
fw AGG GCG GTG GAG GTT CCA TGG tag
ACA AG-3'
0SS0038 | 5'-CTT GTC CAT GGAACCTCCACC | 75.1
rv GCC CTC GAG CTT CTC TGC GCT
TC-3'

Codons of the added amino acid

Glycine (G); fw: forward; rv:

reverse

For more details regarding the design of the GGGS and GGGGS linkers, see Appendix 4. The
digestion and ligation steps required to generate all plasmids of interest are described in the

sections below (2.2.8 and 2.2.9 respectively).

.2.2.6 Generation of pLew100_cMyc _BirA*_ _SNAP-tag plasmid:

The Xhol_ _SNAP_BamHI gene (Figure 15 below) was generated by PCR amplification
of the SNAP-tag portion of the cMyc_BirA _ _ SNAP-tag plasmid, using newly designed
primers (details in Table 4 hereunder) allowing incorporation of the Xhol and BamHI
restriction sites, and the linker. The PCR parameters used were the same as described
in Table 1 in section 2.2.2 except for the elongation time that was set to 2 min at 72 °C (instead
of 1 min). The resulting insert (Figure 15 below) was then, ligated into the pre-digested
expression plasmid pLew100_cMyc_BirA* GGS_SNAP-tag between Xhol and BamHI (where
GGS_SNAP was removed beforehand) to obtain the plasmid
pLew100_cMyc_BirA* _SNAP-tag encoding for the fusion protein
cMyc_BirA*_ _SNAP-tag (details of the different steps in Appendix 5).
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Figure 15: Design and production of the insert of interest Xhol_ * SNAP-tag_BamHI
.2.2.7 Generation of pLew100_cMyc _BirA* _PTP _SNAP-tag plasmid:
The Xhol_"77”_SNAP_BamHI gene (Figure 16 below) was obtained by PCR amplification of the

SNAP-tag portion of the original pLew100_cMyc_BirA* _GGS_SNAP-tag using the following
primers 0SS0040 SNAP_BamHI rv and 0SS0043 Xhol PTP_SNAP fw (see Table 4 below for
primer details), that allow the insertion of Xhol, BamHlI restriction sites, and the linker. All
the following steps required to obtain the plasmid of interest encoding the
cMyc_BirA* PTP _SNAP-tag fusion protein are the same as those described in section 2.2.6

above (details of the different steps in Appendix 6).

o, 4y

&
/V4p~tag

Figure 16: Design and production of the insert of interest Xhol_PTP_SNAP-tag_BamHI
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Table 4: Table of primers used for site-directed mutagenesis

Primer’s Sequence Tm Generated plasmid
name (°C)
0550025 5'- 74.0 pLew100_cMyc_TBirA*_GGS_SNAP-
TurbolD FW CccC CAT tag
aa

agacaatactgtgcctctg-3'
0550026 5'- 71.5 pLew100_cMyc_TBirA*_GGS_SNAP-
TurbolD RV CCG cttttcggcagaccgcaga tag

ctg-3'
0SS0030 5'- 76.4 pLew100_cMyc_mTBirA*_GGS_SNAP-
miniTurbolD CCCAAGCTTCAT tag
FW at

cccgetgetgaacgctaaacag-3'
0550031 5'- 71.5 pLew100_cMyc_mTBirA*_GGS_SNAP-
miniTurbolD CCG cttttcggcagaccgcaga tag
RV ctg -3'
0550039 5'- 77.0 pLew100_cMyc_BirA*_ _SNAP-
Xhol_PAPAP_ | CCG tag
SNAP fw atggacaaggattgcgagatgaag-3'
0550040 5'- 74.8 pLew100_cMyc_BirA*_ _SNAP-
SNAP_BamHI | CGC tcacaattgacccaaaccg tag
rv ggcttgeccaage-3' pLew100_cMyc_BirA*_P7P_SNAP-tag
0550043 5'- 733
Xhol_PTP_ CCCCCTCGAG ATGG pLew100_cMyc_BirA*_PTP_SNAP-tag
SNAP fw ACAAGGATTGCGAGATGAAG-3'

Ir
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.2.2.8 Digestion:

The digestion step was performed using the same restriction enzymes to digest the vector and

insert of interest to create sticky ends.

For the generation of plasmid pLew100_cMyc_BirA* _ _SNAP-tag, the restriction enzymes
used to digest the pLew100_cMyc_BirA* vector and the _SNAP-tag insert (incorporated
into plasmid pUC57-kan) were BamHI (10 U/uL, Promega, USA) and Xhol (20 U/uL, New
England Biolabs® (NEB), USA). CutSmart™ buffer (10X, NEB) was chosen because both

restriction enzymes exhibited 100% activity in it.

For the production of the other plasmids of interest (pLew100_cMyc_BirA* _ _SNAP-tag
and plLew100_cMyc_BirA*_ _SNAP-tag), the same digestion protocol as described
above to produce the plasmid pLew100_cMyc_BirA* _SNAP-tag was used.

For the generation of plasmids plLew100 _cMyc_ TBirA* _SNAP-tag and
pLew100_cMyc_mTBirA*_GGS_SNAP-tag, Hindlll (20U/uL, NEB, USA) and Xhol were
employed to digest the pLew100 cMyc_BirA* _SNAP-tag vector (to remove the BirA*
moiety) and the cMyc_TBirA* or cMyc_mTBirA* inserts required for the conception of the two
plasmids of interest. NEBuffer™ r3.1 buffer (10X, NEB) was chosen for simultaneous digestion

using the two previously mentioned enzymes.

The details of the digestion protocol are summarized in Table 5 below.

Table 5: Protocol for the digestion of vectors and inserts of interest

Components Quantities (volume or mass)
Restrictiorenzyme 1 1 pL (of either 10 U/pL or 20 U/ uL depending on the
enzyme)
Restiction enzyme 2 1 pL (of either 10 U/uL or 20 U/ uL depending on the
enzyme)
Plasnd DNA 1ug
NEBbuffer 10X 2 uL
Total volume 20 puL

The digestion was performed at 37°C for 1h.
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The plasmid vector was then dephosphorylated for 10 minutes at 37°C using a thermosensitive
alkaline phosphatase (FastAPTM1U/L, ThermoScientific, Cat N°EF0651), and then inactivated
for 15 minutes at 65°C or 20 minutes in the event of more heat-resistant restriction enzymes.
After the inactivation step, 1% agarose gel electrophoresis was performed for 30 min at 110V
to separate the vector from the digested fragment, and finally, the vector and insert of interest
were purified using the NucleoSpin® Gel and PCR Clean-up Kit (Macherey-Nagel, Diren, D)

according to the following procedure:

The excised gel strip is placed in an Eppendorf with 200 uL of NTI binding buffer per 100 mg
of gel, and the mixture is incubated at 50°C for 5-10 minutes to thoroughly dissolve the gel

slice.

If the genetic material is not present in the agarose gel, this step can be skipped. Instead, 2
volumes of NTI buffer are added, and the sample is then placed directly onto the NucleoSpin®

gel and PCR Clean-up column.

Then, the sample (max 700 pL) is loaded into the column and centrifuged at 11'000 x g for 30
seconds. Next, the silica membrane of the column is washed by adding 700 pL of NT3 wash

buffer. This last step is repeated once more to obtain a pure product.

The final drops of NT3 buffer are collected in the collecting tube and thrown away after being
entirely removed from the silica column membrane by centrifugation at 11000 x g for 1
minute. Finally, the column is placed in a new 1.5 mL microcentrifuge tube and 15-30 uL of NE
elution buffer is added to elute the genetic material. The addition is followed by a one-minute
incubation period at room temperature (RT) and then centrifugation at 11,000 x g for 1 minute
to collect the DNA, the concentration of which will be measured using the NanoDrop Onec

(ThermoScientific).

.2.2.9 Ligation:

Ligation was performed on the purified vector and insert of interest by adding T4 DNA ligase
(400 U/uL) and the corresponding T4 buffer (10X: 500 mM Tris-HCI, 100 mM MgCl,, 10 mM
ATP, pH 7.5 at 25°C). Differential ratios were prepared between the digested vector and the
insert by varying the amount of the latter relative to the plasmid as follows: 1:3, 1:5, 1:7, and
1:9 (details regarding the ligation reactions can be found in Appendix 9). Then, all ratios were
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incubated for 1h at RT. Following that, the competent E. coli TOP10 bacteria were used to

undergo bacterial transformation using different ratios of ligation reactions.

.2.2.10 E. coli Transformation by the heat shock method:

E. coli Top10 competent cell strains were used for the cloning of the majority of plasmids
except for those obtained by site-directed mutagenesis where competent E. coli NovaBlue
strain was chosen. The Heat-Shock approach serves as the foundation for the bacterial
transformational process, and the following methodology was applied: Competent cells
(Top10 or NovaBlue) were incubated for five minutes with either ligation reactions or a
purified plasmid of interest in an ice-filled incubation container. Competent bacteria (20-25
mL) were mixed with either 1-5 mL of purified plasmid at ~1 ng/ul or with a ligation reaction
(of various ratios), and the mixture was then placed on ice for 20—30 minutes. After being
subjected to a heat shock for 30 seconds at 42°C, the cells were immediately put on ice for 2
min 30 s. After cooling, the cells were supplemented with 200 pl of LB or 2xTY medium,
incubated for 1-2 h at 37°C with gentle agitation, placed on an LB or 2xTY plate with ampicillin
(100 pg/mL), and then kept at 37°C overnight.

.2.2.11 Plasmid purification
According to the instructions provided by the NucleoSpin® Plasmid (Nolid) kit (Macherey-
Nagel), the generated plasmids of interest were purified as follows: All centrifugation steps

were performed at 11'000 x g.

First, 1 to 5 ml of saturated E. coli bacterial culture was centrifuged for 30 seconds. The
supernatant was discarded, and the pellet was lysed by first resuspending it in 250 uL of
resuspension buffer Al supplemented with Rnase A, then the mixture was vortexed and 250
uL of lysis buffer A2 was added and mixed gently by inverting the Eppendorf tube containing
the lysate, 6 to 8 times. Here, vortexing must be avoided to prevent the shearing of genetic
material. The lysate was then incubated for 5 minutes at RT, then 300 uL of neutralization
buffer A3 was added and, as before, the lysate was mixed gently 6-8 times by inverting the
tube and without vortexing. The lysate was clarified by centrifuging the tube for 5-10 minutes
before being loaded into the NucleoSpin® Plasmid (NoLid) column and centrifuged again for 1

minute. The silica membrane on the column was then washed with 500 pL of AW wash buffer

Page 102 sur 247



Suzanne Sherihan SAHRAOUI
Part 3: Development of a new target deconvolution tool

and centrifuged for 1 minute followed by the addition of 600 uL of A4 buffer and
centrifugation for 1 minute. The silica membrane was then dried by centrifugation for 2 min
and finally, the plasmid was eluted from the column by adding 50 uL of elution buffer AE, in
the column previously placed in a 1.5 mL microcentrifuge tube, then an incubation step for 1
min at RT followed by centrifugation for 1 min was performed to retrieve the purified plasmid

in the tube.

.2.2.12 Cultivation of T. brucei bloodstream form:

Tbb bloodstream-form New York Single Maker (Tbb BSF NYSM) cell line (140), a derivative of
Lister 427-2 (221 cell line; MiTat 1.2) which co-expresses a tetracycline repressor TetR and a
T7 RNA polymerase was used to generate cell lines expressing the different tools. The
expression of these fusion proteins is regulated by the addition of tetracycline to the growth

medium.

The Tbhb BSF NYSM strain was chosen as the wild-type strain for the project. This parasite cell
line was selected for its lack of human virulence, which makes it safer and more suitable for
human handling, as well as its capacity to co-express TetR and the T7 RNA polymerase upon

tetracycline addition thereby controlling the expression of genes of interest (140-142).

Transfected parasites were cultivated in Hirumi’s modified Iscove’s medium-9T (HMI-9)
medium supplemented with 10% heat-inactivated fetal calf serum (iFCS) and 2.5 pg /mL
hygromycin, at 37°C with 5% CO,. To maintain the production of TetR and T7 RNA polymerase,
1 pg/mL Geneticin® (G418) was added to the media needed to grow the different generated

strains.

.2.2.13 Parasites transfection and stable cell lines:

By electroporating the parasite with the desired plasmid using the X-001 program on the
AMAXA Nucleofector™I| device (Lonza, Switzerland), it was possible to generate stable cell
lines with the correct genes inserted into their genomes (Lonza, Switzerland). A homemade
transfection buffer (Th-BSF) was used to transfect the parasites (90 mM Sodium phosphate, 5
mM KCl, 0.15 mM CaCl;, 50 mM HEPES, pH 7.3). The transfection step was performed as

followed:
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1-2x10’cells in log phase were centrifuged at 1300 x g (2500 rpm), 10 min, 4°C, or RT, and the
pellet was resuspended in 100 pL Th-BSF containing 10 ug of DNA plasmid of interest that had
previously been linearized with Notl 10 U/uL (NEB, USA), dephosphorylated with
FastAP™1U/uL and purified using the NucleoSpin® Gel and PCR Clean-up Kit according to the
supplier's protocol described above. The mixture was then electroporated using a sterile
cuvette (Gene Pulser®, Bio-Rad, Cat N° 165-2086). The details of the digestion and
dephosphorylation steps are described in Table 6 hereafter.

Following the transfection procedure, the cells were transferred right away to 20 mL of pre-
warmed HMI-9 complete medium, and limited dilutions (1:5, 1:15, 1:50, 1:100, 1:300, and
1:500) were carried out before being distributed across 48-well plates and cultured at 37°C
with 5% CO,.

After 24h, the hygromycin antibiotic 2.5 ug/mL was added to select clones that had integrated
the gene of interest containing the hygromycin resistance. Clonal transformants began to
emerge one to three weeks after transfection, and these were transferred to flasks T25

containing the medium supplemented with hygromycin 2.5 g/mL for further experiments.

Table 6: Protocol used for simultaneous linearization and dephosphorylation of plasmids of interest

Components Volume (uL)
Plasmid DNA *1ug
10X restriction enzyme buffer 2ul
Restriction enzyme 1uL
FastAP™ Thermosensitive Alkaline Phosphatase 1puL
Water (nuclease-free) To 20 uL
Total volume *%*20 pL

*Knowing that one unit is the amount of enzyme needed to dephosphorylate the 5' termini of 1 pg of linearised
pUC57 DNA in 10 min at 37 °C in FastAP™ buffer so depending on the amount of plasmid to be linearised, the
necessary volumes of FastAP to be added will have to be adapted accordingly.

** Can be adapted

Digestion was carried out for 1 h at 37°C followed by dephosphorylation at 37°C for 10 min.
The reaction was then stopped by heating at 65°C for 15 min or at 80°C for 20 min in case the

restriction enzymes were not inactivated at 65°C.
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.2.2.14 gDNA extraction

1-5x10’cells in log phase were centrifuged at 1300 x g (2500 rpm), 10 min, 4°C, or RT, and after
thoroughly removing the supernatant, the pellet was then resuspended in 80 pL of T1 lysis
buffer from NucleoSpin® Tissue XS kit (MACHEREY-NAGEL) and all subsequent steps were
performed using the manual for extraction of genomic DNA from tissues and cells
(NucleoSpin® Tissue XS kit; MACHEREY-NAGEL) and following the dedicated protocol for the

extraction of gDNA from cells in culture.

Briefly, after resuspending the pellet in buffer T1, 8 pL of Proteinase K was added and the cells
were vortexed twice for 5 seconds before being incubated at 56°C for 10 min. Next, 80 uL of
lysis buffer B3 is added and an additional incubation step at 70°C for 5 min was carried out.
Following this, 80 L of 96—100% pure ethanol was added, and the lysate was vortexed twice
for 5 s. The lysate was then loaded onto the NucleoSpin Tissue XS column and centrifuged at
11,000 x g for 1 min. The flow-through was collected in the collection tube and then,
discarded, and 50 pL of wash buffer B5 was put directly into the column before the
centrifugation step at 11,000 x g for 1-2 min. This last washing step was repeated once more,
afterwards, the collection tube containing the flow-through was discarded and the column
was placed in a 1.5 mL microcentrifuge tube (Eppendorf tube) before being eluted with 20 pL
of BE elution buffer and centrifuged at 11'000 x g for 1 min. The eluate containing pure gDNA
was then collected in the Eppendorf tube and the concentration of the genetic material was

measured using the NanoDrop One ¢ (ThermoScientific).

.2.2.15 Validation of the correct integration of the gene of interest
Correct integration of the gene of interest into the parasite genome by homologous
recombination was confirmed by PCR using forward and reverse primers to amplify genomic

DNA previously extracted from the cells.

The primers that were used to verify the successful integration of the various generated genes
of interest are the following: GCTCCAAACCGCGTAGATACATG (0SS0022 reverse primer
targeting a part of Chromosome 1 ID X52586.1) and CCAGAGGAATCGACAAGCAGG (0SS0023
forward primer targeting a part of BirA*(R118G) gene). A band around 1950 bp is produced
by these primers during PCR to validate the proper integration of the genes that produce the
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corresponding proteins: cMyc_BirA*_GGS_SNAP-tag, cMyc_BirA* _PAPAP_SNAP-tag, and
cMyc_BirA*_PTP_SNAP-tag.

The subsequent primers GGATGGGCGGAGAAATCAGTC (0SS0033 forward primer targeting
the same part in TBirA* and mTBirA* genes) and GGATGGGCGGAGAAATCAGTC (0SS0034
reverse primer targeting a distinct region of Chromosome 1 ID X52586.1 from that covered by
the 0SS0022 primer) were used for further confirmation of the correct integration of the genes
encoding for the following proteins:

cMyc_TBirA* GGS_SNAP-tag, cMyc_mTBirA* GGS_SNAP-tag, cMyc_BirA* GGGS_SNAP-tag,
and cMyc_BirA* _GGGGS_SNAP-tag. These primers result in a PCR band of approximately 1550
bp.

Both primer sets can be used to verify the successful integration of the different genes of
interest. The decision will be made in light of the PCR's proper functioning (results in section

3.2 below).

.2.2.16 Microscopic studies

A total of ~107 cells (parasites that have been incubated (sample of interest) or not (negative
control) in the presence of 20 uM BG-PEG4-FDA (Fluorescein diacetate)) were centrifuged
(900-1300 x g, 4°C, 10-5 min) and then washed three times with 0.5M Tris, pH 8.0. 10 pL of
the suspension was placed directly onto a positively charged glass microscope slide, on which
a well was drawn. Then, 10 uL of 4% paraformaldehyde (PFA) was added directly to the drop
to fix the cells on the slide (20 min fixation). Next, the glass slide was washed twice with 0.5M
Tris, pH 8.0, and 10 pL of Hoechst 33342 dye diluted beforehand (1:5000) in 0.5M Tris, pH 8.0
was added to the fixed parasites and a 15-minute rest period in darkness was performed. After
staining, the dye was removed and the slide was washed twice with 0.5M Tris, pH 8.0. The last
step involved adding 10 pl of Mowiol 4-88 (a water-soluble hydrocolloid mucoadhesive) to the

slide and waiting 48 hours in the dark to allow the coverslip to set.

If auto-fluorescence is observed, the ReadyProbes™ Tissue Autofluorescence Quenching kit
can be used to reduce this phenomenon, which is frequently noticed in cells due to the
presence of intrinsic biomolecules that emit fluorescence in the UV-visible spectral range

(143).
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The slides were visualized using Widefield Fluorescence Microscopy.

.2.2.17 Medium preparation:

Tbb BSF NYSM WT (wild type) were cultivated in Hirumi’s modified Iscove’s medium-9 (HMI-
9)(144) containing 88% of Iscove’s Modified Dulbecco’s Medium (IMDM) supplemented with
GlutaMAX (dipeptide, L-alanyl-L-glutamine), an improved version of L-glutamine that is more
stable in aqueous solutions and does not freely breakdown (145, 146)), 10% heat-inactivated
serum (iFCS, heat-inactivation for 30 min at 56°C), 1% Hirumi II/ST-9 stock (see Table 7 below
for composition), and 1% 2-Mercaptoethanol (2ME) taken from a 20 mM stock solution that
had to be freshly prepared as follows: 14 uL 2-ME in 10 mL in ddH,0. Before use, the HMI-9
medium was sterilized by filtration (“rapid”-FILTERMAX 250-500, 0.2um, Techno Plastic
Products AG (TPP), Switzerland) under aseptic conditions immediately after preparation,

followed by a detoxification step of the 2-ME either at 4°C for 24 hours or 37°C for 2 hours.

After the detoxication period, 5 mL of Penicillin/streptomycin was added to prevent
contamination. In order to select only Thb NYSM WT strain, Geneticin® (G418) at a
concentration of 1 ug/ml was introduced to the growth medium. Hygromycin 2.5 pg/ml was

used only for the selection of transfected cell lines.

Details on the product references are listed in section 2.1 above.
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Table 7: Composition of Hirumi 11/ST-9 stock (100X final concentration)

Compound Molecular Weight Concentration Concentration
(MW) (g/mol) (mM) (mg/mL)

NaPyruvat 110.05 100 11.0
Hypoxanthine 136.1 100 13.6
Bathocuproindisulfat 564.5 5 2.82
L-Cysteie or L 121.16 or 157.6 150 18.2 or 23.6
Cysteie HCI

Thymidine 242.2 16 3.9

After preparing the Hirumi stock solution, 5 mL aliquots were stored at -20°C. All compounds

from the table above were purchased from Sigma-Aldrich.

.2.2.18 Parasite counting:

A Neubauer counting chamber (Neubauer hemocytometer 0.1mm depth, 0.0025 mm?,
Marienfeld, Germany) was used to count the trypanosomes. The procedure entails depositing
a volume of 10 pL of the parasite-containing culture medium in each of the two counting
chambers.

A counting chamber is divided into four grids, each of which is further divided into sixteen
smaller squares (see Figure 17 below). It is necessary to count each parasite in the 16-square
grid (the parasites circled in blue in the figure below). The cells in the bottom and the left row
of each grid should also be counted (underlined in red in the figure hereafter). However, the
cells on the top and right-hand rows should not be considered.

The result of counting corresponds to Y x 10* cells/ml where Y indicates the mean value of
the total number of parasites that were counted in the 8 grid squares of the two chambers,
then divided by 8. If the preloaded sample has been diluted, the dilution factor f (10 or 100

maximum) must be taken into account and the formula becomes the following: Y x 10%x f

Example: In Figure 17 hereunder, there are 18 parasites counted in the 4 square grids,

considering that 18 parasites were also counted in the second chamber and that the loaded
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samples had been diluted 10 times, the concentration of parasites would then be: —x10%x10

=4.5x10° cells/ml.
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Figure 17: Parasites counting using Neubauer hemocytometer (The grid taken from (147) and slightly modified
by me): Only parasites circled in blue are taken into account

.2.2.19 Cultivation of trypanosomes

Trypanosomes have exponential growth and a logarithmic phase ranging from 1-4 x 108
cells/mL. They were systematically diluted to 1x 10* cells/mL for a 48 h passage or to 1 x 103
cells/mL for a 72 h passage to avoid overgrowth. They were incubated at 37°C, 5% CO.. The
typical passage entails introducing 100 ul of the well holding the parasites in the log phase
(e.g., well C1 as illustrated in Figure 18 below) to a new well containing 900 pL of warm HMI-

9 medium and then making 1:10 dilutions from this well throughout the row.

5

Tbb NYSM (1mL with
1x10°cells/mL) + 8%
DMSO in HMI-9 with
20%IFCS

100 p

N

100 pL

100 pL

"AYA

Figure 18: Routine Trypanosome passages
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.2.2.20 Freezing

The freezing step for prolonged storage consists of preparing cryotubes containing a dense
culture of parasites (towards the end of the log phase 1-5 x 108 cells/mL). The protocol used
was as follows: 1-5 x 10° cells/mL of parasite cultures were centrifuged at 1300 x g for 10 min
either at room temperature (RT) or 4 °C. The supernatant was then removed, and the pellet
was resuspended in a new stabilate medium consisting of HMI-9 with an increased proportion
of serum (20 % iFCS rather than 10 %) and 8% DMSO (10% glycerine could be used). Next, 1
mL was transferred to a sterile 1.6 mL CryoPure tube (SARSTEDT AG & Co, Germany). The
cryotubes were then placed directly into a cell freezing container (Corning® CoolCell™ LX,
Germany) which, when placed in a -80°C freezer, will allow freezing at the -1°C/min rate ideal
for cell cryopreservation. After 24 h at -80°C, the cryotubes were shifted to liquid nitrogen for

long-term storage.

.2.2.21 Thawing

The frozen trypanosomes were placed on ice and thawed in a water bath at 37 °C as rapidly
as feasible.

After transferring the contents of the cryotube to the first well of a 24-well plate (TPP® 1.86
cm? tissue culture plates, sterile), which was filled with HMI-9 medium pre-warmed at 37°C, a

1:10 dilution was carried out as previously mentioned in section 2.2.19.
.2.2.22 Growth curves

The following growth curves were developed to determine the day that corresponded to the
log phase of optimal growth: First, on day 1, a well containing 108 cells/mL was selected and
diluted 10X into a new well in the first row (e.g., well Al Figure 18 above) of a 24-well plate.
From this well, the row was subjected to a 10X dilution until 102 cells/mL were obtained (e.g.,
in A4). The wells containing parasites in the different dilutions (102 cells/mL to 10° cells/mL)
were counted on the following days (day 2 to day 4) using the Neubauer counting chamber
and the concentrations (numbers of parasites/well) were recorded to establish the growth
curves.

The method for determining the growth rate of each strain was performed as follows: On day
1, a well containing 10° cells/mL was prepared, incubated for 24 hours, and then counted the

following day (day 2). After the Day 2 count, the well was diluted to 10° cells/mL in a new well
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of the same column (e.g., B1), incubated again for 24 hours, and counted the following day.
These steps were repeated until day 4 (e.g., well D1). This method allows the determination
of the growth factor which is the number of parasites increasing in 24 hours and the
calculation of the growth rate.

For each strain, the same methods were applied to obtain different growth curves and rates.
The formulas used to calculate the growth factor (GF), growth rate (GR), and population

doubling time (PDT) are described below:
4 <

GF=1—

[ ] =I L] & 4
<

4
PDT=
7 41 Kl B

Nt: Number of cells at t = X hours

Nt0: Number of cells at time = 0 hours.
All values obtained from the parasite counting were used to generate growth curves using

GraphPad Prism (version 8.4.3).

.2.2.23 Western blot

Preparation of samples and polyacrylamide gel electrophoresisP(@BE):
& 107 cells in total were harvested by centrifugation (600-1000 X g, 10 min, 4°C) and the pellet
was resuspended in PBS supplement with PMSF 1mM and centrifuged again before another
last wash step in PBS only. After the centrifugation process, the resulting pellet was re-
suspended in 2XSDS sample buffer (with DTT) to achieve a final concentration of 210° cells/pL.
The samples were then heated to 95°C for 5 minutes, and either stored at -20°C or loaded into
each well of a polyacrylamide gel (8-15%) using 10 pL per well, equivalent to 2x10° cells. Next,
the gel was run for 1 hour at 200 V and 400 mA in a running buffer containing tris 20 mM,

191.6 mM glycine, and 0.1% SDS, to separate the proteins based on their size.

The PageRuler™ prestained protein ladder ranging from 10 to 180 kDa was utilized as the

marker. However, when gels were stained with Coomassie blue (consisting of Blue G250
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0.02%, MeOH 30%, Acetic acid 10%, and Copper sulfate 0.1%), the PageRuler™ unstained

protein ladder spanning from 10 to 200 kDa was chosen as the marker.

Proteins blotting and blocking

After the running step, the gel and four thin Whatman papers were soaked in the transfer
buffer (without methanol). The eluted proteins were transferred overnight at 4°C to a
nitrocellulose membrane of 0.22 um pore size in the transfer buffer (Tris Base 25 mM; Glycine
192 mM; MetOH 10%-20%). The western blot sandwich for the transfer was assembled as
followed: Cathode core - sponge pad - two thin Whatman papers (filter paper) — gel — blotting
membrane - two thin Whatman papers - sponge pad - anode core. After the transfer step, the
membrane was blocked overnight at 4°C in the blocking solution (Tris-buffered saline (TBS-T)
supplemented with 0.05% tween 20 and 3% BSA (TBS-T 10X: 0.5M Tris-HCl; 1.5M NaCl, pH 7.4
+ 0.1 with 0.5% Tween 20).

The proteins were blotted overnight at 4°C with anti-cMyc mouse monoclonal primary
antibodies (1:500) to identify the various tools of interest. Additionally, anti-Bip rabbit
polyclonal primary antibodies (1:50’000) were added to detect the trypanosomal binding
protein ThBiP, which is a 70 kDa housekeeping protein used as a loading control. To detect the
TbBIP protein and the different tools, Goat anti-Rabbit 1gG 800 secondary antibodies
(1:10,000) (IRDye® 800CW; LI-COR Biosciences - GmbH) and Goat anti-mouse IgG 680
secondary antibodies (1:10,000) (IRDye® 680RD; LI-COR Biosciences - GmbH) were used,

respectively.

All the antibodies were diluted in TBS-T (1X: 0.05M Tris-HCI; 0.15M NaCl, pH 7.4 £ 0.1 with
0.05% Tween 20) supplemented with 3% BSA.

All incubation steps were performed using a rocking platform.

To ensure that proteins were correctly transferred from the gel to the nitrocellulose
membrane, a solution of Red Ponceau S staining (Ponceau S 5%; 1% acetic acid) was employed.
After the transfer, the gel was Coomassie blue-stained in order to verify the efficacy of the

transfer.

Table 8 below summarizes the details of all the antibodies used in the western blot:
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Table 8: Antibodies used for Western Blot

Epitope Primary References Secondary References | Detection
antibodies antibodies device
and dilution and dilution
cMyc-Tag Mouse anti- 9E10; IRDye®800CW 926-32210 Odyssey
cMyc Invitrogen; Goat anti-Mouse Li-Cor®; USA CLx
monoclonal ThermoFisher IgG secondary scanner; Li-
antibodies Scientific; antibody (green) Cor®; USA
(1:500-1:1000 USA (1:5'000-
dilution) 1:10’000
dilution)
Biotin IRDye®800CW 926-32230 Acting as 926-32230 Odyssey
Streptavidin Li-Cor®; USA primary and Li-Cor®; USA CLx
(1:2’500 dilution) secondary scanner; Li-
antibodies Cor®; USA
TbAK (T. brucei | Rabbit polyclonal H. S. Goat anti-lgG #35568; Odyssey
adenosine kinase) anti-TbAK2360 San Raffaele, (H+L) ThermoFisher Clx
EAA/10 Milano Italy Dylight™680 Scientific; scanner; Li-
antibodies Conjugated USA Cor®; USA
(1:16’000 polyclonal
dilution) antibodies (red)
(1:10°000
dilution)
TbBip (T. brucei | Rabbit polyclonal | A generous gift Goat anti-gG #35568; Odyssey
homolog of anti-Bip from Dr. Jay (H+L) ThermoFisher CLx
immunoglobulin antibodies Bangs Dylight™680 Scientific; scanner; Li-
heavy chain (1:50'000 - Conjugated USA Cor®; USA
binding protein 1:500°000) polyclonal
. dilution antibodies (red)
(loading control (1:10°000
for the dilution)
housekeeping
protein)
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.2.2.24 Time dependant protein expression

Once the correct integration of the three different genes of interest was validated, the next
step was to verify the overexpression of the tool using western blot analysis. Tetracycline (1
pug/mL) was added to the culture medium to induce the expression of the different fusion
proteins. To find out when the overexpression of the tools is highest and reaches its maximum,
the different cell lines were incubated for 4 days in the presence of tetracycline (1 ug/mL), and
each day a sample was prepared as follows: & 107 total cells were harvested by centrifugation
(600-1300 x g, 10 min, 4°C or RT) and the pellet was resuspended in PBS supplemented with
1mM PMSF and then centrifuged again before another final washing step in PBS only. After
centrifugation, the pellet was resuspended in 2XSDS buffer containing DTT in a volume
necessary to obtain a final concentration of 2x10° cells/ul. For example, 50 pL would be
required for 107 cells in total. The samples were then heated at 95°C for 5 min and 10 pL of
each sample corresponding to 2x10° cells were loaded into a 10-15% SDS gel and the latter
was run at 200 V, 400 mA for 1-2h. The eluted proteins were then transferred to a

nitrocellulose membrane of 0.22 um pore size and stained with anti-cMyc antibodies to reveal

the proteins of interest (i.e. cMyc_BirA* _SNAP-tag, cMyc_TBirA*_ _ SNAP-tag,
cMyc_mTBirA*_GGS_SNAP-tag, cMyc_BirA*_ _SNAP-tag, cMyc_BirA* GGGS_SNAP-
tag, cMyc_BirA* _ _SNAP-tag cMyc_BirA* __SNAP-tag).

Antibodies against Trypanosomal binding protein (TbBiP) were added to reveal the
housekeeping protein ThBIP (70 kDa) used as a loading control. Rabbit polyclonal anti-Bip
(1:50,000) and mouse monoclonal anti-cMyc (1:500) antibodies were diluted in 1XTris-
buffered saline (TBS: 0.05M Tris-HCl; 0.15M NaCl, pH 7.4 + 0.1) supplemented with 0.05%
Tween 20 and 3% BSA. Goat anti-rabbit 1gG 800 secondary antibodies (1:10,000) (IRDye®
800CW; LI-COR Biosciences - GmbH) and goat anti-mouse IgG 680 secondary antibodies
(1:10,000) (IRDye® 680RD; LI-COR Biosciences - GmbH), were used to reveal the ThBIP protein
and the different tools of interest, respectively. All antibodies were diluted in TBS-T

supplemented with 0.05% Tween 20 and 3% BSA.

It is worth highlighting that the time-dependent expression studies of the various tools

presented in Section .3.6 of the Results and Discussion chapter comprise representative
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images derived from conducting multiple experiments. These experiments were performed

numerous times, varying from three repetitions to even more in some instances.

.2.2.25 Pull down of biotinylated proteins

The following protocol is based on that described in the paper by Dr. Brooke Morriswood et

al. (106) with slight modifications.

Transfected parasites were grown in a growth medium (HMI-9 with 1 pug/mL G418 and 2.5
ug/mL hygromycin) with the presence (sample of interest) or absence (negative control) of
20-50 uM BG-PEG4-Mtx (or 10 pM BG-PEGs-C1) until they reached log phase (1-2x10°
cells/mL). Once a total of 108 cells in the log phase were attained (after 3-4 days), tetracycline
(1 pg/mL) was added to induce expression of the different tools of interest (according to the
incubated strain). For example, for the cMyc_BirA* _SNAP-tag tool, since the maximum
expression of the protein is reached after 24 hours of induction by tetracycline (see results in
section 3.6.1 below), the antibiotic should be added one day before the addition of biotin, i.e.

2 days before the pull-down.

All the different cultures were scaled up to a final volume of 300 mL for each condition (sample
of interest and negative control) and 50 uM biotin (1 mM stock solution in IMDM without iFCS)
was added either overnight (for BiolD_SNAP-tag systems) or 10 min before pull-down (for the
TurbolD_SNAP-tag and miniTurbo_SNAP-tag systems). After 24 h (or 10 minutes) of
incubation in the presence of 50 uM biotin (for the BiolD_SNAP-tag tools), the cells were
centrifuged (1800 x g, 5 min, 4°C), harvested, and washed three times with PBS. After the third
wash, the cells were centrifuged again with the same parameters, and the harvested parasites
were transferred into 1.5 ml Eppendorf tubes, extracted in PEME lysis buffer (2 mM EGTA, 1
mM MgS04, 0.1 mM EDTA, 0.1 M PIPES [piperazine-N,N’-bis (2-ethanesulfonic acid)]-NaOH,
pH 6.9, supplemented with 0.5% NP-40 (vol/vol) and 1% protease inhibitor cocktail (Sigma-
Aldrich, P8340)), sonicated (3 cycles of 10 seconds, 20 kHz) in order to complete the lysis step
and then incubated directly on ice for 30 min with gentle mixing. A 5% sample named E1 was
taken for further analysis. The detergent soluble fraction was separated from the insoluble
fraction by centrifugation at 16,000 x g, 5-10 min, 4°C. Again, a 5% sample labeled S1 was

taken from the supernatant. The insoluble pellet must be over-extracted with RIPA lysis buffer
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(SDS 0.1%, NP-40 1%, Deoxicholate 0.5%) (30 min, 4°C, with moderate mixing) in order to
obtain as much protein as possible. A 5% sample designated P1 was taken from this further
extraction for the subsequent experiment. After centrifugation (16,000 x g for 5-10 minutes
at 4°C) of the resulting lysate allowing the separation of solubilized proteins from cell debris,

a 5% sample denoted S2 was collected from the resulting supernatant.

Approximately 100-500 uL of pre-washed Streptavidin-coated Dynabeads (4-5 times in PBS
supplemented with 0.1% BSA for the pre-washing) were added to S1 and S2 and an incubation
step at 4° for 4 hours (or overnight) with moderate mixing was performed. After the
incubation period, the beads added to both fractions were magnetically separated from the
unbound material using the Dyna-Mag magnetic device. 5% samples were taken from the
unbound fractions designated F1 and F2. The beads were then washed 4-6 times for 2
minutes, twice with 1XPBS or 1XTBS and two to four times with PBS supplemented with 0.1%
BSA for a total of 6 washes. The 100% washed beads were finally resuspended in an excess of
biotin (5-25 mM), heated at 95°C for 5 minutes, and finally eluted in 4X Laemili buffer (50-100
uL) or 4XSDS sample loading buffer, before being heated a second time at 95°C for 5 minutes
to obtain the respective B1 and B2 fractions that were used directly for western blot analysis.
The collected E1, S1, S2, P1, F1, F2, B1, and B2 samples were equally separated by SDS-PAGE,
and the migrated proteins were transferred to a 0.2 um nitrocellulose membrane and blotted
using streptavidin dye (IRDye 800CW Steptavidin, LiCor) at a dilution of 1:2500 in TBS-T. For
a more in-depth analysis concerning the nature of the proteins retained on the beads, a mass
spectrometry (MS) conducted by the proteomic platform of Dr. Alexandre Hainard and his
team (CMU, Geneva, Switzerland) was performed. For this analysis, larger-scale parasite
cultures, typically between 300 and 500 mL of culture media (containing ~1-5x10° cells in

total) were required.

According to the findings of Cheah JS, using PEME lysis buffer supplemented with 1% IGEPAL-
CA630 and 0.4% SDS resulted in significantly improved outcomes. The addition of these two
detergents increased solubility and facilitated the efficient elution of biotinylated proteins

from the beads (148).

Figure 19 below schematically describes the entire biotinylated protein pull-down protocol.
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Figure 19: The pull-down procedure for capturing biotinylated proteins (taken from Morriswood, Havlicek, et al.

2013, (106))

Please note that the pull-down experiments conducted in Section .3.7 of the Results and
Discussion chapiter were repeated multiple times. However, only the images depicting the

most distinct and conclusive outcomes were selected for inclusion.

.2.2.26 SNAP-tag pure protein extraction

To confirm the adequate obtention of parasites having integrated only the SNAP-tag gene of
interest, a parasite lysate was prepared by centrifuging approximately 20 mL of cell cultures
at 1300 x g for 10 minutes at RT. The resulting pellets were washed three times with 1X PBS
before extracting the parasite lysate for 30 minutes in PEME lysis buffer supplemented with

0.5% IGEPAL® CA-630, 0.4% SDS, and 1% protease inhibitor cocktail.

To ensure complete and optimal lysis of the lysate, three cycles of sonication for 10 seconds
each were performed. The lysate was then incubated for 20 minutes before being centrifuged
at 16’000 x g for 5 minutes. The concentration of total protein present in the lysate was

determined to be 0.25 mg/mL using the Pierce™ BCA Protein Assay Kit.

Finally, Laemmli Sample Buffer 4X was added to the sample, and electrophoretic separation
was carried out using a tris-tricine gel 10%. The gel was run at 80V for 20 minutes, 120V for
30 minutes, and 150V for 45 minutes.
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The band corresponding to the desired molecular weight (about 20 kDa for the pure SNAP-tag

protein) was excised before being sent for MS analysis.

To understand the binding of the pure SNAP-tag protein to its substrate and be able to detect
it in MS and thereby compare the results obtained with the in vivo experiments (pure SNAP-
tag expression in the parasite), an in-vitro assay consisting of incubating the pure protein with
two different BG-PEG4 derivatives was performed. The details are mentioned in the table

below.

Table 9: Binding reactions of pure SNAP protein with BG-PEG4 derivatives performed at 37°C for 1h

Sample 1: SNAP_BG-PEG4+-Mtx 2: SNAP_BG-PEGs-biotin
DTT 50 mM 10 pL 10 pL
SNARag 50 mM (1 mg/mL) 20 pL 20 pL
BGPEG-Mtx 50 mM 5ulL --
BGPEG-biotin 50 mM -- 5puL
HEPES 50 mM, pH 7.4 65 plL 65 pL
Total 100 pL 100 pL

After one hour of incubation at 37°C, 2XSDS sample buffer was added to the reaction tubes,
then after 5 min of incubation at 95°C, an SDS-PAGE electrophoresis was performed (15% gel,

200V, 1-2h) followed by Coomassie blue staining for the revelation of bands of interest.

The obtained bands were cut (bands around 20 kDa) and sent for MS analysis.
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.3 Results and Discussion

.3.1 The linker story: the culmination point of BG derivatives and
fusion proteins

.3.1.1 The optimal length of PEG in BG-PEG-derivatives
This study aimed to find the optimal number of PEGs to allow both the BG and the compound
moieties (Figure 12 chapter 3.1.4) to bind to their specific targets while preserving the

permeability of the molecule to cell membranes.

First, let's talk about PEGs, what are they? PEG polymers, the abbreviation for Polyethylene
Glycol polymers are flexible amphiphilic molecules that have been shown to increase and

improve the solubility of conjugated drugs (150, 151) (Figure 20).

HO OH

PEGs of linear formula H(OCH2CH3)nOH or HO-(CH,CH;0),-CH2CH,-OH (151) (Figure 20 above)
are composed of repeated units of ethylene glycol, each unit of which associates in solution
with about two water molecules, making them highly hydrated compounds (151-153). This
hydrophilicity limits their diffusion through the lipidic bilayers of the membrane, their good
absorption would thus be explained by their passive transport using the paracellular pathway

(151-155).

With all this information, the objective here is to predict the optimal number of PEG units that
would allow and simplify the formation of a ternary complex with the fusion protein

composed of BirA* and SNAP-tag.

For this purpose, a computational approach was implemented by Margaux Héritier referring
to the article by Dr. Nan Bai et al. (149). In short, the approach described in the paper is based
on four steps which are the following: 1) Building diverse binding modes, 2) Generating

candidate linker conformations, 3) Building initial models of the ternary complex, and 4)
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Analyzing ternary complex models that correspond to the final filtering step in which the
fraction of Fully Compatible Complexes (FCC) is calculated (149). The calculation of the FCC
measures and thus determines the extent to which a given linker is geometrically and
energetically compatible with the various preferred means of interaction of the fusion protein
formed by the two protein domains (149). In other words, the higher the FCC value obtained,
the better the probability of the formation of the ternary complex between the compound of
interest and the different domains forming the fusion protein. In Dr. Nan Bai et al. paper, they
calculated the FCC value in order to find out the best linker that can lead to the formation of
the PROTAC ternary complex that is composed of a Warhead, linker, and the E3 recruiter (as

drawn and shown in Figure 21).

PROTAC
\_\ Warhead--Linker—-E3 recruiter
Geometric y Energetic
~ Filtering P Filtenng Y
N "SP .
Docked Pose Build in Linker PROTAC Ternary Complex

Figure 21: Method based on the calculation of the FCC (fraction of fully compatible complexes) to model the

formation of the ternary complex PROTAC, image taken from Bai, N., et al. (2021) article (149)

According to the Figure 22, a linker composed of two PEG units (n2) seems to be slightly the
best, although it is not statistically significantly different than n4 or n5 or n6. Studies show
that increasing the number of PEGs would improve the proper formation of the complex.
Indeed, Becker et al. (156) reported in the paper that PEG linkers containing at least three or
more units ensured good performance in the Y3H system and were required for the successful
formation of the complex of interest (156). Furthermore, linkers composed of four PEG units
have been widely used in other studies (157-159). Moreover, Gendreizig, Kindermann, and
Johnsson have well described in their paper the synthesis as well as the use of the BG

derivative linked to four PEG units and Mtx (159).

Page 120 sur 247



Suzanne Sherihan SAHRAOUI
Part 3: Development of a new target deconvolution tool

0
. FL[\/\ o
NH, N o,
. N /@J\Hf/\ﬂ/ ,]’\Hr

N TR e
PG
HzN N N

SNAP-TAG/DHFR
0.8
0.6 NIL\
a N
So4 ﬁ'H N)\NHz
0.2
0.0 [riginal/tested linker: 4 PEG

1 2 3 4 5 6 7 8
Number of PEG units

£1°Q°04 0 BE @A Qa T
£J0¢ G @EMOaEIG QF BOE QF 1 4 Qi

QO 06 WROLANE 1} G ORI D G FQf

Figure 22: Study of the PEG bond length between the BG moiety and the compound of interest Mtx to form the

ternary complex with the DHFR-TS target, using FCC calculation (established by Margaux Héritier & Jiri Bejcek)

As shown in Figure 22 above, a linker composed of five or six PEG units could also have been
chosen given the good FCC obtained, but according to some studies, the addition of multiple
PEG units could impede the permeability of the compound across biological membranes (due
to the reduction of logP by adding PEG units) (160-162). Indeed, in a study, 9 PEG units were
integrated between the BG and NHS (N-Hydroxysuccinimide) fragments to increase the
hydrophilicity of the compound and subsequently make the BG-NHS impermeable to the
plasma membrane. BG-PEGo-NHS was indeed experimentally validated as a membrane-
impermeable compound (163). Therefore, a linker composed of 4 PEG units seems to be a
good compromise to maintain permeability and ensure the correct formation of the complex
of interest. In addition, as mentioned above, a linker consisting of 4 PEG units has been chosen
and selected in many studies (163-168). Furthermore, as shown in the graph in Figure 22
above, a plateau starts to appear from 4 units of PEG, showing that there would be no
significant difference in the probability of ternary complex formation between linkers

composed of 4, 5, or 6 PEG units, thus, PEG4 has been selected as the spacer linking the BG
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moiety to the small molecule of interest (Mtx, C1 or others) to perform all the experiments

that will allow the development as well as the validation the tool.

.3.1.2 Modeling study to determine the linker length between BirA* & SNAP-tag
To avoid steric hindrance and a certain rigidity that would impede each domain forming the
fusion protein to play its full action, a linker must be added between the BirA* and the SNAP-

tag proteins.

: o> 7
N~ '/“ ﬁb
e

{

& 7 BirA*

Dr. Francesca Tessaro

Figure 23: Modeling study for the determination of the linker length between BirA* and SNAP-tag parts (made

by Dr. Francesca Tessaro)

A modeling study (performed by my colleague Dr. Francesca Tessaro) was conducted to
determine the optimal length of the linker. As indicated in Figure 23 above, with a linker
consisting of 3 amino acids, the distance between the active site of BirA* and the furthest
amino acid from the TbAK target which was chosen as an example is about 8 nm, which is
within the biotinylation window of 15 nm, and at the same time, BirA* is sufficiently distant

from the target, which allows it to be flexible enough to be fully active.

This selected linker is composed of glycine and serine, these amino acids were chosen as they

are known to form flexible spacers (169).
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The GGS linker has been the first tested in the development of the tool of interest containing

the original system (BiolD) or its variants (TurbolD and miniTurbo).

The effect of the variation of the length of the flexible GGS linker has also been studied, as it
was interesting to know the limit of its length that would allow the maintenance of the proper
functioning of the system (see results below). The two other flexible spacers that have been
designed were composed of either one or two additional glycines (as shown in Figure 23

above).

Besides the length of the linker, the study of the variation of its amino acids’ nature would
provide crucial elements concerning the proper functioning of the tool of interest. Keeping in
mind the general 3D arrangements needed (Figure 23) such linkers have been constructed and

tested and will be discussed hereunder.

.3.1.3 Selection of the most suitable linker using the computational approach

As indicated above in Section 3.1.1, the FCC calculation predicts how a given linker can be
geometrically and energetically compatible with the preferred interaction modes of the
different domains of the fusion protein of interest and therefore, the higher the FCC value,
the higher the probability of forming a ternary complex between BirA*, the tested linker and

the SNAP-tag.

Unlike the PEG linker between BG and the small molecule of interest (Mtx, C1, or other), the
objective here is to maintain a certain distance between the different domains avoiding the
agglomeration of the two domains BirA* and SNAP-tag. Indeed, if agglomeration would occur
because of overly flexible linkers such as GGGS or GGGGS, BG-PEGs derivatives might
theoretically have restricted access to the SNAP-tag cavity due to the possible and potential
masking of the Cys145 of the SNAP-tag active site by BirA*, which would prevent the proper
functioning of the system. Therefore, a linker that would give the lowest FCC value would be

the most adequate because it would avoid the formation of this agglomeration.

The amino acids proline, alanine, and threonine are known to form rigid linkers, especially the
(PA)n or (PT)n repeats (169, 170). According to Xiaoying Chen's paper, the use of rigid linkers

could be a good alternative when the biological activity of one of the domains composing the
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fusion protein is reduced due to the concealment of its active site by the other part of the

protein (169).

It was therefore decided to test at the computational level using the same approach as
described in Bai N and al. paper (149) and previously used to determine the optimal length of
the linker composed of PEG units in BG derivatives, different rigid linkers but this time the
result that will give the lowest probability of forming the complex (the lowest FCC) (Figure 24)

will be taken into account, and will therefore be selected, and then confirmed experimentally.

The following rigid linkers have been tested computationally by my colleague Margaux
Héritier: PAPAP (chosen according to Xiaoying Chen's paper (169)) and PTP, PTPTP, PAP, and
PAPA (chosen by myself) in order to determine which of them will give rise to low FCC values
enabling the maintenance of the biological activities of each of the domains forming the fusion

protein (Figure 24).

SNAP-TAG/BIRA

0.8
06 | the worst linker = active
X = Not active

0 0.4
L

0.2 1

0.0 -—"'

Q Q

Figure 24: Determination of FCC as a function of linker nature and length (made by Margaux Héritier and

adapted from the article by Dr. Nan Bai et al. (150)

According to the analyses (Figure 24 above), the flexible linkers GGGS and GGGGS as well as
the rigid PAPAP have high probability of forming the ternary complex and thus agglomerates

that can result in masking of the SNAP-tag active site, hence hindering the binding of its
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substrate and thus the BG derivative to its active site. On the other hand, GGS, PAP, and PTP
gave the lowest FCC values and therefore could potentially be the linkers that will give the

best results.

To prove experimentally the predictivity of the method and the hypotheses put forward by
this study, the best linkers such as GGS and PTP but also some of the less favourable linkers
such as GGGS, GGGGS, and PAPAP have been tested.

.3.2 Generation of different plasmids for parasite transfection

.3.2.1 Design & production of plasmids of interest: BiolD variants

As mentioned in the introduction, two variants of BirA* have been developed and have been
tested to determine which one will lead to the best-performing tool. For these variants, the
flexible linker GGS has been selected, being the first one that has been studied in the
computational study carried out by Dr. Francesca Tessaro, giving an adequate distance
between the different domains of the fusion protein in addition to a correct FCC value close

to zero.

Notl Notl

Notl

plewl00_ plew100_ _mTBirA*_SNAP-tag

8199 bp

_BirA*_SNAP-tag

plew100_ _TBirA*_SNAP-tag

Hindill

Hindlll

Xhol

Figure 25: The three targeted plasmids containing either the gene encoding the original BiolD system linked to

SNAP-tag or the one coding for the TurbolD variant or the miniTurbo, both linked to SNAP-tag

The three aimed plasmids (Figure 25 above) have been designed, produced, and successfully
obtained (as described in sections 2.2.1, 2.2.2, and 2.2.3). They were verified by colony PCR

and sequencing (the details of PCRs and sequencing showing the correct insertion of either
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TbirA* or mTBirA* genes of interest in the pre-digested plasmid from which BirA* was

removed, are present in Appendixes 1, 2, and 3).

For the first plasmid pLew100_cMyc_BirA* GGS_SNAP-tag, the synthesis of the GGS_SNAP-
tag gene was needed before inserting it downstream BirA*gene (see section 2.2.1). For the
two other plasmids, a PCR of either TBirA* or mTBirA* genes was needed beforehand in order
to amplify these genes and to incorporate the restriction sites of interest (Hindlll & Xhol) as
well as the cMyc gene (Figure 26, Figure 27). The generated fragments were inserted upstream
SNAP-tag gene (see sections 2.2.2 & 2.2.3 for details). PCR and sequencing results showing the

correct insertion of the fragments of interest are illustrated in the figures below (details in

Appendixes 2 & 3).

Notl

plew100_ _TBirA*_SNAP-tag

HygR

¥
llllll;ﬂl:

Fra;merh at 1732 bp

;

W

S
Linker ’
(1000 Hindill

Xhol

a%‘,,

Figure 26: Colony PCR and sequencing showing the successful insertion of the Hindlll_cMyc_TBirA* Xhol

fragment upstream of the SNAP-tag gene
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Notl

Ayc_mTBirA®_SNAP-tag
8199 bp
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Figure 27: Sequencing validating the successful insertion of the Hindlll_cMyc_mTBirA*_Xhol fragment upstream

of the SNAP-tag gene

The results of forward and reverse sequencings (Figure 26: oCA134 TurbolD FW 5'-
CGCGCCTTCGAGTTTTTTTTCC-3'; oCA135 TurbolD RV 5'-CCTGCTGTGCCATCAGATTAC -3'
respectively target the GPEET 5' UTR & amp upstream and ALD 3 & acute long UTR regions
contained in the main vector plasmid between which the gene of interest,
cMyc_TBirA*_GGS_SNAP-tag, is located; Figure 27: 0SS0031 miniTurbolD RV 5'-
CCGCTCGAGcttttcggcagaccgcagactg-3'; 0SS0032 miniTurbolD FW 5'-
CTCTGGCCGCTATGCTGATC-3' respectively target the hygromycin resistance gene region
present in the main vector plasmid and the mTBirA* gene region) perfectly demonstrate the
alignments between the theoretical genes of interest and those obtained experimentally

(when the nucleotides match, the alignment becomes red as illustrated in Figures 26 and 27).

.3.2.2 Design & production of plasmids of interest containing: Linkers variants

.3.2.2.1 Modification ofthe length of the originabGSinker
As previously described, glycine and serine are amino acids known to form flexible linkers

(169, 171).

The result of the modeling study showed an appropriate distance between BirA* and SNAP-
tag allowing these two domains to play their full role, hence the choice of GGS linker in the

first place (see the result above in section 3.1.2).
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1 Incorporation of glycine into the GGS linker by site-directed mutagenesis to obtain
GGGS:

As shown in the sequencing result of Figure 28, the experimental alignment perfectly matches
the theoretical one (part A of Figure 28). In fact, the presence of the linker of interest GGGS is
clearly visible. Moreover, when the experimentally obtained sequence is compared with the
original theoretical gene containing the GGS linker, the addition of glycine, illustrated by the
addition of the TGG nucleotides, is well observed in the alignment of the genes in part B of

Figure 28, proving once again the successful obtaining of the GGGS linker.

Notl

GGTGGAGGTTCC

1041 1050 1060 1070 1080
cMyc_BirA*_GGGS_SNAP  GGeFiGTGGAGGTTCCPTGEACAAGGAT TGCGAGATGARGCGE

g Plasmid_GGGS_oCA135rv  G-ClGTGGAGGT TCCRTGGACARGGAT TGCGAGATGARGCGE
pLew100_cMyc_BirA* GGGS_SNAP-tag x Plasmid_GGGS_oCA135rv  GGCGTGGAGGT TCCRTGGACAAGGAT TGCGAGATGARGCGE

O B
\‘ 980 990 1000 1010 1020 1030 1040
1

cMyc_BirA®_GGS_SNAP  CHTCAAGCCCTGGATGGGCGGAGARATCTCCCTGAGARGCGCAGAGARGE TCGAGHG---AGGTTCCA
Plasmid_GGGS_oCA135rv CATCARGCCCTGGATGGGCGGAGARATCTCCCTGAGARGCGCAGAGARGC TCGAGHGTGGAGGT TCCA
Plasmid_GGGS_oCA135rv CATCAAGCCCTGGATGGGCGGAGAARTCTCCCTGAGARGCGCAGAGARGC TCOAGEETGGAGGTTCCA

- 7 Hindil
8
"'h/,/

Figure 28: A: Sequencing comparing the sequence of interest of the newly produced plasmids
(Plasmid_GGGS_o0CA135rv/ oCA134fw) with that of the theoretical gene (cMyc_BirA* GGGS_SNAP); B:
Sequencing comparing the sequence of interest of the newly produced plasmids (Plasmid_GGGS_oCA135rv/
0CA134fw) with that of the original BirA_GGS_SNAP insert (minus one glycine).

9 Incorporation of glycine into the GGGS linker by site-directed mutagenesis to obtain

GGGGS:

The results of the incorporation of glycine into the GGGS linker by site-directed mutagenesis
to obtain GGGGS shows that the correct plasmid was obtained. In indeed, the alignment of
the linker obtained experimentally with the theoretical one is perfect (as shown in part A of
Figure 29) in addition to the evidence of the addition of two glycines as presented in part B of

Figure 29.
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+
cMyc_BirA*_GGS_SNAP  CCCTGAGAAGCGCAGRGARGCTCG 66T TCCRTGGACARGGAT TGCGAGATGARGLG
Plasmid_GGGGS_oCA135rv CCC TGAGARGCGCAGAGARGC TCGAGEGCOGTGGAGET TCCRTGEACRAGGATTGCGAGATGRAGCG
Plasmid_GGGGS_oCA135rv CLCTGAGARGCGCAGAGARGCTCGA

HTGGACARGGAT TGCGAGATGARGCG

Figure 29: A: Sequencing comparing the sequence of interest of the newly produced plasmids

(Plasmid_GGGGS_o0CA135rv/ 0CA134fw) with that of the theoretical gene (cMyc BirA* GGGGS_SNAP); B:

Sequencing comparing the sequence of interest of the newly produced plasmids (Plasmid_GGGGS_oCA135rv/

0CA134fw) with the sequence of interest of the original BirA_GGS_SNAP insert (minus two glycines)

In conclusion, the site-directed mutagenesis worked well (Figures 28 and 29), and the

sequencing results of the obtained plasmids (after their extraction and purification of the

transformed nova blue bacteria) reveal the correct insertion of either one or two glycines

depending on the parent plasmid used in the reaction.

.3.2.2.2 Modification of the nature of the amino acids composing the linker

9 PAPAP linker: A rigid linker composed of prolines and alanines which are amino acids

that confer rigidity (169).

As detailed in Section 2.2.7, the PAPAP linker was generated by PCR amplification of the SNAP-

tag gene using primers allowing the incorporation of the PAPAP-encoding end of DNA

upstream of the SNAP-tag-encoding gene. The sequencing result (part A of Figure 30) reveals

the perfect match between the theoretical and experimental PAPAP gene.
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Figure 30: A Sequencing comparing the sequence of interest of the newly produced plasmids
(Plasmid_PAPAP_oCA135rv/ oCA134fw) with that of the theoretical gene (cMyc_BirA* PAPAP_SNAP); B:
Sequencing comparing the sequence of interest of the newly produced plasmids (Plasmid_PAPAP_oCA135rv/
0CA134fw) with the sequence of interest of the plasmid containing the same linker length BirA_ GGGGS_SNAP

insert showing the correct insertion of the PAPAP linker of interest

Furthermore, when the gene coding for theoretical GGGGS (chosen because it contains the
same number of amino acids as PAPAP) is aligned with the one obtained experimentally, a
mismatch appears (part B of Figure 30 above) indicating that this linker no longer exists and

that only PAPAP has been generated in the newly produced plasmid.
Details of plasmid construction are given in Appendix 5.

i linker: A rigid linker composed of prolines and threonines which are uncharged

amino acids and provide a certain rigidity (169, 172)

PCR and cloning proved to be highly successful. The transformation resulted in a multitude of
colonies, and a significant majority of them (confirmed through sequencing as shown in the
Figure 31) contained the desired newly generated plasmids. Similarly, here, what is observed
is the proper alignment between one of the experimentally obtained PTP genes and the
theoretical one (part A of Figure 31). Moreover, when the experimental gene is aligned with
the theoretical one containing GGS, a mismatch appears (part B of Figure 31) proving that only

PTP has been well incorporated upstream of the SNAP-tag gene.
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Plasmid_  _oCA134fw GACRAGCAGEGAGL TC TGCTGCTGEAGCAGGACGGARTCATCARGCCL TGGATGEGCGEAGARATC TCCCTGAGARGCGCAGAGARGL T CGAGCCC~-CACCGATGGACAAGGAT TGLGAGATGAR

Figure 31: A Sequencing comparing the sequence of interest of the newly produced plasmids
(Plasmid_PTP_oCA135rv/ 0CA134fw) with that of the theoretical gene (cMyc_BirA* PTP_SNAP); B: Sequencing
comparing the sequence of interest of the newly produced plasmids (Plasmid_PTP_oCA135rv/ 0CA134fw) with
the sequence of interest of the plasmid containing the same linker length BirA_GGS_SNAP insert showing the

correct insertion of the PTP linker of interest

Details of plasmid construction are given in Appendix 6.

.3.3 Transfection of plasmids of interests

The aimed plasmids obtained were transfected to parasites using the AMAXA Nucleofector™II

by selecting the X-001 program as described in Section 2.2.13 and illustrated in Figure 32.

Nucleofection

o I
Gene of interest

Figure 32: Electroporation method used for parasite transfection (adapted from (174))
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In order to obtain stable cell lines, limited dilutions 1:5, 1:15, 1:100, 1:150, and 1:300 were
performed and after a few days, clones started to appear (Table 10). To verify the correct
insertion of the different genes of interest, gDNA extractions followed by PCR were

performed. The results are shown in Figure 33.
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Figure 33: PCR results revealing the successful integration of the different genes of interest into the parasite
genome
More than 50 primers were tested in order to find and select those that would bind best to
the genomic part of the trypanosome (intergenic region) close to the insertion site of the gene

of interest encoding the fusion protein where the homologous recombination was produced.

Primers 0550022 and 0SS0034 are reverse primers targeting different parts of Chromosome 1
ID X52586.1 and 0SS0023 and 0SS0033 are forward primers that target a part of the integrated
gene of interest (details of their genetic sequences in Section 2.2.15) and these were selected

for their ability to generate clear and accurate bands in PCR (as shown in Figure 33).
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The visible bands around 1950 bp were obtained using primers 0550022 and 0SS0023 and
those around 1550 bp were generated using primers 0SS0033 and 05S0034.

Figure 33 above shows clearly the presence of the different genes of interest validating that

the right strains are correctly transfected.

The different clones appeared on average 4 to 7 days (sometimes beyond that, up to max 2

weeks) after transfection and selection by hygromycin.

Table 10 below presents the details of the different dilutions where the various clones were

selected:

Table 10: the appearance of clones as a function of dilution after the addition of hygromycin 2.5 ug/mL 24 h
after electroporation

Transfected Thb Selected clone in dilution (1:X)
Thbb_GO 1:150
Tbb_TGO 1:50
Tbb_mTGO 1:50
Tbb_G1 1:100
Tbb_G2 1:100
Tbb_PA 1:50
Tbb_PTP 1:200

.3.4 Fluorescence microscopy

This experiment was performed to test the permeability of BG-PEGs-derived compounds. The
test was performed using the BG-PEG4-FDA derivative, as the FDA can be excited in a wide
range of wavelengths reaching its maximum excitation at 494 nm and emitting fluorescence
at 521 nm (in the green spectrum) (174-176). The SpectraViewer website of Thermo Fischer
indicates the excitation and emission wavelengths of different fluorescent compounds (176).
If the derivative penetrates the cells, the parasites will emit fluorescence in the green field.
This is clearly visible in the image of Figure 34. Indeed, the parasites that were incubated with

BG-PEG4-FDA emit a green fluorescence and the amount emitted is 3.33 times higher than
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that produced by the parasites that were not incubated with the compoun, showing that this

derivative penetrates well into the parasite and is, therefore, permeable to cells.

DAPI

Thb -
BG-PEG,-FDA

Average fluorescence intemsity, (a.u).

Thb +
BG-PEG,-FDA

Negative control Thb of interest

(Widefield Fluorescence Microscopy 20X)

Parasites that have not been incubated with the BG-PEGs-FDA derivative emit some
fluorescence, which is also visible in the image and histogram above (about 75% of the amount
of fluorescence is emitted by the negative control (compared to 250% for the sample of
interest)), this is due to the phenomenon of autofluorescence naturally and intrinsically
present in eukaryotic and prokaryotic cells, related to the presence of fluorescent cellular

components and metabolites (177).

.3.5 Growth curves of different strains

.3.5.1 Growth curves of Tbb_WT with and without tetracycline addition

To determine the experimental windows to be used an exhaustive analysis of Tbb growth

under different conditions have been performed and the results are presented in this chapter
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as well as in 3.3.5.2. As shown in Figure 35, Tbb_WT parasites grow slightly differently

depending on whether or not tetracycline is added.

8x106- @~ Tbb WT (-tet)
Thb WT (+tet)
6x106-

4x106-

2x106+

Number of viable parasites / mL

0 T T T 1

0 24 48 72 96
Time (h)
Population doubling time (PDT) Population doubling time
(h) (-tet) (PDT) (h) (+tet)
Tbh WT 7.66 5.71

Indeed, when the antibiotic is added, they reach the maximum growth faster (PDT of 5.71 h)
after only 48 h compared to parasites that were incubated in the absence of the antibiotic
(PDT of 7.66 h and peak growth achieved after 72 h or 3 days). However, the growth maximum

is slightly lower (6x108 cells/mL (+tet) vs ~ 8x10° cells/mL (-tet)).

NYSM Tbb_WT strains have a tet operator inserted into the robust procyclic acid repeat
protein (PARP) promoter, as described in the paper (131). Consequently, the NYSM Tbb_ WT
strains exhibit tetracycline inducer-dependent expression of reporter genes that are
integrated into the chromosome under the regulatory influence of the PARP promoter
containing a tet operator (131). Therefore, the difference can be explained by the fact that
the addition of tetracycline could induce growth factors that would explain the results
obtained. Indeed, it has been shown in some papers that in case of loss of its antibiotic activity
in a time-dependent manner, tetracycline can still act as a potent inducer, therefore, if certain
growth factors are under the control of the antibiotic, their expression could possibly be
induced by its addition in the culture medium which could explain the rapid growth achieved

by the parasites (178).
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.3.5.2 Growth curves of transfected Tbb with and without tetracycline addition

As shown in Figure 36, all the different cell lines reach their growth maximum on day 3 (after
72 hours of incubation), except for the Thb_WT strain under tetracycline induction, which
shows a growth maximum after only 48 hours due to tetracycline-induced growth factors as

mentioned above.

-
£
(%]
Q - Tbb_WT (-tet)
g Tbb_WT (+tet)
g —A— Tbb_mTGO (tet)
o Thb_mTGO (+tet)
< —o— Tbb_TGO (-tet)
Z Thb_TGO (+tet)
° B Tbb_GO (tet)
3 Tbb_GO (+tet)
g
5 ,
z 0 24 48 72 96
Time (h)
Population doubling time (PDT) Population doubling time
(h) (-tet) (PDT) (h) (+tet)
Tbb WT 7.66 5.71
Thb BiolD-SNAP 10.66 14.19
Tbb TurbolD-SNAP 10.80 11.11
9.61 12.99

Figure 36: Growth curves and PDT of different transfected Thb in the presence or absence of tetracycline
(1ug/mL)

Firstly, it can be noted that tetracycline induction of the expression of the protein of interest
does not lead to parasite death, validating the cellular non-toxicity of the different expressed
tools. Secondly, for most strains, the maximum growth is reached either on day 2 (with
tetracycline) or day 3 (without tetracycline) (except for the Thb_mTGO strain where the peak
is reached on day 3 with and without tetracycline), indicating that subsequent biotinylation
studies should be performed within this 3-day window. Finally, the number of transfected
viable parasites reaching the growth peak is 2 times lower than that of Tbb_WT, indicating
that transfection of the three different genes would influence parasite growth, nevertheless,

this number remains sufficient to carry out the necessary target deconvolution experiments.
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Also, what can be noticed for parasites expressing the cMyc_TBirA*_GGS_SNAP-tag gene
(Tbb_TGO cell line), is their maximum growth that occurs on day 3 (after 72h) without

tetracycline and on day 2 (after 48h) with the presence of the antibiotic just as the Tbb_WT.

To answer the question on how compounds treatment would influence the setup of the
experiments, we studied the Tbb growth in presence of different compounds. Figure 37
reports the results of Tbb growth in presence of Mtx or BG-PEG4-Mtx. The Superposition of
the growth curves of the parasites that were incubated with either Mtx or BG-PEG4-Mtx, is

close-to-perfect. From this result two conclusions can be drawn:

1- The efficacy of methotrexate is not impaired by its binding to the BG-PEG4 moiety
indicating that the BG-PEG4 fragment is unlikely to affect the behaviour of future
compounds to be bound to it.

2- With concentrations of 20 uM (and even higher, indeed, experiments have been
performed with 50 uM or even 100 uM but the corresponding results have not been
presented) the parasites remain viable, and their growth starts to decrease only after
72h which is normal and largely sufficient to perform the later experiments of

biotinylation.
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In the case of dealing with compounds that are not cell-permeable, what would be the
solution? A possible answer would be to electroporate the parasites in the presence of the
non-permeable BG-PEG4 derivative to force the entry of the molecule into the parasite. The
question that may arise is whether or not this technique could be fatal to the parasites or if it
affects their viability. To answer this question, a growth curve (Figure 38) was performed for
the electroporated parasites and compared to the non-electroporated ones to detect any

differences and verify cell viability.
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According to the results presented in Figure 38, the electroporation technique is not fatal for
the parasites, but it shifts the growth peak by 24 hours. This slight alteration will not impact
future experiments significantly, as it simply requires extending the waiting period until a
sufficient amount of parasites reaches the logarithmic growth phase (refer to section 2.2.18).
Electroporation could, therefore, according to the results obtained, be a very good alternative

to the situation where non-permeable compounds are involved.

Next, growth curves were generated for the parasites transfected with plasmids containing

various linkers. The results are presented in Figure 39 below:
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Figure 39: Growth curves and PDT of the two transfected strains Tbb_G1 (Tbb transfected with the
cMyc BirA* GGGS_SNAP-tag gene) & Thb_G2 (Tbb transfected with the cMyc_BirA* GGGGS_SNAP-tag gene)

in the presence or absence of tetracycline (1 ug/mL) and their comparison with those of Tbb_WT parasites

According to the result of Figure 39, the addition of the antibiotic seems to influence the PDT
of strains containing the linker G1 (GGGS linker), which increases from 8.20 h to 15.23 h.
Overexpression of the cMyc_BirA* _GGGS_SNAP-tag fusion protein slows down the growth of
the parasite, but they remain viable even after 96 h of expression which is a sufficient time
interval to perform the subsequent biotinylation studies. On the other hand, strains
transfected with the plasmid containing the linker G2 (GGGGS linker) do not seem to be much
influenced by the addition of tetracycline compared to Thb_G1 parasites. Indeed, their PDT
increases slightly (from 6.65 h to 8.00 h) and their growth curves are fairly similar with or
without tetracycline. Several hypotheses can be formulated: either the protein of interest was
not or only slightly expressed (confirmation of the hypothesis by western blot, results in
Section 3.6.5), or the gene of interest was not properly integrated into the genome of the
parasite, but this last hypothesis can be refuted given the results of the sequencing of the
gDNA showing the correct integration of the fusion protein gene in the parasite genome. The
first hypothesis of under-expression of the fusion protein is likely to be accurate, as it will be
confirmed by western blot analysis in the time-dependent protein expression studies (see the

next results below, Section 3.6.5).
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The newly transfected Tbb_BirA* _PAPAP_SNAP-tag cell line, renamed Tbb_PA, surprisingly
shows overlapped growth curves between that with and without the addition of tetracycline
(Figure 40 above), besides their very similar PDT. Hence, the antibiotic does not seem to affect
their growth or PDT. To explain this result, one hypothesis that can be put forward is that the
tet operator (whose gene is positioned upstream of the gene of interest) would not be well
integrated into the genome, and as a result of that, the gene of interest is constitutively

expressed regardless of the addition of the tetracycline.

Another explanation that could be given regarding the similarities in the growth curves, would
be that the tool is not overexpressed in large quantities in the cytosol of the parasite. This
hypothesis has been tested in the time-dependent protein overexpression studies (see Section

.3.6) as well as in the biotinylation studies below in Section .3.7.

Indeed, only 2% of the protein is overexpressed after 24 h (results below Section 3.6.6) against
20% for cMyc_BirA* _GGS_SNAP-tag, which is 10 times less for the newly designed protein. A
study published in 2016 (179) revealed that trypanosomatids do not appear to be highly
affected by tetracycline. This can be attributed to the highly divergent nature of their

mitochondrial ribosomes. As a result, the impact of tetracycline may not be noticeable when
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the protein of interest is expressed in very low amounts. This could explain why similar growth

curves were obtained with or without the antibiotic, as shown in Figure 40 above.

Moreover, if we compare the growth curves of Tbb_G2 (Tbb_BirA* GGGGS_SNAP-tag
parasites), with that of Tbb_PA (Tbb_BirA* _PAPAP_SNAP-tag parasites), these two strains
carry a linker with the same number of amino acids, both strains seem to exhibit similar curves
and do not appear to be overly influenced by tetracycline, so this gives rise to an interesting

new hypothesis: the more amino acids there are in the linker, the less the fusion protein will

be expressed. This hypothesis will be confirmed in the time-dependent overexpression studies

below (Section .3.6).

A third hypothesis could be related to constitutive expression without the need for induction

by the antibiotic due to a leaky system.

Since the concentration of 1 ug/ml of tetracycline is considered a standard induction dose that
does not interfere with T.brucei cell division (179), a 10-fold higher concentration has been

used in order to verify one of the three hypotheses previously put forward (Figure 41 below).
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Compared to the growth curves of the wild-type strains, the maximum growth rate achieved
by the transfected strains (Tbb_PA) with the PAPAP rigid linker remains lower than that of the
Tbb_WT strains, showing that the integration of the gene of interest and its subsequent

expression, however low, still influences the growth of the parasite.

Moreover, when comparing the growth curve obtained using 1 pg/mL antibiotic, a noticeable
distinction is observed. The maximum growth for Tbb_PA (+tet) occurs after 72 hours instead
of 48 hours before declining. Nonetheless, similar to Tbb_WT, the parasite doubling time (PDT)
is shorter when the antibiotic is introduced into the growth medium. This suggests that
tetracycline potentially triggers growth-promoting factors that stimulate accelerated parasite

proliferation.

The influence of the stable transfection with the construct with the linker PTP on parasite
growth has also been studied. As illustrated in Figure 42, the maximum expression of Tbb_PTP
is reached at about 4x10° cells/mL, half that of Thb_WT (as with most other transfected
strains); transfection of the cMyc_BirA* PTP_SNAP-tag gene and its integration into the
parasite genome seem to influence the attainment of the growth maximum, but the latter is

still reached after 3 days, which is similar to that of Tbb_WT (-tet).
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Moreover, the parasites remain viable after 4 days, which represents a large and sufficient

time interval to perform all subsequent biotinylation studies.

Regarding the influence of tetracycline on parasite growth, it does have a slight impact, as
growth is slowed and peaks at about 2 x 10° cells/mL (half that of Thb_PTP (-tet)), but as
before, the parasites remain viable even after 4 days of induction of protein expression by the
antibiotic, so the cMyc_BirA*_PTP_SNAP-tag fusion protein does not seem to be toxic to the

parasite.

.3.6 Time-dependant protein expression

In order to assess expression, potential degradation and determine the optimal timing of
expression for different fusion proteins, a comprehensive investigation was conducted to
study the temporal expression profiles of these tools. This studies presented in this chapter
aimed at facilitating protocol adaptation based on the peak expression period for each fusion

protein.

.3.6.1 Time-dependant cMyc_BirA* GGS_SNAP-tag protein expression

The first comprehensive study to assess tool expression, potential degradation and identify
the optimal timing of expression was carried out with cMyc_BirA* _GGS_SNAP-tag fusion
protein. The membrane stained with Red S Ponceau solution (part A of Figure 43 below) shows
the proper transfer of proteins from the gel to the membrane. The scanned membrane (part
B of Figure 43) reveals the overexpression of the cMyc_BirA* _GGS_SNAP-tag protein from day
1 to day 4 (96 h). The results firstly demonstrate an equal expression of the housekeeping
protein TbBIP (~70 kDa), which can therefore be used to normalize and quantify the results

(red bands revealed by anti-TbBIP antibodies).

Second, what is clearly visible is the successful expression of the fusion protein as shown by
the green bands on the membrane (part B of Figure 43) revealed by the anti-cMyc antibodies.
The proper expression was also confirmed and validated by MS (result in Figure 44 below).
Part B of Figure 43 above displays a strong band intensity on day 1 (after 24 h of
overexpression), indicating that maximum overexpression occurs after 24 h of tetracycline

induction. Part C of the above figure, exhibiting the intensity of the signal emitted by cMyc-
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tag (revealed by the anti-cMyc antibodies) over that emitted by TbBIP (revealed by anti-TbBIP

antibodies), also supports the same conclusion.
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Figure 43: Western blot of cMyc_BirA* GGS_SNAP-tag protein expression as a function of time over 96 h of
tetracycline induction. A: membrane (0.22 um) stained with red Ponceau S solution after protein transfer from
SDS PAGE gel (12%) for 24 h at 30 V. B: membrane scanned by the LiCor Odyssey imager at two different
wavelengths: 700 nm (red) and 800 nm (green) (part B, left image). C: Quantification of the signal emits from the

cMyc-tag part of the protein over the one from the TbBIP housekeeping protein

Once the maximum level of expression is achieved following 24 hours of incubation with
tetracycline, the level of expression begins to decrease. Therefore, in order to conduct
biotinylation studies, tetracycline should be added 24 hours prior to the pull-down process
(simultaneously with biotin addition as detailed in Section .3.7 below). For the BG-PEG4
derivative, the experiments indicate that it is necessary to add it either at the time of the
antibiotic addition or 24 hours later when the expression of the fusion protein is at its peak.

Although the results remain similar, it is advisable to add the derivative at the same time as
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the tetracycline addition in order to avoid any potential decline in the functionality of the tool
due to a reduction in its expression. The viability of parasites was shown to persist even after
96 hours of incubation, albeit with a slight decline, in the presence of 20 uM BG-PEG4-Mtx, as
evidenced by Figure 37 in the section above. Therefore, introducing the compound at the start

of the parasite culture could also be a feasible option.

Finally, the protein visible at ~¥55-60 kDa on the membrane stained with Red Ponceau solution
is an HSP60, a heat shock protein belonging to the HSP60/10 chaperonin systems required for

parasite development and survival (180).

As mentioned above, the validation of the expression of the tool was verified and confirmed
by tryptic digestion followed by MS (Figure 44 below). The LC-MS/MS analysis revealed the
presence of cMyc_BirA* GGS_SNAP-tag peptides, with a total spectrum count of 28 and 22
unique peptides. This resulted in a protein sequence coverage of 59%, as demonstrated by

the analysis in the Figure 44.

cMYCBirA (100 %), 56'251.9 Da
cMYC-BirA SNAP tag protein OS=BirA SNAP 0X=185431 GN=cMYCBIrA PE=1 SV=1
22 exclusive unique peptides, 28 exclusive unique spectra, 28 total spectra, 307/518 amino acids (59 % coverage)

EQKLISEEDL DKDNTVPLKL I ALLANGEFH SGEQLGETLG MSRAA|INKHI
QTLRDWGVDY FTVPGKGYSL PEPIQLLNAK QlILGQLDGGS VAVLPVIDST
NQYLLDRIGE LKSGDACIAE YQQAGRGGRG RKWFSPFGAN LYLSMFWRLE
QGPAAAIGLS LVIGIVMAEY LRKLGADKVYVR VKWPNDLYLQ DRKLAGILVE
LTGKTGDAAQ IVIGAGINMA MRRVEESVVN QGWITLQEAG INLDRNTLAA
MLIRELRAAL ELFEQEGLAP YLSRWEKLDN FINRPVKLII GDKEIFGI SR
GIDKQGALLL EQDGI IKPWM GGEISLRSAE KLEGGSMDKD CEMKRTTLDS
PLGKLELSGE EQGLHRI I FL GKGTSAADAY EVPAPAAVLG GPEPLMQOQATA
WLNAYFHQPE AIEEFPVPAL HHPVFQQESF RQVLWKLLK VVKFGEVISY
SHLAALAGNP AATAAVKTAL SGNPWVPILIP HRVVQGDLD VGGYEGGLAYV
KEWLLAHEGH RLGKPGLG

Figure 44: Identification in the cell lysate of cMyc_BirA* GGS_SNAP-tag peptides by MS (analyses made by the

proteomic platform of Dr. Alexandre Hainard and his team)

.3.6.2 Time-dependant cMyc_TBirA*_GGS_SNAP-tag protein expression

The second study assessing tool expression, potential degradation and identify the optimal
timing of expression was carried out for cMyc_TBirA* GGS_SNAP-tag fusion protein. Part A
of Figure 45 shows good protein transfer from the gel to the nitrocellulose membrane.
Western blot analysis (part B of Figure 45) shows that the house protein ThBIB was expressed

correctly and similarly, irrespective of time and tetracycline addition.
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Itis intriguing to note that the expression of cMyc_TBirA*_GGS_SNAP-tag is initially quite low,
with only 8% of maximum expression visible, and it takes two days of incubation with
tetracycline before significant expression can be observed. The expression reaches its peak on
the third day, as depicted in parts B and C of the figure above, before beginning to decline on
subsequent days. Based on the findings, it is recommended to add the BG-PEG4 derivative
either after 72 hours of induction of tool expression, which is three days after the addition of
tetracycline (with the pull-down process carried out at this time, as discussed in section .3.6),
or simultaneously with the addition of tetracycline or even at the beginning of the parasite

culture (this latter option was selected for the majority of the experiments).
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Figure 45: Western blot of cMyc_TBirA*_GGS_SNAP-tag protein expression as a function of time over 96 h of
tetracycline induction. A: membrane (0.22 um) stained with red Ponceau S stain after protein transfer from SDS
PAGE gel (10%) for 24 h at 30 V. B: membrane scanned by the LiCor Odyssey imager at two different wavelengths:

700 nm (red) and 800 nm (green) (part B, left image). C: Quantification of the signal emits from the cMyc-tag part

of the protein over the one from the TbBIP housekeeping protein
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What is also evident is a second signal observable just below 55 kDa (Figure 45), and this band
is detected regardless of tetracycline addition. This signal could correspond to a fragment of
the tool that was co-expressed constitutively, irrespective of antibiotic induction, as a result

of the T7 polymerase promoter system, for which leakage is often observed (181, 182).

The intense bands just below 55 kDa visible on the ponceau red stained membrane
correspond to chaperone proteins or heat shock proteins (HSPs) and fragments of the tool of

interest

Additional validation of the presence of the tool was performed and confirmed by MS (Figure
46 below). Despite the relatively low overall coverage 34% the protein could be clearly
identified as the detected peptides are well spread all over the sequence (Figure 46).
cMYCTurbolD (100 %), 55'892.4 Da

cMYC-TurbolD SNAP tag protein OS=TurbolD SNAP OX=185431 GN=cMYCTurbolD PE=1 SV=1
12 exclusive unique peptides, 16 exclusive unique spectra, 16 total spectra, 173/516 amino acids (34 % coverage)

EQKLI SEEDL KDNTVPLKLI ALLANGEFHS GEQLGETLGM SRAAINKH
TLRDWGVDVF TVPGKGYSLP EPIPLLNAKAQ lLcaeaLbGGsY AVLPVVDS
QYLLDRIGEL KSGDACIAEY QQAGRGSRGR KWFSPFGANL YLSMFWRL
GPAAIGLGPYV IGIVMAEALR KLGADKVRVK WPNDLYLQDR KLAGILVE
GI TGDAAQ I V I GAGINVAMR RVEESVVYVNQG WITLQEAGIN LDRNTLAA
IRELRAALEL FEQEGLAPYL PRWEKLDNTFI NEPVKLIIGD KEIFGI SR
DKQGALLLEQ DGVIKPWMGG EISLRSAEKL EGGSMDKDCE MKRTTLDS
GKLELSGEEQ GLHR | | FLGK GTSAADAVEVY PAPAAVLGGP EPLMQATA
NAYFHQPEAI EEFPYVPALHH PVFQQES R QVLWKLLKVY KFGEVISY
LAALAGNPAA TAAVKTALSG NPVPILI H RvvaQGDLDVG GYEGGLAV
WLLAHEGHRL GKPGLG

Figure 46: |dentification in the cell lysate of cMyc_TBirA* GGS_SNAP-tag peptides by MS (analyses made by

the proteomic platform of Dr. Alexandre Hainard and his team)

.3.6.3 Time-dependant cMyc_mTBirA*_GGS_SNAP-tag protein expression

As previously, a time-dependant study was conducted to evaluate protein expression,
degradation, and  determine the optimal expression  timing  for  the
cMyc_mTBirA* GGS_SNAP-tag fusion protein. The objective was to identify the peak
expression period, enabling protocol adaptation as needed. Also in this case like the other
constructs, the housekeeping protein TbBIP was also here correctly and similarly expressed

regardless of time and tetracycline addition (Figure 47).

For the cMyc_mTBirA* _GGS_SNAP-tag (miniTurbolD_SNAP system), its maximum expression
is reached at day 3 (parts B and C of Figure 47) as is that of the cMyc_TBirA* SNAP-tag fusion

protein (TurbolD_SNAP system). These results are similar to those obtained with
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cMyc_TBirA*_SNAP-tag. Certainly, the addition of the BG-PEG4 derivative can be carried out
either simultaneously with the addition of tetracycline or at the outset of the culture of the
parasites.

After 72h of overexpression, the expression starts to decrease as for the cMyc_TBirA* _SNAP-
tag fusion protein, indicating that the pull-down should be performed within this 4-day
window.

Low expression of the cMyc_mTBirA* SNAP-tag protein, as well as that of
cMyc_TBirA*_SNAP-tag protein, induced without the addition of tetracycline, can also be
observed, although its level is lower than when the antibiotic is added, this is still quite visible.
This low constitutive expression can be explained by the fact that as mentioned earlier,
expression systems involving T7 polymerase promoters, commonly used to induce

recombinant proteins, often manifest an expected leakage of expression (181, 182).
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Figure 47: Western blot of cMyc_mTBirA* _GGS_SNAP-tag protein expression as a function of time over 96 h of
tetracycline induction. A: membrane (0.22 um) stained with red Ponceau S stain after protein transfer from SDS
PAGE gel (12%) for 24 h at 30 V. B: membrane scanned by the LiCor Odyssey imager at two different wavelengths:
700 nm (red) and 800 nm (green) (part B, left image). C: Quantification of the signal emits from the cMyc-tag part

of the protein over the one from the TbBIP housekeeping protein

The maximum expression of the cMyc_TBirA* _GGS_SNAP-tag fusion protein is 8% while for
the cMyc_mTBirA*_GGS_SNAP-tag fusion protein, its maximum expression reaches 300%.
Indeed, in a study conducted on mammalian cells, worms, and flies, a certain toxicity of the
TurbolD system ligase has been reported on these different hosts (116, 119). Moreover, when
the ligase was expressed, a decrease in size and viability of the flies was observed suggesting
that the TrubolD system would consume all the endogenous and surrounding biotin thus
depriving the cells of this compound which leads to the apparent toxicity (119). On the
western blot membrane, apparent fragments of the fusion protein cMyc_TBirA* _GGS_SNAP-

tag are observed (Figure 45 above, light blue framed fragments). As these were revealed by
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anti-cMyc antibodies, these fragments, therefore, contain the cMyc part and probably also
the TBirA* part, given the molecular weight of the protein. The presence of these fragments
confirms the instability of the TurbolD system observed by some studies (119) and could also

explain its low expression (only 8%).

.3.6.4 Time-dependant cMyc_BirA* _GGGS_SNAP tag protein expression

As before, a time-dependant study was conducted to assess protein expression, degradation,
and determine the optimal expression timing for the cMyc_BirA*_GGGS_SNAP-tag fusion
protein. The aim was to identify the peak expression period, facilitating protocol adaptation.
Based on the results shown in Figure 48, maximum overexpression of
cMyc_BirA* _GGGS_SNAP tag protein the was reached after 24 hours, equal to that of the
original cMyc-BirA*-GGS-SNAP-tag fusion protein. Thus, increasing the linker length to four

amino acids does not appear to influence the moment of maximal protein overexpression.

A B
BiolD system: cMyc_BirA*_ _SNAP-tag

TbBIP: 70 kDa -

S cMyc_BirA SNAP tool:
56 kDa

Signal chiyc/ Signal THBIF

chye oM chiyc Myc chiyc chyc
BA'_G1_SNAP  BirA*_GI SHAP | BIrA*_GI_SNAP | BirA'_GI_SHAP BirA*_GISMAP BirA"_G1 SNAP
ion Te Tet i o Tet

Figure 48: Western blot of cMyc_BirA* GGGS_SNAP-tag protein expression as a function of time over 96 h of
tetracycline induction. A: membrane (0.22 um) stained with red Ponceau S stain after protein transfer from SDS
PAGE gel (10%) for 24 h at 30V. B: membrane scanned by the LiCor Odyssey imager at two different wavelengths:
700 nm (red) and 800 nm (green) (part B, left image). C: Quantification of the signal emits from the cMyc-tag part

of the protein over the one from the TbBIP housekeeping protein

These results indicates that the BG-PEG, derivative can be added either simultaneously with

the tetracycline or at the outset of the culture of the parasites.

.3.6.5 Time-dependant cMyc_BirA* GGGGS_SNAP-tag protein expression

As for the other tools, we determined the optimal expression time for the
cMyc_BirA* _GGGGS_SNAP-tag fusion protein, enabling protocol adaptation based on the
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peak expression period. Based on the findings presented in Figure 49, it appears that
increasing the linker length to 5 amino acids causes a delay in maximal overexpression by 24
hours. The optimal expression level is achieved on day 2, which is 42 hours after induction by
tetracycline. Additionally, the expression of the protein is comparatively low; only 3% of the
tool of interest was expressed compared to 20% for the tool carrying the original GGS linker
and 50% for the tool carrying the G1 linker. It is hypothesized that increasing the linker length

beyond 4 amino acids impairs protein expression.

A
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Figure 49: Western blot of cMyc_BirA* _GGGGS_SNAP-tag protein expression as a function of time over 96 h of
tetracycline induction. A: membrane (0.22 um) stained with red Ponceau S stain after protein transfer from SDS
PAGE gel (10%) for 24 h at 30V. B: membrane scanned by the LiCor Odyssey imager at two different wavelengths:
700 nm (red) and 800 nm (green) (part B, left image). C: Quantification of the signal emits from the cMyc-tag part

of the protein over the one from the TbBIP housekeeping protein

The addition of BG-PEG4 derivative will be added either simultaneously with tetracycline or at

the outset of the culture of the parasites.

.3.6.6 Time-dependant cMyc BirA* _ * SNAP tag protein expression

Similarly, to the other constructs the ability of the transfected parasites to express
cMyc_BirA_PAPAP_SNAP-tag tool has been assessed as a function of time. After 24 hours,
maximal overexpression is achieved (Figure 50), similar to the original cMyc_BirA_GGS_SNAP-
tag fusion protein system. However, the maximum expression is only 2%, which is 10 times
less than that of the cMyc_BirA_GGS_SNAP-tag (20%). This indicates that the linker PA,
composed of five amino acids, yields similar results to the linker G2, which also has five amino

acids (maximum expression only 3%), and confirms the hypothesis presented in Section .3.5.2
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during the establishment of growth curves for transfected parasites. In this study, similarities
were observed between the growth curves obtained with and without tetracycline for the two
strains Tbb_G2 and Thb_PA, both of which contain linkers with the same number of amino
acids. Therefore, increasing the number of amino acids beyond four would impede the
expression of the tool of interest, regardless of its nature. These findings have important

implications for biotinylation studies, as shown in the results below.
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Figure 50: Western blot of cMyc_BirA*_ * SNAP-tag protein expression as a function of time over 96 h of

tetracycline induction. A: membrane (0.22 um) stained with red Ponceau S stain after protein transfer from SDS
PAGE gel (10%) for 24 h at 30 V. B: membrane scanned by the LiCor Odyssey imager at two different wavelengths:
700 nm (red) and 800 nm (green) (part B, left image). C: Quantification of the signal emits from the cMyc-tag part

of the protein over the one from the TbBIP housekeeping protein

The expression of the tool was also verified and confirmed by the MS (results below in Section
.3.7.1). Regarding the original tool containing the linker GO, the addition of the BG-PEG4
derivative will be performed either simultaneously with the tetracycline or at the beginning

of the parasite culture.
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.3.6.7 Time-dependant cMyc_BirA* PTP_SNAP tag protein expression

As described above, the ability of transfected parasites to express the cMyc_BirA_PTP_SNAP-
tag tool has been evaluated as a function of time. The tool reaches its highest expression level
(>20%) after 24 hours of induction under tetracycline, followed by a gradual decrease in
expression (Figure 51). After 96 hours of induction, the expression slightly increases again. It
is worth noting that the bands observed on the membrane for the 24 and 48-hour expression
conditions are very weak. This is likely due to sample loss during gel loading. However, this
issue was addressed by normalizing the obtained signals. As for the original tool, the BG-PEG4
derivative can be added either simultaneously with tetracycline or at the beginning of the

parasite culture.
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Figure 51: Western blot of cMyc_BirA* PTP_SNAP-tag protein expression as a function of time over 96 h of

tetracycline induction. A: membrane (0.22 um) stained with red Ponceau S stain after protein transfer from SDS
PAGE gel (10%) for 24 h at 30 V. B: membrane scanned by the LiCor Odyssey imager at two different wavelengths:
700 nm (red) and 800 nm (green) (part B, left image). C: Quantification of the signal emits from the cMyc-tag part

of the protein over the one from the TbBIP housekeeping protein
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.3.7 Biotinylation studies

The biotinylation studies have been performed aiming at identifying DHFR-TS as the first

target to reach the proof of concept of the new deconvolution tool.

The various fractions collected following the protocol outlined in Section 2.2.25 and depicted
in Figure 19 were subjected to western blot analysis. The findings regarding the capacity of

the different tools to capture the DHFR-TS target of interest are presented below.

.3.7.1 Biotinylation of DHFR-TS by cMyc_BirA* _GGS_SNAP-tag tool

.3.7.1.1 Nonelectroporated parasitesonditions
A biotinylation study was conducted to evaluate the capability of the cMyc_BirA*_GGS_SNAP-
tag tool to capture the target of interest DHFR-TS in presence of BG-PEG4-Mtx using non-

electroporated parasite strains. The results are depicted in Figure 52.

Firstly, the results presented in Figure 52 clearly shows a well-defined band in the B1 fraction
around 55 kDa (in both parts A and B), indicating that the pull-down was successful. This
suggests that the streptavidin beads effectively captured the biotinylated proteins since the

tool undergoes biotinylation.
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Figure 52: Purification of candidate DHFR and cMyc_BirA_GGS_SNAP-tag (Gel SDS PAGE 12%)

Moreover, the negative control (Figure 52 part A) exhibits a distinct band corresponding to
the biotinylated tool, which is weaker in the sample of interest (Figure 52 part B). This can be
explained by the higher fluorescence intensity emitted by the band corresponding to the
biotinylated DHFR-TS (around 60 kDa, in B1, part B above), which may obscure that emitted
by the biotinylated tool. Lastly, the absence of any observable bands in the S2 and B2 fractions
confirms that the DHFR-TS target of interest is mainly present in the cytosolic part of the
parasite rather than the insoluble portion. Therefore, future pull-downs aiming at detecting
DHFR-TS can be conducted solely in the cytosol, without considering other parasite sub-

compartments.
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The pink box (part B in Figures 52) indicates the successful capture of the DHFR-TS target
protein by the tool and its biotinylation. While the identification by fluorescence and western
blot clearly indicates the ability of the deconvolution tool to depict the right target, due to the
low amount recovered, mass spectrometry was unable to identify the biotinylated DHFR-TS
protein or the biotinylated tool. To retrieve the maximum amount of proteins and obtain a
bright and visible band of biotinylated DHFR-TS (in fraction B1), an additional lysis step in RIPA
buffer (0.1% SDS, 1% NP-40, 0.5% deoxycholate) and sonication, were required in addition to
the one in PEME buffer.

To enhance protein visualization and achieve clear differentiation between the bands
representing the tool and the protein of interest, as well as to evaluate the effects of an
increased concentration of BG-PEG4-Mtx, the experiment was repeated utilizing a 10% gel
instead of the previous 12% gel, and the concentration of BG-PEG4-Mtx was adjusted to 50

UM from the previous 20 uM. The findings from this experiment are illustrated in Figure 53.

The blue framed part of the western blot image (part A in Figure 53) revealed by anti-cMyc
antibodies shows, on the one hand, the correct expression of the cMyc_BirA* GGS-SNAP-tag
tool (on fractions E1 & S1) and, on the other hand, similarly to the previous experiment, the
successful capture of the tool by streptavidin beads (fraction B1) (the tool was biotinylated

through its BirA* domain).

The presence of a clear and intense band within the pink box (part B in Figures 53) indicates

the successful biotinylation and capture of the DHFR-TS target protein by the tool.
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Figure 53: Purification of candidate DHFR-TS and cMyc_BirA_GGS_SNAP-tag (Gel SDS PAGE 10%)

Different concentrations of BG-PEGs-Mtx were tested but the clearest results were obtained
by incubating the parasites with 50 uM of the compound, although lower concentrations have

worked as well (Figure 52).

To validate the protocol including identification of the band by mass spectrometry, either
band cut directly from the gel (10% SDS PAGE gels) (Figure 54 below) or streptavidin beads in

1X PBS, containing the captured biotinylated proteins (Figure 55 below), were sent for LC-
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MS/MS analysis (analyses were performed on beads (fraction B1) that were pre-incubated in
PBS 1X and subjected to direct trypsin digestion. This experiment was conducted by the
proteomic platform of Dr. Alexandre Hainard and his team). While the fusion protein was
detected, neither the cysteine-containing peptide of interest (Cys145) carrying the
modification related to BG-PEG4-Mtx binding nor the biotinylated DHFR-TS could be detected.
The lack of detection can be attributed to insufficient protein quantities in the samples despite

their apparent visibility on the western blot (Figure 53 above).

us|cMYC-BIRA-SNAP|cMYC-BIRA-SNAP_REC (100%), 56,624.4 Da
cMYC-BirA-SNAP-tag protein
18 exclusive unique peptides, 22 exclusive unique spectra, 22 total spectra, 247/521 amino acids (47% coverage)

MEQKLISEED LDKDNTVPLK LIALLANGEF HSGEQLGETL GMSRAAINKH
lQTLRDWGVD VFTVPGKGYS LPEPIQLLNA KQILGAQLDGG SVAVLPVIDS
TNQYLLDRIG ELKSGDAECEIA EYQQAGRGGR GRKWFSPFGA NLYLSMFWRL
EQGPAAAIGL SLVIGIVMAE VLEKLGADKY REVKWPNDLYL QDRKLAGILYV
ELTGKTGDAA QIVIGAGINM AMRRVEESVV NQGWITLQEA GINLDRNTLA
AMLIRELRAA LELFEQEGLA PYLSRWEKLD NFINRPVKLI IGDKEIFGI S
RGIDKQGALL LEQDGI I KPW MGGEI SLRSA EKLEGGSMDK DCEMKRTTLD
SPLGKLELSG €EQGLHRI! I F LGKGTSAADA VEVPAPAAVL GGPEPLMQAT
AWLNAYFHQP EAIEEFPVPA LHHPWVFQQES RQVLWKLL KVVKFGEWVI S
YSHLAALAGN PAATAAVKTA LSGNPVFPILI HRVVQBDL DVGGYEGGLA
VKEWLLAHEG HRLGKPGLGQ L

Figure 54: On-beads MS identification in fraction B1 of peptides (after on-beads digestion with trypsin)
corresponding to the cMyc_BirA* _GGS_SNAP-tag. Neither the modification of Cys145 by BG-PEG4-Mtx nor the
biotinylated DHFR-TS was detected. The cysteine of interest (Cys 145) is boxed in red (analyses made by the

proteomic platform of Dr. Alexandre Hainard and his team)

us|cMYC-BIRA-SNAP|cMYC-BIRA-SNAP_REC (100%), 56,624.4 Da
¢MYC-BirA-SNAP-tag protein
17 exclusive unique peptides, 20 exclusive unique spectra, 20 total spectra, 223/521 amino acids (43% coverage)

MEQKLISEED LODKDNTWPLK LIALLANGEF HSGEQLGETL GMSRAAINKH
I QTLEFDWGVD VFTVPGKGYS LPEPIQLLNA KQILGAQLDGG SVAVLPVIDS
TNQYLLDRI|I G ELKSGDACIA EYQQAGRGGR GRKWFSPFGA NLYLSMFWRL
EQGPAAAIGL SLVIGIVMAE VLRKLGADKY RVKWPNDLYL QDRKLAGILYV
ELTGKTGDAA QIVIGAGINM AMRRVEESVV NQGWITLQEA GINLDRNTLA
AMLIRELRAA LELFEQEGLA PYLSRWEKLD NFINRPVKLI IGDKEI FGI S
RGIDKQGALL LEQDGIIKPW MGGEISLRSA EKLEGGSMDK DCEMKRTTLD
SPLGKLELSG €EQGLHRI I F LGKGTSAADA VEVPAPAAWL GGPEFPLMOQAT
AWLNAYFHQP EAIEEFPVPA LHHPVFQQES F T OQVLWKLL KVVKFGEWVI S
YSHLAALAGN PAATAAVKTA LSGNPVPILI PEPRVVOGDL DVGGYEGGLA
VKEWLLAHEG HRLGKPGLGQ L

Figure 55: In-gel MS identification in fraction B1 of peptides (after in-gel digestion with trypsin) corresponding to
the cMyc_BirA*_GGS_SNAP-tag. Neither the modification of Cys145 by BG-PEG4-Mtx nor the biotinylated DHFR-

TS was detected. The cysteine of interest (Cys 145) (analyses made by the proteomic platform of Dr. Alexandre

To enhance the protein quantity for MS detection, larger cell lysates (~¥300 mL of growth
medium) were used instead of the 50 mL from previous pull-down assays. The lysates, with or

without BG-PEG4-Mtx, were electrophoretically separated, and the bands corresponding to
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the target of interest (DHFR-TS) and cMyc_BirA*_GGS_SNAP-tag were excised from the gel.
Following trypsin digestion, MS analysis was performed, and the findings are presented in

Figure 56 below.

Negative control A

cMYCBirA (100 %), 56'251.9 Da
cMYC-BIrA SNAP tag protein OS=BirA SNAP OX=185431 GN=cMYCBIrA PE=1 SV=1
23 exclusive unique peptides, 32 exclusive unique spectra, 32 total spectra, 330/518 amino acids (64 % coverage)

EQKLISEEDL DKDNTVPLKL I1ALLAWNGEFH SGEQLGETLG MSRAAINKHI
QTLRDWGVDV FTVPGKGYSL PEPIQLLNAK QILGQLDGGS VAVLPVIDST
NQYLLDR!IGE LKSGDABIAE YQQAGRGGRG RKWFSPFGAN LYLSMFWRLE
QGPAAAIGLS LVIGIVMAEV LRKLGADKVR NKWPNDLYLQ DRKLAGILVE
LTCKTGDAAQ IVIGAGINMA MRRVEESVVN QGWITLQEAG INLDRNTLAA
MLIRELRAAL ELFEQEGLAP YLSRWEKLDN FINRPVKLII GDKEIFGISR
GIDKQGALLL EQDGI IKPWM GGEISLRSAF KLEGGSMDKD EGEMKRTTLDS
PLOKLELSOE EQGLHR| IFL GKGTSAADAY EVPAPAAVLG GPEPLMQATA
WLNAYFHQPE AIEEFPVPAL HHPVFQQESF RQVLWKLLK VVKIFGEVISY
SHLAALAGNP AATAAVKTAL sGNPVvPILIP [CHRVVQGDLD VGGYEGGLAV
KEWLLAHEGH RLGKPGLG

Sample of interest B
cMYCBIrA (100 %), 56'251.9 Da
cMYC-BirA SNAP tag protein OS=BirA SNAP OX=185431 GN=cMYCBirA PE=1 SV=1
ISexcluslveumquepepndes,zi excluslveumquespectra.zztonl specua.zwfswamlnoaelds(ds'f-coverage)
EQKLISEEDL DKDNTVPLKL Il ALLANGETFH SGCGEQLGETLG MSRAAI NKHI
QTLRDWGYDYV FTVPGKGYSL PEPIQLLNAK QI LGQLDGGS VAVLPVIDST
NQYLLDR ! GE Ll«SGDA.IAE YQQAGRGGRG RKWFSPFGAN LYLSMFWRLE
QGPAAAI GL S LVIGIVMAEV LRKLGADKVR VKWPNDLYLOQ DRKLAGILVE
LTGKTGDAAQ IVIGAGINMA MRRVEESVVN QGWI TLQEAG INLDRNTLAA
MLIRELRAAL ELFEQEGLAP YLSRWEKLDN FINRPVKLI I GDKEI FGI SR
GIDKQGALLL EODGIIKPW. GGEI SLRSAE KLEGGSMDKD CEMKRTTLDS
PLGI\LEL'G- EQGLHR ! | FL GKGTSAADAYV EVPAPAAVLG GPEPLMQATA
WLNAYFHQPE Al EEFPVPAL HHPVFQQESF RQVLWKLLK VVKFGEVISY
SHLAALAGNP AATAAVKTAL SGNPVPILIP RVvvVvaQaGeDLD VGGYEGGLAV
KEWLLAHEGH RLGKPGLG

Figure 56: LC-MS/MS analysis of cell lysates incubated with BG-PEG4-Mtx (B) or without (A). The two distinct cell
lysates (A and B) were subjected to MS detection for the identification of peptides matching the
cMyc_BirA* _GGS_SNAP-tag fusion protein (analyses performed by the proteomic platform of Dr. Alexandre

Hainard and his team)

Based on the data presented in Figure 56, there was no detectable difference concerning the
binding of the compound of interest to the cysteine (Cys145) of the SNAP-tag active site
between the negative control (part A: parasite sample incubated without BG-PEG4-Mtx) and
the sample of interest (part B: parasite sample incubated without BG-PEG4-Mtx). To overcome
this limitation, an electroporation-based approach was used to force the entry of BG-PEGa-
Mtx into the parasites. The rationale behind this strategy was to increase the amount of

compound that penetrates the cell, potentially allowing for the capture of more DHFR-TS and
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facilitating the detection of the BG-PEG4 moiety's binding to the SNAP-tag domain. The results

of this electroporation experiment are presented in .3.7.1.2 below.

Electrgorated parasitesonditions
As previously stated, the band that could potentially correspond to the biotinylated DHFR-TS
target is faint, despite being visible on the membrane, and therefore could not be identified
through MS analysis. To address this issue, the idea arose to enhance the quantity of captured
target and thereby confirm its presence via MS. This approach involves electroporation of the
parasites using the Nucleofactor device, which was previously used to transfect the parasites.
The underlying concept was to force the entry of a greater quantity of BG-PEGs-Mtx
compounds. Successful implementation of this method would be highly advantageous when
non-cell membrane permeable BG-PEGs derivatives are utilized. Additionally, as
demonstrated in Section 3.5.2, electroporation has a minimal impact on parasite viability,

making it a suitable method for this experiment.
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Figure 57: Purification of candidate DHFR and cMyc_BirA_GGS_SNAP-tag (Gel Tris-tricine SDS-PAGE 10%).

First, what is apparent on the membrane of part A of Figure 57 above, is a slightly visible band
on all fractions (negative control or sample of interest), the membrane being revealed by anti-
cMyc antibodies, this band, therefore, corresponds to the tool (the right molecular weight of
the band (55 kDa) also validates its presence). Then, this band becomes very intense in most
of the fractions revealed by the streptavidin dye except in P1 and F1 demonstrating
respectively the absence of the expression of the tool in the insoluble compartment of the
parasite, and in the flow through. This last result indicates the efficacy of the beads in

capturing biotinylated proteins.

Afterward, what is noteworthy is the absence of difference between the negative control
(parasites electroporated without the presence of the compound) and the sample of interest

(parasites electroporated and incubated with 50 uM of BG-PEG4-Mtx). The B1 faction of both
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conditions was therefore subjected to MS analysis to confirm the presence or absence of

biotinylated DHFR-TS, as well as the binding of the tool to the derivative.

Two additional biotinylation experiments were conducted in the presence of 20 uM BG-PEGs-
Mtx, and the results are presented in Figure 58. In part A of the figure, a strong band is visible,
most likely corresponding to the biotinylated DHFR-TS. Additionally, a clear difference is
observed between B1- (negative control) and B1 el+ (sample of interest). Part B of the figure
reveals a band at approximately 59 kDa, exclusively present in B1 el+. This band is probably

corresponding to the biotinylated DHFR-TS target, validating the efficiency of the tool.
A

wa t E1 P1 S1S2 F1 F2 B1B2 Bl

L E1 P1 S1S2 F1 F2 B1B2 Bl

3

2 )
kDa SR & i,

130 130 o

100 100 ‘o

70 70 |

DHFR-
cMyc_ErA * SNAP-tag

40 a0 SR

35 35

25 25

L B2- Bl- L Blel B2el+ L B2- Bl- L Blel+ B2el+
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DHFR-TS
cMyc_BirA*_SNAP-tag

cMyc_BirA*_SNAP-tag

Figure 58: Purification of candidate DHFR and cMyc_BirA_GGS_SNAP-tag (Gel SDS PAGE 12%). Part A: The
parasites were subjected to electroporation and immediately incubated with tetracycline (1ug/mL) and BG-PEGa-
Mtx (20 uM). An excess of biotin (50 uM) was introduced 24 hours prior to conducting the pull-down procedure.
After overnight biotinylation, the cells were lysed using lysis buffer (0.5% NP-40, 0.5% deoxycholate, and 0.1%
SDS) designated as E1, and then centrifuged to separate them into detergent-soluble (1) and insoluble (P1)
fractions. The detergent-insoluble fraction (P1) was further extracted with RIPA buffer (0.1% SDS). Fractions S1
and S2 were incubated with streptavidin conjugated Dynabeads, and the resulting free unbound fractions (F1 and
F2, respectively) were separated magnetically. The cytoplasmic and cytoskeletal eluates that are bound to the
beads are designated as B1 and B2, respectively, with B1 expected to contain DHFR, cMyc_BirA* _GGS_SNAP-tag,
and possibly nearby molecules. Part B: The parasites were subjected to electroporation and immediately
incubated with tetracycline (1ug/mL) and either with BG-PEGs-Mtx (20 uM) (B1 el+, B2 el+) or without (B1-, B2),

all bands correspond to fractions B (beads attached to the biotinylated proteins).

Page 162 sur 247



Suzanne Sherihan SAHRAOUI
Part 3: Development of a new target deconvolution tool

Unfortunately, the MS could not confirm the presence of biotinylated peptides for either the
tool or the DHFR-TS target. Furthermore, the modification of Cys145 by the BG-PEGas-Mtx

compound could not be identified either.

In order to verify whether this is a permeability problem of the BG-PEG4s-Mtx compound or
not, a pull-down using rabbit anti-cMyc antibodies covalently immobilized on agarose resin
(high-affinity immunoprecipitation resin, reference in section 2.1) was performed after lysis
of the parasites previously incubated with 50 uM of BG-PEGs-Mtx. MS analysis was then
conducted after trypsin digestion of the beads. The fusion protein cMyc_BirA*_GGS_SNAP-
tag was clearly detected, but no peptide containing the Cys145 modified by the covalent
binding of the BG-PEG4-Mtx derivative could be observed (results in Figure 59 below) despite

the very good coverage (50%).

cMYC-BirA-SNAP-tag protein
18 exclusive unique peptides, 24 exclusive unique spectra, 34 total spectra, 259/5621 amino acids (50 % coverage)

MEQKLISEED LDKDNTVPLK LIALLANGEF HSGEQLGETL GMSRAAINKH
IQTLRDWGVD VFTVPGKGYS LPEPIQLLNA KQILGQLDGG SVAVLPVIDS
TNQYLLDRIG ELKSGDACIA EYQQAGRGGR GRKWFSPFGA NLYLSMFWRL
EQGPAAAIGL SLVIGIVMAE VLRKLGADKY RVKWPNDLYL QDRKLAGILYV
ELTGKTGDAA QIVIGAGINM AMRRVEESVV NQGWITLQEA GINLDRNTLA
AMLIRELRAA LELFEQEGLA PYLSRWEKLD NFINRPVKLI | GDKEI FG 1 S
RGIDKQGALL LEQDGIIKPW MGGEISLRSA EKLEGGSMDK DCEMKRTTLD
SPLGKLELSG €CEQGLHRI|I I F LGKGTSAADA VEVPAPAAVL GGPEPLMQAT
AWLNAYFHQP EAIEEFPVPA LHHPVFQQES FpmRQVLWKLL KVVKFGEWVI S
YSHLAALAGN PAATAAVKTA LSGNPWPILI P RVVQGDL DVGGYEGGLA
VKEWLLAHEG HRLGKPGLGQ L

Figure 59: LC-MS/MS analysis of the resulting fraction from immunoprecipitation with anti-cMyc antibodies from
lysed cells (after on-beads digestion with trypsin). Only peptides corresponding to cMyc_BirA* GGS_SNAP-tag
were identified. However, the modification of Cys145 (red box) by BG-PEG4-Mtx could not be detected (analyses

carried out by the proteomic platform of Dr. Alexandre Hainard and his team).

Two hypotheses can be proposed here. The first one is linked to the non-accessibility of the
compound, particularly the BG moiety, to the active site of the SNAP-tag that could be
concealed by the BirA* domain, which was predicted (albeit with low probability as the FCC
value is very low) in computational studies as being a possible 3D arrangement of the fusioned
SNAP and BirA* domains (refer to Section .3.1.3). The value obtained from the FCC with a GGS
linker is almost zero but not entirely null, which might explain why the tool works occasionally
but not consistently. The biotinylation assays were not reproducible, mainly with non-
electroporated parasites (refer to the above results). To confirm this hypothesis, as outlined

in Section .3.1.3, various linkers that join the SNAP-tag and BirA* domains have been tested
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and assessed. These linkers include the ones with good FCC values such as the PTP linker and

the ones with poorer values including the GGGS, GGGGS, and PAPAP linkers.

The second hypothesis pertains to the permeability of BG-PEGs-Mtx through the parasite
membrane. When BG-PEGs is attached to Mtx, it might result in a non-permeable compound
(unlike the BG-PEG4-FDA derivative, which displayed good permeability based on microscopic
studies). To verify this assertion, parasites that express only the pure SNAP-tag protein
(without the BirA* domain) have been generated and then incubated with either BG-PEGa-
Mtx or BG-PEGs-biotin (since biotin is a smaller molecule and has different physicochemical
properties than Mtx). Moreover, to compare the binding of these two derivatives to the SNAP-
tag active site, purified pure SNAP-tag protein will be incubated with these same compounds
at 37°C for 1-3 hours, and will then be subjected to MS analysis (see Figure 76 below). The

results are presented in sections 3.7.2 and 3.8 below.

Note that BG-PEGs-biotin was selected since it produced excellent outcomes with a project

that employed a three-hybrid system containing the SNAP-tag protein.

.3.7.2 Verification of BG moiety binding to SNAP-Tag

As reported in .3.7.2, the results obtained from the MS analysis were not able to identify the
modification of the Cys145 active site of SNAP-tag by BG-PEG4-Mtx. To test one of the two
hypotheses mentioned earlier, which suggests that the derivative is either inaccessible or
impermeable, the decision was made to generate parasites expressing only the pure SNAP-
tag protein (as mentioned above). This was accomplished by transfecting the gene of interest,
obtained by simple digestion of the plasmid pLew100_BirA_GGS_SNAP-tag using Xhol and
BamHI to eliminate the BirA part. Electroporation was used to carry out the transfection. The

lysate was prepared for MS analysis following the protocol outlined in Section 2.2.26.

Unfortunately, despite multiple attempts, it has never been possible to obtain strains
expressing only the pure SNAP-tag protein (MS analysis of the parasite lysate confirmed the
lack of expression). As a result, it was not possible to conduct the incubation test of these
parasites in the presence of BG-PEGs-Mtx or other BG-PEGs-derivatives (such as BG-PEGa-
Biotin). Consequently, it was decided to test only the compound's binding directly on the pure

protein.
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To this end, pure SNAP-tag protein at a concentration of 10 uM was incubated with 50 uM of
BG-PEG4-Mtx at 37°C for an hour. To prevent disulfide bonding, 50 mM DTT was added to the
reaction. The resulting product was loaded onto a gel at a concentration of 0.226 mg/mL (11.3
mg for 50 pl loaded), followed by electrophoresis separation. The band of interest was then
excised from the gel and sent to the MS proteomics platform for comparison with the in vivo
results (parasites exclusively producing SNAP-tag protein in the cytosol were exposed to BG-
PEG4-Mtx). The analysis revealed that the compound (+788 Da) had bound to the Cys145 (1687
Da) of the SNAP-tag active site, as detailed in the results shown in Figure 60.
us|SNAPtagPURE|SNAPtagPURE_REC (100%), 19,683.7 Da

SNAP-tag PURE protein
13 exclusive unique peptides, 34 exclusive unique spectra, 2920 total spectra, 107/184 amino acids (58% coverage)

MDKDCEMKRT TLDSPLGKLE LSGEEQGLHR 1 |1 FLGKGTSsA ADAVEWVPAPA
AVLGGFPEPLM QATAWLNAYF HOQPEAIEEFP WPALHHPVYFQ QESF QVvVLWwW
KLLKVVKFGE VISYSHLAAL AGNPAATAAV KTALSGNPVP ILIPﬁRVVQ
GDLDVGGYEG GLAVKEWLLA HEGHRLGKPG LGOQL

Figure 60: LC-MS/MS analysis of peptides corresponding to the pure SNAP-tag protein with the modification of
Cys145 (red box) obtained by its binding with the BG-PEG4+-Mtx compound: Identified peptides satisfying the
minimum peptide threshold are emphasized in yellow, and modifications are marked in green (analyses carried

out by the proteomic platform of Dr. Alexandre Hainard and his team).

However, this above result could only be observed by lowering the thresholds of the
identification scores. Only a few MS spectra were able to identify the peptide with the BG-
PEG4-Mtx modification (+788 Da) on Cys145 with a mass of 2475 Da (1687 Da+ 788 Da), and
these peptides had low probability scores and unsatisfactory quality spectra. Most of the
identified peptides containing the Cys145 of interest had a carbamidomethylated cysteine,
indicating a free cysteine without modification by the compound of interest. This result may
explain the challenge of using MS to visualize the modification of the Cys145 of the SNAP-tag
active when it is expressed in vivo in the parasite cytosol as a fusion protein. Nonetheless, the
lack of confirmation by MS does not exclude the proper functioning of the tools of interest
and in particular of the following system: cMyc_BirA* GGS_SNAP-tag (Figures 52, 53, and 58

above clearly demonstrate the effective detection of DHFR-TS on western blot membranes).

Additional in-vitro tests have been carried out using pure SNAP-tag protein along with the two
derivatives BG-PEG4-Mtx and BG-PEGs-Biotin. A detailed description of these assays can be

found in Section 2.2.26 and the results in Section 3.8 below.
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.3.7.3 Biotinylation of DHFR-TS by the cMyc_TBirA* GGS_SNAP-tag tool

To determine the effectiveness of the cMyc_TBirA*_GGS_SNAP-tag tool in capturing the
DHFR-TS target of interest, a biotinylation study was conducted on parasites transfected with
the cMyc_TBirA*_GGS_SNAP-tag gene. The results are presented in Figure 61 below:
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Figure 61: Purification of candidate DHFR-TS and cMyc_ThbirA_GGS_SNAP-tag (Gel SDS PAGE 10%).

The streptavidin beads captured the cMyc_TBirA_GGS_SNAP-tag, as demonstrated by the
image of the membrane after incubation with anti-cMyc antibodies or streptavidin dye (Figure

61). This confirms the successful biotinylation of the tool via its TBirA moiety (TurbolD
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technology). However, DHFR-TS was not detected on the western blot membrane despite

multiple attempts using varied processing conditions.

Furthermore, there is a distinct indication of a band positioned beneath the one that
corresponds to the tool, with an approximate weight of 55 kDa, on the membrane. This
specific band was not discernible by anti-cMyc antibodies, however, it was detected using
streptavidin dye. It is inferred that this band is a result of a fragment of the fusion protein that
lacks the cMyc-tag since its identification was absent when utilizing specific antibodies. This
discovery validates the instability of the system, which has previously been reported in various

studies (119).

This instability also confirms the results obtained during the study of the time-dependent
expression of the tool (section 3.6.2), where this fragment was already clearly visible (figure

45) and where the maximum quantity of protein of interest expressed was only 8%.

Additional experiments were conducted where the biotin was added at different intervals
before the pull-down. Instead of adding it 10 minutes prior to the pull-down, which is a unique
feature of the TurbolD and miniTurbo variants that can biotinylate in 10 minutes compared to
24 hours, the biotin was added at 1 hour, 2 hours, and 24 hours before the pull-down.
However, the results were comparable to the ones previously obtained, which are not shown
here. Therefore, the cMyc_TBirA_GGS_SNAP-tag fusion protein based deconvolution tool was

excluded and not chosen for subsequent experiments (119).

.3.7.4 Biotinylation of DHFR-TS by the cMyc_mTBirA* GGS_SNAP-tag tool
A biotinylation study was performed on parasites transfected with the
cMyc_mTBirA_GGS_SNAP-tag gene to assess the efficacy of the cMyc_mTBirA_GGS_SNAP-tag

tool in capturing the DHFR-TS target of interest. The results are illustrated in Figure 62 below:
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Figure 62: Purification of candidate DHFR and cMyc_mTBirA_GGS_SNAP-tag (Gel SDS PAGE 8%). Part A: the
membrane was incubated with anti-cMyc antibodies, and Part B: the membrane was incubated with streptavidin
dye ((IRDye 800CW Steptavidin). Parasites were incubated with BG-PEGs-Mtx (50 uM) (only for the sample of
interest), tetracycline (1 ug/mL), and an excess of biotin (50 uM) added 10 minutes before the pull-down.
Following the biotinylation stage, the subsequent steps were carried out identically to the previously performed
ones, using the same designations E1, S1, P1, F1, B1 (which refers to the beads that have bound to the cytoplasmic
eluate, which should contain the biotinylated target, the tool, and potentially nearby biotinylated neighbors), and

B1’ (the bound cytoplasmic eluate that should contain DHFR-TS and the biotinylated original tool with BirA*).

The orange boxed area in the western blot image revealed by anti-cMyc antibodies (part A in
Figure 62 above) and streptavidin dye (part B in the same figure) indicates the correct
expression of the cMyc_mTBirA*_GGS_SNAP-tag (bands around 50 kDa of low intensity in the

E1 fractions of part A and higher intensity in those of part B as revealed with streptavidin dye).

The highlighted area (fraction Bl in part B of the figure above) confirms the successful
biotinylation of the DHFR-TS target protein using the tool, as well as its proper capture by the
streptavidin-coated beads. It is noteworthy that the intensity of the band of interest is greatly

attenuated compared to the B1' fraction captured by the original cMyc_BirA* GGS_SNAP-tag
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tool. Despite scaling up the culture media to 300 mL, the quantities were still very low and

neither the biotinylated DHFR-TS nor the biotinylated tool could be identified by MS.

Additional experiments were conducted to modify the timing of biotin addition (either 1 hour,
2 hours, or 24 hours before pull-down). Nonetheless, the outcomes were akin to the earlier

results obtained using the TurbolD_SNAP-tag tool (these are not presented here).

In conclusion, given the evident results showing that the BiolD_SNAP-tag system performs
better than the other two variants (TurbolD_SNAP-tag and miniTurbo_SNAP-tag), the original

system was selected for further refinement.

After obtaining inconclusive results with the non-electroporated strains, the biotinylation
studies involving the electroporation of parasites Tbb TGO (Tbb carrying the
cMyc_ _GGS_SNAP-tag gene) and Tbb_mTGO (Tbb carrying the
cMyc_ _GGS_SNAP-tag gene) in the presence of BG-PEGs-Mtx were not pursued.
Consequently, these two variants were excluded from further experimentation, and the focus
shifted exclusively to the original Tbb_GO variant (Tbb carrying the cMyc_BirA*_GGS_SNAP-

tag gene) given its positive outcomes (refer to Section .3.7).

.3.7.5 Biotinylation of DHFR-TS by the cMyc_BirA* _GGGS_SNAP-tag tool

To evaluate the effectiveness of the cMyc_BirA_GGGS_SNAP-tag tool and the role of the linker
in capturing the DHFR-TS target of interest, a biotinylation study was conducted on parasites
transfected with the cMyc_BirA_ GGGS _SNAP-tag gene, following the established

methodology used for the other tools.

The results from the negative control, which involved parasites that were not exposed to BG-
PEGs-Mtx, and the results from parasites that were electroporated with or without the
compound of interest (Figure 63) were comparable to the findings observed in Figure 56 in
section 3.7 (MS results). The MS analysis (data not shown) did not detect biotinylated DHFR-
TS or the modification of Cys145 by BG-PEG4-Mtx at the SNAP-tag active site.
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Figure 63: Purification of candidate DHFR and cMyc_BirA*_GGGS_SNAP-tag (Gel SDS PAGE 10%). The
membrane was incubated with streptavidin dye ((IRDye 800CW Steptavidin). Parasites were incubated with BG-
PEG4-Mtx (50 uM), tetracycline (1ug/mL), and an excess of biotin (50 uM) 24 h before the pull-down. Following
the overnight biotinylation, the subsequent steps were carried out identically to the previously performed ones,
using the same designations E1, S1, P1, F1, and B1 (which refers to the beads that have bound to the cytoplasmic

eluate, which should contain the biotinylated target, the tool, and potentially nearby biotinylated neighbors).

This result confirms the computational analysis, which indicated that SNAP and BirA* tend to
form an agglomerate complex with a GGGS linker, thereby covering the active site of the
SNAP-tag domain and preventing BG-PEG4-Mtx from accessing Cys145. Consequently, the tool
with this linker was rejected and was not pursued for further experiments. It is worth noting
that the high-intensity band seen around 65 kDa in all fractions corresponds to the
streptavidin tetramer, most likely released by the beads, which may be due to improper bead

pre-washing.

.3.7.6 Biotinylation of DHFR-TS by the cMyc_BirA*_GGGGS_SNAP-tag tool

A Dbiotinylation study was carried out on parasites transfected with the
cMyc_BirA_GGGGS_SNAP-tag gene to assess how the highly flexible linker (GGGGS) affects
the capability of the tool in capturing the DHFR-TS target of interest. The study adhered to the

same methodology utilized for the other tools.

.3.7.6.1 Non-electroporated parasitesonditions

The study was first carried out with non-electroporated strains as illustrated below:
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cMyc_BirA*_GGGGS_SNAP-tag
Tool: 56 kDa

Figure 64: First attempt: Purification of candidate DHFR and cMyc_BirA*_GGGGS_SNAP-tag (Gel SDS PAGE
12%). The membrane was incubated with streptavidin dye ((IRDye 800CW Steptavidin). Parasites were incubated
with BG-PEG4-Mtx (50 uM) (only for the sample of interest), tetracycline (1ug/mL), and an excess of biotin (50
uUM) added 24 h before the pull-down. Following the overnight biotinylation, the subsequent steps were carried
out identically to the previously performed ones, using the same designations E1, S1, P1, F1, and B1 (which refers
to the beads that have bound to the cytoplasmic eluate, which should contain the biotinylated target, the tool,

and potentially nearby biotinylated neighbors).

As illustrated in Figure 64 above, DHFR-TS is not detected in any of the fractions except for the
tool of interest. In addition, the only notable discrepancy between the negative control and
the sample of interest is the greater visibility of the biotinylated tool at around 55 kDa in B1.
Further attempts were made to determine if these results were caused by handling errors (see
below). Despite the presence of the bubble (Figure 65), the tool captured by the beads in the
B1 fractions of both the negative control and the sample of interest was clearly visible.
Specifically, a faint band around 55 kDa was visible in both conditions in part A of Figure 65,
which was further intensified after the revelation with streptavidin dye in part B. Since this
band was highlighted by the anti-cMyc antibodies in part A and considering its molecular

weight, this band certainly corresponds to the biotinylated fusion protein.

Page 171 sur 247



Suzanne Sherihan SAHRAOUI
Part 3: Development of a new target deconvolution tool

Negative control t Negative control ) t A
L E1 S1 P1 B1 L E1 S1 P1 B1

I il pay +
“ . *=——cMyc_BirA*_GGGGS_SNAP-tag

4 '

" 3

3

Negative control 1 Negative control B
L E1 Ss1 P1 Bl
P — P’

wrslnk lild &l
kDa
. (=
mb HL* -
70 '4 J‘ = () B
y - +— cMyc_BirA*_GGGGS_SNAP-tag
-a
\

Figure 65: Second attempt: Purification of candidate DHFR and cMyc_BirA*_GGGGS_SNAP-tag (Tris-Tricine
SDS PAGE 10%).

Upon observing an air bubble on the S1 and B1 fractions of the negative control membrane
(Figure 65), it was decided to perform an additional test to improve the visualization of the

bands and ensure the reproducibility of results.

This additional test increased the number of repeats and improved the accuracy of the results.
The pull-down operation is deemed successful based on the evident clarity and distinction of
the bands observed in fraction Bl of both the negative control and the sample of interest
displayed in part B of Figure 66. The particularly noteworthy bright band at approximately 55
kDa is indicative of the biotinylated fusion protein, confirmed by its accurate molecular weight
and detection by the anti-cMyc antibodies in part A of the same figure. The presence of this

band further supports the successful capture of the tool of interest.
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Figure 66: Third attempt: Purification of candidate DHFR and cMyc_BirA*_GGGGS_SNAP-tag (Tris-Tricine SDS
PAGE 10%).

A third test was conducted using 10% Tris-Tricine gels to enable differentiation between
proteins with similar molecular weights, specifically chaperone proteins and DHFR-TS, both of
which weigh approximately 60 kDa (180). Indeed, this type of gel allows the production of

thinner and more distinguishable bands. Thus, represent an improvement in the protocol.

The absence of the tool in the P1 fraction (Figure 66) clearly indicates that it was expressed
exclusively in the parasite's cytosol and not in the subcellular compartment. furthermore,
examination of the membranes from the three attempts demonstrates no apparent
dissimilarities between the negative control and the sample of interest. These findings
reinforce the idea that a highly flexible linker, such as the GGGGS linker, is unsuitable for this
investigation. This conclusion aligns with the predictions made by the computational analysis,
which proposed that the formation of an agglomerate complex and subsequent masking of

the SNAP-tag active site was probable. For the seek of further testing the other elements of
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the protocol, additional experiments with electroporated strains were nonetheless performed

and the results can be found below.

Electroporated parasitesonditions
Subsequently, the study was conducted using electroporated strains to compare the efficiency
of capture with non-electroporated strains. As with the tool with the GGGS linker (Tbb_G1,
Tbb carrying the cMyc BirA*_GGGS_SNAP-tag gene), the results obtained with
electroporated (Figures 64, 65 and 66) or non-electroporated (Figure 67) Tbb_G2 (Thb carrying
the cMyc_BirA* GGGGS_SNAP-tag gene) in the presence or absence of the compound of
interest are similar. Indeed, no significative differences were observed between non-
electroporated and electroporated strains in the presence of the compound (Figures 64, 65,
66 and 67). This result confirms the conclusion drawn already using the non-electroporation
conditions suggesting that with the GGGGS linker the Cys145 within active site of SNAP is not
accessible to BG-PEG4-Mtx because of the formation of a possible SNAP-BirA*agglomerate as

suggested by the computational analysis (Section .3.1.3).
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Figure 67: Purification of candidate DHFR and cMyc_BirA*_GGGGS_SNAP-tag (Tris-tricine gel SDS PAGE 10%).

Furthermore, MS analysis did not detect the presence of biotinylated DHFR-TS or any
modification of Cys145 by the BG of the BG-PEGs-Mtx compound. This was expected as there

was no corresponding band in the western blot results for the target of interest.

Several experiments were conducted, including increasing the volume of culture media,
modifying the pull-down protocol, and using the electroporation method. None of these
experiments with either the G1 (GGGS) or G2 (GGGGS) linker were able to yield conclusive and

convincing results.

In conclusion, by increasing the number of amino acids, the flexibility of the linker increases,
which seems to favor the formation of a complex between the BirA* domain and the SNAP-
tag domain, which prevents the BG-PEG4-Mtx derivative from binding to the active site of the
SNAP-tag domain. The experimental findings are in agreement with the results obtained with

the computational approach.

In conclusion, initially, more flexible linkers than the properly working GGS linker and chosen

according to Xiaoying Chen's paper (169) were tested, but, neither western blot analysis of
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the biotinylated proteins nor the MS demonstrated the presence of biotinylated DHFR-TS
target selected as a proof-of-concept. Furthermore, the covalent binding of the BG moiety of
the BG-PEG4-Mtx derivative to the Cys145 of the SNAP-tag active site could never be identified
by MS, confirming the results of the computational approach assuming that the BirA* module
would hide the SNAP active site due to the flexibility of the linker used (linkers G1 & G2) which
would increase the mobility of BirA* and therefore prevent the accessibility of BG-PEG4-Mtx

to its active site, resulting to a loss of biological activity of the fusion protein of interest.

Despite the many advantages of flexible linkers including the guarantee of a certain degree of
mobility of the fusion protein, the lack of rigidity can be a limitation (169). A good example of
loss of biological activity linked to too high flexibility is the one of the fusion protein composed
of the G protein and Vargula luciferase (183). The introduction of a flexible linker between
these two domains, consisting of 5 amino acids GGGGS, did not recover the binding capacity

of the G protein to immunoglobulins (169, 183).

Moreover, as we also observed with our study, low expression yields and even expression
failures have been observed when a flexible linker composed of (GSSSS)s was inserted

between granulocyte colony-stimulating factor (G-CSF) and transferrin (Tf) (169, 184, 185).

In both examples, the flexible linkers did not allow adequate and efficient separation of the
different domains composing the fusion proteins. It is in such situations that rigid linkers might
be more appropriate to maintain some fixed separation between the different domains in
order to preserve each of their biological activities (169) (As predicted in Section 3.1.3,

especially with PTP and PAP linkers).

However, the lack of conclusive MS results for the GO linker (GGS) (as a reminder, the western
blot results and especially those obtained with electroporated strains were convincing and
showed successful capture of DHFR-TS) may be related to a limited amount of the available

target that could be detected.

In line with the idea of exploring the effect of a more rigid linker,one potential linker to be
evaluated is based a combination of amino acids known leading to restricted flexibility,
specifically either prolines and alanine or proline and threonine as mentioned by Xiaoying

Chen and coworkers (169) . Based on computational analysis, it was determined that the
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PAPAP linker, despite its rigidity, would not impede the generation of the SNAP-BirA*
agglomerate. However, the PTP linker would prevent any complex formation, leaving the
SNAP-tag active site exposed to BG-PEGs-Mtx. Despite its high FCC value, it was nevertheless
decided to test the PAPAP rigid linker in order to verify the hypothesis raised in the mentioned
study (in Section 3.1.3) and also to be able to compare the results with those obtained with
the GGGGS flexible linker containing the same number of amino acids. Thus, to validate the
computational study's hypotheses and seeking to further ameliorate the target deconvolution
tool, both the PTP and PAPAP linkers were examined and evaluated through pull-down tests

and MS analyses. The outcomes of these evaluations are presented in .3.7.7 below.

.3.7.7 Biotinylation of DHFR-TS by the cMyc_ BirA* _ > SNAP-tag tool
A biotinylation study was conducted to evaluate the efficiency of DHFR-TS capture by the
cMyc_BirA* _PAPAP_SNAP-tag tool. This study included both non-electroporated and

electroporated strains, following the same methodology as previously performed.

.3.7.7.1 Nonelectroporated parasitesonditions
Figure 68 displays the results of the initial biotinylation study conducted on non-
electroporated strains containing the cMyc_BirA* PAPAP_SNAP-tag gene to assess DHFR-TS

capture:

Negative control Sample of interest
L Elf(en) Si(cn) Pl(cn) Fi(cn) B1(cn) B1(cn) L El(cp) Si(cp) Pi(cp) Fi(cp) B1(cp) B1(cp)

kDa
180

100

Tool: 56 kDa
—

Figure 68: Purification of candidate DHFR and cMyc_BirA*_PAPAP_SNAP-tag (Gel Tris-tricine SDS-PAGE 8%%).
The two membranes were incubated with streptavidin dye ((IRDye 800CW Steptavidin). Parasites were incubated
with 50 uM of BG-PEG4-Mtx (only for the sample of interest), tetracycline (1 ug/mL), and an excess of biotin (50
uM) added 24 h before the pull-down. Following the overnight biotinylation, the subsequent steps were carried

out identically to the previously performed ones, using the same designations E1, S1, P1, F1, and B1.
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As illustrated in Figure 68, only the biotinylated tool is visible in fractions E1, S1, and F1 on the
membranes of the two different conditions. The tool's presence in the flow-through fraction
(F1) could indicate either saturation of the beads from capturing biotinylated proteins,
resulting in an excess appearing in the eluate, or poor capture of biotinylated proteins,
possibly due to a handling error. However, this outcome is unexpected as previous results did
not show such a strong band in the eluate, suggesting a greater likelihood of a handling error,

such as insufficient incubation time with the presence of the beads.

It is evident that there is minimal visibility in the two B1 fractions that contain the proteins
extracted from the beads. The only visible protein is the streptavidin tetramer around 70 kDa,
which is related to its detachment from the beads. This protein's presence is likely due to
errors during handling, particularly inadequate bead washing. Although 0.1% SDS was added
to the wash buffer to dissolve the proteins, it caused the streptavidin to detach from the
beads, as illustrated in Figure 68. Further examination revealed that SDS could cause the
proteins to detach from the beads (according to the general guidelines Dynabeads M-280
Streptavidin; Invitrogen; Cat N°11205D) (148). To address this issue, 0.1% BSA was added to

the wash buffer (PBS or 1X TBS), which effectively resolved the observed outcomes.

Several other attempts were made (results not presented as they were comparable to those
shown in Figure 68), but unfortunately, no other proteins, especially DHFR-TS, were detected
except for the target tool. However, an experiment was conducted on electroporated

parasites, and the outcomes are presented hereafter.

Electroporated parasiteonditions
Figure 69 presents the results of the biotinylation study conducted on electroporated strains
carrying the cMyc_BirA* PAPAP_SNAP-tag gene in order to evaluate DHFR-TS capture. The

goal was to confirm any potential increase in DHFR-TS detection:
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Figure 69: Purification of candidate DHFR and cMyc_BirA*_PAPAP_SNAP-tag (Tris-tricine gel SDS PAGE 10%).
Red

To begin with, it is evident that several bands are visible on the gel (part A of Figure 69), and
these are the outcome of anti-cMyc antibodies' unspecific binding. However, despite this, the
band around 55 kDa, which corresponds to the target tool, is clearly visible in both parts A and
B. After revelation with streptavidin dye, the green and red signals overlap to produce an
orange band around 55 kDa, indicating the presence of the biotinylated system. Additionally,
the absence of the target band (which should be around 60 kDa) is notable, along with a weak
band of the system in both B1 fractions, corresponding to the negative control and the sample
of interest. These findings suggest that the beads failed to capture the biotinylated proteins

appropriately.

In addition, there is no observable difference between the negative control and the sample of
interest. Despite its rigidity, the PAPAP linker had being predicted by the FCC analysis to have

a high likelihood of forming complexes between BirA* and SNAP-tag domains. The results
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confirm this prediction. This occurrence prevented the compound of interest, BG-PEG4-Mtx,
from accessing the active site. Moreover, the time-dependent protein expression study
(section 3.6.6) showed weak overexpression of the tool (only 2%), which explains the faint

bands on the western blot membranes.

In summary, the rigid PAPAP linker did not enhance the fusion protein's performance since
DHFR-TS could not be captured, confirming the computational study's predictions (refer to

Section 3.1.3).

As previously mentioned and illustrated in Figure 69 above, the bands observed in the two
fractions B1 were considerably less intense in comparison to those observed in fraction S1 for
both the negative control and the sample of interest. As a result, it was decided that only the
S1 fractions from both conditions, after electrophoretic migration and excision of bands
between 55 and 60 kDa, would be sent for MS analysis. The MS results (Figure 70) confirmed
the presence of the tool. Indeed, LC-MS/MS analysis successfully identified
cMyc_BirA* _PAPAP_SNAP-tag fusion protein, revealing 21 total spectra and 15 unique
peptides, providing a protein sequence coverage of 40% (Figure 70). Unfortunately, neither
peptides containing the Cys145 of interest nor biotinylated or BG-PEG4-Mtx modified peptides

were detected.

us|cMYC-BIRA-PAPAPSNAP|cMYC-BIRA-PAPAPSNAP_REC (100%), 56,856.7 Da
cMYC-BirA-PAPAP-SNAP-tag protein
15 exclusive unique peptides, 21 exclusive unique spectra, 21 total spectra, 207/523 amino acids (40% coverage)
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Figure 70: Identification of cMyc_BirA* PAPAP_SNAP-tag peptides by LC-MS/MS analysis: The tool was
detected with 21 total spectra, 15 unique peptides and the protein coverage was 40% (analyses made by the

proteomic platform of Dr. Alexandre Hainard and his team)

The culture media were scaled up to 500 mL for each strain expressing the different tools.
However, in this particular case, DHFR-TS was only detected by MS in Thb strain expressing

the cMyc_BirA* PAPAP_SNAP-tag tool (Figure 71). Although DHFR-TS was observed in sample
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S1, which corresponds to the pull-down supernatant (Figure 71), unfortunately, no
biotinylated peptide associated with DHFR-TS could be identified. This further validates the
previous findings where DHFR-TS was not detectable by western blot analysis, regardless of
whether the parasites underwent electroporation in the presence of BG-PEG4-Mtx (Figures 68
and 69). Consequently, the MS-based detection of DHFR-TS is likely a result of the
solubilization of cytosolic proteins present in the supernatant, wherein DHFR-TS was detected

alongside other proteins within the fraction.

Q582G3 (100%), 58,852.0 Da
Bifunctional dihydrofolate reductase-thymidylate synthase OS=Trypanosoma brucei brucei (strain 927/4 GUTat10.1) 0X=185431 GN=Tbh¢
17 exclusive unique peptides, 19 exclusive unique spectra, 19 total spectra, 246/527 amino acids (47% coverage)

MLSLTRILRK KIPVHELAGK I SRPPLRPFS VVVASDEKGG I GDGGT I PWE
I PEDMQYFRR VTTNLRGKNYV KPSPSKRNAV VMGRKTWDSL PPKFRPLSNR
LNVVLSRSAT KEQLLAGIPD PIKRAEAAND VVAVNGGLED ALRMLVSKEH
TSSIETVFEI GGGTIYKQAL CAPCVNVLQA I HRTVVRPAS NSCSVFFDIP
AAGTKTLEGL ELVRESITDE RVSTGAGGKK YQFEKLVPRN SEEEQYLNLYV
GR|I IDEGCTK CDRTGVGTRS LFGAQMRFSL RNNRLPLLTT KRVFWRGVIEIE
ELLWFLRGET NAKLLSDK®GI HIWDGNGSRA FLDSRGLTDY DEMDLGPVYG
FQWRHFGADY I SCEKEDSEGK GVDQIANIVK SLIENPDDRR MICTAWNPAA
LPRMALPPCH MMAQFYVSNG ELSCMLYQRS CDMGLGVPFN |l ASYALLTFL
M A K SRR RSN NRaESNHNEEREEN K Q L K R MEESRIEEE EEENIENEENSI Q D K E
FLEDFQESDI EVIDYSPYPV I SMEMAYV

Figure 71: Identification of DHFR-TS peptides in supernatant S1 by LC-MS/MS analysis: The target was detected
with 19 total spectra, 17 unique peptides and the protein coverage was 47% (analyses made by the proteomic

platform of Dr. Alexandre Hainard and his team)

Based on the results, it can be concluded that the PAPAP linker enhances the likelihood of
forming a ternary complex among the fusion protein's domains. This complex masks the SNAP-
tag active site, obstructing access to BG-PEG4-Mtx and ultimately leading to the non-capture

of the DHFR-TS target.

Testing a single linker implies a substantial amount of work, as the molecular biology steps
including cloning, bacterial transformation, validation of the plasmid of interest as well as the
parasite transfection steps including clone selection followed by verification of correct gene
insertion in the selected strain are all time-consuming and labor-intensive. Furthermore, the
pull-down assays of biotinylated proteins and their identification via western blot and MS
must be repeated for each linker. However, since the modeling approach was employed
beforehand (as described in Section 3.1.3) to predict the most suitable linker, it was possible
to avoid the significant workload of repeating the experiments. After experimentally

confirming the suitability of the GGS, GGGS, and PAPAP linkers based on theoretical
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predictions, only the PTP linker remains to be tested among the potentially effective ones. The

following section presents the results of this testing.

.3.7.8 Biotinylation of DHFR-TS by the cMyc_ BirA* _PTP _SNAP-tag tool

As previously mentioned, computational studies have shown that the formation of an
agglomerate between BirA*, SNAP-tag, and the linker may result in steric interference, leading
to a loss of biological functions of the fusion protein components. Additionally, the active site
of the SNAP-tag may be masked, hindering substrate binding. This occurrence becomes even
more likely as the length of the linker increases, regardless of its amino acid composition.
Experimental evidence confirms that linkers GGGGS and PAPAP, both composed of the same
number of amino acids but with different compositions, yielded inconclusive results and low
expression levels of the tool. However, with a rigid linker composed of Proline (P) and
Threonine (T) (PTP), the probability of forming the complex is null and therefore would
maintain the proper functioning of the tool. This linker has been experimentally tested in both
non-electroporated and electroporated cell lines expressing cMyc_BirA* _PTP_SNAP-tag and

the results are presented below.

.3.7.8.1 Nonelectroporated parasitesonditions
The crucial observation is the overexpression of the protein of interest and its efficient capture
by the beads, as evidenced by the intense band at approximately 55 kDa in fraction B1 under

both experimental conditions (Figure 72).
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Figure 72: Purification of candidate DHFR and cMyc_BirA*_PTP_SNAP-tag (Tris-tricine gel SDS PAGE 15%).

However, a slightly less prominent band at around 59 kDa in fraction B1 of the sample of
interest, absent in the negative control, is likely to correspond to the desired target protein
DHFR-TS (Figure 72). The low intensity of this band could be due to either a low amount of
target protein or the fluorescence emitted by the tool masking the target protein's
fluorescence, as can happen when one protein emits significantly more fluorescence than

others (186).

In comparison to the band observed under identical conditions with the GO linker (GGS) (refer
to Figures 52 and 53 in Section .3.7.1), the band potentially corresponding to DHFR-TS is
notably less intense. Additionally, considering the molecular weight of the heat shock protein
HSP60 (60 kDa), the band prominently visible in the B1 fraction of the negative control is likely

associated with that protein.

To further investigate, a subsequent experiment was conducted solely on the B1 fraction of
both the negative control and the sample of interest. Figure 73 below depicts the outcome of

this experiment.
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Figure 73: Purification of candidate DHFR and cMyc_BirA*_PTP_SNAP-tag (Tris-tricine gel SDS PAGE 8%).
Membrane incubated with anti-cMyc (red) and IRDye 800CW Streptavidin (green). The fraction B1 is the bound

cytoplasmic eluate and should contain the biotinylated tool, and eventually biotinylated near neighbors.

The above figure clearly shows that both the sample of interest (B1si) and the negative control
(B1lcn) demonstrate the presence of the tool through proper capture by the beads. However,
the observed differences in intensity are most likely due to the varying concentrations of
proteins in the two samples. A low-intensity band, which is absent in the negative control, is
detected in the B1 fraction of the sample of interest. Based on its molecular weight (58-59
kDa), this band expectedly corresponds to the target of interest DHFR-TS. These results
demonstrate that the tool is functioning efficiently at a level comparable to the initial tool

with the GO linker (GGS linker).

.3.7.8.2 Electroporated parasiteonditions

To evaluate the effectiveness of DHFR-TS capture, transfected strains carrying the
cMyc_BirA* _PTP_SNAP-tag gene underwent electroporation, followed by a subsequent
biotinylation study. The aim was to verify the potential increase in DHFR-TS capture. The

results are presented in Figure 74 below.
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Figure 74: Purification of candidate DHFR and cMyc_BirA*_PTP_SNAP-tag (Tris-tricine gel SDS PAGE 15%).
Parts A & B: not the same membranes: Part A: Membrane incubated with anti-cMyc antibodies (Red
fluorescence); Part B: Another membrane incubated with IRDye 800CW Streptavidin (green). Parasites were
treated with BG-PEG4+-Mtx (100 uM) (added only for the sample of interest), tetracycline (1ug/mL), and excess
biotin (50 uM) (added 24 h prior). Following the overnight biotinylation, the subsequent steps were carried out

identically to the previously performed ones, using the same designations E1, S1, P1, F1, and B1.

What can be noticed is the tool's appropriate expression in all of the fractions (part A of the

figure above) and the streptavidin beads' successful capture of it (B1, part B of Figure 74).

Nevertheless, because the separation of the various proteins above 55 kDa is not particularly
apparent, the DHFR is not discernible; for this reason, a second experiment using 8%

acrylamide gel was conducted, and the results are shown in Figure 75.
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Figure 75: Purification of candidate DHFR and cMyc_BirA*_PTP_SNAP-tag (Tris-tricine gel SDS PAGE 8%).
Membrane incubated with anti-cMyc (red) and IRDye 800CW Streptavidin (green). Parasites were treated with
BG-PEG4-Mtx (100 uM) (added only for the sample of interest), tetracycline (1ug/mL), and excess biotin (50 uM)
(added 24 h prior). Following the overnight biotinylation, the subsequent steps were carried out identically to the

previously performed ones, using the same designations E1, S1, P1, F1, and B1.

The red bands evident in all fractions of both conditions at approximately 55 kDa in the above
image (framed in pink) amply demonstrate the proper expression of the tool. A distinct
separation of proteins is observable in the membrane above. This was achieved by reducing
the acrylamide percentage in the gel and applying a slower migration rate of 180V over 3:30

hours.

It is noteworthy that a band at approximately 60 kDa is not present in the sample of interest,
whereas it is evident in B1 of the negative control. Given its molecular weight, this band may
correspond to HSP60. The existence of a second, extremely bright band between 58 and 59
kDa, which generates a greater fluorescence and can cover that of other bands, is thought to
be the cause of HSP60's absence in the B1 fraction of the interest sample (Figure 75). Given
its molecular weight of 58-59 kDa, the latter, detected in the B1 fraction of the sample of

interest would most likely be the biotinylated DHFR-TS.

In conclusion, the first finding is that biotinylated DHFR-TS was successfully captured by both
electroporated and non-electroporated parasites. Second, the most conclusive and promising
results came from the two tools, cMyc_BirA* GGS_SNAP-tag and cMyc_BirA* ~ SNAP-

tag. Thereby, these ought to be utilized in future studies with other BG-PEG4 derivatives.
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.3.8 MS detection of the Cys145 modification of the SNAP-tag
active site by BG-PEG;-Mtx

In order to comprehend how BG-PEG4-Mtx interacts with SNAP, the following experiment was
carried out: Pure SNAP-tag protein was incubated with the BG-PEG4-Mtx derivative under two
different conditions: The first condition in which 10 uM of pure protein were incubated with
10 uM of the compound (1:1 equivalence) for 1 h at 37°C and the second, where 10 uM of
protein were incubated with 50 uM of the compound (1:5 equivalence) for 3 h at 37°C (unlike
the experiment described in 3.7.2 above where the incubation was only for 1 h at 37°C). Then,
arunin SDS-PAGE followed by gel staining with Coomassie blue, a cut of the appropriate band,
and in-gel protein digestion with trypsin (this last step, as well as the MS analysis, were
performed by the proteomic platform (Dr. Alexandre Hainard and his team, proteomic
platform, CMU, Geneva)) were performed. The results of the LC-MS/MS analysis (Figure 76
below) showing a coverage of 60 % demonstrate the presence of the peptide of interest
containing the Cys145 of the SNAP-tag active bound to BG-PEGs-Mtx. However, as already
seen in Section 3.7.2, this detection was only visible after lowering the identification score
thresholds and thus, the peptides of interest carry low probability scores not allowing the
validation of the binding. Two theories could account for these findings: the first is that BG-
PEGs-Mtx is difficult to identify by MS, and the second hypothesis proposes that the
incorporation of Mtx into the BG-PEG4 moiety might result in a slight impediment to the

molecule's accessibility to the active site of the SNAP tag.

us|SNAPtagPURE|SNAPtagPURE_REC (100%), 19,683.7 Da
SNAP-tag PURE protein
12 exclusive unique peptides, 28 exclusive unique spectra, 2183 total spectra, 110/184 amino acids (60% coverage)

MDKDCEMKRT TLDSPLGKLE LSGCEQGLHR I FLGKGTSA ADAVEVPAPA
AVLGGPEPLM QATAWLNAYF HQPEAIEEFP VPALHHPVFQ QESFIRQVLW
KLLKVVKFGE VISYSHLAAL AGNPAATAAV KTALSGNPVP ILIFEHRVVQ
GDLDVGGYEG GLAVKEWLLA HEGHRLGKPG LGQL

Figure 76: I|dentification by LC-MS/MS analysis of peptides corresponding to the pure SNAP-tag protein carrying
the modification of Cys145 (red box) obtained by its binding with the BG-PEG4-Mtx compound: Identified peptides
satisfying the minimum peptide threshold are emphasized in yellow, and modifications are marked in green.

(analyses carried out by the proteomic platform of Dr. Alexandre Hainard and his team).
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To verify these two hypotheses, both a competition experiment (Figure 77) and a follow up an
MS analysis (Figure 78) of the pure protein incubated either with BG-PEG4-Mtx or BG-PEG4-
Biotin, as well as a competition test with BG-PEG4-FDA were conducted. The results are shown

below:

What is noticeable in the Figure 77 is that when the fluorescent compound BG-PEG4-FDA is
added after the following compounds have been incubated: BG-PEG4-N3 and BG-PEGs-biotin
(C & D), the fluorescence decreases slightly in comparison to the pure protein incubated only
with BG-PEG4-FDA. The result is even more evident when the protein is dimerized or

trimerized.

kba A B C D

70 Trimerization of the SNAP
protein: ~60 kDa
55 Dimerization of the SNAP

protein: ~40 kDa
25

SNAP protein: ~20 kDa
15

Figure 77: Analysis of the emitted fluorescence (366 nm): L: Ladder; A: SNAP incubated with 10 uM BG-PEGs-
FDA for 1 h at 37°C; B: SNAP incubated with 10 uM BG-PEGs-Mtx for 1 h at 37°C then addition of 10 uM BG-PEGs-
FDA followed by 1 h incubation at 37°C; C: SNAP incubated with 10 uM BG-PEG4+Ns3 for 1 h at 37°C then the
addition of 10 uM BG-PEG4.FDA followed by 1 h incubation at 37°C; D: SNAP incubated with 10 uM BG-PEGy-
biotin for 1 h at 37°C then the addition of 10 uM BG-PEG4-FDA followed by 1 h incubation at 37°C

However, when SNAP was first incubated with BG-PEG4-Mtx and then with the fluorescent
compound, the fluorescence intensity of the band was identical to that of SNAP that had been
incubated only with BG-PEG4-FDA (B). This indicates that the BG-PEG4-Mtx derivative accesses
the protein's active site with a little more difficulty than BG-PEG4-FDA, as BG-PEG4-FDA out
competed BG-PEGs-Mtx.

This experiment shows that BG-PEG4-Mtx binds slightly less well to accessible active sites than
the other compounds which might explain why the modification of Cys145 by BG-PEG4-Mtx

could never be identified by MS analysis (Figure 76 above) despite the convincing results
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obtained with the cMyc_BirA* _GGS_SNAP-tag and cMyc_BirA*_PTP_SNAP-tag tools carrying
the “GGS” (GO) or PTP linkers leading to a functional tool.

An additional experiment was conducted to evaluate the hypothesis that MS would have
difficulty detecting BG-PEG4-Mtx. This experiment involved incubating pure SNAP-tag protein
with either BG-PEGa-Mtx or BG-PEG4-biotin under identical conditions. The description of this

experiment can be found in Section 2.2.26 above.

Once the reactions were completed, a gel was run and then stained and the bands of interest
were excised. Subsequently, the samples underwent MS analysis. The results are shown below
in Figure 78.

us|SNAPtagPURE|SNAPtagPURE_REC (100 %), 19'683.7 Da A

SNAP-tag PURE protein
13 exclusive unique peptides, 32 exclusive unique spectra, 2908 total spectra, 110/184 amino acids (60 % coverage)

MDKDCEMKRT TLDSPLGKLE LscEE ADAVEVPAPA
AVLGGPEPLM QATAWLNAYF HQPEA QES FpaRQV LW
KLLKVVKFGE VISYSHLAAL AGNPA ILIEHRVVQ
GDLDVGGYEG GLAVKEWLLA HEGHR

peptide containing the BG-PEG,;-Biotin g clCEbmttLy () s ]

compound modiﬁcation . PCF DG-PLG4 Diotin I1370) xll
us|SNAPtagPURE|SNAPtagPURE_REC (100 %), 19'683.7 Da
SNAP-tag PURE protein B
13 exclusive unique peptides, 29 exclusive unique spectra, 2752 total spectra, 110/184 amino acids (60 % coverage)
MDKDCEMKRT TLDSPLGKLE LSGBIEMIGLHR | IFLGKGTSA ADAVEVPAPA
AVLGGPEPLM QATAWLNAYF HQPEAIEEFP VPALHHPVFQ QES Qviw
KLLKVVKFGE VISYSHLAAL AGNPAATAAV KTALSGNPVP 1ILI RVVaQ
GDLDVGGYEG GLAVKEWLLA HEGHRLGKPG LGQOL

peptide containing the BG-PEG, Vit e B e

compound modification FOEVISYSILAALAGHP AATAAVETALSGH e s

Figure 78: Part A: LC-MS/MS analysis of the protein incubated with BG-PEGs-Mtx: Identification of peptides
corresponding to the pure SNAP-tag protein carrying the modification of the cysteine of interest Cys145 (red box)
obtained by its binding with BG-PEGs-Mtx, Part B: LC-MS/MS analysis of the protein incubated with BG-PEGs-
Biotin: Identification of peptides corresponding to the pure SNAP-tag protein carrying the modification of the
cysteine of interest Cys145 (red box) obtained by its binding with BG-PEGs-Biotin. The identified peptides
satisfying the minimum peptide threshold are emphasized in yellow, and modifications are marked in green
(analyses carried out by the proteomic platform of Dr. Alexandre Hainard and his team). The yellow box

emphasizes the number of peptides that include the modified cysteine

The sequence coverage of both samples of pure SNAP protein was 60% after incubation with

either BG-PEGs-Biotin or BG-PEG4-Mtx (Figure 78). However, there was a marked difference
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in the number of identified peptides that contained the modification at Cys145. The number
of peptides with the target cysteine modified by BG-PEG4-Biotin was 861, while there were
only 2 peptides with the modification from BG-PEG4-Mtx. The issue appears to have arisen
during the fragmentation step of the target peptide TALSGNPVPILIPCHR [TALSGNPVPILIPC(
JHR] bearing the BG-PEG4-Mtx modification. This fragmentation step is critical for
confirming the presence of the compound's binding to the active site. However, for unknown
reasons, the fragmentation of this specific peptide failed to result in its identification (further

discussion provided below).

It is also worth mentioning that while 44 peptides with a carbamidomethylated variant of
Cys145 were found for BG-PEGas-Biotin, 100 such peptides were found for BG-PEG4-Mtx. It can
be inferred from a large number of generated spectra (about 2000) that only a small fraction
(100) carried a free (carbamidomethylated) cysteine. This suggests that the remaining
unidentified spectra likely carried the modification from BG-PEG4-Mtx, but were not assigned
due to difficulties encountered during the fragmentation process (see Appendix 10 for more

details)

Several factors could explain the issue with BG-PEG4-Mtx. The primary one is that Mtx is highly
charged, resulting in the accumulation of too many electrons, making efficient fragmentation

difficult.

The peak with the highest intensity at z=4 is quadruply charged, but its fragmentation did not
result in clear identification. The two detected peptides originate from the peak at z=2, which
has a low intensity and, therefore, a low probability of identification (Figure 79). Another
possible factor is the greater molecular weight of BG-PEG4-Mtx (939.99 g/mol) compared to
BG-PEGs-Biotin (729.33 g/mol). However, the absence of visible MS evidence for the binding
of BG-PEGs-Mtx to Cys145 after the fragmentation step does not necessarily mean that the

modification is absent in the SNAP-tag's active site.
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Figure 79: MS Raw data and XIC analysis of the peptide of interest [TALSGNPVP/LIPCHR] modified by either BG-

PEG4-Mtx (A) or BG-PEG4-Biotin (B): Analysis undertaken prior to the fragmentation stage
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Indeed, as presented in Figure 79 above, the interest’s peptides containing either BG-PEG4-
Mtx or BG-PEGa-Biotin exhibit extremely comparable patterns in the MS raw data prior to the
fragmentation phase (Figure 79). In fact, the peaks appear virtually simultaneously (21 and 23
min respectively for BG-PEGs-Mtx and BG-PEGs-Biotin). This demonstrates that the binding
did occur despite the assignment being challenging following the fragmentation stage for an

unforeseen reason.

In conclusion, the competition experiment with the other derivatives followed by MS analysis
(Figure 78 and Figure 79) showed that BG-PEG4-Mtx binds to Cys145 albeit less effectively than
BG-PEGs-Biotin.

It's also crucial to remember that Mtx cannot be easily detected by MS due to an unclear issue
that restricts the compound's identification. The possibility of similar occurrences with other
Mtx-like molecules highlights the necessity for an alternative MS-based analytical technique,
orthogonal to western blotting. Such techniques may involve the use of other ionization
methods like MALDI (MALDI-TOF), or alternative fragmentation techniques to HCD (higher
energy collisional dissociation), such as collision-induced dissociation (CID) or electron transfer
dissociation (ETD) (187). Additionally, it may be beneficial to optimize the collision energy used
for the fragmentation of the modified peptide. All of these potential approaches should be

taken into consideration for future experiments.

.3.9 Key findings from DHFR-TS biotinylation studies across various
tools

In summary, the computational approach predicted more favorable outcomes with the GO
(GGS) and PTP linkers, which were subsequently verified through experimental confirmation.
These linkers displayed distinct and discernible bands of biotinylated DHFR-TS that were

effectively captured by the beads, especially when electroporated parasites were examined.

Conversely, the flexible linkers G1 (GGGS) and G2 (GGGGS) as well as the rigid PA (PAPAP
linker) gave the worst results, supporting the theoretical predictions. These linkers have high
FCC values, which increases the likelihood of forming a ternary complex, thereby preventing

access of BG-PEGas-Mtx to its active site. This finding was confirmed experimentally. No
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significant differences were detected between the negative control and the sample of interest
when utilizing the tool with the different linkers (G1, G2, and PA), regardless of whether

electroporated parasites were used or not.

Although the MS part of the work needs more works to come to affirm validation of the whole
protocol, the rest of the results strongly suggest that the novel target deconvolution tool is
efficacious, particularly in light of the numerous positive outcomes attained through western
blot analysis. Moreover, this technique employs highly specific antibodies, rendering it a more

sensitive method than MS.

.3.10 Early findings of TbAK biotinylation and capture using the
cMyc_BirA*_GGS_SNAP-tag tool

BG-PEG4-C1 synthesis was performed internally, and the specifics can be found in Appendix
8. In contrast, BG-PEG4-Mtx was outsourced to WuXi due to its intricate synthesis process
involving multiple steps and the cytotoxic nature of Mtx, requiring specialized conditions. The
assay was carried out with non-electroporated parasites. To perform the experiments, 1
ug/mL of tetracycline and 10 uM of BG-PEG4-C1 were added to the growth medium just before
the log phase was reached, at around 10° parasites/mL. The parasites were then incubated
for 5 days, and biotin was added on the 4th day at a concentration of 50 pM, i.e., 24 hours

before the pull-down.

Subsequently, the pull-down procedure was performed according to the established protocol

(details in Section .2.2.25), and the resulting findings are displayed in Figure 80.
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Negative control Sample of interest Negative control Sample of interest
L E1 S1 F1 B1 El S1 F1 B1 L El1 S1 F1 B1 E1 S1 F1 Bl
Da

cMyc-BirA*-GGS-SNAP-tag
ThAK

Negative control Sample of interest Negative control Sample of interest
L E1 S1 P1 F1 Bl L E1 S1 P1 F1 B1 L E1 S1 P1 F1Bl1 L E1I S1 P1 F1 Bl
mtHsp70
cMyc-BirA*-GGS-SNAP-tag
TbAK + mtHsp40

Figure 80: Purification of candidate TbAK and cMyc_BirA*_GGS_SNAP-tag (Gel SDS PAGE 12%). Part A: The
membranes were incubated with anti-cMyc antibodies to reveal the tool and antiTbAK to reveal TbAK and Part
B: The membranes were incubated with streptavidin dye ((IRDye 800CW Steptavidin) for biotinylated proteins
revelation. Parasites were incubated with BG-PEG4-C1 (10 uM) (only for the sample of interest), tetracycline
(1pg/mL), and an excess of biotin (50 uM) added 24 h before the pull-down. Following the overnight biotinylation,
the subsequent steps were carried out identically to the previously performed ones, using the same designations

E1, S1, P1, F1, and B1.

Compared to the previous experiments, the revelations carried out with the different

antibodies or by streptavidin dye were performed on different membranes.

What is well visible in the Figure 80 above and particularly in A (membranes revealed with
anti-TbAK antibodies) are the bands corresponding to the ThAK target of molecular weight of
38 kDa (188). Their intensity is even more important in the sample of interest showing that

the tool was able to capture the target.

It is also noticeable that the band in the B1 fraction has disappeared. This phenomenon may
be due to the biotinylation of the target and its subsequent capture by the beads, which could
cause it to become unrecognizable by antiTbAK. As a result, the corresponding band is no

longer visible through these antibodies.
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As previously mentioned, some chaperones (mtHsp70/mtHsp40), with molecular weights of
70 kDa and 40 kDa are abundant and therefore, can be biotinylated by the tool (139). Their
bands and in particular those corresponding to mtHsp40 can overlap with that of ThAK (38
kDa). This overlapping does not allow discrimination of the band corresponding to the target
of interest from that of the mtHSP40 chaperone. This is apparent in the above membranes
(Figure 80). Indeed, their bands are slightly visible in the different fractions and their intensity

is stronger on the membrane corresponding to the sample of interest.

Noteworthy is that experiments with the various other tools and in particular with the
cMyc_BirA* _PTP_SNAP-tag system could not be carried out yet but would be worth trying in

the future.

.3.11 Proof of concept of the Successful Functioning of the Tool

To vividly visualize and illustrate the tool's sensitivity and selectivity, along with its capacity to
exclusively capture the desired target based on the specific BG-PEG4 derivative added in the
culture medium, a comprehensive experiment was conducted. This latter involved analyzing
all B fractions obtained from samples containing either TbAK or DHFR-TS, followed by an
additional western blot analysis. The primary objective was to obtain conclusive results that
showcase the various target proteins captured by the specific tools employed, namely
cMyc_BirA_GGS_SNAP-tag and cMyc_BirA_PTP_SNAP-tag. The outcomes of this analysis are

presented in Figure 81.
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Figure 81: Purification of candidate TbAK, DHFR-TS using, cMyc_BirA*_GGS_SNAP-tag (GO0), and
cMyc_BirA*_PTP_SNAP-tag (PTP) (Gel SDS PAGE 10%). A: the membrane was incubated with antiTbAK to reveal
TbAK and B: the membrane was incubated with streptavidin dye ((IRDye 800CW Steptavidin) to reveal

biotinylated proteins. All samples correspond to fraction B1, which comprises the bound cytoplasmic eluate

containing the biotinylated tools and targets, and potentially biotinylated neighbors. Specifically, Tbb-GO
parasites were treated with BG-PEG4-C1 at a concentration of 10 uM, while Tbb- was treated with BG-PEGs-
at a concentration of 50 uM. The negative control (NC) lacked the presence of BG-PEG4 derivatives, while the
sample of interest (SI) was incubated in the presence of the compounds. A: non-electroporated Thb- (NC); B:
non-electroporated Thb- (SI) with BG-PEGs- ; C & D: electroporated Tbb- (SI) with BG-PEG4-Mtx; E:
non-electroporated Tbb-GO (SI) with BG-PEGs- F & G: non-electroporated Tbb-GO (SI) with BG-PEG4-C1

First and foremost, it is evident that the biotinylated tools carrying the selected linkers (GO

linker or PTP linker) are effectively captured by the beads.

Secondly, there is no noticeable distinction between band A (the non-electroporated Tbb GO
negative control) and band B (the non-electroporated Thb_GO sample of interest incubated
with BG-PEGs-Mtx). However, following electroporation (bands C and D), a band of

approximately 60 kDa, likely corresponding to DHFR-TS, is observed. The intense fluorescence
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of this band obscures the fluorescence of the tool, leading to the absence of the corresponding
band. Once again, this outcome serves as a strong testament to the remarkable efficiency of

electroporation method in capturing the intended target.

Bands E, F, and G depict Tbb_GO parasites that were not electroporated and were treated with
either BG-PEG4-Mtx (E) or BG-PEG4-C1 (F and G). The presence of the band at 60 kDa (DHFR-
TS) in E, which is absent in F and G, and the presence of a second band in F and G at around
40 kDa, likely corresponding to ThAk but missing in E, are both evident. This unequivocally
demonstrates that the tool was successful in capturing the intended targets in light of the
substance that was put to the growth medium (BG-PEG4-Mtx or BG-PEG4-C1 having as target
DHFR-TS or ThAK, respectively).

To improve the repeatability of experiments, a second western blot analysis was conducted.
This time, the B1 fraction was compared between two different conditions where the
parasites were incubated with either BG-PEG4-C1 or BG-PEG4-Mtx. The results are presented

by Figure 82.

kDa kDa

‘l+—— cMyc_BirA*_GGS_SNAP-tag

Figure 82: Purification of candidate DHFR-TS and cMyc_BirA*_GGS_SNAP-tag (Gel SDS PAGE 10%). The
membrane was incubated with streptavidin dye ((IRDye 800CW Steptavidin) to reveal biotinylated proteins. The

two samples correspond to fraction B1 which comprises the bound cytoplasmic eluate containing the biotinylated

tools and targets, and potentially biotinylated neighbors. A: Tbb-GO parasites that have been treated with BG-
PEG4+-C1 at a concentration of 10 uM; B: Tbb- parasites that have been treated with BG-PEGs- at a

concentration of 50 uM.

The obtained results demonstrate that the targets of interest were captured depending on

the BG-PEG. derivative incubated with the transfected parasites. Notably, the DHFR-TS
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protein was easily discernible in B, indicating a high level of selectivity and specificity of the
tool. However, due to the low amount of ThAK protein captured, its fluorescence was
overshadowed by the intense fluorescence emitted by the biotinylated tool, leading to the

absence of its band in A.

Overall, the cMyc_BirA _ _SNAP-tag and cMyc_BirA__SNAP-tag target deconvolution

tools show great promise for future optimization and experimentation.

.4 Conclusions & Outlooks

.4.1 General conclusion

This project aimed to create a novel tool that is both selective and specific, designed for
detecting therapeutic targets of molecules, including newly discovered and promising
compounds, those that are currently available on the market, as well as hits and leads. The
development and optimization of this tool were a great challenge. Indeed, many parameters
came into play and had to be studied in a very precise and meticulous way. Several parameters
were thoroughly studied to optimize the system and generate the most efficient tool. These
included determining the optimal concentration of the BG-PEG4 derivative, identifying the
appropriate time interval for tetracycline addition, ascertaining the ideal moment for tool
expression, finding the appropriate concentration of the tetracycline inducer, identifying the

best linker between the BirA* and SNAP-tag domains, and exploring different BirA* variants.

Identifying the captured targets and validating their presence by MS has been challenging due
to several obstacles. The parasite environment is complex, and therapeutic targets are often
rare and present in low amounts in parasites. Additionally, a wide range of detergents and
lysis buffers must be tested and optimized to solubilize the proteins of interest without
degrading them. Furthermore, different manipulations can lead to the loss of proteins at each

step, which further complicates the process.

Moreover, the challenges encountered in obtaining conclusive results with the tool's various
variants carrying the different linkers can partly be attributed to the limitations of MS in

detecting the binding of the BG-PEG4-Mtx derivative to the SNAP-tag active site.
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Therefore, it would be of interest to evaluate other BG-PEG4 derivatives and examine the MS
response, such as the BG-PEGs-C1 compound, which binds to the ThAK target and has

undergone preliminary testing.

The study examined the BirA* domain of the BiolD system as well as its variants, TBirA* and
mTBirA* corresponding respectively to the TurbolD and miniTurbo systems. The findings
indicated that the original BirA* yielded the most favorable outcomes. Specifically, the DHFR-
TS band on the nitrocellulose membrane revealed the strongest intensity with the BiolD
system, and no degradation of the fusion protein was observed in contrast to the TurbolD
technology. Additionally, the TurbolD variant showed some degree of toxicity. Even though
the growth of the parasites' cells that were transfected with the BiolD_SNAP-tag gene
(Tbb_G0), as well as those transfected with the two BiolD mutants (TurbolD and miniTurbo)
linked to the SNAP-tag domain (Tbb_TGO and Thb_mTG0), was slowed down when induced by
tetracycline to express the different protein tools, the TurbolD_SNAP-tag system was only
weakly expressed (maximum of 8% expression) and several degradation fragments were
observed in western blot analysis over time, demonstrating the instability of the tool in the

parasitic environment.

To summarize, the original BirA* produced the best results and was therefore chosen for

further investigations.

The second line of study was to investigate the influence of the nature and length of the linker
connecting the two domains BirA* and SNAP-tag. According to computational studies, the
initial linker selection not only supported the functionality of BirA* and SNAP but also limited
biotinylation to a range of 10-15 nm, preventing any potential background interference
resulting from indiscriminate biotinylation of adjacent proteins. This optimal linker is
comprised of a sequence of three amino acids, namely Glycine-Glycine-Serine (GGS). Indeed,
the GGS amino acid sequence is known to form a flexible linker, which allows for unimpeded
action of each domain comprising the fusion protein by avoiding steric hindrance. Western
blot analysis indicated that this linker exhibited good activity. To enhance the performance,
several other linkers were investigated. The length of the flexible linker was initially increased

to five amino acids, but this modification led to a loss of system functionality. Longer flexible
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linkers may increase the likelihood of a ternary complex formation between the BirA* and
SNAP-tag domains and the linker. This could lead to the masking of the SNAP-tag active site
and hinder the accessibility of the BG-PEG4-Mtx compound, causing the non-binding of the BG
moiety to the Cys145 of the SNAP-tag domain.

The preceding statement is supported by findings from a computational analysis that
calculated the FCC and the likelihood of creating a ternary complex. The study showed that
utilizing lengthy and flexible linkers could impede the tool's functionality. Conversely, a linker
made up of three rigid amino acids, specifically, Proline-Theonine-Proline (PTP) or Proline-
Alanine-Proline (PAP), resulted in a more favorable outcome than the original GGS linker.
These linkers were thus designed and produced, and the newly introduced parasites
(Tbb_PTP) were evaluated. Biotinylation studies validated the results obtained from the
computational methods, demonstrating that tools with either GO or PTP linkers produced the
best results and should be utilized in future experiments with various BG-PEG4 derivatives in

order to identify their targets.

Finally, the comparison of the binding of BG-PEGs-Biotin and BG-PEG4-Mtx to the SNAP active
site revealed suboptimal fragmentation of the Cys145-containing peptide bound to BG-PEG4-
Mtx. This made it difficult to confirm the presence of the compound in the active site, despite
the obvious raw data indicating good binding. BG-PEG4-Biotin did not have this issue. Hence,
it is essential to consider this factor when binding compounds similar to Mtx to the BG-PEG4
moiety for target identification. In such situations, it is necessary to explore an alternative

orthogonal approach to western blot or a different MS fragmentation method.

4.2 Outlooks

A promising technology worth exploring is the CLIP-tag protein, which is a modified version of
the SNAP-tag that also relies on O®%-alkylguanine-DNA-alkyltransferase (hAGT). While CLIP-tag
and SNAP-tag function similarly, the key distinction between them is the substrate they use.
Specifically, CLIP-tag employs O?-benzylcytosine (BC) derivatives as its group of substrates,
while SNAP-tag uses 0°-benzylguanine derivatives (189, 190). Both proteins consist of 182

amino acids and have a molecular weight of 19.4 kDa. The ligands bound to their substrates
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can be fluorescent dyes, biotin, beads, cell-permeable or cell-free dyes, etc. Both domains can

be used simultaneously with different substrates in the same cell (125, 191).

There are two ways to test the CLIP protein: either as a fusion protein with BirA* alone, bound
with the selected linker (GGS or PTP), or fused with a SNAP-BirA* to compare its effects and
selectivity to the original cMyc_BirA_ SNAP-tag tool. Theoretically, the addition of CLIP to the
BirA*-SNAP-tag is expected to enhance selectivity, but experimental validation is necessary.
Furthermore, the choice of the linker is critical, and different ones will need to be studied
computationally and experimentally to guarantee proper functionality and preserve the
biological activities of the fusion protein's different domains. While linkers GO and PTP have

produced the best outcomes, their effectiveness with a new fusion protein cannot be ensured.

The introduction of CLIP requires the study of various domain insertions in the fusion protein.
Two possible options are cMyc_BirA_Linker_SNAP_Linker_ -tag or
cMyc_BirA_Linker_CLIP_Linker_SNAP, with the linker corresponding to the ones selected,
such as the PTP and GO linkers, or new binders that can be evaluated, such as PAP, which gave

the best theoretical and computational results as the PTP.

Introducing CLIP into the SNAP-BirA* fusion protein could enhance selectivity, but this raises
other scientific questions since the protein would become larger, at approximately 75 kDa,

which could potentially impact its expression within the parasite.

Another approach that would represent an alternative to biotinylation is the photocrosslinking
technique (Figure 83 below). This method has been well described and used in some papers
(192-198). Moreover, it has been employed to identify the molecular target of a class of potent

antimalarial drugs (199).

The proposed method involves the formation of an irreversible covalent bond between the
target protein and the BG-PEG4 derivative that had been bound to SNAP. To achieve this goal,
a photoreactive cross-linking agent would be attached to the BG-PEG4-SM (SM referring to the
small molecule) block, and upon UV irradiation, it would conjugate to any available functional

group in nearby proteins. Once the complex between SNAP and the BG-PEG4-SM containing

Page 201 sur 247



Suzanne Sherihan SAHRAOUI
Part 3: Development of a new target deconvolution tool

cross-linker has formed with the unknown target of the SM, this latter can be isolated through

pull-down using an affinity tag included in the SNAP-tag sequence.

Figure 83: (A) Biotinylation strategy (used during the thesis project): The overexpressed cMyc-BirA*-SNAP-CLIP-
tag fusion protein interacts in vivo with the BG-PEG(n)-SM derivative. The interaction of the small molecule with
its target will bring it close to the BirA* domain which, upon the addition of biotin, will be activated in order to
biotinylate the target of interest. Subsequently, the biotinylated proteins will be isolated using biotin-mediated
affinity purification with the aid of streptavidin-coated Dynabeads. (B) Photo-reactive affinity capture technique
strategy: The BG derivative bearing a photocrosslinking (black star) will form covalent bonds with the target
protein upon UV irradiation. Isolation of the target of interest will be performed by cMyc-mediated affinity
purification (e.g., anti-Myc agarose). (C) Combination of both strategies: This combination will provide the
advantage of a dual purification procedure by sorting out biotinylated proteins that were covalently captured and

eliminating those that were close but were not the target of the small molecule (SM)(by Dr. Remo Perozzo).

In addition to testing the CLIP-tag protein, various BG derivatives containing different numbers
of PEG units could also be tested. As per the computational approach discussed in Section 3.1,
the interaction between BG-(PEG)n-Mtx, SNAP-tag, and DHFR-TS resulted in a higher FCC
value (probability of ternary complex formation) when the number of PEG units was equal to
2. However, for n>4, the FCCs remained relatively constant, and a plateau was observed on
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the generated graph (Figure 21). Therefore, it can be expected that similar results would be
obtained with a number of PEG units higher than 4. However, for n=2 PEG units, significant

differences could potentially be observed, and hence, it would be worth exploring further.

However, regarding the BG-(PEG),-C1 interaction (Figure 84 below), the computational study
shows that the FCC value reaches its maximum when the number of PEG units is equal to 1
and decreases as the number of units increases, suggesting that the likelihood of forming a
ternary complex between the SNAP-tag domain binding to the BG moiety and the C1 moiety
engaging to its TbAK target is high when these two molecules are linked by a single PEG unit,

therefore, further investigation of this phenomenon is warranted

Moreover, the MS analysis reveals that the binding of BG-PEG4-Mtx derivative to SNAP-tag is
not accurately identified in comparison to BG-PEGs-biotin compound, thereby, it would be
interesting to test other BG-PEG4 derivatives that could potentially give better MS results (e.g.,

continue the experiments undertaken with the BG-PEG4-C1 derivative).

Ny
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Figure 84: Study of the PEG bond length between the BG moiety and the compound of interest C1 to form the

ternary complex with the TbAK target, using FCC calculation (established by Margaux Héritier & Jiri Bejcek)

Finally, it is worth noting that this project has the potential to be expanded and applied to
other species, such as human embryonic kidney cells (HEK293), human cervix-carcinoma cells

(hela), or various parasite species such as Tbr, Thg, Trypanosoma cruzi, Leishmania spp or
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also Leishmania tarentolae (L. tarentolae) which is a protozoan parasite belonging to the
Leishmania genus, that exhibits the unique characteristic of infecting only lizard species and
not mammals. Additionally, it does not cause any harm to humans (as Thb) or to mice suffering
from severe combined immunodeficiency (SCID) that lack B and T cells. These distinctive
features make this species an excellent choice for various scientific studies and experiments.
(200, 201). The lack of pathogenicity of L. tarentulae could be explained by a study revealing,
after sequencing the parasite’s genome, the loss of genes presents in the intracellular

amastigote form of Leishmania species pathogenic to humans (200, 202).

Upon validating the tool and identifying the best linker, an appropriate signal peptide can be
selected for translocating the fusion protein into a subcellular compartment, such as the
glycosome, nucleus, or mitochondria. The DNA encoding the desired signal peptide sequence
can be introduced upstream of the cMyc-tag gene, or downstream of the SNAP-CLIP or CLIP-
SNAP gene, before the stop codon. There are various well-defined signal peptide sequences
available, such as the C-terminal SKL (serine-lysine-leucine) that facilitates translocation into
the glycosome. Adding this sequence to the fusion protein of interest can direct it to this
specific organelle (203). The N-terminal RGHHRSRE guides the fusion protein to the nucleus,
while the N-terminal MFRRCFPIF steers it toward the mitochondria (204, 205).

The successful translocation of the fusion protein into the target organelle and the
optimization of lysis and isolation protocols for various subcellular targets are critical scientific
guestions that need to be addressed. Overcoming these challenges will be essential to
complete this project, as my thesis results have clearly demonstrated the intricacy and

difficulty of the subject matter.
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.6 Appendix
APPENDIX 1

Maps of all synthesized plasmids with details
Plasmid pLew100_cMyc_GGS_BirA*_SNAP-tag

Detailed plasmid map hereafter:

Tey,

plLew100_cMyc_BirA_SNAP-tag

(
:
=
.

3000

(T8t operator )
GPEET 5 UTR Ramp; upsiream

HindIII

Figure S1: Plasmid Map and Successful E. coli Transformation with cMyc_BirA*_GGS_SNAP-tag

The pLew100_cMyc_BirA* _GGS_SNAP-tag was generated as described in Section .2.2.1, after
digestion of the original plasmid pLew100_cMyc_BirA* as well as the synthesized GGS-SNAP-
tag gene, followed by ligation of the insert (GGG-SNAP-tag) into the digested plasmid.

Page 214 sur 247



Suzanne Sherihan SAHRAOUI
Part 3: Development of a new target deconvolution tool

Notl

plew100_ ci/iyc_BirA* Digestion (Xhol, BamHI) I .
Ligation (T4 Ligase) plew100_ civiy '_Ber‘_SNAP-t?g

" Hindill

Xhol BamHI

| GGS SNAP-tag

Figure S2: Plasmid pLew100_cMyc_BirA* Digestion and GGS_SNAP-tag Gene Ligation: Generating
cMyc_BirA*_GGS_SNAP-tag Plasmid

After bacterial transformation, the correct integration of the SNAP-tag into the plasmid was

verified by colony PCR followed by sequencing of purified plasmids from the isolated clones

(figure beneath).

4291
Plewl00Bir
cloned134f
clone2134f
clone2135R
cloneq13sR
SNAPtag

&

plew1005ir ¢

500 cloned13st
200 clone2134f
300 clone2135R
cloned13sR

4550

AGCATGGCTT AACGCATACT TCCACCAGCC CGAGGCAATC

cT
]
cT

Amplicon’s length: 1739 bp

Figure S3: Sequencing verification confirming accurate integration of GGS_SNAP-tag into the Plasmid
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APPENDIX 2
Plasmid pLew100_cMyc_TBirA*_GGS_SNAP-tag

A: Design and production of the insert of interest Hindlll_cMyc_TBirA*_Xhol

oy X

0550025 TurbolD FW:
CCCAAGCTTCATAT

aaagacaatactgtgcectctg
0550026 TurbolD RV:

f svaoms CCGCTCGAGcttttcggeagaccgeagactg

J o xhor s

3xha turboid nls_pednal
.

Lasa0; ~

€4# binding site

BGH woly[A] signal

Figure $4: Generation of the Hindlll_cMyc_TBirA*_Xhol insert of interest by PCR

B: Verification by PCR and sequencing of the correct acquisition of the fragment of interest
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Figure S5: Verification of the acquisition of the Hindlll_cMyc_TBirA*_Xhol insert of interest by sequencing

C: Verification by PCR and sequencing of the correct insertion of the fragment of interest

into the pre-digested plasmid pLew100_cMyc_BirA*_SNAP

- 0CA134 FW: 5'-CGCGCCTTCGAGTTTTTTTTCC-3'==> targeting GPEET 5' UTR & amp upstream

region contained in the main vector plasmid

-0CA135 RV: 5'-CCTGCTGTGCCATCAGATTAC -3'==> targeting ALD 3 & acute long UTR region

contained in the main vector plasmid
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PLOWI00_cMyc TurbolD SNAP tag
b

Colony PCR

4392 Xhvol

Figure S6: PCR and Sequencing Verification of Successful Generation of pLew100_cMyc_TBirA*_GGS_SNAP-tag

Plasmid
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APPENDIX 3
Plasmid pLew100_cMyc_mTBirA*_GGS_SNAP-tag

A: Design and production of the insert of interest Hindlll_cMyc_mTBirA*_Xhol

0550030 miniTurbolD FW: qﬂ,

CCCAAGCTTCATAT
atcccgctgctgaacgctaaacag

S

0SS0031 miniTurbolD RV:
CCGCTCGAGcttttcggcagaccgcagactg

L4440

CAP binding site

Figure S7: Generation of the Hindlll_cMyc_mTBirA*_Xhol insert of interest by PCR

B: Verification by PCR and sequencing of the correct acquisition of the fragment of interest

7000

5000

E 3000
» 2000

1500

1000

500
400

Figure $8: Verification of the acquisition of the Hindlll_cMyc_mTBirA*_Xhol insert of interest by sequencing

C: Verification by PCR and sequencing of the correct insertion of the fragment of interest
into the pre-digested plasmid pLew100_cMyc_BirA*_SNAP

- 0SS0031 miniTurbolD RV 5'-CCGCTCGAGcttttcggcagaccgcagactg-3'targeting the hygromycin
resistance gene region present in the main vector plasmid

- 0SS0032 miniTurbolD FW 5'-CTCTGGCCGCTATGCTGATC-3' targeting the mTBirA* gene
region
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Nott (120
[

PLew100_cHyc_miniTurbolD_SNAP-tag
19 by

Cindin

Figure S9: PCR and Sequencing Verification of Successful Generation of pLew100_cMyc_mTBirA*_GGS_SNAP-

tag Plasmid
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APPENDIX 4
1- Plasmid pLew100_cMyc_BirA*_GGGS_SNAP-tag

The parental plasmid pLew100_cMyc_BirA*_GGS_SNAP-tag (8373 bp) was used as a template

to perform site-directed mutagenesis to insert an additional glycine into the GGS linker.

: pLew100_cMyc_GGGS_BirA*_SNAP-tag:
5'-GAA GCG CAG AGA AGC TCG AGG GTG GAG GTT CCA
TGG ACA AGG ATT G-3'

plew100_cMyc_BirA*_GGS_SNAP-tag

0550036 rv: pLew100_cMyc_GGGS_BirA*_SNAP-tag:
5'-CAATCC TTG TCC ATG GAA CCT CCA CCCTCG AGCTTC
TCT GCGCTTC-3'

HindInl

Nt PCR (18 cycles)
GGTGGAGGTTCC
1041 1050 1060 1070 1080

" 1
cMyc_BirA®*_GGGS_SNAP  GGKGTGGAGGT TCCRTGGACARGGAT TGCGAGATGARGCGC
g Plasmid_GGGS_oCA135rv  G~(lGTGGAGET TCCHTGGACARGGAT TGCGAGATGARGCGC
P LerOO_CMYC_Bi I'A‘_GGGS_SN AP-tag Plasmid_GGGS_oCA135rv  GGOEGTGGAGGT TCCRTGGACAAGGAT TGCGAGATGARGCGC

@ B
L 4 980 990 1000 1010 1020 1030 1040

B e S S et
cMyc_BirA*_GGS_SNAP  CHTCARGCCCTGGATGEGCGGAGARATCTCCCTGAGARGCGCAGAGARGC TCGAGHE==-AGGT TCCA
Plasmid_GGGS_oCA135rv CATCARGCCCTGGATGGGCGGAGARATCTCCCTGAGARGCGCAGAGARGC TCGAGHGTGGAGGTTCCA
Plasmid_GGGS_oCA135rv CATCARGCCCTGGATGGEGCGGAGARATCTCCCTGAGARGCGCAGAGRRGCTCGAGHETGGAGGTTCCA

" Hindill

Figure S10: Steps for Directed Mutagenesis to Insert GGT Codon and Generate G1 Linker (GGGS)
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2- PLew100_cMyc_BirA*_GGGGS_SNAP-tag

The parental plasmid pLew100_cMyc_BirA*_ _SNAP-tag (8376 bp) was used as a
template to perform site-directed mutagenesis to insert an additional glycine into the GGGS

linker.

Notl

: pLew100_cMyc_GGGGS_BirA*_SNAP-tag:
5'-GAA GCG CAG AGA AGC TCG AGG GCG GTG GAG GTT
CCATGG ACA AG-3'

pLew100_cMyc_BirA* _GGGS_SNAP-tag

)SS : pLew100_cMyc_GGGGS_BirA*_SNAP-tag:
5' CTT GTC CAT GGAACCTCCACCGCCCTCGAGCTTCTC
TGCGCT TC-3'

PCR (18 cycles)

GGCGGTGGAGGTTCC

1041 1050 1060 1070 1080

| == e ]
GAGKGCGGTGGAGGT TCCRTGGACARGGAT TGCGAGATGARGCGC
cMyc_BirA*_GGGGS_SNAP GASEGCGGTGGAGGTTCCRTGGACARGGAT TGCGAGATGARGCGE

Plasmid_GGGGS_oCA135rvGAGEGCGGETGEAGETTCCRTGGACARGGAT TGCGAGATGARGLGE
Plasmid_GGGGS_oCA135rv

B
¢ 71 790 800 810 820 830 840

. 1
cMyc_BirA*_GGS_SNAP  CCCTGAGARGCGCAGAGARGL TCGAGEG-=----AGGTTCCRTGGACARGGAT TGCGAGATGARGCG
Plasmid_GGGGS_oCA135rv CCCTGAGAAGCGCAGAGAAGC TCGAGGECGGTEGAGET TCCRTGGACARGGAT TGCGAGATGRAGCE
Plasmid_GGGGS_oCA135rv CCCTGAGARGCGCAGAGARGCTCGA! RTGGACARGGAT TGCGAGATGARGCE

Figure S11: Steps for Directed Mutagenesis to Insert GGC Codon and Generate G2 Linker (GGGGS)
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APPENDIX 5
Plasmid pLew100_cMyc_BirA*_ _SNAP-tag

A: Design and production of the insert of interest Xhol_PAPAP_SNAP-tag_BamH]|

Notl

0550039 Xhol_ _SNAP fw:
CCG atggacaaggattgcgagatgaag

plewl00_cMyc_BirA*_GGS_SNAP-tag

0SS0040 SNAP_BamHI rv:
CGC tcacaattgacccaaaccgggcttgeccaage

HindIT1

%r;,\l Ker @
xhol

Figure $12: Generation of the Xhol_PAPAP_SNAP-tag_BamHI insert of interest by PCR

B: Verification by PCR and sequencing of the correct insertion of the fragment of interest

into the pre-digested plasmid pLew100_cMyc_BirA*_SNAP

The pre-digested plasmid was obtained after digestion with Xhol and BamHlI, in which the new
_SNAP-tag fragment of interest will be integrated after digestion with the same

restriction enzymes.

1kb

Pre-digested
IE plew100_cMyc_BirA*

GGS_SNAP-tag
5000 -

3000

2000 ‘.
1500 -——

1000 .
200 r— GGS_SNAP fragment
500 — at 564 bp

400

300

200
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GRGHT

m;% Digestion,
ligation &
transformation

£ 50 560 578 80 £ 680
" 66665 3 TGAC GGOGGTGGAGGTTCC
x ATGEROIGEAT Toac

Hindil ad_papA? s ATCEROAGEAT Teac
200

PLeW100_cMyc_BIrA®_p/ PP _SNAP-tag %
g

Figure S13: PCR and Sequencing Verification of Successful Generation of pLew100_cMyc_BirA* _PAPAP_SNAP-
tag Plasmid

C: Verification by PCR and sequencing of the correct insertion of the fragment of interest

into the genome of Tbb_WT

~
Ry
/
R
L R
NN
> >
< &
N N
& Loy
& o
S
& & & &
£ & 5 =
< NI
. A F &8
g g
¥ §F & 55
F § § § 4
~ & % %
1kb
7000 &5
5000 W=
3000 W
* Fragment of interest
2000 = — 1977bp
1500 gy 1 10 20 30 w0 50 50 7 80 %0 100 130
chiyc_Birfle _PAPAP_SNA AGGAATCGACARGCAGGEAGC TCTGL T6C TGEAGCAGGACGGAR TCATCARGCLL TGGATGEGCGEAGARATC TCCL TGRAGRAGCGCAGRGARGL | CGRRCCLGL TCCTGCRCCENTGGACARGE
- PCR_¢ONA_Lransfected T TCGACARGCAGGGAGL TCTGC 16 TGGAGCAGGACGGAR TCATCARGCLL TGGATGEGCGEAGRAA TCTCLL TGAGRAGL GCAGRGARGL T CGARCCLGL ICCTGCACCERTGGACRAGG
1000 Consensus ..., AGGARTCGACARGCAGGHAGE TCTHL THC TEEAGCAGGACGGAR TCATCARGCLL TGGATGLGCLEAGAAA TC TCCL TGRGARGL GCAGAGAAGL T CGRRCCLEL TCCTGCACCERTGGACRRGE
200 1 140 150 160 170 180 19 200 210 220 20 w0 260
chiyc_Birfle _PAPAP_SNA AT TGCGAGATGARGCGCRCARCEL T TGACTCACCCCTTHGCARACT TGAGC T TRGCGG T TRCGAGCARGETCT TCACCGCATCATTTTCCT
500 - - PCR_¢OMA_Lransfected ATTGLGAGATGARGCGCACARCGL T TGACTCACCCCT THGCARAC T TGAGE TTRGLLGT TRCOAGCARGETCT TCACCGCATCATTTTCC T TRECARGEGCACRRGCGCAGE TGRCGC TRTGERGETRLL
sensus AT TGCGAGATGARGCGCACARCGL T TGACTCACCCCTTHHCAARC T TGAGE T TRGCHGT TGCGAGCARGGTCT TCACCRCATCATTTTCCT, .,

w . -
L

Figure S14: PCR and Sequencing Verification of Accurate cMyc_BirA*_PAPAP_SNAP-tag Gene Insertion into
Tbb_WT Genome

Genomic sequencing results (below) with the 0SS00134 fw primer show the proper

integration of the insert of interest cMyc_BirA*_PAPAP_SNAP-tag
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_PRPAP_SHA
34fu.Cione
Consensus

R
iy Birfle PAPAP_SNA  (AGL
PLR_05500134fu_Clone

Consensus.

_PRPAP_SHA
34f.Cl

RS e

chiyc_Birfle_PAPRP_SNA
PER_05500134fw.Clone
Consensus

reanmme &

chiyc_Birfle_PRPRP. SN

PCR_05500134fu.Clone  CTGTS
Consensus

chiye_Birfle_PROAP_SNA
PCR_05500134fu.CTone

Transfected Thb: Clone 2 (1:50
limited dilution)

om0 150 160 170 190 190 20 210 20 2% 240 250 260

TTTYCARCTTGRAGACTTCART TACACCARANAG T MAATTCACRAGL T CATATGGARCARRAC TCA I TCE MGG MRS TGECCCTOMCTERICREEET TS
TACRCCRRARAGTRARAT ICACRRGC T TCATRTGGRRCRARRAC TCHTC TCAGARGAGGH! TGCCCCTRARGLTGATCRCCCTL 166
...................... P R R 1 CRTAT L R AT RARCALATC LR RCLACAAC LT A EATCC 1

w 2w 20 2% 300 10 20 I 0 50 %0 n 300 0
A OO 00T SARCAMCCRE Y CUCAMOCACHICEMACA, FAGASACTOOMUAS GOS8 TACCETCC AN T8

CORRCGBCGAGT ICCAC TC TGGCGAGCNGE TGGGAGRGACLL TGGGARTGRGCAGRGCCGCCTCARCRRGCACATCCRGACHC GOG6RGGGACG 161 TCACCGTGLL TGCARGHGC
Ao A TCCRC 1O RGN Y 1o CRCCRGACL 1 o P MTCE A ARG | COLRT LT RCELTCLT MG TR
m o a0 @0 a0 a0 50 s an 400 a0 500 510 520
CTGCCTGRGCL TATCCAGC TGC TGARCGCCANGCAGATCC TGGGACNGE 1GGATGGCGGANGCG GGLCGTC TGCCTGTGATCGAC TCCRCCRRTCAGTACC T 6L TGGACRGAR TCGGAGAGC TG
CRGCCTGCCTGAGCE TRTCCAGE TGC TRARCGCCARGCAGATCE TGGACRGE TEGATGECGEARGCH TGGCCETRC TECCTGTGATCGAC TCCACCRATCRGTACCT6C TRGACRGARTCGGAGAGC TG
CRGECTGCCTGAGCC TRTCCRGE TGC TRARCHCCRAGCAGATCE T66ACNGE TGGATGGCGGARGCE TGLCCHTGE TECCTGTGATCRAC TCCACCRATCRGTACE T6C TRGACRGARTCUGAGRGCTG.
21 5w 540 550 560 570 500 5% o 610 620 3 b4 650
CGCCGAG TACCAGCAGGE T GGOAGAGGAGGCAGAGACHGARGT 66T TCRGCCCAT TCRGAGCCARCC TGTACE T6TCCATGT TCTGGAGAC TRGRGCAGGGACCTELTG
nmtm(lmmvmumvmmlmlmmlrmmlsvuctmmmvmsnxvmmuam
861 CCGCGACELC TECATCECCGAGTACCAGCRGEC THGCAGRGGAGECAGAGACGURAGT 661 TCRGCCCAT TCGAGCCARCL TGTACC TGTCCATGTTCTGGAGAC TGGRGCAGEGACC TGCTG
o1 660 3 600 690 200 70 720 70 0 75 7%0 7 Ll
CTGCCATOGGACTGAGTCTG6TGATCGGANTCG GATGGCCGAGE GC TGAGARAGE TGGGAGCCACANGE TGAGAGT GANGTGGCCTARTGACC TGTACC TCCRGGACCGCARGL TBGLTEECATCLT

GLGAGE A ARG

CTGLCATOGGAC TGAG TCTGGTGATCGGARTCGT GATGECCHAGS 6L TGAGARAGL T TGRGAGTGARGTGGCC TARTGACC TGTAC TCCRGGACCGCARGL TGGLTGEOATCLT
CTGCCHTCGGAC TGAGTCTGGTGATCGGANTCGT GATGGCCGAGE 6L T GAGAARGE TGGGAGCLSACRNGE TGAGHG GARGTGGCT TARTGACC TGTACL TCCRGGACCGCARGL TGGCTGECATCCT

m ™ 0 010 20 0 40 050 3 70 00 90 900 210
T A G LA oG AN 1 00O ORI 6T OAMCCRGHE TOohTCACCE TEROGMBECTSRCATE
TGACRGGCRRGACRGGCGATGLCL TCRGATCH TG CGAGCCOGANTCARCATGGCCRT GAGRRGAGTGOGEAGAGCGT66TRAMCCRGGGL 1GGATCACCL TGCROGAGOCTGGCATC
ot 1 P AAAC RO AT TCREAT A1 CCORLCCCCAAI AT oA CACARG ARG 1 OGS 1CORTCCCE 1 RCGHECC
m %0 90 940 950 960 70 390 9% 1000 1010 1020 100 104
TGGACCOGACACCCTGECCHCCNTGE TGATCAGAGAGLTGRGAGCCGCTCTGGAGCTGY TCGAGCAGGAGGGAC TGGL TCCT TRCCTGRGCAGATGHOAGARGE TGGACARC T TCRTCAACAGAC
AACCTGGACCOGMCACCC TGRCCHCCATIL TGATCRGAGRGE TGRGAGCCGC TCTGOGL TG T 1COAGCAGGRGGGRCTGGC TCC T TACE TGAGCAGATGGAGRRGE TRGACAAC T TCHTCARCAGAC
WCCTGGACCGGRACACEL TGGCCOCCATGE TGATCAGAGRGL TGRGAGCCGC TC TGGRGC TG T TCGAGCAGGRGHGACTHGE TCCT TACC TGAGCAGATGGGAGRRGL TEGACRACT ICHTCARCRGAC
1041 1050 1060 1070 1080 1090 1100 110 120 U 1140 150 U6 un
O T ICERCATC T A COMGCACCGNGE C TG TEC I GERGCAGGICCGTCHTCAMGCCE GCHTGASCECREC TCCCT GG
TCTTCGRCATC! TCATCAAGCCE TGGATGH6CHGAGRRRTC TCC
A AT CCEL RN TE 1 TCCELRTC 1 CRCRCLTCLA A RACERCE T 16 TR R TCNTCRBECE LA CLAC LA TECC

U7 ue  PERRR I20 120 120 1240 1250 1260 120 1200 2% 1

CERGAGANGCT GETCCT GGACANGGHT TGCGAGA TGARGCELACAACGE T TGACTCACCCC T TGGCANIC T TGAGC T TAGCHGTTGCGAGCARGSTCTICRCCGCATCATTTIC
CECAGAGANGCT] G TCCTGORCC N GGACANGGNT TGLGAGATGARGCOCACRACGE T TGACTCACCCCY TGGCARACT TGAGC T TRGCEG
COCRGAGRNGC TCGRRCCCCTCC TGCACCC I GGACARGOT TGCGAGATGARGCGCACAACEL T TGACTCACCCC T TGGCARACT IGAGCTTABERE. s eessseessseessenessesssnnsas

PAPAP

Transfected Thb: Clone 1 (1:50
limited dilution)
m 1% 150 160 1 180 1% 200 210 20 0 240 250 260

TTTTICAACTTGAAGACT TCART TRCACCARRARG TARRAT TCACARG T TCATATGGARCRRARAC TCATCTCAGARGAGGATC TCGACRAGGACARCACT
TTCA-TTRCACCARRANGTRRRAT TCACRAGC T TCATRT GGARCRRARRC TCATC TCAGARGAGGATC TCGACAAGGACAACACC! GARGE TR

................. TG A CwwoNG R TCPCRAC1CTATA APPICTCATE 1CAARCHGLATE 1RGN 1L 1AM 1 AT C T T
% 2w 200 2% 300 310 20 £ 340 35 360 70 390 39
CORRCGGCGAGT TCCACTCTGOCOAGCAGE TGGOAGAGACCL TGGGANT GAGCAGAGCCGCCATCRACRAGCACATCCRGACRC TGAGAGAC TGGGGAGTGGACGTGT TCACCETGCC TGRCRAGGGC TR
CCRRCGGCGAGT TCCACTCTGOCGAGCAG TGGGAGAGACCC TGGGART GRGCAGRGCCGCCRTCRACRAGCACATCCRGACAC TGAGAGRC TGGGGAGTGHACGTGT TCACCGTGCL IGGCARGGHL T
CCRRCGGCGAGT TCCAC TCTGCEAGCAGL 16GGAGAGACCL TGGGAATGRGCAGAGLLGCCATCARCARGCACATCCAGACAC TGAGAGAC TGGGGAGTGEACGTGT TCACCGTGE TGGCAAGGHL TR
M a0 a0 20 a% a0 0 0 an 400 a% 500 510 520
CRGCCTGCCTGAGCE TATCCAGE T6CTGARCGCCARGCAGATCC TG6GACRGL TGGATGOCGGARGCS THHCCE 16 TGCC TG TGRTCGAC TCCACCARTCAGTACC T6C TGRACAGAAT

T G TRTCCNGC T |GG PN ARG T AT CLACC TG 11T LATC G 1CCACCRNICRG TACE 1 TCEACHGARTCLRGALE T
CRGCCTGCCTGAGCE TRTCCAGE T6CTGAACGCCRAGCRGATCE TGGGACRGC TG6ATGGCGGARGCSTGGCCE TG TGCC TG TGRTCGAC TCCACCARTCAGTACC T6C TGGRCAGAATCRGAGRGC 16
se1 530 540 550 560 570 580 59 500 610 520 630 540 650

ARG CCHGCGRCGCC TGCATCECCGG TACCAGCAGEC T6GCAGAGGRAGGCAGAGGACTGARG | 66T TCRGCCCAT TCGGAGCCARCCTGTACCTGTCCRTGT TCTGGAGAC TGGAGCAGGGACC TGL TG

CSTGCCCE TGAMEC GATCROCETECTES

love  ARGTCCOGCGACGCE TGCATCGLCGAGTACCRGCAGECTGGCAGAGGRGGCAGAGGACGGARGTGGT TCRGCCCRT TCGGAGCCARCL TGTACC TGTCCRTGT TCTGGAGAC TCGAGCAGGGACC TGLTG

_PRPRP_SHA
134fu_Cle
PRPAP_SHA
34fu.Clone
Consensus
_PRPRP_SHA
34fu_Clone
Consensus
 PAPRP_SHA
34fu.Clone

_PRPAP_SHA
34fu_Clone
Consensus

_PRPRP_SHA
| 34fu_Clone
Consensus

AAGTCCHOCOACECE TCATCOCCGAGTACCAGCAGE TGGCAGAGGAGGCAGAGGACGGANGTGGT TCRGCCCAT TCGGAGCCARCE TGIACC TGTCCATGT TCTGGAGACTEGAGCAGEGACCTGL TG
651 660 670 680 690 700 7o 70 73 740 750 7%0 m 70
R TG AT GG UGG T GGG GGG CGACANGS CAGHG AP TUGCE TRATGACETGTACCICORGGACCOCMMECTGGC TECCRCLT
CTGCCATCHGACTGAGTCTG6TGATCOGARTCGTGATGGCCOAGG TGL TGAGAAGL TGGGAGCCGACANGE T GAGRG TGARG TGGCC TARTGACC TGTAC ICCAGGACCGCARGE T66CTGGCATCCT
T CEaRe NI CETCATCCLmATC o CATCEE O 1AM M LR CARG L AT RCETCIACC1CERCLACELCAMGLTBE BRI T
70 900 810 820 820 840 #50 960 870 990 890 900 910
A L A GG o A R GAGAGG | GAACEAGRCCS 05 I GARCCACGCC TGO TCACCE TGCAGGRGGLTGEATC
G6TGEAGE TGACAGGCARGACAGGCGATGCCHC TCRGATCHTGATE G166 TGARCCAGGGC TGGATCACCC TGCAGGAGEC TGGCATC
ot ChC e ARG R AT TCPCAT LT LML LA T AT LA AT ChRC CLAE AL T CARCEPC 1CEATCRCCE AL TR TE
0 930 90 950 960 970 980 990 1000 1010 1020 1030 1040
RACCTGGACCOGARCACCCTGGCCOCCATGCTGATCAGAGAG TGAGAGCCGC TC TGGAGE T6T TCHAGCAGGAGHHAC TGGC TCC T TACE TGAGCAGATGHGAGRRG TGGACAACT TCATCARCAGAC
AACCTGGACCOGARCACCCTGGCCOLCATGE TGATCRGAGAGE TGAGAGCLIC TC TGGAGC T6T TCHAGCRGGAGHGAC TGGC TCE T TACC TGAGCAGHTGGGAGARG TGGACAACT TCATCARCAGAC
AACCTGGACCOGRACACCL TG6CCGCCATEL TGATCRGAGAGE TGAGAGCCGE TCTGGAGE T6T TCGAGCAGGAGGGACTGGCTCET TACETGRGCAGATGGGAGANGC TGGACRAC T TCRTCRACRGAC
1041 1050 1060 1070 1080 1090 1100 1110 1120 1130 140 1150 1160 170
T T A TG TCCAGGG I CUACMGCAGGGNGC TG 6L TGRRECRGACLNTCHICMAGECE GG TGGCCUCREATC TCCE TGN

CIGTH TC TCORGAGGARTCGRCARGCAGGGAGE TC T6CT6C TGGAGCAGGACGGART CATCANGLCC TGGATGEGCOGAGRRRTC T
CTGTGARGE TGATCATCGGCGACARGGARATC T TCGGCRATCTCCAGRGGANTCGRCARGCAGEGAGL TC TGC T6C TGGAGCRGGACGGARTCHTCARGLLL TGGATGGGCHGAGARATC TCCCTGAGARG

un_ e ugv iR 1210 1220 123 1240 1250 1260 1270 1200 1290 1300
PR TR CCCGCICCTGCRCEC GO ToCGPGATGRNGCGCR WACE T TCRCCCC TG0 TG0GL 1 GGG ToCHACCRAGGTCTTCACESCRTCATTTTE
COOAGAGARGCTCGH CCCGCTCCTGCACCCL  GGACRRGGAT TGCGRGATGARGCGCACARCEL T TGAC TCACCCL T TGGCRAACT TGARC T TAGCGGTTGCG.

uznwsz\):cuua TGCACCEL i’mnm IGARGCOCACARCELT TGACTCACCCCT TGGCARACT TGAFCTTRGCOETTOM . e eeeeseeseesasssassnsanes

PAP

Figure S15: Sequencing Verification of Accurate cMyc_BirA* _PAPAP_SNAP-tag Gene Insertion into the genome

of selected transfected Tbb clones (using 0CA134 FW and oCA135 RV primers)

- 0CA134 FW: 5'-CGCGCCTTCGAGTTTTTTTTCC-3'==> targeting GPEET 5' UTR & amp upstream

region

contained in the main vector plasmid

-0CA135 RV: 5'-CCTGCTGTGCCATCAGATTAC -3'==> targeting ALD 3 & acute long UTR region

contained in the main vector plasmid
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APPENDIX 6
Plasmid pLew100_cMyc_BirA*_"7"_SNAP-tag

A: Design and production of the insert of interest Xhol_PTP_SNAP-tag_BamHI

0SS0040 SNAP_ v
CGC TCACAATTGACCCAAACCGGGCTTGCCCAAGC

plew100_cMyc_BirA®_GGS_SNAP-tag

0550043 Xhol_ _SNAP fw:

o0 ste -
CCCCCTCGAG ATGGACAAGGATTGCGAGATGAAG w Wy \,,
" SNap
A “tag

Figure $16: Generation of the Xhol_PTP_SNAP-tag_BamH| insert of interest by PCR

B: Verification by PCR and sequencing of the correct insertion of the fragment of interest

into the pre-digested plasmid pLew100_cMyc_BirA*_SNAP

The pre-digested plasmid was obtained after digestion with Xhol and BamHI, in which the new

_SNAP-tag fragment of interest will be integrated after digestion with the same restriction

b Pre-digested
; 0000 plew100_cMyc_BirA*_
10000 GGS_SNAP-tag

7000

enzymes.

5000 -

4000

3000

2000

1500 -

1000 GGS_SNAP fragment
700 at 564 b

s00 . P
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RN

E s
lh

A Digestion,
Ligation & ey —
a - 920 930 340 950 9860 0 Transformation xsoe
chMye BirA®_' '_SNAP TCCCTGAGRAGCGCAGAGARGE TCGATCCCRCACCE 1TGGACRRGGAT TGCGAGAT GARGCEC
Plasmid_PTP_oCAL35rv TCCLTGAGRAGCGCAGAGARGE TCGACCCACACCE 1TGGACRRGGAT TGCGAGAT GARGCGE
pLew100_cMyc_BirA®__SNAP-tag Plasmid_PTP_oCA134fwICCC TGAGRAGCGCAGRGARGL TCGRILCC~CACCG 1TGGACARGGATTGCGAGAT GRAGLEL « 1o

4

iil 1
a

Fragment at 583 bp

o .

. E ] 0 o %0 awn 980 30 1000 1010 1020 1030

%W h €Myc_BirA®_GGS_SNAP mmlrm(xulmmmnnum(rmumﬁtmm(((rmummumu(mmml|5cmrun weirprbiiiiid
ol Plosmid_1"_oCA135rv GACRRGCAGGGAGLTCTGCTGLT GGAGCAGGACHGANTCATCRAGCCC TGGATGGECHOAGARATC TCCC TGAGARGCGCAGRGARGCTCHAGCCCACACCGATGGACRAGGAT TGLAGATGAR
Plasmid_ mmmmmlur.tru|mmm7tnltw:t7wlmmluctnmummm-uuwmml|scur,mm

H

Figure S17: PCR and Sequencing Verification of Successful Generation of pLew100_cMyc_BirA* _PTP_SNAP-tag

Plasmid

The details of sequencing results: showing the good alighment between the insert of interest
cMyc_BirA* PTP_SNAP-tag and the resulting plasmid after cloning. The pink box shows the

successful replacement of the GGS linker with the PTP linker

521 530 540 550 560 570 580 590 600 610 620 630 640 650
1 1
cMyc_BirA*_"'*_SNAP AGCTGGGAGCCGACARGGTGAGAGTGARGTGGCCTARTGACCTGTACCTCCAGGACCGCARGCTGGCTGGCATCCTGGTGGAGC TGACAGGCARGACAGGCGATGCCGCTCAGATCGTGATCGGAGCCGG
Plasmid_PTP_oCA135rv GAGCCGACARGGTGAGAGTGARGTGGCCTARTGACCTGTACCTCCAGGACCGCARGCTGGCTGGCATCCTGGTGGAGCTGACAGGCARGACAGGCGATGCCGCTCAGATCGTGATCGGAGCCGG
Plasmid_PTP_oCA134fwAGCTGGGAGCCGACARGGTGAGAGTGARGTGGCCTARTGACCTGTACCTCCAGGACCGCARGCTGGCTGGCATCCTGETGGAGE TGACAGGCARGACAGGCGATGCCGC TCAGATCGTGATCGGAGCCGG
Consensus agctggGAGCCGACARGGTGAGAGTGARGTGGCCTARTGACCTGTACCTCCAGGACCGCARGCTGGCTGGCATCCTGGTGGAGC TGACAGGCARGACAGGCGATGCCGCTCAGATCGTGATCGGAGCCGE
651 660 670 680 690 700 710 720 730 740 750 760 770 780
I

|
cMyc_BirA*_~~_SNAP ARTCARCATGGCCATGAGARGAGTGGAGGAGAGCGTGGTGARCCAGGGCTGGATCACCCTGCAGGAGGCTGGCATCARCCTGGACCGGARCACCCTGGCCGCCATGCTGATCAGAGAGCTGAGAGCCGLT
Plasmid_PTP_oCA135rv ARTCARCATGGCCATGAGARGAGTGGAGGAGAGCGTGGTGARCCAGGGCTGGATCACCCTGCAGGAGGCTGGCATCARCCTGGACCGGARCACCCTGGCCGCCATGCTGATCAGAGAGCTGAGAGCCGLT
Plasmid_PTP_oCA134fwARTCARCATGGCCATGAGARGAGTGGAGGAGAGCGTGGTGARCCAGGGC TGGATCACCCTGCAGGAGGCTGGCATCARCCTGGACCGGARCACCCTGGCCGCCATGCTGATCAGAGAGC TGAGAGCCGLT
Consensus ARTCARCATGGCCATGAGAAGAGTGGAGGAGAGCGTGGTGARCCAGGGCTGGATCACCCTGCAGGAGGCTGGCATCARCCTGGACCGGARCACCCTGECCGCCATGCTGATCAGAGAGCTGAGAGCCGLT

{81 790 800 810 820 830 840 850 860 870 880 890 900 Sl?

cMyc_BirA*_"'"_SNAP CTGGAGCTGT TCGAGCAGGAGGGACTGGCTCCTTACCTGAGCAGATGGGAGARGCTGGACARCTTCATCARCAGACCTGTGARGCTGATCATCGGCGACARGGAARTCTTCGGCATCTCCAGAGGAATCG
Plasmid_PTP_oCA135rv CTGGAGCTGT TCGAGCAGGAGGGACTGGCTCCTTACCTGAGCAGATGGGAGARGCTGGACARCT TCATCARCAGACCTGTGARGCTGATCATCGGCGACARGGARATCTTCGGCATCTCCAGAGGAATCG
Plasmid_PTP_oCA134fwCTGGAGCTGT TCGAGCAGGAGGGACTGGCTCCTTACCTGAGCAGATGGGAGARGCTGGACARCTTCATCARCAGACCTGTGARGCTGATCATCGGCGACARGGARATCTTCGGCATCTCCAGAGGAATCG
Consensus CTGGAGCTGTTCGAGCAGGAGGGACTGGCTCCTTACCTGAGCAGATGGGAGARGCTGGACARCTTCATCARCAGACCTGTGARGCTGATCATCGGCGACAAGGARATCTTCGGCATCTCCAGAGGAATCG

911 920 930 940 950 960 970 980 930 1000 1010 1020 1030 1040
I 1

cMyc_irA*_"~_SNAP ACARGCAGGGAGCTCTGCTGCTGGAGCAGGACGGARTCATCARGCCCTGGATGGGCGGAGARATCTCCCTGAGARGCGCAGAGARGCTCGA CCCACACCG ATGGACARGGAT TGCGAGATGARGCGCAC
Plasmid_PTP_ocA135rv ACARGCAGGGAGCTCTGCTGCTGGAGCAGGACGGARTCATCARGCCCTGGATGGGCGGAGARATCTCCCTGAGARGCGCAGAGARGCTCGA( CCCACACCG ATGGACARGGAT TGCGAGATGARGCGCAC
Plasmid_PTP_oCA134fwACARGCAGGGAGCTCTGCTGCTGGAGCAGGACGGARTCATCARGCCCTGGATGGGCGGAGARRTCTCCCTGAGARGCGCAGAGARGCTCGA( CCCH-ACCG ATGGACARGGAT TGCGAGATGARGCGCAC
Consensus ACARGCAGGGAGCTCTGCTGCTGGAGCAGGACGGARTCATCARGCCCTGGATGGGCGGAGARATCTCCCTGAGARGCGCAGAGARGCTCGAL CCCacACCGATGGACARGGAT TGCGAGATGARGCGCAC

C: Verification by PCR and sequencing of the correct insertion of the fragment of interest

into the genome of Tbb_WT
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Consensus

Thbtansfect CATICTINTTCCAT
Consensus

n e el 0 bed 960 ” Ed Eend 1000 010 1020 1030 1040
——

TOGATGEGCOGAGRARTC TCCT T GAGRAGEGCAGRGARG T T TGCGAGATGRRGCGORC

TCRARGCCC TGGATGEGCGGAGAATC TCCC T GAGIAGCGCAGRGANG T! v
GGLLGGAGRARTC TCCC T GAGARGCGCAGRAGANGC T TGCGAGA TGARGLGOAC
1041 1050 1060 100 1080 10% 1100 e 120 1w 1140 150 160 un»
RCGC T TGACTCRCCCC T TRGCRARC T TGRGE T TRGCGET TGCGRGCARGGTCT TCRCCRCRTCRT 1T TCCT TGGCRRGEGCRCARGCGORGE TGACGL 161 TGCCRGCRCCCGORGLTGTTCTT
RRCGC T TGACTCRCCCC T TRGCRARC lluu"mi"ml(llmvuv"m"ml“vﬂ“vmlﬂw"
RCGC T TGACTCRCCC T TGGCRARC T TGAGE T TRGCGG T TGCGAGCARGGTCT TCRCCGCATCRTT T TCCT T GGCRRGGGCRCARGEGOAGE T GACKE 16 TGGAGH T GLCRGCACCCGORGL TGTTCTT

un  use 1190 1200 1210 1220 1230 1240 1250 1260 1270 1280 129 1300

Blulmll-’mm"mllllmm"vu:-lmv:"mmllnmnllm
TGATGCRAGCARCAGCATGEC T TRACGORTAC T TCCRCCAGCCCGAGGCANTCGRGGNGT T TCCAGTGCCCGCTCT TCACCATCCCGTGT TCCRACRAGAGAGL T T TRCGCHCC
mmmxlmmm"mmmm"mlmmrmmmlmnm

101 130 1320 1330 1300 1350 1360 13 1390 13% 1400 1410 1420 143
RGTGC T T TGGARAC T T T TGARAG 166 TGARG T TCGGCGAGETGAT TAGC TRCAGCCACE T TROAGCAT TGGE 166 TRRTCCCRE TGORRCAGE TGORG TGARGACAGE T 1T GRGLSE TRRCCCCG T6CC
GTGET T TGGARAC T T T TGARAG T66TGARG T TCGGCGAGETGAT TAGC TRCAGCCACE T TGRORGOAT TGGC 166 TRATCCCRE TGORACAGE TGONG T GARGACAGE T 1TGAGCHE TRRCCCCGTGCC
RAGTGL T T TGGARAC T TTTGRARG T06TGARG T TCGGCGAGETGAT TAGC TRCAGCCACE TTGCAGCAT TG6C 166 TRATCCCGC TGCRRCAGE TGORG TGARGACAGL T TTGAGCEG TRRCCCCGTGCC
1 e 1450 1460 140 1490 1% 1500 1510 1520 1530 150 1550 1560
CRTTCTIAT vwvmlmmv-xl lm’ﬁ'ﬁ"mll“lm“"‘"mlml lml "“R‘
TG6TGCARGE TGACC T TGACGTG661T66 1 TRCGARGGCGGCT T TGCRG T TGCACRCGAGEE T CRCCRCT
CATTCTTAT TCCATGCCRCCOCG 16T GORRGE TGRCT T TGACKTG66 1661 lmllﬂ‘l"l“lml TEORCRCGAGGGTCACCRC T lml i l“ln-
1561 1500 1580 15% 1600 1610 1620 1630 16 1650 1660 1670 1680 1690
TS TaR e SRCCCHT T T RRRC TV T RCLETTSRCTCSVERCTYY TCOG T GEARAGG T TCLCGGAGTRA T T6RTGHCACAGCRGEGAGST GCRCL TRCRGHT 1661 TRGGARGLGLEGATGA TG
TTGTGAGEATCCTGCCCAT TTAGT TGECTTTTCCCTTRTCTCRTGTCTTTTCCGTGGARAGGT TCCCGGAGTARTC TGRTGGCACAGCAGLGAGGTGLGCC TRCAGETTGGT TRGGRAGGEGEGATGATG
TIGTGA, .....! VGCCORT TTAGT TGGCTTTTCCCTTGTCTCGRTGTCT T T TCOGTGGARAGGT TCCCGGAGTINATC TGATGGCACAGCRGEGAGET GCRCL TRORGET 1661 TRGGANGLGGLENTGATG.
1691 10 170 1720 17% 1740 175 1760 e 1780 17% 180 1810 1m0
TRRAGARGRANAT GGGGGEATATC T TRTGY T TRAGRGGAT AT AATG T GARGGHGC T T TRTATGE T TGCTT66T T6TCTORT 166 GOR T GGGGRANTCTGCRTGT TTGC T 1 TGGAGCACGLGT 66 TAC

i
TRARGARGAARAT GGLGGGATATC T TRTGT T TRRGAGGATRRATRATG T GRRGGGEC T T TRTATGL T T6CTTG6T T16TCTCHT 1661 GOATGGGGRRTCTGCATGT TTGC 1 T TGGAGCACGLLTG6 TRC
TRARRGARGRARAT GGGGEEATATC TTRTGT T TRAGAGGATARATRARTG TGARGGGC TTTRTATGE T TGCTTG6TTGTCTCRTT66TGORTGGGGART CTGCATGT TTGC T TTGEAGCACGLETG6TAC

Figure S18: Sequencing Verification of Accurate cMyc_BirA*_PTP_SNAP-tag Gene Insertion into the genome of

selected transfected Tbb clones
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APPENDIX 7

1- Growth curves Thb_WT

A: Tbb_WT without tetracycline

Time (h) 1012 cells/mL {1073 cells/m| 1074 cells/m{1045 cells/mL Time (h) 10~2 cells/mL |1073 cells/m|1074 cells/m|10A5 cells/mL
Mon 0 1.00E+02 1.00E+03 1.00E+04 1.00E+05 Mon 0 2.00 3.00 4.00 5.00
Tue 24 1.00E+02 1.00E+03 2.50E+04 2.25E+05 Tue 24 2.00 3.00 4.40 5.35
Wed 48 1.75E+04 1.10E+05 1.00E+06 5.63E+06 Wed 48 4.24 5.04 6.00 6.75
Thu 72 3.25E+05 2.70E+06 6.50E+06 8.75E+06 Thu 72 5.51 6.43 6.81 6.94
Fri 96 2.60E+06 4.00E+06 7.75E+06 1.00E+06 Fri 96 6.41 6.60 6.89 6.00
Time (h) 1042 cells/mL |1043 cells/m 1074 cells/m|10/5 cells/mL Time (h) 1072 cells/mL |10/3 cells/m|1074 cells/m| 1075 cells/mL
Mon 0 1.00E+02 1.00E+03 1.00E+04 1.00E+05 Mon 0 2.00 3.00 4.00 5.00
Tue 24 1.00E+02 1.00E+03 2.25E+04 2.40E+05 Tue 24 2.00 3.00 4.35 5.38
Wed 48 1.75E+04 9.90E+04 7.25E+05 5.00E+06 Wed 48 4.24 5.00 5.86 6.70
Thu 72 2.50E+05 2.80E+06 6.13E+06 8.40E+06 Thu 72 5.40 6.45 6.79 6.92
Fri 96 1.40E+06 4.80E+06 4.63E+06 1.00E+06 Fri 96 6.15 6.68 6.67 6.00
Time (h) 1072 cells/mL {1073 cells/m| 1074 cells/m|1075 cells/mL Time (h) 1072 cells/mL |1073 cells/m|1074 cells/m|10A5 cells/mL
Mon 0 1.00E+02 1.00E+03 1.00E+04 1.00E+05 Mon 0 2.00 3.00 4.00 5.00
Tue 24 3.75E+03 6.25E+03 4.25E+04 3.60E+05 Tue 24 3.57 3.80 4.63 5.56
Wed 48 1.60E+04 9.75E+04 7.25E+05 5.63E+06 Wed 48 4.20 4.99 5.86 6.75
Thu 72 4.75E405 2.70E+06 6.00E+06 7.80E+06 Thu 72 5.68 6.43 6.78 6.89
Fri 96 5.75E+06 4.50E+06 1.10E+07 6.00E+05 Fri 96 6.76 6.65 7.04 5.78
B: Tbb_WT with tetracycline (1 pg/mlL)
Time (h) 1072 cells/mL 1073 cells/m| 104 cells/m|1015 cells/mL Time (h) 1012 cells/mL (1073 cells/m{1074 cells/m|10A5 cells/mL
Mon 0 1.00E+02 1.00E+03 1.00E+04 1.00E+05 Mon 0 2.00 3.00 4.00 5.00
Tue 24 2.50E+03 1.38E+04 1.20E+05 2.05E+06 Tue 24 3.40 4.14 5.08 6.31
Wed 48 1.63E+04 1.25E+05 1.61E+06 7.50E+06 Wed 48 4.21 5.10 6.21 6.88
Thu 72 1.75E+05 2.38E+06 7.50E+06 4.50E+06 Thu 72 5.24 6.38 6.88 6.65
Fri 96 2.41E+06 1.30E+07 6.63E+06 1.50E+05 Fri 96 6.38 7.11 6.82 5.18
Time (h) 1042 cells/mL |1023 cells/m| 1074 cells/m|1015 cells/mL Time (h) 102 cells/mL |1073 cells/m| 1014 cells/m| 1075 cells/mL
Mon 0 1.00E+02 1.00E+03 1.00E+04 1.00E+05 Mon 0 2.00 3.00 4.00 5.00
Tue 24 1.00E+02 1.13E+04 1.24E+05 1.09E+06 Tue 24 2.00 4.05 5.09 6.04
Wed 48 1.38E+04 1.38E+05 1.13E+06 4.50E+06 Wed 48 4.14 5.14 6.05 6.65
Thu 72 6.25E+04 1.75E+06 8.63E+06 4.38F+06 Thu 72 4.80 6.24 6.94 6.64
Fri 96 4.50E+06 6.63E+06 1.03E+07 8.75E+04 Fri 96 6.65 6.82 7.01 4.94
Time (h) 10/2 cells/mL |103 cells/m| 1074 cells/m|{1015 cells/mL Time (h) 1072 cells/mL |10”3 cells/m|1074 cells/m|{1045 cells/mL
Mon 0 1.00E+02 1.00E+03 1.00E+04 1.00E+05 Mon 0 2.00 3.00 4.00 5.00
Tue 24 1.00E+02 1.25E+04 1.44E+05 1.65E+06 Tue 24 2.00 4.10 5.16 6.22
Wed 48 1.63E+04 1.13E+05 1.33E+06 6.25E+06 Wed 48 4.21 5.05 6.12 6.80
Thu 72 4.63E+05 4.25E+06 7.38E+06 5.25E+06 Thu 72 5.67 6.63 6.87 6.72
Fri 96 6.13E+06 1.10E+07 6.38E+06 1.00E+05 Fri 96 6.79 7.04 6.80 5.00
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2- Growth curves Thb_GO0

A: Tbb_GO electroporated without tetracycline

Time (h) 1072 cells/mL |1073 cells/m| 1074 cells/m|1075 cells/mL
Mon 0 1.00E+02 1.00E+03 | 1.00E+04 1.00E+05
Tue 24 1.00E+02 1.25E+03 1.13E404 1.60E+05
Wed a8 1.00E+02 1.25E+03 | 1.50E+04 2.25E+05
Thu 72 1.00E+02 1.13E+04 | 5.62E+04 1.00E+06
Fri 96 1.00E+02 5.75E+04 | 5.00E+05 4.00E+06
Time (h) 1042 cells/mL |1043 cells/m|1074 cells/m|10A5 cells/mL
Mon 0 1.00E+02 1.00E+03 1.00E+04 1.00E+05
Tue 24 1.00E+02 1.25E+03 | 1.00E+04 1.90E+05
Wed 48 1.00E+02 1.25E+03 2.10E+04 2.60E+05
Thu 72 1.00E+02 3.75E+03 | 3.75E+04 1.00E+06
Fri 96 1.00E+02 3.75E+03 | 5.00E+04 3.80E+06
Time (h) 1072 cells/mL |10*3 cells/m{10*4 cells/m|1045 cells/mL
Mon 0 1.00E+02 1.00E+03 | 1.00E+04 1.00E+05
Tue 24 1.00E+02 1.00E+03 | 1.50E+04 1.50E+05
Wed 48 1.00E+02 1.00E+03 | 1.50E+04 2.00E+05
Thu 72 1.00E+02 5.00E+03 [ 2.10E+04 1.10E+06
Fri 96 1.00E+02 2.25E+04 1.75E+05 4.00E+06

The electroporation does not affect the viability of parasites

A: Tbb_GO without tetracycline

Time (h) 1072 cells/mL |1073 cells/m{1074 cells/m|1075 cells/mL
Mon 0 1.00E+02 1.00E+03 1.00E+04 1.00E+05
Tue 24 1.25E+03 3.75E+03 3.88E+04 2.25E405
Wed 48 2.50E+03 7.50E+03 7.50E+04 1.53E406
Thu 72 2.50E+03 1.00E+04 2.63E+05 4.11E+06
Fri 96 2.50E+03 3.25E+04 1.19E+06 9.00E+05
Time (h) 1072 cells/mL |1073 cells/m{1074 cells/m|1075 cells/mL
Mon 1] 1.00E+02 1.00E+03 1.00E+04 1.00E+05
Tue 24 1.00E+02 1.00E+03 1.75E+04 5.63E+05
Wed 48 1.25E+03 3.75E+03 5.25E+04 1.03E+06
Thu 72 2.50E+03 2.75E+04 6.38E+05 4.06E+06
Fri 96 2.50E+03 1.75E+04 1.23E+06 1.34E+06
Time (h) 1072 cells/mL |1073 cells/m|10"4 cells/m(1075 cells/mL
Mon 1] 1.00E+02 1.00E+03 1.00E+04 1.00E+05
Tue 24 1.00E+02 1.25E+03 2.25E+04 1.10E+05
Wed 48 1.25E+03 3.75E+03 7.75E+04 1.10E+06
Thu 72 2.50E+03 3.63E+04 4.13E+05 3.00E+06
Fri 96 7.50E+03 2.20E+05 2.40E+06 2.80E+06

B: Tbb_GO with tetracycline (1 ug/mL)

Time (h) 102 cells/mL {1073 cells/m|1074 cells/m{10A5 cells/mL
Mon 0 1.00E+02 1.00E+03 1.00E+04 1.00E+05
Tue 24 1.00E+02 6.25E+03 5.38E+04 5.75E+05
Wed 48 2.50E+03 3.50E+04 3.38E+05 2.00E+06
Thu 72 2.50E+03 6.50E+04 6.25E+05 1.75E+06
Fri 96 5.00E+03 2.13E+05 1.39E+06 5.63E+05
Time (h) 1072 cells/mL (1073 cells/m|1074 cells/m| 1075 cells/mL
Mon 0 1.00E+02 1.00E+03 1.00E+04 1.00E+05
Tue 24 1.00E+02 1.25E+03 3.63E+04 3.25E+05
Wed 48 2.50E+03 3.50E+04 2.75E+05 1,96E+06
Thu 72 2.50E+03 2.88E+04 4.75E+05 1.95E+06
Fri 96 3.75E+03 1.13E+05 1.38E+06 5.50E+05
Time (h) 1042 cells/mL |1073 cells/m|1074 cells/m|1075 cells/mL
Mon 0 1.00E+02 1.00E+03 1.00E+04 1.00E+05
Tue 24 1.00E+02 1.25E+03 4.13E+04 4.13E+05
Wed 48 1.25E+03 2.88E+04 2.88E+05 2.20E+06
Thu 72 2.50E+03 5.25E+04 4.13E+05 2.25E+06
Fri 96 3.75E+03 1.00E+05 1.10E+06 6.75E+05

Time (h) 1012 cells/mL (1073 cells/m{10*4 cells/m|{1075 cells/mL
Mon 0 2.00 3.00 4.00 5.00
Tue 24 2.00 3.10 4.05 5.20
Wed 48 2.00 3.10 4.18 5.35
Thu 72 2.00 4.05 4.75 6.00
Fri 96 2.00 4.76 5.70 6.60
Time (h) 1042 cells/mL (1073 cells/m{10*4 cells/m|{1075 cells/mL
Mon 0 2.00 3.00 4.00 5.00
Tue 24 2.00 3.10 4.00 5.28
Wed 48 2.00 3.10 4.32 5.41
Thu 72 2.00 3.57 4.57 6.00
Fri 96 2.00 3.57 4.70 6.58
Time (h) 1012 cells/mL (1073 cells/m{10*4 cells/m|{1075 cells/mL
Mon 0 2.00 3.00 4.00 5.00
Tue 24 2.00 3.00 4.18 5.18
Wed 48 2.00 3.00 4.18 5.30
Thu 72 2.00 3.70 4.32 6.04
Fri 96 2.00 4.35 5.24 6.60
Time (h) 1072 cells/mL 1073 cells/m|10"4 cells/m|1075 cells/mL
Mon 0 2.00 3.00 4.00 5.00
Tue 24 3.10 3.57 4.59 5.35
Wed 48 3.40 3.88 4.88 6.18
Thu 72 3.40 4.00 5.42 6.61
Fri 96 3.40 4.51 6.07 5.95
Time (h) 1072 cells/mL 1073 cells/m|1074 cells/m|1015 cells/mL
Mon 0 2.00 3.00 4.00 5.00
Tue 24 2.00 3.00 4.24 5.75
Wed 48 3.10 3.57 4.72 6.01
Thu 72 3.40 4.44 5.80 6.61
Fri 96 3.40 4.24 6.09 6.13
Time (h) 1072 cells/mL |10"3 cells/m|1074 cells/m|1075 cells/mL
Mon 0 2.00 3.00 4.00 5.00
Tue 24 3.10 3.10 4.35 5.04
Wed 48 3.40 3.57 4.89 6.04
Thu 72 HREF! 4.56 5.62 6.48
Fri 96 3.88 5.34 6.38 6.45
Time (h) 1072 cells/mL [1073 cells/m|10"4 cells/m|1075 cells/mL
Mon 0 2.00 3.00 4.00 5.00
Tue 24 2.00 3.80 4.73 5.76
Wed 48 3.40 4.54 5.53 6.30
Thu 72 3.40 4.81 5.80 6.24
Fri 96 3.70 5.33 6.14 5.75
Time (h) 1042 cells/mL [1073 cells/m|1074 cells/m| 1075 cells/mL
Meon 0 2.00 3.00 4.00 5.00
Tue 24 2.00 3.10 4.56 5.51
Wed 48 3.40 4.54 5.44 6.29
Thu 72 3.40 4.46 5.68 6.29
Fri 96 3.57 5.05 6.14 5.74
Time (h) 1072 cells/mL 103 cells/m|1074 cells/m| 1015 cells/mL
Mon 0 2.00 3.00 4.00 5.00
Tue 24 2.00 3.10 4.62 5.62
Wed 48 3.10 4.46 5.46 6.34
Thu 72 3.40 4.72 5.62 6.35
Fri 96 3.57 5.00 6.04 5.83
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3- Growth curves Thb_TGO

A: Tbb_TGO without tetracycline

Time (h) 1072 cells/mL (1073 cells/mL 1074 cells/mL 1075 cells/mL
0 1.00E+02 1.00E+03 1.00E+04 1.00E+05
24 1.00E+02 2.50E+03 3.38E+04 2.00E+05
48 1.00E+02 1.00E+03 1.38E+04 4.75E405
72 1.00E+02 1.00E+03 6.50E+04 2.00E+06
96 1.00E+02 6.25E+03 7.50E+04 3.05E+06

Time (h) 1072 cells/mL |1073 cells/mL 1074 cells/mL|1075 cells/mL
0 1.00E+02 1.00E+03 1.00E+04 1.00E+05
24 1.00E+02 3.75E+03 2.25E+04 3.13E+405
48 3.75E+03 1.38E+04 1.41E+05 1.29E+06
72 1.00E+02 3.00E+04 7.50E+05 3.25E+06
96 1.00E+02 9.63E+04 2.11E+06 3.13E+06

Time (h) 1072 cells/mL 1073 cells/mL| 1074 cells/mL|1075 cells/mL
0 1.00E+02 1.00E+03 1.00E+04 1.00E+05
24 3.80E+03 1.10E+04 4.60E+04 4.63E+05
48 1.00E+02 6.25E+03 6.25E+04 2.30E+06
72 2.50E+03 1.13E+04 1.20E+05 1.63E+06
96 3.75E+03 6.25E+04 8.13E+05 1.96E+06

B: Tbb_TGO with tetracycline (1 ug/mL)

Time (h) 1072 cells/mL |1073 cells/m| 1074 cells/m| 1075 cells/mL
Mon 0 1.00E+02 1.00E+03 1.00E+04 1.00E+05
Tue 24 2.50E+03 1.25E+04 1.00E+05 9.50E+05
Wed 48 1.00E+04 1.88E+04 3.50E+05 2.64E+06
Thu 72 1.88E+04 7.50E+04 1.16E+06 2.24E+06
Fri 96 2.00E+04 3.75E+05 2.31E+06 8.8BE+05
Time (h) 1072 cells/mL |10°3 cells/m{1024 cells/m 1075 cells/mL
Mon 0 1.00E+02 1.00E+03 1.00E+04 1.00E+05
Tue 24 1.00E+02 5.25E+03 7.50E+04 6.38E+05
Wed 48 1.00E+02 2.75E+04 1.38E+05 2.25E+06
Thu 72 7.50E+03 1.03E+05 1.24E+06 1.88E+06
Fri 96 1.25E+04 5.50E+05 2.25E+06 8.13E+05
Time (h) 1072 cells/mL |1073 cells/m|1074 cells/m| 1045 cells/mL
Mon 0 1.00E+02 1.00E+03 1.00E+04 1.00E+05
Tue 24 1.00E+02 6.25E+03 5.75E+04 7.13E+05
Wed 48 1.25E+03 1.63E+04 2.00E+05 2.46E+06
Thu 72 2.50E+03 4.00E+04 8.88E+05 2.54E+06
Fri 96 2.25E+04 2.00E+05 2.15E+06 9.63E+05

4- Growth curves Tbb_mTGO

A: Tbb_mTGO without tetracycline

Time (h) 1012 cells/mL |1073 cells/mL 1074 cells/mL |10A5 cells/mL
Mon 0 1.00E+02 1.00E+03 1.00E+04 1.00E+05
Tue 24 1.00E+02 1.25E+03 3.13E+04 1.50E+05
Wed 48 5.00E+03 2.00E+04 2.21E+05 2.84E+06
Thu 72 7.50E+03 7.63E+04 1.03E+06 3.75E+06
Fri 96 2.88E+04 3.00E+05 5.38E+06 1.99E+06
Time (h) 1072 cells/mL |1073 cells/m1 1074 cells/mL |1075 cells/mL
Mon 0 1.00E+02 1.00E+03 1.00E+04 1.00E+05
Tue 24 1.25E+03 3.75E+03 4.25E+04 3.68E+05
Wed 48 2.50E+03 3.75E+03 1.60E+05 3.00E+06
Thu 72 3.75E+03 4.38E+04 1.00E+06 3.60E+06
Fri 96 3.25E+04 4.20E+05 3.70E+06 2.60E+06
Time (h) 1072 cells/mL |1073 cells/m11074 cells/mL |10A5 cells/mL
Mon 0 1.00E+02 1.00E+03 1.00E+04 1.00E+05
Tue 24 1.00E+02 1.00E+03 6.00E+04 5.25E+05
Wed 48 1.25E+03 5.00E+03 6.63E+04 2.30E+06
Thu 72 1.25e+03 5.00E+03 1.64E+05 3.13E+06
Fri 96 1.25E+03 1.13E+04 6.85E+05 1.70E+06

Time (h) 1072 cells/mL {1073 cells/mL 1074 cells/mL 1075 cells/mL
Mon 0 2.00 3.00 4.00 5.00
Tue 24 2.00 3.40 4.53 5.30
Wed 48 2.00 3.00 4.14 5.68
Thu 72 2.00 3.00 4.81 6.30
Fri 96 2.00 3.80 4.88 6.48
Time (h) 1072 cells/mL (1073 cells/mL |1074 cells/mL |10A5 cells/mL
Mon 0 2.00 3.00 4.00 5.00
Tue 24 2.00 357 4.35 5.49
Wed 48 3.57 4.14 5.15 6.11
Thu 72 2.00 4.48 5.88 6.51
Fri 96 2.00 4.98 6.32 6.49
Time (h) 1072 cells/mL (1073 cells/mL |1074 cells/mL |1075 cells/mL
Mon 0 2.00 3.00 4.00 5.00
Tue 24 3.58 4.04 4.66 5.67
Wed 48 2.00 3.80 4.80 6.36
Thu 72 3.40 4.05 5.08 6.21
Fri 96 3.57 4.80 591 6.29
Time (h) 1072 cells/mL [1073 cells/m|1074 cells/m|1075 cells/mL
Mon 0 2.00 3.00 4.00 5.00
Tue 24 3.40 4.10 5.00 5.98
Wed 48 4.00 4.27 5.54 6.42
Thu 72 4.27 4,88 6.07 6.35
Fri 96 4.30 5.57 6.36 5.95
Time (h) 1072 cells/mL [10*3 cells/m|10*4 cells/m|1075 cells/mL
Mon 1] 2.00 3.00 4.00 5.00
Tue 24 2.00 3.72 4.88 5.80
Wed 48 2.00 4.44 5.14 6.35
Thu 72 3.88 5.01 6.09 6.27
Fri 96 4.10 5.74 6.35 5.91
Time (h) 102 cells/mL [1073 cells/m|1074 cells/m|1075 cells/mL
Mon 0 2.00 3.00 4.00 5.00
Tue 24 2.00 3.80 4.76 5.85
Wed 48 3.10 4.21 5.30 6.39
Thu 72 3.40 4.60 5.95 6.40
Fri 96 4.35 5.30 6.33 5.98
Time (h) 1012 cells/mL |1073 cells/mL |1074 cells/mL [10A5 cells/mL
Mon 0 2.00 3.00 4.00 5.00
Tue 24 2.00 3.10 4.49 5.18
Wed 48 3.70 4.30 5.34 6.45
Thu 72 3.88 4.88 6.01 6.57
Fri 96 4.46 5.48 6.73 6.30
Time (h) 1072 cells/mL [1073 cells/mL |1074 cells/mL [1075 cells/mL
Mon 0 2.00 3.00 4.00 5.00
Tue 24 3.10 3.57 4.63 5.57
Wed 48 3.40 3.57 5.20 6.48
Thu 72 3.57 4.64 6.00 6.56
Fri 96 4.51 5.62 6.57 6.41
Time (h) 1072 cells/mL [1073 cells/mL |1074 cells/mL |1075 cells/mL
Mon 0 2.00 3.00 4.00 5.00
Tue 24 2.00 3.00 4.78 5.72
Wed 48 3.10 3.70 4.82 6.36
Thu 72 3.10 3.70 5.21 6.49
Fri 96 3.10 4.05 5.84 6.23
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B: Tbb_mTGO with tetracycline (1 pg/mlL)

Time (h) 1072 cells/mL |1073 cells/m|10°4 cells/m|10A5 cells/mL Time (h) 1072 cells/mL 1073 cells/m|1074 cells/m| 1045 cells/mL
Mon 0 1.00E+02 1.00E+03 1.00E+04 1.00E+05 Mon 0 2.00 3.00 4.00 5.00
Tue 24 1.00E+02 3.75E+03 3.75E+04 5.63E+05 Tue 24 2.00 3.57 4.57 5.75
Wed 48 6.25E+03 2.88E+04 2.53E+05 2.60E+06 Wed 48 3.80 4.46 5.40 6.41
Thu 72 6.25E+03 8.00E+04 7.50E+05 2.50E+06 Thu 72 3.80 4.90 5.88 6.40
Fri 96 1.13E+04 1.13E+05 1.18E+06 9.13E+05 Fri 96 4.05 5.05 6.07 5.96
Time (h) 1072 cells/mL |1073 cells/m{10”4 cells/m|1075 cells/mL Time (h) 1072 cells/mL |1073 cells/m|1074 cells/m| 1075 cells/mL
Mon 0 1.00E+02 1.00E+03 1.00E+04 1.00E+05 Mon 0 2.00 3.00 4.00 5.00
Tue 24 1.00E+02 2.50E+03 6.50E+04 2.88E+05 Tue 24 2.00 3.40 4.81 5.46
Wed 48 3.75E403 1.88E+04 2.09e+05 2.28E+06 Wed 48 3.57 4.27 5.32 6.36
Thu 72 1.00E+04 2.63E+04 5.50E+05 2.63E+06 Thu 72 4.00 4.42 5.74 6.42
Fri 96 7.50E+03 6.25E+04 9.25E+05 1.58E+05 Fri 96 3.88 4.80 5.97 5.20
Time (h) 1072 cells/mL |1073 cells/m{10”4 cells/m|1075 cells/mL Time (h) 1072 cells/mL |1073 cells/m|10"4 cells/m| 1075 cells/mL
Mon 0 1.00E+02 1.00E+03 1.00E+04 1.00E+05 Mon 0 2.00 3.00 4.00 5.00
Tue 24 1.00E+02 6.25E+03 3.88E+04 5.00E+05 Tue 24 2.00 3.80 4.59 5.70
Wed 48 2.50E+03 1.25E+04 1.08E+05 1.93E+06 Wed 48 3.40 4.10 5.03 6.28
Thu 72 3.75E+03 3.00E+04 3.50E+05 3.00E+06 Thu 72 3.57 4.48 5.54 6.48
Fri 96 5.00E+03 7.50E+04 8.75E+05 1.30E+06 Fri 96 3.70 4.88 5.94 6.11
5- Growth curves Thh_G1
A: Tbb_G1 (Clone 1 limited dilution 1:100) without tetracycline
Time (h) 1042 cells/mL |103 cells/m| 1074 cells/m|1075 cells/mL Time (h) 1072 cells/mL |1073 cells/m|1074 cells/m|1075 cells/mL
Mon 0 1.00E+02 1.00E+03 1.00E+04 1.00E+05 Mon 0 2.00 3.00 4.00 5.00
Tue 24 1.00E+02 7.50E+03 4.40E+04 4.70E+05 Tue 24 2.00 3.88 4.64 5.67
Wed 48 7.50E+03 4.80E+04 4.50E+05 2.80E+06 Wed 48 3.88 4.68 5.65 6.45
Thu 72 2.75E+04 4.50E+05 3.50E+06 7.50E+06 Thu 72 4.44 5.65 6.54 6.88
Fri 96 8.00E+05 3.50E+06 3.00E+06 1.00E+06 Fri 96 5.0 6.54 6.48 6.00
Time (h) 1042 cells/mL | 1073 cells/m| 1074 cells/m|1045 cells/mL Time (h) 1042 cells/mL |1043 cells/m|1044 cells/m{1045 cells/mL
Mon 0 1.00E+02 1.00E+03 1.00E+04 1.00E+05 Mon 0 2.00 3.00 4.00 5.00
Tue 24 1.25E+03 6.30E+03 4.00E+04 3.60E+05 Tue 24 3.10 3.80 4.60 5.56
Wed 48 7.50E+03 3.25E+04 2.75E+05 2.80E+06 Wed 48 3.88 4.51 5.44 6.45
Thu 72 2.00E+04 3.00E+05 2.25E+06 6.00E+06 Thu 72 4.30 5.48 6.35 6.78
Fri 96 8.75E+05 2.50E+06 3.00E+06 1.10E+06 Fri 96 5.94 6.40 6.48 6.04
Time (h) 1072 cells/mL |1073 cells/m| 1074 cells/m|10/5 cells/mL Time (h) 1072 cells/mL |10”3 cells/m|10*4 cells/m|1075 cells/mL
Mon 0 1.00E+02 1.00E+03 1.00E+04 1.00E+05 Mon 0 2.00 3.00 4.00 5.00
Tue 24 1.25E+03 6.50E+03 4.20E+04 4.00E+05 Tue 24 3.10 3.81 4.62 5.60
Wed 48 6.80E+03 4.00E+04 3.00E+05 2.50E+06 Wed 48 3.83 4.60 5.48 6.40
Thu 72 2.25E+04 3.25E+05 3.20E+06 7.00E+06 Thu 72 4.35 5.51 6.51 6.85
Fri 96 7.80E+05 3.80E+06 2.70E+06 1.20E+06 Fri 96 5.89 6.58 6.43 6.08
B: Tbb_G1 (Clone 1 limited dilution 1:100) with tetracycline (1 ug/mlL)
Time (h) 1072 cells/mL (1073 cells/m|1074 cells/m|10A5 cells/mL Time (h) 1072 cells/mL |1073 cells/m|1074 cells/m|10A5 cells/mL
Mon 0 1.00E+02 1.00E+03 1.00E+04 1.00E+05 Mon 0 2.00 3.00 4.00 5.00
Tue 24 1.00E+02 3.00E+03 1.20E+04 2.75E+05 Tue 24 2.00 3.48 4.08 5.44
Wed 418 2.50E+03 1.00E+04 1.25E405 1.00E+06 Wed 48 3.40 4.00 5.10 6.00
Thu 72 2.00E+04 1.25E+05 7.25E+05 2.63E+06 Thu 72 4.30 5.10 5.86 6.42
Fri 96 8.75E+04 3.75E+05 4.25E+06 1.75E+06 Fri 96 4.94 5.57 6.63 6.24
Time (h) 1042 cells/mL {1073 cells/m|1074 cells/m|10A5 cells/mL Time (h) 1072 cells/mL |1073 cells/m|1074 cells/m|10A5 cells/mL
Mon 0 1.00E+02 1.00E+03 1.00E+04 1.00E+05 Mon 0 2.00 3.00 4.00 5.00
Tue 24 1.00E+02 2.00E+03 1.00E+04 3.00E+05 Tue 24 2.00 3.30 4.00 5.48
Wed 48 5.00E+03 3.75E+04 3.00E+05 1.75E+06 Wed 48 3.70 4.57 5.48 6.24
Thu 72 5.00E+03 1.75E+05 9.75E+05 3.75E+06 Thu 72 3.70 5.24 5.99 6.57
Fri 96 7.00E+04 6.25E+05 1.50E+06 1.50E+06 Fri 96 4.85 5.80 6.18 6.18
Time (h) 1012 cells/mL {1073 cells/m|1074 cells/m|10A5 cells/mL Time (h) 1072 cells/mL |1073 cells/m|1074 cells/m|10A5 cells/mL
Mon 0 1.00E+02 1.00E+03 1.00E+04 1.00E+05 Mon 0 2.00 3.00 4.00 5.00
Tue 24 1.00E+02 2.50E+03 1.50E+04 2.25E+05 Tue 24 2.00 3.40 4.18 5.35
Wed 48 2.50E+03 1.00E+04 3.00E+05 1.00E+06 Wed 48 3.40 4.00 5.48 6.00
Thu 72 7.50E+03 2.50E+05 9.25E+05 2.25E+06 Thu 72 3.88 5.40 5.97 6.35
Fri 96 7.50E+04 4.75E+05 2.50E+06 2.50E+06 Fri 96 4.88 5.68 6.40 6.40
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6- Growth curves Tbb_G2

A: Tbb_G2 (Clone 1 limited dilution 1:100) without tetracycline

Time (h) 1072 cells/mL [1073 cells/m|1074 cells/m|1075 cells/mL Time (h) 1072 cells/mL |10°3 cells/m| 1074 cells/m|1075 cells/mL
Mon 0 1.00E+02 1.00E+03 1.00E+04 1.00E+05 Mon 0 2.00 3.00 4.00 5.00
Tue 24 1.25E+03 1.80E+04 9.80E+04 1.30E+06 Tue 24 3.10 4.26 4.99 6.11
Wed 48 4.50E+04 3.00E+05 2.70E+06 6.40E+06 Wed 48 4.65 5.48 6.43 6.81
Thu 72 3.50E+05 2.00E+05 1.50E+06 3.50E+06 Thu 72 5.54 5.30 6.18 6.54
Fri 96 3.50E+06 4.00E+06 4.75E+06 3.75E+05 Fri 96 6.54 6.60 6.68 5.57
Time (h) 1072 cells/mL [1073 cells/m|1074 cells/m|1015 cells/mL Time (h) 1072 cells/mL |10°3 cells/m| 1074 cells/m|1075 cells/mL
Mon 0 1.00E+02 1.00E+03 | 1.00E+04 1.00E+05 Mon 0 2.00 3.00 4.00 5.00
Tue 24 1.25E+03 1.00E+04 9.50E+04 1.20E+06 Tue 24 3.10 4.00 4.98 6.08
Wed 48 2.90E+04 2.40E+05 2.20E+06 5.30E+06 Wed 48 4.46 5.38 6.34 6.72
Thu 72 4.00E+05 2.20E+05 1.75E+06 3.75E+06 Thu 72 5.60 5.34 6.24 6.57
Fri 96 4.90E+06 3.00E+06 5.00E+06 1.50E+05 Fri 96 6.69 6.48 6.70 5.18
Time (h) 1072 cells/mL |1073 cells/m|1074 cells/m|1075 cells/mL Time (h) 1072 cells/mL |10°3 cells/m|10/4 cells/m|10A5 cells/mL
Mon 0 1.00E+02 1.00E+03 1.00E+04 1.00E+05 Mon 0 2.00 3.00 4.00 5.00
Tue 24 1.00E+03 1.20E+04 9.20E+04 1.00E+06 Tue 24 3.00 4.08 4.96 6.00
Wed 48 3.00E+04 2.50E+05 2.30E+06 5.50E+06 Wed 48 4.48 5.40 6.36 6.74
Thu 72 3.75E+05 2.25E+05 2.00E+06 3.50E+06 Thu 72 5.57 5.35 6.30 6.54
Fri 96 4.20E+06 3.00E+06 4.50E+06 2.75E+05 Fri 96 6.62 6.48 6.65 5.44
B: Tbb_G2 (Clone 1 limited dilution 1:100) with tetracycline (1 ug/mlL)
Time (h) 1072 cells/mL |1073 cells/m{1074 cells/m|10A5 cells/mL Time (h) 1072 cells/mL |1073 cells/m|1074 cells/m|10/5 cells/mL
Mon 0 1.00E+02 1.00E+03 1.00E+04 1.00E+05 Mon 0 2.00 3.00 4.00 5.00
Tue 24 1.00E+02 5.00E+03 2.00E+05 1.10E+06 Tue 24 2.00 3.70 5.30 6.04
Wed 48 1.256+04 1.20E+05 9.75E+05 4.75E+06 Wed 48 4.10 5.08 5.99 6.68
Thu 72 2.50E+05 2.20E+06 7.00E+06 4.50E+06 Thu 72 5.40 6.34 6.85 6.65
Fri 96 2.80E+06 4.75E+06 3.00E+06 7.75E+05 Fri 96 6.45 6.68 6.48 5.89
Time (h) 102 cells/mL 1073 cells/m|1074 cells/m|1075 cells/mL Time (h) 1072 cells/mL |1073 cells/m|10/4 cells/m|10A5 cells/mL
Mon 0 1.00E+02 1.00E+03 1.00E+04 1.00E+05 Mon 0 2.00 3.00 4.00 5.00
Tue 24 1.00E+02 7.50E+03 1.40E+05 9.50E+05 Tue 24 2.00 3.88 5.15 5.98
Wed 48 1.75e+04 1.30E+05 1.10E+06 5.75E+06 Wed 48 4.24 5.11 6.04 6.76
Thu 72 4.70E+05 2.00E+06 7.25E+06 5.50E+06 Thu 72 5.67 6.30 6.86 6.74
Fri 96 4.30E+06 5.60E+06 3.25E+06 4.75E+05 Fri 96 6.63 6.75 6.51 5.68
Time (h) 1072 cells/mL |1073 cells/m{1074 cells/m|10A5 cells/mL Time (h) 1072 cells/mL |1073 cells/m|1074 cells/m|1075 cells/mL
Mon 0 1.00E+02 1.00E+03 1.00E+04 1.00E+05 Mon 0 2.00 3.00 4.00 5.00
Tue 24 1.25E+03 5.00E+03 3.40E+05 9.25E+05 Tue 24 3.10 3.70 553 5.97
Wed 48 2.00E+04 1.10E+05 1.20E+06 5.50E+06 Wed 48 4.30 5.04 6.08 6.74
Thu 72 4.40E+05 2.20E+06 | 5.75E+06 5.25E+06 Thu 72 5.64 6.34 6.76 6.72
Fri 96 3.80E+06 5.10E+06 3.90E+06 4.00E+05 Fri 96 6.58 6.71 6.59 5.60
7- Growth curves Thb_PA
A: Tbb_PA (Clone 2 limited dilution 1:50) without tetracycline
Time (h) 1042 cells/mL 1073 cells/m|1074 cells/m|1045 cells/mL Time (h) 1072 cells/mL |1073 cells/m|1074 cells/m{1075 cells/mL
Mon 0 1.00E+02 1.00E+03 1.00E+04 1.00E+05 Mon 0 2.00 3.00 4.00 5.00
Tue 24 1.00E+02 1.00E+04 1.20E+05 8.30E+05 Tue 24 2.00 4.00 5.08 5.92
Wed 48 7.50E+03 2.50E+05 1.90E+06 4.75E+06 Wed 48 3.88 5.40 6.28 6.68
Thu 72 1.00E+06 4.50E+06 5.50E+06 5.50E+06 Thu 72 6.00 6.65 6.74 6.74
Fri 96 6.50E+06 8.75E+06 3.00E+05 1.25E403 Fri 96 6.81 6.94 5.48 3.10
Time (h) 1072 cells/mL 1073 cells/m| 1074 cells/m|1075 cells/mL Time (h) 1072 cells/mL |1073 cells/m|10/4 cells/m{1075 cells/mL
Mon 0 1.00E+02 1.00E+03 1.00E+04 1.00E+05 Mon 0 2.00 3.00 4.00 5.00
Tue 24 1.00E+02 2.00E+04 1.00E+05 9.30E+05 Tue 24 2.00 4.30 5.00 5.97
Wed 48 3.25E+04 4.25E+05 2.10E+06 5.50E+06 Wed 48 4.51 5.63 6.32 6.74
Thu 72 6.25E+05 3.50E+06 6.75E+06 3.00E+06 Thu 72 5.80 6.54 6.83 6.48
Fri 96 7.75E4+06 9.50E+06 4.50E405 1.25E+03 Fri 96 6.89 6.98 5.65 3.10
Time (h) 1072 cells/mL |10"3 cells/m|10~4 cells/m|1075 cells/mL Time (h) 1072 cells/mL |1073 cells/m{10"4 cells/m|{10~5 cells/mL
Mon 0 1.00E+02 1.00E+03 1.00E+04 1.00E+05 Mon 0 2.00 3.00 4.00 5.00
Tue 24 1.00E+02 2.25E+04 1.20E+05 9.50E+05 Tue 24 2.00 4.35 5.08 5.98
Wed 48 4.00E+04 2.50E+05 2.60E+06 4.25E+06 Wed 4.60 5.40 6.41 6.63
Thu 72 9.25E405 5.10E+06 9.75E+06 2.25E+06 Thu 72 5.97 6.71 6.99 6.35
Fri 96 5.75E+06 7.00E+06 3.00E+05 1.25E+03 Fri 6.76 6.85 5.48 3.10
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B: Tbb_PA (Clone 2 limited dilution 1:50) with tetracycline (1 pg/mlL)

Time (h) 1042 cells/mL |1073 cells/m| 1074 cells/m{1075 cells/mL Time (h) 1072 cells/mL |103 cells/m| 1074 cells/m| 1075 cells/mL
Mon 0 1.00E+02 1.00E+03 1.00E+04 1.00E+05 Mon 0 2.00 3.00 4.00 5.00
Tue 24 1.25E+03 1.25E+04 6.00E+04 8.25E+05 Tue 24 3.10 4.10 4,78 5.92
Wed 48 3.25E+04 3.00E+05 1.50E+06 3.75E+06 Wed 48 4.51 5.48 6.18 6.57
Thu 72 3.00E+05 3.00E+06 5.00E+06 2.75E406 Thu 72 5.48 6.48 6.70 6.44
Fri 96 6.00E+06 8.00E+06 4.00E+06 1.25E+04 Fri 96 6.78 6.90 6.60 4.10
Time (h) 10°2 cells/mL |10*3 cells/m| 10”4 cells/m|10"5 cells/mL Time (h) 1072 cells/mL |10°3 cells/m|1074 cells/m|10A75 cells/mL
Meon 0 1.00E+02 1.00E+03 1.00E+04 1.00E+05 Mon 0 2.00 3.00 4.00 5.00
Tue 24 1.25E+03 1.00E+04 8.25E+04 9.80E+05 Tue 24 3.10 4.00 4.92 5.99
Wed 48 4.00E+04 1.75E+05 1.00E+06 5.00E+06 Wed 48 4.60 5.24 6.00 6.70
Thu 72 5.25E+05 3.75E+06 6.25E+06 4.00E+06 Thu 72 5.72 6.57 6.80 6.60
Fri 96 3.50E+06 5.50E+06 2.00E+06 1.25E+04 Fri 96 6.54 6.74 6.30 4.10
Time (h) 1072 cells/mL |10*3 cells/m| 1074 cells/m|1075 cells/mL Time (h) 1072 cells/mL |103 cells/m|1074 cells/m|10A5 cells/mL
Meon 0 1.00E+02 1.00E+03 1.00E+04 1.00E+05 Mon 0 2.00 3.00 4.00 5.00
Tue 24 1.25E+03 2.00E+04 8.00E+04 1.20E+06 Tue 24 3.10 4.30 4.90 6.08
Wed 48 4.75E+04 4.75E+05 1.00E+06 5.75E+06 Wed 48 4.68 5.68 6.00 6.76
Thu 72 3.50E+05 2.50E+06 3.50E+06 4.00E+06 Thu 72 5.54 6.40 6.54 6.60
Fri 96 4.50E+06 7.75E+06 4.00E+06 1.25E+04 Fri 96 6.65 6.89 6.60 4.10
C: Tbb_PA (Clone 2 limited dilution 1:50) with tetracycline (10 pg/mL)
Time (h) 1072 cells/mL {1073 cells/m|1074 cells/m|1075 cells/mL |10 ug/ml Tet Time (h) 1012 cells/mL (1073 cells/m|1074 cells/m{1045 cells/mL
Mon 0 1.00E+02 1.00E+03 1.00E+04 1.00E+05 Mon 0 2.00 3.00 4.00 5.00
Tue 24 1.00E+02 5.00E+03 1.75E+04 1.50E+05 Tue 24 2.00 3.70 4.24 5.18
Wed 48 1.00E+02 1.50E+04 1.75E405 1.90E+06 Wed 48 2.00 4.18 5.24 6.28
Thu 72 3.75E+04 4.90E+05 2.50E+06 4.75E+06 Thu 72 4.57 5.69 6.40 6.68
Fri 96 9.75E+05 4.10E+06 5.00E+06 1.50E+06 Fri 96 5.99 6.61 6.70 6.18
Time (h) 10/2 cells/mL |1073 cells/m|1074 cells/m|10/5 cells/mL |10 ug/ml Tet Time (h) 1012 cells/mL (1073 cells/m|1074 cells/m|10A5 cells/mL
Mon 0 1.00E+02 1.00E+03 1.00E+04 1.00E+05 Mon 0 2.00 3.00 4.00 5.00
Tue 24 1.00E+02 7.50E+03 2.00E+04 2.25E+05 Tue 24 2.00 3.88 4.30 5.35
Wed 48 1.00E+02 1.00E+04 1.25E+05 1.20E+06 Wed 48 2.00 4.00 5.10 6.08
Thu 72 4.25E+04 3.75E+05 2.20E+06 5.25E+06 Thu 72 4.63 5.57 6.34 6.72
Fri 96 8.50E+05 3.30E+06 5.75E+06 1.75E+06 Fri 96 5.93 6.52 6.76 6.24
Time (h) 1072 cells/mL [1073 cells/m|1074 cells/m|1075 cells/mL |10 ug/mi Tet Time (h) 1012 cells/mL (1073 cells/m|1074 cells/m{10A5 cells/mL
Mon 0 1.00E+02 1.00E+03 1.00E+04 1.00E+05 Mon 0 2.00 3.00 4.00 5.00
Tue 24 1.00E+02 7.50E+03 1.50E+04 1.50E+05 Tue 24 2.00 3.88 4.18 5.18
Wed 48 1.00E+02 3.75E+04 3.25E+05 2.10E+06 Wed 2.00 4.57 5.51 6.32
Thu 72 1.75E+04 4.00E+05 2.60E+06 5.25E+06 Thu 72 4.24 5.60 6.41 6.72
Fri 96 6.00E+05 3.10E+06 5.00E+06 2.25E+06 Fri 5.78 6.49 6.70 6.35
8- Growth curves Tbb_PTP
A: Tbb_PTP (Clone 1 limited dilution 1:200) without tetracycline
Time (h) 1072 cells/mL |1073 cells/m| 1074 cells/m|10A5 cells/mL Time (h) 1012 cells/mL 1073 cells/m|1074 cells/m| 1045 cells/mL
Mon 0 1.00E+02 1.00E+03 1.00E+04 1.00E+05 Mon 0 2.00 3.00 4.00 5.00
Tue 24 1.00E+02 1.00E+03 2.00E+04 8.25E+04 Tue 24 2.00 3.00 4.30 4.92
Wed 48 7.50E+03 1.00E+04 2.20E+05 1.80E+06 Wed 43 3.88 4.00 5.34 6.26
Thu 72 6.50E+04 1.00E+06 1.60E+06 3.50E+06 Thu 72 4.81 6.00 6.20 6.54
Fri 96 1.10E+06 3.00E+06 3.25E+06 4.00E+06 Fri 96 6.04 6.48 6.51 6.60
Time (h) 1072 cells/mL |1073 cells/m|1074 cells/m|1075 cells/mL Time (h) 1072 cells/mL 1073 cells/m|1074 cells/m| 1045 cells/mL
Mon 0 1.00E+02 1.00E+03 1.00E+04 1.00E+05 Mon 0 2.00 3.00 4.00 5.00
Tue 24 1.00E+02 1.00E+03 1.50E+04 7.50E+04 Tue 24 2.00 3.00 4.18 4.88
Wed 48 5.00E+03 2.25E+04 1.20E+05 2.40E+06 Wed 48 3.70 4.35 5.08 6.38
Thu 72 8.75E+04 6.75E+05 1.90E+06 5.25E+06 Thu 72 4.94 5.83 6.28 6.72
Fri 96 2.10E+06 3.25E+06 5.25E+06 2.50E+06 Fri 96 6.32 6.51 6.72 6.40
Time (h) 10/2 cells/mL {1073 cells/m[1074 cells/m|10A5 cells/mL Time (h) 10/2 cells/mL (1073 cells/m|1074 cells/m|1045 cells/mL
Mon 0 1.00E+02 1.00E+03 1.00E+04 1.00E+05 Mon 0 2.00 3.00 4.00 5.00
Tue 24 1.00E+02 1.00E+03 1.00E+04 8.00E+04 Tue 24 2.00 3.00 4.00 4.90
Wed 48 5.00E+03 2.50E+04 1.90E+05 1.50E+06 Wed 48 3.70 4.40 5.28 6.18
Thu 72 6.00E+04 1.10E+06 2.50E+06 3.25E+06 Thu 72 4.78 6.04 6.40 6.51
Fri 96 1.30E+06 3.25E+06 7.50E+06 3.50E+06 Fri 96 6.11 6.51 6.88 6.54
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B: Tbb_PTP (Clone 1 limited dilution 1:200) with tetracycline (1 pg/mlL)

Time (h) 1072 cells/mL (1073 cells/m|1074 cells/m|1075 cells/mL Time (h) 1072 cells/mL |10~3 cells/m|10°4 cells/m|10"5 cells/mL
Mon 0 1.00E+02 1.00E+03 1.00E+04 1.00E+05 Mon 0 2.00 3.00 4.00 5.00
Tue 24 1.00E+02 1.00E+03 1.00E+04 5.00E+04 Tue 24 2.00 3.00 4.00 4.70
Wed 48 1.25E+04 2.25E+04 2.20E+05 1.20E+06 Wed 48 4.10 4.35 5.34 6.08
Thu 72 1.70E+05 5.25E+05 2.75E+06 1.75E+06 Thu 72 5.23 5.72 6.44 6.24
Fri 96 9.50E+05 2.80E+06 4.25E+06 1.50E+06 Fri 96 5.98 6.45 6.63 6.18
Time (h) 10/2 cells/mL {1073 cells/m|10”4 cells/m|1075 cells/mL Time (h) 1072 cells/mL |1073 cells/m|1074 cells/m|1075 cells/mL
Mon 0 1.00E+02 1.00E+03 1.00E+04 1.00E+05 Mon 0 2.00 3.00 4.00 5.00
Tue 24 1.00E+02 1.00E+03 1.00E+04 5.50E+04 Tue 24 2.00 3.00 4.00 4.74
Wed 48 7.50E+03 2.75E+04 2.30E+05 1.40E+06 Wed 48 3.88 4.44 5.36 6.15
Thu 72 1.10E+05 8.00E+05 2.60E+06 2.00E+06 Thu 72 5.04 5.90 6.41 6.30
Fri 96 7.00E+05 3.90E+06 3.00E+06 1.25E+06 Fri 96 5.85 6.59 6.48 6.10
Time (h) 1072 cells/mL |10"3 cells/m|10"4 cells/m|10"5 cells/mL Time (h) 1072 cells/mL |10”3 cells/m|1074 cells/m|10"5 cells/mL
Mon 0 1.00E+02 1.00E+03 1.00E+04 1.00E+05 Mon 0 2.00 3.00 4.00 5.00
Tue 24 1.00E+02 1.00E+03 7.50E+03 3.50E+04 Tue 24 2.00 3.00 3.88 4.54
Wed 48 2.10E+04 3.50E+04 1.80E+05 1.20E+06 Wed 48 4.32 4.54 5.26 6.08
Thu 72 6.25E+04 9.50E+05 1.30E+06 2.75E+06 Thu 72 4.80 5.98 6.11 6.44
Fri 96 6.50E+05 1.70E+06 3.50E+06 2.75E+06 Fri 96 5.81 6.23 6.54 6.44
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APPENDIX 8
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Figure S19: structures of the two BG-PEG4 derivatives: BG-PEG4-C1(left) and BG-PEG4-Mtx (right)
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*SM: starting material

The synthesis of the compound is completed by click chemistry by reacting the azide (the N3
part of BG-PEG4-N3) with the propargylated C1 to give the final molecule BG-PEG4-C1.
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APPENDIX 9

Different ratios have been carried out and then tested by bacterial transformation to

determine which ones will lead to the formation of colonies.

I Ligation reactions to ligate digested GGS SNAP-tag into digested
pLew100_cMyc_BirA* to generate pLew100_cMyc_BirA*_GGS SNAP-tag

size (kb) |conc. (ng/ul)
Digested pLew 100_cMyc_BirA* 7.824 35.4
insert size (kb) |conc. (ng/ul)
Digested Insert (GGS_SNAP-tag) |  0.576 12.7

\Volume total (ul) ‘ 10 ‘
Volume plasmid (ul) 1

control 1 control 2 ratio 1: ratio 1: ratio 1: ratio 1: ratio 1:

1 3 5 7 9

1 1 1 1 1 1

1 1 1 1 1 1

0 0.2 0.6 1.0 14 1.8

0 1 1 1 1 1

8 6.8 6.4 6.0 5.6 5.2

10 10 10 10 10 10

I Ligation reactions to ligate cMyc_TBirA* into digested pLew100_GGS_SNAP-tag to

N2 O

—
o

generate pLew100_cMyc_TBirA*_GGS_SNAP-tag

plasmid T size (kb) | cone. (ngiul

Digested pLew

100_GGS_SNAP-tag 8.367 325

insert size (kb) |conc. (ng/ul)

Digested Insert (cMyc_TBirA*) 1.011 27

Vaolume total (ul) 10

Volume plasmid (ul) 1

control 1 control 2 ratio 1: ratio1: ratio1: ratio 1: ratio 1:
1 3 5 7 9

1 1 1 1 1 1 1
1 1 1 1 1 1 1
0 0 0.1 0.4 0.7 1.0 1.3
1 0 1 1 1 1 1
7 8 6.9 6.6 6.3 6.0 5.7
10 10 10 10 10 10 10

i Ligation reactions to ligate cMyc_mTBirA* into digested pLew100_GGS_SNAP-tag to
generate pLew100_cMyc_mTBirA*_GGS_SNAP-tag
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size (kb) |conc. (ng/ul)

Digested pLew 100_cMyc_BirA* 8.373 52
insert size (kb) |[conc. (ng/ul)
Digested Insert (cMyc_mTBirA*) 0.825 12
Volume total (ul) 10
Volume plasmid (ul) 1

control 1 control 2 ratio 1: ratio 1: ratio 1: ratio 1: ratio 1:

1 3 5 7 9
1 1 1 1 1 1 1
1 1 1 1 1 1 1
0 0 0.4 1.3 2.1 3.0 3.8
1 0 1 1 1 1 1
7 8 6.6 5.7 4.9 4.0 3.2
10 10 10 10 10 10 10

9 Ligation reactions to ligate digested PAPAP_SNAP-tag into digested

pLew100_cMyc_BirA* to generate pLew100_cMyc_BirA*_PAPAP SNAP-tag

fplasmi T size (kb) [ conc. (ngrul)

Digested pLew100_cMyc_BirA* 8.367 18.5
insert size (kb) |conc. (ng/ul)
Digested Insert PAPAP_SNAP-tag 0.588 13.1
Volume total (ul) 10
Volume plasmid (ul) 1
control 1 control 2 ratio 1: ratio 1: ratio 1: ratio 1: ratio 1:
1 3 5 7 9
1 1 1 1 1 1 1
1 1 1 1 1 1 1
0 0 0.1 0.3 0.5 0.7 0.9
1 0 1 1 1 1 1
7 8 6.9 6.7 6.5 6.3 6.1
10 10 10 10 10 10 10
9 Ligation reactions to ligate digested PTP_SNAP-tag into digested

pLew100_cMyc_BirA* to generate pLew100_cMyc_BirA*_PTP SNAP-tag
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Digested pLew100_cMyc_BirA* 8.367 99.2

size (kb) | conc. (ng/ul)

Digested Insert PTP_SNAP-tag 0.583 39.9
Volume total (ul) 10
Volume plasmid (ul) 1

control 1 control 2 ratio 1: ratio 1: ratio 1: ratio 1: ratio 1:

1 3 5 T 9

1 1 1 1 1 1 1

1 1 1 1 1 1 1

0 0 0.2 05 0.9 1.2 1.6

1 0] 1 1 1 1 1

7 8 6.8 6.5 6.1 5.8 54

10 10 10 10 10 10 10
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APPENDIX 10

MS results of BG-PEGs- VS BG-PEG:-Biotin linked to the peptide of interest containing
Cys145:

Peptide of interest containing Cys145: TALSGNPVPILIPCHR

1 BG-PEGs- (+788.360573)

User AA Formula 1: C2 H3 N1 O1
|MH“‘1(av) |MH"‘1(mono) |MH+2(av) |MH+2(mono) |MH+3(av) [MH+3(mono) ‘MH*’"(av |MH+4(mono)
[2477.4058 |2476.2918  |[1239.2066 [1238.6495  [826.4735 ||826.1021 |620.1070 | [619.8284

§ BG-PEGs-Biotin (+578.277421)

User AA Formula 1: C2 H3 N1 O1 I |
|MH+1(av) IMH“'l(mono) |MH+2(av) |MH+2(mono) |MH+3(avI |MI—I+3(mono) H*4(av) |MH+4(mono)
[2267.3226 [2266.2086  |[1134.1650 [1133.6080  |[756.4458 67.5862 [567.3076

 Raw data of BG-PEGa- linked to Cys145 of the peptide of interest
TALSGNPVPILIPCHR : TALSGNPVPILIPC(BG-PEG4-Mtx)HR

20230113_QEHF25CM59_pl23005_SS_01 01/27/23 19:33:05
RT: 0.00-40.00 SW: 78 o
2183 NL: 1.34E10
100 138 18.89 20.03 31,91 mic ms
. 1365 4 2207 :g:aos: 30_‘QEHF25CM§3_DI23
f 2428 2673 2909 S8
13.19 3164
° 092 333 398 565 7.10 9.24 996 & WAS209 3439 5550 39.86
g Vv 21.83 NL: 5.76E8
2100 miz= 1238 84331.1238 85569
S Fims MS
2 50 2124 20220112_QEHF25CMS5S_pl23
g 279 380 597 8.09 i 12241 2501 28.41 31.88 3544 3747 005_88_01
o NL: 1.70E9
Z100 2177 d
50 2134
3 104 419 434 975 2094 [\ | 2243 2498 2765 2973 3153 3238 3399 38.11
Y 2177 NL: 4.94E9
100 2134 miz= 819.82530-819.83150 F
. ms MS
50 20230113_QEHF25CMS9_pi23
203 431 1348 2009 | |22.16 2367 2567 27.69 2951 3121 3228 3405 3793 0088801
L e e e e
0 2 4 [ g 0 12 14 16 18 20 22 24 26 28 30 32 34 3B 38
Time (min)
20230113_QEHF25CM59_pl23005_SS_01#18864 RT: 2166 AV: 1 WL 624E9 @
T: FTIS + p NSI Full ms [400,0000-2000 0
62007874
=4
100 z
90
80
2 70
2
5
2 60
2
2 50
g
5 40 826.43530
€ 3 559.28955 7
o 768.74445
20 206264 Z =3 123914954
10 seig 22 68511066 ‘ 888.96490 102152197 z=2 1487.18408 165253540 185872363
| " =4 =2 z=3 | 2=5 z=3 =7
LI S U o e o e e |
400 500 600 700 800 200 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000
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9 Raw data of BG-PEGs-Biotin linked to Cys145 of the peptide of interest

TALSGNPVPILIPCHR: TALSGNPVPILIPC(BG-PEG4-Biotin)HR

20230113_QEHF25CM61_pl23005_SS_02 01/27/23 21:54:24

RT: 0.00-40.00 SM: 7B 4
23.48 NL: 1.32E10
100 19.09 2144 2927 TIC MS
20220112_QEHF25CME1_pi23
0 1026 1136 3038 3130 3438 0058502
g 1087 201 565 600 7.99 3529 37.79
c 23.47 NL: 1.84E9
3100 miz= 1123.60233-1133.81287
% F:ms MS
2 50 20230112_QEHF25CME1_pi23
2 319 548 24,41 2592 3188 3385 3501 3814 0058502
o NL: 5.80E9
& 100 s 818 F.
50 QEHF25CMe1_pi23
N 5.07 5.87 1264 16.21 1981 2237 ) 12385 2525 2933 3053 31.52 3302 3470 3794
] 2331 NL: 1.6368
100 2361 miz= 587 20476-567 31044 F:
o ms MS
50 15 20220113_QEHF25CME1_pl23
1194 A 16.85 1890 1903 2385 2542 2974 2083 3102 3238 3681 3781 0055902
LS I I B I B N [
0 2 4 6 8 10 12 14 16 18 20 2 24 2 28 30 32 34 3 38
Time (min)
20230113_QEHF25CME1_pl23005_SS_02 #21615-22278 RT: 22.96-23.53 AV: 59 NL: 4.11E9 <3
T: FTMS + p NSI Full ms [400.0000-2000.000pT""]
756.40723
100 B2
90
80
2 70
2
]
£ 60
2 50
g
£ 40 1134.10619
2 10 =2
20 10&3,325001
1163.11862
10344577173 9755753 g7870dss 84311876 97309914 7=2 1313.31551 1511.80705 1700.90858 1814.36896 191067304
N =2 z=3 | 2=3 =5 - z=3 z=3 z=4 2=5 =7
 SSLIEL  E B  y B  m
400 500 600 700 800 200 1000 1100 1200 1300 1400 1500 1600 1700 1800 1900 2000

mb

The two peptides of interest carrying the two Cys145-linked derivatives emerge about at the

same time, which is clearly apparent (23 min for BG-PEG4-Biotin and 21 min for BG-PEG4-

Mtx). The peak's evident presence indicates that Cys145 has indeed been modified by the

BG-PEGs-Mtx derivative.
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~ FRAGMENTATION of the Pic FRAGMENTATION of the Pic

1T I

[-] Main Sequence Tons

b b2

oNSEEON . L
5 10960651 IS 1aLCnes
<o Pic at 308777

5 19670169

No matches!!!
Pic at 308???

5 918.4905
3 868.9563
6 18204209
5 7638879
1 707.3459

Figure S21: LC-MS/MS Fragmentation: No Match Found for Strongly Charged Major Peak (z=4) of the Target
Peptide [TALSGNPVPILIPCHR] Modified by

As can be observed from the graphs above, no match could be found in the fragmentation of
the strongly charged major peak z=4 (z= 4: 620.07874), but a correlation was found in the
fragmentation of the weak peak z=2 (z= 2: 1239.14954). However, the match's score is
significantly low to allow for the conclusion that Cys145 was modified by the BG-PEG4-Mtx

derivative. Moreover, a distinct and powerful peak at 308 that is unknown arises.

However, in the instance of BG-PEG4-Biotin (graph below), the fragmentation of the major
peak at z=3 (756.0744) and the minor signal at z=2 (1134.10619) clearly correlate, and this
allows one to infer the presence of the derivative's binding to the relevant cysteine in the

SNAP active site.
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BG-PEG4-Biotin: BG-PEG4-Biotin:
FRAGMENTATION of the Pic z= 3: 756.40723 FRAGMENTATION of the Picz= 2: 1134.10619

20290193 GEVFZ5CAT_ 03005
F TS + NG 0 Pl 156 4050

G T P02 AV 84 WL 94D 22113 GEHFC
27 00 15 0987 2335 0000] F FIUS veNsigret

2300 55 62 1TB201 KT 230728 AV, 01 WL ATHER

090 51480 - 1526 82160
100- 1 100- =
w »
w .
= o
w .
* »: 1000515
o - &y
o o
§ L g0 y 0
I: I
e i fo
* w. L] 40-
. sz » e,
» i P =2
5 ] s
| 54676130 1201 50057
Be | e 1 e » O I asser
» "" a0 " N e | i o i uuumJ @20 | b ol [ o | s |
s | 2 =2 P - . ) Pt 0152451 Tom = 54 99047
llll il.hi.‘mL [1) | Fal | D ST R e e e [ AROTOT] TR N1 e m” el (sieatl] oot Aot ol ]
0 w ) oo 0w 0 oo 60 1500 0 7 20 ©0 ) g % T o0 = 200
" (-] Main Sequence Ions L
b b*2 v yr
1 T ®
173.0021 2 A 15 2165.1610 HOS3084T
286.1761 3 L 14 2094.1239 [{O47SESE
373.2082 . s 12 1981.0398 [SS10235
. ) 430.2296 s G 12 1894.0078 [S4S07S
All majority fragments match 544.2726 . N 11 1836.9863 [918:9968
R 641.3253 7 P 10 1722.9434 8619753
No unknown pic a 308 740.3937 . v s 1625.8906 [B13MABS
837.4465 - 9 3 s 1526.8222 [[7639147
950.5306 10 1 7 1429.7694 ||Fi513884
1063.6146 u L & 1316.6854 65818463
1176.6987 12 1 s 1203.6013 6023043
1273.7514 13 3 4 1090.5172 |S457623
1955.0381 14 C(+578.277421) 3 993.4645 59
2092.0970 HOABISS2H 15 H 2 3121779 [HS615926
- 16 R 1 175.1190 [NSSI063E

Figure S22: LC-MS/MS Fragmentation: Clear Match Found for Strongly Charged Major Peak (z=3) and Minor
Signal at z=2 of the Target Peptide [TALSGNPVPILIPCHR] Modified by BG-PEG4-Biotin
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.7 Posters, talks, and publications

7.1

Talks

EFMC-ISMC 2021 XXVI EFMC International Symposium on Medicinal Chemistry
(August 29th, 2021)

P.h.D day (November 18th, 2022): Suzanne Sherihan Sahraoui: A novel tool for small
molecule target identification in cytosolic and organellar sub-proteomes of
Trypanosoma under in vivo conditions

LS2 Annual Meeting 2022_Talk & Poster_ 2022: LS2 — Life Sciences Switzerland
University of Zurich, Campus Irchel, 20-22 April 2022

Swiss Society of Pharmacology and Toxicology 2021: Talk: A novel tool for small
molecule target identification in Trypanosoma brucei parasites: Suzanne Sherihan
Sahraoui, Sébastien Tardy, Oscar Vadas, Aurélie Goullier, Olivier Petermann, Leonardo
Scapozza

"Ma these en 180" (MT180) édition 2023: Geneva finals reached: link to the video of
the presentation: https://www.unige.ch/cite/evenements/ma-these-en-180-
secondes/ma-these-en-180-secondes-2023/les-candidat-es/suzanne-sherihan-

sahraoui

Posters

LS2 Annual Meeting 2021_Poster_ 2021 (February 17th, 2021): Drug Discovery
Chemical Biology Section: Validation of a novel tool for small molecule target
identification in cytosolic and organellar sub-proteomes of Trypanosoma brucei under
in vivo conditions

Swiss Society of Pharmacology and Toxicology 2021 (SSPT meeting 2021) (Flash talk
presentation), April 15th, 2021
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