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ABSTRACT 

ESCRIVANI, Douglas Oliveira. Identification of tryparedoxin peroxidase as 

chalcone target in Leishmania. Rio de Janeiro, 2018. Thesis (PhD in Sciences) 

Instituto de Biofísica Carlos Chagas Filho, Universidade Federal do Rio de 

Janeiro, Brazil); (PhD in Chemical Biology), Chemistry Department, Durham 

University, United Kingdom. 

Leishmaniasis is a group of vector-borne neglected diseases caused by 

intracellular protozoan parasites of the Leishmania genus. Without an approved 

vaccine, current chemotherapy is based on drugs producing severe toxic side 

effects, and susceptible to resistance. To help the discovery of safer and more 

effective drugs, this work proposed to identify the parasite molecular target of 

chalcones, a promising new class of antileishmanial. The nitro chalcone ((2E)-3-

(3-nitrophenyl)-1-(2,4,6-trimethoxyphenyl)prop-2-en-1-one; compound 11) was 

employed as a model molecule for its high selective activity against Leishmania 

amazonensis (IC50= 0.34µM) and other parasite species. A NAT22 analogue 

containing an alkyne group ((2E)-1-[4-(hex-5-yn-1-yloxy)-2,6-dimethoxyphenyl]-

3-(3-nitrophenyl)prop-2-en-1-one; 19), and a trifunctional probe accommodating 

biotin, rhodamine and an azide group (20) for chemical linkage to 19 were 

synthesized for protein target identification by Activity Based Protein Profiling 

(ABPP) approach. To validate the ABPP method, it was demonstrated that 19 

retained anti-promastigote activity (IC50= 0.29 µM). Moreover, 19 was shown to 

permeate live promastigotes and bind to compartmentalized intracellular sites, as 

revealed by conjugation with the fluorescent probe (20). After SDS-PAGE, a 

single 22 kDa protein band was labelled by the probe. These were identified by 

mass spectrometry, and subsequently confirmed by Western blot, as the cytosolic 

tryparedoxin peroxidase (cTXNPx), a critical parasite detoxifying enzyme. 

Biophysical and molecular docking studies using recombinant cTXNPx, with 

chalcone 19 and a dihydrochalcone analogue (18) support a model in which 

chalcone 11 inhibits cTXNPx by covalent interaction of Cys52 with the α,β-

unsaturated ketone. Lack of parasite survival after gene deletion using CRISPR-

Cas9 approach suggested the essentiality of the identified enzyme. Overall, 

these results demonstrate that ABPP methods can be used for new drug target 

discovery in Leishmania, enabling the identification of cTXNPx as an important 

Leishmania drug target, providing detailed insight into the mechanism of action. 

Keywords: leishmaniasis, treatment, chalcone, mechanism of action, drug 

target, ABPP, chemical proteomic approach.  
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RESUMO 
ESCRIVANI, Douglas Oliveira. Identificação da enzima triparedoxina 

peroxidase como um alvo de chalconas em Leishmania. Rio de Janeiro, 

2018. Tese (Doutorado em ciências) Instituto de Biofísica Carlos Chagas Filho, 

Universidade Federal do Rio de Janeiro, Brasil); (Doutorado em Química 

biológica), Departamento de Química, Durham University, Reino Unido. 

 

A leishmaniose é um grupo de doenças negligenciadas causadas por 
protozoários intracelulares do gênero Leishmania. Sem nenhuma vacina 
aprovada, a quimioterapia atual baseia-se em medicamentos que possuem 
efeitos colaterais severos e são suscetíveis à resistência. Com o objetivo de 
auxiliar na descoberta de fármacos mais seguros e eficazes, este trabalho visou 
identificar o alvo molecular de chalconas, uma classe promissora de novos 
antileishmaniais. A nitrochalcona ((2E)-3-(3-nitrofenil)-1-(2,4,6-
trimetoxifenil)prop-2-en-1-ona; composto 11) foi escolhida como molécula 
modelo para o trabalho, devido à sua alta atividade contra Leishmania 
amazonensis (IC50 = 0,34µM) e outras espécies do parasito. Um análogo do 
composto 11, contendo um grupo alcino ((2E) -1- [4- (hex-5-in-1-iloxi)-2,6-
dimetoxifenil]-3-(3-nitrofenil)prop-2-en-1-ona, 19), e uma sonda trifuncional 
contendo biotina, rodamina e um grupamento azida (20) foram sintetizados para 
possibilitar a ligação química com 19 e permitir a identificação dos alvos 
moleculares pela técnica de Activity Based Protein Profiling (ABPP). Para validar 
o método de ABPP, foi demonstrado que a modificação em 19 manteve a 
atividade anti-promastigota da molécula (IC50 = 0,29 µM). Além disso, 19 foi 
capaz de permear a membrana de promastigotas e ligar-se em compartimentos 
intracelulares específicos, após a conjugação com a sonda fluorescente (20). Por 
SDS-PAGE, a sonda foi capaz de marcar uma única banda de proteína com 22 
kDa. As análises por espectrometria de massas e western blot levaram a 
identificação do alvo, a triparedoxina peroxidase citoplasmática (cTXNPx), uma 
enzima crítica para detoxificação do parasito. Estudos biofísicos de interação 
utilizando cTXNPx recombinante e a chalcona 11 ou uma di-hidrochalcona (18) 
e de modelagem molecular, embasaram nosso modelo onde a chalcona 11 inibe 
cTXNPx através de uma ligação irreversível com a Cys52 de forma dependente 
da cetona α, β-insaturada na molécula. Além disso, utilizando a técnica de 
CRISPR-Cas9, para a deleção gênica da enzima, foi possível comprovar a 
essencialidade da enzima identificada para a sobrevivência do parasito. Em 
linhas gerais, os resultados demonstram que o método de ABPP pode ser 
aplicado para a descoberta de novos alvos moleculares em Leishmania, o que 
permitiu a identificação da cTXNPx como um importante alvo de fármacos anti-
Leishmania, fornecendo informações detalhadas sobre o mecanismo de ação. 

Palavras-chave: leishmaniose, tratamento, chalcona, mecanismo de ação, alvo 

de medicamentos, ABPP, abordagem química e proteômica. 
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1. INTRODUCTION 

1.1 Leishmaniasis  

 

Leishmaniasis is a vector borne group of diseases caused by protozoan 

parasites of the Leishmania genus. It is classified by WHO as one of the most 

important neglected tropical disease, because it affects regions with high poverty 

and consequently has low priority on international public healthcare efforts, 

leading to insufficient prevention and non-efficient treatment options1. 

Leishmaniasis can present itself as, Visceral Leishmaniasis (VL) and 

Cutaneous Leishmaniasis (CL), which is divided in sub-groups. Reports estimate 

that Leishmaniasis is endemic in around 100 countries spread around the globe, 

with approximately 1 billion people at risk of infection.  Additionally, there are 

700,00 to 1 million new cases a year with 20,000 to 30,000 deaths annually 2; 3; 4; 

5 (Figure 1). 

The clinical forms of disease appear according to the parasite species and 

the host’s immunological status6. The most serious form is visceral leishmaniasis 

(VL, Figure 2A), also known as kala-azar or black-fever, which is fatal in more 

than 95% of untreated cases6. This illness is caused by Leishmania donovani and 

L. infantum (syn L. chagasi) species that affect internal organs, such as the liver, 

the spleen and bone marrow, leading to fever, weight loss, weakness, 

lymphadenopathy, hepatomegaly, splenomegaly and anaemia6. VL is highly 

endemic in seven countries, Brazil, India, South Sudan, Sudan, Ethiopia, Kenya 

and Somalia, and these represent approximately 90% of cases globally (Figure 

1)3 . VL in rare cases could evolve to a dermal manifestation called Post-kala-
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azar dermal leishmaniasis (PKDL, Figure 2B), which is characterized by a skin 

rash on face and can persist for months4. VL emerged as an opportunistic disease 

associated with immunologically vulnerable patients, so HIV infection increases 

risk to develop VL and increase the Leishmaniasis incidence in areas with 

incidence of HIV, such as in Brazil7.  

 

 
Figure 1. Global distribution of new cases of Leishmaniasis in 2015. A- CL worldwide endemicity. 

B- VL worldwide endemicity. Figure adapted from the World Health Organisation (WHO), Weekly 

epidemiological record3. 

 

 

The most prevalent form of the disease is cutaneous leishmaniasis (CL, 

Figure 2C) and its variations, which are characterized by localized, painless and 
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self-healing skin lesions, mainly ulcers, on exposed parts of the body, leading to 

permanent scarring and serious disability. Species which commonly cause CL 

are L. major, L. mexicana, L. amazonensis, L. braziliensis in the New World, L. 

tropica, L. aethiopica, L. panamanensis and L. infantum in the Old World 8.  CL is 

widely distributed among the endemic regions, about 90% of cases are reported 

in 12 countries. Risks factors including patient’s immunological status, 

Leishmania specie, poor nutrition, age, size, number and locations of CL lesions 

could lead to two severe secondary CL clinical manifestations, mucosal 

Leishmaniasis (ML, Figure 2D), diffuse Leishmaniasis (DL, Figure 2E) and 

disseminated cutaneous Leishmaniasis (DCL, Figure 2F). In ML, highly 

inflammatory lesions appear on mucosal of upper digestive and respiratory tracts 

and without treatment it can progress to disfiguring lesions with extensive 

destruction of affected tissues8. In DCL, a high number of pleomorphic lesions 

appear in anatomical regions different to the initial localized skin lesion. Both ML 

and DCL are more prevalent in South America and they are caused mainly by L. 

braziliensis for ML and L. amazonensis for DCL and DL9. 
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Figure 2. Clinical manifestations of Leishmaniasis. A- Visceral leishmaniasis (VL). B- Post-kala-

azar dermal leishmaniasis (PKDL). C- Cutaneous leishmaniasis (CL)6. D- Mucosal leishmaniasis 

(ML)10. E- Diffuse leishmaniasis (DL)11. F- Disseminated cutaneous leishmaniasis (DCL)12.  

  

Brazil occupies a notable position in the disease epidemiological scenario. 

Among all endemic countries, Brazil is uniquely a nation classified as a high-

burden country for both CL and VL (Figure 1) with CL caused by L. braziliensis, 

L. guyanensis and L. amazonensis and VL by L. infantum (syn L. chagasi). 

Moreover, cases of ML and DCL have been reported in Northern regions in Brazil 

meaning that all forms of leishmaniasis are found in the country10. Official reports 

indicate that there are approximately 30,000 and 4,000 annual cases of CL and 

VL, respectively with a lethality rate of 8.5% for VL2; 13.  
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Notwithstanding leishmaniasis economic and social impact, there is no 

approved vaccine against Leishmania infection in humans14. Current disease 

control is based on a limited number of old drugs with many drawbacks, such as 

high toxicity, invasive and painful routes and cases of resistance. These drugs 

are described in detail in Section 1.3 (Table 1).  

1.2 The parasite Leishmania  

 

Protozoans of the Leishmania genus are unicellular eukaryotic cells with 

a digenetic life cycle, with distinct life stages and two hosts, vertebrate and 

invertebrate. Leishmania parasites have peculiar structures and organelles, such 

as kinetoplast, subpellicular microtubules, glycosomes and megasomes, which 

distinguish them to other microorganisms (Figure 3A and B)15. 

The parasite has two main life stages named promastigotes and 

amastigotes. Promastigote forms are found inside of invertebrate host, they are 

extracellular, elongated and have motility due to a single long flagellum (Figure 

3A).  In contrast, amastigotes, are necessarily intracellular and found inside of 

the parasitophorous vacuole of host macrophages, where they assume a round 

shape with reduced motility (Figure 3B)16.  
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Figure 3. Leishmania spp. developmental stages and life cycle. A- Leishmania promastigote 

form. B- Amastigote form. C- Parasite life cycle including vertebrate and invertebrate hosts. 

Images were adapted from Teixeira et al16. and Sacks et al17. 

 

The parasite’s life cycle may start with the phlebotomine sandfly bite. 

During the blood meal, the insect vector inoculates promastigote forms on a 

mammalian host skin, the parasite is quickly endocytosed by phagocytic cells, 

e.g. macrophages, neutrophils and dendritic cells18. Once inside of the cell, 
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promastigotes begin to differentiate into the amastigote form within the 

phagosome compartment, later called parasitophorous vacuole. Phagocytes 

have several mechanisms to kill extracellular parasites during the 

phagolysosome maturation, such as production of reactive species of oxygen 

(ROS) and nitrogen oxide (NO), although Leishmania promastigotes carry 

surface molecules, such as lipopolysaccharide (LPS), GP63, which downregulate 

host microbicide mechanism19. The capacity to modulate cell host and detoxify 

oxidative species are essential for promastigotes to have a chance to become 

amastigotes and continue the life cycle19.  

Once transformed, amastigotes proliferate inside the parasitophorous 

vacuole. A large amount of parasite causes cell lysis, releasing amastigotes to 

extracellular compartment extending the infection to adjacent cells. Clinical 

symptoms of leishmaniasis are related to the presence of intracellular 

amastigotes on target tissues, skin and mucosa for CL and spleen, liver, lymph 

nodes and bone marrow for VL.  During a blood meal from an infected vertebrate 

host, a new sandfly may ingest a macrophage containing intracellular 

amastigotes. These undergo differentiation into the promastigote form in the 

insect’s intestinal tract and further multiply in the midgut. When nutrients start to 

become insufficient, promastigotes cease to replicate and migrate to the 

proboscis as a metacyclic form and can then infect a new mammalian host16; 19 

(Figure 3C).  

1.3 Current treatments for Leishmaniasis 
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During the last decades, pentavalent antimonials (Sb5+) were the first-line 

drugs. They were developed during the 1920s and in some countries are still 

used as the basis of anti-leishmanial chemotherapy. Meglumine antimoniate (1) 

(Glucantime) and sodium stibogluconate (2) (Pentostam) are the available 

formulations of the pentavalent antimonials (Figure 4). Both drugs need to be 

administrated by daily parenteral infections for 20 to 30 days. This long treatment 

regimen leads to tissue drug accumulation causing severe side effects, like 

myalgia, pancreatitis, pancytopenia, hepatic and cardiotoxicity20. Prolonged 

antimonial exposure can also give rise to the selection of Sb5+ resistant parasite 

strains14. To reduce systemic side effects in CL treatment, the WHO has 

endorsed intralesional infiltrations of 1–3 mL of pentavalent antimonial solution, 

every 5–7 days for two to five times5. Whilst this intralesional approach reduces 

antimonial toxicity, the local injections are painful, they may cause systemic 

toxicity, and cannot be applied for ML and MCL14.  The WHO has recently 

recommended the antimonials as a second-line drugs for the treatment of VL or 

in association with drugs such as miltefosine (6) and amphotericin B (3)5; 21; 22.  

The mechanism of action of antimonials is not well understood. Some 

reports attribute the antileishmanial activity to the inhibition of enzymes related to 

DNA synthesis23 and redox balance, such as trypanothione  reductase24. 



Introduction 

 

29 

 

 
Figure 4. Chemical structures of the current treatments for leishmaniasis. 

 

The second-line of antileishmanial chemotherapy is composed by 

parenteral drugs such as amphotericin B (3), paramomycin (4) or pentamidine (5) 

(Figure 4).  

Amphotericin B (AmB, 7) is a polyenic antibiotic used for systemic fungal 

infections and recommended mainly for VL and ML. The drug mode of action is 

related to its capacity to induce oxidative stress and binds to ergosterol in the 

parasite membrane leading to membrane perturbation and cell death25; 26. The 
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drug has severe adverse side-effects such as nephrotoxicity, myocarditis, 

hypokalaemia among others. Due to its poor bioavailability by oral route, 

administration of AmB consists of slow intravenous infusion for 4 to 6 h, requiring 

patient hospitalization14; 22.  A formulation of AmB (3) B encapsulated on 

liposomes, AmBisome (L-AmB), was proposed to reduce the side effects of free 

drug and L-AmB indeed displayed good efficacy; although, its high cost limits its 

use in several endemic regions22. 

Paramomycin (1) is an aminoglycoside-aminocyclitol antibiotic, employed 

for VL treatment as a parenteral formulation and by topical and oral route for CL 

treatment.  The drug acts by altering macromolecule biosynthesis and causing 

membrane alterations in promastigotes. Through parenteral route, the drug 

showed variable efficacy against VL. Whilst topical formulations of paramomycin 

display good effectiveness against old world species but efficacy is lower with 

new world species 22; 27. The most common side-effects are pain at injection site, 

reversible toxicity and increase of hepatic transaminases27.  

Pentamidine (5) is a diamidine drug with efficacy comparable to the 

antimonials. Its mode of action is uncertain but it has been proposed an 

interaction between compound and kinetoplast DNA leading to its condensation 

and disruption 28. The drug also accumulates at mitochondrion, changing the 

mitochondrial membrane potential (δψm)28. Several adverse reactions have been 

linked to this treatment including pain at the injection site, vomiting, headache, 

hypotension, syncope, nephrotoxicity, diabetes, transient hyperglycaemia and 

hypoglycaemia27. Similar to the antimonials, cases of resistance to pentamidine 

are rising, compromising its use in some endemic areas29. 
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The third-line treatment is an oral drug named miltefosine (10) a 

hexadecylphosphocholine developed to treat breast cancer. It was repositioned 

to treat VL in south Asia. However, clinical studies in patients infected with 

species predominant in Americas revealed variable efficacy among the new world 

Leishmania species30 meaning its clinical use is not approved in Brazil.  The 

mode of action is still controversial, with effects being attributed to modulation of 

sterol and phospholipid biosynthesis31, induction of apoptosis-like death32 and 

intracellular calcium imbalance and cell signalling33. The drug therapeutic 

regimen is 2.5 mg/kg daily for 28 days. As miltefosine has a long elimination half-

life, around 152 h, its body accumulation may increase toxic effects, such as 

gastrointestinal complications and teratogenicity, which hinders its use in women 

of childbearing age27.  

Table 1.  Current anti-leishmanial drugs, administration routes, treatment duration, 

disadvantages and their related toxicity5; 34.  
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In summary, all available treatments currently approved for Leishmaniasis 

have several disadvantages (Table 1), which reduce their effectiveness and limit 

control of a disease that impacts millions of people around the world. Faced with 

of all these problems mentioned above, the development of new therapies is 

extremely urgent and necessary.  

1.4 Chalcones to treat Leishmaniasis 

 

Due to all issues related to current treatments, the Drugs for Neglected 

Disease initiative (DNDi) has promoted the search for safe, effective, non-

invasive and affordable molecules and formulations to replace the current 

chemotherapies35. In this context, several classes of natural molecules have 

been studied and, among these, chalcones have been reported as promising anti-

Leishmanial candidates36. 

In nature, chalcones are small molecules, commonly found as flavonoid 

biosynthesis precursors that can also be easily synthesized in the laboratory37. 

Chalcones (7) have a core structure composed by two aromatic rings A and B 

linked by a three carbon α,β-unsaturated carbonyl system (Figure 5A)38. Many 

biological activities are associated with this class of molecules including, amongst 

others anti-inflammatory39, neuroprotective, anticancer40, antimicrobial41, 

antiviral42, antibacterial and antimalarial activities37; 43, demonstrating the 

pharmacological potential of chalcones37.  

Chalcones have been widely studied for their antileishmanial activity 

against several species causing both VL and CL, with promising outcomes. The 

first study reporting activity of a chalcone against Leishmania, were performed 
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with a natural chalcone extracted from Glycyrrhiza glabra, licochalcone A (8) 

(Figure 5B)44. Today, approximately 330 natural or synthetic chalcones have 

been reported with antileishmanial activity, both in vitro and in vivo45.   

In a previous study, our research group demonstrated the antileishmanial  

efficacy of a natural chalcone, 2',6'-dihydroxy-4'-methoxychalcone (9) (DMC- 

Figure 5C) extracted from Piper aduncum46. This work showed good activity and 

selectivity of DMC in vitro against L. amazonensis parasites (IC50= 1.8 µM and 

88.8 µM for L. amazonensis promastigotes and intracellular amastigotes, 

respectively and CC50= 370 µM for macrophages). Aiming to elucidate DMC’s 

mechanism of action, our research group demonstrated that chalcone could 

partially interfere with ergosterol biosynthesis. However, this inhibition appears to 

be a secondary rather than the primary anti-parasitic mechanism 47. 

Further work improved the activity of DMC (9) through the modification of 

substituents on ring A and B with, 3-nitro-2’-hydro-4’,6’-dimethoxychalcone (10) 

(CH8 Figure 5D) showing both high activity in vitro (IC50= 0.7 µM and 15.8 µM for 

L. amazonensis promastigotes and intracellular amastigotes, respectively) and 

lower host cell cytotoxicity (S.I. > 143) than DMC (9)48. CH8 (10) was also tested 

against other Leishmania species with L. infantum, L. braziliensis, L. major and 

L. donovani showing similar susceptibility and activity against Trypanosoma 

cruzi49. 

In an in vivo murine model, CH8 (10) afforded an effective and safe 

treatment for CL and VL by the oral route50. Moreover, local subcutaneous 

injections with CH8 (10) either in the free form48 or loaded in slow-release 
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systems51; 52 effectively reduced parasite load and lesion size in murine CL 

infections. 

 

Figure 5. Chalcones for leishmaniasis treatment. A- General structure of chalcones. B- 

Licochalcone A44. C- Chalcone DMC46. D- Chalcone CH848. E- Chalcone NAT2253. F- 

Antileishmanial activity in vitro of chalcone analogues 10 and 11. 
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Despite these promissing results, the mechanism of action and molecular 

targets of CH8 (10) remain to be elucidated and this became the primary goal of 

this thesis. One barrier to the pharmaceutical development of CH8 derivatives 

was a difficult synthetic process. In work to simplify and improve the synthesis 

further derivatives were prepared 53. Among them, the best analogue was a 3-

nitro-2’,4’,6’-trimethoxychalcone (NAT22, 11) (Figure 5E), which had similar 

activity to CH8 (10) against promastigotes and amastigotes in vitro (Figure 5F), 

a higher selectivity index and more efficient synthesis (89% yield, as compared 

with 18 % for CH8 (10))53. 

Reflecting these benefits NAT22 was selected as the lead structure for 

further chemical modifications and probe synthesis to establish a mode of action 

and validate the molecular target. 

1.5 Drug discovery efforts on Leishmaniasis  

 

With the urgent necessity for new targets or inhibitors for the 

chemotherapy of leishmaniasis, many research groups and pharmaceutical 

companies are aiming to discover new compounds to suppress essential 

pathways for the parasite or identify and validate new molecular targets. A  

candidate drug needs to be able to kill the parasite intracellular stage, acting 

selectively on parasite pathways or targets without affecting the mammalian cell 

host35 However, the development of innovative medicines is extremely hard for 

leishmaniasis due to the complex disease life-cycle and intracellular location of 

the parasite and also because it is an eukaryotic cell. New drugs not only have to 

be active but also need to cross multiple membranes to engage and kill the 
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amastigote form within the parasitophorous vacuole.  Moreover, the disease is 

caused by different parasite species, with distinct gene expression, leading to 

complex physiopathology and affecting different organs, so drugs need to be 

effective against the most prevalent, and ideally all, species and have appropriate 

bioavailability to reach infected organs54.  

Drug discovery for leishmaniasis follows two main approaches: phenotypic 

screening or whole-cell/-organism screening and target-based screening (Figure 

6)54.  

1.5.1 Phenotypic screening  

 

    Phenotypic screening (Figure 6) is an approach to identify compounds 

with a particular biological outcome in cell-based assays or animal models55. 

They are considered excellent tools to measure activity of molecules on whole-

cell system instead of isolated targets. This kind of approach was used to identify 

most of new FDA-approved compounds for several pathologies55. In this case, 

compounds library is tested against parasites without considering specific 

molecular targets or a pathway and promising compounds are selected based on 

their ability to kill the parasite. As compounds can inhibit more than one target or 

pathway, a difficulty of phenotypic screening is the target deconvolution. 

The principal advantage of phenotypic assays is the possibility to show an 

unbiased direct effect of a compound on the parasite. This potentially gives an 

indication of host cell toxicity and other compound properties, such as cell 

permeability, solubility and stability56. A second benefit which arises from this 

approach is the possibility to discover molecules, with synergistic 
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polypharmacology, which can modulate more than one pathway or analyze 

secondary consequences related to inhibition of a specific route, as observed for 

miltefosine which has distinct mechanisms of action in Leishmania parasites 56; 

57.  

As Leishmania parasite has an heteroxenous life cycle, more than one 

developmental stage can be screened although the stage chosen for screening 

can impact on the assay analysis56. Sometimes, drugs that showed activity 

against promastigotes are not able to kill the amastigote forms58. For reasons of 

simplicity, most screening campaigns have been done using promastigote or 

axenic amastigote stage due to the availability of biochemical screening kits to 

measure parasite killing. However, they are not the parasite form that cause the 

disease. Ideally, drug candidates should be tested against intracellular 

amastigotes and the most efficient way to assess it is the direct counting 

intracellular parasites on macrophages. However, this approach offers lower 

throughput59. To prevent this kind of bias and save time, researchers are doing 

high throughput screenings (HTS) with promastigotes and axenic amastigotes 

and performing anti-intracellular amastigote assay with the most promising 

candidates59. Luckily, new High-Throughput Screening assays for intracellular 

amastigotes have been reported demonstrating excellent applicability on drug 

discovery60.  

HTS methodology with advantages and disadvantages enabled many 

research groups to find antileishmanial hit compounds among extensive libraries 

of natural or synthetic molecules59; 61; 62.  

 



Introduction 

 

38 

 

 

1.5.2 Target based screening  

 

This approach screens compounds against well-defined and validated 

parasite targets, which usually are proteins related with a specific pathway. 

Target based screening is extensively employed by pharmaceutical companies 

as a tool to find hit compounds54.  

This methodology benefits from testing molecules against targets which 

are essential for parasite survival, allowing discovery of potent compounds with 

high selectivity and cellular activity (Figure 6). Additionally, the discovery of 

inhibitors for specific targets allows for the possibility of drug combination to 

improve its efficacy and decrease related side effects63. On the other hand, in 

Leishmania there are a restricted number of validated molecular targets and 

target-based screens that do not consider the whole parasite physiology. For 

example, in live parasites some compensatory mechanisms could be induced 

when a specific pathway is inhibited by a compound, decreasing its druggability54.  

Some potential therapeutic targets or specific pathways have been proposed and 

they will be discussed in detail below. 

It is widely debated which screening approach delivers the best result, 

however, both approaches have been utilized for the discovery of hit compounds 

to treat Leishmaniasis. In addition, they allow drug repurposing of molecules 

employed for distinct diseases, an approach widely used today that bypass steps 

in developing a new drug and delivering it to the market64. 
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Figure 6. Drug discovery by phenotypic and target-based screenings. 

 

1.6 Known Leishmania drug targets 

 

The knowledge of the drug target of a compound is extremely relevant; it 

enables prediction of side effects and allows drug association between 

compounds with synergic effects. This leads to improvements in treatment 

efficacy, reduction in therapeutic dose and increase in chance for drug approval 

which saves time, money and patients life65. This section will describe some of 

most promising therapeutic targets or pathways of Leishmania which have been 

explored for drug screening. 
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1.6.1 Lipids biosynthesis pathway 

 

Sterols are essential components of cell membranes related to regulation 

of biological processes and maintenance of cell membrane structure. Mammalian 

cells have cholesterol, as their major membrane sterol, whereas trypanosomatids 

synthesize ergosterol and others 24-methyl sterols rather than cholesterol, which 

are absent in mammals. Thus, this pathway represents an excellent way to kill 

the parasite with less adverse effect to host cell66.  

Many enzymes play essential roles in this route including: farnesyl 

diphosphate synthase, acetoacetyl-CoA thiolase, HMG-CoA synthase, HMG-

CoA reductase, squalene synthase, squalene oxidase, Δ24,25sterol 

methyltransferase and sterol 14 alpha-demethylase. All enzymes involved in 

sterol biosynthesis can be considered as drug targets and many of their potent 

inhibitors have generated positive results in literature67.  

Other essential membrane components are sphingolipids, such as 

ceramides and sphingomyelins, their importance relates to membrane function 

and integrity maintenance. Unlike, mammalian cells that transfer 

phosphorylcholine from phosphatidylcholine (PC) to ceramide to give 

sphingomyelin, trypanosomatids synthesize inositol phosphorylceramide (IPC) 

by inositol phosphorylceramide synthase (IPCS). Recently, IPCS was validated 

as a drug target, and using a plate-based assay for IPCS, some good hit inhibitors 

could be identified, showing the applicability of this new target68; 69; 70.   
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1.6.2 Folate metabolism 

 

Folates are essential vitamins that work as cofactors for important 

biochemical reactions related to amino acid metabolism and nucleotide 

biosynthesis. Once this pathway was discovered in trypanosomatids and its 

essentiality for parasite growth was described, enzymes involved in all steps have 

been studied as drug targets71. The enzymes dihydrofolate reductase (DHFR) 

and thymidylate synthase (TS), responsible for converting dihydrofolate to 

tetrahydrofolate, are found as separate proteins in most of organisms, whereas 

in Leishmania they are one bifunctional protein. Several compounds, such as 2,4-

diaminopyridimine (Figure 7, 12) derivatives72, were screened against DHFR-TS, 

but these inhibitors are not selective to Leishmania enzymes, due to activity of 

another enzyme which can reduce folate when DHFR are blocked, pteridine 

reductase (PTR1)73. 

PTR1 enable Leishmania parasites to produce folate intermediates in a 

distinct manner, as an alternative and compensatory pathway when DHFR is 

inhibited. Efforts to discover potent inhibitors are in progress, for instance, a 

combination of inhibitors for both DHFR-TS and PTR1 could represent a 

promising way to kill parasites74.  

1.6.3 Protein kinases  

 

Proteins kinases, including cyclin dependent kinases (CDKs), mitogen-

activated protein kinases (MAPKs) and glycogen synthase kinase-3 (GSK-3), are 

known as essential for cell division, cell differentiation, cell proliferation and signal 

transduction. The essentiality of these proteins for parasites and their differences 
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to host cells makes them attractive targets in obtain selective inhibitors75. Indeed, 

several published papers describe the applicability of these proteins as drug 

targets, some validated kinases include: CDKs as CRK376, CRK6 and CRK1277, 

MAPKs like MPK478 and GSK-379. 

1.6.4 Peptidases 

 

The next group of promising targets include the proteolytic enzymes or 

proteases, which are able to break peptide bonds and are necessary for parasite 

physiology. There are a total of 154 peptidases in the Leishmania genome 

grouped according to their catalytic mechanism: aspartic proteases, serine 

proteases, cysteine proteases, metalloproteases and threonine proteases80. The 

most studied peptidase is the metalloprotease, GP63, which can be found in the 

promastigote glycocalyx and is essential for parasite infection and 

downregulation of phagocytic cells81. Other examples of proteases can be found 

as drug targets, such as CPA, CPB and CPC cysteine protease families82, the 

serine protease known as oligopeptidase B83, among others. Additionally, earlier 

studies pointed out proteasomes as potential drug targets, they are essential for 

the parasite and can be selectively inhibited by small molecules84. 

1.6.5 Polyamine biosynthesis  

 

Polyamines are organic polycations synthesized from amino acids as L-

arginine, which play an essential role in parasite survival and infectivity. Enzymes 

engaged in this pathway include: arginase (ARG), ornithine decarboxylase 

(ODC), spermidine synthase (SpdS) and trypanothione synthase (TS). In this 
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pathway, L-arginine is converted, after some enzymatic steps, to spermidine, 

which is a precursor of trypanothione (T(SH)2); this is an essential molecule for 

parasite resistance in oxidative environments such as phagocyte infection, 

differentiation to amastigotes and proliferation85. Arginase and ornithine 

decarboxylase are the most studied polyamine enzymes, both were validated as 

drug target85 and had inhibitors available in literature and on the market, for 

example, 2(S)-amino-6-boronohexanoic acid (13) (ABH)86 and eflornithine (14) 

(DFMO) 87 for ARG and ODC, respectively. Polyamine pathway is directly related 

to trypanothione metabolism.  

 

Figure 7. Inhibitors for essential parasite drug targets. A- 2,4-diaminopyridimine, 1272. B-2(S)-

amino-6-boronohexanoic acid, 1386. C- Eflornithine,1487. D- Piperazine derivatives, 1588. E- 9, 9-

dimethylxanthene derivatives, 1689. F- Diaryl sulfide derivative,1790. 
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1.6.6 Redox metabolism  

 

Leishmania parasites, during their life cycle, are exposed to oxidizing 

species of oxygen, such as superoxide anion (O2
-), peroxide (O2

-2), hydroxyl 

radical (•OH) and hydrogen peroxide (H2O2)91. Superoxide anion can react with 

nitric oxide and generates peroxynitrite (ONOO−), a strong oxidizing and nitrating 

agent considered essential for parasite killing by phagocytic cells92. In addition, 

hydrogen peroxide may be converted to hydroxyl radicals in the presence of a 

transition metal such as iron (Fe2+). This radical is a non-specific oxidant, which 

can cause damage to lipids, proteins and nucleic acids, resulting in cell death 

without antioxidant balance93.   

Trypanosomatids lack genes related to thiol redox balance in mammalian 

cells, such as glutathione (GSH)/glutathione reductase and catalase94. In 

contrast, redox metabolism in trypanosomatids is based on a dithiol 

trypanothione (T(SH2)), composed by conjugation of  two molecules of 

glutathione (GSH) with spermidine, N1,N8-bis(l-γ-glutamyl-l-

hemicystinylglycyl)95. Reactive oxygen species (ROS) are reduced by T(SH2) 

generating trypanothione disulfite (TS2), and T(SH2) returns to its reduced state 

by trypanothione reductase (TR) which uses NADPH as an electron donor (Figure 

8A)96.  

Some TR inhibitors were investigate as drug candidates, for example 

trivalent antimony (Sb+3)97, lunarine98, piperazines derivatives (15)88, 9, 9-
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dimethylxanthene derivatives (16)89, diaryl sulfide derivatives (17)90  (Figure 7) 

and others.  

The capacity of T(SH2) to detoxify H2O2 species in trypanosomatids is 

dependent of two proteins, tryparedoxin (TXN) and tryparedoxin peroxidase 

(TXNPx). Continuing the detoxifying cascade, T(SH2) reduces TXN rather than 

NADPH flavoprotein, and then TXNPx accepts an electron from TXN and reduces 

H2O2
99

 (Figure 8). 

 

Figure 8. Parasite redox balance based on trypanothione. A- Trypanothione synthesis. B- 

Representative illustration of all proteins related to trypanothione based redox balance.  

 

TXNPx belongs to a well-conserved 2-cysteine peroxiredoxins family that 

detoxify H2O2, ONOO− and contribute for DNA biosynthesis100; 101.  Leishmania 

encodes two isoforms of TXNPx, one mitochondrial (mTXNPx) and other 

cytosolic (cTXNPx), responsible for metabolizing endogenous and exogenous 

peroxides, respectively99; 102. Despite their cell compartmentalization, only 
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cTXNPx was described as essential to parasite survival in Trypanosome 

brucei103.   

In general, TXNPx is related to the survival and virulence of 

trypanosomatids. In Leishmania, overexpression of TXNPx in L.donovani and 

L.amazonensis improves protection against oxidative stress from macrophages 

and increases parasite infectivity100; 104. Higher expression levels of TXNPx were 

found in Leishmania isolate strains resistant to drugs including arsenite105, 

amphotericin B(3) 26; 106 and antimonials (1, 2)97; 107. To date, only two inhibitors 

to cTXNPx were reported, in silico by high throughput docking108.   

1.6.7 Other molecular targets 

 

Many other relevant targets or specific pathways were described and their 

inhibition resulted in promising outcomes. Examples of validated targets are 

calcium channels and aquaporin109; 110, metacaspases111, topoisomerase II112, 

enzymes related to glycolysis, including hexokinase and 

phosphofructokinases113, purine salvage pathway114, among others that can be 

found in literature.   

As discussed more in Section 1.7, many antileishmanial targets have been 

identified and validated but this recognition of essential proteins is not enough to 

describe the mechanism of action (MoA), as can be observed for most 

antileishmanial drugs whose MoA still unknown. Drugs like antimonials, 

pentamidine and miltefosine lack a well-defined MoA. This paradigm turned the 

focus of researchers towards the identification and development of 

methodologies to determine the biological target of hit compounds from the 
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phenotypic screens. Thus, the next section will address techniques commonly 

employed for target deconvolution, emphasizing ABPP approach that will be used 

in this work. 

1.7 Methods for target deconvolution 

 

The knowledge on genomic, proteomic fields and computational methods 

enable the emergence of powerful techniques to elucidate mechanism of action 

of drugs. They can be categorized into three main approaches: expression 

cloning techniques and protein microarray, in silico screenings, and chemical 

proteomic based approach115; 116.  

In expression cloning techniques, a library of complementary DNA (cDNA) 

is inserted into cloning vectors to express a library of proteins, then the capacity 

of hit compounds to interact with target proteins allows the detection and 

purification of only binding proteins. Examples of this methodology are phage 

display117, mRNA display118, ribosomal display119 and yeast three-hybrid 

screen120. 

Protein microarray involves the expression of several proteins from a 

specific proteome and spotting them on a microarray plate. These proteins on a 

microarray chip are then incubated with hit compounds and measurements of the 

binding strength will determine possible drug targets121.   

In silico screenings make use of computational resources and virtual drug 

to protein databases to predict targets of active compounds from their structural 

similarities with known target drugs122; 123. This procedure could reduce cost and 

time in drug development.  
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Chemical proteomic-based approaches are the most popular 

methodologies employed in drug target discovery. There are many methods that 

can be categorized as chemical proteomic-based, although affinity 

chromatography115, photoaffinity labeling (PAL)124, cellular thermal shift assay 

(CETSA)125 and activity-based protein profile (ABPP) are the most studied 

methods. ABPP methodology will be explain in details on next section 

1.7.1 Activity-Based protein profiling for drug target 

 

ABPP is a recent methodology that combines chemistry and proteomics 

to comprehensively elucidate molecular targets of small molecules126. The ABPP 

approach is based on utilization of an active site and directed covalent probe 

(Figure 9). Generally, these probes are composed of three fundamental 

elements: (i) a reactive site which reacts covalently with the active site of proteins 

or with small molecules linked to proteins, for example bio-orthogonal groups, 

including azide and acetylenes; (ii) a linker region, to extend the distance between 

reactive group and tag group to avoid steric hindrance; (iii) a reporter tag for 

identification and purification of binding proteins; fluorophores such as 

rhodamine, fluorescein and Cy3 are commonly employed as a tag group for 

protein identification as well as biotin for protein purification127 (Figure 9A). 
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Figure 9. ABPP essential tools. A- Three main features of ABPP probes, a reactive site, linker 

region and a reporter Tag. B- Scheme of copper (I)-catalyzed azide-alkyne cycloaddition 

(CuAAC), click chemistry.  

 

ABPP workflow usually starts when the probe is incubated with proteins, 

tissue, living cells or animals for minutes to hours to allow target binding. The size 

of the probe or chemical moiety sometimes hinders its cellular uptake and 

therefore decreases its activity and on-target effect. To circumvent, this issue 

small molecules, such as drug candidates, can be modified by the addition of a 

bio-orthogonal handle to further conjugation with the probe. A widely used bio-

orthogonal reaction is the copper(I)-catalyzed azide-alkyne cycloaddition 

(CuAAC) which generates a 1,4-disubstituted 1,2,3-triazole128 (Figure 9B).  

Following target protein binding and the CuAAC, all proteins are exposed 

by cell lysis, and the target could be identified through two distinct approaches: 

(i) using biotin tags, target proteins linked to the chemical probe can be purified 

using streptavidin coated beads or affinity columns; and (ii) fluorescent tags which 

are useful to visualize protein targets. The next step is to perform gel 

electrophoresis to separate all proteins followed by target visualization using 
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fluorescence scanning. The last step is the target identification by mass 

spectrometry, western blot and computational approaches129 (Figure 9). 

ABPP approach was successfully used for the identification of targets and 

description of the mechanism of action of many compounds. Lin et al., identified 

197 proteins targets for curcumin, a natural product with anti-cancer properties, 

helping them to describe the curcumin mechanism of action in colon cancer cell 

line130. Several proteins of Plasmodium falciparum were identified as targets for 

artemisinin, a potent anti-malarial drug, improving the current knowledge about 

how this natural product can kill the parasite131. ABPP was also employed to 

elucidate cellular targets of β-lactam in bacteria132 and to determine new 

molecular targets for drugs available in the market, including orlistat133, aspirin134 

and omeprazole135.   

 

 

Figure 10. Activity-based protein profiling workflow.
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2. MAIN OBJECTIVE 

 

In light of the excellent potential of chalcones as a novel antileishmanial 

drug, in this thesis we sought to use the active NAT22 as a model chalcone to 

identify and characterize its target(s) in Leishmania employing the Activity Based 

Protein Profiling (ABPP) approach. 

 

 

 

2.1 SPECIFIC OBJECTIVES  

 

1- Synthesize active ligand-containing NAT22 analogues and fluorescent / 

biotinylated probes for ABPP. 

2- Identify and isolate parasite proteins ligands to chalcone. 

3- Analyse the interaction between the identified protein targets and NAT22. 

4- Validate NAT22 mechanism of action based on target protein function. 

5- Validate discovered drug targets for Leishmania survival.
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3. MATERIALS AND METHODS 

3.1 General chemical experimental details  

3.1.1 IUPAC nomenclature 

 

The IUPAC names and atom numbering were obtained using ChemDraw 

Ultra (v15.0) CambridgeSoft.  

3.1.2 Solvents and reagents 

 

All chemicals were purchased from commercial suppliers and used without 

further purification. All used solvents THF, DCM, MeCN, EtOAc, MeOH, DMF and 

CDCl3 were obtained dry and stored under argon.  

3.1.3 Reactional conditions 

 

  All reactions were performed in round-bottom flasks, with stirring, under 

argon atmosphere unless otherwise stated. Reactions under microwave 

irradiation conditions were performed using monomodal EmrysTM Optimizer 

from Personal Chemistry, in sealed microwave process vials under argon 

atmosphere. The reaction progress was followed by thin layer chromatography 

(TLC) using Merck aluminium precoated plates (silica gel 60 Å F254). 

Compounds visualization were taken by UV radiation (λmax = 254 nm and 365 

nm) followed by staining with the appropriate reagent and heating. Purification 

were conducted by flash chromatography using CombiFlash EZ Prep system with 

RediSep normal-phase silica flash columns (Teledyne Isco). 



Methodology 

 

53 

 

3.1.4 Spectroscopic analysis 

 

Infrared: IR spectra were documented using a Perkin-Elmer Spectrum 

1000 FT-IR Spectrometer with a ATR module, and absorption maxima νmax were 

reported as wavenumbers (cm−1). 

Nuclear magnetic resonance: 1H and 13C NMR spectra were acquired on 

Varian VNMRS 700 (1H at 700 MHz, 13C at 176 MHz) or Varian VNMRS 600 (1H 

at 600 MHz, 13C at 151 MHz), CDCl3 was used as solvent and the chemical shifts 

(δH or δC) reported in parts per million (ppm), number of protons, multiplicity (s, 

singlet; d, doublet; t, triplet; m, multiplet), coupling constants (J) and assignment. 

The assignment was performed with COSY, HSQC, HMBC and NOESY 

experiments.  

Mass spectrometry: Low resolution mass spectra (LRMS) were recorded 

via electrospray ionisation (ESI), using a Waters TQD spectrometer equipped 

with an Acquity UPLC or by matrix-assisted laser desorption/ionization (MALDI) 

Autoflex II ToF/ToF (Bruker). High resolution mass spectra (HRMS) were 

obtained using Waters LCT Premier XE by Durham University Mass 

Spectroscopy service. Mass to charge ratios (m/z) are reported in Daltons with 

the corresponding fragment ion.  
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3.1.5 Analogues and probe synthesis  

 

3-(3’-nitrophenyl)-1-(2”,4”,6”-trimethoxyphenyl)propan-1-one (18) 

 

18 

 

A solution of 1-(2,4,6-trimethoxyphenyl)ethanone (210 mg, 1.0 mmol) in 

anhydrous THF (3 mL) at 0 ºC was treated with LiHMDS solution in anhydrous 

THF (1.2 mL of a 1M solution in THF, 1.2 mmol). The reaction mixture was then 

stirred for 1h at 0°C. Benzyl bromide (281 mg, 1.3 mmol) in THF (2 mL) was 

added as a solution and the resulting mixture was stirred at RT overnight (o/n). 

Saturated ammonium chloride solution (2 mL) was added to quench the reaction 

followed by DCM (20 mL). The aqueous phase was washed with DCM (3 x 10 

mL) and combined organic phase was dried over MgSO4 and solvent removed in 

vacuo. The compound was purified by reverse phase chromatography (5 to 100% 

MeCN in H2O) to afford product 18 (60 mg, 0.17 mmol, 17%). νmax. (ATR) 1696 

(C=O), 1525, 1347 (N=O), cm-1; δH (700 MHz, CDCl3)  8.07 (1H, m, 2’-H), 8.03 

(1H, m, 4’-H), 7.58 (1H, m, 6’-H), 7.42 (1H, m, 5’-H), 6.08 (2H, s, 3”,5”-H), 3.81 

(3H, s, 4”-OCH3), 3.74 (6H, s, 2”,6”-OCH3), 3.13 – 3.12 (4H, m, 2-H2, 3-H2); δc 

(176 MHz, CDCl3) 202.5 (C-1), 162.6 (C-4”), 158.4 (C-2”, 6”), 148.4 (C-3’), 143.7 

(C-1’), 135.2 (C-6’), 129.2 (C-2’), 123.3 (C-5’), 121.2 (C-4’), 113.1 (C-1”), 90.8 (C-

3”,5”), 55.9 (2”, 6”-OCH3), 55.6 (4”-OCH3), 45.3 (C-2), 29.6 (C-3); m/z (LCMS, 
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ESI+) 346 (MH+); Accurate mass: (ES+) Found MH+, 346.1298: C18H20NO6 

requires M, 345.1291. 

 

1-(2,6-dimethoxy-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenyl) 

ethanone (19a) 

 
19a 

 
2,6-dimethoxyacetophenone (0.18 g, 1.0 mmol) was dissolved in dry THF 

(1 mL), and added to a mixture of B2pin2 (0.25 g, 1.0 mmol, 1.0 equiv), 

[Ir(OMe)(cod)]2 (9.9 mg, 1.5 mol %), and 4,4′- di-tert-butyl-2,2′-dipyridine (8.0 mg, 

3 mol %) in THF (1 mL) in a sealed microwave vessel under nitrogen. The 

reaction was then heated in a microwave reactor at 80°C for 40 min. Then the 

reaction mixture was filtered through silica gel and the solid residue washed with 

DCM (2 x 5 mL). The combined filtrate was then concentrated under reduced 

pressure to afford the title boronate ester (19a) which was used directly in the 

next step with no further purification (0.11 g), TLC confirmed the formation of 19a.  
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2,6-dimethoxy-4-hydroxy-acetophenone (19b) 

 
19b 

 
The crude intermediate (19a) (0.11 g, 0.36 mmol) was dissolved in 

acetone (1 mL) in a round flask and oxone (0.24 g, 0.39 mmol) in water (1 mL) 

was added and the reaction was stirred for 20 min at RT, then sodium bisulfite 

(0.04 g, 0.39 mmol) was added to quench the reaction. After acetone evaporation, 

the mixture was extracted with DCM (3 x 5 mL) and the combined organics 

concentrated under vacuum. The crude product was dissolved in EtOAc (15 mL) 

and extracted by acid-base extraction (NaOH 1M and HCl 3M). The crude product 

was purified by flash column chromatography (EtOAc/hexane = 1:1) to afford the 

title phenol 19b (0.04 g, 61%). δH (400 MHz, CDCl3) 6.08 (2H, s, 2,4-H), 3.89 (6H, 

s, OCH3), 2.48 (3H, s, CH3).  All data was in accordance with the literature136. 

 

5-Hexyn-1-bromide (19c)137 

 

19c 

 

5-Hexyn-1-ol (2.45 g, 25 mmol) was dissolved in DCM (50 mL) and added 

to mixture of CBr4 (12.43 g, 37.5 mmol) and PPh3 (9.83 g, 37.5 mmol). The 

reaction was stirred for 1.5 h, at RT, then a small amount of silica gel was added 
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and the solvent evaporated under vacuum. The silica residue was washed with 

hexane (3 x 5 mL) and the combined filtrate concentrated in vacuo. After 

evaporation, purification of the crude residue by distillation using a Kugelrohr 

Distillation Apparatus afforded the title bromide 19c (1.21 g, 30%) as a colourless 

oil (bp 167.0 ± 23.0 °C at 760 mmHg). δH (400 MHz, CDCl3) 3.46 (2H, t, J = 6.6 

Hz, 1-H2), 2.27 (2H, td, J = 7.0, 2.7 Hz, 4-H2), 2.08 – 1.96 (3H, m, 2-H2,6-H), 1.77 

– 1.65 (2H, m, 3-H2). All data was in accordance with the literature138.    

2,6-dimethoxy-4-(hex-5’-yn-1’-yloxy)acetophenone 19d 

 
19d 

 
4-hydroxy-2,6-dimethoxyacetophenone (19b) (1.00 g, 5.10 mmol) and 5-

bromohexyne (3c) (1.63 g, 10.20 mmol) was dissolved in DMF (10 mL), then 

CsCO3 (3.32 g, 10.20 mmol) and Bu4NI (0.19 g, 0.51 mmol) was added. The 

reaction was stirred overnight at 60°C, and the mixture was then washed with 

water (2 x 10 mL) and the product extracted with DCM (2 x 10 mL). The organic 

layer was washed with water (2 x 10 mL), Brine (1 x 10 mL) and dried over 

MgSO4. The product was concentrated under vacuum and purified by flash 

column chromatography (hexane/EtOAc = 8:2) to afford the title acetophenone 

(19d) (0.32 g, 23%). δH (400 MHz, CDCl3) 6.09 (2H, s, 2,4-H), 4.00 (2H, t, J = 6.2 

Hz, 1’-H2), 3.78 (6H, s, OCH3), 2.45 (3H, s, 9-CH3), 2.29 – 2.19 (2H, m, 4’-H2), 

2.04 – 1.93 (3H, m, 2’-H2, 6’-H), 1.78 – 1.62 (2H, m, 3’-H2). 
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 1-(4’-(hex-5”-yn-1”-yloxy)-2’,6’-dimethoxyphenyl)-3-(3”’-nitrophenyl)prop-2-en-

1-one (19)  

 

 A mixture of the acetophenone (19d) (74 mg, 0.27 mmol), 3-

nitrobenzaldehyde (40 mg, 0.27 mmol) and Ba(OH)2.8H2O (21 mg, 0.07 mmol) 

in MeOH (5 mL) was stirred overnight at 40°C. After solvent evaporation, the 

product was extracted with EtOAc (3 x 10 mL) and the combined extracts washed 

with HCl - 1M (2 x 10mL), dried over MgSO4 and concentrated under vacuum. 

The crude product was a yellow oil that was purified by flash column 

chromatography (hexane/EtOAc = 4:1), to afford the desired chalcone 19 (40 mg, 

54%).  νmax. (ATR) 3291 (C≡C-H), 2939 (C-H Alkane), 1653 (C=O) cm-1; δH (599 

MHz, CDCl3) 8.34 (1H, m, 2”’-H), 8.20 (1H, m, 4”’-H), 7.83 (1H, m 6”’-H), 7.55 

(1H, m, 5”’-H), 7.43 (1H, d, J= 16.0 Hz, 3-H), 7.06 (1H, d, J= 16.0 Hz, 2-H), 6.16 

(2H, s, 2’,4’-H), 4.05 (2H, t J= 6.3 Hz, 1”-H2), 3.78 (6H, s, OCH3), 2.30 (2H, m, 4”-

H2), 2.03 – 1.85 (3H, m, 2”-H2,6”-H), 1.79 (2H, m, 3”-H2). δc (151 MHz, CDCl3) 

193.1 (C-1), 162.4 (C-4’), 159.3 (C-2’,6’), 148.8 (C-3’’’), 140.2 (C-2), 137.1 (C-

1’’’), 133.9 (C-6’’’), 131.6 (C-3), 123.0 (C-5’’’), 124.4 (C-4’’’), 122.8 (C-2’’’), 111.5 

(C-1’), 91.4 (C-4’, 5’), 84.1 (C-5’’), 68.9 (C-6’’), 67.7 (C-1’’), 56.1 (C-2’, 5’-OCH3), 

28.3 (C-2’’), 25.1 (C-3’’), 18.3 (C-4’’); m/z (LCMS, ESI+) 410.95 (MH+); Accurate 

mass: (ES+) Found MH+, 410.1585: C23H24NO6 requires M, 409.1525. 
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 (9H-fluoren-9-yl)methyl tert-butyl (6-(2,5-dioxopyrrolidin-1-yl)-6-oxohexane-1,5-

diyl)dicarbamate (20a) 

 

The carboxylic acid, Fmoc-Lys(Boc)OH (0.24 g, 0.5 mmol) was solubilized 

in DMF (12 mL) and 1-(3-dimethylaminopropyl)-3-ethylcarbodiimide 

hydrochloride (0.13 g, 0.70 mmol) and N-hydroxysuccinimide (NHS) (0.132 g, 

1.15 mmol) were added. The reaction was stirred for 24 h at 25 °C, and then 

quenched with saturated NaHCO3(aq) (10 mL). The product was extracted with 

EtOAc (3 x 10 mL) and washed with water (2 x 10 mL) and saturated NaCl(aq) (15 

mL). The organic layer was dried over MgSO4, and concentrated under vacuum 

to provide the desired activated ester 20a (56 mg, 20%), LC-MS (m/z ESI+) = 

566.194 (MH+) C30H35N3O8 requires M, 565,242. The data was in accordance 

with the literature139. 

 

(9H-fluoren-9-yl)methyl tert-butyl(6-oxo-6-((5-(5-(2-oxohexahydro-1H-thieno[3,4-

d]imidazol-4-yl)pentanamido)pentyl)amino)hexane-1,5-diyl) dicarbamate (20b) 
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The resulting NHS ester (56.5 mg, 0.1 mmol) was dissolved in MeOH (3 

mL) and stirred for 2 h at 25°C with 5-(biotinamido)-pentylamine (13.2 mg, 0.04 

mmol). The solvent was evaporated and the remaining residue was washed with 

EtOAc (2 X 6 mL), solubilized in chloroform and the solvent was evaporated to 

afford the desired amide 20b (54.20 mg, 70%) confirmed by LC-MS (m/z ESI+) 

= 779.914 (M2H+), C41H58N6O7S requires M, 778.408.  All data was in accordance 

with the literature139. 

(9H-fluoren-9-yl)methyl(6-amino-1-oxo-1-((5-(5-(2-oxohexahydro-1H-thieno[3,4-

d]imidazol-4-yl)pentanamido)pentyl)amino)hexan-2-yl)carbamate (20c) 

 

 

 

The biotinylated carbamate 20b (150 mg, 0.20 mmol) was dissolved in 4 

M HCl/dioxane (8 mL) and stirred for 2h at RT. The solvent was evaporated to 

afford the deprotected amine 20c (80 mg, 60%) and carried forward without 

further purification or analysis.  

(9H-fluoren-9-yl)methyl(6-(6-azidohexanamido)-1-oxo-1-((5-(5-(2-oxohexahydro 

-1H-thieno[3,4-d]imidazol-4-yl)pentanamido)pentyl)amino)hexan-2-yl)carbamate 

(20d) 
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A solution of the deprotected amine 4c (80 mg, 0.12 mmol) in MeOH (2 

mL) was added to NHS-6-azido hexanoic acid (120 mg, 0.48 mmol) and NaHCO3 

(20 mg, 0.24 mmol) in MeOH (8 mL) and stirred for 6h at RT. The reaction was 

then filtered and the solvent was removed under vacuum. The intermediate 

product was purified by flash column chromatography (chloroform/MeOH = 9:1) 

to afford the desired product 20d (21 mg, 21%, crude product). 

2-amino-6-(6-azidohexanamido)-N-(5-(5-(2-oxohexahydro-1H-thieno[3,4-

d]imidazol-4-yl)pentanamido)pentyl)hexanamide (20e) 

 

 

 

Morpholine (0.58 g, 6.7 mmol) was added to a solution of the Fmoc amine 

20d (54.2 mg, 0.07 mmol) in DMF (5 mL) and stirred for 3 h at RT. DMF was then 

removed under vacuum and the product washed with EtOAc (2 x 2 mL) and 

concentrated under reduced pressure. The crude product was purified by flash 
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column chromatography (chloroform/MeOH = 9:1) to afford the desired product 

20e (21.0 mg, 42% crude). 

5-((6-(6-azidohexanamido)-1-oxo-1-((5-(5-(2-oxohexahydro-1H-thieno[3,4-d] 

imidazol-4-yl)pentanamido)pentyl)amino)hexan-2-yl)carbamoyl)-2-(6-

(dimethylamino)-3-(dimethyliminio)-3H-xanthen-9-yl)benzoate (20) 

 

The deprotected intermediate 20e (16.70 mg, 0.03 mmol) and 5-(and-6)-

carboxytetramethylrhodamine, succinimidyl ester (15 mg, 0.03 mmol) was 

solubilized in DMF (1 mL). Triethylamine (28.30 mg, 0.28 mmol) was then added 

and the reaction stirred for 3 h, at RT under argon atmosphere. The solvent was 

removed under reduced pressure and the crude product purified by high 

performance liquid chromatography (HPLC) to afford desired product 20 (8.5 mg, 

30%). MALDI-ToF m/z: 1008.5 (MH+), 1031.5 (MNa+); 1052.6 (M2Na+). Accurate 

mass: Found (MH+), 1008.5143: C52H70N11O8S requires M, 1008.5129. 
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3.2 Biological experimental details   

3.2.1 Parasites 

 

L. amazonensis (MHOM/BR/75/Josefa), L. infantum 

(MHOM/MA67ITMAP263), L. braziliensis (MHOM/BR/75/M2903), L. major 

(MHOM/IL/81/Friedlin), L. donovani (MHOM/ET/67/HU3/LV9) and L. mexicana 

(MNYC/BZ/62/M379) were maintained as promastigotes at 26°C in M199 

medium (CultiLab, Campinas, SP, Brazil) supplemented with 10% heat-

inactivated fetal bovin serum (HIFCS) (CultiLab), 0.2% hemin (Sigma-Aldrich Co., 

St Louis, MO, USA), 100μg/mL streptomycin and 100 IU/mL penicillin (Sigma-

Aldrich Co.). Parasites were used in the stationary phase of culture. 

3.2.2 Animals and ethics statement 

 

BALB/c mice used in the experiments were maintained under controlled 

temperature, filtered air and water, autoclaved bedding, and commercial food at 

our animal facilities at Federal University of Rio de Janeiro. 

The animal protocols for this study were approved by the Federal 

University of Rio de Janeiro institutional Animal Care and Use Committee under 

the number 030/17. The research was conducted in compliance with the 

principles stated in the Guide for the Care and Use of Laboratory Animals 

(NIH)140.  

3.2.3 Anti-promastigote activity  

 

Promastigotes of L. amazonensis (5 x 105/mL), L. braziliensis (2 x 106/mL) 

and L. infantum (2 x 106/mL), L. major (2 x 106/mL), L. donovani (2 x 106/mL) and 
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L. mexicana (5 x 105/mL), were incubated with different compound concentrations 

in M199 medium in 96-well plates (Corning) for 72h at 26ºC. Parasite viability was 

then assessed fluorimetrically (Spectramax M5, Molecular Devices) using 

alamarBlue (ThermoFisher scientific) according to manufacturer’s protocol at 

555/585nm (band pass-BP excitation/emission wavelength). The concentration 

required to reduce cell viability by 50% (IC50-values) were calculated using non-

linear regression analysis and GraphPad Prism 6.0 software. 

3.2.4 ROS production by promastigotes 

 

L. amazonensis promastigotes (1 x 106/mL) cultured in M199 medium 

supplemented with 5% HIFCS in 24 well-plates (Corning), were incubated with 

different drug concentrations (0.35, 0.7 and 1.4 µM) for 48h at 26ºC. Cells were 

then harvested and adjusted to (2 x 106/mL) in PBS, transferred to black 96 well 

plates (Corning) and incubated with a free oxygen radical sensor, H2DCFDA (20 

µM), for 30 min at RT. ROS production was assessed by fluorimetry at 485 / 528 

nm BP (ex / em) using the Spectramax M5. Results were expressed as Arbitrary 

Fluorescence Units (AFU). 

3.2.5 Promastigote lysate  

 

L. amazonensis promastigotes were grown to a density of 6×107 

parasites/mL. Cultures were then incubated at 26°C for 4 h with compound 19 (1 

or 5 µM). Subsequently, cells were harvested (800 × g, 15 min, 4°C), washed 

twice with cold PBS and lysed by sonication (Branson) (4x 12 seconds, 15% on 

dutycycle-10, on ice) in lysis buffer (1% sodium deoxycholate, 0.5% SDS, 50 mM 

Tris (pH 7.4), 150 mM NaCl and EDTA-free protease inhibitor Sigma-Fast 
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(Sigma-Aldrich)). The resulting lysates were centrifuged (13,000 × g, 15 min, 

4°C) to remove insoluble material. Protein concentration in each sample was 

quantified by BCA method (Sigma-Aldrich) according to manufactures’ protocol. 

3.2.6 Bone Marrow Derived Macrophages (BMDM) 

 

BMDM were differentiated from bone marrow of BALB/c mice as described 

previously141. Briefly, bone marrow was extracted from femurs and tibias of 

euthanized mice and maintained in RPMI medium (Cultilab) supplemented with 

10% HIFCS and 20 % of transfected L-cell conditioned media as source of MCSF 

(macrophage colony-stimulating factor) at 37° C / 5 % CO2 for 7 days. After that, 

plates were washed with warm PBS to remove non-adherent cells, the adherent 

BMDM were gently scraped off and maintained in RPMI supplemented with 10% 

HIFCS without L-cell conditioned media until use for no longer than two days. 

3.2.7 Anti-amastigote activity 

 

 BMDM (2 x 105) were seeded and cultured on circular glass coverslips in 

24-well plate for 24 h at 37° C / 5 % CO2. The monolayers were then infected with 

106 L. amazonensis promastigotes for 4 h at 34°C / 5% CO2. After removal of free 

parasites by washing with PBS, the culture was incubated for 24h at 37°C / 5% 

CO2, before the addition of drugs in different concentrations for 48h at 37°C / CO2. 

Cells were stained using the Panotic kit (Newprov, Brazil) according to 

manufacturer’s instructions. For each coverslip, about 200 macrophages were 

examined using Nikon Eclipse Ti at 1000 x magnification to count the number of 

amastigotes per macrophage. The IC50 values were determined as described 

above in Section 3.2.3. 
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3.2.8 Intracellular amastigotes and macrophages lysates 

 

BMDM (2.5 x 106 / well) were cultured in 6 well-plates (Corning). After 24 

h incubation at 37 ºC, cells were infected as described for anti-amastigote assay 

in Section 3.2.6. After 72 h of infection, intracellular amastigotes were purified as 

described previously142. In short, infected macrophages were washed twice with 

PBS and incubated with RPMI supplemented with 0.008% SDS for 1 min at room 

temperature, any remaining cells were scraped from the plate. Macrophage 

disintegration confirmed by microscopy (Nikon Eclipse E200-LED) with 400× 

magnification. RPMI medium supplemented with 10% HIFCS (complete medium) 

was added and the milieu centrifuged for 8 min at 2400 × g, RT. The supernatant 

was discarded and pellet resuspended in complete medium and re-centrifuged 

for 8 min at 75 × g. The supernatant containing the amastigotes was retained. 

This process was repeated three times and the pooled supernatants centrifuged 

for 8 min at 2400 × g giving a pellet enriched with amastigotes that was 

resuspended in complete medium. Presence of amastigotes was confirmed by 

optical microscopy.  

For amastigote tagging, all resulting purified amastigotes were incubated 

with compound 19 (5 µM) for 5 h at 26ºC and the lysate prepared as described 

above for promastigote forms in Section 3.2.5.  

For macrophage tagging, uninfected macrophages (2.5 x 106 / well) were 

incubated with same amount of compound 19 for 5 h at 37ºC and the cell lysate 

prepared as above.  
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3.2.9 Cytotoxicity  

 

BMDM (1 x 105) were plated into 96-well culture plates and maintained for 

24 h at 37 °C / 5% CO2. Cells were then incubated with different drug 

concentrations (0.137 to 100 µM) for 48 h. The release of the cytosolic enzyme 

lactate dehydrogenase (LDH) was measured using a colorimetric kit (Doles, 

Brazil), according to the manufacturer’s protocol adapted for 96-well plates. 

Optical density readings were at 492nm using Spectramax M5 (Molecular 

devices, USA). Results were expressed as percentage of specific release of LDH: 

% Specific LDH release = (Treatment-medium) / (Triton-medium) x 100 

 Positive controls were macrophages incubated with 2% Triton x100 

(Sigma–Aldrich, Brazil). CC50 values were calculated using non-linear regression 

analysis as for IC50 values in Section 3.2.3. The selectivity index (SI) for each 

compound was calculated as the ratio between cytotoxicity (CC50) and anti-

amastigote activity (IC50). 

3.2.10 Confocal microscopy  

 

L. amazonensis promastigotes were incubated with or without compound 

19 (5 µM) for 5 h at 26 ºC. Parasites were then washed with PBS and fixed with 

4% of paraformaldehyde in PBS (pH 7.4). Fixed parasites were then submitted 

to cycloaddition reaction (click reaction) with 20 (5 µM) for 1 h, at RT, in the 

presence of CuSO4 (1 mM), sodium ascorbate (2 mM) and Tris((1-hydroxy-

propyl-1H-1,2,3-triazol-4-yl)methyl)amine – THPTA (2 mM). Following incubation 

with Hoechst 33342 for 15 min for nucleus and kinetoplast labelling, cells were 
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washed with PBS, plated onto a microscope slide pre-treated with poly-L-lysine 

(Sigma-Aldrich) and mounted with ProLong Antifade Mounting Medium 

(ThermoFisher, P7481). The fluorescence of molecule 20 and Hoechst were 

acquired using a Leica TCS-SPE confocal microscope at 63x (ACS APO 63x 1.30 

oil objective) on Hoechst (350 / 461 nm) and TAMRA (555 / 580 nm) wavelengths. 

Differential interference contrast (DIC) microscopy was used to capture light 

images. Images were analysed using Adobe Photoshop CC software (version 

14.2.1).  

3.2.11 Competition assay 

 

L. amazonensis promastigotes (6×107/mL) were incubated with compound 

11 at different concentrations (1.0, 3.0, 9.0, 27.0 µM) for 4 h at 26ºC in M199 

medium. Cells were then washed twice with PBS and incubated with compound 

19 (1 µM) for additional 4 h in M199 medium at 26ºC. Subsequently, parasites 

were washed with PBS and the promastigote lysates obtained as described 

above in Section 3.2.5. 

3.2.12 Copper(I)-catalyzed alkyne-azide cycloaddition (CuAAC) labelling  

 

Proteins of promastigotes, intracellular amastigotes and macrophage 

lysates obtained in Sections 3.2.5 and 3.2.7 were precipitated with acetone (4 

volumes at −20°C for 1 h) and resuspended in PBS. Protein concentration was 

then assayed using Bicinchoninic Acid Kit (Sigma Aldrich, BCA1) according to 

manufacturer’s protocol. Protein concentration was adjusted to 1 mg/mL and a 

mixture of click reagents (5 μM (compound 20), 1 mM CuSO4, 2 mM THPTA and 
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Sodium Ascorbate 1 mM) were added and cycloaddition reaction was carried out 

for 1 hr at room temperature, then quenched by addition of 4x Laemmli sample 

loading buffer (8% SDS, 40% glycerol, 200mM Tris-HCl and 0.4% Bromophenol 

Blue) with 50 mM of Dithiothreitol – DTT (Bio-Rad).  

3.2.13 SDS-PAGE 

 

Protein samples obtained in Section 3.2.12 were mixed with sample 

loading buffer, heated for 5 min at 95 °C and centrifuged for 1 min at 13,000 x g. 

Protein concentration was adjusted to 30 to 50 µg and 30 µL-samples were 

loaded on 8 to 12% polyacrylamide-SDS gels. Samples were electrophoresed at 

200 V for 1 hour in a MiniProtean system (BioRad) containing 1x Tris-Glycine 

electrophoresis buffer (25 mM Tris-base, 190 mM Glycine, 0.1% SDS (v/v) pH 

8.3). Protein prestained ladders (BioRad) were loaded onto gels as a molecular 

weight standard. At the end of each run, gel images were taken to detect 

fluorescent bands using a Gel Doc XR imager (Bio-Rad) with the Oriole filter (270 

/ 604 nm BP). Gels were then stained with Comassie Brilliant Blue G-250 (Bio-

Rad) to detect all protein bands. All gel images were analysed and edited using 

Image Lab software (Bio-Rad). 

3.2.14 Western Blot analysis  

 

Proteins in CuAAC labelled gel bands from Section 3.2.13 were 

transferred from gels to PVDF membrane (Immun-Blot, Bio-Rad) using a wet 

transfer system (Mini-PROTEAN, Bio-Rad) containing 1x transfer buffer (25 mM 

Tris-base, 190 mM Glycine, 20 % Methanol), at 100V for 1 hour. Following 

blocking step (5 % BSA in TBST), membranes were incubated with polyclonal 
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mouse anti-cytosolic TXNPx antibody (1:4000) (kindly donated by Prof Angela 

Cruz, Faculdade de Medicina de Ribeirão Preto - USP, Brazil) overnight at 4°C 

in blocking solution. After two washing steps with TBST, membranes were then 

incubated with secondary antibody (anti-Mouse IgG-HRP, Thermo Fisher, 

1:5000) for 1h in blocking solution. Chemiluminescence detection was carried out 

using Clarity Max Western ECL (Bio-Rad) according to the manufacturer’s 

instructions on an ImageQuant LAS 4000 Imager (GE Healthcare). 

3.2.15 Two-dimensional gel electrophoresis 

 

This part of work was performed in collaboration with Dr Marjolly Caruso 

Brígido and Professor Russolina Zingali from Medical Biochemistry Institute 

(IBqM) at UFRJ.  

Protein samples (1mg/mL) from L. amazonensis promastigotes treated 

with 19 and linked to 20 as in 3.2.12 were processed using a Ettan 2D Clean-Up 

kit (GE Healthcare) to remove salt excess, according to manufacturer’s 

procedure. Protein lysates (500 µg) were primarily separated in the first 

dimension by IEF (Isoelectric focussing) on 7 cm pH 3-10 (Immobiline® Dry Strip, 

GE Healthcare), using the IEF unit Ettan IPGphor II (Amersham Biosciences, GE 

Healthcare). IEF process was done at 20°C, 50 mA, 60 V, using the overnight 

programme detailed in Table 2. Once completed, strips were equilibrated by 20-

min incubation in 10 mL of equilibration buffer (6 M urea, 30% glycerol, 2% SDS 

and 75 mM Tris pH 8.8) with 10 mg/mL of dithiothreitol (DTT). This was followed 

by a second 20-minute incubation in 10 mL equilibration buffer with 12.5 mg/mL 

of iodoacetamide (IAA). Strips were placed on to a 10 % 1.5 mm polyacrylamide 

gels and SDS-PAGE was run in the second dimension at 121 V for 1.5 h. For all 
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2-D experiments, two gels with same samples were run in parallel (Gel 1 and Gel 

2). The fluorescence of both gels was scanned using the Gel Doc XR imager 

(Bio-Rad). Proteins from Gel 1 were stained using Comassie Brilliant Blue G-250 

and scanned again. Gel 2 proteins were transferred from gels to PVDF 

membrane as described above, incubated with polyclonal mouse anti-cytosolic 

TXNPx antibody (1:4000) and IRDye® 800CW Goat anti-Mouse IgG (1:20000) 

(LI-COR) as a secondary antibody. The gel fluorescence was scanned using LI-

COR Odyssey® Infrared Imaging System.  

 

Table 2. IEF running programme. 

Steps Voltage Volt hours 

Rehydration step 60 V 12:00 h 

Focussing step & hold 100 V 100 V / h 

Focussing step & hold 200 V 200 V / h 

Focussing step & hold 500 V 500 V / h 

Focussing step & hold 1000 V 1000 V / h 

Focussing gradient & hold 3500 V 14000 V / h 

 

3.2.16 Protein identification by Mass Spectrometry- UFRJ 

 

Proteins from promastigotes treated with 19 and linked to 20 as in Section 

3.2.12 were separated by SDS-PAGE (1D and 2D) and fluorescence imaged as 

above. Bands (1D) or spots (2D) were manually excised and incubated overnight 

with 25 mM NH4HCO3 in 50% acetonitrile to remove comassie blue stain. Protein 

disulfite bonds were reduced with 10 mM DTT (USB Corporation) in 25 mM 
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NH4HCO3 at 56°C for 1h, followed by cysteine alkylation by addition of 55 mM 

iodoacetamide in the same buffer for 45 min at RT. Digestion was achieved by 

adding 10 μL of trypsin (modified sequencing grade; Promega) solution (0.01 μg 

μL−1 in 25 mM NH4HCO3) and incubating overnight at 37°C. The peptides 

generated were extracted with 5% trifluoroacetic acid (TFA) dissolved in 50% 

acetonitrile. This solution was concentrated in a Speed-Vac system (Thermo 

Fisher scientific).  

Each sample was then solubilized in 20 μL 0.1% formic acid and 3% 

acetonitrile in deionized water and the extracted peptides loaded onto a Waters 

Nano acquity system (Waters, Milford, MA). Peptides were desalted on-line using 

a Waters Symmetry C18 180 μm X 20 mm, 5 μm trap column. The sample 

injection volume was typically 7.5 μL, and the LC was performed by using BEH 

130 C18 100 μm X 100 mm, 1.7 μm column (Waters, Milford, MA) and eluting 

(0.5 μL/min) with a linear gradient (10–40%) of acetonitrile containing 0.1% formic 

acid.  

Electrospray tandem mass spectra were recorded using a Q-ToF 

quadrupole/orthogonal acceleration time-of-flight spectrometer (Waters, Milford, 

MA) interfaced to the Nano acquity system capillary chromatograph. ESI voltage 

was set at 3500 V, source temperature was 80 °C and cone voltage was 30 V. 

The instrument control and data acquisition were conducted by a MassLynx data 

system (Version 4.1, Waters), and experiments were performed by scanning from 

a mass-to-charge ratio (m/z) of 400–2000 using a scan time of 1 s, applied during 

the whole chromatographic process. The mass spectra corresponding to each 

signal from the total ion current (TIC) chromatogram were averaged, allowing for 
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an accurate molecular mass measurement. The exact mass was determined 

automatically using the Q-ToF's LockSpray™ (Waters, Milford, MA).  

Data-dependent MS/MS acquisitions were performed on precursors with 

charge states of 2, 3 or 4 over a range of 50–2000 m/z and under a 2 m/z window. 

A maximum of three ions were selected for MS/MS from a single MS survey. 

Collision-induced dissociation (CID) MS/MS spectra were obtained using argon 

as the collision gas at a pressure of 40 psi, and the collision voltage was varied 

between 18 and 90 V depending on the mass and charge of the precursor.  

All data were processed using the ProteinLynx Global server (version 2.5, 

Waters). The processing automatically lock mass corrected the m/z scale of both 

the MS and MS/MS data utilizing the lock spray reference ion.  

3.2.17 Protein alignment 

 

Peptide sequences from all Leishmania species used in this work were 

obtained in FASTA format from the UniProt website (https://www.uniprot.org). 

Sequences were aligned with the Clustal Omega program and the generated 

multiple sequence alignment were coloured by BoxShade tool 

(http://sourceforge.net/projects/boxshade). 

3.3 DNA methods 

 

3.3.1 Transformation into StellarTM competent Cells (E. coli HST08) 

 

Stellar Competent Cells are an E. coli HST08 strain that provide high 

transformation efficiency. Fifty µL of frozen Stellar cells (Clontech) were thawed 

https://www.uniprot.org/
http://sourceforge.net/projects/boxshade
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for 30 min on ice. Then, 1.0 µL of pUC57 plasmid (200 ng; ampicillin resistant) 

containing the open reading frames for cTXNPx from L. amazonensis, L. major, 

L. mexicana and L. donovani, purchased from Genscript (Figure 21- Table 9), 

was added to the cells and mixed gently. The tubes were maintained on ice for 

30 min prior a heat shock in a 42°C water bath for 45 seconds and 2 min in ice. 

After that, 450 µL of pre-warmed SOC medium was added to the cells and 

incubated at 37°C for 45-60 min with shaking at 200 rpm. Then, 50 µL of this 

culture was diluted in 50 µL of warm SOC media and spread onto a LB-agar 

ampicillin (100 μg/mL) plate and incubated at 37°C overnight.  

From each plate 5 colonies were taken and individually cultivated in 5 mL 

of LB media with ampicillin overnight at 37ºC with shaking. Then, 0.5 mL of culture 

was diluted in 0.5 mL of sterile 50% (v/v) glycerol solution, placed in labelled 

cryovials and frozen at -196°C. The plasmid DNA was purified from the remaining 

4.5 mL using the QIAprep Spin Miniprep Kit (QIAGEN), according to the 

manufacturer’s instructions. 

3.3.2 Polymerase chain reaction (PCR) 

 

DNA fragments were amplified using Phusion® High-Fidelity PCR Master 

Mix (New England BioLabs- NEB). PCR reaction mixture was set up on ice as 

per manufacturer’s instructions, as detailed on Table 3. The reaction was 

completed according to the programme detailed in Table 4 using 3Prime Thermal 

Cycler (Techne). All used primers are described in Table 5.  Reaction products 

were resolved using 1.5 % agarose gel electrophoresis. 
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Table 3. PCR mixture composition. 

PCR reaction mix 1 reaction 8 reactions 

DNA template – 20 ng 1.0 µL 8.0 µL 

Forward primer- 0.5 µM 2.5 µL 20.0 µL 

Reverse primer- 0.5 µM 2.5 µL 20.0 µL 

HiFi PCR Mix 2X 12.5 µL 100.0 µL 

Water 6.25 µL 50.0 µL 

DMSO 0.25 µL 2.0 µL 

Total volume 25 µL 200 µL 

 

 

 

Table 4. PCR reaction programme. 

PCR reaction steps Temperature Time 

Initial denaturation 98 ºC 1 minute 

Denaturation 98 ºC 10 seconds 

Annealing 62 ºC 15 seconds 

Elongation 72 ºC 30 seconds 

Final elongation 72 ºC 5 minutes 
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Table 5. Primers used for PCR amplification.  

Primers used 

L.ama_Rev 5' - ATGGTCTAGAAAGCTTTATTGTTTGCTAAAATAGCCTTCAAC - 3' 

L.ama_For 5' - AAGTTCTGTTTCAGGGCCCGATGAGCTGCGGTGACGC - 3' 

L.maj_Rev 5' - ATGGTCTAGAAAGCTTTATTGTTTGCTAAAATAGCCTTCAACG - 3' 

L.maj_For 5' - AAGTTCTGTTTCAGGGCCCATGAGCTGCGGTAACGCGA - 3' 

L.mex_Rev 5' - ATGGTCTAGAAAGCTTTATTGTTTGCTAAAATAGCCTTCAATG - 3' 

L.mex_For 5' - AAGTTCTGTTTCAGGGCCCGATGAGCTGCGGTGATGCGAA - 3' 

L.don_Rev 5' - ATGGTCTAGAAAGCTTTATTGTTTGCTAAAATAGCCTTCAACG - 3' 

L.don_For 5' - AAGTTCTGTTTCAGGGCCCGATGAGCTGCGGTGATGCGAA - 3' 

 

3.3.3 Agarose gel electrophoresis 

 

Five μL of 6x Gel Loading Dye Blue (NEB) was added to the DNA solution 

(25 μL) and loaded onto a 1.5% (v/w) agarose TAE (40 mM Tris, 20 mM acetic 

acid, and 1 mM EDTA) gel with 10 ng/mL ethidium bromide. Five μL of GeneRuler 

DNA Ladder (Thermo-Scientific) was used as standard to DNA sizes. Then, gel 

was run in TAE buffer for 45 min at 100 V. DNA bands were visualized by UV 

transilluminator and documented using Gel Doc XR imager (Bio-Rad).  

3.3.4 DNA purification from agarose gel 

 

The desired band was excised from the gel and transferred to a 1.5 mL 

Eppendorf tube. DNA product was extracted and purified from gel slice using 

NucleoSpin Gel and PCR Clean-up kit (Macherey-Nagel), according to 

manufacturer’s instructions. 
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3.3.5 Restriction enzyme digestion and fusion using In-Fusion cloning Kit 

 

The expression vector pOPINF143 was linearized by double digestion using 

restriction enzymes HindIII and KpnI (NEB) according to the manufacturer’s 

protocol. Digestion was confirmed by gel electrophoresis.  

Each insert In-Fusion reaction was set up according manufacturer’s 

protocol (In-Fusion HD, Clontech). The reaction mixture containing 2 µL of 5x in-

fusion enzyme, 2 µL of linearized pOPINF, 1 µL of Insert and 5 µL of water was 

incubated for 15 min at 50ºC. The products were then transformed into Stellar™ 

competent cells and the plasmids were purified by miniprep as described above 

(Section 3.3.1).  

Miniprep purified plasmids were submitted to gene sequencing (15 µL at 

60 ng/µL) using T7 promoter and terminator at Durham University DBS 

GENOMICS. The resulting nucleotide sequences were translated to the protein 

sequence using ExPASy tool and then aligned with their respective protein 

sequence from Protein Data Bank (PDB) using Clustal Omega program. 

3.3.6 Transformation into BL21 (DE3) competent E. coli  

 

pOPINF plasmids carrying the desired open reading frames were 

transformed into BL21 (DE3) competent E. coli (NEB) as per supplier’s protocol. 

Transformed bacteria were then spread on LB-agar ampicillin plates and clones 

processed as above. 



Methodology 

 

78 

 

3.4 Protein methods 

3.4.1 Expression of recombinant proteins in E. coli – BL21 (DE3) 

 

E. coli BL21(DE3) carrying open reading frames of interest in pOPINF, 

were used for protein expression. For each frame, a respective glycerol cell stock 

was thawed and grown in 50 mL of LB-ampicillin overnight under shaking at 37º 

C. These were used as starter cultures for 1 litre LB-ampicillin at 37º C. When an 

absorbance value of 0.7- 0.8 at 600 nm was reached, 1 mL of Isopropyl β-D-1-

thiogalactopyranoside-IPTG (Promega) (1M) was added and protein expression 

allowed to proceed for 20 h at 30ºC under shaking at 180 rpm. Cells were 

harvested (4000 rpm, 30 min, 4ºC), and resuspended in 50 mL of lysis buffer (20 

mM Tris-HCI pH 7.5, 500 mM NaCI, 30 mM imidazole and 2 mM β-

mercaptoethanol) with one tablet of Sigma-Fast protease inhibitors (Sigma-

Aldrich). Then, cells were disrupted by sonication (2 cycles of 10% of burst on ice 

for 2 min at 40 % of intensity) and lysates were centrifuged at 21,000 rpm for 30 

min at 4°C. The resulting supernatants were filtered through a 0.45 µm syringe 

filter to eliminate solid materials.  

3.4.2 His-tag fusion protein purification 

 

HisTrap HP-1 mL column (GE healthcare) was used for each recombinant 

protein purification. Columns were equilibrated with distilled water (10 column 

volume - CV) and then with lysis buffer (10 CV). The crude supernatant was 

loaded on column using a peristaltic pump - Econo Pump (Bio-Rad) at 1ml/min. 

Recombinant cTXNPx protein was eluted from HisTrap column with increasing 

amounts (20%, 40%, 60%, 80%, 100%) of elution buffer (50mM Tris-HCI pH 7.5, 
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500 mM NaCI, 1 M imidazole and 2 mM β-mercaptoethanol) using a AKTA Pure 

system (GE healthcare). During all purification steps, samples were taken and 

process efficiency was confirmed by SDS-PAGE (Novex™ 10% Tris-Glycine Mini 

Gels, Invitrogen).  

Purified proteins were dialyzed into 10 mM ammonium bicarbonate 

solution, to eliminate imidazole excess, using 3.0 mL Slide-A-Lyser dialysis 

cassettes - 10K MWCO (ThermoFisher), overnight at 4ºC. The protein was 

quantified using a NanoDrop 2000 spectrophotometer (ThermoFisher) and 

calculated protein extinction coefficient (http://www.biomol.net/tools-protein-

extinction-coefficient.php).  

3.4.3 cTXNPx Mass Spectrometry analysis 

 

Concentration of purified protein was adjusted to 0.6 mg/mL in 10 mM 

ammonium bicarbonate solution, pH 7.4, and submitted to the Durham University 

Mass Spectroscopy service. Mass spectra data was obtained using a Waters 

QToF Premier and the mass to charge ratios (m/z) reported in Daltons with the 

corresponding fragment ion. 

3.2.4 Protein Thermal Shift Assay (TSA) 

 

The thermal unfolding of cTXNPx alone or in the presence of ligands was 

monitored by real-time PCR. Concentration of purified proteins was adjusted to 

1mg/mL, then SYPRO Orange 5000X (Sigma-Aldrich), an environmentally 

sensitive fluorescent dye, was added to a final dye concentration of 10X. Ten µL 

of proteins solution and dye were transferred to a 96-well PCR plate, and 10 µL 
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of the Durham pH and salt screen solutions (Molecular dimensions) added. PCR 

plate was sealed and centrifuged at 1000rpm for 2 min. Reaction mixture was 

incubated in a RT-PCR machine (7500 FAST Real-Time PCR System, Applied 

Biosystems) and samples heated from 24 to 95°C at a rate of 1°C per minute. 

Fluorescence data were collected using SYPRO Orange wavelengths, 455-485 

nm for excitation and 567-596 nm for emission. The melting temperature curves 

ΔTm were calculated using the NAMI software144.  

For protein and ligand interaction analyses, 10 µL of cTXNPx (1mg/mL) in 

20 mM HEPES buffer, pH 6.9, 50 mM NaCl and 5 mM DTT were incubated with 

ligands at different ratios for 30 min. The proteins were then transferred into 48-

well PCR plates containing 10 µL of SYPRO Orange in water, sealed and 

reactions incubated in an RT-PCR machine, and SYPRO Orange fluorescence 

measured, as above. The melting point curves were calculated by Protein 

Thermal Shift software 1.3 (ThermoFisher Scientific). 

3.5 Interaction between cTXNPx and chalcones in silico 

 

3.5.1 cTXNPx molecular modelling 

 

In order to understand the mechanism of interaction between the chalcone 

and cTXNPx, as well as the influence of the enone group on this interaction we 

first performed molecular modelling of cTXNPx enzyme. This part of work was 

done in collaboration with Professors Bárbara Abrahim-Vieira and Alessandra de 

Souza from Molecular Modelling Lab at UFRJ.  
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cTXNPx from L. amazonensis (LaTXNPx) was chosen as a model to help 

understand all biological results. Only of L. major TXNPx 3D structure is available 

in the literature145. Due to lack of LaTXNPx elucidation, a comparative modeling 

with LmTXNPx was employed to generate the structure of LaTXNPx. The 

template search, selection, model building and quality estimation were conducted 

within the an updated SWISS-MODEL server146. 3D-LacTXNPx model was 

validated for its stereochemical quality and 1D-3D comparison using SAVES 

server (http://servicesn.mbi.ucla.edu/SAVES/). 

3.5.2 Chalcone docking studies 

 

In order to investigate the binding mode of compound 11 with LaTXNPx, 

we performed molecular docking studies. AutoDock 4.2 software was used 

running on a Windows-based PC147. Further, to understand the importance of 

chalcone moiety, we also performed docking studies with the chalcone with the 

α-β bond saturated (compound 18). 

First, three-dimensional structures of molecule 11 and 18 were built and 

optimized using Spartan’10 software (Wavefunction Inc., 2012). The structures 

were minimized and a conformational analysis was done using Molecular 

Mechanics Force Field (MMFF). Then, lowest energy conformation obtained was 

subjected to geometric optimization in vacuum using the semi-empirical RM1. 

The tridimensional structure of LaTXNPx was obtained from comparative 

modeling as described previously. 

Docking files were prepared using AutoDockTools. The protein was 

treated as rigid, polar hydrogen atoms were added, nonpolar hydrogen atoms 

http://servicesn.mbi.ucla.edu/SAVES/
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were merged and Gasteiger charges were assigned by default. The grid box was 

centered near of the catalytic cysteine residue (Cys52D) on x, y and z positions 

(-37.85, -87.43 and 8.50, respectively) with 0.375 Å spacing and identical 

60x60x60 points. Docking studies were carried out using empirical free energy 

function and Lamarckian Genetic Algorithm. A total of 50 independent docking 

runs were carried out for each molecule using program default parameters. 

Results of the most favourable free energies of binding in more populous clusters 

were selected as possible structures of resultant complexes. Docking interaction 

analyses were performed using Pymol software (Schrodinger, LCC, 2009). 

3.6 cTXNPx - Knockout parasites 

 

To understand the importance of the enzyme for Leishmania survival, 

CRISPR-Cas9 approach was chosen as an acceptable methodology to generate 

parasites lacking cTXNPx. Experiments were conducted using Leishmania 

mexicana (MNYC/BZ/62/M379) due to the availability of its entire genome in the 

databases, similarity with L. amazonensis and the availability of a well-described 

and well-developed methodology for generation of knockout parasites using 

CRISPR-Cas9148. 

The website http://tritrypdb.org/tritrypdb/ was accessed to identify gene 

position and number of copies on parasite’s genome. Two copies of the gene 

were found on parasite genome at chromosome 15 (LmxM.15.1040 and 

LmxM.15.1160) (Figure 47). 

sgRNAs were designed by CRISPR Design Tool 

(http://www.leishgedit.net/) using gene IDs. For each target mutation, a set of one 

http://www.leishgedit.net/
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5’ sgRNA, 3’sgRNA, upstream forward primer and downstream reverse primer 

was generated, the sequence of all generated primers is depicted on Table 10. 

All oligonucleotides were purchased from Sigma-Aldrich.  

sgRNAs for each gene were amplified by PCR using a generic primer G00 

as follows: 0.2 mM dNTPs, 2 µM of primer G00, 4 µM of gene-specific sgRNA, 

1.25 unit of GoTaq polymerase (Promega), were mixed in 5× GoTaq reaction 

buffer with MgCl2 (Promega), diluted in nuclease-free water to a 25 µl total 

volume. PCR steps were 30 s at 98°C followed by 35 cycles of 10 s at 98°C, 30 s 

at 60°C, 15 s at 72°C.  The presence of expected PCR product was confirmed by 

2% agarose gel. 

DNA cassettes containing puromycin resistance gene, as drug-selective 

marker, were amplified by PCR from pT plasmids, gently gifted by Eva Gluenz 

group. PCR reaction was carried out with 30 ng circular pT Puro plasmid, 0.2 mM 

dNTPs, 10 µM of Upstream forward primer, 10 µM of Downstream reverse primer, 

1.25 units of GoTaq Polymerase (Promega), were mixed in 5× GoTaq reaction 

buffer with MgCl2 (Promega), diluted in nuclease-free water to a 25 µl total 

volume. PCR steps were 5 min at 94°C followed by 40 cycles of 30 s at 94°C, 

30 s at 65°C, 2 min 15 s at 72°C followed by a final elongation step for 7 min at 

72°C. Presence of the expected PCR product was confirmed by 2% agarose gel. 

Once with L. mexicana promastigotes expressing Cas9 and T7 RNA 

polymerase148 and all PCR products in hand, the next step was to transfect L. 

mexicana promastigotes with sgRNAs and donor DNA. Tree distinct transfections 

were performed, one for LmxM.15.1040 gene, one for LmxM.15.1160 gene, and 

one for both genes. In all transfections, promastigotes of L.mex Cas9 T7 were 
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transfected with two sgRNA 5’ and 3’ templates to generate a double-strand 

break upstream and downstream of the gene, and with the repair cassettes 

containing the Puromycin resistance gene.  For transfections, L.mex Cas9 T7 

(2x107) were washed twice with 1× Tb-BSF, and resuspended to 100 µL. 

Parasites were transferred to an electroporation cuvette followed by addition of a 

mixture of the PCR products containing (sgRNA and donor DNA), approximately 

50 µL. Then, cells were transfected by electroporation using one pulse with 

program X-001 in the Amaxa Nucleofector IIb (Lonza).  

After electroporation, parasites were transferred to a culture flask with 5 

mL of pre-warmed M199 medium supplemented with 20% of HIFCS, and allowed 

to recover overnight at 26ºC. Transfected parasites were selected by addition of 

Puromycin at 20 µg/mL (Sigma-Aldrich) to culture flask.  

After one week under antibiotic pressure, the phenotypic changes on the 

cTXNPx knockout parasite were visualized by phase contrast microscopy using 

Nikon Eclipse Ti at 1000 x magnification.  

3.7 Statistical analysis 

 

Single-variance analysis (ANOVA) and t-test was used to compare 

differences between group samples followed by Dunett post-test, for 

comparisons of all groups to control group. For multiple comparison the used 

post-test was Bonferroni. All statistical analyses were performed using GraphPad 

Prism 6 software and differences were considered significant when p ≤ 0.05, in a 

number of at least 2 independent experiments. 
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4. RESULTS 

4.1 Chalcone analogues and probe synthesis  

 

The biological target of chalcones in Leishmania has not been defined and 

therefore the aim of the work presented in this thesis was to employ activity based 

protein profiling (ABPP) approach to identify the protein target in the parasite129. 

The ABPP approach was chosen among all available methodologies to identify 

drug targets116 because of the flexibility of using small molecules (tags) which 

allow intracellular visualization of possible targets through the attachments of 

fluorophores. In addition, bound proteins can be purified using affinity 

chromatography methods by the addition of a biotin group.  

Our chemical tool for ABPP is a chalcone analogue modified with a spacer 

group and a terminal alkyne (compound 19). The alkyne group will enable 

connection between chalcone and an azido containing ABPP tag through the 

copper(I)-catalysed azide alkyne cycloaddition reaction (CuAAC). This 

methodology was selected due to the reactional specificity of azide - alkyne 

cycloaddition and the possibility to perform the reaction in biological conditions, 

such as aqueous buffer and neutral pH149.  

 Chalcone NAT22 (11) was chosen as a good lead structure for the probe 

as the previously developed synthetic route makes this hit compound easily 

accessible. This molecule is a tri-methoxylated nitro-chalcone which differs from 

CH8 chalcone only by methylation of the C-2 hydroxyl group in ring A (Section 1, 

Figure 5).  In recent work our group showed that, by Claisen-Schmidt 

condensation48, the synthesis of NAT22 11 (Scheme 1) could be achieved in an 
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overall 85% yield, whereas the original chalcone, (CH8, 10), was obtained in only 

18%. Importantly, compound 11 showed activity very similar to CH8 in vitro 

against promastigote and amastigote forms and in vivo in a murine CL model53.  

 

Scheme 1. Chalcone NAT22 (11) synthesis. 

 

As discussed in the introduction, the fundamental tool of ABPP is an active 

site-directed covalent probe and it was hypothesized that the electrophilic enone 

would act in this regard potentially reacting with a nucleophilic residue in the 

active site of the target protein. Consistent with this, there are many reports in the 

literature that discuss the essentiality of the enone group  for biological activity of 

chalcones37. In order to determine the importance of the double bond for anti-

leishmanial activity in NAT22, a dihydrochalcone 18, lacking the α,β-unsaturation 

was synthesized. Generation of the enolate of trimethoxyacetophenone with 

LiHMDS followed by addition of 3-nitrobenzylbromide afforded the 

dihydrochalcone 18 in 17% of yield as a pale yellow powder (Scheme 2). 

Although the yield was low sufficient material was obtained to be used as a 

control in the pharmacophore group assays described below in the Section 4.10.  
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Scheme 2. Chalcone lacking enone group (18) synthesis. 

 

 Having synthesised the compound without the enone group, our attention 

turned to the remainder of the probe synthesis. The para -position of the A-ring 

was chosen for linker attachment to avoid spacer group interaction with essential 

groups for anti-leishmanial activity of CH8, such as the nitro group and enone 

linker. The synthesis started with readily available 2,6-dimethoxyacetophenone 

and the first objective was to selectively introduce a hydroxy group at the 4-

position. To achieve this a sterically controlled C-H borylation reaction with B2pin2 

followed by oxidation with hydrogen peroxide was developed providing the 

desired phenol in good yield (Scheme 3). The alkynyl spacer group was then 

added through reaction with 5-Hexyn-1-bromide using CsCO3 and Bu4NI in DMF. 

Finally, chalcone synthesis was completed by aldol condensation with 3-

nitrobenzaldehyde and Ba(OH)2 in MeOH. The desired compound 19 was 

obtained as a yellow powder with a 54% yield (Scheme 3) as evidence by ‘H 

NMR, with presence of peaks related to alkynyl spacer group, and mass 

spectrometry analysis that shows exact mass of the desired chalcone analogue 

(MH+, 410.1585: C23H24NO6).  
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Scheme 3. Synthesis route of chalcone analogue (19) with an alkyne group. 

 

 

With the desired probe prepared it was then necessary to prepare the 

ABPP purification unit. In this thesis, a strategy which utilizes a trifunctional probe 

(20), containing two reporter tags, rhodamine and biotin, to enable simple target 

detection and purification, was chosen. Additionally, an azide group was added, 

as a reactive group, to foster linking with compound 19. The trifunctional probe 

was synthesized based on a procedure described in the literature139 and it is 

detailed in Scheme 4. Following purification by high performance liquid 

chromatography (HPLC) compound 20 was obtained as a pink powder with an 

overall yield of 30% characterised by a peak in the MALDI-ToF mass spectrum 

at 1008.5 m/z (MH+ = C52H70N11O8S). 
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Scheme 4. Trifunctional probe (20) synthesis route. 
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In summary,  the desired chalcone analogues and a trifunctional probe 

containing rhodamine as a fluorophore, biotin for affinity enrichment and an azide 

for the cycloaddition reaction were successfully synthesised139. Whilst some of 

the yields were only moderate sufficient amounts of material could be obtained. 

Although, further modifications to the synthetic routes could be explored to 

improve the yields, this was beyond the scope of this thesis. 

4.2 Probe activity against Leishmania promastigotes 

 

The main aim of the ABPP approach is to use a molecule based on the 

chalcone structure to bind to the biological target in the parasite. Then, the target 

visualization using ABBP tags, such as compound 20. Followed by subsequently 

target protein purification and identification using affinity chromatography and 

fluorescence, respectively.  

To validate our synthesised probes, prior to applications in ABPP, it was 

necessary to show that the analogue had similar activity to the original molecule 

which indicates that its binding to the same target. With analogues 11, 19 and 20 

in hand, our attention turned towards measuring their activity against 

promastigotes. 

Promastigotes from different species, which cause both clinical 

manifestations of leishmaniasis around the world (L. amazonensis, L. donovani, 

L. braziliensis, L. major and L. infantum), were incubated with NAT22 (11), the 

analogue containing the spacer group (19), the trifunctional probe (20) and 

pentamindine as a positive control at different concentrations. After incubation at 

26ºC for 72 h, parasite viability was assessed using the Alamar Blue method.  
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Figure 11A-E shows promastigote inhibition curves in the presence of 

each treatment. It was possible to observe a profile of similar parasite killing in all 

the species tested. Table 6 lists the IC50 values for the treatments. NAT22 (11), 

as expected, showed excellent activity against all investigated species, with an 

IC50 ranging from 0.34 to 1.25 µM (Table 6, entry 1) suggesting that this chalcone 

11 has a conserved target among Leishmania species. Pleasingly, the addition 

of a spacer group did not interfere with the anti-promastigote activity with IC50 

values for 19 being highly similar (0.29 to 1.52 µM) to compound 11 in all species 

(Table 6, entry 2). The trifunctional probe (20) does not have a reactive group 

and, consistent with our assumptions, had no effect against parasite in vitro 

(Table 6, entry 3). Compound 20, even in high concentration, did not induce 

parasite killing in any studied species (IC50 > 50 µM). Pentamidine (Table 6, entry 

4) was used as a control drug and its IC50 values varying from 0.16 to 0.92 µM. 
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Figure 11. Inhibition of Leishmania promastigote growth by molecules 11, 19 and 20. 

Promastigotes of distinct Leishmania species were incubated with molecules 11, 19 or 20 at 

different concentrations. Then, parasite viability was assessed by alamar blue method after 72 h 

of incubation. Pentamidine was used as a positive control. A- L. amazonensis. B- L. donovani. C- 

L. braziliensis. D- L. major. E- L. infantum. Means ± SD (n=3). 
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Table 6. Anti-promastigote activity of molecules 11, 19 and 20. Calculated IC50 values 

for all tested Leishmania species.  

Entry 
IC50 values - µM 

L. 
amazonensis 

L. 
donovani 

L. 
braziliensis 

L.       
major 

L.  
infantum 

1 (Compound 11) 0.34 ± 0.07 0.76 ± 0.12 0.82 ± 0.08 0.54 ± 0.06 1.25 ± 0.11 

2 (Compound 19) 0.29 ± 0.07 0.26 ± 0.08 0.99 ± 0.09 0.73 ± 0.08 1.52 ± 0.15 

3 (Compound 20) ˃ 50 ˃ 50 ˃ 50 ˃ 50 ˃ 50 

4 (Pentamidine) 0.16 ± 0.15 0.44 ± 0.09 0.23 ± 0.13 0.92 ± 0.09 0.29 ± 0.07 

 

This data validated the suitability of compound 19 to bind to targets 

resulting in parasite death, similar to the original chalcone 11, whereas compound 

20 does not kill the parasite, working only as a probe to identify chalcone targets. 

No further experiments, such as amastigote activity and host cell toxicity, 

were carried out with compounds 19 and 20. Unlike the original chalcone 11, 

compound 19 and 20 have been proposed to be used only as a probe for target 

identification. Therefore, at this point, the most important information to be 

extracted is whether the probe is able to permeate parasite’s membrane and 

reach intracellular targets, killing Leishmania as the original chalcone. 

4.3 Parasite intracellular CuAAC tagging  

 

The anti-promastigote activity of compound 19 established its ability to 

permeate through the promastigote membrane and bind to possible targets inside 
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the parasite. Therefore, the next step was to investigate whether or not this 

analogue could be tagged by a trifunctional probe using CuAAC.  

As discussed in Section 1.7.1, this reaction involves a bioorthogonal 

cycloaddition reaction between azide and alkyne groups and it is catalysed by 

Cu(I). CuSO4 was chosen as a convenient Cu(II) source that can be reduced to 

Cu(I) by addition of sodium ascorbate. One limitation of the CuAAC reaction is 

related to the toxic effects caused by copper intracellular accumulation and low 

solubility of cuprous ions (Cu+) in aqueous media. This was circumvented by the 

use of a low concentration of  CuSO4 (1 mM CuSO4 as the highest concentration) 

and the addition of THPTA (Tris(3-hydroxypropyltriazolylmethyl)amine) to 

enhance the efficiency of the bioorthogonal reaction and improve reaction 

biocompatibility149; 150.   

Following incubation of L. amazonensis promastigotes with compound 19 

(5 µM) at 26ºC for 5 h, cells were washed and then fixed using a solution of 4% 

paraformaldehyde in PBS. The parasites were then submitted to the CuAAC 

reaction with trifunctional probe 20 (5 µM) CuSO4 (1 mM), Sodium ascorbate (2 

mM) and THPTA (2 mM) for 1 h, at RT. To evaluate probe cell uptake and the 

intracellular location of any tagging event within the parasite, cells were visualized 

using confocal microscopy with Hoechst 33342 used for stain nucleus and 

kinetoplast (Figure 12).  The red fluorescence related to 20 could be seen inside 

the parasite cytoplasm (Figure 12- Panel 2C) indicating that both 19 and 20 can 

be internalized by promastigotes after 5 h of incubation. Importantly, the 

fluorescence signal observed for molecule 20 is not ascribed to a nonspecific 

binding, since low signal could be detected on parasites not incubated with 19 
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(Figure 12- 1C) and submitted to click reaction with 20. Even after 5 h in the 

presence of 19, the parasite morphology seems normal (Figure 12- 2A) with 

elongated cell body, long flagellum, intact nucleus and kinetoplast. The 

fluorescence pictures on Figure 12, also suggested molecule 19 is widely 

dispersed in the parasite cytoplasm, kinetoplast and mitochondrion but not in the 

nucleus.  

 

Figure 12. Promastigote intracellular probe tagging. L. amazonensis promastigotes treated with 

compound 19 (0 and 5 µM) for 5 h were submitted to CuAAC with 20 (5 µM) for 1 h at RT. Hoechst 

33342 were used as nuclear acid stain. DIC images, fluorescence of molecule 20 and Hoechst at 

parasites were acquired by confocal microscopy. DIC-Differential Interference Contrast 

microscopy – grey. Hoechst- blue fluorescence. Compound 20 - red fluorescence. Representative 

images of three independent experiments. Bar- 5 µm. Panels 1A-D- 0 µM 18 and 2A-D 5µM 18.  

 

4.4 Parasite intracellular target identification 

 

After confirmation of intracellular availability of compounds 19 and 20 by 

confocal microscopy, the next step was to identify the parasite protein(s) that 

interact with chalcone analogue 19. This involved the use of live L. amazonensis 

promastigotes, which were incubated with compound 19 (0 µM and 5 µM) and 
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then lysed by sonication, to expose all proteins from the parasite proteome. 

These proteins were submitted to CuAAC cycloaddition reactions with compound 

20 (5 µM), CuSO4 (1 mM), sodium ascorbate (2 mM) and THPTA (2 mM) at RT 

for 1 h. Following the conjugation reaction, the resulting proteins were then 

analysed by 8% SDS-PAGE (Figure 13) and the fluorescence of 20 was detected 

using Gel Doc XR imager followed by protein staining with comassie brilliant blue 

G-250. 

  To verify specificity binding of 19, the same controls were run on each gel: 

a control lane only with protein (L1), a second with proteins from parasites treated 

with compound 19 (L2), a third lane with proteins from parasites pre-treated with 

compound 19 and linked to probe 20 by CuAAC (L3) and a lane with protein 

without chalcone 19 but submitted to CuAAC with probe 20 (L4). These studies 

showed that the parasite protein profile was not modified by incubation with 

chalcone 19 or by the cycloaddition reaction. The comassie blue stain image 

showed that it was possible to view similar proteins bands in all conditions.   
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Figure 13. Chalcone probe binding on parasite proteins by SDS-PAGE. Proteins from L. 

amazonensis promastigotes pre-treated with 19 (0 and 5 µM) for 5 h were reacted with probe 20 

(5 µM) for 1 h at RT. Proteins were analysed by 8% SDS-PAGE, left hand image shows proteins 

stained with comassie blue; Right hand image showed fluorescence signal detected by Gel Doc 

imager. L1- untreated parasites, L2- parasites treated with compound 19, L3- parasites treated 

with chalcone 19 and linked to probe 20, L4- untreated parasites linked to probe 20. 

  

From the fluorescence analysis in Figure 13 (right), some bands could be 

attributed to auto-fluorescence and these are shown in the lane with untreated 

proteins (L1). This auto-fluorescence signal can be also observed in proteins pre-

treated with chalcone 19 (L2), discarding a possible interference of chalcone on 

detected fluorescence signal. The trifunctional probe 20 alone did not bind 

specifically to parasite proteins, as no strong fluorescent bands were visualized 

in L4. Importantly, following incubation with chalcone 19 and CuAAC with probe 

20 (Lane 3) two bands were strongly labelled by probe, one band at about 22 kDa 

and another around 35 kDa. This labelling indicates the presence of probable 

chalcone targets in the parasite proteome.  
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Attempts to purify protein targets using the biotin moiety of the probe 20 to 

bind to streptavidin beads were not successful with, no specific protein bands 

being detected using this approach. This could be related to a number of factors 

including the forcing condition required to cleave bound protein form the beads 

leading to probe and protein degradation, such as high temperatures, pH 4.0 and 

highly reducing conditions. Additionally, the quantity of protein in the parasite, as 

low expression rates would need large quantities of protein to be detected by 

SDS-PAGE gel analysis.  

4.5 Drug target confirmation by competition assay 

 

Having successfully identified a putative chalcone binding protein it was 

then necessary to validate whether the observed binding of chalcone 19 is to a 

specific target site or a non-specific binding event. A competition assay between 

the original chalcone (11) and analogue (19) was chosen as a way to eliminate 

promiscuous ABPP probe labelling151. For this task, L. amazonensis 

promastigotes were incubated with increasing amounts of compound 11 (1, 3, 9 

and 27 µM) for 4 h, cells were then washed and incubated with compound 19 at 

a fixed concentration of 1 µM. Parasites were disrupted by sonication, followed 

by a click reaction with probe 20 and analysis by SDS-PAGE as before (Figure 

14).  

From this it can be seen that the combination of probe 20 and chalcone 19 

was able to bind in a strong manner to proteins at 22 kDa and 35 kDa (L3). 

Nevertheless, this binding was substantially affected when parasites were pre-

incubated with different concentrations of chalcone 11 (L4-7).  The band around 
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35 kDa was barely affected by chalcone 11 incubation, but the fluorescence 

signal corresponding to the band at ~22 kDa was abolished by prior incubation 

with 11 (Figure 13 A and B). This suggests that NAT22 (11) blocked the binding 

site of analogue 19 in the 22 kDa protein, which therefore represent a potential 

target protein and that the labelling of the 35 kDa protein is a non-specific binding 

effect that can be ignored. This data, led us to investigate proteins within the band 

at ~22 kDa as the chalcone target. 

 

 

Figure 14. Target competition between compounds 11 and 19. L. amazonensis promastigotes 

were treated with 11, and cells were washed and incubated with 19 (1 µM). Proteins from all 

conditions were submitted to CuAAC with 20 (1 µM) for 1h at RT. Proteins were analysed by SDS-

PAGE 10%, fluorescence signal of 20 were detected by Gel Doc imager and gel stained with 

comassie blue G. A- Representative SDS-PAGE images of proteins from all conditions. B- 

Fluorescence intensity quantification of the band at 22 kDa. L1- untreated parasites. L2- parasites 
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treated with 11 (1 µM). L3- parasites treated with 19 (1 µM). L4 to L7- parasites treated with 11 (1, 

3, 9 and 27 µM, respectively) and 19 (1 µM). Representative image of two independent 

experiments.  

4.6 Chalcone target identification by mass spectrometry  

 

With attention focused on target identification in only one gel band at ~22 

kDa, protein samples from promastigotes treated with chalcone analogue 19 and 

linked to probe 20 were separated by 8% SDS-PAGE (Figure 15). The region 

corresponding to the fluorescent band at ~22 kDa was excised from the comassie 

blue stained gel, and proteins on this gel fragment were digested by trypsin. The 

peptides resulting from the digestion process were submitted to mass 

spectrometry (Q-Tof – Waters). The identification of possible proteins in this band 

generated nine protein candidates as listed in Table 7.  

 
 

Figure 15. Representative 8% SDS-PAGE of proteins from L. amazonensis promastigotes were 
treated with compound 19 and linked to 20 by CuAAC. Yellow rectangles show the bands excised 

from the gel and submitted to mass spectrometry identification. 
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Table 7. Protein candidates identified from peptides on the band at 22 kDa by mass 

spectrometry (Q-ToF).  

 

 

Based on the observed molecular weight (~22,000 Da), three identified 

candidates described for Leishmania species were considered promising (NCBI 

entries:  XP_003871568.1, XP_003873257.1 and AAX47428.1). We chose 

cytosolic tryparedoxin peroxidase (AAX47428.1) as a target because 

XP_003871568.1 and XP_003873257.1 are proteins related to protein synthesis 

Protein 
number 

NCBI 
Entries 

Description Mass Peptide sequence 

1 ABC40566.1 
alpha-tubulin [Leishmania 

tarentolae] 
50542 LIGQVVSSLTASLR 

2 
XP_0038715

68.1 

40S ribosomal protein S7 

[Leishmania mexicana 

MHOM/GT/2001/U1103] 

23836 
TSTAVFENILSDMIYPS

DVVGR 

3 
XP_0038732

57.1 

putative 60S ribosomal 

protein L18 [Leishmania 

mexicana 

MHOM/GT/2001/U1103] 

22207 TAPIAVVVGDVLDDVR 

4 JAS02769.1 
alpha tubulin, partial 

[Triatoma infestans] 
43617 LIGQVVSSITASLR 

5 
XP_0026130

05.1 

hypothetical protein 

BRAFLDRAFT_58199 

[Branchiostoma floridae] 

50939 IIGQVVSSITASLR 

6 
XP_0183320

11.1 

PREDICTED: tubulin 

alpha-2 chain-like [Agrilus 

planipennis] 

56709 LLGQVVSSITASLR 

7 JAQ08148.1 
60S ribosomal protein L11, 

partial [Lygus hesperus] 
12939 VLEQLCEQTPVLSR 

8 AGG11660.1 
hypothetical protein, partial 

[Leptomonas pyrrhocoris] 
36242 ELEQIASEALEAAR 

9 AAX47428.1 

cytosolic tryparedoxin 

peroxidase [Leishmania 

amazonensis] 

22344 AYGVLAEAQGVAYR 
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and in theory are located in the cytoplasm. However, according to confocal 

microscopy results (Figure 12), the target can be found in the cytoplasm and 

mitochondria, and two isoforms of tryparedoxin peroxidase can be found in the 

parasite, one in the cytoplasm and the other in the mitochondrion. Furthermore, 

the peptide identified by mass spectrometry (AYGVLAEAQGVAYR) align 100% 

with the protein sequence of cytosolic tryparedoxin peroxidase from L. 

amazonensis (Figure 16A), L. donovani and L. mexicana. 

Cytosolic tryparedoxin peroxidase (cTXNPx) is a very well characterized 

protein, with a high level of similarity between Leishmania species. Analysis using 

the CLUSTAL Omega tool with the protein sequence from cTXNPx from different 

species of Leishmania revealed a similarity of 75% when comparing all species 

together (L. amazonensis. L. donovani, L. mexicana, L. infantum, L. major and L. 

braziliensis) (Figure 16B). Individual alignments showed higher similarities, 

cTXNPx of L. amazonensis is 100% similar to L. donovani, 95% to L. mexicana, 

90% to L. infantum, 88% to L. major and 80% to L. braziliensis. Despite 

discrepancy among species, cysteine residue 52, the enzyme active site, is 100% 

conserved in all aligned species. The chalcone activity against distinct 

Leishmania species may be explained by the higher cTXNPx similarity among 

species and protein sequence differences in each species of Leishmania may 

explain the IC50 variations observed in Table 6.  
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Figure 16. Protein sequence alignments. A- Alignment between the peptide obtained from the 

band at 22 kDa and the protein cytosolic tryparedoxin peroxidase [Leishmania amazonensis]. B- 

ClustalOmega alignment of protein sequence of cytosolic tryparedoxin peroxidase from different 

Leishmania species.  
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4.7 Confirmation of cTXNPx as a chalcone target  

 

In order to confirm cTXNPx as a chalcone target, immunoblotting with an 

antibody against cTXNPx was performed. Proteins from lysate of live 

promastigotes treated with chalcone 19 (5 µM) alone or linked with probe 20 (5 

µM) were analysed by 10% SDS-PAGE.  After fluorescence detection, proteins 

were stained using comassie blue or transferred to PVDF membrane. The PVDF 

membrane was then incubated with polyclonal mouse anti-cytosolic TXNPx 

antibody (donated by Prof Angela Cruz, USP, Brazil), followed by anti-Mouse 

IgG-HRP, as secondary antibody, and the presence of cTXNPx evaluated by 

western blot (Figure 17). Fluorescence imaging (Figure 17B) showed that 

parasite incubation with chalcone 19 and subsequent reaction with probe 20 

could bind specifically to proteins of 22 kDa, as discussed above. Confirming the 

hypothesis, chemiluminescence results (Figure 17C) exhibited an antibody band 

specifically for cTXNPx at 22 kDa and this band is at exactly the same position 

as the fluorescent band seen in the gel from the chalcone analogue. Structural 

studies101 showed that cTXNPx can be found in a decameric form, composed by 

five homodimers, the dimeric form is the enzyme active conformation, whose 

active site is formed by the interaction between Cys52 of one subunit and Cys173 

of the other monomer108, it was interesting that no interaction could be observed 

for the band correlating to the cTXNPx dimer (~44 kDa) (Figure 17C). The 

evidence from this experiment suggest that the interaction between chalcone and 

cTXNPx is preferentially in the enzyme monomeric form. However, this does not 

exclude the possibility of an interaction with the decameric or dimeric form 
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culminating with the destabilization of the quaternary structure of the protein and 

consequently enzyme inhibition. 

  

Figure 17. Confirmation of cTXNPx as a chalcone target by immunoblotting. Proteins from L. 

amazonensis promastigotes treated or not with 19 and linked to 20, were submitted to 10% SDS 

PAGE. A- Proteins stained with Comassie Blue. B- Gel Fluorescence signal taken using GelDoc 

X imager. C- Detection of cTXNPx on PVDF membrane by western blot using a polyclonal 

antibody anti-cTXNPx.   

 

 

Unidimensional polyacrylamide gels commonly generate false positive 

results due to their low efficiency in differentiating between proteins, which are 

separated only by molecular size152. To increase the resolution of our analysis 

and corroborate the hypothesis that cTXNPx was the target of NAT22, the soluble 

protein fraction of promastigote lysate treated with chalcone 19 and linked to 

probe 20 was assessed by two-dimensional electrophoresis. The fluorescence of 

compound 20 on the gels was documented and the presence of cTXNPx was 

detected by western blot analysis with anti-cTXNPx antibody (Figure 18). 

Monitoring by fluorescence revealed a series of bands concentrated around 22 

kDa (Figure 18B) whilst imaging by western blot (Figure 18C), enabled the 
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detection of four distinct spots at the same molecular weight (~22 kDa) but with 

different pI. This in accordance to findings in the literature153 describing the 

presence of 4 isoforms of the enzyme in different pIs, which can represent a 

differential enzyme functionality at distinct pH environment. Significantly, these 

spots are at same position as the fluorescence signal observed on the SDS-

PAGE for the protein chalcone conjugate, confirming that the chalcone probe was 

specifically labelling TXNPx. 
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Figure 18. Confirmation of cTXNPx as a chalcone target by 2D electrophoresis. 500 µg of proteins 

from parasites treated with chalcone 19 and linked to probe 20 were loaded using in-gel 

rehydration into 7cm pH 4-7 IPG strips. Proteins were resolved in the first dimension using 

isoelectric focusing and the second dimension using 10% mini-format SDS-PAGE gels. Resolved 

proteins were visualised for their fluorescence and transferred to PVDF membrane. Polyclonal 

antibody anti-cTXNPx was used to detected cTXNPx on membrane by Immunoblotting. A- 

Comassie blue staining image. B- Compound 20 fluorescence image. C- cTXNPx labelling by 

western blot. Representative image of three independent experiments.  
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Aiming to obtain further proof for this labelling, several spots from the 2D-

gel (Figure 19) were excised, digested with trypsin and analysed by mass 

spectrometry, as described for 1D analysis. The region where fluorescence can 

be observed from probe 20 was used to choose spots D1 to D11, spot D8 was 

chosen due to an antibody signal viewed on the western blot image. Protein 

identification based on peptides from each spot digestion are listed in Table 8. It 

was found that spots near the fluorescence area (D3, D4, D5 and D7) of 

compound 20 were cytosolic tryparedoxin peroxidase from L. amazonensis and 

non-relevant proteins or no identification was obtained from the other spots.  

Together these findings provided strong evidence that the enzyme 

cytosolic tryparedoxin peroxidase is a molecular target of chalcone NAT22 (11).  

Significantly, TXNPx activity has been described for both parasite forms, 

promastigote and amastigote, and it is extremely essential for parasite redox 

balance and contribute for DNA biosynthesis100; 145. 

 

Figure 19. Schematic 2D-gel image of the spots used for protein identification. 2D-gel of proteins 

from L. amazonensis promastigotes treated with chalcone 19 and linked to 20 by CuAAC. Red 

circles show all spots excised from the gel and submitted to mass spectrometry (Q-ToF) 

identification. 
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Table 8. Proteins identified by mass spectrometry on each 2D-gel spot. 

Spots Protein Description 

D1 No identification 

D2 No identification 

D3 
cytosolic Tryparedoxin peroxidase [Leishmania 

amazonensis] 

D4 
cytosolic Tryparedoxin peroxidase [Leishmania 

amazonensis] 

D5 
cytosolic Tryparedoxin peroxidase [Leishmania 

amazonensis] 

D6 putative iron superoxide dismutase [Leishmania mexicana] 

D7 
cytosolic Tryparedoxin peroxidase [Leishmania 

amazonensis] 

D8 

Heat shock protein 83 

90-kDa heat-shock protein, partial [Halichondria sp. AR-

2003] 

molecular chaperone HtpG [Desulfotomaculum gibsoniae] 

D9 No identification 

D10 No identification 

D11 ATP-dependent RNA helicase, putative [Trypanosoma cruzi] 

 

4.8 Chalcone target specificity for parasite 

 

Having identified cTXNPx as the molecular target of NAT22 (11) within 

promastigotes, the next question was whether this remained the case in the more 

clinically relevant amastigote form. Moreover, whilst NAT22 (11) did not show 

significant cytotoxicity it was also of interest to determine whether any host cells 

proteins would interact with this compound. 

To verify if amastigote cTXNPx remained susceptible to the chalcone and 

whether chalcone has different targets in parasite and host cell, soluble proteins 
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from promastigotes, purified intracellular amastigotes and macrophages treated 

with 19 and linked to 20, in the same way as described above, were analysed by 

SDS-PAGE and western blot (Figure 20).  Analysis by fluorescence (Figure 20A) 

show comparatively similar fluorescent bands in both promastigotes and 

amastigotes samples (P2 and A2), especially the band related to cTXNPx, 

suggesting that the chalcone exhibits similar binding in both parasite stages. P1, 

A1 and M1 are samples from promastigotes, amastigotes and macrophages non 

incubated with compound 19. For macrophages (M2), the most prominent bands 

are located at high molecular weight proteins, around 37 to 50 kDa, indicating 

possible chalcone targets on macrophages. Whilst some of these bands ~50 kDa 

could be observed at amastigotes samples, these probably arise through 

macrophage contamination during amastigote purification process.  

Immunoblotting of cTXNPx (Figure 20B) further confirms chalcone target 

specificity for the parasites, with only proteins in the parasites samples, both 

promastigotes and amastigotes being detected. However, no signal was 

observed in macrophages samples. These findings are in accordance with  

literature reports, which describe the presence of TXNPx only in 

trypanosomatids154. The most similar protein found in humans is peroxiredoxin-1 

(MW= 25 KDa), although it shares poor similarity to cTXNPx (∼40%)154 .  
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Figure 20. Chalcone target specificity for parasite. Proteins from L. amazonensis promastigotes, 

intracellular amastigotes and macrophages treated or not with 19 and linked to 20 were analysed 

by 10% SDS-PAGE. Proteins were visualised for their fluorescence and transferred to PVDF 

membrane. cTXNPx were detected on the membrane by western Blot using a polyclonal antibody 

anti-cTXNPx. A- Gel fluorescence image. B- cTXNPx detected by immunoblotting. P- 

Promastigotes proteins. A- Amastigotes proteins. M- Uninfected macrophages proteins. P1, A1 

and M1- Samples non treated with 19. P2, A2 and M2- Samples treated with 19.  

 

 

4.8.1 Summary  

 

The use of modified chalcone probe 19 coupled with the trifunctional 

reagent 20 enabled the enzyme cytosolic tryparedoxin peroxidase to be identified 

as a target for NAT22. Moreover, western blot and 2D electrophoresis confirm 
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the specificity of this labelling. Consistent with this being a parasite specific 

enzyme little cross reactivity was observed in macrophages further emphasising 

the potential of chalcones for leishmaniasis chemotherapy. The results presented 

to date clearly demonstrate the utility of the activity-based protein profiling 

approach using CuAAC to enable target identification.  

4.9 Expression and purification of cTXNPx 

 

With the enzyme cytosolic tryparedoxin peroxidase confirmed as the most 

likely chalcone target protein, attention then turned to investigate the interaction 

between protein and drug. In order to do this a source of parasitic TXNPx was 

required and the generation of an efficient method for expression and purification 

of cTXNPx became the next goal.  

4.9.1 Design of cTXNPx plasmids construct 

 

We decided to employ traditional PCR cloning method to amplify and 

obtain the desired gene fragments155. The expression of cTXNPx is controlled by 

more than one gene on parasite genome.  Here we use as selection criteria, the 

degree of similarity with the enzyme for L. amazonensis protein (AY842247.1). 

Using data from the GeneBank, the chosen gene sequences were L. donovani 

(XM_001681966.1, 100 % similarity), L. mexicana (XM_003873581.1, 95 %) and 

L. major (KC595509.1, 88 %) (Table 9, Figure 16B). For each sequence, 

recombinant cloning vectors (pUC57) containing open reading frames (ORFs) for 

cTXNPx were purchased from Genscript.  
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Table 9. Gene sequence used to construct the plasmids. 

Leishmania  

gene ID 
 Gene sequence 

AY842247.1 

Leishmania 

amazonensis 

cytosolic 

tryparedoxin 

peroxidase  

ATGTCCTGCGGTGACGCCAAGATCAACTGCGCCGCGCCGACCTTCGAGGAG

GTGGCGCTCATGCCCAACGGCAGCTTCAAGAAGATCAGCCTCTCCGCCTACA

AGGGCAGGTGGGTCGTGCTCTTCTTCTACCCGCTCAATTCACCCCCGTGTGC

CCGACAGAAGTCATTGCGTTCTCCGACAACGTGGCTCGCTTCAACGAGCTCA

GCTGCGACGTCATCGCGTGCTCCACGGACAGCGAGTACGCGCACCTGCAGT

GGACGCTGCAGGACCGCAAGAAGGGCGGCCTCGGCACCATGGCGATCCCAA

TACTGGCCGACAAGACCAAGTCCATCGCTCGTGCCTACGGCGTGCTGGCGG

AGGCACAGGGCGTGGCCTACCGCGGTCTCTTCATCATCGACCCCCGTGGCG

TCCTGCGCCAGATCACCGTCAACGACATGCCGGTGGGCCGCAACGTGGAGG

AGGTTCTGCGCCTGCTGGAGGCTTTTCAGTTCGTGGAGAAGCACGGCGAGGT

GTGCCCCGCCAACTGGAAGAAGGGCGACCCCACAATGAAGCCGGAACCGAA

GGCATCTGTCGAGGGGTACTTCAGCAAGCAGTAA 

XM_001681966

.1 Leishmania 

major strain 

Friedlin 

tryparedoxin 

peroxidase 

(TRYP1) 

ATGTCCTGCGGTAACGCCAAGATCAACTCTCCCGCGCCGTCCTTCGAGGAGG

TGGCGCTCATGCCCAACGGCAGCTTCAAGAAGATCAGCCTCTCCTCCTACAAG

GGCAAGTGGGTCGTGCTCTTCTTCTACCCGCTCGACTTTAGCTTCGTGTGCCC

GACAGAGGTCATCGCGTTCTCCGACAGCGTGAGTCGCTTCAACGAGCTCAAC

TGCGAGGTCCTCGCGTGCTCGATAGACAGCGAGTACGCGCACCTGCAGTGGA

CGCTGCAGGACCGCAAGAAGGGCGGCCTCGGGACCATGGCGATCCCAATGC

TAGCCGACAAGACCAAGAGCATCGCTCGTTCCTACGGCGTGCTGGAGGAGAG

CCAGGGCGTGGCCTACCGCGGTCTCTTCATCATCGACCCCCATGGCATGCTG

CGTCAGATCACCGTCAATGACATGCCGGTGGGCCGCAGCGTGGAGGAGGTTC

TACGCCTGCTGGAGGCTTTTCAGTTCGTGGAGAAGCACGGCGAGGTGTGCCC

CGCGAACTGGAAGAAGGGCGCCCCCACGATGAAGCCGGAACCGAATGCGTC

TGTCGAGGGATACTTCAGCAAGCTCTGA 

XM_003873581

.1 Leishmania 

mexicana 

MHOM/GT/200

1/U1103 

tryparedoxin 

peroxidase 

ATGTCCTGCGGTGACGCCAAGATCAACTGCGCCGCGCCGGCCTTCGAGGAGA

TGGCGCTCATGCCCAACGGCAGCTTCAAGAAGATCAGCCTCTCCGCCTACAA

GGGCAGGTGGGTCGTGCTCTTCTTCTACCCGTATGACTTCAGCTTCGTGTGCC

CGACAGAGATCATTCAGTTCTCCGACAACGTGGCTCGCTTCAACGAGCTCAAC

TGCGACGTCATCGCGTGCTCCACGGACAGCGAGTACGCGCACCTGCAGTGGA

CGCTGCAGGACCGCAAGAAGGGCGGCCTCGGCACCATGGCGATCCCAATGC

TGGCCGACAAGACCAAGTCCATCGCTCGTGTCTACGGCGTGCTGGCGGAGGC

ACAGGGCGTGGCCTACCGCGGTCTCTTCATCATCGACCCCCATGGCGTCCTG

CGCCAGATCACCGTCAACGACATGCCGGTGGGCCGCAACGTGGAGGAGGTT

CTGCGCCTGCTGGAGGCTTTTCAGTTCGTGGAGAAGCACGGCGAGGTGTGCC

CCGCCAACTGGAAGAAGGGCGACCCCACAATGAAGCCAGAACCGAAGGCATC

TATTGAAGGGTACTTCAGCAAGCTTTGA  

KC595509.1 

Leishmania 

donovani 

cytosolic 

tryparedoxin 

peroxidase 

ATGTCCTGCGGTGACGCCAAGATCAACTGCCCCGCGCCGCCCTTCGAGGAGG

TGGCGCTCATGCCCAACGGCAGCTTCAAGAAGATCAGCCTCGCCGCCTACAA

GGGCAAGTGGGTCGTGCTCTTCTTCTACCCGCTCGACTTCACCTTCGTGTGCC

CGACAGAGATCATCGCGTTCTCCGAAAACGTGAGTCGCTTTAACGAGCTCAAC

TGCGAGGTCCTCGCGTGCTCCATGGACAGCGAGTACGCGCACCTGCAGTGGA

CGCTGCAGGACCGCAAGAAGGGCGGCCTCGGCGCCATGGCGATTCCAATGC

TGGCCGACAAGACCAAGAGCATCGCTCGTGCCTACGGCGTGCTGGAGGAGAA

ACAGGGCGTGGCCTACCGCGGTCTCTTCATCATCGACCCCAATGGCATGGTG

CGCCAGATCACCGTCAACGACATGCCGGTGGGCCGCAACGTGGAGGAGGTT

CTGCGCCTGCTGGAGGCTTTTCAGTTCGTGGAGAAGCACGGCGAGGTGTGCC

CCGCGAACTGGAAGAAGGGCGCCCCCACGATGAAGCCGGAGCCGAAGGCGT

CTGTCGAGGGGTACTTCAGTAAGCAGTAA  

 



Results 

 

114 

 

Each open reading frame containing 600 bp of length was cloned into 

pUC57 by EcoRV and according to manufacturer’s certificate all constructs 

passed on all quality parameters, such as target sequencing alignment, DNA 

quality, vector sequence and absence of unexpected bands suggesting 

contamination. A general plasmid construct map for all genes is illustrated in 

Figure 21. 

 

Figure 21. General plasmid construct map. The plasmid constructs were purchased from 

Genscript; the gene of interest were cloned at MCS position flanked by protective bases added 

by the company (Blue bases).  

 

After transformation into stellar cells, ORFs sequences were amplified by 

PCR using primers designed for each gene sequence. Primers were created 

using the primer design toll from Protein production UK website 

(http://www.oppf.rc-harwell.ac.uk/OPPF/) and they are  in Table 5 (page 75). PCR 

reaction was done under different annealing temperatures to find the most 

appropriate temperature of amplification. Then, PCR products were analysed 

using an agarose gel. In Figure 22, it is possible to see amplicons of each gene 

at approximately 600 bp related to the desired fragments; this could be observed 

http://www.oppf.rc-harwell.ac.uk/OPPF/
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by UV-light, confirming fragment amplification. The annealing temperature 

chosen for PCR reaction was 62 ºC (Figure 22 - blue rectangles).  

 

Figure 22. Agarose gels of PCR products from pUC57 plasmid. pUC57 vector plasmid were 

extracted from transfected stellar cells and DNA fragments of interest were amplified by PCR. 

PCR products were submitted to an agarose gel, and amplified fragments observed under UV-

light and documented using GelDoc imager. A- L. amazonensis. B- L. major. C- L. mexicana. D- 

L. donovani. Blue rectangles- PCR amplification at 62 ºC of annealing temperature. 
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In order to facilitate subsequent protein purification, the DNA fragments 

from the PCR reaction were purified and successfully integrated into the pOPINF 

expression vector, at HindIII and KpnI positions, which introduces an N-terminal 

His6-tag plus a 3C cleavage site to the recombinant protein143 (Figure 23).  

 

Figure 23. General pOPINF expression plasmid construct map.  

4.9.2 Transformation and sequencing 

 

Expression vectors (pOPINF) carrying ORF fragments were transfected 

into E. coli BL21(DE3) competent cells by heat shock, this strain was chosen due 

to its higher efficiency of recombinant protein expression. BL21 (DE3) contains a 

lysogen bacterium (λDE3) carrying a single T7 RNA polymerase gene controlled 

by lacUV5 promoter, which is maximally induced by isopropyl-p-D-

thiogalactopyranoside (IPTG). T7 RNA polymerase will induce the expression of 
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cTXNPx recombinant genes cloned downstream of a T7 promoter pOPINF 

(Figure 23).  

Transfection was confirmed by antibiotic selection overnight with ampicillin 

and DNA of 8 positive colonies were amplified by PCR using the same primers 

as described above (Table 5). As expected, in most of the ampicillin resistant 

colonies, the DNA product could be visualized at 600 bp, on agarose gels (Figure 

24). 

 

Figure 24. Agarose gels of PCR products from pOPINF plasmids. pOPINF expression vector 

plasmid were extracted from transfected E. coli BL21(DE3) cells and DNA fragments of interest 

were amplified by PCR. PCR products were submitted to an agarose gel, observed under UV-

light and documented using GelDoc imager. Blue rectangles- Fragment submitted to sequencing. 

GeneRuler DNA Ladder was used as standard. C1 to 8- positive bacteria colonies.  
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Two PCR products of each gene were excised from the agarose gel 

(Figure 24 - blue rectangles), purified using miniprep purification kit (QIAGEN) 

and sequenced to verify the presence of desired DNA sequence. Subsequent 

sequencing (Figure 25) showed that the DNA sequence in pOPINF was a 

transcript of cTXNPx for all four species, with 100 % identity to L. amazonensis, 

L. donovani and L. mexicana and 96 % identity to L. major. 
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Figure 25. Protein sequence alignment. All sequences obtained by sequencing using T7 

promoter and terminator were translated to protein sequence with ExPASy tool. Then, these 

protein sequences were aligned with its respective sequence on PDB by ClustalOmega 

alignment. A- cTXNPx of L. amazonensis. B- cTXNPx of L. major. C- cTXNPx of L. mexicana. D- 

cTXNPx of L. donovani 
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4.9.3 Protein overexpression and large scale purification.  

 

With constructs successfully prepared attempts were made to induce 

protein expression and subsequent cTXNPx purification. Each colony of E. coli 

BL21(DE3) confirmed to be transfected with pOPINF and desired gene was 

grown on 50 mL of LB medium with ampicillin at 37 ºC, overnight. These cultures 

were used as initial inoculum for a 1 L cultures and when bacteria grew to an 

optical density (OD) of 0.8, protein expression was induced by addition of 1mM 

IPTG. Then, temperature of incubation was decreased to 30 ºC and cultures were 

shaken for 16 h. After that, high bacteria density was obtained as determined by 

spectrophotometer (OD: 2.0- 2.6).  

All bacteria in each culture were lysed by sonication, using a lysis buffer 

containing an anti-protease cocktail. The desired cTXNPx protein was purified by 

affinity chromatography on Ni+2-NTA columns by FPLC elution with increasing 

imidazole concentration (Figures 26A, 27A, 28A and 29A).   

Samples were collected during all purification steps and analysed by SDS-

PAGE. Figures 26B, 27B, 28B and 29B shows representative gel images of all 

samples of each protein. Reflecting the addition of the His6-tag, the bands 

corresponding to cTXNPx was now observed at around 24 kDa. From the data 

shown in Figure 26, 27 and 28, it was possible to infer that after IPTG induction 

(AI), all E. coli cultures expressed more proteins in comparison to the culture 

before induction (BI). Lanes F1 to F5 represent the fractions from FPLC elution 

and they suggest all of them are composed mostly by a protein at ~24 kDa.  Whilst 

this protocol successfully enabled the expression and purification of cTXNPx from 
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L. amazonensis, L. major and L. mexicana proteins, the orthologue from L. 

donovani was not efficiently obtained by this approach (Figure 29A) with only a 

low amount of protein purified by FPLC in comparison to the other proteins. 

Moreover, SDS-PAGE analysis of all fractions (Figure 29B) revealed that the 

band related to cTXNPx was not the major product isolated, probably due to a 

protein solubility issue, once the band at 24 KDa can be noticed on the pellet 

fraction (Figure 29B - Pel). Unfortunately, due to lack of time this purification was 

done only once, and a new L.doncTXNPx purification is required in order to 

circumvent this problem. 

Each sample of cTXNPx was combined and the proteins dialysed with 

aqueous ammonium bicarbonate (10 mM), overnight, to remove excess of 

imidazole. This was accompanied by some protein precipitation and to provide a 

final solution containing only soluble proteins each sample was submitted to 

centrifugation to remove all precipitated material. 
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Figure 26. L. amazonensis cTXNPx overexpression and purification by FPLC. cTXNPx protein 

overexpression was induced on BL21(DE3) cells by IPTG addition. All bacteria were disrupted by 

sonication and desired protein was purified from the supernatant on Ni+2-NTA columns by FPLC. 

A- FPLC chromatogram of L. amazonensis cTXNPx purification. B- SDS-PAGE showing samples 

collected during all purification steps.    
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Figure 27. L. major cTXNPx overexpression and purification by FPLC. cTXNPx protein 

overexpression was induced on BL21(DE3) cells by IPTG addition. All bacteria were disrupted by 

sonication and desired protein was purified from culture supernatant on Ni+2-NTA columns by 

FPLC. A- FPLC chromatogram of L. major cTXNPx purification. B- SDS-PAGE showing samples 

collected during all purification steps.    
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Figure 28. L. mexicana cTXNPx overexpression and purification by FPLC. cTXNPx protein 

overexpression was induced on BL21(DE3) cells by IPTG addition. All bacteria were disrupted by 

sonication and desired protein was purified from culture supernatant on Ni+2-NTA columns by 

FPLC. A- FPLC chromatogram of L. mexicana cTXNPx purification. B- SDS-PAGE showing 

samples collected during all purification steps.    

 

 

 



Results 

 

125 

 

Figure 29. L. donovani cTXNPx overexpression and purification by FPLC. cTXNPx protein 
overexpression was induced on BL21(DE3) cells by IPTG addition. All bacteria were disrupted by 
sonication and desired protein was purified from culture supernatant on Ni+2-NTA columns by 
FPLC. A- FPLC chromatogram of L. donovani cTXNPx purification. B- SDS-PAGE showing 

samples collected during all purification steps. 
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4.9.4 cTXNPx confirmation by mass spectrometry  

 

The protein extinction coefficient calculated by an online calculator 

(http://www.biomol.net) from each protein sequence (Figures 30A, 31A, 32A and 

33A), was used as a parameter to quantify the protein concentration for each 

soluble fractions using a NanoDrop spectrophotometer. With this information to 

hand, the proteins were then diluted to 0.6 mg/mL in ammonium bicarbonate (10 

mM) and analysed by mass spectrometry (LCT premiere-Waters). For L. 

amazonensis, L. major and L. mexicana derived samples appropriate mass ions 

corresponding to loss of a Met (methionine) could be observed (Figures 30B, 31B 

and 32B).  

In accordance with the SDS PAGE analysis for L. donovani derived 

proteins, the mass spectrum revealed no peaks attributable to the predicted mass 

corresponding to cTXNPx in this species (Figure 33B). 

The protein mass spectrometry analysis confirmed that the desired 

cTXNPx for three species, L. amazonensis, L. major and L. mexicana could be 

purified using this approach.  
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Figure 30. L. amazonensis cTXNPx mass spectrometry analysis.  A- Protein mass and extinction 

coefficient of L. amazonensis cTXNPx calculated by biomol tool. B- L. amazonensis cTXNPx 

mass spectrum. M+H-Met requires 24026 Da.  
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Figure 31. L. major cTXNPx mass spectrometry analysis. A- Protein mass and extinction 

coefficient of L. major cTXNPx calculated by biomol tool. B- L. major cTXNPx mass spectrum. 

M+H-Met requires 24138 Da.   
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Figure 32. L. mexicana cTXNPx mass spectrometry analysis. A- Protein mass and extinction 

coefficient of L. mexicana cTXNPx calculated by biomol tool. B- L. mexicana cTXNPx mass 

spectrum. M+2H+H2O-Met requires 24138 Da.   
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Figure 33. L. donovani cTXNPx mass spectrometry analysis. A- Protein mass and extinction 
coefficient of L. donovani cTXNPx calculated by biomol tool. B- L. donovani cTXNPx mass 

spectrum.  
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4.9.5 cTXNPx and chalcone interaction by mass spectrometry 

 

With protein successfully purified, it was of interest to assess whether 

chalcone 11 is able to bind to the enzyme cTXNPx, as observed in live parasites. 

This confirmation was done by mass spectrometry with purified cTXNPx from L. 

amazonensis and L. major. Proteins were diluted to 0.6 mg/mL, in ammonium 

bicarbonate (10 mM), DTT (5 mM), at pH 7.2 and incubated for 30 min with 

compound 11 (27 µM). Then, proteins were submitted to mass spectrometry, as 

described before, to analyse their molecular weight.   

In the absence of compound 11, it was possible to observe only one peak 

corresponding to the protein molecular weight, for LaTXNPx protein mass was 

24025 Da and 24138 Da for LmTXNPx, respectively (Figure 34A and C).  In 

agreement with the earlier result using live parasites, compound 11 was found to 

bind strongly to the protein causing a peak shift of 343 Da which is consistent 

with a protein chalcone 11 conjugate (Figure 34B and D). Two small similar peak 

could be observed near the unbound protein, after treatment with chalcone 11 at 

24368 Da [24025 + 343] for LaTXNPx whilst a similar peak could also be 

visualized at 24481 Da [24138 + 343] for LmTXNPx.   

These mass spectrometry results helped us to confirm the interaction and 

it strength between protein and chalcone. Weak and middle interactions, such as 

ionic interactions, hydrogen bonds and hydrophobic interaction, cannot withstand 

the conditions used for sample analysis, which would result in the chalcone 

becoming unbound. The peak shift in both proteins suggest that chalcone 11 

binds to cTXNPx through a covalent interaction. 
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A covalent interaction between chalcone and cTXNPx is in accordance 

with literature37. The active site of cTXNPx contains 2 cysteine residues (Cys52 

and Cys173) that possess reactive sulfhydryl groups essential for enzymatic 

activity. Consistent with this, chalcone 11 contains an enone group, a Michael 

acceptor, which will undergo a Michael addition with the sulfhydryl on the cysteine 

to form a covalent bond37. 

 

Figure 34. Mass spectrometry analysis of interaction between chalcone and cTXNPx. Purified 

proteins (0.6 mg/ mL) were incubated or not with compound 1 (1:1) for 30 min and their molecular 

weight analysed by Mass Spectrometry. A- cTXNPx of L. amazonensis molecular weight [M-Met 

requires 24025 Da]. B- cTXNPx of L. amazonensis with 11 [M-Met+343 requires 24368 Da]. C- 

cTXNPx of L. major molecular weight [M+H-Met requires 24138 Da]. D- cTXNPx of L. major with 

11 [M+H-Met+343 requires 24481 Da].   
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4.9.6 cTXNPx and chalcone interaction by SDS-PAGE 

 

On live promastigotes, chalcone 11 competes with chalcone 19 for protein 

targets, specially cTXNPx (Figure 14). In order to further assess this, a 

competition assay with the purified protein was carried out using L. amazonensis 

cTXNPx as a representative sample. In parallel, samples of cTXNPx (1 mg/mL- 

50 µM) in the presence and absence of chalcone 11 were incubated with 19 (50 

µM) for 1 h at RT, followed by a cycloaddition reaction with probe 20 (50 µM), as 

described above. For the interaction assays the chalcone 11 was dosed at distinct 

ratios (protein:chalcone, 1:0.1; 1:1 and 1:10) for 1 h at RT. Then, proteins were 

washed, to remove excess chalcone 11, incubated with chalcone 19 and linked 

to probe 20. All samples were loaded on 10% polyacrylamide gel; fluorescent 

bands were imaged and proteins were stained with comassie blue (Figure 35A). 

Two bands stained with comassie blue could be seen in all samples (L1 to 

L6), one band at ~24 kDa and another at ~48 kDa, corresponding to cTXNPx 

monomer and dimer, respectively. A CuAAC reaction with molecule 20 was 

performed on all samples and the resultant fluorescence signal was detected 

(Figure 35B). In accordance with previous results, the fluorescent image showed 

no non-specific binding of compound 20 to protein without 19 (L2) and chalcone 

analogue 19 was able to interact with cTXNPx monomer in vitro (L3, ~24 kDa). 

In addition, compound 19 did not bind to cTXNPx dimer, as no fluorescent bands 

could be viewed at ~48 kDa (L3). 

 As noted in previous results, incubation with 11 dramatically affected the 

binding of compound 19 and the subsequent fluorescent signal of molecule 20 



Results 

 

134 

 

(Figure 35B).  Significantly, the fluorescence signal of bands at 24 kDa decreased 

in a concentration-dependent manner. The fluorescence mean was quantified 

using Image Lab software and it shows a fluorescence signal decreasing to 50% 

when the protein was incubated with molecule 11 in at ratio 1:1; this effect was 

more pronounced when cTXNPx was treated with high concentrations of 

compound 11 (Figure 35C). This data corroborates the intracellular tagging 

results shown in Figure 14, confirming that chalcone 19 interacts with 

recombinant    cTXNPx as well as with the protein in its native conformation in the 

parasite.  

 

   

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 35. cTXNPx and chalcone interaction by SDS-PAGE. Purified L. amazonensis cTXNPx 

(50 µM) was incubated with 11 at different concentrations, then proteins were washed and 

incubated with 3 at (50 µM). All proteins were submitted to click reaction with 4 (50 µM) and all 

samples were analysed on 10% polyacrylamide gel. Protein fluorescence was visualised using 

GelDoc imager and stained with comassie blue. A- Comassie blue stained gel. B- Gel 

fluorescence image. C- Fluorescence mean quantification of band at 24 kDa. L1- untreated 
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protein. L2- proteins treated with 11 (50 µM). L3- proteins treated with 19 (50 µM). L4 to L6- 

proteins treated with 11 (5, 50 and 500 µM, respectively) and 19 (50 µM). Representative image 

of three independent experiments. 

 

4.9.7 Influence of chalcone interaction on cTXNPx stability 

 

To further explore the protein chalcone interaction, we decided to measure 

protein stability using a thermal shift assay (TSA)144, an easy and straightforward 

method to evaluate changes in denaturation temperature of a protein (ΔTm) due 

to interaction with a ligand. Differential scanning fluorimetry was used to detect 

ligand interactions. Briefly, the protein was mixed with ligands under specific pH 

or salt conditions and the fluorescent dye SYPRO Orange added. Samples were 

then loaded into a qPCR machine and changes in fluorescence of SYPRO 

Orange are monitored as the temperature is slowly increased. 

cTXNPx proteins from L. amazonensis were first tested in their initial 

purification buffer in a screen of 96 different pH and salt conditions from The 

Durham Screen- MD1-101 and MD1-102 (Molecular Dimensions)144. These 

screens contain a range of conditions, focusing on different pH and buffer 

conditions (pH 4.1-10.9) and numerous salt additives. Determining optimal 

conditions for protein stability in solution allowed perform tests with chalcone 11 

(Figures 36 and 37). Results in Figures 35 and 36, provides a comparison of the 

melting point for distinct conditions with that found for the protein in water. The 

colour in each box represents this comparison, if the protein is more stable in a 

specific condition the box colour is blue; it is red when conditions decrease protein 

stability.  
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cTXNPx melting points under all pH conditions for L. amazonensis can be 

found in Figure 36. The tested conditions suggest that the optimum pH range to 

stabilise the protein is 6.6 to 7.1, similar to the protein theoretical pI (7.01, 

according to ProParam tool). The most suitable buffers according to Tm were 

bisTRIS, HEPES and MOPS (Figure 36- blue boxes).  

From the screen of salt additives, melting points in Figure 37 suggest 

molecules that contains NH4
+ cations, such as (NH4)2SO4 and NH4Cl, or ZnCl2 or 

NiCl2 or DTT (blue boxes), are good additives to improve protein stability in 

solution.  
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Figure 36. cTXNPx melting points (Tm) at different pH conditions. cTXNPx stability at distinct pH 
and buffer conditions was assessed by thermal shift assay. cTXNPx from L. amazonensis, in 
presence of SYPRO orange, were incubated at 96 pH and buffer conditions from The Durham 
screen MD1-101, and melting points calculated by NAMI software from SYPRO orange 
fluorescence using RT-PCR machine.  A- L. amazonensis cTXNPx melting temperatures. B- 
MD1-101 conditions. Blue squares- ideal conditions for protein stability. The colour in each box 
represent comparison the protein in water and with distinct conditions, blue colour represent 
conditions which stabilize the proteins and red colour conditions that decreases protein stability. 
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Figure 37. cTXNPx melting points (Tm) at different salt conditions. cTXNPx stability at distinct 

salt additives was assessed by thermal shift assay. cTXNPx from L. amazonensis, in presence of 
SYPRO orange, were incubated at 96 salt conditions from the Durham screen MD1-102, and 
melting points calculated by NAMI software from SYPRO orange fluorescence using RT-PCR 
machine. A- L. amazonensis cTXNPx melting temperatures. B- MD1-102 conditions. Blue 

squares- ideal conditions for protein stability. The colour in each box represent comparison the 
protein in water and with distinct conditions, blue colour represent conditions which stabilize the 
proteins and red colour conditions that decreases protein stability. 
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The dihydrochalcone (18), was used in the thermal shift assays to further 

demonstrate the importance of the chalcone α, β-unsaturated bond for 

antileishmanial activity. Compounds 11 and 18 were evaluated by TSA to 

determine their effect on protein stability in solution. This involved the dialysis of 

cTXNPX using 20 mM HEPES buffer, pH 6.9, 50 mM NaCl and 5 mM DTT, these 

conditions were chosen from the last TSA trails. Then, proteins were incubated 

with compound 11 or 18 at distinct ratios (4:1, 2:1, 1:1, 1:2, 1:4) and melting 

temperatures and ΔTm were calculated from the changes in SYPRO orange 

fluorescence (Figure 38). This data clearly revealed that, chalcone 11 is able to 

interact with the protein in solution and change its melting temperature curves, 

as observed by a decrease in fluorescence signal, in a dose dependent manner 

(Figure 38A). On the other hand, chalcone 18, without the double bound, caused 

no significant changes to the protein melting curves with even at higher 

concentrations (180 µM) of compound 18 no decrease in the fluorescent signal 

of SYPRO orange being seen (Figure 38B). 

Compound 11 is capable of interacting with cTXNPx in solution and 

decreases the protein stability and protein melting temperature, as shown in 

Figure 38A. This observed effect suggests chalcone 11 binds primarily to the 

unfolded protein causing destabilisation156; 157. This interaction is dependent on 

the presence of a Michael acceptor as compound 18 did not interfere with the 

protein melting point (Figure 38C). Further experiments will be performed to 

better understand the influence of the enone group on antileishmanial activity. 
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Figure 38. Effect of compound 11 and 18 on cTXNPx stability. cTXNPx (1mg /mL or 45uM) from 
L. amazonensis was incubated with 11 or 18 at different concentration in presence of SYPRO 

orange. Then protein stability was assessed by TSA. Melting point curves and ΔTm were 
calculated by Protein Thermal Shift Software v1.3 using SYPRO orange fluorescence signal from 
RT-PCR machine. A- Melting curves of L. amazonensis cTXNPx in the presence of 11.  B- Melting 
curves of L. amazonensis cTXNPx in the presence of 18. C- L. amazonensis cTXNPx ΔTm after 
incubation with 11 or 18. 
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4.10 Importance of enone group for chalcone activity 

 

The results from TSA regarding protein stability identified the potential 

importance of the α, β-unsaturated ketone group for the interaction with 

recombinant protein. To better understand this relation between the enone group 

and chalcone activity against cTXNPx we proposed to compare the activity of 

compound 11 and 18 against the parasite.  

4.10.1 Enone group influence on chalcone activity against Leishmania  

 

First, an investigation was set up to evaluate whether the lack of a Michael 

acceptor on compound 18 will alter its activity in Leishmania promastigotes in 

comparison with compound 11. Promastigotes of different species, L. 

amazonensis, L. braziliensis and L. infantum, were incubated with several 

concentrations of 11 or 18 at, for 72 h at 26 ºC. Then cell viability was evaluated 

fluorimetrically by alamarBlue method (Figure 39).  

The results from this study exposed the essentiality of the double bond to 

kill the parasite (Figure 39A, B and C). As observed before, compound 11 has an 

excellent activity against all tested species, with IC50 values of 0.64, 1.96 and 

0.76 µM for L. amazonensis, L. braziliensis and L. infantum, respectively. 

Consistent with the hypothesised mode of action, the absence of enone group on 

compound 18 deeply reduced its capacity to kill parasite, showing IC50 of 67.13, 

252.00 and 26.28 µM for L. amazonensis, L. braziliensis and L. infantum. In 

comparison to compound 11, the chalcone without enone group was 104 times 

less active against L. amazonensis promastigotes and 131 and 35 times for L. 

braziliensis and L. infantum parasites (Figure 39D). 
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Figure 39. Inhibition of Leishmania promastigote growth by compounds 11 and 18. Promastigotes 

of distinct Leishmania species were incubated with molecules 11 or 18 at different concentrations. 

Then, parasite viability was assessed by the alamarBlue method after 72 h of incubation. 

Pentamidine was used as a positive control. A- L. amazonensis. B- L. braziliensis. C- L. infantum. 

D- Calculated IC50 values for each treatment. Means ± SD (n=3). 
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4.10.2 Influence of enone group on parasite selectivity 

 

Having established that the enone group was essential for chalcone 

activity in the extracellular parasite form, the next step was to study if this effect 

was observed in the intracellular parasite stages.  

For that, bone marrow derived macrophages (BMDM) were infected with 

L. amazonensis promastigotes in a 10:1 ratio. After 24h of infection, 

promastigotes had differentiated into amastigotes and macrophages were treated 

for 48 h with compound 11 or 18 at different concentrations, at 37 ºC. To measure 

the anti-amastigote activity, cells were stained with GIEMSA stain and the 

number of amastigotes in 200 macrophages were counted under a light 

microscope.  

Similar to the promastigote assay, chalcone 11 reduced the number of 

intracellular amastigotes in a concentration-dependent manner (Figure 40A and 

C), with the IC50 value for compound 11 being 0.32 µM. This is pleasantly 

surprising as it is lower than the IC50 value of compound 11 against the 

promastigote form (0.6 µM). Furthermore, when infected macrophage cells were 

incubated with dihydrochalcone 18, an IC50 value of 19.57 µM was obtained 

(Figure 40C).  Hence, the absence of the enone group reduced the activity of 

compound 18 ~60 fold, compared to chalcone 11. This drop in activity was 

consistent with that observed in the promastigote assays (Figure 39).  

Toxicity to macrophages was also evaluated by incubation of BMDM with 

compound 11 or 18 for 48 h at 37 ºC. After this time, culture supernatants were 

collected and the presence of intracellular enzyme lactate dehydrogenase – LDH 
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was used as a parameter to appraise cell viability in comparison to Triton-X100, 

as a positive control (Figure 40B). Consistent with the other assays, the 

cytotoxicity of the chalcone is reduced 8 times when the double bond is removed 

with the CC50 for compounds 11 and 18 being 7.37 µM and 64.18 µM, 

respectively (Figure 40C).  

 

Figure 40. Loss of parasite selectivity due to lack of enone group. BMDM (1x105/well) infected 

with L. amazonensis promastigotes (10:1) were treated, after 24 h of infection, with molecules 11 

or 18 at different concentrations for 48h. Then cells were stained with GIEMSA and number of 

intracellular amastigotes in 200 macrophages were counted using light microscope. A- % of 

amastigote growth in macrophages after treatment. Cytotoxicity to macrophages was assessed 

by the quantification of lactate dehydrogenase (LDH) in the supernatant after 48 h of treatment 

with compound 11 and 18. B- LDH specific release induced by the treatment. C- Calculated IC50, 

CC50 and the selectivity index to the parasite. Means ± SD (n=3). 
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With IC50 and CC50 values in hand, the selectivity index of a drug to the 

parasite can be calculated. This is an important parameter to select promising 

compounds for development as antileishmanials158. Figure 40C enables us to 

confirm that the double bond is essential for chalcone selectivity because, despite 

the lower toxicity, compound 18 was only 3 times more active against parasite 

than host cell. On the other hand, compound 11 showed a selectivity index of 23, 

a value which is in accordance with DNDi guidelines158.  

In view of the decrease in anti-parasitic activity caused by the lack of the 

α,β-unsaturation, the interaction between compound 18 and recombinant 

LmTXNPx in vitro was evaluated. In this experiment, cTXNPx recombinant 

protein was incubated with compound 18 in a 1:1 ratio for 30 minutes. Then, the 

protein molecular weight was evaluated by mass spectrometry, as described in 

section 3.9.5 for protein and chalcone 11 interaction. Preliminary results show the 

Michael acceptor on chalcone structure to be essential for its interaction with the 

target. Figure 41 shows the protein mass spectra in presence of compound 18. 

Contrary to that observed for chalcone 11, Figure 34, no peak corresponding to 

protein + ligand was observed with the major peak seen having a mass 

corresponding to intact protein, [M-2H-Met requires 24136 Da]. This result 

supports the proposed mechanism of action of chalcone 11 in Leishmania 

parasites. Whilst, in this experiment cTXNPx from L. major was employed the 

close homology with the other orthologues suggest that similar results would be 

obtained with cTXNPx from L. amazonensis. Experiments to verify this are in 

progress but could be completed in the time frame of this thesis. 
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Figure 41. Influence of the enone group on interaction between chalcone and cTXNPx by mass 

spectrometry. cTXNPx of L. major (0.6 mg/mL) was incubated with compound 18 (1:1) for 30 

minutes and their molecular weight analysed by Mass Spectrometry. cTXNPx of L. major 

molecular weight [M-2H-Met requires 24136 Da].  

 

4.10.3 Inhibition of cTXNPx in the parasite causes ROS accumulation 

 

The cTXNPx enzyme is known to be involved in maintaining parasite redox 

balance in both Leishmania stages104. It is 2‐Cys peroxiredoxin, a terminal 

peroxidase in the TR‐TXN‐TXNPx pathway that primarily detoxify H2O2, a wide 

range of organic hydroxyl peroxides and, also in some parasites peroxynitrite 

(OONO‐)104. We hypothesised that, in this context, an enzyme inhibitor as a 

chalcone will disrupt the mechanism through which Leishmania deals with 

reactive oxygen species and consequently leads to an accumulation of ROS on 

parasites.  
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To confirm this assumption, ROS accumulation in promastigote parasite 

form was assessed. For this, L. amazonensis promastigotes were incubated with 

11 or 18, in the concentration of 0.35, 0.7 and 1.4 µM, for 48 h at 26ºC. Parasites 

were washed, counted and their concentration adjusted to 2 x 106/mL. To 

measure ROS production, cells were then incubated with the dye, H2DCFDA, 

which has previously been used to monitor oxidative damage159, for 30 min and 

its fluorescence quantified by fluorimetry (Figure 42A).  

This experiment showed that, as observed before, compound 11 was able 

to decrease number of parasites in comparison to untreated promastigotes, 

(Figure 42A- dotted orange line). Interestingly, parasite killing was accompanied 

by ROS accumulation in these parasites (Figure 42A- orange line). Even at lower 

concentration of 0.35 µM, compound 11 induced an increase of ROS at 

promastigotes and this effect becomes larger as concentration of 11 increases.  

In contrast, the lack of double bond in compound 18, and consequently 

cTXNPx non-inhibition, resulted in a lower parasite killing (Figure 42B- dotted 

blue line) without ROS accumulation (Figure 42B-blue line). Significantly, this 

data revealed that compound 18 was not capable of inducing ROS formation in 

the parasites even in higher concentrations.  

Next step was evaluating whether this outcome could be also noticed on 

amastigotes forms and/or macrophages. Thus, BMDM were infected or not with 

promastigotes of L. amazonensis for 4 h and incubated at 37ºC. This incubation 

was undertaken for 72 h, to achieve a high amount of amastigotes per 

macrophages and hence increase the sensitivity of the study.  Subsequently, 

cells were incubated with compound 11 or 18 (0.07, 0.7 and 7.0 µM) for 1 h 
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followed by addition of H2DCFDA (20 µM). Fluorescence of oxidative dye was 

used to evaluate ROS production by those macrophages. Compound 11 was able 

to induce ROS accumulation on macrophages containing intracellular 

amastigotes in comparison with untreated cells (Figure 42C). Compound 18 was, 

as observed with promastigotes, unable to induce ROS production on infected 

macrophages. Comparing to untreated cells, incubation with 18 decreased ROS 

amount produced by infected cells.  

Chalcones are known by their anti-oxidative properties160, and the results 

were in accordance with this statement. In uninfected cells, treatment with 11 and 

18 did not induce ROS production, even in higher concentrations in comparison 

to untreated cells, (Figure 42D). These data prove the ROS production observed 

in infected macrophages can be attributed only to intracellular amastigotes.  

Together, these results demonstrate that the chalcone interaction with 

cTXNPx in vitro, is mediated by the α,β-unsaturated ketone. Reaction of chalcone 

with the protein leads to enzyme inhibition and/or destabilization in both parasite 

stages, culminating in ROS accumulation and ultimately parasite death, 

corroborating the hypothesis for the mechanism of action.  
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Figure 42. Influence of 11 and 18 on ROS production. L. amazonensis promastigotes (1 x 106/mL) 

were incubated with compound 11 or 18 at different concentrations (0.35, 0.7 and 1.4 µM) for 48h 

at 26ºC. Then harvested and adjusted to 2 x 106 cells/mL in PBS. Cells were transferred to black 

96 well plates and ROS production assessed by fluorimetry with H2DCFDA (20 µM), for 30 min at 

RT. A- Effect of 11 at ROS production. B- Effect of 18 at ROS production. Number of 

promastigotes, left, and ROS production, right. BMDM (1x105/well) infected or not with L. 

amazonensis promastigotes (10:1) for 72h on 96 well-plate, then cells were incubated with 11 or 

18 (0.07, 0.7 and 7.0 µM) for 1h at 37ºC and ROS production measured as described for 

promastigotes. C- ROS production on infected macrophages. D- ROS production on uninfected 

macrophages. Means ± SD (n=3). ** p<0.01 

 

4.11 Binding model between cTXNPx and chalcone in silico 

 

All of these results indicated how chalcone could interact with the cTXNPx 

and importance of enone group for this it. In order to provide a molecular 

description, we decided to employ in silico analysis to explore it.  
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4.11.1 Molecular modelling 

 

Firstly, a comparative molecular modelling of cTXNPx from L. 

amazonensis (LaTXNPx) was undertaken using the reported crystal structure of 

cTXNPx from L. major145 as a starting point. The amino acid sequence of 

LaTXNPx was retrieved from UniProtKB database (access code Q4VKK8) 

(UniProt, 2012). The accuracy of the model depends on sequence similarity 

between template and target sequences, where higher identity gives better 

results. Within SWISS-MODEL server, the comparative modelling was carried out 

using the 3D structure of tryparedoxin peroxidase I from L. major (LmTXNPx) 

(PDB code 3TUE, 3.0 Ǻ resolution) since it has 88% of identity with LaTXNPx.  

The LaTXNPx model was obtained as a decamer (Figure 43), similar to 

the available template from L. major101. Contrasting with the available enzyme 

modelling, the C-terminal tail (residues His169–Lys198), which is missing in 

template (LmTXNPx), is present in the LaTXNPx model as a loop, revealing the 

complete active site structure of the protein. 
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Figure 43. Ribbon diagram of the model L. amazonensis cTXNPx. Decameric form of cTXNPx 

from L. amazonensis generated using SWISS-MODEL. β-sheets are represented by violet colour 

and α-helices coloured in cyan. Dotted rectangle showed the dimeric form of cTXNPx.   

 

To validate the three-dimensional model obtained by SWISS-MODEL we 

generated a Ramachandran plot to assess stereochemical quality of the 

structure. According to this Ramachandran plot (Figure 44), the LaTXNPx model 

showed 91.7% residues in allowed regions (Red regions), 7.7% of residues in 

additional allowed regions (Yellow regions) and 0.6% are in generously allowed 

regions (pale yellow regions), demonstrating an excellent structural fit.  



Results 

 

152 

 

  

Figure 44. Ramachandran plot of L. amazonensis cTXNPx. The stereochemistry quality of the 

model of cTXNPx in a decameric form was assessed by Ramachandran plot on SAVES server 

(http://servicesn.mbi.ucla.edu/SAVES/).  

 

Additionally, incorrect folding in the proposed model was evaluated using 

the Verify 3D tool that compared the 3D model structure to the protein amino acid 

sequence (2D) (Figure 45). This showed that the model had a compatible 1D–3D 

scores >0.2; thus this model could be considered appropriate for all docking 

studies. 
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Figure 45. Validation of 3D model of L. amazonensis cTXNPx.  The three-dimensional structure 

of the model proposed for cTXNPx were validated by the scores between 1D and 3D structures 

by Verify3D tool on SAVES.   

 

4.11.2 Molecular docking 

 

With a validated 3D model in hand, the next step was to examine the mode 

of interaction between LaTXNPx and chalcone. Docking studies with the dimer 

(CD chains) (Figure 46A) of LaTXNPx were performed using AutoDock 4.2 

software running on a Windows-based PC147. Analyses of the binding mode and 

interactions of compound 11 within LaTXNPx showed an extended conformation 

in the fifty runs obtained. The geometry of the ligand is a crucial factor in the 

understanding of its mode of interaction with biomolecules. In this respect, the 

chalcone 11 shows restricted rotation due to the presence of the conjugated 

enone and aromatic sp2 hybridized carbons (Figure 46B). 

Our docking studies showed compound 11 is oriented between Cys52 and 

Cys173 (Figure 46B) residues that form a disulfide bond, which prevent enzyme 

inactivation. The B ring of NAT22 with the nitro substituent is located near the 

catalytic cysteine, described as crucial for catalysis process161, enabling 
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hydrogen bonds with Cys52, Val51, and Arg128 (chain D). Further, a hydrogen 

bond between methoxy substituent at the para position of ring A and Gln123 (3.3 

Å) was observed. Hydrophobic interactions with residues Pro50, Val172 from 

chain D and Pro186 from chain C were also observed (Figure 46C). 

In contrast to 11, docking studies showed compound 18 is pointed out of 

enzyme catalytic site (Figure 46B). This feature is in agreement to in vitro 

experiments, which show a lack of antileishmanial activity on chalcone without 

double bond. Furthermore, compound 18 performed hydrogen bond interaction 

only with Arg128 residue and low energy interactions (i.e. hydrophobic 

interactions) with Thr49D, Pro188C e Pro50D (Figure 46C). Finally, compound 

18 lies in the opposite side of the active site, which probably compromised its 

inhibitory profile. 
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Figure 46. Binding mode of 11 and 18 on LacTXNPx.  The docking studies between cTXNPx and 

compounds 11 or 18 were conducted using AutoDock 4.2 software. A- Functional Dimer selected 

for molecular docking studies. B- Binding model of compound 11 (coloured in green) or 18 

(coloured in yellow) within active site of LaTXNPx. C- 2D interaction diagrams of 11 or 18 

generated by PoseView.  
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Overall, these preliminary docking results support the capacity of chalcone 

11 to bind into the active site of cTXNPx, interacting with important amino acid 

residues for protein function and leading to enzyme inhibition. Nevertheless, 

these results did not explain all presented data that evidenced a strong interaction 

between protein and chalcone. In particular, the model chosen for dynamic 

docking was not able to predict chalcone adduct formation, probably due to 

presence of C-terminal tail loop (residues His169–Lys198) which form a dynamic 

tail and confers flexibility to active site. In the proposed modelling, cTXNPx 

protein structure is in a reduced state and according to Fiorillo et al.101, C loop, 

under reducing conditions, assumes a fully folded conformation that covers the 

active site hampering chalcone access to cysteine residue (Cys52). Further 

covalent docking studies are required to confirm our hypothesis of a covalent 

Michael adduct between chalcone α, β-unsaturated ketone and cysteine 52 of 

cTXNPx. However, this work could not be completed within the time frame of this 

thesis.  

 

4.12 cTXNPx influence for parasite survival   

 

Aiming to investigate the essentiality of the enzyme cytosolic tryparedoxin 

peroxidase to parasite physiology, we decided to generate promastigotes 

knockout of the cTXNPx gene using CRISPR-Cas9 system.  

Due to availability of a well described CRISPR-Cas9 system giving a 

straightforward way to mutate genes in L. mexicana, we choose this platform to 
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explore this questions148. The first requirement was to find the genes within the 

genome that encode the enzyme. 

Using the website http://tritrypdb.org to survey the parasite genome 

revealed that Leishmania cTXNPx is encoded by a two gene copies, in 

accordance with findings in the literature102.  Both gene were found encoded in 

L. mexicana chromosome 15 (http://tritrypdb.org; LmxM.15.1040 and 

LmxM.15.1160, Figure 47A - blue rectangles). A BLAT alignment was performed 

with the sequences encoded in LmxM.15.1040 and LmxM.15.1160 and revealed 

a high identity with cytosolic tryparedoxin peroxidase from L. amazonensis, 

99.5% and 100% of identity for LmxM.15.1040 and LmxM.15.1160, respectively 

(Figure 47B).  Between the genes, two others ones can be found, LmxM.15.1050 

and LmxM.15.1150, these genes encode a developmentally regulated protein, 

without a direct relationship with the genes for the enzyme (Figure 47B).  

http://tritrypdb.org/
http://tritrypdb.org/
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Figure 47. Localization of the genes encoding cTXNPx in the L. mexicana genome. A- Blue 
rectangles showing the encoding gene copies, LmxM.15.1040 and LmxM.15.1160, at 
chromosome 15. B- cTXNPx gene BLAT alignment between L. mexicana and L. amazonensis.  

 

The next step was to generate oligonucleotides needed for gene editing 

by CRISPR-Cas9 system. According to Beneke et al148, a single guide RNA 5’ 

and 3’ specific for desired gene to guide CRISPR-Cas9 to UTR gene region was 

required. In addition, primers to amplify the repair DNA cassette containing a 

puromycin antibiotic resistance gene, were needed. All of these oligonucleotides 

were created from each gene ID using the LeishEdit online platform and 

purchased from Sigma-Aldrich. Table 10 contains the sequences obtained from 

this online tool.  
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Table 10. Primers for CRISPR-Cas9 approach generated from LeishEdit online platform. 

Gene 

ID 

Primers Oligonucleotide sequence 

LmxM. 

15.1040 

5' sgRNA  
gaaattaatacgactcactataggGCTGACCGGTGGCTGCGAGGgttttagagct

agaaatagc 

3' sgRNA  
gaaattaatacgactcactataggACTGATCCCGGTGCGCAGGAgttttagagct

agaaatagc 

Upstream 

forward  
TCATTGTTTTCTCTCTCCCTCCCCGCGCCCgtataatgcagacctgctgc 

Downstream 

reverse  

ATGAAAGGAGTCCGTGGGTGCCGACCAGTGccaatttgagagacctgtg

c 

LmxM. 

15.1160 

5' sgRNA  
gaaattaatacgactcactataggGCTGACCGGTGGCTGCGAGGgttttagagct

agaaatagc 

3' sgRNA  
gaaattaatacgactcactataggTCTGTGAGTGTCACAGGAGCgttttagagcta

gaaatagc 

Upstream 

forward 
TCATTGTTTTCTCTCTCCCTCCCCGCGCCCgtataatgcagacctgctgc 

Downstream 

reverse 

CCGGTGCCAATGGCGGGCGGGGTCACACCGccaatttgagagacctgt

gc 

 G00 AAAAGCACCGACTCGGTGCCACTTTTTCAAGTTGATAACGGACT
AGCCTTATTTTAACTTGCTATTTCTAGCTCTAAAAC 

 

Donor DNA and sgRNAs were successfully amplified by PCR reaction 

using GoTaq polymerase and analysed on 2% agarose gel. Using the donor DNA 

cassette, pT Puro, and forward and reverse primers specific for each gene copy, 

generated the desired product of approximately 1.2 Kbp for both genes (Figure 

48).  Similar results can be found at Figure 49 for the sgRNAs, in this case 5’ and 

3’ sgRNAs were amplified by PCR reaction with a general primer G00 and the 

product was 120bp, as expected.  
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Figure 48. Amplification of donor DNA. 2% agarose gel showing desired DNA cassette amplified 

by PCR reaction with upstream forward and downstream reverse primers for each gene, at ~1200 

Kb. 

 

 

 

Figure 49. sgRNAs amplification. 5’ and 3’ sgRNAs specific for each gene were amplified by PCR 

reaction with G00 primer and PCR products containing oligonucleotides required for transfection 

were analysed by 2 % agarose gel.  

 

After obtaining the cassettes/amplified fragments required to mutate the 

genes, the last step was to transfect promastigotes of L. mexicana with the 

cassettes. As the Cas9 enzyme is absent in trypanosomatids, we used 
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promastigotes of L. mexicana expressing Cas9 and T7 RNA polymerase, kindly 

donated by Eva Gluenz (Oxford University).   

Transfection for each gene copy (LmxM.15.1040 and LmxM.15.1160) and 

one of both gene copies were performed using 5’ and 3’ sgRNAs and donor DNA. 

After transfection, using one pulse with program X-001 in an Amaxa Nucleofector 

IIb (Lonza), the cells were left to recover overnight at 26ºC in M199 media 

supplemented with 20% HIFCS. Then, transfected promastigotes were selected 

by addition of Puromycin (20 µg/mL) and phenotypes changes evaluate by light 

microscopy one week after transfection. Representative images of each 

transfection one week after antibiotic selection are shown in Figure 50. The 

expression of Cas9 and T7 RNAp (parental L. mexicana) did not cause 

phenotypic changes to the parasite and promastigotes had an elongated shape 

and a long flagellum. (Figure 50A). 

In contrast, following transfection with the generated oligonucleotides 

some phenotypic changes could be observed in parasites lacking LmxM.15.1040 

and LmxM.15.1160 (Figure 50B-D). The transfection process did not kill the 

parasites immediately, and the pictures in Figure 50 were taken one week after 

antibiotic selection. At this point the promastigotes, without either or both gene 

copies, assumed a rounded morphology with a short flagellum, lacked motility 

and stopped dividing (Figure 50B-D).  Cells were viable for much longer, dying 

10 days after transfection. To confirm the success of cassette integration by 

CRISPR-Cas9, further experiments employing PCR reactions with primers for 

each gene or for of PCR amplicons spanning the resistance cassette should have 

been carried out148.  Unfortunately, due to the non-viability of the mutated L. 
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mexicana promastigotes, no further assays could be performed to better explore 

the influence of the enzyme on parasite physiology.  

 

Figure 50. Importance of cTXNPx for Leishmania survival. Micrographs showing wild type 

parasites and parasites after transfection to mutate cTXNPx gene copies LmxM.15.1040, 

LmxM.15.1160 or both copies. The DIC images were taken seven days after transfection using 

Nikon Eclipse Ti at 1000 x magnification. Scale bar 5 µm 
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These preliminary results indicate that the enzyme is essential for 

promastigote survival with both genes being indispensable for parasite growth 

and morphology. Reports describing the importance of TXNPx for Trypanosoma 

brucei103 and Trypanosoma cruzi162 survival and infectivity can be found, but at 

this time, this is the first published data exploring the essentiality of cTXNPx to 

Leishmania survival. Whilst this work strongly supporting tryparedoxin peroxidase 

as a potential antileishmanial target, these data alone are not enough to validate 

cTXNPx as a drug target. However, further experiments employing other 

methodologies, such as DiCre gene deletion54  or new rounds of CRISPR-Cas9 

are required. Time precluded this study during the thesis period and this a matter 

for future work. 
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5. DISCUSSION 

 

Conventional chemotherapy employed in leishmaniasis treatment 

consisting largely of antimonials, which has remained the same since 1945. 

Several second line treatments have been adopted since then, and new 

compounds and alternative therapies explored. However, despite efforts to 

understand the Biochemistry and Cellular Biology of the parasite, medicinal 

products authorized for human use are still quite restricted, possessing one or 

more of the following disadvantages: administration by invasive intramuscular or 

intravenous route, severe toxic side effects, low or variable efficacy, incompatible 

price with affected population, and the appearance of resistant strains to these 

drugs. All these related problems hamper patient adherence, treatment 

effectiveness and increase treatment costs due to the necessity for specialized 

staff and hospitalization. 

The current scenario clearly points to the urgent demand for new 

treatments or innovative approaches to control this neglected disease which 

affects more than one million people worldwide per year2. This necessity 

encouraged research groups and pharmaceutical companies to look for new 

compounds against the parasite or new specific targets for the rational 

development of new drugs. To achieve this objective two main approaches have 

been employed to discover new hit antileishmanial compounds, they are 

phenotypic screening and target based screening, both have their strengths and 

weaknesses 54. 
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Our research group have been working on this issue over the last decades 

and during that time the efficacy a natural chalcone46, DMC (9), and a synthetic 

nitrochalcone, CH8 (10)48; 163, were attested to treat both clinical manifestations 

of leishmaniasis, CL and VL, by distinct routes50; 51; 52; 164. These chalcones were 

discovered through phenotypic screening against Leishmania parasites and as 

mentioned above this methodology is efficient in identifying active compounds 

but it does not allow identification of their molecular targets 56. Consequently, until 

this project, the mechanism of action of these potent chalcones remained 

unknown.    

 Encouraged by our promising studies using chalcones to treat 

leishmaniasis in an animal model, and the need to elucidate the molecular basis 

of chalcone antileishmanial activity, we employed a chemical-proteomic 

approach, activity based protein profiling (ABPP), to investigate the molecular 

targets of the chalcones.  

In this work we synthesized a trifunctional probe containing rhodamine for 

target visualization, biotin for affinity enrichments and azide for bio-orthogonal 

cycloaddition reaction139. We also synthesized a chalcone analogue, based on 

chalcone NAT22 (19), containing an alkyne group to react with the trifunctional 

probe. Results in this thesis clearly demonstrated the usefulness of this approach 

for target deconvolution of the chalcone analogue NAT22. Trifunctional tags are 

not restricted to our context, and compounds like this have been used to elucidate 

several cellular mechanisms including: protein post-translational modifications, 

such as cholesterylation165 and N-myristoylation166, and protein target profile for 

compounds such as artemisinin167 and aspirin134. The results described in this 
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thesis enhance the knowledge and application of ABPP methodology and open 

doors for other research groups apply this technique to identify molecular targets 

of drugs, not only for leishmaniasis but for several relevant pathologies. 

Extensive efforts have been made to identify specific targets for active 

molecules against Leishmania 56. The knowledge of how a particular molecule 

acts to kill the parasite is exceptionally important as it will allow the design of 

combination therapies with drugs that act synergistically on different targets; 

consequently reducing therapeutic dose, related toxic effects and retarding 

resistance mechanisms65; 168. In addition, an understanding of specific targets 

allows rational structure-activity-relationship studies and the development of new 

potent and selective inhibitors with decreased off-target effects 168. Examples of 

successful drug combinations were reported by Trinconi et al. with tamoxifen, 

used for treatment of breast cancer, and antileishmanial drugs with distinct 

molecular targets, such as amphotericin B 169 and miltefosine 170. 

The first chalcone target described for Leishmania was the enzyme 

fumarate reductase that catalyses the reduction of fumarate to succinate, which 

is important to anaerobic energy metabolism, and it is absent in human cells 171. 

Enzyme inhibition by licochalcone A was assessed using L. donovani parasites 

permeabilized with digitonin and enriched mitochondrion fractions171. This 

approach was efficient, but it could generate bias since alterations of parasite 

membranes will interfere with parasite physiology and isolated organelles do not 

match those found in live parasites. Some groups have also tried to describe 

chalcone molecular targets by enzymatic assays, such as inhibition of 

recombinant trypanothione reductase172 or using molecular modelling and 
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docking 173. However, both methodologies do not take into account the effect of 

inhibition of these targets on live parasites in vitro in both developmental stages54; 

174.  

Contrasting to published works that explores one or two approaches to 

describe and characterize a target171; 172; 173. In this thesis, we employed a set of 

complementary tools and techniques, including chemical biology methods, 

phenotypic screening for promastigotes and amastigotes, protein expression, 

biophysical analysis, bioinformatics tools and gene edition to identify the cytosolic 

tryparedoxin peroxidase as the target for chalcone. Chalcone is the first covalent 

inhibitor of cTXNPx described for Leishmania.  

The knowledge acquired in this work opens new perspectives for 

leishmaniasis treatment. Tryparedoxin peroxidase belong to a ubiquitous 2-Cys 

family of antioxidant enzymes responsible for protecting trypanosomatids against 

the deleterious effects of hydroperoxide and peroxynitrite 175. The tryparedoxin 

peroxidase family is well conserved among trypanosomatids parasites, and this 

fact endorses the importance of these enzymes for parasite viability 175. In all 

trypanosomatids two isoforms can be found, mitochondrial and cytosolic, sharing 

approximately 50% similarity at the protein level and with a conserved tertiary 

structure 102.  Our results showed chalcone NAT22 is likely to kill Leishmania by 

a strong interaction to cytosolic tryparedoxin peroxidase (cTXNPx), but not with 

the mitochondrial enzyme isoform.  

The selective interaction with cTXNPx observed in our results can be 

explained by the differences in the enzyme active site. The capacity of 2-Cys 

proteins to reduce oxidative species is related to their structural conformation; 
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tryparedoxin peroxidase are homodimers that form two identical reaction centres 

containing two cysteine residues, one from each monomer, oriented close to the 

other. In cTXNPx, the active site is formed by the interaction between Cys52 of 

one subunit and Cys173 of other monomer108. In contrast, mTXNPx diverges in 

its second active Cys173 residue, with the motif Val–Cys–Pro being replaced by 

Ile–Pro–Cys175. This motif change may result in an alteration in its physical 

chemical properties, which could disfavour the interaction with chalcone.   

A general anti-oxidant mechanism proposed for TXNPx, where the Cys of 

one monomer is oxidized by a peroxide species to cysteine sulfenic acid (Cys-

SOH), reducing the peroxide substrate. Next, oxidized cysteine residue suffers 

attack by the inverted cysteine from the partner monomer, forming disulfite bond, 

which is then resolved by tryparedoxin 175. By molecular modelling and docking 

we showed chalcone NAT22, and possibly CH8, accessing the active site on the 

cTXNPx dimeric form and fit between cysteine 52 and 173; this interaction 

appears to block the disulfite bond formation, thus inhibiting the enzyme activity. 

 In addition, our results provide evidence that the interaction between a 

chalcone and cTXNPx occurs through a covalent bond, and this binding was 

resistant to all the severe conditions applied during experimentation such as high 

temperature and reducing and alkylating agents. This is in accordance with 

reports that describe chalcone’s ability to undergo Michael addition to sulfhydryl 

on cysteine residues resulting in covalent adducts between the protein and 

compound 37; 176. This mechanism was confirmed by our studies of a chalcone 

lacking the enone group (18), where the data indicated that without α,β-
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unsaturation the chalcone could not interact with the protein in vitro, in situ and in 

silico, and consequently no enzyme inhibition could be observed.  

The parasites face high amounts of ROS during their life cycle and TXNPx 

is related to the survival and virulence of trypanosomatids 177. Overexpression of 

TXNPx in L. donovani and L. amazonensis improves the protection against 

oxidative stress from macrophages, increasing parasite infectivity 100; 104. Here 

we demonstrated that cTXNPx inhibition by chalcone interferes with the ability of 

Leishmania to detoxify oxidative species culminating in ROS accumulation and 

parasite killing.  

Based on our findings, we propose a mechanism of action for the chalcone 

(11) (Figure 51). Chalcone NAT22 (11) is able to permeate through macrophage 

cell membrane, cross phagolysosome membrane and reach the intracellular 

amastigotes. There, the compound (11) is able to interact with cTXNPx, forming 

a covalent bond with cysteine residues (Cys 54 or Cys 173) in the active site. The 

mechanism of interaction seems to be based on Michael addition between the 

enone group on chalcone structure and sulfhydryl residues on cysteine. After the 

chalcone’s irreversible interaction, cTXNPx becomes unable to return to its 

reduced state and consequently is incapable of detoxifying reactive oxygen 

species. High levels of ROS, specially H2O2 and ONOO−, in the parasite 

cytoplasm will trigger cell death apoptosis-like due to the oxidation of lipids, 

proteins and nucleic acids 93; 178; 179. Many indications of apoptosis-like cell death, 

such as mitochondrial damage 46, DNA fragmentation and morphological 

changes 180, were observed after chalcone treatment.  



Discussion 

 

170 

 

  
Figure 51 Antileishmanial mechanism of action of chalcone. Chalcone NAT22 (11) permeates 
host cell and amastigotes membranes, reaching parasite cytoplasm. Once inside, chalcone 
interacts covalently with cTXNPx in its dimeric form, this irreversible interaction results on enzyme 
inhibition. Without a functional cTXNPx parasite is unable to detoxify ROS, which accumulate in 
cytoplasm. High levels of ROS cause oxidation of proteins, lipids and nucleic acids, which should 
initiate parasite cell death mechanisms, thus controlling the infection. 

 

The proposed mechanism is also supported by reports that describe the 

mechanism of inhibition of thioredoxin reductases by chalcones181 and others 

Michael acceptors, such as curcumins and cinnamaldehydes182; 183. These 

enzymes belong to oxidoreductases family, which are found in human cells and 

play important roles in oxidative balance and tumorigenesis. Their inhibition by 

these compounds is attributed to an active Michael acceptor pharmacophore that 
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causes a covalent modification in one of the cysteines present in their structures 

181; 182; 183, as proposed for cTXNPx inhibition by chalcone.  

In summary, ABPP approach has enabled us to identify the cytosolic 

tryparedoxin peroxidase as a molecular target and describe the main mechanism 

of action for chalcone NAT22 (11) a potent compound against Leishmania. 

Therefore, our results do not exclude other possible mechanisms occasioned by 

weak interactions of chalcone (11) and parasite targets, which cannot be 

identified by ABPP approach.  
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6. CONCLUSION AND FUTURE WORK 

 

The research in this thesis has identified, using a chemical biology 

approach, a potential drug target for chalcones in Leishmania, namely the 

cytosolic tryparedoxin peroxidase (cTXNPx). Results from several approaches 

allowed a detailed description of the mechanism of action of this potent class long 

of studied antileishmanial compounds. Additionally, we have described the 

chalcones as the first covalent inhibitors for cTXNPx, an underexplored drug 

target. Overall this work opens new treatment perspectives for this Neglected 

Tropical Disease which afflicts millions of people worldwide and has a high 

economic and social impact on society.  

As a future work, the discovery of a molecular target for chalcone NAT22 

(11) will contribute to the understanding of how similar chalcones, without a clear 

mechanism of action, are able to kill the parasite in vitro and in vivo. Furthermore, 

confirmation of the enzyme cTXNPx as a good pharmacological target will enable 

the implementation of a new screening platform for hit compounds with 

antileishmanial activity. 

  TXNPx has been reported as a parasite mechanism of resistance to 

conventional drugs, elevated levels of TXNPx expression were found in 

Leishmania isolates resistant to drugs including arsenite105, amphotericin B26; 106 

and antimonials97; 107. As an irreversible inhibitor for cTXNPx, chalcones may be 

used in association with these drugs to circumvent this resistance mechanism.   

The discovery of the first covalent inhibitor for cTXNPx will also allow the 

rational design of combination therapies that act at different targets. For this 
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propose, studies on the association of chalcone and antimonials, miltefosine and 

amphotericin B are in progress now. With these experiments, we will verify a 

synergistic antileishmanial effect between chalcone and each compounds and its 

effect to overcoming/preventing resistance.   

This research raised new and relevant questions regarding chalcones and 

trypanosomatid chemotherapy.  Chalcone NAT22 (11) has an excellent activity 

against parasite, although its bioavailability is not ideal for use as an oral 

treatment. The next step, based on studies of structure-activity-relationships, is 

be synthesize rational chalcone analogues specific for cTXNPx presenting a 

better solubility in water, the biggest issue regarding chalcones 37; 184.  

The second question is about the specificity of cTXNPx for chalcones. 

Herein we demonstrated that chalcone NAT22 (11) and possibly CH8 (10) inhibit 

cTXNPx by covalent binding, but we need to know whether the enzyme target 

can be inhibited by others chalcones. Insights into this may classify cTXNPx as 

a general target for chalcones.  

The third question is related to the capacity of chalcone to interact and 

inhibit cTXNPx from other Leishmania species; in this work we showed inhibition 

of cTXNPX from L. amazonensis and L. major. New experiments employing 

recombinant proteins and molecular modelling will provide evidence of 

chalcone’s appropriateness to treat leishmaniasis caused by all species, 

worldwide.  

Lastly, since the target is conserved in the trypanosomatids, what about 

chalcone activity against TXNPx from T. cruzi and T. brucei? Studies of 
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chalcones NAT22 and CH8 activity against Trypanosoma parasites will provide 

an overview of all the possibilities related to TXNPx inhibition by chalcones. 
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NMR spectra 

Compound 18 
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Mass spectra 

Compound 18 
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NMR spectra 

Compound 19b 

 

 

 

Compound 19c 
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Compound 19d 
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Compound 19 
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Mass spectra 

Compound 19 
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Mass spectra 

Compound 20a 

 

Compound 20b 
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Compound 20 

 

 

   

 


