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Nothing in life is to be feared, it is only to be understood. Now is the time to understand more, so 

that we may fear less. 

-Marie Curie 

 

 

Science knows no country, because knowledge belongs to humanity, and is the torch which 

illuminates the world. 

- Louis Pasteur 

 

 

Most people say that it is the intellect which makes a great scientist. They are wrong: it is 

character.  

-Albert Einstein



  Abstract 

2 
 

Table of Contents 
Abstract  .................................................................................................................................................... 4 

Abrégé  .................................................................................................................................................... 7 

Acknowledgments ..................................................................................................................................... 10 

List of Figures ............................................................................................................................................ 11 

List of Tables ............................................................................................................................................. 13 

Abbreviations ............................................................................................................................................ 14 

Statement of Originality ........................................................................................................................... 16 

Contribution of Authors ........................................................................................................................... 17 

Chapter 1. General Introduction and Thesis Objectives ....................................................................... 18 

General introduction ............................................................................................................................... 19 

Thesis objectives ..................................................................................................................................... 21 

Chapter 2. Literature Review .................................................................................................................. 22 

Introduction ............................................................................................................................................. 23 

2.1 Clinical manifestations of leishmaniasis ....................................................................................... 23 

2.2 Epidemiology of leishmaniasis ..................................................................................................... 25 

2.3 Life-cycle of the parasite .............................................................................................................. 26 

2.4 Diagnosis of visceral leishmaniasis .............................................................................................. 28 

2.5 Strategies for control and treatment of visceral leishmaniasis ...................................................... 29 

2.6 Biology of the Parasite and distinctive features of an organelle called a "Glycosome" ............... 32 

2.7 Compartmentalization of the purine salvage pathway in the glycosome ...................................... 37 

2.8 Protein transport across glycosomal membrane ............................................................................ 37 

2.9 Glycosomal receptor interactions as a drug target ........................................................................ 43 

2.10 Transport of folded proteins across glycosomal membrane: A mystery still unresolved ........... 46 

2.11 Targeting of membrane proteins to peroxisomes and glycosomes ............................................. 49 

2.12 Significance of LdPEX14 and the role of the hydrophobic region ............................................. 53 

Connecting statement ............................................................................................................................... 59 

 



  Abstract 

    
 

3 
 

Chapter 3. Analysis of the Leishmania donovani Peroxin 14-membrane interaction ......................... 60 

Abstract ................................................................................................................................................... 61 

Introduction ............................................................................................................................................. 62 

Experimental procedures ........................................................................................................................ 64 

Results ..................................................................................................................................................... 73 

Discussion ............................................................................................................................................... 98 

Supplementary Figures ......................................................................................................................... 106 

Connecting Statement ............................................................................................................................. 108 

Chapter 4. Study of conformational changes in the hydrophobic region of LdPEX14 induced 

by low pH ............................................................................................................................... 109 

Abstract ................................................................................................................................................. 110 

Introduction ........................................................................................................................................... 111 

Materials and Methods .......................................................................................................................... 113 

Results ................................................................................................................................................... 118 

Discussion ............................................................................................................................................. 128 

Connecting Statement ............................................................................................................................. 132 

Chapter 5. Destabilization domain mediated regulatable expression of Cas9 in Leishmania 

donovani and CRISPR/Cas9 for knocking out LdPEX14 ................................................. 133 

Abstract ................................................................................................................................................. 134 

Introduction ........................................................................................................................................... 135 

Materials and Methods .......................................................................................................................... 137 

Results ................................................................................................................................................... 144 

Discussion ............................................................................................................................................. 149 

Chapter 6. Summary and Conclusions ................................................................................................. 151 

Summary and conclusions .................................................................................................................... 152 

Future perspectives ............................................................................................................................... 156 

Bibliography ............................................................................................................................................ 158 

 



  Abstract 

    
 

4 
 

Abstract 
 

Glycosomes are unique organelles that compartmentalize several vital metabolic pathways 

in kinetoplastid parasites, including Leishmania spp. Protein transport across the glycosomal 

membrane occurs with the help of receptor proteins called peroxins (PEX). Cargo proteins 

bearing a PTS1 (Peroxisome Targeting Signal) and PTS2 motif can bind to the cytosolic 

PEX5 and PEX7 receptors, and subsequently dock to PEX14 which is anchored to the 

glycosomal membrane. The binding of cargo-loaded receptors to PEX14 is considered to be 

a pivotal step in glycosomal function and parasite survival. Leishmania donovani PEX14 

(LdPEX14) is a peripheral membrane protein with a hydrophobic region, spanning residues 

149-179, thought to mediate anchoring and insertion into the glycosomal membrane. 

Sucrose density flotation centrifugation and dye leakage assays have previously 

demonstrated that a hydrophobic region spanning residues 120-200 was able to bind 

glycosome mimetic membranes.  

To further examine the interaction of LdPEX14 with glycosomal mimicking 

membranes, various tryptophan and cysteine mutants were generated for the hydrophobic 

region spanning 149-179. Dual fluorescence quenching analysis (DQA) carried out with the 

ldpex14 mutants in the presence of quenching agents revealed that the hydrophobic domain 

in ldpex14 (120-200) has a deeper penetration into the membrane bilayer, in comparison to 

the shallow penetration observed with for full length LdPEX14. Dye leakage assays 

revealed that the fragment ldpex14 (120-200) formed pore structures in membrane. 

Experiments combining different techniques such as Forster Resonance Energy Transfer 

(FRET), tryptic peptide analysis, and biotinylated peptides revealed that the N- and C-

termini of the inserted hydrophobic region were exposed to the extra luminal space of 

liposomes. The hydrophobic domain also had potential to oligomerize and form α-helical 
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structures in the presence of unilamellar vesicles. Our studies suggest that the LdPEX14 

hydrophobic region has a propensity to form an amphipathic helix within the lipid bilayer to 

mediate anchoring and insertion into the glycosomal membrane. ldpex5 (203-391), a region 

of LdPEX5 that can bind to LdPEX14, was able to induce conformational changes in 

LdPEX14, triggering its hydrophobic region to migrate deeper into the lipid bilayer. An in-

silico model was constructed revealing the topology of the hydrophobic domain inserted 

into the membrane.  

 Previous experiments suggested that the dynamic rearrangement of the hydrophobic 

domain of LdPEX14 could result in membrane perturbation and formation of a structural 

pore. In the absence of LdPEX14-interacting partners such as LdPEX13, LdPEX5, LdPEX7, 

and RING finger proteins, we utilized altering pH as a surrogate method to induce 

conformational changes in LdPEX14. We found that LdPEX14 was able to induce 

membrane pore formation in low pH conditions. Rearrangement of hydrophobic domains 

was confirmed by experiments utilizing the fluorescence of intrinsic tryptophan located in 

the hydrophobic domain and an extrinsic probe 1-anilino-8 naphthalene sulfonate (ANS). 

SEC-HPLC and CD analysis confirmed that the low pH used did not alter the quaternary or 

the secondary structure of LdPEX14.  

To better understand the functions of PEX14 in L. donovani we decided to knock out 

the gene encoding LdPEX14 using the CRISPR/Cas9 genome editing tool. Our aim was to 

develop a regulatable system for expression of Cas9 in L. donovani by fusing the N- and C-

termini of Cas9 to the ddFKBP domain (destabilizing domain of FKBP12). The N-terminus 

ddFKBP fusion provides conditional Cas9 destabilization in L. donovani promastigotes, and 

an increased level of protein expression was detected in the presence of the rapamycin 
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ligand. This technology was used to knock out LdPEX14 and LdXPRT genes in L. donovani 

and can be exploited to characterize other genes in Leishmania.  
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Abrégé 
 

Le glycosome est une organelle unique qui compartimente plusieurs voies métaboliques chez les 

parasites kinétoplastides comme Leishmania. Le transport des protéines à travers la membrane 

glycosomale se fait à l’aide de protéines réceptrices nommées peroxines (PEX). Les protéines de 

cargaisons qui ont un PTS1 (Peroxisome Targeting Signal) peuvent lier avec le récepteur PEX5, 

et les protéines ayant un signal PTS2 lient avec le récepteur PEX7, pour afin ammarer chez 

PEX14. La liaison des récepteurs de cargaison avec PEX14 attaché sur la membrane 

glycosomale est considérée une étape pivotale pour la function du glycosome et la survie du 

parasite. LdPEX14 est une protéine polytopique comprenant une région hydrophobique entre les 

acides aminés 149-179 qui est suspect de médier l’ancrage et l’insertion de cette protéine dans la 

membranes glycosomale. La centrifugation en gradient de densité avec le saccharose, ainsi que 

des essais de fuite de colorants traceurs, ont démontré que la région hydrophobique comprenant 

les résidues 120-200 peut lier avec les membranes mimétiques du glycosome.  

Pour mieux examiner l’intéraction de PEX14 avec les membranes imitant celles du 

glycosome, divers mutations chez les tryptophanes et les cystéines ont été introduits dans la 

région hydrophpbique couvrant les résidues 149-179. L’analyse de l’éxtinction d’une double 

fluorescence (DQA) a été faite avec les mutants avec la présence d’agents d’étanchement; ceci a 

révélé que le domaine hydrophobique de ldpex14 (120-200) a une pénétration plus prononcée 

comparée au WT LdPEX14. Les essais de fuites de colorants traceurs encapsulés avec de la 

carboxyfluoresceine ont révélé que le morceau de ldpex14 (120-200) peut former des pores dans 

la membrane. La combinaison des techniques comme le transfert d’énergie de fluorescence par 

resonance (Fluorescence Resonance Energy Transfer -FRET), l’analyse par digestion tryptyque, 

et l’utilisation des peptides marqués avec la biotine a révélé que les extrémités N- et C-terminale 
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de la région hydrophobique insérée sont exposés au niveau luminal des liposomes. Dans la 

presence de vésicules unilamellaires, ce domaine hydrophobique possède aussi le potentiel de 

former des oligomères de protéines, ainsi que des structures hélices alpha. Nos études suggèrent 

que la region hydrophobique de PEX14 a la capacité de former une hélice amphipathique dans la 

bicouche lipidique membranaire pour médier l’ancrage et l’insértion dans la membrane 

glycosomale. ldpex5 (203-391), une région qui peut lier avec LdPEX14, a causé un changement 

conformationnel dans LdPEX14, et a déclanché un movement de la region hydrophobique vers la 

bicouche lipidique membranaire. Un modèle topologique a été construit, révélant la topologie du 

domaine hydrophobique inséré dans la membrane.  

 Des expériences faites auparavant ont suggéré que la réorganisation dynamique du 

domaine hydrophobique de LdPEX14 peut résulter en une perturbation membranaire et la 

formation d’un pore. Dans l’absence de partenaires qui interagissent avec LdPEX14, comme par 

example LdPEX13, LdPEX5, LdPEX7 et les protéines domaine un domaine RING (Really 

Interesting New Gene)-finger, le changements de pH a été utilisé comme méthode de substitution 

pour emmener des changement conformationelles chez LdPEX14. Par un changement de pH 

(plus bas), nous avons trouvé que LdPEX14 fut capable d’introduir une pore dans la membrane. 

Le réarrangement du pH du domaine hydrophobique fut confirmé avec des expériences utilisant 

la fluorescence du tryptophane dans ce domaine, ainsi que la sonde 1-anilino-8naphthalene 

sulfonate (ANS). Des analyses SEC-HPLC et CD ont confirmé que le pH abaissé n’a pas eut 

d’effet sur les structures secondaires ou quternaires de LdPEX14.  

 Afin de mieux comprendre les fonctions de PEX14 chez L. donovani, nous avons décidé 

de supprimer le gène LdPEX14 en utilisant le système CRISPR/cas9. Notre but était de 

déveloper un système réglable pour l’expression de Cas9 chez L. donovani; nous avons fusionné 
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les extrémités N- et C-terminale avec le domaine ddFKBP (un domaine déstabilisant de 

FKBP12). L’extrémité N-terminale fournit une déstabilisation conditionelle de Cas9 chez les 

promastigotes de L. donovani, ainsi qu’un niveau élevé d’expression de protéine dans la présence 

d’un ligand de rapamycine. Cette technologie fut utilisée pour supprimer les gènes LdPEX14 et 

LdXPRT chez L. donovani et pourrait être exploitée pour characterriser d’autres gènes chez 

Leishmania. 
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General introduction 

Leishmania spp. infection causes a spectrum of clinical manifestations known as leishmaniasis 

which is considered as a neglected tropical disease by the WHO [1, 2]. The disease is widely 

distributed across the globe and is spread in over 88 countries, mostly developing and 

underdeveloped nations. Around 350 million people are at risk of infection by this devastating 

disease [3, 4]. There are various clinical signs of leishmaniasis ranging from cutaneous, muco-

cutaneous to the visceral form, the latter of which if left untreated is fatal for the host [5-7]. The 

visceral form of the disease is caused by L. donovani and 90 % of its disease burden is 

distributed across five developing countries including Bangladesh, India, Nepal, Sudan, and 

Brazil [8, 9]. The disease is spread through the bite of sandflies and the parasites have a digenetic 

life cycle; a promastigote stage residing in the sand fly vector and an amastigote stage in the 

human host [10-12]. The treatment for this disease mainly relies on chemotherapeutic agents, but 

most of the available drugs are facing problems of severe toxicity or drug resistance [13-15]. 

Consequently, there is an urgent need to find new therapeutic targets which can selectively kill 

the parasite.  

Kinetoplastids have a unique organelle called the glycosome, that compartmentalizes 

many vital metabolic pathways including glycolysis [16, 17], pyrimidine biosynthesis [18], 

ether-lipid biosynthesis [19], β-oxidation of fatty acids [20] pentose-phosphate pathway [21] and 

purine salvage [18]. Glycosomes are essential for parasite viability and evolutionarily related to 

the peroxisomes of higher eukaryotes. Disruption of glycosome biogenesis and mistargeting of 

glycosomal enzymes to the cytosol have been found to be lethal for the parasite [22-24]. It has 

been observed that folded proteins are transported across the peroxisomes or glycosomes [25, 

26]. Glycosomes lack genetic material and protein translational machinery; all proteins destined 
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to the glycosome must be synthesized in the cytosol and post translationally translocated into the 

glycosome. The proteins destined to glycosomes bear a signal sequence known as peroxisomal 

targeting signal (PTS). Those proteins with a PTS1 (C-terminal tripeptide) or PTS2 (N-

terminal nonapeptide) signal are bound by cytosolic peroxin receptors peroxin 5 (PEX5) and 

peroxin 7 (PEX7), respectively, and bind to the glycosomal membrane associated protein 

peroxin 14 (PEX14) which translocate and unload the protein cargo into the glycosome [27-

30].  

PEX14 has been suggested to be essential for the survival of the Leishmania parasite, 

as RNAi mediated silencing of PEX14 in the related kinetoplastid, T. brucei, produced a 

lethal phenotype [23, 31]. It has been demonstrated that the hydrophobic region of LdPEX14 

spanning residues 149-179 is critical for binding to unilamellar vesicles that mimics the 

glycosomal membrane [32, 33]. A transient pore model that contains PEX14 and PEX5 has 

been suggested to mediate the trafficking of folded proteins across the peroxisomal membrane 

[34-36]. Even though there have been advances made in resolving various components of the 

glycosome/peroxisome translocon, little is known about PEX14-membrane interactions or the 

mechanism behind the formation of the transient pore.  

Biophysical and biochemical analysis of LdPEX14 interactions with the membrane 

bilayer is important for a better understanding of the mechanism of pore formation. On a broader 

perspective, our studies explore the underlying mechanism through which these fully folded 

oligomeric proteins are transported across the glycosomal membrane.  
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Thesis objectives 

The major objectives of this dissertation were to dissect the interaction between LdPEX14 and 

the glycosomal membrane and investigating possible mechanisms for cargo transport across the 

membrane. For accomplishing these objectives, various studies were formulated including: 

• Investigate the topology of the hydrophobic region of LdPEX14 inserted into the 

membrane bilayer. 

• Study of conformational changes in the hydrophobic region of LdPEX14 induced by pH. 

• Perform CRISPR/Cas9 mediated knockout of LdPEX14 and characterize its functions in 

L. donovani. 
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Introduction  

Leishmaniasis is a vector-borne disease caused by an obligate intracellular parasite of the genus 

Leishmania. It is also known by other names such as Baghdad boil, Kala-azar, Sandfly disease, 

Leishmaniosis, Leishmaniose, Chiclero ulcer, and espundia [1, 37-39]. Twenty species of 

Leishmania parasites are transmitted to human through two species of vectors, namely, the 

species and subspecies of Phlebotomus in the Old World and Lutzomyia in the New World [40, 

41]. There are various clinical manifestations of this disease, ranging from non-fatal disfiguring 

forms of mucocutaneous leishmaniasis to fatal visceral leishmaniasis [5]. Approximately 

300,000 cases of visceral leishmaniasis (VL) distributed in 70 countries were reported in 2006 

with the highest density of VL occurring in Southeast Asian countries and East Africa. Due to 

the frequent misdiagnosis of VL, as is the case in malaria, the true incidence of VL is often 

underestimated [42]. In 2007, the World Health Organization (WHO) deemed leishmaniasis as a 

neglected tropical disease and emphasized the importance of controlling leishmaniasis which 

affects mainly the poorest of the populations exposed [2, 43].  

 

2.1 Clinical manifestations of leishmaniasis 

Cutaneous leishmaniasis is the most common form of the disease and is mainly manifested as 

skin lesions on face and limbs of the infected host. This form of the disease is caused by the 

species L. major in the Old World, and L. mexicana complex in the New World [7]. When an 

infected sand fly takes a human blood meal, it injects the parasite, causing a skin lesion to 

develop at the bite site; this ulcerates and subsequently become infected with bacteria. Lesions 
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typically heal themselves without treatment, but healing rates are found to be slower in immune-

compromised people [44, 45].  

Mucocutaneous leishmaniasis is characterized by extensive destruction of the mucosal 

lining of the upper alimentary and respiratory tracts, ranging from the mouth to the pharynx and 

the nose to the larynx, respectively. Those infected suffer greatly in their social life due to the 

disfiguring lesions and mutilation of their faces that accompanies infection. These lesions are not 

self-healing, as macrophages colonize the nasopharyngeal mucosa, leading to a decreased 

healing capacity of the tissue [46-48]. This type of disease is known to be predominantly caused 

by L. braziliensis and mostly affects Latin American populations [49]. 

Among the various clinical manifestation of the disease, visceral leishmaniasis (VL), also 

known as Kala-azar or Black fever, is the most fatal, especially when left untreated. VL 

garnishes its names due to parasite migration and survival inside internal organs of the host such 

as the spleen, liver, and bone marrow [5, 6]. A recent report from Brazil indicates that due to 

human migration from rural to urban areas, the disease now affects more people in urban regions 

than previously reported [50].  

Post-Kala-azar Dermal Leishmaniasis (PKDL) is a cutaneous manifestation of VL 

characterized by skin lesions, or macular, maculo-papular, or nodular rashes. It is a dermatologic 

disorder often observed after treatment of VL in Sudan, East Africa, and in the Indian 

subcontinent [46, 51]. The time interval for detecting PKDL after treatment of VL varies from 0-

6 months in Sudan to 3-6 years in India [52, 53]. 
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2.2 Epidemiology of leishmaniasis 

Leishmaniasis is considered a major tropical affliction. It is present in over 88 countries, most of 

them are in developing and underdeveloped nations. Around 350 million people are at risk, and 

10 million people are currently affected by this devastating disease. Annually, ~2 million new 

cases and 20,000 to 30,000 deaths are reported. There is a continual increase in cases of 

leishmaniasis emerging from newer areas [3, 4, 54]. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1: Geographic distribution of leishmaniasis 

About 90% of visceral leishmaniasis is distributed in 6 countries and 70% of cutaneous leishmaniasis in 10 countries 

[8, 9, 55-57]. 

  

 

Bangladesh, India, Nepal, Sudan, Ethiopia and Brazil harbor most of the cases of visceral 

leishmaniasis (more than 90%) and the State of Bolivia, Brazil and Peru harbor about 90% of 

mucocutaneous leishmaniasis cases. In India, VL is mainly concentrated in the Eastern portion of 
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the country, and is especially common within the provinces of Bihar, Eastern Uttar Pradesh, and 

West Bengal. India, Nepal, and Bangladesh are estimated to account for 67% of the active VL 

cases [8, 9, 46, 55-57]. In the WHO European region, countries affected by cutaneous 

leishmaniasis are Israel, Turkey, Turkmenistan, Uzbekistan (accounts for 80% of total cases) and 

countries affected by visceral leishmaniasis are Albania, Georgia, Italy and Spain (accounts for 

75% of total cases) (Figure 1) [58].  

 

2.3 Life-cycle of the parasite 

Female sandflies are the primary transmission vector of the promastigote stage of the Leishmania 

parasite (~10-12 μm in length); when the sandflies take a blood meal, they inject the parasite into 

a human host. Leishmania has a digenetic life cycle: a promastigote form residing in the sandfly 

vector and an amastigote form that survive in the phagolysosomal vesicles of macrophages. The 

amastigote form of the parasite present in the infected host exists as a rounded, non-motile form 

that is ~3-7 μm in diameter. Following a blood meal, the amastigotes get differentiated into 

promastigotes in the sandfly midgut. The promastigotes reproduce asexually and then migrates to 

the proximal end of the gut where they are ready for retransmission during a subsequent blood 

meal [10-12, 59, 60]. 

The promastigote injected into the human host undergoes rapid phagocytosis by 

neutrophils and macrophages, which facilitates the transformation to the amastigote form. Mouse 

studies have shown that neutrophils are the first cells recruited to the site of infection 

accompanied by marshaling of macrophages to the sandfly bite site [61]. As neutrophils have a 

short life span, they act as intermediate host cell. The parasite tends to survive and proliferate 

inside the macrophages which are considered as the primary resident cell for Leishmania [60, 
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62]. The parasite residing inside the macrophages multiply and eventually rupture the 

macrophages and infect nearby cells. Released amastigotes taken up by the surrounding 

macrophages facilitate shuttling of the infection primarily to the liver, spleen liver and bone 

marrow (Figure 2) [12, 63, 64]. 

 

 

 

Figure 2: Life cycle of Leishmania 

The digenetic life cycle of Leishmania spp. When a sandfly takes a blood meal it injects the promastigote into the 

mammalian host where it gets transformed into amastigote. At the next blood meal, the sandfly ingests the 

amastigote wherein it gets retransformed to promastigote form [65]. 

https://www.google.ca/url?sa=i&rct=j&q=&esrc=s&source=images&cd=&cad=rja&uact=8&ved=0ahUKEwi0vcOPs5DZAhUn64MKHVDtAfwQjRwIBw&url=http://www.nature.com/articles/nrmicro2608&psig=AOvVaw0wMLllr2WLnathOknOh0x7&ust=1517975916023270
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2.4 Diagnosis of visceral leishmaniasis 

The diagnostic tests used for VL should be highly sensitive and specific because VL is a fatal 

disease and the clinical symptoms displayed by VL are devoid of specificity. Furthermore, the 

drugs available for treatment are either highly toxic or susceptible to resistance problems, 

reiterating the necessity for sensitive tests to discriminate between asymptomatic infections and 

acute disease. Testing for the presence of amastigotes in the splenic aspirates, bone marrow, and 

lymph nodes by microscopy is highly specific and confirmatory, but as they are invasive and 

may cause severe haemorrhages, these methods demand high technical expertise and can be done 

only in a hospital or clinical setting. Detection of parasites by PCR is more sensitive than 

microscopy, but this technique is not readily accessible in many field clinics. Several antibody-

based detection methods such as Direct Agglutination Test (DAT) and rK39-based 

immunochromatographic test (ICT) are employed to detect VL in the field. However, the major 

limitation of an antibody-based detection method is that even after successful treatment of the 

disease, the antibody level remains detectable for many years and even healthy individuals living 

in endemic areas test positive with these tests. DAT works on the principle that when stained, 

killed L. donovani promastigotes are mixed with increasing dilution of patient serum, and 

agglutination can be observed after 18 hours, indicating the presence of antibodies. The ICT 

exploits the principle of ELISA; rK39 is a 39- amino acid repeat, a part of the kinesin-related 

protein in L. chagasi and L. donovani complex. Some novel antigen-based detection testing has 

been developed, such as latex agglutination testing that detects a heat-stable, low molecular 

weight carbohydrate antigen in urine samples of VL patients. Limitations of this test include low 

sensitivity, difficulty in distinguishing weakly positive from negative results, and a need to boil 

the urine to avoid false positive results [66-70]. Elimination of this neglected tropical disease is 
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certainly hampered by the unavailability of accurate, sensitive, and readily accessible 

diagnostics.  

 

2.5 Strategies for control and treatment of visceral leishmaniasis 

Control of VL can be carried out either at the reservoir or vector level. For zoonotic VL caused 

by L. infantum, dogs are considered as a major reservoir for parasites that can potentially infect 

humans, although treating infected dogs is not practical as they are prone to relapses, and 

prolonged use of these drugs may give rise to resistant strains [46, 71]. 

Vector control can be an effective strategy, as the sandfly vector is susceptible to 

insecticides such as Dichloro-Diphenyl-Trichloroethane (DDT). In fact, in India, VL is mainly 

spread through a single species of sandfly, the Phlebotomus argentipes and mass spraying of 

DDT was found to be effective for vector control, although cases of resistance have been 

reported from Bihar, India. Factors such as inadequate quality assurance (QA) of Indoor 

Residual Spraying IRS and arising drug resistance rates are impeding current VL elimination 

efforts. Furthermore, in some countries such as Sudan and East Africa, people are infected while 

working outside the household area, therefore indoor spraying is not an effective strategy [72-

76]. Also, there are contrasting reports on the efficiency of insecticidal nets for protection against 

visceral leishmaniasis; it was found to be an effective method for controlling VL in Sudan and 

Bangladesh [77, 78] while no additional protection was observed in the Indian subcontinent [79]. 

In most parts of the world, treatment of VL relies on conventional antimonial therapy. 

Pentavalent antimonials such as sodium stibogluconate and meglumine antimoniate are first line 
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drugs for treating VL. Use of these drugs is, however, limited due to their severe toxicity, 

adverse drug reactions (ADR), and the emergence of resistance [46, 80-82].  

Miltefosine was the first drug available for oral administration for treatment of 

leishmaniasis. Unfortunately, apart from side effects such as severe gastric toxicity, the drug also 

has teratogenic potential and a long half-life (~150 hours), increasing the risk of toxicity when 

compared to other anti-leishmanial drugs [13-15, 46, 83, 84]. 

Amphotericin B is currently used as an alternative therapy to antimonials when the latter 

face resistance complications and treatment failures. This drug causes severe adverse effects 

such as nephrotoxicity, and hypokalemia, and requires a complex therapeutic regimen that 

includes fifteen slow infusions of the drug on alternate days. Modified dosage preparations of 

amphotericin, such as liposomal amphotericin B (AmBisome from Gilead Pharma), has 

significantly less nephrotoxicity; however, it still has dose-limiting renal toxicity. Also, 

formulation of amphotericin encapsulated within liposomes is a highly expensive option and 

often the treatment course is unaffordable by infected patients in the impoverished countries 

where the disease is endemic [46, 75, 85-89]. In Bihar, India, the outcome of trials involving 

patients suggests that a single dose of liposomal amphotericin B (AmBisome from Gilead 

Pharma) or indigenously manufactured liposomal amphotericin B (Fungisome from Lifecare 

Innovations) was equally effective and less expensive than 15 alternate-day infusions of 

amphotericin B deoxycholate [14, 90]. 

Although all the above control strategies and treatment options were adapted to control 

VL (Table 1), none have been successful in eliminating the disease from endemic areas. As 

such, there is an urgent need for more detailed research and development to find new drug 

targets, specifically those necessary for the viability of the parasite. 
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Table 1: Available options for combating visceral leishmaniasis 

 

Drug  Advantages  Disadvantages Mode of action 

Dichloro-

Diphenyl-

Trichloroethane 

(DDT) 

Effective for sand fly vector and 

control of disease from the root 

cause by preventing transmission 

through sand flies 

Emergence of resistance, 

Inadequate quality assurance (QA) 

of IRS (Indoor residual spraying) 

Opens voltage gated sodium 

channels found in the insect 

nerve cell membrane leading to 

paralysis and death [74, 76].  

Amphotericin B 

deoxycholate 

Efficient and more effective for 

treatment of patients non-responsive 

to Sodium stibogluconate 

Renal toxicity, Need of lengthy 

treatments, infusion reactions. 

Bind with ergosterol of 

membrane causing pores and 

eventually leakage of cell 

contents [87-89]. 

Liposomal 

amphotericin B  

Less nephrotoxicity than 

amphotericin B and can be given as 

short courses of therapy. 

Expensive, hence cost-prohibitive 

in poor countries 

Same as amphotericin B but 

liposomal formulation 

passively targets amphotericin 

B to macrophage-rich organs 

[13, 14, 86]. 

Miltefosine Oral formulation available, 

affordable, well tolerated 

Gastro-intestinal side effects 

vomiting and diarrhoea, low 

efficacy, not used in pregnant and 

breast-feeding women. 

Interacts with membrane 

synthesis, causing programmed 

cell death [13, 15]. 

Paromomycin Low cost, broad spectrum activity. Adverse reactions like ototoxicity, 

injection site reactions, elevated 

hepatic transaminases.  

Inhibit protein synthesis by 

interfering with the ribosomes 

[82]. 

Pentavalent 

antimonials (SbV) 

(Sodium 

stibogluconate 

(SSG) and 

meglumine 

antimoniate (MA)) 

Well established for treatment of 

leishmaniasis, still a first line drug 

for treatment of VL in east Africa 

Emergence of resistance, efficacy 

low in HIV-VL co-infected 

patients, like cardiac arrhythmias, 

prolonged QT interval, ventricular 

tachycardia, torsade’s de pointes, 

elevation of cardiac and liver 

enzymes. 

A decline in the synthesis of 

ATP and GTP from ADP and 

GDP results in reduced cell 

viability [13, 81]. 

Pentamidine Used as secondary prophylaxis in 

HIV-leishmaniasis coinfection  

Reported cases of insulin 

dependent diabetes mellitus and 

high rates recurrence of disease 

Known to bind with the DNA, 

also inhibit the topoisomerase 

II [89, 91]. 

 

 

This table summarizes options for controlling VL, from vector control to the use of various chemotherapeutic 

agents. 
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2.6 Biology of the Parasite and distinctive features of an organelle called a "Glycosome" 

Leishmania belong to the order kinetoplastida which includes mostly flagellated, obligate 

parasites residing in their animal or human hosts and they are divided into two subgroups 

Bodonina and Trypanosomatina. Bodonina is comprised of two families Bodonidae and 

Cryptobiidae, and include organisms bearing two flagella and a large kinetoplast. Bodonina is 

composed of free living species including; Bodo, Cruzella, Dimastigella, Rhynchobodo, 

Parabodo, as well as parasites residing, as ectoparasites in fish skin and gills (Ichtyobodo), and 

endoparasites of snails and fish (some Cryptobia species). The second group of Trypanosomatina 

comprise of a single family, Trypanosomatidae, where organisms are obligate parasites, bearing 

one flagellum and a small kinetoplast. These groups comprise of monogenetic parasites such as 

Blastocrithidia, Crithidia, Herpetomonas, and Leptomonas that exploit the invertebrates as hosts, 

or digenetic parasites such as Trypanosoma and Leishmania [92-94]. The trypanosomatids have 

numerous communal biological traits, such as the presence of a kinetoplast organelle, 

compartmentalization of metabolic pathways, unusual RNA editing, and transcription of long 

multicistronic mRNA molecules [95-98].  

One of the unique characteristics of the kinetoplastid is the compartmentalization of 

several metabolic pathways in an organelle called the glycosome. These organelles are 

evolutionarily related to peroxisomes of fungal and mammalian cells, and glyoxysomes of plants. 

Glycosome lack genetic machinery and are circumscribed by a single membrane and a 

proteinaceous dense matrix [99-101]. Examples of metabolic functions which take place in 

glycosome are glycolysis [16, 17, 102], pyrimidine biosynthesis [18], ether-lipid biosynthesis 

[19], β-oxidation of fatty acids [20, 103], pentose-phosphate pathway [21] and purine salvage 

pathway [18]. 
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Features making glycosomes distinct from peroxisomes are the presence of purine 

salvage and glycolytic pathways, and absence of catalase in Trypanosoma and Leishmania 

(while Phytomonas and Crithidia have catalase in their glycosome) which is a characteristic 

peroxisomal enzyme present in higher eukaryotes [18-21, 95, 99, 103, 104]. Peroxisomes are 

found to be non-essential for the survival of yeast, as yeast cells lacking peroxisomes could 

survive on most carbon sources [105]. Even though disorders of peroxisomal biogenesis cause 

death in early infancy, mammalian cells devoid of peroxisomes have sustained in cell culture 

[106, 107]. In contrast, glycosome function was found to be vital for parasite viability as the 

disruption of glycosome biogenesis and mistargeting of glycosomal enzymes to the cytosol 

resulted in a lethal phenotype, making glycosomes and their biogenesis machinery an attractive 

chemotherapeutic target [22-24]. 

The glycosomal membrane is poorly permeable to most glycolytic metabolites, and 

consequently a mechanism to balance the ADP/ATP and NAD+/NADH is required [108]. In the 

bloodstream form of T. brucei enzymes required to catalyze the first seven steps of glycolysis are 

located in the glycosomal matrix, whereas the downstream enzymes that convert 3-

phosphoglycerate to pyruvate are cytosolic (Figure 3) [16, 108-110].  

Glycolysis is the primary ATP-providing process in these parasites during their 

multiplication in the mammalian host, the two ATP consumed during the first part of the 

glycolytic process are returned or reproduced by the action of downstream kinases [110]. Also, 

the NADH produced by the actions of glyceraldehyde-3-phosphate dehydrogenase (GAPDH) is 

subsequently re-oxidized to NAD+ by the actions of glycerol-3-phosphate dehydrogenase 

(G3PDH). The electrons from NADH are transferred to the mitochondrion through a shuttle 

pathway that includes the transport of glycerol 3-phosphate to the outer face of the inner 
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mitochondrial membrane where it is converted into dihydroxyacetone phosphate by the glycerol-

phosphate oxidase system. The dihydroxyacetone phosphate (DHAP) produced is exchanged 

with another glycerol-3-phosphate (G3P) through a putative G3P/DHAP antiporter system. 

Subsequently NADH is again oxidized to NAD+ resulting in no net gain of NADH after 

glycolysis (Figure 3) [16, 109-113]. 

 

 

 

Figure 3: Schematic diagram of glycolytic pathway in blood stream form of T. brucei 

In the above figure the enzymes catalyzing reactions are numbered from 1 to 15, glucose is used as substrate and 

glycerol and pyruvate (boxed) are end products. (1) hexokinase, (2) glucose-6-phosphate isomerase, (3) 

phosphofructokinase, (4) aldolase, (5) triosephosphate isomerase, (6) glyceraldehyde-3- phosphate dehydrogenase, 

(7) phosphoglycerate kinase, (8) NAD-dependent glycerol-3-phosphate dehydrogenase, (9) glycerol kinase, (10) 

phosphoglycerate mutase, (11) enolase, (12) pyruvate kinase, (13) FAD-dependent glycerol-3- phosphate 

dehydrogenase, (14) ubiquinone, (15) SHAM-sensitive alternative oxidase, adapted from [110]. 
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It has also been demonstrated that partial reduction of various glycolytic enzymes leads 

to reduction of glycolytic flux, of which a 50 % reduction has been shown to be enough to kill 

the parasite [114, 115]. The compartmentalization of glycolysis was initially hypothesized to be 

responsible for the maintenance of a high glycolytic flux [116]. However, other studies show that 

high glycolytic flux is only associated with trypanosomatids that live on high glucose media 

[117, 118], that the catalytic activity of individual enzymes determines the rate limiting step of 

glycolytic flux in T. brucei [95], and the presence of high glycolytic flux (two fold) in yeast cells 

that are devoid of compartmentalization [119]. These data all provide evidence against the 

hypothesized relationship between glycolytic flux and compartmentalization of glycolysis. 

Mistargeting of phosphoglycerate kinase, hexokinase and phosphofructokinase in to the cytosol 

was found to be toxic to the blood stream form of T. brucei, indicating the importance of 

compartmentalization to overcome the metabolic interference. It is proposed that 

compartmentalization helps with recovering from starvation as the closed system prevents loss of 

ATP and restarts glycolysis when the substrates are again available [103, 120]. Another 

interesting feature involving the enzymes hexokinase and phosphofructokinase which catalyze 

the rate limiting steps of glycolysis is that they are not regulated by the feedback inhibition of 

products as seen in human and yeast cells. (Figure 4) [121, 122].  

 

 

 

 

 



  Chapter 2 

36 
 

 

 

 

 

  

 

 
 

 

 

 

  

 

 

 

 

 

 

 

Figure 4: Compartmentalization keeps the enzymes under control without product or feedback inhibition 

(A) The first steps of the glycolytic pathway involving hexokinase and phosphofructokinase resulting in constant 

investment of ATP and accumulation of intermediates which is not under control of negative feedback mechanism 

(P: product, I: metabolic intermediate, S: substrate) [95]. (B) The compartmentalization of the first few steps of 

glycolysis enables the maintenance of a low ATP/ADP ratio (no net ATP production in the glycosome) reducing the 

turnover rate of the enzymes and avoiding accumulation of intermediates (P: product, I: metabolic intermediate, S: 

substrate) [95]. 

 

The lower ATP/ADP ratio in the glycosome than to the higher cytosolic ATP/ADP ratio 

would also control the activity of phosphofructokinase and hexokinase. The decreased level of 

ATP reduces the turnover rate of phosphofructokinase and hexokinase which can maintain 

hexose phosphate levels below toxic range [95, 116, 122, 123]. Hence, compartmentalization of 

glycolysis has been shown to be crucial for regulation of the glycolytic pathway. 
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2.7 Compartmentalization of the purine salvage pathway in the glycosome 

Trypanosomatid parasites lack the capacity for de novo synthesis of purines and therefore, 

completely depend upon the salvage of purines from the host [97, 124, 125]. Most of these 

enzymes have either a PTS1 or PTS2 signal sequence, and these parasites highly depend on 

purine salvage. In case of mammalian cells, they can synthesize the purines de novo but parasites 

like Leishmania are auxotrophic for purines and have to scavenge the purines from the host 

organism. Some of the enzymes participating in this purine salvage pathway, such as 

hypoxanthine guanine phosphoribosyl transferase (HGPRT), adenine phosphoribosyl transferase 

(APRT) (present in cytosol of Leishmania) and xanthine phosphoribosyl transferase (XPRT) are 

very well characterized [125-128]. In human and yeast cells, these enzymes are found in the 

cytosol but are localized to the glycosome of trypanosomatids [97]. It was demonstrated that 

glycosomal targeting was not essential for the function of these enzymes, as HGPRT and XPRT 

devoid of PTS signals were able to complement Δhgprt and Δxprt in Leishmania cells. Reasons 

postulated for this dual compartmentalization of the enzymes were compartmentalization may 

serve to increase metabolic flux or it may be providing higher metabolic flexibility to adapt to 

the changing host environment [129-131]. 

 

2.8 Protein transport across glycosomal membrane 

 Peroxisomal or glycosomal matrix proteins can be imported into peroxisomes or glycosomes as 

folded or oligomeric complexes without undergoing any processing (such as unfolding of 

proteins prior to transport) [25, 26]. Glycosomal matrix proteins are synthesized in the cytosol 

and are targeted for post-translational translocation across the glycosomal membrane by the 
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presence of peroxisomal targeting signals (PTS), namely the C-terminal PTS1 or N-terminal 

PTS2 topogenic signal sequence respectively [27, 28]. Proteins with a PTS1 (C-terminal 

tripeptide) or PTS2 (N-terminal nonapeptide) signal are bound by cytosolic peroxin receptors 

peroxin5 (PEX5) and peroxin7 (PEX7), respectively and bind to the glycosomal membrane 

associated protein peroxin14 (PEX14) which translocate and unload the protein cargo inside 

the glycosome [29, 30]. A third type of protein targeting involving a polypeptide internal 

sequence (iPTS) has been established. Additionally, some glycosomal proteins have no 

recognized import sequence; it is assumed that the transport of such proteins occurs by a 

piggy-back transport mechanism in complex with a PTS1 or PTS2 signal bearing protein 

[132-134]. More details about the PTS-1 and PTS-2 mediated transport across the membrane 

will be discussed in the following sections.  

 

2.8.1 PTS-1 pathway 

The peroxisomal targeting sequence type 1 (PTS1) signal sequence is characterized by a C-

terminal degenerative tripeptide peptide S/A/C-K/R/H-L/M [123] and is present on the 

majority of peroxisomal matrix proteins. Around 75% of glycosomal matrix proteins bear a 

PTS1 signal, which is recognized by six to seven tetratricopeptide repeats (TPRs) located at the 

C-terminus of Peroxisomal Biogenesis Factor 5 (PEX5). TPRs are composed of 34 degenerate 

amino acids and comprise of a helix-turn-helix motif with interacting anti-parallel alpha helices 

[33, 135]. Interaction of PEX5 with PEX14 is mediated through a canonical pentapeptide motif 

of WXXXF/Y, or a recently identified pentapeptide motif with a LVXEF sequence located at the 

N-terminus of PEX5. There are eight pentapeptide motifs in human PEX5 and three in T. brucei 
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and L. donovani, of which six human and two T. brucei are known to interact with PEX14 

(Figure 5) [135-138]. 

 

Figure 5: Schematic representation of major elements of LdPEX5 interacting with LdPEX14 and PTS-1 

signal bearing protein 

There are 3 canonical pentapeptide motifs at the N-terminus of LdPEX5 that can interact with the LdPEX14-NTD 

(N-terminal domain) and this interacting region in LdPEX14 is mapped to residues spanning 41-72 amino acids of 

LdPEX14. TPRs located at the C-terminus of LdPEX5 can interact with the PTS-1 signal located at the C-terminus 

of the cargo proteins [135, 138].  

 

A closer look at the interaction of PEX5-PEX14, the PEX14 N-terminal domain (pex14-

NTD) adopts a three-helical bundle (α1, α2 and α3) where the α1 and α2 are the main binding 

interfaces for pex14-NTD and pex5 (57-71). The orientation of LVXEF motif binding to pex14-

NTD was found to be in the same orientation as the pex5 WXXX(F/Y) peptide (mainly through 

electrostatic interactions). The difference lies at the interaction between the first residues of the 

motif (LV in LVAEF and W in WAQEF) in which Leu62 interacts with K56 of PEX14 and is not 

deeply buried in the hydrophobic pocket, in contrast to W118. Thus, these residues (LV in 



  Chapter 2 

40 
 

LVAEF) do not completely occupy the hydrophobic pockets, but rather establish alternative 

contacts with the neighbouring residues around the hydrophobic pocket (Figure 6).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 6: NMR structure of pex14-NTD -Pex5-(57–71) complex 

A structural comparison of pex14-NTD (green helices) interactions with peptides LVAEF in teal (left) and WAQEF 

in yellow (right). The Phenyl-alanine (F66 in LVAEF and F122 in WAQEF) is depicted interacting with the 

hydrophobic pocket of pex14-NTD. Differences in peptide binding lies at the interaction between the first residues 

of the motif (LV in LVAEF and W in WAQEF) in which Leu62 interacts with K56 of pex14, and is not as deeply 

buried in the hydrophobic pocket compared to the W118 peptide [139]. 

 

 

The association rate of LVXEF with PEX14 is 3 times faster and the dissociation rate is 33 times 

slower, implicating its role in establishing initial contact with PEX14. PEX14 is then transferred 

to subsequent WXXX(F/Y) motifs for cargo release in the peroxisomal lumen. In vivo studies 

replacing LVAEF with a high-affinity WXXX(F/Y) motif showed impairment of transport across 
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peroxisomes. All these data confirm that the N-terminal LVAEF motif of PEX5 is crucial for 

peroxisomal protein import machinery (Figure 6) [139]. Furthermore, the N-terminus of PEX5 

containing many WXXXF-like motifs can act as a fly-casting (similar to fishing 

by casting artificial flies using a lightweight rod) for binding PEX14 at the peroxisomal 

membrane and this may be helpful for formation of higher ordered oligomers at the surface of 

the membrane [140]. 

 

2.8.2 PTS-2 pathway 

The peroxisomal targeting sequence type 2 (PTS2) signal sequence is characterized by an N-

terminal nonapeptide with a consensus R/K-L/V/I-X5-H/Q-L/A where X is any residue [141]. 

Approximately 25% of glycosomal matrix proteins bear the PTS2 signal sequence, which is 

believed to interact with tryptophan-aspartate repeats (WD motifs) present on receptor proteins 

[103, 142]. WD motifs are composed of 40-60 amino acids and form a β-propeller fold. In yeast 

there are six WD40 motifs on PEX7 receptor than can interact with PTS2 proteins and PEX21. 

PEX7 assumes a β-propeller structure and interacts with both the amphipathic PTS2 helix and 

PEX21 (Figure 7) [143]. In L. donovani, six WD40 repeats were predicted to form the 

circularized β-propeller structure [142, 144].  

PEX7 contains a proline-rich region located near the C-terminal region which can form a 

helix that has been found to interact with the SH3 class 11 domain in Src and Grb2 proteins 

[145-147]. Several PEX7 co-receptors such as PEX18, PEX20, and PEX21 along with PTS2-

PEX7 are required to form the import-competent complex in yeast [30, 148]. Whereas, in plants, 

mammals, and most probably in trypanosomes, PEX5 performs the role of a PEX7 co-receptor 

[30, 149, 150].  
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Leishmania major PEX7 (LPEX7) was found to interact with LdPEX14 and LdPEX5. 

The first 52 amino acids of LPEX7 mediate binding with LdPEX14. In the absence of interacting 

partners, LPEX7 forms a homotetrameric quaternary structure with an apparent molecular mass 

of ~160 kDa. The presence of a surface-exposed hydrophobic domain and interactions with the 

liposome also suggest the possibility of an extended shuttle for transport of PTS-2 proteins 

across the glycosomal membrane [144].  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 7: Crystal structure of PEX7 bound to peptides PEX21, PTS2 and Fox3pN-MBP 

(A) Diagram showing various structural elements (relative secondary structure motif locations) of the crystallized 

protein. WDs indicate the WD40 motifs of PEX7, WF represents WXXX[F/Y] motifs that can bind PEX14 PEX7BD 

represents PEX7 binding domain. (B) Skeleton representation of the PEX7–PEX21C–Fox3pN-MBP complex [143].  

 

In the current model of protein transport across the glycosomal membrane in Leishmania, 

the PTS2 containing protein is first bound to LdPEX7, then the PTS2-LdPEX7 complex with or 

A 

B 
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without LdPEX5 (under investigation) moves towards the glycosomal membrane where they 

bind LdPEX14 to form the docking complex. Proteins bearing PTS-1 signal bind to LdPEX5 and 

then docks to LdPEX14. After unloading the protein cargo, LdPEX5 and LdPEX7 are recycled 

back to the cytosol (under investigation). The above findings suggest that there are disparities 

between the import machinery in Leishmania and other eukaryotes, making the glycosomal 

import machinery a viable drug target (Figure 8). 

 

 

 

Figure 8: Current working model of glycosomal protein import 

Leishmania glycosomal proteins are synthesized in the cytosol and post-translationally imported into the glycosome 

via a C-terminal PTS1 or N-terminal PTS2 signal sequence. These are bound by the cytosolic receptor proteins 

LdPEX5 and LdPEX7, respectively, which then dock to the glycosomal membrane-associated protein LdPEX14. 

The cargo proteins are translocated to the lumen of glycosome followed by possible recycling of receptors back to 

the cytosol [33, 135, 142]. 

 

 

 

2.9 Glycosomal receptor interactions as a drug target 

The glycosome was found to be essential for the viability of the kinetoplastid parasites [151] and 

functional glycosomal peroxin proteins were found to be critical for the survival of the parasite 
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[23, 31, 150]. Inhibitors of protein-protein interactions (PPIs) have emerged as a new class of 

potential drugs and the drug discovery process depends upon availability of highly defined 

protein structures [152, 153]. Various PPIs have entered clinical trials, some of which producing 

excellent drugs that are now are available to patients for treating various diseases. One such 

example is tirofiban and target integrins used for treating cardiovascular diseases [154]. Recently 

there have been improvements in elucidating structural components of the protein-protein 

interactions between glycosomal PEX proteins.  

Inhibitors designed to disrupt PEX5-PEX14 interactions are predicted to mislocalize 

glycosomal enzymes to the cytosol resulting in metabolic toxicity and death of the parasite (cell-

based assay) [155, 156]. Even though the hydrophobic pockets in the PEX14-PEX5 binding 

surface of human and T. brucei are conserved, subtle differences in amino acids found at the 

PEX5 binding pockets of PEX14 drive the specificity of inhibitors. For example, T. brucei has a 

E34 compared to K34 in human PEX14, and a more soluble and potent inhibitor was designed with 

an -NH2 group oriented towards the carboxylate end of E34
 resulting in electrostatic attraction as 

compared to repulsion from the positively charged K34 (Figure 9) [155]. Studies conducted in T. 

brucei infected mice reported reduced parasitemia after 5 days of oral treatment with these PPI 

lead compounds[156]. These results are promising and indicate a new avenue for development of 

PPIs that can kill parasites and reduce the mortality and morbidity associated with these 

infections.  
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Figure 9: Design of PEX14-PEX5 interaction inhibitors 

(A) Structure showing PEX14-PEX5 interface. PEX14-PEX5 interaction are mainly mediated through N-terminal 

PEX14 helical folds and the WXXXF motif of PEX5. The F35 and F52 are partially exposed residues between cavities 

I and III and docking of the ligand shields it from solvent exposure. PPIs could disrupt the PEX14-PEX5 

interaction. The W103 and F107 of PEX5 occupies the cavities I and III. (B) Crystal structure of PEX14-PEX5 

interaction inhibitor. Structure of PEX14 bound with pyrazolo[4,3-c] pyridine scaffold derivative-based inhibitor 

that target the PEX14-PEX5 interaction [155].  

B 

A 
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2.10 Transport of folded proteins across glycosomal membrane: A mystery still unresolved 

Intense research has been conducted in the field of peroxisome biology for the past 50 years, but 

it is still obscure how exactly large folded proteins get transported across the peroxisomal 

membrane. Novel approaches involving structural biology have been used to gain insights to 

crucial protein-protein interactions but lack a perspective of the actual milieu containing a lipid 

(peroxisomal) membrane. 

Transport across the peroxisome is unique as it involves the transport of folded, co-

factor-bound and oligomeric proteins across its membrane [26, 157]. In yeast and higher 

eukaryotes, PEX5 has been shown to follow two possible pathways to unload cargo into the 

peroxisomal lumen. The first scenario is a shuttle model where PEX5 dips into the membrane 

and releases cargo into the peroxisomal lumen. The second pathway is an extended shuttle model 

where PEX5 gets translocated into the peroxisomal matrix, releases its cargo inside the 

peroxisomal matrix and a shorter form of modified PEX5 get released into the cytosol [158, 

159]. PEX7 was shown to follow an extended shuttle model where it goes in and out of the 

peroxisomes. From the above experiments it was illustrated that PEX5 and PEX7 are exposed to 

the lumen of peroxisomes [160, 161]. 

There are various hypotheses regarding the transport of protein across the peroxisomal 

membrane but is commonly thought to be mediated through membrane invagination events, 

vesicle fusion or the presence of large import pores. It was demonstrated that a gated ion-

conducting channel (formed by membrane-associated import receptor PEX5 and PEX14) can be 

opened to a diameter of roughly 9 nm by the cytosolic receptor-cargo complex [35]. Large 

complexes (~600-800 kDa) of PEX14 and PEX5 have been identified in yeast peroxisomal 

membranes. Electrophysiological experiments with this complex in the presence of liposome 
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showed that it can form pores in the liposome with a diameter of around 0.6 nm. When the same 

complexes were purified from yeast mutants lacking PEX8 and PEX7 co-receptors, they form 

gated and stable pores with a diameter of 3.8 nm. Subsequent docking with the above-mentioned 

complexes with the cytosolic receptor–cargo complex resulted in widening of the channel (~9 

nm) to a size sufficient to pass large oligomeric proteins. Previous studies suggested the presence 

of a pore large enough to pass a PTS1-decorated gold particle [35, 36, 162, 163].  

The convergence of both PTS-1 and PTS-2 pathways at the level of the PEX14 receptor 

are still accepted in the field, but recent reports suggest co-convergence. The presence of a 

functional import pore in the absence of PTS-2 receptors as mentioned above, and identification 

of a PTS-2 pore having an estimated pore size of ~4.7 nm (completely in open state) facilitated 

by PEX18 and the PEX14/PEX17 heteromer, support the presence of distinct pores for the PTS-

1 and PTS-2 transport system [34, 164]. PEX14 is a critical component of both PTS-1 and PTS-2 

pores and is thought to mediate a crucial role in building the translocation pore to transport the 

cargo across the membrane. Similar electrophysiology experiments with isolated glycosomes 

from T. brucei in planar lipid bilayers revealed the presence of conductance channels, 

hypothesized to be pore-forming channels connecting the glycosomal lumen and the cytosol 

[143].  

In the case of mammalian PTS-2 mediated peroxisomal transport, PTS-2 cargo-bound 

receptor protein PEX7 binds to the co-receptor PEX5L. Cargo binding was found to be a 

prerequisite for PEX7-PEX5 interaction and the interaction strength of the cargo and PEX7 was 

highly increased in the presence of an alternatively-spliced longer variant of co-receptor PEX5L 

to form a stable ternary complex (PEX5L/PEX7/PTS2). It was found that formation of this 

ternary complex was a prerequisite for PTS-2 mediated transport across the peroxisomes [165]. 
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In yeast, it was found that the ternary complex is formed hierarchically; PEX7 binds to the PTS-

2 proteins in the cytosol, then the co-receptor binds to this complex to form a ternary complex 

(PEX20/PEX7/PTS2). Specifically, in S. cerevisiae the role of PEX20 is performed by the 

redundant proteins PEX18 and PEX21. It was also observed that PEX13 and PEX14 provides 

initial binding sites for the ternary complex at the peroxisomal membrane surface [166, 167].  

It is unclear whether PEX7 follows a normal shuttle or an extended shuttle pathway. In 

yeast it was shown that PEX7 can be completely translocated into the peroxisomal matrix [161]. 

In mammalian systems, PEX7 was found to be retained at the peroxisomal docking/translocation 

machinery (DTM) comprised of PEX13, PEX14, and the RING peroxins PEX2, PEX10, and 

PEX12 (Figure 10) [168]. Until now, at least two proteins have been found to be part of the 

docking complex in all organisms. In S. cerevisiae the docking complex consists of membrane 

proteins PEX13, PEX14 and PEX17 [169, 170]. In T. brucei, the docking complex may have 

PEX13 along with PEX14 as two contrasting isomers of PEX13 (PEX13.1 and PEX13.2) has 

been identified to be associated with glycosomes [171]. Also, in L. donovani, PEX13 and PEX14 

may be forming the docking complex, as PEX13 associated with glycosomal fractions have been 

recently identified [172]. Apart from the docking complex, several other PEX proteins are 

believed to participate in the import cycle, such as the RING finger proteins PEX2, PEX10 and 

PEX12 [173-175].  
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Figure 10: PTS2-mediated protein import into peroxisomes 

The PTS-2 signal bearing proteins bind to the PEX7 and then to the PEX5 to form a stable ternary complex. This 

complex dock to the docking/translocation machinery DTM (comprising of PEX13, PEX14, and the RING peroxins 

PEX2, PEX10, and PEX12) at the membrane and then get inserted into the DTM. Subsequent conformational 

changes brought at PEX5 weakens the interaction between PEX7-PTS-2 and results in the release of PTS-2 into the 

peroxisomal matrix. The peroxisomal matrix peptidase TYSND1 cleaves the PTS-2 signal and the receptors are 

recycled back into cytosol [168]. 

 

 

2.11 Targeting of membrane proteins to peroxisomes and glycosomes 

Peroxisomal membrane proteins (PMPs) are targeted to the peroxisomes by one of two 

pathways, either directly, or indirectly through the endoplasmic reticulum (ER). The PMPs are 

translated in the cytosol with the help of free polyribosomes and translocated into the 

peroxisomal membrane. The targeting signal for the PMPs called membrane PTS (mPTS) is 

composed of a cluster of positively charged, or a mixture of positively charged and hydrophobic 

residues flanked by one or two transmembrane segments. There are two types of mPTS, those 
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can bind and are imported to the peroxisomes with the help of PEX19, called class 1 or mPTS1, 

and those that not need a PEX19 aid are called class 2 or mPTS2 [176-178]. 

In the direct targeting pathway of PMPs, PEX19 acts as a soluble recycling chaperone 

which binds the newly formed PMPs and helps to keep them in soluble and stable conformations. 

The PEX19 bound to the cargo then docks on PEX3, which acts as the membrane anchor to form 

a ternary complex, and the PEX3–PEX19 interaction inserts PMPs into the peroxisomal 

membrane (Figure 11A) [179, 180]. In the indirect targeting pathway, the PMPs destined for the 

peroxisomes are first inserted into the ER membrane and subsequently translocated into the 

peroxisome (Figure 11B).  

 

 

 

 

 

 

 

 

 

 

Figure 11: PMPs targeting pathway 

(A) Direct PMP targeting pathway. Insertion of PMPs to the peroxisomal membrane with the help of cytosolic 

receptor/chaperone PEX19 and the membrane anchor PEX3 [adapted from [160]]. (B) Indirect PMP targeting 

pathway. In yeast, it was shown that PMPs and PEX3 are inserted into the ER with the help of Sec translocon and 

subsequently transported to the peroxisomes. The role of a chaperone is not clear in this pathway [adapted from 

[160]]. 

 

The finding of glycosylation of PEX2 and PEX16 gave a clue about the role of ER 

sorting in targeting of PMPs to peroxisomes. Different proteins including PEX3, PEX16 

B A 
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(mammals), and PEX3, PEX15 and PEX22 (yeast) follow this ER to peroxisome pathway. In 

yeast, it was shown that depletion of Sec62/Sec63 translocon resulted in mislocalization of GFP 

labelled PEX13 indicative of the role of the ER to peroxisome pathway [181, 182]. 

 Whether the targeting of PEX14 into the peroxisomal membrane is Pex19-dependent or 

not is still under investigation. NMR studies have revealed that human PEX14 binds the soluble 

receptors PEX19 and PEX5. The N-terminus of PEX14 was found to adopt a three-helical fold 

where PEX5 (WXXXF/Y motif) and PEX19 (F/YFXXXF motif) ligand helices bind 

competitively at the same surface of PEX14 with opposite directionality. Mutational studies 

altering residues of PEX14 that interact with PEX5/PEX19 disrupted the binding, and 

corresponding full length PEX14 forms were unable to localize to the peroxisomal membrane, 

indicating that the N-terminal domain can modulate the targeting of PEX14 into peroxisomes 

[183, 184].  

Regarding protein targeting in kinetoplastids, the specificity of T. brucei PEX19 was 

found to be very similar to human and yeast PEX19. The requirement of a PEX19 binding site 

and a transmembrane domain for inserting proteins to T. brucei glycosomal membrane are 

indications of conservation of PMP transport across distant phyla. The T. brucei PEX10 and 

PEX12 were found to traffic to human peroxisome but T. brucei PEX14 was unable to get into 

the human peroxisomes [185]. T. brucei PEX14 lacks a significant PEX19 (prediction performed 

by using algorithm) binding site, and expression of GFP-TbPEX14 in human fibroblasts ended 

up in the cytosol whereas the same construct (GFP-TbPEX14) targeted to glycosomes in T. 

brucei, indicating that the PEX14 in kinetoplastids is a special candidate of PMPs, which are 

targeted to the glycosomes through a different targeting pathway as seen in higher eukaryotes 

[185-187].  

Also, in contrast to the large set of peroxins required for matrix protein import in human 

and yeast, only a limited number of peroxins are identified in kinetoplastid parasites. A 
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comprehensive list of peroxin proteins present in Leishmania species, yeast/fungi and human 

have been listed in Table 2. 

Table 2: Peroxin (PEX) proteins found in various species 

 

 

Peroxin 

 

Leishmania species 

 

Yeasts/fungi 

 

Human 

PEX1 X X X 

PEX2 X X X 

PEX3  X X 

PEX4  X  

PEX5 X X X 

PEX6 X X X 

PEX7 X X X 

PEX8  X  

PEX9  X  

PEX10 X X X 

PEX11 X X X 

PEX12 X X X 

PEX13 X X X 

PEX14 X X X 

PEX15  X  

PEX16 X X X 

PEX17  X  

PEX18  X  

PEX19 X X X 

PEX20  X  

PEX21  X  

PEX22  X  

PEX23  X  

PEX24  X  

PEX25  X  

PEX26  X X 

PEX27  X  

PEX28  X  

PEX29  X  

PEX30  X  

PEX31  X  

PEX32  X  

 

Table 2 lists Peroxin homologues found in Leishmania species (including L. major, L. infantum, L. mexicana, L. 

braziliensis, and L. donovani) Yeast or fungi (Saccharomyces cerevisiae, Yarrowia lipolytica, Pichia pastoris, 

Hansenula polymorpha and Neurospora crassa) and human. X denotes potential homologues of this peroxin; 

however, not all have been confirmed experimentally [16, 30, 148, 172, 188-191]. 
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2.12 Significance of LdPEX14 and the role of the hydrophobic region 

In the earlier sections we discussed the general concepts of protein transport across 

peroxisomal/glycosomal membranes. The cargo loaded PEX5 and PEX7 receptors dock to the 

membrane associated PEX14 protein and helps to translocate the cargo proteins across the 

peroxisomal/glycosomal membrane. Little is known about the mechanistic details of the role 

of PEX14 in the formation of the translocation pore. PEX14 was found to be very important 

for survival of kinetoplastid parasites as knockout cells of L. donovani were not viable and 

silencing of PEX14 was lethal to T. brucei[23, 31]. From analysis of the primary structure of 

LdPEX14 (464 amino acids), many interacting domains have been mapped: the LdPEX5 

binding domain, LdPEX7 binding domain, leucine zipper, and a hydrophobic region (Figure 

12). It has been demonstrated that the hydrophobic region of ldpex14 (120-200) is essential 

for binding to liposomes that mimic the glycosomal membrane and that this binding event 

caused leakage of carboxyfluorescein dye encapsulated liposomes [29, 32, 135, 142, 144]. 

 

 

 

 

 

 

 

 



  Chapter 2 

54 
 

 

 

Figure 12: Primary structure of LdPEX14 

Several interaction domains are present on LdPEX14 including a LdPEX5 binding site, LdPEX7 binding site, a 

hydrophobic region, and a leucine zipper [29, 32, 135, 142, 144].  

 

Multiple protein sequence alignments of PEX14 from different species show that only 6 

amino acids are conserved. A conserved transmembrane domain however; was observed among 

all species, indicating the potential importance of this region (Figure 13) [29]. 
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Figure 13: Sequence alignment of PEX14 proteins 

A CLUSTALX based multiple sequence alignment of PEX14 proteins indicating putative PEX14 transmembrane 

regions (underlined) (Pp: P. pastoris, Sc: S. cerevisiae, Hs: Homo sapiens, At: A. thaliana, and Ld: L. donovani) 

[29]. 

 

Flotation density centrifugation studies (membrane binding assay) using large unilamellar 

vesicles (LUVs) that mimic the lipid composition of glycosomal membrane, 

phosphatidylethanolamine (DOPE-55%), phosphatidylcholine (DOPC-25%), 

phosphatidylglycerol (DOPG-15%), phosphatidylinositol (PI-2.5%), cholesterol (2.5%) (Figure 

14) demonstrated that the proposed hydrophobic region ldpex14 (120-200) bound to membrane; 

whereas the internal deletion mutant ldpex14 (Δ149-179) lacking the hydrophobic region failed 

to bind to membranes (Figure 15A). Phospholipids found in the glycosomal membrane were 
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modified primarily with C18 and C22 unsaturated fatty acid [32]. It was also demonstrated that 

anionic phospholipids were required for LdPEX14 association with lipid bilayers. Monolayer 

experiments demonstrated that the presence of anionic phospholipids and phospholipids with 

unsaturated fatty acids increases the membrane fluidity, that aids in the insertion of LdPEX14 

into biological membranes. (Figure 15B) [32]. These physiochemical properties of the 

phospholipids might be crucial for allowing large scale structural rearrangements of the 

LdPEX14 proteins to induce formation of a transient pore in the glycosomal membrane.  

 

 

 

 

 

 

 

 

Figure 14: Relative distribution of phospholipids in the Leishmania glycosomal membrane 

The distribution of phospholipid in the liposome were 1,2-dioleoyl-sn-glycero-3-phosphoethanolamine (DOPE-

55%), 1,2-dioleoyl-sn-glycero-3-phosphocholine (DOPC-25%), 1,2-Dioleoyl-sn-glycero-3-phosphoglycerol 

(DOPG-15%), phosphatidylinositol (PI-2.5%) and cholesterol (2.5%) [32]. 
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Figure 15: Membrane binding assay (flotation assay) 

The sucrose density flotation assay (A) with proteins LdPEX14, ldpex14 (Δ149–179) and ldpex14 (120–200)) were 

performed in the presence and absence of liposomes, showing fragments encompassing the hydrophobic region, 

ldpex14 120-200 exclusively bound to the liposomes, showing that LdPEX14/membrane interaction is dependent on 

the hydrophobic domain of ldpex14 (120-200), (B) with protein LdPEX14 in presence of single phospholipids 

DOPC, DOPE, DOPA, DOPG, or DOPS, showing anionic phospholipids were required for LdPEX14 association 

with lipid bilayer (top means first fraction (Fraction:1) of the sucrose gradient collected from an open tube and 

bottom is the last fraction (Fraction:8 )) [32], (C) Schematic representation of basic steps involved in a flotation 

assay. 
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FACS analysis conducted using LUVs with fluorescently labelled LdPEX5 (Oregon 

Green) and LdPEX14 (Bodipy 630/650) demonstrated that the association of LdPEX5 with the 

LUVs was dependent on the presence of LdPEX14 (Figure 16) [32]. 

 

 

 

Figure 16: FACS analysis of LdPEX5 and LdPEX14 in presence of LUVs 

(A) LUVs (B) Oregon Green-tagged LdPEX5 (C) Bodipy 630/650 tagged LdPEX14 (D) LdPEX5 (5 μg)/LdPEX14 

mixture. The LUVs showed low auto fluorescence; hence the proteins in (B), (C), and (D) were analyzed in 

presence of LUVs. It demonstrated that interaction of LdPEX5 in presence of LdPEX14 were able to give rise to 

subpopulations of LUVs with intermediate (∼22%) and high fluorescence intensities (∼9%) that contain both 

LdPEX5 and LdPEX14 indicating association of LdPEX5 with the LUVs was dependent on LdPEX14 [32].  
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Connecting statement 

Sucrose density centrifugation and fluorescence-activated cell sorting techniques have 

established that LdPEX14 membrane-binding activity is dependent on a predicted 

transmembrane helix found within residues 149-179 of LdPEX14. A question arises; how does 

this hydrophobic region integrate into the membrane, and furthermore what are the possible 

orientations of this hydrophobic domain within a pore forming structure embedded in the 

glycosomal membrane Chapter 3 of the thesis will focus on predicting the topology of the 

hydrophobic region inserted into the membrane and investigating the underlying mechanism of 

the pore formation for the transport of cargo proteins across the membrane bilayer.  



  Chapter 3 

60 
 

Chapter 3 

Analysis of the Leishmania donovani Peroxin 14-membrane 

interaction 
 

Anwer Hasil Kottarampatel1,2, Normand Cyr1,2‡, and Armando Jardim1,2* 

1Institute of Parasitology and 2Centre for Host-Parasite Interactions, Macdonald Campus of 

McGill University, Ste-Anne-de-Bellevue QC, Canada. 

 

 

 

Running Title: Topology of the LdPEX14 hydrophobic domain 

 

Keywords: Leishmania, glycosome, LdPEX14, peroxin, protein-membrane interaction, 

fluorescence.  

 

Abbreviations: 

LdPEX, Leishmania donovani peroxin; PTS, peroxisomal targeting signal; 10-DN, 10-

doxylnonadecane; LUV, large unilamellar vesicle; SUV, small unilamellar vesicle; DQA, dual 

fluorescence quenching assay. 

*To whom correspondence should be addressed: Institute of Parasitology, Macdonald Campus of 

McGill University, 21, 111 Lakeshore Road, Ste. Anne-de-Bellevue, Québec, Canada H9X 3V9. 

Phone: (514) 398-7727; Fax: (514) 398-7857, email: armando.jardim@mcgill.ca; Current 

address: ‡Département de biochimie et médecine moléculaire, Faculté de médecine, Pavillon 

Roger-Gaudry, bureau G-318, Université de Montréal, C. P. 6128, Succ. Centre-ville, Montréal 

(Québec), H3C 3J7. 

 

 

 

mailto:armando.jardim@mcgill.ca


  Chapter 3 

61 
 

Abstract 

Leishmania donovani PEX14 (LdPEX14) is a glycosomal membrane associated protein required 

for binding the cargo receptor LdPEX5 and LdPEX7. Here we show that a hydrophobic region 

spanning residues (120-200) is essential for the insertion of LdPEX14 into lipid bilayers that 

mimic the phospholipid composition of the L. donovani glycosomal membrane. Investigations of 

this protein-membrane interaction were facilitated by a panel of tryptophan and cysteine mutants 

constructed within the hydrophobic region. Fluorescence quenching studies were performed to 

examine the topology and orientation of the hydrophobic region in the lipid bilayer. Forster 

Resonance Energy Transfer (FRET) and tryptic analysis utilizing ldpex14(120-200), which 

formed a functional pore structure, demonstrated that the hydrophobic segment exposes both the 

N- and C-termini to the extra-luminal space when bound to unilamellar vesicles. The 

hydrophobic region has a propensity to oligomerize in the presence of unilamellar vesicles. 

ldpex5(203-391) induce conformational changes in LdPEX14 which triggered the hydrophobic 

region to insert deeper into the lipid bilayer. These fluorescence properties were utilized to 

construct a membrane bound topology model for the hydrophobic region of ldpex14.  
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Introduction 

Leishmaniasis is a spectrum of diseases caused by the obligate intracellular parasite Leishmania 

spp. [1, 192]. Leishmania, like other kinetoplastid parasites, has a unique microbody organelle 

called a glycosome that is evolutionarily related to peroxisomes of yeast, fungi, plants, and 

mammalian cells [22]. Glycosomes are indispensable subcellular structures required for the 

compartmentalization of a myriad of enzymes vital for a variety of metabolic and biosynthetic 

pathways that include; glycolysis, pentose phosphate pathway, ether lipid biosynthesis, and 

purine salvage [18, 104, 123]. A number of genetic and pharmacological studies have 

demonstrated that correct targeting of metabolic machinery, especially enzymes of the glycolytic 

pathway, to the glycosome is crucial for parasite viability [23, 155, 156]. 

 Glycosomal proteins synthesized by cytosolic ribosomes are targeted to the glycosome by 

a C-terminal peroxisomal targeting signal sequence 1 (PTS1) with a typical consensus 

sequence [A,S]/[K,R,N,H]/[L,M,V,Y] or an N-terminal PTS2 signal that consists of a nona- 

peptide with the consensus sequence [RK]-[LVI]-[X]5-[HQ]-[LA] [28, 155, 189, 190]. In 

Leishmania, the PTS1 and PTS2 motifs are recognized by the cytosolic receptor proteins, 

peroxin5 (LdPEX5) or peroxin7 (LdPEX7), respectively; which facilitate the trafficking and 

import of protein into the glycosomal matrix. The import of newly synthesized matrix proteins 

is dependent on four major steps that are orchestrated by several heteromeric complexes located 

in the cytosolic compartment and glycosome/peroxisome membrane surface. These events 

include, (i) sorting/trafficking of nascent matrix proteins by the receptors PEX5 and PEX7, (ii) 

binding of the cargo loaded PEX5 and PEX7 to the docking/importomer complex which is 

situated and exposed to the cytosolic face of the glycosome/peroxisome membrane, (iii) 
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translocation of the cargo proteins across the organelle membrane, and (iv) recycling of the 

PEX5 and PEX7 receptors back into the cytosol for another round of protein import. 

 A key component required for glycosome/peroxisome import of nascent polypeptides is 

PEX14; a membrane protein that functions as a docking receptor for the cargo loaded PEX5 and 

PEX7 receptors and in the formation of a translocation pore. In kinetoplastid parasites, PEX14 is 

a crucial component required for glycosome biogenesis since knocking down the levels of 

PEX14 blocks glycosomal import of PTS1and PTS2 proteins which results in the mistargeting of 

the glycolytic enzymes hexokinase and phosphofructokinase in the cytosol which is lethal to 

these parasites [29, 31, 123, 137]. More recently pharmacological studies have demonstrated that 

blocking the binding of PEX5 to PEX14 is lethal to Trypanosoma parasites and dramatically 

reduce parasitemia [155].  

 PEX14 in mammals, Hansenula polymorpha, Pichia pastoris and Trypanosoma brucei, has 

been reported to exhibit properties that are characteristic of an integral membrane protein [193-

197]; whereas in Leishmania [29] and Saccharomyces cerevisiae [164, 198] this protein 

exhibited characteristics of a peripheral membrane protein that is anchored to the cytosolic 

surface of the glycosome/peroxisome. Biophysical studies with recombinant L. donovani PEX14 

(LdPEX14) confirmed that the hydrophobic region spanning residues 149-179, a domain that is 

conserved among PEX14 proteins, is required for membrane binding [29]. Several models have 

been proposed for the transient pore assembly and translocation of PTS1 proteins which 

involves, i) the binding of cargo loaded PEX5 receptor to PEX14 and membrane insertion of 

PEX5 to mediate pore opening [35] or ii) the binding of the loaded PEX5 receptor to the 

docking/translocation module (DTM) which induces pore opening and permits PEX5 to aid in 
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pushing the cargo protein through the pore [199]. Additionally, in yeast it was suggested that the 

import of PTS2 proteins into the peroxisome is mediated by an architecturally distinct pore [34].  

 Despite the advances in dissecting the structure and function of the glycosome/peroxisome 

translocon, little is known about PEX14-membrane interaction and how the docking of the PEX5 

or PEX7 receptors alter the conformation of this protein. In this study we used a panel of 

cysteine and tryptophan mutants, in conjunction with dual fluorescence quenching assays to 

examine the topology of the hydrophobic domain in LdPEX14 and ldpex14 (120-200) 

following insertion into lipid bilayers. These data suggest that the hydrophobic domain adopts 

a helix-turn-helix motif that is capable of homo-oligomerization and pore formation.  

 

Experimental procedures 

 

Chemicals and reagents – All restriction endonucleases and DNA-modifying enzymes were 

purchased from Invitrogen or New England Biolabs. Horseradish peroxidase (HRP)-conjugated 

goat anti-rabbit IgG was purchased from GE Healthcare. HRP-conjugated goat anti-mouse and 

fluorescence dyes monobromobimane and dansyl chloride were purchased from Sigma-Aldrich. 

The fluorescent dye pyrene maleimide was purchased from Thermo Fisher Scientific and 

phospholipids and cholesterol (Chl) were obtained from Avanti Polar Lipids. All other reagents 

were of the highest commercially available quality. 

 

Protein mutagenesis and purification – A panel of single tryptophan mutations was generated 

utilizing the full length LdPEX14-His6 or a fragment encompassing residues 120-200 (ldpex14 

(120-200)-His6) (Table 1) using a PCR based mutagenesis strategy. To construct this panel of 
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mutant proteins the wild type tryptophan 152, present in LdPEX14-His6 and ldpex14(120-200)-

His6, was replaced with a phenylalanine (W152F) to produce the pET30b-LdPEX14W152F-His6 

andpET30b-ldpex14(120-200) W152F-His6, as a template for the PCR mutagenesis reactions. In 

addition, internal deletion mutants lacking residues 149-179 (ldpex14∆149-179), 138-165 

(ldpex14∆138-165), 160-179 (ldpex14∆160-179) and 179-200 (ldpex14∆179-200) were 

generated by PCR based mutagenesis using the plasmid pET30-LdPEX14-His6 to construct the 

pET30-ldpex14Δ149-179-His6, ldpex14Δ138-165-His6, ldpex14Δ160-179-His6 and 

ldpex14Δ179-200-His6 expression vectors. Truncated forms of ldpex14; ldpex14(1-120), 

ldpex14(1-200), ldpex14(1-254) and ldpex14(1-321) were expressed and purified as previously 

described [33]. 

 Cysteine mutants were generated by PCR based mutagenesis utilizing pET30b-ldpex14(120-

200)-His6 as template to construct, pET30b-ldpex14(120-200) T147C-His6, pET30b-

ldpex14(120-200) S165C-His6, pET30b-ldpex14(120-200) S168C-His6, or pET30b-ldpex14(120-

200) S177C-His6. For the full length LdPEX14, the three cysteine residues at positions 104, 221, 

and 272 were replaced with serine residues by PCR mutagenesis to generate an LdPEX14 devoid 

of cysteines. This cysteine-less LdPEX14 was used as a template to construct pET30b-LdPEX14 

T147C-His6, pET30b-LdPEX14 S165C-His6, pET30b-LdPEX14 S168C-His6, pET30b-LdPEX14 

S177C-His6. 

 E. coli strain ER2566 was transformed with the various LdPEX14/ldpex14 plasmid 

constructs and grown to an OD600 of 0.8 at 37 °C and protein expression was induced for 6 h 

with vigorous shaking at 20 °C in the presence of 0.7 mM Isopropyl β-D-1-

thiogalactopyranoside (IPTG). Cells were harvested by centrifugation (6000 xg for 15 min) and 

the bacterial cell pellets were re-suspended in 20 ml of 40 mM Tris-HCl pH 8.0 and lysed with 
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French Press at 10,000 psi prior to the addition of NaCl to a final concentration of 500 mM. The 

lysates were clarified by centrifugation (24,000 xg for 25 min) and supernatants were applied to 

Ni2+-NTA resin (Qiagen) column equilibrated with 40 mM Tris-HCl pH 8.0 containing 500 mM 

NaCl (TBS500). The loaded column was sequentially washed with 250 ml of TBS500 containing 

10 mM imidazole, 100 ml of TBS500 containing 20 mM imidazole, and 100 ml of TBS500 

containing 40 mM imidazole. The LdPEX14/ldpex14 mutant proteins were eluted with 15 ml of 

TBS500 containing 500 mM imidazole. 

For the ldpex14 (120-200) purification, bacterial lysates were clarified by centrifugation 

at 24,000 xg for 25 min at 4 °C and the inclusion body pellet was re-suspended in 20 ml TBS500 

containing 8.0 M urea. The suspension was clarified by centrifugation and the supernatant was 

loaded onto a 1.0 ml Ni2+-NTA resin (Qiagen) column then washed with 100 ml of TBS500 

containing 8.0 M urea to remove unbound proteins. The ldpex14 (120-200) fragment protein was 

eluted with 5 ml of 40 mM Tris-HCl pH 8.0, 100 mM NaCl (TBS) containing 500 mM 

imidazole, 4.0 M urea, concentrated to 6.0 mg/ml using Amicon Ultra filter 3 kDa (Millipore), 

dialyzed against TBS containing 4.0 M urea and stored as aliquots at -80 °C. Purified proteins 

were analyzed by SDS-PAGE, concentrated using an Amicon Ultra filter 3K or 10K MWCO 

unit (Millipore), quantified spectrophotometrically at 280 nm [200] and stored at -80 °C. The 

recombinant ldpex5 (203-391) W246,293,361F, ldpex14 (1-120), ldpex14 (1-200), ldpex14 (1-

254), and ldpex14 (1-321) fragments were expressed and purified as previously reported [33]. 

 

Labeling ldpex14 (120-200) with fluorophores – Purified ldpex14 (120-200) T147C, ldpex14 

(120-200) S165C, ldpex14 (120-200) S168C, and ldpex14 (120-200) S177C were resuspended in 

4 M urea in PBS then reduced with 5-fold molar excess of dithiothreitol at 25 °C for 1 h, and 
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labeled with 25-fold molar excess of monobromobimane at 25 °C for 1 h with mixing. For 1-

pyrene maleimide labeling, proteins were reduced with 5-fold molar excess of Tris-(2-carboxyl)-

phosphine for 2 h at 25 °C then labeled with 5-fold molar excess of 1-pyrene maleimide for 4 h 

at 25 °C. Unreacted monobromobimane and 1-pyrene maleimide were removed by precipitating 

proteins with 15% trichloroacetic acid (TCA) and then washing the protein pellet with acetone. 

Precipitated proteins were dissolved in PBS containing 8.0 M urea to a concentration of 5.0 

mg/ml.  

 Purified full length LdPEX14 or ldpex14 (120-200) mutants T147C, S165C, S168C, and 

S177C in PBS were reduced with 5-fold molar excess of Tris-(2-carboxyl)-phosphine for 4 h at 4 

°C, and then labeled with 5-fold molar excess of monobromobimane or 1-pyrene maleimide for 

16 h at 4 °C. The labeled proteins were applied to a Ni2+-NTA column (1.0 ml of packed beads) 

and the bound protein was washed with 50 ml PBS. Labeled proteins were eluted with 400 mM 

imidazole in PBS and dialyzed overnight against 4.0 L of PBS. Labeling efficiency was 

determined spectrophotometrically at 380 nm for monobromobimane conjugates (value 

bromobimane group is 5000 M-1cm-1) and 338 nm for pyrene conjugates (value for pyrene 

group is 40,000 M-1cm-1) [201]. The protein concentration was measured spectrophotometrically 

at 280 nm by the method of Pace et al. [200]. 

 

Preparation of unilamellar vesicles – Large unilamellar vesicles (LUVs) and small unilamellar 

vesicles (SUVs) were prepared from dioleoyl phosphatidylethanolamine (DOPE), dioleoyl 

phosphatidylcholine (DOPC), dioleoyl phosphatidylglycerol) (DOPG), bovine liver 

phosphatidylinositol (PI) and cholesterol in a 55:25:15:2.5:2.5 molar ratio, as previously 

described [32]. The lipids were dissolved in chloroform and thin films were prepared by 
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evaporation of the solvent under a nitrogen stream. Residual chloroform was removed under 

vacuum for 16 h. Multilamellar vesicles were prepared by re-suspending the lipid film in 40 mM 

phosphate buffer pH 7.2, 100 mM NaCl (PBS) at a concentration of 5.0 mg/ml with vigorous 

mixing. The suspension was then extruded 20 times through a 0.2 m polycarbonate membrane 

(Millipore) to generate large unilamellar vesicles (LUV) with a diameter of 200 nm, a size 

comparable to Leishmania glycosomes.  

 Alternatively, lipid films containing 10-doxylnonadecane (10-DN) or 16:0-18:0 (4,5-

dibromo) phosphatidylcholine with the following phospholipid compositions 

DOPE:DOPC:DOPG:PI:Chl:10-DN (45:25:15:2.5:2.5:10) or DOPE:DOPC:DOPG:PI:Chl:4,5 

dibromo PC (45:10:15:2.5:2.5:25) were rehydrated with PBS and sonicated with a probe 

sonicator on ice for 5 min to generate small unilamellar vesicles (SUV) with a diameter of ~30-

50 nm for fluorescence and circular dichroism experiments. SUV preparations were centrifuged 

at 15,000 rpm for 20 min at 4 °C to remove lipid aggregates. 

 

Dye leakage assay – Lipid films made with a composition of DOPE:DOPC:DOPG:PI:Chl 

(55:25:15:2.5:2.5) were re-suspended in PBS containing 100 mM 5(6)-carboxyfluorescein (CF) 

and vortexed for 15 minutes to generate multilamellar vesicles which were extruded through a 

0.2 m polycarbonate membrane to generate large unilamellar liposomes (LUVs). Dye loaded 

LUVs were purified by gel filtration on Sephadex G-50 column (1 x 20 cm) equilibrated in PBS. 

Dye loaded LUVs were mixed with LdPEX14, ldpex14 (120-200), ldpex14 (1-120), ldpex14 (1-

200), ldpex14 (1-254), or ldpex14 (1-321) and dye release was monitored using an excitation and 

emission wavelengths of 492 nm and 515 nm for CF. The total CF content of LUVs was 
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determined by addition of Triton X-100 (0.1% v/v). All dye leakage assays were performed at 25 

°C. Percent dye leakage was calculated using the following equation:  

% leakage = FLdPEX14/FTriton X-100 x 100. 

 Alternatively, LUVs were loaded with 10 mg/ml solution of fluorescein-isothiocyanate 

(FITC) conjugated-dextran’s with molecular weights, 4, 10, 45 and 70 kDa and extravesicular 

dextran was removed by gel filtration on SephadexG-200 column. To assess dextran leakage, 

LUVs (400 g) were incubated with ldpex14 (120-200) (protein:phospholipid ratio 1:200) and 

incubated at 25 °C for 15 min. The reaction mixture was centrifuged at 100,000 xg for 45 min at 

4 °C in a Beckman-Coulter tabletop centrifuge using a TLA100.3 rotor to separate LUV 

entrapped and free FITC-dextran. The supernatant was carefully removed, and LUV pellet was 

solubilized in 0.5 % Triton X-100, 50 mM Tris pH 7.5 and the fluorescence intensity in the 

supernatant and pellet fractions was measured using excitation and emission wavelengths of 495 

and 515 nm, respectively. The extent of leakage was calculated using the equation:  

% leakage = (Fcon-FLdPEX14)/Fcon x 100 

where, Fcon is total fluorescence in the control LUVs and F LdPEX14is the fluorescence of CF 

released by LdPEX14 or ldpex14(120-200). 

 

Membrane binding assay – Purified proteins (20 g) were incubated with LUVs (400g) in 300 

l of PBS for 15 min at 25 °C then diluted with 1.2 ml of 66% sucrose, 500 mM NaCl in PBS 

buffer. These preparations were topped with 3.0 ml of PBS, supplemented with 500 mM NaCl 

and 40% sucrose and then 0.7 ml of PBS. Samples were subjected to centrifugation at 28,000 

rpm for 16 h at 4 °C in a Beckman SW55 rotor. Fractions (0.65 ml) were collected from the top 



  Chapter 3 

70 
 

of the gradient and proteins were precipitated with 15% TCA. Protein pellets were resuspended 

in SDS-PAGE sample buffer and examined by Western blot analysis. 

 

ldpex14 (120-200) oligomerization – Purified ldpex14 (120-200) (5 g) was re-suspended in 20 

l of SDS-PAGE sample buffer and the unboiled sample was resolved on 12% Bis-TrisPAGE 

using a 50 mM MES – 50 mM Tris (pH 7.3) running buffer containing 0.02% Coomassie Blue 

G250 dye [202]. Alternatively, DOPE:DOPC:DOPG:PI:Chl LUVs loaded with ldpex14(120-

200) were solubilized with 0.5% 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfate 

(CHAPS), n-octyl--glucoside (OG), taurodeoxycholate (TDOC), or sodium dodecyl sulfate 

(SDS) prior to electrophoresis. Protein bands were visualized by silver staining. Alternatively, 

increasing amounts (5 to 100 ng) of ldpex14 (120-200) were resuspended in 10 l of SDS-PAGE 

sample buffer and loaded directly onto a 10% SDS-PAGE with or without boiling and proteins 

were electro-transferred to polyvinylidene difluoride membrane and ldpex14 (120-200) species 

were detected by Western blot using anti-hexahistidine monoclonal antibody (Abcam, 

Cambridge, MA).  

 

Fluorescence spectroscopy –  Intrinsic fluorescence measurements were performed on a Varian 

Cary Eclipse spectrofluorometer at 20 °C using an excitation wavelength of 290 nm. Insertion of 

LdPEX14 or ldpex14 (120-200) into lipid bilayers was monitored by recording the emission 

spectra from 305-400 nm at a scan rate of 120 nm/min with slit widths of 5 nm. Final spectra 

were generated by averaging five spectral traces. Insertion depth of LdPEX14 or ldpex14 (120-

200) into the bilayer was assessed by fluorescence quenching using the polar quenching agent 

potassium iodide (KI) or the nonpolar quenching agent 10-doxylnonadecane (10-DN) [203, 204]. 
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Emission spectra were corrected for background fluorescence and Raman scattering by 

subtracting signals arising from buffer and SUVs. The initial fluorescence (F0) was measured 

following the addition of LdPEX14 or ldpex14 (120-200) to SUVs and quenching due to KI was 

measured following the addition of 160 mM KI to SUVs. Quenching due to 10-DN was 

determined using SUVs containing a 10 mole percent of 10-DN. To compensate for the presence 

of 10-DN an equimolar concentration of DOPE was omitted from the 10-DN containing SUVs. 

Proteins (1M) were incubated with SUVs (400 M total phospholipid) for 5 min at 20 °C 

before all fluorescence measurements were performed. The quenching (Q) ratio to assess the 

penetration depth of tryptophan residues was calculated using the following equation: 

 

Q-ratio = ((F0/FKI)-1) / ((F0/F10-DN)-1) 

 

where F0 is the initial fluorescence, FKI is the fluorescence following addition of KI, and F10-DN is 

the fluorescence in the presences of 10-DN. 

 

Dansyl-tryptophan Forster energy resonance transfer (FRET) – 50 µM of dansyl chloride were 

incubated with 5 mM of SUVs (1:100 ratio) in 350µl total volume for 1 h at 25 °C to label 

DOPE on the outer leaflet of the lipid bilayer. To separate the dansylated SUVs from free dansyl 

chloride, the labeled mixture was loaded at the bottom of a sucrose gradient and subjected to 

centrifugation at 28,000 rpm for 18 h at 4 °C. Dansylated liposomes were recovered from the top 

of the gradient and dansylation was confirmed by emission at 520 nm. Dansylated liposomes 

were incubated with ldpex14 (120-200) tryptophan mutants (protein:lipid ratio of 1:400) and 

emission spectra were recorded from 300-550 nm (excitation 290 nm) with slit widths of 5 nm. 

The proximity of the tryptophan residues to the dansyl fluorophore was assessed as a ratio of 
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fluorescence intensity at 520 nm to the tryptophan intensity at emission λmax as previously 

reported [205]. 

 

Tryptic analysis of ldpex14 (120-200) and ldpex14 (1-200) topology – For LUV encapsulation of 

trypsin, lipid films were gently resuspended in 10 mg/ml trypsin solution in Tris-buffered saline 

(TBS). The multilamellar vesicle suspension was extruded through a 0.2 m polycarbonate filter 

to generate LUVs with a diameter of ~200 nm. To remove free trypsin LUVs were sedimented 

by centrifugation at 50,000 rpm for 1 h at 4 °C and the pellet was treated with 1 mg/ml soybean 

trypsin inhibitor for 20 min to inactivate residual extra-luminal trypsin and soybean trypsin 

inhibitor was removed by LUV sedimentation. The LUV pellet was resuspended in 800 l of 

TBS. Control LUVs lacking trypsin were prepared using the above protocol. For topology 

mapping, ldpex14 (120-200) or ldpex14 (1-200) [33] was added to LUV containing encapsulated 

trypsin (protein:phospholipid 1:400) and the mixture was incubated at 20 °C. Alternatively, 

LUVs were mixed with ldpex14 (120-200) or ldpex14 (1-200) and incubated at 20 °C for 20 min 

prior to the addition of trypsin to a final concentration of 1.0 mg/ml trypsin. Aliquots were 

removed, resuspended in sample buffer to terminate proteolysis, and the digests were analyzed 

by Western blot using anti-hexahistidine primary antibodies.  

 

Biotinylated protein-Streptavidin HRP flotation assay – Purified ldpex14(120-200) T147C, 

ldpex14(120-200) S165C, ldpex14(120-200) T168C and ldpex14(120-200) S177C and ldpex14 

(120-200) were reduced with five molar excess of Tris(2-carboxyethyl) phosphine hydrochloride 

(Sigma C4706) for 4 h at 25 °C. The reduced proteins were labelled with 1.0 mM biotin C2 
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maleimide (Anaspec AS-60643) for 5 h at 25 °C. The labelled protein was precipitated with 15% 

TCA, washed with acetone, re-dissolved in 4.0 M urea in PBS and quantified. Biotin labelled 

proteins were incubated with LUVs (ratio of 1:1000) for 30 min at 25 °C. Streptavidin 

conjugated horseradish peroxidase (Streptavidin-HRP) (Invitrogen: 19534) was added in a 

1:1000 dilution and incubated for 15 min at 20 0C. The final mixture containing the LUVs-

biotinylated protein-streptavidin-HRP were loaded in the bottom fraction of a sucrose gradient 

and spun for 28,000 rpm for 18 h at 4 °C. The gradient was fractionated from top in 650 μL 

aliquots and the amount of streptavidin-HRP conjugate in each fraction was measured using the 

3,3’,5,5’-tetramethylbenzidine substrate assay. Reactions were stopped by the addition of 2.0 M 

sulfuric acid and color development was quantified by UV/Vis at 450 nm.  

 

Circular dichroism(CD)analysis – A solution of ldpex14(120-200) (50 μM) in 10 mM sodium 

phosphate,10 mM NaCl pH 7.5 was titrated with SDS (0-16 mM), SUVs (0-400 µM total 

phospholipids), or diluted into a solution containing 0-75% trifluoroethanol (TFE) and spectra 

were recorded at 23 °C on a JASCO8100 instrument using a 1 mm cuvette at a scan rate of 100 

nm/min and a bandwidth of 1 nm. CD spectra were recorded from 200 nm to 260 nm at 23 °C. 

Five spectra were collected and averaged. 

 

Results 

Analysis of the PEX14 hydrophobic region – Bioinformatic analysis of PEX14 proteins from 

phylogenetically diverse organisms using programs TMPRED and Phobius (embnet.vital-

it.ch/cgi-bin/TMPRED and phobius.sbc.su.se/cgi-bin/) revealed the presence of a putative 

hydrophobic domain that corresponds to residues 149-179 on LdPEX14 (Figure 1A).  

http://embnet.vital-it.ch/cgi-bin/TMPRED
http://embnet.vital-it.ch/cgi-bin/TMPRED
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At RFRWYHAILAVGVLAASGAGTAVFIKRSLIP 

Hs SR—WRDYGALAIIMAGIAFGFHQLYKKYLLP 

Sc HRDWKDYFVMATATAGLLYGAYEVTRRYVIP 

Tc ETDWRDVIIGVGAALISGFAAFKAFQIYSPY 

Tb GVDWRDLVIGAGAAVIGGFAAFKAFQLYSPY 

Ld TVDWRDVVIGAGAAMLSGFSAYKLFNRYSPY 
  *     *     *    * 
  150    160    170   179 

 

 

 

 

 

 

 

Figure 1: Transmembrane topology 

Putative transmembrane domain in the L. donovani PEX14. (A) Multiple sequence alignment of the predicted 

transmembrane region of PEX14 from Arabidopsis thaliana (At), Homo sapiens (Hs), Saccharomyces cerevisiae 

(Sc), Trypanosoma cruzi (Tc), Trypanosoma brucei (Tb), and Leishmania donovani (Ld). Sequences were aligned 

with the Clustal X program (B) Predicted transmembrane domain was used as an input for Quick2D [206] that gives 

an overview of secondary structure features like alpha-helices and transmembrane helices present in the 

hydrophobic region spanning ldpex14 (149-179). 

 

Further analysis using the Heliquest algorithm [207] suggested that the segment on 

LdPEX14, in particular residues 155-179, have predicted biophysical characteristics that are 

highly reminiscent of a transmembrane helix (Figure 2A). The residues 147-179 spanning the 

hydrophobic domain of LdPEX14 were modelled using the QUARK ab initio protein prediction 

online tool [206] and visualized using Jmol [208][352] . There were two different possibilities of 

folding of the hydrophobic region, an extended alpha helix (Model-1) or a helix turn helix 

consisting of a helix hairpin (Model-2) (Figure 2B). 

 

 

A B 

ldpex14 (149-179) 
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Figure 2: Bioinformatic analysis of the LdPEX14 hydrophobic domains 

(A) LdPEX14 residues 156-172 analyzed using the Heliquest program showed a helix with amphipathic character 

with a hydrophobic face represented by AAFGAYMVF amino acids. (B) Models (1 and 2) were generated for 

LdPEX14 hydrophobic domain (149-179) using QUARK algorithm (ab initio protein folding) and were visualized 

using Jmol.  

 

 

Model-1 comprises a single helix of 27 amino acids (residues 149-175) with a predicted 

helix length of 41 Å (measured using the UCSF Chimera visualization tool [209]) which was 

sufficient to span the lipid bilayer. Model-2 contains a helix-turn-helix motif, namely helix-1 

comprises of 11 amino acids (residues 149-159) and helix-2 contains 15 amino acids (residues 

A 

Model -1 Model -2 

B 
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161-175). The length of the predicted helix-1 and helix-2 were 18 Å and 24 Å, respectively 

[209]. 

Previous studies showed that residues 149-179 were critical for LdPEX14 binding to the 

lipid bilayers. More importantly, these studies indicated that the binding of LdPEX5 to LdPEX14 

induced conformational changes in the predicted transmembrane domain [33]. To further define 

the elements in the transmembrane domain that are essential for membrane binding, a series of 

internal deletion mutants lacking residues 138-165 (ldpex14 (Δ138-165)), 160-179 (ldpex14 

(Δ160-179)) and 179-200 (ldpex14 (Δ179-200) (Figure 3A) were constructed and the capacity 

of mutant ldpex14 proteins to interact with lipid bilayers was assessed using the qualitative 

sucrose density flotation assay and LUVs with a phospholipid composition that mimic the L. 

donovani glycosomal membrane [32]. As shown in Figure 3B, the wildtype LdPEX14 bound to 

vesicles with a DOPE:DOPC:DOPG:PI:Chl and was recovered at the top of the sucrose density 

gradient. However, in the absence of LUVs, LdPEX14 was present only at the bottom of the 

gradient. Similarly, the ldpex14 (149-179) failed to bind LUVs and was only detected at the 

bottom of the gradient (Figure 3B) as previously reported [32]. Surprisingly, deletion of residues 

138-166 or 160-179, regions that span much of the hydrophobic domain, did not ablate binding 

of these ldpex14 deletion mutants to lipid bilayers (Figure 3B). Heliquest analysis showed that 

potential helical structures formed following the above deletion and had a considerable degree of 

hydrophobicity that would favor the partitioning of the mutant ldpex14 (138-165) and ldpex14 

(160-179) into the lipid bilayer (Figure 3C). The presence of arginine, serine, and threonine in 

these hydrophobic regions surprisingly did not influence the propensity for membrane binding as 

these residues are often detected in transmembrane domains [210]. More importantly, short 

sequences of 15 to 18 amino acids may be sufficient for the formation of a transmembrane helix 
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[211]. In contrast, the 149-179 completely abolished the hydrophobic domain and membrane 

binding (Figure 3B & 3C); whereas the 179-200 deletion had no impact on the hydrophobic 

domain (Figure 3). As previously demonstrated [32], a fragment spanning residue 120-200 also 

exhibited robust membrane binding activity and in a sucrose density flotation experiment this 

fragment was recovered quantitatively at the top of the gradients with the LUVs. Similar 

floatation experiments with the N-terminal portion of LdPEX14 spanning residues 1-200 

(ldpex14 (1-200)) also exhibited near quantitative binding to LUVs (Figure 3B). 

 

 

 

 

 

 

 

 

 

Figure 3: Analysis of the LdPEX14 hydrophobic domain 

(A) Wildtype sequence of the region spanning residues 120-200 of LdPEX14 and the internal deletion mutants 

lacking residues 149-179, 138-165, 160-179, or 179-200 that were generated to characterize the hydrophobic 

domain of LdPEX14. (B) LUVs were loaded with LdPEX14 or the ldpex14 deletion mutations and bound protein 

was separated by sucrose density flotation and proteins were detected by Western blot analysis using anti-LdPEX14. 

(C) Residues underlined in panel A were examined using the Heliquest software to determine hydrophobicity and 

hydrophobic moment of these sequences to assess the regions that were involved in membrane binding. The black 

shading of the inner wheel indicates the section of the helix has a hydrophobic character. 

     

 

A 

C B 

        120       130        140      150       160       170       180       190        200 

       *         *          *        *         *         *         *         *           * 

WT       PVTMTPGPQYTQTLFPHSPPPPQVERQTKTVDWRDVVIGAGAAMLSGFSAYKLFNRYSPYEFRRKTDKKSRLYRGSSSRPRLE 

149-179 PVTMTPGPQYTQTLFPHSPPPPQVERQTK-EFRRKTDKKSRLYRGSSSRPRLE 

138-165 PVTMTPGPQYTQTLFPHSPP-SGFSAYKLFNRYSPYEFRRKTDKKSRLYRGSSSRPRLE  

160-179 PVTMTPGPQYTQTLFPHSPPPPQVERQTKTVDWRDVVIGA-EFRRKTDKKSRLYRGSSSRPRLE 

179-200 PVTMTPGPQYTQTLFPHSPPPPQVERQTKTVDWRDVVIGAGAAMLSGFSAYKLFNRYSPY 
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Topology of the LdPEX14 hydrophobic region – To examine the topology of the LdPEX14 

hydrophobic region in the lipid bilayer, the single tryptophan (W152) in LdPEX14 or ldpex14 

(120-200) was mutated to a phenylalanine and tryptophan residues were inserted at positions 

147, 150, 152, 155, 157, 160, 162, 165, 169, 173, and 177. Purified proteins were mixed with 

SUVs with a lipid composition that mimics the L. donovani glycosomal membrane and the 

emission max for each tryptophan residue was determined at an excitation wavelength of 290 

nm. Tryptophan residues can be used as an intrinsic probe since max emission changes as a 

function of the environmental polarity [212]. In an aqueous or polar environment, the emission 

max for tryptophan residues ranges from ~340-350 nm; while in a nonpolar environment, as 

would be encountered in the hydrophobic core of a lipid bilayer, this emission max undergoes a 

hypochromic shift to a wavelength of ~310-335 nm. Analysis of the emission max for the panel 

of ldpex14 (120-200) tryptophan mutants (Table 1), showed that for this fragment, residues 

W147 and W150 exhibited an emission max centered at 350 and 340 nm, respectively. This is 

consistent with these residues being positioned in an aqueous environment or in association with 

polar phospholipid head groups (Figure 4A). In contrast, the tryptophan residues at positions 

152 to 177 exhibited emission max ranging from 321 to 332 nm; wavelengths indicative of these 

residues being situated at various depths in the hydrophobic core of the lipid bilayer (Figure 

4A).  

To evaluate the degree to which the ldpex14 (120-200) hydrophobic domain penetrated 

into the lipid bilayer, dual fluorescence quenching assays (DQA) were performed using 

potassium iodide (KI), which quenches the fluorescence of tryptophan residues outside the lipid 

bilayer or near the phospholipid head group interface [212, 213], and 10-doxyl nonadecane, a 

hydrophobic nitroso quenching agent that inserts into the hydrophobic core of the lipid bilayer 
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[203, 204]. KI showed the greatest degree of quenching in ldpex14 (120-200) with tryptophan 

residues at positions 147, 155, and 157; while tryptophan residues at positions 150, 152, 160, and 

167 were protected and exhibited a lower degree of quenching by KI. In contrast, SUVs 

containing 10-DN caused the most pronounced quenching in tryptophan residues at position 155, 

160, 162, and 165, indicative of these residues penetrating deep into the lipid bilayer (Figure 

4B). Q-ratios exploit the quenching observed with KI and 10-DN to assess the degree to which 

specific tryptophan residues on ldpex14 (120-200) penetrated the lipid bilayer. Previously 

reported Q-ratios, ranging from ~0.1-0.5, indicate that a corresponding tryptophan residue is 

located deep in the membrane near the center of the hydrophobic core; whereas values of ~1.0 or 

greater indicate that the tryptophan residue has a shallow membrane insertion or is weakly 

associated with the membrane [204, 213]. As shown in Figure 4D, the DQA suggested that 

residues 150-157 and 162-169 are located deep in the membrane. Surprisingly, residues 158-161 

appear to be located within a polar environment. It is possible that these residues could be 

oriented toward the center of a channel following insertion of ldpex14 (120-200) perpendicular 

to the lipid bilayer and subsequent assemble to form a pore structure.  

A similar analysis of the tryptophan mutations in the full length LdPEX14 showed that 

association of this protein with the lipid bilayer resulted in modest changes in emissions max in 

the tryptophan residues (Figure 4A). Quenching experiments showed that KI and 10-DN had a 

similar periodicity (Figure 4C) and the Q-ratio analysis resulted in values of ~1.0 or greater 

(Figure 4D), which indicated that the hydrophobic region spanning residues 147-177 exhibited a 

shallow insertion into the membrane. 
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Table 1: LdPEX14-His6 and ldpex14 (120-200)-His6 mutations 

 

Mutation ldpex14(120-200) LdPEX14 

W152F, T147W YES YES 

W152F, V150W YES YES 

W152 (wild type) YES YES 

W152F, I157W YES YES 

W152F, G160W YES YES 

W152F, A162W YES YES 

W152F, S165W YES YES 

W152F, A169W YES YES 

W152F, F173W YES YES 

W152F, S177W YES YES 

Table 1 lists all the tryptophan mutants made in the hydrophobic region of PEX14 that were used for this study. 
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Figure 4: Fluorescence analysis of interaction of the LdPEX14/ldpex14 (120-200) hydrophobic domain with 

the lipid bilayer 

(A) The graph shows the emission max for the series of tryptophan mutants in LdPEX14 and ldpex14 (120-200) 

following insertion of these proteins into the SUV lipid bilayer. (B) The fluorescence quenching of tryptophan 

residues in ldpex14 (120-200) inserted into SUV membranes was assessed using the polar quenching agent 

potassium iodide (KI) and the hydrophobic quenching agent 10-doxyl nonadecane (10-DN). (C) The fluorescence 

quenching of tryptophan residues in LdPEX14 mutants inserted into SUV membranes was assessed using the polar 

quenching agent potassium iodide (KI) and the hydrophobic quenching agent 10-doxyl nonadecane (10-DN). (D) 

The Q-ratios for LdPEX14 and ldpex14 (120-200) were calculated using the quenching values obtained with KI and 

10-DN. 

 

To validate the interaction of ldpex14 (120-200) with glycosome mimetic membranes, 

cysteine mutations replacing either a serine or threonine were incorporated at positions 147, 165, 

168, and 177. Cysteine residues were modified with the environmentally sensitive probe 
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monobromobimane (MBB) which in a polar environment exhibits an emission max at ~470 nm, 

while in a nonpolar milieu, the emission max is blue-shifted to 455-460 nm [213]. Addition of 

MBB labeled ldpex14 (120-200) T147C to SUVs resulted in emission max of ~472 nm which 

was consistent with this residue being located in an aqueous environment or close to the 

phosphate head groups of the lipid bilayer. MBB labeled ldpex14 (120-200) S165C and ldpex14 

(120-200) S177C, however, exhibited an emission max centered at ~465 nm which was 

indicative of these residues having an intermediate insertion into the membrane [213] (Figure 

5A). In contrast, the emission max for the MBB labeled ldpex14 (120-200) S168C showed a 

significant blue-shift to 460 nm which was consistent with residue 168 being positioned deep 

within the hydrophobic region of the lipid bilayer (Figure 5A). To verify the insertion depth of 

MBB-labeled ldpex14 (120-200) cysteine mutants, quenching experiments were performed with 

potassium iodide and 10-DN. Although previous experiments suggested that residues 147 and 

177 were located in an exposed extra-membrane environment, only modest quenching of MBB 

was observed with KI for the ldpex14 (120-200) T147C and S177C mutants (Figure 5B). This 

was not surprising since previous reports indicated that the fluorescence intensity of MBB can be 

significantly attenuated by neighboring tryptophan or tyrosine residues [214, 215]. 

It is likely that residues W152 and Y176 are within range to quench the MBB probe on ldpex14 

(120-200) T147C and ldpex14 (120-200) S177C. Alternatively, it is possible that residues 147 

and 177 may be located in a polar environment proximal to the phospholipid head groups. 

Modest quenching of the MBB at position 165 and 168 was noted with KI indicating that the 

reporter fluorophore partitioned into the lipid bilayer (Figure 5B). Quenching with 10-DN was 

most significant when the MBB probe was at positions 165 and 168 (Figure 5B). Q-ratio 
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analysis suggests that residues 165 and 168 insert deeply into the lipid bilayer; while residue 147 

and 177 are predicted to be located near the phospholipid head groups (Figure 5B).  

 To further investigate the topology of ldpex14 (120-200) in membranes and to determine 

the orientation of residue 147 and 177, Forster Resonance Energy Transfer (FRET) between 

tryptophan donor and dansyl acceptor fluorophores were utilized [212]. For these FRET 

experiments ldpex14 (120-200) tryptophan mutants were incubated with asymmetric SUVs 

containing dansyl chloride labeled phosphatidylethanolamine lipids on the outer leaflet of the 

lipid bilayer and the emission spectra was recorded from 300-550 nm using an excitation 

wavelength of 290 nm. The proximity of the tryptophan residue in the hydrophobic region to the 

dansyl fluorophore was evaluated as a ratio of dansyl fluorescence to tryptophan fluorescence (at 

the emission max). Ratios of fluorescence intensity exhibited a parabolic response with residues 

147 and 177 having the largest values which would require the localization of the tryptophan 

residues at these positions to be close to the phospholipid head group of the outer membrane 

leaflet (Figure 5C). In contrast, residues 155-170 exhibited a lower fluorescence intensity ratio 

indicating that these residues were buried deeper into the hydrophobic core of the bilayer. These 

data suggest that following insertion of ldpex14 (120-200) into the membrane, this fragment 

likely adopts a helix-turn-helix configuration that exposes the N- and C-termini to extra-luminal 

space of SUVs.  

To determine if the C-terminus of ldpex14 (120-200), which contains a C-terminal 

hexahistidine tag [32], penetrated into the LUV lumen or remained exposed on the outer surface 

of the LUV, a series of tryptic digests were performed using trypsin encapsulated in LUVs or 

trypsin added to the LUV extra-lumenal space. Addition of ldpex14 (120-200) to LUVs 

containing encapsulated trypsin showed no significant degradation of the ldpex14 (120-200) C-
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terminus. In contrast, addition of trypsin to ldpex14 (120-200) loaded LUVs resulted in complete 

cleavage of the hexahistidine tags within 15 min (Figure 5D). It should be noted that floatation 

assays demonstrated that ldpex14 (120-200) binds near quantitative to LUVs (Figure 3B).  

Previous floatation experiments demonstrated that ldpex14 (1-200) exhibited a robust 

LUV binding and pore-forming activity (discussed below). The N-terminal portion of ldpex14 

(1-200) which contains the LdPEX5 binding domain [138], remained surface-exposed was 

validated by proteolysis. Addition of ldpex14 (1-200) to LUVs containing encapsulated trypsin 

showed no significant cleavage of the hexahistidine tag. However, a rapid degradation of the N-

terminus was observed following addition of trypsin to ldpex14 (1-200):LUV mixture. Indicating 

that the N-terminal region was exposed to the outer surface of LUVs. It is unclear why a minor 

population of ldpex14 (1-200) was resistant to proteolysis (Figure 5D). Complete digestion of 

ldpex14 (1-200) by trypsin was also observed in the absence of LUVs (Figure S1). These data 

confirm that the N-terminus of ldpex14 (1-200) remained at the LUV surface.  

 We next used the panel of cysteine mutations in the full length LdPEX14 to examine the 

interaction of the hydrophobic region with membranes. These studies showed that the binding of 

these proteins to SUVs caused only modest changes in the MBB emission max which was 

centered ~471 nm for residues T147C, S165C, S168C, or S177C (Figure 5E). Quenching 

experiments showed that KI was more effective at quenching MBB fluorescence when compared 

to 10-DN indicating that the region of LdPEX14 containing these amino acids had a shallow 

insertion into the lipid bilayer (Figure 5F). Q-ratio values of >8.0 further confirmed this 

orientation in the membrane. 
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Interaction between biotin and streptavidin are well known for its high affinity binding 

[216, 217]. We utilized this interaction to assess the topology of ldpex14 (120-200) bound to 

LUVs. ldpex14 (120-200) cysteine mutants namely, ldpex14 (120-200) T147C, ldpex14 (120-

200) S165C, ldpex14 (120-200) S168C and ldpex14 (120-200) S177C were labelled with biotin 

at positions 147, 165, 168 and 177 respectively. Biotin labelled ldpex14 (120-200) mutants were 

incubated with LUVs in presence of streptavidin-HRP. Then this mixture consisting of the biotin 

labelled ldpex14 (120-200) mutants, LUVs and streptavidin-HRP were loaded to bottom of a 

sucrose gradient and subjected to centrifugation [32]. Once fractionated, tubes containing 

biotinylated ldpex14 (120-200) T147C and ldpex14 (120-200) S177C had higher absorbances in 

their top fractions (in fractions: 1-2) indicating these residues (147 and 177) are more exposed 

and accessible to binding with streptavidin-HRP suggesting its location near the outer membrane 

leaflet (Figure S3 inset). In contrast, tubes containing biotinylated ldpex14 (120-200) S165C and 

ldpex14 (120-200) S168C had lower absorbances in their top fractions (in fractions: 1-2) 

indicating that these residues (165 and 168) are least accessible to the streptavidin-HRP and are 

buried deep in the hydrophobic core of the bilayer (Figure S3 inset). Large absorbance present in 

the lower fractions of the sucrose gradient including ldpex14 (120-200) devoid of cysteine 

residues indicate that the unbound streptavidin-HRP remained at the bottom even after 

centrifugation (fraction 6-8) (Figure S3).  
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Figure 5 Interaction of monobromobimane (MBB) labeled LdPEX14 or ldpex14 (120-200) mutants with 

SUVs 

(A) MBB labeled ldpex14 (120-200) proteins were added to SUVs and emission spectra were recorded at an 

excitation wavelength of 380 nm. (B) The insertion depth of the MBB fluorophore in the lipid bilayer was assessed 

using the quenching agents KI and 10-DN. These values were used to calculate the Q-ratio. (C) The insertion 

position of the tryptophan residues in the ldpex14 (120-200) mutants was assessed using asymmetric SUVs 
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containing dansylated phosphatidylethanolamine on the outer membrane leaflet. Distance of tryptophan residues 

from dansyl (DNS) group was monitored as the ratio of the fluorescence intensity of DNS/Trp. (D) The orientation 

of the ldpex14 (120-200) and ldpex14 (1-200) C-termini following insertion into membranes was assessed in LUVs 

containing encapsulated trypsin or trypsin added to the exterior of LUVs. Levels of protein were monitored by 

Western blot analysis. (E) MBB labeled LdPEX14 proteins were added to SUVs and emission spectra were recorded 

at an excitation wavelength of 380 nm. (F) The insertion depth of the MBB fluorophore in the lipid bilayer was 

assessed using the quenching agents KI and 10-DN. These values were used to calculate the Q-ratio. 

 

Ldpex5 (203-391) induces changes in the LdPEX14 hydrophobic region – Previous studies 

suggested that in solution the binding of LdPEX5 to LdPEX14 induced conformational 

rearrangements which reoriented Trp152 into a more solvent-exposed environment [33]. The 

panel of tryptophan mutants in the full length LdPEX14 was next used to assess if the region 

spanning residues 147-177 shifted following the binding of ldpex5 (203-391), a fragment that 

exhibits similar binding affinities as the full length LdPEX5 [33]. LdPEX14 tryptophan mutants 

in solution exhibited an emission max ~334 nm indicative of these reporter residues being 

located in a nonpolar environment (Figure 6A). However, upon binding of ldpex5 (203-391), the 

emission max for the LdPEX14 tryptophan residues underwent a red shift to a wavelength 

ranging from ~338-344 nm consistent with the hydrophobic region relocating into a more solvent 

exposed environment (Figure 6A).  

 To show that binding of LdPEX5 to membrane bound LdPEX14 induced comparable 

structural changes in the hydrophobic region, we used a DQA of (4,5-dibromo)-16:0,18:0-PC 

(4,5-diBr-PC) phospholipid and 10-DN to examine structural changes in LdPEX14. The 

phospholipid 4,5-diBr-PC, which had the bromine groups ~13 Ǻ from the center of the lipid 

bilayer [218] was selected since previous experiments suggested that the hydrophobic region in 

the full length LdPEX14 had a shallow insertion into the membrane. With the exception of 

LdPEX14 A162W and LdPEX14 S165W mutants no significant quenching was observed using 
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4,5-diBr-PC SUVs, which indicated that only these two residues penetrated into a region that 

was proximal to methylene groups 4 and 5 within the outer leaflet of the membrane (Figure 6B). 

This predicted orientation in the lipid bilayer was further supported by the absence of significant 

quenching of these residues by 10-DN and Q-ratio analysis (Figure 6C & 6D).  

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 5: Binding of ldpex5 (203-391) induces conformational changes in the LdPEX14 hydrophobic region 

(A) The capacity of ldpex5 203-391 (W246,293,361F) [33] to induce conformational changes in the LdPEX14 

hydrophobic region was monitored by a shift in the emission λmax of the single tryptophan mutants in the full length 

LdPEX14 in solution. (B) The fluorescence quenching of tryptophan residues in LdPEX14 mutants inserted into 

SUV membranes was assessed using SUVs with the phospholipid composition of DOPE:DOPC:DOPG:PI:Chl:4,5 

diBr-PC(45:10:15:2.5:2.5:25) in the presence or absence of ldpex5 (203-391). (C) The fluorescence quenching of 

tryptophan residues in LdPEX14 mutants inserted into SUV membranes was assessed using SUVs with the 

phospholipid composition DOPE:DOPC:DOPG:PI:Chl:10-DN (45:25:15:2.5:2.5:10) in the presence or absence of 

ldpex5 (203-391). (D) The Q-ratios for LdPEX14 in the absence and presence were calculated using the quenching 

values obtained with 4,5 diBr-PC and 10-DN. 
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Q-ratio analysis showed a significant degree of quenching for LdPEX14 T147W which 

could arise from the capacity of this residue to partition in and out of the bilayer. The addition of 

an equimolar amount of ldpex5 (203-391) to SUVs containing LdPEX14 triggered a notable 

decrease in the quenching of A162W and S165W by 4,5-diBr-PC and the appearance of a 

periodicity in the quenching pattern (Figure 6B) that was indicative of the LdPEX14 

hydrophobic region adopting an more helical structure that inserted possibly in a parallel 

geometry into the membrane [201]. 

A similar periodicity was also observed with 10-DN and this was accompanied by an 

increase in quenching, which is indicative of the LdPEX14 hydrophobic region penetrating 

deeper into the lipid bilayer following the binding of ldpex5 (203-391); this was also supported 

by Q-ratio analysis (Figure 6C & 6D). 

 

Secondary structure of ldpex14 (120-200)–Secondary structure predictions using the Chou and 

Fasman algorithm [219], suggested that residues 144-174, which are predicted to form a 

transmembrane domain, exhibit a high propensity to adopt a helical structure; while the region 

encompassing residues 120-143 and 175-200 favor a strand or random coil conformation, 

respectively (Figure 7A). To experimentally investigate the secondary structure of ldpex14 (120-

200) we used circular dichroism (CD) spectroscopy to approximate the helical content of this 

peptide. These analyses however, were limited to wavelengths ranging from 200 - 260 nm due to 

the low levels of urea used to solubilize ldpex14 (120-200). CD analysis revealed that ldpex14 

(120-200) in an aqueous buffer adopted a largely disordered conformation (Figure 7B). 

However the addition of increasing amount of the helix promoting solvent trifluoroethanol 

resulted in the emergence of minima at 208 and 222 nm, spectral bands that are indicative of 
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ldpex14 (120-200) adopting a conformation with increased helical content [220, 221]. Since 

residues spanning 149-179 seems to adopt conformation similar to a transmembrane domain, we 

next examined the secondary structure of ldpex14 (120-200) in an SDS micelle hydrophobic 

environment. A progressive development of helical structure was observed for ldpex14 (120-

200) with increasing the concentration of SDS from 1-16 mM (Figure 7C). Inorder to determine 

if the insertion of ldpex14 (120-200) to lipid bilayer was accompanied by an increase in helical 

structure, CD spectra was recorded in the presence of increasing concentration of SUVs. Again, 

these results suggested that the ldpex14 (120-200) adopt a structure with increased helical 

content following membrane insertion or in a nonpolar environment. (Figure 7D).  
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Figure 6: Secondary structure of ldpex14 (120-200) 

(A) Diagram shows the primary sequence for ldpex14 (120-200) and below each residue is the secondary structure 

predicted by the Chou-Fasman algorithm [219]; helix (H), sheet (E), and random coil (C). Circular dichroism spectra 

for ldpex14 (120-200) titrated with increasing concentration of (B) trifluoroethanol (TFE), (C) SDS, or (D) SUVs. 

 

Oligomerization of ldpex14 (120-200) – The capacity of ldpex14 (120-200) to induce dye 
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oligomerization to form a pore structure. The capacity of ldpex14 (120-200) to form oligomers in 

membranes was assessed by labeling the ldpex14 (120-200) cysteine mutants T147C, S165C, 

S168C, and S177C with pyrene maleimide. The fluorescence emission spectra of pyrene has five 

characteristic peaks at 375, 379, 385, 395 and 410 nm; of which bands at 375 and 385 nm are 

highly sensitive to the microenvironment [222]. A second notable feature of pyrene emission is 

the emergence of a broad band with emission ranging from ~430-550 nm when two pyrene 

groups are present within a distance of ~10Ǻ arising from the formation of an excimer [223]. 

This property can be exploited to examine peptide-peptide association in the lipid bilayer. 

Addition of pyrene labeled ldpex14 (120-200) T147C and ldpex14 (120-200) S177C to SUVs 

showed no excimer signal suggesting that packing of helices in the membrane did not position 

the pyrene groups at position 147 or 177 on adjacent ldpex14 (120-200) within close proximity 

(Figure 8A). In contrast, pyrene labeled ldpex14 (120-200) S165C showed a prominent emission 

signal at 460 nm which is indicative of both excimer formation and residue 165 of adjacent 

peptide subunits being in close proximity. A similar excimer signal was detected for pyrene 

labeled ldpex14 (120-200) S168C, but with a notably weaker emission intensity (Figure 8A). 

When a mixture of pyrene labeled ldpex14 (120-200) cysteine mutants was loaded onto SUVs, a 

notable decrease in excimer formation by ldpex14 (120-200) S165C and ldpex14 (120-200) 

S168C mutants (Figure 8B) was observed. Plots of the ratio of excimer (emission at 465 nm): 

monomer (emission at 375 nm) for single mutants or a mixture of ldpex14 (120-200) cysteine 

mutants support the hypothesis that following oligomerization, residues 165 and 168 are in close 

proximity (Figure 8C).  

  The capacity of ldpex14 (120-200) to form homo-oligomers was assessed by resolving 

ldpex14 (120-200) on a 12% Bis-Tris polyacrylamide gel with a MES/0.5% SDS running buffer 
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[202] without boiling the samples prior to electrophoresis. Results from silver stained gels 

revealed that ldpex14 (120-200) migrated as a ladder of bands of ~14 to 55 kDa that ranged from 

monomeric to tetrameric species with ldpex14 (120-200) dimers being the predominant species 

(Figure 8D, panel i). Oligomerization of ldpex14(120-200) on DOPE:DOPC:DOPG:PI:Chl 

LUVs was examined by LUVs with SDS, CHAPS, octylglucoside, or taurodeoxycholate prior to 

resolving the ldpex14 (120-200) species on a Bis-Tris PAGE modified blue native gel system 

[224]. ldpex14 (120-200) extracted with these detergents migrated predominantly as monomeric 

(~15 kDa) and dimeric (~25 kDa) species albeit lower levels of higher order oligomeric species 

were also observed (Figure 7D, panel ii). To examine the impact of ldpex14 (120-200) 

concentration on oligomerization, increasing amounts (5-100 ng/lane) were resolved by SDS-

PAGE with and without boiling prior to electrophoresis. At low concentrations (5-20 ng/lane), 

ldpex14 (120-200) forms predominantly dimers in the presence of SDS, regardless of boiling 

treatment (Figure 8E); while at higher protein concentrations, higher order oligomers (trimers 

and tetramers) were observed primarily in samples that were not boiled prior to electrophoresis. 

In contrast, boiling resulted in the formation of ldpex14 (120-200) monomeric and dimeric 

species (Figure 8E). These results indicate that in the presence of SDS, an -helix potentiating 

detergent, ldpex14 (120-200) tends to spontaneously form dimers. 
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Figure 7: Analysis of ldpex14 (120-200) oligomerization 

(A) ldpex14 (120-200) cysteine mutants were labeled with pyrene maleimide and then added to SUVs 

(protein:phospholipid ratio, 1:400) and the emission spectra were recorded using an excitation wavelength of 345 

nm. (B) Alternatively, the pyrene labeled cysteine mutants were mixed at a 1:1 ratio and the mixture was added to 

SUVs (protein:phospholipid ratio, 1:400) and the emission spectra recorded using an excitation wavelength of 345 

nm. (C) The capacity of ldpex14 (120-200) to form dimers in lipid membranes was assessed by calculating the 

excimer to monomer ratio for the individual cysteine mutant or the 1:1 mixtures of two different cysteine mutants. 

(D) ldpex14 (120-200) oligomerization was assessed by resolving unboiled samples on a 12% Bis-Tris- 

polyacrylamide gel using MES-Tris buffer containing 0.5% SDS and visualizing protein bands by silver staining 

(panel i). Oligomerization of ldpex14 (120-200) in lipid bilayers was assessed by extracting loaded LUVs with SDS, 

CHAPS, octylglucoside (OG), or taurodeoxycholate (TDOC) and resolving extracts on a 12 % Bis-Tris 

polyacrylamide gel using MES-Tris buffer containing 0.02% Coomassie G250 in the electrophoresis buffer. 
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Ldpex14 (120-200) species were visualized by silver staining (panel ii), (m: monomer, d: dimer, tr: trimer, te: 

tetramer; p: pentamer). (E) Concentration dependent oligomerization of ldpex14 (120-200) was examined by 

resolving increasing amounts (5-100 ng/lane) on an SDS-PAGE gel with and without boiling of the sample. 

Ldpex14 (120-200) species were detected by Western blot using an anti-hexahistidine monoclonal antibody 

(1:2000). Areas of clearing (ghosting) for the abundant ~25 kDa species is due to chemiluminescent substrate 

depletion prior to film exposure.  

 

 

Ldpex14 (120-200) induces pore formation – It was being proposed that the hydrophobic domain 

on LdPEX14 is required for transient translocation pore formation. To investigate this function, 

dye leakage assays were performed using DOPE:DOPC:DOPG:PI:Chl LUVs loaded with the 

self-quenching carboxyfluorescein dye. In this assay, pore formation on the LUV membrane 

causes the release and dilution of carboxyfluorescein which resulted in an increase in the 

fluorescence signal. The capacity for LdPEX14 to form pores was assessed by adding increasing 

concentrations of LdPEX14 to CF loaded LUVs. Surprisingly, inserting the full length LdPEX14 

into the lipid bilayer (Figure 9C) failed to trigger dye release which suggests that additional 

conformational changes may be required for the assembly of a pore structure on the LUV 

membrane (Figure 9A). In contrast, the addition of ldpex14 (120-200) to CF loaded LUVs 

induced a robust dye leakage that reached a plateau at 38% at a protein concentration of ~0.01 

M or a protein:phospholipid ratio of 1:100 (Figure 9A).   

 To confirm that the tryptophan substitutions introduced into the hydrophobic region did not 

alter interactions with the lipid bilayer, dye leakage assays were performed with ldpex14 (120-

200) tryptophan mutants. As shown in Figure 9B, all mutant proteins exhibited significant dye 

leakage activities of ~35-42%, levels that were comparable to the wildtype ldpex14 (120-200) 

protein. Dye leakage was not due to non-specific disruption of the membrane since LUVs loaded 

with a 10 kDa or 45 kDa FITC conjugated-dextran, reporter dyes with a Stokes radii of 2.2 nm 

and ~3.2 nm respectively [225], were not released by ldpex14 (120-200) (Figure 9E).  
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 To further assess the impact of the LdPEX14 regions upstream and downstream of residues 

120-200 in pore forming activity, a leakage assay was performed with a number of ldpex14 

truncation mutations spanning residues 1-120, 1-200, 1-254, 1-321, and the full-length wild type 

LdPEX14. As shown in Figure 9C, ldpex14 (1-120) at a protein:phospholipid ratio of 1:200 

showed no significant pore forming activity. This was not surprising since the flotation assay 

demonstrated that this N-terminal fragment did not bind to LUVs (Figure S2). In contrast, a 

robust dye leakage activity from 35-42% was observed for truncation mutants ldpex14 (1-200), 

ldpex14 (1-254), and ldpex14 (1-321) (Figure 9C). These results confirmed our previous 

observations showing that the hydrophobic region spanning residues 120-200 was essential for 

membrane binding and pore formation [32]. Despite the ability of the full length LdPEX14 to 

bind to LUVs, it failed to trigger any significant degree of dye leakage, which suggests that the 

C-terminal segment (residues 322-464) influences the penetration of the hydrophobic domain 

through the lipid bilayer. It is interesting to note that the rate of dye leakage observed with 

ldpex14 (120-200) was notably faster when compared to ldpex14 (1-200), ldpex14 (1-254), and 

ldpex14 (1-321) (Figure 9D). Since the latter three proteins have been demonstrated to exist as 

oligomeric complexes [33], it is likely that the differences in the rate of dye release may be due 

to the requirement of structural rearrangement prior to insertion of the hydrophobic domain into 

the lipid bilayer.  

 

 

 

 

 



  Chapter 3 

97 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 8: Dye leakage assay 

(A) Carboxyfluorescein loaded DOPE:DOPC:DOPG:PI:Chl LUVs were titrated with increasing concentrations of 

ldpex14 (120-200) (squares) or LdPEX14 (circle) and dye release monitored by increased fluorescence using an 

excitation and emission wavelengths of 492 nm and 515 nm, respectively. (B) Similar assays were performed using 

the panel of tryptophan mutations and the maximum level of dye release was determined spectrophotometrically. 

These data are the average of triplicated experiments using protein from three separate protein preparations. (C) The 

capacity of various ldpex14 constructs for forming a functional pore was assessed using a dye leakage assay. (D) 

The rate of dye release triggered by the various ldpex14 constructs was monitored as a function of increased 

fluorescence. (E) LUVs loaded with carboxyfluorescein or fluorescein isothiocyanate labelled dextrans with 

increasing Stokes radii were treated with ldpex14 (120-200) and the percent of dye release determined following 

sedimentation of LUVs. 

E 

0.000 0.005 0.010 0.015 0.020 0.025
0

5

10

15

20

25

30

35

40 ldpex14 (120-200)

LdPEX14

P
e
rc

e
n

t 
d

y
e

 l
e
a
k

a
g

e

Protein Concentration (M)

150 152 157 162 165 167 173 177
0

10

20

30

40

50

P
re

c
e

n
t 

d
y

e
 l
e

a
k

a
g

e
 

Residue Number 

A B 

ld
pex

14
(1

-1
20

)

ld
pex

14
(1

-2
00

)

ld
pex

14
(1

-2
54

)

ld
pex

14
(1

-3
21

)

LdP
E
X
14

0

10

20

30

40

50

P
e

rc
e

n
t 

d
y

e
 l
e

a
k

a
g

e

C 

0 6 12 18 24
0

25

50

75

100

125

150

F
lu

o
re

s
c

e
n

c
e

 

Time (minutes)

 LdPEX14 wildtype

 ldpex14 (1-321)

 ldpex14 (1-254)

 ldpex14 (1-200)

 ldpex14 (120-200)

D 



  Chapter 3 

98 
 

Discussion 

We investigated the topology of the hydrophobic region of PEX14 inserted into glycosomal 

membrane mimicking liposomes. Previous studies showed that LdPEX14 can bind liposomes 

and the region spanning 149-179 is critical for this interaction. This LdPEX14-membrane 

association was dependent on the presence of anionic lipids in the liposomes [32]. Bioinformatic 

analysis revealed that the region spanning 149-179 has the propensity to form a transmembrane 

helix (Figure 1 and 2). Deletion of portions of the hydrophobic region was not enough to abolish 

the binding of the LdPEX14 with the liposome (Figure 3). This may be due to an avidity effect 

that allows weak interaction from the 16-20 subunits of known ~800 kDa homo-oligomeric 

complex of LdPEX14 stabilizing membrane binding [33, 101]. We have shown that the 

hydrophobic region of LdPEX14 can undergo conformational changes upon binding with 

LdPEX5 and can move to a more exposed location [33]. These experiments laid the foundation 

for our hypothesis that the dynamic rearrangement of the hydrophobic region of the LdPEX14 

may be a critical step in the formation of a transient pore for the translocation of cargo proteins 

across the glycosomal membrane. 

A series of tryptophan mutants in region spanning 149-179 of LdPEX14 in combination 

with Dual quenching analysis (DQA) was utilized to investigate the topology of inserted proteins 

into the membrane bilayer [203, 204, 226]. DQA revealed that the hydrophobic domain of full 

length wildtype LdPEX14 showed a shallow penetration and is located near the interface 

between phosphoglycerol head group and fatty acid chain while ldpex14 (120-200) was found to 

be inserted more deeply into the membrane bilayer. The region spanning 150-155 and 162-169 

of ldpex14 (120-200) exhibited a deeper penetration into the membrane compared to the 

LdPEX14 hydrophobic domain (Figure 4D). These deeper penetrations of the hydrophobic 
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element in ldpex14 (120-200) was enough for formation of pores in the membrane bilayer 

(Figure 9A).  

However, the inability of ldpex14(120-200) to leak higher molecular weight dextran’s 

from encapsulated liposomes indicated that the pore formed was a discrete one with a diameter 

of ~1.0 nm (Figure 9E), and the pore is not formed by a carpet-like mechanism of membrane 

disruption [227-229]. Similar pores with a diameter of ~1.0 nm were also observed when a yeast 

PEX5:PEX14 complex was incorporated into planar lipid bilayers [35]. Docking of the cargo 

loaded PEX5 receptor to PEX14 is postulated to be a primary mechanism that induces the 

conformational changes which enable the opening of the transient pore [199, 230].  

Here we demonstrated that the interaction of LdPEX14 with ldpex5 (203-391) induced 

structural rearrangements in the membrane bound hydrophobic region, but this fragment alone 

failed to drive pore formation. Recruitment of interacting proteins such as LdPEX7, LdPEX13, 

LdPEX2, LdPEX10, LdPEX12, may be required for pore assembly on glycosomes. Dye leakage 

assays with LdPEX14 C-terminal truncation mutants showed that ldpex14 (1-321), ldpex14 (1-

254) and ldpex14 (1-200) triggered robust dye release from LUVs indicating that fragments 

bearing the hydrophobic region retained pore forming activity. In contrast, wildtype LdPEX14 

was unable to form a functional pore, indicating that the C-terminal portion of LdPEX14, which 

contains a leucine zipper [33], may influence the structural rearrangement of the hydrophobic 

domain.  

 Circular dichroism experiments performed with ldpex14 (120-200) in presence of SDS 

micelles, SUVs [231] or increasing concentrations of trifluoroethanol [221] confirmed that the 

hydrophobic region can adopt an α-helical structure [232-234]. Ab initio modelling of the 

hydrophobic region spanning residues 149-179 generated two possible models, an extended 
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alpha helix (Figure 2B, Model-1) that can transverse the entire lipid bilayer or a helix-turn-helix 

consisting of a helix hairpin that may extend up to the fatty acyl chain of the inner membrane 

(Figure 2B, Model-2). Three independent approaches were employed to examine the orientation 

of the hydrophobic region in the membrane (Figure 5C, Figure 5D and Figure S3). All those 

experiments suggested that ldpex14(120-200) preferentially adopted a helix-turn-helix 

conformation in membranes with N- and C-termini exposed to the exterior space of unilamellar 

vesicles (Figure 2B, Model-2).  

Another interesting feature of the LdPEX14 hydrophobic domain was its ability to form 

SDS resistant dimers and potentially oligomers (Figure 8). The presence of a GXXX(G/A) motif 

[233, 235, 236], hydrogen bonding [237, 238] or a combination of both [239] have been 

demonstrated to assist transmembrane oligomerization. GXXX(G/A) motifs within the 

hydrophobic domain of LdPEX14 [29] and two serine at positions 165 and 168 that can form 

hydrogen bonds [240] are likely to contribute to helix packing and oligomerization. The 

detection of SDS resistant dimers, even at very low protein concentrations is indicative of two 

ldpex14(120-200) subunits forming a tightly packed transmembrane dimer [233].  

Compiling the biochemical and biophysical data has permitted the creation of a 

comprehensive model (Figure 10) showing the orientation of ldpex14(149-200) inserted into the 

membrane bilayer. We postulate that the pore structure of this protein requires formation of two 

helices (Helix-1 and Helix-2), from the hydrophobic domain, separated by a turn. Residues 149 

and 177 are close to the phospholipid head group and the Helix-1 forms a hairpin turn around 

residue 160 (Figure 10E inset). The length of the inserted helices are too short to transverse the 

membrane and the pore formed may be due to a combination of factors such as the hydrophobic 

mismatch between the peptide and the lipid bilayer length that drives the pore formation as 
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observed by gramicidin A [241] or membrane perturbation resulting in the change of curvature 

of the membrane as shown by Magainin 2 [242, 243]. The hydrophobic region in the membrane 

seems to have a hairpin structure and insertion of helix hairpins have been shown to curve the 

biological membranes. Various proteins have been shown to participate in inducing membrane 

curvature by inserting their helix hairpins or amphipathic helices into the membrane. For 

example, hairpins of reticulons (RTNs) have been shown to help in the shaping of ER membrane 

by insertion of hairpin membrane-binding domain [244], amphipathic helix of structural Nups 

(Nuclear pore complexes), Nup 133 and Nup 53, generate curvature in the membrane during 

organization of the nuclear pore [245-247] and hairpins of Mic10 along with a GXXXG 

oligomerization motif help in membrane tubulation of the mitochondrial cristae [248]. Even 

though the membrane bilayer is a flat structure, the energy required to curve them can be 

contributed by membrane associated proteins and alterations of the lipid composition [249-251]. 

In the actual membrane milieu, the curvature of the membrane may be restricted to a specific 

area due to lateral compartmentalization of the membrane [252]. 
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Figure 9: Model of pore formation by hydrophobic domain of LdPEX14 

(A) Topological analysis of the residues 149-179 (Helix-1 and Helix-2) of wild type LdPEX14 indicated that the 

hydrophobic domain has a shallow membrane insertion or is weakly associated with the membrane lipids (monomer 

only shown for simplicity). (B) Structural rearrangement of the hydrophobic domain (149-179) results in deeper 

insertion causing membrane thinning and distortion of nearby lipids (monomer only shown for simplicity). (C) Side 

view (D) top view, of the oligomeric pore model of hydrophobic domain in the membrane bilayer. (E) Schematic 

diagram of possible orientation of the Helix-turn-Helix of hydrophobic domain of LdPEX14 inserted in membrane, 

showing N- and C-termini orienting towards the cytosol, Helix-1 takes a turn around the residues 160 followed by 

Helix-2.  
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There are few plausible mechanisms for pore formation by the hydrophobic region of 

ldpex14. In a normal scenario, the membrane bilayer width is ~30-38 Å and ~17-22 amino acids 

are required to transverse membrane bilayer [253-256]. However, it has been demonstrated that 

short hydrophobic helices of < 20 amino acids can form transmembrane structures. Examples 

include the transmembrane helix (TMH) (14 amino acids) of TatA (Twin arginine translocase A 

subunit) [257] and helices found in various anti-microbial peptides such as trichogen (11 amino 

acids) [258] and CM15 (15 amino acids) [259, 260]. The propensity of the hydrophobic domain 

of ldpex14/LdPEX14 to oligomerize may contribute to pore formation as oligomerization would 

be a critical step in pore formation by TatA (Twin arginine translocase A subunit) [261] or 

Cytolysin A (ClyA) (a cytolytic toxin produced by E. coli) [261] or actinoporins (pore forming 

toxin from sea anemone) [262]. The inability of the hydrophobic domain of LdPEX14 to 

promote leakage of high molecular weight dextran encapsulated LUVs indicate that the pore 

formed by hydrophobic domain of ldpex14(120-200) is a discrete pore and may be similar to the 

discrete pore formed by TatA that can accommodate lipids [257].  

Twin-Arginine protein translocase (Tat) present on the cytoplasmic membrane of prokaryote 

and thylakoid membrane of plant chloroplasts share many similar features including the ability to 

transport folded protein across the membrane, opening of a transient pore and expanding pore 

diameter to accommodate substrate proteins of various sizes [34, 199, 230, 263-266]. TatA is a 

central channel forming subunit of the Tat system with a short hydrophobic domain (TMH) 

followed by an amphipathic helix (APH). The similarities of the LdPEX14 hydrophobic domain 

to TatA are; (i) the presence of a hydrophobic domain (149-179) that can form a helix-turn helix 

motif with the potential to penetrate the membrane bilayer and adopt different conformations, (ii) 

the TMH of TatA is a short helix (~14 amino acids) similar to the short helices found in 
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hydrophobic domain of PEX14 (Helix-1 (~11 amino acids) and Helix-2 (~15 amino acids), (iii) 

TMH of TatA can distort and rupture the membrane to form a short pore like that formed by the 

hydrophobic domain of LdPEX14. The differences include: (i) TatA exists as a monomer and 

oligomerizes to form the pore while ldpex14(120-200) (this study) or wild type LdPEX14 exist 

as oligomeric structures g [33] and (ii) TatA is found as a transmembrane protein while 

LdPEX14 is a peripheral membrane protein. In the TatA mediated transport, the hydrophobic 

region of TatA inserts into the membrane and the increase in angle between TMH and APH 

results in deep insertion of the APH into the membrane. Interaction of the TatA with the 

TatB/substrate complex results in the oligomerization of TatA and subsequently membrane 

thinning and distortion of the bilayer to form a pore channel [257, 264, 266]. Hence, we assume 

that the structural rearrangement of the hydrophobic domain of LdPEX14 would distort and 

rupture the glycosomal membrane in a similar manner to form a transient pore that can pave the 

way for expanding the waistline to transport the cargo into the glycosomal lumen. 

Membrane proteins that do not span the bilayer but still perturb it were classified as a new 

class of membrane proteins. These proteins challenged the conventional concept of membrane 

proteins and it was demonstrated that the membrane proteins that do not span the membrane 

bilayer can perturb the bilayer structure to form transmembrane channels [267]. This concept 

was used to explain the formation of lipid pores in amyloid disease, the action of antimicrobial 

peptides, and the assembly of the membrane-attack complexes of the immune system and could 

be adapted for solving the mystery of trafficking of cargo loaded receptors across membranes. 

Hence, we postulate that the conformational changes occurring in the LdPEX14 hydrophobic 

region result in membrane perturbation, and formation of a lipidic pore that could act as a 

foundation for expansion by the cargo loaded receptors.  



  Chapter 3 

105 
 

Acknowledgements 

 

This work was supported by operating grants from the Canadian Institutes of Health Research 

(AJ) and an FQRNT Regroupement Strategique grant to the Centre for Host-Parasite 

Interactions. NC was supported by a doctoral research scholarship from FQRNT. We thank Dr. 

C. Salsse (U. Laval) for help with the discussion on the analysis of the biophysical structure of 

the LdPEX14 hydrophobic region and D. Reinhardt (McGill U.) for providing access to the 

spectropolarimeter for the circular dichroism experiments. 

 



  Chapter 3 

106 
 

Supplementary Figures  

 

 

 

 

 

 

 

Complete digestion of ldpex14 (1-200) was observed within 15 minutes of addition of trypsin compared to full 

recovery of the protein in the presence of a trypsin plus trypsin inhibitor. 
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LUVs were loaded with the ldpex14 (1-120) and bound protein was separated by sucrose density floatation and 

proteins were detected by Western blot analysis using anti-LdPEX14. Sucrose density flotation demonstrated that 

ldpex14 (1-120), the N-terminal fragment of LdPEX14, were unable to bind the LUV’s.  

 

 

 

 

 

 

 

 

 

Figure S1: Trypsin digestion of ldpex14 (1-200) in the absence of LUV’s 

Figure S2: Sucrose density floatation of ldpex14 (1-120) 
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Orientation of the hydrophobic domain of ldpex14 was assessed in floated LUVs utilizing the interaction between 

biotinylated ldpex14 (120-200) cysteine mutants and streptavidin-HRP. The accessibility of residues inserted into 

LUVs was monitored as absorbance and residue having highest absorbance is the most accessible residue from 

outside the membrane bilayer.  

 

Figure S3: Interaction of biotinylated ldpex14 (120-200) mutants with SUVs 
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Connecting Statement 

In Chapter 3, we investigated the topology of hydrophobic region of LdPEX14 inserted into 

unilamellar vesicles. We found that the hydrophobic region exhibits a shallow penetration in WT 

LdPEX14 compared to a deeper penetration in ldpex14 (120-200). Also, insertion of the 

hydrophobic region of ldpex14 (120-200) was able to perturb the membrane and form a short 

pore. Even though there was structural rearrangement of the hydrophobic region in WT 

LdPEX14 in the presence of ldPEX5 (203-391), it was unable to induce a pore in the membrane.  

We assume that the recruitment of other PEX14 interacting proteins such as LdPEX7, 

LdPEX13 and RING finger proteins would be needed to bring conformational changes to induce 

a pore. In the absence of accessory proteins, we altered pH as a surrogate method to induce 

conformational changes and determine whether LdPEX14 has the potential to induce the 

formation of a short pore. In Chapter 4, we discovered that conformational changes triggered by 

pH can perturb the membrane and form a short pore. This chapter demonstrates that 

conformational changes in the hydrophobic region of LdPEX14 can contribute to the formation 

of a membrane pore.  
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Chapter 4 

Study of conformational changes in the hydrophobic region 

of LdPEX14 induced by low pH 
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Abstract 

 

Transport of PTS-1 cargo protein across the glycosomal membrane in Leishmania requires the 

binding of the cargo loaded peroxin 5 (LdPEX5) receptor to the peroxin 14 (LdPEX14) docking 

complex on the glycosome surface. Analysis of LdPEX14 membrane interactions using vesicles 

that mimic the phospholipid composition of the L. donovani glycosome lipid bilayer showed that 

membrane insertion was dependent on an amphipathic helix spanning residues 149-179 of 

LdPEX14. Dye leakage assays revealed that pore formation by the full length LdPEX14 required 

conformational changes that could be triggered by a pH shift. Rearrangement of the LdPEX14 

hydrophobic region was necessary to form the pore by LdPEX14. 
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Introduction 

Leishmaniasis is considered as a neglected tropical disease caused by the parasites of Leishmania 

genus [268-270]. The various clinical manifestation of the disease are cutaneous, 

mucocutaneous, and visceral leishmaniasis, the latter of which is caused by L. donovani [55, 

271] and if left untreated, is fatal for the patient [7, 272]. Cases of leishmaniasis have been 

reported in over 88 countries, primarily in tropical and subtropical areas around the globe. The 

World Health Organization (WHO) estimated that around 350 million people are at risk and 10 

million people are currently infected [4, 8].  

Leishmania parasites have a digenetic life cycle, a promastigote form residing in the 

sand-fly midgut and an amastigote form residing in the macrophages of human host [11, 12, 59]. 

Leishmania spp. contain a unique organelle, called the glycosome which compartmentalizes a 

variety of metabolic pathways that include glycolysis, pyrimidine biosynthesis [18], ether-lipid 

biosynthesis, β-oxidation of fatty acids [20] pentose-phosphate pathway, and purine salvage [21, 

131]. 

Glycosomes do not contain genetic material or protein translation machinery. Hence, 

nascent luminal proteins are synthesized in the cytosol and transported across the glycosomal 

membrane. Glycosomes are evolutionarily related to peroxisomes of higher eukaryotes. Similarly 

folded and oligomeric proteins are transported across the peroxisomal membrane [26, 163]. 

Proteins destined for the glycosome contain one of the two topogenic signal sequences, a C-

terminal PTS-1 (peroxisomal targeting sequence 1) or the N-terminal PTS2 (peroxisomal 

targeting sequence 2) [273]. Proteins with a PTS1 or PTS2 signal are bound by cytosolic peroxin 

receptors peroxin 5 (PEX5) and peroxin 7 (PEX7), respectively, and transported into the 
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glycosome with the help of a glycosomal peripheral membrane protein, peroxin 14 (PEX14) [29, 

33, 135, 150].  

Electrophysiology experiments have demonstrated the presence of distinct pores in the 

peroxisomal/glycosomal membrane [35, 143]. In yeast, PEX14 and PEX5p assemble into a large 

complex ~800 kDa that form pores in the liposome with a diameter of around 0.6 nm. [35, 36, 

162]. It has been reported that the pores formed in the peroxisome are large enough to pass a 

PTS1-decorated gold particle [163]. A distinct PTS2 pore with co-receptor PEX18 and 

the PEX14/PEX17-docking complex has been identified in yeast possessing an estimated 

diameter of ~4.7 nm [34]. PEX14 was found to be a common ingredient in both the PTS1 and 

PTS2 pores and is thought be play a key role in building the translocation pore.  

PEX14 is an essential component for kinetoplastid parasite viability [23, 31]. L. donovani 

PEX14 exhibits characteristics of a peripheral membrane protein with interacting domains 

distinguished as the PEX5 binding domain, PEX7 binding domain, leucine zipper, and a 

hydrophobic region spanning residues 149-179 [33, 138, 144]. Sucrose density centrifugation 

and fluorescence-activated cell sorting (FACS) have demonstrated that membrane-binding 

activity was dependent on a predicted hydrophobic transmembrane-like helix found within 

residues 149-179. A fragment of PEX14 spanning from 120-200 amino acid residues, 

ldpex14(120-200) was able to bind to the LUVs. Thus the hydrophobic region was found to 

mediate the binding of PEX14 with the LUVs that mimics the glycosomal membrane [32]. 

Also, by dye leakages assay it was demonstrated that ldpex14 (120-200) has the propensity to 

form pores in the liposomal membrane. Surprisingly the full length PEX14 was unable form a 

pore in the membrane by itself [32, 33]. It was demonstrated that binding of ldpex5 (203-391) 
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to PEX14 resulted in movement of the hydrophobic region deeper into the bilayer as 

described in Chapter 3. But still PEX14 was unable to form a transient pore in the presence 

of ldpex5 (203-391) or PEX5. It is possible that recruitment of other PEX14 interacting 

proteins is required to form a functional pore.  

In the absence of PEX14 interacting partners like PEX5, LdPEX7, RING finger 

proteins etc., we adopted a surrogate method to induce conformational changes by altering the 

pH. Here we demonstrate that conformational changes triggered by changes in pH caused the 

hydrophobic region to penetrate the membrane bilayer which resulted in the formation of a 

pore. These studies provide a molecular insight for understanding how the conformational 

changes at the hydrophobic region could contribute to transient transmembrane pore 

formation that is involved in the transport of folded proteins into the glycosome lumen.   

 

Materials and Methods 

 

Chemicals and reagents – All restriction endonucleases and DNA-modifying enzymes were 

purchased from Invitrogen or New England Biolabs. Horseradish peroxidase (HRP)-conjugated 

goat anti-rabbit IgG was purchased from GE Healthcare. Synthetic phospholipids and cholesterol 

(Chl) were obtained from Avanti Polar Lipids. All other reagents were of the highest 

commercially available quality.  

 

Protein expression and purification – The L. donovani PEX14 coding sequence and an internal 

deletion mutant lacking the amino acids 149-179 (ldpex14149-179), 138-165 (ldpex14138-

165), 160-179 ((ldpex14160-179), or 179-200 ((ldpex14179-200) were generated by PCR 
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based mutagenesis using the C-terminal hexahistidine-tagged pET30-LdPEX14-His6 to construct 

pET30-ldpex14Δ149-179-His6, ldpex14Δ138-165-His6, ldpex14Δ160-179-His6, ldpex14Δ179-

200-His6 expression vectors. A fragment encompassing amino acids 120-200 of the LdPEX14 

was amplified by PCR and cloned into the NdeI/XhoI sites of pET30b (+) to generate pET30b-

ldpex14 (120-200)-His6 expression construct. LdPEX14/ldpex14 proteins were expressed in the 

E. coli strain ER2566 and purified as previously described [33], except for ldpex14 (120-200) 

which was extracted from inclusion bodies prior to purification. Purified proteins were 

concentrated and buffer exchanged for 40 mM Tris-HCl pH 8.0 150 mM NaCl (TBS150) using 

an Amicon Ultra filter 3K or 10K MWCO unit (Millipore) and the protein concentration 

measured spectrophotometrically at 280 nm by the method of Pace et al. [200]. Purified proteins 

were stored at -80 °C.  

 

Liposome preparation – Individual phospholipids of DOPE:DOPC:DOPG:PI:Chl 

(55:25:15:2.5:2.5) were dissolved in chloroform and thin films were prepared by evaporation of 

the solvent under a nitrogen stream. The lipid film was kept under vacuum for 16 h to remove 

any residual chloroform. Multilamellar vesicles were prepared by re-suspending the lipid film in 

PBS at a concentration of 5 mg/ml. The suspension was then extruded through a 0.2 μm 

polycarbonate membrane (Millipore) to generate large unilamellar vesicles (LUV) with a 

diameter of 200 nm, a size comparable to Leishmania glycosomes [274].  

 

LUV leakage assay – DOPE:DOPC:DOPG:PI:Chl (55:25:15:2.5:2.5) lipid films were re-

suspended in PBS containing 100 mM 5(6)-carboxyfluorescein (CF) (Sigma Aldrich) or 50 mM 

sulforhodamine B (SRB) (Sigma Aldrich) and the multilamellar vesicles extruded through a 200 
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nm polycarbonate membrane to generate large unilamellar liposomes (LUVs). Dye loaded LUVs 

were purified by gel filtration on Sephadex G-50 column equilibrated in PBS and aliquots of CF 

or SRB loaded LUVs were titrated with increasing concentrations of ldpex14 (120-200), 

LdPEX14, ldpex14 deletion mutants and dye release was monitored using excitation and 

emission wavelengths of 492 nm and 515 nm for CF or 565 nm and 586 nm for SRB. The total 

CF or SRB content of the LUVs was determined by addition of Triton X-100. All dye leakage 

assays were performed at 25 °C.  

 For leakage assays performed at varying pH values, a universal buffer containing 50 mM 

sodium acetate, 50 mM MOPS, and 50 mM Tris-HCl was prepared and the pH was adjusted 

using HCl or NaOH. Aliquots of SRB loaded LUVs were diluted into the universal buffer of 

specific pH and dye leakage was monitored for 5 min prior to addition of LdPEX14/ldpex14 

proteins. To estimate the diameter of the pores formed by LdPEX14, LUVs were loaded with 10 

mg/ml of 10, or 45 kDa fluorescein-isothiocyanate (FITC) conjugated-dextran (FD4, FD10, or 

FD45) and extravesicular dextran was removed by gel filtration on Sephadex G-200 column. To 

assess dextran leakage, LUVs (400 μg) were incubated with LdPEX14 (LdPEX14:phosphlipid 

ratio 1:250 to 1:2,000) in 50 mM sodium acetate, 100 mM NaCl, pH 4.5 buffer and incubated at 

25 °C for 15 min and were pelleted at 100,000 x g for 45 min at 4 °C in a Beckman-Coulter 

tabletop centrifuge using a TLA100.3 rotor. The supernatant was carefully removed, and LUV 

pellet was solubilized in 0.5 % Triton X-100, 50 mM Tris pH 7.5 and the fluorescence intensity 

for the supernatant and pellet measured using excitation and emission wavelengths of 495 and 

515 nm, respectively.  
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Leakage was calculated by the following equation: 

 

% leakage = (Fcon-FLdPEX14)/Fcon x 100 

 

Where, Fcon is total fluorescence in the control LUVs and F LdPEX14 is the total fluorescence in 

LUVs treated with LdPEX14. 

 

Sucrose density flotation centrifugation – LUVs were incubated with proteins (1:500 

LdPEX14:phospholipid) in 300 µl of PBS for 40 min at 25 °C, mixed with 1.2 ml of 66 % 

sucrose in PBS (w/v), transferred to a 5.2 ml ultracentrifuge tube and overlaid with 3.0 ml of 40 

% sucrose in PBS, and then 1.0 ml of PBS. Samples were subjected to centrifugation at 75,000 x 

g for 16 h at 4 °C in a Beckman-Coulter SW55 rotor. The gradient was fractionated (0.65 

ml/fraction) and the proteins precipitated with trichloroacetic acid (15%) prior to Western blot 

analysis.  

 

Size exclusion chromatography – Chromatographic analysis was performed on a Phenomenex 

BioSep S3000 column using a Beckman-Coulter System Gold high performance liquid 

chromatography system with a UV/Vis photodiode array detector. For each run, 50 g of 

LdPEX14 was injected and the column was developed using either a 40 mM Tris-HCl pH 7.8, 

150 mM NaCl, 50 mM sodium acetate, 150 mM NaCl pH 5.5 or 50 mM sodium acetate, 150 

mM NaCl pH 4.5 as a mobile phase at a flow rate of 0.2 ml min-1. The column was calibrated 

using a protein standard mixture containing thyroglobulin (660 & 330 kDa), IgG (160 kDa), 

ovalbumin (45 kDa), and horse heart myoglobin (17 kDa). 
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Fluorescence spectroscopy –Fluorescence measurements were performed on a Varian Cary 

Eclipse spectrofluorometer at 25 °C using an excitation wavelength of 290 nm. The effect of pH 

on the LdPEX14 (5 M) structure was examined by recording the emission spectra from 305-

400 nm at various pH levels using a universal buffer containing 50 mM sodium acetate, 50 mM 

MOPS, and 50 mM Tris-HCl and the pH was adjusted using HCl or NaOH. Insertion of Trp152 

in the lipid bilayer was monitored by recording emission spectra from 305-400 nm at a scan rate 

of 120 nm/min with slit widths of 5 nm. A 5 µM solution of ldpex14 (120-200) in 40 mM Tris 

pH 8.0, 150 mM NaCl, was titrated with SUVs to a final concentration of 1.0 mM phospholipids. 

Solvent accessibility of tryptophan residues was assessed using acrylamide as a fluorescence 

quenching reagent. ldpex14 (120-200) (5.0 µM in PBS) was titrated with acrylamide in the 

presence or absence of SUVs (1.0 mM phospholipids). Changes in fluorescence intensity were 

monitored at an emission wavelength of 325 nm and an excitation wavelength of 290 nm. Forster 

Resonance Energy Transfer (FRET) experiments were performed by incubating 10 M of 

LdPEX14 alone or in the presence of 5 M 1-anilino-8-naphthalene sulfonate (ANS) at pH 4.5 

or 7.5 and recording the emission spectra from 305-550 nm.  

 

Circular dichroism (CD) analysis – LdPEX14 or ldpex14 (149-179) preparations were dialyzed 

against 10 mM sodium phosphate, 10 mM NaCl pH 7.5 or 10 mM sodium acetate pH 4.5, 10 

mM NaCl pH 7.5 and the concentration adjusted to 10 M with spectra recorded at 23 °C on a 

JASCO 810 instrument using a 1 mm cuvette at a scan rate of 100 nm/min and a bandwidth of 1 

nm. CD spectra were recorded from 195 nm to 260 nm recorded at 23 °C. Five spectra were 

collected and averaged.  
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Results  

 

Multiple sequence alignment of predicted PEX14 hydrophobic regions  

Primary structure analysis of LdPEX14 reveals various domains, a conserved transmembrane 

domain is observed among all these species indicating the potential importance of this region. 

The transmembrane region in PEX14 from phylogenetically diverse organisms was predicted 

using EMBOSS and residues in the transmembrane region were aligned using the PRALINE 

multiple sequence alignment software (Figure 1). Even though the PEX14 sequences shared 

only ~10% identity, the hydrophobic region was more conserved and the potential 

transmembrane domain was predicted by the TMAP program [275, 276].  

     

      Organism                     Multiple sequence alignment of predicted PEX14 transmembrane region  

 

Homo sapiens                    - S R W R D - - Y G A L A I I M A G I - A F - G F - H Q L Y K K Y L 

 

Mus musculus        - S R W R D - - Y G A L A I I M A G I - A F - G F - H Q L Y K R Y L 

 

Trypanosoma brucei    - - - W R D L V I G A G A A V I G G F A A F - K A - F Q L Y S P Y E 

 

Leishmania donovani   - V D W R D V V I G A G A A M L S G F S A Y - K L - F N R Y S - - - 

 

Arabidopsis thaliana         R F R W Y H - - - - - - A I L A V G V L A A S G A G T A V F I K R S 

 

Consistency          0 2 3 * 6 7 0 1 3 6 6 2 * 6 7 5 4 * 6 1 * 5 0 5 4 0 3 5 5 8 4 3 3 2 

 

Figure 1: Comparison of predicted PEX14 protein transmembrane  

The transmembrane region in PEX14 among various species was predicted by using EMBOSS- TMAP, after 

inserting multiple sequences of PEX14 and the residues in this transmembrane region were aligned using the 

PRALINE multiple sequence alignment program which uses the BLOSSUM 62 residue exchange matrix, where 0 

represents the least conserved and 10 is the most conserved. 
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LdPEX14 induces dye leakage from encapsulated liposome at pH 4.5 

We postulate that docking of the cargo loaded LdPEX5 and LdPEX7 receptor proteins in addition to 

other integral membrane proteins of the translocation complex may facilitate the structural changes that 

promote pore formation by LdPEX14. However, the interactions driving these events have not been 

defined; consequently, we used a pH shift to mediate subtle potential conformational changes that would 

promote membrane penetration. For these dye leakage assays, sulforhodamine B (SRB), a pH insensitive 

fluorescent dye loaded into LUVs were mixed with LdPEX14 at various pH values and the dye release 

was monitored. These experiments showed that LdPEX14 triggers an increasing amount of dye release as 

a function of decreasing pH that typically resulted in ~50-60% SRB leakage at pH 4.5 with an 

LdPEX14:phospholipid ratio of 1:1000 (Figure 2A). SRB loaded LUVs alone showed nonsignificant dye 

leakage even at pH 4.5.  

 Previous studies have demonstrated that despite LdPEX14 binding to LUVs at pH 7.5, this 

membrane active protein failed to induce pore formation and dye leakage. To confirm that a 

conformational change induced by an acidic pH was sufficient for membrane insertion, LUVs 

were loaded with an increasing concentration of LdPEX14 at pH 7.5 and subjected to a rapid 

shift to pH to 4.5. These experiments revealed that exposure of membrane bound LdPEX14 to an 

acidic pH caused a protein concentration dependent SRB leakage with an 

LdPEX14:phospholipid ratio of 1:10,000 promoting ~28% leakage (Figure 2B). Interestingly, 

adding increasing concentrations of LdPEX14 to LUVs at pH 4.5 also caused SRB leakage. 

However, higher concentrations of LdPEX14 were required which suggest that the 

conformations adopted by this protein at acidic pH had a restricted capacity for membrane 

insertions and pore formation (Figure 2B). Dye loaded liposomes alone showed negligible 

leakage as a function of pH. 
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Figure 2: Dye leakage activity of LdPEX14/ldpex14 

(A) The effect of pH on LdPEX14 mediated release of sulforhodamine B (SRB) loaded DOPE:DOPC:DOPG:PI:Chl 

LUVs was monitored by performing dye leakage assays at various pH. (B) The effect of pH on protein binding and 

pore formation was examined by incubating SRB loaded LUVs with increasing concentration of LdPEX14 at pH 7.5 

and after 5 min the pH was shifted to 4.5 (squares) and dye release monitored. Alternatively, increasing 

concentrations of LdPEX14 were added to SRB loaded LUVs at pH 4.5 (circles) and monitored. Total dye release 

was plotted as a function of the LdPEX14:phospholipid ratio. 
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Effect of pH on LdPEX14 conformation 

The effect of pH on LdPEX14 conformation was examined in solution using the intrinsic 

fluorescence of Trp152 as a structural probe. At pH 8.0, Trp152 showed emission maxima (λmax) 

centered at ~327 nm, consistent with this residue being located in a nonpolar environment 

(Figure 3A). However, decreasing the pH induced a red shift in the emission λmax to 337 nm 

characteristic of Trp152 relocating to a more polar, solvent exposed environment. The 

mobilization of the amphipathic domain was further investigated by Forster Resonance Energy 

Transfer (FRET) experiments using the extrinsic fluorescence probe 8-Anilinonaphthalene-1 

Sulfonic Acid (ANS). The binding of ANS to a hydrophobic surface results in a dramatic 

increase in the fluorescence intensity and a blue shift in the emission λmax to 475 nm at an 

excitation wavelength of ~340 nm which overlaps the emission spectra of Trp152. Consequently, 

when Trp152 is excited at a wavelength of 290 nm the fluorescence emission energy will be 

absorbed by neighbouring ANS molecules causing a quenching in the emission fluorescence 

~340 nm and the appearance of a new fluorescence emission band at ~475 nm. Addition of ANS 

to LdPEX14 at pH 7.5 resulted in a FRET effect and the emergence of an emission λmax centered 

at 475 nm (Figure 3B) suggesting that this extrinsic fluorescence reporter associated with a 

hydrophobic domain. Shifting the pH from 7.5 to 4.5 induced a conformational change that 

resulted in a ~4-fold increase in the ANS fluorescence; a finding that substantiated the intrinsic 

fluorescence data suggesting that the amphipathic region containing Trp152 relocated to a more 

surface exposed environment (Figure 3B). It is tempting to speculate that this re-arrangement 

allows the LdPEX14 amphipathic region to penetrate deeper into the lipid bilayer to facilitate 

pore formation. That ANS preferentially bound to the amphipathic domain was supported by the 

finding that ldpex14 (∆149-179) showed a significantly lower ANS fluorescence at pH 4.5 or 7.5 

(Figure 3C).  
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Figure 3: Effect of pH on LdPEX14 conformation 

(A) The effect of pH on LdPEX14 conformation was monitored by intrinsic fluorescence at an excitation 

wavelength of 290 nm and recording the emission spectra was recorded from 300-420 nm (inset) and the changes in 

the emission λmax plotted as a function of pH. (B) Exposure of the LdPEX14 amphipathic domain in response to pH 

was analyzed by FRET between Trp152 and ANS. LdPEX14 (10 μM) at pH 4.5 or 7.5 or with LdPEX14 plus 5 μM 

ANS using an excitation wavelength of 290 nm and recording the emission spectra from 300-550 nm. (C) Binding 

of ANS to LdPEX14 and ldpex14 (∆149-179) was assessed at pH 4.5 and 7.5 in the presence of 5 μM ANS at an 

excitation wavelength of 350 nm. 
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Effect of pH on the LdPEX14 structure bound to liposomes 

To assess if pH affects the LdPEX14 oligomeric state [33], size exclusion chromatography 

(SEC) analysis was performed at pH 4.5, 5.5, and 7.5. Surprisingly, no notable change in the 

LdPEX14 quaternary structure was observed, suggesting that changes in pH induced a localized 

conformational alteration that did not disrupt the LdPEX14 homomeric structure (Figure 4A). 

The slight differences in the elution position were attributed to variations in the hydrodynamic 

volume of the complex. Circular dichroism (CD) analysis of wild type LdPEX14 also 

demonstrated that acidic pH induced minor variations in the minima at 208 nm and 220 nm, 

consistent with modest changes in the α-helical content of LdPEX14 (Figure 4B).  

 To establish that SRB leakage induced by LdPEX14 was mediated through a discrete pore 

rather than a more general disruption of membrane integrity, leakage experiments were also 

performed with LUVs using SRB or FITC labelled dextrans (4 kDa, 10 kDa, or 45 kDa) with 

Stokes radii of 0.65, 1.4, 2.3, and 3.2 nm, respectively. Addition of LdPEX14 to LUVs at a pH of 

4.5 triggered a robust leakage of only SRB and confirmed the formation of a pore with an inner 

diameter of ~1.0 nm that did not permit the transit of the larger dextran molecules (Figure 4C). 

No SRB or FITC-dextran release was detected at pH 7.5. 
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Figure 4: Effect of pH on structure of LdPEX14 and the interacting liposomes. 

(A) Changes in the LdPEX14 structure induced by pH were analyzed by size exclusion chromatography using 

mobile phases with pH 4.5, 5.5, or 7.5 and protein elution monitored at a wavelength of 280 nm or (B) circular 

dichroism spectroscopy. (C) DOPE:DOPC:DOPG:PI:Chl LUVs loaded with carboxyfluorescein or fluorescein 

isothiocyanate labelled dextrans with increasing Stokes radii were treated with LdPEX14 and the percent of dye 

release determined following sedimentation of LUVs. 
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LdPEX14 hydrophobic region is required for pore formation 

Leakage assays were performed at pH 7.5 with the deletion mutants ldpex14 (138-165), 

ldpex14 (160-179), ldpex14 (179-200), and ldpex14 (149-179) (Figure 5A). Like wild type 

LdPEX14, the deletion mutants showed no notable dye release (Figure 5B). However, a robust 

leakage of ~52% was observed for the wild-type LdPEX14 when the pH was shifted from 7.5 to 

4.5. A similar degree of dye leakage was observed with ldpex14 (179-200) suggesting that 

residues 179-200 may not be essential for binding or pore formation (Figure 5B). In contrast, 

ldpex14 (138-165) and ldpex14 (160-179) induced a decreased dye leakage of 18% and 21%, 

respectively, indicating that loss of residues 138-165 or 160-179 partially impaired pore 

formation. Deletion of residues 149-179, however, reduced dye leakage to ~5% confirming that 

this region was important for pore formation (Figure 5B). The latter result was not surprising 

since flotation studies showed that ldpex14 (149-179) failed to bind lipid bilayers [32]. Leakage 

assays with ldpex14 (120-200) revealed that this fragment was pH insensitive and induced 

comparable levels of dye leakage activity at pH 4.5 and 7.5 (Figure 5B). The phospholipid 

composition also impacted the capacity of LdPEX14 to trigger SRB leakage from 

DOPE:DOPC:PI:Chl LUVs. Omitting phosphatidylglycerol from LUVs abrogated the capacity 

of LdPEX14 to promote dye release at pH 4.5 or 7.5 (Figure 5B), confirming the results from 

flotation studies showing that incorporation of anionic phospholipids into lipid bilayers was 

required for LdPEX14 binding. 

 Since sucrose density flotation and dye release experiments suggested that residues 149-179 

were important for LdPEX14-membrane interaction [32], we further investigated this interaction 

using ldpex14 (120-200). Titration of ldpex14 (120-200) with increasing concentration of 

DOPE:DOPC:DOPG:PI:Chl SUV triggered a concentration dependent blue shift of 28 nm 
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(Figure 5C, inset) in the Trp152 emission max at protein:phospholipid ratio of 1:250 (Figure 

5C), a shift which was consistent with the insertion of Trp152 into the hydrophobic core of the 

lipid bilayer.  

 The insertion of ldpex14 (120-200) into the membrane was verified by fluorescence 

quenching experiments. Stern-Volmer plots obtained with ldpex14 (120-200) in solution titrated 

with acrylamide exhibited an upward trending curve characteristic of quenching, arising from 

both dynamic and static quenching components [212] that has Stern-Volmer constants (Ksv) of 

9.1 and 0.8 M-1, respectively (Figure 5D). In contrast, ldpex14 (120-200) bound to SUVs 

exhibited a linear response consistent with dynamic quenching with a Ksv constant of 3.2 M-1. 

The decrease in the Ksv value, together with the blue shift in the emission max, confirms that 

Trp152 inserts into the lipid bilayer becoming less accessible to acrylamide quenching. Similar 

attempts to monitor the insertion of Trp152 in LdPEX14 were confounded by the fact that in the 

absence of membranes this residue exhibits an emission λmax at 327 nm which is consistent with 

this tryptophan residue being sequestered in a nonpolar environment prior to membrane 

insertion. 
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Figure 5: LdPEX14 hydrophobic region is required for membrane binding and pore formation 

(A) Deletion mutants of the LdPEX14 protein. Schematic structures of LdPEX14 WT and four site-specific deletion 

mutants around the hydrophobic region spanning149-179 (red). (B) The pore forming activity of LdPEX14, ldpex14 

(Δ138-165), ldpex14 (Δ160-179), ldpex14 (Δ179-200), or ldpex14 (Δ149-179) with sulforhodamine B loaded 

DOPE:DOPC:DOPG:PI:Chl or DOPE:DOPC:DOPI:Chl LUVs was examined at pH 4.5 and 7.5. Dye release was 

monitored at excitation and emission wavelengths of 565 and 586, respectively. (C) The emission spectra for 

ldpex14 (120-200) in the absence (inset, black line) and presence (inset, gray line) of SUVs was recorded at an 

excitation wavelength of 290 nm. This hypsochromic shift was dependent on phospholipid concentration. (D) The 

accessibility of Trp152 of ldpex14 (120-200) in the absence (circles) or presence (squares) of SUVs to the aqueous 

environment was assessed by acrylamide quenching. 
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Discussion  

Proteins are considered to have dynamic rather than a static structure, changing their shape or 

conformation in response to the environmental conditions in which it is exposed and influenced 

by neighboring interacting partners [277-279]. Proteins can have various conformations, each 

one performing a specific role, such as converting itself from active to inactive form; examples 

include, (i) the active conformation of pepsin is formed around pH 2. which has a native-like 

catalytically inactive conformation around pH 4.0-6.5 and is denatured at neutral pH [280], (ii) 

Opsin which is a apoprotein formed after decay of metarhodopsin II (signaling state of visual 

pigment rhodopsin) exists in two conformations depending on pH, a low pH state similar to 

metarhodopsin II and a high pH state similar to inactive metarhodopsin I [281]. Some 

conformational changes help the proteins to participate in protein-protein interactions; for 

example SPE7, a monoclonal immunoglobulin E (IgE) raised against a 2,4-dinitrophenyl (DNP) 

hapten was found to adopt different conformations that allowed it to bind unrelated antigens 

[282, 283], while few others are known to mediate membrane-protein interactions; examples 

include, (i) membrane interactions induces an open conformation for bacterial cell division 

regulator MiniE, (ii) sarco(endo)plasmic reticulum Ca2+–ATPase (SERCA), a membrane protein, 

adapts to membranes of different thickness by undergoing conformational changes and inducing 

local deformations in the lipid bilayer [284-286]. Also there are conformational changes 

associated with enzyme catalysis; examples include, (i) A conformational change is accompanied 

when Ribonuclease A binds to its substrate (RNA), (ii) A conformational change is accompanied 

when chymotrypsin forms an initial enzyme-substrate complex and this reaction is followed by 

formation of free enzyme and product[287-289]). 
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It has been demonstrated that pH can bring structural changes in proteins including , (i) 

influenza virus hemagglutinin, where the ectodomain of hemagglutinin (HA) undergoes 

conformational change at low pH (≤ 5.8) resulting in an increase of binding event with liposome 

and this structural rearrangement is thought to be responsible for the membrane fusion event and 

eventual release of the viral genome into the host [290, 291], (ii) transferrin binds to ferric ions 

and low pH (pH 5.3) induces conformational change in the N-terminal half of transferrin, 

resulting in the physiological release of iron in cells [292, 293], (iii) retinol binding protein 

(RBP), where low pH induces conformational changes in the RBP and releases hydrophobic 

retinol from the deep pocket of RBP [294], (iv) pheromone binding protein, where low pH 

induces conformational changes in Pheromone-binding proteins (PBPs) and release the bound 

hydrophobic pheromones on or near the target cell membranes [295, 296].  

Low pH can bring conformational changes in proteins, exposing hydrophobic regions 

thereby revealing the membrane interacting region, for example, low pH (pH ~5.0) induces 

conformational change in the herpes simplex virus (HSV) fusion protein gB containing 

cytoplasmic tail sequences (s-gB) and these structural changes expose the hydrophobic fusion 

peptide sequences that bind with the target lipid membranes [297, 298]. We used a similar 

strategy of exploiting low pH as a method to bring about conformational changes in LdPEX14 

and expose its hydrophobic region. A hyperchromic shift in the λmax of a single tryptophan 

indicated a conformational change in LdPEX14[299], and was enough for the formation of a 

pore in the membrane and leak the dye out of encapsulated liposomes. . Far‐UV CD spectra 

reflects the secondary structure content of the protein [300], and we observed slight differences 

between the two pH conditions indicating that there was no major change in the secondary 

structure. The quaternary structure was also preserved indicating that the overall structure of 

https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/pheromone-binding-protein
https://www.sciencedirect.com/topics/biochemistry-genetics-and-molecular-biology/target-cell
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LdPEX14 is preserved at low pH. A change in the microenvironment surrounding the tryptophan 

may be due to slight changes in helicity and tertiary contacts of the protein resulting in a more 

flexible conformation at low pH. The movement of the hydrophobic region to a more exposed 

location was confirmed by its substantial increase in the fluorescence intensity after probing with 

ANS.  

Low pH triggered conformational changes have been reported for various proteins and is 

thought to be mediated through various mechanisms like protonation of histidine [301-303] or 

acidic amino acids such as aspartate or glutamate [304] or characterized by the presence of 

multiple hydrophobic residues or residues that form salt bridges [305]. LdPEX14 has a single 

histidine at position 136 just upstream of the hydrophobic region (His 1), and multiple acidic 

residues (Glu 31, Asp). All of these residues are located outside the hydrophobic region spanning 

149-179 of LdPEX14 except for two aspartate residues. The hydrophobic residues are distributed 

throughout the LdPEX14 protein and a hydrophobic patch spans the region between 149-179 

amino acids. We have shown that deletion of a part of the hydrophobic region diminished the 

leakage and deletion of the whole region abolishing the leakage. This indicates that a 

conformational change resulted in the movement of the hydrophobic element into the membrane, 

resulting in the dye leakage. Although a precise mechanism for conformational change at low pH 

for LdPEX14 is unknown, it may be contributed mostly by hydrophobic residues or a combined 

effect of protonation of the histidine (located just upstream of the hydrophobic region causing a 

bend in the structure acting like a hinge) [302], acidic residues, or the multiple hydrophobic 

residues.  

Liposome binding studies have previously established that recombinant LdPEX14 

spontaneously inserted into model membranes. This association was critically dependent upon 
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residues 149-179, a segment calculated to adopt an amphipathic helix containing a nonpolar and 

polar face [32]. Amphipathic helices are known to mediate membrane binding by inserting the 

nonpolar face of the helix, in parallel geometry, into the outer leaflet of the bilayer [306, 307]. 

The amphipathic helix is predicted to stabilize the LdPEX14-membrane association in a similar 

configuration; an interaction that in the absence of an LdPEX14 structural rearrangement failed 

to disrupt membrane integrity as suggested by the dye release assay performed at pH 7.5. This is 

critical since the leakage of small metabolites from the glycosome is a lethal for kinetoplastid 

parasites [23, 151, 308]. Surprisingly, deletions that eliminated a smaller portion of the 

amphipathic domain were not sufficient to abolish the membrane binding activity of ldpex14 

(∆138-165) or ldpex14 (∆160-179), possibly due to an avidity effect that allows weak interaction 

from the 16-20 subunits in the ~800 kDa homomeric complex formed by LdPEX14/ldpex14 to 

synergize and stabilize membrane binding. Functional analysis, however, showed that these 

deletions impaired pore formation causing a reduction in sulforhodamine dye leakage.  

These observations suggest that the LdPEX14 amphipathic segment probably participates 

directly in the assembly of a transient pore [33, 35, 309] which is supported by the finding that 

ldpex14 (120-200) can form stable oligomers in LUVs that trigger dye release [refer to Chapter 

3]. Homologous transmembrane regions in the mammalian PEX14 protein have been 

demonstrated to homo-oligomerize. However, the capacity of this transmembrane peptide to 

form pores was not examined [309]. In order to further explore the role of LdPEX14 in the 

formation of the translocation pore and transport across the membrane, studies have to be 

designed and carried out in the presence of accessory proteins such as LdPEX13 and RING 

finger proteins LdPEX2, LdPEX10, and LdPEX12.  
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Connecting Statement 

In the previous two chapters, we investigated the interaction of LdPEX14 with unilamellar 

vesicles mimicking the glycosomal membrane. We demonstrated that the hydrophobic region of 

LdPEX14 plays a crucial role in governing the interactions with the glycosome. To further 

investigate the role of PEX14 in glycosome biogenesis and protein translocation, we created a 

knock out the LdPEX14 gene from Leishmania using CRISPR/Cas9. 

In chapter 5, we demonstrated that the expression of Cas9 could be regulated in 

Leishmania promastigotes by fusing the Cas9 with a destabilizing domain of the FKBP12 

protein. We used this regulatable Cas9 to knock out LdPEX14 gene and found that the PEX14 is 

an essential gene for the viability of the L. donovani parasite.  
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Abstract 

CRISPR/Cas9 is a powerful genome editing tool used for the study of gene function. Here we 

employed a system that allows regulatable expression of Cas9 in L. donovani promastigotes. We 

fused the destabilizing domain of FKBP 12 (ddFKBP) to both the N-terminus and C-terminus 

flanks of Cas9. The N-terminal ddFKBP fusion provided conditional destabilization of Cas9 and 

in the presence of the drug rapamycin, increased levels of the ddFKBP-Cas9 protein were 

detectable in promastigotes. This regulatable Cas9 was used to knockout the genes LdXPRT and 

LdPEX14 in L. donovani. This technology can be expanded to characterize functions of other 

genes in Leishmania spp. 
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Introduction 

Leishmaniasis is a neglected tropical disease mostly affecting people in developing countries 

[310, 311]. The disease is characterized by various clinical manifestations such as cutaneous, 

muco-cutaneous and visceral leishmaniasis. Visceral leishmaniasis caused by L. donovani is one 

of the more dangerous forms of this disease and if left untreated can be fatal for the patient [48, 

272, 312]. The parasite has a digenetic life cycle, a flagellated promastigote form residing in the 

sandfly vector and a non-flagellated amastigote form that survives in the macrophages of human 

host [12, 64].  

Leishmania spp. contain a unique organelle called the glycosome that is evolutionarily 

related to peroxisomes of yeast, fungi, plants, and mammalian cells [313]. Glycosome 

compartmentalizes various metabolic pathways including glycolysis, ether lipid biosynthesis, 

purine salvage and pentose phosphate pathway [16, 17, 102]. Glycosomal proteins are 

synthesized in the cytosol and post translationally translocated into the cytosol with the help of 

peroxin receptor proteins. There are two main glycosomal targeting sequences, peroxisomal 

targeting signal sequence 1 (PTS-1) and peroxisomal targeting signal sequence 2 (PTS-2). 

PTS-1 typically is a C-terminal consensus sequence [A, S] / [K, R, N, H] / [L, M, V, Y] and 

PTS-2 is a N-terminal consensus sequence [RK]-[LVI]-[X]5-[HQ]-[LA]. Proteins bearing the 

PTS1 and PTS2 motifs are recognized by the cytosolic receptor proteins, peroxin5 (LdPEX5) 

or peroxin7 (LdPEX7), respectively and then this complex docks to the peripheral membrane 

associated protein LdPEX14 and with the help of LdPEX14, the cargo gets unloaded in the 

glycosomal lumen [27, 28, 141].  

Leishmania genomes have high plasticity and attempts to knock out essential genes by 

classical approaches may give rise to the emergence of additional copies of the targeted gene 
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[314] on extrachromosomal elements. RNA interference is routinely used to knock down genes 

in related kinetoplastids such as T. brucei, but the absence of dicer and argonaute proteins make 

the use of RNA interference difficult in L. donovani, L. major, and L. mexicana strains of 

Leishmania [315, 316]. The knockdown of PEX14 in T. brucei impeded glycosomal import of 

PTS-1and PTS-2 proteins and resulted in mistargeting of glycosomal enzymes to the cytosol, an 

event that was lethal to these parasites [23, 31]. PEX14 was also important in mediating crucial 

protein-protein interactions in kinetoplastids, as it was recently demonstrated that small 

molecular inhibitors blocking the interaction of PEX5 with PEX14 were able to kill the parasite 

in vitro [155, 156]. It has been demonstrated that CRISPR/Cas9 based gene knock out can 

produce double stranded breaks in targeted DNA and isolating Leishmania null mutants was 

possible in one round of transfection [317]. To expand our knowledge and explore the functions 

of PEX14 in the protein translocation machinery, we decided to create a knock out cell line of L. 

donovani devoid of LdPEX14 utilizing the CRISPR-Cas9 approach. Since previous studies have 

reported that LdPEX14 is essential for the viability in other related kinetoplastid parasites, we 

used a slightly different approach of complementing an ectopic copy of LdPEX14 to rescue the 

parasite devoid of the endogenous LdPEX14 [31].  

CRISPR (clustered regularly interspaced short palindromic repeat)-Cas9 knock out based 

methods need two major components, (1) Cas9 nuclease, a RNA-guided endonuclease shown to 

specifically digest DNA and (2) a gRNA (guide RNA) bearing 20 nucleotides (seed sequence) at 

its 5’ end. These 20 nucleotides of the gRNA hybridize to its complementary base on the target 

site forming a RNA-DNA hybrid and directs the Cas9 to the specific target site producing a 

double stranded break in the DNA. The target site lies 5’ to a PAM (Protospacer Adjacent Motif) 

sequence typically a 5′-NGG canonical sequence [318, 319].  
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CRISPR-Cas9 based knock out approaches have been successfully tested in Leishmania 

spp.; However, these systems lack regulatable expression of the Cas9 protein [317, 320, 321]. It 

has been demonstrated previously by Wandless lab that conditional regulation of protein is 

possible when it is fused to a destabilization domain of the FKBP protein [322, 323]. Fusion of 

ddFKBP to the protein of interest has been successfully used to regulate the expression of 

various proteins. Proteins fused to the ddFKBP are rapidly degraded, but addition of a ligand 

such as Shield 1 or rapamycin can bind with the destabilizing domain and protect the protein 

from degradation [322-324]. To regulate the expression of Cas9 in Leishmania we fused a 

destabilization domain of the FKBP protein to the Cas9. Here we show that fusion of ddFKBP to 

the N-terminus of the Cas9 allows temporal control of Cas9 expression in Leishmania.  

 

Materials and Methods 

 

Chemicals and reagents –All restriction endonucleases and DNA-modifying enzymes were 

purchased from Invitrogen or New England Biolabs. Horseradish peroxidase (HRP)-conjugated 

goat anti-rabbit IgG was purchased from GE Healthcare. Cas9 monoclonal antibody and In-

fusion HD Cloning Kit was purchased from Clonetech laboratories. All other reagents were of the 

highest commercially available quality.  

Leishmania donovani cultures – L. donovani promastigotes were cultured in M199 media (Sigma 

Aldrich) supplemented with penicillin/streptomycin, and 10% dialyzed heat-inactivated FBS at 

26 °C in 5% CO2 incubators and grown to late logarithmic stage before passage. 
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Construction of Cas9 in pRP Plasmids – For N-terminal ddfkbp-Cas9 fusion, the hSpCas9 was 

amplified from plasmid PX330 (Addgene plasmid # 42230), pX330-U6-Chimeric_BB-CBh-

hSpCas9 and cloned in the medium expression pRP plasmid [325], between NdeI and BamHI 

restriction sites (Figure 1A). For C-terminal Cas9-ddfkbp fusion, the hSpCas9 was cloned in the 

medium expression pRP plasmid between HindIII and BamHI restriction sites (figure not 

shown). The fused hSpCas9 is flanked by 5’ and 3’ UTRs, and the RNA expression is under the 

control of a L. donovani ribosomal RNA (rRNA) promoter (Figure 1B). The plasmids were 

linearized with AvrII before transfection to the parasite.  
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Figure 1: Map of pRP plasmid with ddFKBP-Cas9 fusion partner 

(A) A map of medium expression pRP plasmid having a ddFKBP fused to N-terminus of hSpCas9 (pRP-M-

ddFKBP-N-hspCas9), ampicillin resistance gene (AmpR) is for drug selection in E. coli and Neomycin resistance 

gene (NeoR) is for drug selection in eukaryotic cells. (B) Schematic of the pRP vector construct having ddFKBP 

fused Cas9 under the control of L. donovani rRNA promoter (rRNA).  
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Construction of in PLS6 plasmids – The 20 nucleotide seed which is part of the gRNA for 

LdPEX14 (region between 1047-1067 bp) and LdXPRT (region between 22-42 bp) were 

selected using the webtool, Eukaryotic Pathogen gRNA Design Tool (EuPaGDT; available 

at http://grna.ctegd.uga.edu) and the DNA segment encoding this region was cloned into the BsgI 

site of the pLS6 plasmid using In-fusion HD Cloning Kit. The homology donor regions (HR1 and 

HR2) of around 500 bp DNA sequence flanking the gene were selected and cloned into 

KpnI/XbaI and HpaI/MfeI restriction sites of pLS6 plasmid (Figure 2A and Figure 2B). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2: pLS6 plasmid bearing the homology donor regions and gRNA expression cassette 

pLS6 donor plasmid with puromycin resistance cassette flanked by homology donor regions of 500 bp DNA 

sequence flanking the gene, and the sgRNA expression cassette under the control of a U6snRNA promoter. 20 

nucleotide seed sequence for sgRNA was selected for (A) LdPEX14 (region between 1047-1067 bp) and (B) 

LdXPRT (region between 22-42 bp).  
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Construction of LdPEX14 in pRP plasmids –FLAG-LdPEX14 open reading frame was cloned 

into the SFiI site of the pRP high expression plasmid with BSD drug cassette (pRP-H-BSD-

FLAG-LdPEX14) (Figure 3A) [325]. The ectopic plasmid bearing the N-terminal FLAG tagged 

LdPEX14 had a change in the nucleotide sequence of the coding region to eliminate 

hybridization with the gRNA (the 20 nucleotides and the 5'-NGG-3’ Protospacer adjacent motif) 

used for the deletion of the LdPEX14 gene. Modification of FLAG-LdPEX14 was performed to 

hide the ectopic copy of PEX14 from recognition by the gRNA and Cas9 nuclease directed 

against the genomic copy of LdPEX14 (Figure 3B).  
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Figure 3: Map of pRP plasmid with flag-LdPEX14 (pRP-H-BSD-Flag-LdPEX14) 

(A) An ectopic flag-LdPEX14 was cloned into the pRP high expression plasmid between the SFiI sites. Blasticidin 

resistance gene (BSDR) is for drug selection in eukaryotic cells (pRP-H-BSD-flag-LdPEX14) and the construct is 

under the control of L. donovani rRNA promoter (rRNA). (B) The redundancy in codon usage for L. donovani were 

used to modify the nucleotide sequence of LdPEX14 in the ectopic plasmid (pRP-H-BSD-flag-LdPEX14) that 

translate into LdPEX14 protein with the same amino acid sequence.  

 

 

Transfection and cloning – Plasmids for Cas9 were linearized with the AvrII restriction 

endonuclease and was electroporated with a Bio-Rad gene pulser II electroporator into L. 
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donovani 1S2D promastigotes, using the following conditions 25 μF, 1500V (3.75 kV/cm) 

pausing 10 s between pulses [315]. Clones containing the integrated constructs were selected for 

in bulk culture by the presence of 25 μg/ml G418. A limiting dilution to isolate clones was 

performed in 96 well plates. The first column of the 96 well plate received 1X106 cells per well 

and a 10-fold dilution was performed across the plate to obtain single clones in wells 7 or 8. The 

cells in 96 well plate were allowed to grow between one to two weeks and then expanded to a 24 

well plate followed by a transfer to T-25 flasks. The promastigotes expressing Cas9 were 

subjected to another round of electroporation (same procedure as above) with pLS6 plasmids 

containing gRNA and homologous regions for LdPEX14 and LdXPRT. Positive clones were 

selected for in bulk culture using 20 μg/ml puromycin and 25 μg/ml G418. 

 

Western blot – L. donovani promastigote culture densities were determined using a 

hemocytometer and parasites were harvested and washed with warm PBS. Cell pellets were 

resuspended in an appropriate amount of 2X SDS PAGE buffer and proteins were resolved and 

transferred to PVDF membranes. Membranes were blocked with 2% w/v non-fat dry milk in 1 × 

TBST (0.1% Tween20) for 1 h at 20 °C then incubated with primary antibodies diluted in 2% 

w/v non-fat dry milk TBST as follows: anti-Cas9 (1:1,000), anti-tubulin (1:5,000) as equal 

loading control, anti-LdPEX14 (1:10,000), anti-LdXPRT (1:2,000). Membranes with primary 

antibody were incubated overnight at 4 °C. Membranes were washed with TBST to remove 

unbound antibodies and then probed with the secondary antibody, anti-rabbit HRP (GE 

Healthcare). The membranes were developed using Amersham ECL Western Blotting Detection 

reagents (GE Healthcare). 
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Results  

 

Regulated expression of Cas9 in L. donovani  

 Constitutive expression of Cas9 can cause off target mutations in genomic DNA of L. donovani 

and also make it a daunting task to isolate the knockout clones for essential genes. To overcome 

possible developmental defects and off target effects of constitutive knockdown of an essential 

gene, we fused a destabilizing domain (dd) to the Cas9. It has been demonstrated that fusion of a 

destabilizing domain of human FKBP12 protein to a protein of interest (POI) results in 

degradation of the entire fusion protein and the addition of a ligand like rapamycin or Shield-1 

which binds to the ddFKBP domain protects the fused protein from degradation [322]. We used 

the plasmid pRP for cloning Cas9, as it can be integrated into the ribosomal RNA (rRNA) locus 

and provide stable expression in the absence of drug selection. Also, a wide range of constitutive 

transgene expression options from very high to very low expression levels were available among 

pRP plasmids [325]. We observed that the pRP-M-Cas9 (medium expression plasmid) devoid of 

the destabilizing fusion partner (ddFKBP) resulted in the constitutive expression of Cas9 in the 

absence of rapamycin (Figure 4A). Fusion of the ddFKBP domain to the N-terminus of Cas9 

showed that this protein could not be detected in L. donovani promastigotes. However, the 

addition of 1 μM rapamycin caused a notable increase in the levels of ddFKBP-Cas9. Fusion of 

the ddFKBP domain to the C-terminus of Cas9 elicited no change in the Cas9 expression before 

or after addition of 1 μM rapamycin ligand. This indicates that the fusion of ddFKBP to Cas9 

achieved a more regulatable expression of the fusion protein analyzed after 24 hours (Figure 

4B). However, the clones for Cas9-ddFKBP fusion (6 to 8), had strong expression of the protein 

in presence or absence of rapamycin (Figure 4C).  
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For analyzing the kinetics of Cas9 degradation, cells were harvested at 0, 2, and 24 h 

after treatment with 1 μM rapamycin. Protein accumulation was detected within 2 h and robust 

levels were observed within 24 h of rapamycin treatment (Figure 4D). A decrease in the level of 

protein expression was seen in at 48 hours of ligand withdrawal from the media. These data 

demonstrated that fusion of ddFKBP to the N-terminus of Cas9 provides a tunable system with 

rapid control of protein levels by decreasing the rate of protein degradation in the presence of 

rapamycin.  

 

Expression of Flag-LdPEX14 in L. donovani  

The challenge was to protect the ectopic copy of PEX14 from the Cas9 cleavage designed to 

target genomic LdPEX14. The specificity of Cas9/gRNA is determined by components including 

the protospacer-adjacent motif (PAM), the 20 nucleotide seed, Cas9/gRNA abundance, sequence 

of the gRNA and various other factors [326]. The PAM must lie 3′ of the target sequence and it 

is typically an NGG. PAM binding and the 10-12 bases proximal to PAM were found to be 

necessary for cleavage of target DNA [326-328]. In our study, the ectopic PEX14 had a 

modification at the 20 bp region and the gRNA recognition site of PAM. We exploited 

redundancy of the genetic code to modify the 20 bp sequence in the ectopic copy of LdPEX14 

[329, 330], thereby having a very different nucleotide sequence but translating the same amino 

acids as the wild-type PEX14. We observed robust expression of the FLAG-LdPEX14 in 

Leishmania parasites grown to log phase (Figure 4E). 
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Figure 4: Inducible system for Cas9 expression based on conditionally destabilized Cas9 

The L. donovani cells transfected with plasmids expressing Cas9 were lysed using RIPA buffer and 20 μg of total 

protein was loaded on SDS-PAGE gel, transferred to a PVDF membrane and probed with Cas9 monoclonal 
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antibody. (A) Robust expression of Cas9 was found in L. donovani transfected with medium expression pRP- 

plasmid devoid of a destabilization domain fusion partner (ddFKBP) compared to the mock treated WT L. donovani 

cells. (B) Expression of Cas9 by various clones (1-4) of L. donovani transfected with P-M-N-ddFKBP-Cas9 (N-

terminus ddFKBP fusion partner). Cas9 was either not detected or negligible levels were detected in the zero minute 

or before addition of rapamycin. Cells treated with 1μM rapamycin demonstrated strong expression of the fusion 

protein analyzed after 24 hours. (C) Expression of Cas9 by various clones (5-9) of L. donovani transfected with P-

M-C-Cas9-ddFKBP (C-terminus ddFKBP fusion partner). Robust expression of Cas9 was detected even before the 

addition of the ligand (1 μM rapamycin). (D) Regulation of expression by the destabilized DD-Cas9 was observed. 

Increased expression of Cas9 was found for the Clone-1 (Figure 4B) over time in presence of 1 μM rapamycin. 

After 24 hours rapamycin was removed from the media and the amount of Cas9 was monitored until 48 hours. (E)     

L. donovani cells transfected with pRP-H-BSD-flag-LdPEX14 plasmid were lysed using RIPA buffer and 20 μg of 

total protein was loaded on SDS-PAGE gel, transferred to a PVDF membrane and probed with FLAG antibody. 

Robust expression of flag-LdPEX14 was detected compared to the WT L. donovani cells.  

 

Knockout of LdPEX14 and LdXPRT genes from L. donovani  

We were able to knockout XPRT from L. donovani in one round of transfection, confirmed by 

Western blotting using anti-XPRT antibodies (Figure 5A). In contrast, L. donovani receiving the 

knock out plasmid PLS6_LdPEX14 were mostly dead within 3 weeks, indicating that knocking 

out of LdPEX14 was lethal to the parasite., indicating that LdPEX14 knockout was lethal to the 

parasite (Figure 5B). Even complementing the genomic LdPEX14 with an ectopic copy of 

plasmid expressing flag-LdPEX14 was unable to rescue the survival of the parasite. The inability 

of the ectopically expressed LdPEX14 to rescue the parasite survival may be contributed by 

various factors such as (i) Cas9 was still able to access and cleave the ectopic copy of flag-

LdPEX14 bearing the modifications, (ii) overexpression of ectopic copy of gene without proper 

regulation may have resulted in incorrect targeting of the over expressed protein. We were 

unable to isolate any colonies of L. donovani positive for knockout of the genomic LdPEX14. 

These results reiterate that LdPEX14 is an essential gene for the viability of L. donovani. 
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Figure 5: Gene editing using CRISPR/Cas9 in L. donovani enables identification of essential genes 

(A) L. donovani cells transfected with pRP-M-N-ddCas9 plasmid were lysed using RIPA buffer and 20 μg of total 

protein was loaded on a SDS-PAGE gel, transferred to a PVDF membrane, and probed with XPRT antibody. XPRT 

protein expression was absent in the knockout cell (KO) compared to the WT L. donovani cells and cells transfected 

with pRP-M-N-ddCas9. (B) Images taken with an Evos XL core microscope showing that disruption of L. donovani 

PEX14 gene is lethal to the parasite. L. donovani expressing Cas9 in presence of rapamycin were transfected with 

the PLS6 plasmid having the gRNA and homologous donor region for recombination. The cells were then cloned in 

a 96 well plate, and their growth was monitored. Image showing cells expressing Cas9 in the presence of rapamycin 

after 1, 2 and 21 days of cloning.  
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Discussion 

If knocking out a gene is a lethal event, it is a definitive phenotype indicating that the targeted 

gene is essential for the survival of an organism. A conditionally regulated system will be an 

option for studying the essential gene and recently, methods have been developed to 

conditionally regulate the CRISPR/Cas9 based genome editing tool. These include methods such 

as Shield-I regulated ddFKBP-Cas9 induction [324], doxycycline regulated Cas9 induction [331] 

and a split Cas9 based system fused to FRB and FKBP dimerization domain [332]. 

Overexpression of RNA guided Endonucleases (RGNs) like Cas9 can continuously scan 

genomic DNA and cleave even imperfectly matched RNA-DNA interfaces causing off-target 

mutations [333-335]. A regulatable Cas9 in L. donovani was an attractive option, as it provides a 

way to control the level of the Cas9 endonuclease within the cell, thereby minimizing the 

likelihood of off-target mutations in the absence of ligand. The Shield-I regulated ddFKBP-Cas9 

expression system was shown to be very efficient for the temporal regulation of Cas9 and gene 

editing in mammalian cells [324]. In our study, we utilized this approach of fusing ddFKBP to 

Cas9 and we could achieve specific conditional regulation of Cas9 expression (Figure 4B).  

Recently, using CRISPR/Cas9 approach, it has been demonstrated that the RAD51 gene 

is essential for L. donovani [321]. We observed similar proportion of death of the parasite after 

they receive the plasmid containing the gRNA and the homology donor regions (Figure 5B).  

PEX14 was found to be essential for survival of T. brucei, [31, 336] and the challenge 

was to rescue a parasite devoid of the essential LdPEX14 gene. For this purpose, we expressed 

an ectopic copy of PEX14 and despite a robust expression of the protein. Still, we were unable to 

rescue parasite survival. There may be one or a combination of factors responsible for this. For 

example, modifications of the 20 nucleotides and PAM sequences may not have been enough to 
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hide the ectopic copy from the Cas9 cleavage or overexpression of the ectopic copy without 

proper regulation may have resulted in incorrect targeting of the over expressed protein. Also, for 

our study we altered the PAM from a typical NGG to NAG. But this may not be enough to 

protect the ectopic copy as there are reports that Cas9 can cleave target DNA even with a NAG 

PAM sequence. Cas9 is known to cleave target DNA with lower efficiency if at least one of the 

two G's (NNG or NGN) are present at positions 2 and 3 [326, 337]. 

In short, our work demonstrated that conditionally regulating the Cas9 approach is robust 

and can be used for characterization and identification of essential genes. Various approaches 

can be adopted to improve our method of gene editing such as, (1) using a more efficient and 

strong promoter like the Leishmania rRNA promoter for the gRNA expression cassette compared 

to the U6snRNA promoter used in our study, (2) sequentially transfecting L. donovani 

expressing Cas9/gRNA with single stranded oligonucleotide donors to enhance DNA repair by 

micro homology mediated end joining and gene editing efficiency [321], (3) expression of an 

ectopic copy of the gene that can be regulated by a ligand, and (4) replacing only a part of the 

essential gene rather than the entire gene and studying the functions of each domain separately.  
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Summary and conclusions 

Leishmaniasis is a neglected tropical disease which affects millions of people around the globe 

and unfortunately the pool of infection is mainly localized in developing areas of the world like 

India, the Middle East, Africa, and Latin America [40, 311]. According to the World Health 

Organization (WHO), it is estimated that around 30,000 deaths occur annually from 

leishmaniasis [54]. The total number of current infections is mostly underestimated due to the 

lack of accurate diagnostic tools and surveillance programs [338, 339]. Treatment for 

leishmaniasis relies on a limited number of chemotherapeutics but most of the available drugs 

are facing problems of toxicity and resistance issues [13, 47, 271]. Pharmaceutical research in 

finding new chemical leads for treatment of leishmaniasis is quite sluggish and there is an urgent 

need to find new therapeutic targets and chemical leads to eradicate leishmaniasis from endemic 

areas.  

This thesis aimed to investigate the mechanistic details about the interaction of LdPEX14 

with the glycosomal membrane. Our investigations were focused to answer specific questions, 

viz, (i) What is the role of PEX14 in the formation of the transient pore? (ii) Are there any 

conserved regions in PEX14 responsible for the formation of this pore? (iii) What are the 

possible conformational changes that PEX14 has to undergo to form a pore? (iv) Is the pore 

formed by PEX14 large enough to let oligomeric proteins pass or a short one? To answer these 

questions, we investigated the interactions of PEX14 with glycosomal membrane mimicking 

unilamellar vesicles. 

Previous studies demonstrated that a hydrophobic region spanning amino acids 149-179 

of LdPEX14 was crucial for mediating the interaction between LdPEX14 and large unilamellar 

vesicles (LUVs). Sucrose density flotation experiments demonstrated that a deletion mutant 
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lacking the hydrophobic region, LdPEX14 (∆149-179), was unable to bind the LUVs and that 

ldpex14 (120-200), a fragment of LdPEX14 encompassing the hydrophobic region were able to 

restore the membrane binding with unilamellar vesicles. These sucrose density flotation 

experiments in addition to dye leakage assays demonstrated that the hydrophobic region of 

ldpex14 (120-200) can bind and form pores in the membrane [32, 33]. My goal was to expand 

these previous studies to determine the topology of this hydrophobic region inserted in the 

membrane anticipating that these studies can reveal vital clues behind the formation of the 

translocation pore.  

In the first manuscript, to better understand the interaction of the hydrophobic region of 

LdPEX14 with the membrane, a series of tryptophan and cysteine mutants for the hydrophobic 

region were constructed. Studies conducted with various fluorescence quenchers revealed the 

depth and orientation of the inserted hydrophobic region of LdPEX14 in unilamellar vesicles. 

Dual fluorescence quenching analysis (DQA) performed to examine the topology and orientation 

of the hydrophobic region in the lipid bilayer revealed that the hydrophobic region in ldpex14 

(120-200) has a deeper penetration compared to more of a shallow penetration observed for the 

WT LdPEX14. Forster Resonance Energy Transfer (FRET) experiments between tryptophan 

mutants and dansyl as donor and acceptor showed a parabolic response with residues 147 and 

177 having the largest values. These data suggested that following insertion of ldpex14 (120-

200), this fragment most likely adopts a helix-turn-helix configuration that exposes both the N- 

and C-termini extra-luminal space of the SUVs. Two other independent experiments, viz, (i) 

trypsinization of the peptides inserted into the bilayer and (ii) probing biotin labelled peptides 

inserted into bilayer with streptavidin-Horseradish Peroxidase (HRP) from aqueous side, both 
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confirmed that the N- and C-termini of the inserted hydrophobic region is exposed to the extra 

luminal space of liposomes.  

 Studies with ldpex14 (120-200) demonstrated that the hydrophobic region has a 

propensity to oligomerize and adopt an α-helical conformation in the presence of unilamellar 

vesicles. Studies performed with ldpex5 (203-391), a fragment shown to induce conformational 

changes in LdPEX14 [33], were able to trigger insertion of the hydrophobic region deeper into 

the bilayer. Experiments performed with dye encapsulated liposomes demonstrated that ldpex14 

(120-200) has the potential to form pores in the membrane and that the pore formed was discrete 

with a pore diameter of ~1.0 nm.  

In the second manuscript, our studies demonstrated that conformational changes induced 

in LdPEX14 at a low pH, was enough to form discrete pores in the membrane. Earlier studies 

demonstrated that the hydrophobic region of ldpex14 can form a discrete pore in the membrane, 

but LdPEX14 WT was unable to form a pore by itself. In the absence of LdPEX14-interacting 

partners like LdPEX13, LdPEX5, LdPEX7 and RING finger proteins, we altered pH as a 

surrogate method to induce conformational changes in LdPEX14. Studies performed utilizing the 

fluorescence of intrinsic tryptophan located in the hydrophobic domain and an extrinsic probe 1-

anilino-8-naphthalene sulfonate (ANS) confirmed that low pH induced rearrangement of the 

hydrophobic region of LdPEX14. CD (Circular dichroism) and Size exclusion chromatography-

HPLC (SEC-HPLC) confirmed that the low pH did not alter the quaternary or the secondary 

structure of LdPEX14. 

In the third manuscript, to gain more insights into the functions of PEX14, we decided to 

knockout the PEX14 gene from L. donovani using CRISPR/Cas9. We developed a regulatable 

Cas9 expression system in L. donovani where the fusion of ddFKBP (destabilization domain of 
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FKBP12 protein) to the N-terminus of Cas9 provided controlled destabilization of Cas9 in the 

absence of a rapamycin ligand and an increase in the level of protein expression was detected in 

the presence of the rapamycin ligand. Studies were conducted with this system and it was used to 

knock out LdPEX14 and LdXPRT genes in L. donovani and can be exploited to characterize 

other genes in Leishmania. Our observations that those parasites receiving the knockout plasmids 

were unable to survive indicate that LdPEX14 is an essential gene. 

In summary, our first manuscript demonstrated that the hydrophobic region of ldpex14 

(120-200) inserts into the membrane in a helix-turn-helix conformation forming discrete pores in 

the membrane, similar to the peptide/lipid pores formed by the short hydrophobic domain (TMH) 

of TatA (Twin arginine translocase A subunit). We were able to shed light on mechanistic details 

of how a transient pore can be formed in the glycosomal membrane and we postulate that these 

discrete pores formed by the hydrophobic region can act as a foundation for the insertion of 

cargo loaded receptors PEX5 and PEX7 and further expand the pore to translocate the fully 

folded glycosomal matrix proteins.  

Our second manuscript demonstrated that pH-induced structural rearrangement of the 

hydrophobic region of LdPEX14, which can form discrete pores in the unilamellar vesicles 

mimicking the glycosomal lipid membrane composition. This rearrangement of the hydrophobic 

region in LdPEX14 might be a crucial event in the formation of discrete pores similar to the one 

formed by ldpex14 (120-200). 

Our third manuscript demonstrated that expression of Cas9 can be regulated in L. 

donovani by utilizing the ddFKBP-Cas9 fusion construct. Our study also confirmed that 

LdPEX14 is an essential gene for the viability of L. donovani. 
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Future perspectives 

Studying membrane proteins is still a major challenge for biochemists and structural biologists 

across the globe. To gain a better understanding of translocation process across the glycosomal 

membrane, interactions of LdPEX14 with the glycosomal membrane mimicking liposomes 

should be characterized in the presence of accessory membrane proteins such as LdPEX13, 

RING finger proteins LdPEX2, LdPEX10, and LdPEX12. These studies could be conducted in 

proteoliposomes by reconstituting membrane proteins in liposomes [340-342]. The real 

challenge for this type of experiments would be expressing and purifying these membrane 

proteins in their native conformation. Once the proteoliposomes are made ready, experiments can 

be designed to study the interactions of cargo loaded receptors PEX5 and PEX7 in the presence 

of LdPEX14. Trial and error methods like addition of one protein at a time or one after the other 

or a mixture of proteins to the proteoliposome in different combinations can be used to determine 

critical components needed to form the translocation pore to translocate the protein cargo into the 

glycosomal lumen.  

Electrophysiological experiments by isolating and reconstituting the glycosomal 

membrane proteins in lipid mono/bilayers can be used to investigate the channel forming activity 

of these membrane proteins. The challenge here would be separating large complexes of 

membrane proteins into individual components. Recently, we published a manuscript detailing 

an excellent procedure to isolate the glycosome with high purity form L. donovani [172]. Future 

attempts could be made to isolate glycosomes and reconstitute the membrane proteins in lipids 

for electrophysiological studies.  
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We have demonstrated that the hydrophobic region of L. donovani PEX14 has the 

potential to insert and form pores in the glycosomal membrane mimicking liposomes. It would 

be interesting to extrapolate these studies to higher eukaryotes and test them to see if the 

hydrophobic domain of human or yeast PEX14 has the same potential to form pores in the lipid 

membranes. These future studies could pave a path to solve the mystery behind the protein 

transport across peroxisomes. 

In our study, we have also demonstrated that in L. donovani the expression of Cas9 could 

be regulated by fusing a ddFKBP domain to its N-terminus. Similar strategies could be employed 

to engineer an ddFKBP-Cas9 construct, that can be used for regulating the expression of Cas9 in 

related kinetoplastid parasites such as T. brucei or T. cruzi.  
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