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ABSTRACT 

Cytochrome P450 monooxygenase CYP51 (sterol 14α-demethylase) is a well-known 

target of the azole drug fluconazole for treating cryptococcosis, a life-threatening fungal 

infection in immune-compromised patients in poor countries. Studies indicate that 

mutations in CYP51 confer fluconazole resistance on cryptococcal species. Despite the 

importance of CYP51 in these species, genome data mining, annotation and 

phylogenetic analysis of CYPs has not been reported. Furthermore, few studies on the 

structural analysis of CYP51 and its interactions with different azole drugs have been 

reported. This study is aimed to address these two research gaps.  

Comprehensive genome-wide CYP analysis revealed the presence of 203 CYPs 

(excluding 16 pseudo-CYPs) in 23 species of Tremellomycetes that can be grouped into 

38 CYP families and 72 CYP subfamilies. Twenty-three CYP families are new and three 

CYP families (CYP5139, CYP51 and CYP61) were conserved across 23 species of 

Tremellomycetes. Pathogenic cryptococcal species have 50% fewer CYP genes than 

non-pathogenic species. After successful identification of CYPs, in silico structural 

analysis of 12 CYP51s from cryptococcal species and other Tremellomycetes were 

carried out. Interactions of 12 CYP51s with nine ligands (three substrates and six azoles) 

performed by Rosetta docking using 10 000 combinations for each of the CYP51-ligand 

complex (12 CYP51s x 9 ligands =108 complexes) and hierarchical agglomerative 

clustering were used for selecting the complexes. A web application for visualization of 

CYP51s’ interactions with ligands was developed (http://bioshell.pl/azoledocking/). 

The study results indicated that Tremellomycetes CYP51s have a high preference for 

itraconazole, corroborating the in vitro effectiveness of itraconazole compared to 

fluconazole. Amino acids interacting with different ligands were found to be conserved 

across CYP51s, indicating that the procedure employed in this study is accurate and can 

be automated for studying P450-ligand interactions to cater for the growing number of 

P450s. The results of this study will serve as reference for future annotation and 

characterization of CYPs in species of Tremellomycetes. 
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CHAPTER 1 

Introduction 

1.1 Introduction 

Cryptococcus is the most common cause of meningitis in adults living with human 

immunodeficiency virus (HIV) in sub-Saharan Africa (Rajasingham et al., 2017, Williamson 

et al., 2017). Central nervous system (CNS) cryptococcosis occurs in an estimated 1 million 

people in the world each year, most of whom are HIV positive and reside in sub-Saharan Africa 

(Rajasingham et al., 2017, Williamson et al., 2017). An estimated 600 000 deaths due to 

cryptococcosis occur among these patients annually, an estimate that ranks fourth among 

causes of death attributable to infection in sub-Saharan Africa (Rajasingham et al., 2017, 

Williamson et al., 2017). There are over 30 different Cryptococcus species (spp.), with C. 

neoformans and C. gattii being the two primary human pathogens responsible for the fungal 

disease (Kwon-Chung et al., 2014). Cryptococcal species have been found to develop 

resistance to the currently available azole drug fluconazole used in the treatment of these fungal 

infections (Hsueh et al., 2005, Sar et al., 2004, Pan et al., 2012, Wang et al., 2012, Chen et al., 

2015, Smith et al., 2015). Azole compounds exert their anti-fungal activity by inhibiting one 

of the key enzyme cytochrome P450 monooxygenases (CYP/P450), CYP51, involved in the 

synthesis of fungal membrane ergosterol (Daum et al., 1998, Kelly et al., 1999). CYP51, also 

known as sterol 14α-demethylase, is a highly conserved CYP across the phyla and performs a 

key enzymatic reaction that involves stereo-selective three-step oxidative removal of the 14α-

methyl group from the sterol (Lepesheva et al., 2018). Because of this important enzymatic 

reaction this enzyme has become a drug target against fungal pathogens and protozoan parasites 

where azole compounds are in use as a drug in clinical practice targeting this enzyme (Zhang 

et al., 2019, Lepesheva et al., 2018, Choi et al., 2014).  

1.2 Problem statement 

Non-susceptibility of cryptococcal species to fluconazole has been observed around the world 

and this has become a growing problem (Chen et al., 2015, Wang et al., 2012, Hsueh et al., 

2005, Sar et al., 2004, Pan et al., 2012, Smith et al., 2015). The resistance is attributed to 

CYP51 (Lamb et al., 1995, Rodero et al., 2003, Sionov et al., 2012, Kano et al., 2017, Zhang 

et al., 2019). Despite the importance of CYP51, to date, the CYP repertoire in cryptococcal 

species or in other species of Tremellomycetes has not been elucidated and CYP51 structure-

activity studies with respect to different ligands (substrates or azole drugs) are scarcely 
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reported. Interestingly, quite a number of laboratory-based studies reported better performance 

of other azoles, especially itraconazole, against cryptococcal species compared to fluconazole 

(Armengou, 1996, Barchiesi et al., 2000, Trilles et al., 2004, Illnait-Zaragozi et al., 2008, 

Thompson et al., 2009, Hagen et al., 2010, Pan et al., 2012, Hoekstra et al., 2014, Warrilow et 

al., 2014, Lockhart et al., 2016a, Nielsen et al., 2017a).  

This study is aimed at addressing this research gap by performing genome-wide data 

mining, annotation and phylogenetic analysis of P450s in cryptococcal species and other 

Tremellomycetes and carrying out extensive in silico structural analysis of CYP51, including 

construction of 3D models and identifying and mapping of amino acids interacting with 

substrates and azoles. The study is also aimed at proposing a hypothesis on the higher 

effectiveness of itraconazole over fluconazole against cryptococcal species.   

1.3 Novelty  

 This study is a first of its kind on genome data mining, annotation and phylogenetic 

analysis of CYPs in cryptococcal species.  

 In addition, this study is a first of its kind on comparative modelling and analysis of 12 

CYP51s’ interactions with substrates and azole drugs in cryptococcal species. 

 An advanced aspect of the study is that a web application for the visualisation of 

CYP51s’ interactions with ligands was developed (http://bioshell.pl/azoledocking/). 

1.4 Aim and objectives of the study  

1.4.1 Aim of the study 

Comparative analyses and gaining structural insights into the cytochrome P450 family CYP51 

in the genus Cryptococcus. 

1.4.2. Objectives of the study  

 To carry out genome data mining, annotation and phylogenetic analysis of CYPs in 

cryptococcal species.  

 To perform comparative analysis of CYPs between cryptococcal species and other 

Tremellomycetes. 

 To make CYPs functional predictions.  

 To perform in silico structural analysis of CYP51s from cryptococcal species.  

 To assess the interaction of CYP51s with substrates and different azole drugs.  

http://bioshell.pl/azoledocking/
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 To identify amino acids interacting with binding affinity with CYP51 P450s of 

cryptococcal species.  

 To propose a CYP51-based hypothesis on the effectiveness of itraconazole over 

fluconazole in cryptococcal species.  

 

1.5. Thesis overview 

This thesis is divided into five chapters. Chapter 1 provides a brief overview of the work, 

problem statement, aims and objective and the novelty of the study. Chapter 2 consist of a 

literature review. A literature review is also provided as part of Chapters 3 and 4. Care has been 

taken not to repeat information. Chapter 3 details genome data mining, annotation and 

phylogenetic analysis of P450s in cryptococcal species and their comparison with other 

Tremellomycetes. Chapter 4 details the comparative structural analysis of CYP51s of 

cryptococcal species and their interactions with different azole drugs. A concise conclusion 

was presented as part of Chapters 3 and 4, but overall conclusions and future perspectives were 

presented as part of Chapter 5. The highlight of the study is that two research articles were 

generated and a web-based application to visualise CYP51s interactions were developed.  
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CHAPTER 2 

Literature review 

2.1. Cryptococcosis - history 

Cryptococcosis is a globally distributed invasive fungal infection that is caused by cryptococcal 

species that pose a challenge therapeutically (May et al., 2016, Rajasingham et al., 2017, 

Williamson et al., 2017). Recent studies have revealed that cryptococcosis is not transferred 

through human-human transmission; however, various mechanisms that facilitate cryptococci 

infection disseminate the pathogen, which eventually leads to the death of the human host in 

which it has been established (May et al., 2016). This fungus was isolated in 1894 from a bone 

infection in a young woman by pathologist Otto Busse and physician Abraham Buschke as a 

Saccharomyces-like organism (Busse, 1894). In the same year, a similar organism was isolated 

from fermenting peach juice and named Saccharomyces neoformans by Francesco Sanfelice 

(Busse, 1894), Subsequently, in 1901, Jean-Paul Vuillemin renamed the organism 

Cryptococcus neoformans because it did not produce ascospores (Barnett, 2010). 

Cryptococcosis was first reported in man as a result of direct contact with contaminated 

droppings of pigeon (Littman, 1959). Detailed historical events on this fungus have been 

documented in the form of  a review article (Srikanta et al., 2014).  

Cryptococcosis became recognised as a major health threat with the onset of the 

acquired immunodeficiency syndrome (AIDS) pandemic in the 1980s, when this fungal 

infection became a common AIDS-defining illness in patients with greatly reduced T cell 

function (May et al., 2016). Although cryptococcosis is predominantly a disease of 

immunocompromised patients, a recent outbreak of cryptococcosis in otherwise healthy 

individuals in North America and Canada (now known as the Pacific Northwest outbreak) has 

focused attention on the capacity of some lineages of the fungus to act as primary pathogens 

(Rajasingham et al., 2017).  

2.2. Cryptococcal species   

Cryptococcal species are normally found in places where there are soil and trees and 

consequently the urine and faeces of avian species. Since its identification, cryptococcosis has 

been attributed to a single fungal species, C. neoformans. However, improved molecular 

methods led to another variety of the pathogen, C. gattii, being classified as a distinct species.  

Other pathogens include Cryptococcus albidus, Cryptococcus laurentii, Cryptococcus luteolus, 
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Cryptococcus uniguttulatus, Cryptococcus curvatus (former Candida curvata), and 

Cryptococcus humicola (former Candida humicola and Cryptococcus humicolus), while others 

are non-pathogens (Khawcharoenporn et al., 2007).  

Among the cryptococcal species, C. neoformans is the most prominent medically 

important cryptococcal species (Kwon-Chung et al., 2014). It is a yeast-like fungus, which 

causes life-threatening infections in patients living with AIDS (Kwon-Chung et al., 2014).  

Among other infections, it causes fungal meningoencephalitis, which claims 600 000 lives 

every year globally, with most cases observed in Africa (Rajasingham et al., 2017; Williamson 

et al., 2017). 

C. gattii, the most common fungal pathogen, causes infection of the CNS (D'Souza et 

al., 2011; Kwon-Chung et al., 2014) and is similar to C. neoformans in that it has the same 

virulence determinants, such as the polysaccharide capsule, the ability to grow at 37°C, laccase 

activity, phospholipase B, urease, superoxide dismutase and trehalose. C. gattii also has some 

gene products, including the capsule and phospholipase B (Chen et al., 2014). It was 

furthermore described that C. gattii has an exception in the laccase gene (LAC1), created in 

the virulent VGIIa strain (R265) from the Vancouver Island outbreak in the mouse inhalation 

model. It has been reported that this pathogen affects immunocompetent patients, leading to 

major neurological morbidity, and has the potential to cause fatal infections such as 

meningoencephalitis and pneumonia (Trilles et al., 2012). C. neoformans and C. gattii have 

been identified as the major pathogens in the genus Cryptococcus (Kwon-Chung et al., 2014).  

      The originally identified tropical pathogen, C. gattii, is mostly common in Asia, Australia, 

Africa and South America. The rise in global movement of C. gattii has caused a shift in the 

habitat of this species from one place to another, thus causing it to become endemic in other 

parts of continents (Datta et al., 2009). Litvintseva and co-workers (Litvintseva et al., 2005) 

reported C. gattii as the cause of more than 13% of cryptococcal disease in HIV-positive 

humans in the sub-Saharan region; more than half of these patients die as a result of this disease. 

C. grubii is an opportunistic pathogen that attacks patients with a compromised immune 

system, caused by human immunodeficiency virus (HIV) infection, corticosteroid therapy, 

haematological malignancies and solid-organ transplantation (Vechi et al., 2019). Other 

cryptococcal species are identified as non-pathogenic. Nonetheless, C. albidus, C. laurentii, C. 

luteolus, C. uniguttulatus, C. curvatus, and C. humicola are characterised as opportunistic 

pathogens (Bernal-Martinez et al., 2010). 
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C. albidus is the second most common pathogen in the genus Cryptococcus. Its main 

route of entry is via inhalation. It has been isolated from the eye and cutaneous C. laurentii 

infections because it disseminated disease with invasion of the CNS, fungemias in neonates 

and cancer patients, oropharyngeal infections in leukaemia patients, pneumonia and pleural 

effusion in patients living with AID, as well as lesions from disseminated infections in patients 

with lymphoma or leukaemia (Bernal-Martinez et al., 2010). 

C. curvatus has the ability to cause myeloradiculitis in AIDS patients (Bernal-Martinez 

et al., 2010). C. humicolus is closely related to C. curvatus and Trichosporon sp. It is capable 

of causing infections of the CNS in HIV patients, and has been involved in systemic infections 

in patients suffering from cancer and other predisposing diseases (Bernal-Martinez et al., 

2010). 

2.3. Taxonomic hierarchy and classification of Cryptococcus 

Cryptococcal species’ taxonomic hierarchy based on The Integrated Taxonomic Information 

System (ITIS) (https://www.itis.gov/) is shown in Table 2.1. 

Table  2.1. Taxonomic hierarchy of cryptococcal species.    

Kingdom Fungi 

Sub-kingdom Dikarya 

Division Basidiomycota 

Subdivision Agaricomycotina 

Class Tremellomycetes 

Order Tremellales 

Family Tremellaceae 

Genus Cryptococcus 

 

 C. neoformans exists in two varieties consisting of five serotypes, C. neoformans var. 

neoformans (serotypes A, D and AD) and C. neoformans var. gattii (serotypes B and C) 

(Bennett et al., 1977, Dromer et al., 1993). Nine molecular types of Cryptococcus species were 

reported, with five under C. neoformans (VNI, VNII, VNB, VNIII, and VNIV) and four under 

C. gatti (VGI, VGII, VGIII, and VGIV) (Cogliati, 2013, Engelthaler and Meyer, 2017). A 

recent study suggested that C. gatti molecular types dominate in different parts of the world 

(Figure 2.1).    

https://www.itis.gov/
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Figure 2.1. Schematic diagram representing Cryptococcus gatti molecular types’ dominance 

in different parts of the world (Engelthaler and Meyer, 2017). 

2.4. Cryptococcus habitat 

C. neoformans is globally distributed and can be found in droppings of birds, especially pigeon 

droppings in cosmopolitan settings (Litvintseva and Mitchell, 2012). On the other hand, C. 

gattii is geographically distributed and can be found in tropical and sub-tropical regions where 

eucalyptus tree species are found (Figure 2.2.). Sorrell and co-worker (Sorrell et al., 1996) 

reported that C. neoformans var. gattii was found consistently in eucalyptus trees. This species 

was also reported to be isolated from eucalyptus trees in India (Chakrabarti et al., 1996). The 

exportation of eucalyptus seeds from Australia to other countries, especially in the sub-tropics, 

has also been reported to contribute to the dispersal of these organisms.  
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     The pattern of distribution of eucalyptus and the infection that is caused owing to the 

association of this tree species with pigeons and other birds that are reservoirs for cryptococcal 

species (Figure 2.2) has been observed (Kielstein et al., 2000). The recent presence of this 

species in the Pacific Northwest region of North America, a temperate rainforest region, is 

giving new insight into the shift in habitat of C. gattii, indicating that this species is not only 

found in the tropics, but also in temperate regions (Figure 2.1). C. gattii has also been reported 

to survive in lesions of succulent plants that can harbour these organisms, which suggests that 

the invasive insects that cause the lesions may be the mode of transmission for C. gattii 

(Loperena-Alvarez et al., 2010). C. neoformans and C. gattii can survive and replicate in free-

living amoebae and soil nematodes, and it is possible that these alternative hosts may play an 

important role in determining the distribution and virulence of different cryptococcal lineages 

around the world (Figure 2.2). 

 

 

Figure 2.2. Habitat and transmission of Cryptococci (May et al., 2016). 

 

2.5. Morphology of Cryptococcus cells 

Cryptococci originate from yeast cells and maintain this form. Studies have confirmed that they 

are round in shape with a diameter of 5–7 μM. Their cell shapes, characteristics and structure 

tend to differ from one host to another, even within a clonal infection. The survival and 
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pathogenesis of cryptococcal cells in individual hosts are also influenced by the age of the 

cryptococcal cells (Bouklas et al., 2013). The founder cell, which is the older cell, is associated 

with the initial infection in a host; these are resistant to anti-fungal drugs and have the capability 

to resist phagocytosis. Accumulation of founder cells in the brain and an increase in resistance 

to phagocyte killing are influenced by changes in the cell wall of cryptococcal cells (Bouklas 

et al., 2013).  

Although a small cryptococcal cell has also been reported, the thickened cell wall 

present in such small cryptococcal cells enables the cell to adapt to growth in macrophages 

(Alanio et al., 2015, Feldmesser et al., 2000). This cell can also grow as either pseudo-hyphae 

or hyphae; however, these morphologies are not present in human infection, unlike other 

pathogenic fungi. Titan cells have been described as the best typical characterised form of 

Cryptococcus cells. Amazingly, these titan cells are larger than 12 μM in diameter (excluding 

the capsule), while polyploidy has been described to have a thickened cell wall and highly 

cross-linked capsules (Okagaki et al., 2010, Zaragoza et al., 2009).  A master regulator Znf2 

(transcription factor) when over-expressed was reported to trigger the transition of yeast to 

hyphal growth, which explained the reason for the filamentous morphologies noticeable in 

mammalian infections. 

Vomocytosis is another strategy by which cryptococci escape from phagocyte. They do 

this by inducing the fusion of the phagosomal membrane with the plasma membrane, causing 

the elimination of the fungi from phagocyte. After the dissemination of the cryptococci cell 

into the lung, it encounters a phagocyte-like alveolar macrophage (dendritic cell). However, 

the cryptococci cells escape being killed by these cells because of their exposure to 

environmental amoebae and other virulence factors such as melanisation, capsule synthesis and 

urease secretion, which help in protecting these cells from the harsh environment within 

phagocytic cells. They do thus do by neutralizing the pH and reactive oxygen species (Ma et 

al., 2009). Cryptococci have adapted these strategies in facilitating their growth and persistence 

and regulating the expulsion of the fungi within amoebae, which assist their survival in 

phagocytes. One interesting way by which a cryptococci cell effects its adaptive immune 

system is the ability to lie dormant without perturbing the host, thereby preventing total fungus 

clearance during treatment and causing latent infection. 
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2.6 Mode of transfer and onset of infection  

Infection may be spread to humans through contact with pigeon droppings or unwashed raw 

fruit (Figure 2.2.). The disease is transmitted by inhalation of a particle that has been infected 

either from desiccated yeast or spores causing a systemic infection; this could eventually lead 

to primary pulmonary infection (Figure 2.2) (May et al., 2016). The extent of the fungal 

infection depends on the immune system of the hostl; for immunocompetent hosts the fungal 

cells either cause an asymptomatic latent infection or the fungal cell cleared by the immune 

system, while in immunosuppressed patients they can cause pneumonia; further dissemination 

to other tissues, especially the CNS, can cause serious infection of the brain tissues and 

meninges (Gaona-Flores, 2013) (Figure 2.3).  Undiagnosed HIV patients are usually identified 

when they show symptoms of cryptococcal meningoencephalitis (Perfect et al., 2010a). The 

nature of the virulence ability of C. neoformans has made it a suitable model fungal pathogen, 

which was used in studying iron transport and homeostasis; the deprivation of iron in C. 

neoformans affects not only the synthesis of melanin, but also the formation of the 

polysaccharide capsule (Choi et al., 2012). 

In order for cryptococcal cells to establish an infection in a host, it passes through the 

lungs; it is then recognised by patrolling phagocytes (Figure 2.3). However, the cryptococcal 

cells can make use of the anti-phagocytic properties of the fungal capsule in growing to larger 

titan cells, which can facilitate its survival and persistence in phagocytes (Figure 2.3). The 

compromised immune system in a host can necessitate the intracellular proliferation of 

cryptococcal cells (May et al, 2017). 
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Figure 2.3. Schematic diagram representing infection establishment of cryptococcal cells in 

an immunocompromised patient (May et al., 2016). 

2.7. Epidemiology 

Epidemiology statistics have shown that approximately 600 000 people die as a result of this 

disease every year, 15% of HIV-related deaths globally and an estimated up to 223 100 cases 

of cryptococcosis results in 181 000 deaths each year among people living with HIV (May et 
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al., 2016, Rajasingham et al., 2017). The number of cryptococcosis cases reported worldwide 

in the 1950s was only around 300; at the time, the disease was noted to be associated with 

reticuloendothelial cancers. However, this number has increased drastically in recent years with 

the rise in HIV/AIDS cases and other immune-compromised states. New cases of cryptococcal 

meningitis was reported in 2006. These were C. neoformans infections, which occurred in sub- 

Saharan Africa and other developing countries where treatment is limited by infrastructure and 

cost; poverty and malnutrition remain great challenges (Loyse et al., 2013, WHO, 2018). 

Various factors have contributed to the rise in the occurrence of cryptococcosis, which include 

transplant immunology, solid organ transplantations, surgical techniques used during 

transplantations and biological immunotherapeutics (Snydman et al., 2008). Figure 2.4 shows 

the prevalence of cryptococcosis around the world.  

      

 

Figure 2.4. Prevalence of cryptococcosis in the world (May et al., 2016). 
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2.8. Cryptococcosis and future therapies for cryptococcosis 

One of the challenges faced by medical mycology is finding an effective drug that can be used 

in the treatment of cryptococcal infections. Pharmacology management of cryptococcal 

infections usually consists of primary therapy with amphotericin B, with or without flucytosine 

(WHO, 2018).  Below, Table 2.2 shows the current recommended treatment for cryptococcosis 

(WHO, 2018). Amphotericin B when administered intravenously combined with flucytosine 

clears the cerebrospinal fluid through its fungicidal activity. However, it  has been established 

clinically that amphotericin B is toxic. This procedure requires medical infrastructure, which 

is not accessible in regions with high HIV prevalence because of limited resources (Loyse et 

al., 2013, WHO, 2018). Flucytosine is also expensive and not accessible to most patients in 

regions with limited resources. Fluconazole, a fungistatic, is readily available and used in the 

treatment of many patients where amphotericin B and flucytosine are not accessible. 

Fluconazole, which can be taken orally, is confirmed to be cheap, safe, and readily available.  

However, this drug has lower efficacy than amphotericin B, does not clear the cerebrospinal 

fluid and has been reported to be associated with high mortality (Bicanic et al., 2009).  

Table 2.2. WHO 2018 guidelines for management of cryptococcal disease in HIV-infected 

adults (WHO, 2018).  

 Two-week induction therapy Consolidation 

therapy 

Week 3–10  

Maintenance (or 

secondary 

prophylaxis) 

After week 10 

 1st week 2nd week   

Preferred 

regimen 

Amphotericin B 

deoxycholate 

(1.0 mg/kg/ 

day) + 

flucytosine 

(100 mg/kg/day, 

QDS) 

Fluconazole 

(1200 mg daily) 

Fluconazole 

(800 mg 

daily) 

Fluconazole 

(200 mg daily) 

Until patient is 

adherent to 

ART 

and antifungal 

maintenance 

treatment for at 

least 1 year 

and has either 
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a CD4 count 

≥100 cells/ml 

and a fully 

suppressed VL 

or a CD4 count 

≥200 cells/ml 

Alternative 

regimens: 

depending on 

drug 

availability 

Fluconazole (1200 mg daily) + flucytosine (100 mg/kg/day, QDS) 

 Amphotericin B deoxycholate (1.0 mg/kg/day) + fluconazole (1200 mg 

daily) 

In all cases Monitoring and management of raised ICP are recommended 

Routine use of adjunctive corticosteroid therapy is not recommended 

Initiation of 

ART 

ART initiation should be deferred by 4–6 weeks from the initiation of 

antifungal treatment 

Abbreviations: ART, antiretroviral therapy; ICP, intracranial pressure; QDS, divided into 

four doses per day; VL, viral load. 

 

Recently, Reis and co-workers also confirmed an alternative plant product, fisetin (3’3/ 

4’7 tetrahydroxyflavone), which is commonly found in the resin of Hymenaea courbaril (Touil 

et al., 2011). The plant has been confirmed to possess antimicrobial activities and anti-

inflammatory properties; it also has low toxicity compared to other antifungal drugs used in 

the treatment of cryptococcus. Fisetin has been shown to reduce the metabolic activity of the 

active cells in C. gattii during biosynthesis of ergosterol (Reis et al., 2016). There is a need for 

more clinical trials of fisetin to evaluate its efficacy compared with other available antifungal 

drugs. VT-1129 was recently discovered as a new orally available drug; it acts by using 

tetrazole to bind to the active-site heme iron (Hoekstra et al., 2014). VT- 1129 was also reported 

to be highly potent against these fungi and has shown low drug-drug interaction with human 

enzymes, which makes it a suitable future antifungal drug (Lockhart et al., 2016a, Lockhart et 

al., 2016b, Warrilow et al., 2016, Nielsen et al., 2017a, Nielsen et al., 2017b). Figure 2.5 shows 
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key current and potential therapeutic targets and examples of anti-fungal drugs acting at each 

site.  

 

Figure 2.5. Current and future therapies for cryptococcosis (May et al., 2016).  

 

2.9. Cytochrome P450 monooxygenase CYP51 

Azole compounds (fluconazole and VT-1129) exert their anti-fungal activity by inhibiting a 

key enzyme cytochrome P450 monooxygenase (CYP/P450), CYP51, involved in the synthesis 

of fungal membrane ergosterol (Figure 2.6) (Daum et al., 1998, Kelly et al., 1999).  CYP51, 

also known as sterol 14α-demethylase, is highly conserved across the phyla and performs a key 

enzymatic reaction that involves stereo-selective three-step oxidative removal of the 14α-

methyl group from the sterol (Figure 2.6) (Lepesheva et al., 2018). Because of this important 

enzymatic reaction this enzyme has become a drug target against fungal pathogens and 

protozoan parasites where azole compounds are in use as a drug in clinical practice targeting 

this enzyme  (Zhang et al., 2019, Lepesheva et al., 2018, Choi et al., 2014). 
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Figure 2.6. CYP51’s role in synthesis of membrane sterols across the phyla (Lepesheva et al., 

2018). 
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CHAPTER 3 

Distribution and diversity of cytochrome P450 monooxygenases in the genus 

Cryptococcus and their comparative analysis with other Tremellomycetes 

(This chapter’s work has been published in International Journal of Molecular Sciences : Int. 

J. Mol. Sci. 2019, 20(12), 2889; https://doi.org/10.3390/ijms20122889) 

3.1 Introduction 

Cryptococcosis is a fungal infectious disease ubiquitously distributed around the world 

(May et al., 2016). Two fungal species, Cryptococcus neoformans and C. gattii, are the main 

infectious agents causing cryptococcal meningitis in both immunocompetent and 

immunocompromised humans (Loftus et al., 2005, D'Souza et al., 2011, Farrer et al., 2015, 

May et al., 2016). This disease is the major cause of morbidity and mortality among people 

living with advanced HIV and annually accounts for 15% of all HIV-related deaths globally 

(Rajasingham et al., 2017, WHO, 2019). The burden of HIV-associated cryptococcal disease 

in Sub-Saharan Africa is alarming, as 73% of deaths in the world are reported in this region 

(Rajasingham et al., 2017, WHO, 2019). Apart from these opportunistic pathogens, the genus 

Cryptococcus contains species with biotechnological potential (Table 3.1). Among the 

cryptococcal species, C. amylolentus is closely related to the pathogenic C. neoformans and is 

extensively used for comparative studies to identify the pathogenic traits in C. neoformans 

(Passer et al., 2019). 

The genus Cryptococcus belongs to Tremellomycetes, a fungal class in the subphylum 

Agaricomycotina, which contains organisms adapted to different niches and/or having different 

lifestyles (Table 3.1). Some of the organisms in this class are now regarded as emerging 

opportunistic human pathogens and some species are adapted to extreme ecological niches, 

such as cold regions (Table 3.1). Despite being fungi, Naematella encephala and Tremella 

mesenterica Fries exhibit fungal parasitism. The diverse lifestyles or characteristics of some 

species of Tremellomycetes are summarized in Table 3.1. 
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Table 3.1. Some species of Tremellomycetes and their well-known characteristics. 

Species Name Information References 

Cryptococcus 

neoformans  

C. neoformans causes meningitis in 

immunocompromised and apparently in 

immunocompetent humans. This organism is 

considered a major opportunistic pathogen and a 

leading cause of mortality in patients infected with 

HIV. 

(Loftus et al., 

2005) 

Cryptococcus 

gattii  

C. gattii causes respiratory (pneumonia) and 

neurological (meningoencephalitis) diseases in 

humans and animals and it can infect 

immunocompetent hosts.   

(D'Souza et al., 

2011, Farrer et 

al., 2015) 

Cryptococcus 

terricola JCM 

24523  

C. terricola is oleaginous yeast and has been 

suggested as a candidate for the consolidated 

bioprocessing of hydrocarbon chemicals. It has the 

ability to accumulate unsaturated 18 carbon chain 

length fatty acids, with additional minor 

contributions of saturated 18 carbon and 16 carbon 

fatty acids. 

(Kuo et al., 

2013, Tanimura 

et al., 2014, 

Close et al., 

2016) 

Cryptococcus 

curvatus  

C. curvatus is oleaginous yeast capable of 

accumulating 18 carbon chain length fatty acids 

while growing on low or negative cost feed-stock. 

Thus, it is a potential candidate for the use in 

industrial fermentation processes. In a rare case 

C. curvatus was found to be involved in peritonitis 

associated with gastric lymphoma.    

(Nowicka et al., 

2007, Kuo et al., 

2013, Close and 

Ojumu, 2016) 

Naganishia 

vishniacii 

(formerly known 

as Cryptococcus 

vishniacii) 

N. vishniacii is psychrophilic yeast adapted to live 

in extreme conditions, such as low-temperature 

oligotrophic deserts. It also has the ability to grow 

in a low-nutrient environment, without added 

vitamins. 

(Vishniac and 

Hempfling, 

1979, Kuo et al., 

2013, Schmidt et 

al., 2017) 
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Cryptococcus 

wieringae 

This is associated with pectin hydrolysis during the 

dew-wetting process of flax and found at the 

beginning of grape wine fermentation.   

(Kuo et al., 

2013, Milanović 

et al., 2013) 

Cryptococcus 

amylolentus CBS 

6273 

C. amylolentus is the most closely known related 

species of the pathogenic Cryptococcus species 

complex, and is non-pathogenic. 

(Mondo et al., 

2017, Passer et 

al., 2019) 

Kockovaella 

imperatae NRRL 

Y-17943  

K. imperatae is a non-pathogenic fungus used in the 

analysis of widespread adenine N6-methylation of 

active genes in fungal species.  

(Mondo et al., 

2017) 

Naematella 

encephela 

UCDFST  

It is a parasite of another fungus, Stereum 

sanguinolentum. This fungus’ genome sequencing 

was carried out for the analysis of widespread 

adenine N6-methylation of active genes in fungal 

species. 

(Mondo et al., 

2017) 

Trichosporon 

asahii  

Some species belonging to the genus Trichosporon 

are considered emerging opportunistic human 

pathogens and are the third most commonly 

isolated non-Candida yeasts from humans. They 

live in soil and are adapted to colonize the skin, 

gastrointestinal, respiratory and urinary tracts of 

humans. T. asahii is the most important species 

causing disseminated disease in 

immunocompromised patients, while the inhalation 

of T. asahii spores is the most important cause of 

summer-type hypersensitivity pneumonitis in 

healthy individuals. Some Trichosporon species 

have also emerged as rare but frequently fatal 

pathogens causing disseminated infections 

(trichosporonosis) in immunocompromised 

individuals and intensive care unit patients. 

(Yang et al., 

2003, Yang et 

al., 2012, Davies 

and Thornton, 

2014) 

Trichosporon 

oleaginosus 

IBC0246  

T. oleaginosus is oleaginous yeast with the ability 

to accumulate lipids equivalent to biosynthetic 

kerosene, and thus is a biotechnologically valuable 

(Kuo et al., 

2013, Kourist et 

al., 2015) 
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player for the generation of environmentally 

friendly (carbon-neutral) energy by converting 

agro-industrial waste to fuel (biodiesel). 

Tremella 

mesenterica Fries  

. It is a parasite of crust fungus of the genus 

Peniophora and has a false appearance, as if it were 

growing on wood. Whereas in fact, it grows on the 

crust of fungal mycelium 

(Floudas et al., 

2012) 

 

In countering cryptococcosis, three classes of antifungal agents are available: polyenes 

(such as amphotericin B), azoles (such as fluconazole) and the pyrimidine analogue to 

flucytosine (May et al., 2016). The gold standard induction treatment includes giving 

amphotericin B along with flucytosine (Perfect et al., 2010b). However, this combination 

therapy has substantial side effects and the need for intravenous medications poses a problem, 

as these are not readily available in developing countries, which are most affected by 

cryptococcosis (Hanson et al., 2017). To overcome this problem, a combination of fluconazole 

along with flucytosine has been recommended after initial therapy with amphotericin B and 

flucytosine (Perfect et al., 2010b, May et al., 2016). 

Fluconazole binds to the fungal cytochrome P450 monooxygenase (CYP/P450) enzyme 

14α-demethylase, named CYP51, which converts lanosterol into ergosterol, an essential 

component of the fungal cell membrane (Kelly and Kelly, 2013). C. neoformans also has 

CYP51 and quite a number of studies have indicated that the development of drug resistance to 

fluconazole is due to the mutations in the CYP51 gene and to the elevated levels of CYP51 in 

cryptococcal species (Lamb et al., 1995, Rodero et al., 2003, Revankar et al., 2004, Sionov et 

al., 2012, Ngamskulrungroj et al., 2012). In addition to C. neoformans, drug resistance in other 

species of Tremellomycetes has also been reported owing to mutations in CYP51 (Kushima et 

al., 2012, Kushima et al., 2017). Recent studies have demonstrated that the new anti-

cryptococcosis drug named VT-1129 that is in the pipeline strongly binds and inhibits CYP51 

of C. neoformans and C. gattii (Lockhart et al., 2016a, Warrilow et al., 2016, Nielsen et al., 

2017a). 

Despite the importance of CYPs as drug targets, to date, the CYP repertoire in cryptococcal 

species or in other species of Tremellomycetes has not been elucidated. A few studies reported 

the CYP contingent of C. neoformans and T. mesenterica Fries with the purpose of comparing 

the CYP profiles with wood-degrading fungi (Floudas et al., 2012, Syed et al., 2014, Qhanya 
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et al., 2015). Thus, in this study we present a comparative analysis of CYPs in species of 

Tremellomycetes. 

3.2. Methodology 

3.2.1. Species and databases 

Twenty-three species of Tremellomycetes were used in the study (Table 3.2). Different 

databases, such as NCBI (https://www.ncbi.nlm.nih.gov/), FungiDB (Basenko et al., 2018) and 

Joint Genome Institute MycoCosm portal (Kuo et al., 2013), were browsed for cryptococcal 

species genomes. All the species’ genomes used in the study have been published and are 

available for public use, with the exception of two species, C. wieringae and N. vishniacii, and 

permission to use these two species’ CYPs was obtained from the principal investigators listed 

at the respective species’ databases at the Joint Genome Institute MycoCosm portal (Kuo et 

al., 2013). 

Table 3.2. Species of Tremellomycetes used in the study.  The respective genome databases 

used for analysis of CYPs, along with the reference articles, are listed in the table. 

Abbreviations: NCBI, National Center for Biotechnology Information and JGI, Joint Genome 

Institute. 

 

Species name Database Reference 

Cryptococcus gattii VGII R265 

NCBI 
(D'Souza et al., 2011, Farrer 

et al., 2015) 

Cryptococcus gattii NT-10 

Cryptococcus gattii VGII 99/473 

Cryptococcus gattii E566 

Cryptococcus gattii VGII 2001/935-1 

Cryptococcus gattii VGIV IND107 

Cryptococcus gattii VGII CBS 10090 

Cryptococcus gattii VGII 2001/935-1 

Cryptococcus gattii EJB2 

Cryptococcus gattii WM276 NCBI  (D'Souza et al., 2011) 

Cryptococcus terricola JCM 24523 v1.0 JGI (Close et al., 2016) 

Cryptococcus curvatus ATCC 20509 JGI (Close and Ojumu, 2016) 

Naganishia vishniacii v1.0 (formerly known as 

Cryptococcus vishniacii) 
JGI (Kuo et al., 2013) 
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Cryptococcus wieringae JGI (Kuo et al., 2013) 

Cryptococcus neoformans var. neoformans B-

3501A 
NCBI (Loftus et al., 2005) 

Cryptococcus neoformans var. neoformans 

JEC21 
NCBI (Loftus et al., 2005) 

Cryptococcus amylolentus CBS 6273 JGI 
(Sun et al., 2017, Passer et 

al., 2019) 

Kockovaella imperatae NRRL Y-17943 v1.0 JGI (Mondo et al., 2017) 

Naematella encephela UCDFST 68-887.2 v1.0 JGI (Mondo et al., 2017) 

Trichosporon asahii var. asahii CBS 2479 JGI (Yang et al., 2003) 

Trichosporon asahii var. asahii CBS 8904 JGI (Yang et al., 2012) 

Trichosporon oleaginosus IBC0246 v1.0 JGI (Kourist et al., 2015) 

Tremella mesenterica Fries v1.0 JGI (Floudas et al., 2012) 

Cryptococcus neoformans var. grubii H99 NCBI (Loftus et al., 2005) 

 

3.2.2. CYP mining and annotation 

Genome mining for CYPs and subsequent annotation was carried out following the protocol 

described elsewhere (Kgosiemang et al., 2014, Qhanya et al., 2015, Matowane et al., 2018, 

Ngwenya et al., 2018). Briefly, proteomes cryptococcal species from different genome 

databases, listed in Section 3.1, were downloaded and subjected to an NCBI conserved domain 

search (Marchler-Bauer et al., 2017) to classify the proteins into different subfamilies. The 

proteins grouped under a CYP superfamily were selected and subjected to blast analysis against 

fungal CYPs (Nelson, 2009) to identify homolog CYPs. Based on percentage identity with a 

named homolog CYP, the hit proteins were then assigned to different CYP families and CYP 

subfamilies, following the International P450 Nomenclature Committee rule, that is, >40% 

identity for a family and >55% identity for a subfamily (Nelson, 1998, Nelson, 2006). CYPs 

that had less than 40% identity with named fungal CYPs (Nelson, 2009) were assigned to a 

new family. For each species, CYPs from different databases were compared and duplicate 

CYPs were removed from the final CYP count. 

3.2.3. Phylogenetic analysis of CYPs 

Phylogenetic analysis of CYPs was carried out following the procedure described elsewhere 

(Qhanya et al., 2015, Matowane et al., 2018, Bamal et al., 2018, Senate et al., 2019). Briefly, 
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first, the protein sequences were aligned by MAFFT v6.864 (Katoh et al., 2005), and embedded 

on the T-REX web server (Boc et al., 2012). Then, the alignments were automatically subjected 

to tree inferring and optimization by the T-REX web server. Finally, the best-inferred trees 

were visualized and colored by iTOL (http://itol.embl.de/about.cgi) (Letunic and Bork, 2016). 

3.2.4. Generation of CYP profile heat-maps 

The presence or absence of CYPs in species of Tremellomycetes was shown with heat-maps 

generated using CYP family data following the method described elsewhere (Ngwenya et al., 

2018, Mthethwa et al., 2018). The data were represented as −3 for gene absence (green) and 3 

for gene presence (red). A tab-delimited file was imported into multi-experiment viewer (MeV) 

(Saeed et al., 2003). Hierarchical clustering using a Euclidean distance metric was used to 

cluster the data. Twenty-three species of Tremellomycetes form the horizontal axis and 38 CYP 

families form the vertical axis. 

3.2.5. CYP diversity percentage analysis 

CYP diversity percentage analysis was carried out as described elsewhere (Sello et al., 2015, 

Parvez et al., 2016, Matowane et al., 2018, Senate et al., 2019). Briefly, the CYP diversity 

percentage in species of Tremellomycetes was measured as a percentage contribution of the 

number of CYP families in the total number of CYPs. 

3.2.6. Functional prediction of CYPs 

Literature was searched for characterized CYPs from species of Tremellomycetes, if any. 

Furthermore, functional prediction of CYPs was carried out based on the characterized 

homolog CYPs from different fungal organisms. CYP family level functional prediction was 

presented in the article. 

 

3.3. Results and Discussion 

3.3.1. Pathogenic cryptococcal species have few CYPs in their genomes 

Genome-wide data mining of CYPs in 16 cryptococcal species revealed the presence of 112 

CYPs in their genomes (Figure 3.1). C. curvatus and C. terricola have the highest number of 

CYPs (16 CYPs each), and C. gattii VGIV IND107 has the lowest number of CYPs (Figure 

1). An interesting pattern was observed when comparing the CYP count among cryptococcal 

species. Almost 50% fewer CYPs were found in pathogenic cryptococcal species compared to 

non-pathogenic cryptococcal species (Figure 3.1). This suggests that adaptation to survive in a 
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host (mainly animals) that has a rich source of simple nutrients might have led to the loss of 

CYPs. The same phenomenon was observed in fungal species belonging to the subphylum 

Saccharomycotina, where species lost a considerable number of CYPs owing to their 

adaptation to simpler carbon sources (Kgosiemang et al., 2014). 

 

Figure 3.1. Comparative analysis of CYPs in the species of Tremellomycetes. 

 

The comparison of cryptococcal species’ CYP count with other species belonging to the same 

subphylum Agaricomycotina, especially the well-studied wood-degrading fungi, is not logical, 

since the wood-degrading species have quite a large number of CYPs in their genomes (Floudas 

et al., 2012). As cryptococcal species fall under Tremellomycetes, in this study, a 

comprehensive comparative analysis of CYPs in Tremellomycetes was carried out (Figure 3.1). 

As shown in Figure 3.1, the comparison of CYPs among species of Tremellomycetes indicated 

that pathogenic cryptococcal species have a lower number of CYPs compared to other species 

of Tremellomycetes. Fungal parasites such as T. mesenterica Fries and N. encephela have eight 

and 10 CYPs in their genomes, somewhat lower than non-pathogens. It is interesting to note 

that the species belonging to the genus Trichosporon have the highest number of CYPs in their 

genomes, both pathogenic and non-pathogenic (Figure 3.1). It is well-known that most of the 

species belonging to this genus are considered commensals of the human skin and 
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gastrointestinal tract, and these species are now increasingly causing superficial and invasive 

diseases in immunocompromised individuals and intensive care unit patients (Davies and 

Thornton, 2014, Duarte-Oliveira et al., 2017). This indicates that these organisms have a long 

way to go to adapt better, similar to the cryptococcal species, and thus, in this process they may 

lose CYPs as well. 

3.3.2 New CYP families were found in Tremellomycetes 

A total of 203 CYPs were found in 23 species of Tremellomycetes (Figure 3.2). Sixteen CYPs 

were found to be pseudo/false positives, as they lack one of the CYP characteristic motifs 

and/or short fragments. Thus, these CYPs were not included in the study. The annotation of 

CYPs as per International P450 Nomenclature Committee rules (Nelson, 1998, Nelson, 2006, 

Nelson, 2009) in combination with phylogenetic analysis (Figure 3.2) revealed that 203 

Tremellomycetes CYPs could be grouped into 38 CYP families and 72 CYP subfamilies 

(Figure 3.2). Phylogenetic analysis of CYPs is critical in assigning the CYP family and 

subfamily for the CYPs that have a borderline percentage identity of around 40–41% (for a 

family) and 55–56% (for a subfamily) with the named fungal CYPs. 
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Figure 3.2. Phylogenetic analysis of CYPs from the species of Tremellomycetes. CYP families 

that are highly populated in species of Tremellomycetes are indicated in different colors.  

 

A total of 23 new CYP families, named CYP5215, CYP5216, CYP5393, CYP5394, CYP5698-

CYP5702, CYP5878-CYP5882, and CYP5886-CYP5894A1, were identified in species of 

Tremellomycetes. Kockovaella imperatae NRRL Y-17943 have the highest number of new 

CYP families (six CYP families: CYP5888-CYP5893) followed by Naganishia vishniacii (five 

new CYP families: CYP5698-CYP5702), C. terricola (three new CYP families: CYP5879-

CYP5881), T. mesenterica Fries (two new CYP families: CYP5393 and CYP5394), T. 

oleaginosus IBC0246 (CYP5878 and CYP5882) and two new CYP families (CYP5886 and 

CYP5887) were found in T. asahii var. asahii CBS 2479 and T. asahii var. asahii CBS 8904. 

Three species of Tremellomycetes have only one new CYP family: C. neoformans var. grubii 
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H99 (CYP5215), C. neoformans var. neoformans B-3501A (CYP5216), and N. encephela 

UCDFST 68-887.2 (CYP5894). 

3.3.3. Four CYP families are conserved in pathogenic cryptococcal species 

CYP family-level comparative analysis revealed that among 38 CYP families, the CYP5139 

family was found to be dominant in species of Tremellomycetes with 51 members, following 

the CYP51 and CYP61 families each with 23 members, the CYP5216 family with 14 members, 

the CYP5215 family with 13 members, and the CYP505 family with 12 members (Figure 3.3). 

Analysis of CYP family conservation revealed that three CYP families, namely CYP5139, 

CYP51, and CYP61, are conserved in all 23 species of Tremellomycetes (Figure 3.4). CYP 

family comparison among pathogenic cryptococcal species revealed conservation of two more 

CYP families, CYP5215 and CY5216, in all species except C. gattii VGIV IND107, which 

does not have CYP5215 (Figure 3.4). These two CYP families are also present in fungal 

parasites, T. mesenterica Fries (both families) and N. encephela UCDFST 68-887.2 (only 

CYP5216 family), and non-pathogenic C. amylolentus CBS 6273 (Figure 3.4). The CYP family 

CYP5231 found in N. vishniacii is also present in the fungal species, Melampsora laricis-

populina and Puccinia graminis, belonging to the class Pucciniomycotina, where this family 

is bloomed in both species (Qhanya et al., 2015). The presence of the CYP5126 family only in 

pathogenic or parasitic Tremellomycetes indicates that this CYP family might be playing a role 

in the adaptation of these organisms to their host. The analysis of CYP subfamilies revealed 

that the CYP5139 family has 17 CYP subfamilies, indicating the blooming of members in this 

family. The same was observed for quite a number of CYP families in other fungi (Qhanya et 

al., 2015, Syed et al., 2014). 
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Figure 3.3. The CYP family-level comparative analysis in the species of Tremellomycetes. The 

numbers next to the family bar indicate the total number of CYPs.  
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Figure 3.4. Heat map representing the presence or absence of cytochrome P450 families in 23 

species of Tremellomycetes. The data have been represented as –3 for gene absence (green) 

and 3 for gene presence (red). Twenty-three species of Tremellomycetes form the horizontal 

axis and CYP families form the vertical axis.  
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3.3.4. Pathogenic cryptococcal species have the highest CYP diversity 

CYP diversity analysis revealed that pathogenic cryptococcal species, along with non-

pathogenic C. wieringae and the fungal parasite N. encephela UCDFST 68-887.2, have 100% 

CYP diversity in their genomes (Figure 3.5). Tremellomycetes such as C. curvatus, C. 

amylolentus CBS 6273 and T. asahii var. asahii strains had the lowest CYP diversity 

percentage. This is due to the blooming of CYP5139 members in their genome. The highest 

CYP diversity observed in pathogenic cryptococcal species is perfectly matched with species 

belonging to the fungal subphylum Saccharomycotina (Kgosiemang et al., 2014). One 

commonality can be found between the species belonging to Tremellomycetes and 

Saccharomycotina: It can be assumed that some species of Tremellomycetes lost CYPs, 

compared to their counterparts, which may be due to the adaptation to use simple carbon 

sources present in the host, as observed for species of Saccharomycotina, where the loss of 

CYPs in response to the adaptation to use simpler carbon sources was observed (Kgosiemang 

et al., 2014). 

 

Figure 3.5. CYP diversity percentage analysis in Tremellomycetes. 
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3.3.5. Most of the CYPs from the species of Tremellomycetes are orphans with no known 

function 

Among CYPs from the species of Tremellomycetes, CYP51F1 of C. neoformans has been 

shown to be involved in 14α-demethylation of lanosterol (Revankar et al., 2004) and the 

CYP51F1 gene was cloned from T. asahii ATCC MYA-1296 = OMU239 = TIMM4014 

(Sionov et al., 2012). Apart from CYP51F1, some of the CYPs’ functions can be predicted 

based on characterized homolog CYPs. CYP61 family members are involved in membrane 

ergosterol biosynthesis where they catalyze C-22 sterol desaturase activity (Kelly et al., 1997). 

CYP505 family members are involved in oxidation of fatty acids (Nakayama et al., 1996). 

CYP504 family members are involved in conversion of phenyl acetate to 2-

hydroxyphenylacetate (Mingot et al., 1999). CYP53 family members are involved in 

detoxification of toxic molecules, including benzoate and its derived compounds (Faber et al., 

2001, Matsuzaki and Wariishi, 2005, Durairaj et al., 2015). The primary function of CYP53 is 

the conversion of benzoate to para-hydroxy-benzoate. A study reported that CYP53 could be 

an alternative antifungal drug target in view of its critical role in fungal organisms 

(Jawallapersand et al., 2014). It is interesting to note that this CYP family is only present in 

three species belonging to the genus Trichosporon (Figure 3.4). CYP55 family members are 

involved in the reduction of nitric oxide (NO) to nitrous oxide (N2O) (Nakahara et al., 1993, 

Shoun et al., 2012). It is interesting to note that in addition to CYP53, CYP55 family members 

are also found in two species belonging to the genus Trichosporon (Figure 3.4). Apart from the 

CYP families listed above, the rest of the CYPs found in species of Tremellomycetes are 

orphans. 

3.4 Conclusions  

In this study, genome data mining, annotation and phylogenetic analysis of CYPs were carried 

out in cryptococcal species and compared with other Tremellomycetes. The study revealed the 

conservation of the CYP51 family in all species, indicating its important role in the synthesis 

of membrane ergosterol. For this reason, this CYP is a drug targeted especially by azole 

compounds in these species. CYP51s annotated in this study need to be analyzed for their 

structure and interaction analysis with different substrates and azole drugs.  
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CHAPTER 4 

In silico structural modeling and analysis of interactions of cryptococcal species 

cytochrome P450 monooxygenases CYP51s with substrates and azoles 

(This chapter has been submitted to Nature Publication Group Journal Scientific Reports: 

submission ID b2d39cce-8a1a-47a9-83c3-c907af353db5) 

 

4.1. Introduction 

Among fungal diseases cryptococcosis remains a significant cause of morbidity and mortality 

in immunocompromised people especially in sub-Saharan Africa (Rajasingham et al., 2017). 

Cryptococcal species such as Cryptococcus neoformans and C. gatti are primarily responsible 

for this disease(Kwon-Chung et al., 2014). Across the world, an average of 6% of HIV-infected 

people have contract this disease, of which 73% of cases were reported in sub-Saharan Africa, 

with a death rate of 15% (Rajasingham et al., 2017). Treatment options for cryptococcosis are 

limited to only three drugs (amphotericin B, flucytosine and fluconazole), with few compounds 

reaching clinical trials (Coelho and Casadevall, 2016). The treatment involves use of an azole 

drug, fluconazole, as primary or consolidation and maintenance therapy, followed by induction 

therapy with intravenous amphotericin B with or without flucytosine (WHO, 2018).  In 

developed countries patients are initially subjected to induction therapy and then treatment with 

fluconazole. However, in resource-limited countries such as low- and middle-income 

countries, treatment is solely based on fluconazole (WHO, 2018, Loyse et al., 2013).   

 Non-susceptibility of cryptococcal species to fluconazole has been observed around the 

world and this has become a growing problem(Chen et al., 2015, Wang et al., 2012, Hsueh et 

al., 2005, Sar et al., 2004, Pan et al., 2012, Smith et al., 2015). Interestingly, quite a number of 

laboratory-based studies reported better performance of other azoles (itraconazole, 

voriconazole, posaconazole, and isavuconazole) including the new class of tetrazole 

compound, VT-1129, against cryptococcal species(Trilles et al., 2004, Thompson et al., 2009, 

Pan et al., 2012, Barchiesi et al., 2000, Illnait-Zaragozi et al., 2008, Hagen et al., 2010, 

Armengou, 1996, Hoekstra et al., 2014, Warrilow et al., 2014, Lockhart et al., 2016a, Nielsen 

et al., 2017a). Azole compounds exert their anti-fungal activity by inhibiting the enzyme 

cytochrome P450 monooxygenase (CYP/P450) CYP51 involved in the synthesis of fungal 

membrane ergosterol(Daum et al., 1998, Kelly et al., 1999).  CYP51, also known as sterol 14α-
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demethylase, is highly conserved across the phyla and stimulates a key enzymatic reaction that 

involves stereo-selective three-step oxidative removal of the 14α-methyl group from the 

sterol(Lepesheva et al., 2018). Because of this important enzymatic reaction this enzyme has 

become a drug target against fungal pathogens and protozoan parasites where azole compounds 

are in use as drugs in clinical practice targeting this enzyme(Zhang et al., 2019, Lepesheva et 

al., 2018, Choi et al., 2014). A search using the word “CYP51” at Research Collaboratory for 

Structural Bioinformatics Protein Data Bank (RCSB PDB) (Burley et al., 2019) indicated the 

presence of 106 crystal structures (as of 30 August 2020), clearly indicating the enormous 

importance of this enzyme, especially its exploitation as a drug target (Lepesheva et al., 2018, 

Kelly and Kelly, 2013).  

 Some progress has been made with unraveling the molecular mechanisms responsible 

for fluconazole non-susceptibility based on CYP51 in cryptococcal species(Rodero et al., 2003, 

Sionov et al., 2012, Zhang et al., 2019, Kano et al., 2017, Lamb et al., 1995). Over-expression 

of this gene either by sterol regulatory element-binding protein or by virtue of the presence of 

more than one copy of this gene due to genomic aneuploidy or the mutations in this gene has 

been to be responsible for fluconazole resistance(Rodero et al., 2003, Sionov et al., 2012, 

Zhang et al., 2019, Kano et al., 2017, Lamb et al., 1995). A point mutation in CYP51 at G484S 

resulted in conferring resistance on fluconazole(Rodero et al., 2003). Azole drug resistance 

patterns were changed by a single mutation Y145F that caused high fluconazole/voriconazole 

resistance but increased susceptibility to itraconazole and posaconazole(Sionov et al., 2012). 

G344S mutation caused multi-drug resistance to fluconazole, itraconazole and 

voriconazole(Kano et al., 2017). Detailed information on different mechanisms employed to 

deal with fluconazole resistance of cryptococcal species was recently reviewed (Zhang et al., 

2019).  

The CYP51 gene mutational studies mentioned above are based on sequencing the 

CYP51 gene from the fluconazole non-susceptible strains and comparing its sequence with 

fluconazole-susceptible strains. To date, structure-activity relationship studies on CYP51 from 

cryptococcal species have not been reported, with the exception of one study published in 2009 

reporting the first three-dimensional (3D) model of CYP51 from C. neoformans. Based on the 

in silico results, the authors suggested that G484S substitution changed the orientation of the 

heme-binding domain, leading to decreased catalytic activity and thus azole binding conferring 

the drug resistance (Sheng et al., 2009). Recently, our laboratory performed genome-wide 

analysis and annotation of P450s in the fungal class Tremellomycetes, which included quite a 
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number of cryptococcal species as well (Akapo et al., 2019). The study revealed the presence 

of the CYP51 gene in all species of Tremellomycetes. Considering that structure-activity studies 

are scarcely reported on CYP51 of cryptococcal species and the availability of a large number 

of CYP51 sequences (Akapo et al., 2019), this study is aimed at addressing this research gap 

by performing comparative modeling of CYP51s, which includes assessing their binding 

patterns to substrates and azoles. CYP51s from other Tremellomycetes were include for 

comparative analysis with CYP51s of cryptococcal species.  

4.2. Methods 

4.2.1. CYP51s used in the study 

Twenty-one CYP51s from Tremellomycetes were used in this study. Among 21 CYP51s, 12 

CYP51s from different Tremellomycetes representing diverse lifestyles/adaptation to different 

ecological niches were selected for structural analysis (Table 4.1). A detailed description of the 

well-known characteristics of Tremellomycetes can be found in a recently published article 

(Akapo et al., 2019). All CYP51 sequences from Tremellomycetes were retrieved from a 

recently published article from our laboratory (Akapo et al., 2019) and used in the study.  

Table 4. 1 Information on CYP51s from Tremellomycetes used for structural analysis in this 

study. Amino acid sequences of CYP51s have been retrieved from the published data (Akapo 

et al., 2019) and used in the study. The databases used for collecting CYP51 sequences were 

presented in parenthesis under the P450 ID column. 

Species name Species 

abbreviation 

CYP ID CYP 

abbreviation 

used in the study  

Cryptococcus neoformans var. 

grubii H99 

CngH99 00040 

(NCBI) 

CYP51F CngH99  

Trichosporon asahii var. asahii 

CBS 2479  

TaaCBS2479 1742 (JGI) CYP51F1 

TaaCBS2479  

Tremella mesenterica Fries v1.0 Tmfri 38441 (JGI) CYP51F1 Tmfri 

Trichosporon oleaginosus Tole 271374 (JGI) CYP51F Tole 

Cryptococcus curvatus  Ccur 367271 (JGI) CYP51F Ccur  
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Naganishia vishniacii v1.0  Nvis 345805 (JGI) CYP51F1 Nvis 

Naematella encephela UCDFST 

68-887 

Nen 

UCDFST68-887 

523016 (JGI) CYP51F1 Nen 

UCDFST68-887 

Kockovaella imperatae NRRL Y-

17943 

Kim NRRL Y-

17943 

627561 (JGI) CYP51F1 Kim 

NRRL Y-17943  

Cryptococcus werringae  Cwer 629036 (JGI) CYP51F Cwer 

Cryptococcus terricola  Cter 809380 (JGI) CYP51F Cter  

Cryptococcus neoformans var. 

neoformans B-3501A 

Cneo B-3501A EAL23379 

(NCBI) 

CYP51F1 Cneo 

B-3501A  

Cryptococcus gattii EJB2 Cgat EJB2 KIR77383 

(NCBI) 

CYP51F Cgat 

EJB2  

Abbreviations: NCBI, National Center for Biotechnology Information; JGI, Joint-Genome 

Institute, USA. 

 

4.2.2. Phylogenetic analysis 

Phylogenetic analysis of CYP51s from Tremellomycetes was carried out using the maximum 

likelihood method based on the JTT matrix-based model (Jones et al., 1992) and 500 bootstrap 

replications. Analysis and visualization of the phylogenetic tree were carried out using 

molecular evolutionary genetic analysis (Kumar et al., 2016).  

4.2.3. Homology modelling of CYP51s  

A 3D structural model for each CYP51s (Table 4.1) was constructed by employing a template-

based modeling procedure. The template was selected from a non-redundant subset of the 

Protein Data Bank (Berman, 2008) by searching the database with the HHpred algorithm 

(Zimmermann et al., 2018) available on the website. CYP51 from Saccharomyces cerevisiae 

(PDB code: 4lxj) (Monk et al., 2014) which has the highest E-value, highest percentage identity 

and the highest alignment coverage with all 12 CYP51s of Tremellomycetes was selected as 

the best template for modeling of CYP51s. Query to template alignments were also obtained 

from the HHPred results. Manual editing was introduced when necessary. CYP51s structural 

models were built based on these alignments with Modeller software (version 9.21) (Webb and 
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Sali, 2016). Three-dimensional modeling of CYP51s was performed based on structural 

information from the template 4LXJ where heme co-factor and ligand molecules (lanosterol 

and heme molecule) were explicitly included during the modelling to ensure correct geometry 

of an active site. 

4.3. Preparation of CYP51s models for docking 

Most of calculations related to docking were performed with the Rosetta (Leman et al., 2020) 

software package, dedicated to biomolecular structure prediction, design and docking. The 

software has been collaboratively developed by over 60 laboratories from all over the world 

(Koehler Leman et al., 2020). The clean-pdb.py script (distributed with the software package) 

(Meiler and Baker, 2006) was used to remove all non-protein molecules from the model. 

Optimization of bonds and dihedral angles was also performed (Meiler and Baker, 2006). 

Rosetta’s molfile_to_param.py script was used to prepare input files: PDB and params (internal 

Rosetta format) for each ligand, based on the particular SDF files, downloaded from PubChem  

following the protocol described elsewhere (Lemmon and Meiler, 2012) obtained from Rosetta 

Ligand Docking Tutorial online (Meiler and Baker, 2006). Ligand conformers generated with 

Openbabel (O'Boyle et al., 2011), and BCL (Kothiwale et al., 2015) were used, following the 

protocol used in Rosetta Community developed at the Meiler’s laboratory. A Rosetta program 

named ligand_rpkmin was used to minimize protein side chains present near the heme molecule 

following the protocol used in Rosetta Community developed by our laboratory. The protein 

conformation with the lowest energy was chosen for docking procedures.  

4.3.1 Ligands and their docking procedure 

CYP51 substrates (lanosterol, obtusifoliol and eburicol), azole drugs such as itraconazole, 

clotrimazole, voriconazole, fluconazole and ketoconazole including the novel fungal CYP51 

inhibitor VT-1129, were used in the study for assessing their binding pattern with 12 CYP51s 

of Tremellomycetes (Table 4.1). In silico docking of these nine ligands to each of the CYP51 

3D models was performed. Docking simulations were done with a Pyrosetta script (Chaudhury 

et al., 2010). For this purpose, we adapted a standard script distributed with Rosetta Ligand 

Docking Tutorial (Meiler and Baker, 2006) and Pyrosetta notebook 08.01-Ligand-Docking-

XMLObjects (Le et al., 2020). 

The ligand docking procedure was divided into two stages: low and high resolution. 

During the first, semi-global stage, a ligand was free to sample the protein surface within a 

sphere of 20 Å, which covers nearly the whole protein. A soft variant of Rosetta score function 
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called “ligand_soft_rep” was used at this stage to ease energy barrier crossing. Repulsive LJ 

term and Coulomb interactions were ramped down while hydrogen bonds were promoted. Any 

side chain within 6 Å from a ligand was also allowed to change its conformation. During the 

second, high-resolution stage, HighResDocker mover was used for local refinement of a 

conformation obtained from the previous stage. A final model was subjected to all-atom energy 

minimization and scoring. The procedure was repeated independently 10 000 for each ortholog-

ligand combination and 10 000 resulting poses were subjected to further analysis. 

4.4 Hierarchical agglomerative clustering 

All clustering analyses in this work were performed with the ap_ligand_clustering program of 

the BioShell 3.0 package (Macnar et al., 2020). Here, we briefly summarize the procedure as 

the details of this approach have been reviewed and the software has already been published 

(Gront and Kolinski, 2005). The procedure begins with placing every structure in a separate 

cluster of size 1. Then, at every step the two closest clusters are found and merged into one. 

The newly merged cluster contains all structures from its ancestors and the total number of 

clusters decreases by one. The procedure is repeated until a convergence condition is met. Here, 

we stop clustering when the distance between the two closest clusters exceeds a certain distance 

cutoff, e.g. 5.0 Å. There are a few widely used approaches to compute a distance between two 

clusters. In this work, we assumed the complete link strategy: the distance between two clusters 

i.e. groups of structures, is defined as the smallest distance possible between any structure from 

the first group and a structure from the second group. Clustering with complete link strategy 

results in relatively many small but tight clusters. A single clustering calculation of 10 000 

models takes around 5 minutes on a single CPU core. 

It is also very convenient to be able to select a “representative” element of a cluster. 

Many methods have been devised for this purpose in the literature, e.g. taking an average of all 

the cluster elements. Averaged conformation however may not represent a chemically correct 

structure. Therefore, we defined a “middle” structure (often named ‘medoid’ in the literature) 

as the one for which the sum of distances to all other members of the cluster is the smallest. 

4.5. Analysis of docking poses 

Each CYP51-ligand combination was analyzed independently. We performed hierarchical 

agglomerative clustering as described above. In each case, we recorded the five largest clusters 

having at least 10 structures. Clustering cutoff was chosen to be 5.0 Å after testing values of 1, 

2, 3, 5 and 7 Å, followed by manual inspection of the results. We also used the BioShell toolkit 
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(Gront and Kolinski, 2006) to compute basic statistics on resulting structures, such as the 

closest distance between a ligand and the iron atom, interatomic contacts between a ligand and 

a protein, etc. 

4.5.1 Protocols 

The detailed description of our modeling protocols, comparative modeling, docking and 

analysis are given on the laboratory Protocols’ website: https://labnotes.readthedocs.io. The 

website provides all the necessary files, scripts and commands that would allow other 

researchers to our calculations.  

4.5.2. Data visualization 

In order to analyze the results of the calculations extensively and thoroughly, we built a custom 

visualization tool (http://bioshell.pl/azoledocking/). The application displays plots, statistics 

and 3D structural models in a web browser. The server side is run by a Flask application server, 

also implemented in Python. The client side (i.e. the web browser part) utilizes VisuaLife 

Python library (visualife.readthedocs.io/) to render plots, charts and tables. NGL biomolecular 

viewer (Rose and Hildebrand, 2015) is employed to display structural models.  

4.5.3. Active site cavity and ligand interacting amino acids detection 

Active site cavities in CYP51 models were detected using CavityPlus (Xu et al., 2018). 

Interactions between a ligand and the protein were detected automatically with a BioShell 

package (Macnar et al., 2020). Van der Waals interactions were assigned when any atoms of 

two residues (including hydrogens) were closer to each other than the sum of their VdW radii 

+ 0.5 Å. Hydrogen bonds were assigned when the distance between the donated hydrogen atom 

and its acceptor was shorter than 3 Å and the planar angle formed by the three atoms, pre-

acceptor, acceptor and the hydrogen was wider than 90 deg. Stacking interactions were 

recorded when the distance between the two aromatic ring centers was shorter than 7 Å.  

4.6 Results and discussion  

4.6.1 CYP51s grouped as per Tremellomycetes lifestyle 

Phylogenetic analysis of CYP51s from different Tremellomycetes revealed an interesting 

pattern where CYP51s from species with a similar lifestyle or adaption to similar ecological 

niches grouped together (Figure 4.1). CYP51s from human pathogenic species such as C. 

neoformans and C. gatti grouped together whereas CYP51s from oleaginous yeasts C. curvatus 

and Trichosporon oleaginosus IBC0246 were grouped together with the exception of CYP51 

https://labnotes.readthedocs.io/
http://bioshell.pl/azoledocking/
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from C. terricola (Figure 1).  The CYP51s from the Tremellomycetes that having diverse 

lifestyles standalone on the tree indicating considerable changes in CYP51 amino acids after 

speciation. This phenomenon of grouping P450s from species with similar life style/adaption 

to similar ecological niches was observed in some bacterial (Parvez et al., 2016, Ngcobo et al., 

2020, Syed et al., 2019) and fungal species (Jawallapersand et al., 2014, Syed et al., 2014, 

Qhanya et al., 2015). This indicates that after speciation lifestyle/ecological niches played a 

key role in changing/preserving the amino acid content, as observed for different P450s 

families in bacteria (Parvez et al., 2016, Ngcobo et al., 2020, Syed et al., 2019) and fungi 

(Jawallapersand et al., 2014, Syed et al., 2014, Qhanya et al., 2015). 

  

 

Figure 4.1. Phylogenetic analysis of CYP51s from Tremellomycetes. The analysis involved 22 

CYP51 protein sequences. Phylogenetic analysis was carried out as described in the methods 

section and the percentage of trees in which the associated taxa clustered together is shown 

next to the branches.  
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4.6.2. CYP51s of Tremellomycetes have all the CYP characteristic motifs  

Twelve CYP51s from Tremellomycetes as representative of diverse lifestyle/ecological niches 

were selected for structural analysis (Table 1). Three-dimensional structural models were built 

with template-based modeling using Modeller software version 9.21 (Webb and Sali, 2016).  

The template 4LXJ (CYP51F from S. cerevisiae) (Monk et al., 2014)  was selected as the best 

template for modeling as the sequence identity with CYP51s from Tremellomycetes ranged 

from 41% to 50% at very high alignment coverage above 90% and the sequence similarity was 

always well above 70%  (Table 4.2). Multiple sequence alignment of Tremellomycetes CYP51s 

with the template showed very good alignment, with no major deletions when using the 

template (Appendix A). Three-dimensional modeling of Tremellomycetes CYP51s on such 

good alignment should produce high-quality models as described elsewhere (Baker and Sali, 

2001). Furthermore, a point to be noted is that all these CYPs belong to the same subfamily 

where they share >55% identity criteria to be part of the same subfamily (Nelson, 2009). 

Considering these facts, the 12 CYP51 models generated in the study, as expected, were found 

to have highly similar structures with characteristic CYP helices and beta sheets (Podust et al., 

2001, Gotoh, 1992), with only a few minor differences (Figure 4.2 and Appendix A). An 

amphipathic helix and two transmembrane helices are missing from the N-terminal region of 

CYP51F Cter whereas an amphipathic helix, two transmembrane helices, αA helix and αL 

helix and subsequent C-terminal end, are missing from CYP51F1 Nen UCDFST68-887 

(protein ID: 523016) (Figure 4.2 and Appendix A). Lack of these helices may be due to genome 

editing or gene prediction error where prediction of a complete gene sequence impossible at 

present. Compared to the rest of the 11 CYP51s, the αC helix of CYP51F1 TaaCBS2479 is 

found to be longer with 34 amino acids (Figure 4.2 and Appendix A). Tremellomycetes CYP51s 

have substrate recognition sites 1-6 (SRS 1-6) with the exception of CYP51F1 Nen 

UCDFST68-887, where the SRS6 region is missing because of the C-terminal region is 

missing, as described earlier (Figure 4.2 and Appendix A). Amino acids, part of the SRS, are 

highly conserved across the Tremellomycetes CYP51s (Appendix A).   

Table 4.2. Summary statistics of CYP51s from Tremellomycetes alignments with CYP51 from 

Saccharomyces cerevisiae (PDB code: 4LXJ) (Monk et al., 2014). 

CYP51 name Protein 

ID 

Number 

of Amino 

acids in 

CYP51 

Number 

of amino 

acids 

aligned 

E-value Identities Similarity 
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with 

4LXJ 

CYP51F 

CngH99 

00040 549 523 7.4E-67 43.0% 78.6% 

CYP51F1 

TaaCBS2479 

1742 562 507 3.5E-63 44.0% 76% 

CYP51F Tole 271374 535 512 6.5E-65 44.0% 78.5% 

CYP51F1 Nvis  345805 536 514 4.7E-67 44.0% 78.2% 

CYP51F Ccur 367271 535 512 6.5E-65 44.0% 78.5% 

CYP51F1 

Tmfri 

38441 540 514 1.9E-65 41.0% 74.3% 

CYP51F1 Nen 

UCDFST68-

887 

523016 390 364 3.8E-50 50.0% 89.3% 

CYP51F1 Kim 

NRRL Y-17943 

627561 548 525 7.5E-63 41.0% 75.7% 

CYP51F Cwer 629036 533 516 1.6E-55 45.0% 80.3% 

CYP51F Cter 809380 468 445 7.7E-62 46.0% 84.3% 

CYP51F1 Cneo 

B-3501A 

EAL23379 546 524 2.00E-66 41.0% 76.8% 

CYP51F Cgat 

EJB2 

KIR77383 549 523 1.5E-66 42.0% 78.3% 
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Figure 4.2. Superimposition of 3D structural models of 12 CYP51s from Tremellomycetes.  

Helices and beta sheets are shown in salmon and sky blue. Heme is shown in green along with 

the Fe atom in red.  

 

4.6. 3. Tremellomycetes CYP51s active site cavities are highly hydrophobic 

Analysis of active site cavities revealed that Tremellomycetes CYP51s active site cavities 

mostly comprise hydrophobic amino acids (Figure 4.3 and Appendix B). The active site cavity 

volumes range from 685 Å3 - 4173 Å3 , where CYP51F1 Nen UCDFST68-887 has the largest 

active site cavity and CYP51F1 TaaCBS2479 has the smallest active site cavity (Figure 4.3 

and Appendix B). One of the reasons why CYP51F1 Nen UCDFST68-887 has the largest 

active site cavity is the opening of a channel right next to heme because of the missing C-

terminal region that encompasses SRS6, as described earlier. Thus, the active site cavity 

volume of this P450 is not an actual volume and a full-length CYP sequence is needed to 

deduce the correct volume of the active site cavity. CYP51s from prominent human pathogens 
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such as C. neoformans var. grubii H99, C. neoformans var. neoformans B-3501A and C. gattii 

EJB2 have similar sizes to active site cavities (Figure 4.3 and Appendix B). CYP51s from other 

cryptococcal species have larger active site cavities compared to CYP51s from these three 

prominent human pathogens (Figure 4.3 and Appendix B). Analysis of the composition of 

active site cavity amino acids revealed that 50-60% of cavity amino acids are hydrophobic 

(Appendix B), suggesting that Tremellomycetes CYP51s’ active site cavities are highly 

hydrophobic. Among Tremellomycetes CYP51s, CYP51F from C. werringae has the highest 

percentage of hydrophobic amino acids (60%). CYP51s active site cavities’ acidic residues 

range from 1.64% - 5.73% and the basic residues range from 6.25% - 12.17% where CYP51F1 

Nen UCDFST68-887 has most acidic amino acids in its cavity and CYP51F from C. 

curvatus has most basic amino acids in its active site cavity (Appendix B). The hydrophobic 

nature of these CYP51s’ active sites is expected considering that they accept highly 

hydrophobic substrates such as sterols.  

 

 

Figure 4.3. Active site cavities of 12 CYP51s from Tremellomycetes. The active site cavity 

surface is shown in pink and amino acids, part of the active site cavity, are represented using a 

ball and stick model. A detailed list of amino acids, part of the active site cavity, is presented 

in Appendix B.   
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4.6.4. A web application for visualization of Tremellomycetes CYP51s interactions with 

ligands 

After successful construction of 12 CYP51s 3D models we then proceeded to understand their 

interactions with ligands such as substrates and azoles. Among substrates, apart from the fungal 

CYP51 substrates lanosterol and eburicol (Lepesheva et al., 2018) we also included the plant 

CYP51 substrate obtusifoliol (Lepesheva et al., 2018) as a positive control to assess the 

accuracy of the study. Among the azoles, five are triazoles (clotrimazole, fluconazole, 

itraconazole, ketoconazole and voriconazole) and one is tetrazole (VT_1129). The rationale for 

including these azoles especially itraconazole is to assess if any corroboration occurs between 

the in silico study and the laboratory studies that showed itraconazole performing better than 

the fluconazole (Trilles et al., 2004, Thompson et al., 2009, Pan et al., 2012, Barchiesi et al., 

2000, Illnait-Zaragozi et al., 2008, Hagen et al., 2010, Armengou, 1996).  

 Docking of each CYP51 vs each ligand in 12 x 9 resulted in generating 108 

combinations (Figure 4.4). For each of these combinations, we generated 10 000 models as 

described in the methods section. Each of these combinations was analyzed independently. The 

huge amount of data generated during these docking calculations posed a formidable challenge 

to the analysis. Therefore, we developed a custom web application for this purpose, and made 

it publicly available at the address: http://bioshell.pl/azoledocking/. The application can display 

every model that was generated with its basic numerical parameters, such as Rosetta energy, 

number of hydrogen bonds, etc.  The results can be browsed by cluster, sorted, etc.  

 

http://bioshell.pl/azoledocking/
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Figure 4.4. Graphical overview of docking results at online web application. There are 108 

squares representing the 12 x 9 = 108 CYP51-ligand combinations considered in this work. 

CYP51s were indicated with their protein IDs. Each square displays up to four bars, 

corresponding to models classified as ‘clashes’, ‘correct’, ‘near’ and ‘pocket’ (blue, orange, 

red and cyan, respectively). Bars taller than 60 observations were reduced to 60 to fit into a 

plotting area; actual values are provided in Table 4.2. Docking results and corresponding 

information can be accessed at our online web application (http://bioshell.pl/azoledocking/). 

 

 

4.6.5 Tremellomycetes CYP51s have the highest preference for itraconazole  

Structures for the complexes (CYP51-ligand) considered in this study have not yet been 

established experimentally. Therefore, we cannot compare these study results to any reference 

structure. Nevertheless, the geometry of interaction between a heme moiety of P450s and azole 

drugs has been studied extensively. Aromatic nitrogen forms a semi-covalent bond with the Fe 

atom of length dNFe = 2.1 Å (Balding et al., 2008). In our analysis, we report the closest distance 

between heme's iron and an aromatic nitrogen atom of an azole drug as a measure of success. 

http://bioshell.pl/azoledocking/
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For the cases of eburicol, lanosterol and obtusifoliol dNFe denotes the closest distance between 

Fe and any atom of a ligand. Since we allowed Rosetta to sample a wide range of binding spots, 

we observe ligands located in virtually any region of a receptor. In order to assess the 

performance of Rosetta Ligand Docking protocol critically, we included all models in our 

analysis. 

The values of dNFe range from below 2 Å to 80 Å. For the analysis, we defined the following 

four groups, based on the dNFe distance:  

 ‘clashes’ where a ligand was closer to the Fe than 1.5 Å  

 ‘correct’ where dNFe was in the range 1.5 Å - 2.5 Å 

 ‘near’ with dNFe in the range 2.5 Å - 3.5 Å 

 ‘pocket’ with dNFe in the range 3.5 Å - 8.0 Å 

The number of models in each of the four categories is provided in Table 4.2, as well as shown 

in Figure 4.4 by blue, orange, red and cyan bars, respectively. The definition of these categories 

was based on a visual analysis of the resulting structures using the online application. The 

distance ranges defining them were manually adjusted to keep the classification meaningful for 

as many models as possible. Information on each of these four were elaborated below:  

 Models with clashes 

There is a small but noticeable number of clashing conformations observed for many CYP51F-

ligand conformations, most likely artifacts of the modelling process. Its fraction ranges from 

nearly 0% (1 model in 120 000) for clotrimazole to 0.15% for itraconazole. Interestingly, 

eburicol, lanosterol and obtusifoliol metabolites recorded a significantly higher fraction of 

incorrect conformations, above the average. These models could, in general, be easily excluded 

on an early stage of analysis, either by a filtering protocol in Rosetta itself, or by a BioShell 

script. Here we report them only to draw the complete analysis. 

 Correct conformations 

In this semi-global docking scenario as we applied in our study, ligands explored nearly the 

whole surface of a protein. The chance of finding a correct solution is therefore relatively low. 

Here we observe from 14 correct solutions for ketoconazole to 212 correct solutions for 

lanosterol - from 0.012% to 0.18% of all models generated for a given ligand. The dependence 
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of these statistics on a protein is considerably weaker than on a ligand. The number of correct 

solutions ranges from 51 for KIR77383 to 143 cases for 523016 ortholog.  

 Nearly correct conformations 

The 1Å range of dNFe distance we assumed to define correct solutions is pretty tight. For more 

generous 2Å criterion a large fraction of ligand molecules are located correctly in the active 

site even though their interaction with an iron atom is not that close. Given such an extended 

criterion of success, for all 108 combinations “nearly-correct” solutions were found. 

 In the pocket conformations 

The fourth group consists of models where a small molecule agent still resides in the active 

pocket, but is quite far from the heme co-factor. Orientation of a ligand is very diverse in these 

models and often different from what might be expected from experimental data. Total energy 

for models in this group is comparable to the values observed for “correct”, and “nearly-

correct’’ models. The main reason for this is because Rosetta is unaware of the specificity of 

the system we study. None of the two energy functions that was used by Rosetta modelling 

software: “soft” for docking and “hard-rep” for final scoring, contain a term that would 

explicitly assess interactions between a ligand and a heme co-factor, besides standard Van der 

Waals and Coulomb interactions. Most notably, there is no potential to mimic a semi covalent 

bond that is formed between a heme iron atom and an azole nitrogen. This interaction has 

significant contribution to the total energy of a complex. Including this effect in the modelling 

protocol would certainly favor the correct geometry. In the majority of models therefore an 

inhibitor is further away from heme that 8 Å and doesn’t count to any of the four considered 

categories.  

 

Table 4.3. Analysis of Tremellomycetes CYP51s and ligand complexes. Number of models 

falling into ‘clashes’, ‘correct’, ‘near’ and ‘pocket’ group summarized by ligands. These 

numbers are summed up over all 12 proteins, so the total number of models for each inhibitor 

is 120000.  

Ligand no. clashes no. correct no. near no. pocket 

Lanosterol 131 212 809 12032 

Obtusifoliol 116 209 720 11670 
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Eburicol 116 202 828 12511 

Itraconazole 185 108 256 9041 

average 76 98 387 7555 

VT_1129 24 76 250 4552 

Clotrimazole 1 25 98 2825 

Voriconazole 21 22 195 5020 

Fluconazole 42 19 240 5040 

Ketoconazole 55 14 87 5307 

 

 

Ligand binding affinity under physiological conditions results from free energy gain 

upon binding. This free energy change includes entropic contributions as well as other effects 

such as solvent, ions, etc. Although some of these effects (most notably the interactions with 

solvent) are included in the Rosetta force field as mean field potentials, the energy value 

reported by Rosetta primarily accounts for conformational energy (i.e. enthalpy). In order to 

assess relative binding affinity, one has to take into account the number of observations for a 

particular conformation. The docking procedure that was applied allowed Rosetta to place a 

ligand virtually anywhere at the protein surface to avoid any conformational bias. The numbers 

of correctly docked models given in Table 4.2 therefore provide an estimation of binding 

affinity for different ligands. Based on these results, it is clear that Tremellomycetes CYP51s’ 

natural substrate, lanosterol, achieved the top score, followed by obtusifoliol and eburicol 

indicating that our method of analysis is correct, as one can expect the highest binding affinity 

to natural substrates. It is also interesting to see the pattern of preference for azoles by 

Tremellomycetes CYP51s where itraconazole is preferred azole followed by VT_1129 and 

fluconazole, which is the least favored before ketoconazole (Table 2). This preference pattern 

perfectly matches wet laboratory data where itraconazole and VT_1129 were shown to perform 

better than fluconazole (Trilles et al., 2004, Thompson et al., 2009, Pan et al., 2012, Barchiesi 

et al., 2000, Illnait-Zaragozi et al., 2008, Hagen et al., 2010, Armengou, 1996, Hoekstra et al., 

2014, Warrilow et al., 2014, Lockhart et al., 2016a, Nielsen et al., 2017a). Overall, based on 

these results, we can safely say that our method of analysis is correct.      
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Given the drawbacks of the Rosetta scoring functions as elaborated on the 

supplementary section “CYP51-ligand”, the chance of selecting a correct complex without 

prior knowledge of the actual in vivo conformation is low. A commonly used remedy to solve 

this problem is structural clustering. Thus, in this study, we used this method to select the 

correct CYP-ligand complex.  

Clustering analysis is a method commonly used in the field of biomacromolecular 

modelling. It helps to analyze large amounts of data generated by computer simulations and to 

overcome inaccuracies of molecular force fields. A group of structurally similar conformations 

corresponds to a single local energy minimum (Gront et al., 2005). In general, it is expected 

that a conformation corresponding to a larger cluster will be more favored entropically. 

Entropic contributions, necessary to estimate the free energy of a given conformation, are 

typically not described properly by molecular modeling force fields. Giving preference to 

larger clusters during the process of selecting the final docking result, implicitly allows 

inclusion of these entropic contributions. Here, we employed a hierarchical agglomerative 

clustering algorithm, as described in the methods section. Following the standard protocols in 

the field, we report the five largest clusters for every protein-ligand combination. The clusters 

are indicated graphically in Figure 4.5 as circles. A circular area is proportional to a cluster size 

while the color scale represents the dNFe values, in a range from 1 to 80 Å (see Figure 4.5). In 

3 cases no suitable clusters were found (Figure 4.5). All these clustering results can be browsed 

online at: http://bioshell.pl/azoledocking/. 

All the following analyses require selection of a single representative model for each 

of the 108 modelling cases. The clustering procedure described above is certainly helpful, but 

on its own is unable to select the final solution in every case. Therefore, we used a web 

application (http://bioshell.pl/azoledocking/) to browse the results and manually selected final 

conformations. In this process we took into account the classification resulting from the 

clustering procedure, the chemical correctness of a conformation and the number of 

interactions (stacking, H-bonding and Van der Waals) between a ligand and a protein. The 

number of such interactions listed in a table of the web application that facilitates the selection 

process.  

http://bioshell.pl/azoledocking/
http://bioshell.pl/azoledocking/
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Figure 4.5. Graphical representation of results of hierarchical clustering. Each of the 108 

squares displays up to five clusters, represented by circles. The circular area is proportional to 

the size of the respective cluster, while the color scale denotes the dNFe distance, with darker 

colors representing shorter values. All clusters of at least 10 structures found by hierarchical 

clustering are marked on this figure.  

 

4.6.7. High conservation observed in Tremellomycetes CYP51s amino acids interacting 

with ligands 

After selection of each of the CYP51-ligand complex as described above we further analyzed 

the amino acids interacting with different ligands and their location. This is a very important 



 

 

51 

 

aspect to check the accuracy of our method employed to dock and select CYP51-ligand 

complexes. As all of these CYPs belong to the same subfamily and high conservation of amino 

acids is observed in SRS regions (Appendix A), if our analysis is correct we should observe 

high conservation of amino acids interacting with analyzed ligands across the CYPs. As 

predicted, our analysis revealed conservation of a large number of amino acids interacting with 

docked ligands across the CYPs (Tables 4.3 and Appendix B). Mapping of the amino acids 

interacting with ≥5 ligands revealed that these amino acids are part of SRSs (Appendix A). We 

also identified amino acids across the CYPs that are able to form hydrogen bonds with ligands 

and interact with ligands via stacking and Van der Waals interactions (Appendix B). This 

suggests that our method of docking and selecting the CYP-ligand complexes is correct and in 

future these aspects can be automated to understand the CYP-ligand interactions to cater for 

the growing number of CYPs.  

Table 4.4. Analysis of Tremellomycetes CYP51s amino acids interacting with different ligands. 

Amino acids interacting with ≥5 ligands are presented in the table. Amino acids are colored 

based on their interactions with nine ligands (red), eight ligands (blue), seven ligands (brown), 

six ligands (green) and five ligands (pink). A complete list of amino acids interacting with 

different ligands is listed in Appendix B. 

 

CYP51F Amino acids interacting with ligands (≥5 ligands) 

CYP51F CngH99  F240, Y145, A317, F139, I386, M528, T321, V144, 

Y131 

CYP51F1 TaaCBS2479  S159, A158, A334, F127, F257, H337, I403, M333, 

M545, P402, S157, T123, T338, T544 

CYP51F1 Tmfri A307, F126, F228, I376, M521, T311, V131, Y118, 

Y132 

CYP51F Tole I376, A307, F230, M518, T124, T311, Y120, Y134 

CYP51F Ccur  A307, F128, F230, I376, M518, T124, T311, Y120, 

Y134 

CYP51F1 Nvis F228, Y120, A305, F128, I374, T309, Y134 

CYP51F1 Nen UCDFST68-887 A210, A214, F137, F35, H217, I283, T218, T31, V40, 

Y27, Y41 
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CYP51F1 Kim NRRL Y-17943  A313, F235, H316, I382, L129, M526, T130, T317, 

T525, Y126, Y140 

CYP51F Cwer A304, F128, F227, I373, S375, T124, T308, Y120, 

Y134 

CYP51F Cter  A237, F160, F60, H240, L306, L55, M236, M451, 

T241, T56, Y52, Y66 

CYP51F1 Cneo B-3501A  F234, I380, A311, F133, H314, I523, M310, T129, 

T315, V524, Y125, Y139 

CYP51F Cgat EJB2  F240, A317, F139, I386, M316, M528, T135, T321, 

Y131, Y145 

 

 Analysis of amino acid substitutions in CYP51s that are found to be critical in response 

to different azole drugs (Rodero et al., 2003, Sionov et al., 2012, Kano et al., 2017) revealed 

that Y145 and G484 amino acids are absolutely conserved in the Tremellomycetes CYP51s 

(Appendix A indicated with “X”). However, substitution of glycine at 410 position (formerly 

reported as G344)(Kano et al., 2017) with alanine (in three CYP51s), serine (in two CYP51s), 

lysine (in two CYP51s) and  arginine (in a single CYP51) is found (Appendix A indicated with 

“X”). This is quite an interesting observation as it has been reported that G344S substitution in 

six strains of C. neoformans var. grubii strain, NUBS14020 resulted in the development of 

multi-drug resistance to azoles such as fluconazole, itraconazole and voriconazole (Kano et al., 

2017). Considering these findings, it would be interesting to see the response of the strains 

containing G344 substitutions in their CYP51s.  

4.7. Conclusions 

In this study, 12 CYP51s structural models were generated. Analysis of these models revealed 

the presence of all CYP characteristic motifs with minor differences. Active site cavity analysis 

revealed that all 12 CYPs cavities were highly hydrophobic. Interaction of 12 CYPs with three 

different substrates and six azole compounds was carried out. To analyze the huge data, an 

online visualization tool was created. Analysis of CYP51 interactions revealed their highest 

affinity to the natural substrate, lanosterol. An interesting pattern was observed in azole drug 

interactions, where 12 CYPs showed the highest preference for itraconazole compared to 

fluconazole. These study results provided a reason for the better performance of itraconazole 

compared to fluconazole. Key amino acids interacting with different ligands were identified.  
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CHAPTER 5 

Overall conclusions and future perspectives 

Cytochrome P450 monooxygenases (CYPs/P450s) are some of the well-studied 

enzymes in the field of biology. Among CYPs, CYP51 serves as drug target against fungal 

pathogens. In the case of cryptococcosis, a life-threatening fungal disease in 

immunocompromised patients, studies indicated that cryptococcal species are developing 

resistance to the currently used azole drug fluconazole. Despite knowing that CYP51 is the 

prime target of this drug, mutations in this gene conferring resistance on fluconazole and a 

large number of in vitro studies indicating that other azoles perform better than fluconazole, to 

date very few studies on CYP51s structure from cryptococcal or other Tremellomycetes and 

their interactions with azoles have been reported. To address this research gap, two tasks were 

undertaken in this study: (i) Genome data mining, annotation and phylogenetic analysis of 

CYPs in cryptococcal species. (ii) Phylogenetic, comparative modelling of 12 CYP51s and 

their interactions with different ligands and development of an online visualization tool. 

This study revealed that cryptococcal species have almost 50% fewer CYP genes than 

their non-pathogenic counterparts and furthermore have the highest CYP diversity. Four CYP 

families were found to be conserved in pathogenic Cryptococcus species, indicating their 

important role in these pathogens. Interestingly, the CYP5139 family was bloomed with 17 

CYP subfamilies in species of Tremellomycetes, indicating its possible key role in the 

physiology of these organisms. This study’s results provide insight into the CYP enzymes in 

the species of Tremellomycetes. This study serves as a reference for future annotation of CYPs 

and has opened new vistas for the characterization of CYPs in the species of Tremellomycetes. 

Phylogenetic analysis of CYP51s indicated some kind of amino acid conservation after 

speciation, as CYP51s grouped as per their species lifestyle/ecological niches. Structural 

models built for 12 CYP51s revealed the presence of P450 characteristic motifs and high 

conservation of amino acids in substrate recognition sites (SRSs) 1-6. The active site cavities 

of CYP51s were found to be highly hydrophobic to accommodation of hydrophobic sterol 

substrates. Since the structures for the complexes (CYP51-ligand) we considered have not yet 

been established experimentally, we performed global docking of ligands (three substrates and 

six azoles) with 10 000 combinations for each of the complex and the correct complexes were 

selected by hierarchical agglomerative clustering using the cluster program of the BioShell 

package. To analyze the huge data generated in this study, we developed an online visualization 
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tool (http://bioshell.pl/azoledocking/). These study results indicated that Tremellomycetes 

CYP51s have the highest preference for its natural substrate lanosterol, followed by obtusifoliol 

and eburicol. Among azoles, Tremellomycetes CYP51s have the highest preference for 

itraconazole, followed by VT_1129, clotrimazole, voriconazole, fluconazole and ketoconazole. 

Tremellomycetes CYP51s’ high preference for itraconazole is possibly the reason why this 

azole perform better than fluconazole, as observed in a large number of in vitro studies. The 

methodology followed in this study is correct, as the amino acids we identified as interacting 

with different ligands are highly conserved across the CYP51s, indicating no errors in the 

procedure. Furthermore, most of these amino acids were found to be part of SRSs. In this study, 

we focused on a single subfamily of CYPs simply to assess the methods employed in the study, 

but this method needs to be validated for the analysis of different CYP families and their 

interactions with different ligands. Studies are in progress to develop a website on which this 

program will be automated to study CYPs’ interactions with different compounds. This type 

of dedicated website for this family of enzymes is desperately needed, as the number of CYPs 

is growing exponentially every day. The results of this study further strengthen the previous 

laboratory results that itraconazole and VT_1129 will be potential compounds in the fight 

against cryptococcosis and their efficacy against cryptococcal species needs to be determined. 

One of the interesting results from this study is the identification of non-conservation of G344 

amino acid in Tremellomycetes CYP51s, including in some cryptococcal species. It would be 

interesting to see if these Tremellomycetes are resistant to fluconazole, itraconazole and 

voriconazole, as was reported for G344S substituted species. 
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APPENDICES 

APPENDIX A 

Structural alignment of Tremellomycetes CYP51s with template 4LXJ.  P450 characteristic 

notation for α-helices and β strands and substrate recognition sequences (SRS) were mapped 

based on the template. Residues interacting with ≥5 ligands highlighted in yellow. Residues 

playing a role in azole drug resistance are indicated with “X”. 
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APPENDIX B 

Appendix B: Analysis of active site cavity amino acids in Tremellomycetes CYP51s. CYP51s represented with their protein IDs. The nature of 

active site cavity amino acid composition was calculated at the web-server https://www.peptide2.com/ using the Peptide 

Hydrophobicity/Hydrophilicity Analysis tool. Hydrogen bonds, stacking interactions and Van der Waals interactions are marked in blue, green 

and black font, respectively. 

 

CYP51F Active 

site 

cavity 

amino 

acids 

No. of 

Amino 

acids in 

cavity 

Cavity 

volume 

[Å3] 

Nature of 

active site 

Amino acids interacting with ligands 

Clotrimazole Eburicol Fluconazole Itraconazole Ketoconazole Lanosterol Obtusifoliol VT-

1129 

Voriconazole 

00040 F71 

S73 

A74 

A75 

Y76 

Y77 

G78 

E79 

D80 

P81 

L100 

M101 

R103 

L118 

A127 

A130 

Y131 

L134 

T135 

F139 

V143 

V144 

Y145 

M151 

L152 

M153 

Q155 

K156 

K157 

I159 

K160 

99 1518 Hydrophobic: 

54.55% 

Acidic: 3.03% 

Basic: 12.12% 

Neutral: 

30.3% 

Y131 HEM1 

F139 F240 

Y145  

T135 T321 

M316 M528 

A313 I386 

A317 V144 

Y131 

Y145 

I389 

A317 

F240 

V144 

I386 

A313 

HEM 

F139 

T321 

W445 HEM 

Y480 F483  

 Q481 R377 

A384 F245 

Y145 A457 

L380 R381 

M528 A317 

Y131 Q428 

T321 W445 

P482 E448 

I386 P385 

Y390 F240 

F245 H387 

Y131  

 P242 L100 

Y390 HEM 

Y77 V144 

I386 T321 

F139 M528 

G78 A317 

T527 

 

   

 Y390 F240 

F245 H387 

Y131  

 P242 L100 

Y390 HEM 

Y77 V144 

I386 T321 

F139 M528 

G78 A317 

T527  

 

   

   

 M528 

A324 S322 

F240 A317 

L380 P385 

V144 T325 

I386 Y145 

Y131 HEM 

H320 T321 

T135  

 

   

   

 L134 A130 

H133 F240 

A317 F245 

T321 M528 

Y131 L100 

Y390 HEM 

I386 Y145  

 

   

 Y131 

F139 

H320 

F240 

Y145  

 Q319 

Y131 

M316 

T321 

HEM 

I386 

D237 

A317 

Y233 

M528  

 

 I386  

 Y131 Y145 

HEM F240  

P385 T135 

A317 G318 

T321 I386 

M528  

https://www.peptide2.com/
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L163 

A212 

L216 

F240 

T241 

P242 

L243 

N244 

F245 

M246 

M287 

H309 

I310 

M311 

I312 

A313 

L314 

L315 

M316 

A317 

G318 

Q319 

H320 

T321 

S322 

S323 

T325 

L380 

A384 

P385 

I386 

H387 

S388 

I389 

Y390 

R391 

A422 

P424 

G425 

F451 

A452 

A453 

A454 

Q481 

P482 

F483 

G484 

A485 



76 

 

G486 

R487 

H488 

R489 

C490 

V491 

G492 

E493 

Q494 

F495 

A496 

Y497 

Q499 

L500 

N524 

Y525 

R526 

T527 

M528 

I529 

1742 W58 

F59 

S61 

A62 

A63 

A64 

Y65 

G66 

M67 

D68 

P69 

F86 

L88 

L89 

M93 

C155 

R156 

T258 

P259 

V260 

N261 

F262 

L263 

F264 

Y272 

H404 

S405 

Y407 

32 685 Hydrophobic: 

50% 

Acidic: 3.13%  

Basic: 6.25%  

Neutral: 

40.63% 

 

   

 HEM1  

 S159 F257 

N137 Y133 

I403 P402 

T544 HEM1 

A334 T338 

M333 H337 

I406 A158  

 

   

 F257 

Y119 

F127  

 I403 

F257 

T258 

A158 

S159 

M545 

T544 

S157 

F262 

A334 

T338 

G160 

L122 

HEM1 

R156 

P259 

V126 

T123  

 

   

   

 HEM1 S159 

F127 F257 

T544 G160 

M545 I403 

T338 P402 

T123 A334 

S157 A158  

 

 I110 S157 

S159  

 Y484 H505 

Y119  

 A158 T338 

I406 R408 

P136 G108 

Y407 I403 

N137 R504 

S405 L106 

I110 S105 

F257 M545 

K109 HEM1 

G107  

 

   

 F257 H337 

F127  

 T123 F262 

I226 A334 

M333 T338 

D254 M545 

L122 T544 

S157 F257 

S336 HEM1 

A158 R156 

S159 G160 

Y119 L250  

 

   

   

 V126 

G335 S339 

A158 

HEM1 

H337 F127 

T338 M545 

A334 A513 

F257 T342 

A330 Y133 

I403 S157 

P402 M333 

S159  

 

   

   

 G160 T123 

I403 T338 

L122 P402 

Y119 S159 

M333 G335 

F257 S157 

HEM1 H121 

V126 A334 

P125 T124 

A158 P162 

T120 F127 

M545  

 

 A158  

 H337 

F257 

Y407 

F262 

F127  

 R156 

M333 

A334 

M545 

HEM1 

S157 

L122 

T123 

A158 

V126 

T338 

T544  

 

 H337 I546 

T338  

 HEM1 F257 

F127 Y133  

 P402 T544 

A330 A334 

HEM1 S157 

R156 H337 

M545 I403 

M333 A158  



77 

 

N541 

Y542 

Q543 

T544  

 

271374 F60 

S62 

A63 

A64 

Y65 

Y66 

G67 

M68 

P70 

F87 

L89 

L90 

R92 

M94 

A97 

G99 

P100 

G102 

N103 

N104 

L105 

S106 

L107 

G108 

A116 

A119 

Y120 

L123 

T124 

F128 

V132 

V133 

Y134 

L141 

M142 

Q144 

K145 

I148 

L152 

I198 

A202 

L206 

F230 

118 1746 Hydrophobic: 

51.69% 

Acidic: 1.69%  

Basic: 7.63%  

Neutral: 

38.98% 

 

   

 F230 HEM1 

Y120  

A307 T124 

T311 M518 

F128 I379 

T517 I376 

V133  

 

   

 Y134 

Y120 

F230  

 A303 

G131 

T124 

M518 

V132 

T125 

I376 

K130 

HEM1 

F128 

T311 

T121 

A307 

G129 

Y134 

D135 

V133  

 

   

   

 A307 T311 

Y120 L123 

F128 M518 

I376 M306 

F230 HEM1  

 

 I519  

 W318 Y71 

H373 H377  

 I376 K512 

P511 M518 

T124 T517 

I519 P375 

L123 T311 

W318 Y120 

A307 H310 

HEM1 L372 

F235 F510 

Y134 A374 

F230  

 

   

 F230 H310  

HEM1 Q309 

A307 D227 

A195 T311 

Y134 I376 

T517 L123 

M518 Y120 

E224 T124 

M306  

 

   

   

 T124 

Y134 Y120 

A307 P375 

I376 I198 

Q309 T311 

M518 F485 

H310 

HEM1 

M306 F230 

G308 Q489 

S312  

 

   

   

 T311 S312 

L304 Y380 

Y120 HEM1 

M518 F230 

A307 I376 

Y134 T305 

M306 S378 

G308 Q309  

 

   

 Y120 

H377 

Y380 

F235 

F230  

A307 

M518 

HEM1 

I379 

I376 

Q516 

T311 

T517  

 

   

 Y134 F230 

Y120 HEM1 

F128  

 M518 Y134 

T311 A307 

V133 I376 

L123 T124  



78 

 

T231 

P232 

L233 

N234 

F235 

M236 

F237 

M277 

M300 

I302 

A303 

L304 

T305 

M306 

A307 

G308 

Q309 

H310 

T311 

S312 

S313 

T315 

S316 

I366 

L370 

H373 

A374 

P375 

I376 

H377 

S378 

I379 

Y380 

R381 

V411 

A412 

A413 

P414 

G415 

S417 

Q418 

I441 

A442 

S463 

G465 

T466 

E467 

S468 



79 

 

P469 

Y470 

Q471 

P472 

F473 

G474 

A475 

G476 

R477 

H478 

R479 

C480 

I481 

G482 

E483 

Q484 

F485 

A486 

Y487 

Q489 

L490 

N514 

Y515 

Q516 

T517 

M518 

I519 

345805 S62 

A63 

A64 

T65 

Y66 

G67 

M68 

D69 

P70 

F87 

L89 

L90 

M94 

L107 

A116 

A119 

Y120 

L123 

T124 

F128 

V133 

98 1696 Hydrophobic: 

56.12% 

Acidic: 2.04% 

Basic: 8.16% 

Neutral: 

33.67% 

 

   

 HEM1 Y120 

F228 F128 

H308  

 V133 M304 

T309 HEM1 

I374 V519 

A301 Y134 

A305 I518  

 

 T309 

H308  

 F228 

Y120  

 Y120 

T124 

P373 

S310 

L123 

HEM1 

Y134 

F228 

A305 

I374 

F128 

M304 

 

   

   

 A301 F128 

T309 F228 

V133 I518 

Y120 Y134 

A305 HEM1  

 

   

 Y134 F128 

HEM1  

 L123 L140 

F228 V133 

Q143 P289 

V132 C136 

L141 Q144 

T288 M147 

I518 K285 

T309 L290 

M298 Y284 

K145 A305 

K283 Y134 

I374  

 

   

 F128 H308 

F228  

S193 Q307 

D225 L123 

A305 HEM1 

Y221 T309 

Y120 M304 

T124 I197  

 

   

   

 H308 S310 

T309 F228 

Y120 A305 

F485 V519 

T196 Q489 

Y134 Q307 

L303 I374 

G306 

HEM1  

 

   

   

 Q307 Y134 

A305 G306 

L302 Y120 

L123 I374 

HEM1 F128 

F228 T124 

M304 L303 

L204 T309  

 

   

 Y120 

F233 

Y134 

F128 

F228  

I518 

M517 

HEM1 

I374 

T309 

T124 

A305 

M378 

P230  

 

 F485 A486 

E483  

 F473 Y487 

Y470 HEM1  

 I481 C480 

A442 V441 

L368 P472 

F485 F473 

S484 G482  



80 

 

Y134 

N138 

L141 

M142 

Q144 

K145 

V148 

L152 

T196 

A200 

L204 

F228 

T229 

P230 

I231 

N232 

F233 

M234 

F235 

M275 

M298 

I300 

A301 

L302 

L303 

M304 

A305 

G306 

Q307 

H308 

T309 

S310 

S311 

T313 

I364 

L368 

H371 

A372 

P373 

I374 

H375 

S376 

I377 

M378 

R379 

L411 

P414 

G415 

T309 

I377  



81 

 

Q418 

V441 

Y470 

Q471 

P472 

F473 

G474 

A475 

G476 

R477 

H478 

R479 

C480 

I481 

G482 

E483 

S484 

F485 

A486 

Y487 

Q489 

L490 

Y514 

Q515 

T516 

M517 

I518 

V519 

L520 

367271 F60 

S62 

A63 

A64 

Y65 

Y66 

G67 

M68 

P70 

F87 

L89 

L90 

R92 

M94 

L107 

A116 

A119 

Y120 

L123 

115 1873 Hydrophobic: 

52.17% 

Acidic: 1.74% 

Basic: 12.17% 

Neutral: 

33.91% 

 

   

 Y134 F128 

HEM1 F230 

Y120  

 A303 A307 

M518 I376 

M306 H310 

T311  

 

   

 Y134 

Y120  

 Y120 

A119 

A116 

D118 

E117 

T124 

M518 

I376 

HEM1 

Y134 

T311 

T121 

 

   

   

 L123 Y120 

A307 HEM1 

I376 M518 

T311 F230 

T517  

 

   

 Y66 Y380 

F87 HEM1 

H377  

 P414 M518 

P375 S378 

F230 M74 

F85 T124 

V96 I376 

A412 F73 

I379 Y66 

C77 V411 

A413 F128 

L123 A307 

 

   

 HEM1 H310  

 M306 G308 

T517 S312 

T201 T311 

L206 F230 

M518 Q309 

I376 HEM1 

A307 Q489 

A202 I198 

Y120  

 

   

   

 G308 F128 

T311 A307 

F230 Y134 

V133 A303 

H310 I376 

M518 T124 

HEM1 

Y120 P375  

 

 T311  

   

 P375 Y134 

I376 A307 

M518 F230 

A119 F235 

Y120 L123 

H122 T311 

R92 HEM1  

 

   

 H377 

Y380 

F235 

F128 

H310 

F230  

 A307 

L123 

M518 

HEM1 

P232 

T124 

I376 

M306 

 

   

 F230 HEM1 

Y134 F128 

Y120  

 T311 M518 

F230 A307 

A116 T124 

I376 R381  



82 

 

T124 

F128 

V132 

V133 

Y134 

M140 

L141 

M142 

Q143 

Q144 

K145 

K146 

F147 

I148 

K149 

H150 

G151 

L152 

I198 

A202 

L206 

F230 

T231 

P232 

L233 

N234 

F235 

M236 

F237 

M277 

H299 

M300 

M301 

I302 

A303 

L304 

T305 

M306 

A307 

G308 

Q309 

H310 

T311 

S312 

S313 

T315 

S316 

D363 

A307 

F230  

T311 L98 

V416  

T311 

V127 

T517  



83 

 

I366 

R367 

L370 

H373 

A374 

P375 

I376 

H377 

S378 

I379 

Y380 

R381 

A412 

P414 

G415 

Q418 

I441 

A442 

G458 

F459 

G460 

Y470 

Q471 

P472 

F473 

G474 

A475 

G476 

R477 

H478 

R479 

C480 

I481 

G482 

E483 

Q484 

F485 

A486 

Y487 

L488 

Q489 

L490 

N514 

Y515 

Q516 

T517 

M518 

I519 



84 

 

38441 F58 

S60 

A61 

A62 

Y63 

Y64 

G65 

E66 

D67 

P68 

L87 

L88 

R90 I92 

N101 

L105 

A114 

A117 

Y118 

K119 

V121 

T122 

F126 

V130 

V131 

Y132 

N136 

L139 

M140 

Q142 

K143 

I146 

K147 

G149 

L150 

I196 

S199 

A200 

S201 

T203 

L204 

D225 

G226 

F228 

T229 

P230 

L231 

N232 

F233 

107 1762 Hydrophobic: 

50.47% 

Acidic: 3.74%  

Basic: 11.21%  

Neutral: 

34.58% 

 

   

 F126 Y118 

H310 HEM1 

F228  

 V131 A307 

Y132 F126 

T311 M306 

I522 A303 

I376  

 

   

 Y118 

F228 

F126  

F233 

T122 

I522 

V121 

I376 

Y132 

H310 

P230 

HEM1 

M306 

T311 

A307 

V125 

T229 

M521 

G227  

 

   

   

 HEM1 

Y118 F126 

T311 M521 

A307 T122 

F228 I376 

Y132  

 

   

 H310 H222 

F228  

Y118 T520 

A307 D225 

M521 I522 

V131 HEM1 

L524 I376 

Y132 T311  

 

   

 F228 H310  

HEM1 I376 

V131 T122 

F126 M521 

Y132 M306 

D225 Q309 

A307 L524  

 

   

   

 G308 F126 

A307 S312 

Y118 Q309 

I376 I522 

P375 V131 

F228 T122 

Y132 I196 

T311 

HEM1  

 

   

   

 F228 H377 

G308 S378 

Y380 F233 

Y132 P230 

A307 M306 

T311 A303 

F126 I376 

Y118 HEM1 

M521 I379  

 

 E115 

A114  

 Y118 

F126 

Y132 

H479  

 S113 

Y118 

A307 

L139 

HEM1 

T109 

R381 

E115 

N136 

A303 

V131 

I376 

R478 

T311  

 

 A307  

 Y132 Y118 

HEM1 F126  

 G308 I376 

R381 A307 

A303 F228 

T311 Y132  



85 

 

M234 

F235 

M277 

M300 

I302 

A303 

I304 

L305 

M306 

A307 

G308 

Q309 

H310 

T311 

S312 

S313 

T315 

L370 

H373 

A374 

P375 

I376 

H377 

S378 

I379 

Y380 

R381 

A412 

P414 

G415 

F460 

Q462 

Q472 

P473 

F474 

G475 

A476 

G477 

R478 

H479 

R480 

C481 

V482 

G483 

E484 

A485 

F486 

A487 



86 

 

Y488 

Q490 

L491 

N517 

Y518 

R519 

T520 

M521 

I522 

V523 

523016 M1 L14 

A23 

D25 

A26 

Y27 

T28 

H29 

L30 

T31 

V34 

F35 

V39 

V40 

Y41 

L47 

L48 

M49 

Q51 

K52 

K53 

F54 I55 

K56 

H57 

G58 

L59 

T60 

T61 

A63 

L64 

S65 

Y67 

A68 

P69 

L70 

M71 

Y72 

K73 

E74 

157 4173 Hydrophobic: 

49.68% 

Acidic: 5.73%  

Basic: 11.46%  

Neutral: 

33.12% 

HEM F35 

Y41 Y27 

F137 Y27 

HEM1 I283 

V40 H217 

Y41 A214 

T218 F35 

 

   

 H217 

F137 F35 

Y27  

T218 

V40 

HEM1 

A214 

L48 S219 

P282 

I283 

G215 

Y41 T31  

 

   

   

 T31 Y27 

I283 F35 

A210 M213 

A214 F137 

Y41 HEM1 

L30 T218  

 

 N45  

 Y27 H387 

F35 Y41 

HEM1  

 I283 Y27 

N45 F137 

V40 A214 

L48 T218 

V18 E24 

A210 P44 

C43 A23  

 

   

   

 E354 Q355 

A352 R388 

K353 K56 

HEM1 S351 

F382 L59  

 

   

   

 G36 V40 

Y41 A214 

H206 T32 

M207 F35 

T28 I283 

T218 T31 

V39 A210 

Y27 F137 

HEM1 

H217  

 

   

   

 F35 HEM1 

T218 T222 

I283 V40 

A214 L277 

Y41 H217 

A281 A210 

S219 T31 

P282  

 

   

 F137 

Y41 

Y27 

H217  

 D134 

T218 

HEM1 

F137 

A214 

F35 

I283  

 

   

 H217 F137 

HEM1 F35 

Y27 Y41  

A214 T31 

T218 I283  



87 

 

A75 

L98 

M101 

S102 

L104 

I105 

I106 

L107 

T108 

A109 

G110 

S112 

L113 

Q114 

Y130 

E131 

D132 

L133 

D134 

G135 

G136 

F137 

T138 

P139 

N141 

F142 

M143 

F144 

P145 

D183 

H206 

M207 

M208 

I209 

A210 

I211 

L212 

M213 

A214 

G215 

Q216 

H217 

T218 

S219 

S220 

A221 

T222 

S223 



88 

 

S224 

W225 

I226 

L227 

L228 

L230 

L240 

Q244 

F248 

T254 

F255 

V258 

T259 

Y260 

E261 

S262 

T263 

K264 

Q265 

M266 

M269 

E270 

I272 

I273 

R274 

L277 

H280 

A281 

P282 

I283 

H284 

S285 

I286 

Y287 

R288 

K289 

F316 

I317 

V318 

P321 

W342 

G347 

V348 

A349 

A350 

S351 

A352 

K353 



89 

 

E354 

Q355 

Y356 

S357 

G358 

Y366 

F368 

G369 

Q370 

V371 

S372 

Y379 

Q380 

P381 

F382 

G383 

A384 

G385 

R386 

H387 

R388 

627561 V59 

W65 

F66 

S68 

A69 

Y70 

S71 

Y72 

G73 

T74 

D75 

P76 

Y77 

K78 

F79 

L80 

F81 

C83 

F91 

F93 I94 

M95 

F96 

R98 

K99 

M100 

T101 

V102 

61 1839 Hydrophobic: 

55.74% 

Acidic: 1.64%  

Basic: 9.84%  

Neutral: 

32.79% 

 

   

 Y126 F134 

HEM1 F235  

M526 A309 

T317 I382 

T525 A313 

M312  

 

   

 F235 

Y126  

 P237 

Y140 

M526 

F235 

G314 

T317 

L129 

M312 

A313 

I382 

HEM1 

H316 

P381 

T130 

F240 

Y386  

 

   

   

 T317 Y126 

H316 T130 

F235 I382 

L129 A313 

HEM1 T525  

 

   

 F235 H316  

 H316 T525 

T317 Y386 

S200 L129 

E201 Q315 

F240 M312 

F235 Y126 

D232 A313 

E229 HEM1 

I382 M526 

I204  

 

   

 H379  

 N522 T521 

M378 P381 

I527 L129 

H379 HEM1 

T317 A320 

T525 L529 

V528 W324 

I382 F235 

H316 M526 

A313  

 

   

   

 Q315 

HEM1 I382 

T130 Y140 

Y126 I310 

T317 P381 

F235 A313 

V139 G314 

F134 S318 

M526 L311  

 

   

   

 F494 A313 

G314 Y140 

I382 F235 

S318 T317 

Y126 H316 

Q498 HEM1 

A495 M526 

I203  

 

   

 Y386 

F240 

F235 

Y140 

F134 

Y126  

 V139 

A309 

HEM1 

L129 

I382 

N524 

H383 

T525 

P237 

A313 

T130  

 

   

 Y140 F235 

HEM1 Y126  

 M526 T130 

Y140 L129 

I385 I382 

T317 A313  



90 

 

L104 

A125 

Y126 

L129 

T130 

Y140 

F235 

T236 

P237 

I238 

N239 

F240 

L241 

F242 

H316 

P381 

I382 

H383 

S384 

I385 

Y386 

R387 

V418 

A419 

A420 

P421 

V423 

N522 

Y523 

N524 

T525 

M526 

I527  

 

629036 A63 

Y66 

G67 

M68 

D69 

P70 

F87 

L89 

L90 

R92 

M94 

L107 

A116 

A119 

110 2123 Hydrophobic: 

60% 

Acidic: 4.55%  

Basic: 9.09%  

Neutral: 

26.36% 

 

   

 HEM1 H477 

Y458  

 A474 V461 

F472 I480 

C479 G481 

R478 G473 

HEM1 K145  

 

   

   

 A304 

Y120 

T124 

S375 

L141 

G305 

I373 

A300 

I376 

 

   

   

 F227 HEM1 

T124 F128 

A304 L123 

I373  

 

   

 F472 HEM1 

Y469 W434  

 Y448 E437 

F472 L367 

Y120 R368 

R364 V516 

I373 P372 

Q417 A371 

A304 T308 

 

   

 F227 H307 

F128  

 L123 M303 

D224 A304 

Y134 L302 

I373 V127 

Y120 F232 

Q306 F227 

I299 T124 

 

   

   

 Y120 

L203 F227 

S375 I376 

Y134 F128 

A300 Q306 

A304 L301 

G305 T308 

 

   

   

 H122 F232 

S375 M377 

I373 Y120 

A304 HEM1 

I376 A119 

T308  

 

   

 Y120 

F227 

Y134 

F128 

F232  

HEM1 

A304 

S375 

A300 

V133 

 

   

 HEM1 Y134 

Y120 F227  

 S375 HEM1 

A304 T308 

T124 I373 

I376  



91 

 

Y120 

H122 

L123 

T124 

F128 

V132 

V133 

Y134 

L141 

Q144 

K145 

V148 

L152 

F157 

L188 

A192 

T195 

A199 

L203 

E221 

A222 

L223 

D224 

G225 

G226 

F227 

T228 

P229 

I230 

N231 

F232 

M233 

F234 

M274 

M297 

M298 

I299 

A300 

L301 

L302 

M303 

A304 

G305 

Q306 

H307 

T308 

S309 

S310 

HEM1 

Y134 

F128 

V133 

L301 

T308 

H374  

P471 F227 

Q470  

M377 Y220 

L223  

I373 HEM1 

L302 M303  

Y66 

T124 

T308 

I373  



92 

 

A311 

T312 

I363 

L367 

H370 

A371 

P372 

I373 

H374 

S375 

I376 

M377 

R378 

F408 

V409 

L410 

A411 

S412 

P413 

G414 

Q417 

E446 

Q470 

P471 

F472 

G473 

A474 

R476 

H477 

R478 

C479 

I480 

G481 

E482 

T483 

F484 

A485 

Y486 

Q488 

L489 

T514 

M515 

V516 

V517 

L518 

P519 

L520 



93 

 

P521  

 

809380 D1 P2 

Y3 F5 

M6 F19 

L21 

M22 

M26 

V28 

L39 

A48 

A51 

Y52 

L55 

T56 

F60 

V64 

V65 

Y66 

N70 

L73 

M74 

Q76 

K77 

V80 

L84 

N88 

L89 

Y92 

V93 

I96 

L127 

I128 

T129 

L130 

T131 

A132 

S133 

D134 

C135 

L136 

Q137 

F160 

T161 

P162 

M163 

N164 

F165 

110 1769 Hydrophobic: 

57.27% 

Acidic: 2.73%  

Basic: 7.27%  

Neutral: 

32.73% 

 

   

 F60 Y52 

Y66 F160 

HEM1  

M236 A233 

I309 T450 

M451 A237 

T241 H240 

L306  

 

   

 Y52 F60  

 T241 

E49 V65 

T56 Y66 

L306 

F160 

Y52 C68 

HEM1 

A237 

T53 A48 

M451  

 

   

   

 M451 F60 

A237 F160 

L306 L55 

T241 Y66 

V65 T56 

HEM1 A233  

 

   

 F165 F19 

H240 Y52 

H307 F160  

 HEM1 P2 

L55 L21 

A237 P162 

F5 Y66 T161 

F60 T450 

M451 L306 

Q449  

 

   

 F160 F60 

H240  

 A125 Q239 

M310 D157 

Y66 HEM1 

A237 T241 

L306 Y52 

F160 M236 

M451 I153  

 

   

   

 S242 T56 

H240 

HEM1 

A237 Y66 

Q239 Q423 

G238 F160 

I128 T241 

Y52 M451 

F419  

 

   

   

 A237 L234 

M451 

HEM1 

M236 H307 

F165 M310 

S308 F160 

Y52 T56 

L306 L55 

A233 G238 

Y66 F60  

 

   

 H240 

F160 

Y52  

 T450 

HEM1 

D157 

A237 

L306 

T56 

M236 

H240 

M451 

L55 

F60 

T241 

T161 

Q449  

 

   

 F165 HEM1 

H240 Y52 

Y66 F160  

 L55 A237 

T56 L306 

M236 F60 

M451 T241  



94 

 

V166 

M207 

L208 

M230 

M231 

I232 

A233 

L234 

L235 

M236 

A237 

G238 

Q239 

H240 

T241 

S242 

S243 

T245 

I296 

L300 

H303 

A304 

P305 

L306 

H307 

S308 

I309 

M310 

R311 

M343 

C345 

P346 

G347 

V373 

Q405 

P406 

F407 

G408 

A409 

G410 

R411 

H412 

R413 

C414 

I415 

G416 

E417 

S418 



95 

 

F419 

A420 

Y421 

V422 

Q423 

L424 

N447 

Y448 

Q449 

T450 

M451 

V452 

V453  

 

EAL23379 S67 

A68 

A69 

Y70 

Y71 

G72 

E73 

P75 

F92 

L94 

M95 

I99 

L112 

A121 

A124 

Y125 

L128 

T129 

V132 

F133 

V137 

V138 

Y139 

N143 

M145 

L146 

M147 

Q148 

Q149 

K150 

K151 

I153 

G156 

L157 

104 1566 Hydrophobic: 

53.85% 

Acidic: 1.92%  

Basic: 10.58%  

Neutral: 

33.65% 

 

   

 F133 F234 

HEM1 Y125  

 F234 A307 

H314 I380 

I523 M310 

A311 T315 

F133 T129 

I383  

 

   

   

 A378 

H377 

A311 

I380 

Y139 

T129 

T315 

V138 

A318 

T319 

P379 

HEM1 

F133 

Y125 

F234 

H314 

V524 

L374  

 

   

   

 T315 T129 

HEM1 I380 

Y139 M310 

F133 I523 

A311 F234 

H314  

 

   

 F234 H314  

I523 A311 

V138 V524 

Y139 T235 

HEM1 T315 

M522 D231 

Y125  

 

   

 HEM1 Y139 

F133  

 I380 A311 

Y384 L308 

L146 I153 

T129 F239 

A307 Y125 

F234 T315 

Q149 HEM1 

I304 V138  

 

   

   

 H314 S316 

T315 L128 

A490 V524 

I380 G312 

M310 

Q313 

HEM1 

Q493 Y139 

I523 T129 

Y125 A311 

P379 F234  

 

 T315  

   

 M310 A124 

G312 F234 

A311 Y125 

H314 Y384 

V524 HEM1 

I380 T315 

F239 I523 

S382  

 

   

 Y125 

Y139 

Y384 

F239 

F234  

 T129 

I523 

Y125 

L128 

T315 

HEM1 

R520 

A311 

Y71 

I380 

G72  

 

   

 Y125 H314 

HEM1 F234  

 L128 F133 

A311 T315 

Y125 V524 

M310 I380 

I523  



96 

 

I202 

A206 

S207 

L210 

F234 

T235 

P236 

L237 

N238 

F239 

M240 

M281 

K289 

H303 

I304 

M305 

I306 

A307 

L308 

L309 

M310 

A311 

G312 

Q313 

H314 

T315 

S316 

S317 

T319 

S320 

I370 

L374 

A378 

P379 

I380 

H381 

S382 

I383 

Y384 

R385 

P418 

A446 

V451 

Y474 

Q475 

P476 

F477 

G478 



97 

 

A479 

G480 

R481 

H482 

R483 

C484 

V485 

G486 

E487 

Q488 

F489 

A490 

Y491 

Q493 

L494 

Y519 

R520 

T521 

M522 

I523 

V524 

Q525  

 

KIR77383 S73 

A74 

A75 

Y76 

Y77 

G78 

E79 

D80 

P81 

F98 

L100 

M101 

I105 

L118 

A127 

A130 

Y131 

H133 

L134 

T135 

F139 

V143 

V144 

Y145 

N149 

111 1662 Hydrophobic: 

50.45% 

Acidic: 2.7%  

Basic: 11.71%  

Neutral: 

35.14% 

 

   

 Y145 HEM1 

Y131 F240 

F139  

 V144 T135 

Y145 T321 

H320 A317 

I386 M316  

 

   

 Y131 

F240 

Y145  

 T136 

F139 

L134 

M316 

Y131 

G140 

T321 

M528 

A317 

V143 

I386 

HEM1 

D146 

T135 

A313 

 

   

   

 HEM1 F139 

Y145 F240 

A317 L134 

I386 M528 

M316 T321 

Y131  

 

   

 HEM1 

Y145 F139 

F158  

 I310 A313 

A317 L302 

I386 L314 

HEM1 I288 

K295 M311 

Y390 Q155 

L152 M273 

Y131 T321 

I159 M528 

F240 Q292 

V307 V144 

C294 L291 

K156  

 

   

 H320 F240 

F139  

 F240 M528 

HEM1 M316 

H320 I389 

T321 Y233 

I209 Q319 

I386 E234 

Y390 D237 

Y131 A317  

 

   

   

 T135 S322 

Y131 F495 

A317 F240 

HEM1 

Q499 F139 

I208 M528 

L315 Q319 

I386 T321 

Y145 G318 

H320  

 

   

   

 HEM1 I386 

Y131 S322 

S388 G318 

Y390 Y145 

M528 A317 

L315 A313 

L134 F240 

F139 Q319 

L314 T321 

M316  

 

 Y145  

 Y131 

F139 

F245 

Y390 

F240 

Y145  

 L134 

Y131 

HEM1 

R103 

I386 

A317 

T135 

S388 

T527 

P242 

M528  

 

   

 Y145 HEM1 

F240 Y131  

 A317 T321 

F139 Y145 

T135 I386 

T527 P385 

M528  



98 

 

M151 

L152 

M153 

Q154 

Q155 

K156 

K157 

I159 

K160 

S161 

G162 

L163 

T164 

S167 

L168 

Y171 

I208 

I209 

T211 

A212 

S213 

L216 

F240 

T241 

P242 

L243 

N244 

F245 

M246 

F247 

M287 

H309 

I310 

M311 

I312 

A313 

L314 

L315 

M316 

A317 

G318 

Q319 

H320 

T321 

S322 

S323 

T325 

I376 

T132 

V144  



99 

 

L380 

H383 

A384 

P385 

I386 

H387 

S388 

I389 

Y390 

R391 

P424 

F451 

Y480 

Q481 

P482 

F483 

G484 

A485 

G486 

R487 

H488 

R489 

C490 

V491 

G492 

E493 

Q494 

F495 

A496 

Y497 

Q499 

L500 

N524 

Y525 

R526 

T527 

M528 

I529 

 

 

 

 



100 

 

 

 

 

 

 


