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Abstract 

Fungal infections pose an urgent threat to human health and are responsible for 

approximately 1.6 million deaths annually. Current therapeutic options for life-

threatening mycoses, such as those caused by Aspergillus fumigatus, Candida albicans or 

Cryptococcus neoformans, are severely limited and even under antifungal treatment 

these infections have mortality rates of ~50%. To improve patient outcomes there is a 

critical need for development of novel antimycotic drugs. This urgency is further 

exacerbated by the pharmacological weaknesses of current chemotherapeutics, surges in 

susceptible patient groups and rising antifungal resistance. 

 

Fungal pathogenic potential is strongly dependent on metabolic versatility. Pathways 

required for cellular metabolism and nutrient homeostasis in host tissues are 

fundamental for infection and represent exciting targets for drug discovery. The fungal 

cobalamin-independent methionine synthase (metH), which belongs to a different 

enzyme class to the cobalamin-dependent version found in humans, forms a junction 

between two critical primary metabolic pathways: the transsulfuration and one-carbon 

cycles. The enzyme has been shown to be essential for the viability and/ or virulence of A. 

fumigatus and other clinically relevant fungal species indicating it has potential as a 

fungal specific target with broad applications. 

 

However, the reason why MetH is indispensable for fungi beyond methionine 

auxotrophy, has so far not been identified. To improve the likelihood of success in the 

drug discovery process and fully exploit the enzyme’s potential as an antifungal target this 

thesis investigated the mechanistic basis of MetH’s essentiality in A. fumigatus. 

Phenotypic analyses using point-mutated versions of MetH revealed that enzymatic 

activity converting homocysteine to methionine is indispensable for A. fumigatus viability. 

Overexpression of genes that prevent accumulation of the potentially toxic substrate 

homocysteine did not rescue growth, implying that its accumulation is not responsible for 

the enzyme’s essentiality. Supplementation of the growth media with several metabolites 

which are potentially depleted in the absence of MetH’s enzymatic activity restored 

fungal viability with very limited growth. This suggested that methionine synthases’ 

essentiality is explained by the depletion of critical molecules. Metabolomics analyses 

indicated that suppressing metH reduces cell energetics and phenotypic experiments 
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confirmed that this was the additional cause of MetH essentiality in A. fumigatus, as 

supplementation with compounds selected to enhance energetics was able to fully rescue 

growth of the fungus in the absence of methionine synthase enzymatic activity. Taken 

together, our results suggest that cellular energetics is deleteriously disrupted in MetH’s 

absence, supporting methionine synthase's value as an antifungal drug target. 

 

As conditions encountered, and consequently fungal metabolic requirements, may vary 

significantly throughout infection it is crucial to validate targets in established infections. 

To ascertain the relevance of MetH for fungal growth in various developmental stages we 

took advantage of the metH_tetOFF mutant, which expresses metH under the control of 

the regulatable tetOFF system, whereby the addition of doxycycline (Dox) shuts down 

expression of the gene. Modulation of metH expression in vitro revealed that it is 

required for growth of conidia, germlings and hyphae in a fungistatic manner. The genetic 

model was optimised for use in murine and Galleria mellonella models of established 

invasive aspergillosis. These models showed that downregulation of metH reduces A. 

fumigatus virulence in established infections at a level comparable to downregulating 

expression of the target of the azoles, the lanosterol 14-a-demethylase, making 

methionine synthase an attractive antifungal drug target. 

 

Following validation of MetH as a promising antifungal target this work investigated 

whether the enzyme was druggable and assayable. In this study we aimed to use 

complimentary approaches to initiate the early stages of drug development: a structure-

based virtual screening for the directed design of binding fragments and optimisation of a 

simple, cost-effective enzymatic assay suitable for high-throughput screening. To 

facilitate computational analyses the structure A. fumigatus MetH was predicted using 

the previously crystallised, and highly similar, C. albicans version of the enzyme. In silico 

comparisons determined structural differences between the substrate binding sites of 

human and fungal methionine synthases, which could guide the production of novel 

fungal specific inhibitors with reduced off target binding. Molecular docking of ligands 

from the Maybridge Ro3 fragment library identified fragments with a high probability to 

specifically bind regions crucial for the fungal MetH’s enzymatic activity. Finally, the 

expression and purification of soluble MetH in Escherichia coli was achieved, which 

allowed optimisation of an economic method of measuring appearance of one of the 
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products of MetH’s enzymatic reaction. This enzymatic assay provides a promising tool by 

which to measure the ability of potential drugs to inhibit methionine synthase activity 

during the early stages of drug development. 

 

Overall, our results support MetH as an attractive druggable, specific and broad-spectrum 

antifungal drug target that is relevant to the establishment and progression of invasive 

disease. The insights gained in this work provides the opportunity to harness the full 

potential of methionine synthase as an antimycotic target in A. fumigatus and provides 

tools for the interrogation and validation of other targets in in vivo models of established 

invasive pulmonary aspergillosis. 
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1.1. Fungal Pathogens 

Invasive fungal infections pose an increasing risk to public health globally (WHO, 2022). 

Each year more than one billion people are affected by fungal diseases (Bongomin et al., 

2017a, Ray et al., 2022). Many of these mycoses cause superficial infections of the skin, 

nails or mucosal membranes, however some result in devastating chronic and invasive 

fungal infections, causing approximately 1.6 million deaths annually (Bongomin et al., 

2017a). In these cases mortality rates are unacceptably high, often reaching 50% due to 

delayed diagnosis and limited treatment options (Brown et al., 2012, Rayens and Norris, 

2022, Gold et al., 2022, Lakoh et al., 2022). The rise of antifungal resistance presents an 

additional challenge as mortality rates in patients with resistant isolates can reach 100%, 

making the development of new antifungal drugs increasingly critical for human health 

(Verweij et al., 2016, Fisher et al., 2018, CDC, 2019, Fisher et al., 2022). 

 

Approximately 300 fungal species are capable of causing human disease (Taylor et al., 

2001), of the 122 genera containing pathogenic species four cause 90% of deaths: 

Aspergillus, Candida, Cryptococcus and Pneumocystis (Brown et al., 2012). A recent 

review collated and analysed published estimates of mycoses to estimate the incidence of 

serious fungal infections (Bongomin et al., 2017a). Bongomin and colleagues 

approximated the global annual burden of the two most devastating forms of disease 

caused by Aspergillus species, chronic pulmonary aspergillosis and invasive aspergillosis, 

as ~3,000,000 and ~300,000 cases respectively. Their estimations for other severe fungal 

diseases were: ~223,100 cryptococcal meningitis cases, ~750,000 invasive candidiasis 

cases and ~500,000 cases of Pneumocystis jirovecii pneumonia. However, it is believed 

that those numbers are considerable underestimates as fungal infections are often 

misdiagnosed and reporting is not mandatory (Denning, 2017). 

 

In most cases, the development of these diseases is contingent upon an individual’s 

immunity being compromised, as the immune system is usually effective at clearing fungi 

before infections can develop (Pathakumari et al., 2020). In recent decades the rise of 

immunosuppressive infections, such as HIV/AIDS, and modern immunosuppressive 

therapies for the treatment of malignancies, stem cell and solid organ transplantations 

have significantly enlarged the high-risk patient population and consequently increased 

the global burden of invasive fungal diseases (Maini et al., 2013, Pegorie et al., 2017, 
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Rayens et al., 2022). Co-infection with other pulmonary infections, such as influenza and 

COVID-19 have also been associated with invasive fungal infections, possibly as a result of 

immune modulation by the existing infection, or drug treatment of the infection (Verweij 

et al., 2020b, Waldeck et al., 2020, Armstrong-James et al., 2020, Oh and Lee, 2022, 

Salazar et al., 2022). As modern interventions continue to extend the life expectancy of 

immunocompromised patients the incidence of fatal fungal infections is expected to 

continue to rise  (Bitar et al., 2014, Ghez et al., 2018, Maschmeyer et al., 2019). 

 

Occurrence of the most common invasive infections, caused by Candida and Aspergillus 

species, are increasing, especially those caused by Aspergillus (McNeil et al., 2001, 

Richardson, 2005, Kontoyiannis et al., 2010, Bitar et al., 2014, Gold et al., 2022). This is 

particularly concerning as mortality rates for invasive aspergillosis are the highest 

amongst the severe mycoses, ~50% with the use of antifungals and capable of exceeding 

90% without treatment (Ballou, 2017). Increasing incidence of antifungal resistance in 

Aspergillus fumigatus, the pathogen most commonly responsible for aspergillosis, 

aggravates these intolerably high mortality rates, highlighting the desperate need for the 

development of new antifungals (van der Linden et al., 2015, Taccone et al., 2015, 

Lestrade et al., 2019). 

 

1.1.1. Aspergillus fumigatus 

Aspergillus fumigatus is a filamentous fungus found ubiquitously throughout the 

environment. During asexual reproduction it produces thousands of 2–3 µm spores 

(Nicolle et al., 2011). Due to the abundance of airborne conidia it has been estimated that 

humans inhale between one hundred and one thousand spores every day, and their tiny 

size allows them to reach deep into the respiratory tract (Tovey, 2005). In healthy 

individuals the entry of spores into the respiratory tract does not result in disease as the 

immune system has effective mechanisms of clearing conidia (Latgé and Chamilos, 2019). 

However, when there is an imbalance in the immune response A. fumigatus is capable of 

causing a wide spectrum of diseases, broadly referred to as aspergilloses (Moldoveanu et 

al., 2021). This pathogenicity has led to the mould being highlighted, together with only 

three other fungal species, as a critical priority pathogen by the World Health 

Organisation (WHO, 2022). 
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Allergic forms of aspergillosis, such as allergic bronchopulmonary aspergillosis (ABPA), 

severe asthma with fungal sensitisation (SAFS) and Aspergillus-associated hypersensitivity 

pneumonitis, are a result of a hyperactive immune response to repeated or excessive 

exposure to Aspergillus spores (Edwards et al., 2012, Sharma et al., 2013, Gerfaud-

Valentin et al., 2014, Jack and Bajaj, 2022). When conidia are insufficiently cleared from 

the lungs fungal germination can occur, resulting in inflammation and ultimately 

permanent lung damage if left untreated (Kosmidis and Denning, 2015). ABPA and SAFS, 

in which A. fumigatus is the most common fungal sensitiser, affect millions of people 

around the world (O'Driscoll et al., 2009, Faini et al., 2015, Sinko et al., 2015, Agarwal et 

al., 2014, Rapeport et al., 2020). ABPA is particularly prevalent in adult asthma and cystic 

fibrosis sufferers, accounting for global burdens of ~4.8 million and ~6675 respectively 

(Bongomin et al., 2017a, Bhankhur et al., 2019, Breuer et al., 2019). ABPA patients who 

experience frequent severe episodes can be prescribed antifungals, particularly azoles, to 

minimize fungal germination and prevent disease progression (Kosmidis and Denning, 

2015, Rapeport et al., 2020, Sunman et al., 2020, Snen et al., 2021). 

 

Chronic pulmonary aspergillosis (CPA) arises as a complication of one or a combination of 

underlying respiratory conditions, including ABPA and Chronic Obstructive Pulmonary 

Disease (COPD) but most commonly tuberculosis (Bongomin, 2020, Setianingrum et al., 

2022, Ocansey et al., 2022). CPA involves long-term, gradual lung damage which can 

evolve in a number of different ways (Gefter, 1992). This can present as single or multiple 

cavities which may contain an aspergilloma, a dense ball of fungal hyphae; as Aspergillus 

nodules or as fibrosis of the lungs or surrounding tissue (Hope et al., 2005, Bongomin et 

al., 2020). Formerly, CPA was not viewed as requiring immune deficiencies to develop. 

However, recent evidence suggests that the majority of CPA patients possess defects in 

their immune system and those with significant immunosuppression may experience 

quicker and more severe disease progression (Crosdale et al., 2001, Kosmidis and 

Denning, 2015, Bongomin et al., 2017b, Hunter et al., 2021). The global burden of CPA is 

significant, with approximately 3,000,000 cases and 450,000 deaths annually (Brown et 

al., 2012, Barac et al., 2019). The chronic and often recurrent nature of CPA necessitates 

protracted azole, particularly itraconazole, usage which presents increased opportunity 

for problems with treatment to arise and resistance to develop (Kosmidis and Muldoon, 

2017, Guziejko et al., 2022).  
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Invasive aspergillosis (IA) is a devastating fungal infection that most frequently occurs in 

severely immunocompromised individuals (Kosmidis and Denning, 2015). In over 90% of 

cases this hyphal invasion takes place in the lungs, where inhaled conidia are able to 

avoid destruction by the weakened immune system, germinate and form hyphae (Fisher 

et al., 1981). Neutropenic patients, for example those receiving haematopoietic stem cell 

transplants or chemotherapy, are at high risk and are most likely to develop disseminated 

IA (Hope et al., 2005, Kimura, 2016). Other at-risk groups include solid organ transplant, 

COPD and ICU patients (Guinea et al., 2010, Garbino et al., 2011, Gavaldà et al., 2014). 

Fatality rates for IA remain unacceptably high, ~50% even with antifungal treatment and 

approaching 100% if untreated (Brown et al., 2012, Cho et al., 2019, Dabas et al., 2021). 

The high incidence of IA in certain patient groups, for example in lung transplants, 

necessitate the use of polyenes or azoles as prophylaxis (Patterson et al., 2016). In most 

situations azoles are the recommended first line treatment option for IA, although in 

some cases this is combined with use of echinocandins or polyenes (Kosmidis and 

Denning, 2015, Slavin et al., 2022). 

 

1.2. Antifungals Available for use in Chronic and Invasive Aspergillosis 

Around the world approximately $16.6 billion is spent on antifungals annually, an 

increase of $6.6 billion since 2017, and the market is expected to continue to grow to $30 

billion by 2030 in response to the increasing frequency of fungal infection (Forecast, 

2017, Prachi and Onkar, 2022). During 2020 treatment of aspergillosis was the indication 

responsible for the highest antifungal drug costs, and the proportion of costs spent on 

these diseases is forecast to continue to grow due to the increasing costs of IPA 

treatment (Prachi and Onkar, 2022, Fortune, 2020).  There are currently only three 

classes of antifungals commonly in clinical use for invasive and chronic aspergillosis: the 

azoles which dominate the antifungal drug market, echinocandins and polyenes (Roemer 

and Krysan, 2014, Patterson et al., 2016, Gintjee et al., 2020). All three classes target 

critical components of the fungal cell membrane or cell wall, representing a limited  

druggable space and highlighting the need for novel mechanisms of action (Ghannoum 

and Rice, 1999). 
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1.2.1. Azoles 

The azoles are competitive inhibitors of lanosterol 14a-demethylase, encoded in A. 

fumigatus by cyp51A and its paralogue cyp51B, crucial enzymes for ergosterol 

biosynthesis and so for the integrity of the plasma membrane (Warrilow et al., 2015). At 

low concentrations azoles have fungistatic activity, however under high azole 

concentrations Cyp51 inhibition is fungicidal (Hagiwara et al., 2016).  Azoles also have 

inhibitory activity against cholesterol synthesis in humans, which can cause adverse 

reactions in patients (Ghannoum and Rice, 1999, McKeny et al., 2022). 

 

Itraconazole, voriconazole, posaconazole and isavuconazole are the main azoles available 

for use in severe aspergillosis (Patterson et al., 2016, Verweij et al., 2020a). As the 

primary treatment and prophylaxis option in most clinical aspergillosis infections, and the 

only class which can be orally administered, the azoles are critically important antifungals 

(Hagiwara et al., 2016). 

 

Alarmingly, since azole resistance was first described in 1997, its incidence has increased 

as a consequence of azole use in prolonged treatments for conditions such as CPA and 

widespread agricultural use (Denning et al., 1997, Ghannoum and Rice, 1999, Chowdhary 

et al., 2013, Hagiwara et al., 2016, Kosmidis and Muldoon, 2017, Rhodes et al., 2022). 

Aspergillus can acquire azole resistance through several mechanisms (Pérez-Cantero et 

al., 2020). Changes in a single amino acid, for example G54 or M220, in Cyp51A can cause 

resistance by reducing the binding affinity of azoles to the target protein (Mellado et al., 

2004, Chen et al., 2006, Hagiwara et al., 2016). Resistance acquired as a result of contact 

with agricultural azole usage often involves a point mutation leading to reduced affinity in 

combination with a tandem repeat in the cyp51A promoter that induces overexpression 

and thus reduces azole susceptibility, TR34/L98H, TR46/Y121F/T289A and TR53 (Snelders 

et al., 2008, Wiederhold et al., 2016, Paul et al., 2012). Mutation of cyp51A is not the only 

mechanism conferring azole resistance to A. fumigatus, mutations within other targets 

have also been described. For example, the overexpression of ATP-binding cassette (ABC) 

transporters, including AbcA and AbcB, can result in the hyper-efflux of azoles from A. 

fumigatus leading to increased azole resistance (Fraczek et al., 2013, Paul et al., 2013). 

Recently, mutations in cyp51B and other genes involved in ergosterol biosynthesis such as 
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hmg1 have also been described to contribute to azole resistance in A. fumigatus 

(Gonzalez-Jimenez et al., 2020). 

 

Azole resistance has been observed in all countries and an extensive epidemiological 

study in 2017 showed that on average 4.5% of patient isolates are azole resistant, an 

increase of 1.3% from a similar investigation published in 2015 (van der Linden et al., 

2015, Garcia-Rubio et al., 2017). A recent review found that resistance to individual azoles 

varies, 4.1% of isolates were observed to be resistant to voriconazole compared to 14.5% 

for itraconazole, and that underlying health conditions appear to have different rates of 

resistance (Guegan et al., 2021). Prevalence varies internationally, with one Dutch 

laboratory observing azole resistance in as high as ~38% of isolates (van Ingen et al., 

2015). These resistant strains have increased mortality rates that can reach 100% in 

invasive aspergillosis, highlighting the danger associated with antifungal drug resistance 

(van der Linden et al., 2011, Lestrade et al., 2019). 

 

1.2.2. Polyenes 

The polyenes, including Amphotericin B (AmB), bind to ergosterol in the fungal cell 

membrane and produce pores, altering membrane permeability and allowing leakage of 

vital cell components (Scorzoni et al., 2017). It has also been proposed that its fungicidal 

activity could be due to oxidative damage (Sokol-Anderson et al., 1986, Shekhova et al., 

2017). Although they have a broad spectrum of action against fungal species the polyenes 

can also interact with host cells, resulting in significant toxicity (Perfect, 2017). AmB was 

the first antifungal used in serious fungal infections, and new lipid formulations have 

reduced its significant nephrotoxicity (Ghannoum and Rice, 1999). Some guidelines 

recommend liposomal amphotericin B as a front-line therapy in IA, particularly against 

azole resistant strains (Heinz et al., 2016). Nevertheless, several studies have found 

primary treatment with azoles to be better tolerated and have higher efficacy in 

immunocompromised patients (Herbrecht et al., 2009). Resistance to AmB is uncommon 

in Aspergillus, although some species, for example A. terreus, display high rates of 

intrinsic resistance to Amphotericin B, possibly due to superior oxidative stress protection 

and reveal how resistance might occur (Blum et al., 2013, Blatzer et al., 2015, Vahedi-

Shahandashti et al., 2022). 

 



23 of 212 
 

1.2.3. Echinocandins 

The echinocandins, such as anidulafungin, caspofungin, and micafungin, inhibit 1,3-b-

glucan synthase (Ghannoum and Rice, 1999). In Aspergillus this prevents cell wall 

synthesis and ultimately growth, however it has also been described as leading to osmotic 

sensitivity and cell lysis as a result of compromising the integrity of the cell wall (Letscher-

Bru and Herbrecht, 2003). The lack of the target protein in human cells results in low 

toxicity compared to other antifungal classes  (Perfect, 2017). Caspofungin is 

recommended for salvage therapy in IA cases which have not responded to previous 

treatment with azoles or polyenes but has not been rigorously studied as a primary 

therapy (Maertens et al., 2004, Heinz et al., 2016). Resistance has been observed in 

yeasts as a result of mutations in the genes encoding 1,3-b-glucan synthase (Perlin, 2015); 

in C. glabrata the incidence of resistance increased from 2-3% to over 13% from 2001 to 

2010 (Alexander et al., 2013). In A. fumigatus resistance has also been observed, due to 

changes to the target glucan synthase (Jimenez-Ortigosa et al., 2017, Satish and Perlin, 

2019). 

 

1.3. New Antifungal Drug Targets in Development 

Despite the availability of the three commonly used classes of antifungals, mortality rates 

for invasive aspergillosis remain alarmingly high at ~50% (Denning and Bromley, 2015). 

Fatalities are also high for the other serious fungal infections: 20-50% in disseminated 

cryptococcosis (Bratton et al., 2012, Nyazika et al., 2016) and ~40% for invasive 

candidiasis (Andes et al., 2012). The US Centers for Disease Control and Prevention and 

Food & Drug Administration have recognized the critical need for new antifungals, 

referring to Aspergillus, Candida and Cryptococcus specifically in the Generating 

Antibiotics Incentives Now Act of 2012 (Denning and Bromley, 2015, Chiller, 2016). 

 

A challenge for the identification of novel antimycotic mechanisms of action is that, as 

humans and fungi are eukaryotic organisms, many of their cellular processes and 

enzymes are similar (Perfect, 2017). This makes identifying broad spectrum antifungal 

targets particularly difficult as resulting drugs must be selective enough to avoid 

interaction with mammalian proteins and substantial toxicity. Yet the development of 

novel antifungal classes must be the subject of rigorous study if patient outcomes for 

serious mycoses are to improve. 
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There are currently numerous antifungals in development, several of which have been 

shown to have activity against invasive fungal infections caused by species from the 

critical Aspergillus, Candida and Cryptococcus genera (Bouz and Doležal, 2021). These 

include modifications to existing antifungal agents, such as amphotericin B cochleate 

which has been formulated to be suitable for oral administration (Skipper et al., 2020). 

Others focus on repurposing or optimising existing drugs for antifungal activity, for 

example the serotonin reuptake inhibitor sertraline (Li et al., 2022). Another drug that is 

currently in Phase II trials for combinational treatment of IPA is the triterpenoid 

Ibrexafungerp, which hinders biosynthesis of 1,3-b-glucan by inhibiting the echinocandin 

target 1,3-b-glucan synthase (Davis et al., 2020, Angulo et al., 2022). Interrupting 

metabolism of this critical cell wall polysaccharide is achieved by Ibrexafungerp binding to 

a location that has limited overlap with the echinocandin site (Apgar et al., 2020). This 

shows that multiple strategies can successfully be employed to disrupt the enzymatic 

activity of a single protein and that this can prevent common mutations within the target 

protein from resulting in cross resistance to both drugs (Aruanno et al., 2019). The drug 

has recently been approved by the US FDA for use in recurrent vulvovaginal candidiasis 

(SCYNEXIS, 2022). 

 

Excitingly, there are also agents in development that achieve antifungal activity via novel 

mechanisms of action. ATI-2307 is an arylamidine with broad antifungal applications that 

disrupts mitochondrial membranes (Wiederhold, 2021). Three promising candidates 

target metabolic enzymes of fungal pathogens. Aureobasidin A is a naturally occurring 

cyclic peptide that inhibits sphingolipid metabolism in yeasts and moulds (Bouz and 

Doležal, 2021, Zhen et al., 2022). Fosmanogepix, a Gwt1 inhibitor, prevents 

glycosylphosphatidylinositol biosynthesis in fungi and is estimated to start Phase III 

clinical trials (Donlin and Meyers, 2022). Finally, Olorofim is an ortomide that exerts its 

antifungal activity by blocking the dihydroorotate dehydrogenase enzyme and therefore 

pyrimidine synthesis in moulds (Estrada et al., 2016, Oliver et al., 2016, Hoenigl et al., 

2021). It is currently in Phase III clinical trials and an application has recently been 

submitted to the FDA for Olorofim to be used in invasive fungal infections where there 

are few or no alternative treatment options available, including for the infections caused 

by resistant Aspergillus strains (F2G, 2022). 
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1.4. Primary Metabolism as a Source of Antifungal Drug Targets 

Aspergillus fumigatus is a ubiquitous saprophyte that is commonly found in soil (Tekaia 

and Latge, 2005). However, it is also capable of growth in susceptible individuals, with the 

lungs being the most common site of primary infection (Kosmidis and Denning, 2015). The 

conditions within the mammalian lung are very different to those experienced by A. 

fumigatus in its environmental niche and are nutritionally limiting (Amich and Bignell, 

2016). Fungi need approximately 17 elements for growth and macroelements, including 

carbon (C), nitrogen (N) and sulfur (S), are required in relatively large amounts for a 

variety of critical processes (Dube, 2013). Therefore, to thrive Aspergillus must adapt its 

metabolic processes to ensure it acquires sufficient nutrients from host tissues (Bignell, 

2014). As nutrient acquisition is critical to A. fumigatus viability and virulence, 

understanding the mechanisms of these metabolic routes may reveal new drug targets 

(Brown et al., 2000, Bachhawat and Yadav, 2010, Jastrzębowska and Gabriel, 2015, 

Traynor et al., 2019, Scott and Amich, 2021). Furthermore, these pathways are often 

conserved between fungal pathogens but differ significantly to those found in humans, 

improving the possibility of finding broad-spectrum fugal specific inhibitors with 

acceptable safety profiles in patients. Indeed, antimicrobials that target metabolism have 

already been successfully used in bacteria and are making their way through the 

antifungal drug development pipeline (Oliver et al., 2016, Estrada et al., 2016, Dietl et al., 

2019, Davis et al., 2020, Angulo et al., 2022, Donlin and Meyers, 2022). 

 

1.4.1. Carbon Metabolism 

Carbon is an indispensable component of macromolecules and energy metabolism and is 

required in large quantities for fungal growth. To ensure that the carbon sources 

encountered during growth are utilised efficiently fungi have developed complex 

regulatory networks that distinguish between preferred, glucose and other sugars, and 

alternative C sources to prioritise their exploitation accordingly (Ruijter and Visser, 1997, 

Ene et al., 2014). This is critically important for pathogenic species during infection of 

hosts, where nutrient availability can fluctuate significantly between and within tissues 

during disease progression (Baker et al., 2007, Grahl et al., 2011, Bensel et al., 2011, 

Ramachandra et al., 2014, Schug et al., 2016). Enzymes which contribute to appropriate 
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carbon source use could therefore make attractive antifungal drug targets (Wijnants et 

al., 2022). 

 

In A. fumigatus an important regulator of carbon assimilation, CreA, is dispensable for the 

initiation of infection, but required for infection to progress (Beattie et al., 2017). This 

indicates that different carbon sources are vital during various stages of infection and 

therefore that care should be taken to identify potential antifungal drug targets that are 

relevant throughout infection, or at least during those most relevant to the time of 

chemotherapeutic treatment. Other enzymes involved in carbon metabolism have also 

been shown to play a role in the virulence of other key fungal pathogens and the 

antifungal activity of a small peptide has been attributed to interference with carbon and 

energy metabolism (Murad et al., 2001, Brown et al., 2006, Hu et al., 2008a, Lagree et al., 

2020, Yang et al., 2010, Ruben et al., 2020, Wijnants et al., 2020, Orrapin et al., 2021). For 

example, fungi have numerous transporters for various carbon sources, to allow uptake 

of appropriate nutrients depending on the conditions encountered, that are important for 

pathogenicity (Fan et al., 2002, Badotti et al., 2008, Sandai et al., 2012, Fanning et al., 

2012, Cheng et al., 2013, Liu et al., 2013, Xu et al., 2015, Henderson and Poolman, 2017, 

de Gouvea et al., 2018). Sugar kinases have also been shown to contribute to virulence 

factors such as biofilm formation and have been shown to play a role in fungal 

pathogenicity (Price et al., 2011, Wijnants et al., 2020). The essentiality to virulence of 

many enzymes involved in carbon metabolism, makes the related pathways a promising 

place to search for antifungal drug targets (Scott and Amich, 2021).  

 

1.4.2. Nitrogen Metabolism 

Many molecules that are required for viability contain nitrogen, making it a fundamental 

macroelement. During infection pathogenic fungi are exposed to a range of potential 

nitrogen sources, and as with carbon assimilation, some such as ammonium and 

asparagine are prioritised for uptake as their utilisation requires less energy (Marzluf, 

1997a, Lee et al., 2013, Tudzynski, 2014). Depending on the site of infection and the 

health status of the host these sources can be limiting, and therefore mycotic pathogens 

must also be able to exploit alternative sources of nitrogen such as proteins and amino 

acids when appropriate (Zhou et al., 2002, Linden et al., 2008, Blomstrand and Essen-

Gustavsson, 2009, Mandal et al., 2012, Ucar et al., 2016, Madeira et al., 2018, Brandao et 



27 of 212 
 

al., 2018). Loss of enzymes involved in regulating or metabolising alternative sources can 

lead to reduced or abrogated fungal virulence (Hensel et al., 1998, Limjindaporn et al., 

2003, Liao et al., 2008). Although, in the presence of preferred nitrogen sources nitrogen 

catabolite repression inhibits consumption of these other nitrogen containing molecules 

(Wong et al., 2008). 

 

In the absence of preferred nitrogen sources fungi, particularly A. fumigatus, produce a 

wide variety of redundant proteases that are tailored to the specific nutrients available 

(Farnell et al., 2012, Shemesh et al., 2017). In C. albicans proteases have been implicated 

as contributing to virulence and epithelial damage and their expression changes 

throughout infection (Sanglard et al., 1997, Hube et al., 1997, Naglik et al., 2003, Cassone 

et al., 2016, Naglik et al., 2008). Amino acid permeases have also been shown to be 

necessary for virulence of C. neoformans (Martho et al., 2016). Taken together these 

results indicate that alternative nitrogen sources are important nutrient sources during 

infection and proteins involved in their metabolism could represent attractive antifungal 

drug targets. 

 

The efficient use of nitrogen sources requires a system to allow fungi to determine which 

nitrogen sources are present. The target of rapamycin (TOR) pathway fulfils this role as 

the main sensor and regulator and as such is essential for viability and virulence in A. 

fumigatus, C. albicans and C. neoformans (Hardwick et al., 1999, Beck and Hall, 1999, Cruz 

et al., 1999, Crespo et al., 2002, De Virgilio and Loewith, 2006, Kim et al., 2008, Martins et 

al., 2008, Bastidas et al., 2009, So et al., 2019). Inhibiting TOR signalling at later stages can 

also reduce virulence in these important fungal pathogens, highlighting the potential to 

investigate multiple levels of important metabolic pathways to identify the best 

antifungal drug targets or the possibility of developing combinational treatment regimens 

(Lee et al., 2004, Rohde et al., 2004, Lee et al., 2012, Bom et al., 2015, Alves de Castro et 

al., 2016, Han et al., 2019). 

 

1.4.3. Sulfur Metabolism 

Sulfur is an indispensable macroelement required by all living cells (Bachhawat A.K., 

2010). It is a component of numerous crucial molecules including glutathione, coenzyme 

A, and two proteinogenic amino acids, methionine (Met) and cysteine (Cys). Sulfur is also 
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a necessary constituent of the essential major methyl donor S-adenosylmethionine 

(SAM), many indispensable co-factors and effective response to oxidative stress (Chiang 

et al., 1996, Gerke et al., 2012, Nakamura et al., 2012, Dietl et al., 2018, Ulrich and Jakob, 

2019, Sprenger et al., 2020). Therefore, it is imperative that during infection A. fumigatus 

acquires sufficient sulfur from host tissues to survive and grow. The pathways that allow 

the uptake and utilisation of sulfur are critical to Aspergillus pathogenicity and 

understanding them may reveal new drug targets (Amich et al., 2016, Amich, 2022). 

 

There are substantial differences between the pathways involved in fungal and human 

sulfur metabolism, presenting an opportunity to find inhibitors with selective toxicity 

(Bachhawat A.K., 2010). Figure 1 provides an overview of the sulfur assimilation pathways 

in A. fumigatus and humans. It shows two of the key differences between the systems, 

the first being that humans are unable to exploit sulfates from inorganic compounds as a 

sulfur source. The second is the inability of the human trans-sulfuration pathways to 

convert cysteine into methionine, the basis of methionine essentiality in humans 

(Townsend et al., 2004). 

A 

 

B 
 

 
Figure 1. Sulfur assimilation in A. fumigatus and humans 
A simple overview of the sulfur assimilation pathways in: A) A. fumigatus and B) humans. (Adapted 
from Bachhawat A.K., 2010) 

 

The additional routes of sulfur metabolism in fungi allows them to utilise a broad range of 

organic and inorganic S sources (Linder, 2018, Chen et al., 2018, Scott et al., 2019). An 

overview of sulfur metabolism in filamentous fungi is provided for context (Figure 2). 

There are limited sources of sulfur in host pulmonary tissues, however sulfate, taurine, 

cysteine and methionine have been identified in human lungs and can be utilised by 

Aspergillus as sulfur sources (Elgavish and Meezan, 1991, Zhao et al., 2014, Robinson et 

al., 2012). Identifying the source of sulfur during infection of a mammalian lung may 

clarify which particular sulfur metabolism pathways and specific enzymes are 

indispensable for virulence.  
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MetR is an important transcription factor that regulates the use of various inorganic 

sources of sulfur in Aspergillus, although it is not required for the exploitation of 

methionine (Natorff et al., 2003). Amich and colleagues revealed that, although MetR is 

not essential for the viability of A. fumigatus, a ∆metR strain displayed reduced virulence 

in a murine model of invasive pulmonary aspergillosis (IPA), providing evidence to 

support the importance of sulfur metabolism in A. fumigatus virulence (Amich et al., 

2013). However, the group also revealed a role for MetR in iron homeostasis, and so the 

relevance of MetR to pathogenicity could be a result of compromised sulfur assimilation 

impairing production of the iron-sulfur clusters which are necessary for iron sensing. The 

hypothesis that MetR is important to virulence due to iron sensing, rather than 

assimilation of inorganic sulfur sources, is supported by the observation that A. fumigatus 

strains lacking enzymes necessary for the uptake or metabolism of inorganic S sources 

and taurine retained virulence in a mouse model of IPA (Marzluf, 1997b, Amich et al., 

2016, Scott et al., 2019). It was also discovered, through the use of a cysteine auxotrophic 

strain, that cysteine is not readily available at sufficient levels to be exploited as a primary 

sulfur source for intrapulmonary growth in a mouse lung (Amich et al., 2016). To 

investigate whether methionine acts as an important sulfur source during invasive growth 

Amich and colleagues constructed a Tet-ON mutant to conditionally express the 

cobalamin-independent methionine synthase encoding gene, metH (Amich et al., 2016). 

The group determined that metH is vital for A. fumigatus viability in vitro, as growth 

cannot be rescued by supplementing the media with methionine, but were unable to 

establish the reason for the gene’s essentiality. Crucially, metH also proved indispensable 

for virulence in a murine model of IPA, making methionine synthase an attractive target 

for antifungal drug development (Amich et al., 2016). 
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Figure 2. Sulfur metabolism in A. fumigatus 
Schematic overview of sulfur metabolism in A. fumigatus, made up of the sulfate assimilation and 
trans-sulfuration pathways. (Adapted from Amich et al., 2016) O-AHS, O-acetylhomoserine; O-AS, O-
acetylserine; sA, PAPS reductase; sB, sulfate transporter; sC, ATP sulfurylase; sD, APS kinase; sF, 
sulfite reductase; tauD, taurine dioxygenases; THF, tetrahydrofolate. 

 
1.4.4. Amino Acid Metabolism in Fungal Pathogenesis 

In addition to their role in protein production amino acids are integral to macroelement 

acquisition and metabolism (Fleck et al., 2011). Fungi and humans have complex 

pathways which allow amino acids to be produced through biosynthesis or the 

energetically preferable uptake and breakdown of external protein sources (Amich and 

Bignell, 2016). In all human tissues amino acids are present in relatively large quantities, 

either free or in the form of proteins or peptides, which can allow them to be utilised as 

carbon, nitrogen and or sulfur sources (Brosnan, 2003, Blomstrand and Essen-Gustavsson, 

2009, Hu et al., 2008b, Ibrahim-Granet et al., 2008). Pathogenic fungi possess metabolic 

routes, many enzymes of which are specific to fungi and essential for their viability or 

virulence, that allow efficient utilisation of these sources during infection (Pascon et al., 

2004, Schobel et al., 2010, Farnell et al., 2012, Perez et al., 2013, Amich and Bignell, 

2016). A. fumigatus especially produces an abundance of proteases that are differentially 

expressed based on the nutrient sources available (Tomee et al., 1997, Gifford et al., 

2002, Sharon et al., 2009, Farnell et al., 2012, Shemesh et al., 2017, Druey et al., 2020). 

 

Study of a master regulatory system of amino acid biosynthesis and uptake, the cross-

pathway control, showed that regulation of amino acid biosynthesis pathways is 
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important for A. fumigatus virulence (Krappmann et al., 2004). Krappmann and 

colleagues identified cpcA as the positive effector of cross-pathway control in A. 

fumigatus and observed that infection with a ∆cpcA strain resulted in reduced mortality, 

compared to wild-type, in a murine model of pulmonary aspergillosis. Together with the 

findings of other investigations these results indicate that pathways involved in obtaining 

macronutrients play a role in fungal pathogenesis and may represent opportunities for 

antifungal discovery (Hensel et al., 1998, Lee et al., 2011, Amich and Krappmann, 2012). 

 

Nine of the 20 amino acids necessary for the production of proteins during translation in 

eukaryotes can be biosynthesised by fungi but not humans: histidine, isoleucine, leucine, 

lysine, methionine, phenylalanine, threonine, tryptophan and valine (Jastrzębowska and 

Gabriel, 2015). Numerous A. fumigatus enzymes involved in the biosynthesis of amino 

acids that are essential to humans, and therefore analogous proteins are not encoded by 

the human genome, have been shown to be indispensable for fungal viability or virulence 

making them particularly attractive targets for antifungal development (Kingsbury and 

McCusker, 2008, Schobel et al., 2010, Oliver et al., 2012, Amich et al., 2016, Sasse et al., 

2016). The pathways involved in these anabolic processes are complex, and the 

essentiality of particular enzymes during infection can be dependent on the niche in 

which the fungus finds itself (Amich and Bignell, 2016). Although the primary site of 

aspergillosis is the lungs other sites are observed in both Aspergillus infections and those 

caused by other fungal genera (Hope et al., 2005, Bratton et al., 2012). Therefore, 

enzymes which are vital for virulence, independent of the site of infection, make 

preferable drug targets and enzymes required for fungal viability make yet more 

attractive targets (Amich and Bignell, 2016, Dietl et al., 2016). 

 

1.5. Methionine Synthases 

Methionine synthases catalyse the transfer of a methyl group from 5-methly-

tetrahydrofolate to homocysteine forming tetrahydrofolate and methionine, making 

these enzymes an intermediary between the methionine and one-carbon metabolism 

pathways (Townsend et al., 2004, Suliman et al., 2007) (Figure 2). What is more, MetH 

was highlighted as an encouraging antifungal target by a systematic metabolic network 

analysis of A. fumigatus (Kaltdorf et al., 2016).  Methionine synthases’ contribution to the 

folate metabolic pathway makes them critical not only to sulfur metabolism but also to 
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the synthesis of nucleotides and thymidylate and therefore the methylation of DNA and 

RNA (Mason, 2003). The folate pathway is already the target of antimicrobials in clinical 

use and has been identified as a promising target for further antimicrobial drug 

development (Hida et al., 2005, Bourne, 2014). Nucleotide metabolism is also inhibited by 

a novel antifungal drug class, the first compound of which is currently in clinicals trials 

(Oliver et al., 2016, F2G, 2022). Methionine synthase’s involvement in metabolic routes 

that have proven to be successful drug targets supports the hypothesis that methionine 

synthases are promising antifungal drug targets. 

 

Methionine synthases’ essentiality for virulence is not just restricted to A. fumigatus, it 

has also been observed as necessary for pathogenicity in a murine model of Cryptococcus 

neoformans infection and is required for the viability of Candida albicans (Pascon et al., 

2004, Suliman et al., 2007, Amich et al., 2016). C. neoformans and closely related species 

are responsible for almost all cases of cryptococcosis (Brown et al., 2012). Cryptococcal 

meningitis in HIV/AIDS causes ~181,100 deaths and new antifungals that could reduce its 

60% mortality rates would save thousands of lives each year (Denning and Bromley, 2015, 

Rajasingham et al., 2017). C. albicans is the most common etiological agent of candidiasis, 

and as rates of azole resistance are rising in candidemia bloodstream infections the need 

for new therapeutics options will become critical (Lockhart et al., 2012, Vallabhaneni et 

al., 2015). Taken together these results show that methionine synthase is crucial to three 

clinically important species and suggest that chemotherapeutics that target this enzyme 

might have a broad spectrum of action, making it an extremely attractive drug target. 

 

1.5.1. Cobalamin Dependent vs Cobalamin Independent Methionine Synthases 

There are two distinct types of methionine synthases: cobalamin-dependent (EC 2.1.1.13) 

and cobalamin-independent (EC.2.1.1.14). Mammals utilise the cobalamin-dependent 

methionine synthase, while plants and fungi employ the cobalamin-independent enzyme. 

In humans, the cobalamin-dependent methionine synthase is encoded by the MTR gene 

(Ho et al., 2013). The amino acid sequences of the A. fumigatus and human methionine 

synthase display only 11.2% identity, 20.4% similarity and 60.2% gaps (EMBL-EBI Pairwise 

Sequence Alignment). There are also substantial structural and mechanistic differences 

between the classes (Matthews et al., 2003), the most significant disparity being that the 

cobalamin-dependent variety requires the use of vitamin B12 as a cofactor (Banerjee and 
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Matthews, 1990). The cobalamin-dependent enzyme catalyses the transfer of the methyl 

group in a two-step process, in contrast to the single-step reaction performed by the 

cobalamin-independent enzyme, and has more flexibility in regards to the methyl donor 

(Drummond et al., 1995). X-ray crystallography also revealed structural variations 

between the two enzyme types, the cobalamin-dependent enzymes are four-domain 

proteins ~50 kDa larger than their two-domain cobalamin-independent counterparts 

(Ubhi et al., 2014). These differences between the methionine synthases found in humans 

and fungi indicate that cobalamin-independent methionine synthases, such as the A. 

fumigatus protein encoded by the metH gene, likely represent specific antifungal targets. 

This is important as unspecific target binding leading to inhibition of the mammal enzyme 

could lead to significant toxicity (Guéant et al., 2022). 

 

1.5.2. Methionine Synthase as Antifungal Drug Targets 

An excellent antifungal target should be essential for pathogenicity in vivo, have broad 

antifungal applications and no off target interactions that cause toxicity to host cells; 

cobalamin-independent methionine synthase has characteristics that satisfy all of these 

requirements making it a promising candidate for antifungal development (Bachhawat 

A.K., 2010). A well-developed understanding of the basis of methionine synthase 

essentiality and knowledge of the metabolic processes it contributes to would provide the 

best opportunity to identify successful inhibitors (Csermely et al., 2013). This knowledge 

would allow an appropriate measure of enzymatic activity to be determined so that high-

throughput inhibitor screening could be utilised to identify and optimise antifungal 

compounds that target fungal methionine synthases (Bachhawat A.K., 2010, Rex et al., 

2013). 
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1.6. Hypothesis & Aims 

1.6.1. Hypothesis 

The potential value of methionine synthase as an antifungal drug target can be verified by 

better characterising its essentiality, relevance in established infections and druggability. 

 

1.6.2. Aims 

This research has three general aims. 

 

The first is to determine the mechanistic basis of methionine synthase essentiality in A. 

fumigatus (Chapter 3). The potential of methionine synthases as an antifungal drug target 

in three key pathogenic fungal species has been highlighted, however the reason for the 

enzyme’s essentiality in the presence of methionine has not previously been uncovered. 

Understanding this critical function would maximise the likelihood of downstream success 

of the drug discovery process. 

 

The second is to validate methionine synthase as an antifungal drug target in established 

infections (Chapter 4). While MetH has been shown to be important for the 

establishment of fungal infections its role in later stages of disease has not been 

investigated. As the nutritional conditions encountered by a pathogen during infection 

are dynamic corroborating the relevance of a target to circumstances likely to be met 

during treatment could improve the outcome of drug development. 

 

The final aim is to develop a methionine synthase inhibition assay (Chapter 5). To allow 

the initiation of the drug discovery process it is imperative to ascertain that fungal 

methionine synthases are differentially druggable to the human version of the enzyme. 

This would enable complimentary approaches; a structure-based virtual screening to 

direct the design of binding fragments and an enzymatic assay suitable for high-

throughput screening, to be used to identify and confirm fungal specific MetH inhibitors 

with a broad spectrum of action against pathogenic fungi and minimal toxicity in humans.  
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Chapter 2. Materials and Methods 
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2.1. Strains and Media 

2.1.1. Fungal Strains and Growth Media 

A. fumigatus strain ATCC46645 (Hearn and Mackenzie, 1980) was used as the wild-type 

strain in all experiments, unless explicitly stated otherwise. A. fumigatus strain A1160+ 

(Fraczek et al., 2013) was also used as a background for a metH_tetOFF mutant. A. 

fumigatus was regularly grown on Potato Dextrose Agar (PDA) (Sigma) to harvest spores. 

Aspergillus Complete Medium (ACM) (Pontecorvo et al., 1953) was commonly used for 

growing strains for DNA extractions from mycelia. In most experiments, as indicated in 

the text, Aspergillus was also grown on minimal media (MM) (5.0 mM ammonium 

tartrate, 4.3 mM magnesium sulfate, 7.0 mM potassium chloride, 11.2 mM 

monopotassium phosphate, 55.5 mM glucose, 177.9 µM boric acid, 76.5 µM zinc chloride, 

25.3 µM manganese (II) chloride tetrahydrate, 18.0 µM iron (III) chloride hexahydrate, 6.7 

µM cobalt (II) chloride hexahydrate, 6.4 µM copper chloride dehydrate, 6.2 µM 

ammonium molybdate tetrahydrate and 134.3 µM ethylenediaminetetraacetic acid 

(EDTA)) or sulfur free minimum media (MM-S) (5.0 mM ammonium tartrate, 2.1 mM 

magnesium chloride hexahydrate, 7.0 mM potassium chloride, 11.2 mM monopotassium 

phosphate, 55.5 mM glucose, 177.9 µM boric acid, 76.5 µM zinc chloride, 25.3 µM 

manganese (II) chloride tetrahydrate, 18.0 µM iron (III) chloride hexahydrate, 6.7 µM 

cobalt (II) chloride hexahydrate, 6.4 µM copper chloride dehydrate, 6.2 µM ammonium 

molybdate tetrahydrate and 134.3 µM EDTA). The MM-S growth media was often 

supplemented with S-sources, in general organic supplements were added to a 

concentration of 5 mM and inorganic ones added to 2 mM. Where all sulfur free amino 

acids (aac) were added the final concentration of each amino acid in the media was 1 

mM. In some experiments nitrogen or carbon free MM or MM-S was used, in these cases 

ammonium tartrate or carbon respectively were omitted from the media and replaced 

with alternative sources as appropriate. 1.5% (w/v) Agar Bacteriological (Agar No.1; 

Oxoid) was added as necessary to produce MM solid media and 1.5% (w/v) Agarose 

Molecular Grade (Meridian) was added to produce MM-S solid media. 

 

For A. fumigatus transformations the growth plates contained 1.2 M sorbitol and were pH 

adjusted to 6.5 with 10 M NaCl. For selection of mutants 0.1 µg/mL pyrithiamine (PtrA) or 

50 µg/mL hygromycin B (HygrB) was used, except in the case of overexpression strains 
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where 75 µg/mL HygrB was utilised. For regulation of the tetOFF system various 

concentrations of doxycycline (Dox) were regularly added to the growth media. 

 

2.1.2. Bacterial Strains and Growth Media 

Cloning in Escherichia coli was performed using strain DH5a (Woodcock et al., 1989), 

unless stated otherwise. E. coli strains were generally grown in LB Broth (Lennex) (Sigma) 

under selective pressure with 100 µg/mL ampicillin (Amp), 50 µg/mL kanamycin (Kan) or 

34 μg/mL chloramphenicol (Cam). Chemically competent aliquots were stored at -80°C 

until use. For growth on solid media 1.5% (w/v) Agar Bacteriological (Oxoid) was added. 

 

Rosetta 2 (DE3) (Novagen) and BL21 (DE3; Invitrogen) (Wood, 1966) E. coli were used for 

expression of MetH. For bioassays the BL21 E. coli strain was used and grown on Mueller 

Hinton agar (Sigma). 

 

2.2. Fungal Spore Suspensions 

A. fumigatus strains were generally taken from 20% glycerol stocks stored at -80°C and 

cultured on solid PDA (Sigma) for 3 days at 37°C. Conidia were suspended in 10 ml of 

0.02% (v/v) tween-20, (0.5% (w/v) NaCl (Tween/NaCl) before being filtered through 

Miracloth (Millipore), or through 40 µm Cell Strainers (Corning) for use in murine 

infections. Suspensions were centrifuged at 4000 RPM for 5 minutes and washed once 

more with 10 mL Tween/NaCl. Spores were resuspended in 5 mL NaCl/Tween then 

counted using a Neubauer-Improved Counting Chamber. These spore suspensions were 

stored at 4°C for up to two weeks. 

 

2.3. Gel Electrophoresis 

2.3.1. Agarose Gel Electrophoresis 

Agarose gel electrophoresis of nucleic acids was performed using 0.8% agarose 

(Molecular grade; Meridian), in 1x TAE buffer (40 mM Tris, 20 mM acetic acid and 1 mM 

EDTA) with 1x SYBR™ Safe DNA Gel Stain (Invitrogen) to visualise the DNA. Running buffer 

was added to samples at a ratio of 1:6 (final concentration of 1.7 mM Tris-HCl, 10% 

glycerol, 10 mM EDTA and trace Orange G) Samples and a 1 kb DNA ladder (New England 

Biolabs) were run at 100 V, using a PowerPac 300 power source Bio-Rad, until the leading 

edge had run ¾ of the way down the gel. If the gel was used for diagnostic purposes, it 
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was visualised using UV light in a ChemiDoc XRS+ imaging system (Bio-Rad). If the DNA 

was going to be purified, it was instead visualised using blue light on a Self Imager™ 2.0 

Blue-light transilluminator (Invitrogen) and extracted using a NucleoSpin® Gel and PCR 

Clean-up Kit (Macherey-Nagel) following the manufacturer recommended protocol. 

 

2.3.2. Sodium Dodecyl Sulfate Polyacrylamide Gel Electrophoresis (SDS-PAGE) 

For protein electrophoresis, 12% (w/v) acrylamide gel (T=12% using 30:0.8 

Acrylamide:Bisacrylamide (Acry:Bis): 4 mL 30:0.8 Acry:Bis, 2.1 mL milli-Q H2O, 375 mM 

Tris-HCl pH 8.8, 3.5 mM SDS, 22 mM ammonium persulfate and 0.001% v/v TEMED) was 

poured into a 1.5 mm Mini-Protein gel cast (Bio-Rad) and allowed to set. Then T=4% 

packaging gel (0.65 mL 30:0.8 Acry:Bis, 3.67 mL milli-Q H2O, 125 mM Tris-HCl pH 6.8, 3.5 

mM SDS, 22 mM ammonium persulfate and 0.001% v/v TEMED) was allowed to set 

around the comb on top. The samples in the same volume of SDS-PAGE loading buffer 

(0.25 M Tris-HCl pH 6,8, 8% SDS; 40 mM DTT; 40% Glycerol and traces of bromophenol 

blue (Sigma)) and a Precision Plus (Bio-Rad) protein ladder were then loaded. The gel ran 

at 125 V constant voltage, using a PowerPac 300 (Bio-Rad) power source, in SDS-PAGE 

running buffer (250mM glycine, 25mM Tris and 3.5 mM SDS) until the leading edge of the 

dye reached the bottom of the gel. 

 

2.3.3. Ponceau Staining 

Western blot membranes were rinsed in milli-Q H2O three times, five minutes per wash, 

and stained (1% Ponceau S (Sigma) and 5% acetic acid) for one minute. Membranes were 

then destained by one minute with milli-Q H2O until bands were clearly visible and 

photographed using a ChemiDoc XRS+ imaging system (Bio-Rad). 

 

2.3.4. Coomassie Staining 

Protein gels were rinsed in milli-Q H2O and stained in Coomassie solution (2.4 mM 

Coomassie Brilliant Blue (Sigma), 45% v/v methanol and 10% v/v glacial acetic Acid) for 10 

minutes with gentle shaking. Then de-stained (5% v/v methanol and 7% v/v glacial acetic 

Acid) with gentle shaking and regular exchange of de-stain until the bands could be 

clearly observed. Gels were then photographed using a ChemiDoc XRS+ imaging system 

(Bio-Rad). 
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2.3.5. Silver Staining 

Protein gels were briefly rinsed in milli-Q H2O and fixed for 5 minutes (50% acetone, 

1.25% trichloroacetic acid and 0.015% formaldehyde). Gels then underwent a series of 

washes: two quick washes in milli-Q H2O, one five-minute wash in milli-Q H2O, two brief 

milli-Q H2O washes, a wash with 50% acetone and a two further fast washes in milli-Q 

H2O. The gels were then incubated in 0.0167% sodium thiosulfate for one minute before 

being washed twice briefly in milli-Q H2O. Gels were stained (2.67 mg/ml silver nitrate 

(Fisher) and 0.37% formaldehyde) for 8 minutes and briefly washed twice in milli-Q H2O. 

They were then developed (20mg/ml sodium carbonate, 0.015% formaldehyde and 

0.004% sodium thiosulfate) with shaking until banding was clearly visible at which time 

development was halted by a five-minute incubation in 2% acetic acid. Gels were then 

photographed using a ChemiDoc XRS+ imaging system (Bio-Rad). 

 

2.4. Nuclei Acid Extraction 

2.4.1. Fungal DNA Extraction from Conidia 

Conidia from single colonies were picked into 200 μL of breaking buffer (2% (v/v) triton X-

100, 1% (v/v) SDS, 100 mM NaCl, 10 mM Tris-HCl pH 8.0, and 1 mM EDTA pH 8.0) before 

300 mg of acid washed beads were added to the Eppendorf tube. Lysis of the spores was 

achieved by incubation at 70°C for 30 minutes with regular vortexing. 200 μL of 

phenol:chloroform:isoamylalcohol (25:24:1) (Sigma) was then added and the spores 

vortexed for 5 minutes, before being centrifuged at 13,000 RPM for 8 minutes. The 

supernatant was transferred to a fresh tube, 1 mL of isopropanol (Sigma) was added, and 

the tube stored at - 20°C for ³ 30 minutes to allow the DNA to precipitate. The DNA was 

then pelleted by centrifugation at 13,000 RPM for 10 minutes at 4°C, the pellet was 

washed with 1 mL of 70 % ethanol (Fisher) prior to a further 13,000 RPM spin for 10 

minutes. Next, the waste ethanol was aspirated, and all remaining ethanol was left to 

evaporate before the pellet was suspended in 20 μL of filtered water (Sigma). Finally, 1 μL 

of DNA was loaded onto an electrophoresis gel to ensure the DNA was not degraded and 

the concentration measured using a Nanodrop 2000 (ThermoFisher). 

 

2.4.2. Fungal DNA Extraction from Mycelia 

An inoculum of 2 x 105 conidia/mL from spore suspensions were inoculated into 50 mL of 

relevant media in flasks and incubated for 20 hours at 37°C with shaking at 180 RPM. The 
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resulting mycelia was then filtered through Miracloth, rinsed twice with milli-Q H2O, dried 

between paper towels and snap frozen in liquid nitrogen. The mycelium was ground using 

a pestle and mortar, in the constant presence of liquid nitrogen. Around 0.5 mL of the 

ground mycelia was transferred into an Eppendorf tube containing 1.5 mL of extraction 

buffer (375 mM NaCl, 300 mM Tris-HCl, 37.5 mM EDTA and 2% (v/v) sarkosyl). This 

suspension was split between two tubes, 750 μL of phenol:chloroform:isoamylalcohol 

(25:24:1) was added to each and the preparations mixed by inversion. The tubes were 

spun at 13,000 RPM for 15 minutes at 4°C before the upper aqueous phase was 

transferred to a new tube. Next, 400 μL of chloroform (Sigma) was added to each tube 

and they were centrifuged at 13,000 RPM for 15 minutes at 4°C. The upper phase was 

carefully transferred to a new tube containing 1 mL of 100% isopropanol and incubated at 

-20°C for ³ 30 minutes. The precipitated DNA was pelleted by centrifugation at 13,000 

RPM for 10 minutes at 4°C, the pellet was washed with 500 μL of 70 % ethanol prior to a 

further 13,000 RPM centrifugation for 10 minutes. Next the waste ethanol was aspirated, 

and all remaining ethanol was left to evaporate before the pellet was suspended in 98 μL 

of water plus 2 μL of RNAse (Fisher). Finally, 1 μL of DNA was loaded onto an 

electrophoresis gel to ensure the DNA was not degraded and the concentration measured 

by Nanodrop2000 (ThermoFisher). 

 

2.4.3. Fungal RNA Extraction from Mycelia 

An inoculum of 2 x 105 conidia/mL from spore suspensions were inoculated into 50 mL of 

ACM in flasks and incubated for 20 hours at 37°C with shaking at 180 RPM. The resulting 

mycelia was then filtered through Miracloth, rinsed twice with milli-Q H2O, dried between 

paper towels and snap frozen in liquid nitrogen. The mycelia was ground using a pestle 

and mortar, in the constant presence of liquid nitrogen. Around 0.8 mL of the ground 

mycelia was transferred into an Eppendorf tube containing 0.8 mL of TRIzol™ Reagent 

(ThermoFisher). The tube was then snap frozen in liquid nitrogen, allowed to thaw on ice, 

incubated on ice for five minutes and then incubated at room temperature (RT) for five 

minutes. 160 μL of chloroform was added, the extraction was then vortexed before being 

spun at 13,000 RPM for five minutes at 4°C. The upper aqueous phase was transferred to 

a new tube. The RNA was extracted using repeated purifications with 160 μL of 

phenol:chloroform:isoamylalcohol (25:24:1) until an interphase between the solutions 

could not be seen. 400 μL of isopropanol was added and the RNA incubated at -20°C for ³ 
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30 minutes. The precipitated RNA was pelleted by centrifugation at 13,000 RPM for 20 

minutes at 4°C, the pellet was washed with 700 μL of 70 % ethanol prior to a further 

13,000 RPM centrifugation for 10 minutes. Next the waste ethanol was aspirated, and all 

remaining ethanol was aspirated before the pellet was dried at 37°C, the pellet was then 

suspended in 50 μL of RNAse free water. Next, 100-200 ng of RNA was digested with 0.5 

µl of DNase I (RNase-free) (ThermoFisher) for 30 minutes at 37°C. The RNA was then 

cleaned using a RNeasy Plant Kit (Quiagen) according to the manufacturer’s instructions 

and eluted into 50 μL of RNAse free water. 

 

2.4.4. Fungal and Murine DNA Extraction from Murine Lungs 

Explanted murine lungs were immediately frozen in liquid nitrogen after extraction and 

lyophilised in a CoolSafe 55-4 (ScanVac) freeze drier connected to a RZ2.5 (VacuuBrand) 

vacuum pump for 24 hours. Lyophilised lungs were then ground, in the constant presence 

of liquid nitrogen, using a pestle and mortar. DNA was extracted from half of the ground 

lung using cetyl trimethyl ammonium bromide (CTAB) (van Burik et al., 1998). The tissue 

was transferred into an Eppendorf tube containing 1 mL of CTAB buffer (100 mM Tris-HCl 

(pH 8.0), 1.4 M NaCl, 10 mM EDTA and 2% (v/v) CTAB) and 500 mg of acid washed beads. 

The tubes were vortexed vigorously for 5 minutes, before being incubated at 60°C for 10 

minutes. The samples were then vortexed for a further minute before being centrifuged 

at 12,000 RPM for 5 minutes at 4°C. The upper aqueous phase was transferred to a new 

tube with an equivalent volume (~900 μL) of phenol:chloroform:isoamylalcohol (25:24:1). 

The mixture was vortexed for 10 seconds and then spun at 12,000 RPM for 10 minutes at 

4°C. The upper aqueous phase was transferred to a new tube with 400 μL of chloroform 

before being centrifuged at 12,000 RPM for 10 minutes at 4°C. The upper phase was 

carefully transferred to a new tube containing 1 mL of 100% isopropanol and incubated at 

-20°C for ³ 30 minutes. The precipitated DNA was pelleted by centrifugation at 12,000 

RPM for 15 minutes at 4°C, the pellet was washed with 500 μL of 70 % ethanol prior to a 

further 12,000 RPM centrifugation for 15 minutes. Next, the waste ethanol was aspirated, 

and all remaining ethanol was left to evaporate before the pellet was suspended in 98 μL 

of H2O plus 2 μL of RNAse. Finally, 1 μL of DNA was loaded onto an electrophoresis gel to 

ensure the DNA was not degraded and the concentration measured by Nanodrop2000 

(ThermoFisher). 
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2.4.5. Fungal and Murine RNA Extraction from Murine Lungs 

Murine lungs were frozen in liquid nitrogen immediately after explantation and 

lyophilised in a CoolSafe 55-4 (ScanVac) freeze drier connected to a RZ2.5 (VacuuBrand) 

vacuum pump for 24 hours. Lyophilised lungs were then ground using a pestle and 

mortar, in the constant presence of liquid nitrogen. Half of the lung was transferred into 

an Eppendorf tube containing 0.8 mL of TRIzol™ Reagent (ThermoFisher). The tube was 

then snap frozen in liquid nitrogen, allowed to thaw on ice, incubated on ice for five 

minutes and then incubated at RT for five minutes. 160 μL of chloroform was added, the 

extraction was then vortexed before being spun at 13,000 RPM for five minutes at 4°C. 

The upper aqueous phase was transferred to a new tube. The RNA was extracted using 

repeated purifications with 160 μL of phenol:chloroform:isoamylalcohol (25:24:1) until an 

interphase between the solutions could not be seen. 400 μL of isopropanol was added 

and the RNA incubated at -20°C for ³ 30 minutes. The precipitated RNA was pelleted by 

centrifugation at 13,000 RPM for 20 minutes at 4°C, the pellet was washed with 700 μL of 

70 % ethanol prior to a further 13,000 RPM centrifugation for 10 minutes. Next the waste 

ethanol was aspirated, before the pellet was dried at 37°C and resuspended in 50 μL of 

RNAse free water (Quiagen). Next, 100-200 ng of RNA was digested with 0.5 µl of DNase I 

(RNase-free) (ThermoFisher) for 30 minutes at 37°C. The RNA was then cleaned using a 

RNeasy Plant Kit (Quiagen) according to the manufacturer’s instructions and eluted into 

50 μL of RNAse free water. RNA concentration and quality was checked by gel 

electrophoresis and Nanodrop2000 (ThermoFisher). 

 

2.5. Bacterial Cloning 

Plasmid cloning in E. coli was carried out using the GeneArt® Seamless Cloning and 

Assembly Kit (ThermoFisher, A13288) according to the manufacturer’s instructions. This 

involved using a linearised plasmid as a backbone and up to 4 HiFi PCR fragments with 

overlapping regions of 15-20 nucleotides in the region to be assembled, which are then 

recombined to make a complete circularised plasmid. All fragments were purified using 

gel extraction prior to cloning. 7 μL of seamless cloning reaction was then transformed, as 

per the instructions in the GeneArt® seamless cloning kit into chemically competent 

DH5a E. coli (Woodcock et al., 1989). The transformed E. coli were then plated onto 

LB+Amp agar plates and incubated for 16 hours at 37°C. Single colonies were picked into 

1 mL of selective LB and streaked onto a selective LB agar master plate, both were then 
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incubated for 16 hours at 37°C at 200 RPM. Plasmid DNA was purified using a 

NucleoSpin® Plasmid Miniprep Kit (Macherey-Nagel) following the manufacturer’s 

instructions. The plasmids were then subjected to digestion by a combination of 

restriction enzymes to identify correct plasmid formation and sent for sequencing to 

ensure mutations had not been introduced during PCR. Colonies carrying confirmed 

plasmids were then stored at -80°C as 20% glycerol stocks. When high concentrations of 

DNA were necessary, such as for A. fumigatus transformation or Southern blot, 50 mL of 

selective media was inoculated with a single colony from the relevant strain and 

incubated for 16 hours at 37°C at 200 RPM. Plasmid purification was then carried out 

using a GenElute™ HP Plasmid Midiprep Kit (Sigma) according to the manufacturer’s 

instructions. 

 

2.6. Aspergillus fumigatus Transformation 

Genetic manipulation of the A. fumigatus genome to create mutants was completed by  

homologous recombination using a protoplast-mediated transformation method 

previously described (Szewczyk et al., 2006). Briefly, mycelia grown overnight was treated 

with Vino Taste Pro (Novozymes) for ~1 hour at 30°C with gentle shaking (80 RPM) to 

produce protoplasts. Correct formation of protoplasts was confirmed my microscopic 

observation. Protoplasts were transformed with 5-10 µg of the relevant transformation 

cassette. Transformants were incubated on transformation plates, containing 1.2 M 

sorbitol, under selective pressure for 24 hours at 30°C before being incubated for a 

further 48 hours at 37°C under relevant selection. Transformants expressing the ptrA 

resistance gene were selected in the presence of pyrithiamine hydrochloride at a final 

concentration of 100 ng/μL. While transformants expressing the hygB resistance gene 

were selected in the presence of hygromycin B at a final concentration of 50 µg/ μL, or 75 

µg/ μL for overexpression strains. Primary transformant colonies were streaked in 

selective media and grown for 48 hours at 37°C. This passage was repeated before single 

colonies were picked into the centre of selective plates, grown for 48 hours at 37°C, and 

further validated by diagnostic PCRs. Where strains would be utilised in murine infections 

Southern Blots were also completed to confirm strains. 
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2.7. PCR 

Diagnostic PCRs were performed using OneTaq® DNA Polymerase (New England Biolabs) 

following the manufacturer’s instructions, in a 20 μL final volume. The resulting product 

was then run on an agarose gel for analysis. High fidelity PCRs were carried out using HiFi 

Polymerase (PCRBIO) as recommended, with a final volume of 100 μL. Hi-Fi PCRs were 

purified using an agarose gel and NucleoSpin™ Gel and PCR Clean-up Kit (Macherey-

Nagel). 

 

2.8. RT-qPCR 

2.8.1. Reverse Transcription 

First-strand cDNA synthesis was completed on 500 ng of total RNA using the SuperScript 

III First-Strand Synthesis System (ThermoFisher) following the manufacturer’s 

instructions. Gene specific primers (Table 1), at a final concentration of 0.25 μM, or 50 ng 

random hexamers were used. 

 

2.8.2. qPCR 

RT-qPCR on each gDNA (100 ng) or cDNA (1 μL) was performed in triplicate using the SYBR 

Green JumpStart™ Taq ReadyMix ™ (Sigma), as per the manufacturer’s instructions, in a 

7500 Fast Real Time PCR Systems (Applied Biosystems) thermocycler. Relevant forward 

and reverse primer (Table 1) were used at a concentration of 0.5 μM of each. The thermal 

cycling parameters used were: 94°C for 2 minutes, and 40 cycles of 94°C for 15 seconds 

and 59°C for 1 minute. Negative controls without template DNA were included to exclude 

or detect contamination. To calculate gene expression (cDNA), the 2-ΔΔCt method (Livak 

and Schmittgen, 2001) was used. To perform absolute quantification of gDNA, standard 

curves were generated using ranges of concentrations of pure fungal and murine gDNA. 

The A. fumigatus β-tubulin gene (tub-β (AFUA_1G10910)) was used to normalise 

expression for the relative method and as the reporter of fungal DNA for the absolute 

quantification. To calculate the fungal burden of samples the number of fungal genome 

equivalents (derived from the quantity (pg - ng) of the A. fumigatus β-tubulin gene 

measured) was normalised against the murine genome equivalents (extrapolated from 

the quantity (ng) of the murine actin, beta gene (Actb) (NM_007393) present) (Gago et 

al., 2014). The statistical significance in differences in fungal burden between the groups 

was analysed by a Mann-Whitney test in Prism (for Mac; GraphPad). 
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2.9. Southern Blot 

Southern blots were performed using the Amersham ECL™ Direct Nucleic Acid Labelling 

and Detection System (GE Healthcare) following the manufacturer’s instructions. Briefly, 

15 μg of DNA extracted from mycelia was digested with 15 units of each of the relevant 

pair of restriction enzymes (New England Biolabs) for 16 hours at 37°C (high-fidelity 

versions of enzymes were always used when available and where STAR activity was a 

concern digestions were incubated for two hours). Digestions were designed to result in a 

restriction pattern that allowed the wild-type to be differentiated from the mutant of 

interest. These digestions were loaded onto a 0.8% agarose gel without SYBR™ Safe for ~1 

hour at 100 V. The gel was then rinsed in milli-Q H2O, denatured for 25 minutes (1.5 M 

NaCl, 0.5 M NaOH), rinsed again with milli-Q H2O and neutralised for 30 minutes (1.5 M 

NaCl, 0.5 M Tris HCl, pH 7.5) before being transferred onto an Amersham Hybond™–NX 

(GE Healthcare) membrane by capillary blotting for 16 hours (0.15 M trisodium citrate, 

1.5 M NaCl, pH 7.0). The membrane was then crosslinked using a UV Stratalinker® 1800 

(Strategene) and subsequently pre-hybridised in 10X Saline Sodium Citrate (SSC) buffer 

(0.5 M NaCl, 5% (w/v) blocking agent) for 1 hour at 42°C. The DNA to be used as a probe 

was produced by PCR using OneTaq® DNA Polymerase as described above. The PCR 

product was run on a 0.8% agarose gel, visualised by blue-light with a Self Imager™ 2.0 

Blue-light transilluminator (Invitrogen) to confirm the correct band was amplified and gel 

purified using a NucleoSpin® Gel and PCR Clean-up Kit (Macherey-Nagel) following the 

manufacturer recommended protocol. The purified product was then diluted to 10 ng/μL 

in a final volume of 20 μL, labelled with horseradish peroxidase and cross-linked with 

glutaraldehyde following the kit instructions. The membrane was then hybridised with 

probe for 16 hours at 42°C. The membrane was washed twice with primary wash buffer 

(6M urea, 0.4% (v/v) SDS, 0.5X SSC) at 42°C for 20 minutes and twice with secondary 

wash buffer (2x SSC) at RT for 5 minutes. The membrane was then incubated with the kit 

detection reagent for one minute to facilitate visualisation. This is based on the reduction 

of hydrogen peroxide by the peroxidase bound to the probe DNA, which liberates oxygen 

that oxidises luminol, resulting in light output that was detected using a ChemiDoc XRS+ 

imaging system (Bio-Rad). 
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2.10. Phenotypic Tests 

2.10.1. Growth Assay on Solid Media 

Conidia were diluted to 1x105 c/mL in Tween/NaCl and 10 μL of the spore suspension was 

inoculated onto solid plates. If germlings were being investigated conidia were diluted to 

1x105 c/mL in MM-S + 5 mM methionine and allowed to grow for 8 hours at 37°C before 

10 μL of the resulting germlings were inoculated onto plates. The plates were incubated 

at 37°C for 72 hours, unless stated otherwise, before being photographed with a 

Powershot S5IS camera (Canon). 

 

2.10.2. Biomass Measurement 

Freshly harvested conidia were inoculated at a final concentration of 1x105 c/mL into 

baffled flasks with 40 mL of MM-S media, supplemented with either 5 mM Met or 2 mM 

SO4. The conidia were incubated for 12, 16 or 24 hours at 37°C 180 RPM. After this initial 

incubation, 3 mL samples were taken in triplicate from the cultures to measure the dry 

biomass of each culture at the relevant time point. The cultures were then immediately 

split, and 1 µg /mL Dox was added to the relevant treated fractions. All cultures grew for 

a further 24 hours at 37°C 180 RPM. After this incubation 5 mL samples were taken in 

triplicate from each culture to measure their dry biomass. At the time of harvesting 

samples were processed so their dry biomass could be measured. The samples were 

directly filtered through tared Miracloth (Calbiochem) and subsequently dried at 60°C for 

16 hours before their weight was measured. Miracloth before and with dried mycelia was 

weighed with an AZ214 M-Power Analytical Balance (Sartorius). 

 

2.10.3. OD600 Measurement 

Freshly harvested conidia were inoculated at a final concentration of 4×103c/mL into 200 

μL of MM-S media, supplemented with 5 mM Met, in duplicate into a 96-well plate. 

Growth was allowed to progress at 37°C for 12, 16 or 24 hours before Dox was added to 

treated conditions to a final concentration of 5 μg/mL in the well. The plate was then 

returned to 37°C. The resulting growth was then measured by OD600 using a Synergy 2 

(BioTek) microplate reader 16, 24, 36 and 48 hours after the conidia were initially 

inoculated. Samples were taken from two independent experiments in technical 

replicates of four. 
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2.11. Microscopy 

2.11.1. Mitochondrial Imaging 

To visualise mitochondrial morphology ~200 A. fumigatus conidia were incubated for 16 

hours at 37°C in 8-well slides (Ibidi) with 200 μL of MM containing either 0 μg/mL, 1 

μg/mL, 10 μg/mL, 100 μg/mL or 1,000 μg/mL Dox. The mitochondria of the hyphae were 

then stained for one hour at 37°C in fresh media containing 10 μM Rhodamine-123 dye, 

in addition to the same Dox concentration as in the previous incubation (Johnson  et al., 

1980). The mitochondria were imaged at 37°C on a SP8x confocal microscope (Leica) 

fitted with a 63× HC PL APO oil immersion objective (Leica). The Rhodamine-123 

fluorescence was excited with a white light laser (5% power) tuned to 508 nm. Images 

were processed in Fiji (v10) (Schindelin et al., 2012). 

 

2.11.2. Nuclear Imaging 

To investigate nuclear localisation of GFP-tagged MetH ~1000 A. fumigatus conidia, in 200 

μL of MM-S media supplemented with 5 mM methionine, were incubated at 37°C in 8-

well slides (Ibidi) for 16 hours. The nuclei of the hyphae were then visualised following a 

method previously described (Reverberi et al., 2012). The hyphae were fixed in 4% 

paraformaldehyde in PBS for 10 minutes, permeabilized with 0.2% Triton X-100 in PBS for 

2 minutes and stained with 2 μg/mL 4’,6-diamidino-2-phenylindole (DAPI) (ThermoFisher) 

in PBS for 20 minutes in the dark. The GFP and DAPI fluorescence were sequentially 

excited and imaged on a SP8x confocal microscope (Leica) fitted with a 40× HCx PL APO 

dry objective (Leica). First, the GFP was excited at 488 nm with an argon laser at 20% 

power, then DAPI was excited at 405 nm with an LED diode at 20%. Images were 

processed in Fiji (v10) (Schindelin et al., 2012). 

 

2.11.3. Microscopic Growth Assay on Liquid Media 

To study the influence of Dox mediated target regulation on A. fumigatus growth in liquid 

media, ~1000 conidia of relevant strains were inoculated in 200 μL of the appropriate 

media (MM or MM-S supplemented with 5 mM Met or 2 mM SO4) in 8-well slides (Ibidi). 

They were either immediately incubated with various concentrations of Dox (0 µg/mL, 1 

µg/mL, 2 µg/mL, 5 µg/mL or 10 µg/mL) or first allowed to germinate (8 hours at 37°C) 

before Dox was introduced. The conidia or germlings were incubated with the relevant 

concentration of Dox at 37°C for 16 hours before being imaged with an Eclipse TE2000-E 
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microscope (Nikon) fitted with a 20x PlanFluor dry objective (Nikon) and an Orca-ER 

C4742-80 camera (Hamamatsu) driven by the MetaMorph NX1.1 software. The slides 

were then returned to 37°C for a further 24 hours (40 hours total time treated) before 

images were captured on a MZFL III stereomicroscope (Leica) with a Retiga 6000 camera 

(QImaging) attached. Images were processed in Fiji (v10) (Schindelin et al., 2012). 

 

2.11.4. Microscopic Growth Assay on Solid Media 

Conidia were diluted to 1x105 c/mL in Tween/NaCl and 10 μL of the spore suspension was 

inoculated onto solid plates of MM-S supplemented with 5 mM Met and various Dox 

concentrations (0 µg/mL, 1 µg/mL, 2 µg/mL, 5 µg/mL or 10 µg/mL). If germlings were 

being investigated conidia were diluted to 1x105 c/mL in MM-S with 5 mM Met and 

allowed to grow for 8 hours at 37°C before 10 μL of the resulting germlings were 

inoculated onto plates. The plates were incubated at 37°C for 16 hours before 

microscopic images were captured. The plates were then returned to 37°C for a further 

24 hours (40 hours total time treated) before images were taken. Where macroscopic 

colonies were not visible images were taken on a on a MZFL III stereomicroscope (Leica) 

with a Retiga 6000 camera (QImaging) attached and the images were processed in Fiji 

(v10) (Schindelin et al., 2012). If colonies were visible the plates were photographed with 

a Powershot S5IS camera (Canon). 

 

2.11.5. Timelapse Microscopy 

Timelapse microscopy was utilised to explore whether Dox mediated target regulation 

permanently or temporarily impacts A. fumigatus growth. In 8-well slides (Ibidi) ~1000 

conidia of relevant strains were inoculated in 200 μL of the appropriate media and 

allowed to germinate for 8 hours at 37°C. Next, Dox was added to the media to a final 

concentration of either 0 µg/mL or 5 µg/mL and the slide incubated at 37°C for 24 hours. 

The media in the wells was then exchanged for fresh, Dox free media, and the slides 

replaced at 37°C for 16 hours. During the experiment microscopic brightfield images of 

each well were taken every 30 minutes using an Eclipse Ti microscope (Nikon) fitted with 

a 60x PlanFluor dry objective (Nikon) and an ORCA-FLASH4.0 LT+ camera (Hamamatsu) 

and manipulated using NIS-Elements AR 5.11.01 (Nikon). Images and videos were 

processed in Fiji (v10) (Schindelin et al., 2012). 
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2.12. Metabolomic Analysis 

2.12.1. Metabolite Extraction 

A. fumigatus wild-type and metH_tetOFF strains were incubated in 800 mL of MM in 

baffled flasks, at a final concentration of 1 x 106 conidia/mL, for 16 hours at 37°C. 

Following the incubation untreated (-Dox) samples were taken from each culture (8 

replicates of 11 mL each). Then, 5 μg/mL Dox and 5 mM methionine were added to the 

flasks and the cultures incubated for 6 hours at 37°C. Samples of the treated cultures 

(+Dox) samples were then taken (8 replicates of 11 mL each). Samples were immediately 

quenched with 2× volumes of ice cold (−48°C) 60% methanol (Fisher) when taken. Next, 

samples were centrifuged at 4,000 RPM for 10 minutes at −8°C and the pellets stored at -

80°C. Pellets were resuspended in 1 mL ice cold (−48°C) 80% methanol and snap frozen in 

liquid nitrogen for one minute. Samples were then thawed on ice, vortexed for 30 

seconds and subjected to two more cycles of snap freezing, thawing and vortexing. The 

solutions were then centrifuged for 5 minutes at -9°C, 12,000 RPM. The supernatant was 

transferred into a fresh tube for storage and analysis. The pellet was resuspended in 

500 μL ice cold (−48°C) 80% methanol and treated by three additional cycles of snap 

freezing, thawing and vortexing. The solutions were then centrifuged for 5 minutes at -

9°C, 12,000 RPM and the supernatant transferred into the tube containing the 

corresponding supernatant previously removed from the pellet. Quality control (QC) 

samples were prepared by combining 100 μL from each sample. Samples were aliquoted 

(300 μL) and each aliquot mixed with 100 μL of the internal standard solution (0.2 mg/mL 

succinic-d4 acid (Sigma) and 0.2 mg/mL glycine-d5 (Cambridge Isotopes)) by vortexing for 

15 seconds. All samples were lyophilised by speed vacuum concentration, in a VR MAXI 

(Heto) vacuum centrifuge attached to a Svart RVT 4104 (ThermoFisher) refrigerated vapor 

trap, at RT for 16 hours. Lyophilised samples were immediately stored at -80°C. 

 

2.12.2. Metabolite Derivatisation 

Extracts were derivatised by methoxymation followed by trimethylsilylation (Begley et al., 

2009, Wedge et al., 2011). Lyophilised extracts were resuspended in 50 μL of 20 mg/mL 

O-methoxylamine hydro-chloride (Acros Organics) in pyridine (Acros Organics) by 

vortexing for 10 seconds and incubated at 65°C for 40 minutes. Next, 50 μL of N-methyl-

N-trimeth-ylsilyl-trifluoroacetamide (MSTFA) (Acros Organics) was added and the samples 

incubated at 65°C for 40 minutes. After the incubation, 20 μL of retention index marker 
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was added (0.3 mg/mL docosane (Sigma), nonadecane (Sigma), decane (Sigma), dodecane 

(Sigma) and pentadecane (Sigma) in pyridine) and the extracts centrifuged for 15 minutes 

at 13000 RPM. Finally, 100 μL of each sample supernatant was transferred to a GC-MS 

vial for analysis. 

 

2.12.3. Gas chromatography-Mass Spectrometry (GC-MS) 

GC-MS analysis was conducted on 1 μL of each sample with a 7890B gas chromatograph 

(Agilent) coupled to a 5975 series MSD quadrupole mass spectrometer (Agilent) and 

equipped with a 7693 autosampler (Agilent). Samples were injected into a VF5-MS 

column (30 m × 0.25 mm × 0.25 μm; Agilent), the injector was operated at 280°C and a 

split ratio of 20:1, using helium as the carrier gas with a flow rate of 1 mL/min. The 

chromatography was programmed to begin at 70°C, followed by a 4-minute hold and 

subsequent increase to 300°C at a rate of 14°C/minute. Then, there was a final 4-minute 

hold before returning to 70°C. The total run time was 24.43 min. The mass spectrometer 

was operated at 70 eV ionisation energy and a fixed emission of 35 μA. The mass 

spectrum was acquired for the range 50 to 550 m/z with a scan speed of 3,125 (n = 1). 

Samples were ordered randomly for analysis and the pooled QC sample was injected after 

every sixth sample. For data analysis the GC-MS raw files were converted to mzXML, 

imported into R and de-convolve using the package “erah”. Putative metabolite 

identification was achieved by cross referencing the chromatographic peaks and mass 

spectra with the Golm library, following the metabolomics standards initiative (MSI) 

guidelines (Sumner et al., 2007). The peak intensities of samples were normalised, using 

the internal standard, before being log10 scaled for downstream statistical analysis. The 

raw data from this metabolomic analysis was deposited in the MetaboLights database, 

under the reference MTBLS1636 (www.ebi.ac.uk/metabolights/MTBLS1636) (Haug et al., 

2020). The metabolomic data was investigated by principal component analysis (PCA) 

(Gromski et al., 2015). 

 
2.13. ATP Quantitation 

To measure ATP levels the BacTiter-Glo assay (Promega) was performed according to the 

manufacturer’s instructions. Inoculums of 2 x 105 conidia/mL A. fumigatus strains were 

incubated in baffled flasks containing 60 mL of MM, or for experiments investigating S-

adenosylmethionine nitrogen free minimal media (MM-N) with 1 mg/mL aac as the 
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nitrogen source was used. The baffle flasks were incubated for 16 hours at 37°C before 

three 10 mL aliquots were taken from each culture. Next, 5 mM methionine was added to 

each aliquot and relevant cultures were supplemented with 5 μg/mL Dox or 500 µM SAM 

singly or in combination. Cultures were incubated at 37°C for a further 6 hours. The 

cultures were then vortexed and sonicated using a Q125 Sonicator (Qsonica) for 30 

seconds at 60% power. To detect ATP levels 100 μL of each sample was mixed with 100 μL 

of the BacTiter-Glo reagent in opaque white 96-well plates (ThermoFisher) and incubated 

for five minutes. Luminescence was measured using a TriStar LB 941 microplate reader 

(Berthold), the integration time was ~0.2 – 1 second per well. ATP levels for each sample 

were measured in triplicate. At the time of ATP quantification 1 mL samples were also 

taken in duplicate from all cultures for dry biomass measurements. ATP levels were 

normalised per mg of A. fumigatus dry biomass and compared between the treated and 

untreated strains. 

 

2.14. SAM Measurement 

A. fumigatus strains were incubated in 800 mL of MM in baffled flasks, at a final 

concentration of 1 x 106 conidia/mL, for 16 hours at 37°C. Following the incubation 

untreated (-Dox) samples were taken from each culture. Then, 5 μg/mL Dox and 5 mM 

methionine were added to the flasks and the cultures incubated for 6 hours at 37°C. 

Samples of the treated cultures (+Dox) samples were then taken. At the time of 

harvesting mycelia were filtered through Miracloth (Calbiochem), dried between paper 

towels, snap frozen in liquid nitrogen and stored at −80°C. Detection and quantification of 

S-adenosylmethionine was carried out as following a method previously described by 

Owens and colleagues (2015). Briefly, snap frozen hyphae were ground in the constant 

presence of liquid nitrogen. A 100 mg portion of the ground mycelia was mixed with 250 

μL of 0.1 M HCl and stored on ice for one hour, with regular vortexing. Cellular debris 

were then removed from the samples by centrifugation at 10,500 RPM for 10 min at 4°C. 

The concentration of protein in the separated supernatants was determined using a Bio-

Rad Bradford protein assay described below.  Trichloroacetic acid (Sigma) (15% w/v) was 

added to the supernatants and the mixture incubated on ice for 20 minutes. Samples 

were centrifuged at 10,500 RPM for 10 min at 4°C and the supernatants diluted with 0.1% 

(v/v) formic acid. For each condition, samples were taken from three biological replicates, 

and two technical replicates were used per sample. Samples were injected onto Hypersil 
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Gold aQ C18 Polar Endcapped columns (ThermoFisher) and analysed by a Dionex 

UltiMate 3000 RSLCnano (ThermoFisher) coupled to a Q-Exactive mass spectrometer 

(ThermoFisher).  Samples were loaded in 100% solvent A (0.1% (v/v) formic acid in water), 

followed by a gradient from 0% to 20% solvent B (0.1% (v/v) formic acid in acetonitrile) 

over 4 minutes. The mass spectrometry resolution was set to 70,000 and tandem mass 

spectrometry scans were collected using a Top3 method. To confirm identification of SAM 

within the biological samples a SAM (Sigma) standard was used to compare the tandem 

mass spectrometry retention time and fragmentation patterns. The ion selection window 

for the extracted-ion chromatograms was set at m/z 399 to 400 and the peak area of SAM 

measured. The SAM levels in the samples were then normalised using the protein 

concentration previously measured by BCA and compared to the relevant untreated 

strain.  

 
2.15. Nuclei Isolation 

Nuclei were isolated from protoplasts, produced following the technique for A. 

fumigatus transformation, using the fractionation method previously described by 

Sperling and Grunstein (2009). Strains were incubated for 16 hours in MM-S with 5 mM 

methionine and 5 µg/mL Dox. Protoplasts were obtained by treating the mycelia with 

Vino Taste Pro (Novozymes) for ~1 hour at 30°C with gentle shaking (80 RPM). Correct 

formation of protoplasts was confirmed my microscopic observation. Protoplasts were 

washed in ice cold 1 M sorbitol before being resuspended in ice cold Buffer N (25 mM 

K2SO4, 30 mM HEPES pH 7.6, 5 mM MgSO4, 1 mM EDTA, 10% glycerol, 0.5% NP-40, 7.2 

mM spermidine, 3 mM DTT, 1X EDTA-free protease inhibitor cocktail (Roche)). Protoplasts 

were lysed by five passages through a Yamamoto Homogenizer at 1000 RPM at 4°C. 

Cellular debris were pelleted by centrifugation at 2000 RPM for 15 minutes 4°C. The 

supernatant was transferred to a new tube and the nuclear fraction pelleted by spinning 

at 5000 rpm for 30 minutes at 4°C. Nuclei were resuspended in Buffer N for storage at -

80°C. The yield was measured with a Nanodrop 2000 (ThermoFisher) by adding 10 µL of 

nuclei to 990 µL of 2 M NaCl/5 M Urea. The quality of nuclei was ascertained by adding 4 

µL of nuclei to 4 µL of 1 µg/mL DAPI (ThermoFisher) and visualising under brightfield and 

400 nm using an Eclipse Ti microscope (Nikon) fitted with a 60x PlanFluor dry objective 

(Nikon) and an ORCA-FLASH4.0 LT+ camera (Hamamatsu) and manipulated using NIS-

Elements AR 5.11.01 (Nikon). Images were processed in Fiji (v10) (Schindelin et al., 2012). 
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2.16. Western Blot 

The presence of GFP-tagged MetH in nuclei was detected by Western Blot. Samples of 

nuclear fractions were boiled at 100°C for 5 minutes in SDS-PAGE loading buffer. They 

were then loaded, together with a Precision Plus protein ladder (Bio-Rad), onto a 12% 

(w/v) SDS-PAGE gel and ran at 125 V constant voltage, using a PowerPac 300 power 

source (Bio-Rad), in SDS-PAGE running buffer until the leading edge of the dye reached 

the bottom of the gel. Next, transfer of the proteins to a polyvinylidene difluoride 

membrane was achieved using the Trans-Blot Turbo transfer system (Bio-Rad) for 17 

minutes at 25 V. The membrane was then blocked (5% skimmed milk, 0.1% Tween 20 in 

1x tris buffered saline (TBS) (50 mM Tris, 150 mM NaCl, pH 7.6)) for two hours. The 

membrane was incubated with the primary antibody, 0.01% rabbit polyclonal anti-GFP 

antiserum (Bio-Rad), for 16 hours at 4°C before being subjected to four five-minute 

washes (PBS and 0.1% Tween 20). The membrane was incubated with secondary 

antibody, 0.07% anti-rabbit IgG HRP-linked antibody (Cell Signaling Technology), for one 

hour at RT. Unbound antibody was then removed from the membrane by four ten-minute 

washes (PBS and 0.1% Tween 20). Finally, to visualise the tagged proteins the membrane 

was developed with the SuperSignal West Pico PLUS chemiluminescent substrate 

(ThermoFisher) for five minutes in the dark and imaged with a ChemiDoc XRS+ Imaging 

System (Bio-Rad). Ponceau S staining was completed to normalise the resulting 

immunoreactive bands with the total protein loaded. 

 
2.17. Bicinchoninic Acid (BCA) Assay  

Protein determination reagent was prepared by adding 5 mM copper sulfate 

pentahydrate to bicinchoninic acid solution (Sigma). 1 mg/mL, 0.8 mg/mL, 0.6 mg/mL, 0.4 

mg/mL, 0.2 mg/mL and 0 mg/mL protein standards were prepared from a BSA stock 

(Sigma). In lysis buffer 25 µl of these standards, 1/10 dilution samples of the protein of 

interest and lysis buffer as a blank, were loaded in duplicate into a 96-well plate.  200 µl 

determination reagent was added to each well and the plate was incubated for 30 

minutes at 37°C. Absorbance was measured using a BioTek Synergy 2 microplate reader 

at 562 nm. A standard curve was generated in excel and used to calculate the 

concentration of the protein of interest. 
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2.18. Galleria mellonella Infection 

Sixth-stage instar larval (15 to 25 mm in length) Galleria mellonella moths (Livefoods 

Direct)  were used as an in vivo insect model of A. fumigatus infections (Kavanagh and 

Fallon, 2010). On day 0, groups of 15 larvae (15) were infected in their last left proleg with 

an injection (Omnican 50-U 100 0.5-ml insulin syringes; Bruan) of 10 μL of a 

5 × 104 conidia/ml suspension of the relevant A. fumigatus strain. Groups of G. mellonella 

were either started on one of two dox regimens or were treated with only PBS (Gibco) 

vehicle. Both treatment schedules involved five doses of 50 mg/kg Dox over the first 36 or 

48 hours of the infection. Injections were alternated between the last left and right 

prolegs. Galleria treated at the time of infection (0 h) received Dox treatment 0, 6, 12, 24 

and 36 hours after infection. Larvae first treated 6 hours after infection (6 h) received Dox 

treatment 6, 12, 24, 36 and 48 hours after infection. The infection was then allowed to 

progress. Two uninfected control groups were also included in the experiment. One 

uninfected group was treated with Dox at the same time as the 0 h groups, the other was 

instead injected with the at the same times. Survival of the Galleria was recorded daily, 

and survival curves were produced from the pooled data of three independent replicated 

of the experiment. 

 
2.19. Murine Infection 

2.19.1. Ethics Statement 

All murine studies were carried out in accordance with the regulations outlined by the 

United Kingdom Animals (Scientific Procedures) Act 1986 and performed under UK Home 

Office Project Licences PPL70/7324 and PPL40/3644 [19b6]. 

 

2.19.2. Leukopenic Murine Model of Invasive Aspergillosis 

Murine infections were carried out in male outbred CD1 mice (Charles River). 

Immunosuppression was achieved by intraperitoneal injection of 150 mg/kg 

cyclophosphamide on days -3 and -1 and subcutaneous injection of 250 mg/kg cortisone 

acetate on day -1. Immunosuppression was maintained by intraperitoneal injection of 

150 mg/kg cyclophosphamide every third day. During immunosuppression the drinking 

water was supplemented with 2 g/L neomycin sulfate to prevent bacterial infection, 

pouches were replaced approximately every three days. On day 0 groups of five mice 

were anaesthetised by exposure to ~2-3% isoflurane (Sigma) and infected intranasally 
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with 2x105 conidia, 40 μL of the relevant freshly prepared 5x106 conidia/mL spore 

suspension, and the infection allowed to progress for up to seven days. Mice were 

weighed daily and monitored at least twice a day, when a mouse reached an 

experimental endpoint, they were culled by an intraperitoneal injection of 100 μL 

pentobarbitone. Survival curves were visualised in Prism (for Mac; GraphPad). 

 

2.19.3. Initial Dox Treatment Schedule for Leukopenic Murine Model of Established 

Invasive Aspergillosis 

Immunosuppression and infection of mice was carried out as described above. On day 1, 

24 hours after infection, relevant groups of 16 mice were treated with intraperitoneal 

injections of 10 µg/kg Dox or an equal volume of carrier (phosphate buffered saline (PBS) 

(Gibco) for the untreated groups). Intraperitoneal injections, of 10 µg/kg Dox or PBS, 

were subsequently administered every 24 hours for the remainder of the experiment. 

Dox treated mice also received fresh neomycin free pouches containing 20 mg/L Dox, 

which were replaced approximately every three days. The infection was allowed to 

progress for up to seven days. Mice were weighed daily and monitored at least twice a 

day throughout the experiment, when a mouse reached an experimental endpoint, they 

were culled by an intraperitoneal injection of 100 μL pentobarbitone. Lungs were then 

harvested, and the total RNA extracted from the lungs of four mice from each group. 

cDNA was produced and RT-qPCR performed to determine expression levels of metH. The 

A. fumigatus β-tubulin gene (AFUA_1G10910) was used to normalise between samples. 

Survival curves and fold changes were visualised in Prism (for Mac; GraphPad). 

 

2.19.4. Optimisation of Dox Treatment Schedule for Leukopenic Murine Model of 

Established Invasive Aspergillosis 

Immunosuppression of nine mice was performed as described above. No antibiotic was 

provided in the drinking water for this experiment, to prevent interference with bioassay 

analyses to measure Dox concentrations within the lungs. Mice were weighed daily and 

monitored at least twice a day throughout the experiment. Mice were not infected on 

day 0 for this experiment. Sixteen hours (+16 h) after time 0, when infection should occur 

in subsequent experiments, treatment was initiated with an intraperitoneal injection of 

50 mg/kg Dox and the food was exchanged for feed containing 625 mg/kg Dox (U8200 

Version 0115 A03; SAFE). Four hours later (+20 h) three mice were culled by an 
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intraperitoneal injection of 100 μL pentobarbitone, lungs were collected and 

homogenised for bioassay analysis. Eight hours after the initial Dox injection (+24 h), the 

remaining mice were injected subcutaneously with 50 mg/kg Dox, this treatment was 

repeated every 12 hours for the remainder of the experiment. Lungs from groups of three 

mice were explanted and prepared for bioassay analysis at two further timepoints: two 

hours after the third Dox injection (+38 h) and 9 hours after the fifth Dox (+69 h) injection. 

  

2.19.5. Bioassay 

A bioassay to measure Dox concentrations from in vivo samples was performed using the 

BL21 (DE3; Invitrogen) E. coli strain, selected for suitability through a pre-screening of 

various E. coli strains to find a strain with differentiable susceptibility to Dox at relevant 

concentrations. The strain was streaked from -80°C stocks to single colonies on a LB plate 

and incubated for 24 hours at 37°C. Single colonies were then suspended in PBS (Gibco) 

and a 1 mL dilution with an OD600 of 1.6 made. The suspension was then mixed into 100 

mL of sterile Mueller Hinton agar, melted and maintained at 50°C, poured into a level 24 x 

24 cm petri dish and allowed to cool. A sterile 7 mm borer was used to create wells in the 

agar. 40 μL of samples taken from homogenised murine lungs were added in triplicate to 

randomised wells. Four relevant concentrations of Dox were added to untreated lung 

extracts and included in triplicate in the plate, to act as drug control ladder. The plate was 

incubated for 16 hours at 37°C before callipers were used to take three measurements of 

the dimeter of each of the resulting inhibition zones. The drug concentration ladder was 

used to create a standard curve from which to estimate the concentration of Dox in the 

murine lung samples. 

 

2.19.6. Final Dox Treatment Schedule for Leukopenic Murine Model of Established 

Invasive Aspergillosis 

Immunosuppression and infection of mice were performed as described above. In this 

experiment groups of 10 mice were infected with an inoculum of 1x105 conidia, 40 μL of 

the relevant freshly prepared 2.5x106 conidia/mL spore suspension. Sixteen hours after 

infection (+16h), treatment of relevant mice was initiated with an intraperitoneal 

injection of 50 mg/kg Dox and the food of treated groups was exchanged for feed 

containing 625 mg/kg Dox (U8200 Version 0115 A03; SAFE). Eight hours after the initial 

Dox injection (+24 h) mice were injected subcutaneously with 50 mg/kg Dox, this 
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treatment was repeated every 12 hours for the remainder of the experiment. At each 

time point where Dox was administered to treated groups, untreated controls received 

injections at the relevant site with an equal volume of carrier (PBS for the untreated 

groups). 72 hours after infection all mice were culled by an intraperitoneal injection of 

100 μL pentobarbitone. Lungs were then harvested, homogenised and the total DNA 

extracted from the lungs of each mouse. RT-qPCR was performed to determine fungal 

burdens within the lungs of the mice. 

 

2.20. In silico Analysis 

2.20.1. Molecular Homology Modelling 

The structure of A. fumigatus metH (AFUA_4G07360) was predicted using the A. 

fumigatus sequence, acquired from FungiDB (https://fungidb.org/fungidb), and the 

structure of the previously crystallised C. albicans’ methionine synthase (PDB ID 4L65) 

(Ubhi et al., 2014, Fiser and Šali, 2003). The molecular homology model was generated in 

Modeller (v9.23) using the basic option mode (Stajich et al., 2012).  

 

2.20.2. Virtual Screening 

In silico screening was completed using the semiautomated pipeline VSpipe (Alvarez-

Carretero et al., 2018). Docking of the Maybridge Ro3 1000 fragment library on the 

predicted A. fumigatus methionine synthase structure and the crystallised folate and 

homocysteine binding domains of the human methionine synthase (PDB ID 4CCZ) 

(Vollmar et al., 2013) was performed with AutoDock Vina (Trott and Olson, 2010). The 

results were reviewed visually using PyMOL (v1.8.0.3 Enhanced for Mac OS X; 

Schrödinger). 

 

2.21. Recombinant Protein Production 

2.21.1. Protein Expression in E. coli 

Autoinduction of A. fumigatus MetH expression in E. coli was completed using a 

previously described method (Studier, 2005). To produce the first bacterial expression 

strain RT-PCR was performed on mRNA isolated from wild-type A. fumigatus to amplify 

metH cDNA. The resulting product was cloned into the pET His6 TEV LIC cloning vector 

(2B-T) (A gift from Scott Gradia; Addgene), which adds an in frame His-tag to the N-

terminal of the protein. The plasmid (pJA83) was then transformed into Rosetta 2 (DE3) 
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(Novagen) chemically competent E. coli. Alternatively, the A. fumigatus metH open 

reading frame was codon optimised (CO) for expression in E. coli using GenSmart Codon 

Optimization (GenScript), synthesised de novo by GenScript and cloned into the plasmid 

pET-28a (GenScript Biotech), which places His-tags in frame at both the C and N termini of 

MetH. This codon optimised plasmid (U642NFJ020) was transformed into chemically 

competent strains BL21 (DE3; Invitrogen) E. coli. A single colony of the relevant bacterial 

strain was then incubated in 50 mL of LB with 1% glucose and the relevant drugs for 

selection (100 µg/mL Amp and 34 μg/mL Cam for the Rosetta 2 strain or 50 μg/mL Kan for 

the codon optimised strain) for 16 hours at 37°C with shaking at 200 RPM. At 0 h, ~1 mL 

of the preculture was added to produce an OD600 of ~0.05 in a flask containing 400 mL 

freshly prepared autoinduction media (12 mg/mL tryptone, 24 mg/mL Yeast Extract 

(Sigma), 25 mM KH2PO4, 25 mM Na2HPO4, 50 mM NH4Cl, 5m mM Na2SO4, 40 CaCl2 μM, 

200 μM MgSO4, 0.5% glycerol, 0.05% glucose and 0.2% lactose). To maintain selective 

pressure the relevant drugs were also included in the medium and 1 mg/mL ZnSO4 was 

added to provide a source of catalytic zinc ions for MetH. The flask was incubated at 37°C 

at 200 RPM and OD600 measurements were taken every 2 hours until they reached 1.2. 

Then, the flask was incubated at RT, unless alternative temperatures were being tested, 

with gentle shaking until 48 hours from the addition of preculture to the autoinduction 

flask (+ 48 h). The culture was centrifuged for 15 minutes at 4°C at 6000 RPM and the 

pellet resuspended in 1/10 the total culture volume of STE buffer (10 mM Tris pH 8.0, 150 

mM NaCl and 1 mM EDTA). The centrifugation was repeated (15 minutes, 6000 RPM at 

4°C) and the pellet stored at -80°C. 

 

2.21.2. Analysis of Protein Solubility 

The pellet of the autoinduced culture was resuspended in 1/10th the original culture 

volume of lysis buffer (20 mM Tris-HCL pH 7.5, 300 mM NaCl, 10 mM imidazole, 200 

μg/ml of lysozyme (Sigma), 1x EDTA-free protease inhibitor cocktail (Roche), 0.1% 

sarkosyl and 0.05 mM EDTA) and incubated for 30 minutes at 30°C. The suspension was 

sonicated, using a Q125 Sonicator (Qsonica) with 10 second pulses at maximum power 

alternated with 1 minute cooling periods, until viscosity disappeared. A sample equivalent 

to 1 mL of the original culture was taken to represent the total protein content of the 

culture and added to the same volume of SDS-PAGE loading buffer before being stored at 

-80°C. The remaining suspension was centrifuged at 4°C for 1 hour at 13,000 RPM. The 
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supernatant was transferred to a fresh tube for storage and the equivalent of 1 mL of 

original culture was taken as a sample to show the soluble fraction. This soluble sample 

was mixed at a ratio of 1:1 with SDS-PAGE loading buffer and stored at -80°C. The pellet 

was resuspended with a volume of lysis buffer and 0.1% triton x-100 that matched the 

volume of supernatant collected. An equivalent of 1 mL of original culture of this 

resuspension was taken as a sample to represent the insoluble fraction. The insoluble 

sample was mixed at a ratio of 1:1 with SDS-PAGE loading buffer and stored at -80°C. 20 

μL of each sample was then boiled at 100°C for 8 minutes, spun at 11,000 RPM for 30 

seconds and placed on ice for 5 minutes. The total, soluble and insoluble samples were 

then analysed by SDS-PAGE to establish the proportion of expressed MetH which was 

soluble. 

 

2.21.3. Protein Purification 

Isolation of MetH from the soluble protein fraction was performed using Ni-NTA His•Bind 

Resin (Millipore), following the manufacturer’s instructions. 400 μL of the 50% Ni-NTA 

His•Bind slurry was mixed with 1.6 mL Ni-NTA binding buffer (20 mM Tris-HCL pH 7.5, 300 

mM NaCl, 10 mM imidazole and 1X EDTA-free protease inhibitor cocktail (Roche)) and 

allowed to settle by gravity. 1.6 mL of the supernatant was then removed. Next, 1.6 mL of 

the soluble protein fraction was added to the resin and mixed for one hour at 4°C 100 

RPM. The slurry mixture was then centrifuged for one minute at 100 RPM. The 

supernatant was transferred to a fresh tube for storage and replaced with 1.6 mL wash 

buffer 1 (20 mM Tris-HCL pH 7.5, 300 mM NaCl, 20 mM imidazole and 1X EDTA-free 

protease inhibitor cocktail (Roche)). The protein mixture was mixed by inversion and 

centrifuged at 100 RPM for one minute. The supernatant from the first wash was 

transferred to a fresh tube for storage and a further wash completed with 1.6 mL wash 

buffer 2 (20 mM Tris-HCL pH 7.5, 300 mM NaCl, 40 mM imidazole and 1X EDTA-free 

protease inhibitor cocktail (Roche)). The supernatant from the second wash was also 

collected for storage. The resin was then mixed with 250 μL of Ni-NTA elution buffer (20 

mM Tris-HCL pH 7.5, 300 mM NaCl, 250 mM imidazole and 1X EDTA-free protease 

inhibitor cocktail (Roche)) before being centrifuged at 100 RPM for 1 minute. The first 

elution supernatant was transferred to a fresh tube for storage and the elution step 

repeated three further times, with each sequential elution supernatant collected for 

storge. Samples (20 μL) of each of the wash and elution fractions were mixed with an 
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equivalent volume of SDS-PAGE loading buffer and analysed by SDS-PAGE stained with 

Coomassie to establish the purity and proportion of MetH present in each. Ultrafiltration 

and buffer exchange of the elution fractions was achieved using an Amicon Ultra 15 mL 

Centrifugal Filter (Millipore), following the manufacturer’s instructions. The column was 

centrifuged at 4,000 RPM for 20 minutes. The flow through was retained for storage and 

the concentrated protein reconstituted to the original sample volume with low salt buffer 

(50 mM Tris-HCl pH 7.5, 50 mM potassium phosphate buffer pH 7.0 and 50 mM NaCl). 

The column was transferred to a fresh collection tube and centrifuged at 4,000 RPM for 

20 minutes. The flow through was stored and the wash repeated twice more, the flow 

through from each wash was captured in fresh tube each time. After the final 

centrifugation the protein in the column was reconstituted in low salt buffer and 

collected for storge using a side-to-side sweeping motion to ensure total recovery. The 

purity of the resulting MetH was assessed by SDS-PAGE stained with Coomassie and Silver 

and the concentration measured by Bicinchoninic Acid (BCA) Assay. 

 

2.22. Enzymatic Assay 

2.22.1. Measure-iT Thiol Assay Kit 

To measure the reduction in homocysteine concentrations caused by MetH activity the 

Measure-iT Thiol Assay Kit (Invitrogen) was used according to the manufacturer’s 

instructions. To act as a source of catalytic zinc ions 4 µM ZnCl2 was mixed with the 

substrates, 400 µM homocysteine (Flurochem) and 400 µM 5, methyl–tetrahydrofolate 

(5, methyl-THF) (Schircks laboratories), to 8 µL in dilution buffer (50 mM Tris-HCl pH 7.5 

and 50 mM potassium phosphate buffer pH 7.0) in a 96-well plate (Starlab). The 

enzymatic reaction was initiated by the addition of 9 µg of purified MetH, or an equal 

volume of carrier buffer was added instead, and allowed to progress for 30 minutes at 37° 

C. To stop the reaction the plate was incubated on ice for 5 minutes. For detection 100 µl 

of the Measure-iT thiol quantitation reagent was added for five minutes before 

fluorescence was measured at with an excitation wavelength of 490 nm and reading 

emission of 520 nm using a TriStar LB 941 microplate reader (Berthold). For each reaction 

there were two experiment duplicates each completed in technical triplicates. 

Quantification of homocysteine concentrations in enzymatic reactions was determined by 

comparison to a homocysteine standard curve. 
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2.22.2. Ellman’s Reagent Thiol Assay 

To measure the reduction in homocysteine concentrations caused by MetH activity 

Ellman’s Reagent, 5,5ʹ-dithiobis-2-nitrobenzoic acid (DNTB) (Sigma), following a method 

previously described (Biastoff et al., 2006). Briefly, to act as a source of catalytic zinc ions 

4 µM ZnCl2 was mixed with the substrates, 400 µM homocysteine (Flurochem) and 400 

µM 5, methyl-THF (Schircks laboratories), to 18 µL in dilution buffer (50 mM Tris-HCl pH 

7.5 and 50 mM potassium phosphate buffer pH 7.0) in a 96-well plate (Starlab). The 

enzymatic reaction was initiated by the addition of 9 µg of purified MetH, or an equal 

volume of carrier buffer was added instead, and allowed to progress for 10 minutes at 37° 

C. To stop the reaction the plate was incubated on ice for 5 minutes. For detection 60 µl 

of 244 µM DNTB was added for five minutes before absorbance was measured at 412 nm 

using a TriStar LB 941 microplate reader (Berthold). For each reaction there were two 

experiment duplicates each completed in technical triplicates. Quantification of 

homocysteine concentrations in enzymatic reactions was determined by comparison to a 

homocysteine standard curve. 

 

2.22.3. Tetrahydrofolate Formylation Assay 

To measure the production of tetrahydrofolate (THF), resulting from MetH activity, a 

previously published formylation assay was employed (Drummond et al., 1995). To act as 

a source of catalytic zinc ions 4 µM ZnCl2 was mixed with the substrates, 200 µM 

homocysteine (Flurochem) and 200 µM 5–methyl–THF (Schircks laboratories), to 475 µL 

in enzymatic buffer (50 mM Tris-HCl pH 7.4, 50 mM potassium phosphate buffer pH 7.0, 

100 µM MgSO4 and 10 mM DTT) in microcentrifuge tubes. The tubes were then 

incubated at 37°C for 15 minutes to allow the reaction mix to reach 37°C. The enzymatic 

reaction was initiated by the addition of 25 µL of 0.18 µg of purified MetH, or instead an 

equal volume of carrier buffer, and allowed to progress for 90 minutes at 37° C. These 

variables were selected following optimisation of the enzymatic assay. To terminate the 

reaction 125 µL of 80% formic acid was added and the tube boiled at 80°C for 10 minutes. 

Next, the reactions were incubated on ice for three minutes and 250 µL of each sample 

were added in duplicate to a 96-well plate (Starlab). Absorbance was measured at 350 nm 

using a TriStar LB 941 microplate reader (Berthold). For each reaction there were two 

experiment duplicates each completed in technical triplicates. Quantification of THF 
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concentrations in enzymatic reactions was determined by comparison to a THF 

(AOBIOUS) standard curve after being normalised to an enzyme free blank.  
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Table 1. Primers 
Name Sequence (5´->3´) Reference 

JAE 98 (ptrA Rv) GTGTCCCGTATGTAACGGTGG (Amich et al., 2016) 
JAE 102 (hygrB Rv)  CATCTGGCATACTGTTGCTCG This study (Scott et al., 2020) 
JAE 276 (5’ metH Fw) AATTCGAGCTCGGTACGTTAACTCTCGTGAG

GACGATCATGG 
This study (Scott et al., 2020) 

JAE 279 (metH Rv) CCAAGCTTGCATGCCGTTAACTCGGTCCTTG
CCAAGCTTCTGG 

This study (Scott et al., 2020) 

JAE 285 (5’ metH Fw) CGGAGTTGAGCCGTAGATGC This study (Scott et al., 2020) 
JAE 290 (5’ metH Fw) AACTCTCGTGAGGACGATCATGG This study (Scott et al., 2020) 
JAE 291 (5’ metH Rv) GATACAGAGCAGAGGATGGAGG This study (Scott et al., 2020) 
JAE 292 (ptrA Fw) CCTCTGCTCTGTATCGATAAGCTTGATGGCC

TAGATGG 
This study (Scott et al., 2020) 

JAE 293 (tetOFF Rv) TTACGATTGGACCATACTCAGGCCGGTGAT
GTCTGC 

This study (Scott et al., 2020) 

JAE 294 (metH Fw) ATGGTCCAATCGTAAGGATCCGC This study (Scott et al., 2020) 
JAE 295 (5’ metH Rv) AACTCGGTCCTTGCCAAGCTTCTGG This study (Scott et al., 2020) 
JAE 265 (5’ metG Fw) ATTCGAGCTCGGTACTGCGCATGGATGGCC

TATGCAAGG 
This study (Scott et al., 2020) 

JAE 266 (5’ metG Rv) GGACCTGAGTGATGCGGAAAGTAGCGGGG
AAGCAAGG 

This study (Scott et al., 2020) 

JAE 269 (5’ metG Fw) GCAGCAACGTCACATGATGG This study (Scott et al., 2020) 
JAE 270 (3’ metG Fw) TGGTCCATCTAGTGCGGCGATATCATTGGCG

TTGAGG 
This study (Scott et al., 2020) 

JAE 271 (3’ metG Rv) CCAAGCTTGCATGCCTGCGCAAATGCATCG
GCGTACTGACG 

This study (Scott et al., 2020) 

JAE 321 (5’ metH Fw) AATTCGAGCTCGGTACCTCTCGTGAGGACG
ATCATGG 

This study (Scott et al., 2020) 

JAE 322 (metH2042A>C Rv) AGGCTCGGCGACCTGAATGACC This study (Scott et al., 2020) 
JAE 323 (metH2042A>C Fw) CAGGTCGCCGAGCCTGCTCTGC This study (Scott et al., 2020) 
JAE 324 (3’ metH Rv) GCCAAGCTTGCATGCCTTATTTGGTGTACTT

CTGGCGG 
This study (Scott et al., 2020) 

JAE 325 (metH2179TA>GC Rv) TCAGAGGCGCAGAAGTGAGAGTGG This study (Scott et al., 2020) 
JAE 326 (metH2179TA>GC Fw) ACTTCTGCGCCTCTGAGTTCCAGGAC This study (Scott et al., 2020) 
JAE 328 (5’ ku70 Fw) AATTCGAGCTCGGTACTGCGCACAGTCGGT

AAGGATTGC 
This study (Scott et al., 2020) 

JAE 329 (5’ ku70 Rv) CGAGAGTTCTCTGCCTTGAGTGCCTACC This study (Scott et al., 2020) 
JAE 330 (metH Fw) GGCAGAGAACTCTCGTGAGGACGATCATGG This study (Scott et al., 2020) 
JAE 331 (metH Rv) TCGGGGATCCTTATTTGGTGTACTTCTGGCG

G 
This study (Scott et al., 2020) 

JAE 332 (hygrB Fw) AATAAGGATCCCCGACGCCGACCAAC This study (Scott et al., 2020) 
JAE 333 (hygrB Rv) TTTGCCCGGTGTATGAAACCG This study (Scott et al., 2020) 
JAE 334 (3’ ku70 Fw) GCAAAGCGAGTCGAGGAGTACATGG This study (Scott et al., 2020) 
JAE 335 (3’ ku70 Rv) GCCAAGCTTGCATGCCTGCGCAAAGTTCACC

CTTCCCGCTCC 
This study (Scott et al., 2020) 

JAE 336 (5’ ku70 Fw) AAGCTGACGGTCCCACTTGG This study (Scott et al., 2020) 
JAE 337 (5’ ku70 Rv) CGATGTAGATTGACCCGAGAGG This study (Scott et al., 2020) 
JAE 338 (ku70 Rv) TTCCACTGCCTCATCATCACG This study (Scott et al., 2020) 
JSE 364 (5’ cyp51A Fw) AATTCGAGCTCGGTACGTTAACAAGACTTG

GCTTAGCTCC 
This study (Scott et al., 2020) 

JAE 365 (5’ cyp51A Rv) TGCAAGAGGCCATCTGACAAGGACGAATGA
GAGACC 

This study (Scott et al., 2020) 

JAE 366 (cyp51A Fw) CATCACCGGCCTGAGAATGGTGCCGATGCT
ATGGC 

This study (Scott et al., 2020) 

JAE 367 (cyp51A Rv) GCCAAGCTTGCATGCCGTTAACGGGCAAGG
GGCTTTTCACC 

This study (Scott et al., 2020) 

JAE 368  (cyp51A Fw) CTGATTTGCCATGGATTCCTGG This study (Scott et al., 2020) 
JAE 369 (5’ metF Fw) AATTCGAGCTCGGTACAAGCTTCATATCAAG

GGATAGAGACGCTC 
This study (Scott et al., 2020) 
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Name Sequence (5´->3´) Reference 
JAE 370 (5’ metF Rv) GGACCTGAGTGATGCAACAGCGAGTGGAGT

ACTGG 
This study (Scott et al., 2020) 

JAE 371 (3’ metF Fw) TGGTCCATCTAGTGCCTAAGGGCAGGGACC
ATAACC 

This study (Scott et al., 2020) 

JAE 372 (3’ metF Rv) GCCAAGCTTGCATGCCAAGCTTACCTCGTTG
TTCTGTGC 

This study (Scott et al., 2020) 

JAE 373 (5’ metF Fw) TGACATTGTCCCAGGTGTGG This study (Scott et al., 2020) 
JAE 383 (hspA Fw) GCGGCCGCACGATCCCTGAGTAGTTCTGG This study (Scott et al., 2020) 
JAE 384 (hspA Rv) TTCAGGCCTGTGAAGAAGTGAGGAGGGTTT

CG 
This study (Scott et al., 2020) 

JAE 385 (trpC Fw) CACTTCTTCACAGGCCTGAATCCCCGACGCC
GACCAAC 

This study (Scott et al., 2020) 

JAE 386 (trpC Rv) AAGAAGGATTACCTCTAAACAAGTGTACC This study (Scott et al., 2020) 
JAE 387 (mecA Fw) ATGTCGTCCAAAACGTCCCCAGC This study (Scott et al., 2020) 
JAE 395 (mecA Rv) GTGAGAAAATCAGATGGGACC This study (Scott et al., 2020) 
JAE 401 (5’ cyp51B Fw) AATTCGAGCTCGGTACAAGCTTCTCAAAACG

CAAAGTCGAGC 
This study (Scott et al., 2020) 

JAE 402 (5’ cyp51B Rv) GGACCTGAGTGATGCTGAGTGTCTCGCCTA
GAGGC 

This study (Scott et al., 2020) 

JAE 403 (3’ cyp51B Fw) TGGTCCATCTAGTGCAGCCTGATCGTGATCA
CTCG 

This study (Scott et al., 2020) 

JAE 404 (3’ cyp51B Rv) GCCAAGCTTGCATGCCAAGCTTTTCACCCTC
AACTCCACC 

This study (Scott et al., 2020) 

JAE 405 (5’ cyp51B Fw) CACGGTGGATGAATGTCTGC This study (Scott et al., 2020) 
JAE 406 (3’ cyp51B Rv) CTTTCTTACCTTGATCGGTCG This study (Scott et al., 2020) 
JAE 423 (tub-β Fw) ACTTCCGCAATGGACGTTAC This study (Scott et al., 2020) 
JAE 424 (tub-β Rv) GGATGTTGTTGGGAATCCAC This study (Scott et al., 2020) 
JAE 468 (mecA Fw) GTATACATGTCGTCCAAAACGTCCCCAGC This study (Scott et al., 2020) 
JAE 470 (mecA Rv) GTATACCTCGTGAGAAAATCAGATGG This study (Scott et al., 2020) 
JAE 514 (sahL Fw) TCACTTCTTCACAGGATGGCTGCCCCCGCTC

AG 
This study (Scott et al., 2020) 

JAE 515 (sahL Rv) CGTCGGGGATTCAGGTTACATATCGCTCTTG
AAAGGACC 

This study (Scott et al., 2020) 

JAE 516 (Actb Fw) CGAGCACAGCTTCTTTGCAG This study (Scott et al., 2020) 
JAE 517 (Actb Rv) CCCATGGTGTCCGTTCTGA This study (Scott et al., 2020) 
JAE 523 (bhlA Fw) TCACTTCTTCACAGGATGGGATCATCTTACT

CAGTGC 
This study (Scott et al., 2020) 

JAE 524 (bhlA Rv) CGTCGGGGATTCAGGTCAAGCAAGAACACC
CATCG 

This study (Scott et al., 2020) 

JAE 533 (sahL Fw) GGTTGCCTTCACATGACCATC This study (Scott et al., 2020) 
JAE 534 (sahL Rv) ACC CTT CCA GGC AAA GAC AG This study (Scott et al., 2020) 
JAE 540 (mecA Fw) GCAGCCGTCAAAGGCTATAA This study (Scott et al., 2020) 
JAE 541 (mecA Rv) GTCGTAGGCAGCCTCGTTAG This study (Scott et al., 2020) 
JAE 583 (metH Fw) CCTGTACTTCCAATCCAATATGGTCCAATCT

GCCGTTTTGG 
This study (Scott et al., 2020) 

JAE 584 (metH Rv) GGATCCGTTATCCACTTCCAATTTATTTGGTG
TACTTCTGGCGG 

This study (Scott et al., 2020) 

JAE 585 (bhlA Rv) GGCTTGCCCTCAACAACATTG This study (Scott et al., 2020) 
JAE 590 (metH Fw) TCACTTCTTCACAGGATGGTCCAATCTGCCG

TTTTG 
This study (Scott et al., 2020) 

JAE 594 (metH Rv) GCCCGAACCGGAGCCTTTGGTGTACTTCTGG
CGG 

This study (Scott et al., 2020) 

JAE 595 (GFP Fw) GGCTCCGGTTCGGGCATGGTGAGCAAGGGC
GAGG 

This study (Scott et al., 2020) 

JAE 596  (GFP Rv) CGTCGGGGATTCAGGTCACCATGTTTCGCGC
GG 

This study (Scott et al., 2020) 

JAE 601 (metH2439CG>GA Fw) CCTGAAGACCGCTCAGTGGCCC This study (Scott et al., 2020) 
JAE 602 (metH2439CG>GA Rv) GGGCCACTGAGCGGTCTTCAGG This study (Scott et al., 2020) 
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Name Sequence (5´->3´) Reference 
JAE 603 (metH2042A>C Fw) CATTCAGGTCGCCGAGCCTGCTC This study (Scott et al., 2020) 
JAE 604 (metH2042A>C Rv) GAGCAGGCTCGGCGACCTGAATG This study (Scott et al., 2020) 
JAE 670 (metF Fw) CGGATTTGACCTGCGAGATG This study (Scott et al., 2020) 
JAE 671 (metF Rv) AGTCCTCCTTCAGTGGCTTC This study (Scott et al., 2020) 
JAE 672 (G6PD Fw) CGTCCCATCTCCTTCTCCTC This study (Scott et al., 2020) 
JAE 673 (G6PD Rv) AACAGTGTCGTCCTCCTTGT This study (Scott et al., 2020) 

 
 
Table 2. Plasmids 

Plasmid Description Resistance Reference 
pET His6 TEV 
LIC (2B-T) 

LIC N-terminal His6 (fusion vector) Amp Addgene 

PCR-Blunt pUC origin of replication (high copy 
vector) 

Kan ThermoFisher 

PCR PCR-Blunt-II-TOPO Kan ThermoFisher 
pMA171 AMA1 -HygrB module Amp (Carvalho et al., 2010) 
pUC19 pUC origin of replication (high copy 

vector) 
Amp ThermoFisher 

pSK529 hygrB-betarecombinase(HygrB) module Kan (Jimenez-Ortigosa et al., 2012) 
pSK530 ptrA-betarecombinase(HygrB) module Kan (Scott et al., 2019) 
pSK606  (P)tpiA::tTA2::tetO-(P)gpdA tetOFF 

module 
Amp (Wanka et al., 2016) 

pJA30 ∆metG::hygrB-betarecombinase(HygrB) 
deletion cassette 

Amp This study (Scott et al., 2020) 

pJA32 metH::ptrA-tetOFF(P)metH conditional 
promoter replacement cassette 

Amp This study (Scott et al., 2020) 

pJA34 metH cDNA (high copy) Kan This study (Scott et al., 2020) 
pJA37 metH2042A>C (high copy) Amp This study (Scott et al., 2020) 
pJA38 metH2179TA>GC (high copy) Amp This study (Scott et al., 2020) 
pJA39 Ku70::hygrB-metH2042A>C  replacement 

cassette 
Amp This study (Scott et al., 2020) 

pJA40 Ku70::hygrB-metH2179TA>GC replacement 
cassette 

Amp This study (Scott et al., 2020) 

pJA45 cyp51A::ptrA-tetOFF(P)cyp51A 
conditional promoter replacement 
cassette 

Amp This study (Scott et al., 2020) 

pJA46 ∆metF::hygrB-betarecombinase(HygrB) 
deletion cassette 

Amp This study (Scott et al., 2020) 

pJA48 hspA(P) module Kan This study (Scott et al., 2020) 
pJA49 AMA1 -HygrB-hspA(P) overexpression 

vector 
Amp This study (Scott et al., 2020) 

pJA50 AMA1 -HygrB-hspA(P)mecA 
overexpression plasmid 

Amp This study (Scott et al., 2020) 

pJA51 ∆cyp51B::hygrB-betarecombinase 
(HygrB) deletion cassette 

Amp This study (Scott et al., 2020) 

pJA58 mecA (high copy) Kan This study (Scott et al., 2020) 
pJA72 AMA1 -HygrB-hspA(P)sahL 

overexpression plasmid 
Amp This study (Scott et al., 2020) 

pJA75 AMA1 -HygrB-hspA(P)bhlA 
overexpression plasmid 

Amp This study (Scott et al., 2020) 

pJA83 His6-metH Amp This study 
pJA86 AMA1 -HygrB-hspA(P)metH-GFP Amp This study (Scott et al., 2020) 
pJA87 AMA1 -HygrB-hspA(P)metH2042A>C-GFP Amp This study (Scott et al., 2020) 
pJA88 AMA1 -HygrB-hspA(P) metH2439CG>GA-GFP Amp This study (Scott et al., 2020) 
U642NFJ020 His6-metH-His6 Kan This study (GenScript) 
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Table 3. Bacterial strains 
Bacterial strain Reference 

BL21(DE3) Invitrogen 
DH5a (Woodcock et al., 1989) 
Rosetta 2(DE3) Novagen 

 
 
Table 4. Fungal strains 

Fungal strain Description Parental Reference 
ATCC46645 Clinical isolate  (Hearn and 

Mackenzie, 
1980) 

metH_tetOFF (ATCC) metH::ptrA-tetOFF(P)metH ATCC46645 This study (Scott 
et al., 2020) 

A1160+ ΔakuBku80::pyrG−-zeo, pyrG−::pyrG A1160- (Fraczek et al., 
2013) 

metH_tetOFF (A1160+) ΔakuBku80::pyrG−-zeo, 
pyrG−::pyrG,metH:: ptrA- tetOFF(P)metH 

A1160+ This study (Scott 
et al., 2020) 

∆cysD ∆cysD::six ATCC46645 (Scott et al., 
2019) 

ΔmetGΔcysD(HygrB) ∆cysD::six, ∆metG::hygrB-
betarecombinase(HygrB) 

∆cysD This study (Scott 
et al., 2020) 

ΔmetGΔcysD ∆cysD::six, ∆metG::six ΔmetGΔcysD 
(HygrB) 

This study (Scott 
et al., 2020) 

ΔmetF(HygrB) ∆metF::hygrB-betarecombinase(HygrB) ATCC46645 This study (Scott 
et al., 2020) 

ΔmetF ∆metF::six ΔmetF(HygrB) This study (Scott 
et al., 2020) 

D616A metH_tetOFF (1) metH::ptrA-tetOFF(P)metH, 
Ku70::hygrB-metH2042A>C  

metH_tetOFF 
(ATCC) 

This study (Scott 
et al., 2020) 

D616A metH_tetOFF (2) metH::ptrA-tetOFF(P)metH, 
Ku70::hygrB-metH2042A>C 

metH_tetOFF 
(ATCC) 

This study (Scott 
et al., 2020) 

Y662A metH_tetOFF metH::ptrA-tetOFF(P)metH, 
Ku70::hygrB-metH2179TA>GC 

metH_tetOFF 
(ATCC) 

This study (Scott 
et al., 2020) 

OE-mecA metH_tetOFF metH::ptrA-tetOFF(P)metH + plasmid -
AMA1 -HygrB-hspA(P)mecA 

metH_tetOFF 
(ATCC) 

This study (Scott 
et al., 2020) 

OE-sahL metH_tetOFF metH::ptrA-tetOFF(P)metH + plasmid -
AMA1 -HygrB-hspA(P)sahL 

metH_tetOFF 
(ATCC) 

This study (Scott 
et al., 2020) 

OE-bhlA metH_tetOFF metH::ptrA-tetOFF(P)metH + plasmid -
AMA1 -HygrB-hspA(P)bhlA 

metH_tetOFF 
(ATCC) 

This study (Scott 
et al., 2020) 

MetH-GFP metH_tetOFF metH::ptrA-tetOFF(P)metH + plasmid -
AMA1 -HygrB-hspA(P)metH-GFP 

metH_tetOFF 
(ATCC) 

This study (Scott 
et al., 2020) 

MetHD616A-GFP 
metH_tetOFF 

metH::ptrA-tetOFF(P)metH + plasmid -
AMA1 -HygrB-hspA(P)metH2042A>C-GFP 

metH_tetOFF 
(ATCC) 

This study (Scott 
et al., 2020) 

MetHR749A-GFP 
metH_tetOFF 

metH::ptrA-tetOFF(P)metH + plasmid -
AMA1 -HygrB-hspA(P) metH2439CG>GA-
GFP 

metH_tetOFF 
(ATCC) 

This study (Scott 
et al., 2020) 

Δcyp51B(HygrB) ∆cyp51B::hygrB-
betarecombinase(HygrB) 

ATCC46645 This study (Scott 
et al., 2020) 

Δcyp51B ∆cyp51B::six Δcyp51B 
(HygrB) 

This study (Scott 
et al., 2020) 

cyp51A_tetOFFΔcyp51B ∆cyp51B::six, cyp51A::ptrA-
tetOFF(P)cyp51A 

Δcyp51B This study (Scott 
et al., 2020) 
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Chapter 3. Determination of the Mechanistic Basis of Methionine 

Synthase Essentiality in A. fumigatus 
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3.1. Introduction 

Fungal diseases are responsible for over one billion infections and 1.6 million deaths each 

year and pose a serious threat to human health (Bongomin et al., 2017a). Invasive 

infections caused by Aspergillus, Candida, Cryptococcus and Pneumocystis species are 

responsible for the majority of deaths and have mortality rates of ~50% even under 

antifungal treatment (Brown et al., 2012, Rayens and Norris, 2022, Gold et al., 2022). At 

present only four classes of antimycotics are available for treatment of invasive mycoses 

and fatality rates for these diseases remain unacceptably high (Gintjee et al., 2020). The 

critical need for new antifungal drugs is exacerbated by increasing incidence of invasive 

infections, a trend that is likely to continue as high-risk patient groups increase in size, 

and rising resistance to current therapeutic options (Bitar et al., 2014, Schauwvlieghe et 

al., 2018, Buil et al., 2019, Gold et al., 2022). Antifungal drug resistance is particularly 

concerning for invasive aspergillosis as infection with resistant isolates is associated with 

significantly higher mortality rates which have been described to reach 100% (Howard et 

al., 2009, Steinmann et al., 2015, van Paassen et al., 2016, Cho et al., 2019, Dabas et al., 

2021). 

 

In addition to the issue of resistance, the three classes of antifungal drugs most 

commonly used to treat invasive fungal infections, the azoles, echinocandins and 

polyenes, all have additional pharmacological weaknesses (Roemer and Krysan, 2014). 

Limitations of current antimycotic options include tolerability, drug-drug interactions, 

absorption and spectrum of activity (Pound et al., 2011, Houšť et al., 2020). Moreover, 

the three critical types of antifungals used clinically for treatment of invasive aspergillosis 

all target elements of either the fungal cell membrane or cell wall, which represents a 

very limited portion of possible targets (Ghannoum and Rice, 1999). This highlights the 

need for the identification, validation and development of new potential antifungal drug 

targets. 

 

A principal consideration in identification of antimicrobial drug targets is whether a 

protein is essential for viability or virulence of the organism. Primary metabolism has 

been proposed as a promising source of antifungal targets as it contains many crucial 

pathways, such as the assimilation of nutrients from host tissues, that are necessary for 

pathogenicity (Amich and Krappmann, 2012, Kaltdorf et al., 2016, Scott and Amich, 2021, 
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Wijnants et al., 2022). Two good examples to support this are the inhibition of the central 

metabolic pathway folate biosynthesis which has been successfully exploited as an 

antimicrobial strategy in bacteria and the novel antifungal agent, Olorofim (F901318; 

F2G), which targets the pyrimidine biosynthesis pathway and is currently under 

development in clinical trials (Estrada et al., 2016, Oliver et al., 2016, Hoenigl et al., 2021). 

 

Due to the complexity of cellular metabolism in microbial pathogens, and resulting 

breadth of possible drug targets, strategies must be employed to prioritise investigation 

of possible targets. Important selection criteria that strongly increase the attractiveness 

of essential proteins as antimicrobial targets include: involvement in more than one 

metabolic pathway and performance of a choke-point reaction that exclusively consumes 

or produces a given metabolite (Federico Serral et al., 2021). Methionine synthase (MetH) 

is one enzyme which meets all of these specifications. Methionine synthase serves as a 

choke-point between the critical sulfur and one-carbon pathways and has been observed 

to be indispensable for the viability or virulence of three prominent fungal pathogens, 

Aspergillus fumigatus, Candida albicans and Cryptococcus neoformans (Amich et al., 

2016, Suliman et al., 2007, Pascon et al., 2004). Therefore, there is potential for antifungal 

inhibitors targeting methionine synthases to have a broad spectrum of action against 

clinically important fungi. Crucially, fungi encode cobalamin-independent methionine 

synthases which are from an unrelated and structurally disparate protein family to the 

cobalamin-dependent methionine synthase found in humans (González et al., 1992, 

Matthews et al., 2003). This may provide increased opportunities to design fungal specific 

inhibitors and limit toxicity in patients. What is more, MetH was highlighted as an 

encouraging antifungal target by a systematic metabolic network analysis (Kaltdorf et al., 

2016). Consequently, we decided to investigate MetH as an antifungal drug target in A. 

fumigatus. 

 

In this chapter we aimed to elucidate the mechanistic basis of methionine synthase 

essentiality in Aspergillus fumigatus before proceeding with the drug discovery process, 

as thorough target validation greatly increases the likelihood of successful outcomes in 

clinical trials (Miwa, 2009, Cook et al., 2014). While the importance of methionine 

synthases has been recognised in several key fungal pathogens, the reason for the 

enzyme’s essentiality has not been determined. Methionine auxotrophy would be a 
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foreseeable outcome upon loss of MetH activity, however in A. fumigatus, C. albicans and 

C. neoformans supplementation with methionine alone is insufficient to rescue wild-type 

growth (Pascon et al., 2004, Suliman et al., 2007, Amich et al., 2016). This indicates that 

there is an additional, so far undiscovered, cause of MetH’s essentiality in fungi. Insight 

into this mechanism would allow the enzyme’s potential as a target to be 

comprehensively interrogated and could enable possible routes of drug resistance to be 

pre-empted and addressed. 

 

To analyse the role of MetH in different stages of A. fumigatus development we produced 

a mutant strain that places MetH under the control of a regulatable expression system. 

This strain would provide an improvement over the previous system used to regulate 

metH expression in A. fumigatus, as it could be used to model established infections 

which more closely parallel the situation encountered during treatment of patients 

(Amich et al., 2016). We then focused on: confirming methionine synthase’s essentiality; 

assessing whether MetH itself, or the pathways it directly contributes to, is indispensable 

for A. fumigatus; and finally, elucidating the mechanistic basis of the enzyme’s 

importance.  
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3.2. Downregulation Of meth Expression Inhibits A. fumigatus Growth 

3.2.1. Doxycycline Treatment Inhibits Expression of metH in metH_tetOFF Mycelia 

To facilitate investigations of A. fumigatus methionine synthase (MetH) as a drug target a 

regulatable mutant, metH_tetOFF, was constructed (Figure 3A). In metH_tetOFF the 

expression of metH (AFUA_4G07360) was under the control of the tetOFF system, 

optimised by Wanka and colleagues (2016) for use in Aspergillus, in which the addition of 

doxycycline (Dox) shuts down expression of the target gene (Figure 3B). 

 

The generation and characterisation of gene disruption and deletion mutants is an 

important tool used to elucidate the mechanisms of metabolism and role of specific 

genes (Kavanagh, 2007). In the tetOFF system (Figure 3A) a tetracycline-dependent 

transactivator (tTA2S), codon optimised for eukaryotes, is constitutively expressed under 

the control of the Aspergillus nidulans tpiA promoter (P) and A. fumigatus crgA 

terminator (T) (Wanka et al., 2016, Meyer et al., 2011). To augment tTA2S binding and 

maximise basal transcription of the target gene the cassette includes seven copies of the 

operator binding site (TetO7) upstream of the minimal A. niger promoter of gpdA which 

controls expression of the target gene, in this case metH. In the presence of Dox tTA2S’s 

ability to bind the operator sequence is reversibly disrupted, thus inhibiting transcription 

of metH.  An advantage of this system is that the effects of targeting metH in growing 

hyphae can be investigated, more accurately modelling the clinical conditions in which 

drug treatment is likely to be initiated. 

 

RT-qPCR was used to assess whether basal expression of metH is comparable to wild-type 

in 16-hour old metH_tetOFF hyphae and to determine whether Dox treatment of 

metH_tetOFF hyphae could strongly and rapidly inhibit metH expression (Figure 3B). 

Samples were taken immediately prior to the addition of Dox to 16-hour old hyphae and 

after 15, 30, 60 and 90 minutes of growth in the presence of 1 μg/mL Dox. In the absence 

of Dox expression levels of metH were slightly (1.65-fold) but not significantly elevated in 

the metH_tetOFF mutant compared to wild-type. This did not result in any observable 

phenotype and growth of the mutant was indistinguishable from wild-type (Figure 4). 

Strong repression of metH expression, compared to wt, was achieved within 30 minutes 

of Dox addition to 16-hour old mycelia (T15 = 0.679-fold, T30 = 0.091-fold, T60 = 0.082-

fold, T90 = 0.021-fold) (Figure 3B). 
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Taken together these results indicate that the tetOFF system can be used to investigate 

the effect of repressing metH expression in A. fumigatus hyphae, as strong 

downregulation can be rapidly achieved in Dox treated mycelia. 

A 

   
   

 
B 

  
Figure 3. Doxycycline treatment inhibits metH expression in metH_tetOFF mycelia 
A) Schematic overview of the regulatable tetOFF expression system optimised for Aspergillus. The 
addition of Dox reversibly inhibits expression by preventing the transactivator (tTA2S) binding to its 
operator binding site (TetO7). Thus, transcription of the target gene, in this case methionine synthase 
(metH), is downregulated. B) RT-qPCR was used to measure metH expression under the regulatable 
control of the tetOFF system. The addition of 1 µg/mL Dox to 16-hour old A. fumigatus metH_tetOFF 
(H_OFF) mycelia strongly inhibited metH expression within 30 minutes. RT-qPCR are normalised to β-
tubulin expression. The graph displays the means and SD of groups of two biological replicates, each 
averaged from three technical replicates. (Adapted from Scott et al., 2020) 
 

3.2.2. Methionine Synthase is Essential in A. fumigatus 

To confirm the observation of Amich and colleagues (2016) that metH is essential in A. 

fumigatus, and to determine the concentrations of Dox necessary to inhibit growth using 

the tetOFF system, metH_tetOFF mutants were created in two different background 

strains (ATCC46645 (Hearn and Mackenzie, 1980) and A1160+(Fraczek et al., 2013)) 

(Figure 4). 
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Phenotypic analysis of conidia grown for 72 hours on solid plates containing various Dox 

concentrations, 0, 0.05, 0.1 or 0.5 μg/mL Dox, revealed that macroscopic colony 

formation was abrogated by the addition of 0.5 μg/mL Dox even in presence of 

methionine (Figure 4). The metH_tetOFF mutants in both backgrounds displayed a similar 

phenotype upon the addition of Dox and growth of the wild-type strain was not inhibited 

by any concentration of Dox tested. 

 

These phenotypic results suggest that using low levels of Dox to downregulate metH 

expression via the tetOFF system inhibits A. fumigatus growth, indicating the gene is 

essential even in the presence of methionine. 

 
Figure 4. Inhibition of metH prevents A. fumigatus growth 
In the absence of Dox metH_tetOFF strains, in two different backgrounds (ATCC46645 and A1160+), 
displayed growth comparable to the wild-type. However, the presence of 0.5 μg/mL Dox prevented 
growth of the mutants even in the presence of Met, indicating a reason for methionine synthase 
essentiality beyond methionine auxotrophy. (Adapted from Scott et al., 2020) 
 

3.2.3. Concentrations of Doxycycline Used in the Experiments do not Perturb 

Mitochondrial Morphology in A. fumigatus Hyphae 

The staining and visualisation of mitochondria was performed by Darren Thomson. 

 

The veracity of using Tet regulatable expression systems in eukaryotes has been disputed 

(Moullan et al., 2015). Moullan and colleagues (2015) showed that in a range of 

eukaryotic organisms Dox treatment detrimentally altered mitochondrial function and 

morphology, from a dynamic tubular morphology to a more punctuated appearance, 

which could therefore confound results using Tet systems. Although we had not observed 

Dox having any phenotypic effects on the A. fumigatus wild-type strains (Figure 4), we 

decided to check whether Dox could negatively impact A. fumigatus mitochondria. To this 

MM-S + 5mM Met

µg/ml Dox 0.05 0.1 0.5

wt ATCC
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H_OFF

-

A1160
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end, we microscopically observed A. fumigatus mitochondrial morphology after growth in 

various Dox concentrations (Figure 5). 

 

Wild-type conidia were grown in various Dox concentrations, 0, 1, 10, 100 or 1,000 μg/mL 

Dox, for 16 hours before being stained and imaged (Figure 5). Single plane confocal 

fluorescence microscopy was used to visualise hyphal mitochondrion, specifically stained 

by Rhodamine 123 dye (Johnson  et al., 1980). Microscopic analysis revealed normal 

tubular mitochondrial morphology in A. fumigatus hyphae grown in 0 μg/mL Dox (Figure 

5A). In contrast the mitochondria of hyphae grown in 1,000 μg/mL Dox (Figure 5B) 

presented a fragmented morphology indicative of disrupted mitochondrial fission. 

Importantly, at concentrations relevant for the experimental procedures in this study, 1 

μg/mL Dox (Figure 5C) and 10 μg/mL Dox (Figure 5D), no observable phenotype was 

detected and mycelial mitochondria displayed the normal tubular structure. A deleterious 

effect appeared to start around 100 μg/mL Dox (Figure 5B), where the punctuated 

mitochondrial morphology could already be found in some, but not all hyphae. 

 

These microscopic observations show that concentrations of Dox employed in the 

experiments, sufficient to facilitate target gene repression using the tetOFF system in A. 

fumigatus (Figure 4), did not result in altered mitochondrial morphology. Supporting the 

validity of using the tetOFF system for target investigation in A. fumigatus and indicating 

that downregulation of metH is responsible for inhibiting metH_tetOFF growth in the 

presence of Dox. 
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Figure 5. Relevant Dox concentrations do not disturb mitochondrial morphology in A. fumigatus 
hyphae 
A. fumigatus wild-type spores were grown for 16 hours in minimal media containing A) 0 μg/mL, B) 
1,000 μg/mL, C) 1 μg/mL, D) 10 μg/mL or E) 100 μg/mL Dox. Hyphal mitochondria were stained with 
10 μM Rhodamine 123 dye and imaged using single plane confocal fluorescence microscopy. In the 
absence of Dox or at relevant concentrations (A, C and D) mitochondria displayed a healthy tubular 
morphology. With 1,000 μg/mL Dox (B) the mitochondria formed a distinct granulated morphology. 
This punctuated morphology was also observed in some hyphae incubated with 100 μg/mL Dox (E), 
although the response was variable at this concentration and so four representative images are 
shown. Scale bars represent 10 μm. (Adapted from Scott et al., 2020) 
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3.3. The Enzymatic Activity of MetH is essential for A. fumigatus viability 

3.3.1. MetH itself is essential for A. fumigatus Viability 

The results presented so far confirm the observation of Amich and colleagues (2016) that 

methionine synthase is vital for A. fumigatus viability in vitro, even in the presence of 

methionine. The methionine synthase enzyme forms an important junction between two 

crucial metabolic routes: the trans-sulfuration pathway and one-carbon cycle (Figure 6A). 

To determine whether the reason for metH essentiality could be explained by the 

integrity of either pathway being disrupted we produced and phenotyped two mutants, 

which block the step upstream of methionine synthase in either the trans-sulfuration 

pathway (DmetG DcysD a cystathionine-β-lyase (AFUA_4G03950) and homocysteine 

synthase (AFUA_5G04250) double knockout) or one-carbon cycle (DmetF a methylene-

tetrahydrofolate reductase knockout (AFUA_2G11300)). 

 

The DmetG DcysD mutant was viable and could grow when media was supplemented 

with methionine, revealing it to be a true methionine auxotroph (Figure 6B).  Growth of 

the DmetF mutant was not fully restored by the addition of 5 mM Met (Figure 6). This was 

unsurprising, as the loss of MetF could result in the depletion of folates which are 

involved in metabolism of amino acids such as serine (Ser), glycine (Gly), histidine, 

phenylalanine (Phe), tyrosine (Tyr) and tryptophan (Trp) (Lucock, 2000, Tzin and Galili, 

2010). Combining supplementation of 5 mM methionine with the further addition of an 

amino acids mix, containing 1 mM of each excluding methionine and cysteine (aac), fully 

restored growth of DmetF to wild-type levels (Figure 6C). Importantly, this addition of 

Met together with other S-free amino acids was unable to rescue metH_tetOFF growth in 

restrictive conditions (Figure 6C). 

 

These phenotypic results demonstrate that interference in either the trans-sulfuration or 

one-carbon pathways one step upstream of MetH in A. fumigatus prevents methionine 

biosynthesis by limiting MetH substrate availability. This could be overcome by 

supplementing the growth media with methionine (Figure 6B); although disruption of the 

one-carbon cycle did necessitate the further addition of other amino acids to fully restore 

growth (Figure 6C). In contrast, extracellular methionine and S-free amino acids were 

unable to rescue growth when metH expression was downregulated (Figure 6C). Taken 
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together these results imply that metH itself, and not the integrity of the trans-sulfuration 

and one-carbon pathways, is essential for A. fumigatus viability. 

A 

 
B 

 
C 

 
Figure 6. Methionine synthase itself is essential for A. fumigatus viability 
A) Schematic overview of methionine synthase’s intersection between the trans-sulfuration pathway 
and one-carbon cycle in A. fumigatus. B) Knockouts of the genes encoding enzymes upstream of metH 
(highlighted in orange) in the trans-sulfuration and one-carbon pathways, DmetGDcysD and DmetF 
respectively, are methionine auxotrophs indicating that the pathways themselves are not necessary 
for A. fumigatus viability. C) The addition of a mix of amino acids is required for full wild-type growth 
of the ΔmetF mutant, as disruption of the one-carbon cycle results in the reduction in a variety of 
amino acids (highlighted in green). However, this additional supplementation is unable to rescue 
growth of the metH_tetOFF (H_OFF) mutant in the presence of 1 μg/mL Dox. (Adapted from Scott et 
al., 2020)  
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3.3.2. Methionine Auxotroph ΔmetGΔcysD is Avirulent in a Murine Model of Pulmonary 

Aspergillosis 

The potential of methionine biosynthetic pathways as drug targets was recently 

highlighted by Jochim and colleagues (2019). They found that methionine auxotrophs of 

various pathogenic bacteria required exogenous methionine concentrations considerably 

higher than the 20 – 30 µM reported in human serum (Deáková  et al., 2015, Elshorbagy 

et al., 2016). To investigate whether methionine levels in mammalian niches could be 

limiting for an A. fumigatus methionine auxotroph the ΔmetGΔcysD mutant was grown 

on low methionine concentrations relevant to human serum (Figure 7A) and in a murine 

model of pulmonary aspergillosis (Figure 7B). 

 

Conidia were grown for 72 hours on solid plates containing various concentrations of 

methionine (0, 10, 20 or 200 µM), nitrogen (N) free media supplemented with a mix of 1 

mM of all S-free amino acids (aac) was used to promote Met uptake but ensure nitrogen 

availability was not limiting (Figure 7A). The ΔmetGΔcysD was unable to grow in the 

absence or on low concentrations (10 or 20 µM) of Met (Figure 7A). Even at a higher Met 

concentration (200 µM) ΔmetGΔcysD growth was still slightly reduced compared to wt 

(Figure 7A). This result suggested that concentrations of methionine mimicking those 

found in human serum are insufficient to support growth of an A. fumigatus methionine 

auxotroph. Therefore, we assayed the virulence of ΔmetGΔcysD in a leukopenic murine 

model of invasive aspergillosis (Figure 7B). Leukopenic mice were infected with 1x105 

conidia, and their survival recorded over 7 days. Survival for mice infected with wt was 0% 

by day 7, whereas ΔmetGΔcysD was completely avirulent in this model of pulmonary A. 

fumigatus infection (Figure 7B). 

 

Taken together these results suggest that the exogenous methionine concentrations 

encountered by A. fumigatus during infection of relevant mammalian niches are 

inadequate to support growth of a methionine auxotroph. 
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Figure 7. The methionine auxotroph ΔmetGΔcysD is avirulent in a murine model of pulmonary 
aspergillosis 
A) The ΔmetGΔcysD methionine auxotroph was unable to grow on low levels of Met, including the 
approximate concentration reported in human serum (20 µM). Nitrogen (N) free media was used to 
ensure Met uptake, other S-free amino acids were provided at 1 mM to prevent nitrogen 
concentrations being limiting. B) The mutant was avirulent in a leukopenic murine model of invasive 
pulmonary aspergillosis, indicating that during infection of mammalian lungs methionine levels are 
limiting for A. fumigatus if methionine biosynthesis is disrupted. Survival curves represent groups of 
five mice per groups. (Adapted from Scott et al., 2020) 
 

3.3.3. The Enzymatic Activity of MetH is Essential for A. fumigatus Viability 

The catalytic role of converting homocysteine (Hcys) to methionine could be the reason 

for metH’s essentiality in A. fumigatus. Alternatively, methionine synthase could have an 

addition role within cells, as Sahu and colleagues (2017) propose to be the case in Pichia 

pastoris and C. albicans, and this moonlighting function might be responsible for the 

protein’s importance. To ascertain whether the crucial nature of metH is due to its 

methionine biosynthetic action we produced and analysed (Figure 8) mutants that 

contained point mutations within metH (metHg2042A>C (D616A) or metHg2179TA>GC (Y662A)) 

previously described in C. albicans to disrupt the conformational change required for this 

function (Ubhi et al., 2014). 

 

The mutated versions of metH, under the control of the native promoter, were knocked 

into the ku70 (AFUA_5G07740) locus of metH_tetOFF (Figure 8A) as disruption of the 

locus results in robust mutants and causes no obvious phenotype (Krappmann et al., 

2006, Álvarez-Escribano et al., 2019). In phenotypic analyses without Dox, when wild-type 

metH was therefore being expressed under tetOFF control, all mutants were viable 
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irrespective of the sulfur source (Figure 8B). In the presence of 1 µg/mL Dox, where only 

the point-mutated metH was expressed, Y662A allowed partial growth on Met free media 

(Figure 8B). Y662A facilitation of limited growth in the absence of exogenous methionine 

indicates the enzyme’s biosynthetic activity is disrupted but not completely inhibited. The 

addition of Met to the media restored Y662A’s growth to wild-type A. fumigatus levels 

(Figure 8B) indicating limited activity satisfies the essential role of MetH in A. fumigatus. 

The D616A strain could not grow in the presence of Dox on sulfate (Figure 8B), showing 

that methionine biosynthetic activity was completely blocked. Met supplementation was 

unable to rescue growth of D616A (Figure 8B), suggesting it is MetH’s enzymatic activity 

that is necessary for A. fumigatus viability. 

 

These results indicate that MetH’s methionine biosynthetic activity is responsible for the 

enzyme’s essentiality in A. fumigatus and that limited activity is enough to rescue 

viability, but not to restore full growth, in the absence of exogenous methionine. 
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Figure 8. The enzymatic activity of MetH is essential for A. fumigatus viability 
A) Diagram illustrating the system used to interpose modified copies of metH, under the control of its 
native promoter, into the Ku70 locus of the metH_tetOFF background strain. B) Point mutations were 
inserted into metH, resulting in the substitution of either the aspartic acid at position 616 (D616A) or 
the tyrosine at position 662 (Y662A) for an alanine, which have previously been described in C. 
albicans to disrupt the enzyme’s activity converting homocysteine to methionine. In the absence of 
Dox, and therefore where wild-type metH is being expressed under the control of the tetOFF cassette, 
all mutants were viable on media containing methionine or sulfate as the sulfur source. In the 
presence of 1 µg/mL Dox the Y662A version of the protein enabled substantial growth on Met free 
media, although growth was reduced compared wild-type, indicating that Y662A’s enzymatic activity is 
diminished but not abolished. On media containing Met Y662A grew to wild-type levels, implying that 
limited activity satisfies the essential role of MetH in A. fumigatus. In the presence of Dox expression 
of the D616A version of metH alone did not facilitate growth, even when Met was provided, 
suggesting that MetH’s enzymatic activity is necessary for viability.  (Adapted from Scott et al., 2020) 
 
3.4. Downregulation of MetH Triggers a Deleterious Metabolic Shift in A. 

fumigatus 

3.4.1. Depletion of Essential Metabolites Derived from Tetrahydrofolate Contributes to 

metH’s Essentiality 

The results presented so far indicate that the methionine biosynthetic activity of MetH is 

central to the enzyme’s essentiality in A. fumigatus, despite the inability of methionine 

supplementation to rescue growth. Beyond inhibiting methionine production, the loss of 

metH’s biosynthetic activity could impact several critical pathways in the fungus (Figure 

9A). This disruption might directly lead to problems in A. fumigatus cells in two major 
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ways: the accumulation of the potentially toxic substrate, homocysteine, or its precursors 

(highlighted in red) or the depletion of the critical coproduct tetrahydrofolate (THF) or 

related metabolites (highlighted in green). A disruption in the cycling of folates, which 

play a role in purine and thymidylate (dTMP) production and therefore impact DNA 

synthesis, could result in significant deleterious effects within A. fumigatus cells. In 

support of this, disruption of methionine synthases has been shown to result in a growth 

requirement of both methionine and adenine (A) in some model yeasts (Fujita et al., 

2006, Sahu et al., 2017). Use of an alternative pathway for THF synthesis, to compensate 

for loss of metH, could also lead to a reduction in various amino acids (Lucock, 2000, Tzin 

and Galili, 2010). To determine whether the loss of indispensable metabolites is 

responsible for essentiality phenotypic analysis of growth on various supplements was 

completed (Figure 9B). 

 

Strains were grown in restrictive conditions on solid plates containing Met and a range of 

crucial supplements that might be limiting in the absence of metH expression: 10 ng/mL 

THF, 5 mM folic acid, 50 ng/mL DNA, 3 mM A, 3 mM Gly, 5 mM Ser, 1% PABA, 1 mM aac 

or 3 mM dTMP (Figure 9B). When added singly with Met only supplementation with A 

facilitated any growth of metH_tetOFF, however this was very limited (Figure 9B). 

Adenine always facilitated minimal growth if added to Met in combination with other 

tested molecules (Figure 9B). The most significant improvement was observed when a 

mixture of Met, A and aacs were present in the growth media, however no combination 

was able to restore wild-type growth (Figure 9B). 

 

These results suggest that the depletion of critical metabolites contributes to the 

essentiality of metH in A. fumigatus, although the inability of these metabolites to fully 

restore growth when combined indicates that other pathways may be deleteriously 

affected by loss of MetH. 
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Figure 9. Depletion of essential metabolites is partially responsible for metH’s essentiality 
A) Schematic overview of metabolic pathways influenced by methionine synthase (metH) in A. 
fumigatus. Critical downstream metabolites, which may be depleted in the absence of metH, are 
highlighted in green. Homocysteine and related precursors, which might accumulate to toxic levels 
when metH’s enzymatic action is disrupted, are highlighted in red.  Genes which could alleviate 
build-up of these metabolites are highlighted in blue. One such enzyme, homocysteine thiolactone 
hydrolase, is found in Aspergillus nidulans (A. n bhlA) but has no orthologue in A. fumigatus and so 
this reaction is represented by a grey dashed arrow. B) Strains were grown on media supplemented 
with various crucial metabolites. When added singly only adenine allowed slight growth of the 
metH_tetOFF (H_OFF) mutant. When combined with other metabolites the presence of adenine 
always facilitated minimal growth, the most significant improvement was observed when coupled 
with aacs, however no combination was able to fully rescue wild-type growth. (Adapted from Scott 
et al., 2020) 
 

3.4.2. Toxic Accumulation of Homocysteine is not Responsible for metH’s Essentiality 

The previous results of this work indicated that metH’s essentially can be partially 

attributed to a depletion of critical metabolites, as an outcome of interrupting 

tetrahydrofolate recycling. However, the inability of the tested supplementation to fully 

restore metH_tetOFF growth in restrictive conditions demonstrated that further 

investigation is required. Lack of MetH’s enzymatic activity could also lead to the build-up 

of its substrate, homocysteine, or related metabolites (Figure 9A), S-

adenosylhomocysteine (S-a-Hcys) or homocysteine thiolactone (HTL), which can prove 

detrimental to fungal growth (Jakubowski, 1991). In addition to methionine auxotrophy 

the toxic accumulation of homocysteine has been proposed by Fujita and colleagues 
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(2006) to be responsible for the growth inhibition caused by loss of methionine synthase 

in Schizosaccharomyces pombe. 

 

Removing homocysteine or associated molecules in conditions of excess could be 

achieved by overexpressing genes that encode proteins that use these compounds as 

substrates. In A. fumigatus homocysteine can be converted to cystathionine by 

cystathionine-β-synthase (mecA (AFUA_2G07620)) and the conversion of S-

adenosylhomocysteine to homocysteine is catalysed by S-adenosyl-homocysteinase (sahL 

(AFUA_1G10130)) (Figure 9A). In A. nidulans homocysteine thiolactone can be converted 

to homocysteine by thiolactone hydrolase (blhA (AN6399)) (Figure 9A), however A. 

fumigatus’ genome does not seem to encode for an obvious orthologue. To establish 

whether the accumulation of homocysteine itself or either of its derivatives contributes 

to metH’s essentiality a range of overexpression mutants (OE-mecA metH_tetOFF, OE-

sahL metH_tetOFF and OE-blhA metH_tetOFF) that could relieve the build-up of the 

relevant metabolites were produced (Figure 10A) and the result of confirmed 

overexpression (Figure 10B & C) analysed phenotypically (Figure 10D). 

 

A plasmid, pJA49, was constructed to facilitate the episomal overexpression of target 

genes in A. fumigatus (Figure 10A). Within pJA49 a unique StuI site allows a desired gene 

to be inserted between a strong A. fumigatus promoter (PhspA) and an A. nidulans 

terminator (TtrpC) (Paul et al., 2012). The included A. nidulans autonomous replicating 

sequence AMA1 allows effective plasmid replication in Aspergillus and the hygromycin B 

resistance gene (hygrB) acts as a selection marker (Gems et al., 1991, Aleksenko and 

Clutterbuck, 1995). RT-qPCR was used to measure the expression of target genes in 16-

hour old mycelia of overexpression strains (OE-mecA metH_tetOFF and OE-sahL 

metH_tetOFF) for which corresponding A. fumigatus wild-type gene expression was 

available for comparison (Figure 10B). Expression of both mecA and sahL were strongly 

increased in the overexpression strains compared to wt and metH_tetOFF, whether 

grown in the presence or absence of Dox (Figure 10B). As fold change compared to wt 

could not be calculated for bhlA reverse transcription and PCR followed by gel 

electrophoresis was used to scrutinise expression levels (Figure 10C). This analysis 

confirmed the absence of bhlA expression in the metH_tetOFF background strain but 

significant levels in OE-blhA metH_tetOFF (Figure 10C). 
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Phenotypic analysis revealed the overexpression of genes capable of alleviating 

potentially toxic build ups of homocysteine or associated metabolites did not improve 

growth in metH restrictive conditions where Met was also supplemented (Figure 10D). 

Further examination was carried out to determine whether reducing excess levels of 

homocysteine or related metabolites improved growth when combined with the 

provision of the crucial metabolites previously identified in Section 3.4.1 (Figure 10D). The 

results confirmed the previous findings of this study, minimal growth of the 

overexpression and metH_tetOFF strains could be achieved with the addition of adenine 

and slightly improved by a combination of A and amino acids (Figure 10D). However, 

none of the overexpression strains showed improved growth compared to metH_tetOFF 

in any conditions. 

 

These results illustrated that using pJA49 as a vector it is possible to efficiently 

overexpress target genes in A. fumigatus episomally. Utilisation of the resulting 

overexpression strains suggested that the build-up of homocysteine, S-

adenosylhomocysteine or homocysteine thiolactone to toxic levels is not responsible for 

metH’s essentiality in A. fumigatus. 
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Figure 10. Overexpression of genes capable of depleting homocysteine and related metabolites does 
not reconstitute growth of the metH_tetOFF strain 
Genes that could alleviate the potentially toxic build-up of homocysteine or associated metabolites 
were episomally overexpressed. A) Diagrammatic representation of the plasmid, pJA49, utilised for 
episomal overexpression of genes of interest in A. fumigatus. The presence of a single StuI 
restriction site, between the strong promoter of A. fumigatus hspA (PhspA) and the A. nidulans trpC 
terminator (TtrpC), enables target ORFs amplified by PCR to be inserted in-frame. The A. nidulans 
autonomous replicating sequence AMA1 allows effective plasmid replication and the hygromycin B 
resistance gene (hygrB) acts as a selection marker. The graph displays the means and SD of groups 
of two biological replicates, each averaged from three technical replicates. B) RT-qPCR was used to 
measure the expression of target genes in overexpression strains: OE-mecA metH_tetOFF (OE-mecA) 
and OE-sahL metH_tetOFF (OE-sahL). Strong expression was achieved for both mecA and sahL, when 
compared to wt or the background metH_tetOFF strain in the presence or absence of 5 µg/mL Dox. 
C) Fold change for bhlA could not be calculated as it is not naturally present in A. fumigatus. Instead, 
reverse transcription and PCR confirmed the absence of bhlA in the background strain and 
significant overexpression in OE-blhA metH_tetOFF (OE-bhlA). The tub-β gene was used as a control. 
D) Overexpression of genes capable of depleting homocysteine and related metabolites did not 
improve growth in the absence of metH expression, even when growth media was supplemented 
with 3 mM A and 1 mM aac. (Adapted from Scott et al., 2020) 
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3.4.3. Downregulation of metH Causes a Metabolic Shift in A. fumigatus 

Gas chromatography-mass spectrometry (GC-MS) sample preparation was completed 

following advice from Howbeer Muhamadali and Royston Goodacre. The GC-MS was 

conducted by Katherine Hollywood and principal component analysis (PCA) was 

completed by Howbeer Muhamadali. 

 

As this work has identified important metabolites whose depletion contributes to loss of 

A. fumigatus growth in metH restrictive conditions, we suspected that cellular 

metabolism may be critically dysregulated in the absence of MetH. To test this 

hypothesis, we carried out a gas chromatography-mass spectrometry (GC-MS) 

metabolomic analysis followed by a principal component analysis (PCA) to determine 

whether the global metabolic profile of A. fumigatus changed in metH restrictive 

conditions (Figure 11). 

 

The wild-type and metH_tetOFF strains were grown in minimal media (MM) for 16 hours 

before samples of these untreated cultures were quenched and stored. The remaining 

cultures were then incubated with 5 µg/mL Dox and 5 mM Met for 6 hours before treated 

samples were quenched and taken for GC-MS metabolome analysis. The resulting total 

normalised metabolomic profiles of the strains were analysed by PCA and visualised as a 

scatter plot, with the two principal components which describe the most of the total 

explained variance (PC 1 = 41.9%, PC 2 = 12.3%) used as axes (Figure 11). The PCA plot 

highlighted five distinct clusters in the data (Figure 11). These clusters neatly correlated 

with the quality control and the four different conditions used: untreated metH_tetOFF, 

Dox treated metH_tetOFF, untreated wt and Dox treated wt (Figure 11). Before Dox 

treatment the wt and metH_tetOFF strain clusters were almost disjointed sets, falling 

closely together on both the PC 1 and PC 2 axes, implying their metabolic profiles were 

highly similar (Figure 11). Following Dox treatment, the wt and metH_tetOFF clusters 

diverged. The change along PC 1 was similar for both strains when compared to their 

untreated counterpart and could be explained by the common changes experienced by 

both strains due to 6 hours of further growth and the addition of methionine (Figure 11). 

The treated strains demonstrated strong divergence along PC 2, which might reflect a 

metabolic shift in metH_tetOFF upon metH downregulation (Figure 11). 
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These results illustrated that the metabolic profiles of untreated wt and metH_tetOFF are 

similar but undergo clear divergence in restrictive conditions. This indicates that Dox 

treatment, and therefore metH downregulation, in the metH_tetOFF mutant results in a 

strong shift in the metabolome of A. fumigatus. 

 
Figure 11. The metabolomes of wild-type and metH_tetOFF diverge following Dox addition 
Strains were grown in liquid media for 16 hours and then untreated samples were taken. Cultures 
were incubated for a further 6 hours with 5 µg/mL Dox and 5 mM Met before samples were taken for 
GC-MS metabolome analysis. Samples were taken in replicates of eight. Principle component analysis 
was utilised to identify divergence of the metabolomic profiles of the strains upon downregulation of 
metH. Preceding Dox treatment wt and metH_tetOFF (H_OFF) clustered closely but clearly separated 
after 6 hours of growth in the presence of Dox. (Adapted from Scott et al., 2020) 
 

3.4.4. The Metabolites Differentially Accumulated Upon inhibition of metH Suggest the 

Development of a Metabolic Imbalance 

The ANOVA and metabolite identification to metabolomics standards initiative (MSI) level 

2 was done by Howbeer Muhamadali. 

 

To identify the metabolites that showed significantly different accumulation among all 

conditions, the normalised GC-MS metabolome data was analysed by ANOVA. The 

metabolites with significantly different intracellular levels were then subjected to various 

types of analyses with the aim to find metabolic routes potentially disturbed by 

suppression of metH expression.  
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Analysis using ANOVA found significantly different (defined as both a p-value and 

corresponding false discovery rate (FDR) of ≤ 0.05) accumulation between conditions for 

300 metabolites, 172 (Table S 1) of which could be identified to metabolomics standards 

initiative (MSI) level 2 (Sumner et al., 2007). Intracellular methionine concentrations were 

not significantly different between conditions, implying that methionine uptake is not 

inhibited in the metH_tetOFF mutant and that exogenous methionine is able to 

compensate for the lack of methionine biosynthesis in restrictive conditions. 

 

To attempt to elucidate patterns within the metabolome data the 172 metabolites 

determined by ANOVA to have significantly different levels between conditions were 

analysed using MBRole 2.0 and Metaboanalyst 5.0 (López-Ibáñez  et al., 2016, Xia  et al., 

2009, Pang  et al., 2021). Analysis with MBRole 2.0 did not detect any specific pathways 

that were significantly changed between conditions. From the 172 metabolites 

determined by ANOVA, Metaboanalyst 5.0 Compound Name/ID Standardisation 

identified 63 as being unique metabolites differentially expressed between conditions 

(Table S 2). To investigate whether any pathways were overrepresented in this list, a 

Metaboanalyst 5.0 enrichment analysis was carried out (Table 5). No metabolite sets 

reached statistical significance in this overrepresentation analysis, possibly due to the 

small number of metabolites detected and/or because of the module using metabolite 

set libraries from humans and other mammalian species. Yet, the top five hits retrieved 

(pyruvate carboxylase, citrate synthase, H+ exchange, aldehyde dehydrogenase 

(phenylacetaldehyde, NAD) and aldehyde dehydrogenase (phenylacetaldehyde, NADP)) 

are all relevant to cellular respiration, which could indicate that this process is disturbed 

upon downregulation of MetH. 

 

Table 5. Top metabolite sets identified by Metaboanalyst 5.0 overrepresentation enrichment analysis 
Metabolite set Total Hits Expect p-value Holm p FDR 

Pyruvate carboxylase 9 7 2.44 0.00186 0.932 0.932 
Citrate synthase 7 5 1.9 0.0171 1.0 1.0 
H+ exchange 2 2 0.543 0.0729 1.0 1.0 
Aldehyde dehydrogenase 
(phenylacetaldehyde, NAD) 2 2 0.543 0.0729 1.0 1.0 

Aldehyde dehydrogenase 
(phenylacetaldehyde, NADP) 2 2 0.543 0.0729 1.0 1.0 

 

The lack of statistical significance achieved by MBRole 2.0 and Metaboanalyst 5.0 

analyses prevented confident identification of pathways significantly disrupted by metH 
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downregulation. Therefore, metabolites with significantly different levels of accumulation 

between conditions were manually inspected to attempt to identify any meaningful 

metabolic patterns in the data that might have been predicted or missed by the previous 

analyses. 

 

Manual interrogation of the data found results that supported the outcomes of our 

previous experiments. Relative levels of adenosine were substantially lower when metH 

expression was repressed in metH_tetOFF (Figure 12). This supported the previous finding 

that supplementation with adenine, combined with methionine, was able to rescue 

minimal growth when metH expression was inhibited (Figure 9). We could not detect 

accumulation of any potentially toxic metabolites (Figure 10). Additionally, in treated 

metH_tetOFF, compared to treated wt, there was a relative reduction in the levels of 

eight amino acids: phenylalanine (Phe), serine (Ser), glutamic acid (Glu), proline (Pro), 

aspartic acid (Asp), alanine (Ala), isoleucine (Ile) and threonine (Thr) (Figure 12). This 

reinforced our previous results that showed supplementation with amino acids, in 

addition to methionine and adenine, was able to slightly improve metH_tetOFF growth in 

restrictive conditions (Figure 9).  

 

There was also a reduction in the accumulation of a range of other metabolites in the Dox 

treated metH_tetOFF when compared to the corresponding wild-type condition. 

Critically, these included metabolites involved in glycolysis (pyruvic acid, glyceric acid-3-

phosphate (Glyceric acid-3P) and glyceric acid), the citric acid cycle (CAC) (citric acid and 

succinic acid) and numerous sugars (glucopyranose, xylose, galactose, altrose, psicose and 

kestose) (Figure 12). These changes could reflect a disruption in the energy metabolism of 

cells upon downregulation of metH. This finding was also suggested by the 

overrepresentation enrichment (Table 5) analysis, which detected divergences in the 

intracellular levels of key intermediates and precursors to respiration between 

conditions. 

 

In conclusion, these analyses illustrated that within cells with repressed metH expression 

methionine levels were not significantly affected, however other crucial metabolic 

pathways appeared to be dysregulated. The glycolysis pathway, citric acid cycle and 

amino acid and saccharide metabolism were highlighted as potentially being disturbed 
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upon downregulation of MetH in A. fumigatus; implicating the enzyme’s essentiality 

could be due to deleterious effects on cell energetics. 

 

 
Figure 12. Metabolites differentially accumulate between conditions 
The normalised concentration of metabolites detected in the metabolomic analysis were compared 
between conditions by ANOVA. Significant differences in accumulation were revealed for 300 
metabolites, although 128 could not be identified using the Golm library. The observed levels of 
adenosine, several amino acids, various metabolites involved in the glycolysis and CAC pathways and 
numerous sugars were reduced in metH_tetOFF mycelia treated with 5 µg/mL Dox (H_OFF + Dox) 
when compared to the corresponding wt + Dox samples. (Adapted from Scott et al., 2020) 
 

3.4.5. Downregulation of metH Causes a Deleterious Shift in Cell Energetics in A. 

fumigatus 

The metabolome analyses suggested that compounds involved in energy metabolism 

were reduced upon downregulation of metH in A. fumigatus. This reduction in the 

energetic status of the fungal cells could be the cause of MetH essentiality in A. fumigatus 

or a consequence of growth cessation upon disruption of another essential process. To 
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determine whether adenosine triphosphate (ATP) levels in A. fumigatus hyphae 

decreased upon downregulation of metH a luminescence BacTiter-Glo assay (Promega) 

was carried out (Figure 13A) and phenotypic analyses were conducted to ascertain 

whether this contributed to metH essentiality (Figure 13B & C). 

 

For ATP measurements the strains, wild-type and metH_tetOFF, were incubated in MM 

for 16 hours at which point 5 mM Met was added and the cultures were split. Relevant 

fractions were immediately treated with 5 µg/mL Dox and after 6 hours of further growth 

the ATP levels of all samples were quantitated. At the time of ATP quantification samples 

were also taken from all cultures for dry biomass measurements. ATP levels were then 

normalised per mg of A. fumigatus dry biomass. Following six hours of Dox treatment, 

and therefore inhibition of metH expression in the metH_tetOFF strain, there was a 

significant reduction in ATP, to 57.11% compared to the untreated condition (P = 0.0149, 

one-sample t-test) (Figure 13A). The presence of Dox did not affect ATP levels in wild-type 

compared to the untreated condition (97.45%, P = 0.6472, one-sample t-test) (Figure 

13A). Therefore, downregulation of metH in A. fumigatus resulted in reduced ATP 

production.  

 

To distinguish between reduced ATP levels being a cause or consequence of metH 

essentiality phenotypic analyses were conducted (Figure 13B). Strains were grown in 

restrictive conditions on solid plates containing Met and supplements which could be 

used to increase cell energetics: 5 mM folic acid, 300 mM pyruvate, 1 mM adenine, 1 mM 

adenosine, 1 mM adenosine monophosphate (AMP) or 1 mM ATP (Figure 13B). To 

maximise the chance of these supplements being taken up, by diversifying permease 

expression, the analysis was conducted on two different nitrogen sources singly and in 

combination (Marini  et al., 1997). The standard nitrogen supply, 5 mM ammonium 

tartrate, operated as the preferred nitrogen source and 1mg/mL aac as an alternative 

contributor of nitrogen. 

 

As previously shown, in Figure 9B, supplementation of media containing the preferred 

nitrogen source with folic acid was unable to restore growth of metH_tetOFF in restrictive 

conditions (Figure 13B). Yet, when amino acids represented the sole nitrogen source very 

limited growth was restored (Figure 13B). This is probably because facilitating folic acid 
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uptake can help replenish THF pools, which can then be used to synthetise adenine. 

Similarly, when pyruvate was supplied in the media extremely minimal growth was 

facilitated when amino acids alone acted as the nitrogen source (Figure 13B). However, as 

the presence of glucose in culture media has been described to inhibit pyruvate uptake in 

fungi we also included glucose free media in the analysis (Akita et al., 2000). Eliminating 

glucose from the media resulted in pyruvate rescuing the growth of metH_tetOFF to 

levels comparable to wild-type in restrictive conditions on all nitrogen sources assayed 

(Figure 13B). Growth for both wild-type and metH_tetOFF was reduced where pyruvate 

was the primary carbon source, in agreement with previous observations in S. cerevisiae 

that culture on pyruvate resulted in a reduced growth rate (Fendt and Sauer, 2010). 

 

Adenine nucleotides are crucial for energy metabolism. Our previous results showed that 

in restrictive conditions, when combined with methionine, adenine was able to rescue 

extremely limited growth of metH_tetOFF and that this growth was slightly improved by 

the further addition of amino acids (Figure 9B).  We tested to see if this growth was 

improved when grown on ammonium free media (Figure 13B). However, use of amino 

acids as the sole nitrogen source was not able to improve growth (Figure 13B), implying 

that the limited nature of the growth could not be improved by increasing the expression 

of diverse permeases. To determine whether adenosine, the relevant purine nucleoside 

base which can also be used as precursor to energy metabolism, was previously shown to 

be reduced in metH_tetOFF when metH expression was repressed (Figure 12) and so we 

tested whether supplementation with it could rescue growth (Figure 13B). The addition of 

adenosine was unable to rescue growth of the mutant in restrictive conditions, 

irrespective of the nitrogen source present in the media (Figure 13B). Next, we tried 

adding another nucleotide, adenosine monophosphate (AMP) (Figure 13B), the presence 

of which can help improve intracellular energy levels (Hardie et al., 2012, Bär et al., 1989, 

Berg et al., 2002). AMP could rescue growth of metH_tetOFF to wild-type levels in 

restrictive conditions, but only when amino acids acted as the sole nitrogen source 

(Figure 13B). Finally, as ATP itself has recently been described to be a viable energy 

source for yeast we investigated the ability of the compound to rescue growth of A. 

fumigatus when metH expression is repressed (Forte  et al., 2019). We observed that ATP 

could restore growth of metH_tetOFF to wild-type levels in restrictive conditions when 

amino acids acted as the sole nitrogen source (Figure 13B). When amino acids were 
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provided in combination with ammonia ATP supplementation facilitated extremely 

limited growth of the mutant (Figure 13B). No growth of the mutant could be observed 

with the addition of ATP when NH4
+ was the sole nitrogen source (Figure 13B). 

 

1 mM ATP and AMP were the only metabolites able to fully restore growth of 

metH_tetOFF to wild-type levels in restrictive conditions, when combined with an excess 

of methionine and amino acids in the absence of ammonium (Figure 13B). To investigate 

whether such high concentrations of the nucleotides are necessary to rescue the wild-

type phenotype multiple concentrations were tested: 1000 µM, 100 µM, 50 µM and 10 

µM (Figure 13C). All examined concentrations were able to restore growth of the mutant. 

However, only the addition of 1000 µM was able to restore growth to wild-type levels, 

revealing that only extremely high levels of ATP or AMP were able to prevent a reduction 

in growth upon downregulation of metH (Figure 13C). 

 

Taken together these results indicate that reduced expression of metH results in 

decreased ATP levels and that this interruption in energy metabolism is responsible for 

MetH’s essentiality for A. fumigatus growth. The resulting growth defect can be rescued 

by supplementation of the growth media with compounds that can improve cell 

energetics, however for growth to be restored to wild-type levels this required specific 

conditions beyond the addition of a single metabolite. 
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A 
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C 

 
Figure 13. Lack of methionine synthase activity causes a decrease in cell energetics 
A) Strains were grown in liquid MM for 16 hours at which point 5 mM Met was added and the 
cultures were split. Fractions either remained untreated or grew in the presence of 5 µg/mL Dox for 
a further 6 hours before samples were taken for dry biomass measurements and the ATP levels of 
all conditions were quantitated. ATP levels were normalised per mg of A. fumigatus dry biomass and 
compared between untreated and treated conditions by a one-sample t-test of the hypothetical 
mean (100) to the actual observed mean. Dox treatment significantly decreased the levels of ATP 
present in metH_tetOFF (H_OFF) but not the wild-type strain. The graph displays the means and SD 
of groups of five biological replicates, each averaged from three technical replicates. B) Strains were 
grown in restrictive conditions on media supplemented with methionine and various metabolites 
that could be used to improve cell energetics. When added singly on media containing the preferred 
nitrogen source only adenine allowed slight growth of metH_tetOFF. Pyruvate and ATP facilitated 
extremely limited growth when aacs were also added to the media. The nitrogen source was critical 
for the ability of metabolites to rescue growth of the mutant in restrictive conditions. Folic acid was 
able to restore minimal growth when aacs were used as the sole nitrogen source and growth was 
slightly improved on this nitrogen source for pyruvate and adenine. When aacs were the only source 
of nitrogen AMP and ATP were able to fully reconstitute growth of metH_tetOFF to wild-type levels. 
Pyruvate could also recover growth of the mutant to wild-type levels when used as the carbon 
source, however this growth was always reduced compared to growth on glucose containing media. 
C) For ATP and AMP to restore metH_tetOFF growth to wild-type levels high concentrations, over 
100 µM, of the nucleotides had to be used.  (Adapted from Scott et al., 2020) 
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3.4.6. Downregulation of metH Shifts A. fumigatus Glucose Metabolism Towards the 

Pentose Phosphate Pathway 

The previous analyses suggested that a reduction in the energetic status of the fungal 

cells, in the absence of MetH, could be the cause of MetH essentiality in A. fumigatus. 

Aiming to understand how loss of MetH might disrupt energy metabolism within cells, RT-

qPCR was used to assess the expression of genes which could provide insight into the 

changes experienced upon downregulation of metH (Figure 14A & B).  

 

As the loss of MetH activity likely reduced available levels of THF, we hypothesised that A. 

fumigatus could try to compensate by increasing the conversion of 5,10-

methylenetetrahydrofolate (5, 10-methylene-THF) to 5, methyl-tetrahydrofolate (5, 

methyl-THF) by MetF to ensure methionine synthase had sufficient substrate available to 

recycle THF (Figure 6A). Wild-type and metH_tetOFF strains were incubated in MM for 16 

hours at which point 5 mM Met was added and the cultures were split. Relevant fractions 

were treated with 5 µg/mL Dox and after 6 hours of further growth the samples were 

processed for RT-qPCR measurement of metF expression (Figure 14A). 

 

There was a significant increase in metF expression in metH_tetOFF, 2.851-fold for the 

untreated condition compared to the untreated wild-type (P = 0.0288, one-sample t-test) 

(Figure 14A). This could be a compensatory reaction to the slightly higher methionine 

synthase expression observed in this strain (Figure 3B), which might increase the demand 

for 5, methyl-THF. This could explain the reduced adenosine levels observed in the 

metabolome of the untreated metH_tetOFF strain compared to the wild-type (Figure 12), 

as a decrease in 5, 10-methylene-THF availability might somewhat limit purine 

biosynthesis (Figure 6A). However, as folate cycling is enabled in the presence of MetH 5, 

10-methylene-THF levels are unlikely to fall to deleterious levels, this is supported by the 

lack of any obvious growth defect in the mutant when not treated with Dox (Figure 4). 

There was also a further increase in metF expression in the Dox treated H_OFF strain 

(3.176-fold increase, P = 0.0728, one-sample t-test) compared to the untreated wt, 

although this did not reach statistical significance likely because of the high standard 

deviation (Figure 14A). In these conditions the increased metF expression may cause a 

5,10-methylene-THF deficiency as its conversion to 5, methyl-THF is not reversible, and 

the action of MetH is not present to allow folate cycling (Figure 6A). This is supported by 
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the previous result which showed that the addition of folic acid, when grown on an 

alternative nitrogen source, and adenine could restore limited growth of the mutant in 

restrictive conditions (Figure 13B) as these supplements could counteract a limitation on 

purine ring biosynthesis induced by a reduction in 5,10-methylene-THF availability. 

 

However, the phenotypic results showed that supplementation to address a reduction in 

purine ring biosynthesis was only able to restore minimal growth of the metH_tetOFF 

mutant in restrictive conditions (Figure 13B). In fact, it appears that the crucial cause of 

MetH essentiality is a reduction in ATP (Figure 13A) as only the addition of compounds 

which could improve cell energetics (pyruvate, AMP or ATP) were able to fully restore 

growth to wt levels (Figure 13B). We hypothesised that a reduction in purine production, 

caused by the forced conversion of 5,10-methylene-THF to 5, methyl-THF and the inability 

to recycle THF, could be sensed by A. fumigatus as a shortage of nucleotides. This might 

encourage a shift in glucose metabolism to anabolism, via the pentose phosphate 

pathway (PPP), to allow the production of metabolites that are necessary for adenine 

nucleotide synthesis (Masi et al., 2021, Walvekar et al., 2018). The dysregulation of 

methylene-tetrahydrofolate reductase (i.e. MetF in A. fumigatus) has also recently been 

found to deplete nucleotides ATP levels in S. cerevisiae, further supporting our theory 

(Bhatia et al., 2020). The reduction in metabolites associated with glycolysis and the TCA 

cycle metH_tetOFF mycelia treated with Dox, revealed in our metabolomic analysis 

(Figure 12), also supports this hypothesis in A. fumigatus. 

 

To determine whether the PPP was being upregulated in the metH_tetOFF strain in 

restrictive conditions the expression levels of the gene encoding glucose-6-phosphate 

dehydrogenase (G6PD (AFUA_3G08470)), was measured by RT-qPCR (Figure 14B). G6PD 

catalyses the first committed step of the PPP and is a rate-limiting enzyme for the 

pathway. The experimental procedures followed those used above for measuring metF 

expression. The untreated metH_tetOFF mutant already displayed significantly increased 

G6PD expression compared to the untreated wt (1.617-fold increase, P = 0.0423). This 

suggests again that basal metabolism is slightly affected in this strain, which could be due 

to the higher expression of metH. In any case, this increase does not cause an observable 

phenotype (Figure 4), which we attribute to the presence of MetH enabling folate cycling 

and therefore sufficient production of purines to form ATP. Nevertheless, G6PD 
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expression was further heightened by Dox treatment (2.190-fold increase with respect to 

untreated wt, P = 0.0132 one sample t-test and 1.354-fold increase with respect to 

untreated metH_tetOFF, P = 0.0397 two-tailed unpaired t-test) (Figure 14B). We believe 

this higher level of G6PD may cause a shift in metabolism towards the PPP. This shift 

coupled with the inability to produce THF could cause an insurmountable reduction in 

ATP levels (Figure 13A) which prevents growth unless relevant supplements are present 

in the growth media (Figure 13B). 

 

These results imply that changes in metH expression, either an increase or decrease, lead 

to alterations in both metF and G6PD expression in A. fumigatus. Expression of metF and 

G6PD were highest in the metH_tetOFF mutant in restrictive conditions where MetH 

availability was reduced. 

A 

   

B 

 
Figure 14. Changes in metH expression cause an increase in expression of metF and G6PD 
RT-qPCR was used to measure the fold change in expression of target genes compared to their 
expression in untreated wt, analysed by one-sample t-test to the hypothetical value of 1. The graphs 
display the means and SD of groups of three biological replicates, each averaged from three 
technical replicates. A) Expression of metF in wt was not significantly changed by the addition of 5 
µg/mL Dox. In metH_tetOFF (H_OFF), where metH expression would be slightly increased from wt, 
metF expression was significantly increased. It was further increased by treatment with Dox, where 
metH expression would be significantly reduced compared to in untreated wt or H_OFF. B) Wild-
type G6PD expression was not significantly changed by treatment with Dox. In untreated and 
treated H_OFF G6PD expression was significantly increased, particularly in the treated condition.  
(Adapted from Scott et al., 2020) 
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To attempt to understand how A. fumigatus might activate the pentose phosphate 

pathway upon inhibition of metH we used phenotypic analyses to investigate the effects 
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Two important signalling routes, the target of rapamycin (TOR) and cyclic AMP/protein 

kinase A (cAMP/PKA) pathways, have been described to be involved in anabolism and 

growth (Liebmann et al., 2004, De Virgilio and Loewith, 2006, Saxton and Sabatini, 2017, 

Caza and Kronstad, 2019). Both pathways are involved in nutrient sensing have been 

described to be correlated to the regulation of energy and or nucleotide metabolism in A. 

fumigatus (Baldin et al., 2015, Grosse et al., 2008). To investigate whether TOR 

contributes to the deleterious metabolic shift observed when metH expression is 

inhibited in A. fumigatus, we grew strains on various low concentrations of rapamycin: 0, 

0.01, 0.1, 1 or 10 ng/mL) (Figure 15A). If TOR was the signalling pathway responsible for 

the alteration in metabolism that leads to increased flux to the PPP, its partial repression 

with the specific inhibitor rapamycin could prevent this deleterious effect and allow 

reconstitution of growth in the absence of MetH (Cafferkey et al., 1993, Kunz et al., 1993). 

However, none of the rapamycin concentrations tested were able to rescue growth of the 

metH_tetOFF mutant in the presence of Dox (0.5 µg/mL Dox) (Figure 15A). To determine 

whether the cAMP/PKA pathway is accountable for the metabolic shift in treated 

metH_tetOFF cells, we grew strains on various low concentrations of the inhibitor H-89, 0, 

1, 10, 50 or 100 µg/mL (Figure 15B). Growth, in the absence of MetH, upon partial 

blockage of PKA would indicate an involvement of PKA in the cellular response to 

downregulation of metH (Lochner and Moolman, 2006). However, again no H-89 

concentration tested was able to restore metH_tetOFF growth in the presence of Dox 

(Figure 15B). 

 

These phenotypic analyses indicate that partially blocking the TOR or cAMP/PKA 

pathways could not rescue growth of A. fumigatus in metH restrictive conditions. This 

suggests that the metabolic shift induced by downregulation of metH depends upon 

other unidentified pathways and or involves multiple redundant routes. 
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A 

 
B 

 
Figure 15. The TOR and PKA pathways are not responsible for the deleterious metabolic switch 
experienced upon downregulation of metH 
Low concentrations of A) rapamycin (to partially inhibit TOR) or B) H-89 (to partially inhibit PKA) were 
unable to reconstitute growth of H_OFF on media containing 0.5 µg/mL Dox.  (Adapted from Scott et 
al., 2020) 
 

3.4.8. S-Adenosylmethionine Supplementation Restores ATP Levels and Growth of 

metH_tetOFF in Restrictive Conditions 

S-Adenosylmethionine (SAM) measurements were performed by Rebecca Owens from 

Sean Doyle’s laboratory. 

 

S-adenosylmethionine is the major methyl group donor in cells and is produced from 

methionine and ATP (Figure 9A) (Chiang et al., 1996, Gerke et al., 2012). As our previous 

results showed that ATP levels were reduced in the absence of metH expression (Figure 

13A) we hypothesised that loss of MetH activity could result in reduced levels of SAM 

within cells. To investigate the impact downregulating MetH has on intracellular SAM 

levels we used a phenotypic assay to determine if extracellular supplementation with 

SAM could restore growth in restrictive conditions (Figure 16A). We also measured SAM 

levels in untreated and Dox treated mycelia (Figure 16B) and the effect of SAM 

supplementation on ATP levels in treated mycelia (Figure 16C). 

 

To establish whether supplementation with SAM was able to rescue growth of the 

metH_tetOFF mutant in restrictive conditions strains were grown on MM-S - N solid 

plates containing 5 mM Met, 5 µg/mL Dox and 500 µM SAM (Figure 16A). To diversify the 

presence of permeases in the cell membrane and thus facilitate the uptake of SAM, 

different N-sources were tested: 5 mM ammonium tartrate, 1 mg/mL aac or a 

combination of the two. The addition of SAM was able to restore metH_tetOFF growth in 
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the presence of methionine only when amino acids were used as the sole nitrogen source 

(Figure 16A). As this could indicate that SAM may be depleted in restrictive conditions, we 

measured intracellular SAM concentrations in untreated and Dox treated mycelia using 

tandem mass spectrometry (MS/MS) (Figure 16B). Conidia were grown in MM for 16 

hours before samples of the untreated cultures were snap frozen in liquid nitrogen. The 

remainder of the cultures were then incubated with 5 µg/mL Dox and 5 mM Met for 6 

hours before treated samples were snap frozen in liquid nitrogen and all samples were 

processed for MS/MS measurement of SAM levels within the mycelia and normalised by 

the total protein contents of the samples. Unexpectedly, addition of Dox to 

the H_OFF strain did not cause a reduction in SAM levels compared to the untreated 

strain (Figure 16B). Similarly, growth in Dox did not change SAM levels in the wild-type 

strain (Figure 16B). 

 

We hypothesised that, as SAM is critical for many important cellular processes, A. 

fumigatus might continue to synthesise SAM in restrictive conditions where sufficient 

extracellular methionine is supplied. As a result, ATP levels might become reduced 

leading to energy deprivation and growth cessation, unless the growth medium is 

supplemented with metabolites that can directly improve cellular energetics or reduce 

competition for ATP. To test whether supplementation with SAM could improve the 

energetic status of metH_tetOFF mycelia in restrictive conditions we measured the 

impact on ATP levels when SAM was added to the growth media using a luminescence 

BacTiter-Glo assay (Promega) (Figure 16C). metH_tetOFF was incubated in MM-N + 1 

mg/mL aac for 16 hours at which point 5 mM Met was added and the cultures were split. 

Relevant fractions were immediately treated with either 5 µg/mL Dox alone or in 

combination with 500 µM SAM. After 6 hours of further growth the ATP levels of all 

samples were quantitated. At the time of ATP quantification samples were also taken 

from all cultures for dry biomass measurements. ATP levels were then normalised per mg 

of A. fumigatus dry biomass. ATP levels were compared to the untreated strain by a one-

sample t-test of the hypothetical mean of 100 to the actual observed mean. As seen 

previously (Figure 13A), Dox treatment of metH_tetOFF resulted in a significant reduction 

in ATP levels, to 79.85% compared to the untreated condition (P = 0.0008) (Figure 16C). A 

significant increase in ATP levels in restrictive conditions was observed when SAM was 
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present in the growth media, compared to in the absence of Dox and SAM (132.7% 

compared to untreated metH_tetOFF, P = 0.0011 by one sample t-test) (Figure 16C). 

 

These analyses showed that in restrictive conditions supplementation with SAM rescued 

metH_tetOFF growth to wt levels. However, they also indicated that SAM levels within A. 

fumigatus do not change significantly following downregulation of MetH. This could be 

due to the critical nature of SAM for cell metabolism. Although, S-adenosylmethionine 

production requires ATP and the continued incorporation of the nucleoside triphosphate 

into SAM could cause a deleterious drop in the energetic status of A. fumigatus in the 

absence of MetH activity. This is supported by the finding that the addition of SAM to Dox 

treated metH_tetOFF mycelia significantly increased levels of ATP, as the availability of 

SAM in the media would reduce the requirement for its biosynthesis and therefore the 

draw of ATP for this purpose. 
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C 

 
Figure 16. External SAM reconstitutes ATP levels and growth in the absence of metH expression 
A) In combination with Met the addition of 500 µM SAM was able to restore growth of 
metH_tetOFF to wt levels in restrictive conditions, when aacs acted as the sole nitrogen source. B) 
There was not a significant change in SAM levels upon Dox addition when compared to the 
untreated strain. SAM levels were measured by MS/MS and graphs show the means and SD of three 
biological measured with two technical replicates each. Data were analysed by one-way analysis of 
variance with a Bonferroni post-test adjustment. C) When 500 µM SAM was present in the growth 
medium ATP levels in metH_tetOFF were increased compared to the untreated minus SAM 
condition. Indeed, ATP levels were significantly increased compared to even the untreated strain. 
Graphs display the means and SD of three biological replicates each averaged from three technical 
replicates. (Adapted from Scott et al., 2020) 
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3.4.9. MetH Localises to the Cytoplasm and Nuclei of A. fumigatus 

Our previous results indicated that A. fumigatus prioritised maintaining S-

adenosylmethionine production when metH expression was repressed. This might be due 

to SAM’s crucial role in DNA methylation, which also indicates that it may be required in 

the nucleus of cells. Methionine is required for SAM synthesis and in mammalian cells 

methionine adenosyltransferases, responsible for this conversion, have been localised to 

the nucleus (Reytor et al., 2009, Chu et al., 2021). Moreover, methionine synthase has 

been shown to be present in both the nuclei and cytoplasm of Pichia pastoris and C 

albicans (Sahu et al., 2017). Identification and interruption of a nuclear localisation signal 

in P. pastoris revealed that recruitment of methionine synthase to the nucleus is essential 

for the function of the enzyme in this yeast (Sahu et al., 2017). Due to the importance of 

SAM in MetH restrictive conditions we hypothesised that nuclear localisation might be 

relevant to the function of the enzyme. To ascertain whether MetH localises to the 

nucleus of A. fumigatus (Figure 17A) and, if so, whether this localisation is essential for 

viability, we produced and utilised a range of mutants in the metH_tetOFF background 

(Figure 17B & C). We used the pJA49 plasmid (Figure 8A), to trigger constitutive 

expression of GFP C-terminally tagged versions of MetH. These forms of MetH included 

wild-type (MetH-GFP), a control strain which expresses a mutated version of the protein 

(metHg2042A>C-GFP metH_tetOFF (D616A-GFP) which should be inactive and not restore 

grow in restrictive conditions (Figure 8B) and a version (metHg2439CG>GA-GFP metH_tetOFF 

(R749A-GFP)) with a mutation which has been described to prevent functionality and 

nuclear localisation of methionine synthase in P. pastoris (Sahu et al., 2017) 

 

To determine whether MetH localises to the nucleus of A. fumigatus MetH-GFP conidia 

were grown in MM-S media supplemented with 5 mM methionine for 16 hours. The 

nuclei of the hyphae were then specifically stained with 4’,6-diamidino-2-phenylindole 

(DAPI) and imaged by single plane confocal fluorescence microscopy  (Figure 17A) (Harris 

et al., 1994). We found that MetH localises to both the cytoplasm and nuclei of A. 

fumigatus. The tagged enzyme was also able to restore growth in phenotypic 

experiments when the metH-GFP metH_tetOFF strain was grown in restrictive conditions 

(Figure 17B), confirming that the tagged enzyme was active (Figure 17B). As previously 

observed (Figure 8B) the D616A mutated version of MetH was unable to restore growth 

of A. fumigatus in restrictive conditions (Figure 17B). Similarly to P. pastoris, A. fumigatus 
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MetH does not contain a classic nuclear localisation signal, thus we attempted to prevent 

its nuclear localisation by mutating the residue that was described to prevent it in that 

fungus (Sahu et al., 2017). Unlike P. pastoris, the tagged R749A version of MetH was able 

to perform the essential functions of the enzyme, as proven by the restored growth in the 

presence of Dox (Figure 17B). Unfortunately, the signal from these point-mutated 

versions was limited, making it difficult to conclude their localisation based only on 

microscopic visualisation (Figure S 4).  Therefore, to determine whether the R749A 

mutation abrogated nuclear localisation in A. fumigatus the presence of GFP in isolated 

nuclei was detected with anti-GFP by Western blot (Figure 17C). Strains were incubated 

for 16 hours in MM-S with 5 mM methionine and 5 µg/mL Dox, to encourage expression 

and normal distribution of the tagged versions of MetH. The hyphae were protoplasted 

and the nuclei isolated by fractionation (Sperling and Grunstein, 2009). The R749A-GFP 

version of MetH was found in the isolated nuclei, at similar levels as the wild-type MetH-

GFP (Figure 17C). 

 

These results indicate that MetH localises to the cytoplasm and nuclei of A. fumigatus. 

However, the residue required for nuclear localisation in P. pastoris was not conserved in 

A. fumigatus. Therefore, further investigation is required to establish whether nuclear 

localisation is relevant to MetH’s essentiality in A. fumigatus. 
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Figure 17. MetH localises to both the cytoplasm and nuclei of A. fumigatus 
A) Episomal expression of MetH-GFP in the H_OFF background revealed that MetH localises to the 
cytoplasm and the nuclei of A. fumigatus. Single, sequential channels are shown as well as a 
composite image. B) The wild-type MetH-GFP and mutant R742A-GFP proteins reconstituted growth 
in restrictive conditions when present in the H_OFF strain, indicating they were active and fulfilled 
the essential function of the protein. Expression of the GFP tagged D616A version of MetH did not 
reconstitute growth in restrictive conditions. C) Strains were grown in liquid MM-S for 16 hours with 
5 mM Met and 5 µg/mL Dox. Nuclei were then isolated and the levels of GFP tagged proteins 
detected by Western blot. Both proteins were detected in the nuclear fractions, and at similar 
levels. (Adapted from Scott et al., 2020) 
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3.5. Discussion 

Methionine synthase is an enzyme known to play an important role in primary 

metabolism. Additionally, it has been shown to be critical for the viability or virulence of 

three important human fungal pathogens, including Aspergillus fumigatus (Pascon et al., 

2004, Suliman et al., 2007, Amich et al., 2016). However, the cause of this essentiality has 

not previously been defined. This chapter focused on gaining insight into the basis of 

MetH’s essentiality in A. fumigatus. 

 

First, we assessed the importance of the presence of the enzyme itself. As a result of its 

activity converting homocysteine into methionine MetH forms a junction between two 

critical pathways, the trans-sulfuration pathway and the one-carbon cycle. By blocking 

each pathway separately one step upstream of MetH we found that interrupting either 

pathway did not result in the additional reasons for essentiality, beyond methionine 

auxotrophy, observed upon inhibition of methionine synthase. This confirmed that the 

enzyme itself is necessary and not the integrity of either metabolic route. Previously in C. 

neoformans, Pascon and colleagues (2004) compared the phenotypes of a methionine 

synthase knockout and another methionine auxotroph. Similar to our findings, they 

identified phenotypes that were unique to loss of MetH activity. For example, compared 

to the other auxotroph the methionine synthase knockout was hypersensitive to 

fluconazole, had reduced capsule formation, could not satisfy its auxotrophy with 

cysteine or homocysteine and had a further reduced growth rate. However, they 

investigated only one of the relevant pathways (trans-sulfuration) and the alternative 

gene that they knocked out encodes an enzyme (ATP sulfurylase) that acts 5 steps 

upstream of methionine synthase in sulfur metabolism in C. neoformans (de Melo et al., 

2019). Consequently, we argue that they did not explicitly demonstrate that the unique 

phenotypes observed in the methionine synthase deletant were specifically caused due 

to the loss of methionine synthase.  In Schizosaccharomyces pombe deletion of genes 

upstream of methionine synthase in sulfur metabolism also confirmed specific 

phenotypes for methionine synthase deletion, although these enquiries were also limited 

to the trans-sulfuration pathway and did not interrupt the step directly before MetH 

(Fujita et al., 2006). Therefore, our work in A. fumigatus is the first time that both critical 

pathways directly impacted by MetH elimination were disrupted to narrow down the 

cause of essentiality to the presence of MetH specifically and not the integrity of either of 
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the individual pathways. These findings support methionine synthase as an attractive 

antifungal drug target in A. fumigatus. Although this has not yet been shown in other 

organisms it could be addressed in the future and the work of other groups did reveal 

that loss of methionine synthase activity leads to additional phenotypes beyond the 

methionine auxotrophy experienced upon interruption of other enzymes involved in 

sulfur metabolism. We believe that this makes methionine synthase a particularly strong 

target within this metabolic pathway, across several fungal species. 

 

To determine whether MetH’s enzymatic activity, of converting homocysteine into 

methionine, is central to the protein’s essentiality we introduced mutations into the 

enzyme which have previously been described to block methionine synthase’s activity in 

C. albicans (Prasannan et al., 2009, Ubhi et al., 2014). The aspartic acid at position 616 (or 

614 in C. albicans) binds the amino group of homocysteine and was suggested to be the 

main trigger for conformational rearrangement (Prasannan et al., 2009). This mutation 

prevented growth of the yeast on methionine free media but allowed growth in the 

presence of Met (Prasannan et al., 2009). This was likely due to the residual enzymatic 

activity the mutated protein displayed as previous research showed that limited 

methionine synthase activity also allowed C. albicans growth in the presence of 

methionine (Suliman et al., 2007). We saw that in A. fumigatus the D616A mutation 

prevented the enzyme from rescuing phenotypes caused by the lack of MetH activity. The 

mutation seems to fully, or nearly completely, block the enzymatic activity of the protein 

as it was unable to rescue growth of the metH_tetOFF mutant in the presence or absence 

of methionine. The concentration of methionine used by Prasannan and colleagues 

(2009) to restore growth of C. albicans with the D614A version of methionine synthase 

was not stated. However, we supplemented with 5 mM methionine which far exceeds the 

concentrations used by Suliman and colleagues (2007b) and the approximately 20 µM of 

methionine reported to be in human serum, which our experiments indicate are too low 

to facilitate growth of an A. fumigatus methionine auxotroph (Deakova et al., 2015, 

Elshorbagy et al., 2016). In either case, this result implies that the enzymatic activity of 

MetH is essential for A. fumigatus viability and inhibiting it is sufficient to prevent growth 

of the fungus. 
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Another residue has been identified as potentially critical for the enzymatic activity of 

MetH in C. albicans. The tyrosine at position 662 (or 660 in C. albicans) is in the βα loops 

of the C-terminal domain of MetH, which surround the flexible Zn coordination site of the 

enzyme (Ubhi et al., 2014). In C. albicans Ubhi and colleagues (2014) found that 

disturbance at this site strongly reduced the enzymatic activity of methionine synthase. 

They hypothesised this was due to the tyrosine playing a role in the detection of 

homocysteine binding and subsequently triggering conformational changes within the 

protein. We found that the Y662A mutation only partially reduced the enzymatic activity 

of A. fumigatus MetH as growth was reduced but not fully abrogated in the absence of 

methionine. Growth could be fully restored to wild-type levels in the presence of 

methionine. This supports the results seen in Candida, that partial MetH activity is 

enough to enable the essential function of methionine synthase but that the presence of 

methionine is still required for normal growth. 

 

Together these results are the first time that it has been shown that the enzymatic 

activity of methionine synthase specifically, and not the integrity of relevant important 

metabolic pathways, is responsible for the cause of its essentiality beyond methionine 

auxotrophy. This is relevant for drug discovery as it implies that the sites which are critical 

for substrate binding and detection should be targeted by the inhibitors. 

 

Once it was established that MetH was responsible for essentiality, we wanted to uncover 

the additional reason for this beyond methionine auxotrophy. Methionine synthase has 

been shown to be conditionally essential in several species, however the conditions which 

could restore growth varied even between fungal species. In two model organisms, S. 

cerevisiae and A. nidulans, and the plant pathogen Magnaporthe oryzae only the 

presence of methionine was required to allow growth when methionine synthase activity 

was lost (Kacprzak et al., 2003, Suliman et al., 2005). Conversely, in the human fungal 

pathogens C. neoformans, C. albicans and A. fumigatus and plant pathogen Fusarium 

graminearum the growth of methionine synthase mutants was not fully restored by the 

addition of methionine alone (Pascon et al., 2004, Suliman et al., 2007, Amich et al., 2016, 

Seong et al., 2005). 
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We investigated the ability of adenine to rescue growth when MetH was downregulated 

in A. fumigatus, as inhibition of methionine synthase has previously been observed to 

result in combined methionine and adenine auxotrophy in S. pombe and Pichia pastoris 

(Fujita et al., 2006, Sahu et al., 2017). We saw that for A. fumigatus the presence of 

adenine could only partially restore growth when combined with Met. This reveals that 

there are differences between the metabolic balance in species which effect the 

conditional essentiality of methionine synthase and that additional mechanisms are likely 

important in A. fumigatus. 

 

It has been proposed in several species that homocysteine could accumulate to toxic 

levels upon loss of MetH activity, and that this might be the cause of the deleterious 

effects observed in the absence of the enzyme. However, the only experiments previously 

done to investigate this were in S. pombe (Fujita et al., 2006). In this yeast homocysteine 

concentrations were observed to increase significantly in a methionine synthase knockout 

and Fujita and colleagues (2006) proposed this increase was responsible for the 

disruption of adenine levels in the mutant. However, the experiments used for 

comparisons were performed on different media and information was not given on when 

or if methionine or adenine were supplied, which would be necessary for growth of the 

methionine synthase mutant and could affect homocysteine levels. In support of their 

hypothesis, the group found that overexpressing S. cerevisiae genes of the cystathionine 

pathway was able to reduce homocysteine concentrations and reduce the need for 

purine supplementation in the media, although growth remained slower than wild-type 

(Fujita et al., 2006). Similar experiments were attempted in C. albicans. Suliman and 

colleagues (2007b) unsuccessfully attempted to facilitate recovery of a methionine 

synthase knockout by adding adenine or serine to the growth media to encourage 

conversion of homocysteine to cysteine. Although, this data was not shown and they did 

not attempt these experiments on their viable conditional C. albicans mutant. In the plant 

pathogen M. oryzae homocysteine levels were slightly, but not significantly, increased in 

methionine synthase knockouts grown on methionine (Saint-Macary et al., 2015). 

 

In our metabolomic analysis we could not detect homocysteine, even upon loss of MetH. 

We believe that this indicates that the levels of this potentially toxic metabolite remained 

low in A. fumigatus, and that it does not accumulate in the absence of MetH. We were 
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also unable to rescue growth in restrictive conditions with the over expression of A. 

fumigatus genes, or introduction of an A. nidulans gene, which could theoretically have 

reduced levels of homocysteine or potentially toxic by-products (Jakubowski, 1991, Fujita 

et al., 2006). These results seem to indicate that toxic accumulation of homocysteine or 

related metabolites is not the cause of the deleterious metabolic shift that occurs upon 

inhibition of metH expression. However, to concretely prove or disprove the relevance of 

homocysteine for MetH essentiality in A. fumigatus would require further investigation. 

 

The results of our metabolomic analysis suggested that cellular energetics in A. fumigatus 

might be disrupted upon loss of MetH activity. As the one-carbon cycle is also directly 

impacted by the activity of MetH and the pathway has previously been linked to energy 

metabolism in vertebrates and invertebrates, we investigated whether the energetic 

status of A. fumigatus is compromised upon downregulation of methionine synthase 

(Schober et al., 2021). For the first time in a fungal species, we showed that cellular 

energetics are disturbed upon inhibition of methionine synthase. Indeed, our phenotypic 

analyses revealed that the disruption of energy metabolism was the cause of MetH’s 

essentiality and not a consequence of growth cessation. We found that supplementation 

of the media with metabolites chosen to address this disturbance of cellular energetics 

restored growth to wild-type levels and removed the need for adenine to be present in 

the media to allow growth of A. fumigatus. Additionally, our data showed that the 

metH_tetOFF strain had differences in its metabolome compared to wt, even in the 

absence of Dox. Despite the fact that we were unable to identify any resulting 

phenotypes caused by these changes it shows that even slight changes in metH 

expression can alter the metabolism of A. fumigatus. This observation highlights the need 

to be vigilant when using strains to conditionally manipulate the expression of target 

genes 

 

Finally, we began to investigate the existence and relevance of MetH nuclear localisation 

in A. fumigatus.  It has been proposed in P. pastoris that methionine synthase might have 

a moonlighting function as the enzyme localises to both the cytoplasm and nucleus in the 

species and recruitment to the nucleus is essential for the function of the protein (Sahu et 

al., 2017). If nuclear localisation was relevant for MetH essentiality it could open an 

additional route for the development of antifungal drugs targeting the enzyme. We were 
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able to confirm that MetH also displays cytoplasmic and nuclear localisation in A. 

fumigatus. However, the R749A (or R742A in P. pastoris) mutation described to disrupt 

the nuclear localisation signal did not do so in A. fumigatus. Therefore, further 

experiments are required in the future to identify and disrupt the nuclear localisation 

signal of MetH in A. fumigatus to determine if this is required for the essential function of 

the enzyme. Although, as we have shown that MetH’s enzymatic activity is responsible 

for its essentiality, we do not believe that an alternative moonlighting function is critical 

for the enzyme’s essential function. 

 

In conclusion, our results have shown that the metabolic disruption caused by the loss of 

MetH is very complex in A. fumigatus. Combined with the findings of other groups this 

clearly displays that a deleterious metabolic shift in fungi occurs upon the downregulation 

of methionine synthase. The conditions required to overcome this perturbance are 

unlikely to be encountered in host niches during infection as important nutrient sources 

that might be exploited by pathogens are tightly controlled in host tissues. Many of the 

metabolites necessary to fully rescue growth upon MetH inhibition in A. fumigatus are 

found at very low levels in host tissues. For example, free ATP levels in human plasma 

have been observed to range from 28-64 nM which is far below the 100 µM ATP we 

found was necessary to restore metH_tetOFF growth to wild-type levels in the absence of 

MetH activity (Gorman et al., 2007). Therefore, we propose that MetH makes a promising 

target for the development of a novel class of antifungal drugs.  
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Chapter 4. Validation of Methionine Synthase as an Antifungal 

Drug Target in Established Infections 
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4.1. Introduction 

Invasive fungal infections pose an increasing risk to public health globally (WHO, 2022). 

High mortality rates, limited treatment options, rising antifungal resistance and the 

increasing size of high-risk patient groups makes the development of novel antifungal 

drugs vital (Bitar et al., 2014, Schauwvlieghe et al., 2018, Buil et al., 2019, Cho et al., 2019, 

Gintjee et al., 2020, Dabas et al., 2021, Rayens and Norris, 2022, Gold et al., 2022). 

Methionine synthase (MetH) has been highlighted as a potential antifungal drug target in 

three important human fungal pathogens: Aspergillus fumigatus, Candida albicans and 

Cryptococcus neoformans (Amich et al., 2016, Suliman et al., 2007, Pascon et al., 2004). In 

the previous chapter we revealed that both MetH’s role in methionine biosynthesis and 

energy metabolism are essential for A. fumigatus growth in vitro. We also showed that 

the concentrations of supplements required to support A. fumigatus growth in the 

absence of MetH activity are unlikely to be found singly within mammalian pulmonary 

tissues, not to mention in combination. Therefore, loss of MetH could limit the ability of 

A. fumigatus to cause invasive infections, as sulfur and energy metabolism are critical for 

A. fumigatus virulence, making the enzyme a particularly attractive antifungal drug target 

(Scott and Amich, 2021). 

 

The hypothesis that targeting MetH could diminish A. fumigatus pathogenicity during 

infection is supported by previous research, which showed that preventing metH 

expression resulted in a significant reduction in virulence in a murine model of invasive 

aspergillosis (Amich et al., 2016). In the model employed by Amich and colleagues (2016) 

the regulatable expression system (tetON) downregulated metH from the beginning of 

the experiment. This system mimics a null mutant, which means that the relevance of 

metH was only demonstrated for the initial stages of infection. However, treatment of 

invasive fungal diseases in patients generally involves targeting established infections. 

The conditions encountered by the pathogen and its metabolic requirements during this 

later, clinically relevant, stage of infection likely differ from those experienced by the 

fungus at the start of infection (Cramer, 2016, Beattie et al., 2017). Consequently, 

investigating a target in a developmental stage that might not be relevant to the 

timepoint at which antifungal treatment will be administered clinically could lead to over 

or underestimates of the suitability of the target. 
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In this chapter, we aimed to explore the relevance of MetH to A. fumigatus virulence 

during established infections, to validate MetH more rigorously as an antifungal drug 

target. Taking advantage of the tetOFF regulation system’s potential allows inhibition of 

the target gene, in this case metH, to be delayed until after the fungus has had time to 

grow and establish an infection. This additional validation is rarely considered in early 

antimicrobial drug development. However, as drug development programmes have low 

success rates, for candidates targeting infectious diseases only 18.3% - 25.2% that 

completed Phase I Clinical Trials ultimately gain approval, thorough initial validation can 

improve the chances of downstream success of this expensive and time-consuming 

process (Wong and Siah, 2019, Yamaguchi et al., 2021). 

 

To evaluate the importance of MetH in actively growing A. fumigatus we exploited the 

metH_tetOFF mutant strain characterised in the previous chapter. Initially, the impact of 

downregulating metH was examined during various stages of in vitro A. fumigatus 

development: conidia, germlings and hyphae. Finally, the contribution of MetH to 

virulence in established infections was interrogated in two in vivo models of established 

infections. 
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4.2. Downregulation of MetH in Growing Hyphae Inhibits A. fumigatus Growth 

In Vitro 

4.2.1. Doxycycline Treatment Reduces Growth of metH_tetOFF Cultures if Added to 12- 

or 16-Hour Old Hyphae 

Our previous results indicate that MetH has an essential function in A. fumigatus, which 

makes it a promising antifungal drug target. To more closely model the conditions 

experienced during the treatment of infections in patients the effect of repressing metH 

in growing hyphae was investigated. Biomass (Figure 18A) and OD600 (Figure 18B & C) 

measurements were used to determine the consequence of treating metH_tetOFF 

mycelia with Dox at various stages of growth. 

 

For biomass measurements the wild-type and metH_tetOFF strains were grown in liquid 

MM-S containing either 5 mM Met or 2 mM SO4 for 12, 16 or 24 hours. Samples were 

taken at these time-points to serve as control dry biomass measurements. The cultures 

were then immediately split, and 1 µg /mL Dox was added to the relevant fractions. The 

hyphae were allowed to grow for a further 24 hours before their dry biomass was 

measured. The addition of Dox to 12- or 16-hour old metH_tetOFF mycelia strongly 

repressed growth compared to the untreated condition (Figure 18A). In the presence of 

methionine very limited growth of H_OFF did occur in the 24-hour incubation with Dox 

(highlighted in green - Figure 18A). This growth inhibition was further exacerbated by the 

absence of methionine supplementation (highlighted in red - Figure 18A), suggesting that 

upon loss of MetH activity, methionine auxotrophy has a near immediate impact on 

growth but that the disruption of energy metabolism takes time to have an effect. The 

addition of Dox did not reduce the mutant’s growth when added to 24-hour old hyphae, 

which we postulate is likely due to the mycelia forming impenetrable masses that are not 

effectively penetrated by Dox to exert metH repression (Figure 18A). As expected, the 

addition of Dox did not affect the growth of wild-type (Figure 18A). 

 

To observe the effects of downregulating metH on OD600 the wild-type and metH_tetOFF 

strains were grown in liquid MM-S with 5 mM Met. Dox was added to relevant wells, at 

different time points (after 12, 16 or 24 hours of growth), to a final concentration of 5 

μg/mL (Figure 18B). OD600 readings were taken at several points during the incubation 

(Figure 18B). As expected, the addition of Dox at any time point did not impact the 
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growth of wild-type (Figure 18C). The addition of Dox to 12- or 16-hour old metH_tetOFF 

hyphae resulted in a clear reduction in growth when the incubation time exceeded 4 

hours (Figure 18C). The treatment of 12-hour old hyphae with Dox for 4 hours did not 

lead to an obvious reduction in growth (Figure 18C). This supported the results seen in 

the biomass experiments (Figure 18A), that suppressing expression of metH in 12- or 16-

hour old hyphae causes a reduction in growth which takes time to take effect in the 

presence of methionine. The differences between the treated metH_tetOFF and the 

untreated strain or treated wild-type became more pronounced the longer the culture 

was incubated with the inhibitor, indicating the effect on growth was maintained 

throughout the time period observed. When Dox was added to mycelia after 24 hours of 

growth there was only a minor reduction in growth (Figure 18C), probably due to Dox’s 

inability to infiltrate the dense mass of hyphae that had already formed by this late time-

point. This also mirrored the outcome of the biomass experiment. 

 

These results illustrated that inhibiting metH expression in established hyphae strongly 

reduces growth of A. fumigatus. They also showed that although repression takes some 

time to produce a considerable impact on growth in the presence of methionine, once 

growth is affected the decrease in growth is sustained which leads to increasing 

differences in the levels of mycelia produced between treated and untreated strain. 

However, the ability of drugs to penetrate dense fungal masses must be considered when 

treating established infections. 
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Figure 18. Repression of metH expression in growing mycelia halts fungal growth 
Strains were grown in liquid media containing 5 mM methionine (in Met free conditions the sulfur 
source was 2 mM SO4) for 12, 16 or 24 hours, at which point doxycycline (Dox) was added to the 
cultures. A) In the biomass analysis samples were taken for control dry biomass measurements at 
the time of Dox addition. Cultures were then allowed to grow for a further 24 hours before their dry 
biomass was measured. The addition of Dox to 12- or 16-hour old metH_tetOFF (H_OFF) mycelia 
prevented substantial growth. When methionine was present the biomass increased slightly before 
growth ceased, however in methionine free media the reduction in growth was even more 
pronounced. The addition of Dox did not reduce the mutant’s growth when added after 24 hours, 
likely due to the mycelia forming impenetrable masses. The graph displays data from groups of 
three biological replicates, each averaged from three technical replicates. B) Schematic showing the 
treatment and OD reading schedule for the OD600 experiments. Doxycycline (Dox) was added at 
different time points in the culture’s growth, as indicated, and the resulting growth was measured 
by OD600 after 16, 24 and 36 hours of total growth. C) The addition of Dox to 12- or 16-hour old 
mycelia strongly repressed growth of the metH_tetOFF (H_OFF) mutant, although the effect took 
time to develop. Dox treatment of 24-hour old H_OFF mycelia had limited impact on growth. The 
graph displays the means and SD of groups of two biological replicates, each averaged from four 
technical replicates. (Adapted from Scott et al., 2020) 
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4.2.2. Microscopic Visualisation of the Effect of Inhibiting metH Expression Confirms that 

Growth is Rapidly and Sustainably Halted 

To visualise the effect of inhibiting metH expression in different stages of growth, conidia 

or germlings were grown in the presence of various Dox concentrations, with or without 

methionine, and imaged under the microscope (Figure 19). 

 

Conidia (Figure 19A) or 8-hour old germlings (Figure 19B) of wild-type and metH_tetOFF 

strains were grown in liquid MM-S containing either 5 mM Met or 2 mM SO4 as the sulfur 

source. They were incubated with various concentrations of Dox (0, 1, 2, 5 or 10 µg/mL). 

Microscopic images were captured 16 and 40 hours after Dox addition by wide-field 

microscopy and stereomicroscopy respectively. The growth of metH_tetOFF (H_OFF) 

quickly ceased upon addition of Dox in methionine free media, while the presence of Met 

enabled slight growth of A. fumigatus to occur before development halted (Figure 19A & 

B). For both conidia and germlings the higher the Dox concentrations the more severe the 

reduction in growth compared to the untreated condition, although generally higher Dox 

concentrations were required to achieve complete repression of growth for germlings 

(Figure 19A & B). No observable growth occurred between the 16- and 40-hour time-

points, indicating that once growth is arrested this repression is maintained over time 

even after 40 hours of incubation with Dox (Figure 19A & B). In wild-type conidia and 

germlings growth was unaffected by the addition of any tested concentration of Dox even 

after 40 hours (Figure 19A & B). 
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Figure 19. Downregulation of metH prevents microscopic A. fumigatus growth in liquid media 
A) Conidia and B) 8-hour old germlings were grown in liquid media containing 5 mM Met or 2 mM 
SO4 as S-source and treated with various concentrations of doxycycline (Dox). Microscopic images 
were captured 16 and 40 hours after Dox addition by wide-field microscopy and stereomicroscopy 
respectively. The growth of metH_tetOFF (H_OFF) was rapidly arrested by the addition of Dox in 
methionine free media, the presence of 5 mM Met allowed slight growth to occur before 
development halted. Inhibition of growth was sustained even after 40 hours of incubation. (Adapted 
from Scott et al., 2020) 
 

Conidia (C) and 8-hour old germlings (G) were also grown on solid media containing 5 mM 

methionine and various Dox concentrations (0, 1, 2, 5 or 10 µg/mL) (Figure 20). After 16 

hours of incubation on solid media microscopic images were captured by 

stereomicroscopy to observe the microscopic growth of the conidia (Figure 20A) and 

germlings (Figure 20B). Following 40 hours of growth on solid plates photographs were 

taken and stereomicroscopy was also done where distinct macroscopic colonies had not 

formed on the plates (Figure 20C). As in liquid media microscopic growth of the 

metH_tetOFF mutant was strongly inhibited by 16 or 40 hours of incubation with Dox 
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only able to form short hyphae (Figure 20). The mutant conidia or germlings grown on 

any tested Dox concentration were unable to form macroscopic colonies (Figure 20C). 

 

These results support the previous findings, that shutting off metH expression sustainably 

inhibits the growth of A. fumigatus conidia or germlings and that although the presence 

of methionine can delay growth retardation it is unable to maintain growth for long. 

A 

 
B 

 
C 

 
Figure 20. Downregulation of metH prevents microscopic A. fumigatus growth on solid media 
Conidia (C) and 8-hour old germlings (G) were grown on solid media containing 5 mM methionine 
and various concentrations of doxycycline (Dox). Microscopic images were captured by 
stereomicroscopy after A) conidia and B) germlings had grown for 16 hours with Dox. C) After 40 
hours of growth the plates were photographed, or microscopy was completed where distinct 
macroscopic colonies had not formed. The growth of metH_tetOFF (H_OFF) was strongly inhibited 
by the presence of Dox. (Adapted from Scott et al., 2020) 
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4.2.3. Repression of metH Transcription Causes Reversible Growth Inhibition In Vitro 

To observe the effect of repressing metH expression at smaller time intervals and to 

determine whether the growth inhibition was fungistatic or fungicidal a time-lapse 

analysis was performed (Figure 21 & Figure S 5). 

 

Conidia were grown in MM-S + 5 mM Met for 8 hours, 5 µg/mL Dox was then added to 

the swollen conidia and incubated for 24 hours before the media was exchanged for Dox 

free media for the final 16 hours of growth (Figure 21 & Figure S 5). Microscopic images 

were taken every 30 minutes to allow examination of the timescale of the effect on 

growth of inhibiting metH expression (Figure S 5). The presence of Dox quickly and 

strongly repressed metH_tetOFF growth (Figure 21A & Figure S 5A). The difference 

between the treated and untreated conditions was clear by the time the strain had been 

growing in Dox for 4 hours and growth of the mutant in the remaining time with Dox was 

negligible (Figure 21A & Figure S 5A). Once Dox was withdrawn metH_tetOFF growth 

resumed, although it took approximately 6 hours for the growth rate to noticeably 

increase (Figure 21B & Figure S 5A).  The addition of Dox did not affect the growth of the 

wild-type strain (Figure S 5B). 

 

These results support our previous findings that inhibiting metH expression sustainably 

represses the growth of A. fumigatus, although the effect takes time to develop. They 

also showed that using the TetOFF genetic model of metH repression results in a 

fungistatic growth suppression in vitro. 
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Figure 21. Loss of MetH activity is fungistatic in A. fumigatus 
Representative images of time-lapse microscopy of metH_tetOFF growth upon A) addition and B) 
withdrawal of Dox. In MM-S with 5 mM methionine 5 µg/mL Dox was added to 8-hour old swollen 
conidia (0 h) and incubated for 24 hours before the media was exchanged for Dox free MM-S + 5 
mM Met. The presence of Dox strongly repressed metH_tetOFF growth, the difference compared to 
the untreated condition was obvious after around 4 hours of growth in the presence of Dox. Growth 
was almost completely halted for the remaining time that Dox was present. Approximately 6 hours 
after Dox was withdrawn metH_tetOFF growth resumed, indicating the effect on growth was 
fungistatic. (Adapted from Scott et al., 2020) 
 
4.3. Inhibiting metH Reduces A. fumigatus Pathogenicity During Established In 

Vivo Infections 

4.3.1. Use of the tetOFF system to inhibit antifungal targets in a murine model of 

established invasive aspergillosis requires optimisation 

Previous work by Amich and colleagues (2016) showed that inhibiting metH at the time of 

infection, using the tetON system, abrogated A. fumigatus pathogenicity. This indicated 

that MetH is essential for A. fumigatus to successfully establish infections and that 

murine pulmonary tissues do not provide the conditions necessary to overcome the loss 

of MetH during the initial stages of infection. However, as antifungal drugs are usually 

administered to patients with existing infections, we wanted to harness the potential of 

the tetOFF system to model the clinical situation more closely by initiating MetH 

inhibition in an established infection. As the nutritional conditions encountered by A. 

fumigatus, and the fungus’ metabolic requirements, change throughout the course of 

infection it might be possible that MetH is not essential in established infections (Beattie 

et al., 2017, Cramer, 2016). To begin to investigate MetH’s validity as an antifungal target 
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in growing hyphae in the mammalian lung leukopenic mice infected with metH_tetOFF 

were treated with Dox and the resulting survival (Figure 22A) and metH expression levels 

measured (Figure 22B). 

 

Leukopenic mice were infected with 1x105 H_OFF conidia and either remained untreated 

or received injections of 10 µg/kg Dox intraperitoneally 24 hours after infection and once 

every 24 hours for the remainder of the experiment. At the time of the first doxycycline 

injection Dox was also administered to the drinking water at 20 mg/L. Surprisingly, all 

mice died by day 7 (Figure 22A). As our previous results had indicated downregulating 

MetH would reduce A. fumigatus growth in established hyphae, we suspected that the 

Dox dosing regimen was not causing Dox concentrations in the lungs to reach sufficient 

concentrations to inhibit metH expression. To test this, we harvested the lungs of four 

mice from each group on Day 6. RT-qPCR was used to assess whether the Dox treatment 

used in the murine model effectively reduced metH expression in H_OFF (Figure 22B). The 

analysis revealed that Dox treatment of the mice did not reduce expression of metH in 

the metH_tetOFF strain (Figure 22B). 

 

These results show that daily treatment with 10 µg/kg Dox and supplying 20 mg/L Dox in 

the drinking water was insufficient to supress metH expression in the murine model of 

established IPA. Therefore, optimisation of the model is required to see the effect of 

inhibiting metH expression in an established infection. 

A 

 

B 

 
Figure 22. Treatment with daily injections of 10 µg/kg Dox and supplying 20 mg/L Dox in the drinking 
water is insufficient to downregulate metH in a murine model of established invasive aspergillosis 
A) In a leukopenic murine model of established IPA mice were infected with metH_tetOFF and 
either did not receive treatment or were dosed with 10 µg/kg Dox 24 hours after infection, and 
every 24 hours thereafter as well as 20 mg/L being provided in the drinking water. Within 7 days the 
mortality for both groups were 100%. Survival curves represent groups of five mice per groups. B) 
RT-qPCR was used to measure metH expression in the murine lungs on day 6 of the experiment. 
Administration of the Dox regimen to leukopenic mice infected with the H_OFF strain did not result 
in a reduction in metH expression compared to the untreated group. The graph displays the means 
and SD of groups of four biological replicates, each averaged from three technical replicates. 
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4.3.2. A cyp51A_tetOFFΔcyp51B Strain Can Act as a Control for the tetOFF System 

In our previous in vitro and in vivo results, we were unable to achieve complete inhibition 

of metH expression and in vitro some A. fumigatus growth was able to occur before the 

effects of inhibiting metH expression using the TetOFF system prevented development. 

As this could be due to an imperfect control system, and we would not want limitations of 

the expression system to be interpreted as a failure of MetH as a target during in vivo 

experiments, we decided to produce a strain to act as a control for the genetic inhibition 

model. As the azoles are the first-line treatment option for invasive aspergillosis we 

thought that controlling expression of their targets the lanosterol 14-a-demethylases, 

cyp51A (AFUA_4G06890) and cyp51B (AFUA_7G03740), with the TetOFF system would 

enable us to compare the effect of targeting our enzyme of interest with that of the gold 

standard antifungal target (Patterson et al., 2016, Ullmann et al., 2018). As the cyp51 

gene pair are only essential in combination we constructed a 

cyp51A_tetOFFΔcyp51B (51A_OFF) strain, in which cyp51A was under the control of the 

tetOFF system in a cyp51B knockout background (Figure 23A) (Hu et al., 2007). To 

investigate the effect of Dox treatment on the growth of the strain 51A_OFF was grown in 

the presence of various concentrations of Dox and imaged macro (Figure 23A) and 

microscopically (Figure 23B & C). 

 

Phenotypic analysis of conidia grown for 72 hours on solid MM plates containing various 

Dox concentrations, 0, 0.01, 0.05 or 0.1 μg/mL Dox, revealed that macroscopic colony 

formation of the 51A_OFF strain was abrogated by the addition of 0.1 μg/mL Dox (Figure 

23A). In the absence of Dox, growth of 51A_OFF was comparable to wildtype as expected 

(Figure 23A). For microscopic analysis conidia (Figure 23B) or 8-hour old germlings (Figure 

19C) of 51A_OFF strains were grown in liquid MMS. They were incubated with various 

concentrations of Dox (0, 1, 2, 5 or 10 µg/mL) and microscopic images were captured 16 

and 40 hours after Dox addition. The growth of 51A_OFF quickly ceased upon the 

addition of Dox, regardless of the concentration administered, although minimal growth 

did occur (Figure 23B & C). This growth inhibition was sustained even after 40 hours of 

incubation with Dox. With the highest Dox concentration (10 µg/mL) some germlings 

were observed bursting, highlighted by a red arrow in Figure 23C. 
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These phenotypic results show that using low levels of Dox to downregulate cyp51A 

expression via the tetOFF system inhibits A. fumigatus growth when cyp51B is absent. 

Loss of Cyp51A and Cyp51B activity seemed to result in fungicidal effects at high Dox 

concentrations, a phenomenon which has been observed in A. fumigatus upon azole 

treatment (Manavathu et al., 1998, Geissel et al., 2018). This suggests that the tetOFF 

system can be used to model the effects of inhibiting the target of the azoles in A. 

fumigatus. 

A 

 
B 

 
C 

 
Figure 23. Repression of cyp51A transcription prevents growth of A. fumigatus in the absence of 
cyp51B 
A) In the absence of Dox, the cyp51A_tetOFFΔcyp51B (51A_OFF) strain displayed growth 
comparable to the wild-type in MM. However, the presence of 0.1 μg/mL Dox completely prevented 
colony formation. Microscopic analysis of the effect of various Dox concentrations on the growth of 
B) resting or C) 8-h-germinated 51A_OFF conidia growing in liquid media. Microscopic images were 
captured 16 and 40 hours after Dox addition. The growth of 51A_OFF was rapidly arrested by the 
addition of all Dox concentrations tested and at higher concentrations germlings were observed to 
burst (highlighted by a red arrow). Inhibition of growth was sustained even after 40 hours of 
incubation. (Adapted from Scott et al., 2020) 
 
4.3.3. Repressing metH Expression Decreases Mortality in a Galleria mellonella Model of 

Established Infection 

Our previous results have shown that Dox treatment can be used to downregulate targets 

in A. fumigatus, which results in growth inhibition of the metH_tetOFF and 

cyp51A_tetOFFΔcyp51B strains. Treatment was observed to successfully halt growth of 

conidia or germlings of both strains in vitro, however our previous attempt to repress 

metH expression in a murine model of infection was unsuccessful. To determine whether 

Dox treatment of tetOFF strains could be used to model inhibiting antifungal drug targets 
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in established invasive aspergillosis infections in vivo we first attempted to establish a 

Galleria mellonella alternative model of infection, as this is an attainable, affordable and 

more ethical in vivo model (Kavanagh and Fallon, 2010, Curtis et al., 2022). The H_OFF 

strain was used to see the effects of targeting the expression of methionine synthase in 

vivo and the 51A_OFF strain was used as a control for the genetic model and as a 

benchmark comparison for an antifungal target. To gauge the effects of treatment on 

new and established infections Galleria were treated with various Dox regimens and their 

survival recorded (Figure 24). 

 

G. mellonella were infected with 5x102 H_OFF or 51A_OFF conidia and either remained 

untreated or were started on one of two dox regimens (Figure 24A). Both treatment 

schedules involved five doses of 50 mg/kg Dox over the first 36 or 48 hours of the 

infection. Galleria treated at the time of infection (0 h) received Dox treatment 0, 6, 12, 

24 and 36 hours after infection. Galleria first treated 6 hours after infection (6 h) received 

Dox treatment 6, 12, 24, 36 and 48 hours after infection. The infection was then allowed 

to progress, and survival of the Galleria recorded daily. As high levels of Dox or repeated 

injections could be detrimental to host health, we included uninfected control groups 

which were treated with PBS or Dox (Moullan et al., 2015). These control regimens 

caused limited mortality in these groups, which were not statistically different, as Dox 

treatment did not result in a significant decrease in survival compared to PBS injections 

alone (75% for Dox versus 89.47% for PBS [P = 0.22, log-rank test]). Treatment with 

doxycycline, either at the time of infection or 6 hours later, significantly improved survival 

of Galleria when infected with either H_OFF or the 51A_OFF control strain. The increase 

in survival for the treated groups were comparable between the targets. Treating at the 

time of infection elicited a significant improvement in survival compared to the 

corresponding untreated condition when survival curves were compared using a log-rank 

test (50% versus 17.2% for 51A_OFF [P = 0.0036] and 41.45% versus 6.67% for H_OFF [P = 

0.022]). Starting Dox treatment on infections which had been established for 6 hours also 

resulted in a significant improvement in survival compared to the untreated groups 

(42.8% versus 17.2% for 51A_OFF [P = 0.0007] and 32.26% versus 6.67% for H_OFF [P = 

0.0324]). 
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These results support the hypothesis that with appropriate Dox administration the tetOFF 

system can be used as a genetic model to investigate the validity of antifungal drug 

targets in established in vivo models of invasive aspergillosis. They also indicate that 

targeting MetH in established infections results in a similar reduction in the pathogenicity 

of A. fumigatus observed when the target of the azoles is inhibited using the same model. 

A 

 
B  

 
Figure 24. Downregulation of metH decreases mortality comparable to targeting cyp51 in a Galleria 
mellonella model of established infection 
A) Dox dosing regimen used to model target downregulation in Galleria mellonella model of invasive 
aspergillosis. Five doses of Dox (50 mg/kg) were given, starting either at the time of infection (0 h) 
or 6 hours later (6 h). B) Administration of either Dox regimen to G. mellonella infected with either 
the H_OFF strain or the 51A_OFF control strain resulted in a beneficial effect on survival which was 
comparable between the two targets. For both strains initiating treatment at the time of infection 
elicited a significant improvement in survival compared to the corresponding untreated condition 
(50% versus 17.2% for 51A_OFF [P = 0.0036] and 41.45% versus 6.67% for H_OFF [P = 0.022]). 
Starting the Dox regimen 6 h after infection also triggered a significant improvement in survival 
compared to untreated for both strains (42.8% versus 17.2% for 51A_OFF [P = 0.0007] and 32.26% 
versus 6.67% for H_OFF [P = 0.0324]). Survival curves show the data from 3 independent 
experiments, with groups of 15 mice. The pooled PBS and Dox control groups are shown in both 
graphs for comparison. Data was analysed by a log-rank test. (Adapted from Scott et al., 2020) 
 
4.3.4. Downregulating MetH Causes a Decrease in Fungal Burden in a Murine Model of 

Established Invasive Aspergillosis 

As the G. mellonella infection results were promising we wanted to more closely model 

infection of the human host, to allow more accurate validation of MetH as a target with 

potentially beneficial effects for the clinic. To test of the effects of inhibiting MetH in a 

mammalian host a murine model of established invasive pulmonary aspergillosis was 

developed (Figure 25A) and used to measure by RT-qPCR the effect of downregulating the 

target on fungal burden in the murine lung (Figure 25B). 
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First, we performed a pilot experiment to validate a new more intense Dox regimen, 

aiming to confirm that Dox levels were sufficient throughout treatment to downregulate 

expression. As the G. mellonella experiment showed success we decided to use it as a 

guide for the concentrations of Dox to be administered. Although, we increased the 

frequency of injections to try to ensure Dox levels in the lungs of the larger host would be 

maintained during treatment (Michel et al., 1979). We also changed from supplementing 

the drinking water with Dox (20 mg/L) to supplying Dox (625 mg/kg) treated food for the 

duration of the Dox treatment as the effectiveness of using treated water for systemic 

Dox delivery in mice has previously been called into question and delivery via food 

suggested as an alternative (Marx et al., 2014, Cawthorne et al., 2007).  

 

In this pilot experiment uninfected leukopenic mice were treated subcutaneously with 

five doses of Dox (50 mg/kg) at various times throughout the experiment (Figure 25A). 

The second dose was administered 8 hours after the first to encourage levels of Dox 

within murine tissues to rapidly reach relevant concentrations and then subsequent 

injections were given at 12-hour intervals to maintain the levels achieved. Following the 

first Dox injection, and throughout the rest of the experiment, the feed available to the 

mice contained 625 mg/kg Dox (Figure 25A). The lungs of mice were harvested at various 

timepoints throughout the treatment schedule: four hours after the first injection, two 

hours after the third or 9 hours after the final injection (Figure 25A). The extracted lungs 

were homogenised, and the Dox concentrations present measured using a bioassay based 

on inhibition of Escherichia coli BL21(DE3) growth. The concentrations of Dox present 

were measured by bioassay and determined to range from 0.9 to 2.2 μg/mL (Figure 25A). 

Our in vitro results indicate that these levels are sufficient to downregulate metH and 

cyp51A gene expression using the tetOFF system and to reduce or prevent H_OFF and 

51A_OFF growth. At the first timepoint measured the average, taken from the lungs of 

three mice, was 1.4 μg/mL (Figure 25A). This indicated that following this Dox dosing 

regimen Dox concentrations within the lungs reached levels relevant for metH and 

cyp51A inhibition within 4 hours of initiation of treatment. The average Dox 

concentration two hours after the third injection was 1.5 μg/mL and nine hours after the 

final injection they were 1.2 μg/mL (Figure 25A). This showed that use of this regimen 

resulted in Dox levels being maintained in the relevant range for hours after 
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administration. However, this uninfected group revealed that the rigorous Dox regimen 

used was detrimental to the mice if Dox injections every 12 hours continued beyond the 

third day. This was not completely surprising as Dox can impair murine mitochondrial 

function (Moullan et al., 2015). We therefore determined that unfortunately survival 

would not be a usable readout for the model and instead fungal burden 72 hours after 

infection could be measured. This would prevent unnecessary suffering of the mice but 

still enable detection of a meaningful effect of Dox treatment on infection. 

 

Next, we used the optimised dosing regimen (Figure 25A) to investigate the effect of 

inhibiting metH or cyp51A in a leukopenic murine model of established IPA (Figure 25B). 

Leukopenic mice were infected with 105 metH_tetOFF conidia or cyp51A_tetOFFΔcyp51B 

conidia and received the Dox dosing regimen starting 16 hours after infection or a PBS 

vehicle control course following the same schedule (Figure 25A). Murine lungs were 

harvested 72 hours after infection so that the fungal burden in the homogenised organ 

could be measured by RT-qPCR (Figure 25B). A Mann-Whitney test on the results of the 

analysis revealed that compared to the corresponding untreated group Dox treatment 

caused a significant reduction in the fungal burden in the lungs of mice infected with 

either H_OFF (P = 0.0019) or 51A_OFF (P = 0.0279) (Figure 25B). The degree of reduction 

in A. fumigatus pathogenicity upon target inhibition was comparable between the 

metH_tetOFF and cyp51A_tetOFFΔcyp51B strains. At this final timepoint the mice did not 

show negative changes in their condition due to the Dox treatment. 

 

These results show that it is possible to administer a Dox dosage schedule that can model 

the effect of inhibiting an antifungal drug target in an established invasive pulmonary 

aspergillosis infection. Although, the necessarily rigorous regimen results in unwanted 

side effects in mice if continued for long periods, which makes fungal burden the 

appropriate readout of the state of the fungal infection. Use of this programme of 

inhibition indicated that targeting MetH in an established infection of leukopenic mice 

resulted in a reduction in virulence that was comparable to inhibiting the target of the 

azoles. 
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A 

 
B 

 
Figure 25. In a murine model of established pulmonary aspergillosis inhibiting metH decreases 
fungal burden comparable to targeting cyp51  
A) Dox dosing regimen used for target inhibition in a leukopenic murine model of established 
invasive pulmonary aspergillosis. To achieve and maintain the desired Dox concentration in the 
murine lung five doses of Dox (50 mg/kg) were given subcutaneously, starting 16 hours after 
infection, and the food was swapped for a variant containing 625 mg/kg Dox. In a preliminary 
experiment, to confirm sufficient Dox was present in pulmonary tissues, the lungs of uninfected 
mice were harvested at three timepoints throughout the treatment regimen. The concentrations of 
Dox present were measured by bioassay and determined to range from 0.9 to 2.2 μg/mL. These are 
levels which in vitro results indicate are sufficient to downregulate target gene expression using the 
tetOFF system. B) Dox treatment of mice infected with either the H_OFF strain or 
the 51A_OFF control strain resulted in a significant reduction in the fungal burden in the lungs when 
compared to the untreated (P = 0.0279 for 51A_OFF and P = 0.0019 for H_OFF by Mann-Whitney 
test). The degree of improvement observed was comparable between the two targets. The graph 
displays data from groups of ten biological replicates, each averaged from three technical replicates. 
(Adapted from Scott et al., 2020) 
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4.4. Discussion 

The results of the previous chapter provided insight into the basis of methionine 

synthase’s essentiality in the important fungal pathogen A. fumigatus. Our findings 

indicated that loss of MetH activity caused a complex disruption of various elements of 

metabolism and that the conditions necessary to relieve the enzyme’s essentiality are 

unlikely to be encountered during infection. We believe this makes the enzyme an 

attractive antifungal drug target in A. fumigatus. The hypothesis that targeting MetH 

could diminish A. fumigatus pathogenicity during infection is supported by previous 

research, which showed that the protein is essential for the initiation of infection in a 

murine model of invasive aspergillosis (Amich et al., 2016). In this chapter, to validate 

MetH more rigorously as an antifungal drug target, we aimed to explore the relevance of 

MetH to A. fumigatus virulence during established infections using the metH_tetOFF 

strain. 

 

Initially, we investigated the effect of inhibiting metH expression in established hyphae in 

vitro. Our results indicated that downregulation of MetH in mycelia could be achieved 

rapidly, and strongly reduced A. fumigatus growth. It took time, up to four hours in the 

presence of methionine, for growth to be fully halted by downregulation of metH. Growth 

ceased more quickly in the absence of methionine, indicating that methionine auxotrophy 

impacts A. fumigatus growth first and can halt growth on its own. It also suggests that the 

deleterious effect on cellular energetics takes time to reach critical levels within cells 

following depletion of methionine. Once growth was disturbed, the effect was sustained 

long term for the duration of metH repression. These results highlighted the importance 

of MetH in mature mycelium and indicated that targeting the enzyme in established 

infections may represent a promising route of reducing A. fumigatus pathogenicity. One 

disadvantage of this model in vitro was the inability of Dox to penetrate dense fungal 

masses, which made examining the effect of inhibiting expression in 24-hour old mycelia 

difficult. 

 

The apparent inability of doxycycline to diffuse through compact Aspergillus mycelium in 

vitro suggests Dox might have limitations during invasive pulmonary fungal infections that 

could reduce its capacity to downregulate metH during in vivo experiments. In support of 

this hypothesis, recent work has shown that doxycycline administered to mice with 
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established Mycobacterium tuberculosis infections was unable to reach the centre of 

lesions at sufficient concentrations to enable induction of a tetON construct (Lavin and 

Tan, 2022). This emphasises an important factor that should be considered during 

antifungal drug development: the ability of an anti-infective agent to infiltrate dense 

fungal lesions. To allow antimycotic effects to occur it is critical that antifungal agents 

reach minimum inhibitory concentrations throughout the infection site. However, all 

three critical classes of antifungals, the polyenes, echinocandins and azoles, have been 

observed to have difficulties penetrating to the core of fungal lesions in mammalian 

tissues  (Paterson et al., 2003, Zhao et al., 2017, Zhao et al., 2019). As a result, exposure 

to subinhibitory drug concentrations at the site of infection has been proposed as an 

important source of treatment failure in invasive fungal infections (Paterson et al., 2003, 

Shields et al., 2014). Therefore, it is important that in the downstream development of 

fungal methionine synthase inhibitors pharmacokinetics is considered and investigated to 

maximise efficacy. 

 

Translation of the in vitro results to in vivo models of established aspergillosis using the 

tetOFF system, to more closely resemble conditions experienced during infection of a 

human host, required optimisation. Using a G. mellonella model we could show that 

downregulation of MetH in an established infection resulted in a reduction in virulence, 

which could be measured as an improvement in survival. In contrast to the simplicity of 

the Galleria model, a murine model of established invasive pulmonary aspergillosis 

required further optimisation. Doxycycline needed to be administered at high 

concentrations to allow appropriate levels to be achieved in the lungs however, Dox 

treatment can lead to detrimental effects on murine mitochondria in a time- and dose-

dependent manner (Moullan et al., 2015). Therefore, a balance had to be struck to allow 

inhibition of metH gene expression while also minimising adverse reactions in host 

tissues. The final dosing regimen included regular injections of high levels of Dox to 

enable dox concentrations in the lungs to rapidly reach sufficient levels to quickly halt 

target gene expression. As a result, in mice we had to use fungal burden as a measure of 

fungal pathogenicity to reduce the timescale of the experiment and therefore the 

cumulative Dox mediated detrimental affect which could have confounded the results. 

The use of RT-qPCR, as opposed to colony forming units, as a measurement of fungal 

burden has been observed to reflect the outcome of corresponding survival experiments 
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in murine models of disseminated aspergillosis and invasive pulmonary aspergillosis 

(Bowman et al., 2001, Lepak et al., 2013, Wiederhold et al., 2019, Bhattacharya et al., 

2021). We therefore believe that use of RT-qPCR as a measure of fungal burden in mice, 

as opposed to survival, provides a robust model that reduces the severity of the murine 

model, in line with the 3R’s principles, as well as the time and cost required to perform 

the experiments. Measuring fungal burden revealed that targeting metH expression in an 

established invasive pulmonary A. fumigatus infection reduced fungal burden in the 

mammalian host. A recent attempt by another group to use the tetOFF system in A. 

fumigatus to investigate the role of L-ornithine N5-oxygenase in growing infections was 

unable to observe a change in mortality, however they used a less intensive Dox regimen 

that we suspect was not able to achieve proper downregulation of the target (Peng et al., 

2018).  

 

The tetOFF system has limitations, as shown by the side effects associated with the high 

doses of Dox used in this murine model of invasive pulmonary aspergillosis. However, 

there are currently no other proven genetic methods of measuring the impact of 

downregulating a drug target in established fungal infections and we therefore believe 

this makes the model a useful tool for the field. Previously a nitrogen-regulated 

conditional expression system was used to study a potential antifungal drug target in A. 

fumigatus (Hu et al., 2007). The method allowed the gene of interest to be 

downregulated in a murine model of systemic aspergillosis; however, as the repressor 

ammonium is found naturally in murine tissues delayed inhibition to mimic established 

infections was not possible. A new programmable transcriptional regulation system, in 

which xylose induces gene expression, for investigation of antifungal drug targets in A. 

fumigatus has recently been described (Bauer et al., 2019). In this model the inducing 

agent has not been described to have detrimental effects. At present xylose has been 

added from the initiation of infection, and therefore has the same limitations as the 

tetON system, whereby its effective use to examine the relevance of genes to hyphae 

already growing in vivo could be challenged by the time taken for the inducing agent to 

be effectively cleared from the site of infection to non-inducing concentrations. Clustered 

regularly interspaced short palindromic repeat interference (CRISPRi) systems have also 

recently been developed to transcriptionally regulate target gene expression in C. 

albicans and A. niger, although not yet in A. fumigatus (Wensing et al., 2019, Román et 
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al., 2019, Yu et al., 2022). To date these systems have not been used to analyse the role of 

target genes in vivo or in already growing cells. In one method the expression of 

endonuclease dead Cas9, which is responsible for disruption of target genes, was placed 

under the control of tetOFF to control target protein production in C. albicans (Román et 

al., 2019). Therefore, in the future our results could inform the development of CRISPRi 

mediated in vivo models target inhibition in established fungal infections. Finally, 

ribonucleic acid interference (RNAi) has been leveraged to downregulate target gene 

expression in fungi, including in A. fumigatus (Mousavi et al., 2015, Koch et al., 2019). 

Research into tetON mediated RNAi target gene inhibition is currently in progress in A. 

fumigatus, and provides a promising additional route of genetically regulating target 

genes (Kelani et al., 2022 PREPRINT). RNAi could theoretically be used to model target 

inhibition in vivo or directly as an antifungal therapeutic option, although both would 

require significant further investigation to address possible challenges (Bruch et al., 

2022). 

 

Given the constraints of the tetOFF model we constructed a control strain to determine 

whether modest reductions in virulence were due to limitations of the genetic model, or 

of metH as an antifungal drug target. The control strain (cyp51A_tetOFFΔcyp51B) allowed 

comparison of our target to that of the gold star antifungals, the azoles. In both the G. 

mellonella and murine model of established invasive aspergillosis, downregulating 

expression of the target gene resulted in a comparable decrease in the pathogenicity of 

both the control and metH_tetOFF strain. This showed that 1) a drug targeting MetH has 

the potential to be as efficient as the azoles and 2) although the tetOFF model has 

limitations, it is possible to measure meaningful reductions in virulence when treating 

established infections. We believe that optimisation of the model for interrogation of the 

relevance of antifungal drug targets at later time points during infection offers an 

advantage over other genetic systems currently available for in vivo validation of targets 

as it more closely resembles the situation that would occur during treatment of patients. 

 

Taken together, these results indicate that MetH is critical for both the establishment, as 

previously described by Amich and colleagues (2016), and progression of established A. 

fumigatus infections. This suggests that the conditions encountered during infection, 

including at points that more closely reflect those at which antifungals would be 
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administered in the clinic, are unable to rescue the conditional essentiality that occurs 

upon loss of MetH activity in A. fumigatus. We therefore believe that MetH makes a 

promising antifungal drug target which warrants further development. Furthermore, the 

tetOFF system provides a useful tool for vigorous interrogation of antifungal drug targets 

through in vitro and in vivo analyses.  
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Chapter 5. Development of a Methionine Synthase Inhibition Assay 

  



137 of 212 
 

5.1. Introduction 

Each year around 1 in 8 people around the globe are affected by fungal diseases and 

while many are superficial infections of the skin, nails or mucosal membranes, some 

result in devastating chronic and invasive fungal infections that are responsible for 

approximately 1.6 million deaths annually (Bongomin et al., 2017a). Current antifungal 

treatment options for invasive mycoses are severely limited, and plagued by problems of 

efficacy, toxicity and resistance, which contributes to the tragically high mortality rates of 

these diseases (Kim et al., 2022, Rayens and Norris, 2022, Gold et al., 2022). Therefore, it 

is critical that novel antifungal drugs are developed to add to the arsenal of 

chemotherapeutics options available for the treatment of invasive fungal infections. 

 

An excellent antifungal target should be essential for viability and/or pathogenicity in 

vivo, have a broad spectrum of action and no off-target interactions that cause toxicity to 

host cells (Bachhawat A.K., 2010). Methionine synthase has been highlighted as a 

potential antifungal drug target as it is necessary the viability or virulence of three 

important human fungal pathogens: Aspergillus fumigatus, Candida albicans and 

Cryptococcus neoformans (Amich et al., 2016, Suliman et al., 2007, Pascon et al., 2004). 

Additionally, fungal methionine synthases are cobalamin-independent methionine 

synthases, whereas the human genome encodes a cobalamin-dependent methionine 

synthase from an unrelated protein family (González et al., 1992, Matthews et al., 2003). 

The previous chapters provided insight into the basis of methionine synthase’s 

essentiality in A. fumigatus and indicated that the enzyme is vital for virulence in 

established invasive infections. Our work suggested that targeting MetH activity during in 

vivo infections, designed to reflect the situation in which antifungals would be applied 

clinically, presented a promising antimycotic strategy. Therefore, following this rigorous 

validation of the relevance of MetH to A. fumigatus pathogenicity, and the importance of 

the enzyme to other critical fungal pathogens, we believe that MetH is an antifungal drug 

target worthy of further development. 

 

As our previous work provides a well-developed understanding of the basis of methionine 

synthase essentiality and knowledge of the metabolic processes it contributes to, which 

could help make the most of its potential as an antifungal drug target, we focused on a 

target-based approach to drug discovery (Csermely et al., 2013). The knowledge that 
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MetH is essential to A. fumigatus due to its roles in both methionine biosynthesis and 

energy metabolism gives us insight into the enzymatic functions which should be 

considered during the early stages of drug discovery. 

 

In this chapter we aimed to investigate the druggability of A. fumigatus MetH and use 

two complimentary approaches to initiate the early stages of drug development: a 

structure-based virtual screening for the directed design of binding fragments and 

optimisation of a simple, cost-effective enzymatic assay suitable for high-throughput 

screening.  
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5.2. Fungal and Human Methionine Synthases Have Different Druggable 

Properties 

5.2.1. Structures of Methionine Synthases from Important Fungal Pathogens are Highly 

Similar but Vary Significantly from the Human Enzyme 

The molecular homology model for A. fumigatus MetH, based on the C. albicans enzyme, 

was produced by Benjamin Thornton from Lydia Tabernero’s laboratory. 

 

Our previous results indicated that MetH is essential for A. fumigatus virulence in 

established infections, making it an extremely appealing antifungal drug target. To 

determine whether A. fumigatus MetH resembles the methionine synthase of other 

critical human fungal pathogens, which would increase the potential for development of 

broad-spectrum antifungals, the putative MetH structure was compared to the previously 

crystallised C. albicans enzyme  (PDB ID 4L65) (Ubhi et al., 2014) (Figure 26A). The 

structures of the fungal and human (Figure 26B) enzymes were also compared to 

determine whether fungal methionine synthases differ significantly from the human 

enzyme (Figure 26C & D), which could reduce the likelihood of undesired toxic effects.  

 

The A. fumigatus (AFUA_4G07360) and C. albicans (CR_01620C) methionine synthases 

were aligned using the protein-protein Basic Local Alignment Search Tool (BLASTP) (NCBI), 

which revealed that they share 62.7% identity and 75% similarity over 100% overlap. 

Therefore, to computationally predict the 3D structure of A. fumigatus MetH in Modeller 

(v9.23) (Fiser and Šali, 2003) the MetH amino acid sequence was used together with the 

previously crystallised structure of C. albicans’ methionine synthase. As the resulting 

molecular homology model for A. fumigatus MetH showed substantial overlap with the 

Candida enzyme (Figure 26A), we used this model for subsequent analyses. 

 

In the cobalamin-independent fungal enzymes the active site is located in the cleft 

formed between the two protein domains (Figure 26A). In this area, the folate methyl 

donor (5, methyl-THF), the zinc ion (Zn) cofactor bind, to form the product methionine 

(Figure 26A). This structure is a common feature of cobalamin-independent methionine 

synthases (Ferrer et al., 2004, Pejchal and Ludwig, 2005, Ubhi et al., 2014, Ubhi and 

Robertus, 2015, Wheatley et al., 2016, Fu et al., 2011). In contrast, the much larger 

cobalamin-dependent human enzyme is comprised of four functionally distinct domains, 
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each of which binds a substrate or cofactor (Wolthers and Scrutton, 2007). The whole 

human enzyme has not been crystallised, but the entire structure has been predicted by 

the AlphaFold Monomer v2.0 pipeline (Figure 26B) (Jumper et al., 2021, Varadi et al., 

2022). When aligned in the PyMOL Molecular Graphics System (v2.5.2 Schrödinger, LLC) 

(Figure 26B) the relevant domains of the AlphaFold predicted model for the whole 

protein closely matched the previously crystallised structure of the homocysteine and 

folate binding domains of the human enzyme (PDB ID 4CCZ) (Vollmar et al., 2013) (Figure 

26C). Unlike in the fungal methionine synthases, the folate and amino acid binding sites 

are located in distant regions of the human protein (Figure 26B & C). As the crystallised 

structures of the human enzyme did not include bound homocysteine or methionine, we 

used the highly similar homocysteine binding domain of the cobalamin-dependent 

methionine synthase of Thermotoga maritima (PDB ID 3BOF) (Figure S 6) to infer the 

location of the human binding site shown in Figure 26B & C (Koutmos et al., 2008). 

 

In addition to the distance between the folate and amino acid being much greater in 

human methionine synthase, compared to the fungal enzyme, there are also structural 

differences in the tetrahydrofolate binding sites of the proteins (Figure 26D & E). In the 

fungal enzyme the 5, methyl-THF adopts a bent shape in the binding site (Figure 26D) that 

is approximately 20 Å long.  In the rotamer of the folate predicted in the fungal 

methionine synthase the pteridine ring system is folded back towards the PABA 

component of the structure (Figure 26D). However, in the human enzyme the geometry 

of the THF binding site appears different, with the THF binding in a straightened 

confirmation ~30 Å long (Figure 26E).   

 

These structural comparisons of methionine synthase models indicate the active sites of 

the two clinically important fungal pathogens investigated, A. fumigatus and C. albicans, 

are highly similar. This highlights the potential to successfully design broad spectrum 

antifungal compounds that target fungal cobalamin-independent methionine synthases. 

Furthermore, these analyses confirmed that the structure of the cobalamin-dependent 

human enzyme varies significantly from the fungal proteins. In the fungal enzymes the 

critical folate and amino acid binding sites are clustered tightly together, whereas in the 

human enzyme the binding sites are in disparate regions of the protein. The geometry of 

the folate binding pocket also appears to be conserved between the fungal, but not the 
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human, enzymes. This presents the possibility of designing fungal specific inhibitors with 

reduced affinity for the human enzyme, to reduce toxicity in patients.  

A 

 

B 

 

C 

 
D 

 

E 

 
Figure 26. A. fumigatus and C. albicans methionine synthases are structurally similar but vary 
significantly from the human enzyme  
A) A molecular homology model shows the structures of the crystallised C. albicans and predicted A. 
fumigatus methionine synthases are highly similar. The 5, methyl-THF, Met and Zn binding sites are 
closely clustered in the enzymes. B) The predicted and crystallised models of the human enzyme 
demonstrate that the structure is very different to the fungal enzymes. C) The THF and Hcys binding 
sites are located in two disparate regions of the human protein and are physically separated by a 
much larger distance than in the fungal methionine synthases. D) Detail of the fungal methionine 
synthase active site, with the amino acid, folate, and zinc displayed. E) The folate binding site of the 
human protein is clearly different, with the folate binding in distinctly different conformations in the 
two versions of the enzyme. (Adapted from Scott et al., 2020) 
 
5.2.2. Virtual Screening Reveals Fungal and Human Methionine Synthases are 

Differentially Druggable 

The virtual screening of the Maybridge Ro3 1000 fragment library, against the A. 

fumigatus model, was completed by Benjamin Thornton from Lydia Tabernero’s 

laboratory. 

 

Our results so far highlighted that important structural elements of methionine synthase 

are conserved between the fungal, but not the human, enzymes investigated. To further 

interrogate the landscape around the folate binding sites and identify potential routes of 

A. fumigatus predicted
C. albicans crystalised

Met

Zn

5, methyl-THF
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drug development the A. fumigatus and human methionine synthase structures were 

virtually screened with the Maybridge Ro3 fragment library (Figure 27). 

 

Molecular docking of ligands from the Maybridge Ro3 fragment library to the A. 

fumigatus methionine synthase model or the homocysteine and folate binding domains 

of the human enzyme (PDB ID 4CCZ) (Vollmar et al., 2013) was completed with  AutoDock 

Vina (Trott and Olson, 2010). Visual inspection using PyMOL (v1.8.0.3 Enhanced for Mac 

OS X; Schrödinger) revealed four distinct ligand binding pockets on the A. fumigatus 

model (Figure 27A). One of these clusters (C1) matched the 5,methyl-THF binding site of 

MetH (Figure 27A), as predicted from the previously crystallised C. albicans structure  

(PDB ID 4L65) (Ubhi et al., 2014). Another cluster (C2), aligned closely with the binding 

position of methionine within MetH (Figure 27A). The other two clusters (C3 and C4) were 

also located close to the putative folate and amino acid binding positions of A. fumigatus 

methionine synthase (Figure 27A). Within the human structure two principal clusters 

were identified (Figure 27B). The first cluster (C1) corresponds to the THF binding 

position, while the second (C2) occupies an adjacent pocket (Figure 27B). 

 

This virtual screening revealed that the druggable landscape around the folate binding 

sites of methionine synthases vary greatly between the fungal and human enzymes. It 

also identified ligand binding clusters on A. fumigatus MetH which correspond to the 

folate and amino acid binding positions in the enzyme. The proximity of these clusters 

indicates that the development of double-site inhibitors, which incorporate fragments 

that bind in both crucial sites, might provide a promising opportunity for the design of 

fungal specific methionine synthase inhibitors. 
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Figure 27.  Fungal and human methionine synthases are differentially druggable 
A) Virtual screening of A. fumigatus MetH with the Maybridge Ro3 1000 fragment library identified 
four ligand binding clusters, two of which (C1 and C2) matched the binding position of the 5, methyl-
THF and Met respectively. B) Two pockets were found in the human methionine synthase, one 
cluster (C1) overlapped with the THF binding site and the other (C2) occupied an adjacent pocket. 
 
 

5.3. A. fumigatus MetH Activity Can be Measured In Vitro 

5.3.1. Soluble A. fumigatus MetH Can be Effectively Expressed in E. coli 

Our in vitro, in vivo and in silico results indicate that A. fumigatus’ methionine synthase is 

a promising antifungal drug target. Initiating the early stages of the drug discovery 

process requires a method that allows measurement of the effect potential inhibitors 

have on MetH’s enzymatic activity. Production of pure MetH, for use in enzymatic assays, 

was achieved by heterologous expression of the protein in E. coli and subsequent 

purification by immobilised metal ion affinity chromatography (Figure 28). 

 

Initially, expression of MetH in E. coli was facilitated by retrotranscription and 

amplification of the wild-type A. fumigatus mRNA, to allow correct splicing by the A. 

fumigatus cellular machinery. The cDNA product was then cloned into a pET His6 TEV LIC 

cloning vector (2B-T) (A gift from Scott Gradia; Addgene) to add an in frame His-tag to the 

N-terminal of the protein and allow replication in E. coli. This plasmid (pJA83) was 

transformed into chemically competent Rosetta 2 (DE3) (Novagen) E. coli, which carry 

plasmids expressing tRNAs for 6 codons rarely used in E. coli to encourage assembly of 

full-length MetH (~89 kD). Autoinduction of MetH expression using the Rosetta 2 strain 

resulted in production of soluble MetH, as indicated by the blue arrows in Figure 28A & B 

(Studier, 2005). However, following His-tag purification and size exclusion, silver staining 

revealed that truncated versions of MetH were present, highlighted by the red arrow in 

Figure 28B. 
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To address the persistent production of truncated enzyme the MetH sequence was codon 

optimised for expression in E. coli by GenSmart Codon Optimization (GenScript), 

synthesised de novo by GenScript and cloned into the plasmid pET-28a (GenScript 

Biotech). The resulting plasmid (U642NFJ020), which places His-tags in frame at both the 

C and N termini of the enzyme, was transformed into chemically competent BL21 (DE3; 

Invitrogen) E. coli. Autoinduction of codon optimised MetH expression resulted in 

production of soluble full-length MetH, avoiding truncated forms of the enzyme (Figure 

28B). To investigate whether adjusting the temperature during autoinduction of the 

codon optimised plasmid could increase total output of soluble full-length MetH three 

incubation temperatures were trialled (4°C, room temperature (RT) and 37°C). Expression 

at RT resulted in the highest levels of pure MetH production (Figure 28C). 

 

These analyses revealed that soluble, full-length A. fumigatus MetH can be produced 

using heterologous expression in E. coli and isolated by His-tag purification. 

A 

 

B 

 

C 

 
Figure 28. Producing and purifying A. fumigatus MetH using heterologous expression in E. coli 
A) A. fumigatus MetH, the sequence of which was amplified from wild-type mRNA, was expressed in 
Rosetta 2 (DE3) E. coli. Coomassie staining of SDS-PAGE gels revealed that autoinduction resulted in 
expression of soluble MetH (~89 kD), which is indicated by the blue arrow. B) Silver staining of the 
His-tag purified and ultrafiltered MetH expressed by the strain (R2) showed that truncated versions 
of the protein were also present, as indicated by the red arrow. Whereas, only full-length MetH was 
collected when BL21 (DE3) E. coli were autoinduced to express MetH codon optimised for 
expression in bacteria (CO). C) Testing of various incubation temperatures during autoinduction of 
CO indicated that room temperature (RT) resulted in the highest levels of production of soluble full-
length MetH. 
 
5.3.2. A. fumigatus MetH Activity Can be Detected by Spectrophotometric Assays 

Optimisation of the tetrahydrofolate formylation method was assisted by two masters 

students: Angela Angeli and Jonathan Fowler. Angela Angeli also contributed to 

experiments using the Measure-IT Thiol Kit. 
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Methionine synthase catalyses the transfer of a methyl group from 5, methyl-

tetrahydrofolate to homocysteine to produce methionine and tetrahydrofolate. An 

absorbance based enzymatic assay that allowed detection of THF production was 

identified (Figure 29) and optimisation for high-throughput use with A. fumigatus MetH 

initiated (Figure 30). 

 

First, the commercially available Measure-IT Thiol Kit (Invitrogen) was used to confirm the 

purified A. fumigatus MetH was functional. The assay measured depletion of one of 

MetH’s substrates, by selectively reacting with the free thiol in Hcys to generate a 

quantitative fluorescence signal, as a readout of enzymatic activity. Incubation with MetH 

resulted in an ~20% reduction in Hcys, when normalised to a homocysteine free blank, 

this confirmed that the enzyme was active. 

 

As the Measure-IT Thiol Kit is expensive to run for high-throughput analyses, we tested 

the suitability of using Ellman’s Reagent (DTNB) to determine homocysteine 

concentrations. DTNB reacts with the thiol group in Hcys to produce 2-nitro-5-thiobenzoic 

acid, which can be quantified by absorbance at 412 nm (Biastoff et al., 2006). 

Unfortunately, this assay proved to be less sensitive than the Measure-IT Thiol Kit and 

was therefore unsuitable for our purposes (not shown). 

 

The first two assays mentioned tested measure loss of substrate as an indicator of 

enzyme activity. However, measuring product formation has the potential to be more 

sensitive and have a broader dynamic range (Ramsay and Tipton, 2017). Consequently, 

we decided to investigate alternative enzymatic assays. We then exploited a 

spectrophotometric assay that measures MetH activity through formylation of the 

product tetrahydrofolate (Drummond et al., 1995). In the assay, MetH’s catalytic activity 

resulted in the formation of THF (Figure 29A). Subsequent formylation of THF generated 

5, 10-methylene-THF, which absorbs light at 350 nm (Figure 29B). In the initial experiment 

~48.8 µM THF was generated by MetH’s enzymatic activity, as shown by the white bar in 

Figure 30A. As the tetrahydrofolate formylation method was able to confirm MetH 

activity, was ~169 times cheaper per reaction than the commercial kit, and measured 

product formation we began optimising this assay for future inhibitor screening. 
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A 

 
B 

 
Figure 29. Determining MetH activity colorimetrically by measuring THF production 
An overview of the formylation assay used to detect tetrahydrofolate production resulting from A. 
fumigatus methionine synthase activity.  A) During an initial incubation at 37°C MetH’s enzymatic 
activity facilitated the transfer of a methyl group (highlighted in blue) from 5, methyl-THF to Hcys to 
form Met and THF. B) Boiling at 80°C, in the presence of formic acid, resulted in the formylation of 
THF (formyl group highlighted in blue) to form to 5, 10-methylene-THF. As 5, 10-methylene-THF 
absorbs light at 350 nm its concentration can be measured spectrophotometrically. 
 

To begin optimisation of the assay for the drug discovery process multiple parameters 

were tested (Figure 30). First, three concentrations of 5, methyl-tetrahydrofolate were 

used; 600 µM, 400 µM (concentration used previously) or 200 µM (Figure 30A). 

Comparable THF production was measured for the three 5, methyl-THF concentrations 

(55.1 µM, 48.8 µM and 49.8 µM THF respectively). Therefore, to reduce costs 200 µM 5, 

methyl-THF was used in all subsequent experiments. The effect of altering homocysteine 

concentrations was examined next (Figure 30B). When 600 µM, 400 µM (concentration 

used previously) or 200 µM of Hcys was used levels of THF production were very similar 

(51.8 µM, 49.8 µM and 51.1 µM THF respectively). Therefore, 200 µM Hcys was selected 

for use in ensuing experiments. When incubation time for the enzymatic reaction was 

increased, from 0.5 hours (time used previously) to 1 hour, 1.5 hours or 2 hours slightly 

more THF was produced (49.1 µM, 51.1 µM, 57.8 µM and 54.5 µM THF respectively) 

(Figure 30C). To maximise THF production 1.5 hours was used as the incubation time in 

the following experiments. Finally, various amounts of enzyme were included in the 

reactions (Figure 30D). Four quantities were tested, 9 µg (excess used in other enzymatic 

assay methods tested), 0.5 µg (amount used previously), 0.36 µg and 0.18 µg. When the 

highest level (9 µg) of MetH was present to catalyse the reaction higher concentrations of 

THF was produced (66.5 µM THF) (Figure 30D). However, reducing MetH levels from 0.5 

µg to 0.36 µg or 0.18 µg did not appreciably inhibit THF production (55.1 µM, 54.8 µM 

and 55.5 µM THF respectively) in the assay (Figure 30D). Consequently, the lowest 
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enzyme levels tested (0.18 µg) appears to be sufficient to enable detection of MetH 

activity and could be used in future experiments to reduce consumption of the enzyme. 

 

Taken together these results indicate that A. fumigatus MetH’s enzymatic activity can be 

quantified by measuring formation of tetrahydrofolate in an economical assay suitable for 

high-throughput analyses. Additionally, the assay could be optimised to maintain enzyme 

activity while further minimising costs, making it a promising tool for the early stages of 

the drug discovery process. 

A 

 

B 

 
C 

 

D 

 
Figure 30. Reduction of substrate and MetH concentrations in a formylation assay without 
compromising tetrahydrofolate production 
Multiple experimental variables (A) 5, methyl-THF concentration, B) Hcys concentration, C) 
incubation time and D) MetH concentration) of a tetrahydrofolate formylation assay were 
investigated to identify opportunities to improve the efficacy or economy of the method. Reducing 
substrate and enzyme concentrations from those used initially did not diminish THF production by 
A. fumigatus MetH, while increasing the incubation time of the enzymatic reaction did increase 
output. The graph displays the means and SD of groups of two biological replicates, each averaged 
from three technical replicates. 
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5.4. Discussion 

The previous results chapters provided rigorous validation of MetH as an antifungal drug 

target in A. fumigatus. In this chapter we aimed to investigate the druggability of the 

protein and used two complimentary approaches to initiate the early stages of drug 

development: a structure-based virtual screening for the directed design of binding 

fragments and optimisation of a simple, cost-effective enzymatic assay suitable for high-

throughput screening. 

 

Computational structure-based modelling has proven to be a valuable tool in the drug 

discovery process, including in the development of approved antivirals and antibacterials 

(Prieto-Martínez et al., 2019, Kiriiri et al., 2020). To date, A. fumigatus methionine 

synthase has not been crystallised. Therefore, to enable in silico analyses of MetH the 3D 

structure was computationally predicted  using the amino acid sequence of the protein 

together with the previously crystallised structure of C. albicans’ methionine synthase 

(PDB ID 4L65) (Ubhi et al., 2014), as the two enzymes share high sequence identity 

(62.7%). This process of using comparative models has been successfully used to predict 

inhibitors which have subsequently been validated experimentally (Kirton et al., 2002, 

Kemp et al., 2004, Park et al., 2009, Telehany et al., 2020, Balachandrana et al., 2021). A 

homology model was also used to predict the 3D structure and potential binding mode of 

a novel antifungal, Olorofim that is currently in Phase II clinical trials, to its A. fumigatus 

target (Oliver et al., 2016). 

 

The strong similarity between the A. fumigatus and C. albicans versions of MetH suggests 

that the resulting homology model is likely to be accurate, as over 50% sequence identity 

to the template generally results in high precision comparative models suitable for drug 

discovery applications (Sánchez and Sali, 1998, Baker and Sali, 2001). The structural 

comparison of the putative A. fumigatus and crystallised C. albicans methionine 

synthases indicated that the overall structure and crucial amino acid and folate binding 

sites, which our earlier work suggested are key to the essentiality of MetH, of the 

enzymes was highly conserved. The strong sequence identity (62.7%) between the 

methionine synthases of these two species implies there is opportunity for the 

development of broad-spectrum antifungals that target the enzymes of both critical 

human fungal pathogens. The methionine synthase of A. fumigatus also has a high level 
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of sequence identity to other fungal pathogens, which further suggests the opportunity 

for wide-ranging antimycotic applications (Fusarium solani 78.42%, F. oxysporum 77.78%, 

Scedosporium prolificans 77.52%, Mucor circinelloides 52.96%, Rhizopus delemar 53.22%, 

C. neoformans 56.13%, C. parapsilosis 63.24%, C. glabrata 61.68% and C. auris 61.98%, 

calculated using BLASTP (NCBI)). In support of this, the targets of the azoles in A. 

fumigatus, Cyp51A and Cyp51B, respectively share only 43% and 45% sequence identity 

with the C. albicans enzyme CYP51, yet multiple azole drugs are effective against both 

species (Hargrove et al., 2017, Manavathu et al., 1998). In addition, the CYP51 of C. 

albicans shares 32% sequence identity with the human homologue (Hargrove et al., 

2017), whereas A. fumigatus’ methionine synthase and the corresponding human enzyme 

only have 11.2% sequence identity. The low level of similarity could support methionine 

synthase’s potential as a drug target with high fungal specificity. 

 

Crucially, structural comparisons between the cobalamin-independent fungal and 

cobalamin-dependent human versions of methionine synthases showed that the two 

classes of proteins differ in both their overall structure and active sites. The human 

enzyme is ~1.5 fold larger than its fungal counterparts and is comprised of four modules 

in contrast to the two-domain structure of the cobalamin-independent enzymes (Chen et 

al., 1997, Wolthers and Scrutton, 2007). The homocysteine and 5, methyl-

tetrahydrofolate binding sites of the human methionine synthase are located on two 

distinct, and spatially disparate, domains. Whereas, in the fungal protein these two 

critical binding sites are positioned very closely together, within the cleft formed between 

the two protein domains. This proximity of the binding sites in the fungal versions of 

methionine synthase provides an opportunity for the rational design of inhibitors that link 

fragments that bind to both sites, to increase the fungal specificity of resulting 

compounds. In support of this, inhibitors shown by computational docking to occupy to 

two binding pockets of a Mycobacterium tuberculosis phosphatase were found to be 

more potent and specific than single site inhibitors (Beresford et al., 2009). Additionally, 

the geometry the folate adopts in the binding site differs between the fungal and human 

enzymes. This is another difference that could be taken advantage of when designing 

inhibitors as previous in silico work has shown that differences in the conformation of ATP 

binding sites in protein kinases can be selectively targeted by inhibitors (Vijayan  et al., 

2015). 
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The proposed differential druggability between the fungal and human methionine 

synthases, indicated by the homology modelling, was supported by the subsequent 

virtual screening of the Maybridge Ro3 1000 fragment library. Computational docking 

analyses are an important tool for improving the speed and efficiency of the drug 

discovery process and have been used in the identification and optimisation of inhibitors, 

including in the development of FDA approved drugs (Cohen, 2007, Roca et al., 2018). 

Fragment based discovery alone has contributed to over 40 drug development 

programmes that reached clinical trials and at least five successfully approved drugs 

(Mureddu and Vuister, 2022). Our molecular docking of fragments to fungal and human 

methionine synthases highlighted variations in the druggable landscape around the folate 

binding sites of the proteins. This suggests there is potential for the directed design of 

fungal specific inhibitors, to limit non-specific binding and unwanted affects in host cells. 

As the A. fumigatus MetH structure used in these analyses were in silico predictions it is 

possible that they might not be completely accurate. However, as the enzyme’s sequence 

has high similarity to the previously crystallised C. albicans protein, which was used to 

inform the model, we have confidence that the model is a useful tool for the preliminary 

stages of antifungal drug development. Although, experimentation would be necessary to 

confirm molecules designed using the computation model translated into inhibition of the 

A. fumigatus MetH enzyme in vitro. 

 

To test the effectiveness of potential inhibitors, a method of measuring methionine 

synthase’s enzymatic activity is required. We decided to analyse this using a target-based 

approach as we have thoroughly validated MetH as a promising antifungal drug target 

and therefore aim to reduce identification of non-specific inhibitors, a common drawback 

of whole-cell based methods (Alksne and Dunman, 2008). Target-based approaches are a 

relatively recent development in drug discovery, yet from 1999-2013 made up 70% of 

first-in-class drugs and included successes such as medications approved for use as 

antivirals (Haak et al., 2004, Swinney, 2013). Another advantage of reverse pharmacology 

is that it generally produces results faster than the classical system-based approach 

(Takenaka, 2001, Vasaikar et al., 2016). 
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To allow MetH activity to be determined experimentally full-length A. fumigatus MetH 

was codon optimised for expression in E. coli and soluble protein collected by His-tag 

purification. This is a common approach in drug discovery programmes, for example, 

enzymatic assays using recombinant A. fumigatus protein expressed in E. coli and purified 

by His-tag isolation were used to measure enzyme activity during the development of the 

novel antifungal Olorofim (Oliver et al., 2016).  Production of soluble A. fumigatus MetH 

was also a positive indicator that in the future the enzyme could be purified to 

homogeneity to allow the structure of the protein to be elucidated by crystallography to 

confirm or improve the computationally predicted 3D structure. 

 

Previously described electrochemical assays for the quantification of thiols, such as those 

present in MetH’s substrate homocysteine, display sensitivity and accuracy but are 

complex, time consuming and can involve signal amplification methods that could result 

in identification of off-target inhibitors (Riener et al., 2002, Hun et al., 2013, Gowda et al., 

2022). Therefore, a commercially available spectrophotometric kit, Measure-IT Thiol 

(Invitrogen), was initially used to confirm the enzyme’s activity by measuring 

homocysteine depletion. The kit had previously been used to measure the activity of the 

C. albicans methionine synthase and was able to identify reductions in activity in the 

presence of the folate antagonist Methotrexate (Ubhi et al., 2014). In our work the assay 

successfully measured loss of homocysteine in the presence of A. fumigatus MetH 

activity, however the commercial kit would be prohibitively expensive for the high 

throughput screening that would make up the next stage of the drug discovery process. 

We also trialled a more cost-effective alternative, employing Ellman’s Reagent to 

determine homocysteine concentrations, however this method  proved to be 

insufficiently sensitive for our purposes (Biastoff et al., 2006). 

 

As our earlier work indicated that production of methionine and tetrahydrofolate is 

responsible for MetH’s essential function in A. fumigatus and measuring product 

formation can lead to more sensitive assays, we aimed to develop an enzymatic assay 

that could detect appearance of one of the products (Glickman, 2004). One option would 

have been to measure methionine production by coupling the enzymatic reaction to 

adenosylmethionine synthetase and a pyrophosphate detection system (Shapiro et al., 

2011, Kameya et al., 2014). Although the method is highly sensitive, we disregarded the 
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system as it involves at least three additional enzymes which introduces the risk that 

detected inhibitors could target one of the alternative proteins rather than MetH. 

Ultimately, the purified A. fumigatus MetH was used to initiate optimisation of an existing 

colorimetric assay that used formylation to measure the appearance of THF (Drummond 

et al., 1995, Ramsay and Tipton, 2017). This assay has also been used to measure the 

activity of the C. albicans methionine synthase, Ubhi and colleagues (2011) were able to 

detect the production of approximately 15.8 µM of THF. We were able to detect the 

appearance of the product, tetrahydrofolate, formed by A. fumigatus methionine 

synthase’s activity. The formylation method used was ~170 times cheaper per reaction 

than the Measure-IT Thiol Kit and optimisation of multiple reaction parameters allowed 

assay conditions to be adjusted to maintain THF production while reducing substrate and 

enzyme requirements. In fact, following our alterations to the assay we were able to 

detect 3-fold more THF (~55.5 µM) than Ubhi and colleagues (2011), while only using 50% 

of the concentration of homocysteine and 2% of the total protein. The enzymatic activity 

of the purified A. fumigatus MetH could possibly be further improved by digesting off the 

double His-tag from both the C and N termini, as cleavage of a His-tag has previously 

been described to improve enzymatic activity of a recombinant protein (Araújo et al., 

2000). Removing the polyhistidine-tag could additionally benefit the solubility of the 

purified enzyme (Woestenenk et al., 2004). The nature of this methods limits it to use as a 

discontinuous assay as the reaction is terminated by the formylation step, however the 

reaction rate could be better characterised through measurement of THF production 

following various lengths of incubation to more accurately study the dynamic of MetH 

activity (Shepherd and Dailey, 2005). 

 

The results of this chapter represent the first prediction of the 3D structure of A. 

fumigatus methionine synthase and optimisation of an economic high throughput 

amenable enzymatic assay to measure the protein’s activity in vitro. These tools were 

used to interrogate MetH as an antifungal drug target and could be used in the early 

stages of the antifungal drug discovery process. The in silico findings further strengthened 

methionine synthase as an antifungal target as they revealed the enzyme has potential to 

have broad spectrum, yet specifically, antimycotic applications. Virtual screening 

highlighted differences in the druggability of the fungal and human proteins and 

identified fragments which could act as early leads for the development of double-site 



153 of 212 
 

inhibitors. Finally, identification of an assay which allows the direct measurement of A. 

fumigatus methionine synthase activity confirms the suitability of the enzyme as an 

antifungal drug target as it is amenable to high-throughput analyses for identification of 

inhibitors. We therefore believe that this work provides a rigorous validation of 

methionine synthase as an antifungal drug target and sets a strong foundation for the 

early stages of the drug discovery process.  
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Chapter 6. Conclusion and Future Work 

  



155 of 212 
 

6.1. The Need for Novel Antimycotic Targets 

Fungal pathogens, including A. fumigatus, represent an increasing risk to human health 

(Bitar et al., 2014, Fisher et al., 2018, Schauwvlieghe et al., 2018, Buil et al., 2019, Gold et 

al., 2022, WHO, 2022). Over one billion people are affected by mycoses annually, and 

approximately 1.6 million deaths are caused by fungal pathogens each year (Bongomin et 

al., 2017a). Incidences of invasive infections caused by Aspergillus, Candida, Cryptococcus 

and Pneumocystis species are increasing (Bitar et al., 2014), a cause for serious concern as 

these genera are responsible for 90% of deaths caused by mycoses (Brown et al., 2012). 

Mortality rates for invasive infections caused by these genera remain intolerably high, 

reaching over 80%, 40%, 50% and 30% respectively  (Nyazika et al., 2016, Bongomin et al., 

2017b, Gintjee et al., 2020). The global burden of fungal diseases is exacerbated by the 

small number, and pharmacologic limitations, of classes of antifungals available for 

clinical use (Houst et al., 2020). Therefore, there is an urgent need to develop novel 

antifungal agents to combat the growing problem of invasive fungal infections. 

 

Nutrient acquisition is critical to fungal growth and pathogenicity, and several of the 

important metabolic pathways utilised by A. fumigatus in this process are not present in 

humans or differ substantially, making them attractive targets for antifungal development 

(Amich and Bignell, 2016, Scott and Amich, 2021). Amich and colleagues (2013) have 

previously provided evidence of the importance of sulfur metabolism for A. fumigatus 

virulence. More specifically, they proposed the methionine synthase-encoding gene as a 

promising target for antifungal drug development as it is essential for A. fumigatus 

viability and pathogenicity in a murine model of IPA (Amich et al., 2016). In support of 

this, a systematic metabolic network analysis by Kaltdorf and colleagues (2016) identified 

methionine synthase as a promising antifungal drug target worthy of investigation. As 

thorough target validation is an important factor that can determine the success of drug 

development this work aimed to discover the reason for MetH’s essentiality, substantiate 

the enzyme’s potential as an antifungal drug target in established A. fumigatus infections 

and commence the initial stage of the antifungal drug discovery process (Miwa, 2009, 

Wong and Siah, 2019, Yamaguchi et al., 2021). 
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6.2. The Mechanistic Basis of Methionine Synthase Essentiality in A. fumigatus 

MetH catalyses the transfer of a methyl group between its substrates 5, methyl-

tetrahydrofolate and homocysteine to produce methionine and tetrahydrofolate. The 

enzyme represents a promising antifungal drug target as it has been shown to be critical 

for the viability or virulence of several important human fungal pathogens: Candida 

albicans and Cryptococcus neoformans and Aspergillus fumigatus (Pascon et al., 2004, 

Suliman et al., 2007, Amich et al., 2016). Methionine auxotrophy would be a predictable 

outcome of loss of MetH activity; however, provision of extracellular methionine is 

unable to restore growth of any of the three important species (Pascon et al., 2004, 

Suliman et al., 2007, Amich et al., 2016). The uptake of methionine does not seem to be 

the issue, as they can exploit methionine as a sulfur, nitrogen or carbon sources (Ibrahim-

Granet et al., 2008, Kraidlova et al., 2016, de Melo et al., 2019, Scott et al., 2019, Stovall 

et al., 2021). This implies that in addition to methionine biosynthesis MetH fulfils another, 

previously unidentified, essential role in these crucial pathogens. One aim of this thesis 

was to determine this indispensable function of methionine synthase in A. fumigatus, to 

allow the potential of the enzyme as an antimycotic target to be ascertained and 

maximised.  

 

Chapter 3 revealed for the first time the additional cause of methionine synthase’s 

essentially in a fungal human pathogen. We discovered that loss of MetH specifically, 

rather than disruption of either of the two pathways it contributes to, results in a 

complex metabolic imbalance that causes a deleterious shift in energy metabolism, which 

ultimately arrests A. fumigatus growth. Our findings allowed us to begin to build a 

proposed route by which cell energy is disturbed (Figure 31). We suspect that initially, the 

lack of MetH’s enzymatic activity causes a shortage of 5,10-methylene-THF which leads to 

a reduction in purine ring biosynthesis. This deficiency is reflected in the observation that 

when combined with Met supplementation, the presence of adenine can restore very 

limited A. fumigatus growth. In line with this observation, in some yeasts inhibition of 

methionine synthase has been observed to result in combined methionine and adenine 

auxotrophies (Fujita et al., 2006, Sahu et al., 2017). Nevertheless, adenine 

supplementation alone cannot restore normal growth, indicating that the disruption in 

the absence of MetH is more severe in A. fumigatus than in those yeasts. A. fumigatus 

appears to sense the depletion of purine rings as a shortage of nucleotides and attempt 
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to compensate through an unknown mechanism, seemingly TOR and PKA independent, 

that activates glucose flow through the pentose phosphate pathway. This hypothesis is 

supported by the previous observation that methionine mediates anabolic programming 

in yeast (Walvekar et al., 2018). The upregulation of anabolism could lead to the reduced 

activity of the glycolysis and TCA cycles to result in the observed decrease in ATP levels. 

However, use of ATP for SAM production seems to be maintained, causing a drop in cell 

energetics that ultimately leads to growth arrest of the fungus. The ability of high 

concentrations of extracellular ATP or SAM to restore wild-type growth of A. fumigatus in 

the absence of MetH indicates that the disruption of energy metabolism is the cause of 

the enzyme’s essentiality, as opposed to a consequence of it. 

 

Our work provided a novel insight into the disruption of both the sulfur and folate cycles 

caused by downregulation of metH in A. fumigatus. However, there are still details which 

could be explored in the future. For example, the mechanism which allows increased flow 

through the PPP in A. fumigatus requires identification and the relevance of cellular 

energetics to methionine synthases essentiality in other clinically important fungal 

 
Figure 31. Schematic overview of proposed route initiated upon downregulation of MetH which 
leads to metabolic imbalance within A. fumigatus 
A) Schematic overview of proposed metabolic imbalance initiated upon downregulation of MetH.  
Genes, pathways or compounds expected to be reduced following metH inhibition are highlighted in 
green and those increased in magenta. 1) Lack of MetH enzymatic activity causes a shortage of 5,10-
methylene-THF. 2) This leads to a reduction in purine ring biosynthesis. 3) The cell sense this as a 
shortage of nucleotides and attempts to compensate through an unknown mechanism, seemingly 
TOR and PKA independent. 4) This activates glucose flow through the PPP. 5) Which causes reduced 
activity of the glycolysis and TCA cycles, which decreases ATP levels. 6) Use of ATP for SAM 
production is maintained, causing a drop in ATP availability that ultimately leads to growth arrest. 
(Adapted from Scott et al., 2020) 
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species could be confirmed. Additionally, a toxic accumulation of homocysteine or related 

metabolites has been proposed to be responsible for the growth inhibition caused by loss 

of methionine synthase in the model yeast Schizosaccharomyces pombe and C. albicans 

(Fujita et al., 2006, Suliman et al., 2007). In contrast, our results with overexpression 

strains suggest that in A. fumigatus MetH’s essentiality is not due to the accumulation of 

homocysteine or its toxic derivatives. Nevertheless, as homocysteine, homocysteine 

thiolactone and S-adenosylhomocysteine could not be identified in our metabolomic data 

we cannot rule out that the concentration of one or more increases to deleterious levels 

in the absence of MetH. Future experiments should aim to quantify homocysteine in the 

presence and absence of MetH, and our overexpression strains could be included to 

determine if they were able to reduce levels of the relevant metabolite. 

 

While there remain questions about the mechanisms underpinning methionine 

synthase’s essentiality in A. fumigatus the findings of Chapter 3 have important 

implications for the drug discovery process. MetH’s role as a choke-point in and the 

intersection between the transsulfuration and one-carbon cycles, both of which are 

indispensable for fungal virulence, increases the protein’s attraction and potential as an 

antifungal drug target (Scott and Amich, 2021, Federico Serral et al., 2021). Our results 

revealed that loss of MetH’s enzymatic action, of converting homocysteine to 

methionine, caused a complicated disruption of both primary metabolic pathways. This 

revelation confirmed that this is the protein function that should be blocked by antifungal 

drugs, and therefore measured in inhibition assays in the initial stages of drug discovery. 

 

Knowledge of the mechanistic basis of essentiality could also be exploited to pre-empt 

potential resistance mechanisms of antifungals targeting MetH (Gonçalves et al., 2020). 

The complex nature of the metabolic disturbance resulting from methionine synthase 

inhibition in A. fumigatus makes it highly unlikely that the nutritional conditions required 

to restore growth in the absence of MetH activity would be encountered by the fungus 

during infection of a mammalian lung. We were only able to fully restore growth in vitro 

with high concentrations of Met (5 mM) in combination with either ATP, AMP or SAM 

(100 - 500 µM) when amino acids acted as the sole nitrogen source. Alternatively, 

combining supplementation of Met with adenine (3 mM) or amino acids (1 mM) was only 

able to facilitate very limited growth. Whilst the literature suggests that during initiation 
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of murine infections A. fumigatus experiences nitrogen starvation, and permeases that 

would allow amino acid uptake are upregulated, the levels of other nutrients required far 

exceed the physiologically relevant concentration range (Slominska et al., 2002, Gorman 

et al., 2007, McDonagh et al., 2008, Deakova et al., 2015, Elshorbagy et al., 2016). 

Therefore, it is highly dubious that A. fumigatus would be able to circumvent MetH 

essentiality by the uptake of extracellular metabolites. One of the most important 

mechanisms of resistance is found in both bacteria and fungi: alteration of the target 

(Reygaert, 2018, Lee et al., 2021). The highly conserved nature of fungal methionine 

synthases, of the ten human fungal pathogens we compared to A. fumigatus MetH all had 

over 50% sequence identity, and lack of functional redundancy suggests that mutations 

that would reduce the binding affinity of the substrates are less likely to develop as a 

resistance mechanism (Wang and Kollman, 2001, Merrikh and Kohli, 2020). 

 

To maximise MetH’s antifungal prospects, it could be worth exploring whether any other 

functionalities contribute to its essentiality. Detection of alternative binding sites that 

contribute to protein function, including protein-protein interactions have successfully 

been used to identify inhibitors of challenging targets (Ludlow et al., 2015, Maculins et al., 

2020). The possibility of fungal methionine synthases having such biologically relevant 

functions is supported by previous work that showed that the human cobalamin-

dependent version of the protein and the cobalamin-independent methionine synthase 

of Arabidopsis thaliana have been shown to form multiprotein complexes with proteins 

and that the latter includes two phosphorylation sites (Wolthers and Scrutton, 2007, 

Fofou-Caillierez et al., 2013, Bassila et al., 2017, Rahikainen et al., 2017). Following the 

observation that methionine synthase nuclear localisation is essential in P. pastoris, it has 

been proposed that MetH might have a moonlighting function in addition to its enzymatic 

activity converting homocysteine to methionine (Sahu et al., 2017). Although we believe 

that MetH is indispensable to A. fumigatus due to its role in sulfur and energy 

metabolism, we believe nuclear localisation could still be relevant to the pathogen. If the 

presence of MetH in the nucleus is necessary for A. fumigatus viability, we propose that 

this would be a result of the need for its enzymatic activity converting homocysteine into 

methionine in the nucleus either alone or as part of a complex, potentially to facilitate 

production of SAM. In support of this, single or complexed enzymes responsible for the 

synthesis of SAM from methionine have been observed in the nuclei of mammalian, plant 
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and fungal cells (Calikowski et al., 2003, Kacprzak et al., 2003, Reytor et al., 2009, Mao et 

al., 2015, Li et al., 2015, Huang et al., 2016, Chu et al., 2021). To determine the relevance 

of protein-protein interactions and nuclear localisation in A. fumigatus 

coimmunoprecipitation could be performed and alternative nuclear localisation signals 

could be searched for, mutations in MetH could then be utilised to interrogate the 

biological relevance of these additional functions during infection and the possibility of 

designing inhibitors of these activities could also be explored. Insights obtained about the 

critical role of A. fumigatus MetH could be investigated in other clinically relevant fungal 

pathogens to assess the potential for broad spectrum applications. 

 

6.3. Methionine Synthase as an Antifungal Drug Target in Established Infections 

Previous work has recognised methionine synthases to be indispensable for the viability 

or virulence of clinically critical human fungal pathogens (Pascon et al., 2004, Suliman et 

al., 2007, Amich et al., 2016). However, the previous work in A. fumigatus investigated 

the importance of the enzyme in conidia or during the initiation of infection. In contrast, 

except in the case of pre-emptive therapy, invasive fungal infections are treated once the 

infection has already been established. Therefore, to reduce the chance of failure at latter 

stages of drug development the role of MetH should be investigated in conditions that 

more closely those that the pathogen would experience during drug therapy (Emmerich 

et al., 2021, Peraman et al., 2021). This thesis aimed to explore the relevance of MetH to 

A. fumigatus virulence during established infections of mammalian pulmonary tissues, to 

validate MetH more rigorously as an antifungal drug target. 

 

Chapter 4 showed that MetH was necessary at various stages of A. fumigatus growth in 

vitro and in vivo, for the first time in a pathogenic fungal species. To permit investigation 

of the effects of temporal A. fumigatus MetH inhibition the gene of interest was 

regulated using the tetOFF system developed for in vitro use in A. fumigatus (Wanka et 

al., 2016). Building upon the foundational work of Amich and colleagues (2016), the 

genetic model was utilised in two in vivo models of invasive pulmonary aspergillosis, a 

murine and mini host model, and indicated that MetH is required for A. fumigatus to both 

establish and progress invasive pulmonary infections. Animal models are an invaluable 

tool in target validation (Manning, 2013, Desoubeaux and Cray, 2018, Stevens et al., 

2020). Evidence that modulation of MetH reduced pathology and improved outcomes in 
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vivo is an important step in the drug discovery process, improving the chance of 

downstream advancement through the drug development pipeline (Johnson, 2013). 

 

The inclusion of benchmark control strain in which the target of the gold standard 

antifungals, the azoles, was regulated by the tetOFF system allowed validation of both 

MetH as a drug target and the tetOFF system as a genetic model (Warrilow et al., 2015, 

Hagiwara et al., 2016). The control strain indicated that both the G. mellonella and mouse 

tetOFF models of invasive aspergillosis were useful predictors of target validity as 

downregulating cyp51 resulted in a reduction in virulence and azole treatment has been 

shown to reduce pathogenicity in wax worm and murine models of invasive A. fumigatus 

infection (Alcazar-Fuoli et al., 2015, Sakita et al., 2021). When compared to this standard 

of improvement, targeting MetH appeared to be a promising antifungal strategy. In drug 

withdrawal experiments the model was also able to differentiate between fungistatic and 

fungicidal effects of target downregulation. This work indicated that, as previously 

observed in A. fumigatus, total loss of Cyp51A and Cyp51B activity can result in fungicidal 

effects (Manavathu et al., 1998, Geissel et al., 2018). In contrast, inhibition of metH 

appeared to be fungistatic. The implications of fungistatic vs fungicidal action for patient 

survival are yet to be elucidated, however in bacteria while neither appears to be 

definitively associated with superior outcomes some studies showed relative benefits for 

static drugs (Lewis and Graybill, 2008, Vendetti et al., 2016, Kumara et al., 2018, Wald-

Dickler et al., 2018). As antifungal drug treatment often continues until recovery of the 

patient’s immune function either cidal or static are likely able to supress fungal growth 

sufficiently to afford the immune system time to recuperate and clear residual fungal 

material (Blyth et al., 2014). Despite this, insights into the likely action of drugs can 

ultimately help inform the drug development process, such as  dosing schedules or 

appropriate endpoints to be measured (Gjini et al., 2020). 

 

Our observations support MetH as a promising antifungal drug target, and the tetOFF 

system as a useful tool for target validation in established infections. It provides 

advantages over earlier models by allowing measurable impacts on virulence to be 

detected upon downregulation of genes of interest during the establishment or 

maintenance of infections to more closely replicate therapeutically relevant conditions 

(Emmerich et al., 2021). However, the system does have inherent weaknesses that should 
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be considered in its use, and/or be improved upon in future models. For example, as 

highlighted in our work basal expression of metH, in the absence of Dox, was elevated in 

metH_tetOFF when compared to wild type. We were unable to detect any phenotypic 

consequences of this change, however differences were observed in the metabolomic 

profile of the mutant and wild-type strains. Therefore, when utilising the tetOFF system 

expression should be measured for each gene of interest and phenotypes observed in the 

presence and absence of Dox, to confirm basal target expression does not differ 

substantially enough from wt to cause unwanted effects and to titrate Dox concentration 

at which downregulation is sufficient to result in the desired outcome. The possibility of 

this confounding results was raised in work that used the tetON system to detect 

essential genes in C. albicans (Roemer et al., 2003). Fine-tuning of expression in the 

tetOFF system has been displayed in C. albicans, by utilising alternative promoters in the 

cassette, highlighting the degree to which the model can be adjusted to suit a gene of 

interest (Nakayama et al., 2000). 

 

Additionally, Dox treatment can be toxic to mitochondria and although concentrations 

relevant to these experiments do not appear to be a problem for fungal cells, they can 

cause problems in the mammalian host (Moullan et al., 2015). This led to the rigorous 

dosing regimen necessary to effectively downregulate metH negatively impacting the 

health of mice, and ultimately made measurement of mortality an inappropriate readout 

of virulence in the murine model of invasive pulmonary aspergillosis. Despite this 

weakness, we were able to optimise the system to allow fungal burden in mice, and 

survival in G. mellonella, to be a measure of A. fumigatus pathogenicity. The tetOFF 

system can also be used to investigate essential genes in other fungal pathogens. For 

example, the tetOFF system has been used to analyse potential drug targets in early and 

later stages of murine C. albicans infections, and identified the azole target as a promising 

candidate, validating the systems as a method by which to validate antifungal targets 

(Becker et al., 2010). However, their survival model proved not to be sensitive enough to 

identify numerous established antifungal targets. They proposed this was likely a result of 

insufficient Dox mediated inhibition of the gene of interest. To our knowledge Dox 

regulated expression systems have so far not been successfully utilised for in vivo 

applications with C. neoformans, purportedly due to the high drug concentrations 

required (Beattie et al., 2022). These studies suggest that the increased sensitivity and 
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reduced toxicity associated with measurement of fungal burden and our shortened Dox 

regimen developed for A. fumigatus could increase the scope of the tetOFF system to 

investigate antifungal targets in established infections caused by other pathogenic fungi. 

 

6.4. The Druggability of Fungal Methionine Synthase 

Methionine synthase has been shown to play a key role is the viability or virulence of key 

pathogenic fungi and our work suggests that pharmacological modulation of the enzyme 

could be effective in inhibiting A. fumigatus growth in established infections (Pascon et 

al., 2004, Suliman et al., 2007, Amich et al., 2016). Together this indicates that methionine 

synthase is a high-quality antifungal drug target and gives confidence to the hypothesis 

that preventing its enzymatic function could translate to a beneficial effect for patients 

suffering from invasive fungal infections. Further adding to the enzymes appeal for the 

drug discovery process is that while the human genome encodes an orthologue, the 

enzyme is from a different protein class that differs from the fungal version in its overall 

structure and requirement of cobalamin as a cofactor (Chen et al., 1997, Wolthers and 

Scrutton, 2007). This indicates that there is potential to create fungal specific drugs with 

reduced off target effects in human tissues. The aim of this section of the thesis was to 

explore the druggability of A. fumigatus MetH and if the enzyme is assayable, to predict 

the potential for successful progression through the drug discovery process. 

 

Chapter 5 showed that important structural similarities, such as the proximity of the 

homocysteine and 5, methyl-tetrahydrofolate binding sites and the geometry of the 

folate pocket, are conserved between A. fumigatus and C. albicans methionine synthases 

but differ to the human enzyme. The implications of the computational analysis are that it 

might be possible to design broad spectrum, yet fungal specific, MetH inhibitors. Such 

insights have been used previously to develop successful antimicrobials (Prieto-Martínez 

et al., 2019, Kiriiri et al., 2020). Virtual screening identified fragments that bind to pockets 

within or adjacent to either the Hcys or 5, methyl-THF binding sites of A. fumigatus MetH. 

The best fragments, with pharmacokinetic properties that improve the probability that 

the small molecules would result in efficacious ligands, were selected with help from 

collaborators for downstream use in inhibition assays. 
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During the rational design of inhibitors, we aim to explore the possibility of combining 

fragments that occupy both the homocysteine and 5, methyl THF binding sites. Dual-site 

inhibitors could have increased affinity and specificity for fungal methionine synthases, 

this approach has been used successfully in the past to produce improved ligands for 

challenging targets (Joy et al., 2021). Although, care should be taken to ensure combining 

fragments improves the kinetics and results in a more favourable outcome than the 

individual fragments (Ramsay and Tipton, 2017). The binding affinity of the original and 

any modified compounds should be tested experimentally to confirm the accuracy of the 

model at relevant sites (Alibay et al., 2022). 

 

Due to the nature of methionine synthase there is also the opportunity to explore 

improving existing antifolates for use against fungal methionine synthases through 

medicinal chemistry and to gain insights from decades of research into the optimisation 

of folate antivitamins as therapeutics (Fernández-Villa et al., 2019, Kovalev et al., 2022). 

For example, existing antifolates have been shown to be capable of inhibiting fungal 

enzymes, but to only cause a limited reduction in growth (Baccanari et al., 1989, Warnock 

et al., 1992, Fekete-Forgács et al., 1999). In C. albicans, the inability of antifolates to 

induce anticandidal effects appeared to be due to the drugs being unable to effectively 

penetrate cells, although this was improved in the hyphal morphotype which is critical to 

tissue invasion (Navarro-Martínez et al., 2006, Dunker et al., 2021). In the future, the 

antifungal capacity of additional classical and second generation antifolates could be 

tested on A. fumigatus and their permeability assessed to identify trends or drugs with 

particular potential. In previous work, structure based design and subsequent 

investigation of next generation antifolates was able to determine that the shape and 

polarity of compounds influenced the ability of molecules to inhibit C. albicans growth 

and properties have been characterised in similar antifolates that allow optimisation of 

the pharmacokinetic profile of potential drugs (Dayanandan et al., 2014, Lombardo et al., 

2019). Similarly, chemical adjustments have been used to design inhibitors with greater 

target specificity, delivery to pulmonary tissues and to circumvent resistant mechanisms, 

knowledge which could be harnessed in the design of drugs to target methionine 

synthase (Takemura et al., 1997, Xu et al., 2017, Reeve et al., 2019, Wróbel et al., 2020). 

For example, nicotinamide adenine dinucleotide phosphate (NADPH) has recently been 

shown to stabilise the enzyme-ligand complex formed between an antifolate and its 
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target protein in humans, and mutations in the enzyme that cause a conformational 

change that prevents NADPH binding is an important cause of drug resistance (Krucinska 

et al., 2022). We could explore whether NADPH is similarly involved in fungal MetH 

binding folates and if so apply the findings of the previous research to improve inhibitors 

to circumvent this possible route of drug resistance. Earlier work might also allow 

possible problematic or synergistic drug-drug interactions, such as with inhibitors of other 

steps of folate, nucleotide or ergosterol metabolism, to be preempted to maximise 

efficacy or minimise side effects or identify biomarkers that should be monitored in 

patients (Navarro-Martínez et al., 2006, Narumi et al., 2017, Sato et al., 2018, Borkowski 

et al., 2018, Lombardo et al., 2019, Ishizaki et al., 2020). 

 

A key tool for the examination of fungal methionine synthase inhibitors is an enzymatic 

assay suitable for high throughput screening. This work identified a suitable assay and 

optimised its use with purified A. fumigatus MetH protein. In the future the methionine 

synthases of other clinically important pathogenic fungi and humans could also be used in 

the assay to gain understanding of the ability of promising compounds to limit the activity 

of these proteins too (Artabe et al., 2020). Due to the nature of the formylation assay 

described, as it requires termination with formic acid, the results will be discontinuous 

measurements of MetH activity (Drummond et al., 1995, Ramsay and Tipton, 2017). 

Although, THF production at multiple timepoints could be observed to characterise the 

kinetics of the enzymatic reaction (Boeckx et al., 2017). The rational design of ligands, as 

opposed to screening huge compound libraries, should make this approach a more 

manageable prospect. A conceivable drawback of the assay design could be that folic acid 

and an existing folate analogue, Methotrexate, have been described to absorb light at 

350, which could interfere with the results of the assay and obfuscate the impact of 

inhibitors with similar properties (Ramsay and Tipton, 2017, Panja et al., 2018). Careful 

controls must be included in the formylation assay to ensure compounds being 

investigated as a MetH inhibitors do not interfere with the detection system (Bisswanger, 

2014). Any that are found to do so should be screened in an alternative assay, such as the 

Measure-iT Thiol Assay Kit (Invitrogen). The decision to avoid a detection system that 

involved coupling MetH activity with the action of other enzymes should help minimise 

the likelihood of mistakenly prioritising off-target inhibitors (Riener et al., 2002, Hun et 

al., 2013, Gowda et al., 2022) 
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While this work only initiates the first step of the drug discovery process, and rigorous in 

vivo investigation of efficacy and toxicity would be required for identified ligands, we 

believe that our finding supports methionine synthase as a high value drug target in 

invasive fungal infections and that the enzyme is pharmacologically tractable and 

assayable. 

 

6.5. Final Conclusions 

This research provided novel evidence that MetH’s essential function, beyond methionine 

biosynthesis, is the enzyme’s role in folate cycling which is indispensable for maintenance 

of cellular energetics in A. fumigatus and possibly other virulent fungal species. These 

insights could be exploited to enhance the drug discovery process and anticipate and 

overcome potential resistance mechanisms in downstream applications. Additionally, this 

work optimised a regulatable genetic model to allow robust target interrogation in animal 

models of established invasive aspergillosis and highlighted considerations which could 

be applicable to other clinically important species. This system confirmed the relevance of 

MetH to the progression of models of invasive pulmonary aspergillosis thus validating the 

methionine synthase as a promising target in established infections. Next, we showed 

that the fungal methionine synthases of A. fumigatus and other fungi that pose a threat 

to human health are highly similar to each other, yet differentially druggable to the 

human version of the protein. Finally, we initiated the drug development pipeline by 

modifying a high-throughput enzymatic assay to improve measurement of A. fumigatus 

MetH activity. This thesis validated methionine synthase as an attractive antifungal drug 

target in A. fumigatus, with potential for broad applications in pathogenic fungi. 
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S.1. Construction and Validation of A. fumigatus Mutant Strains 

In this study construction of genetically modified A. fumigatus strains was performed by 

homologous recombination unless stated otherwise. Generally, this consisted of four 

steps: 1) PCR amplification of a resistance marker (from a reference plasmid) and of 

~1000 bp 5’ and 3’ flanking regions for the homology recombination (from A. fumigatus 

gDNA). 2) Assembly of the transformation cassette by seamless cloning in a plasmid, 

followed by its transformation into E. coli. 3) Linearisation of the plasmid using restriction 

enzymes to transform A. fumigatus with the cassette by homologous recombination. 4) 

Validation of transformant strains by drug selection and diagnostic PCRs. Strains which 

were utilised in murine models of infection were further validated by Southern blot. The 

primers (Table 1), plasmids (Table 2) and strains (bacterial: Table 3 and fungal: Table 4) 

used are listed in the relevant tables. Construction and validation of the metH_tetOFF 

mutant is described below as a representative example. 

 

The regulatable A. fumigatus metH_tetOFF strain was generated by replacing the metH 

promoter with the tetOFF module and a pyrithiamine resistance marker (PtrA) (Wanka et 

al., 2016). The components for the cassette were amplified by high fidelity PCR and 

assembled by seamless cloning into the linearised backbone (pUC19 (ThermoFisher) 

digested with PstI and KpnI) to construct the pJA32 plasmid (Figure S 1). The tetOFF and 

PtrA component was amplified, using pSK606 (Wanka et al., 2016) (a gift from Sven 

Krappmann) as a template, with a forward primer containing an overhang that 

corresponds to the 5’ upstream region of metH, and a reverse primer with a tail that 

matches the metH open reading frame (Figure S 1) to allow seamless cloning. The 5’ flank 

and a section of metH were amplified from genomic wt DNA. The forward primer, to 

amplify the 5’ flank, and reverse primer, to amplify a region of the metH gene, both had 

regions complementary to the pUC19 backbone to allow correct assembly (Figure S 1). 

Fragments were gel purified prior to seamless cloning. The final plasmid was validated by 

diagnostic digestions and sequencing. For production of the A. fumigatus metH_tetOFF 

mutant 20 μg of pJA32 was acquired by midiprep and then linearised by restriction 

digestion overnight with HpaI (Figure S 1). The transformation cassette was then gel 

purified and transformed into A. fumigatus wild-type by protoplast-mediated 

transformation (Szewczyk et al., 2006). 
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To select for integration of the transformation cassette (Figure S 2A) into the A. fumigatus 

genome, 0.1 µg/mL pyrithiamine was added to the growth media. To confirm the correct 

integration of the cassette within the target locus, metH, putative metH_tetOFF mutants 

were investigated by diagnostic PCR (Figure S 2A & B). Conidial DNA was extracted from 

isolates and two PCRs carried out for each colony; PCRs were also carried out on wt DNA 

as a control. The first primer pair was designed to amplify the 5’ upstream region and part 

of the metH gene (Figure S 2A). When amplified from A. fumigatus wild-type DNA this 

should result in a 2664 bp amplicon (Figure S 2B). For the metH_tetOFF mutant 

replacement of the small metH promoter with the much larger combination of the PtrA 

marker and tetOFF module could lead to this primer pair amplifying a 6544 bp region, 

however as the extension phase of the PCR was optimised for the 2664 bp amplicon no 

band would be expected for the metH_tetOFF mutant in these conditions (Figure S 2B). 

As a positive control for the metH_tetOFF strain a PCR was performed that was designed 

to amplify a region from 5’ upstream of the cassette to the PtrA resistance marker (Figure 

S 2A). The presence, and appropriate orientation, of the transformation cassette in the 

 
Figure S 1. Assembly of E. coli expression vector for metH_tetOFF strain production 
Schematic overview of construction of plasmid pJA32. Fragments were amplified by high fidelity 
PCR and combined into the linearised pUC19 backbone by seamless cloning. Primers and plasmids 
used are listed in Table 1 and Table 2 respectively.  The transformation cassette, for construction of 
the A. fumigatus metH_tetOFF mutant by homologous combination, was excised from the vector by 
digestion with HpaI. 
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metH_tetOFF strain would result in a 1348 bp amplicon, while the absence of the PtrA 

marker in the wt strain would prevent amplification (Figure S 2B). The PCR results 

indicated that the metH_tetOFF mutant was successfully constructed (Figure S 2B), as 

both agarose gels displayed the predicted banding pattern for the correct mutant and the 

wt controls also behaved as expected. 

 

Southern analyses were completed to distinguish A. fumigatus metH_tetOFF mutants 

from wt and to confirm the transformation cassette was only inserted in the correct 

position, and in the right orientation, in the genome of the mutant (Figure S 3). 15 μg of 

genomic DNA extracted from metH_tetOFF and wt mycelia were digested with restriction 

enzymes PstI and SpeI (Figure S 3A) or StuI and NotI (Figure S 3B). The DNA was then 

subjected to Southern blot hybridisation (GE Healthcare) with probes amplified from A. 

A 

 
B 

 
Figure S 2. Construction and PCR validation of A. fumigatus metH_tetOFF 
A) Schematic overview of construction of the metH_tetOFF mutant. The transformation cassette 
allowed the PtrA resistance marker and tetOFF module to replace the metH promoter of the A. 
fumigatus genome by homologous recombination. Primer pairs designed for strain validation are 
shown. The combination of diagnostic PCRs allowed confirmation of incorporation and correct 
orientation of the transformation cassette into the genome. B) Results of diagnostic PCRs on DNA 
extracted from conidia of the putative metH_tetOFF mutant and a wt control. The banding pattern 
resembled that predicted upon correct integration of the cassette. 
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fumigatus wild-type DNA and labelled with horseradish peroxidase (Figure S 3A & B). The 

first probe (Probe 1: JAE 290 & JAE 291) amplified a 1206 bp fragment within the 5’ 

upstream region and the second (Probe 2: JAE 294 & JAE 295) amplified a 1188 bp section 

of the 3’ metH open reading frame (Figure S 3A & B). The southern blot results indicated 

that the metH_tetOFF isolate was successfully constructed, as both membranes displayed 

the predicted banding pattern for the correct integration of the transformation cassette 

and the wt controls revealed the expected result (Figure S 3C). This isolate was used in 

subsequent experiments. 

 

A 

 
B 

 
C 

 
Figure S 3. Southern blot analysis of the metH_tetOFF mutant 
Schematic overview of southern blot investigation of the metH_tetOFF, designed to confirm the 
correct insertion and orientation of the transformation template. The A. fumigatus metH_tetOFF or wt 
DNA was digested with either A) PstI and SpeI or B) StuI and NotI and southern blotted with two 
probes (Probe 1: JAE 290 & JAE 291 and Probe 2: JAE 294 & JAE 295). C) Results of a southern blot on 
genomic DNA extracted from mycelia of the A. fumigatus metH_tetOFF transformant, and a wt 
control. The banding pattern for the metH_tetOFF isolate resembled that predicted upon correct 
incorporation of the template into the A. fumigatus genome. 
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S.2. Metabolomic Data 

Table S 1. Identification by ANOVA of metabolites that are differentially accumulated between 
conditions 
Metabolite f-value p-value # FDR ID 
2 5.594 0.0015695 2.8042 0.0021085 Acetic acid, aminooxy- (3TMS) 
7 26 1.17E-09 8.9325 2.95E-09 Homoserine (2TMS) 
9 87.913 8.60E-17 16.066 5.77E-16 Hydrogen sulfide (2TMS) 
10 14.816 5.95E-07 6.2258 1.14E-06 Carbodiimide (2TMS) 
15 23.185 4.54E-09 8.3432 1.08E-08 Glyoxylic acid (1MEOX) (1TMS) 
18 5.1069 0.0026843 2.5712 0.0035393 Dodecane 
19 37.451 1.20E-11 10.92 3.90E-11 Proline (1TMS) 
20 99.317 1.44E-17 16.842 1.09E-16 Alanine, beta- (1TMS) 
21 14.834 5.87E-07 6.2311 1.14E-06 Pyridine, 2-hydroxy- (1TMS) 
22 36.043 1.98E-11 10.704 6.18E-11 Pyruvic acid (1MEOX) (1TMS) 
23 11.341 7.62E-06 5.118 1.29E-05 Lactic acid (2TMS) 
24 4.237 0.0072814 2.1378 0.0092577 Dodecane 
25 7.9058 0.00015014 3.8235 0.00022087 Dodecane 
26 4.1472 0.008095 2.0918 0.010256 Dodecane 
28 18.375 6.23E-08 7.2052 1.35E-07 Pyruvic acid (2TMS) 
29 22.565 6.21E-09 8.2066 1.44E-08 Valine (1TMS) 
30 26.041 1.15E-09 8.9406 2.92E-09 Putrescine, N-methyl- (3TMS) 
31 55.472 6.08E-14 13.216 2.74E-13 Sarcosine (2TMS) 
33 4.9922 0.0030527 2.5153 0.0040102 Dodecane 
34 6.0651 0.00094789 3.0232 0.0012981 Dodecane 

36 63.369 9.45E-15 14.025 4.80E-14 Isovaleric acid, 2-oxo- (1MEOX) 
(1TMS) MP 

37 23.316 4.25E-09 8.3719 1.02E-08 Hydroxylamine (3TMS) 
48 8.7857 6.64E-05 4.1776 0.00010193 Carbonic acid (1MEOX) (2TMS) 
49 7.9988 0.00013749 3.8617 0.00020443 Carbonic acid (1MEOX) (2TMS) 
54 50.212 2.40E-13 12.621 9.69E-13 Ethanolamine (3TMS) 
64 22.736 5.69E-09 8.2445 1.33E-08 Isoleucine (1TMS) 
76 4.982 0.0030881 2.5103 0.0040417 Valine (2TMS) 
81 22.653 5.94E-09 8.2261 1.38E-08 Butanoic acid, 4-hydroxy- (2TMS) 

84 40.069 4.97E-12 11.304 1.65E-11 1,3-Dihydroxyaceton (1MEOX) 
(2TMS) MP 

86 46.562 6.68E-13 12.175 2.59E-12 Serine (2TMS) 
87 46.303 7.21E-13 12.142 2.76E-12 Serine (2TMS) 
88 44.556 1.21E-12 11.917 4.40E-12 Alanine (2TMS) 
92 4.2739 0.0069726 2.1566 0.0088969 Alkane 
93 18.825 4.79E-08 7.3199 1.05E-07 Phosphoric acid (3TMS) 
94 2.8483 0.039788 1.4002 0.047373 Phosphoric acid (3TMS) 
95 20.155 2.25E-08 7.6481 5.07E-08 Phosphoric acid (3TMS) 
101 9.4132 3.80E-05 4.4201 5.96E-05 Threonine (2TMS) 

103 18.172 7.03E-08 7.1529 1.52E-07 similar to Cyclohexasiloxane, 
dodecamethyl 

110 30.865 1.42E-10 9.8466 4.12E-10 Succinic acid (2TMS) 
113 258.45 7.20E-24 23.142 2.80E-22 Glyceric acid (3TMS) 
115 7.4496 0.00023283 3.633 0.00033423 Alkane 
122 16.616 1.83E-07 6.7382 3.78E-07 Alanine (3TMS) 
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Metabolite f-value p-value # FDR ID 
124 229.05 4.66E-23 22.332 1.19E-21 Mevalonic acid-1,5-lactone (1TMS) 
127 4.0579 0.0089996 2.0458 0.011321 Tryptamine, 5-hydroxy- (4TMS) 
128 12.572 2.95E-06 5.5306 5.25E-06 Alanine [+CO2] (2TMS) 
131 14.086 9.84E-07 6.0071 1.84E-06 Aspartic acid (2TMS) 
133 120.62 8.03E-19 18.095 7.33E-18 Alanine, beta- (3TMS) 
136 158.26 1.34E-20 19.873 1.70E-19 Tyrosine, 3-iodo- (3TMS) 
144 43.996 1.43E-12 11.844 5.16E-12 Malic acid (3TMS) 
147 180.1 1.87E-21 20.728 3.03E-20 Threitol (4TMS) 
149 16.456 2.02E-07 6.6941 4.14E-07 Alkane 
154 16.425 2.06E-07 6.6856 4.20E-07 Pyroglutamic acid (1TMS) 
155 24.758 2.10E-09 8.6787 5.15E-09 Pyroglutamic acid (1TMS) 
157 4.0902 0.0086609 2.0624 0.010934 Butanoic acid, 4-amino- (3TMS) 
159 3.6839 0.014107 1.8506 0.017498 Glutamic acid (2TMS) 
160 3.0674 0.030191 1.5201 0.036068 Glutamic acid (2TMS) 
172 32.575 7.22E-11 10.141 2.18E-10 Alkane 
173 31.11 1.29E-10 9.8896 3.76E-10 Phenylalanine (1TMS) 
176 43.833 1.51E-12 11.822 5.36E-12 Glutaric acid, 2-hydroxy- (3TMS) 

182 219.22 9.16E-23 22.038 1.81E-21 Glutaric acid, 2-oxo- (1MEOX) 
(2TMS) MP 

194 42.91 2.00E-12 11.698 6.92E-12 Tartaric acid (4TMS) 
199 7.7526 0.00017376 3.76 0.00025146 Benzoic acid, 4-hydroxy- (2TMS) 
201 7.8476 0.00015869 3.7995 0.00023153 Gluconic acid-1,4-lactone (4TMS) 
204 309.16 4.46E-25 24.351 2.27E-23 Xylose (1MEOX) (4TMS) BP 
205 27.268 6.57E-10 9.1825 1.72E-09 Arabitol (5TMS) 
208 109.38 3.45E-18 17.463 2.92E-17 Arabitol (5TMS) 
209 17.288 1.20E-07 6.9203 2.53E-07 Galactitol (6TMS) 
211 6.0649 0.00094803 3.0232 0.0012981 Alkane 
218 134.54 1.56E-19 18.807 1.74E-18 Glycerol-3-phosphate (4TMS) 
219 28.599 3.67E-10 9.4357 9.81E-10 Alkane 
221 28.314 4.15E-10 9.3823 1.09E-09 Ornithine (3TMS) 
226 60.143 1.97E-14 13.706 9.74E-14 similar to Fructose Derivate 
228 7.3738 0.00025072 3.6008 0.00035845 similar to Fructose Derivate 
238 64.47 7.41E-15 14.13 3.82E-14 Glyceric acid-3-phosphate (4TMS) 
239 108.58 3.85E-18 17.415 3.11E-17 Citric acid (4TMS) 
244 33.076 5.95E-11 10.225 1.81E-10 Galactose_1_5TMS 
246 28.516 3.80E-10 9.4201 1.01E-09 Galactose_1_5TMS 
247 4.4744 0.0055172 2.2583 0.0070907 Altrose (1MEOX) (5TMS) BP 
248 3.8933 0.010956 1.9604 0.013733 Psicose (1MEOX) (5TMS) BP 
249 3.1627 0.026798 1.5719 0.03245 Allose (1MEOX) (5TMS) MP 
251 17.317 1.18E-07 6.9279 2.50E-07 Sorbose (1MEOX) (5TMS) MP 
252 14.916 5.56E-07 6.2553 1.08E-06 Fructose (1MEOX) (5TMS) MP 
253 8.8132 6.48E-05 4.1885 9.99E-05 Ribose (1MEOX) (4TMS) BP 
254 10.273 1.82E-05 4.7396 2.91E-05 Ribose (1MEOX) (4TMS) BP 
271 5.1242 0.0026328 2.5796 0.0034843 Tyrosine (2TMS) 
274 10.604 1.38E-05 4.859 2.25E-05 Galactose (1MEOX) (5TMS) MP 
275 15.537 3.67E-07 6.4355 7.30E-07 Mannitol (6TMS) 
281 3.745 0.013099 1.8828 0.016304 Alkane 
288 8.4924 8.68E-05 4.0615 0.0001315 Pentadecanoic acid, 14-methyl-, 
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Metabolite f-value p-value # FDR ID 
methyl ester 

294 4.8448 0.0036063 2.4429 0.0046882 NA426001 
295 15.036 5.12E-07 6.2906 1.01E-06 NA426001 
296 10.87 1.11E-05 4.9535 1.85E-05 Glucopyranose [-H20] (4TMS) 
299 11.466 6.90E-06 5.1609 1.19E-05 Glucopyranose, D- (5TMS) 
302 4.8443 0.0036083 2.4427 0.0046882 Galactose_1_5TMS 
303 3.07 0.030091 1.5216 0.036068 Galactose_1_5TMS 
305 6.1906 0.00083065 3.0806 0.0011462 Gluconic acid-1,4-lactone (4TMS) 
316 109.09 3.59E-18 17.445 2.97E-17 Hexadecenoic-acid_2_1TMS 
320 34.249 3.82E-11 10.418 1.17E-10 Hexadecanoic acid (1TMS) 
322 125.42 4.48E-19 18.349 4.31E-18 Inositol, myo- (6TMS) 

323 166.34 6.29E-21 20.202 8.29E-20 Xylulose-5-phosphate (1MEOX) 
(5TMS) MP 

330 52.65 1.25E-13 12.903 5.18E-13 Octadecadienoic acid methyl ester, 
9,12-(Z,Z)-, n- 

336 28.995 3.10E-10 9.5093 8.41E-10 Octadecatrienoic acid methylester, 
9,12,15-(Z,Z,Z)-, n- 

338 55.261 6.41E-14 13.193 2.85E-13 Octadecanoic acid methyl ester 
(FAME MIX) 

340 10.656 1.33E-05 4.8776 2.16E-05 Heptadecanoic acid (1TMS) 
345 43.793 1.53E-12 11.817 5.38E-12 Glycerophosphoglycerol (5TMS) 
350 58.853 2.67E-14 13.574 1.30E-13 Gluconic acid (6TMS) 
351 170.47 4.33E-21 20.364 6.16E-20 Mannitol (6TMS) 
355 3.6706 0.014336 1.8436 0.017721 Ornithine, N2-acetyl- (4TMS) 
358 3.4563 0.018628 1.7298 0.022789 Glycerol-3-phosphate (4TMS) 
359 48.388 3.97E-13 12.401 1.55E-12 Octadecadienoic acid, n- (1TMS) 
360 26.157 1.09E-09 8.9639 2.78E-09 Octadecenoic acid, 9-(E)- (1TMS) 
369 70.835 1.94E-15 14.711 1.12E-14 Octadecanoic acid (1TMS) 

374 7.9962 0.00013782 3.8607 0.00020443 Mannose-6-phosphate (1MEOX) 
(6TMS) BP 

375 7.1224 0.00032117 3.4933 0.00045734 Xylulose-5-phosphate (1MEOX) 
(5TMS) MP 

391 14.683 6.51E-07 6.1865 1.25E-06 Inositol-2-phosphate, myo- (7TMS) 
422 11.395 7.30E-06 5.1366 1.25E-05 Kestose, 6- (11TMS) 

427 30.717 1.51E-10 9.8204 4.31E-10 Adenosine (3TMS) (Derivate not 
found) 

A further 128 unidentified metabolites were found by ANOVA to be differentially accumulated. 
(Adapted from Scott et al., 2020) 
 
  



208 of 212 
 

 
Table S 2. MetaboAnalyst 5.0 Compound Name/ID Standardisation selection of unique differentially 
accumulated metabolites 
Match HMDB PubChem KEGG 
L-Homoserine HMDB0000719 12647 C00263 
Hydrogen sulfide HMDB0003276 402 C00283 
Undecaprenyl-diphospho-N-acetylmuramoyl-(N-
acetylglucosamine)-L-alanyl-gamma-D-glutamyl-L-lysyl-
(L-alanyl-L-alanyl)-D-alanyl-D-alanine 

NA 96023894 C17549 

Glyoxylic acid HMDB0000119 760 C00048 
Capsicoside E HMDB0031443 10898580 C08374 
L-Proline HMDB0000162 145742 C00148 
Beta-Alanine HMDB0000056 239 C00099 
2-Hydroxypyridine HMDB0013751 8871 C02502 
Pyruvic acid HMDB0000243 1060 C00022 
L-Lactic acid HMDB0000190 61503 C00186 
L-Valine HMDB0000883 6287 C00183 
N-Methylputrescine HMDB0003661 439791 C02723 
Sarcosine HMDB0000271 1088 C00213 
Alpha-ketoisovaleric acid HMDB0000019 49 C00141 
Hydroxylamine HMDB0003338 787 C00192 
Hydrogen carbonate HMDB0000595 769 C01353 
Ethanolamine HMDB0000149 700 C00189 
L-Isoleucine HMDB0000172 6306 C00407 
Gamma-Butyrolactone HMDB0000549 7302 C01770 
Dihydroxyacetone HMDB0001882 670 C00184 
2-Amino-3-hydroxypropanoic acid HMDB0062263 617 C00716 
L-Alanine HMDB0000161 5950 C00041 
Alkane METPA0177 NA C01371 
Hydrogen phosphate HMDB0000973 57424078 C00009 
L-Threonine HMDB0000167 6288 C00188 
Succinic acid HMDB0000254 1110 C00042 
Glyceric acid HMDB0000139 439194 C00258 
Serotonin HMDB0000259 5202 C00780 
L-Aspartic acid HMDB0000191 5960 C00049 
Iodotyrosine HMDB0000021 439744 C02515 
Malic acid HMDB0000744 525 C03668 
D-Threitol HMDB0004136 222285 C16884 
Pyroglutamic acid HMDB0000267 7405 C01879 
Gamma-Aminobutyric acid HMDB0000112 223130 C00334 
L-Glutamic acid HMDB0000148 33032 C00025 
L-Phenylalanine HMDB0000159 6140 C00079 
4-Amino-5-aminomethyl-2-methylpyrimidine NA 163312007 C20267 
Oxoglutaric acid HMDB0000208 51 C00026 
Tartaric acid HMDB0000956 444305 C00898 
4-Hydroxybenzoic acid HMDB0000500 135 C00156 
(Z)-4-Hydroxy-6-dodecenoic acid lactone HMDB0032331 5352428 C03107 
D-Xylose HMDB0000098 135191 C00181 
D-Arabitol HMDB0000568 827 C01904 



209 of 212 
 

Match HMDB PubChem KEGG 
Galactitol HMDB0000107 11850 C01697 
Glycerol 3-phosphate HMDB0000126 439162 C00093 
Ornithine HMDB0000214 6262 C00077 
Citric acid HMDB0000094 311 C00158 
D-Galactose HMDB0000143 439357 C00984 
Allose HMDB0001151 12285879 C01487 
L-Sorbose HMDB0001266 441484 C08356 
D-Fructose HMDB0000660 439709 C02336 
D-Ribose HMDB0000283 5779 C00121 
L-Tyrosine HMDB0000158 6057 C00082 
Mannitol HMDB0000765 6251 C00392 
D-Glucose HMDB0000122 5793 C00221 
Palmitoleic acid HMDB0003229 5312427 C08362 
Palmitic acid HMDB0000220 985 C00249 
myo-Inositol HMDB0000211 NA C00137 
Xylulose 5-phosphate HMDB0000868 439190 C00231 
Gluconic acid HMDB0000625 10690 C00257 
Stearic acid HMDB0000827 5281 C01530 
Mannose 6-phosphate HMDB0001078 439198 C00275 
Adenosine HMDB0000050 60961 C00212 
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S.3. R749A-GFP Localisation 

A 

 
Figure S 4. Localisation of the R749A-GFP version of MetH is inconsistent 
The metHg2439CG>GA-GFP metH_tetOFF (R749A-GFP) strain was grown on solid MM-S with 5 mM 
methionine and 5 µg/mL Dox for 72 hours. Inconsistent distribution of the GFP tagged R749A 
version of MetH was captured by stereomicroscopy. 
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S.4. Time-lapse Data 

A 

 
B 

 
Figure S 5. Loss of MetH activity is fungistatic in A. fumigatus 
A)  Time-lapse microscopy of growth of swollen metH_tetOFF conidia upon Dox addition for 24 hours 
and subsequent withdrawal for 16 hours. B) Time-lapse of growth of swollen wt conidia upon Dox 
addition for 24 hours. Images were taken every 30 minutes, with gaps for position acquisition (-8 h to -
6 h) and drug withdrawal (21 h to 24 h). (Video S1 
[https://journals.asm.org/doi/suppl/10.1128/mBio.01985-20/suppl_file/mbio.01985-20-sm001.avi] 
 and Video S2 [https://journals.asm.org/doi/suppl/10.1128/mBio.01985-20/suppl_file/mbio.01985-20-
sm002.avi] of (Adapted from Scott et al., 2020) 
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S.5. Homology Models 

A 

 

B 

 
Figure S 6.The homocysteine binding domains of human and T. maritima cobalamin-dependent 
methionine synthases are similar 
As the cobalamin-dependent methionine synthase of T. maritima has previously been crystallised 
bound to homocysteine it was used to predict the location of the Hcys binding site in the human 
enzyme version of the enzyme. A) A molecular model shows that the overall structures of the 
crystallised T. maritima enzyme and the human homocysteine and 5, methyl-tetrahydrofolate 
binding domains are quite different. B) Yet, they appear similar enough at the T. maritima Hcys 
binding site to give an estimated location for the binding site of the amino acid in the human 
protein. 
 


