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Abstract 

For individuals with compromised immune systems, Aspergillus fumigatus has 

emerged as one of the most common airborne fungal pathogens in recent 

decades. In immunosuppressed patients, inhalation of A. fumigatus spores can 

initiate life-threatening invasive aspergillosis (IA) with mortality rates up to 90%. 

The high mortality is largely due to a limited arsenal of antifungal drugs and 

emerging resistance and also the poor diagnosis. At present, the treatment for 

this fungal infection is dominated by three antifungal classes. Polyenes and 

azoles target the fungal cell membrane, and echinocandins target β-glucan 

synthesis in the fungal cell wall. However, they all have significant drawbacks in 

terms of toxicity, drug-drug interactions and/or efficacy.  

The current efforts are to structurally and chemically validate new targets that are 

genetically proven as essential in A. fumigatus. One such protein AfRho1 is a 

Rho GTPase, plays essential roles in fungal physiology and cell wall organization. 

In this research, I combined X-ray crystallography and fragment-based small 

molecule screening by BLI (Biolayer interferometry) to investigate the 

ligandability of AfRho1. Using X-ray crystallography, the structure of AfRho1 was 

solved and a complex structure with one of the hit fragments was obtained. The 

complex structure showed that this fragment molecule bound to AfRho1 in a 2:1 

molar ratio, and the fragment binding pocket is conserved with the human 

orthologue protein HsRhoA. Structure analysis shows that the pocket is located 

at the previously validated interaction interface between Rho GTPases and the 

upstream activation GEF (Guanine nucleotide exchange factor) proteins. 

Therefore, in this research I have identified a lead molecule that could be used 

to develop inhibitors against AfRho1 and HsRhoA by inhibiting the corresponding 

GEF proteins mediated nucleotide exchange. 
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Rom2, a Rho1 GTPase guanine nucleotide exchange factor (GEF), plays an 

essential role in the fungal cell wall integrity pathway and possesses a unique C-

terminal CNH (Citron homology) domain. Using genetic and molecular 

approaches I characterised the functions of the Rom2 CNH domain in the 

pathogenic fungus Aspergillus fumigatus. Cell wall analysis including TEM and 

chemical analysis suggest that this domain is important for both β-glucan and 

chitin synthesis. GFP pull-down mass spectrometry and in vitro binding assays 

suggest that the CNH domain is a Rho1 GTPase binding protein. The protein 

structure of AfRom2 CNH domain was solved by X-ray crystallography. This 

revealed that the structure of AfRom2 CNH domain is a seven bladed WD40 

protein that shares structural similarities to the GTPase binding protein β-

transducin. From structure comparison of the AfRom2 CNH domain and AfRho1 

to the heterotrimeric transducin complex, I discovered that the top surface of the 

CNH domain and an α-helix in the switch II region of AfRho1 may form the 

potential interaction surface. My work provides both genetic evidence and the 

molecular basis that the A. fumigatus Rom2 CNH domain regulates cell wall 

synthesis, therefore validate it as a potential antifungal target. 
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Chapter 1 : Introduction 

Infections caused by opportunistic fungal pathogens have become a significant 

clinical problem, due of the increasing number of immuno-compromised patients, 

and a lack of efficient therapies (Bains and Judson, 2012; Denning et al., 2013). 

Among these pathogens, Aspergillus fumigatus is the cause of one of the major 

fungal infection diseases called aspergillosis, which affects millions of patients 

globally. The current antifungal therapies suffer from significant drawbacks such 

as lack of efficacy, or the presence of drug–drug interaction. This is partly due to 

limited number of characterised protein targets for drug development. The A. 

fumigatus fungal cell wall is a complex and multi- layered structure that is 

essential for growth (Bowman and Free, 2006; Free, 2013; Latge, 2007, 2010). 

Therefore, understanding of the molecular mechanisms of fungal cell wall 

biosynthesis in A. fumigatus will help to identify new antifungal drug targets. The 

Rho GTPase signalling pathway has been shown to play important roles in 

regulating cell wall synthesis in Aspergillus fumigatus and other fungi (Arellano et 

al., 1996; Bickle et al., 1998; Dichtl et al., 2012).  

1.1 Fungal infections and antifungals 

1.1.1 Fungi as human pathogens 

The kingdom of fungi is a group of eukaryotic organisms, distinct from animals 

and plants, that includes microorganisms such as yeasts, moulds and 

mushrooms. Fungi are ubiquitous in nature and play important ecological and 

economic roles in human society. Of approximately 1.5 million described species 

of fungi, a little more than 400 are pathogenic and may cause diseases in humans 

or other organisms (Wakefield et al., 1992). 

The majority of human pathogenic fungi are naturally soil-inhabiting species 

where they live as saprophytes. However, when given the opportunity, they will 
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attack mammals with a compromised immune system or an open wound. 

Therefore, most of the fungal pathogens are opportunistic.  

There are three main classes of fungal diseases according to the types of 

infections they cause:  

1) Superficial infections are caused by fungal infection of the hair, nail, and skin, 

such as: ring worm, athlete’s foot, jock itch and piedra. These fungal pathogens 

are therefore called dermatophytes, and include species from the genera 

Epidermophyton, Microsporum and Trichophyton (Al-Shboul et al., 2014).  

2) Systemic infections are caused by pathogens that primarily infect the lungs 

and then disseminate to other organs. The most common species that lead to 

fungal systemic infections are: Candida albicans, Aspergillus fumigatus and 

Cryptococcus neoformans, as well as other fungal pathogens such as 

Histoplasma capsulatum, Coccidiodes immitis and Fusarium (Fernandez-Garcia 

et al., 2017). 

3) Intermediate infections are fungal infections occurring below the skin but 

remaining localized. These fungal infections will not disseminate but often extend 

to a considerable depth within the infected tissue. 

1.1.2 Aspergillus fumigatus and aspergillosis  

Aspergillus fumigatus is a saprophytic filamentous fungus from the phylum 

Ascomycota, which means it can reproduce both sexually and asexually (Fig. 1.1). 

Although the sexual stage of A. fumigatus has only been reported recently, the 

asexual stage has been very well studied (O'Gorman et al., 2009).  
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Figure 1.1: The typical sexual and asexual life cycle of Aspergillus spp., represented by 

Aspergillus nidulans 

Vegetative hyphae (highlighted in yellow) differentiate to asexual development by producing 

spores on structures called conidiophores (highlighted in grey). For sexual development 

(highlighted in pink), ascospores are produced in sexual fruiting bodies (cleistothecia). Image 

adapted from  (Todd et al., 2007) 

 

During the asexual development cycle, A. fumigatus will differentiate haploid 

hyphae to foot cells, after which it will form asexual spore-bearing structures on 

top of the foot cells. These resemble the structure of an aspergillum (holy water 

sprinkler in Latin) (Fig. 1.2), and hence the name of the genus (Bennett, 2010). 

A. fumigatus is very abundant in nature and is usually found in soil or decaying 

material. The airborne asexual spores produced by A. fumigatus are extremely 
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small (only 2–3 μm in diameter), so are very easily inhaled into human lungs (Fig 

1.3). As a matter of fact, every human being inhales hundreds of A. fumigatus 

spores during the day, however these spores usually do not cause illness in 

people with healthy immune systems.  

 

A.                                              B. 

 

Figure 1.2: Conidiophore architecture of Aspergillus fumigatus.  

(A) Schematic representation of the spore-forming structure (conidiophore) of the Aspergillus 

species. (Image adapted from biologydiscussion.com). (B) Light microscopy image of Aspergillus 

fumigatus stained with lactophenol cotton blue. (Image adapted from Mycology Practical MLS, 

Monmouth University) 

 

However, for individuals with a compromised immune system, infections with A. 

fumigatus can cause aspergillosis, a deadly fungal disease that claims hundreds 

of thousands people’s lives annually world-wide (Denning et al., 2013). According 

to the localisation of the disease within the respiratory tract and the extent of 

mycelial colonization or invasion, aspergillosis can be classified into three major 

classes: allergic bronchopulmonary (ABPA), aspergilloma, and invasive 
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aspergillosis (IA) (Latge, 1999). ABPA is a hypersensitive allergic reaction to 

fungal components in patients suffering from cystic fibrosis and asthma. Without 

careful treatment, ABPA will eventually lead to pulmonary fibrosis and respiratory 

failure (Latge, 1999). Aspergilloma, which is also known as “fungal ball’, is caused 

by fungal hyphal mass embedded into pre-existing pulmonary cavities caused by 

tuberculosis, sarcoidosis, or other lung disorders (Agarwal et al., 2013; Latge, 

1999). Finally, invasive aspergillosis (IA), the most fatal form of aspergillosis, 

mainly infects immune-compromised patients such as those with cancer, AIDS 

or organ transplant recipients. The stages of an IA infection start from an invasion 

of the blood stream, then to its dissemination into the endothelium at other sites, 

which will lead to a haemotogenously disseminated disease (Dagenais and Keller, 

2009) .  
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Figure 1.3: Saprophytic and pathogenic cycles of A. fumigatus.  

(1)–(4) Saprophytic cycle of Aspergillus fumigatus from asexual spores to extended hyphae and 

finally conidial head. (5)–(8) Pathogenic cycle of A. fumigatus infection of immuno-compromised 

patients. (5) (6) (7) Airborne Aspergillus fumigatus spores inhaled and grow in the human lungs 

(8) Invasive growth of A. fumigatus hyphal filaments in human lungs (9) Colony growth of A. 

fumigatus under laboratory conditions. Image adapted from (Losada et al., 2015) 

 

1.1.3 Current antifungal treatments 

Humans (hosts) and fungi both belong to the eukarya domain, thus most 

essential proteins are conserved among them. Therefore, for target-based 

antifungal drug development, the challenge is to consider minimising the toxicity 

to the human host while still eliminating the fungal pathogens. Currently, there 

are only three major classes of antifungals in clinical use: polyenes, azoles, and 

echinocandins, and they target fungal organisms via different molecular 

mechanisms (Fig 1.4). 
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Figure 1.4: Chemical structures of antifungal classes.  

Chemical structures of antifungals represented of Polyenes, Azoles and Echinocandins. Images 

adapted from (Roemer and Krysan, 2014)  

 

Polyenes, which are natural compounds derived from the bacterium 

Streptomyces, are the earliest class of antifungal introduced for treatment of life-

threatening fungal infections e.g. amphotericin B (AmB) introduced in 1959 
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(Newcomer et al., 1959). Polyenes such as AmB bind to ergosterol, which is the 

main sterol present in the fungal membrane (and is absent in human cells), 

causing pore formation and membrane permeabilization (Fig 1.5) (Balakrishnan 

and Easwaran, 1993; Palacios et al., 2011). AmB was discontinued for clinical 

use due to its affinity for the cholesterol in mammalian membranes (Joly et al., 

1992). The toxic side effects include cellular injury and organ dysfunction of the 

kidney (Lane et al., 2008). However, new formulations of AmB, such as liposomal 

AmB, which can be administered intravenously with minimal side effects, are now 

part of the second-line treatment for invasive aspergillosis (Dotis et al., 2008). 

Azoles are synthetic organic compounds containing at least one triazole ring 

attached to an isobutyl core (voriconazole) or asymmetric carbon atom with a 

lipophilic complex (itraconazole and voriconazole) (Fig 1.4). The azoles target the 

fungal ergosterol biosynthesis pathway by inhibiting the fungal cytochrome P450-

dependent enzyme lanosterol 14-α-demethylase (Fig 1.5). The inhibition of this 

enzyme is fungicidal or fungistatic, due to the accumulation of the precursor 

methylsterols within the cell membrane (Mohr et al., 2008). Although triazoles 

such as voriconazole are now the recommended first line treatment options for 

invasive aspergillosis (Mohr et al., 2008), azole drugs suffer from drawbacks such 

as drug–drug interactions and the recent appearance of azole resistant fungal 

strains (Walsh et al., 2008) (van der Linden et al., 2013). 

Echinocandins are semisynthetic amphiphilic lipopeptides that include 

caspofungin, micafungin and anidulafungin (Fig 1.4). These compounds inhibit 

the enzyme glucan synthase that catalyses the synthesis of the major cell wall 

component b-1,3-glucan from the substrate UDP-glucose (Fig 1.5). b-1,3-glucan 

is an important cell wall component that contributes to the shape and scaffolding 

of the fungal cell wall, and inhibition of the glucan synthase will lead to cell wall 
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destabilization, which then results in cell death (Douglas, 2001; Free, 2013). 

However, in contrast to azoles and polyenes, echinocandins have only fungistatic 

activity against Aspergillus spp, and recent genetic studies suggest that the gene 

encoding for the glucan synthase, fks1, is not essential in A. fumigatus (Dichtl et 

al., 2015).  

 

 

Figure 1.5: Mode of actions of different antifungals. 

(a) The echinocandins target the cell wall synthesis by inhibiting glucan synthase (b) Sordarins 

inhibit the protein translation process (c) Azoles and polyenes target the cell membrane 

component ergosterol (d) Flucytosine targets DNA synthesis. Image adapted from (Ostrosky-

Zeichner et al., 2010). 

 

Invasive aspergillosis affects approximately 3–5 million patients globally, in 

particular those suffering from cystic fibrosis or asthma (Agarwal et al., 2013; 

Brown et al., 2012), with a mortality rate up to 90% (Zmeili and Soubani, 2007). 

This very high mortality rate accurately reflects the fact that on the one hand there 

are lack of good diagnostics, and on the other hand the current clinically 
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antifungal treatment options (polyenes, azoles and echinocandins) are limited 

against these types of fungal infections. None of the clinically used antifungals, 

represented by the first line therapy voriconazole, are without significant 

drawbacks such as toxicity, drug–drug interactions and/or lack of efficacy 

(Agarwal et al., 2013). Therefore, new antifungal targets and new antifungal 

precursors are urgently needed for drug development. 

1.2 The fungal cell wall as a source of antifungal targets 

The fungal cell wall is a unique and essential structure for fungal organisms: 

unique because it is a highly ordered carbohydrate structure that is absent from 

mammalian cells; and essential because the cell wall is important for growth, 

survival and morphogenesis of fungal cells. Polysaccharides account for over 90% 

of the cell wall, making up the alkali-insoluble and alkali-soluble fractions. The 

alkali-insoluble fraction is formed by the b-glucan central core cross-linked to 

chitin (Fig 1.6). The alkali-soluble fraction is covalently bound to the glucan–chitin 

complex and in A. fumigatus is known to be composed of galactomannan and a-

glucan (Fig 1.6) (Latge, 2007). The importance of the fungal cell wall is not only 

for providing protection against hostile environments such as temperature 

changes, pH, oxidative stress, nutrient limitations, but also other mechanical 

stresses (Bowman and Free, 2006). For the pathogenic fungi, such as A. 

fumigatus, the fungal cell wall also functions as an essential intermediate for the 

colonization and invasion of host tissues as well as biofilm formation (Free, 2013). 

The cell wall is constantly subject to synthesis, degradation and remodelling by 

a large arsenal of enzymes whose activities are precisely regulated, and this 

makes them a source of potential antifungal targets. 
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Figure 1.6: Scheme of Aspergillus fumigatus cell wall. Image adapted from (Abad et al., 
2010) 

 

1.2.1 The unique features of the fungal cell wall in Aspergillus fumigatus 

The general organisation and architecture of fungal cell walls are conserved 

among fungal phyla. However, A. fumigatus also has some unique characteristics. 

The major components of A. fumigatus cell wall are b-1,3-glucans, a-glucan, 

chitin, galactomannan and a mixed b-1,3-/b-1,4-glucan layer (Latge, 2007). The 

levels of the chitin component are much higher than other characterized fungal 

organisms (Latge, 2007). The mixed b-1,3-/b-1,4-glucan layer is a unique feature 

of A. fumigatus, whereas in Candida albicans it is b-1,6-glucan (Fontaine et al., 
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2000; Latge, 2010). Moreover, the core mannan structure of the cell wall in A. 

fumigatus is also found to be different from that in other fungal organisms. Instead 

of having an a-1,6-mannan core, the galactomannan in A. fumigatus has been 

reported to have a repeating tetramannose core that contains both a-1,2- and a-

1,6-mannose linkages (Fontaine et al., 2000). 

1.2.2 Glucan synthase as a target in A. fumigatus 

b-1,3-glucan is a major constituent of the fungal cell wall, making up 20% to 35% 

of the cell wall mass in A. fumigatus, and it functions as the major cell wall building 

block. The b-1,3-glucans are synthesized by a plasma membrane-bound glucan 

synthase complex, encoded by the fks1 gene, which converts the substrate UDP-

glucose to linear chains of b-1,3-glucans, and a putative regulatory subunit, which 

is most likely encoded by rho1 (Fig 1.7) (Beauvais et al., 2001; Beauvais et al., 

1993; Douglas, 2001). Given the importance of glucan synthase to cell wall 

biogenesis, it has been considered as a prime target for the development of 

antifungals. The recently developed echinocandin family of drugs e.g. 

caspofungin, micafungin and anidulafungin, are inhibitors of the regulatory 

subunit of glucan synthase Fks1 (Fig 1.7). However, the echinocandins are only 

fungistatic rather than fungicidal against A. fumigatus, and therefore used as a 

salvage therapy for aspergillosis. This is partly caused by the recent discovery 

that fks1, which encodes the catalytic subunit of glucan synthase, is not essential 

in A. fumigatus (Dichtl et al., 2015). Deletion of fks1 in A. fumigatus will result in 

a cell wall devoid of b-1,3-glucan, but it is accompanied by a compensatory 

increase of chitin and galactosaminogalactan (Fig 1.7) (Dichtl et al., 2015). Fks1 

is a large transmembrane protein with a molecular weight over 200 kDa 

containing 16 predicted transmembrane helices. Further rational improvement of 

echinocandin drugs is therefore limited by the inability to produce this large 
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membrane protein in an over-expression system. However, the regulatory 

subunit of glucan synthase Rho1 is a small cytosolic protein, and is essential for 

A. fumigatus survival (Dichtl et al., 2012). The essentiality of Rho1 in A. fumigauts 

is because Rho1 is also a master regulator of the CWI (cell wall integrity) pathway, 

which is a savage pathway to stimulate cell wall synthesis when in stressed 

conditions (Dichtl et al., 2012). Therefore, the A. fumigatus Rho1 GTPase may 

be considered as a potential target against which to develop chemical inhibitors. 

 

 

Figure 1.7: The molecular mechanism of echinocandin drugs and their mode of action. 
Image adapted from (Cowen, 2008). 

(A) The echinocandin drugs target Fks1, catalytic subunit of glucan synthase of A. fumigatus,  

(B) Inhibition of Fks1 will result in cell wall with compromised b-1,3-glucan, which is 

compensated for by an increase in chitin and other cell wall components.  
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1.3 Rho GTPase signalling regulates the fungal cell wall synthesis 

1.3.1 Rho1 as a regulatory subunit of glucan synthase 

The identification of Rho1 GTPase as the regulatory subunit of b-1,3-glucan 

synthase was first made in the budding yeast Saccharomyces cerevisiae 

(Drgonova et al., 1996). Mutants in rho1 were found to be defective in the GTP 

stimulation of glucan synthase activity, and this defect could be rescued by 

addition of purified or recombinant Rho1 protein (Kondoh et al., 1997). Rho1 in 

S. cerevisiae was found to co-localise with actin patches at the site of bud 

emergence, which is also a cell wall synthesis locus (Drgonova et al., 1996). A 

cellular model of the Rho1 GTPase regulatory mechanism of glucan synthase in 

S. cerevisiae was therefore established, based on the above research results 

(Fig 1.8). In this model, the small cytosolic protein Rho1 GTPase trans-localizes 

from cytosol to actin patches at the cell membrane, where it changes its binding 

conformation from the inactive GDP bound form to the activated GTP bound form. 

In the latter form, the Rho1 GTPase will activate the inactive glucan synthase by 

changing its conformation, exposing its active site. This allows the substrate 

UDP-glucose to bind into the active site and be synthesized into b-1,3-glucan (Fig 

1.8). This model was confirmed in other fungal organisms. In the pathogenic 

fungus C. albicans, for example, recombinant Rho1 protein was able to reactivate 

b-1,3-glucan synthase in C. albicans membranes (Kondoh et al., 1997). C. 

albicans Rho1 was also found co-purified with the b-1,3-glucan synthase putative 

catalytic subunit in a product entrapment experiment, which suggests potential 

protein–protein interactions (Kondoh et al., 1997). In A. fumigatus, the Rho1 

orthologue protein AfRho1 was cloned and purified, and was shown to co-purify 

with the glucan synthase complex in a product entrapment experiment (Beauvais 

et al., 2001). The biological function of AfRho1 was further investigated by genetic 
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approaches. A GFP-tagged AfRho1 mutant was shown to be predominantly 

localised at the hyphal tips in A. fumigatus, sharing a similar localization pattern 

with glucan synthase (Beauvais et al., 2001; Dichtl et al., 2010). A conditional 

knockdown mutant of AfRho1 was generated to show that AfRho1 is essential in 

A. fumigatus, and mutants lacking AfRho1 showed a cytoplasmic leakage 

phenotype (Dichtl et al., 2012). The above evidence clearly suggests that AfRho1 

in A. fumigatus shares a conserved function with that in yeast in regulating glucan 

synthase, and could potentially be a novel cell wall target for development of 

inhibitors. 
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Figure 1.8: Schematic representation of Rho1p regulation of glucan synthase activity.  

Rho1p translocates from cytoplasm to the cell membrane, and changes from the GDP bound 

inactive state to the GTP bound active state. In the GTP bound state, Rho1p activates the in 

active glucan synthase, to enable the biosynthesis of b-1,3-glucan from UDP-glucose. The small 

squares attached to UDP represent glucosyl units. Pr, Prenyl group. Image adapted from 

(Drgonova et al., 1996) 

 

1.3.2 Rho1 plays a pivotal role in the fungal CWI pathway 

Fungal cells employ a so-called cell wall integrity pathway (CWI) that orchestrates 

changes in the cell wall composition to deal with extracellular stresses, such as 

high temperature, drastic changes in pH and osmotic shock during growth and 
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morphogenesis. The CWI pathway was first discovered and characterised in the 

budding yeast S. cerevisiae (Levin, 2005, 2011). The CWI pathway is a well-

organised cell signalling pathway that comprises transmembrane sensor proteins 

(ScWsc1-3), guanine nucleotide exchange factors (GEFs) (ScRom1/2), Rho1 

GTPase, protein kinase C (ScPkc1) and a mitogen-activated protein (MAP) 

kinase module (Fig 1.9). The CWI pathway is activated by extracellular stresses 

sensed by the transmembrane sensors such as Wsc1, Wsc2, Wsc3, Mid2 and 

Mlt1, which then stimulate the downstream GEF proteins. These in turn activate 

the Rho1 GTPase. The activated Rho1 GTPase can either activate the glucan 

synthase directly or further activate Pkc and the downstream MAP kinases to 

finally trigger the transcription of genes through the transcription factors such as 

Swi4/6 and Rlm1 to regulate cell wall biogenesis (Fig. 1.9). ScRho1 as a central 

regulator of the CWI pathway was shown to be essential in S. cerevisiae 

(Madaule et al., 1987). The CWI pathway was recently found to be conserved in 

A. fumigatus, in which AfRho1 also functions as a central player (Dichtl et al., 

2012; Samantaray et al., 2013). Investigation of the CWI pathway not only further 

emphasized the importance of the Rho1 GTPase in regulating fungal cell wall 

synthesis, but also helped to identify the potential upstream regulators of Rho1. 
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Figure 1.9: CWI signalling pathway in S. cerevisiae.  

The sensors transduce signals through GEFs Rom1/2 to the central Rho1 GTPase, which then 

either activates glucan synthase complex or activates the Pkc1-dependent MAPK cascade to 

stimulate transcription. Image adapted from (Levin, 2005). 

 

1.3.3 The GEFs are the activators of Rho GTPases 

Rho GTPases as molecular switches usually have two different conformational 

states: the GDP bound inactive state and the GTP bound active state (Rossman 

et al., 2005). In the GTP bound active state, Rho GTPases associate with the 

plasma membrane and activate different kinds of downstream effectors to 

regulate an array of cellular events such as organization of actin cytoskeleton, 

cell cycle progression and expression of various genes (Rossman et al., 2005). 

Cycling of Rho GTPases between these two states is primarily regulated by two 

classes of molecule: the guanine nucleotide exchange factors (GEFs) and the 
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GTPase activating proteins (GAPs). The GEFs catalyse the exchange of GDP to 

GTP, therefore are positive regulators of Rho GTPases. The GAPs, on the 

contrary, stimulate the intrinsic GTPase activity of Rho proteins, to transform Rho 

GTPases from the GTP to the GDP bound conformation, thereby acting as down-

regulators (Fig 1.10). There is also a third group of regulatory protein called 

guanine nucleotide dissociation inhibitors (GDIs), which inhibit Rho GTPase 

activation by maintaining them in the cytoplasm in the inactive GDP bound form 

(Dransart et al., 2005) .  

 

Figure 1.10: Rho GTPase activation/ deactivation cycle.  

Rho GTPases are molecular switches that cycle between an inactive GDP bound state and an 

activated GTP bound state. In the GTP bound state, Rho GTPases will activate downstream 

effector proteins. The guanine nucleotide exchange factors (GEFs) catalyse the release of GDP 

and binding of GTP. The GTPase activating proteins (GAPs) transform the Rho GTPases from 

the GTP to GDP bound state by stimulating intrinsic GTPase activity. The guanine dissociation 

inhibitor (GDI) maintains Rho in the cytoplasm in its inactive GDP bound form. Image adapted 

from (Kawano et al., 2014) . 
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1.3.4 AfRom2 is a GEF protein of AfRho1, and an essential cell wall target 

In the S. cerevisiae CWI pathway, ScRho1 is regulated by two GEF proteins: 

ScRom1 and ScRom2. The rom1 and rom2 (rho1 multi copy suppressors) 

homologous genes were identified as multi-copy suppressors of a temperature 

sensitive rho1 mutant in S. cerevisiae (Bickle et al., 1998). ScRom1 and ScRom2 

share overlapping functions, in that a double mutant that deletes both of them is 

lethal. Whereas deletion of ScRom1 resulted in no detectable phenotypes, 

ScRom2 deletion resulted in temperature-sensitive growth that was partially 

rescued by osmotic stabilization (Vilella et al., 2005). In A. fumigatus, an 

orthologous protein of ScRom1/ScRom2 was identified as AfRom2 (Samantaray 

et al., 2013). A conditional knockdown mutant of Afrom2 shows severe growth 

defects under repressive conditions (Samantaray et al., 2013). The down-

regulation of Afrom2 shows sensitivity to cell wall stress agents such as Congo 

red, calcofluor white and echinocandins, which suggests a compromised cell wall 

(Samantaray et al., 2013). AfRom2 was also shown to have protein–protein 

interactions with AfRho1 in a co-immunoprecipitation (Co-IP) experiment 

(Samantaray et al., 2013), and AfRom2-GFP localized to the hyphal tips, in 

agreement with the reported AfRho1 localization pattern (Beauvais et al., 2001; 

Samantaray et al., 2013). Therefore, AfRom2 is likely to be the AfRho1 GEF 

protein and may itself also be a potential cell wall target in A. fumigatus. 

 

1.3.5 AfRom2 possesses a C-terminal CNH domain with unknown 

functions 

Rho GEF proteins usually harbour a conserved Dbl homology (DH) domain (~200 

residues), and an adjacent Pleckstrin homology (PH) domain (~100 residues) 

(Kristelly et al., 2004). The DH and PH domains are the catalytic domains of Rho 
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GEFs, which is responsible for the exchange of GDP to GTP by binding to the 

switch regions of Rho GTPases, altering the conformation of the nucleotide-

binding pocket (Kristelly et al., 2004). The PH domain also helps to localise the 

GEF proteins to the cell membrane by binding to phosphoinositide (Rossman et 

al., 2005). However, AfRom2 was found to have a C terminal citron homology 

(CNH) domain in addition to the canonical GEF domains (DH–PH) (Samantaray 

et al., 2013). Secondary structure comparison also shows that the CNH domain 

is only found in AfRom2 and is not present in all the vertebrate Rho GEF proteins, 

which suggests that the AfRom2 CNH domain may have some unique cellular 

functions in A. fumigatus (Fig 1.11). 
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Figure 1.11: Domain presentation of AfRom2 and Rho GEF proteins from other organisms. 

The domain architectures of the protein were based on the Uniprot protein domain annotation 

and displayed using IBS 1.0.1- Illustrator for Biological Sequences (Liu et al., 2015). DEP: 

Dishevelled, Egl-10 and Pleckstrin domain. DH: Dbl homology domain. PH: Pleckstrin homology 

domain. CNH: Citron homology domain. C1: phorbol esters/diacylglycerol binding domain. 

 

The CNH domain is also the signature C-terminal domain of citron kinases (CIT-

Ks), which are a group of kinases that have been shown to play important roles 

in regulating cytokinesis in mammalian cells and Drosophila melanogaster (Bassi 

et al., 2011; Gai et al., 2011). The CIT-Ks have important functions in mid-body 

organization and are required for the proper RhoA localization in the late stages 

of cytokinesis (Dean and Spudich, 2006). However, the exact function of CNH 

domain in CIT-K is not clear. In Drosophila melanogaster, the CNH domain of the 

CIT-K, Sticky, was shown to interact with recombinant Rho1 in both its GTP- 

(active) and GDP- (inactive) bound forms, but it is not required for the correct 

cellular localization of Rho1 (Bassi et al., 2011). A Sticky construct lacking the 

CNH domain could not fully rescue the cytokinesis defects caused by a Sticky 

knockdown, suggesting that the CNH domain is necessary for at least some 

functions of Sticky (Bassi et al., 2011). In a recent screen to characterize the CIT-
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K interactome in human cells, the CNH domain was found to interact 

predominantly with the key chromosomal passenger complex (CPC) components 

Aurora B and INCENP (McKenzie et al., 2016). These data suggested that the 

CNH domain in CIT-K might function as a protein–protein interaction platform to 

mediate the protein complex structure formation around RhoA and other 

important cytokinesis-related scaffold proteins. 

It is not yet clear what the role of the AfRom2 CNH domain is and one of the aims 

of this thesis is to study its molecular functions and protein structure. The aim 

was to explore the AfRom2 CNH domain as a novel selective antifungal target, 

but also use it as a template to provide insights into the function of CNH domains 

in mammalian CIT-K proteins.  

 

1.4 Targeting Rho GTPases 

1.4.1 The Rho GTPases as anti-cancer targets in mammalian cells 

Rho GTPases are small Ras-like GTPases with a molecular weight ~20 kDa. In 

mammalian cells, there are over 20 Rho family proteins which include the most 

thoroughly characterised RhoA, Cdc42 and Rac1 (Ridley, 2006). They are 

important intracellular molecular switches in mammalian cells, Rho GTPases can 

relay signals from integrins (Renshaw et al., 1996), growth factor receptors 

(Nobes et al., 1995), ion channels (Pochynyuk et al., 2007) and G-protein coupled 

receptors (Sah et al., 2000) by transition from the GTP-bound active state to the 

GDP-bound inactive state. Rho GTPases regulate a number of important cellular 

events that include gene transcription (Marinissen et al., 2001), cell proliferation 

(Provenzano and Keely, 2011), migration (Ridley, 2015) and cell division (Chircop, 

2014). The Rho proteins have over 60 identified downstream effector proteins in 
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mammalian cells, and the most common result of Rho GTPase activation is 

reorganisation of the actin cytoskeleton.  

Through the regulation of the actin cytoskeleton, the Rho GTPase pathway is 

involved in the regulation of a wide variety of cellular processes such as cell 

morphology, survival, proliferation and adhesion (Ridley, 2006). These cellular 

events are important for cancer transformation. Over the past decades, many 

clinical research investigations have reported the links between Rho protein over-

activation and cancer (Gomez del Pulgar et al., 2005). In a study of breast cancer, 

overexpression of RhoA, Rac1 and Cdc42 was found in 100% of all diagnosed 

patients’ tumours, compared to their control tissues (Fritz et al., 2002). In 

testicular tumours, the overexpression of RhoA, Rac1, Cdc42 and the 

downstream Rho kinases are indicative of cancer progression (Kamai et al., 

2004). Moreover, many other cancer types such as lung (Touge et al., 2007), 

ovarian (McGrail et al., 2014), gastric liver (Pan et al., 2004) and bladder (Kamai 

et al., 2003) cancers are all associated with overexpression of Rho GTPases. 

Therefore, down-regulation of Rho GTPase through therapeutic interventions is 

widely thought to be a viable anti-cancer strategy and has been pursued over the 

past decades. 

1.4.2 Rho inhibitor development through multiple approaches  

The most obvious and direct way to target Rho GTPases would be to develop a 

substrate competitive inhibitor. However, this approach has been found to be 

impractical and very difficult to achieve. This is because the binding affinity 

between Rho GTPases and the substrate GDP/GTP is in the picomolar range, 

and it is extremely difficult to develop an inhibitor that has a higher binding affinity 

(Smithers and Overduin, 2016). Furthermore, there are hundreds of GTP/GDP 

binding proteins in cells, and therefore a simple GDP/GTP analogue inhibitor 
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would not be able to achieve the desired selectivity. Alternative approaches are 

to target the regulatory proteins of Rho GTPases.  

1.4.2.1 Carboxyl terminal prenylation inhibitors  

Carboxyl terminal prenylation of Rho GTPases is a necessary step for the proper 

membrane localization and activation of the protein (Mondal et al., 2000). The 

statin drugs have been recently shown to decrease Rho activity, which inhibits 

the progression of different types of cancer development (Tang et al., 2008). The 

mechanisms of statin activity is by the inhibition of farnesyl pyrophosphate and 

geranylgeranyl pyrophosphate synthesis, which are responsible for Rho 

prenylation (Mondal et al., 2000). Cerivastatin, for example, was found to reduce 

RhoA activity in breast cancer cells (Denoyelle, Vasse et al., 2001), atorvastatin 

has been shown to inhibit metastasis of human melanoma cells by inhibiting Rho 

geranylgeranylation (Collisson, Kleer et al., 2003), and lovastatin was found to 

reduce tumour cell adhesion by inhibiting Rho mediated expression of E-selectin 

(Nubel et al., 2004). However, the biggest limitation of the statin drugs is that they 

are not specific to Rho GTPases, so the exact molecular mechanisms of the 

effect are difficult to interpret. 

1.4.2.2 Rho kinase inhibitors 

The Rho interacting kinases (ROCKs), as the downstream effectors of Rho 

GTPases, are appealing therapeutic targets. The RhoA specific ROCK kinase 

was shown to play roles in cancer progression and neoangiogenesis (Somlyo 

and Somlyo, 2003). Two ROCK inhibitors (Fasudil and Y-2762) have been 

developed for the treatment of ROCK-related diseases. The ATP binding pocket 

of ROCK can accommodate the binding of fasudil or Y-27632, which leads to 

effective inhibition of its kinase activity (Guilluy et al., 2005). Y-27632 was shown 

to effectively treat hypoxia induced pulmonary hypertension (Guilluy et al., 2005) 
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and fasudil was found to effectively attenuate aneurism in a mouse model (Wang 

et al., 2005). However, there are over 60 known downstream effector proteins of 

Rho GTPases, and thus to target a single Rho effector protein will not be as 

effective as targeting the Rho proteins themselves.  

1.4.2.3 Rho–RhoGEF interaction inhibitors 

Rho activity is promoted by guanine nucleotide exchange factors (GEFs) that 

catalyse the transition of Rho GTPases from the inactive GDP bound state to the 

activated GTP bound state. Therefore, targeting GEF-mediated Rho activation 

has become a very attractive approach to inhibit Rho GTPase signalling. There 

are several ways of achieving this, among them targeting the GEF–Rho GTPase 

interactive interface essential for the guanine nucleotide exchange reaction has 

been successful in the discovery of several Rho family inhibitors. The Rac1 

inhibitor NSSC23766, that specifically binds to the surface groove of Rac1 

involved in GEF interaction, effectively inhibits the Rac1 activity in diverse 

physiological and pathological systems (Gao et al., 2004). The RhoA specific 

inhibitor Rhosin was discovered from a virtual screen and inhibits the GEF-

catalysed RhoA activity in cells (Shang et al., 2012). The compound A13 was 

found to bind to the Rho GEF protein AKAP13 (Lbc), which acts as an inhibitor 

of Lbc–RhoA interaction in cellulo (Diviani et al., 2016). By interacting with the 

DH domain, the compound inhibits the catalytic activity of Lbc, and reverses 

prostate cancer cell phenotypes (Diviani et al., 2016). However, none of these 

inhibitors have entered into clinical trials at the moment, due to their low binding 

affinity (µM range), and without detailed structural information further optimisation 

of these compounds is limited. 
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1.4.3 Fragment-based drug discovery (FBDD): state of the art 

Fragment-based drug discovery (FBDD) has now emerged as one of the most 

frequently used drug discovery approach in the pharmaceutical industry and 

academic institutions (Erlanson et al., 2016). The key principle of fragment screen 

is that by using small molecular weight compounds it is possible to fully explore 

the potential chemical binding hot spots of the entire protein surface (Scott et al., 

2012). A fragment screen library uses chemical compounds that conform to the 

rule of three: (1) molecular mass < 300 Da, (2) up to three hydrogen bond donors 

and up to three hydrogen bond acceptors, (3) a calculated log P (clogP) ≤ 3 (The 

log P value of a compound is the logarithm of its partition coefficient between 

concentration dissolved in partition solvent and the concentration dissolved in 

water, which is the measurement of the compound’s hydrophilicity) (Congreve et 

al., 2003). A fragment library with the size of a few thousand compounds will 

contain enough chemical diversity to ensure a good chance of identifying 

chemical binders to the target of interest. Compared to high throughput screens, 

the hit molecules found from FBDD usually have a low binding affinity (~1 mM), 

however the ligand efficiency (LE) (LE measures the binding energy per atom of 

a ligand to its binding partner) will be significantly higher (Kuntz et al., 1999). 

Therefore, hits identified from a fragment screen are subjected to a fragment 

elaboration cycle that includes iterative rounds of synthetic/medicinal chemistry 

and structural biology (macromolecular X-ray crystallography, NMR) to develop 

the initial fragments into inhibitors with drug-like chemical properties (Fig1 .12) 

(Scott et al., 2012). FBDD has provided a starting point to develop a number of 

chemical inhibitors for difficult targets like Bcl2 and H-Ras that were considered 

to be “undruggable” (Ostrem et al., 2013; Petros et al., 2014). A landmark event 

of the FBDD was achieved in 2011 when the first fragment-derived drug, Zelboraf 
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(vemurafenib), a BRAF inhibitor for treatment of skin cancers, was approved by 

FDA. So far, more than 30 drugs derived from FBDD have entered into clinical 

trials.  

 

 

Figure 1.12: A fragment screen pipeline.  

A fragment screen starts to build a fragment library that contains small molecule fragments. The 

initial screening methods are biophysical methods such as SPR, NMR, BLI, etc., and 

computational methods such as virtual screen and docking. The binding mode of the identified 

screen hits is determined by X-ray crystallography or protein observed NMR. The information of 

the binding mode is used to guide the medicinal chemistry, to further synthesize the initial 

fragment hits into high binding affinity inhibitors. The synthesized inhibitors will then need to be 

tested either in a biochemical assay or at the cellular level. 

 

In Daan van Aalten’s lab, we have established a workflow to do fragment screen 

by using BLI (BioLayer Interferometry) (Fig. 1.13). To do a fragment screen, the 

target protein was need to be biotinylated and immobilized to a streptavidin 

sensor. BLI measures biomolecule interactions by analysing the interference 

pattern of white light reflected from sensor surfaces, when the target protein binds 

to the fragment, the interference pattern will be changed and gives the signal. For 

the primary screen, single concentration (50 μM) of fragment compounds were 
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used to test binding to the target protein by BLI. And the for the secondary screen, 

the serial dilutions of the primary binding hits were used to test binding to the 

target protein, to confirm the binding and also determine the binding affinity. After 

two rounds of BLI screen, the confirmed binding hits were used to do X-ray 

crystallography, binding affinity assay and enzymatic assay to determine the 

binding mode and guide the next step molecular design and the next step 

chemical synthesis. The synthesized compound will be tested again to determine 

the binding affinity and binding mode, and finally at the cellular model. 

 

Figure 1.13: The workflow to do a fragment screen in Daan van Aalten’s lab 
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1.5 Aims and objectives 

For my PhD research, my aims were  

a) Using X-ray crystallography to solve the structure of AfRho1 from 

Aspergillus fumigatus, and compare to the known structure of HsRhoA, to 

explore the structural differences 

b) Applying the fragment screen techniques, to identify chemical binders to 

AfRho1, then based on that to develop fragment derived inhibitors. 

c) Genetically validate the Rom2 CNH domain in A. fumigatus as a potential 

fungal cell wall target. 

d) Using X-ray crystallography to solve the structure of CNH domain in Rom2 

from A. fumigatus, which will be the first structure of this domain family and 

will provide new insights into how this kind of domain functions at the 

atomic level. 
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Chapter 2 : Structural and fragment-based 

ligand design of Rho1 GTPase in 

Aspergillus fumigatus 
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2.1 Introduction  

Therapeutic targets against pathogenic fungal infections include enzymes that 

are involved in synthesizing the fungal cell wall, which is essential for fungal 

growth (Cabib et al., 2001; Douglas, 2001; Munro et al., 2001). Polysaccharides 

account for over 90% of the fungal cell wall, containing chitin, glucan and 

galactomannan (Gastebois et al., 2009). One of the most abundant 

polysaccharides in A. fumigatus’ cell wall is β-(1,3)-glucan, accounting for 20-35% 

of the total polysaccharides (Cabib et al., 2001; Latge, 2007). β-(1,3)-glucan is 

synthesized by a glucan synthase complex, which first has been characterized 

biochemically in the budding yeast S. cerevisiae. The glucan synthase complex 

is usually composed of two proteins. The catalytic subunit Fks1p, which is a large 

molecular size (>200 kDa) protein and contains 16 transmembrane domains 

(Douglas et al., 1994; Mazur et al., 1995). A regulatory subunit, Rho1p, belongs 

to the small Rho GTPases family and stimulates β-(1,3)-glucan synthase activity 

in its GTP binding form (Kondoh et al., 1997; Mazur and Baginsky, 1996; Qadota 

et al., 1996). The fact that Fks1p and Rho1p have been shown to be essential in 

yeast and many other fungal organisms (Douglas, 2001) suggests that the 

function of this protein complex is of vital importance for fungal survival, which 

makes these two proteins potential anti-fungal drug targets. Among them, Fks 

homologue proteins are the direct targets of the clinical used echinocandin drugs 

(Tkacz and DiDomenico, 2001). Unfortunately, further drug discovery and indeed 

molecular understanding of the Fks protein is severely limited by the inability to 

produce this large membrane protein in an overexpression system. 

In A. fumigatus, the glucan synthase complex has also been investigated, the 

putative AfFks1p and AfRho1 were shown to co-localize with newly synthesized 

β-(1,3)-glucans (Beauvais et al., 2001). Furthermore, these two proteins are co-
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purified by product entrapment purification (Beauvais et al., 2001). However, 

recent construction of an fks1 gene knockout mutant suggests that in A. 

fumigatus fks1 is not essential (Dichtl et al., 2015). This could also explain the 

only fungistatic rather than fungicidal effects of echinocandins drugs on A. 

fumigatus (Chen et al., 2011). Intriguingly, AfRho1 does appear to be essential 

in A. fumigatus, as upon knockdown of this gene the A. fumigatus cells will display 

a cell lysis and subsequent death phenotype (Dichtl et al., 2012). Thus, inhibitors 

of this enzyme could have therapeutic potential.  

AfRho1 belongs to the Rho GTPases family, which are intracellular signalling 

molecules that regulate many cellular events in eukaryotic organisms, including 

gene transcription (Marinissen et al., 2001), cell proliferation (Provenzano and 

Keely, 2011), migration (Ridley, 2015) and cell division (Chircop, 2014). Due to 

the link between abnormal Rho GTPases activities and human cancers, there 

has been considerable interest in identifying good Rho GTPases inhibitors. 

However, Rho GTPases are considered difficult to target due to the globular 

structure and with limited druggable hydrophobic pockets (Hopkins and Groom, 

2002, 2003; Verdine and Walensky, 2007). To target challenging proteins, 

fragment-based drug discovery has been used to effectively identify hits that can 

be developed into potent inhibitors by structure-based ligand design (Hajduk et 

al., 1997; Harner et al., 2013).  

In this research, I aimed to apply X-ray crystallography and fragment-based small 

molecule screening by BLI (Biolayer interferometry) to investigate the 

ligandability of AfRho1. Using X-ray crystallography, the structure of AfRho1 was 

solved and a complex structure with one of the hit fragments was obtained. The 

complex structure showed that this fragment molecule bound to AfRho1 in a 2:1 

ratio, and the fragment binding pocket is conserved with the human orthologue 
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protein HsRhoA. Structure analysis shows that the pocket is located at the 

previously validated interaction interface between HsRhoA and its GEF (Guanine 

nucleotide exchange factor) protein LARG. The hit fragment was found to 

interrupt the protein-protein interactions of HsRhoA and AfRho1 to their 

corresponding GEF proteins. Therefore, I have identified a lead molecule that 

could be used to develop inhibitors against AfRho1 and HsRhoA by inhibiting the 

corresponding GEF proteins mediated nucleotide exchanges. 
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2.2 Materials and Methods 

2.2.1 Protein expression and purification 

The C-terminal eight amino acids truncated AfRho1 (residues 1- 181) was cloned 

into the expression vector pGEX6P1 (GE Healthcare) using restriction enzyme 

BamI and NotI, and primers AfRho1_fwd and AfRho1_rev (Table 2.1).  

 

Table 2.1: The primers used to clone the AfRho1 and AfRom2 CNH domain expression 
construct. 

Primer Sequence (5’ to 3’) 

AfRho1_fwd CTGGGATCCATGGCTGAATCCGCCGCAAGC 

AfRho1_rev GATGCGGCCGCTCATCAGTGGGTCTTGGTCAAGAGAGCAG 

Hm2CT1_F CAGTCTGGATTTCTGGAACAAAGTAACAACAACAACAATGAGCGGCC  

Hm2CT1_R GGCCGCTCATTGTTGTTGTTGTTACTTGTTCCAGAAATCCAGACTG 

 

A F25N mutation was introduced for protein stability as described previously 

(Rose et al., 2005; Yamashita et al., 2010). The molecular cloning of the 

expression plasmid was done by Dr. Andrew Ferenbach from the DVA lab. The 

expression construct was transformed into E. coli BL21 (non DE3) cells. When 

cells grew to an OD600 of 0.8 at 37 °C, 250 μM IPTG is added for induction at 

25 °C for 16 h. Cells were harvested by centrifugation at 4000 rpm at 4 °C for 30 

min in a J6-MI centrifuge (Beckman Coulter), and suspended in TBD buffer with 

0.5 mM TCEP, 5 mM MgCl2 ,50 μM GDP plus a protease inhibitor cocktail (1 mM 

benzamidine, 0.2 mM PMSF, 5 μM leupeptin). Cells were lysed using pressure 

homogenization with an Emulsiflex (15,000 kilopascals Avestin; Ottawa, Canada). 

Supernatant and inclusion body were separated by centrifugation at 16,000 rpm 

for 1 h using an Avanti J26S centrifuge (Beckman Coulter). The soluble fraction 

was filtered before exposing to 2 ml of glutathione-Sepharose beads 4B (GE 

healthcare) for 2 h at 4 °C. The GST tag was cleaved from the beads by 
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incubating with 200 μg of PreScission protease at 4 °C overnight. AfRho1 was 

concentrated to 2 ml and loaded onto a size-exclusion column (Superdex-75 GE 

healthcare) using an AKTA prime FPLC system (GE healthcare). Fractions were 

collected and purity was checked by SDS/PAGE. Pure protein was concentrated 

to 2 ml before snap freezing and storing at -80 °C. HsRhoA was expressed and 

purified according to the previous publications (Wei et al., 1997). The DH-PH 

domains of AfRom2 (residues 483- 858) was cloned into the expression vector 

pGEX6P1 (GE Healthcare). The expression construct was transformed into E. 

coli BL21 (non DE3) cells. When cells grew to an OD600 of 0.8 at 37 °C, 250 μM 

IPTG is added for induction at 25 °C for 16 h. Cells were harvested by 

centrifugation and suspended in TBD buffer with 0.5 mM TCEP. Cells were lysed 

using pressure homogenization with an Emulsiflex (15,000 kilopascals Avestin; 

Ottawa, Canada). Supernatant and inclusion body were separated by 

centrifugation at 42,000 g for 1 h using an Avanti J26S centrifuge (Beckman 

Coulter). The soluble fraction was filtered before exposing to 2 ml of glutathione-

Sepharose beads 4B (GE healthcare) for 2 h at 4 °C. The GST tag was cleaved 

from the beads by incubating with 200 μg of PreScission protease at 4 °C 

overnight. The AfRom2 DH-PH domain was concentrated to 2 ml and loaded onto 

a size-exclusion column (Superdex-75 GE healthcare) using and AKTA prime 

FPLC system (GE healthcare). Fractions were collected and purity was checked 

by SDS/PAGE. Pure protein was concentrated to 0.5 ml before snap freezing and 

storing at -80 °C. The DH-PH domain of LARG was expressed and purified 

according to the previous publication (Kristelly, 2004). 

2.2.2 AfRho1 Crystallization and date collection 

The purified AfRho1 protein was concentrated to 20 mg/ml using a 10 kD cut-off 

concentrator (Millipore). A mosquito crystal liquid handling robot (TTP Labtech) 
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was used to set up sitting drop crystal screens by combining 0.2 μl protein 

solutions with 0.2 μl commercially available crystallization buffer in 96 well MRC 

plates. Separate rod crystals of approximately 0.4 × 0.4 × 0.8 mm in size were 

obtained at 12 °C in a condition containing 37.1% w/v PEG 5000 MME, 150 mM 

Tris pH 8.0, 40 mM magnesium sulfate. Crystals were flash-frozen directly in the 

liquid nitrogen before data collection. X-ray diffraction data were collected on 

beamline i04-1 at the Diamond Synchrotron, Oxford, UK (Table 2.2). Data were 

auto processed in Diamond using xia2 (Winter et al., 2013). The crystals 

belonged to the space group P43 with unit-cell parameters of a = 53.8 Å, b = 53.8 

Å, c = 62.7 Å, α = β = γ = 90°, with one molecule in the asymmetric unit. For 

soaking the crystal with the fragment hits, the selected fragments were dissolved 

into the crystallization condition with 50 mM concentration to make the soaking 

solution. Individual AfRho1 crystals were picked and soaked into the soaking 

solution overnight and flash-frozen directly in the liquid nitrogen before data 

collection. 

2.2.3 Structure determination 

The structure was solved by molecular replacement using MOLREP (2008; 

Cowtan et al., 2011) with the HsRhoA*GDP structure (PDB ID 1FTN) (Wei et al., 

1997) as the search model. The Molecular replacement was followed by iterative 

cycles of manual model building in COOT (Emsley and Cowtan, 2004) and 

structure refinement by REFMAC5 (Murshudov et al., 2011; Nicholls et al., 2012). 

Unless otherwise noted, figures were generated using Pymol (DeLano, 2004). 

The refined model statistics are shown in Table 2.2.  

2.2.4 Fragment screening by biolayer interferometry (BLI) 

AfRho1 was biotinylated by incubation with NHS-PEG4-biotin (Thermo) in a 1:1 

molar ratio for 30 min at room temperature. Excess biotin was removed by 
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passing through a 2 ml Zeba desalt spin column (Thermo). Biolayer 

interferometry (BLI) measurements were carried out on an Octet RED 384 

instrument (ForteBio). AfRho1 was immobilized onto superstreptavidin (SSA) 

biosensors by incubation for 900 s at 50 μg ml-1, then free streptavidin sites were 

blocked by a 60 s dip into 10 μg ml-1 biocytin (Tocris). A Maybridge RO3 fragment 

library composed of 1000 molecules was used for the screen, at a concentration 

of 200 μM. For hits confirmation, a control set of (SSA) biosensors was prepared 

in parallel by blocking the surface with biocytin. A five-point concentration series 

was prepared for each fragment in threefold dilution steps from a top 

concentration of 500 μM. For each set of biosensors, a 60 s association step and 

a 60 s dissociation step was used. Data were processed and analysed and Kd 

values were determined using the global fitting procedures as implemented in 

ForteBio Data Analysis Software v.7.0.1.5. 

2.2.5 Testing the protein-protein interaction between AfRho1/HsRhoA with 

their corresponding GEFs using BLI 

AfRho1 and HsRhoA were biotinylated by incubation with NHS-PEG4-biotin 

(Thermo) in a 1:1 molar ratio for 30 min at room temperature. Excess biotin was 

removed by passing through a 2 ml Zeba desalt spin column (Thermo). Biolayer 

interferometry (BLI) measurements were carried out on an Octet RED 384 

instrument (ForteBio). AfRho1 and HsRhoA were immobilized onto 

superstreptavidin (SSA) biosensors by incubation for 900 s at 50 μg ml-1, then 

free streptavidin sites were blocked by a 60 s dip into 10 μg ml-1 biocytin (Tocris). 

The DH-PH domains of the AfRho1 GEF protein AfRom2 and the human RhoA 

GEF protein LARG were tested for the binding at five-point concentration series 

in threefold dilution steps from a top concentration of 25 μM. A control set of (SSA) 

biosensors was prepared in parallel by blocking the surface with biocytin. For 
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each set of biosensors, a 60 s association step and a 60 s dissociation step. For 

testing the inhibition of the fragment hit compound DDD01511162, 1 mM 

compound was pre-incubated with AfRho1/HsRhoA before the binding test for 1 

h in the room temperature. Data were processed and analysed and Kd values 

were determined using the global fitting procedures as implemented in ForteBio 

Data Analysis Software v.7.0.1.5.  

2.2.6 Testing GEF-mediated AfRho1/HsRhoA activation using mant-GDP 

Mant-GDP and GDP were purchased from Jena Biosciences. The measurements 

were carried out on a SpectraMax i3x spectrometer from Molecular Devices at 

37 °C. The nucleotide exchange of AfRho1/HsRhoA was measured over time as 

the increase in fluorescence intensity at (λex 360 nm; λem 444 nm) of mant-GDP. 

Mant-GDP (1 μM) was incubated with AfRho1/HsRhoA (0.5 μM) in buffer 

containing 25 mM HEPES, pH 7.5, 150 mM NaCl, and 25 mM MgCl2. The 

samples were measured in a cycle of 1 min for 1 s, for an in total time period 40 

min. Exponential fitting of the RFU to the time period was done with PRISM 6. To 

test the GEF activity, AfRho1/HsRhoA (0.5 μM) were pre-incubated with mant-

GDP (1 μM) and with or without the hit fragment DDD01511162 at 37 °C in the 

reaction buffer for 30 min. Then the DH-PH domains of AfRom2 and LARG were 

added respectively to a final concentration of 200 nM, and GDP 100 μM, then 

incubated for the indicated time periods. The samples were measured in a cycle 

of 1 min for 1 s, for an in total time period 40 min. Exponential fitting of the RFU 

to the time period was done with PRISM 6. Each experiment was repeated three 

times.  
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2.3 Results  

2.3.1 AfRho1 structure reveals potential exploitable differences with its 

human orthologue  

To crystallize and solve the structure of AfRho1, I first tried to express and purified 

the full length AfRho1 protein. Recombinant full length AfRho1 protein was 

expressed and purified by using the affinity tag GST and gel filtration 

chromatography (Fig 2.1A). The purified protein was concentrated to 10 mg/ml 

and used to set up crystallization trials in the presence of 2 mM Mg2+ and 1 mM 

GDP. After 2 days, there crystals appeared from conditions which contain 5 mM 

phosphate (Fig 2.1B). The crystals were sent for X-ray diffraction which showed 

as salt diffraction pattern, the spots are sporadic and mostly at the high resolution 

level (Fig 2.1C). 

 

Figure 2.1: Purification and crystallization of AfRho1 full length 

(A) SDS-PAGE gel of purified AfRho1 protein. The left lane contains molecular-mass markers. 

(B) Crystals appeared from crystallization conditions that include 5 mM phosphate. (C) X-ray 

diffraction pattern the crystal.  

 

In order to crystallize AfRho1, I made truncations of the C-terminal flexible loop 

region according to the structure of the human orthologue protein HsRhoA (PDB: 

1FTN). AfRho1 protein (residues 1-181) with a F25N mutation to increase stability 

(Yamashita et al., 2010), was successfully overexpressed and purified from 
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Escherichia coli (Fig. 2.2AB). The concentrated AfRho1 protein was used to set 

up crystallization trays in the presence of the cofactor magnesium and GDP (Fig. 

2.2C). The AfRho1 protein crystals were obtained with diffraction data extending 

to 1.42 Å resolution (Fig. 2.2D) (Structural statistics are listed in Table 2.2).  

 

 

Figure 2.2: Purification and crystallization of AfRho1 (C-terminal truncation)	

(A) Superdex 75 gel-filtration column chromatogram showing a peak at an apparent molecular 

mass of ∼20 kDa, corresponding to the molecular mass of AfRho1 (21 kDa). (B) SDS-PAGE gel 

of purified AfRho1 protein. The left lane contains molecular-mass markers. (C) Protein crystals of 

AfRho1 appeared in sitting drop tray contains 37.1% PEG5000 MME, 150 Mm TRIS, pH 8.0 and 

40 mM magnesium sulphate. (D) X-ray diffraction pattern of AfRho1 crystal, the image was 

collected from the Diamond synchrotron, resolution range set to 1.4 Å.  
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Table 2.2: X-ray crystallographic data collection and refinement statistics of AfRho1 and 

the fragment complex 

Data                                                  Rho1(GDP)                     Rho1(GDP, DDD01511162) 

Resolution range (Å)*                         100- 1.42                                   100- 1.37 

Space group                                               P43                                        P43   

Unit cell (Å)                                            53.8  53.8  62.7                        55.2  55.2  60.5 

                                                                 90    90   90                             90    90   90 

  Observed reflections                              140126 (7474)                          131577 (5366) 

Completeness (%)                                  99.0 (96.8)                                97.8 (84.6) 

Multiplicity                                               4.1 (2.2)                                    3.5(1.9) 

Mean I/σ(I)                                              18.8 (1.6)                                  16.1 (1.7) 

R-merge (%)                                           3.6 (50.5)                                   4.2 (52.8) 

Refinement                                          

  R-factor                                                   0.17                                           0.16 

R-free (5%)                                             0.19                                            0.19 

Protein residues                                      177                                             177 

Solvent molecules                                   113                                             149 

RMSD (bonds, Å)                                    0.02                                            0.02 

RMSD (angles, °)                                    2.30                                            2.56 

Ramachandran favoured (%)                  96.02                                          96.07 

Ramachandran allowed (%)                    3.98                                            3.93 

Ramachandran disallowed (%)                0                                                   0 
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Phases were determined by molecular replacement using the crystal structure 

model of HsRhoA (PDB ID: 1FTN) (Wei et al., 1997). The overall structure of 

AfRho1 has a typical Rho GTPase fold, which consists of six core β-sheets and 

surrounded by α-helices (Fig. 2.3A). Similar to the solved structure of HsRhoA, 

the AfRho1 structure is consisting of the Rho GTPases conserved switch I 

(residues 28-39), switch II (residues 59-78) regions and the three-turn insertion 

helix (residues 124-134) (Fig. 2.3A). The switch I and switch II regions will 

undergo large conformational changes when Rho GTPase changes from the 

GDP to GTP binding state and that will lead to Rho GTPase having different 

protein binding properties (Wei et al., 1997). The insertion helix is another 

characteristic structure feature of Rho family GTPases, it has no conformational 

changes when compared the GDP and GTP binding state (Wei et al., 1997). 

However, there is report about the involvement of this insertion helix region in 

HsRhoA for interaction and activation of the RhoA downstream kinases (Zong et 

al., 2001). GDP and the cofactor magnesium were clearly visible in the unbiased 

Fo-Fc electron density maps calculated from the molecular replacement solution 

(Fig. 2.3B). The GDP molecule sits in a positively charged pocket, which contains 

charged residues Lys18, Asp120 and Arg162 which are interacting with β 

phosphate and nucleotide ribose from GDP. The co-factor magnesium is 

stabilized by interacting with polar residues Thr19 and Thr60 (Fig. 2.3B). 
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Figure 2.3: General structure of AfRho1*GDP.	

(A) Cartoon diagram of AfRho1 crystal structure bound with GDP and the co factor Mg2+. The 

signature domains are highlighted with different colours (Switch I yellow; Switch II gold; insertion 

helix yellow). (B) Electron density of GDP and Mg2+ and their interactions with related molecules. 

The Fo-Fc map is contoured at 1.5 σ. 

 

The AfRho1 and HsRhoA have very high sequence identity which is 75% (Fig. 

2.4A). The switch I and switch II regions are highly identical in these two proteins 

(Fig. 2.4A). However, the insertion helix region is shown to be not conserved. (Fig. 

2.3A). In HsRhoA, the insertion helix contains several positively charged residues, 

including Arg128, Arg129, Lys133 and Lys135 (Fig. 2.4A) which might mediate 

association to the cell membrane or bind to specific effector proteins. Instead, 

those residues are Ile128, Glu129, Lys133 and Ser135 in AfRho1, suggesting 

different binding properties. The structural differences between these two 

orthologue proteins are also investigated. The AfRho1 structure superimposes 
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well with HsRhoA (GDP bound) (PDB ID: 1FTN) with an overall R.M.S.D. of 0.31 

Å (Fig. 2.4B). However, two loop regions in AfRho1 have significant shifts when 

superimposed with HsRhoA. Loop 1 (47-51) links β sheets β2 and β3 (R.M.S.D 

=1.2 Å), and loop 2 (62-64) is part of the switch II region (R.M.S.D. =2.4 Å) (Fig. 

2.4B). The structural differences between AfRho1 and HsRhoA in these two loop 

regions maybe enough to cause these two proteins to have different binding 

properties. The active site of Rho GTPase which is the GDP/GTP binding pocket, 

was also compared between AfRho1 and HsRhoA. From the investigation of 

surface conservation, I found the GDP binding active site is also highly conserved 

between AfRho1 and HsRhoA (Fig 2.4C). The above observations further 

confirmed that the GTP/GDP binding pocket is very conserved among Rho 

GTPase family proteins, and to develop a selective substrate analogue inhibitor 

would be very difficult to achieve.  
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Figure 2.4:	Sequence and structural differences between AfRho1 and HsRhoA. 	

(A) Sequence alignment of AfRho1 and HsRhoA. (B) Superimposed cartoon structure of AfRho1 

(Red) and HsRhoA (Blue). (C) Surface conservation between AfRho1 and HsRhoA. Deep blue 

as identical, light blue as conserved, grey as non-conserved. 

 

2.3.2 Fragment screening identifies potential micromolar AfRho1 binders 

Fragment screen has provided a starting point to develop a number of chemical 

inhibitors for difficult targets like Bcl2 and H-Ras that were considered as 

“undruggable” in the past (Ostrem et al., 2013; Petros et al., 2014). It also 

provides an excellent strategy for identifying and exploiting allosteric binding 
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pockets and inhibitors (Scott et al., 2012). Here, I have applied FBDD strategy in 

order to investigate the ligandability of AfRho1. A Maybridge RO3 fragment library 

consisting of in total 1,000 fragment compounds was used to screen against 

AfRho1 by using BLI (Biolayer interferometry). Initial data analysis suggested that 

44 compounds demonstrated responses to AfRho1 (Fig 2.5), but only four of 

them were confirmed by three folds dilutions with top concentrations from 500 

μM, and the calculated Kd is around the micromolar range (Table 2.3). 

Interestingly, three out of the four hit molecules I found possessed a similar five 

membered ring core structure, which suggests these three molecules may be 

bound to AfRho1 at the same pocket (Table 2.3). Thus, by using fragment 

screening, I have identified several potential fragment ligands to AfRho1 with the 

binding affinity in the micromolar range. 
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Figure 2.5: Primary screen hits of AfRho1 using BLI.	

44 out of 1000 fragment compounds from the Maybridge library were identified as the hit 

molecules bound to AfRho1. The Green blots represent the background signals of the Maybridge 

fragment library compounds bound to AfRho1. The Red blots represent fragment compounds 

from the Maybridge library gave significant signals when bound to AfRho1. 
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Table 2.3: Compound structures from the fragment screening 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

2.3.3 A complex structure of AfRho1 with fragment DDD01511162 reveals 

the binding mode at the atomic level 

To understand binding mode of AfRho1 bound to the hit fragments, I attempted 

to use X-ray crystallography to solve the structure of AfRho1 in complex with one 
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of the fragments. After iterative efforts to soak the AfRho1 crystals with the 

fragment screen hit compounds and collect multiple X-ray diffraction data sets 

from the synchrotron, I succeeded in obtaining the structure of AfRho1 in complex 

with the fragment hit (DDD01511162) at 1.4 Å resolution (Structural statistics are 

listed in Table 2.3). And since I couldn’t get the complex structures of AfRho1 

with other fragment hits I found from the BLI screen, these fragments are not 

further investigated and discussed in this thesis. 

The chemical structure of the fragment hit DDD01511162 is composed of a core 

isoxazole ring, with two methyl side chains at position 3 and position 5, and an 

amine group at position 5 (Fig 2.6A). In the complex structure, the fragment 

DDD01511162 was clearly visible in the unbiased Fo-Fc electron density map 

calculated from the molecular replacement solution using the solved AfRho1 

structure as a model. Since the fragment DDD01511162 is a chiral molecule that 

has a symmetric structure (Fig 2.6A), and the electron density between the Nring 

and Oring atoms are quite similar, it would be difficult to judge the orientation of 

the fragment based on the signal of the electron density map. However, the Oring
 

atom is more electron negative and is more favourable for forming hydrogen 

bonds with water molecules than the Nring atom, therefore I was using that 

properties to determine the orientation of the fragment DDD01511162 in the 

electron density map. From the complex structure, we can see the fragment 

DDD01511162 bound to the surface pocket of AfRho1 in a 2:1 molar ratio (Fig 

2.6B). The binding pocket is located between the switch I and switch II regions, 

and it’s away from the GDP binding pocket (Fig 2.6B). 

To distinguish the binding of two identical fragments, I named the fragment that 

sits in the deep pocket as fragment-1, and the fragment that sits in the outer 

pocket as fragment-2 (Fig. 2.6B). The two fragments are bound adjacent to each 
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other, the distance between the fragment-1 position 4 amine group is only 4 Å 

away from the fragment-2 position 5 methyl group (Fig 2.6C). Binding of the 

fragment won’t induce any significant conformational changes when compared to 

the native GDP bound state of AfRho1 (Fig 2.6B), the overall R.M.S.D. is only 0.4 

Å. However, there are two residue side chains in the fragment binding pocket that 

shifted significantly after the binding (Fig 2.6C). The Glu40 residue shifted from 

its original position towards the fragment binding pocket after the binding, and the 

Asn41 residue that originally occupied the binding pocket, shifted away from its 

original position to create space for the fragment-2 binding (Fig 2.6C). 

The complex structure also reveals the key residues and water molecules in the 

AfRho1 structure that contribute to the binding of the fragment in great details. 

For fragment-1, the Oring
 atom in position 1 is forming the hydrogen bond 

interaction with water1, and water1 is also coordinated with the carboxyl group in 

Tyr66. The Nring
 atom in position 2 is forming the hydrogen bond with the carboxyl 

group of the protein residue Leu69. The amine group in position 4 as a hydrogen 

donor are forming the hydrogen bonds with both the side chain of Glu40 residue 

and with water2, and water2 is also forming hydrogen bonds with the side chains 

of Glu40 and Tyr66.  

The fragment-2 is inserted between Asn41 and Trp58, and the isoxazole ring of 

the fragment-2 is forming the π–π stacking interaction with the aromatic side 

chain of Trp58. The Oring
 atom in position 1 from fragment-2 is both forming the 

hydrogen bond with water4, and coordinating the binding to Asn41 and Trp58 by 

forming hydrogen bonds. The amine group in position 4 is forming hydrogen 

bonds with the side chain of Glu40 and water3, water3 is also coordinating with 

the carboxyl group of Asp59 through hydrogen bond (Fig. 2.6C). 
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Figure 2.6: Chemical structure of the fragment hit DDD01511162 and the complex structure 
it bound to AfRho1	

(A) The chemical structure of the fragment hit DDD01511162  

(B) Cartoon representation of AfRho1 in complex with DDD01511162 (green) and superimposed 

with the AfRho1 structure in the native GDP binding state (wheat).  
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(C) The crystal structure of AfRho1 in complex with DDD01511162 (gray). The interaction 

residues to the fragment are shown as sticks (cyan). The AfRho1 structure in the native GDP 

binding state is superimposed to the complex (red). The Fo-Fc map is contoured at 1.5 σ. 

The starting coordinates and topologies for the fragment DDD01511162 were generated by 

PRODRG (Schuttelkopf and van Aalten, 2004). 

 

The above observations suggest that the side chain of the Glu40 residue is very 

important for the fragment bound to AfRho1, since it is directly forming hydrogen 

bonds with the position 4 amine groups from both fragment-1 and fragment-2 (Fig. 

2.6C). To validate the importance of Glu40 for the fragment binding to AfRho1, 

an AfRho1 Glu40Ala mutant was made by side directed mutagenesis. By the BLI 

measurement, it was apparent that the Glu40Ala mutant protein shows no binding 

to the fragment (Fig 2.7), which confirmed the importance of the Glu40 residue 

contributes to the fragment binding. 

The aromatic side chain of the Trp58 residue is forming the π–π stacking 

interaction with the isoxazole ring of the fragment-2 (Fig. 2.6C). To validate the 

importance of this residue, a Trp58Ala mutant was also made. For the BLI binding 

test, the mutant protein was still binding to the fragment, but with the binding 

affinity decreased from 300 μM to 400 μM, which suggests the aromatic side 

chain of the Trp58 residue may be only important for the binding of fragment-2, 

but won’t affect the binding of fragment-1 (Fig 2.7). To conclude, the complex 

structure of AfRho1 with the fragment hit DDD01511162 reveals the detailed 

binding mode at the atomic level. 



	 54	

 

Figure 2.7: Biolayer interferometry (BLI) to test binding of the fragment DDD01511162 to 
AfRho1 and W58A, E40A mutants. 	

Binding profiles obtained and kinetic parameters calculated for interactions between 

DDD01511162 to AfRho1 and the W58A, E40A mutants. Concentration series were started from 

a top concentration 1000 μM. Left hand panels: binding profiles and global curve fitting from which 

the kinetic parameters were calculated. The five coloured lines represent 3-fold dilutions from 

1000 μM (control, blue base line). The abnormal decrease of the blue base line in AfRho1 W58A 

represents the sensor failure. Right-hand panels: steady-state binding response from which the 

steady state Kd was calculated.  

 

2.3.4 The fragment binding pocket is conserved in HsRhoA and located at 

the Rho/Rho GEF interaction interface 

By mapping all the identical residues between AfRho1 and the human orthologue 

protein HsRhoA on the surface of the AfRho1 structure, I found the fragment 

binding pocket exists and is identical in the HsRhoA protein (Fig. 2.8A). Therefore, 

I used BLI to test the binding of HsRhoA to the fragment DDD01511162, revealing 
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that the fragment bound to HsRhoA with the binding affinity (Kd =500 μM) (Fig. 

2.8B). These results suggest that, the fragment DDD01511162 also bound to 

HsRhoA and probably with a similar binding mode as we observed in the AfRho1 

fragment complex structure. 
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Figure 2.8: Surface comparison between AfRho1 and HsRhoA, and the BLI binding 
graphs of HsRhoA to the fragment hit DDD01511162 

(A) Surface diagram of AfRho1 crystal structure bound with ligand GDP and DDD01511162, the 

identical residues between AfRho1 and HsRhoA are shown as red. The fragment hit 

DDD01511162 was shown as stick model.  

(B) BLI Binding profiles obtained and kinetic parameters calculated for interactions between 

DDD01511162 to HsRhoA. Concentration series of the fragments was started from a top 

concentration 1000 μM. The five coloured lines represent 3-fold dilutions from the top 

concentration (control, blue base line). Left- hand panels: binding profiles and global curve fitting 

from which the kinetic parameters were calculated. Right-hand panels: steady-state binding 

response from which the steady state Kd was calculated. 

 

The structure of AfRho1 in complex with the fragment DDD01511162 shows that 

the fragment binding pocket is distant from the GDP binding cleft (Fig 2.8A), but 

due to the versatile cellular functions of Rho GTPases, this pocket may be 

important for certain protein-protein interactions.  



	 57	

The structural biology of HsRhoA with its interaction protein partners has already 

been well studied, and the fragment binding pocket was identical in the HsRhoA 

(Fig. 2.8A). I therefore, searched all the structures of HsRhoA in complexes with 

other effector or regulator proteins in the PDB. In the complex structure of 

HsRhoA with its GEF (guanine nucleotide exchange factor) protein LARG (PDB: 

1X86), I found that the fragment binding pocket I identified is right at the 

interaction interface between HsRhoA and the DH (Dbl homology) domain of 

LARG (Fig 2.9A).  

The DH an PH (pleckstrin homology) domains are the GEF catalytic domains of 

the HsRhoA GEF protein LARG. From previous research and the solved complex 

structure (PDB: 1X86) (Kristelly et al., 2004), the DH and PH domains were both 

shown to interact with HsRhoA (Fig 2.9A), and required for full in vitro GEF 

catalytic activity (Kristelly et al., 2004). When LARG DH-PH domains bound to 

HsRhoA in the native GDP binding state, they will induce conformational changes 

in HsRhoA by pushing the switch I and switch II regions away from the GDP 

binding pocket, that will lead to the release of GDP from the HsRhoA active site 

and then facilitate the nucleotide exchange (Fig 2.9B) (Kristelly et al., 2004).  

The fragment hit DDD01511162 was superimposed into the conserved fragment 

binding pocket in HsRhoA when it is bound to LARG. I found the fragment binding 

pocket was located at the protein-protein interaction interface between HsRhoA 

and the DH domain of LARG (Fig 2.9C). In the HsRhoA and LARG DH domain 

complex structure (PDB: 1X86), the conserved Trp58 residue in HsRhoA which 

is forming the π–π stacking interaction with fragment-2 was completely buried in 

the LARG DH domain interface and directly interacts with the Asp928 residue in 

LARG (Fig 2.9C). Recently published research also highlights the importance of 

the HsRhoA Trp58 residue for interacting with the GEF protein DH domain 
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(Diviani et al., 2016). The HsRhoA Trp58Ala mutant abolished protein-protein 

interaction with the DH domain from another HsRhoA GEF protein Lbc in an in 

vitro pull-down experiment (Diviani et al., 2016). The fragment-1 sits in the 

protein-protein interaction interface where the Gln935 residue from LARG DH 

domain interacts with the HsRhoA Glu40 residue, and pushes it away from its 

original position in the HsRhoA native GDP binding state, the shift of the Glu40 

is part of the conformational changes in the switch I region when bound to the 

GEF (Kristelly et al., 2004) (Fig 2.9C). Therefore, the binding of fragment 1 in this 

position could potentially interfere with this interaction. 

The above observations suggest the fragment binding pocket I found in AfRho1 

and is identical in HsRhoA, is involved in the protein-protein interaction between 

HsRhoA with its up-stream GEF proteins. Based on that, I am hypothesizing the 

fragment hit DDD01511162 when bound to AfRho1 and HsRhoA, can potentially 

inhibit GEFs mediated nucleotide exchange of these two proteins. 
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Figure 2.9:	Structures of HsRhoA in complex with LARG and superimposed with the 
fragment DDD01511162 

(A) Cartoon representation to show the DH-PH domains (magenta) of LARG binding to HsRhoA 

(yellow) (PDB: 1X86). 

(B) Cartoon representation to show the superimposed structures of native GDP bound HsRhoA 

(red) and HsRhoA after binding with LARG (yellow). 

(C) Cartoon representation to show that the conserved fragment binding pocket in AfRho1 and 

HsRhoA is located at the HsRhoA and its GEF protein LARG interaction interface. Native GDP 

bound HsRhoA (red) and DDD01511162 was superimposed to the complex structure of HsRhoA 

(yellow) and LARG (magenta) (PDB: 1X86). 
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2.3.5 Fragment DDD01511162 inhibits the GEF mediated AfRho1/ HsRhoA 

nucleotide exchange 

The biological functions of the DH-PH domains of GEF proteins are to facilitate 

the nucleotide exchange of Rho GTPases. To test whether the fragment hit 

DDD01511162 will inhibit this process, I applied the previously reported Rho 

GTPases mant-GDP assay in my research (Jank et al., 2013). Mant-GDP is a 

fluorescent analogue of GDP, and when bound to Rho GTPases will give a 

fluorescence signal (λex 360 nm; λem 444 nm). However, the GEFs can facilitate 

the nucleotide exchange of mant-GDP in the presence of GDP, which will result 

in the decrease of fluorescence signal. In my research, AfRho1 and HsRhoA 

displayed increased fluorescence signal over time when incubated with mant-

GDP (Fig. 2.10AB), the signals were then decreased when the corresponding 

DH-PH domains of GEF proteins (Rom2 and LARG) and GDP were added (Fig. 

2.10CD). However, in the presence of 250 μm and 500 μM of DDD01511162, the 

GEFs mediated decrease in fluorescence signal was inhibited (Fig. 2.10CD), 

which suggested the GEFs activity was inhibited. These results suggest that 

fragment hit DDD01511162 can inhibit the GEFs mediated nucleotide exchanges 

of AfRho1and HsRhoA. 
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Figure 2.10: mant-GDP assays to measure the nucleotide exchange of AfRho1/HsRhoA in 
the presence of their corresponding GEF proteins (LARG and Rom2), and in the 
presence of the fragment hit DDD01511162 

(A)(B) The fluorescence signals to show AfRho1 and HsRhoA binding to mant-GDP over the 

indicated time period, the control is mant-GDP alone. 

(C)(D) The fluorescence signals to show mant-GDP bound AfRho1 and HsRhoA, after adding 

GDP and GEF proteins (Rom2 and LARG) and in the presence of the fragment hit DDD01511162 

(250 μm and 500 μM). 

 

2.3.6 The fragment-based ligand design 

The fragment hit inhibited GEFs mediated nucleotide exchange of AfRho1 and 

HsRhoA which is important for their activation (Fig. 2.1). The use of this 

compound as a AfRho1/HsRhoA inhibitor in cells is limited by the low binding 

affinity (300- 500 μM). Therefore, it is necessary to design and synthesize a high 

affinity (Kd£ 100 nM) inhibitor from the initial fragment, guided by the complex 

structure of the fragment and protein, and with the help of medicinal chemistry. 

From the complex structure, the fragment DDD01511162 appears to be binding 

to AfRho1 in a 2: 1 molar ratio and the two molecules are in close proximity, the 

distance between the two closest atoms is only 4 Å (fragment-1 position 4 amine 
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group to the fragment-2 position 5 methyl group) (Fig. 2.11A). One obvious 

strategy to develop the initial fragment hit into a high affinity binder is to link the 

two identical fragments together, since that will be thermodynamically more 

favourable for the binding. This fragment linking strategy has already been 

successfully applied in many drug discovery cases. For thrombin inhibitor 

discovery, the linking of two fragments with individual IC50 from 100- 300 µM 

resulted in a compound with an IC50 of 1.4 nM (Howard et al., 2006). And from a 

previous research in Daan van Aalten’s lab, linking two caffeine molecules 

together created a highly potent chitinase inhibitor bisdionin C, which inhibits the 

enzyme activity at sub-micromolar range (Schuttelkopf et al., 2011).  

There are currently two options of linking these two fragments together, based 

on the choice of linkage atoms from the fragment. Option one is to link the two 

fragments according to the orientation of the two fragments I observed from the 

complex structure, which is to link the position 4 amine group from fragment-1 to 

position 3 methyl group from fragment-2 (Fig. 2.11B). Option two provides a more 

direct way to link the two fragments together, which is to link the position 3 methyl 

groups from the two fragments (Fig. 2.11C). 
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Figure 2.11: Strategies for the fragment optimization based on the complex structure.   

(A) The structure of fragment DDD01511162 in complex to AfRho1, represented in COOT. The 

Fo-Fc map is contoured at 1.5 σ. (B), (C) two options to link the bound fragments together based 

on the observed complex structural conformation. 

 

To prioritize which one of the two options is best suited for the next step 

optimization, a number of fragment derivatives were purchased to test the 

structure and activity relationships (SAR). Firstly, two fragment hit derivatives with 

additional methyl groups on either two directions of the methyl side chains from 

the fragment were tested for the binding to AfRho1. Compared to the parental 

compound, these two derivatives didn’t show binding to AfRho1 (Fig. 2.12A). This 

implicates maybe option two is not our best choice, since the extension of the 

methyl side chain from the fragment will abolish the binding to AfRho1. Option 

one was to link through the primer amine group from the fragment. However, I 

need to investigate whether the primer amine group is required for the binding. A 

number of fragment derivatives were purchased with different substitutions of the 

position 4 amine group which including direct deleting, changing it to hydrogen 

bond acceptor -NO2, or by extending it (Fig. 2.12B), none of them showed binding 
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to AfRho1, which suggests for option one, the existence of the position 4 amine 

group from the fragment must be reserved. This hypothesis was further confirmed 

by a fragment derivative which keeps the position 4 amine but with a carbon chain 

extended from it, this compound still showed binding to AfRho1(Fig. 2.12B). To 

conclude, the above SAR study of the fragment derivatives suggest, linking the 

two bound fragments by option one (Fig. 2.12B) is our preferred choice to 

synthesize a highly potent AfRho1/HsRhoA inhibitor based on the fragment hit 

DDD01511162. 

 

Figure 2.12: BLI binding graphs of the fragment hit DDD01511162 and derivatives 
compounds to AfRho1.  

(A) BLI binding graphs of two fragment derivative compounds with extended methyl group on 

position 3 and position 5 to AfRho1, compared to the parental compound. (B) BLI binding graphs 

of fragment derivatives with different substitutions of the position 4 amine groups to AfRho1. 

Concentration series were started from a top concentration 1000 μM. The five coloured lines 

represent 3-fold dilutions from the top concentration (control, blue base line).  
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2.4 Discussion 

Rho1 GTPases in fungi belong to the small Rho family of GTPases and have 

been reported to play essential roles in fungal cell wall biosynthesis and 

organization due to the involvement in the CWI pathway (Dichtl et al., 2016) and 

as the regulatory subunit to the glucan synthase complex (Drgonova et al., 1996; 

Mazur and Baginsky, 1996). Therefore, Rho1 GTPases could be considered as 

potential anti-fungal targets to treat pathogenic fungal infections. However, Rho1 

GTPases in fungi also have a close human orthologue HsRhoA, and share over 

70% sequence identity. HsRhoA is a major molecular switch in human cells, 

which has been implicated to involve in many cellular events, such as gene 

transcription (Marinissen et al., 2001), cell proliferation (Provenzano and Keely, 

2011), migration (Ridley, 2015) and cell division (Chircop, 2014). And over 

activation of HsRhoA has been reported to induce several human cancers 

(Bellizzi et al., 2008; Faried et al., 2007). Therefore, HsRhoA has been suggested 

as an anticancer target. However, due to the globular structure and with limited 

surface pockets that are suitable for small molecule binding (Wei et al., 1997), 

Rho family GTPases are usually considered as difficult targets for inhibitor 

development. Drug development based on small molecule fragment is now a 

widely-used technology both in industry and academia to generate initial hit 

compounds that bind to interesting targets. Fragment library which is composed 

of small molecules is an advantage to effectively identify initial binding hits, which 

could be optimized into leads or even drugs based on structure-activity 

relationship (SAR) (Hajduk et al., 1997; Harner et al., 2013). 

In this research, I have expressed and purified a genetically validated essential 

protein AfRho1 from the pathogenic fungus A. fumigatus (Fig. 2.2). Using X- ray 

crystallography, I have solved a high-resolution protein structure of AfRho1 (1.4 
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Å) in complex with the ligand GDP and the cofactor magnesium (Fig. 2.2). The 

structure of AfRho1 is highly identical to the human orthologue protein HsRhoA 

in the same GDP binding state (Fig. 2.3B). There two loop regions and the 

insertion helix regions were found not conserved between AfRho1 and HsRhoA 

may imply the functional differences between AfRho1 and HsRhoA in two entirely 

different eukaryotic organisms (A. fumigatus and H. sapiens). However, it has 

never been addressed before, whether HsRhoA can replace the cellular functions 

of AfRho1 in A. fumigatus especially in the cell wall synthesis process.  

To answer that, one should first investigate whether overexpression of HsRhoA 

in the AfRho1 knockdown mutant can rescue the phenotype. In the previous 

research in A. fumigatus, it was shown that AfRho1 co-precipitated with Fks1 

(catalytic subunit of glucan synthase) in a product entrapment experiment 

(Beauvais et al., 2001). And in the research of the Rho1 glucan synthase complex 

in C. albicans, in vitro glucan synthesis reaction was reconstituted by separating 

the glucan synthase enzyme from the cell membrane, and the enzyme activity 

was shown to be increased when adding the GTP bound CaRho1 (Kondoh et al., 

1997). It would be very interesting to test using the above-mentioned methods, 

whether HsRhoA can also interact or activate the glucan synthase from A. 

fumigatus. Based on the result from that, we can form hypothesis whether the 

different structure regions I observed between AfRho1 and HsRhoA are playing 

functions in the glucan synthesis process, and by making mutants on those 

regions will test that hypothesis. The continuing research to reveal how AfRho1 

is regulating glucan synthase at the atomic level, will certainly help to provide new 

thoughts for anti-fungal development. And the high-resolution structure of AfRho1 

I solved in this research is definitely making a big step forward towards that end. 
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The enzyme active site is always the focus of research for inhibitor design and 

discovery. The AfRho1 active site is the GDP and magnesium binding pocket 

which is highly conserved with the human orthologue protein HsRhoA (Fig. 2.4C), 

thus to design and develop a selective substrate analogue inhibitor to target this 

area is very difficult to achieve. Therefore, the fragment screen approach was 

applied to identify small molecular weight binders to AfRho1. A 1,000 Maybridge 

fragments library was used to screen against AfRho1 by BLI (Biolayer 

interferometry), and 4 fragment hits were dentified to bind to AfRho1 with 

micromolar binding affinity (Table 2.3). A complex structure of AfRho1 with one 

of the hit fragments DDD01511162 was successfully obtained by crystal soaking 

and X-ray crystallography (Fig. 2.6AB). The binding mode of the fragment hit to 

the target protein was studied at the atomic level (Fig. 2.6C). 

To address the binding selectivity of the fragment DDD01511162, the fragment 

binding pocket of AfRho1 was compared with HsRhoA, and it was found to be 

identical (Fig. 2.7A). The binding of fragment DDD01511162 to HsRhoA was 

subsequently confirmed by the BLI binding test, with a binding affinity of Kd =500 

μM (Fig. 2.7B). This conserved fragment binding pocket was also found to locate 

at the protein-protein interaction interface between HsRhoA and the DH (Dbl 

homology) domain of its GEF (guanine nucleotide exchange factor) regulator 

LARG (Kristelly et al., 2004).  

GEF proteins are the direct up-stream activators of the Rho family of GTPases. 

They usually contain the signature catalytic DH and PH (pleckstrin homology) 

domains. From the published HsRhoA and LARG complex structure (PDB: 1x86) 

(Fig. 2.8A), the DH-PH domains both are interacting with the HsRhoA switch I 

region, which will induce the conformational changes of HsRhoA to a GDP 

excluding state (Fig. 2.9B) (Kristelly et al., 2004). The conserved fragment 
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binding pocket in HsRhoA was buried inside the protein-protein interaction 

interface between the LARG domain and the HsRhoA switch I region (Fig. 2.9C). 

A number of published HsRhoA inhibitor development research also focuses on 

targeting this interaction interface. A compound named Rhosin was identified to 

bind to HsRhoA using a virtual screen against the exact same conserved 

compound binding pocket I found in AfRho1 (Shang et al., 2012). Rhosin was 

found to bind to HsRhoA with submicromolar Kd , and shows inhibited LARG 

mediated nucleotide exchange in HsRhoA and HsRhoA related cellular functions 

(Shang et al., 2012). However, the detailed binding mode between RhoA and 

Rhosin is unknown and further chemical optimization of this compound cannot 

be performed, due to the lack of a complex crystal structure. 

In my research, the fragment hit DDD01511162 displayed an inhibitory effect over 

the GEF (LARG and Rom2) mediated AfRho1/HsRhoA nucleotide exchange (Fig. 

2.10). However, the inhibitory effect can only be observed using a very high 

concentration of compound, which is expected and caused by the low binding 

affinity of the fragment hit to the protein. Since the two fragments bound closely 

to each other (Fig. 2.11), the obvious strategy to develop a highly potent 

compound from the fragment hit is by linking these two fragments together with 

the help of medicinal chemistry. There are two options of achieving that, option 

one is to link the two fragments according to the orientation of the two fragments 

I observed from the complex structure, which is to link the position 4 amine group 

from fragment-1 to position 3 methyl group from fragment-2 (Fig. 2.11B). Option 

two provides a more direct way to link the two fragments together, which is to link 

through the position 3 methyl groups from the two fragments (Fig. 2.11C). The 

option 2 compound was shown the potential to still bind to the target protein 
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AfRho1 by investigating the structure and activity relationships (SAR) of the 

parental fragment compound (Fig. 2.12). 

To conclude, in this part of my research I have combined structural biology and 

fragment screen approaches, which identified a fragment hit DDD01511162 

bound to a conserved pocket between AfRho1 and HsRhoA, and shows inhibitory 

effect over GEF protein mediated nucleotide exchange. Further medicinal 

chemistry work guided by the discovery of this research will provide the 

opportunity to develop a highly potent AfRho1/HsRhoA inhibitor.   
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Chapter 3 : Genetic and molecular 

characterization of Rom2 CNH domain 

in Aspergillus fumigatus 
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3.1 Introduction 

The Rom2 orthologue protein was first identified in the budding yeast 

Saccharomyces cerevisiae as a guanine nucleotide exchange factor (GEF) to the 

Rho1 GTPase and as a key regulator of the CWI (cell wall integrity) pathway 

(Bickle et al., 1998; Vilella et al., 2005). The cellular functions of the Rom2 protein 

are to integrate signals from cell wall stress sensors such as Wsc1, Wsc2 and 

Mid2 then activate the downstream Rho1 GTPase to regulate cell wall synthesis 

by directly activating glucan synthase (Mazur and Baginsky, 1996), or by 

activating the downstream transcription factors through the CWI pathway (Bickle 

et al., 1998; Levin, 2011). The functions of a Rom2 orthologue protein (AfRom2) 

have also been studied in the pathogenic fungus Aspergillus fumigatus 

(Samantaray et al., 2013). A genetic approach to knockdown the transcription of 

rom2 gene in A. fumigatus results in a significantly reduced colony growth and 

increased sensitivity to cell wall stress chemicals such as Congo red and 

Calcofluor white, which suggesting a compromised cell wall phenotype 

(Samantaray et al., 2013). The GFP tagged AfRom2 protein was shown to 

localize in the hyphal tips of A. fumigatus which shares a similar localization 

pattern with AfRho1, and the C- terminal part of AfRom2 (residue 733-1199) was 

found to interact with AfRho1 in a co-immunoprecipitation experiment 

(Samantaray et al., 2013). 

The Rom2 protein is a multi-domain protein, which contains a well conserved 

catalytic GEF domain (DH-PH domain) characteristic of all Rho GEF family 

proteins, and two additional domains that are not present in the human Rho GEF 

proteins: an N-terminal DEP (Dishevelled, Egl10 and Pleckstrin) domain and a 

C-terminal CNH (Citron homology) domain (Justa-Schuch et al., 2010; 

Samantaray et al., 2013). An important consideration, not addressed previously, 
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is whether (and how) each of the three domains present in Rom2 contributes to 

fungal viability? This forms the basis of my work to identify a Rom2 domain(s) 

unique to A. fumigatus but absent in the host since this is critical for target 

selectivity and minimising toxicity.  

The DEP domain in a Rom2 orthologue protein NcRGF1 from the filamentous 

fungus Neurospora crassa, has been shown to have an inhibitory function to 

negatively self-regulate the intrinsic GEF activity of NcRGF1 (Richthammer et al., 

2012). However, the function of the CNH domains from fungal Rom2 proteins has 

never been specifically addressed before.  

Unique amongst fungal Rho GEF proteins, the C-terminal CNH domain is named 

after the signature C-terminal domain of Citron kinase. Citron kinase is a 

serine/threonine kinase and a RhoA effector protein important for cytokinesis in 

higher eukaryotic organisms such as H. sapiens and Drosophila melanogaster 

(Bassi et al., 2011; Gruneberg et al., 2006; Madaule et al., 1998). The molecular 

function and protein structure of the CNH domain in Citron kinase has never been 

fully investigated, however, in D. melanogaster the CNH domain was found to 

interact with DmRho1 by an in cellullo pull down experiment (Bassi et al., 2011). 

In this part of my research, I tried to use a multidisciplinary approach (fungal 

genetics and X-ray crystallography) to investigate the biological functions and the 

protein structure of the AfRom2 CNH domain. My results suggest that the 

AfRom2 CNH domain plays essential roles in cell wall synthesis and interacts 

with key enzymes (AfRho1 GTPase and Chitin Synthase G) that are involved in 

the cell wall synthesis process. The interaction between CNH domain and 

AfRho1 was further confirmed by in vitro interaction assays, and the binding mode 

was revealed by X-ray crystallography and structure modelling.   
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3.2 Materials and Methods 

3.2.1 Construction of rom2Dcnh mutant 

Plasmid 434 (Vogt et al., 2005) was used as a backbone construct. A GFP and 

pyrG (selection marker) fusion cassette was amplified from the plasmid pHL83 

(FGSC) with primers P1, containing a XbaI restriction site and P2, containing a 

SpeI restriction site. The rom2 cnh domain (2725-3792) N terminal flanking region 

(1674-2724) was amplified with primers P3 and P4. A downstream non-coding 

region of rom2 (1000 bp) was amplified with primers P5 and P6. The PCR product 

of cnh N terminal flanking region (1050 bp) and the rom2 downstream non-coding 

region were cloned by a restrictionless method (Algire, 2013) into the upstream 

and downstream regions of the fusion cassette to create plasmid rom2 (1674-

2724) GFPpyrG+ (Figure 3.2A). The molecular cloning of this plasmid was done 

by Dr. Andrew Ferenbach from DVA lab. 

Following DNA sequence verification, p-rom2(1674-2724) GFPpyrG+ was used 

to transform A. fumigatus Ku80DpyrG- strain derived from CEA17 by PEG-

mediated fusion of protoplasts (Langfelder et al., 2002) and positive 

transformants were selected by uridine/uracil autotrophy. The transformants were 

confirmed by PCR and Western blot analysis. For PCR analysis, two pairs of 

primers (P7&P8, P7&P9) were utilized (Fig. 3.2). Primers P7 and P8 were used 

to amplify a 1093 bp fragment from the rom2 gene. Primers P7 and P9 were used 

to amplify a 1563 bp fragment from the mutant gene (Table 3.1).  
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Table 3.1: Primers used to generate and verify the rom2Dcnh and gfp-cnh mutants 

 

Primer Sequence (5’ to 3’) 

P1 AAATCTAGAATGAACAAGACAGTTTTGTGTTCAATTTTTTC 

P2 CTGTCTGAGAGGAGGCACTGATG 

P3 CATCACCGAATTCTGGCAATGTCTAGAGTGTTCGGAAATTGCTTGGAAGTTCTG 

P4 GCTCCAGCGCCTGCACCAGCTCCAACAGGGACAAGGCAGTTCACGC) 

P5 CGCATCAGTGCCTCCTCTCAGACAGGGCGCTTGAATGGCTGGTACAATCAAAAG 

P6 CGGAGAGAGATTCTTCTGCTGCTGTACTAGTATGGTATCTGGCTGTTGCTTGCTCCCG 

P7 TGTCACGGGTCAACACTGAGAG 

P8 TATGTATCAGCTCGCTCGTCTC 

P9 TGAAGGCTGTTCTGTCAGAGCG 

P10 CATCACCGAATTCTGGCAATGTCTAGAatgAGTAAAGGAGAAGAACTTTTCACTGG 

P11 GAGCATTGTTTGAGGCGACCGGTTTACTTGTTCCAGAAATCCAGACTGGC 

P12 CGCCAAGGCTTTATCTATGTAG 

P13 TCCCATGAGATCTTCCAATCCG 

 

For Western blot confirmation of the A. fumigatus rom2Dcnh mutant, conidia from 

the mutant and the parental strain (negative control) were inoculated in 10 ml of 

YEPD (2% yeast extract, 2% glucose and 0.1 peptone) and cultured in a flask 

rotator at 37 °C for 48 h. Cell extracts were prepared by homogenizing the 

mycelia using liquid nitrogen in lysis buffer (50 mM Tris/HCl pH 7.5, 150 mM NaCl, 

50 mM KCl, 0.01% Triton X-100, 1 mM PMSF, and 1:100 protease inhibitor 

cocktail). Total cell lysate was centrifuged at 5000 rpm to eliminate cell debris for 

30 min before further centrifugation at 7000 rpm for 10 min at 4 °C. Cell lysate 

total protein was normalised to ∼10 mg by Bradford method (Bradford, 1976) and 

separated using 10% SDS-PAGE followed by western blotting using a 

monoclonal anti-GFP antibody produced in mouse (Sigma). A control strain 
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expressing gpd-gfp was used as a control. The A. fumigatus strain Ku80 pyrG+ 

strain derived from CEA17 was used as parental strain control for the phenotypic 

examination of the rom2Dcnh	mutant. 

3.2.2 Analysis of the rom2Dcnh mutant 

100 of conidia from the rom2Dcnh mutant and the parental strain were inoculated 

onto the solid YEPD medium, and cultured in 37 °C incubator for 48 h, the plates 

were taken out and photographed. To test the sensitivity of the rom2Dcnh mutant 

to chemical reagents, serial dilutions of conidia from 107 to 104 were spotted on 

solid MM (minimum media) (Armitt et al., 1976) containing 50 μg/ml of Calcofluor 

white, 50 μg/ml Congo red, 50 μg/ml SDS, 2.5 μg/ml Caspofungin and 10 μg/ml 

Hygromycin B respectively. After incubation at 37 °C for 48 h, the plates were 

examined and images were captured. Three independent experiments were 

performed to confirm the results. To stimulate conidia formation for the rom2Dcnh 

mutant, the hyphae of the rom2Dcnh mutant were inoculated on the MM media 

supplemented with 1 M sorbitol (osmotic stabilizer) (Fortwendel et al., 2008). 

To examine the ultra-structures of the cell wall, mycelia grown in solid MM 

medium were fixed and examined with an H-600 electron microscope as 

described by (Li et al., 2007). For the chemical analysis of the cell wall, conidia 

were inoculated into 100 ml MM liquid medium and incubated at 37 °C with 

shaking at 200 rpm for 48 h. The mycelia were harvested, washed with sterile 

water and stored at -80 °C. 

The cell wall components were isolated and assayed as described previously 

(Fang et al., 2009). Briefly, 10 mg of dried mycelium from the parental strain and 

the mutant were homogenized in 1.5 ml 50 mM Tris-HCl pH 7.5 buffer, 6000 r.p.m. 

1 min for four times in homogenizer (Thermo Fastprep) to fully disrupt cells, then 

centrifuged at 10,000 r.p.m. for 10 min. The pellets were washed and incubated 
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with 500 μl 1M NaOH 70°C for 30 min, then centrifuged at 10, 000 r.p.m. for 10 

min, the supernatant (500 μl) is the alkali-soluble (AS) and the pellet is the alkali-

insoluble (AI). The AS (500 μl) was acidified with acetic acid (25 μl) to pH 5.0, 

centrifuged at 10,000 r.p.m. for 10 min. The supernatant (450 μl) is separated 

from the pellet labbled as glycoprotein, and determined the concentration by 

Bradford assay (Bradford, 1976). The pellet is washed with water and labelled as 

a-glucan. The alkali-insoluble pellet and a-glucan were washed with water for 

three times, add 200 μl HCl into a-glucan and AI, then put in 100 °C for 2 hour to 

acid release glucose and glucosamine. After that add 200 ul water into AS and 

AI to dissolve the dry pellets. Glucan and chitin contents were estimated by 

determining the released glucose and N-acetylglucosamine after digestion. 

Glucose was measured by the phenol-sulfuric acid method by using glucose 

(Sigma) to make a standard curve (Dubois et al., 1951).  N-Acetylglucosamine 

was measured by using GlcNAc (Sigma) to make a standard curve. Three 

samples of lyophilized mycelia were used for cell wall analysis from each strain 

and the experiment was performed three times (Lee et al., 2005). 

3.2.3 Construction of gfp-cnh mutant 

Plasmid p434 (Vogt et al., 2005) was used as a backbone construct. A gfp and 

rom2 cnh domain (2725-3792) fusion cassette was made and cloned into p434 

after the gpd promoter (to induce expression) (Redkar et al., 1998) with primers 

P10 and P11, by using cross over PCR. The resulting plasmid gpd-gfp-rom2 

(2725-3792) was transformed into A. fumigatus Ku80DpyrG- strain derived from 

CEA17 by PEG-mediated fusion of protoplasts (Langfelder et al., 2002) and 

positive transformants were selected by uridine/uracil autotrophy. For PCR 

analysis, a pair of primers P12 and P13 was used to amplify 480 bp of the mutant. 
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Two mutants from 25 transformants were shown to have the gpd-gfp-rom2 (2725-

3792) insertions. 

For Western Blot analysis of the mutants, conidia were inoculated in 10 ml YEPD 

(2% yeast extract, 2% glucose and 0.1 peptone) and cultured in a flask rotator at 

37 °C for 48h. Protein extracts were lysed and run through a 10% SDS-PAGE. 

Cell lysate of total protein were normalised to ∼10 mg by Bradford method 

(Bradford, 1976) and separated using 10% SDS-PAGE followed by Western 

Blotting using a GFP antibody. A strain expressing gpd-gfp was used as a control. 

3.2.4 Protein extraction and GFP-Trap® affinity purification 

The A. fumigatus strain expressing the gpd-gfp-cnh fusion construct and a control 

strain expressing gpd-gfp were grown in YEPD liquid medium with agitation for 

24 h at 37 °C. The cells were collected by filtering through Miracloth (Millipore) 

and dried. Cell extracts were prepared by homogenizing the mycelia using liquid 

nitrogen in lysis buffer (50 mM Tris/HCl pH 7.5, 150 mM NaCl, 50 mM KCl, 0.01% 

Triton X-100, 1 mM PMSF, and 1:100 protease inhibitor cocktail). Total cell lysate 

was centrifuged at 5000 rpm to eliminate cell debris for 30 min before further 

centrifugation at 7000 rpm for 10 min at 4°C. The Bradford assay (Bradford, 1976) 

was used to determine the protein content of the resulting supernatant. Cell lysate 

total protein were normalised to ∼10 mg before GFP-Trap affinity purification 

(Chromotek). GFP-Trap® resin (25 µl) were equilibrated in 400 μl of chilled 

dilution buffer (10 mM Tris-HCl pH 7.5, 150 mM NaCl, 0.5 mM EDTA, 1 mM 

PMSF, 1:100 Protease Inhibitory Cocktail) by washing three times according to 

the manufacturer’s instructions. The GFP-Trap® resin were re-suspended in 100 

μl of chilled dilution buffer, mixed with cell lysate and incubated for 2 h at 4 °C 

with gentle agitation. The suspension was centrifuged at 2000 rpm for 10 min at 

4 °C and the pelleted GFP-Trap® resin were washed twice with 500 μl of wash 
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buffer (10 mM Tris-HCl pH 7.5, 350 mM NaCl, 0.5 mM EDTA, 1 mM PMSF, 1:100 

Protease Inhibitory Cocktail). The bound proteins were eluted in 100 μl glycine 

pH 2.5, and centrifuged at 2000 rpm for 2 min at 4 °C. The eluted proteins were 

analysed by 10 % SDS page and mass spectrometry. 

3.2.5 Mass spectrometry and data analysis 

Protein samples were extracted from gel and dried in SpeedVac (Thermo 

Scientific) then submitted to overnight (16 h) trypsin digestion (Modified 

Sequencing Grade, Roche). Peptides released were resuspended in 50 µl 1% 

formic acid, centrifuged and transferred to HPLC vial. 15 µl of sample was 

injected for LC-MS, which was performed on an Ultimate 3000 RSLCnano 

System (Dionex- Thermo Scientific) coupled to a LTQ OrbiTrap Velos (Thermo 

Scientific). For data analysis, the extracted data were searched against 

Aspergillus fumigatus databases using Mascot Search Engine (Mascot Daemon 

Version 2.3.2). The MS experiment and the subsequent data analysis was done 

by Miss Samantha Kosto from Dundee FingerPrints Proteomics facility. 

3.2.6 Protein expression and purification of the AfRom2 CNH domain  

For protein expression, an insert encoding His6-Rom2 CNH (862-1194) was 

cloned into a modified version of the expression vector pGEX6P1 (GE Healthcare) 

from which the GST tag and PreScission Protease cleavage site had been 

removed. The molecular cloning was done by using restriction enzymes BamI 

and NotI, and primers Hm2CT1_F and Hm2CT1_R (Table 2.1). The expression 

plasmid was made by Dr. Andrew Ferenbach from the DVA lab. 

The expression construct was transformed into E. coli BL21 (non DE3) cells. 

When cells grew to an OD600 of 0.8 at 37 °C, 250 μM IPTG was added for 

induction at 25 °C for 16 h. Cells were harvested by centrifugation at 4000 rpm 

at 4 °C for 30 min in a J6-MI centrifuge (Beckman Coulter), and suspended in 
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TBD buffer with 0.5 mM TCEP, 5 mM MgCl2 ,50 μM GDP plus a protease inhibitor 

cocktail (1 mM benzamidine, 0.2 mM PMSF, 5 μM leupeptin). Cells were lysed 

using pressure homogenization with an EmulsiFlex cell disruptor (15,000 

kilopascals Avestin; Ottawa, Canada). Supernatant and inclusion bodies were 

separated by centrifugation at 16,000 rpm for 1 h using an Avanti J26S centrifuge 

(Beckman Coulter). The supernatant was incubated with pre-washed His-Nickel 

resin (GE Healthcare) at 4 °C on a rotating platform for 2 h. The resin with bound 

proteins was washed with five column volumes of resuspension buffer and the 

proteins were eluted using a 10- 250 mM imidazole gradient. The eluted proteins 

were concentrated to 5 ml and loaded onto a Superdex 200 column (Amersham 

Bioscience) previously equilibrated with purification buffer and eluted at a flow 

rate of 1 ml/min in the same buffer. The fractions were verified by SDS-PAGE. 

Pure fractions were pooled and concentrated to 2 mg/ml using a 10 kDa cut-off 

Vivaspin concentrator (GE Healthcare) before snap freezing and storing at -80 °C.  

The expression and purification of seleonomethionine labelled AfRom2 CNH 

domain was done using the commercial kit (Cat. MD12-500) from Molecular 

Dimensions and according to the manufacture’s protocol. Briefly, the expression 

construct was transformed into a methionine auxotroph DE3 E. coli expression 

strain (E. coli 834). The cells were first inoculated into 100 ml M9 minimal medium 

added with L-methionine, and was grown overnight at 37 °C. The cells were then 

pelleted by centrifugation at 4000 rpm at 4 °C for 10 min in a J6-MI centrifuge 

(Beckman Coulter) and washed 3 times in 100 ml of sterile water, resuspended 

in 1 ml of water and inoculated into 1 L of prewarmed (30 °C) M9 medium 

containing L-Semet. When cells grew to an OD600 of 0.8 at 37 °C, 1 mM IPTG 

was added for induction at 25 °C for 16 h. The cell lysis and protein purification 

steps are the same as native AfRom2 CNH protein. 
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3.2.7 In vitro interaction assay  

Interaction between the AfRom2 CNH domain and AfRho1 was examined by a 

Nickel resin mediated pull-down assay. Briefly, AfRho1 protein was incubated 

with 1 mM GppNHp (non-hydrolysable GTP analogue) (Sigma) or GDP (Sigma) 

for 90 min in 10 mM Tris-Cl buffer (pH 7.4) containing 10 mM EDTA, 150 mM 

NaCl, 1% (v/v) Triton X-100 and 1 mM DTT at room temperature. Then, 10 mM 

MgCl2 was added and further incubated for 30 min at room temperature. His6-

AfRom2CNH (20 μM) protein was bound to Nickel resin by incubating at 4 °C for 

2 h and incubated with excess Rho1-GTP (40 μM) and Rho1-GDP (40 μM) at 

room temperature for 1 h. After extensive washing in buffer to elute the unbound 

protein (25 mM Tris pH 8.0, 100 mM NaCl, 3.0 mM DTT), the resin was then 

analysed by 12% SDS-PAGE, 100 μM BSA was used as negative control. The 

construct expressing AfRho1 (E64A, R68A, R70A, D76A) was made by site 

directed mutagenesis, expressed and purified as the wild type protein. The 

mutant protein was tested to the binding the His6-AfRom2CNH using the above-

mentioned method under the same condition.  

3.2.8 Crystallization, data collection and structure determination of AfRom2 

CNH domain 

AfRom2 CNH native crystals were obtained in the Morpheus H10 condition 

(Molecular dimension), were flash-cooled in liquid nitrogen and the diffraction 

data were collected at the Diamond Light Source (Harwell, UK) I03 beamline, with 

the maximum diffraction up to 2.0 Å. The crystals contained one molecule per 

asymmetric unit with a space group of P21 212 and unit cell parameters: a = 77.9 

Å, b = 93.7 Å, c = 52.6 Å; α = β = γ = 90.00°. The data were processed using 

XDS (Kabsch, 2010), merged and scaled in CCP4 (Collaborative Computational 

Project, 1994). Molecular replacement failed, as there was no suitable search 
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model in the protein databank. Se-met derivative AfRom2 CNH protein was 

produced as described previously and crystallized in the same conditions as the 

native crystals. The diffraction data for the Se-met crystal was collected at the 

ESRF (Grenoble, France) BM-30A with the maximum diffraction up to 2. 4 Å. The 

space group of the Se-met crystal is identical to that of the native which is also 

P21 212, with the unit cell parameters: a = 77.1 Å, b = 92.3 Å, c = 52.3 Å; α = β = 

γ = 90.00°. and was processed using XDS (Kabsch, 2010), merged and scaled 

in CCP4 (Collaborative Computational Project, 1994). The phases were solved 

using PHENIX, by Se-SAD phasing with AutoSol (Echols et al., 2012), five Semet 

atoms were giving apparent anomalous signals. Phases were improved by 

iterative cycles of manual model building using Coot (Emsley and Cowtan, 2004) 

and Refmac (Murshudov et al., 2011). The native structure was solved using 

molecular replacement by MOLREP (Murshudov et al., 1997; Vagin and 

Teplyakov, 1997). REFMAC (Murshudov et al., 1997) was used for further 

refinement and iterative model building using COOT (Emsley and Cowtan, 2004). 

Data collection and refinement statistics are presented in Table 3.2. Figures 

depicting the protein structure were generated using PyMOL (DeLano, 2004). 

3.2.9 Differential scanning fluorimetry (DSF) 

DSF experiments were carried out using a CFX96 real-time PCR detection 

system (Bio-Rad). 50 μl solution was added into the 96-well PCR plates, include 

5 μM AfRho1 or AfRho1 (E64A, R68A, R70A, D76A), 2.5× SYPRO orange in 25 

mM HEPES, 150 mM NaCl, 0.25 mM TCEP. The samples were heated from 

25 °C to 95 °C with increments of 0.5 °C/minute, and fluorescence was measured 

at each step. The d(RFU)/dT graph was plotted using Prims6.  
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3.3 Results  

3.3.1 AfRom2 possesses a C-terminal CNH domain of unknown function 

The Rom2 protein from Aspergillus fumigatus (AfRom2) is a Rho1 GEF protein 

that plays important roles in fungal cell wall organisation (Samantaray et al., 

2013). An NCBI conserved domain search suggests that apart from the 

conserved Rho GEF catalytic domains (DH and PH), AfRom2 also possesses a 

C-terminal CNH domain (amino acid residues 881-1170 aa) (Fig. 1.11). 

Interestingly, this domain is conserved in other fungi with 60-90% protein 

sequence identity (Fig.3.1A), but is absent from Rho GEF proteins in other 

eukaryotic organisms in metazoa (Fig. 1.11). However, the CNH domain as a 

citron homology domain is widely present in citron kinases from higher eukaryotic 

organisms, such as in H. sapiens and D. melanogaster (Madaule et al., 1998). 

Although citron kinases have been implicated as a Rho GTPase interacting 

kinase and play important roles in cytokinesis, the exact molecular functions of 

the CNH domain in citron kinases has not yet been investigated (Bassi et al., 

2011; Gai et al., 2011). 

Although all are named as CNH domains, the sequence identity between AfRom2 

CNH domain and the CNH domains from H. sapiens and D. melanogaster citron 

kinases is only 20% (Fig. 3.1). Based on the above observations, I hypothesized 

that the CNH domain in AfRom2 may have some unique functions in fungal cell 

development. 
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Figure 3.1: Sequence conservation of Rom2 CNH domain from fungal organisms and to 

citron kinases CNH domain from Drosophila and Human 

(A) (B) Multiple protein sequence alignment of Rom2 CNH domain among different fungal species 

(A. fumigatus, A. nidulans, C. albicans, C. neoformans, S. cerevisiae, S. pombe) and the 

alignment of AfRom2 CNH domain to the CNH domain from Human and Drosophila Citron 

kinases. The alignment was performed using ClustalW2 from EMBL-EBI server. The aligned 

sequences are displayed according to the secondary structure using Aline (Bond and 

Schuttelkopf, 2009). Black represents identical and grey represents conserved.  

 

3.3.2 The AfRom2 CNH domain is required for cell growth and cell wall 

integrity 

To investigate the in vitro growth of an A. fumigatus strain unable to transcribe 

the AfRom2 CNH domain, a rom2Dcnh mutant was constructed using a GFP tag 

and pyrG selection marker to replace the DNA coding sequence (rom2 2725-

3792) that is transcribed and translated into the CNH domain (Fig. 3.2A). After 

homologous recombination, the marker insertion and replacement of the native 

CNH domain was verified by PCR (Fig. 3.2B). From the PCR analysis, a pair of 
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primers P7 and P8 amplifies a region (1096 bp) of the rom2 gene including the 

cnh coding region from the parental strain, however such region cannot be 

amplified from the mutant, suggesting the successful deletion of cnh coding 

region in the rom2 gene (Fig. 3.2AB). The primers P7 and P9 can amplify a 

corresponding region (1563 bp) that includes the N-terminal of the cnh coding 

region and the replacing gfp-pyrG cassette from the mutant, however not from 

the parental strain, suggesting in the mutant, original cnh coding region is 

replaced by the gfp-pyrG cassette through homologous recombination. 

The gene functionality with associated expression of a truncated AfRom2 protein 

was confirmed by Western blot using a GFP antibody (Fig. 3.2C). The GFP 

antibody was shown to detect a protein band from the cell lysate of rom2Dcnh 

mutant with the molecular weight around 70 kDa, which is corresponding to the 

similar protein size with Rom2DCNH protein (46 kDa) but attach to a GFP tag (26 

kDa). The cell lysate from the parental strain and the strain to overexpress GFP 

protein was used as controls (Fig. 3.2C).  

To investigate the colony phenotypes of the rom2Dcnh mutant, the same amount 

of conidia (102) from the wild type strain and the rom2Dcnh mutant were 

inoculated onto the solid rich medium YEPD (Fig. 3.2D). After growth at 37 °C for 

48 h, the rom2Dcnh mutant was shown to grow very slowly, lacking the radial 

growth at the edge of the colony, and formed almost no conidia on the surface of 

the colony (Fig. 3.2D). This observation suggested that the AfRom2 CNH has 

important functions in terms of colony growth and conidia production in A. 

fumigatus (Fig. 3.2D). The colony phenotypes of the rom2Dcnh mutant is also 

very similar to the published research (Samantaray et al., 2013) describing the 

knock down mutant of the full length rom2 gene in A. fumigatus, which suggests 
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the C-terminal CNH domain is required for the biological functions of the AfRom2 

protein. 

 

Figure 3.2: Generation of rom2Dcnh mutant 

(A) Schematic diagram of the strategy towards generating the rom2Dcnh mutant 

(B) PCR confirmation of the rom2Dcnh mutant using primers P7&P8, P7&P9 to amplify the N-

terminal rom2 gene with the cnh domain and the N-terminal rom2 gene with the pyrG marker 

respectively.   

(C) Western blot using the rom2Dcnh mutant cell lysate and GFP antibody, recombinant GFP 
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protein as a positive control. The band size from the rom2Dcnh (72 kDa) strain represents the 

correct molecular weight of the AfRom2DCNH which is 46 kDa, attached to a GFP tag (26 kDa) . 

(D) Growth of the rom2Dcnh mutant in comparison with the parental strain on the solid YEPD 

medium. 102 of conidia from the rom2Dcnh mutant and the parental strain were inoculated in the 

solid YEPD medium at 37°C for 48 h. 

 

As previously reported, knockdown expression of the full length rom2 gene in A. 

fumigatus leads to increased susceptibility to cell wall perturbing agents 

(Samantaray et al., 2013), suggesting that AfRom2 play important roles in cell 

wall organisation, and knockdown of the rom2 gene will induce a cell wall 

defective phenotype. To investigate whether the AfRom2 CNH domain also 

functions in cell wall organisation, a serial conidia dilution of the rom2Dcnh mutant 

and the wild type strain were inoculated onto solid MM medium supplemented 

with cell wall perturbing chemicals such as Congo red, Calcofluor White and 

Caspofungin (Fig. 3.3). Congo red and Calcofluor White are dyes that have been 

shown before to affect chitin and b-1,3-glucan synthesis in fungal organisms 

(Roncero and Duran, 1985), and were used as cell wall stresses to test the cell 

wall defective phenotypes of rom2 gene knockdown mutant (Samantaray et al., 

2013). Caspofungin is a clinically used antifungal drug that inhibits b-1,3-glucan 

synthesis in the fungal cell wall (Deresinski and Stevens, 2003). After growth at 

37 °C for 48 h, the rom2Dcnh mutant showed increased sensitivity to all the cell 

wall perturbing agents (Congo red, Calcofluor White and Caspofungin), but not 

the in media with the detergent SDS and the peptide synthesis inhibitor 

Hygromycin B when compared to the wild type (Fig 3.3). This result indicates that 

the cellular function of AfRom2 as a cell wall integrity regulator is largely 

dependent on its C-terminal CNH domain. Thus, the above observations to 

compare the colony phenotypes of the rom2Dcnh mutant and the wild type strain 
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show that the AfRom2 CNH domain is required for colony growth and cell wall 

integrity. 

 

 

Figure 3.3: Sensitivity of the rom2Dcnh mutant to chemical reagents 

Serial dilutions of conidia from 107 to 104 were spotted on solid MM medium containing 50 μg/ml 

SDS, 10 μg/ml Hygromycin B, 50 μg/ml Calcofluor White, 50 μg/ml Congo Red, 2.5 μg/ml 

Caspofungin. Colonies in the upper rows of the plates are parental strain and the lower rows are 

the rom2Dcnh mutant strain. The colonies were grown at 37°C for 48 h. The concentrations of the 

chemicals were chosen according to (Fang et al., 2013).   

 

3.3.3 The CNH domain is required for cell wall synthesis and ultrastructure 

The sensitivity of the rom2Dcnh mutant to the cell wall perturbing agents (Fig. 3.3) 

suggests a compromised cell wall. Thus, I examined the ultra-structure of the cell 

wall using transmission electron microscopy (TEM). Compared to the wild type, 

the rom2Dcnh mutant had an approximately 20-fold reduction in the diameter of 

the middle layer of the cell wall which is β-glucan, [15 ± 4 nm versus 290±30 nm 

(n³12)] (Fig 3.4A), with associated detachment of the outermost glycoproteins 

layer (Fig. 3.4A). Next I separated and quantified the different carbohydrate 

components in the cell wall of the wild type and rom2Dcnh mutant cell walls 
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chemically (Fang et al., 2009). In agreement with my TEM findings, the β-glucan 

level is drastically decreased from 2100 μg/10 mg in the wild type to only 530 

μg/10 mg in the rom2Dcnh mutant (Fig. 3.4B). The chitin level is also decreased 

significantly from 620 μg/10 mg in the wild type to 210 μg/10 mg in the mutant 

(Fig. 3.4B). However, for the glycoprotein and α-glucan levels, there were no 

significant differences between the parental and the rom2Dcnh mutant (Fig. 3.4B). 

In combination, these data suggest that the AfRom2CNH domain is involved in 

the synthesis of the key components of fungal cell wall, β-glucan and chitin. Thus, 

the AfRom2 CNH domain contributes to regulation of cell wall synthesis and 

organization in A. fumigatus.  
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Figure 3.4: Cell wall analysis of the rom2Dcnh mutant 

(A) TEM images of representative parental (left) and rom2Dcnh (right) mutant hypha cells. 
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(B) Cell wall composition of the rom2Dcnh mutant compared to the wild type strain by chemical 

analysis (Fang et al., 2009). The plot of the data and the P value by the multiple t tests were 

calculated using Prism 6 (GraphPad software). 

	
3.3.4 The AfRom2 CNH domain bound to the major cell wall synthesizing 

protein AfRho1 

To gain insight into whether the A. fumigatus Rom2 CNH acts alone or by forming 

a complex that is responsible for the altered cell wall phenotype, I aimed to 

identify potential binding partners of the Rom2 CNH domain using GFP pull down 

methodology. In brief, an N-terminal gfp labelled Afrom2 cnh fused to an 

overexpression gpd promoter (Redkar et al., 1998) was integrated into the A. 

fumigatus genome (fig. 3.5A) and verified by PCR and Western blotting (fig. 

3.5BC). 

 

Figure 3.5: Generation of gfp-cnh mutant 

(A) Schematic diagram towards the gfp-cnh mutant. The gfp-cnh fusion cassette was randomly 

integrated into the A. fumigatus genome. 

(B) PCR confirmation of two transformants as gfp-cnh mutants. Two mutants (Mt1 and Mt2) were 

shown the correct size of the band (420 bp),  

(C) Western blot using the gfp-cnh mutant cell lysate and GFP antibody, with a gfp control strain 

as a positive control, and the parental wild type strain as negative control. The size difference 
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between the Mt1 and Mt2 to the gfp control strain represents the correct molecular weight of the 

CNH protein which is 40 kDa. 

The GFP tagged AfRom2 CNH along with the protein binding partners were then 

isolated from the A. fumigatus cell lysates using GFP trap beads (GFP-Trap 

(ChromoTek), cell lysate expressing gfp alone was used as negative control (Fig. 

3.6AB). Eluates from the GFP pull down experiment were then processed and 

subjected to Mass spectrometry. A total of 175 unique protein hits (subtract the 

non-specific binding to GFP alone) were identified from the eluates that co-eluted 

with the AfRom2 CNH domain. The protein hits span a variety of cellular locations 

although most (107 of 175) are congregated in the cytosol (Fig. 3.6C). Among 

the binding partners identified, two proteins (AfRho1 and Chitin synthase G) have 

previous been reported to be directly involved in the cell wall synthesis (Fig. 3.6C, 

Table 3.2). AfRho1 was previously reported as a regulatory subunit of glucan 

synthase and the downstream GTPase protein of AfRom2 in A. fumigatus 

(Beauvais et al., 2001; Samantaray et al., 2013). And Chitin synthase G belongs 

to the class 3 chitin synthase family, that plays important roles in cell wall chitin 

synthesis and is required for fungal development (Borgia et al., 1996). The 

reported functions of these two interacting proteins, AfRho1 and Chitin synthase 

G, support our findings that loss of the coding region for the CNH domain in A. 

fumigatus Rom2 manifests as a reduction in crucial cell wall components such a 

chitin and β-glucan. In conclusion, the identification of these potential binding 

partners of the Rom2 CNH domain, offer insight into the potential molecular 

mechanisms of how this domain regulates cell wall synthesis in A. fumigatus. 
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Figure 3.6: Pull down of AfRom2 CNH interacting proteins by GFP-CNH 

(A) Schematic representation of the GFP-CNH pull-down experiment. Eluted proteins from the 

GFP affinity beads were then processed for MS. 

(B) 10% SDS gel of the GFP-CNH pull down results, mutant that expresses GFP alone was used 
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as a control strain.  

(C) Cellular component analyses of proteins identified by GFP-CNH pull down MS. 

 

AfRho1 has been reported before as an important regulator protein of glucan 

synthase and the direct downstream Rho GTPase of AfRom2 (Beauvais et al., 

2001; Samantaray et al., 2013) . In the previous research, AfRho1 was found to 

bind to the C-terminal region of AfRom2 (733-1199) in a co-immunoprecipitation 

experiment (Samantaray et al., 2013). In addition to that, the CNH domain from 

Drosophila citron kinase was also reported to interact with a Rho GTPase 

orthologue protein in both the GDP and GTP binding conformation (Bassi et al., 

2011). Therefore, I decided to further investigate the binding between the AfRho1 

to the AfRom2 CNH domain by biophysical and structural biology methods. 

 

Table 3.2: Protein hits from the GFP pull down experiment that are involved in cell wall 

synthesis 

Protein 
accessions 

Protein name Unique peptides Previous reported 

Q9C3YC AfRho1            2 (Beauvais et al., 
2001) 

P54267 Chitin synthase G            1 (Borgia et al., 
1996) 
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I expressed and purified His6-AfRom2CNH and AfRho1, for an in vitro binding 

assay. The His6-AfRom2CNH protein was first incubated with the Nickel resin, 

and then incubated with either GDP and GTP loaded AfRho1. After extensive 

washing of the resin with buffer, the resin was then run on an SDS page. As 

shown in Fig. 3.7, both GDP and GTP loaded AfRho1 co-precipitated with 

AfRom2CNH, suggesting AfRho1 bound to AfRom2CNH in vitro, independent of 

the nucleotide bound.  

 

Figure 3.7: In vitro binding analysis of Rom2 CNH domain and AfRho1  

The SDS page gel results to show the His tag pull- down assay to determine the in vitro 

interaction between Rom2 CNH domain and AfRho1.  

 

3.3.5 The AfRom2 CNH structure adopts a seven bladed WD40 fold 

To understand the molecular basis of how the AfRom2 CNH domain bound to 

AfRho1, I decided to solve the protein structure of this protein domain by using 
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X-ray crystallography. The AfRom2 CNH domain (aa 862–1194) was expressed 

and purified using an E. coli (BL21) expression system. The native crystal and 

the selenomethionine derivative crystals were grown from conditions determined 

in a screen using the commercial Morpheus kit (Molecular Dimensions). Phases 

were obtained from a single anomalous data (SAD) data-collection experiment 

(Table 3.2). The model was refined to R and Rfree values of 20.7% and 24.7%, 

respectively, at a final resolution of 2.0 Å. 
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Table 3.3: X-ray crystallographic data collection and refinement statistics of AfRom2 CNH 

domain 

  Data collection statistics         Se-met Rom2CNH                          Rom2CNH_native 

Wavelength (Å)                             0.97961                                           0.92818 

Resolution range (Å)*                 92.33- 2.39                                     45.87- 2.01 

      Space group                                   P21212                                              P21212 

Unit cell (Å)                              77.0   92.3  52.3                             78.0  93.7  52.6 

                                                90.0  90.0   90.0                             90.0  90.0   90.0  

Total reflections                       213616 (21388)                               174698 (13083) 

Unique reflections                    15368 (1565)                                  26362 (1909) 

Multiplicity                                    13.9 (13.7)                                       6.6 (6.9) 

      Completeness (%)                        100 (100)                                       99.9 (100) 

Mean I/σ(I)                                   16.7 (2.2)                                        17.4 (1.3) 

R-merge                                        0.1 (1.4  )                                      0.1 (1.3) 

               Refinement Statistics 

       Resolution range (Å)                     92.33- 2.391                                     45.87- 2.01                      

R-factor                                           0.31                                                  0.20708 

R-free (5%)                                     0.36                                                   0.2478 

Protein residues                                                                                         310 

Solvent molecules                                                                                        61 

RMSD (bonds, Å)                                                                                       2.02 

RMSD (angles, °)                                                                                      0.13 

        Ramachandran favoured (%)                                                                     95.0 

Ramachandran allowed (%)                                                                        3.6 

Ramachandran disallowed (%)                                                                   1.4 
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The AfRom2 CNH domain structure comprises residues 863 to 1194, with one 

region (loop residues 1001 to 1023) not defined in the electron density map. The 

AfRom2 CNH domain folds into a seven-bladed WD40 structure. The WD40 

proteins were first described in the GTPase binding protein bovine β-transducin 

(Fong et al., 1986; Sondek et al., 1996), which showed that the repeats formed a 

seven-bladed circular β-propeller fold, with each blade comprising a four- 

stranded anti-parallel β-sheets (Fig. 3.8A). The AfRom2 CNH domain also formed 

a seven- bladed β-propeller fold, with a height (28 Å) similar to that of the reported 

β- transducin protein (25 Å) (Fig. 3.8AB). The overall shape of the AfRom2 CNH 

domain is oval rather than circular, with the length (Ca - Ca) of the X-axis 1.5 

times longer than that of the Y-axis. This is caused by the two-extended insertion 

loop-helix-loop regions between β8 β9 and between β17 β18 (Fig. 3.8AC). The 

insertion of a-helices into the blade region has never been observed in β-

transducin or any other WD40 proteins, the functional implications of these two-

extended regions are not yet known. From the structure based sequence 

alignment between the AfRom2CNH domain and the WD40 domain from β-

transducin (1GOT) (Fig. 3.8C), we can see that although the general sequence 

identity between AfRom2 CNH and β-transducin is low (20%), the residues in the 

β sheet region are mostly conserved. This suggests that the conserved residues 

determine the general folding of the AfRom2 CNH domain as a WD40 fold. The 

above observations show that the AfRom2 CNH structure shares the similar 

seven bladed WD40 fold compared to the GTPase binding β-transducin, however 

with two additional insertion a-helices regions.  
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Figure 3.8: Overall structure of AfRom2 CNH and comparison with bovine β-transducin 

(A)(B) Cartoon representation of Rom2 CNH domain structure compared with the WD40 domain 

of bovine β-transducin (PDB:1tbg) (Lambright et al., 1996). The different blades of the seven-

bladed β-propeller are coloured and labelled. The diameter and the height of the protein were 
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measured using COOT (Emsley and Cowtan, 2004). This and all subsequent structural figures 

were generated with PyMOL (DeLano, 2004). 

(C) The structure based sequence alignment between the Rom2 CNH domain from Aspergillus 

fumigatus and bovine β-transducin (1tbg) was performed using ClustalW2 from the EMBL–EBI 

server. The aligned sequences are displayed according to the secondary structure using Aline 

(Bond and Schuttelkopf, 2009). Black represents identical, and grey represents conserved. 

 

Another interesting observation is from the structure based sequence alignment, 

these two insertion a-helices were also found to be conserved in other CNH 

domain containing proteins, including the Drosophila and Human citron kinases 

(Fig. 3.9). This observation suggests that the two extended a-helices maybe the 

signature features of all CNH domain containing proteins.  
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Figure 3.9: The sequence alignment of CNH domain containing proteins based on the AfRom2 

CNH domain structure 

The alignment of CNH domain among fungi Rom2 (Aspergillus fumigatus and Saccharomyces 

cerevisiae), Human and Drosophila Citron kinases was performed using ClustalW2 from EMBL-

EBI server. The aligned sequences are displayed according to the secondary structure using 

Aline (Bond and Schuttelkopf, 2009). Black represents identical and grey represents conserved. 

Secondary structures are annotated as observed from the AfRom2 CNH domain structure. 

 

3.3.6 An interaction mode of AfRom2 CNH domain with AfRho1 GTPase 

suggested by the transducin complex 

The complex structure of the WD40 domain of β-transducin bound to the GTPase 

domain of a-transducin has already been described in the heterotrimeric bovine 

transducin complex (PDB code: 1GOT) (Lambright et al., 1996).  

The transducin complex consists of three subunits which are α, β and g (Fig 

3.10A). The α-transducin has a GTPase core domain and an N-terminal extended 

helix region. The β-transducin has a seven bladed WD40 domain and also a N-

terminal extended helix region. The g-transducin contains two helix regions linked 

by a loop. The transducin complex belongs to the heterotrimeric G protein family, 

which is activated by the G protein-coupled receptor (GPCR), once activated the 

α-transducin changes the conformation from GDP bound to the GTP bound state 

and dissociates from the transducin complex, then activates the downstream 

effector proteins (Lambright et al., 1996). The β-transducin WD40 domain is 

essential for the organisation of the heterotrimeric transducin complex by forming 

multiple interactions with both the α and g transducin through its versatile protein 

binding surface (Lambright et al., 1996). In the complex structure, the β-

transducin WD40 domain uses the top surface to interact with the switch II helix 

from the α-transducin GTPase domain, two opposite side surfaces to interact with 
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both the N-terminal helix from α-transducin and the N-terminal helix from g-

transducin, and the bottom surface to interact with the C-terminal helix from g-

transducin (Fig 3.10A).  

Since the structure of the AfRom2 CNH domain is similar to that of the β-

transducin WD40 domain (Fig. 3.8) and AfRom2 CNH domain also interacts with 

a GTPase protein AfRho1, I hypothesized that the AfRom2 CNH domain interacts 

with AfRho1 through a similar binding mode when compared to the structure of α 

β-transducin complex. To test that hypothesis, I decided to use the transducin 

complex structure as a guide to model the protein-protein interaction between 

AfRom2 CNH domain and AfRho1. The AfRom2 CNH domain was superimposed 

to the β-transducin WD40 domain, with the core R.M.S.D. 3.2 Å, and the structure 

of AfRho1 was superimposed to the GTPase domain of the α-transducin, with 

core R.M.S.D. 2.6 Å (Fig. 3.10AB).  

From the superimposed structure model, an α-helix in the switch II region of 

AfRho1 is overlapping with the corresponding α-helix from the GTPase domain 

in α-transducin that interacts with the β-transducin WD40 domain, the R.M.S.D. 

in this region is only 0.7 Å (Fig 3.10EF). The potential amino acid interactions 

between this switch II α-helix of AfRho1 to the top surface of the CNH domain 

was also found to be conserved in the transducin complex (Fig. 3.10CD). In the 

transducin complex, the β-transducin Lys57 is forming a salt bridge interaction 

with Glu212 from the switch II α-helix in α-transducin, and in the superimposed 

model, this salt bridge interaction could be instead Arg877 from CNH domain to 

Asp76 from AfRho1 at the exact same interaction position (Fig. 3.10BC). The 

conserved interactions have been observed at multiple sites at the superimposed 

CNH domain AfRho1 complex model, for example, the hydrogen bond interaction 

between β-transducin Asn119 to α-transducin Gln200 is instead the hydrogen 
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bond between CNH domain His968 to AfRho1 Tyr66, the hydrogen bond 

between β-transducin Thr143 to α-transducin Arg201 is instead a salt bridge 

interaction between CNH domain Lys987 to AfRho1 Glu64, and the salt bridge 

interaction between β-transducin Asp228 to α-transducin Lys206 is instead a salt 

bridge interaction between CNH domain Glu1035 to AfRho1 Arg68 (Fig. 3.10CD). 

The above observations led the interacting mode of AfRom2 CNH domain with 

AfRho1 to be proposed, which is mainly via the top surface of CNH domain and 

the α-helix in the switch II region of AfRho1. Another interesting observation is 

the switch II helix is identical among the AfRho1, H. sapiens RhoA and Drosophila 

Rho1 (Fig. 3.10E), which are all reported to interact with CNH domain or citron 

kinases, and the conserved CNH residues among A. fumigatus, H. sapiens and 

Drosophila are mainly on the top surface of CNH domain and are mostly charged 

or polar residues (Fig. 3.10F), which suggest our Rom2 CNH domain and AfRho1 

interacting model could also suggest the binding between the citron kinases CNH 

domains to their interacting Rho GTPases. 
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Figure 3.10: Binding surface comparison of AfRom2 CNH domain with the bovine 

transducin complex 

A) Cartoon illustration of transducin complex (PDB: 1GOT) 

(B) Cartoon illustration of AfRom2 CNH bound to AfRho1 based on the transducin cpmplex 

(C) Cartoon representation of reported interacting residues in the top surface of β-transducin to 

α-transducin (Lambright et al., 1996). 

(D) Cartoon representation of conserved residues from the top surface of Rom2 CNH domain 
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interacts with Rho1 GTPase switch II helix region. 

(E) Conserved residues in the Rho GTPase switch II helix from Aspergillus fumigatus, Drosophila 

and H. sapiens. The aligned sequences are displayed according to the secondary structure using 

Aline (Bond and Schuttelkopf, 2009). Black represents identical. 

 

This binding mode is further confirmed in the in vitro binding assay, As shown in 

Fig 3.11A, both GDP- and GTP- binding AfRho1 co-precipitated with 

AfRom2CNH, suggesting AfRom2 CNH domain bound to AfRho1 irrespective of 

the nucleotide binding form, and this result is consistent with the previous 

observation of the binding between Rho GTPase and the citron kinase CNH 

domain in Drosophila (Bassi et al., 2011). However, for the AfRho1 mutant protein 

to mutate the potential interacting charged residues (E64A, R68A, R70A, D76A) 

from the switch II helix into Alanine, the mutant protein showed diminished 

binding to the CNH domain (Fig 3.11B). The mutant AfRho1 protein did not show 

increased instability from the Thermoshift experiment (Fig. 3.11C). We were also 

trying to express a CNH domain mutant, which to mutate the top surface charged 

potential interacting residues into Alanine, however the resulting protein was 

found insoluble. To conclude, the transducin complex suggests how Rho GTPaes 

and the CNH domain interact. 
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Figure 3.11: In vitro binding analysis of Rom2 CNH domain to AfRho1, and to the AfRho1 

switch II helix mutant 

(A)(B) The SDS page gel results to show the His tag pull- down assay to determine the in vitro 

interaction between Rom2 CNH domain to AfRho1, and to the AfRho1 switch II helix mutant 

(E64A, R68A, R70A, D76A). + means with, - means without.  

(C) Differential scanning fluorimetry (DSF) to show the melting temperature of AfRho1 compared 

to the AfRho1 (E64A, R68A, R70A, D76A) mutant. The d(RFU)/dT graph was plotted using 

Prims6.  
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3.4 Discussion 

The CNH domain is the signature C-terminal domain from the fungal Rho GEF 

Rom2 orthologue proteins, and the H. sapiens and Drosophila conserved citron 

kinases. However, it is unknown yet the exact cellular functions of the CNH 

domain and whether it is conserved among Rom2 and citron kinases. Our studies 

not only investigated the cellular functions of Rom2 CNH domain in the 

pathogenic fungus A. fumigatus by making rom2Dcnh mutant, but also proposed 

a binding mechanism between CNH domain and the important cell wall regulator 

protein Rho1 through structure modelling.  

In our genetics research to investigate the functions of CNH domain in Rom2, we 

found rom2Dcnh mutant shares several cell wall defective phenotypes with the 

full length rom2 knockdown mutant (Figure 3.3 and Figure 3.4). Interestingly, in 

Drosophila melanogaster the CNH domain containing citron kinase Sticky plays 

important cellular functions in the process of cytokinesis, and the StickyDCNH 

could not fully rescue the cytokinesis defects caused by the RNAi depletion of 

Sticky (Bassi et al., 2011). Collectively, our results and the work in Drosophila 

citron kinase suggest, the C-terminal CNH domain is required for the cellular 

functions of fungal Rom2 protein and citron kinases.  

In Aspergillus fumigatus, Rom2 regulates the cell wall synthesis mainly through 

the downstream Rho1 GTPase. In this research, Rho1 was found to interact with 

the Rom2 CNH domain by the pull-down Mass spec experiment (Fig. 3.5), and 

from the in vitro binding assay AfRho1 was found to bound to the CNH domain 

independent of GTP or GDP binding state (Fig. 3.6), which suggests the Rom2 

CNH domain is a bona fide AfRho1 binding partner. Coincidentally, the CNH 

domain containing citron kinase was initially identified as a RhoA effector from 

the H. sapiens cell line, and the subsequent research in Drosophila and H. 
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sapiens cells has shown that the citron kinase is required for the cellular 

localization of RhoA (Bassi et al., 2011; Gai et al., 2011; Madaule et al., 1998). 

In Drosophila, the citron kinase CNH domain was found to interact with both wild 

type and constitutively active Rho1 mutant by yeast two-hybrid assay and the 

pull-down experiment, which is consistent with our in vitro findings (Bassi et al., 

2011). However, in Drosophila the CNH domain is not required for the cellular 

localization of Rho1, since StickyDCNH can still rescue the Rho1 localization after 

the depletion of the endogenous Sticky (Bassi et al., 2011). In Aspergillus 

fumigatus, AfRom2 protein shares the similar cellular localization pattern with 

AfRho1 to the fungal hyphal tips (Samantaray et al., 2013), however it is not 

further investigated whether the localization of AfRho1 is dependent on AfRom2 

or the Rom2 CNH domain.  

The structure of AfRom2 CNH domain was solved in this research as a seven 

bladed β-propeller (Fig. 3.8), which belongs to the WD40 family proteins. In 

nature, the WD40 protein is known to function as protein-protein interaction 

platform due to its versatile binding surface (Stirnimann et al., 2010; Xu and Min, 

2011). In the CNH domain pull-down MS experiment, we have identified the 

potential protein binding partners of the AfRom2 CNH domain in cellulo (Figure 

5). Among all in total 175 protein binding hits identified, there are two proteins 

(AfRho1 and Chitin Synthase G), were previously reported to regulate the 

synthesis of two major components of the cell wall, glucan and chitin individually 

(Table 3.2) (Beauvais et al., 2001; Borgia et al., 1996). A hypothesis which has 

not been tested yet, is the important cell wall regulating function of the Rom2 

CNH domain is through mediating the interaction of Rho1 GTPase with the cell 

wall synthesizing enzymes such as Chitin synthase G. The rest of the potential 

protein binding hits are also need to be further confirmed and investigated, and 
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the research from that will help to reveal other cellular functions of the AfRom2 

CNH domain and the underlying molecular mechanisms. 

The structure of AfRho1 was also solved in this research to further investigate 

the interaction of Rho GTPase to the CNH domain at the atomic level (Fig. 2.2). 

Based on the WD40 domain interacts with GTPase domain transducin complex 

(Wall et al., 1995), we proposed a model to show the interaction of Rho GTPase 

and the CNH domain is mainly though the top surface of the CNH domain and an 

α-helix in the switch II region of Rho GTPases (Fig. 3.10). The importance of the 

Rho switch II α-helix in mediating the binding is confirmed by making mutants 

and tested in the in vitro binding assay (Fig. 3.11). Interestingly, the Rho switch 

II α-helix is found to be identical among AfRho1, Drosophila Rho1 and H. sapiens 

RhoA, which all have been reported to interact with the CNH domain containing 

proteins, the top surface of CNH domain was also found to be conserved among 

these three organisms, which suggest the binding mode we proposed in this 

study could be a conserved binding mechanism of Rho GTPases bind to CNH 

domain containing proteins （Fig. 3.11）. However, to final confirm the proposed 

binding mode of AfRom2 CNH bound to AfRho1 observed from the superimposed 

model, it is still necessary to solve the actual crystal structure of this complex.  

As the first solved CNH domain structure, the structure of AfRom2 CNH domain 

could also be used as a model to study the structure function relationship of the 

CNH domain containing citron kinases. For example, our superimposed model to 

show the interaction between the AfRom2 CNH domain and AfRho1 could also 

be used to speculate the binding model of CNH domain from citron kinase to the 

Rho orthologue GTPases. In recent research, it has also shown that the CNH 

domain bound strongly to the important cytokinesis regulators, INCENP, 
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Borealine and Aurora B (McKenzie et al., 2016). Our CNH domain structure will 

be helpful to understand the binding in a much more detail. 
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4.1 Fragment based inhibitor discovery of AfRho1 

AfRho1 from the pathogenic fungus A. fumigatus is an essential protein and 

regulates the synthesis of one major component of the cell wall b-1,3-glucan 

(Beauvais et al., 2001; Dichtl et al., 2012). Therefore, AfRho1 is a potential 

therapeutic target against fungal infections. AfRho1 is a GDP/GTP binding 

protein, belongs to the small Rho GTPase family, and shares 70% sequence 

identity with a human orthologue protein HsRhoA. Rho GTPase inhibitor 

discovery has been attracting a lot of attentions, because the Rho GTPase 

upregulation in human cells has been related to many cancer types (Bellizzi et 

al., 2008; Faried et al., 2007; Kamai et al., 2003). However, the Rho GTPases 

have been considered as difficult targets, because of the globular structure and 

the lack of apparent pockets at the surface. In this research, I have combined x-

ray crystallography and a fragment-based approach to develop a novel inhibitor 

against AfRho1. A fragment compound DDD01511162 was found from a BLI 

based fragment screen against AfRho1 with a binding affinity around 300 µM (Fig 

2.4). A complex structure of AfRho1 and the fragment DDD01511162 was 

obtained by x-ray crystallography which revealed the binding mode at the atomic 

level (Fig 2.5). From the complex structure, the fragment DDD01511162 was 

shown binding with AfRho1 in a 2: 1 molar ratio, with two fragments bound 

adjacently to a surface pocket (Fig 2.6). From the structural comparison of 

AfRho1 with the published HsRhoA complex structures, the fragments binding 

pocket was found to be conserved with HsRhoA and at the interface between 

HsRhoA and the upstream GEF protein LARG (Kristelly et al., 2004). Based on 

these observations, the fragment DDD01511162 was then shown to inhibit the 

protein-protein interaction of AfRho1/HsRhoA with their corresponding GEF 

proteins, and the GEF mediated Rho activation (Fig 2.7). However, with the low 
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binding affinity of the initial fragment compound to the target protein (300 µM to 

AfRho1 and 500 µM to HsRhoA), the cellular effects of the inhibition cannot be 

tested yet, therefore a further optimisation of the fragment hit is needed.  

There are three main approaches for optimising the initial fragment hit into high 

potency compounds, which are: fragment merging, linking and growing (Scott et 

al., 2012). Fragment merging is to incorporate the overlapping structural 

components into the fragment hit from other chemical entities bound to the same 

pockets, which can be other fragment hits, substrates or known ligands (Erlanson 

et al., 2004). The known application of this approach is the fragment screen 

against Hsp90, the merged molecule increased the IC50 from the initial 350 µM 

to the final 0.9 µM (Brough et al., 2009). Fragment linking is theoretically the most 

efficient way for fragment elaboration. It means to efficiently link two fragments 

binding at non-overlapping sites but with close proximity. This is because in 

theory, the linking compound will significantly reduce the Gibbs free energy from 

the sum of the two individual fragments. For example, for the thrombin inhibitor 

discovery, the linking of two fragments with individual IC50 from 100- 300 µM 

resulted in a compound with an IC50 of 1.4 nM (Howard et al., 2006). Fragment 

growing is the most widely used and the most time-consuming approach for 

fragment optimisation. It needs step by step chemical modifications of the initial 

fragment hit to fully explore the binding environment. An example of such 

approach is the FBDD against Pin1, the IC50 of the initial fragment is 180 µM, the 

potency was increased to 2.0 µM when adding a chlorine atom and a benzylic 

amide group to the phenyl ring of the fragment (Potter et al., 2010).  

For my AfRho1 FBDD project, the preferred approach for the fragment 

optimisation is without doubt by fragment linking as I found two identical 

fragments bound to AfRho1 with proximity. A compound by linking the two bound 



	 113	

fragments together is predicted to significantly increase the potency based on the 

previous examples (Howard et al., 2006; Schuttelkopf et al., 2011). There are 

currently two options of linking these two fragments together. Option one is to link 

the two fragments according to the orientation of the two fragments we observed 

from the complex structure, which is to link the primer amine group from one of 

the fragments to one of the methyl arms from the other fragment (Fig. 2.10 B). 

And option two is to link the two fragments together, by linking the two methyl 

arms of the two fragments (Fig. 2.10 C). We are now choosing option one for the 

further fragment optimisation, because of intermediate molecules for the option 

two has been found decreased binding to AfRho1 (Fig. 2.11). The optimised 

compound will first be tested by measuring the IC50 for the in vitro GEF inhibition 

activity and then the A. fumigatus cells, in the hope to create a phenotype that is 

similar to the AfRho1 knockout mutants (Dichtl et al., 2012). 

Another great potential of the final fragment-optimised compound from this 

project is to use against cancer cells. Since the initial fragment also bound to 

HsRhoA (Fig 2.7), which is a known anti-cancer target (Bellizzi et al., 2008). The 

previous virtual screen against HsRhoA has identified a compound named 

Rhosin, which bound to HsRhoA with Kd around 300 nM (Shang et al., 2012). 

However, this compound has never entered into clinical trials, as no structural 

information is available, and the further optimisation of the compound is therefore 

limited. Interestingly to notice, the predicted binding pocket of Rhosin to HsRhoA 

is the exact same binding pocket I found in AfRho1 which is centred by the key 

conserved residue Try58 (Shang et al., 2012). These observations gave us great 

confidence that our fragment-lead molecule will also bind to HsRhoA, and has 

the potential to be used as an anti-cancer treatment by inhibiting the HsRhoA 

activity. 
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4.2 The potential of using AfRom2 CNH domain as a selective anti-fungal 

target 

In my AfRho1 structural biology and fragment screen research, I have identified 

a fragment bound pocket in AfRho1. The bound fragment has a great potential to 

be developed into a high affinity inhibitor against the protein-protein interaction 

between AfRho1 and the upstream GEF protein. However, this fragment bound 

pocket was found to be identical in the human orthologue protein HsRhoA (Fig 

2.7). Thus, when considering target selectivity for the anti-fungal treatment, this 

fragment bound pocket I found is still not an optimal drug target, although 

HsRhoA was also considered as an anti-cancer target (Shang et al., 2012). And 

this is due to the high sequence identity between these two proteins, which 

caused the surface binding properties of these two orthologues to be highly 

similar.  

Therefore, I was very keen to identify a fungal specific target in the hope to 

achieve selectivity. The Rom2 orthologue protein as the upstream GEF to Rho1 

GTPase has been shown as essential in several pathogenic fungi, including A. 

fumigatus, C. glabrata and C. albicans (Kanno et al., 2015; Samantaray et al., 

2013). Rom2 protein was also found to be highly conserved in fungi but less 

homologous to that of H. sapiens Rho GEF proteins (Kanno et al., 2015). The 

reason for that is in addition to the conserved GEF activity (DH-PH) domains, 

there are also two protein domains (N-terminal DEP domain and C-terminal CNH 

domain) only found in fungal Rom2 orthologues but not in the human orthologue 

Rho GEF proteins (Fig 1.11). The N-terminal DEP domain was studied in a Rom2 

orthologue in the filamentous fungus N. crassa (Richthammer et al., 2012), which 

proposed the function of this domain as a self-inhibitory regulator to the intrinsic 
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GEF activity. The C-terminal CNH domain, however, has never been studied 

before in fungal Rom2 proteins.  

In my research, I have created a rom2Dcnh mutant, to show that the CNH domain 

is not only unique, but also important for the colony growth and cell wall 

organization in A. fumigatus (Fig. 3.3 3.4). The colony growth and cell wall 

defective phenotypes of the rom2Dcnh mutant was also very similar to that of the 

rom2 knockdown mutant (Samantaray et al., 2013), which suggests the full 

cellular functions of the Rom2 protein is largely dependent on the existence of 

the C-terminal CNH domain. These results have already suggested that the 

AfRom2 CNH domain could be considered as a potential selective target for the 

anti-fungal development. However, the exact molecular functions of this domain 

still need to be investigated. 

In my CNH domain pull-down MS experiment, I have identified the potential 

protein binding partners of the AfRom2 CNH domain in cellulo (Fig. 3.5). Among 

the total 175 protein binding hits identified, there are two proteins (AfRho1 and 

Chitin Synthase G), were previously reported to be involved in regulating the 

synthesis of two major components of the cell wall, glucan and chitin individually 

(Table 3.2) (Beauvais et al., 2001; Borgia et al., 1996).	A hypothesis which has 

not been tested yet, is the important cell wall regulating function of the AfRom2 

CNH domain is through the interaction to the two protein binding hits (AfRho1 

and Chitin Synthase G). The rest of the potential protein binding hits are also 

need to be further confirmed and investigated, and the research from that will 

help to reveal other cellular functions of the AfRom2 CNH domain and the 

underlying molecular mechanisms. 

To understand the molecular basis of the AfRom2 CNH domain bound to 

important cellular components, the structure of this domain was solved by X-ray 
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crystallography. The structure of the AfRom2 CNH domain was shown as a seven 

bladed β-propeller (Fig 3.10), which belongs to the WD40 family proteins. In 

nature, the WD40 protein is known to function as a protein-protein interaction 

platform due to its versatile binding surface (Stirnimann et al., 2010; Xu and Min, 

2011). Among all the WD40 family proteins, the β-subunit of transducin was 

known to interact with a GTPase domain and also a seven-bladed propeller (Wall 

et al., 1995), therefore the β-transducin was used to predict the binding mode of 

the AfRom2 CNH domain to AfRho1. From the superimposed structure model, I 

proposed the potential binding mode of the AfRom2 CNH domain to AfRho1 is 

mainly through the top surface of the CNH domain and an α-helix in the switch II 

region of Rho GTPases (Fig 3.11). Although there is no clear evidence so far, the 

protein-protein interaction between AfRho1 and AfRom2 CNH is very likely to be 

important in A. fumigatus. Therefore, a chemical compound to interrupt this 

interaction could potentially become a therapeutic approach for treatment of the 

A. fumigatus invasive fungal conditions. Although the CNH domain can also be 

found in human citron kinases, the sequence identity between the AfRom2 CNH 

domain to the closest human orthologue protein is only around 20% (Fig. 3.1B), 

which means the chance of finding a selective compound binding pocket is high. 

Therefore, in this research I have identified the AfRom2 CNH domain as a 

potential selective target for the anti-fungal development, my structural biology 

study of this domain also provides the molecular basis for the future drug 

discovery. 
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