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Thesis Summary 
 

Aspergillus fumigatus, the leading cause of invasive aspergillosis, has been recognised as a 
priority fungal pathogen by the World Health Organisation due to its impact on human health 
and the emergence of resistance against existing antifungal therapeutics. Ubiquitously found in 
the natural environment, A. fumigatus produces air-borne fungal spores that are routinely 
inhaled into the respiratory system where the initial infection is established. In severe cases, the 
fungus can subsequently invade multiple organs, causing invasive aspergillosis. Current 
approaches to treating invasive fungal infections require aggressive and expensive antifungal 
therapy with limited success due to misdiagnosis, poor drug pharmacokinetics and 
pharmacodynamics, high drug toxicity and low efficacy of existing drugs against resistant 
strains. As the mortality rate associated with invasive aspergillosis remains unacceptably high 
and primary therapy failure occurs in 40% - 70% for invasive aspergillosis patients, there is a 
need to identify new targets for the development of novel classes of antifungal therapeutics. 

In order to effectively embark on a drug discovery project, intimate structural and biochemical 
knowledge of the target is required. Together, this information provides insights into protein 
function and furthers our understanding of their contribution to fungal survival and virulence. 
Furthermore, the structural data will be essential in guiding rational drug design efforts. This 
thesis focuses on four A. fumigatus enzymes from the purine biosynthesis, mannitol 
biosynthesis and glycolysis pathways that have been identified as promising antifungal drug 
targets. The structure and kinetic characteristics of each enzyme has been comprehensively 
studied using X-ray crystallography, analytical size-exclusion chromatography, native mass 
spectrometry and in vitro activity assays. Findings from this work has provided a necessary 
foundation for future antifungal drug discovery projects that target nucleoside diphosphate-
kinase (NDK), guanosine monophosphate (GMP) synthase, mannitol-2-dehydrogenase 
(M2DH) and enolase. 

(1) Seven crystal structures of NDK (1.6 Å – 2.3 Å) were solved, either in an unbound form, 
or bound to one of the six possible nucleoside triphosphate substrates used in its reaction. 
Analysis of the kinetic properties of the enzyme revealed the following order of preference: 
adenosine > guanosine > inosine > uridine > thymidine > cytidine substrates. By combining 
the structural and kinetic data obtained, the structural determinants that govern nucleoside 
selectivity in A. fumigatus NDK were determined. 

(2) The first structure of a fungal GMP synthase enzyme from A. fumigatus was solved to a 
resolution of 2.3 Å. Analysis of this structure in comparison to the existing structure of the 
human homologue has revealed significant differences. Despite both being from eukaryotic 
species, the A. fumigatus GMP synthase lacks a D1 dimerisation domain that is observed 
in the human counterpart. Although denoted as the D1 dimerisation domain in the 
literature, this domain is known to prevent dimerisation. As a result, GMP synthase forms 
a dimeric complex, which is contrary to the monomeric human homologue. Analysis of 
binding-pocket residues in combination with rigorous analysis of the kinetic properties 
have revealed species-specific differences exist between fungal and human GMP 
synthases. This data will be imperative in the design of inhibitors that selectively target the 
fungal homologue. 

(3) The crystal structure of A. fumigatus M2DH in an unbound state (1.8 Å) and bound to 
NADH (2.1 Å) were solved. Analysis of these structures have revealed a central binding 
cavity that is located between the N- and C-terminal domains of the enzyme. This binding 
pocket is predominantly positively charged that readily accommodates the negative 
charges derived from the phosphate groups of NADH. Kinetic analysis of the substrates 



and co-factors used in the interconversion reaction have revealed that M2DH is likely to 
play a supporting role to the enzyme mannitol-1-phosphate-5-dehydrogenase in the 
biosynthesis of mannitol in fungi. As a proof of concept, we have shown that the activity 
of M2DH can be modulated by the small molecule 1,4-benzoquinone and have determined 
that the mechanism of inhibition is achieved by the covalent modification of all 5 cysteine 
residues. 

(4) Although the canonical function of cytoplasmic enolase as a glycolysis enzyme is well 
understood, its ‘moonlighting’ functions as a virulence factor have not been explored in 
molecular detail. Enolase, when expressed on the surface of pathogenic bacteria and fungi, 
can function as a receptor for human proteins, including plasminogen. This interaction 
drives tissue invasion and facilitates nutrient acquisition, both of which function to 
accelerate infection. A novel approach to developing antifungal drugs aims to prevent the 
formation of the enolase-plasminogen complex. In order to better understand this 
interaction, the crystal structure of A. fumigatus enolase, unbound (2.0 Å) and bound to its 
endogenous substrates, 2-phosphoglycerate (1.9 Å) and phosphoenolpyruvate (2.3 Å) were 
determined. Enolase from A. fumigatus forms a dimeric complex in which both monomers 
are arranged in an anti-parallel orientation. Using the solved crystal structure of A. 
fumigatus enolase and the existing crystal structure of human plasminogen, we have 
developed a model of this complex using protein: protein docking software. These data 
provide insights to better understand this interaction and provides foundations to guide the 
design of peptidomimetics or small molecules that could potentially disrupt this interaction. 
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Chapter 1:   
 
Insights into the pathogenic fungus, Aspergillus 
fumigatus and emerging targets for antifungal drug 
development 
  



Chapter 1 Preface 

 

Chapter 1 includes sections of a review article published in Frontiers of Molecular Biosciences 

that describes the features of fungal pathways that are of interest in this PhD project. The 

published article appears in Appendix A and the references are included in Chapter 7.



1.1 The growing burden of fungal infections demands the development of new classes of 
antifungals 
 

Opportunistic fungal pathogens impose a significant societal and economic burden on the 
public health sector, particularly amongst immunocompromised patients. In the United States 
alone, it has been estimated that fungal infections incur hospitalisation and outpatient costs that 
exceed $7.2 billion USD annually (1). These costs are expected to rise in tandem with the 
expansion of the immunocompromised population and subsequent increase in the incidence of 
invasive mycoses. This predisposed population includes recipients of invasive surgery, 
chemotherapy and immunosuppressive therapy, as well as sufferers of human 
immunodeficiency virus (HIV)/acquired immunodeficiency syndrome (AIDS) and cystic 
fibrosis (2). 

Global estimates suggest that over 150 million individuals are affected by serious fungal 
infections, which culminate in over 1.6 million deaths per annum (3). Common fungal 
pathogens associated with these opportunistic infections include Aspergillus spp. (most 
commonly Aspergillus fumigatus), Candida albicans (and other non-albicans Candida 
species), Cryptococcus neoformans, Histoplasma capsulatum, Coccidioides imitis and 
Pneumocystis jirovecii (4,5). Amongst these fungal pathogens, species of Aspergillus, Candida, 
Pneumocystis and Cryptococcus are responsible for over 90% of total global fungal mortalities 
and therefore, these fungal species pose the most prominent threat to human health (6). A. 
fumigatus preferentially colonises lung tissue, resulting in pulmonary aspergillosis (7). The 
severity of this fungal infection can escalate rapidly as the infection disseminates throughout 
the body and affects multiple organs. Infections caused by A. fumigatus can manifest as invasive 
aspergillosis which affects multiple organs, particularly the kidney and brain (8,9). This disease 
is associated with high rates of primary antifungal therapy failure which ultimately leads to high 
rates of mortality and significant burden on the public health system (10).  

 

1.2 Overview of Aspergillus fumigatus and impact on human health 
 

The project focuses on A. fumigatus, a saprophytic fungus that is ubiquitous in nature and 
commonly found in soil and decaying organic matter (11). Although A. fumigatus grows at an 
optimum temperature of 37°C and pH of 3.7 to 7.6, it shows high tolerance for environmental 
variability, which contributes to its adaptive response during infection (12). Through asexual 
reproduction, A. fumigatus produces hydrophobic conidia that are readily dispersed through the 
air (12). It has been predicted that adult humans will inhale between 100 and 1000 conidia from 
A. fumigatus per day where they enter the lower airways and deposit in the bronchioles and 
alveoli (13,14). In healthy humans, the conidia are effectively removed via mucociliary 
clearance or neutralised by alveolar macrophages and neutrophils (14). However, conidia can 
survive in immunocompromised hosts and within 4 to 6 hours, conidia shed their hydrophobic 
layers, swell and germinate to form hyphae (vegetative structures) (13). 

Consequently, an invasive and systemic infection, collectively termed invasive aspergillosis 
can develop and persist in the lungs. The pathological features of the disease can vary between 
patients but generally include blood clotting and haemorrhage due to extensive hyphae growth 
(14).  This disease is predicted to affect over 300,000 individuals globally and is associated 
with an exceedingly high mortality rate of up to 80% (3).  
 



1.3 Current antifungal classes and treatments 
 

Antifungal therapeutics are routinely administered to combat invasive mycoses. The four main 
classes of antifungals that currently exist function by targeting either the cell wall or cell 
membrane (Figure 1). They include azoles, allylamines, polyenes and echinocandins. The 
mechanism of action of each antifungal drug class and discussion of their biological targets 
have been extensively reviewed (15). A brief overview of currently available antifungals is 
given here. 

 

1.4 Targeting the cell membrane 
 

Ergosterol is a steroid alcohol that forms a major component of the fungal cell membrane. It is 
responsible for the maintenance of membrane fluidity and structural integrity, as well as the 
regulation of membrane permeability (16). Due to its implications in fungal survival, ergosterol 
biosynthesis enzymes have been the target of the allylamine and azole classes of antifungals, 
whereas the polyene class targets ergosterol function directly (15). Allylamines target squalene 
epoxidase, an enzyme that catalyses the conversion of squalene to lanosterol, whereas azoles 
function as non-competitive inhibitors of lanosterol 14a-demethylase by complexing with the 
haem prosthetic group (15,17,18). Both of these enzymes are involved in the later stages of 
ergosterol biosynthesis. Disruption of this pathway leads to an accumulation of upstream sterol 
precursors and ultimately, the depletion of ergosterol. This deficiency results in impaired cell 
membrane function, growth inhibition, and cell death (18,19). In comparison, polyenes induce 
fungal death by binding directly to ergosterol embedded in the cell membrane. Once 
incorporated into the membrane, this leads to the formation of pores, which increase membrane 
permeability to water, ions and non-electrolytes (20).  

 

1.5 Targeting the cell wall 
 

Due to the absence of a mammalian equivalent, several components of the fungal cell wall and 
the biosynthetic enzymes responsible for its construction have been the target for antifungal 
therapeutics. The cell wall, comprised of three main components including glucans, 
mannoproteins and chitin, plays an important role in maintaining fungal survival by maintaining 
cell rigidity and resisting osmotic stress (21). Furthermore, there are several receptors displayed 
on the surface of the cell wall that can interact with the host during infection and contribute to 
fungal virulence. Echinocandins disrupt these fundamental functions of the cell wall by non-
competitively inhibiting (1,3)-β-glucan synthase, the enzyme responsible for maintaining and 
synthesising glucans. Insufficient biosynthesis of glucans leads to destabilisation of the cell 
wall and a compromised ability to resist osmotic pressure that results in cell lysis (22).  

  



 

Figure 1: Existing antifungal drug classes that target the biosynthesis of the fungal cell wall 
components (nikkomycins, polyoxins, echinocandins), biosynthesis of the cell membrane 
(azoles, allylamines) or bind to ergosterol in the membrane directly (polyenes). 

  



1.6 Emergence of antifungal resistance and the need for novel antifungal classes 
 

The extensive use of antifungals in both agricultural and clinical settings has led to the rise of 
widespread antifungal resistance with significant consequences to food security and human 
health. To control fungal phytopathogens in agricultural crops, a range of antifungal drugs 
specifically for agricultural use are used that target mitochondrial respiration processes, 
including succinate dehydrogenase and Qo inhibitors (23). However, there is also significant 
overlap in the use of azoles to treat both human and plant fungal pathogens. In particular, they 
are frequently used in grain- and grass-growing environments, as well as in clinical settings, to 
control Candida spp., Cryptococcus spp. and Aspergillus spp. infections (24). As a result, 
bioactive azoles can persist in soil, water and fresh produce (25). Ultimately, it has been 
suggested that these environmental factors contribute to the rise in azole resistance currently 
being observed in clinical settings. 

The prominent use of azoles has resulted in a shift in the prevalence of infections caused by C. 
albicans towards less susceptible species of Candida, including C. glabrata, C. krusei and C. 
guilliermondii (26-28).  Fungal strains can also acquire drug resistance during therapy, which 
restricts the treatment options available to the patient and can ultimately cause antifungal 
therapy failure. Specifically, there are increasing concerns of echinocandin and azole resistance 
arising in species of Candida and A. fumigatus, respectively (28). In the United Kingdom, there 
has been a consistent increase in the proportion of A. fumigatus isolates with resistance to azoles 
growing from 5% in 2004 to 14% in 2008 and 20% in 2009 (29). Following a similar trend, the 
frequency of A. fumigatus clinical isolates with azole resistance in The Netherlands increased 
from 7.6% in 2013 to 14.7% in 2018 (30). 

Several generations of antifungal drugs originating from these four classes have been developed 
to improve their pharmacokinetic profiles, increase potency and combat resistance. However, 
treatment of invasive mycoses amongst immunocompromised patients remains challenging. 
Primary antifungal therapy failure is a prevalent issue, affecting 20 – 60% of invasive 
candidiasis patients, 40 – 60% of invasive aspergillosis patients and 30 – 100% of invasive 
fusariosis patients (10). Although the role of underlying host factors and immune status must 
be considered in antifungal therapy failure, several issues arise from inherent limitations in 
currently available drugs. Low bioavailability in target tissues, drug toxicity, unfavourable 
drug-drug interactions and the emergence of drug resistance also contribute to the reduced 
efficacy of existing treatments (10). 

As the number of antifungal classes available for clinical use is limited and the proportion of 
the population susceptible to invasive mycoses is expected to increase, there is a need to identify 
new targets for the design and development of novel classes of antifungals. Although cell 
membrane and cell wall biosynthesis enzymes have been traditional targets of antifungals, 
broadening our search to unconventional pathways can unlock an abundance of potential targets 
by exploiting the unique metabolic needs of fungi during pathogenesis.  
 
In spite of the alarming rates of morbidity and mortality, the severity of invasive fungal 
infections remains underappreciated. Increases in disease incidence and prevalence of 
antifungal resistance highlights the need to identify novel targets and develop new classes of 
antifungals to manage mycoses amongst the immunocompromised population. There have been 
continual efforts to characterise enzymes involved in the biosynthesis of ergosterol or cell wall 
components, both of which are classic antifungal targets, to develop novel inhibitors (31-33). 
However, there has also been a notable shift in focus from these pathways exclusive to fungi to 
exploiting species-specific differences in shared pathways between fungi and humans (34-37). 



To effectively establish infection, the fungus must adapt to a different niche within the human 
host, combat or circumvent the host immune response and obtain sufficient nutrients to 
reproduce and disseminate. Although these metabolic requirements may differ between fungal 
species, depending on their preferred infection site, disrupting shared metabolic pathways 
involved in these processes can impede fungal survival and pathogenesis. Targeting these 
pathways may present an elegant approach to develop novel classes of therapeutics with broad 
spectrum activity. 
 

1.7 Emerging targets for antifungal development 
 

There is a clear need to identify new targets to develop antifungal drug classes that are not 
subject to pre-existing resistance mechanisms. A. fumigatus is an opportunistic fungal pathogen 
that lacks specific virulence factors. Instead, its virulence is multifactorial and is not only 
dependent on the host immune system but also on its inherent biological traits that contribute 
to its pathogenicity (11). It has been suggested that A. fumigatus has acquired these traits to 
survive in an immunocompromised host from the hazards encountered in its natural 
environment (13). For example, the size of conidia (between 2 to 3 µm) not only facilitates 
wind dispersal but also allows for deep infiltration into the alveoli. Similarly, its 
thermotolerance and pH tolerance that enables A. fumigatus to thrive in its natural environment 
of compost heaps also aids its survival in harsh conditions within the human host (14). 
Furthermore, to complement its saprophytic lifestyle, A. fumigatus expresses numerous 
extracellular proteases and exhibits nutritional versatility that also contributes to its virulence 
(12,38). Thus, targeting genes that are involved in essential metabolic pathways or those that 
contribute to its opportunistic nature offer a promising approach to developing novel classes of 
antifungal therapeutics. 

 

1.8 Glycolysis pathway 
 

Glycolysis is a fundamental, multi-step metabolic process that occurs in most living organisms. 
The glycolysis pathway produces energy, in aerobic and anaerobic conditions, through the 
catabolism of sugars and provides useful intermediates for downstream biosynthetic pathways. 
The roles of these enzymes in glycolysis have been extensively studied but there has been 
growing interest in their additional ‘moonlighting’ functions that deviate from their canonical 
function. These ‘moonlighting’ functions may contribute to fungal survival and virulence 
mechanisms and have consequently been investigated as promising antifungal drug targets. 
 

1.8.1 Enolase and host plasminogen 
 

Enolase catalyses the penultimate step of glycolysis, interconverting 2-phosphoglycerate (2-
PG) and phosphoenolpyruvate (PEP) (Figure 2A) (39). Consistent with its role in integral 
metabolic processes, a genetic knockout of enolase in C. albicans has been shown to reduce 
germination tube and hyphal formation, resulting in attenuated virulence and growth rate 
(40,41). Intriguingly, this enzyme fulfils its glycolytic roles in the cytoplasm but it is also 
expressed on the cell surface of many fungal and bacterial species. This has been observed in 
A. fumigatus and C. albicans, two of the most prominent etiological agents of invasive mycoses, 
as well as Aspergillus flavus, Aspergillus terrus, Aspergillus nidulans, Candida glabrata, 
Saccharomyces cerevisiae, and bacterial Streptococci and Pneumococci species (42-45). In S. 



cerevisiae, it has been suggested that enolase secretion is mediated by an N-terminal 28 amino 
acid translocation sequence and operates through a SNARE-dependent pathway (46).  
Alignment of homologous enolase protein sequences from S. cerevisiae with Aspergillus spp. 
and Candida spp. has identified a highly conserved motif at the N-terminus. This suggests that 
this SNARE-dependent mechanism of enolase secretion may be conserved amongst many 
fungal species (45). 

The function of surface-expressed enolase deviates from its canonical role in the cytoplasm and 
instead contributes to tissue invasion and nutrient acquisition during pathogenesis. It functions 
as a receptor for plasminogen, a zymogen circulating in the host bloodstream. Plasminogen is 
cleaved by plasminogen activating proteins (including tissue-plasminogen activator and 
urokinase plasminogen activator) to form active plasmin, which functions as a serine protease. 
The physiological function of the human plasminogen/plasmin system is to facilitate tissue 
remodelling, cell migration, haemostasis and wound healing, and induce inflammation and 
angiogenesis. It fulfils these roles by degrading proteins in the extracellular matrix, fibrin and 
fibrinogen in blood clots and targeting components of the complement system (47). Inactive 
plasminogen is proposed to dock onto a lysine-rich motif located on the surface-expressed 
enolase of fungal pathogens. While bound, host plasminogen activators are capable of 
recognising, binding and cleaving plasminogen to produce the activated plasmin (45). The 
serine protease activity of plasmin becomes concentrated at the site of fungal infection and this 
can accelerate tissue invasion and disease progression. An in-depth study that focused on 
surface-expressed enolase from A. fumigatus confirmed its ability to interact with human 
immune regulators including factor H, factor-H-like protein 1 (FHL-1), C4b-binding protein 
(C4BP) and plasminogen (48). Whilst bound to A. fumigatus enolase, factor H, FHL-1 and 
C4BP retained their normal cellular activity and plasminogen remained accessible to 
plasminogen activator proteins. When swollen A. fumigatus conidia coated with human 
plasminogen were exposed to human A549 epithelial cells or an epithelial monolayer, cellular 
metabolic activity was reduced by 41% and cell retraction was reduced (48). These observations 
are consistent with the ‘moonlighting’ role of surface-expressed enolase and their role in 
facilitating tissue invasion. 

1.8.2 Immunogenic activity of enolase 
 

The secretion and presentation of enolase on the cell surface is a common feature of many 
fungal species (43,45). As a surface-exposed receptor, it is capable of eliciting an immunogenic 
response that may be exploited for vaccine development. Preliminary studies have 
demonstrated the suitability of using enolase as an immunogenic agent to acquire modest 
protective effects against candidiasis in a murine model. When mice were challenged with C. 
albicans following subcutaneous vaccination with recombinant C. albicans enolase, an elevated 
antibody response was induced and fungal burden in major organs was reduced compared to 
non-immunised mice (49). In an independent study, C. albicans enolase was expressed and 
presented on Lactobacillus casei cells, then orally administered to mice prior to challenging 
with a normally lethal dose of C. albicans. These immunised mice produced higher IgG 
antibody titres and had improved survival rates (50). 

 

 

 

 



1.8.3 Targeting surface-expressed enolase 
 

Designing a peptidomimetic or small molecule inhibitor that specifically targets the 
plasminogen docking site of enolase using a structure-guided approach is a possible avenue for 
new therapeutics. This approach requires intimate knowledge of the interactions between both 
proteins. Although high resolution crystal structures of the full-length human Type II 
plasminogen (4DUR) and fungal enolase from S. cerevisiae (3ENL) are already available, the 
interaction interface has not yet been defined (51,52). There have been previous studies 
examining the molecular interaction between plasminogen and bacterial enolases. Studies 
conducted using enolase from S. pneumoniae have suggested two possible binding sites - the 
L3 loop on the alpha-beta (αβ) barrel, a structurally flexible region, or the lysine-rich C-terminal 
tail of the protein (42,53,54). Superimposition of enolase from prokaryotic and eukaryotic 
sources including E. coli (1E9I), human (3B97), Enterococcus hirae (1IYX), lobster (1PDZ), 
Streptococcus pneumoniae (1W6T) and S. cerevisiae (3ENL) reveal an overall similar fold and 
existence of a conserved, but structurally different, L3 loop (Figure 2B) (51,54-58). Therefore, 
it is likely that the plasminogen binding site is also conserved between homologous enolase 
enzymes but the mode of binding may differ between species. Building upon this work, efforts 
must be focused on elucidating the plasminogen binding interface of fungal enolase and 
structurally characterising this site to guide rational inhibitor design. 

Evidence of the immunogenicity of fungal enolase, particularly the C. albicans homologue, 
raises the possibility of using antibody therapy as an adjunct to antifungal therapy. Therapeutic 
antibodies specific for enolase could potentially reduce tissue invasion and fungal 
dissemination by interfering with interactions between fungal enolase and host plasminogen. 
Antibodies raised in mice against recombinant C. albicans or A. fumigatus enolase successfully 
recognised plasminogen-bound enolase from Candida spp. and Aspergillus spp., respectively. 
However, this antibody-enolase-plasminogen complex still allowed plasminogen activating 
proteins to access, cleave and activate bound plasminogen (45). The viability of antibody 
therapy requires improved antibodies against enolase that recognise specific epitopes which 
interfere with this plasminogen activation process. Monoclonal antibodies that inhibit 
plasminogen activation have already been successfully raised against human α-enolase. During 
the process of fibrinolysis, plasminogen binds to surface-expressed α-enolase on leukocytic 
cells and this results in an accelerated rate of plasminogen activation. The plasminogen 
activation associated with binding to leukocytic cell lines was reduced by approximately 90% 
when monoclonal α-enolase antibodies (MAb 11G1) were introduced (59). These experiments 
provide a proof-of-principle that disruption of an enolase-plasminogen interaction can affect 
plasmin activity and therefore, this approach may be feasible when applied to an antifungal 
therapeutic strategy. 
  



 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Figure 2: (A) Enolase catalyses the penultimate step of glycolysis, interconverting 2-
phosphoglycerate (2-PG) and phosphoenolpyruvate (PEP) using magnesium as a cofactor. (B) 
X-ray crystal structures of enolase from different species have similar global folds. Enolase 
structures from Escherichia coli (1E9I; green), Enterococcus hirae (1IYX; cyan), lobster 
(1PDZ; yellow), Streptococcus pneumoniae (1W6T; salmon), and Saccharomyces cerevisiae 
(1ONE; magenta) were superimposed using PyMOL (51,54-58). The L3 loop, which shows the 
greatest structural deviation between the structures, is proposed to be the plasminogen binding 
loop for S. pneumoniae. Exposed lysine residues at the C-terminal end of enolase have also 
been proposed as a possible binding site. 
 
 
  



1.9 Mannitol biosynthesis pathway 
 

Mannitol biosynthesis is a crucial process that aids in fungal survivability and virulence. 
Mannitol-2-dehydrogenase (M2DH) and mannitol-1-phosphate 5-dehydrogenase (M1P5DH) 
are the primary biosynthesis enzymes that produce mannitol, an acyclic, six-carbon sterol 
alcohol (Figure 3). Present in all fungal structures, including mycelia, fruiting bodies and 
conidia, mannitol acts as a carbohydrate storage molecule, osmolyte and source of reducing 
power (60). During pathogenesis, mannitol production is increased to exploit its ability to 
quench reactive oxygen species (ROS) in order to resist host defences (60). The unique and 
diverse properties of mannitol, particularly in relation to human pathogenesis, have garnered 
considerable interest in the underlying mechanism of its biosynthesis and secretion during 
fungal infection. 

 

1.9.1 Mannitol as a biomarker of fungal infection 
 

The efficacy of antifungal therapy is dependent on the early detection and accurate 
identification of the invading fungal species. Traditional methods include culturing from patient 
samples, direct microscopical examination of fungal samples and histopathology testing of 
infected tissue (61). Although culturing is considered as the gold standard of diagnosis, the 
utility of this technique can suffer from the slow growth rates of filamentous fungi, 
environmental contamination and poor recovery of some fungal species from patient samples 
(61). Overall, these factors can delay adequate antifungal treatment, which can compromise the 
efficacy of these drugs. Therefore, non-culture-based methods of diagnosis, such as screening 
patient samples for biomarkers of fungal infection, offer a faster and less invasive alternative. 
Several fungal pathogens, including C. neoformans and Aspergillus spp., have been shown to 
produce high levels of mannitol in vitro and in animal disease models of infection, highlighting 
the suitability for its use as a biomarker. In liquid cultures of twelve human isolates of C. 
neoformans, extracellular mannitol levels increased approximately 30-fold over a four day 
period in which rapid mannitol biosynthesis and secretion occurred predominantly in the 
stationary growth phase (62). Similarly, several Aspergillus species have also demonstrated an 
ability to produce mannitol from glucose in vitro (63). Closely mirroring these studies, mannitol 
levels in the cerebrospinal fluid (CSF) of a cortisone-treated rabbit disease model of 
cryptococcal meningitis also increased over time in response to infection with C. neoformans 
strain H99. Furthermore, there was a positive correlation identified between mannitol CSF 
levels and CSF colony forming units as well as CSF cryptococcal antigen titres, both of which 
are markers of infection severity (62). In an experimental model of aspergillosis using rats 
infected with A. fumigatus, high levels of mannitol were detected in liver tissue 12 hours post-
infection and in serum 36 hours post-infection (64). In addition, a singularly surviving rat 48 
hours post-infection also showed increased mannitol levels in lung, liver and kidney tissue (64).  
 
From these animal models, the results indicate that infection of a human host with C. 
neoformans or A. fumigatus is also likely to induce upregulated mannitol production and 
secretion, localising in the CSF or serum, respectively. Analysis of the CSF from patients 
suffering from AIDS and cryptococcal meningitis confirm that mannitol content increases to 
sufficiently high levels to be easily detected and quantified using gas-liquid chromatography-
linked mass spectroscopy (65). As humans lack an equivalent mannitol biosynthesis pathway, 
the detected mannitol is likely of fungal origin. However, mannitol content in the CSF could 
not be significantly correlated to cryptococcal antigen titres in humans, contrary to observations 



made in the rabbit disease model. Taken together, these results provide valuable insights into 
the feasibility of using patient CSF and serum mannitol levels as a biomarker of fungal infection 
and presents possible methodologies that facilitate its use as a diagnostic tool.  
 

1.9.2 Roles in virulence and protection against host defences 
 

Fungal pathogens invading a human host experience multiple environmental stresses associated 
with occupying a new niche and chemical stresses invoked by the immune response. Sensing 
and adapting to abiotic stresses (temperature, pH), resisting phagocytosis from macrophages 
and neutralising ROS produced by neutrophils is critical for survival (66,67). Mannitol has been 
connected to many of these host-pathogen interactions associated with fungal survival and 
virulence and this provides a basis to understand the function of its rapid biosynthesis and 
secretion during infection. 
 
Phenotypic characterisation of a C. neoformans mutant, which produces reduced levels of 
mannitol (Cn MLP) exemplifies the multitude of roles adopted by mannitol. The Cn MLP 
mutant showed similar growth rates, morphology and antifungal susceptibility as the wild-type 
strain, C. neoformans H99. However, Cn MLP had decreased tolerance to high temperatures 
and salinity (68). These findings are consistent with the proposed role of mannitol as an 
osmolyte in fungi (60). Although the loss of thermotolerance in Cn MLP cannot be directly 
linked to mannitol function, resistance to thermal stress in the fungus Beauveria bassiana has 
been partially attributed to trehalose, a metabolite produced from mannitol (Figure 3) (69). The 
Cn MLP isolate also demonstrated decreased resistance to oxidative stress, a common killing 
mechanism of the human immune system (70). Specifically, Cn MLP showed greater 
susceptibility to oxidative killing by polymorphonuclear neutrophils (PMNs) and ROS 
generated from an iron-hydrogen peroxide-iodide cytotoxic cell-free system, relative to the 
wild-type strain (70). Protection against ROS improved in a dose-dependent manner when 
PMNs were incubated with mannitol. Similarly, fungicidal activity was completely abolished 
when mannitol was added simultaneously to the ROS cell free system (70). In both scenarios, 
mannitol acted as an effective scavenger of ROS to confer protection against oxidative damage. 
In an experimental disease model, Cn MLP was 5,000-fold less virulent compared to C. 
neoformans H99 when intravenously injected into mice. Although both the mutant and wild-
type strains proved to be lethal, 100% of mice succumbed to infection 51 days post-injection 
with C. neoformans H99, whereas 100% of mice injected with Cn MLP survived at the same 
time point (68).  Together, the osmotolerance and thermotolerance conferred by intracellular 
mannitol and the protection against ROS by extracellular mannitol may aid fungal survival and 
virulence by resisting environmental and immune-induced stresses in the human body. 
 

  



1.9.3 Roles in conidial stress response 
 

Conidia are asexually-produced spores that are required for wide-spread fungal dispersal. Often 
dissipated through the air, conidia are inhaled into the respiratory system and at this 
developmental stage, fungal infection can be initiated (14). Conidia must be able to survive and 
adapt to this new environment to progress to subsequent germination stages and develop into a 
vegetative state. Mannitol has been implicated in the protection of conidia against these stress 
conditions in multiple species of fungi (68,71,72). 

High concentrations of intracellular mannitol have been detected in conidia from Aspergillus 
oryzae, Aspergillus clavatus and Aspergillus niger (73-75). In order to assess mannitol function, 
a M1P5DH-null mutant of A. niger was generated. Disruption of M1P5DH resulted in a 
complete absence of mannitol in mycelia and a 30% reduction of intracellular mannitol content 
in conidia. Prolonged exposure to conditions that had no effect on the viability of wild-type 
conidia, such as high temperatures and oxidative stress induced by ROS, reduced the viability 
of M1P5DH-null conidia to 5% and 0.5%, respectively. To a lesser extent, these mutant conidia 
were more sensitive to freeze-drying and freeze-thawing processes. Supplementation of 
M1P5DH-null conidia with mannitol had a protective effect that reduced their sensitivity to 
heat and oxidative stress (71). These results indicate that mannitol is an important molecule that 
protects conidia against harsh environmental conditions. 
 
In a separate study, the equivalent gene encoding M1P5DH in Aspergillus fischeri was deleted 
with unexpected effects. There was a severe reduction of mannitol in mycelia but an increase 
in mannitol and reduction of trehalose in its conidia (72). These conidia showed a modest 
increase in sensitivity to heat and oxidative stress, despite the higher mannitol content. Since 
trehalose and mannitol biosynthesis pathways are intrinsically linked and both sugars have been 
found in all stages of the fungal life cycle, it has been suggested that trehalose and mannitol 
may play overlapping roles in resistance to environmental stress (Figure 3) (72,76). There has 
also been growing interest in targeting components of the trehalose biosynthesis pathway for 
the development of novel antifungals (76).  Thus, further investigation into the interplay 
between mannitol and trehalose in fungal survival is warranted to aid these efforts.  

 

  



 

 

Figure 3: The mannitol and trehalose biosynthesis pathway in fungi. The primary biosynthesis 
enzymes of mannitol are mannitol-1-phosphate 5-dehydrogenase (M1P5DH) and mannitol-2-
dehydrogenase (M2DH). 

  



1.9.4 Targeting mannitol biosynthesis enzymes 
 

Several lines of evidence that demonstrate the multifaceted roles of mannitol in the protection 
of fungi from stress conditions commonly experience during infection of a host exist 
(68,71,72).Accelerated mannitol production and secretion can confer thermotolerance and 
resistance to ROS generated from the human immune system needed to thrive in these harsh 
environments. Adding to the allure of targeting mannitol biosynthesis pathways in fungi is the 
fact that humans do not produce mannitol and therefore lack equivalent enzymes. The absence 
of a human homologue greatly simplifies the design and development of inhibitory compounds 
that specifically target these fungal enzymes. In turn, this will likely reduce the severity of off-
target effects. 
 
Efforts to target the mannitol biosynthesis enzyme should be focused on M1P5DH. In several 
species, knockout of the gene encoding M1P5DH (mpdA) and phenotypic characterisation of 
these mutants have shown significant decreases in intracellular mannitol levels (71,72). 
Although mannitol can be synthesised in an alternate pathway using M2DH, it appears that 
M1P5DH features in the predominant pathway. Hence, inhibition of M1P5DH is likely to have 
a greater effect on conidia viability and can be useful to halt initial stages of infection and 
dissemination. 
 
Targeting the mannitol biosynthesis pathway can also be beneficial to delay the progression 
of existing infections. As demonstrated in the animal models infected with Cn MLP, 
decreased mannitol levels were associated with reduced virulence and ultimately, greater 
survival. By inhibiting the activity of these biosynthesis enzymes, mannitol production is 
reduced and this may increase fungal sensitivity to oxidative killing by components of the 
immune system. 

 

1.10 Purine nucleotide biosynthesis pathway 
 

Nucleobases, including purines and pyrimidines, are heterocyclic molecules that are found in 
all forms of life. They are obtained exogenously from the environment or can be synthesised 
endogenously. As they are involved in essential processes, including DNA and RNA synthesis, 
energy metabolism and signal transduction, the intracellular pool of nucleobases must be tightly 
maintained (77). Hence, disruption of the purine and pyrimidine biosynthesis pathway using 
small molecules has been explored as a potential approach to develop antimicrobials (37,78-
80). De novo purine biosynthesis begins with phosphoribosylpyrophosphate (PRPP), which is 
ultimately converted to inosine monophosphate (IMP), a precursor to both adenine and guanine 
nucleobases, through a series of enzymatic reactions (Figure 4) (77). This section will focus on 
targeting enzymes responsible for the synthesis of guanine nucleobases. 
 

1.10.1 Roles in virulence 
 

Inosine monophosphate dehydrogenase (IMPDH) is the first committed and rate-limiting step 
in the guanosine triphosphate (GTP) biosynthesis pathway. Using NAD+ as a cofactor, it 
catalyses the conversion of IMP to xanthosine monophosphate (XMP) via a dehydrogenase and 
hydrolysis reaction (81). IMPDH catalytic activity has been closely associated with microbial 
virulence, and has been the target of several drug discovery projects for antibiotics, antifungals, 



antivirals, and anticancer therapeutics with great success (36,80,82,83). In terms of antifungals, 
there has been substantial progress in elucidating the mechanisms in which IMPDH contributes 
to C. neoformans survival and virulence. To first validate the rationality of IMPDH as an 
antifungal target, an IMPDH-deficient mutant of C. neoformans was produced and 
phenotypically characterised. This mutant exhibited reduced growth rates and impaired 
expression of virulence factors, resulting in smaller capsule sizes and reduced melanin 
expression (84). Importantly, these phenotypic defects could not be completely recovered with 
supplementation of exogenous guanine that may have been sourced from the human host during 
infection. Due to the direct involvement of IMPDH in virulence factor production, IMDPH-
deficient C. neoformans was completely avirulent in a murine model of cryptoccoccus. As a 
result, fungal loads in the brain were cleared 3 days post-infection, total fungal clearance was 
achieved 2 weeks post-infection and ultimately, this resulted in a 100% survival rate 50 days 
post-infection (84). These experiments confirm that IMPDH is involved in essential processes 
associated with C. neoformans virulence and this presents a promising avenue for the design of 
antifungal compounds. 
 
In the following step of the purine biosynthesis pathway, XMP produced by IMPDH is 
converted to guanosine monophosphate (GMP) by guanosine monophosphate synthase (GMP 
synthase). In a similar manner to IMPDH, GMP synthase has been extensively studied in A. 
fumigatus, C. albicans and C. neoformans and has been determined to be crucial in the survival 
and virulence of these fungal pathogens (37,85). A conditional knock-out of the gene encoding 
GMP synthase (GUA1) in A. fumigatus and C. albicans, and deletion in C. neoformans, 
inhibited growth on minimal media but was recovered when supplemented with exogenous 
guanine. These growth defects are consistent with the essential role of purines as components 
of DNA and RNA. Similar to the in vivo experiments conducted with IMPDH-deficient C. 
neoformans, disruption of GUA1 in A. fumigatus, C. albicans and C. neoformans also rendered 
these strains avirulent in a murine model of infection (37,85). Phenotypic characterisation of 
ΔGUA1 C. neoformans revealed significant differences in the production of key virulence 
factors that may account for the abolished virulence. Despite supplementation with exogenous 
guanine, ΔGUA1 C. neoformans mutants produced less capsule, showed delayed melanin 
production and lacked detectable protease activity relative to their wild-type counterparts. 
Collectively, these virulence factors function to aid survival by resisting host defences and 
fungal dissemination. Specifically, the capsule protects against phagocytosis, melanin resists 
oxidative damage and secretion of proteases facilitates host tissue degradation for nutrient 
acquisition. Intriguingly, this effect was more pronounced at the optimum human body 
temperature of 37°C (85). Since GUA1 is a determinant of virulence in several of these 
clinically-prominent fungal pathogens, inhibition of GMP synthase may be an ideal approach 
to develop antifungal drugs with broad spectrum activity. 

  



 

Figure 4: The purine metabolism pathway in fungi. ADS, (adenylosuccinate) synthetase; 
ADS, (adenylosuccinate) lyase; IMP, (inosine monophosphate) dehydrogenase; GMP, 
(guanosine monophosphate) synthase 

  



1.10.2 Roles in survival 
 

In the final steps of the purine biosynthesis pathway, GMP must be converted to an accessible 
form for its use in DNA and RNA synthesis and signal transduction. GMP is first converted to 
guanosine diphosphate and then nucleoside-diphosphate kinase (NDK) covalently attaches a 
phosphate moiety to form GTP (77). NDK is a promiscuous enzyme that can use all nucleoside 
diphosphates as substrates, with varying levels of selectivity, to generate their respective 
nucleoside triphosphates (86). Hence it is also involved in the adenine nucleoside synthesis 
pathway to produce adenosine triphosphate (ATP) as well as the synthesis of the remaining 
building blocks of DNA and RNA. Consistent with these fundamental processes, in A. nidulans, 
NDK is involved in various aspects of the life cycle, including hyphal growth and conidia 
production, which is necessary for its growth and dispersal (87). Similarly in A. flavus, 
disruption of one of the two copies of ndk impairs the development of conidia and sclerotia and 
affects plant virulence in a maize and peanut seed model (88). Identified as an essential gene 
for survival in A. fumigatus and A. nidulans, NDK has been identified as a promising target for 
antifungals against Aspergillus spp. (87,89). 
 

1.10.3 Targeting purine biosynthesis pathways 
 

Achieving species-selective targeting of de novo purine biosynthesis enzymes is an important 
consideration in the drug design process. This is especially important since bacteria, fungi and 
human share commonality in many of these enzymes (77,90,91). Thus, intimate structural and 
kinetic knowledge of the fungal and human homologues of these enzymes will be invaluable in 
the design of inhibitors with high potency and selectivity. Currently, structures of human 
IMPDH, isoforms I (92) and II (93), GMP synthase (94) and NDK (95) have been solved as 
well as structures of fungal IMPDH (C. neoformans) (84) and NDK (A. fumigatus and A. flavus) 
(86,96). Availability of these structures allows identification of key active site residues that 
differ between fungal and human enzymes and this may be integral in the design of highly 
selective inhibitors. 

Knowledge of the enzyme structure and catalytic mechanism aids in identifying the most 
‘druggable’ binding pocket. In the case of IMPDH, there are three possible sites: (i) the natural 
substrate IMP site, (ii) the co-factor NAD+ site, or (iii) an allosteric site (79). On-going drug 
discovery projects targeting IMPDH from Mycobacterium tuberculosis and Cryptosporidium 
parvum have shown success in focusing on the co-factor binding site due to its divergence from 
the mammalian equivalent (80,97). In the case of C. parvum IMPDH, a high-throughput 
screening approach was employed to specifically target the NAD+ site. Ten compounds, from 
a pool of 134 preliminary hits, were determined to be reversible inhibitors that were 9-fold to 
400-fold more selective for the parasitic IMPDH over the human IMPDH isoform II (97). These 
experiments provide a proof of concept that IMPDH can be effectively and selectively targeted 
by small molecule inhibitors. When considering IMPDH from C. neoformans, a similar 
screening approach targeting the co-factor binding site may also be feasible due to its structural 
and functional deviation from human IMPDH  (84). A structure of human IMPDH isoform II 
bound to selenazole-4-carboxyamide-adenine dinucleotide, an analogue of NAD+, reveals 
differences in the residues that comprise the co-factor binding pocket between C. neoformans 
and human IMPDH. It can be inferred that the interaction between IMPDH and NAD+ is 
stabilised by a π-π stacking interaction between the adenine ring of NAD+ and R267 and Y296 
of C. neoformans IMPDH, which corresponds to R253 and Y282 in human isoform I or H253 
and F282 in human isoform II, respectively (Figure 5A) (84). Although many residues within 



the binding pocket are invariant between C. neoformans and human isoforms I and II, the 
differences are likely to be sufficient to achieve species-selective inhibition. A high-throughput 
screen against IMPDH from C. neoformans has identified promising candidates (36). From a 
chemical library of 114,000 drug-like compounds, three 3-((5-substituted)-1,3,4-oxadiazol-2-
yl)thio benzo[b]thiophene 1,1-dioxides were identified as having inhibitory activity against C. 
neoformans IMPDH. Through chemical modification, several analogues were then synthesised 
to assess the structure-activity relationships. Although many of these analogues inhibited C. 
neoformans IMPDH in vitro and had whole cell activity, they were also cytotoxic to human cell 
lines (36). These results illustrate the complexities associated with targeting pathways shared 
between fungi and humans. However, there is also great opportunity to build upon this work by 
trialling modifications that improve selectivity that retain the antifungal properties of the 
compound whilst reducing cytotoxic effects. 

Similarly to IMPDH, inhibition of fungal GMP synthase may be achieved effectively by high-
throughput screening of chemical libraries or fragment screening. Since GMP synthase is a 
bifunctional protein with two catalytic domains working in tandem to fulfil its function, it is 
imperative to select the most feasible binding pocket to target. The glutamine amidotransferase 
(GAT) domain releases ammonia from glutamine, which is shuttled to the ATP 
pyrophosphatase (ATPPase) domain where XMP is converted to GMP via an adenyl-XMP 
intermediate. There are pre-existing inhibitors that target the GAT domain such as acivicin 
(ACI) and 6-diazo-5-oxo-L-norleucine (DON) that inadvertently inhibit GMP synthase activity 
(98,99). However, targeting this catalytic module of GMP synthase would likely lead to non-
specific and off-target effects due to the prevalence of GAT domains in other enzymes. 
Therefore, a more promising endeavour is to study the XMP- and ATP-binding pockets located 
within the ATPPase domain to achieve potent inhibition and high selectivity for the fungal 
enzyme over the mammalian equivalent. A novel compound, denoted ECC1385, identified 
from a synthetic compound library has been shown to inhibit C. albicans and C. neoformans 
GMP synthase activity in vitro and exhibits whole cell activity against a broad spectrum of 
fungi and bacteria, including multiple species of Candida, A. fumigatus (MF5668), C. 
neoformans (MY2062) and Staphylococcus aureus (MB2865) (37). Mechanism-of-action 
studies of ECC1385 have revealed that inhibition of GMP synthase is achieved through a 
different mode of action from ACI and DON. These data suggest that small chemical 
compounds that target the activity of the ATPPase domain is possible and presents a promising 
avenue to pursue.  

As NDK has maintained its essential role in NTP biosynthesis throughout all domains of life, 
there is high structural and functional conservation between different species. This conservation 
is reflected in the largely invariant composition of binding pocket residues between fungal and 
human homologues (Figure 5B). However, key differences are revealed when the crystal 
structures of adenosine diphosphate (ADP)-bound NDK from human (2HVD), A. fumigatus 
(6XP7) and A. flavus (6K3H) are superimposed (Figure 5B) (86,88,100). Specifically, in the 
nucleoside binding pocket, Lys57 and C116 in both fungal NDK enzymes are replaced by 
Arg58 and I117 in the human structure, respectively. These discrepancies present an 
opportunity to selectively target the catalytic site and this may be beneficial in the development 
of a pan inhibitor with broad spectrum activity against multiple pathogenic fungi. 
Azidothymidine (AZT), also marketed as RETROVIR, is an antiretroviral medication currently 
used to treat HIV (101). It has been shown that AZT can inhibit NDK from A. flavus in vitro 
and exhibits antifungal activity in vivo (88). Docking of AZT to the crystal structure of A. flavus 
NDK predicts that it acts as a competitive inhibitor and interacts with residues R104, H117 and 
D120 in the catalytic site. Since AZT is an FDA-approved drug, there is potential to repurpose 
it as an antifungal drug or to use the AZT scaffold and improve upon its antimycotic properties. 



An alternate approach may be explored to inactivate fungal NDK preferentially over the human 
homologue using non-competitive inhibitors. Allosteric sites are likely to show more variation 
between species, compared to the catalytic site, and therefore, development of a non-
competitive inhibitor may be a more effective approach. Thorough kinetic analysis has revealed 
that ebselen, a cysteine-modifying compound, acts as a non-competitive inhibitor of human 
NDK secreted by airway epithelial cells (102). In this context, it is not used in an antifungal 
application. Instead, it is used to obtain stable and accurate measurements of nucleotides in 
airway surface liquid by disrupting nucleotide interconversion without the use of a nucleotide-
derived inhibitor. Identifying allosteric sites in NDK from fungal pathogens, comparing them 
to the human homologue and exploiting their differences may be imperative to simultaneously 
achieve potent inhibition and high selectivity. Hence, it would be advantageous to explore non-
competitive inhibitors of NDK that bind an allosteric site and influence catalytic activity 
distally. 

  



 

Figure 5: Binding pocket composition analysis reveals divergent residues between human and 
fungal homologues that may be exploited to achieve specificity. (A) Residues comprising the 
binding pocket of inosine monophosphate dehydrogenase from Cryptococcus neoformans 
(4AF0, cyan), human isoform I (1JCN, green), human isoform II (1B3O, magenta) and 
selenazole-4-carboxyamide-adenine dinucleotide, an NAD+ analogue, are represented as sticks 
(84,92,93). (B) Residues comprising the binding pocket of nucleoside diphosphate-kinase from 
Aspergillus fumigatus (6XP7, purple), Aspergillus flavus (6K3H, dark green) and human 
(2HVD, maroon) and ADP, a natural substrate, are represented as sticks (86,88,100). 

  



1.11 Aims and scope of the project 
 

As the number of immunocompromised patients continues to grow, invasive fungal infections 
are becoming more pervasive. Due to inherent limitations in antifungal drug treatments and the 
emergence of resistance, the limited spectrum of currently available antifungals is a major 
barrier to effectively treat systemic fungal infections. Consequently, there is a need to identify 
and validate novel antifungal drug targets. Targeting eukaryotic proteins that are common to 
both fungi and humans is a difficult but necessary approach since the number of fungal enzymes 
that lack a human homolog and are essential for survival or virulence are scarce. Hence, there 
has been an increased interest in exploiting subtle structural and functional differences of 
metabolic enzymes shared by both fungi and humans.  

This project focuses on the structural and biochemical characterisation of targets from the 
aforementioned pathways including nucleoside diphosphate-kinase, guanosine monophosphate 
synthase, mannitol-2-dehydrogenase and enolase from A. fumigatus. Data generated from X-
ray crystallography, native mass spectrometry, analytical size-exclusion chromatography and 
in vitro activity assays were used to gain a better understanding of how these fundamental 
processes contribute to fungal survival and virulence. Furthermore, the structural data was used 
to probe targetable sites for rational drug design efforts and identify species-specific 
differences, if a human homologue existed, to achieve selectivity. Together, these experiments 
have laid the foundation for antifungal drug discovery projects that target unconventional, but 
promising, pathways. 
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Aspergillus fumigatus infections are rising at a disconcerting rate in tandem

with antifungal resistance rates. Efforts to develop novel antifungals have

been hindered by the limited knowledge of fundamental biological and

structural mechanisms of A. fumigatus propagation. Biosynthesis of NTPs,

the building blocks of DNA and RNA, is catalysed by NDK. An essential

enzyme in A. fumigatus, NDK poses as an attractive target for novel anti-

fungals. NDK exhibits broad substrate specificity across species, using both

purines and pyrimidines, but the selectivity of such nucleosides in A. fumi-

gatus NDK is unknown, impeding structure-guided inhibitor design. Struc-

tures of NDK in unbound- and NDP-bound states were solved, and NDK

activity was assessed in the presence of various NTP substrates. We present

the first instance of a unique substrate binding mode adopted by CDP and

TDP specific to A. fumigatus NDK that illuminates the structural determi-

nants of selectivity. Analysis of the oligomeric state reveals that A. fumiga-

tus NDK adopts a hexameric assembly in both unbound- and NDP-bound

states, contrary to previous reports suggesting it is tetrameric. Kinetic anal-

ysis revealed that ATP exhibited the greatest turnover rate

(321 � 33.0 s−1), specificity constant (626 � 110.0 mM
−1�s−1) and binding

free energy change (−37.0 � 3.5 kcal�mol−1). Comparatively, cytidine

nucleosides displayed the slowest turnover rate (53.1 � 3.7 s−1) and lowest

specificity constant (40.2 � 4.4 mM
−1�s−1). We conclude that NDK exhibits

nucleoside selectivity whereby adenine nucleosides are used preferentially

compared to cytidine nucleosides, and these insights can be exploited to

guide drug design.

Enzymes

Nucleoside-diphosphate kinase (EC 2.7.4.6).

Database

Structural data are available in the PDB database under the accession numbers: Unbound-

NDK (6XP4), ADP-NDK (6XP7), GDP-NDK (6XPS), IDP-NDK (6XPU), UDP-NDK

(6XPT), CDP-NDK (6XPW), TDP-NDK (6XPV).

Abbreviations

Cα, alpha carbon; IDP, ITP, inosine di- and tri-phosphate; IM-MS, ion-mobility mass spectrometry; NDK, nucleoside-diphosphate kinase;

NH4OAc, ammonium acetate; PB, phosphate buffer; RMSD, root mean square deviation; SEC, size-exclusion chromatography.
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Introduction

Aspergillus fumigatus is a saprophytic fungus com-

monly found in the environment and is also the causa-

tive agent of devastating human infections such as

aspergillosis. Within its ecosystem, it plays an essential

role in nutrient recycling by contributing to the

decomposition of organic matter. It primarily repro-

duces through asexual reproduction, forming small

and hydrophobic conidia that are rapidly disseminated

through the air [1]. Although harmless to humans with

healthy immune systems, spores can colonise lung tis-

sue in immunocompromised hosts and, in serious

cases, develop into an invasive and systemic infection

known as invasive aspergillosis [2]. This disease is esti-

mated to affect over 300 000 individuals annually, and

the associated mortality rate is approximated to be

between 30% and 80%, depending on a number of

patient factors [3,4]. Treatment requires aggressive

antifungal therapy that is often problematic due to the

inherent limitations of pre-existing antifungal drugs

and the rise of antifungal resistance [5]. In an effort to

better understand the nuances of fungal biology in the

context of human disease and identify potential targets

for antifungals, there has been growing interest in the

study of essential metabolic pathways. One of which is

the fungal de novo purine biosynthesis pathway with a

specific interest in the purines.

Purine biosynthesis and salvage pathways have been

extensively studied in clinically prominent pathogenic

fungi including Cryptococcus neoformans, Candida albi-

cans and A. fumigatus [6–8]. Disruption of the purine

biosynthesis pathway by genetic knockout of key

enzymes is associated with severe attenuation of viru-

lence, or in some cases, complete avirulence [9]. Com-

prising of adenine, guanine and inosine nucleobases,

purines are constructed from a base scaffold featuring

a pyrimidine ring fused to an imidazole ring.

The enzyme nucleoside-diphosphate kinase (NDK)

catalyses the final step of the purine and pyrimidine

biosynthesis pathway by producing nucleoside triphos-

phates (NTPs) from nucleoside diphosphates (NDPs)

(Fig. 1A). It is a highly conserved enzyme that is ubiq-

uitous in the living world and primarily functions in

the maintenance of intracellular NTPs. These essential

building blocks are required for DNA and RNA syn-

thesis and act as mediators of signal transduction

pathways. Regulated synthesis of NTPs is imperative

to normal cellular function and survival of fungi in the

natural environment which becomes increasingly

important when considering the differences in nutrient

availability within the human host. Air-dry soil com-

position studies have shown an abundance of guanine

(41 mol %) and decreasing availabilities of cytosine

(21 mol %), adenine (19 mol %), thymine (8 mol %)

and uracil (5 mol %) [10]. However, once A. fumigatus

Fig. 1. Catalytic mechanism of nucleoside triphosphates by NDK.

(A) Nucleoside-diphosphate kinase catalyses the synthesis of

nucleoside triphosphates through a bi-bi ping-pong mechanism. (B)

The active site His117 facilitates nucleophilic attack of the γ-
phosphate of a nucleoside triphosphate (N1) forming the

phosphohistidine reaction intermediate. Once the corresponding

nucleoside diphosphate (N1DP) is released, the phosphate is then

transferred to an acceptor NDP (N2DP) to generate the

corresponding NTP (N2TP).
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enters and colonises the human host, it experiences a

greater abundance of cytosine (6.4 µM) and lower

availability of adenine (4.4 µM) and guanine (0.4 µM)
in human extracellular fluids [11]. In order to survive

and thrive, A. fumigatus must adapt to a change in

nucleoside availability.

In both A. fumigatus and A. nidulans (a closely

related fungus to A. fumigatus), NDK has been identi-

fied as an essential gene, indicating that it may be an

excellent target for novel antifungals [12,13]. NDK has

been studied as a potential target to develop antipara-

sitic treatments for leishmaniasis and trypanosomiasis,

both of which are caused by protozoan parasites [14].

In terms of antifungal therapies, Aspergillus flavus

NDK has been similarly investigated [15]. Consistent

with its integral role in DNA synthesis, NDK from

Aspergillus nidulans has been implicated in essential

processes associated with the cell cycle including

hyphal growth whereas NDK from A. flavus has been

shown to contribute to plant virulence [13,15]. In both

A. nidulans and A. flavus, NDK is associated with

conidiation [13,15]. The integral roles fulfilled by

NDK in fungal survival and virulence strengthen its

potential as a novel antifungal target. Since a human

NDK homologue exists (64% amino acid sequence

identity with A. fumigatus NDK), developing com-

pounds with high selectivity for the fungal equivalent

must be prioritised in drug design efforts. As the

human NDK homologue has already been structurally

and kinetically characterised, further investigation of

the structure and function of NDK from individual

fungal species will ascertain species-specific differences

that will be imperative in guiding inhibitor design

[16,17].

NDK operates through a bi-bi ping-pong mecha-

nism with a Mg2+ ion cofactor. A donor NTP is the

first substrate to bind. The active site His117 facilitates

nucleophilic attack of the terminal phosphate, releas-

ing the corresponding NDP and forming the phospho-

rylated NDK reaction intermediate (Fig. 1B) [18]. The

phosphate is subsequently transferred to the acceptor

NDP upon binding to produce the corresponding NTP

[19]. Interestingly, homologues of NDK from different

species (including prokaryotes, eukaryotes and

viruses), exhibit promiscuity in terms of their ability to

bind and utilise different NTP donors and NDP accep-

tors with differing degrees of selectivity [17,20,21].

Although the catalytic mechanism is well-established,

the determinants of NDK substrate selectivity and

nucleoside preference have not been explored in fungi.

Since the purine and pyrimidine availability in both

soil and within the human host is significantly differ-

ent, understanding the basis of nucleoside selectivity

may clarify how purine metabolism contributes to fun-

gal virulence.

Here we present the first study to elucidate the

determinants of nucleoside selectivity in fungal NDK

by performing a comprehensive analysis of the struc-

ture and enzymology of A. fumigatus NDK. The

structure of A. fumigatus unbound-NDK has been

solved previously only in the unbound state, forming

a crystallographic hexamer in the asymmetric unit

but a tetramer in solution [22]. In our work, we have

solved crystal structures of unbound and NDP-bound

(ADP, GDP, IDP, UDP, TDP and CDP) A. fumiga-

tus NDK and assessed the oligomeric state of the

enzyme using analytical-size exclusion chromatogra-

phy (SEC) and native mass spectrometry. We present

compelling evidence that A. fumigatus NDK forms a

hexameric biological assembly, a finding which con-

tradicts that of an earlier study [22]. It is vital to dis-

cern the true oligomeric state of A. fumigatus NDK

amongst conflicting arguments as the quaternary

structure is intimately tied to enzyme function. At the

time of writing, there are 51 structures of NDP-

bound NDK deposited in the Protein Data Bank

(PDB) in which all NDPs assume very similar bind-

ing modes. For the first time in any NDK of any

species, we present evidence of a unique binding

mode adopted by CDP and TDP when bound to

A. fumigatus NDK and elucidate conformational

changes associated with substrate binding. By com-

bining high resolution structural data with kinetic

characterisation studies, we provide a structural ratio-

nale that demonstrates how substrate binding modes

influence binding, and ultimately, nucleoside selectiv-

ity in A. fumigatus NDK.

Results

Structural features and quaternary structure

analysis of NDK

To probe the structural features of unbound-NDK

versus NDK bound to nucleosides, we utilised X-ray

crystallography. In total, seven structures were solved

in with resolutions ranging from 1.6 to 2.3 Å (data

processing and refinement statistics can be found in

Table 1. The overall structure of A. fumigatus closely

resembles a ferredoxin-like fold, characterised by an

antiparallel β-sheet core (β1–β4) surrounded by eight

α-helices (Fig. 2A). In addition, NDK features four

310 helices (Fig. 2A). Each subunit has one active site

capable of binding an NTP and a single Mg2+ ion, a

cofactor required for catalysis. Once the first half reac-

tion is completed and the phosphohistidine
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Table 1. Data collection and model refinement statistics.

Unbound-

NDK NDK-ADP NDK-GDP NDK-IDP NDK-UDP NDK-CDP NDK-TDP

Wavelength (Å) 0.954 0.954 0.954 0.954 0.954 0.954 0.954

Resolution range (Å) 49.75–2.0
(2.071–2.0)

45.78–2.2
(2.279–2.2)

45.45–1.644
(1.703–1.644)

42.27–1.9
(1.968–1.9)

46.21–2.3
(2.382–2.3)

46.47–1.9
(1.968–1.9)

47.82–2.3
(2.382–2.3)

Space group P 21 21 21 P 21 2 21 P 21 2 21 P 21 2 21 P 21 21 21 P 21 21 21 P 21 21 21

Unit cell dimensions

a, b, c (Å)

93.4 101.6

114.1

53.1 71.8

118.9

53.0 70.3 119.2 52.9 70.307

119.133

66.6 126.8

134.9

90.7 101.8

113.9

67.223 126.073

136.062

α, β, γ (°) 90 90 90 90 90 90 90 90 90 90 90 90 90 90 90 90 90 90 90 90 90

Total reflections 768 855

(57 758)

280 780

(24 262)

785 733 (73 566) 499 739

(48 964)

722 513

(73 806)

1 098 985

(108 805)

735 282

(74 725)

Unique reflections 68 664 (6294) 23 361 (2204) 54 666 (5262) 35 789 (3498) 51 581 (5082) 83 485 (8233) 52 151 (5143)

Multiplicity 11.2 (9.2) 12.0 (11.0) 14.4 (14.0) 14.0 (14.0) 14.0 (14.5) 13.2 (13.2) 14.1 (14.5)

Completeness (%) 92.8 (86.1) 98.1 (94.8) 99.1 (97.0) 99.7 (99.8) 99.5 (99.9) 99.8 (99.4) 99.8 (99.9)

Mean I/sigma(I) 21.1 (6.9) 18.7 (9.4) 21.9 (3.8) 20.7 (5.3) 16.2 (5.0) 13.5 (4.9) 14.2 (3.3)

Wilson B-factor 12.5 13.7 18.2 21.0 30.0 18.7 35.6

Rmerge
a 0.090 (0.33) 0.10 (0.28) 0.077 (0.69) 0.091 (0.53) 0.12 (0.49) 0.15 (0.63) 0.14 (0.87)

Rmeas
b 0.094 (0.35) 0.11 (0.29) 0.080 (0.72) 0.095 (0.55) 0.12 (0.50) 0.15 (0.65) 0.14 (0.90)

Rpim
c 0.027 (0.11) 0.030 (0.082) 0.021 (0.19) 0.025 (0.15) 0.033 (0.13) 0.042 (0.18) 0.038 (0.23)

CC1/2d 0.998 (0.956) 0.998 (0.965) 0.999 (0.942) 0.999 (0.959) 0.999 (0.974) 0.998 (0.938) 0.998 (0.939)

CC* 1 (0.989) 0.999 (0.991) 1 (0.985) 1 (0.99) 1 (0.993) 0.999 (0.984) 1 (0.984)

Reflections used in

refinement

68 654 (6294) 23 325 (2204) 54 512 (5258) 35 668 (3491) 51 360 (5075) 83 477 (8233) 52 040 (5138)

Reflections used for

R-free

3462 (351) 1115 (114) 1989 (192) 1797 (171) 2577 (230) 4276 (402) 2606 (233)

Rwork
e 0.13 (0.14) 0.18 (0.28) 0.16 (0.22) 0.18 (0.24) 0.18 (0.22) 0.13 (0.16) 0.19 (0.27)

Rfree
f 0.19 (0.22) 0.24 (0.37) 0.21 (0.26) 0.23 (0.31) 0.23 (0.33) 0.18 (0.22) 0.25 (0.32)

CCwork 0.976 (0.956) 0.958 (0.797) 0.974 (0.932) 0.972 (0.892) 0.968 (0.917) 0.977 (0.940) 0.964 (0.840)

CCfree 0.948 (0.914) 0.909 (0.715) 0.950 (0.904) 0.943 (0.775) 0.952 (0.791) 0.961 (0.876) 0.935 (0.693)

Number of non-

hydrogen atoms

9262 4413 4666 4614 8628 9380 8480

Macromolecules 7281 3563 3716 3708 7158 7394 7138

Ligands – 81 87 84 152 50 175

Solvent 1981 769 863 822 1318 1936 1167

Protein residues 929 456 459 459 923 932 922

RMSbonds (Å) 0.006 0.002 0.006 0.002 0.002 0.006 0.002

RMSangles (°) 0.78 0.62 0.97 0.54 0.56 0.85 0.48

Ramachandran

favored (%)

97.82 97.33 98.23 98.01 97.80 97.72 97.69

Ramachandran

allowed (%)

1.53 2.22 1.10 1.32 1.65 1.63 1.98

Ramachandran

outliers (%)

0.65 0.44 0.66 0.66 0.55 0.65 0.33

Rotamer outliers

(%)

0.51 1.31 1.23 1.99 1.71 1.01 1.45

Clashscore 2.20 3.20 1.99 2.27 2.15 3.17 2.42

Average B-factor 16.87 16.54 26.13 24.56 32.82 24.35 35.87

Macromolecules 13.22 15.25 23.06 22.56 31.03 20.37 34.51

Ligands – 19.36 30.13 26.75 38.85 39.66 51.07

Solvent 30.27 22.22 38.95 33.35 41.84 39.15 41.89

Statistics for the highest-resolution shell are shown in parentheses.
aRmerge ¼∑hkl∑i jIi ðhklÞ� IðhklÞh ij∑hkl∑i Ii ðhklÞ [57].; bRmeas ¼∑hklfNðhklÞ=½NðhklÞ�1�g1=2�∑i jIi ðhklÞ� IðhklÞh ij=∑hkl∑i Ii ðhklÞ [58].;
cRpim ¼∑hklf1=½NðhklÞ�1�g1=2�∑i jIi ðhklÞ� IðhklÞh ij=∑hkl∑i Ii ðhklÞ [59].; dCC1=2¼∑ðx�hxiÞðy�hyiÞ=½∑ðx�hxiÞ2ðy�hyiÞ2�1=2 [60].;
eRwork¼∑jFo �Fc j=∑jFo j for all data with Fo>2σ Foð Þ, excluding data to calculate Rfree.;

fRfree¼∑jFo �Fc j=∑jFo j for all data with

Fo>2σ Foð Þ, calculated from 5% of reflections, randomly chosen [61].
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intermediate is formed, the same site is occupied by

the donor NDP.

Based on crystallographic symmetry, A. fumigatus

NDK forms a hexamer which is arranged as a trimer

of dimers (Fig. 2B). The Killer of Prune (Kpn) loop

(historically named after mutations within this loop

region of NDK from Drosophila melanogaster) is com-

prised of residues 97–103 [23]. In the A. fumigatus

NDK structure, the Kpn loop in each monomer inter-

acts to form a trimeric unit. This loop features a

highly conserved proline (Pro100) that is known to

play a role in stabilising the hexameric quaternary

structure [24]. The trimer interface (average buried sur-

face area of 818 Å2) is maintained by an extensive

hydrogen bond network and a salt bridge between

Arg80 and Asp110 whereas the dimer interface (aver-

age buried surface area of 952 Å2) predominantly fea-

tures hydrogen bond interactions between the α1
helices and β2 sheets of each monomer.

Several lines of evidence have confirmed that the oli-

gomeric state of A. fumigatus NDK is hexameric, con-

sistent with eukaryotic homologues of this enzyme. To

discern between a crystal contact and a true oligomeric

interface, an interface surface area of 856 Å2 has been

used previously as a threshold to differentiate between

monomeric and homodimeric proteins [25]. The inter-

face surface area (defined as half the difference of the

total surface area and interfacing surfaces) calculated

between each subunit of A. fumigatus unbound-NDK

ranges between 791.5 and 959.8 Å2. Analysis of these

macromolecular interfaces of NDK suggest that A. fu-

migatus NDK adopts a hexameric state.

To determine the oligomeric state of NDK in a

solution state (and in turn confirm the crystal struc-

tures), analytical SEC and native ion-mobility mass

spectrometry (IM-MS) were performed. The analytical

SEC profiles of NDK in PBS, phosphate buffer (PB)

and ammonium acetate (NH4OAc, buffer used for MS

experiments) were virtually identical with a single elu-

tion peak (~ 13.1 mL) corresponding to a molecular

mass ~ 110 kDa, indicative of a hexamer (Fig. 3A).

Native IM-MS is a high-resolution analytical tech-

nique capable of identifying the quaternary state and

conformation of multimeric protein assemblies with

high mass accuracy [26,27]. Here, native MS shows

that both A. fumigatus unbound-NDK and ADP-

NDK predominately forms a species with a molecular

mass of 108.4 kDa (theoretical hexameric mass

108.1 kDa), corresponding to hexameric NDK

(Fig. 3B–D, purple). In addition, IM-MS also shows

that the ADP-NDK hexamer undergoes a conforma-

tional change (hexamer21+ 12.7 ms, hexamer22+

12.6 ms) which is indicative of compaction compared

to unbound-NDK (hexamer21+: 15.1 ms, hexamer22+:

13.8 ms) (Fig. 3B, inset). Furthermore, we also investi-

gated the dissociation dynamics of NDK hexamers

using both gas-phase induced (collision-induced, CID)

and solution-induced dissociation approaches (Fig. 3C,

Fig. 2. Crystal structures of monomeric and hexameric NDK. (A)

Ribbon diagram of monomeric NDK with secondary structure

labelled using conventional nomenclature and colour-coded as

follows: β-strand (yellow), α-helix (magenta), 310 helix (green,

annotated as η) and loops (red). The Kpn loop that forms the trimer

interface is labelled (Kpn). Statistics of data processing and model

refinement are shown in Table 1. (B) Ribbon diagram overlayed

over a surface representation of A. fumigatus NDK shows the

hexameric quaternary structure. The simplified diagram shows the

arrangement as a stack of two trimers. The spheres are coloured

in accordance with the individual monomers in the adjacent ribbon

and surface representation.
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D). Both CID-MS and solution-induced dissociation

(via titration of acetonitrile, ACN) of NDK hexamers

shows that monomers are the most labile unit in the

hexameric assembly (Fig. 3C,D, red and orange). With

this, the gas-phase properties mirror the solution-phase

properties of NDK in terms of structure and dynam-

ics. Overall, these data correspond with the crystallo-

graphic data demonstrating that unbound- and

nucleoside-bound A. fumigatus NDK adopts a hexam-

eric state and undergoes a conformational change

upon nucleoside binding.

A. fumigatus NDK displays differences in binding

pocket composition as compared to homologous

enzymes

As NDK is involved in several essential cellular pro-

cesses, it is unsurprising that the structure and func-

tion of these enzymes are conserved throughout all

domains of life. Amino acid sequence alignment of

NDK from A. fumigatus and several phylogenetically

diverse species reveal high overall similarity. In com-

parison to A. fumigatus, eukaryotic NDKs share the

highest identity (60% Dictyostelium discoideum; 64%

Homo sapiens isoform A; 65% Leishmania major; 68%

Saccharomyces cerevisiae; 82% A. nidulans) compared

to prokaryotic NDKs (46% Escherichia coli; 49%

Halobacterium salinarum; 51% Staphylococcus aureus)

and viral NDKs (43% Acanthamoeba polyphaga

mimivirus (APMV)). There is also high conservation of

motifs that are common to both prokaryotes and

eukaryotes. These include the Pro-Phe-Phe (PFF) and

His-Gly-Ser-Asp (HGSD) motifs, both involved in

substrate and cofactor binding, as well as the Ser-Gly-

Pro (SGP) motif (Fig. 4A).

Despite differences in the polypeptide sequence,

superimposition of the α-carbons (Cα) of eukaryotic,

prokaryotic and viral NDK homologues reveal a simi-

lar global fold, reflected in their small root mean

square deviation (RMSD) values (Fig. 5; Table 2).

NDK from APMV shows the greatest variance in

sequence identity to A. fumigatus and the highest

structural perturbation based on RMSD whereas

L. major shows the greatest similarity in global fold

(Table 2). S. cerevisiae and A. fumigatus are closely

related species, both members of the fungal kingdom,

and their NDK sequences share a high degree of iden-

tity, yet the two structures show a moderate deviation

in terms of their RMSD (0.771 Å) in comparison to

more distantly related species (Table 2) (Fig. 4B).

The active site residues involved in the binding and

stabilisation of ADP observed in A. fumigatus NDK

show little deviation from homologous enzymes from

S. aureus (PDB ID: 3Q8U), H. sapiens (PDB ID:

2HVD) and L. major (PDB ID: 3NGU) (Fig. 6A)

[14,16,28]. Key to all structures is the π-π stacking

interaction between the adenine ring and the equiva-

lent Phe side chain. Furthermore, the interaction

Fig. 3. Analytical-SEC and native IM-MS

highlights changes in structure and

dynamics of NDK hexamers. (A) Analytical-

SEC of NDK (50 µM) in 50 mM phosphate

buffer (PB, purple) (pH 7.4), PBS (green)

(pH 7.0) and 200 mM ammonium acetate

(NH4OAc, black) (pH 6.8) indicates buffers

do not affect the oligomeric state of NDK.

Elution volumes of molecular mass

standards are indicated above. (B) Native

MS shows that both unbound-NDK and

ADP-NDK (12.5 µM) are hexameric (purple).

ATDs of unbound-NDK and ADP-NDK

hexamers21+/22+ show a conformational

change in the hexamer upon ATP and Mg+

addition. (C) CID-MS and solution-induced

dissociation MS (D) of unbound-NDK

hexamers (12.5 µM) shows that monomers

dissociate from the hexamer. Dominant

charge states that correspond to each

oligomeric assembly are noted above.
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between the diphosphates and Thr and Arg side chains

in equivalent positions is maintained for all but S. au-

reus NDK. In the S. aureus structure, the Thr interac-

tion remains intact but Arg in a different position is

involved. Common to all structures is the interaction

between the ribose ring of ADP via the 20 or 30 hydro-
xyl groups, or both, and Asn. The main chain of Val

also interacts with the 20 hydroxyl group located on

the ribose ring, a commonality to these structures,

whereas Lys is involved in all species but S. aureus

NDK.

Although the overall structure of NDK is similar

between species, the residues comprising the binding

pocket show species-specific differences. The binding

pocket of A. fumigatus and L. major NDK exhibits

the greatest sequence identity (28 out of 30 residues),

followed by H. sapiens NDK (25 out of 30 residues)

and S. aureus NDK (20 out of 30 residues) (Fig. 6

B). Predominantly, there are major differences to

residues within the α2 helix (Gly62), α3/η2 loop

(Ala92), α30/η3 loop (Asp110) and β4 strand

(Cys116). Residues that are not strictly conserved

but maintain similar physiochemical properties reside

in the η1 310 helix (Asp53, Leu54), η1/α2 loop

(Lys57), α2 helix (Tyr66, Met67), α3 helix (Leu90)

and η3/β4 loop (Val115).

Fig. 4. Phylogenetic analysis and sequence alignment of NDK across prokaryotes and eukaryotes. (A) Multiple sequence alignment of NDK

enzymes from Aspergillus fumigatus (UniProt Protein Database: Q7Z8P9), Aspergillus nidulans (UniProt Protein Database: Q8TFN0),

Escherichia coli (UniProt Protein Database: P0A763), Staphylococcus aureus (UniProt Protein Database: P99068), Saccharomyces cerevisiae

(UniProt Protein Database: P36010), Leishmania major (UniProt Protein Database: Q4Q7A6), Homo sapiens isoform A (UniProt Protein

Database: P15531), Halobacterium salinarum (UniProt Protein Database: P61136), Acanthamoeba polyphaga mimivirus (UniProt Protein

Database: Q5UQL3) and Dictyostelium discoideum (UniProt Protein Database: P22887) generated using T-COFFEE (http://tcoffee.crg.cat/) and

visualised using ESPRIPT (http://espript.ibcp.fr) [52,53]. Strictly conserved residues are shown in white text on red background, well-conserved

residues are shown in red text on yellow background, and non-conserved residues are shown in black text. Grey stars indicate residues that

have alternate conformations. The secondary structure of A. fumigatus NDK is displayed above the sequence using conventional

nomenclature where α denotes an α-helix, β denotes a β-strand, η denotes a 310 helix, and TT denotes a strict β-turn. (B) Phylogenetic tree

depicting the evolutionary relationships between representative prokaryotic and eukaryotic species selected for analysis of homologous NDK

enzymes generated by INTERACTIVE TREE OF LIFE (https://itol.embl.de/) [54].
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CDP- and TDP-bound structures reveal a binding

mode unique to A. fumigatus NDK

Although A. fumigatus NDK was co-crystallised with

NTPs, all solved structures were bound to their respec-

tive NDP due to rapid substrate turnover (Fig. 7. The

electrostatic potential surface map of NDP-bound

NDK shows a surface-exposed, positively charged

binding pocket that complements the negatively

charged phosphate groups of NDPs (Fig. 8A). As

observed in the GDP-, IDP- and UDP-bound struc-

tures, the catalytic Mg2+ binds in a neutral to posi-

tively charged region of the binding pocket. The Mg2+

forms a coordination sphere with five surrounding

water molecules and an oxygen group from the α-
phosphate of the NDP (coordination bond distances

of 1.95–2.72 Å). Although magnesium chloride was

added to the crystallisation medium, Mg2+ was not

modelled in the ADP-, CDP- and TDP-bound struc-

tures of NDK due to ambiguous density.

Superimposition of the purines (ADP, GDP and

IDP) shows a highly conserved binding mode (Fig. 8

A). Although UDP shares the same binding pose as

the purines, there are major differences in CDP and

TDP that have not been observed previously in struc-

tures of NDK from any other species (Fig. 8B–D).

Once bound to NDK, there is a contortion of the

ribose ring of CDP that causes a 3.9 Å shift of the α-
phosphate deeper into the pocket whereas the β-phos-
phate remains in a similar position to other NDPs

(Figs 8C and 9A).

The binding mode of TDP is unique compared to

the NDPs explored in this study due to its natural

deoxyribose ring. The absence of a 20 hydroxyl group
on its deoxyribose ring limits the possible interactions

between the deoxyribose ring and NDK active site

residues and this has significant implications on its

binding mode. As a result of this increased flexibility,

the deoxyribose ring puckers when bound to NDK

and the diphosphates are rotated outside of the bind-

ing pocket by 57° (Figs 8D and 9B).

Key π-π stacking interactions and hydrogen

bonds stabilise NDP binding to the active site

The binding of an NDP to NDK is associated with a

conformational change that stabilises substrate

Fig. 5. Superimposed ribbon structures of NDK from various

species. Overlapping structures show high conservation of

structure despite deviations in amino acid sequence identity.

Structures of NDK homologues are represented as follows:

Aspergillus fumigatus (6XP4, red), Escherichia coli (2HUR, cyan),

Staphylococcus aureus (3Q83, magenta), Saccharomyces

cerevisiae (3B54, blue), Leishmania major (3NGS, orange), Homo

sapiens isoform A (2HVD, yellow), Halobacterium salinarum (2AZ1,

green), Acanthamoeba polyphaga mimivirus (2B8Q, burgundy), and

Dictyostelium discoideum (1NDC, teal).

Table 2. Amino acid sequence alignment and root mean square

deviation of alpha carbons from monomeric NDK across various

species. Root mean squared deviation (RMSD) of alpha carbons

(Cα) is reported in Å.

Comparison between A. fumigatus

vs.

Sequence identity

(%)

RMSD

(Cα)

Acanthamoeba polyphaga

mimivirus (2B8Q)

43 1.305

(156)

Escherichia coli (2HUR) 46 1.067

(138)

Halobacterium salinarum (2AZ1) 49 1.009

(148)

Staphylococcus aureus (3Q83) 51 0.780

(147)

Dictyostelium discoideum (1NDC) 60 1.158

(142)

Homo sapiens isoform A (2HVD) 64 0.762

(148)

Leishmania major (3NGS) 65 0.581

(149)

Saccharomyces cerevisiae (3B54) 68 0.771

(143)
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binding. The Phe59-containing loop moves to orien-

tate the side chain into an optimum position to form

a π-π stacking interaction with the nitrogenous base.

This is common to all NDPs regardless of their base

moiety (Fig. 10). This conformational change

observed in the crystal structure is consistent with the

observations from IM-MS experiments (Fig. 3B,

inset).

Unique to the guanine ring of GDP is a 20 amine

group that forms a 3.0 Å hydrogen bond with

Glu151 located on the C-terminal loop of an adja-

cent NDK monomer, acting to further stabilise bind-

ing of GDP in the active site (Fig. 10A). GDP is

the only substrate observed in this study that inter-

acts directly with other NDK subunits in the hexam-

eric assembly. Focusing on the sugar moiety of

NDPs, there are distinct differences in their interac-

tions with active site residues that influence selectiv-

ity. Consistent amongst the purines and UDP, the

Asn114 side chain forms a 2.6–3.1 Å hydrogen bond

to the 30 hydroxyl group and Lys11 forms a

2.4–3.0 Å hydrogen bond to both hydroxyl groups

of the ribose ring (Fig. 10A–D). In the case of CDP

and TDP, Lys11 interacts exclusively to the 30

hydroxyl group (Fig. 10E,F). In all NDPs, except

TDP, the oxygen group from the Val111 main chain

forms a 3.0–3.5 Å hydrogen bond to the ribose ring.

Interactions between the diphosphate group of NDPs

and active site residues appear to be highly con-

served. The side chains of Arg87 and Thr93 form

hydrogen bonds with the β-phosphate of all NDPs

(Fig. 10B).

As CDP and TDP adopt significantly different bind-

ing poses to the previously discussed NDPs, interac-

tions with the NDK active site are unique. Despite the

contortion of bound-CDP, the π-π stacking interaction

between the cytidine ring and Phe59 remains intact.

The puckered ribose ring maintains a 2.8 Å hydrogen

bond with the Lys11 side chain but is no longer in

close proximity to the Asn114 side chain. However,

Asn114 can form a 3.1 Å hydrogen bond to the phos-

phoester bond between the ribose and phosphate moi-

eties. Despite the alternate positioning of the

diphosphate group of CDP, the β-phosphate maintains

hydrogen bonds to Arg87 (2.7 Å) and Thr93 (2.2 Å)

and the α-phosphate forms new interactions with

Tyr51 (3.0 Å) and the catalytic histidine, His117

(2.6 Å) (Fig. 10E).

Fig. 6. Interactions between ADP and

active site residues of homologous NDKs

are highly conserved but residues that

comprise the binding pocket are species-

specific. (A) Superimposed active site of

ADP-bound NDK and (B) sequence

alignment of binding pocket residues from

Aspergillus fumigatus (UniProt Protein

Database: Q7Z8P9, PDB ID: 6XP7, red),

Staphylococcus aureus (UniProt Protein

Database: P99068, PDB ID: 3Q8U,

magenta), Homo sapiens isoform A (UniProt

Protein Database: P15531, PDB ID: 2HVD,

yellow) and Leishmania major (UniProt

Protein Database: Q4Q7A6, PDB ID: 3NGU,

orange). ADP is represented as sticks and

Mg2+ represented as yellow spheres.

Sequence alignment was generated using

CLUSTAL OMEGA (https://www.ebi.ac.uk/Tools/

msa/clustalo/) and visualised using ESPRIPT

(http://espript.ibcp.fr) [53,55]. Strictly

conserved residues are shown in white text

on red background, residues that are not

conserved but have similar physico-

chemical properties are shown in red text

on white background, and non-conserved

residues are shown in black text.
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TDP appears to make fewer interactions whilst

bound to NDK. The lack of a 20 hydroxyl group on

the deoxyribose ring abolishes equivalent interactions

observed in other NDPs but maintains a 3.0 Å hydro-

gen bond between the 30 hydroxyl and the Lys11 side

chain. Although the diphosphate group is rotated out-

side of the binding pocket, the β-phosphate maintains

hydrogen bonds with Arg87 (3.0 Å) and Thr93 (3.3 Å)

side chains, an interaction common to all other NDPs

albeit with markedly longer bond distances (Fig. 10F).

Kinetic characterisation of A. fumigatus NDK and

changes in binding free energy shows preference

for adenine nucleosides and disfavours cytidine

nucleosides

Although NDK can use all NTPs as substrates, selec-

tivity is governed by structural differences in binding

modes. Apparent Michaelis–Menten binding constants

were measured for A. fumigatus NDK for all NTPs

and showed clear preference for purines over pyrimidi-

nes (Table 3). Specifically, GTP has the lowest appar-

ent KM (0.402 � 0.03 mM), followed closely by ATP

(0.513 � 0.08 mM) and ITP (0.617 � 0.10 mM)

whereas TTP has the highest apparent KM

(2.23 � 0.30 mM). CTP and UTP had similar apparent

KM constants (1.32 � 0.10 mM and 1.35 � 0.20 mM,

respectively). However, there are stark differences in

the turnover rates (kcat) and specificity constants (kcat/
KM) calculated when different NTP substrates are

used. Although GTP has the lowest apparent KM,

ATP is the preferred substrate, indicated by the high

specificity constant measured (626 � 110.0 mM
−1�s−1)

but GTP closely follows (468 � 41.0 mM
−1�s−1). Simi-

larly, TTP has the highest apparent KM yet CTP is the

least favoured substrate with the lowest calculated

specificity constant (40.2 � 4.4 mM
−1�s−1). All kinetic

parameters are summarised in Table 3 and representa-

tive binding curves are shown in Fig. 11.

The kinetic parameters are relatively consistent with

the Gibbs free energy change of binding (ΔGbinding)

calculated for each NDP-bound NDK structure which

considers the binding mode of the ligand and the inter-

actions made with active site residues. Binding to ADP

elicited the highest magnitude of change of negative

ΔGbinding, followed by GDP, UDP, CDP and IDP,

and TDP induced the lowest ΔGbinding (Table 4). These

data indicate that on a structural level, NDKs also

show preference of binding to ADP but mostly dis-

favour binding to TDP. Considering both the struc-

tural and kinetic data, ATP showed the lowest

ΔGbinding and the highest specificity constant, indicat-

ing that it is the preferred substrate of NDK. UTP has

a two-fold higher apparent KM than ITP yet both have

comparable specificity constants and ΔGbinding values.

This implies that there is little difference in preference

between these two substrates. In terms of TTP, it has

the highest apparent KM, but a moderate turnover rate

and specificity constant. The rotation of the TDP

diphosphate group outside of the active site pocket

has resulted in a binding free energy change penalty.

Unexpectedly, the change in binding energy of CTP is

most similar to UDP and GDP, despite having a

higher apparent KM and the lowest specificity constant

Fig. 7. Feature-enhanced electron density map (modified 2 m

Fobs−DFmodel σA-weighted map) of NDP ligands bound to

A. fumigatus nucleoside diphosphate kinase. Maps are contoured

at 1 σ for (A) GDP, (B) ADP, (C) IDP, (D) UDP, (E) CDP and (F) TDP

in stereo walleye view [56].
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relative to all other tested substrates. Though it may

bind tightly to the active site pocket, the turnover rate

is significantly lower and is therefore a poor substrate

in comparison to other nucleosides.

Discussion

In this study, we have analysed the structure, oligo-

meric state and kinetic characteristics of A. fumigatus

NDK to understand the nuances of substrate selectiv-

ity. There are subtle differences in the substrate bind-

ing pocket of NDK from A. fumigatus that are

species-specific, particularly between fungal and human

homologues, which are important to identify in the

context of drug design. Structural analysis of the

binding pocket of ADP-NDK from A. fumigatus (PDB

ID: 6XP7) and comparison to ADP-NDK H. sapiens

(PDB ID: 2HVD) reveal distinct differences in their

topography. The volume of the binding pockets are

identical (~ 220 Å3) yet the surface area of A. fumiga-

tus (327 Å2) is 15% smaller compared to that of

H. sapiens (385 Å3), indicating that the fungal binding

pocket is comprised of fewer cavities and clefts [29].

Sequence alignment of the binding pocket residues

identifies three distinct regions of high variability in

the α3/η2 loop, α30/η3 loop and β4 strand that may be

exploited in the design of a competitive inhibitor

(Fig. 6B). As an alternative, designing non-competitive

inhibitors that target an allosteric site may be an ele-

gant approach to simultaneously modulate catalytic

A

B C D

Fig. 8. Electrostatic surface maps of

A. fumigatus NDK bound to purines and

pyrimidines. (A) purines (ADP, GDP and

IDP) and pyrimidines, (B) UDP, (C) CDP and

(D) TDP. NDPs are colour coded as follows:

ADP (green), GDP (magenta), IDP (cyan),

UDP (dark green), CDP (salmon) and TDP

(purple). Mg2+ is represented as a yellow

sphere. Statistics of data processing and

refinement are shown in Table 1.

Fig. 9. TDP and CDP binds in a unique

conformation to A. fumigatus NDK

compared to the conventional pose adopted

by UDP. (A) The diphosphate group of CDP

(salmon) is shifted 5.9 Å deeper into the

pocket relative to UDP (dark green)

whereas (B) TDP (purple) rotates 57°
outside of the binding pocket.
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activity whilst attaining selectivity between the fungal

and human enzyme. At present, at least one non-com-

petitive inhibitor of human NDK has been identified

[30]. Although the binding surface has not yet been

defined, it is expected that an allosteric site would vary

considerably between different species compared to the

active site and this should be considered in future drug

design efforts.

It has been well documented that NDK from

prokaryotes (i.e. E. coli) tend to form tetrameric com-

plexes whereas NDK from eukaryotes (i.e. S. cere-

visiae, D. melanogaster, H. sapiens) tend to form

hexameric complexes [16,31,32]. Solution-based experi-

ments such as small-angle X-ray scattering have shown

good agreement between the molecular envelope and

the hexameric crystal structure of Leishmania brazilien-

sis NDK [33]. This has also been confirmed in NDK

from D. discoideum using equilibrium ultracentrifuga-

tion and analytical SEC [34]. However, there is still an

ongoing debate of the quaternary structure adopted by

A. fumigatus NDK and how this relates to its biologi-

cal function. In a previous paper, the crystal structure

of A. fumigatus NDK was solved as a hexamer,

arranged as a trimer of dimers [22]. However, analyti-

cal SEC indicated that the enzyme was tetrameric in

solution [22]. Data obtained from the complementary

techniques of crystallography, analytical SEC and

native mass spectrometry unequivocally and consis-

tently confirm that A. fumigatus NDK adopts a

Fig. 10. Interactions between active site

residues of A. fumigatus NDK with various

purines and pyrimidines. (A) GDP, (B) ADP,

(C) IDP, (D) UDP, (E) CDP and (F) TDP

which naturally has a 20 deoxy ribose ring.

Key hydrogen bond interactions are shown

as black dashed lines, π-π stacking

interactions as green dashed lines, and all

distances are reported in Å. Mg2+ is

represented as a yellow sphere. All

nucleoside diphosphates are represented as

sticks.

Table 3. Apparent Michaelis–Menten kinetic constants of various

NTPs used by A. fumigatus NDK. Kinetic parameters for all NTPs,

excluding ATP, were determined using the hexokinase/glucose-6-
phosphate dehydrogenase coupled enzyme assay, whereas for

ATP, the pyruvate kinase/lactate dehydrogenase coupled enzyme

assay was used. Apparent kinetic constants were measured from

assays performed in duplicate from three replicates (n = 3).

Nucleotide KM (mM) kcat (s
−1) kcat/KM (mM

−1�s−1)

GTP 0.402 � 0.03 188 � 5.0 468 � 41.0

ATP 0.513 � 0.08 321 � 33.0 626 � 110.0

ITP 0.617 � 0.10 83.2 � 13.0 135 � 30.0

CTP 1.32 � 0.10 53.1 � 3.7 40.2 � 4.4

UTP 1.35 � 0.20 140 � 22.0 104 � 22.0

TTP 2.23 � 0.30 178 � 9.6 79.8 � 12.0
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hexameric assembly, contradicting previous suggestions

of a tetrameric species. Calculations of the buried sur-

face area between dimer and trimer interfaces (952 and

818 Å2, respectively) of A. fumigatus NDK are

indicative of true oligomeric interfaces. The

hexameric arrangement is also consistent with other

eukaryotic homologues of NDK. As observed in

NDK from Mycobacterium tuberculosis, the quater-

nary structure is intimately intertwined with enzy-

matic activity and function [35]. This is likely to be

Fig. 11. Representative enzyme activity curves for NTPs. Binding curves for (A) GTP, (B) ATP, (C) ITP, (D) UTP, (E) CTP and (F) TTP

represent single experiments. Each data point represents the mean of duplicate samples, and the error bars represent the standard

deviation.
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the case in A. fumigatus NDK since GDP-bound

structures show that hydrogen bond interactions

form within the monomer as well as with neighbour-

ing subunits (Fig. 10A). As the oligomeric state has

been shown to influence function, several lines of

evidence have been presented in this study to clarify

previous suggestions of a tetrameric species and

instead confirm that NDK from A. fumigatus adopts

a hexameric assembly.

Crystal structures of A. fumgiatus NDK bound to a

full complement of naturally occurring NDPs have

revealed key nuances in their binding poses that gov-

ern nucleoside selectivity. The conformation adopted

by the purines and UDP were highly similar, featuring

a conserved π-π stacking interaction between Phe59

and the nucleobase as well as an extensive hydrogen

bond network between the ribose ring and diphosphate

group with active side residues. However, CDP and

TDP adopted unique binding modes that have not yet

been observed in NDK from any other species and

serve to explain why NDK disfavours thymidine and

cytosine nucleosides as substrates. The CDP-bound

structure shows puckering of the ribose ring upon

binding to NDK which consequently changes the ori-

entation of the diphosphate group within the active

site (Fig. 9A). In this position, sub-optimal bond

angles are adopted by CDP that destabilise the com-

plex, exemplified in the low occupancy observed in the

crystal structure. Intriguingly, the CDP-bound struc-

ture of NDK formed a hexamer in the asymmetric

unit, yet only one monomer was bound to CDP

whereas the remaining five were bound to phosphate.

In comparison, all other NDP-bound structures of

A. fumigatus NDK showed all monomers occupied by

their respective NDP.

The binding pose adopted by TDP when bound to

A. fumigatus NDK is unique in comparison to the

conserved TDP binding modes observed in APMV

(PDB ID: 2B8Q) and D. discoideum (PDB ID: 1NDC)

NDK [21,36]. This is the first instance in which the

diphosphate group rotates outside of the binding

pocket whilst the thymidine ring and deoxyribose

sugar maintains key interactions with active site resi-

dues, Phe59 and Lys11 (Fig. 9B). Without a 20 hydro-
xyl group on the sugar moiety, TDP is poorly

anchored into the binding site. This introduces flexibil-

ity to the diphosphate groups and allows TDP to

adopt this highly unusual binding pose. In turn, this

flexibility likely contributes to the high apparent KM

and low specificity constant measured. The rotation

lengthens hydrogen bond distances observed in other

NDP-bound structures and disfavours TDP binding.

When comparing the binding pocket cavity of A.

mimivirus NDK and D. discoideum NDK with A. fumi-

gatus NDK, there are a number of anomalies that

may account for the alternative TDP binding mode

observed. The structure of A. mimivirus TDP-NDK

(PDB ID: 2B8Q) shows a shallow binding pocket that

has a volume of 115 Å3 and surface area of 150 Å2 rel-

ative to that of D. discoideum TDP-NDK (PDB ID:

1NDC, volume of 170 Å3, surface area of 300 Å2) and

A. fumigatus TDP-NDK (PDB ID: 6XPV, volume of

200 Å3, surface area 290 Å2) [29]. In the A. mimivirus

NDK structure, the loop between α3 and η2 (labelled

in accordance with A. fumigatus NDK secondary

structure in Fig. 4A) is positioned in an ‘open’ confor-

mation that widens the binding pocket and easily

accommodates the diphosphate group of TDP. The

α3/η2 loop of A. fumigatus and D. discoideum NDK is

positioned in a ‘closed’ conformation, narrowing the

opening to the binding site and forming a deeper

pocket, yet two different binding modes of TDP are

observed. Intriguingly, residues within the α3/η2 loop

of NDK have shown to deviate between species (Fig. 6

B). In A. fumigatus NDK and D. discoideum NDK,

this substitution from Ala to Val leads to subtle

changes in the loop position (Fig. 4A). The A. fumiga-

tus NDK α3/η2 loop is shifted 1.3 Å deeper into the

binding pocket, relative to that of the D. discoideum

NDK α3/η2 loop. This orientates the Thr93 side chain

to a position that sterically clashes with the β-phos-
phate of TDP when bound in the conventional binding

pose as observed in the D. discoideum NDK structure

(Fig. 12).

The change in Gibbs free energy upon binding of an

NDP to NDK calculated from solved crystal struc-

tures and the binding affinities and specific constants

measured in enzyme assays can be used to determine

the basis of NDK substrate selectivity. Compared to

all other NTP substrates, GTP has the lowest apparent

KM. While all other NDPs can only form a π-π

Table 4. Gibbs free energy change upon binding of NDP to NDK.

Free energies were calculated using ICM-Pro (MolSoft L. L. C.).

The binding free energy change was calculated between ligand

(NDPs) and protein (NDK) for each available monomer and

averaged.

Nucleotide ΔGbinding (kcal�mol−1)

GDP −30.0 � 4.3 (n = 3)

ADP −37.0 � 3.5 (n = 3)

IDP −27.3 � 0.9 (n = 3)

CDP −26.8 (n = 1)

UDP −29.3 � 3.2 (n = 6)

TDP −17.5 � 3.7 (n = 6)
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stacking interaction between the Phe59 side chain and

the respective nitrogenous base, the guanine ring con-

tains a 20 amine that can form an additional hydrogen

bond to Glu151 from an adjacent NDK monomer

(Fig. 10A). This unique interaction is the only instance

of an NDP interacting with more than one NDK

monomer observed in this study and is likely to con-

tribute significantly to an increase in binding affinity.

This effect is amplified when considering the hexameric

arrangement of NDK. Although there is a modest

increase in the apparent KM of ATP relative to GTP,

NDK rapidly catabolises ATP, resulting in more fre-

quent use and greater preference of this substrate. The

binding mode of CDP, particularly the shift of the α-
phosphate deeper into the binding pocket, orients the

coordinating oxygen group away from the Mg2+ bind-

ing site (Fig. 8C). Greater contortion and distance

from Mg2+ likely contribute to the slower turnover

rate of CTP and is therefore the least preferred sub-

strate.

As observed in A. fumigatus NDK, homologues of

NDK from different species have shown broad

substrate specificity with an ability to utilise all natu-

rally occurring NTPs as substrates [37,38]. Comparing

the kinetic parameters of A. fumigatus NDK to

eukaryotic homologues from the pathogenic fungus,

C. albicans, and H. sapiens reveals similar trends but

notable differences in their substrate selectivity. In all

three species, GTP had the lowest apparent KM, fol-

lowed by ATP. However, the enzyme appeared to be

clearly selective for GTP in the C. albicans and

H. sapiens homologues whereas ATP was preferred by

A. fumigatus NDK. Similarly, the least preferred sub-

strate was CTP in both C. albicans and A. fumigatus

NDK. The differences in the measured apparent KM

constants and specificity constants indicate that there

are subtle structural differences that govern substrate

selectivity in NDK from different species. The binding

mode of CDP and TDP observed in this study is

unique to A. fumigatus NDK and indicates that the

position of the phosphate moiety as well as distance

from the Mg2+ binding site appears to greatly influ-

ence catalytic turnover (Fig. 10E,F). In contrast, inter-

actions made with adjacent NDK monomers, as

observed in GDP-bound NDK, may increase binding

affinity but is associated with a penalty to catalytic

turnover (Fig. 10A) (Table 3). Finally, energetically

favourable binding of ADP to NDK influenced by

close hydrogen bond contacts to active site side-chains

facilitates rapid turnover and is thus the preferred

nucleoside. Considering the abundance of guanine in

soils but greater availability of adenine in human

extracellular fluid, the niche occupied by A. fumigatus

may stimulate NDK activity and facilitate rapid cell

growth and division to establish infection.

The structural and functional characterisation of

A. fumigatus NDK using X-ray crystallography and

enzymatic assay data exemplifies the intricate interplay

that exists between protein-ligand binding poses and

substrate selectivity. The identification of two binding

poses adopted by CDP and TDP that are specific to

A. fumigatus NDK highlights the species-specific dis-

crepancies that exist amongst homologous proteins.

Together, these data further our understanding of the

role NDK plays in NTP biosynthesis and the struc-

tural data provide opportunities to explore potential

allosteric binding surfaces to target in future antifungal

drug projects.

Materials and methods

Expression and purification of His6-NDK

The open reading frame of NDK (Accession ID:

Afu5g03490, A. fumigatus Af293) fused to an N-terminal

Fig. 12. The conventional binding mode of TDP sterically clashes

with Val93 in the α3/η2 loop of A. fumigatus NDK. The crystal

structure of Dictyostelium discoideum NDK (1NDC, cyan) bound to

TDP (black, sticks) adopts the conventional binding mode

compared to a novel binding mode identified in the crystal

structure of A. fumigatus NDK (6XPV, yellow) bound to TDP

(white, sticks). The α3/η2 loop in A. fumigatus NDK is shifted

deeper into the binding pocket, re-orientating Val93 (Val98 in

D. discoideum NDK) into a position that would sterically clash with

the β-phosphate of TDP in the conventional binding mode.

15The FEBS Journal (2020) ª 2020 Federation of European Biochemical Societies

S. Nguyen et al. Nucleoside selectivity in A. fumigatus NDK

https://doi.org/10.2210/pdb1NDC/pdb
https://doi.org/10.2210/pdb6XPV/pdb


His6 tag with a Gly-Ser dipeptide linker was commercially

synthesised by GenScript and sub-cloned into pET11a for

transformation into Escherichia coli BL21 (λDE3) cells.

This construct was used to express His6-tagged protein for

crystallography experiments. Transformants were cultured

in Luria broth at 37 °C until an optical density of 0.6 was

reached and protein expression was induced with 0.5 mM

IPTG at 16 °C for 16 h. Cells were harvested via centrifu-

gation and the pellets were resuspended in Buffer A

(20 mM Tris pH 8.0, 500 mM NaCl, 10 mM imidazole,

2 mM β-mercaptoethanol) and stored at −80 °C.
Cells were lysed using a M110L microfluidizer processor

(Microfluidics, Westwood, MA, USA) and then clarified by

centrifugation. The cell lysate was loaded onto a 5 mL

ZetaSep Nickel NTA column (EMP Biotech, Berlin, Ger-

many), pre-equilibrated with Buffer A, washed with 6 col-

umn volumes of 10% Buffer B (20 mM Tris pH 8.0,

500 mM NaCl, 250 mM imidazole, 2 mM β-mercap-

toethanol) and eluted with an imidazole gradient from

10 mM to 250 mM. Fractions containing His6-NDK were

pooled and dialysed overnight against Storage Buffer

(50 mM Tris pH 8.0, 0.5 mM EDTA, 5% v/v glycerol, 1 mM

DTT). Protein purity was analysed via SDS/PAGE. His6-

NDK was concentrated to 15 mg�mL−1 using an Amicon

Ultra-15 Centrifugal Filter Unit (10 kDa MWCO), then

stored at −80 °C for crystallography experiments.

Expression and purification of His6-TEV-NDK

Inverse PCR primers were used to insert a tobacco etch

virus (TEV) proteolysis site between the His6-tag and the

NDK ORF for affinity tag removal. Methods used to

express and purify His6-TEV-NDK using nickel affinity

chromatography are identical to that of His6-NDK. Frac-

tions containing His6-TEV-NDK were pooled, supple-

mented with EDTA (final concentration 1 mM) and DTT

(final concentration 0.5 mM) and tag removal was initiated

with TEV (final concentration of 0.3 mg�mL−1) whilst dia-

lysing overnight against Storage Buffer. The protein sample

was loaded onto a 5 mL ZetaSep Nickel NTA column, pre-

equilibrated with Buffer A and the unbound fraction con-

taining untagged NDK was collected. Fractions were

pooled and loaded onto a Hi Prep 26/10 desalting column

pre-equilibrated in Storage Buffer. Fractions containing

untagged NDK were collected, pooled and concentrated to

3.8 mg�mL−1 using an Amicon Ultra-15 Centrifugal Filter

Unit (10 kDa MWCO), then stored at −80 °C for enzyme

assay experiments.

Crystallisation

Unbound-NDK crystals were grown via hanging drop

vapour diffusion by mixing a 1 : 1 ratio of NDK

(15 mg�mL−1) to well solution containing 21% PEG 3350

and 0.45 M sodium malonate (pH 7.0) and incubated at

16 °C. Full-sized, diamond-shaped crystals of approxi-

mately 100 µm in length formed within 1 week.

Co-crystals of NDK with various nucleoside diphos-

phates were grown via hanging drop vapour diffusion.

NDK (15 mg�mL−1) was incubated with MgCl2 (10 mM)

and each NTP for 10 min on ice before mixing in a 1 : 1

ratio with well solution and incubated at 16 °C (Table 5).

To crystallise CDP-NDK, 0.1 µL of seed stock was added

to the 1 : 1 protein to well solution mixture. This seed

stock was generated by crushing NDK crystals co-crys-

tallised with UTP (20 mM) and MgCl2 (20 mM) which were

formed in 21% PEG 3350, 0.15 M NaCl, 0.1 M HEPES pH

7.5 and diluted 1 : 100 in well solution. Full-sized, cubic

(100 µm × 100 µm) and rod-like (50 µm × 100 µm) crystals

formed within 1 week.

Data collection and processing

A single crystal was mounted and cryo-protected in Para-

tone-N (Hampton Research, Aliso Viejo, CA, USA), then

cryo-cooled in liquid nitrogen. Diffraction data were col-

lected at a wavelength of 0.954 Å at the Australian Syn-

chrotron, part of ANSTO, using the Macromolecular

Crystallography MX1 beamline for all NDK structures

except for CDP-bound NDK which used the Macromolec-

ular Crystallography MX2 beamline and made use of the

Australian Cancer Research Foundation (ACRF) detector

at 100 K [39,40]. Diffraction data were collected using an

oscillation angle of 1° (yielding 360 frames) or 0.1° (yield-

ing 3600 frames) per data set using the MX1 or MX2

beamline, respectively. Data from the MX1 beamline were

integrated using IMOSFLM, followed by scaling and merging

using AIMLESS from the CCP4 program suite [41,42]. Data

from the MX2 beamline were integrated using XDS, con-

verted to an mtz format using POINTLESS and then scaling

Table 5. Representative enzyme activity curves for (A) GTP, (B)

ATP, (C) ITP, (D) UTP, (E) CTP and (F) TTP.

NTP

Final concentration of

NTP (mM) Well solution

GTP 4.8 21% PEG 3350, 0.25 M NaCl, 0.1 M

HEPES (pH 7.5)

UTP 19% PEG 3350, 0.25 M NaCl, 0.1 M

HEPES (pH 7.5)

ITP 19.5% PEG 3350, 0.20 M NaCl,

0.1 M HEPES (pH 7.5)

ATP 5 21% PEG 3350, 0.25 M NaCl, 0.1 M

HEPES pH 7.5

TTP 18.5% PEG 3350, 0.15 M NaCl,

0.1 M HEPES (pH 7.5)

CTP 6.8 20% PEG 3350, 0.3 M Ammonium

sulphate
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and merging was performed by AIMLESS [42–44]. Statistics

of data refinement for all NDK structures are summarised

in Table 1. Crystals of unbound-NDK, CDP-NDK, TDP-

NDK and UDP-NDK belong to space group P212121 and

were hexamers in the asymmetric unit whereas crystals of

ADP-NDK, GDP-NDK and IDP-NDK belong to space

group P21221, forming trimers in the asymmetric unit and a

hexamer with symmetry mates.

Structure refinement

The phase problem of NDK was solved by molecular

replacement using PHASER MR from the CCP4 program suite

[45]. The NDK from Leishmania braziliensis was used as a

search model (PDB ID: 4KPC) [33]. Iterative cycles of

manual rebuilding were completed using COOT, followed by

model refinement using PHENIX.REFINE and model validation

using MOLPROBITY [46–48]. Structures of unbound- and

NDP-bound NDK were refined to a final R/Rfree ratio of

13–19%/18–25%. The statistics of model refinement for all

solved NDK structures are summarised in Table 1. Interac-

tions between residues and bound ligands were analysed

using POSEVIEW and residues between the interfaces were

analysed using PDBEPISA [49,50].

Analytical size-exclusion chromatography

The average oligomeric size of NDK was determined by

analytical SEC. Samples (50 μM) were loaded onto a

Superdex 200 10/300 GL analytical SEC (GE Healthcare,

Chicago, IL, USA), which had been equilibrated in either

50 mM phosphate buffer (PB; pH 7.4), PBS (pH 7.4) or

200 mM ammonium acetate (NH4OAc; pH 6.8) at a flow

rate of 0.4 mL�min−1 at room temperature. The size-exclu-

sion column was calibrated using standards (Sigma) con-

taining bovine thyroglobulin (670 kDa), bovine γ-globulin
(158 kDa), chicken ovalbumin (44 kDa), horse myoglobin

(17 kDa) and bovine aprotinin (7 kDa) (Fig. 13).

Native ion-mobility mass spectrometry

The quaternary structure and dynamics of NDK was also

examined using a Synapt G1 HDMS (Waters, Milford,

MA, USA) using a nanoelectrospray ionisation source.

NDK was dialysed into 200 mM NH4OAc (pH 6.8) over-

night at 4 °C. Unbound-NDK concentration was adjusted

to 12.5 µM whilst ADP-NDK (12.5 µM) was formed by

addition of ATP (5 mM) and magnesium acetate (5 mM)

and desalted into 200 mM NH4OAc using Biospin 6 col-

umns (Bio-Rad, Hercules, CA, USA). Across all samples,

2 µL of protein was loaded onto gold-coated borosilicate

glass capillaries prepared in-house. Instrument conditions

were optimised to maintain non-covalent protein assemblies

and key instrument parameters were as follows: capillary

voltage: 1.60 kV; sampling cone: 50 V; extraction cone:

1.5 V; trap/transfer collision energy: 20/15 V; trap gas:

5.5 L�h−1; backing gas: ~4.5 mbar. Ion-mobility (IM) MS

parameters include IM cell wave height, 9 V; IM cell wave

velocity, 350 m�s−1; transfer t-wave height, 9 V; transfer t-

wave velocity, 250 m�s−1. Collison-induced dissociation

(CID) MS was performed by increasing the trap-transfer

collision energy up to 160 V (20 V increments). Titration of

acetonitrile (5%, 10%, 20% and 30% v/v) was used for

solution-induced dissociation of NDK hexamers. All mass

spectra and arrival time distributions (ATDs) were analysed

using MassLynx (v4.1) and DriftScope (v2.1) (both

Waters).

NDK activity assay

NDK activity was monitored using a spectrophotometric

assay adapted from methods described previously [37]. Anal-

ysis of binding kinetics of GTP, CTP, ITP, UTP and TTP

utilised the hexokinase/glucose-6-phosphate dehydrogenase

coupled enzyme system [37]. Reactions were prepared to a

final concentration of 50 mM Tris (pH 8.0), 0.15 mM ADP,

5 mM MgCl2, 10 mM KCl, 1 mM glucose, 0.2 mM NADP+,

0.4 units hexokinase, 0.2 units glucose-6-phosphate dehydro-

genase and 1.3 nM A. fumigatus NDK. Reactions were initi-

ated with the addition of various concentrations of

nucleoside triphosphates (GTP; 1–0.016 mM, CTP;

1.5–0.031 mM, ITP; 2–0.063 mM, UTP; 3–0.063 mM, TTP;

5–0.16 mM) at 30 °C and the production of NADPH was

monitored at 340 nm using a PHERAstar FSX microplate

Fig. 13. Superdex 200 10/300 GL analytical SEC (GE Healthcare)

profile calibrated using sizing standards (Sigma). Protein standards

include bovine thyroglobulin (670 kDa), bovine γ-globulin (158 kDa),

chicken ovalbumin (44 kDa), horse myoglobin (17 kDa) and bovine

aprotinin (7 kDa).
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reader (BMG Lab Technologies, Offenburg, Germany).

Analysis of the binding kinetics of ATP utilised the pyruvate

kinase/lactate dehydrogenase couple enzyme system [37,51].

Reactions were prepared to a final concentration of 50 mM

Tris (pH 8.0), 0.7 mM TDP, 5 mM MgCl2, 10 mM KCl, 1 mM

phosphoenolpyruvate, 0.2 mM NADH, 1.7 units pyruvate

kinase, 2.6 units lactate dehydrogenase and 0.65 nM A. fumi-

gatus NDK. Reactions were initiated with the addition of

various concentrations of ATP (1–0.016 mM) at 30 °C and

the consumption of NADH was monitored at 340 nm using

a PHERAstar FSX microplate reader. Calculation of the

Michaelis–Menten binding constants of all nucleoside

triphosphates utilised three replicates plated in duplicate. All

kinetic data were analysed using Prism 8.0 (GraphPad) and

fitted to the Michaelis–Menten equation. Error propagation

was calculated as follows: Δ (kcat/KM NDP) = (kcat/KM

NDP)[(Δ kcat/kcat)
2 + (Δ KM NDP/KM NDP)2]1/2.

Calculation of binding energy change

The solved structures of NDK bound to ADP, GDP, IDP,

UDP, CDP and TDP were imported into ICM-Pro Version

3.8-7b (MolSoft L. L. C., San Diego, CA, USA). The bind-

ing free energy change was calculated between ligand

(NDPs) and protein (NDK) for each monomer and then

averaged. The binding free energy change is calculated

according to the following equation:

ΔGbind ¼ðEcomp
intra �Eparts

intra ÞþðΔGcomp
solv �ΔGparts

solv Þ where ΔGbind

is the binding free energy change, Ecomp is the energy of

the complex, Eparts is the interaction energy between the

interacting parts, calculated from internal (intra) factors,

ΔGcomp
solv represents the solvation free energy of the complex

and ΔGparts
solv represents the solvation free energy from the

interacting parts.

Accession codes

The atomic coordinates and structure factors of unbound-

NDK, ADP-NDK, GDP-NDK, IDP-NDK, UDP-NDK,

CDP-NDK and TDP-NDK have been deposited to the

Protein Data Bank with the following accession codes:

6XP4, 6XP7, 6XPS, 6XPU, 6XPT, 6XPW, 6XPV, respec-

tively.
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Abstract 16 

Purine biosynthesis is a fundamental cellular process that sustains life by maintaining the 17 

intracellular pool of purines for DNA/RNA synthesis and signal transduction. As an integral 18 

determinant of fungal survival and virulence, enzymes in this metabolic pathway have been 19 

pursued as potential antifungal targets. Guanosine monophosphate (GMP) synthase has been 20 

identified as an attractive target as it is essential for virulence in the clinically prominent fungal 21 

pathogens, Aspergillus fumigatus, Candida albicans and Cryptococcus neoformans. However, 22 

the lack of structural information for GMP synthase has hindered drug design efforts. We 23 

present the first structure of A. fumigatus GMP synthase (2.3 Å) of fungal origin. Structural 24 

analyses of GMP synthase shows a distinct absence of the D1 dimerisation domain which is 25 

present in the human homologue. Interestingly, GMP synthase adopts a dimeric state, as 26 

determined by native mass spectrometry and gel filtration chromatography, which is contrary 27 

to the monomeric human homologue. Analysis of the substrate binding pockets of GMP 28 

synthase reveals key differences in the ATP and XMP binding sites that can be exploited for 29 

species-specific inhibitor drug design. Furthermore, we demonstrate the inhibitory activity of 30 

the glutamine analogues, acivicin (IC50 = 16.6 ± 2.4 µM) and 6-diazo-5-oxo-L-norleucine (IC50 31 

= 29.6 ± 5.6 µM) against A. fumigatus GMP synthase. Together, these data provide crucial 32 

structural information required for specifically targeting A. fumigatus GMP synthase for future 33 

antifungal drug discovery endeavours.  34 
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Introduction 35 

An immunocompromised state can arise from inherited diseases or acquired from 36 

malignancies, viral infections, such as HIV/AIDS, and treatment regimens such as corticoid 37 

steroid therapy, immunosuppressive therapy and chemotherapy (1). A weakened immune 38 

system increases the risk of contracting life-threatening infections, and consequently, 39 

infectious diseases have become the leading cause of morbidity and mortality amongst 40 

immunocompromised patients (2). The Transplant-Associated Infections Surveillance 41 

Network (TRANSNET) have revealed that invasive aspergillosis, primarily caused by the 42 

opportunistic and pathogenic fungus Aspergillus fumigatus, was the first and second most 43 

common fungal infection amongst haematopoietic stem cell transplant (HSCT) patients (43%) 44 

and recipients of solid-organ transplants (19%), respectively (3, 4). Although commonly 45 

associated with human disease, A. fumigatus is omnipresent in the natural environment. It 46 

occupies various niches, including soil and compost heaps which contributes to nutrient 47 

recycling, consistent with its saprophytic lifestyle (5). It reproduces asexually by producing 48 

and disseminating fungal spores that readily travel through the air. In an immunocompetent 49 

host, the defence mechanisms commonly used to neutralise these spores are ineffective and 50 

this can lead to the development of a broad spectrum of diseases, known as aspergillosis (6). 51 

In severe cases, the fungus invades the lung tissue and can then infiltrate the blood stream to 52 

establish a secondary infection in surrounding organs (7). This leads to the development of a 53 

systemic infection known as invasive aspergillosis. Despite the use of currently available 54 

antifungal therapies, the mortality rate associated with invasive aspergillosis remains 55 

unacceptably high in both HSCT and solid-organ transplant patients with a one-year survival 56 

rate of 25.4% and 59%, respectively (3, 4). Poor mortality rates and the increased prevalence 57 

of strains resistant to existing antifungals highlights the need to identify and characterise 58 

alternate targets for the development of a new class of antifungals. 59 
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There has been a growing interest in the biosynthetic enzymes involved in purine metabolism 60 

in terms of their role in sustaining fungal survival and contribution to virulence (8). Purines are 61 

essential for DNA and RNA synthesis, signal transduction and energy metabolism (9). 62 

Therefore, the intracellular purine pool must be tightly maintained by de novo biosynthesis and 63 

salvage pathways, the former being the focus of current antifungal drug discovery efforts (10-64 

12). The validity of targeting key enzymes in this pathway in pathogenic fungi including A. 65 

fumigatus, Candida albicans and Cryptococcus neoformans have been affirmed in genetic 66 

knockout studies (10, 12). For example, inosine monophosphate dehydrogenase (IMPDH), an 67 

enzyme that catalyses the first committed step of guanosine triphosphate synthesis, has also 68 

been implicated in the production of several fungal virulence factors. IMPDH deficiencies in 69 

C. neoformans result in a reduction of capsule size and melanin expression, ultimately 70 

producing an avirulent strain when tested in a murine model of Cryptococcus (12). In the later 71 

stages of de novo purine biosynthesis, newly synthesised nucleoside diphosphates are 72 

converted to nucleoside triphosphates for use in downstream pathways. This reaction is 73 

catalysed by nucleoside diphosphate kinase, a highly conserved enzyme that has been shown 74 

to be essential for viability in several fungi including A. fumigatus and A. nidulans (13, 14). 75 

Both enzymes have been extensively characterised in terms of their structure and function and 76 

have been explored as potential antifungal drug targets (12, 15). 77 

However, current work in the field and in this study has focused on guanosine monophosphate 78 

(GMP) synthase as a target to disrupt the purine biosynthesis pathway (8). This enzyme utilises 79 

xanthosine 5'-monophosphate (XMP) to produce GMP. This occurs via a two-step reaction 80 

where L-glutamine is first converted to L-glutamate via the activity of the N-terminal glutamine 81 

amidotransferase (GATase) domain. The reaction releases ammonia which is shuttled to the 82 

ATP pyrophosphatase (ATP-PPase) domain and is subsequently used to convert XMP to GMP, 83 

a precursor required to synthesise nucleoside triphosphates downstream in the pathway (16). 84 
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Reflective of the essential nature of purine nucleotides in fungal survival, disruption of GMP 85 

synthase by a conditional knockout in A. fumigatus and C. albicans or deletion of the encoding 86 

gene in C. neoformans resulted in growth defects on minimal media (10, 11). Furthermore, 87 

these GMP synthase-deficient mutants of A. fumigatus, C. albicans and C. neoformans were 88 

avirulent in murine models of infection (10, 11). Characterisation of the C. neoformans mutant 89 

revealed defects in the production of the capsule and melanin, as well as reduced activity of 90 

secreted proteases, all of which are known virulence factors (11). The indispensable role 91 

undertaken by GMP synthase in several aspects of fungal virulence reaffirms its validity as a 92 

broad-spectrum antifungal drug target. Thus, there is a need to develop a greater understanding 93 

of the biophysical characteristics of GMP synthase, including its structure, biological assembly 94 

and function, in order to effectively inhibit its activity. In particular, intimate knowledge of its 95 

three-dimensional structure will be imperative in the design of a drug that is both potent and 96 

selective for fungal GMP synthase over the human equivalent. 97 

In this study, we have established the foundations for a drug discovery project that targets 98 

fungal GMP synthase. To guide rational drug design, we present the first crystal structure of a 99 

fungal homologue of GMP synthase from A. fumigatus (2.3 Å) and have rigorously 100 

characterised the biophysical and kinetic properties of this enzyme. We have also validated the 101 

inhibition of A. fumigatus GMP synthase activity in vitro using known inhibitors of the GATase 102 

domain, acivicin (ACI) and 6-diazo-5-oxo-L-norleucine (DON). Ultimately, these data provide 103 

essential structural and functional information required to guide rational drug design of an 104 

inhibitor that selectively targets fungal GMP synthase.  105 
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Results 106 

Structure, domain architecture and biological assembly of A. fumigatus GMP synthase 107 

The crystal structure of GMP synthase from A. fumigatus was solved to a resolution of 2.3 Å 108 

and had two molecules in the asymmetric unit. Each molecule of GMP synthase consists of 14 109 

α-helices, 19 β-strands and 7 310-helices. There are loop regions within the structure that exhibit 110 

high mobility, reflective of their poor electron density. Hence, a 20-residue gap in the first 111 

monomer (residues 365 – 384) and a 5-residue gap in the second monomer (residues 366 – 112 

373) were not modelled. GMP synthase from A. fumigatus possesses three distinct domains – 113 

an N-terminal GATase domain (residues 1 – 205), a C-terminal ATP-PPase domain (residues 114 

213 – 431), both connected via a short loop (residues 206 – 212) and a dimerization domain, 115 

denoted as D2 according to the nomenclature used in the characterisation of human GMP 116 

synthase (residues 432 – 540) (Figure 1A). The GATase domain is classified as a Class I type, 117 

defined by its highly conserved catalytic triad, corresponding to residues Cys90, His184 and 118 

Glu186 in the A. fumigatus GMP synthase structure. This domain is responsible for the removal 119 

and transfer of ammonia from glutamine to the ATP-PPase domain where GMP is synthesised 120 

via an adenyl-XMP intermediate (17). The dimerization domain, D2, facilitates formation of 121 

the dimeric complex (Figure 1B). 122 

  123 
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There are two molecules of A. fumigatus GMP synthase in the asymmetric unit, forming an 124 

interface along the GATase domain of one monomer and the ATP-PPase domain of the other 125 

monomer. The calculated surface area of this interface is 323 Å2 and so it is not likely to be 126 

reflective of the true oligomeric structure. However, a single monomer of GMP synthase can 127 

form a dimer with its symmetry mate via the D2 dimerization domain. This structural 128 

arrangement is representative of the biological assembly likely to be adopted by GMP synthase 129 

based on the structural function of dimerization domains and the large interface surface area of 130 

1690 Å2. The complementary techniques of analytical size-exclusion chromatography (SEC) 131 

and native mass spectrometry (MS) confirm the presence of a dimeric species (Figure 2). A 132 

predominant elution peak at 12.8 mL (~118 kDa) is observed in the size-exclusion 133 

chromatogram which corresponds to the dimeric form of GMP synthase (theoretical mass of 134 

119.1 kDa) (Figure 2A). The oligomeric state was confirmed by native MS which also shows 135 

GMP synthase predominantly forms a dimer (measured mass 119.2 kDa) (Figure 2B, blue). 136 

GMP synthase in the presence of glutamine remains dimeric (Figure 2B) with an observed shift 137 

in charge state distribution of the dimer towards lower charge states (from 23+ to 20+ being 138 

the most dominant). This suggests a global conformational change (e.g. compaction or 139 

rearrangement) where basic residues on the dimeric surface are unable to be ionised. We further 140 

probed the conformational differences in GMP synthase dimers using IM-MS (Figure 2C-D) 141 

with the dimer21+ ions selected for comparative analysis (Figure 2B, grey box). The dimer21+ 142 

was selected for comparative analysis as it is easily observed in both the absence and presence 143 

of glutamine, as well as avoiding charge state overlap from other oligomeric species (monomer 144 

or tetramer). IM-MS spectra of GMP synthase dimers in both the absence (dimer21+ 10.5 ms, 145 

Figure 2C, blue) and presence (dimer21+ 10.8 ms, Figure 2C, green) of glutamine exhibit similar 146 

arrival time distributions (ATD) (Figure 2C). The ATD is a measure of the rotationally 147 

averaged collision cross section or ‘size’ of an ion, providing key structural information 148 
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including conformational changes and structural dynamics. Interestingly, the full width-half 149 

maximum (FWHM) of the ATD of GMP synthase dimers in the absence of glutamine (4.53 150 

ms) is significantly greater compared to GMP synthase in the presence of glutamine (2.21 ms) 151 

(Figure 2D). The FWHM measurement provides valuable insights into structural dynamics as 152 

it is a measure of structural heterogeneity, whereby individual oligomeric states sampling a 153 

greater number of conformations (i.e. opening and closing) give rise to broader ATDs (15, 18-154 

20). This data, combined with the observed charge state distribution shifts, indicates that the 155 

GMP synthase dimers adopt a conformational change with increased structural heterogeneity 156 

upon glutamine addition. Furthermore, it is possible that this conformational change is needed 157 

to enable ammonia tunnelling to the ATP-PPase catalytic site. 158 

Kinetic characterisation of GMP synthase enzyme activity 159 

The apparent Michaelis-Menten binding constants (KM) of A. fumigatus GMP synthase were 160 

determined for all substrates, apart from XMP, using a spectrophotometric activity assay. As 161 

the method of detection used in this activity assay was not sufficiently sensitive at low 162 

concentrations of XMP, the KM value could not be accurately determined. The representative 163 

binding curves used to determine the kinetic parameters are shown in Figure 3. The measured 164 

binding constants were compared to homologous enzymes from prokaryotic sources, including 165 

Escherichia coli, and eukaryotic sources, including the fungal pathogen C. neoformans and the 166 

human equivalent of GMP synthase (Table 1). The Michaelis-Menten binding constants 167 

measured for ATP and glutamine were consistently higher for A. fumigatus GMP synthase, 168 

relative to that of E. coli, C. neoformans and H. sapiens. The binding kinetics of Mg2+ to A. 169 

fumigatus GMP synthase appeared hyperbolic and from this data, a KM value was calculated, 170 

as opposed to a K0.5 calculated for both C. neoformans and H. sapiens GMP synthase. The 171 

hyperbolic fit indicates that Mg2+ is not subject to cooperative binding in A. fumigatus GMP 172 

synthase. 173 
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Table 1: Apparent Michaelis-Menten binding constants (KM) calculated for substrates of 

GMP synthase from A. fumigatus and compared to those of Escherichia coli, Cryptococcus 

neoformans and Homo sapiens. KM values were calculated from three replicates of activity 

assays performed in triplicate.  

Species 

kcat (ATP)   

(s-1) 

KM (ATP) 

(µM) 

kcat (ATP) 

/KM  

(µM-1 s-1) 

KM (XMP) 

(µM) 

KM (Gln) 

(µM) 

KM (Mg²+) 

(µM) 

K0.5 (Mg²+) 

(µM) 

Reference 

A. fumigatusa 

1657 ± 

105.5  

245 ± 15 
6.76 ± 

0.60 

ND 
2693 ± 

119 

1230 ± 140 NA This study 

E. colib ND 104 ± 44 ND 166 ± 43 ND ND ND (21) 

C. neoformansc ND 77.5 ± 6 ND 65.9 ± 13 

1130 ± 

162 

NA 1289 ± 66 (11) 

H. sapiensd ND 132 ± 7 ND 35.6 ± 1.8 406 ± 49 NA 1780 ± 70 (22) 

 174 

* ND = not determined, NA = not applicable 175 

a  Enzyme assay conditions: 50 mM HEPES pH 7.5, 0.5 mM XMP, 2.5 mM ATP, 20 mM 176 

glutamine, 20 mM MgCl2 at 40 °C 177 

b Enzyme assay conditions: 60 mM HEPES pH 8.0, 5 mM ATP, 0.2 mM XMP, 20 mM 178 

MgCl2, 200 mM NH4Cl, 0.1 mM DTT, 0.8 mM EDTA at 40 °C 179 

c Enzyme assay conditions: 50 mM HEPES pH 7.5, ATP, XMP and glutamine or (NH4)2SO4 180 

(at varying concentrations), 20 mM MgCl2, 0.3 mM EDTA at 40 °C 181 

d Enzyme assay conditions: 75 mM Tris-HCl pH 7.6, 2 mM ATP, 0.25 mM XMP, 2 mM 182 

glutamine, 10 mM MgSO4 at 40 °C   183 
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Prokaryotic GMP synthases show high structural conservation to A. fumigatus GMP synthase 184 

The architecture and spatial arrangement of domains in A. fumigatus GMP synthase closely 185 

resembles homologous enzymes from parasitic (Plasmodium falciparum, PDB: 4WIM) and 186 

prokaryotic (Thermus thermophilus, PDB: 2YWB; Neisseria gonorrhoeae, PDB: 5TW7; 187 

Coxiella burnetii, PDB: 3TQI; Escherichia coli, PDB: 1GPM) sources (23-27). Comparison of 188 

these GMP synthase structures reveal a conserved overall structural fold and preservation of 189 

the GATase and ATP-PPase functional domains as well as the D2 structural domain (Figure 190 

4). Protein sequence alignments of homologous GMP synthases are also consistent with this 191 

observation and also reveal the presence of a large portion of the sequence that is unique to 192 

human GMP synthase (Figure 5). The greatest sequence deviation appears between A. 193 

fumigatus and P. falciparum GMP synthase (42% sequence identity) and consequently, the 194 

greatest structural perturbations are observed between these structures (root mean square 195 

deviation, RMSD of 4.1 Å, 535 Cα). GMP synthase from A. fumigatus bears the greatest 196 

resemblance to homologous enzymes from prokaryotic origins in terms of their sequence 197 

identity (47% - 49%) and structural similarity, as reflected by the small RMSD values measured 198 

(2.0 Å – 2.8 Å).  199 

  200 
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Human and A. fumigatus GMP synthase have different biophysical features 201 

Comparison of the A. fumigatus GMP synthase structure, elucidated in this study, with the 202 

existing structure of human GMP synthase (PDB: 2VXO) reveals species-specific differences 203 

that may be exploited to design an inhibitor selective for the fungal equivalent. There are 204 

components of the domain architecture that are shared between A. fumigatus and human GMP 205 

synthase, including the GATase and ATP-PPase catalytic domains and the D2 dimerization 206 

domain (Figure 6A, B). However, human GMP synthase contains an insert between the ATP-207 

PPase and D2 dimerization domain that forms an additional dimerization domain, denoted D1 208 

(28). Superimposition of the A. fumigatus and human GMP synthase structures reveal 209 

significant perturbations in the overall arrangement of the individual domains (Figure 6B). 210 

However, alignment of the GATase domain (RMSD of 2.5 Å, 185 Cα), ATP-PPase domain 211 

(RMSD of 4.3 Å, 216 Cα) and D2 dimerization sub-domain (3.5 Å, 109 Cα) individually from 212 

A. fumigatus and human GMP synthase reveals high structural similarity reflective of the 213 

conservation of their function. 214 

Despite the presence of two dimerization domains, D1 and D2, which show a high degree of 215 

structural similarity between them, human GMP synthase is predominantly monomeric in 216 

solution with some capability of forming a dimeric complex in the presence of substrates (28). 217 

This is in contrast to A. fumigatus GMP synthase that has been shown to form a dimeric 218 

interface via the D2 dimerization sub-domain, as demonstrated in the crystal structure, and 219 

confirmed using both analytical SEC and native mass spectrometry (Figures 1B and 2). 220 

XMP- and ATP-binding site composition of GMP synthase from A. fumigatus and human 221 

reveals targetable differences for antimicrobial drug design 222 

Structural alignment of the ATP-PPase domain from A. fumigatus and human GMP synthase 223 

reveals crucial deviations in the XMP-binding site composition that may be exploited to 224 
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achieve inhibitor selectivity. There is an invariant peptide sequence (Pro-Phe-Pro-Gly-Pro-225 

Gly) found in homologues from both A. fumigatus and H. sapiens (Figure 6C). This motif, 226 

located on a flexible loop region, works in tandem with the more variable motif (Ser-Gly-Lys- 227 

Ala) to stabilise the xanthine base of XMP in the human GMP synthase structure. Due to its 228 

location, relative to XMP, both motifs are likely to be crucial for substrate binding (28). Of the 229 

23 residues identified in the XMP-binding site, 5 residues are markedly different between 230 

human and fungal homologues. This includes the substitution of 3 residues within the variable 231 

xanthine-stabilising motif from Ser382, Lys384 and Ala385 in the human GMP synthase to 232 

Lys360, Pro362 and Ser633 in A. fumigatus GMP synthase, respectively (Figure 6C). There is 233 

also substitution of Pro612 to Tyr463 and Thr690 to Ile537 from human to A. fumigatus GMP 234 

synthase, respectively. Notably, Thr690 in human GMP synthase interacts with the phosphate 235 

moiety of XMP and therefore, substitution to isoleucine, a residue that is bulkier and more 236 

hydrophobic, may affect XMP binding kinetics. Sequence alignment of the ATP-binding site 237 

shows greater variability between A. fumigatus and H. sapiens GMP synthases (Figure 6D). 238 

Although some differences are biochemically conserved (Leu235 in A. fumigatus is equivalent 239 

to Val241 in H. sapiens), there are significant changes in the binding pocket (Leu263 and 240 

Asn265 in A. fumigatus is equivalent to His269 and Asp271 in H. sapiens) (Figure 6D). 241 

In vitro inhibition of GMP synthase 242 

As GMP synthase has two catalytic domains, inhibition of enzyme activity can be achieved by 243 

targeting either the GATase or ATP-PPase domains to effectively decouple the reaction. The 244 

glutamine analogues, ACI and DON, are known inhibitors of GMP synthase that function by 245 

targeting the GATase domain (10). Both inhibitors appeared to have inhibitory activity against 246 

A. fumigatus GMP synthase whereby ACI appeared to be more potent. A half maximal 247 

inhibitory concentration (IC50) of 16.6 ± 2.4 µM was calculated for ACI, almost two-fold of 248 
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that of DON (IC50 = 29.6 ± 5.6 µM). Representative concentration-response curves for ACI 249 

and DON are shown in Figure 7.  250 
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Discussion 251 

The purine biosynthesis pathway is an integral metabolic process that produces purine 252 

nucleotide bases that, together with pyrimidine nucleotide bases, form the components of DNA 253 

and RNA. In addition to their essential contribution to life, the synthesis of guanosine 254 

nucleosides in particular has been linked to virulence in clinically-prominent pathogenic fungi 255 

including A. fumigatus, C. albicans and C. neoformans (10, 11). Although validated and 256 

endorsed as an attractive target for new antifungal drugs, the process of drug discovery has 257 

been hindered by a lack of structural data. In this study, we have determined the crystal 258 

structure of GMP synthase from A. fumigatus, the first homologue from a fungal species, and 259 

analysed its biophysical properties as part of the beginning of a novel antifungal drug discovery 260 

project. 261 

Due to the importance of purines in DNA and RNA synthesis, the de novo biosynthesis 262 

pathway has been conserved throughout the eukaryotic domain of life. As a result, equivalent 263 

biosynthesis enzymes exist within A. fumigatus and humans. In order to develop an effective 264 

antimycotic agent that targets fungal GMP synthase, species specific differences must be 265 

elucidated to achieve selectivity. Analyses of the kinetic properties as well as comparisons 266 

between the existing crystal structure of human GMP synthase (2.5 Å) and the A. fumigatus 267 

GMP synthase structure (2.3 Å) reveal distinct differences in their domain architecture and 268 

active site composition which can be exploited to achieve selectivity. 269 

The kinetic properties of A. fumigatus GMP synthase differ to those of E. coli, C. neoformans 270 

and H. sapiens GMP synthase, which may be reflective of the species-specific differences in 271 

substrate binding pocket shape and composition of both catalytic domains. The KM value 272 

measured for ATP and glutamine from A. fumigatus GMP synthase is almost two-fold and 273 

seven-fold that of the human homologue, respectively. The most notable difference between 274 
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eukaryotic homologues of GMP synthase lies in the difference in binding of Mg2+, an essential 275 

co-factor required for catalysis. Although the measured KM/K0.5 values of Mg2+ were 276 

comparable between species, A. fumigatus GMP synthase showed no indication of cooperative 277 

binding as observed in C. neoformans and human homologues. 278 

The crystal structure of A. fumigatus GMP synthase more closely resembles that of bacterial 279 

and parasitic homologues, in terms of overall fold and domain architecture, despite being part 280 

of the eukaryotic domain of life (Figure 4). Conservation of the GATase and ATP-PPase 281 

domains allow the enzyme to retain their function in synthesising XMP and the existence of a 282 

singular dimerization domain facilitates the formation of a dimeric complex (Figure 1B). In 283 

addition to the GATase and ATP-PPase domain, which show high structural conservation to 284 

the equivalent domains in A. fumigatus GMP synthase, human GMP synthase features two 285 

dimerization domains, D1 and D2. The presence of an additional dimerization domain appears 286 

to prevent the formation of a dimer as human GMP synthase is predominantly monomeric with 287 

only a small dimeric population observed in the presence of substrates (28). As there are 288 

fundamental differences in the domain architecture and quaternary arrangement between A. 289 

fumigatus and H. sapiens GMP synthase, an alternative approach to targeting the fungal 290 

homologue that does not involve modulating enzyme activity may be possible. It has been 291 

suggested that the dimeric form of P. falciparum GMP synthase is essential for enzymatic 292 

activity (23). If this is also applicable to other dimeric homologues of GMP synthase, including 293 

A. fumigatus, it may be possible to target the dimer interface with small molecules or 294 

peptidomimetics.  295 

The conformational changes undergone by GMP synthase during substrate binding and 296 

catalysis were observed using IM-MS which serves to further our understanding of its catalytic 297 

mechanism. It is known that the glutamine hydrolysis reaction occurs in the GATase domain, 298 

producing ammonia that is channelled to the ATP-PPase domain where it is used to produce 299 
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GMP. There is a substantial distance between the respective active sites of the GATase and 300 

ATP-PPase domains (approximate distance of 34 Å in the A. fumigatus structure) and so it has 301 

been suggested that the mechanism of ammonia tunnelling must involve large domain 302 

rearrangements. Evidence that supports this mechanism has been shown in studies of the 303 

Plasmodium falciparum GMP synthase homologue using X-ray crystallography, site-directed 304 

mutagenesis and molecular dynamics. These data have indicated that an 85° rotation of the 305 

GATase domain is needed to facilitate ammonia transfer (23). Using native IM-MS, we have 306 

also observed a dramatic conformational change coinciding with the addition of glutamine in 307 

A. fumigatus GMP synthase (Figure 2B-D) whereby dimers in the presence of glutamine 308 

exhibit an alteration in conformation, where a pronounced lower charge state distribution being 309 

observed denoting shielding of surface basic residues. In addition, glutamine induces GMP 310 

synthase dimers to adopt an increased number of conformations, as observed by the significant 311 

differences in ATD FWHM. Together, we provide further experimental evidence that the 312 

conversion of glutamine to glutamate, catalysed by the GATase domain, induces a large 313 

conformational change in GMP synthase that is necessary to tunnel ammonia to the ATP-PPase 314 

domain for use in converting XMP to GMP.   315 

There are several approaches that can be undertaken to disrupt the catalytic activity of A. 316 

fumigatus GMP synthase. As discussed previously, targeting the protein-protein interface that 317 

forms during dimerization may be an effective method to exploit the differences in quaternary 318 

structure between the fungal and human homologues. Alternatively, functional binding pockets 319 

in the GATase and ATP-PPase catalytic domains can be explored to find small molecules that 320 

modulate enzyme activity. The class I GATase domain is commonly found as part of several 321 

biosynthetic enzymes required in purine and pyrimidine synthesis and features a characteristic 322 

and highly conserved Cys-His-Glu catalytic triad (29). Known inhibitors of the GATase 323 

domain include ACI and DON, both of which are glutamine analogues that have been shown 324 
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to have activity against A. fumigatus GMP synthase. As this domain family is found in several 325 

other enzymes, selectively targeting the GATase domain of A. fumigatus GMP synthase may 326 

prove to be difficult to achieve selectivity. Instead, targeting either the XMP- and ATP-binding 327 

sites, individually or simultaneously, of the ATP-PPase domain may be a more favourable 328 

approach. Closer inspection of the XMP-binding site reveals high conservation of motifs that 329 

are required for stabilisation of the xanthine component (Pro-Phe-Pro-Gly-Pro-Gly) and 330 

residues that interact with the phosphate moiety (Lys532, Ile537, Glu538) based on the XMP-331 

bound H. sapiens GMP synthase structure (PDB ID: 2VXO) (Figure 6C). However, there also 332 

exists several divergent residues that can be exploited to selectively target the fungal active site 333 

over the human equivalent. As a result of the substitutions to the Ser-Gly-Lys-Ala motif, also 334 

involved in xanthine stabilisation, in H. sapiens GMP synthase to Lys-Gly-Pro-Ser in A. 335 

fumigatus GMP synthase, different chemical and steric environments are produced (Figure 6C).  336 

In terms of the ATP-binding site, the residues that comprise this site can be inferred from the 337 

existing crystal structure of AMP-bound GMP synthase from E. coli (PDB ID: 1GPM) (27). 338 

Sequence alignments and structural superimpositions of the E. coli (PDB ID: 1GPM), H. 339 

sapiens (PDB ID: 2VXO) and A. fumigatus (PDB ID: 7MO6) GMP synthase structures reveal 340 

significantly more variability in the ATP-binding pocket in comparison to the XMP-binding 341 

pocket (Figure 6D). These divergences in sequence implies that the ATP-binding site may be 342 

the preferable site for the design of an inhibitor that modulates GMP synthase activity. Most 343 

notably, Leu263 and Asn265 in A. fumigatus GMP synthase are equivalent to His269 and 344 

Asp271 in the H. sapiens homologue, respectively (Figure 6D). Replacement of leucine, a 345 

small and hydrophobic residue, to histidine, an aromatic and charged residue, changes the 346 

chemical environment of the pocket. This is reflected in the almost two-fold increase in 347 

apparent KM (ATP) value measured for A. fumigatus GMP synthase compared to that of H. 348 

sapiens (Table 1). These subtle differences in binding pocket composition and measured kinetic 349 
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constants between A. fumigatus and H. sapiens GMP synthase shows high potential for the 350 

rational design of small molecule inhibitors that are selective for the fungal homologue.  351 

Conclusions 352 

In this study, we have performed rigorous structural and kinetic characterisation of A. fumigatus 353 

GMP synthase. These data are crucial to establish a strong foundation for future antifungal 354 

drug discovery projects that target GMP synthase. In particular, comparisons between the A. 355 

fumigatus and H. sapiens GMP synthases have revealed distinct divergences in domain 356 

architecture, quaternary structure and dynamics, active site composition and kinetic properties. 357 

These fundamental differences can be exploited in drug design to produce an inhibitor that is 358 

both potent and selective for the fungal homologue over the human equivalent. From this work, 359 

we therefore recommend that future drug design projects that target the fungal GMP synthase 360 

focus on the ATP-PPase domain, specifically the XMP- and ATP-binding sites.  361 
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Materials and Methods 362 

Construction of GMPS-pDest17 Expression Vector and Protein Expression 363 

Pelleted A. fumigatus Af293 was submerged in liquid nitrogen, ground into a fine powder and 364 

total RNA was extracted using TRIzole solution (Invitrogen) (30). First strand cDNA was 365 

synthesised using the SuperScript® III First-Strand Synthesis System (Invitrogen). The 366 

guanosine monophosphate synthase ORF (Afu3G01110, A. fumigatus Af293) was PCR 367 

amplified from A. fumigatus Af293 cDNA, inserted into pDONR221 (Invitrogen) and sub-368 

cloned into pDEST17 (Invitrogen) using Gateway cloning (31). The GMP synthase ORF was 369 

attached to an N-terminal hexa-histidine tag, separated by an attR1 site and a TEV protease 370 

recognition site (ENLYFQG), derived from the pDEST17 vector. For protein expression, 371 

GMPS-pDEST17 was transformed into E. coli BL21 (λDE3) cells and cultured in Luria broth 372 

supplemented with ampicillin (0.2 mg/mL) at 37 °C until an optical density of 0.6 was reached. 373 

Protein expression was induced with 0.5 mM IPTG at 16 °C for 16 h. The cells were harvested 374 

via centrifugation and resuspended in Buffer A (20 mM Tris pH 8.0, 500 mM NaCl, 10 mM 375 

imidazole, 2 mM β-mercaptoethanol) and stored at -80 °C. 376 

Protein Purification 377 

Cells were thawed and then lysed using a M110L microfluidizer processer (Microfluidics). 378 

Lysate was clarified via centrifugation before loading onto a 5 mL ZetaSep Nickel NTA 379 

column (EMP Biotech), pre-equilibrated with Buffer A. The column was washed with 6 CV of 380 

10% Buffer B (20 mM Tris pH 8.0, 500 mM NaCl, 250 mM imidazole, 2 mM β-381 

mercaptoethanol) and bound GMP synthase was eluted using an imidazole gradient from 382 

10 mM to 250 mM. Fractions containing GMP synthase were pooled and supplemented with 383 

EDTA (1 mM) and DTT (0.5 mM). To remove the hexa-histidine tag, TEV protease was added 384 

in a 1:1 mass ratio and incubated overnight at 4 °C whilst simultaneously dialysing against 385 
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Buffer A. The cleaved material was loaded onto a 5 mL ZetaSep Nickel NTA column (EMP 386 

Biotech) and the flow-through containing untagged GMP synthase was collected. The purity 387 

of GMP synthase was analysed via SDS-PAGE. Pure fractions were pooled and dialysed 388 

against Storage Buffer at 4 °C for 16 h (50 mM Tris pH 8.0, 0.5 mM EDTA, 5% glycerol, 1 389 

mM DTT), concentrated using an Amicon Ultra-15 Centrifugal Filter Unit (30 kDa MWCO) 390 

to 24 mg/mL, flash frozen in liquid nitrogen and stored at -80 °C. 391 

Crystallisation 392 

GMP synthase crystals of poor morphology formed upon incubating GMP synthase 393 

(24 mg/mL) in the presence of ATP (8.2 mM) and MgCl2 (4.2 mM), with well solution (25% 394 

PEG 3350, 0.15 M Bis-Tris pH 6.5) in a 1:1 ratio at 16 °C using hanging drop vapour diffusion. 395 

These crystals were used to make a seed stock for further optimisation using a random 396 

microseed matrix screening protocol adapted for grid screening (32). Briefly, GMP synthase 397 

crystals were crushed and transferred to 100 µL of well solution (25% PEG 3350, 0.15 M Bis-398 

Tris pH 6.5), then diluted 1/100 with well solution for use as a working stock. To form high 399 

quality and diffracting crystals of apo-GMP synthase, 0.1 µL of 1/100 diluted seed stock was 400 

added to the 1:1 protein to well solution (21% PEG 3350, 0.05 M Bis-Tris pH 6.5) mixture, 401 

then incubated at 16 °C for 14 d.  402 

Data Collection and Processing 403 

A single crystal was mounted on a cryo-loop, cryo-protected in Paratone-N (Hampton 404 

Research) and flash frozen in liquid nitrogen. Diffraction data was collected at the Australian 405 

Synchrotron using the Macromolecular Crystallography MX2 beamline at a wavelength of 406 

0.954 Å (33). Data was integrated using XDS, converted to an mtz format using Pointless 407 

(CCP4i), then scaled and merged using Aimless (CCP4i) (34-36). The GMP synthase crystals 408 
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had symmetry of the space group P1211. Statistics of data collection and processing are 409 

summarised in Table 2. 410 

Table 2: Statistics of data collection, data processing and structure refinement of the 

Aspergillus fumigatus GMP synthase structure from crystallographic data 

Data Collection and Processing Aspergillus fumigatus GMP Synthase 

Wavelength (Å) 0.954 

Space Group P 1 21 1 

Unit Cell Dimensions   

a, b, c (Å) 47.3 159.8 76.2 

α, β, γ (°) 90 108 90 

Resolution (Å) 39.19 - 2.3 (2.382 - 2.3) 

Unique Reflections 47516 (4762) 

Multiplicity 6.6 (5.9) 

Completeness (%) 98.9 (96.0) 

Rmerge
a 0.21 (2.6) 

Rpim
b 0.09 (1.2) 

Average I/σ (I) 6.1 (0.9) 

CC1/2c 0.99 (0.34) 

Structure Refinement 

No. Atoms 8209 

Protein 7844 

Water 365 

Rfree
d 0.28 (0.46) 

Rwork
e 0.23 (0.39) 

RMS Deviations  

Bonds (Å) 0.002 

Angles (°) 0.42 

Ramachandran Analysis  

Outliers 0.3 

Favoured 96.7 

 411 
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Statistics for the highest-resolution shell are shown in parentheses. 412 

a Rmerge = ∑ ∑ |𝑖 𝐼𝑖(ℎ𝑘𝑙) −  〈𝐼(ℎ𝑘𝑙)〉|/ ∑ ∑ 𝐼𝑖(ℎ𝑘𝑙) 𝑖ℎ𝑘𝑙ℎ𝑘𝑙 (37) 413 

b Rpim = ∑ {1/[𝑁(ℎ𝑘𝑙) − 1]}1/2
ℎ𝑘𝑙  × ∑ |𝐼𝑖(ℎ𝑘𝑙) − 〈𝐼(ℎ𝑘𝑙)〉|/ ∑ ∑ 𝐼𝑖(ℎ𝑘𝑙)𝑖ℎ𝑘𝑙𝑖  (38) 414 

c CC1/2 = ∑(𝑥 − 〈𝑥〉)(𝑦 − 〈𝑦〉)/[∑(𝑥 − 〈𝑥〉)2 (𝑦 − 〈𝑦〉)2]1/2 (39) 415 

d Rfree = ∑ |𝐹𝑜 − 𝐹𝑐 |/ ∑ |𝐹𝑜| for all data with 𝐹𝑜 > 2𝜎 (𝐹𝑜), calculated from 5% of reflections, 416 

randomly chosen (40) 417 

e Rwork = ∑ |𝐹𝑜 − 𝐹𝑐 |/ ∑ |𝐹𝑜| for all data with 𝐹𝑜 > 2𝜎 (𝐹𝑜), excluding data to calculate 𝑅𝑓𝑟𝑒𝑒 418 

  419 
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Structure Refinement 420 

The structure of GMP synthase was solved by molecular replacement using Phaser MR 421 

(CCP4i) with GMP synthase from Thermus thermophilus (2YWC) as a search model (41). 422 

Iterative cycles of manual rebuilding were performed with Coot followed by refinement using 423 

Phenix.refine (42, 43). Model validation was assessed using MolProbity (44). Protein structure 424 

visualisation and figure preparation were performed in Pymol version 2.3.4 (45). Analysis of 425 

protein interfaces was completed using PDBe PISA version 1.52 (46). Statistics of structure 426 

refinement are summarised in Table 2. 427 

Analytical Size-Exclusion Chromatography (SEC) 428 

The average oligomeric size of GMP synthase (100 µM) was determined by analytical SEC 429 

using a Superdex 200 10/300 GL analytical-SEC (GE Healthcare) equilibrated in either 50 mM 430 

phosphate-buffered saline (PBS, pH 7.4) or ammonium acetate (NH4OAc, pH 6.8) at 0.4 mL 431 

min-1 at room temperature using methods described previously (15). The size-exclusion column 432 

was calibrated using molecular weight standards (Sigma-Aldrich).  433 

Native & Ion-Mobility Mass Spectrometry 434 

The quaternary structure of GMP synthase was examined using a Synapt G1 HDMS (Waters) 435 

using a nanoelectrospray ionisation source (15). GMP synthase was buffer exchanged into 200 436 

mM ammonium acetate (NH4OAc) (pH 6.8) using an Amicon Ultra-Centrifugal Filter (10,000 437 

MWCO) at 4 °C. Protein concentration was adjusted to 15 µM and 2 µL of protein was loaded 438 

into gold-coated borosilicate glass capillaries prepared in-house. Key instrument parameters 439 

were as follows: capillary voltage (kV): 1.60; sampling cone (V): 50; extraction cone (V): 1.5; 440 

trap/transfer collision energy (V/V): 20/15; trap gas (L/hr): 5.5; backing gas (mbar): ~4.5. The 441 

conformation of GMP synthase (25 µM) in the presence of glutamine (0.5 mM) was examined 442 

by ion-mobility MS (IM-MS) (15). Arrival time distributions (ATD) of the GMP synthase 443 
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dimer21+ charge state were selected to determine changes in conformational states and 444 

minimize charge state overlap from other possible oligomeric species. IM-MS parameters 445 

included: IM cell wave height, 9 V; IM cell wave velocity, 350 m/s; transfer t-wave height, 9 446 

V; transfer t-wave velocity, 250 m/s. All mass spectra and arrival time distributions (ATDs) 447 

were analysed using MassLynx (v4.1) and DriftScope (v2.1) (both Waters). Full width- half 448 

maximum (FWHM) of the dimer21+ ATD was analysed by unpaired t-test using Prism 8.0 449 

(GraphPad). 450 

GMP Synthase Spectrophotometric Activity Assay 451 

Activity assays for A. fumigatus GMP synthase were performed in half area 96-well UV-452 

transparent microplates using methods adapted from the cuvette-based assay described 453 

previously for Cryptococcus neoformans GMP synthase (11). Reaction mixtures for all assays 454 

contained 50 mM HEPES pH 7.5 and saturating conditions of all substrates (0.5 mM XMP, 20 455 

mM glutamine, 2.5 mM ATP and 20 mM MgCl2). Reactions were performed at 40 °C and were 456 

started by adding GMP synthase to a final concentration of 0.0125 mg/mL. The conversion 457 

from XMP (ε = 4.080 mM-1 cm-1) to GMP (ε = 3.066 mM-1 cm-1) was monitored using a 458 

PHERAstar FSX microplate reader (BMG LabTech) at 290 nm and the difference in molar 459 

absorptivity (Δε290 = 1.014 mM-1 cm-1) was used to calculate the amount of GMP formed. 460 

Assays to determine steady-state kinetic parameters were conducted using saturated 461 

concentrations of three of the substrates whilst varying the concentration of the fourth substrate. 462 

Data from three biological replicates, plated in technical triplicate, were fitted using the 463 

Michaelis-Menten equation, defined as: 464 

𝑌 = (𝑉𝑚𝑎𝑥  × 𝑥)/(KM + 𝑥) 465 

Where 𝑉𝑚𝑎𝑥 = maximum enzyme velocity, KM = Michaelis-Menten constant, 𝑥 = substrate 466 

concentration and 𝑌 = enzyme velocity 467 
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to calculate the kinetic parameters (GraphPad Prism 8.0).  468 

GMP Synthase In vitro Inhibition Assays 469 

In vitro inhibition assays were performed using the spectrophotometric activity assay as 470 

outlined above. Both DON and ACI (dissolved in water) were pre-incubated with GMP 471 

synthase (final concentration of 0.0125 mg/mL) in reaction mix containing 50 mM HEPES 472 

pH 7.5, 0.5 mM XMP, 2.5 mM ATP and 20 mM MgCl2 for 5 min at 40 °C. Reactions were 473 

started by adding glutamine to a final concentration of 5 mM. Reaction rates were obtained for 474 

various concentrations of both inhibitors and plotted as a percentage of activity relative to the 475 

reaction containing no inhibitor. Data from three replicates, plated in triplicate, were fit to a 476 

dose response curve in GraphPad Prism 8.0 to calculate the inhibitory constant (IC50) of the 477 

inhibitor. Concentrations of both inhibitors tested ranged from 0 mM – 125 mM. 478 

Accession Codes 479 

The atomic coordinates and structure factors of GMP synthase from A. fumigatus were 480 

deposited to the Protein Data Bank with accession code 7MO6. 481 
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Figure Captions 665 

Figure 1: Crystal structure of GMP synthase from Aspergillus fumigatus (2.3 Å). (A) The N-666 

terminal glutamine amidotransferase (GATase) domain, coloured in yellow (residues 1 - 205) 667 

and the C-terminal ATP pyrophosphatase (ATP-PPase) domain, coloured in magenta (residues 668 

213 - 431), are connected by a short loop region, coloured in green (residues 206 - 212). The 669 

C-terminal D2 dimerization domain is coloured in cyan (residues 432 – 540). (B) GMP 670 

synthase from Aspergillus fumigatus forms a dimeric complex via the D2 dimerization domain 671 

(cyan). 672 

Figure 2: GMP synthase from Aspergillus fumigatus adopts a dimeric quaternary structure and 673 

adopts a ‘closed’ conformation upon glutamine (Gln) addition. (A) The analytical size-674 

exclusion chromatograph shows the elution of GMP synthase as a predominant peak, 675 

corresponding to a dimeric species in phosphate-buffer saline (blue, PBS) and ammonium 676 

acetate (orange, NH4OAc). (B) Native MS also shows GMP synthase (15 µM) is dimeric (blue) 677 

in both the absence (apo) and presence of Gln (0.5 mM) and the dimer21+ (~5,730 m/z) was 678 

selected for analysis (grey box). (C) ATD analysis of GMP synthase dimer21+ ions in the 679 

absence (apo, blue) and presence (+Gln, green) of Gln exhibiting similar ATD maxima (apo 680 

GMP synthase maxima indicated by dashed line). (D) FWHM for the ATD of GMP synthase 681 

dimer21+ ions in the absence and presence of Gln. Data presented in C and D are reported as 682 

mean ± SD (n = 3) (**** p<0.001).  683 

Figure 3: Representative binding curves for (A) ATP, (B) glutamine and (C) Mg2+. The data 684 

points represent the mean of triplicate samples and the error bars represent the standard 685 

deviation. 686 

Figure 4: GMP synthase homologues show high conservation of the overall fold, domain 687 

architecture and domain arrangement. Homologous GMP synthase structures are displayed in 688 
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ribbon representation and colour coded as follows: (A) Aspergillus fumigatus (yellow), (B) 689 

Plasmodium falciparum (orange), (C) Neisseria gonorrhoeae (blue), (D) Thermus 690 

thermophilus (magenta), (E) Coxiella burnetii (green) and Escherichia coli (blue). 691 

Figure 5: Protein sequence alignment of GMP synthase homologues from A. fumigatus, H. 692 

sapiens, E. coli, P. falciparum, N. gonnorrhoeae, T. thermophilus and C. burnetti. Strictly 693 

conserved residues are represented as white text on a red background, well-conserved residues 694 

are represented as red text on a yellow background and non-conserved residues are represented 695 

in black text. The secondary structure of A. fumigatus GMP synthase is represented above the 696 

protein sequence alignment where α, β, η and TT are used to represent an α-helix, β-strand, 310 697 

helix and a strict β-turn, respectively. The sequence alignment was carried out using T-Coffee 698 

and visualised using ESPript 3.0 (47, 48). 699 

Figure 6: The domain architecture of human GMP synthase (PDB: 2VXO) is distinctly 700 

different from that of Aspergillus fumigatus GMP synthase. (A) The crystal structure of human 701 

GMP synthase features a GATase (orange), ATP-PPase (maroon) domain and D2 dimerization 702 

(purple) sub-domain which are conserved between species but the D1 dimerization (green) sub-703 

domain is unique to human GMP synthase (28). (B) Superimposition of GMP synthase 704 

structures from A. fumigatus (GATase; yellow, ATP-PPase; magenta, D2: cyan) and human 705 

(colour coding retained) depicts the lack of a D1 dimerization sub-domain in the fungal 706 

equivalent. Alignment of the (C) XMP-binding site residues and (D) ATP-binding site residues 707 

of the GMP synthase ATP-PPase domain from Aspergillus fumigatus and Homo sapiens 708 

reveals key differences in composition. 709 

Figure 7: Representative concentration-response curves for (A) acivicin and (B) 6-diazo-5-710 

oxo-L-norleucine (DON). The data points represent the mean of triplicate samples and the error 711 

bars represent the standard deviation. 712 
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Abstract 

Infections caused by the opportunistic fungal pathogen Aspergillus fumigatus pose a serious 

burden on the public health system. The inherent limitations in existing antifungal drugs in 

conjunction with a rising emergence of antifungal resistance emphasizes an urgent need to 

identify and target alternative pathways that are crucial to survival and virulence. Targeting the 

fungal mannitol biosynthesis enzymes provides a promising avenue in the development of new 

antifungals due to the multifaceted roles mannitol fulfils in the fungal life cycle. However, a 

distinct lack of available structural information for these enzymes has hindered drug discovery 

efforts. In this study, the first crystal structure of mannitol-2-dehydrogenase from A. fumigatus 

in an unbound monomeric state (1.8 Å) and bound to its co-factor, NADH (2.1 Å) was solved. 

These structural data reveal a large, central cavity lined with positively charged residues that 

readily accommodates the negatively charged diphosphate moiety of NADH. This interaction 

is further stabilised by a network of hydrogen bond interactions and π-π stacking between 

Phe45 and the nicotinamide ring of NADH. Furthermore, we have performed rigorous kinetic 

characterization of A. fumigatus mannitol-2-dehydrogenase and demonstrated the dose-

dependent inhibitory activity of 1,4-benzoquinone, a cysteine-modifying small molecule 

inhibitor, in an in vitro enzyme assay (IC50 = 1.2 ± 0.2 μM). Proteomics analysis also reveals 

1,4-benzoquinone irreversibly modifies all five mannitol-2-dehydrogenase cysteine residues. 

From this work, we have established the foundations for a novel antifungal drug discovery 

project that targets the fungal mannitol biosynthesis pathway. 

Introduction 

Aspergillosis is an infection commonly contracted by immunocompromised patients and is 

caused primarily by the pathogenic fungus Aspergillus fumigatus. Spores produced by A. 

fumigatus are ubiquitously found in both indoor and outdoor environments and are constantly 

inhaled into the respiratory system1. However, they are neutralised in healthy human hosts by 

alveolar macrophages and neutrophils to avoid infection2. Patients who have an impaired 

immune system, caused by chemotherapy, corticoid therapy, viral infection or organ transplant 

patients who require immune-suppressing drugs, become highly susceptible to the 



2 
 

opportunistic nature of fungal pathogens1. Infections caused by A. fumigatus are localised to 

the lung tissue, as observed in patients with allergic bronchopulmonary aspergillosis (ABPA), 

but can progress to more severe forms such as invasive aspergillosis which can affect multiple 

organs1. Despite the availability of existing antifungal drugs used to treat aspergillosis, the 

mortality rate associated with these infections remains unacceptably high3. This is attributed to 

a myriad of inherent limitations of these drugs including high toxicity, poor bioavailability in 

target tissues, poor activity spectrum and unfavourable drug interactions3. These issues are 

further compounded by the growing rate of antifungal drug resistance. As the number of 

immunocompromised patients is expected to rise and the efficacy of existing antifungal drug 

treatment continues to decrease, there is a high demand for new classes of antifungals that 

target novel pathways to effectively treat human fungal infections. Targeting enzymes within 

the mannitol biosynthesis pathway has been proposed as a promising approach4. 

Mannitol is a six-carbon polyol that has been identified in various fungal structures including 

mycelia, fruiting bodies and conidia4. Biosynthesised primarily through the activity of 

mannitol-2-dehydrogenase (M2DH, UniProtKB Q4WQY4) and mannitol-1-phosphate 5-

dehydrogenase (M1P5DH, UniProtKB Q4X1A4), mannitol acts as a carbohydrate reserve, 

store of reducing power, osmolyte, and quencher of reactive oxygen species (ROS), all of 

which are roles that contribute to fungal survival and pathogenicity. Mannitol has been 

previously implicated in fungal survivability, specifically in the high stress tolerance of 

conidia5-7. Disruption of mannitol production via knockout of the gene encoding M1P5DH in 

Aspergillus niger, a closely related species to A. fumigatus, conidia results in increased 

sensitivity to high temperatures, oxidative stress, freezing and lyophilisation6. Thus, mannitol 

has been suggested to provide a protective effect against stressful conditions. 

Studies into the role of mannitol in establishing virulence have also been explored in two 

human fungal pathogens, Cryptococcus neoformans and A. fumigatus. Both fungal species 

have been shown to produce and secrete mannitol during infection in an experimental disease 

model8, 9. In rabbits with experimental meningitis inoculated with C. neoformans, higher levels 

of mannitol have been detected in cerebrospinal fluid8. Similarly, rats with experimental 

aspergillosis showed an increase in mannitol levels in liver tissue and serum9. To determine 

the effect of secreted fungal mannitol in these disease models, a low mannitol producing isolate 

of C. neoformans was injected intravenously into mice5. In this experimental disease model, 

100% of mice infected with low mannitol producing isolates survived 60 days post challenge 

whereas 100% of mice infected with wild-type C. neoformans H99 succumbed to the infection 

by 51 days. The severely diminished production of mannitol rendered the isolate 5,000 times 

less virulent than wild-type5. Phenotypic characterisation of this mutant showed that it was also 

less resistant to environmental stresses such as temperature and salinity and was hypersensitive 

to ROS10.  

These studies suggest that mannitol plays a major role in fungal survival and pathogenicity in 

animal hosts. In addition, there are no human homologues of these mannitol biosynthesis 

enzymes and thus they have been suggested to be attractive antifungal drug targets11.  In this 

study, we present the first crystal structure of M2DH from A. fumigatus, in an unbound state 

and bound to NADH. These structural data have been used to provide insights into the active 
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site residue composition, describe the characteristics of targetable substrate binding pockets 

and identify key interactions that stabilise the binding of NADH to the M2DH active site. The 

kinetic parameters of the interconversion reaction catalysed by M2DH are also described and 

we have demonstrated the inhibitory activity of 1,4-benzoquinone (1,4-BQ) against A. 

fumigatus M2DH. These data form the basis of a promising antifungal discovery project that 

specifically targets the mannitol biosynthesis pathway.  
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Materials and Methods 

Construction of M2DH-pMCSG9 Expression Vector 

Total RNA from A. fumigatus Af293 was extracted using TRIzole solution (Invitrogen) and 

first strand cDNA was synthesised using SuperScript® III First-Strand Synthesis System 

(Invitrogen). The open reading frame of M2DH (AFUA_4G14450) was PCR-amplified with a 

5’ NdeI site and a 3’ HindIII site for restriction enzyme cloning, and a C-terminal 6x His tag 

for purification. The NdeI/HindIII digested PCR product was ligated to NdeI/HindIII digested 

pMCSG9 and the expression vector was transformed into Escherichia coli BL21 (λDE3) for 

protein expression. 

 

Forward Primer: 5’- TTT CAT ATG GCA CCT CTC AAG CTC AAT AG – 3’ 

                       NdeI           Homology to M2DH 

Reverse Primer: 5’- TTA AAG CTT TTA ATG GTG ATG GTG ATG GTG AGA GCC GTT AAT GTA CTT GGG GAG CG – 3’  

                           HindIII      6x His Tag                              Homology to M2DH 

 

Expression and Purification of Mannitol-2-Dehydrogenase 

M2DH was expressed in cells  cultured in Luria broth supplemented with ampicillin (0.2 

mg/mL) at 37 °C to an OD600 of 0.8. Protein expression was then induced for 16 h at 16 °C 

with the addition of 0.5 mM IPTG. Cells were harvested by centrifugation, resuspended in 

Buffer A (20 mM Tris-HCl pH 8.0, 500 mM NaCl, 10 mM imidazole, 2 mM β-

mercaptoethanol), and stored at -80 °C until purification. Cells were thawed, then lysed in a 

M110 L microfluidizer processor (Microfluidics) and clarified by centrifugation before loading 

onto a 5 mL Zetasep Nickel NTA column equilibrated in Buffer A. The column was washed 

with 6 CV of a 90:10 ratio of Buffer A: Buffer B (20 mM Tris pH 8.0, 500 mM NaCl, 250 mM 

imidazole, 2 mM β-mercaptoethanol) to remove contaminants and M2DH was eluted using an 

imidazole gradient from 10 mM to 250 mM. The purity of M2DH was analysed using SDS-

PAGE. Fractions containing M2DH were pooled, dialysed at 4 °C for 16 h into storage buffer 

(50 mM Tris-HCl pH 8.0, 0.5 mM EDTA, 5% glycerol, 1 mM DTT) and concentrated to 28.6 

mg/mL in a 10,000 MWCO Amicon Ultra-15 Centrifugal Filter (Millipore). Aliquots of M2DH 

were flash frozen in liquid nitrogen and stored at -80 °C. 

Crystallisation of Mannitol-2-Dehydrogenase and Data Collection 

M2DH microcrystals that formed in 30% PEG 4000, 0.2 M MgCl2, 0.1 M Tris pH 8.5 using 

sitting drop vapour diffusion were crushed and diluted 1:100 in reservoir solution to produce a 

seed stock. Crystals of unbound M2DH were grown using a modified random microseed matrix 

screening method12. Using hanging drop vapour diffusion, unbound M2DH crystals formed in 

a 0.1:1:1 ratio of seed stock, M2DH (28.6 mg/mL) and 25% PEG 3350, 0.15 M Tris pH 8.5, 

0.2 M NaCl. Cubic crystals (100 µm x 100 µm) of unbound M2DH were fully formed after 

two weeks of incubation at 16 °C. NADH-bound M2DH crystals were obtained by adding 1 µL 

of NADH solution (30 mM) dissolved in 27% PEG 4000, 0.22 M lithium sulphate, 0.1 M Tris 
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pH 8.5 directly to unbound M2DH crystals, formed in 25% PEG 4000, 0.25 M lithium sulphate, 

0.1 M Tris pH 8.5 and soaked for 17 h.  Using a nylon CryoLoop, a single crystal was mounted, 

cryoprotected in Paratone-N (Hampton Research) and flash frozen in liquid nitrogen. 

Diffraction data of unbound M2DH crystals were collected at the Australian Synchrotron 

Macromolecular Crystallography Beam Line MX1 using an oscillation angle of 1° (yielding 

360 frames) at a wavelength of 0.954 Å13. Diffraction data of NADH-bound M2DH crystals 

were collected at the Australian Synchrotron Macromolecular Crystallography Beam Line 

MX2 using the Australia Cancer Research Foundation (ACRF) detector14. Data was collected 

using an oscillation angle of 0.1° (yielding 3600 frames) at a wavelength of 0.954 Å. 

Data Processing and Structure Refinement 

Data integration was performed using XDS, converted to an mtz file using Pointless, then 

scaling and merging was performed using Aimless (CCP4 program suite)15-17. Molecular 

replacement was used to solve the phase problem using Phaser MR (CCP4 program suite) and 

M2DH from Pseudomonas fluorescens as an initial search model (1LJ8)18. The solved structure 

of A. fumigatus M2DH (7RK4) was then used as a search model for the NADH-bound A. 

fumigatus M2DH structure. Manual rebuilding was completed in WinCoot and structure 

refinement in Phenix.refine19, 20. Structure validation was assessed using MolProbity21. 

Statistics of data processing and structure refinement are summarised in Table 1. Protein 

structure visualisation and figure preparation was completed using PyMOL version 2.3.422. 

Assessment of protein interfaces and domain architecture was completed using PDBe PISA 

version 1.52 and InterPro, respectively23, 24. 
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Table 1. Statistics of data processing and structure refinement from diffraction data 

Data Processing Apo M2DH M2DH-NADH 

Wavelength (Å) 0.954 0.954 

Space Group C 1 2 1 C 1 2 1 

Unit Cell Dimensions    

a, b, c (Å) 219.48 75.04 69.65 209.88 71.29 69.16 

α, β, γ (°) 90 106.30 90 90 101.15 90 

Resolution (Å) 37.52 – 1.80 (1.86 – 1.80) 42.91 – 2.10 (2.18 – 2.10) 

Unique Reflections 99146 (9736) 58464 (5816) 

Multiplicity 7.1 (7.3) 6.6 (6.6) 

Completeness (%) 98.45 (97.44) 99.65 (99.85) 

Rmerge
a 0.08 (1.05) 0.16 (1.95) 

Rmeas
b 0.09 (1.13) 0.18 (2.12) 

Average I/σ (I) 14.47 (2.08) 8.61 (1.94) 

CC1/2c 0.99 (0.74) 0.99 (0.57) 

Structure Refinement  

No. Atoms 9394 8340 

Protein 7874 7656 

Water 1520 596 

Ligands N/A 88 

Rwork
d 0.16 (0.27) 0.19 (0.31) 

Rfree
e 0.20 (0.31) 0.25 (0.37) 

RMS Deviations   

Bonds (Å) 0.004 0.007 

Angles (°) 0.64 0.84 

Ramachandran Analysis   

Outliers 0 0 

Favoured 97.20 96.74 

Average B-factor 29.71 37.78 

Macromolecules 27.60 37.46 

Solvent 40.62 41.54 

Ligands N/A 39.53 

 

Statistics for the highest-resolution shell are shown in parentheses. 

a Rmerge = ∑ ∑ |𝑖 𝐼𝑖(ℎ𝑘𝑙) −  〈𝐼(ℎ𝑘𝑙)〉|/ ∑ ∑ 𝐼𝑖(ℎ𝑘𝑙)𝑖ℎ𝑘𝑙ℎ𝑘𝑙
25 

b Rmeas = ∑ {𝑁(ℎ𝑘𝑙)/[𝑁(ℎ𝑘𝑙) − 1]}1/2  ×  ∑ |𝐼𝑖(ℎ𝑘𝑙) − 〈𝐼(ℎ𝑘𝑙)〉|/ ∑ ∑ 𝐼𝑖(ℎ𝑘𝑙)𝑖ℎ𝑘𝑙𝑖ℎ𝑘𝑙
26 

c CC1/2 = ∑(𝑥 − 〈𝑥〉)(𝑦 − 〈𝑦〉)/[∑(𝑥 − 〈𝑥〉)2 (𝑦 − 〈𝑦〉)2]1/227 

d Rwork = ∑ |𝐹𝑜 − 𝐹𝑐 |/ ∑ |𝐹𝑜| for all data with 𝐹𝑜 > 2𝜎 (𝐹𝑜), excluding data to calculate 𝑅𝑓𝑟𝑒𝑒 

e Rfree = ∑ |𝐹𝑜 − 𝐹𝑐 |/ ∑ |𝐹𝑜| for all data with 𝐹𝑜 > 2𝜎 (𝐹𝑜), calculated from 5% of reflections, 

randomly chosen28 



7 
 

Spectrophotometric Enzyme Assay for Kinetic Characterisation 

Continuous activity assays of M2DH were performed as described previously with 

modifications29. Assay mixtures contained 100 mM Tris-HCl pH 8.5 and saturating 

concentrations of substrates (500 mM mannitol and 4 mM NAD+ for the mannitol biosynthesis 

direction and 500 mM fructose and 1 mM NADH for the fructose biosynthesis direction). All 

assays were performed at 37 °C and the reaction was monitored using a PHERAstar FSX 

microplate reader (BMG LabTech) at 340 nm. The molar absorptivity of NADH (Δ340 = 6.22 

mM-1 cm-1) was used to calculate the formation of NADH in the mannitol biosynthesis 

direction or the consumption of NADH in the fructose biosynthesis direction. To determine the 

Michaelis-Menten binding constants (KM), the concentration of mannitol (7.80 – 500 mM), 

NAD+ (0.0625 – 4 mM), fructose (7.80 – 500 mM) or NADH (0.125 – 1 mM) was varied whilst 

maintaining remaining substrates at saturating conditions. The reaction was started by adding 

M2DH to a final concentration of 12.5 nM, except in the determination of the NADH KM which 

required a lower final concentration of 6.22 nM. The kinetic parameters were determined using 

data from three biological replicates plated in technical triplicate. Data was fitted to the 

Michaelis-Menten equation using GraphPad Prism 9. 

Spectrophotometric Enzyme Assay to Assess Inhibitory Activity of 1,4-Benzoquinone 

Methods used to assay the inhibitory activity of 1,4-BQ against M2DH were based on methods 

used for kinetic characterisation, described above. Assay mixtures contained 100 mM Tris-HCl 

pH 8.5, 6.22 nM M2DH and 0.73 mM NAD+ (equal to the experimentally determined KM of 

NAD+). Inhibitory assays were performed at 37 °C and the reaction was monitored using a 

PHERAstar FSX microplate reader (BMG LabTech) at 340 nm. The molar absorptivity of 

NADH (Δ340 = 6.22 mM-1 cm-1) was used to calculate the formation of NADH in the mannitol 

biosynthesis direction. To determine the half maximal inhibitory concentration (IC50), the 

concentration of 1,4-BQ (0.01 – 3.13 µM) was varied. The reaction was started by adding 

mannitol to a final concentration of 500 mM. The kinetic parameters were determined using 

data from three replicates plated in triplicate. Data was fitted to a dose-response curve using 

GraphPad Prism 9 according to the following equation: 

𝑌 = 𝐵𝑜𝑡𝑡𝑜𝑚 +
𝑇𝑜𝑝 − 𝐵𝑜𝑡𝑡𝑜𝑚

1 + 10(𝐿𝑜𝑔 𝐼𝐶50−𝑋)×𝐻𝑖𝑙𝑙 𝑆𝑙𝑜𝑝𝑒
 

Where ‘Top’ and ‘Bottom’ are the upper and lower plateau points on the Y-axis, ‘IC50’ is the 

half maximal inhibitory concentration and ‘Hill slope’ indicates the steepness of the family of 

curves.  

Native mass spectrometry 

The quaternary structure of M2DH was examined using a Synapt G1 HDMS (Waters) using a 

nanoelectrospray ionisation source30. M2DH was buffer exchanged into 200 mM ammonium 

acetate (NH4OAc) (pH 6.8) using an Amicon Ultra-Centrifugal Filter (10,000 MWCO) at 4 °C. 

Protein concentration was adjusted to 15 µM and 2 µL of protein was loaded onto gold-coated 

borosilicate glass capillaries prepared in-house. Key instrument parameters were as follows: 
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capillary voltage (kV): 1.60; sampling cone (V): 50; extraction cone (V): 1.5; trap/transfer 

collision energy (V): 20/15; trap gas (L/hr): 5.5; backing gas (mbar): ~4.5. 

In-solution digestion and LC-MS/MS analysis 

Protein samples were prepared for LC-MS/MS analysis according to previously established 

methods with modificiations31. M2DH was diluted in protein dilution buffer (20 mM Tris-HCl 

pH 7.5, 100 mM NaCl) to a concentration of 4 µM, then incubated with a 20-fold molar excess 

of DTT at 24 °C for 2 h. Samples were washed three times with protein dilution buffer using 

an Amicon Ultra-Centrifugal Filter (10,000 MWCO) to remove excess DTT. Half of the DTT-

treated M2DH sample was reserved (apo-treated). The remaining sample was then incubated 

with a 20-fold molar excess of 1,4-BQ at 24 °C for 2 h. Both apo- and 1,4-BQ-treated M2DH 

samples were lyophilised by freeze drying and stored at -80 °C.  

Apo- and 1,4-BQ-treated M2DH samples (50 µg) were reconstituted in 7 M urea in 100 mM 

ammonium bicarbonate (100 µL). M2DH samples were digested using MS grade Trypsin/Lys-

C protease mix (Promega) according to the manufacturer’s two-step in-solution digestion 

protocol with modifications. Briefly, trypsin/Lys-C protease mix (15 µL) from a 100 ng/µL 

stock was added to each sample in a 1:30 protease:protein ratio (w/w), and the reaction was 

incubated for 3.5 hat 37 °C while shaking. Solutions were then diluted with 10 mM ammonium 

bicarbonate (700 µL) and incubated overnight at 37 °C while shaking. Digestions were 

quenched using trifluoroacetic acid (1% v/v final concentration). Samples were lyophilised 

prior to reconstitution in MilliQ water (100 µL) and purified using Pierce™ C18 Spin Columns 

(Thermo Fisher Scientific). Concentrations were verified using an extinction coefficient 

(ε205), of 31 mg/mL/cm32.  

Digested M2DH samples were analysed using an Ultimate 3000 nano-flow system (Thermo 

Fisher Scientific) coupled to a LTQ XL Orbitrap ETD mass spectrometer (Thermo Fisher 

Scientific). Approximately 1 µg of each peptide sample was pre-concentrated on a C18 

trapping column (Acclaim PepMap 100 C18 75 µm x 20 mm, Thermo Fisher Scientific) at a 

flow rate of 5 µL/min using 2% acetonitrile 0.1% (v/v) trifluoracetic acid over 3 min. Peptides 

were separated using a 75 µm ID C18 column (Acclaim PepMap100 C18 75 µm x 50 cm, 

Thermo Fisher Scientific) at a flow rate of 0.3 µL/min where a linear gradient of 8% to 45% 

solvent B was applied over 32 min. This was followed by a 4 min wash with 90% solvent B 

prior to a 16 min equilibration process with 5% solvent B. Solvent A: 2% (v/v) acetonitrile, 

0.1% (v/v) formic acid; Solvent B: 80% (v/v) acetonitrile, 0.1% (v/v) formic acid. LC-MS/MS 

acquisitions were controlled by Xcalibur version 2.1 (Thermo Fisher Scientific) and the mass 

spectrometer was operated in data-dependent mode. Spectra were acquired in positive ion mode 

over the mass range of 200 – 2000 m/z at a resolution of 60 000 in FT mode. The 5 most intense 

precursor ions were selected for further CID fragmentation using a dynamic exclusion duration 

of 180 s where the dynamic exclusion criteria included a minimum relative signal intensity of 

1000 and ≥2 positive charge state. The isolation width used was 2.0 m/z and a normalised 

collision energy of 35 was applied.   
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Proteome Discoverer data analysis 

Raw MS/MS data were searched against the target sequence of M2DH (Swiss-Prot accession 

number Q4WQY4) in Proteome Discoverer version 2.5 (Thermo Fisher Scientific). Parameters 

for the performed searches were as follows: tryptic peptides with a maximum of 2 missed 

cleavages were allowed, peptide mass tolerance of 20 ppm, fragment mass tolerance of 0.5 Da, 

methionine oxidation and customised cysteine modification by 1,4-BQ (mass shift of 156.0245 

Da) set as variable modifications. The significance threshold was set as P-value < 0.05 and 

False Discovery Rate (FDR) set to 0.01.    

Intact mass spectrometry analysis 

Denatured protein mass spectra of both apo- and 1,4-BQ-treated M2DH were obtained using a 

Micromass Q-TOF 2 mass spectrometer (Waters). Sample (3 µL) was directly injected in 30 

% (v/v) acetonitrile and 1% (v/v) formic acid. The instrument conditions were set as follows: 

polarity set to positive mode; a mass range of 850 – 3200 m/z; capillary voltage of 3.5 kV; 

Cone voltage: 20 V. Mass spectra acquisition and data analysis were performed using 

MassLynx 4.1 (Waters). 

Analytical size-exclusion chromatography 

The average oligomeric size of M2DH (50 µM) was determined by analytical SEC using a 

Superdex 200 10/300 GL analytical-SEC (GE Healthcare) using methods described 

previously30. 

Accession Codes 

Coordinate files and structure factors of unbound M2DH and NADH-bound M2DH structures 

have been deposited in the Protein Data Bank under the following accession codes: 7RK4, 

7RK5. 

Results 

Analysis of M2DH structure and oligomeric state 

There has been a distinct lack of structural information for mannitol biosynthesis enzymes from 

fungal origins which has delayed the identification of targetable sites for antifungal drug 

discovery. To address this gap in knowledge, the X-ray crystal structure of M2DH from A. 

fumigatus in an unbound state (1.8 Å) was solved (Figure 1A). The structure is comprised of 

22 α-helices, 16 β-strands, 10 310-helices and 2 π-helices, arranged into two domains (Figure 

1A). The N-terminal domain (residues 1-201) features a Rossmann-type fold, characterised by 

the alternating βαβ motif, which is commonly observed in cofactor-binding proteins whereas 

the C-terminal domain (residues 232-475) is predominantly composed of α-helices. There are 

two molecules of M2DH in the asymmetric unit, forming a protein-protein interface 

encompassing a surface area of 879 Å2. According to the Complex Formation Significance 

Score calculated by PDBe PISA, this dimeric interface is likely to be the result of crystal 

packing. In order to validate these results, analytical-SEC and native MS was used to determine 

the oligomeric state of A. fumigatus M2DH (Figure 1B-C). These data show the presence of a 

dominant species that corresponds to one monomeric unit of M2DH (measured molecular 
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weight: 57,465 Da, theoretical molecular weight: 57,442 Da) with a small proportion of dimeric 

species also observed (Figure 1B). Analytical-SEC of M2DH shows a single peak elution at 

15.2 mL, indicative of monomeric M2DH (Figure 1C). These data indicate that M2DH from 

A. fumigatus appears to be functional in a monomeric state. 

High structural similarity exists between homologous enzymes 

Consistent with its conserved role in mannitol biosynthesis, the structure of M2DH from A. 

fumigatus shows a high degree of similarity in comparison to M2DH from P. fluorescens in 

terms of its overall fold and domain architecture (Figure 2). Although these homologous 

enzymes are derived from different domains of life and exhibit moderate sequence 

conservation (44% sequence identity), superimposition of the α-carbon atoms that comprise 

the backbone residues reveals a highly conserved overall fold, represented by their low RMSD 

of 3.1 Å (Figure 2). This superimposition also indicates that the characteristic N- and C-

terminal domains adopted by M2DH are also conserved between homologous enzymes (Figure 

2). 

Characterisation of the NADH-binding site 

The interconversion of mannitol and fructose, catalysed by M2DH, requires the use of an 

NAD+/NADH co-factor. Visualisation of the electrostatic surface of M2DH reveals a large, 

central cavity that is formed at the boundary of the N- and C-terminal domains. This substrate-

binding site is predominantly lined by basic amino acid residues. The strong electron density 

observed in the central cavity of holo-M2DH supports modelling of the NADH co-factor 

(occupancy of 0.79 and 0.92 for each monomer in the asymmetric unit) (Figure 4A). The 

abundance of positive charges within the active site readily accommodates the negatively 

charged phosphate groups that bridge the adenosine and nicotinamide riboside groups of 

NADH (Figure 3A). The nicotinamide riboside moiety is positioned deeper into this binding 

pocket whereas the adenosine component of NADH resides within a more surface exposed 

ridge in a region that is largely neutral in electrostatic potential (Figure 3A). The stabilisation 

of NADH within this binding pocket is facilitated by π-π stacking interactions, an extensive 

hydrogen bond network and hydrophobic interactions. The pyridine ring of nicotinamide forms 

a π-π stacking interaction with the Phe45 sidechain whereas the amide forms hydrogen bonds 

(2.9 Å and 3.1 Å) with the Thr242 backbone (Figure 3B). Additional hydrogen bonds are 

established between the bridging phosphate groups and the backbone of Gly44 (2.9 Å) and 

Phe45 (2.8 Å), as well as between both hydroxyl groups of the ribose in the adenosine moiety 

and the side chain of Asp77 (2.4 Å and 2.9 Å) (Figure 3B). 

Kinetic characterisation and inhibition of M2DH 

M2DH catalyses the interconversion of mannitol and fructose, using either NAD+ or NADH as 

essential cofactors. The apparent Michaelis-Menten binding constants (KM) measured for both 

carbohydrate substrates, mannitol and fructose, are consistent with those measured in kinetic 

characterisation experiments conducted with A. fumigatus M2DH performed previously (Table 

2) (Figure 4A-D)11. However, the apparent KM values measured for both cofactors, NAD+ and 

NADH, recorded in this study were consistently higher by almost 7-fold and 11-fold, 

respectively. Calculations of the specificity constant ((kcat/KM) in s-1 mM-1) indicate that M2DH 
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from A. fumigatus preferentially converts mannitol to fructose (kcat/KM (mannitol) = 5.1 ± 0.55 s-1 

mM-1) as opposed to the opposite reaction (kcat/KM (fructose) = 0.71 ± 0.12 s-1 mM-1).  

 

Mechanism of Inhibition of M2DH activity by 1,4-benzoquinone 

The small molecule compound, 1,4-BQ, was previously identified as a potent inhibitor of 

M2DH from Acetobacter xylinum (Ki = 0.18 mM)33. Using an in vitro enzyme assay, 1,4-BQ 

was also shown to have dose-dependent inhibitory activity against A. fumigatus M2DH (Figure 

4E). The half maximal inhibitory constant (IC50) determined was 1.2 ± 0.2 nM. A potential 

mechanism in which 1,4-BQ inhibits M2DH activity is through covalent cysteine modification. 

Bottom-up proteomic and intact MS approaches were utilised to determine whether 1,4-BQ 

modifies M2DH cysteine residues (Figure 5). Bottom-up proteomic analysis of 1,4-BQ treated 

M2DH identified one of the five cysteine residues (Cys69) to contain this specific 

benzoquinone modification (+156 Da) (Figure 5A-B). Since no other cysteine-containing 

peptides were detected by LC-MS analysis intact MS analysis was also performed to determine 

whether other cysteine residues were modified by 1,4-BQ (Figure 5C). Intact MS shows that 

the majority of M2DH was modified with a small population of unmodified protein present 

(Figure 5C, pink). Furthermore, we also observed mass shifts corresponding to approximately 

five benzoquinone modifications (mass difference +785 Da) (Figure 5C, inset) indicating all 

cysteine residues were modified upon 1,4-BQ treatment. Together, this data shows that 

inhibition of M2DH activity by 1,4-BQ could be rationalised by irreversible cysteine 

modification. However, the mechanism appears to be non-specific to M2DH and is therefore, 

1,4-BQ is likely to affect several other proteins containing cysteine residues. 

Discussion 

Mannitol biosynthesis is an integral metabolic process undergone by several pathogenic fungi 

in order to survive normal environmental conditions and during the infection of a host8, 9. When 

mannitol is produced in high abundance, it is able to efficiently fulfil its roles as a storage of 

carbohydrates, quencher of ROS, osmoregulator and regulator of pH34. These multifaceted 

roles ultimately contribute to the survival and persistence of pathogenic fungi within a human 

host. A novel approach to developing drugs that are effective against a broad spectrum of 

pathogenic fungi lies in the inhibition of the mannitol biosynthesis enzymes. In the existing 

literature, there have been some interest in targeting two key enzymes capable of producing 

mannitol from this pathway, M2DH and M1P5D11. However, there has been a distinct absence 

of structural data which has impeded drug discovery efforts. In this study, we present the first 

crystal structure of M2DH from A. fumigatus to establish the necessary foundations for a drug 

discovery project poised to accelerate the development of novel inhibitors that target the fungal 

mannitol biosynthesis pathway. 

The crystal structures from A. fumigatus M2DH unbound and bound to NADH were solved to 

a resolution of 1.80 Å and 2.10 Å, respectively (Figure 1 and Figure 3). Analysis of the overall 

structure of A. fumigatus M2DH reveals a large degree of structural similarity, in terms of their 

overall fold and domain architecture, exists between homologous enzymes despite their low 

sequence similarity (Figure 2). Furthermore, the analysis of oligomeric interfaces in the crystal 



12 
 

structures, analytical-SEC and native mass spectrometry data confirm that M2DH from A. 

fumigatus is monomeric. Due to the highly conserved nature of these enzymes, the 

dissemination of a publicly available structure of M2DH from A. fumigatus may be of interest 

to other research groups as it can serve as a preferable template for the modelling of 

homologous enzymes from pathogenic fungi. A subsequent application of these homology 

models would be in in silico screening experiments of large compound or fragment libraries to 

identify novel inhibitors. This approach would be effective for homologous enzymes that may 

not be amenable to crystallisation. 

In order to identify small molecule inhibitors that are effective against M2DH, it is imperative 

to define the most ‘druggable’ binding site using this information to define the target site for 

high throughput in silico screening experiments. There is a singular, central cavity that lies 

between the N- and C-terminal domains of M2DH, capable of binding the substrates and co-

factors required in the interconversion reaction (Figure 3A). Based on structural 

superimposition between the NADH-bound A. fumigatus M2DH structure and the NAD+- and 

D-mannitol-bound P. fluorescens M2DH structure, the co-factor and substrate bind closely to 

each other, each in a designated region of this pocket (Figure 6). Specifically, mannitol is 

positioned adjacent to the nicotinamide group of NAD+/NADH and extends deeper into the 

positively charged pocket. From the co-factor-bound structure of A. fumigatus M2DH, 

NAD+/NADH is stably held in the positively charged pocket by an extensive network of 

hydrogen bond and π-π-stacking interactions (Figure 3B). Closer inspection of this binding 

pocket shows a groove that extends above and below the adenine group of NADH into a 

solvent-exposed region (Figure 3A). Potential approaches to inhibitor design could explore 

analogues of NADH, particularly those that have chemical modifications on the adenine group 

to form additional interactions with surrounding residues in the solvent-exposed grooves. An 

alternate approach may involve joining an NADH and mannitol analogue using a short 

chemical, non-hydrolysable linker to exploit both regions of the binding pocket. This may be 

feasible due to the proximity of the two binding sites in the central cavity.  

Kinetic characterisation studies were completed for all substrates used in the interconversion 

reaction (Table 2). Analysis of the specificity constant reveals a preference for M2DH to 

catalyse the turnover of mannitol to fructose, using NAD+ as a co-factor, as opposed to the 

opposite reaction. Although M2DH can produce mannitol, these kinetic data indicate that 

M1P5DH may instead be primarily responsible for mannitol biosynthesis whereas M2DH only 

plays a supporting role. This has implications for the targeted disruption of the mannitol 

biosynthesis pathway in pathogenic fungi by small molecule inhibitors. An effective approach 

may require simultaneous inhibition of M2DH and M1P5DH enzymes to downregulate 

mannitol production. Phenotypic characterisation of a C. neoformans mutant that produced low 

levels of mannitol revealed a significant reduction in virulence compared to wild-type and an 

increased sensitivity to environmental stressors5, 10. Thus, dual targeting of the A, fumigatus 

mannitol biosynthesis enzymes may be sufficient to induce a comparable phenotype. As a 

result, this could increase fungal susceptibility to killing mechanisms employed by the immune 

system and resistance to changes in the host environment will be impaired. 
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As a proof of concept, we have shown that M2DH enzyme activity can be modulated using a 

small molecule inhibitor. We show that 1,4-BQ exhibited dose-dependent inhibition against 

M2DH from A. fumigatus. This compound has been shown to be effective against several 

enzymes, including monoamine oxidase, and its derivatives have been shown to have 

antimicrobial activity against Staphylococcus aureus and Mycobacterium tuberculosis35, 36. 

Mechanism of action studies that have focused on compounds that feature a 1,4-BQ scaffold 

indicate that it modifies the free thiol group on cysteine sidechains, resulting in irreversible 

inhibition by functioning as a covalent inhibitor35, 37. Our proteomics and MS data suggest that 

a similar mechanism elicits the inhibition of M2DH activity by 1,4-BQ through benzoquinone 

modifications of all M2DH cysteine residues. There are several structural analogues of 1,4-BQ 

in which chemical modifications have been added to the existing scaffold. Future work should 

explore the structure-activity relationships of these analogues as inhibitors of M2DH.  

From this work, we have structurally and kinetically characterised the mannitol biosynthesis 

enzyme, M2DH from A. fumigatus. From these data, we have provided insights into targetable 

binding pockets to aid structure-guided drug design of novel inhibitors. As a proof of concept, 

we have shown that the small molecule 1,4-BQ can modulate the activity of M2DH. Together, 

these data provide the necessary foundations to establish an antifungal drug discovery project 

that specifically targets the mannitol biosynthesis pathway of pathogenic fungi. 

Accession Codes 

M2DH: Q4WQY4 

M1P5DH: Q4X1A4 
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Figure 1. Crystal structure of a monomeric M2DH from Aspergillus fumigatus. (A) The 

structure of M2DH in cartoon representation (1.8 Å, 7RK4). Secondary structure is colour-

coded as follows: α-helix (magenta), β-strand (yellow), 310-helix (green), π-helix (cyan) and 

loops (red). (B) Native MS shows M2DH (15 μM in 200 mM ammonium acetate) is 

predominantly monomeric (green) with a small population of dimer (blue). (C) Analytical-SEC 

of M2DH (50 μM) in 50 mM phosphate buffer (pH 7.4). Elution volumes of molecular mass 

standards are indicated above.  
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Figure 2. Homologues of M2DH show high structural similarity between species. The crystal 

structures of A. fumigatus (7RK4) and P. fluorescens (1LJ8) are coloured in magenta and cyan, 

respectively.   
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Figure 3. The reduced form of NADH bound to M2DH from A. fumigatus. (A) The 

electrostatic surface diagram shows NADH occupying a positively charged cavity. The 

simulated annealing composite omit map (2Fo-Fc) contoured at 1 σ supports the modelling of 

NADH (inset). (B) Extensive hydrogen bonding (black dashed lines) and π-π stacking (yellow 

dashed lines) between NADH (sticks) and binding site residues stabilise this interaction.  



18 
 

Table 2. Apparent Michaelis-Menten constants (KM) and catalytic constant (kcat) of substrates 

used in the mannitol biosynthesis and fructose biosynthesis reactions. Spectrophotometric 

activity assays were plated in triplicate and data from three replicates were used.  

Substrate kcat (s-1) KM (mM) kcat/KM (s-1/mM) 

Mannitol 81 ± 3.3 16 ± 1.6 5.1 ± 0.55 

NAD+ 74 ± 5.1 0.73 ± 0.010 100 ± 7.1 

Fructose 40 ± 3.9 56 ± 7.2 0.71 ± 0.12 

NADH 63 ± 4.2 0.16 ± 0.014 390 ± 43 
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Figure 4. Representative steady-state M2DH activity assays plated in technical triplicate and 

fitted to the Michaelis-Menten equation to determine the Michaelis-Menten binding constant 

(KM) and catalytic constants (kcat) of the substrates, (A) mannitol, (B) fructose, (C) NAD+ and 

(D) NADH. (E) 1,4-benzoquinone induces dose-dependent inhibition of A. fumigatus M2DH 

activity in vitro. The half maximal inhibitory constant (IC50) measured was 1.2 ± 0.2 μM (n = 

3). 
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Figure 5. 1,4-BQ inhibits A. fumigatus M2DH activity by cysteine modification. (A) Amino 

acid sequence of A. fumigatus M2DH (UniProt ID: Q4WQY4) highlighting overall peptide 

sequence coverage (green) following trypsin/Lys-C digestion (76% sequence coverage). 

Cysteine residues that were covered (purple) and uncovered (blue) following digestion are 

highlighted. (B) MS/MS spectra of M2DH peptide (residues 61-813+, 803.04 m/z) identifies the 

modification of Cys69 (purple, *) induced by 1,4-BQ. (C) Intact MS of M2DH shows all 

cysteine residues were modified by 1,4-BQ with a small population of unmodified M2DH 

present (red, inset) 
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Figure 6: Structural superimposition of the NADH-bound A. fumigatus M2DH structure and 

the NAD+- and D-mannitol-bound P. fluorescens M2DH structure reveals two distinct pockets 

located within the central cavity in which the substrates bind. The surface representation of A. 

fumigatus M2DH is coloured in cyan, the mannitol and NADH molecules are represented as 

sticks. 
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ABSTRACT 

The metabolic enzyme, enolase, is expressed in the cytoplasm where it plays a crucial role in 

maintaining cellular energy production through the process of glycolysis. However, enolase can 

fulfil ‘moonlighting’ roles that deviate from its known function. In pathogenic bacteria and fungi, 

enolase is also expressed on the cell surface where it functions as a virulence factor. Surface-

expressed enolase is a receptor for human plasma proteins, including plasminogen, and this 

interaction facilitates nutrient acquisition and tissue invasion. A novel approach to developing 

antifungal drugs is to block the formation of this complex. In order to determine the interactions 

that govern complex formation, we have solved the first crystal structure of enolase from A. 

fumigatus (2.0 Å) and have shown that it preferentially adopts a dimeric quaternary structure using 

native mass spectrometry. We have also solved two additional structures of A. fumigatus enolase 

bound to their endogenous substrates, 2-phosphoglycerate and phosphoenolpyruvate, and 

performed rigorous kinetic characterization studies to better understand the details of its enzymatic 

function. From these data, we have produced a model of the A. fumigatus enolase and human 

plasminogen complex to provide key structural insights that will be paramount in the development 

of small molecules or peptidomimetics that mimic this interaction for future anti-fungal drug 

design. 

 

 

 

 

 



 3 

Introduction 

The prophylactic and therapeutic treatment of fungal infections is a necessary, but problematic, 

reality for immunocompromised patients. Impairments in the immune system, caused by 

immunosuppressive drugs required for organ transplants, chemotherapy, radiotherapy, oral 

steroids and infection by HIV/AIDS, lead to a higher susceptibility to infection by opportunistic 

fungal pathogens1. Members of the Aspergillus genus are amongst the most common fungal 

pathogens that cause serious mycoses2. Specifically, Aspergillus fumigatus, a saprophytic fungus 

that is ubiquitous to the natural environment, has been identified as the leading cause of many of 

these pulmonary diseases of different severities, including chronic pulmonary aspergillosis, 

allergic bronchopulmonary aspergillosis (ABPA) and invasive aspergillosis2, 3. Conidia produced 

during asexual reproduction are disseminated through the air and can enter the human pulmonary 

tract to establish infection4. ABPA can develop in response to Aspergillus allergens (denoted as 

‘Asp f’ proteins). It has been estimated that ABPA affects 3.5 million individuals globally and is 

common in patients with asthma and cystic fibrosis2. This disease can progress from a mild to 

severe form, resulting in extensive damage to pulmonary tissue and respiratory failure5. At present, 

there are 23 known A. fumigatus allergens recorded in the Allergen Nomenclature database6,one 

of which is enolase (Asp f 22), an enzyme that is well-characterized in its role in glycolysis and 

has also been implicated in fungal virulence. Since it is also a known allergen, it has been explored 

as an immunological agent for vaccines and studied extensively as a potential antifungal drug 

target, as reviewed previously7.  

Enolase, a member of the enolase superfamily, is a highly conserved enzyme that is responsible 

for catalyzing the interconversion of 2-phosphoglycerate (2-PG) and phosphoenolpyruvate (PEP)8. 

It is a metalloenzyme that requires ordered binding of two divalent metal cations, most commonly 
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Mg2+, to catalyze this reaction9. When 2-PG binds to the enolase active site, its carboxyl group 

coordinates to the Mg2+ cofactors for neutralization and stabilization, followed by a conformational 

change of a neighboring loop to close the active site10. The active site lysine residue deprotonates 

C2 of 2-PG, facilitating the formation of an enolate intermediate (via. a dehydration reaction), 

there is a collapse of the oxyanion that results in a double bond rearrangement and removal of the 

hydroxyl group to form water by deprotonating the glutamate residue side chain11. Together, this 

reaction forms the penultimate step of glycolysis, and thus, the catalytic activity of enolase plays 

critical roles in fungal survival by facilitating glucose metabolism and energy homeostasis. 

The metabolic pathways of glycolysis and gluconeogenesis are regulated by cytoplasmic 

enolase, yet there are indications that it undertakes ‘moonlighting functions’ that deviate from its 

canonical role when secreted and presented on bacterial and fungal cell surfaces12. Surface 

localization of enolase has been detected in prominent human pathogens including A. fumigatus 

and Candida albicans, as well as other fungi including Aspergillus flavus, Aspergillus terrus, 

Aspergillus nidulans, Candida glabrata and Saccharomyces cerevisiae12-14. In terms of bacterial 

species, this phenomenon has also been observed in both Streptococci and Pneumococci15, 16. 

Although enolase lacks a traditional N-terminal signal peptide, it is still able to translocate to the 

surface of fungi. It has been proposed that a 28 amino acid motif in the N-terminus of S. cerevisiae 

enolase mediates this translocation event17. This motif is highly conserved in other fungal enolases 

which suggests that translocation may occur via a similar mechanism observed in S. cerevisiae12.  

When enolase is presented on the fungal surface, it functions as a virulence factor that 

contributes to nutrient acquisition and tissue invasion during infection18. This is achieved by the 

recruitment of host plasminogen, a zymogen circulating in the bloodstream, to the fungal surface 

via binding to surface-expressed enolase12. The plasminogen binding site has been proposed to 
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occur through an internal motif located within the flexible L3 loop or the C-terminal lysine 

residues, yet the structural arrangement of the complex remains unclear15, 19, 20. Once the enolase-

plasminogen complex is formed on the fungal surface, tissue- or urokinase-type plasminogen 

activators cleave plasminogen to form plasmin12. This results in activation of the serine protease 

activity of plasmin required to fulfil its physiological role of tissue remodeling and controlling 

blood coagulation by degrading extracellular matrix proteins and fibrin clots21. Pathogenic 

microbes can exploit this property by concentrating plasmin activity to the site of infection by 

interacting with enolase receptors, and this can accelerate tissue invasion and dissemination. A 

possible therapeutic approach may involve the design of inhibitors that block the interaction 

between fungal enolase and host plasminogen or preventing the activation of enolase-bound 

plasminogen. However, this requires a greater understanding of the structure and function of fungal 

enolases as well as elucidation of the structural arrangement of the enolase-plasminogen complex. 

In this study, we present the first crystal structure of A. fumigatus enolase in an unbound form 

and bound to both substrates, 2-PG and PEP. We have also characterized the kinetic properties of 

this enzyme by determining Michaelis-Menten binding constants of 2-PG and PEP to A.fumigatus 

enolase. Furthermore, we have used the structure of A. fumigatus enolase to perform molecular 

docking and have developed a model of the enolase-plasminogen complex, providing invaluable 

insights to fuel future drug discovery projects. 
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Methods 

Enolase-pET15b Expression Vector Construction, Protein Expression and Purification 

The enolase ORF (AFUA_6G06770) from A. fumigatus Af293 cDNA (kindly gifted from 

Professor James Fraser, University of Queensland) was amplified using PCR and fused to an N-

terminal His-tag using Phusion polymerase 22. An N-terminal NcoI and C-terminal BamHI site was 

added for restriction enzyme cloning. 

The PCR product and pET15b were treated with NcoI and BamHI, then the digested products 

were ligated to form the Enolase-pET15b expression vector. The vector was transformed into E. 

coli BL21 (λDE3). Methods used for recombinant protein expression, lysis and purification using 

nickel-affinity chromatography followed methods described previously23. Recombinant enolase 

was purified to >90% homogeneity (assessed by SDS-PAGE) and buffer-exchanged into Storage 

Buffer (50 mM Tris-HCl pH 8.0, 0.5 mM EDTA, 5% v/v glycerol, 1 mM DTT) using size-

exclusion chromatography (HiPrepTM 26/60 Sephacryl® S-200 HR, GE Healthcare). Protein was 

concentrated to 15.5 mg/mL using an Amicon Ultra-15 centrifugal filter unit (30 kDa MWCO) 

(Merck Millipore), flash frozen in liquid nitrogen and stored at -80 °C. 

 

Crystallization of Enolase, Data Collection and Structure Refinement 

Enolase crystals were grown using hanging drop vapor diffusion from a 1:1 ratio of enolase 

(15.5 mg/mL) and well solution. Unbound-enolase crystals formed in the presence of MgCl2 

(20 mM) in 23% v/v PEG 3350, 0.15 M Bis-Tris pH 5.5. Enolase co-crystallized with 2-PG (20 

mM) and MgCl2 (20 mM) in 23% PEG 3350, 0.1 M Bis-Tris pH 5.5, and enolase co-crystallized 

with PEP (10 mM) and MgCl2 (20 mM) in 21% v/v PEG 3350, 0.05 M Bis-Tris pH 5.5. 
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A single crystal was mounted onto a cryo-loop, passed through Paratone-N (Hampton Research) 

and flash frozen in liquid nitrogen. Diffraction data was collected at 0.954 Å using the 

Macromolecular Crystallography MX1 beamline at the Australian Synchrotron, part of ANSTO24. 

An oscillation angle of 1° was used during data collection to yield 360 frames. Data integration 

was performed using XDS, then converted to an mtz format using Pointless and scaled and merged 

using Aimless 25-27. Structures of unbound-, 2-PG- and PEP-enolase all contained two molecules 

of enolase in the asymmetric unit and the crystals had symmetry in space groups P121, P1211 and 

P1211, respectively. 

Molecular replacement was used to solve the phase problem using Phaser MR from the CCP4i 

program suite28. A search model was prepared using CHAINSAW based on the crystal structure of 

enolase from S. cerevisiae (strain ATCC 204508/S288c) (PDB ID: 1ONE)10, 29. The unbound-

enolase structure was used as a search model for molecular replacement thereafter for the 2-PG-

enolase and PEP-enolase structures. Iterative cycles of manual rebuilding using Coot and structure 

refinement using Phenix.refine were completed and the model was validated using MolProbity30-

32. Statistics of data collection and processing, and structure refinement are summarized in Table 

1. Crystal structures were visualized in PyMOL Version 2.3.4 and protein-ligand interactions were 

identified using PoseView33, 34. 

 

Native Mass Spectrometry 

The oligomeric state of enolase, which was buffer-exchanged into 200 mM ammonium acetate 

(pH 6.8) using an Amicon Ultra-Centrifugal Filter (10,000 MWCO) at 4 °C, was examined using 

a Synapt G1 HDMS (Waters) using a nanoelectrospray ionisation source23, 35. Enolase (15 µM) 

was loaded into gold-coated borosilicate glass capillaries prepared in-house. Key instrument 
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parameters were as follows: capillary voltage (kV): 1.65; sampling cone (V): 50; extraction cone 

(V): 2.0; trap/transfer collision energy (V/V): 15/10; trap gas (L/hr): 5.5; backing gas (mbar): ~4.5. 

 

Spectrophotometric Enolase Activity Assay 

Enolase activity assays were performed in 96-well half-area UV-transparent plates (Corning) 

described previously36, with modifications. The standard assay buffer used to determine steady 

state kinetic parameters included 50 mM Tris-HCl pH 8.5 and saturating concentrations of 

substrates (4 mM MgCl2, 0.4 M KCl). To determine the apparent Michaelis-Menten binding 

constants, concentration ranges of 2 mM – 0.06 mM of 2-PG and 3 mM – 0.08 mM of PEP were 

used. The reactions were initiated with the addition of enolase (final concentration of 30.5 nM for 

2-PG or 15.3 nM for PEP) and the reaction was monitored immediately at 290 nm at 37 °C using 

a PHERAstar FSX microplate reader (BMG Lab Technologies). The rate of PEP synthesis from 

2-PG and the consumption of PEP to form 2-PG in the opposite reaction was measured using the 

extinction coefficient (ε240= 1520 M-1 cm-1). The data was fitted to the Michaelis-Menten equation 

using Prism 8.0 (GraphPad). Apparent Michaelis-Menten binding constants (KM) and turnover 

number were calculated from three technical replicates performed in biological triplicate.  

 

Multiple Sequence Alignments of Enolase Homologues 

Multiple sequence alignments of enolase homologues were performed in T-coffee 

(http://tcoffee.crg.cat/) and visualized using ESPript (http://espript.ibcp.fr)37, 38.  

 

 

 

http://espript.ibcp.fr/
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Molecular Docking of A. fumigatus Enolase and Human Plasminogen 

An amino acid sequence alignment of A. fumigatus and C. albicans enolase was first performed. 

Subsequently, the motifs associated with human plasminogen binding in C. albicans enolase, 

previously identified by Satala, D. et al. using cross-linking mass spectrometry (MS), were located 

on the A. fumigatus sequence39. Protein-protein docking was performed using ICM-Pro Version 

3.8-7b (MolSoft L. L. C.) by defining the epitopes associated with complex formation on the 

receptor (human plasminogen) and the ligand (A. fumigatus enolase). The subsequent model of the 

enolase-plasminogen complex was refined by minimizing free energy, refining clashing side-

chains and optimizing geometric restraints. 

 

Accession Codes 

The atomic coordinates and structure factors for A. fumigatus enolase in an unbound state, bound 

to 2-PG only and bound to both 2-PG and PEP were deposited into the Protein Data Bank under 

the accession codes, 7RHV, 7RHW and 7RI0, respectively. 

 

 

Results 

Two molecules of A. fumigatus enolase were found in the asymmetric unit with each monomer 

arranged in an anti-parallel orientation (Figure 1). The monomer consists of 13 α-helices, 16 β-

strands and 6 310-helices. There are two distinct domains, the N-terminal capping domain (α-

helices 1-5 and β-strands 1-3) which confers substrate specificity, and the C-terminal β/α-barrel 

domain (α-helices 6-13 and β-strands 4-16) which catalyzes the interconversion reaction40. The 

dimer interface (buried surface area of 1767.5 Å2) is stabilized by hydrogen bond interactions and 
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salt bridges between residues located on β1, β2, α6, α13, η1 and several flexible loops and turns. 

Activation of the enzyme is achieved by binding of divalent metal cations, primarily Mg2+. The 

unbound-enolase structure shows one Mg2+ ion bound to each monomer. The Mg2+ ion forms a 

coordination sphere with the side chains of Asp246, Glu297 and Asp322, and three additional 

molecules of water. When the first Mg2+ binds to the enolase active site, a conformational change 

is induced to allow the substrate to bind, followed by binding of the second catalytic Mg2+. As 

enolase was crystallized in the absence of substrates, the unbound-enolase structure shows a 

characteristic coordination sphere for only one of two possible Mg2+ ions. 

As observed in the asymmetric unit, A. fumigatus enolase formed a dimeric complex. The 

interface area of this arrangement was calculated to be 1767.5 Å2 which is sufficiently larger than 

the suggested surface area of 856 Å2  to constitute a true oligomeric surface41, 42. The quaternary 

structure of A. fumigatus was then confirmed using native MS (Figure 2). These data indicate that 

enolase predominantly adopts a dimeric complex (measured molecular weight of 96.8 kDa, 

theoretical molecular weight of 96 kDa) and a small proportion of enolase is present as a monomer 

(measured molecular weight of 48.4 kDa, theoretical molecular weight of 48 kDa). 

The structure of A. fumigatus enolase shows high conservation in comparison to homologous 

enzymes 

Superimposition of the A. fumigatus enolase structures with homologous enzymes from different 

species shows high conservation of the overall fold, consistent with their high sequence identity 

(Figure 3A, Table 2). Closer inspection of the amino acid sequence of the L3 loop, the proposed 

internal plasminogen-binding motif, reveals high sequence identity between the eukaryotic 

homologues of enolase from fungal (A. fumigatus, S. cerevisiae, C. albicans, Cryptococcus 

neoformans) and human sources (Figure 3B). Although the L3 loops of two Streptococcal are 
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identical, there is significant variability in comparison to other prokaryotes, such as Escherichia 

coli.  

The internal plasminogen-binding motif, originally identified in Streptococcus pneumoniae, has 

an amino acid sequence (FYDKERKVYD) that varies between species yet retains its plasminogen-

binding function19. The starting Phe residue (F) and penultimate Tyr residue (Y) appear to be 

invariable in both eukaryotic and prokaryotic enolases (Figure 3B). The second residue of the 

motif tends to be aromatic in nature (Tyr or Phe) whereas the third residue encompasses a basic 

residue (Lys or Arg) in all species except Streptococci in which an acidic residue in that position 

is preferred (Asp). There is significant variability in residue positions 4 to 7 in terms of length and 

composition. This is followed by a basic residue (Lys) in position 8 or a hydrophobic residue (Val) 

in the case of Streptococci. In the final position, an acidic Asp residue is preferred, except in the 

case of E. coli in which a hydrophobic Val takes its place. The observed variability in the internal 

plasminogen-binding motif of enolase, particularly between eukaryotes and prokaryotes, indicates 

that the structural arrangement of the enolase-plasminogen complex or mechanism of formation 

may differ between species. 

It has been reported previously that the L3 loop is located within one of four larger motifs 

identified as enolase binding sites for human plasminogen39. There is high sequence conservation 

evident between homologues of enolase in motifs 1 to 3, but significantly more variability in the 

fourth motif and the L3 loop, as discussed previously. Most notably, motifs 1 and 3 contain peptide 

sequences, PSGASTG and GANAIL, respectively, which are invariant between both eukaryotic 

and prokaryotic homologues of enolase (Figure 3B).  
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Active site interactions and activity between 2-PG- and PEP-bound enolase 

Structures of enolase bound to either 2-PG or PEP were obtained using co-crystallization methods. 

The 2-PG-bound structure of enolase contained a 1:1 stoichiometric ratio of one 2-PG molecule 

per enolase monomer. Enolase co-crystallized with PEP yielded a structure that contained one 

molecule of 2-PG and one molecule of PEP bound to each enolase monomer. The simulated 

annealing composite omit maps (2Fo-Fc) generated for each substrate-bound structure support 

modelling of 2-PG and PEP (Figure 4). Both 2-PG and PEP adopt similar conformations whilst 

bound to the active site. Their binding is further stabilized by an extensive hydrogen bond network 

formed with surrounding residues (Figure 4). In the 2-PG-bound structure, the oxygen atoms from 

the phosphate moiety form several hydrogen bonds with the S40 (3.1 Å), R376 (2.8 Å) and S377 

(2.6 Å) side chains, as well as the A39 (2.8 Å) and S377 (2.8 Å) backbone (Figure 4B). 

Furthermore, the carboxylic acid functional group of 2-PG forms an additional hydrogen bond 

with the K398 (2.5 Å) side chain. In the PEP-bound structure, these interactions observed 

previously in the 2-PG-bound structure are maintained (Figure 4C). In order to assess the kinetic 

parameters of A. fumigatus enolase, an in vitro enzyme assay was used to determine the apparent 

Michaelis-Menten kinetic constants and turnover number for substrates of both reactions in the 

interconversion of 2-PG and PEP are summarized in Table 3. Both 2-PG and PEP had similar KM 

values (0.20 ± 0.01 mM and 0.31 ± 0.01 mM, respectively) and kcat values (11.0 ± 2.0 s-1 and 19.0 

± 4.0 s-1, respectively). Although the catalytic efficiency (kcat/KM) determined for both substrates 

are very similar, A. fumigatus enolase shows a slight preference for the binding and turnover of 

PEP in comparison to 2-PG. 
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Modelling of the A. fumigatus enolase and human plasminogen complex 

The crystal structure of A. fumigatus enolase solved in this study and the existing crystal 

structure of human plasminogen (PDB ID: 4DUU) were used to model the enolase-plasminogen 

complex43. Previous modelling of the interaction between a homology model of C. albicans and 

human plasminogen, guided by cross-linking MS data that defined the binding interfaces on both 

proteins, was performed by Satala, D. et al39. We have built upon this work by defining the 

equivalent binding motifs on the surface of A. fumigatus enolase and human plasminogen to guide 

protein-protein docking. From this study we proposed a structural model of the interaction between 

A. fumigatus enolase and human plasminogen (Figure 5A). In this model, a segment of human 

plasminogen (TNPRAGLE) forms a loop structure that inserts into a groove on the enolase surface. 

This surface is formed by the residues that comprise motif 1 which appears to be stabilized by 

several hydrogen bond interactions (Figure 3B). The α-helical peptide (EECAAKCEE) sequence 

in human plasminogen lies in close proximity to the N-terminal α1 and α2 helices of enolase, 

forming hydrogen bond interactions with sidechains of neighboring residues (Thr72 on enolase 

surface and Glu28 and Glu29 on plasminogen surface).  
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Discussion 

Although the role of enolase in the glycolysis pathway has been studied extensively, there is 

growing interest in its ‘moonlighting roles’ when expressed on the fungal cell surface. Its 

involvement in the recruitment of host plasminogen and subsequent concentration of plasmin 

activity to the site of infection assists nutrient acquisition and disease dissemination, both 

ultimately contributing to fungal virulence18. However, the structural arrangement of the fungal 

enolase-human plasminogen complex is largely unknown. Without this structural information, the 

design and development of small molecule or peptidomimetic inhibitors that would prevent 

complex formation would be an arduous process. 

To gain greater insights into the structure and function of A. fumigatus enolase, structural and 

kinetic analyses were performed using data from X-ray crystallography and enzyme assays. 

Consistent with the highly conserved function of enolase in the universal pathway of glycolysis, 

A. fumigatus enolase shares an overall similar fold to homologous enzymes, as shown in a 

structural superimposition (Figure 3). The arrangement of the characteristic N-terminal capping 

domain and C-terminal β/α-barrel domain also appears to be highly conserved between species. 

The kinetic parameters determined for A. fumigatus enolase differ from S. cerevisiae enolase, 

despite both being of fungal origin. The Michaelis-Menten constant determined for 2-PG was 

higher for A. fumigatus enolase (0.20 ± 0.01 mM) than S. cerevisiae enolase (0.057 mM) whereas 

PEP were similar (0.31 ± 0.01 mM for A. fumigatus compared to 0.264 mM for S. cerevisiae)44. 

Although the overall folds of these enolase homologues are similar, the differences in kinetic 

parameters indicate that there may be subtle species-specific differences in the active site.  

However, it is likely to be difficult to exploit these active site differences to achieve selective 

targeting of enolase homologues from pathogenic bacteria and fungi in preference to the human 
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homologue due to the high conservation of structural features and catalytic mechanism. Thus, 

targeting the protein-protein interface generated from the enolase-plasminogen complex should be 

considered as an alternative approach in the development of antifungal drugs.  

When comparing the structural motifs associated with plasminogen binding from enolase 

homologues, there are stark differences between species. There are clear structural perturbations 

in the L3 loop that contains the internal plasminogen-binding motif between residues 248 and 256 

(FYDKERKVYD), originally identified in enolase from S. pneumoniae (Figure 3B)19. Similarly, 

there are species-specific differences in the amino acid sequence of this binding motif, particularly 

between eukaryotic and prokaryotic sources of enolase, indicating that species-specific binding 

mechanisms for human plasminogen exist (Figure 3B). From an antimicrobial drug design 

perspective, this is an important facet to consider. As there will be subtle differences in the complex 

formed between eukaryotic and prokaryotic homologues of enolase and human plasminogen, the 

protein-protein interfaces involved will be unique. Therefore, to effectively target the species-

specific regions of the interface that are essential to complex formation, extensive knowledge of 

the structural arrangement of A. fumigatus enolase and plasminogen is required. 

In pursuit of visualizing the interaction between fungal enolase and human plasminogen, we 

have combined data from X-ray crystallography, native MS, protein sequence alignments, in 

combination with published cross-linking MS data and in silico modelling to develop a structural 

model of the human plasminogen-A. fumigatus enolase complex39. The solved crystal structure 

combined with native MS confirms that A. fumigatus enolase forms a dimeric complex with each 

monomer arranged in an anti-parallel orientation (Figure 1 and 2). This finding is consistent with 

enolase homologues from both prokaryotic and eukaryotic species, apart from S. pyogenes, 

Streptococcus suis and Streptoccocus pneumoniae enolases which adopt an octameric structure20, 
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35, 45-47.  Exploring the oligomeric state adopted by fungal enolase is an important aspect of 

accurately modelling the enolase-plasminogen complex. In the structural model, a 1:1 

stoichiometric ratio of A. fumigatus enolase and human plasminogen is assumed (Figure 5A). 

However, the oligomeric interface of enolase remains intact and accessible for a dimerization event 

to occur whilst bound to human plasminogen. Hence, with this currently proposed model, it is 

possible for two molecules of plasminogen to bind to a dimeric enolase receptor expressed on the 

fungal surface. Previously, it has been proposed that destabilization of the octameric structure of 

S. pyogenes enolase allows greater access of plasminogen to surface binding sites and 

subsequently, this leads to greater plasminogen activation35. When comparing the octameric S. 

pyogenes enolase structure, arranged as a tetramer of dimers, to the dimeric A. fumigatus structure, 

there are distinct differences in the arrangement of their monomeric units that may affect 

plasminogen binding. Superimposition of the dimeric unit of S. pyogenes onto A. fumigatus 

enolase from the proposed model of the enolase-plasminogen complex indicates that a monomer 

of S. pyogenes will block the available binding site for plasminogen. Hence, these observations 

reinforce the idea that species-specific mechanisms of enolase and plasminogen complex 

formation exist and destabilization of the quaternary structure may be necessary for plasminogen 

binding to occur. 

From this in silico model, the structural features of the binding interface of the enolase-

plasminogen complex can be analyzed and the feasibility of targeting this protein using small 

molecules can be assessed. These analyses are an important consideration since there are several 

challenges associated with the development of inhibitors that target protein-protein interfaces as 

opposed to the traditional targeting of enzyme active sites. Generally, protein-protein interfaces 

tend to be largely hydrophobic and lack well-defined grooves or pockets, leading to poor binding 
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by small molecules48. Analysis of the protein-protein interface reveals an abundance of Arg and 

Glu residues located on these surfaces which allows complex formation to be stabilized by an 

extensive network of hydrogen bonds and salt bridges41. In terms of the electrostatic potential and 

surface landscape of both proteins, it is encouraging to observe several regions of charged residues 

and large grooves and pockets that could potentially be targetable. Although the enolase-

plasminogen interface encompasses a large buried surface area (~3006 Å2), the residues that are 

involved in complex formation will not contribute equally to the binding free energy49. Instead, 

there tend to be clusters of functional residues that engage in critical interactions that 

disproportionally contribute to the binding affinity, known as ‘hot spots’49. Therefore, to 

effectively disrupt complex formation, the hot spots in the enolase-plasminogen protein-protein 

interface must be targeted. The Knowledge-based FADE and Contacts server (KFC2) has 

identified two distinct regions on the enolase surface that contain clusters of hot spots between 

residues 38-106 and 301-369 (Figure 5B)50, 51. On the plasminogen surface, these hot spots are 

dispersed throughout the protein but generally cluster to regions between residues 3-76, 177-214, 

460-472 and 495-517 (Figure 5B). These hot spot regions identified from the model of the enolase-

plasminogen complex include motif 1 on the enolase surface and the N-terminal motif 

(EECAAKCEE) on the plasminogen surface, both of which were identified in cross-linking MS 

experiments (Figure 3B)39. The residues that comprise motif 1 appear to have regions of invariance 

that are consistent between prokaryotic and eukaryotic homologues of enolase that are flanked by 

regions of divergence. These species-specific differences may indicate that the mechanisms of 

enolase-plasminogen complex formation, and therefore, the protein-protein interfaces formed 

between these proteins, may differ between species. 
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Although the proposed structural model of A. fumigatus enolase and human plasminogen was 

developed using data from several complementary structural techniques, there are inherent 

limitations associated with the in silico methods used to perform protein-protein docking. Due to 

the rigid nature of docking, the model produced may not take into account protein flexibility and 

conformational changes that may occur upon complex formation. Hence, improvements to the 

docking strategy and validation of the proposed model must be considered. Molecular dynamics 

simulations of the association and dissociation of enolase and plasminogen may serve as a more 

robust approach to study the possible structure and mechanism of complex formation52. In terms 

of validation of the existing structural model, solving the structure of the protein complex will 

provide a wealth of information. However, the crystallization of a large protein complex is likely 

to prove difficult and will consequently become a bottleneck to the structure determination 

pipeline. Hence, solution-based structural techniques, such as small-angle X-ray scattering must 

be considered. Since the structures of human plasminogen (PDB: 4DUU) and A. fumigatus enolase 

(PDB: 7RHV) are now available, they can be docked into a molecular envelope of the complex 

determined using small angle X-ray scattering or using cryo-EM. These approaches could 

effectively validate proposed models derived from in silico docking or molecular dynamics 

simulations. Ultimately, validation of the existing structural model of the enolase-plasminogen 

complex will be essential to accurately guide antifungal drug design efforts that target this protein-

protein interface.  
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Figure 1. Crystal structure of A. fumigatus enolase (2.0 Å, PDB ID: 7RHV) contains two 

molecules in the asymmetric unit. Each molecule is depicted in cartoon representation (cyan and 

magenta) and adopts an anti-parallel arrangement. Each monomer of enolase is bound to a singular 

Mg2+ ion (yellow spheres). 
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Figure 2. Native mass spectrum shows enolase from A. fumigatus preferably forms a dimeric 

complex. There is high abundance of dimeric enolase (red) and a small proportion of monomeric 

(black) enolase. Dominant charge states for each oligomer are indicated.  
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Figure 3. Superimposition of homologous enolase crystal structures from prokaryotic and 

eukaryotic sources reveal high structural conservation. (A) Crystal structures of enolase from 

Aspergillus fumigatus (cyan, PDB ID: 7RHV), Saccharomyces cerevisiae (pink, PDB ID: 1ONE), 

Homo sapiens (yellow, PDB ID: 3B97), Escherichia coli (purple, PDB ID: 1E9I), Streptococcus 

pyogenes (salmon, PDB ID: 3ZLH) and Streptococcus pneumoniae (green, PDB ID: 1W6T) are 

depicted in ribbon representation10, 20, 35, 53, 54. The L3 loop, a motif shown to be important in 

binding human plasminogen, is highlighted (black). (B) Sequence alignment of the four motifs 

associated with plasminogen binding, including the internal binding motif labelled as the ‘L3 loop’ 

from eukaryotic (Aspergillus fumigatus, Saccharomyces cerevisiae, Candida albicans, 

Cryptococcus neoformans, Homo sapiens) and prokaryotic (Escherichia coli, Streptococcus 

pyogenes, Streptococcus pneumoniae) homologues of enolase. 
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Figure 4. Binding of the substrate, 2-phosphoglycerate (2-PG) and product, phosphoenolpyruvate 

(PEP) to the enolase active site is stabilized by an extensive hydrogen bond network. (A) Simulated 

annealing composite omit map (2Fo-Fc) contoured at 1 σ supports the modelling of 2-PG and PEP. 

Residues involved in hydrogen bonding to (B) 2-PG and (C) PEP are represented in sticks with 

distances measured in Å. Magnesium ions (Mg2+) are represented as yellow spheres. 
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Figure 5. Structural model of the A. fumigatus enolase (PDB ID: 7RHV, cyan, surface 

representation) and human plasminogen complex (PDB ID: 4DUU, magenta,ribbon 

representation)43. (A) Regions shaded in red on the A. fumigatus enolase structure and in blue on 

the plasminogen complex correspond to motifs associated with plasminogen and enolase binding, 

respectively, as determined by cross-linking mass spectrometry experiments performed 

previously39. (B) Regions of the protein-protein interface that are predicted to substantially 

contribute to the binding free energy, known as ‘hot spots’ are mapped to the proposed structure 

of the enolase-plasminogen complex. The hot spot residues are represented as red and blue spheres 

on the ribbon structures of enolase and human plasminogen, respectively. 
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TABLES 

Table 1. Statistics of data processing and structure refinement of diffraction data 

Data Processing Unbound-Enolase 2-PG-Enolase 2-PG- and 

PEP-Enolase 

Wavelength (Å) 0.954 0.954 0.954 

Space Group P 1 21 1 P 1 21 1 P 1 21 1 

Unit Cell Dimensions     

a, b, c (Å) 67.17 83.97 84.67 67.38 83.29 84.16 67.86 84.15 

84.91 

α, β, γ (°) 90.00 97.56 90.00 90.00 97.45 90.00 90.00 98.04 

90.00 

Resolution (Å) 42.39 – 2.0 (2.07 – 

2.0) 

37.65 – 1.90 (1.97 – 

1.90) 

42.50 – 2.30 

(2.38 – 2.30) 

Unique Reflections 63050 (6254) 72673 (7261) 42121 (4167) 

Multiplicity 7.2 (7.3) 6.7 (7.0) 7.2 (7.3) 

Completeness (%) 99.95 (99.97) 99.83 (99.96) 99.70 (98.68) 

Rmerge 
a 0.12 (0.41) 0.08 (0.94) 0.10 (0.32) 

Average I/σ (I) 9.79 (3.55) 13.51 (1.96) 13.3 (4.7) 

CC1/2 b 0.99 (0.96) 0.99 (0.77) 0.99 (0.97) 

Structure Refinement   

No. Atoms 7640 7054 7225 

Protein 6492 6454 6436 

Water 1146 576 765 

Ligands 2 24 24 

Rfree 
d 0.21 (0.26) 0.23 (0.47) 0.25 (0.39) 

Rwork 
e 0.16 (0.19) 0.19 (0.40) 0.21 (0.29) 

RMS Deviations    

Bonds (Å) 0.004 0.003 0.002 
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Angles (°) 0.64 0.63 0.50 

Ramachandran Analysis    

Outliers 0.24 0.35 0.35 

Favoured 98.11 98.01 97.18 

Average B-factor 26.10 39.39 24.11 

Macromolecules 24.28 38.95 23.31 

Solvent 36.44 44.34 30.81 

Ligands 18.99 38.53 26.23 

 

Statistics for the highest-resolution shell are shown in parentheses. 

a Rmerge = ∑ ∑ |𝑖 𝐼𝑖(ℎ𝑘𝑙) −  〈𝐼(ℎ𝑘𝑙)〉|/ ∑ ∑ 𝐼𝑖(ℎ𝑘𝑙) 𝑖ℎ𝑘𝑙ℎ𝑘𝑙
55 

c CC1/2 = ∑(𝑥 − 〈𝑥〉)(𝑦 − 〈𝑦〉)/[∑(𝑥 − 〈𝑥〉)2 (𝑦 − 〈𝑦〉)2]1/2 56 

d Rfree = ∑ |𝐹𝑜 − 𝐹𝑐 |/ ∑ |𝐹𝑜| for all data with 𝐹𝑜 > 2𝜎 (𝐹𝑜), calculated from 5% of reflections, 

randomly chosen 57 

e Rwork = ∑ |𝐹𝑜 − 𝐹𝑐 |/ ∑ |𝐹𝑜| for all data with 𝐹𝑜 > 2𝜎 (𝐹𝑜), excluding data to calculate 𝑅𝑓𝑟𝑒𝑒 
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Table 2. Enolase from A. fumigatus shows high structural similarity and sequence identity to 

homologous enzymes from Streptococcus pyogenes, Escherichia coli, Homo sapiens and 

Saccharomyces cerevisiae. 

 

Species PDB ID Sequence Identity Compared 

to A. fumigatus Enolase (%) 

RMSD (Å, Cα) 

Streptococcus pyogenes 3ZLH35 49 1.8, 435 

Streptococcus pneumoniae 1W6T20 50 1.8, 435 

Escherichia coli 1E9I53 51 1.8, 431 

Homo sapiens 3B9754 64 1.6, 433 

Saccharomyces cerevisiae 1ONE10 74 1.3, 435 
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Table 3. Apparent Michaelis-Menten kinetic constants (KM) and turnover rates (kcat) 

of A. fumigatus enolase measured for the substrates, 2-phosphoglycerate (2-PG) and 

phosphoenolpyruvate (PEP). Data reported is mean ± SD (n = 3). 

 

 

Substrate Representative Binding Curves KM 

(mM) 

kcat (s-1) kcat/KM 

(s-1 mM-

1) 

2-PG  0.20 ± 

0.01 

11.0 ± 

2.0 

55 ± 

10.4 

PEP  0.31 ± 

0.01 

19.0 ± 

4.0 

61.3 ± 

13.1 
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Chapter 6: 
 
Discussion and future directions



6.1 Overall discussion 

 

From this work, four crystal structures have been deposited to the Protein Data Bank of 

previously uncharacterised enzymes from the A. fumigatus proteome and established a solid 

foundation for four unique antifungal drug discovery projects that target unconventional 

pathways. From each of the pathways discussed, key enzymes were focused on that have high 

potential as antifungal drug targets due to their involvement in maintaining fungal survival and 

virulence. Extensive structural and kinetic characterisation has been completed and in vitro 

enzyme assays have been established for each target of interest. Future work should focus on 

the assessment of target feasibility before proceeding to the development of high-throughput in 

silico and screening methods to identify compounds that exhibit inhibitory activity from large 

compound and fragment libraries. Using the established crystallisation conditions identified in 

this work, the binding mode of these compounds to the target of interest can be determined. 

This structural information will be crucial in guiding chemical optimisation of the identified 

compounds to iteratively improve its potency and selectivity. Ultimately, these studies will use 

this structure-based drug discovery approach to develop novel antifungal drugs that are 

effective in the treatment of A. fumigatus infections. 

 

6.2 Nucleoside selectivity of Aspergillus fumigatus nucleoside-diphosphate kinase 

 

The metabolic enzyme, NDK, was chosen as a potential antifungal drug target as it had been 

previously shown to be essential for viability in several Aspergillus species, including A. 

fumigatus (87,89). In order to gain a better understanding of the structural aspects of this 

enzyme with the intention of targeting the active site, the crystal structure of unbound NDK 

from A. fumigatus, in addition to a full complement of nucleoside-diphosphate-bound structures 

were solved to investigate the structure-activity relationships of NDK and its 6 possible 

substrates. Analysis of the fungal NDK structure in comparison to the human homologue 

indicated that there was a high degree of similarity in terms of the overall fold of the enzyme, 

oligomeric state and active site residue composition (discussed in Chapter 2). The similarities 

between antifungal targets and their human homologues must be considered as there is high 

potential for toxic side-effects to arise as a result of off-target binding of small molecule 

inhibitors. This aspect was particularly important since NDK plays fundamental roles in 

survival by maintaining the nucleoside triphosphate pool required for DNA/RNA synthesis and 

signal transduction. Due to these structural similarities, it is anticipated that selective targeting 



of the fungal homologue would be difficult to achieve and therefore, efforts should be focused 

on alternative antifungal drug targets, discussed later in this chapter (Chapter 6.3, 6.4 and 6.5). 

 

6.3 Structural insights into the antifungal drug target, guanosine monophosphate 

synthase from Aspergillus fumigatus 

 

GMP synthase is an enzyme in the purine biosynthesis pathway that has been extensively 

studied by multiple research groups and pharmaceutical companies (Merck & Co.) as an 

attractive antifungal drug target with high potential (37,85). This enzyme has been implicated 

as a determinant of virulence in several pathogenic fungi, including A. fumigatus, C. albicans 

and C. neoformans (37,85). Despite the growing interest in targeting GMP synthase to develop 

novel antifungal drugs, there has been a distinct lack of structural information available. There 

have been no crystal structures solved of GMP synthase of fungal origin, presenting a 

significant hindrance to drug discovery efforts. In order to address this gap in knowledge, the   

first crystal structure of GMP synthase from A. fumigatus was solved and rigorously 

characterised its structure and kinetics (discussed in Chapter 3). Although a human homologue 

of GMP synthase exists, we have discovered significant differences between the human and 

fungal structures in terms of the overall protein fold, domain architecture and active site 

composition. The A. fumigatus GMP synthase structure has a distinct absence of a second 

dimerization domain, which results in its ability to form a dimeric complex. This is in stark 

contrast to the human homologue, which is predominantly monomeric (94). Closer inspection 

of the XMP- and ATP- substrate binding sites reveal further divergences in the residue 

composition that can be exploited in inhibitor design to achieve selectivity. Furthermore, the 

kinetic properties determined for the substrates used in the GMP synthase reaction also differ 

to those determined for human GMP synthase, which indicates that there are subtle structural 

differences that govern substrate binding (103). The structural and kinetic differences identified 

from these data provide evidence to suggest that GMP synthase is a viable target for antifungal 

drug design and selective targeting of the fungal homologue is possible.  

Future work must then focus on the discovery of chemical scaffolds that are able to modulate 

the enzymatic function of fungal GMP synthase. Although it was not discussed in Chapter 3, 

preliminary screening of large compound libraries using high-throughput in silico methods is 

currently being explored, as well as testing hit compounds using in vitro enzyme assays. In a 

collaboration formed with the biotechnology company AtomWise, deep learning AI technology 

has been used to performed compound screening using millions of compounds that target the 

ATP-binding pocket of A. fumigatus GMP synthesis. The top scoring 80 compounds from this 



virtual screen have been acquired and screened using an established in vitro enzyme assay. 

Although these approaches are yet to yield a lead compound for further development, the 

intended approaches to build upon this work and improve the efficacy of compound screening 

will be discussed further in Chapter 6.6. 

 

6.4 Targeting the mannitol biosynthesis pathway in Aspergillus fumigatus: 

Characterisation and inhibition of mannitol-2-dehydrogenase 

 

The mannitol biosynthesis pathway has been extensively studied in C. neoformans and several 

Aspergillus species to define the role of mannitol in facilitating fungal viability and virulence 

during infection (64,68,70,73). From this work, it has been suggested that targeting the enzymes 

that facilitate mannitol production could have potential for a new class of antifungal drugs. 

Since there is no equivalent pathway in humans and therefore no human homologue of the 

mannitol biosynthesis enzymes, achieving selectivity is considerably simplified (104). In order 

to gain greater insights into the structure and function of M2DH from A. fumigatus, the X-ray 

crystal structure was solved in an unbound state and bound to the NADH co-factor. Analysis of 

these structures revealed a large central cavity that is predominantly lined with positively-

charged residues that is capable of binding the carbohydrate substrate and NAD+/NADH co-

factor (discussed in Chapter 4). It was observed that the co-factor binding pocket was relatively 

large and expansive in comparison to that of the mannitol/fructose-binding pocket. This large 

region would be more accommodating to a greater range of chemical scaffolds and would 

provide more space and flexibility for chemical elaboration of lead compounds or fragment 

growing in a fragment-based drug discovery pipeline. For these reasons, in silico screening of 

a curated fragment library (5707 fragments purchased from Compounds Australia) was 

performed, targeting the co-factor binding pocket. The top 10 scoring hits from this screen were 

then tested in an in vitro enzyme assay to identify inhibitory activity. From the small-scale 

screening methods used, compounds have yet to be identified that exhibit M2DH inhibition. 

The intended approaches to build upon this work and improve the efficacy of compound 

screening will be discussed further in Chapter 6.6. 

 

 

 

 



6.5 Structural insights into the enolase-plasminogen complex  

 

Enolase is a highly conserved enzyme that plays important roles in glycolysis and 

gluconeogenesis (105). Although its purpose in the glycolysis pathway is well-characterised, it 

also has ‘moonlighting’ roles that deviate from its canonical function. In several pathogenic 

fungi and bacteria, enolase can be transported to the cell wall where it functions as a receptor 

for human proteins, such as plasminogen (45). The recruitment of plasminogen to the fungal 

surface via surface-expressed enolase and subsequent concentration of serine protease activity 

from activated plasmin at the site of infection facilitates tissue invasion (48). Since enolase is 

part of an ancient metabolic pathway, its structure and active site residue composition are highly 

conserved. Hence, selectively modulating enzyme activity by targeting the active site of fungal 

enolase in preference to the human homologue will likely be difficult. It has been proposed that 

disrupting enolase-plasminogen complex formation may be an innovative approach to delay 

disease progression. This approach will require intimate knowledge of the mechanism of 

complex formation and an accurate model of this protein-protein interaction. Although the 

structure of human plasminogen has been solved previously (PDB: 4DUU), there has been an 

absence of available structural information of enolase from a pathogenic fungus (52). In order 

to address this gap in knowledge, the X-ray crystal structure of A. fumigatus enolase was solved 

with the intention of developing a structural model of tshe enolase and human plasminogen 

complex (discussed in Chapter 5). 

 

6.6 Future directions - next steps in the drug discovery pipeline 

 

The availability of structural information of GMP synthase and M2DH, and the proposed 

structural model of the enolase-plasminogen complex, provides a strong foundation to pursue 

the next steps in the drug discovery pipeline. For GMP synthase and M2DH, there should be a 

focus on the identification of small molecule compounds that can modulate enzyme activity, 

whereas targeting enolase must focus on disruption of complex formation by targeting the 

protein-protein interface. 

Both GMP synthase and M2DH projects are in the early stages of drug screening and so we 

have only explored a small subset of chemical compounds in the in silico screening 

experiments. It may beneficial to widen the search to include a larger sampling of different 

chemical scaffolds by using multiple compound libraries from the ZINC15 database (106). This 

database offers over 230 million compounds prepared for virtual screening, which can be 



acquired and inputted into established high-throughput in silico screening methods. In addition, 

these compounds and their structural analogues are readily available for purchase to provide an 

efficient pathway from virtual screening to in vitro testing of hit compounds. Targeting 

alternative binding pockets in these enzymes may also be considered. This is particularly 

relevant for GMP synthase, which has two catalytic domains – the GATase and ATPPase 

domains. The AtomWise virtual screening focused on the ATP-binding site of the ATPPase 

domain but the XMP-binding site is also a viable option.  

Fragment-based drug discovery has become an emerging approach to the generation of drug 

leads. These fragments tend to obey the ‘rule of three’, a collection of properties in which they 

comply to, including: (i) molecular weight of <300 Da, (ii) number of hydrogen bond donors 

<3, (iii) number of hydrogen bond acceptors <3 and (iv) the partition coefficient, a measure of 

lypophilicity, (logP) <3 (107). Due to their small size, hits identified in fragment screening can 

be further elaborated and chemically optimised. This is an advantage to chemical compounds 

that tend to be larger, bulkier and subject to steric limitations. However, these fragments tend 

to bind with low affinity and therefore, a powerful biophysical method of detection is required 

for screening.     

Approaches to improve the efficiency of the screening process must be considered to validate 

hits from in silico screens of compound libraries as well as fragment screens. The in vitro 

enzyme assays used in the GMP synthase and M2DH projects were sufficient for screening 

small subsets of compounds (<100 compounds), but they will not suitable be for high-

throughput screening. Instead, it would be highly advantageous to use a method to automate 

this screening process such as surface-plasmon resonance (SPR). Initially, a robust method for 

the immobilisation of GMP synthase and M2DH onto the sensor chip and conditions to facilitate 

effective screening must be established. Then, compound libraries can be prepared and flowed 

across the sensor chip where binding of those small molecules are detected. Due to the 

sensitivity of this technique, it is also applicable to fragment screening (108). The 

immobilisation of A. fumigatus M2DH, GMP synthase and a truncated version of GMP 

synthase that only contained the ATPPase domain (residues 211-557) onto a CM5 sensor chip 

was attempted using an amine coupling kit (Cytiva). When known substrates were flowed over 

the immobilised protein, there was no clear indication of binding, which can indicate that the 

binding sites were inaccessible after immobilisation. Hence, amine coupling does not appear to 

be a suitable method and alternative methods of protein capture should be considered such as 

using a Ni-NTA chip that captures His-tagged proteins or a GST capture kit (Cytiva) for the 

immobilisation of GST-tagged proteins (109). The GMP synthase and M2DH may be expressed 

with their His-tag intact or the coding sequences may be sub-cloned into suitable vectors to 

produce the GST-tagged proteins. This will increase the possible options available for protein 



immobilisation and a suitable method that improves the accessibility of active sites can be 

determined.  

Disruption of enolase-plasminogen complex formation is a more complicated process. Protein-

protein interfaces are notoriously difficult to target since the interface tends to (i) expand across 

a large and hydrophobic surface area, (ii) contain few targetable grooves or pockets for small 

molecules to bind and (iii) exhibit high binding affinity between the two proteins, which can be 

difficult for small molecules to overcome (110). However, it has been shown that amino acid 

residues on the interface surface, known as ‘hot-spots’, can contribute disproportionately to the 

binding free energy and so these hot-spot regions should be the focus for targeting of the 

protein-protein interface (111). For these reasons, determining an accurate representation of the 

enolase-plasminogen complex is necessary to identify hot spots and define the target site for 

high-throughput in silico screening of compound and fragment libraries, as discussed 

previously.  

There are several techniques that can be used in complement to each other to obtain structural 

information of the complex. X-ray crystallography would be the ideal approach to provide 

atomic-level resolution data but there are bottlenecks associated with obtaining diffracting 

crystals of large macromolecular complexes. Small-angle X-ray scattering (SAXS), a solution-

based technique, or cryo-electron microscopy (cryo-EM), have been used to visualise large 

protein complexes (112,113). As the crystal structures of A. fumigatus enolase and human 

plasminogen are now available, they can be docked onto a molecular envelope obtained from 

SAXS or a cryo-EM map to visualise the relative orientations of each protein within the 

complex (114).  

6.7 Conclusions 
 

The foundational work from this thesis has provided the essential structural and functional 

characterisation of metabolic enzymes that are crucial to fungal viability and virulence. The 

pivotal next steps in the drug discovery pipeline will need to focus on the development of robust 

and high-throughput methods of compound and fragment screening that are suitable to these 

targets and the methods used to perform in vitro screening must be streamlined. Ultimately, 

these processes will be vital to progress towards the development of inhibitors against A. 

fumigatus GMP synthase, M2DH and enolase. 
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The impact of invasive fungal infections on human health is a serious, but

largely overlooked, public health issue. Commonly affecting the immunocompromised

community, fungal infections are predominantly caused by species of Candida,

Cryptococcus, and Aspergillus. Treatments are reliant on the aggressive use of

pre-existing antifungal drug classes that target the fungal cell wall and membrane.

Despite their frequent use, these drugs are subject to unfavorable drug-drug interactions,

can cause undesirable side-effects and have compromised efficacy due to the

emergence of antifungal resistance. Hence, there is a clear need to develop novel classes

of antifungal drugs. A promising approach involves exploiting themetabolic needs of fungi

by targeted interruption of essential metabolic pathways. This review highlights potential

antifungal targets including enolase, a component of the enolase-plasminogen complex,

and enzymes from the mannitol biosynthesis and purine nucleotide biosynthesis

pathways. There has been increased interest in the enzymes that comprise these

particular pathways and further investigation into their merits as antifungal targets and

roles in fungal survival and virulence are warranted. Disruption of these vital processes

by targeting unconventional pathways with small molecules or antibodies may serve as

a promising approach to discovering novel classes of antifungals.

Keywords: Aspergillus fumigatus, Candida albicans, Cryptococcus neoformans, drug targets, drug discovery,

antifungal

INTRODUCTION

Opportunistic fungal pathogens impose a significant societal and economic burden on the public
health sector, particularly amongst immunocompromised patients. In the United States alone, it
has been estimated that fungal infections incur hospitalization and outpatient costs that exceed
$7.2 billion USD annually (Benedict et al., 2019). These costs are expected to rise in tandem
with the expansion of the immunocompromised population and subsequent increase in the
incidence of invasive mycoses. This predisposed population includes recipients of invasive surgery,
chemotherapy, and immunosuppressive therapy, as well as sufferers of human immunodeficiency
virus (HIV)/acquired immunodeficiency syndrome (AIDS) and cystic fibrosis (Nucci and Marr,
2005).

Global estimates suggest that over 150 million individuals are affected by serious fungal
infections which culminate in over 1.6 million deaths per annum (Bongomin et al., 2017). Common
fungal pathogens associated with these opportunistic infections include Aspergillus spp. (most
commonly Aspergillus fumigatus), Candida albicans (and other non-albicans Candida species),
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Cryptococcus neoformans, Histoplasma capsulatum, Coccidioides
imitis, and Pneumocystis jirovecii (Walsh and Dixon, 1996;
Vandeputte et al., 2012). Amongst these fungal pathogens,
species of Aspergillus, Candida, Pneumocystis, and Cryptococcus
are responsible for over 90% of total global fungal mortalities
and therefore, these fungal species pose the most prominent
threat to human health (Brown et al., 2012). Aspergillosis,
candidiasis, and cryptococcosis often manifest as deep tissue
mycoses that occupy different niches within the mammalian
host. A. fumigatus preferentially colonizes lung tissue, resulting
in pulmonary aspergillosis whereas C. albicans primarily infects
the blood, resulting in systemic candidiasis, and C. neoformans
establishes an initial infection in the lungs, causing pulmonary
cryptococcosis (Latgé, 1999; Wenzel and Gennings, 2005; Sabiiti
and May, 2012). The severity of these diseases can escalate
rapidly as the infection disseminates throughout the body and
affects multiple organs. Infections caused by A. fumigatus and
C. albicans can manifest as invasive aspergillosis and invasive
candidiasis, respectively, both of which target the kidney and
brain, whereas C. neoformans can cause cryptococcal meningitis
which affects the central nervous system (Bicanic and Harrison,
2005; Schmiedel and Zimmerli, 2016; Shi and Mody, 2016).

In this advanced stage, treatment of invasive mycoses requires
aggressive and expensive antifungal therapy. However, the
success of treatment is often impeded by (i) fundamental issues
in the diagnostic stage, (ii) unfavorable characteristics that are
inherent to pre-existing antifungal drugs or the (iii) emergence
of antifungal resistance, all of which ultimately lead to primary
antifungal therapy failure (Nucci and Perfect, 2008). In patients
suffering from invasive candidiasis or invasive aspergillosis, the
rate of failure can be as high as 60 and 70%, respectively (Nucci
and Perfect, 2008). To address these issues, there have been
advancements in diagnostic techniques and several iterations
of pre-existing drugs have been developed to improve their
pharmacological properties (Houšt et al., 2020; Kidd et al., 2020).
However, new classes of antifungal drugs that bypass existing
resistance mechanisms by targeting alternate pathways are yet to
be discovered.

In spite of the alarming rates of morbidity and mortality, the
severity of invasive fungal infections remains underappreciated.
Increases in disease incidence and prevalence of antifungal
resistance highlights the need to identify novel targets and
develop new classes of antifungals to manage mycoses amongst
the immunocompromised population. There have been
continual efforts to characterize enzymes involved in the
biosynthesis of ergosterol or cell wall components, both of
which are classic antifungal targets, to develop novel inhibitors
(Urbina et al., 2000; Hata et al., 2010; Marshall et al., 2018).
However, there has also been a notable shift in focus from
these pathways exclusive to fungi to exploiting species-specific
differences in shared pathways between fungi and humans
(Rodriguez-Suarez et al., 2007; Marshall et al., 2017, 2019;
Kummari et al., 2018). To effectively establish infection, the
fungus must adapt to a different niche within the human host,
combat, or circumvent the host immune response and obtain
sufficient nutrients to reproduce and disseminate. Although
these metabolic requirements may differ between fungal species,

depending on their preferred infection site, disrupting shared
metabolic pathways involved in these processes can impede
fungal survival and pathogenesis. Targeting these pathways
may present an elegant approach to develop novel classes of
therapeutics with broad-spectrum activity.

In this article, we have focused primarily on emerging
targets for the development of novel antifungal classes. We have
identified key enzymes involved in several targetable metabolic
pathways and consolidated extensive research to define their
roles in fungal survival and virulence. Furthermore, we have
discussed their merits as potential targets and provided practical
discussions to drive future drug design efforts from bench
to bedside.

CURRENT ANTIFUNGAL CLASSES AND
TREATMENTS

Antifungal therapeutics are routinely administered to combat
invasive mycoses. The four main classes of antifungals that
currently exist function by targeting either the cell wall or cell
membrane (Figure 1). They include azoles, allylamines, polyenes
and echinocandins. The mechanism of action of each antifungal
drug class and discussion of their biological targets have been
extensively reviewed (Mazu et al., 2016). In this review, we have
provided a brief overview of the currently available antifungals.

Targeting the Cell Membrane
Ergosterol is a steroid alcohol that forms a major component of
the fungal cell membrane. It is responsible for the maintenance
of membrane fluidity and structural integrity, as well as the
regulation of membrane permeability (Gooday, 1995). Due
to its implications in fungal survival, ergosterol biosynthesis
enzymes have been the target of the allylamine and azole
classes of antifungals, whereas the polyene class targets ergosterol
function directly (Mazu et al., 2016). Allylamines target squalene
epoxidase, an enzyme that catalyzes the conversion of squalene to
lanosterol whereas azoles function as non-competitive inhibitors
of lanosterol 14α-demethylase by complexing with the haem
prosthetic group (Ryder, 1988; Allen et al., 2015; Mazu et al.,
2016). Both of these enzymes are involved in the later stages
of ergosterol biosynthesis. Disruption of this pathway leads to
an accumulation of upstream sterol precursors and ultimately,
the depletion of ergosterol. This deficiency results in impaired
cell membrane function, growth inhibition, and cell death
(Ghannoum and Rice, 1999; Allen et al., 2015). In comparison,
polyenes induce fungal death by binding directly to ergosterol
embedded in the cell membrane. Once incorporated into the
membrane, this leads to the formation of pores which increase
membrane permeability to water, ions and non-electrolytes
(Ermishkin et al., 1976).

Targeting the Cell Wall
Due to the absence of a mammalian equivalent, several
components of the fungal cell wall and the biosynthetic enzymes
responsible for its construction have been the target for
antifungal therapeutics. The cell wall, comprised of three main
components including glucans, mannoproteins, and chitin, plays
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FIGURE 1 | Existing antifungal drug classes that target the biosynthesis of the fungal cell wall components (nikkomycins, polyoxins, echinocandins), biosynthesis of

the cell membrane (azoles, allylamines) or bind to ergosterol in the membrane directly (polyenes).

an important role in maintaining fungal survival by maintaining
cell rigidity and resisting osmotic stress (Gow et al., 2017).
Furthermore, there are several receptors displayed on the surface
of the cell wall that can interact with the host during infection
and contribute to fungal virulence. Echinocandins disrupt these
fundamental functions of the cell wall by non-competitively
inhibiting (1,3)-β-glucan synthase, the enzyme responsible for
maintaining and synthesizing glucans. Insufficient biosynthesis
of glucans leads to destabilization of the cell wall and a
compromised ability to resist osmotic pressure that results in cell
lysis (Wiederhold and Lewis, 2003).

EMERGENCE OF ANTIFUNGAL
RESISTANCE AND THE NEED FOR NOVEL
ANTIFUNGAL CLASSES

The extensive use of antifungals in both agricultural and clinical
settings has led to the rise of widespread antifungal resistance
with significant consequences to food security and human health.
To control fungal phytopathogens in agricultural crops, a range
of antifungal drugs specifically for agricultural use are used that

target mitochondrial respiration processes, including succinate
dehydrogenase and Qo inhibitors (Brauer et al., 2019). However,
there is also significant overlap in the use of azoles to treat
both human and plant fungal pathogens. In particular, they are
frequently used in grain- and grass-growing environments, as
well as in clinical settings, to control Candida spp., Cryptococcus
spp. and Aspergillus spp. infections (Azevedo et al., 2015). As
a result, bioactive azoles can persist in soil, water, and fresh
produce (Hof, 2001). Ultimately, it has been suggested that these
environmental factors contribute to the rise in azole resistance
currently being observed in clinical settings.

The prominent use of azoles has resulted in a shift in
the prevalence of infections caused by C. albicans toward less
susceptible species of Candida, including C. glabrata, C. krusei,
and C. guilliermondii (Hope et al., 2002; Pfaller et al., 2006;
Perlin et al., 2015). Fungal strains can also acquire drug resistance
during therapy which restricts the treatment options available to
the patient and can ultimately cause antifungal therapy failure.
Specifically, there are increasing concerns of echinocandin and
azole resistance arising in species of Candida and A. fumigatus,
respectively (Perlin, 2015). In the UK, there has been a consistent
increase in the proportion of A. fumigatus isolates with resistance
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to azoles growing from 5% in 2004 to 14% in 2008 and 20%
in 2009 (Bueid et al., 2010). Following a similar trend, the
frequency of A. fumigatus clinical isolates with azole resistance in
The Netherlands increased from 7.6% in 2013 to 14.7% in 2018
(Lestrade et al., 2020).

Several generations of antifungal drugs originating from
these four classes have been developed to improve their
pharmacokinetic profiles, increase potency, and combat
resistance. However, treatment of invasive mycoses amongst
immunocompromised patients remains challenging. Primary
antifungal therapy failure is a prevalent issue, affecting 20–60%
of invasive candidiasis patients, 40–60% of invasive aspergillosis
patients and 30–100% of invasive fusariosis patients (Nucci
and Perfect, 2008). Although the role of underlying host factors
and immune status must be considered in antifungal therapy
failure, several issues arise from inherent limitations in currently
available drugs. Low bioavailability in target tissues, drug toxicity,
unfavorable drug-drug interactions, and the emergence of drug
resistance also contribute to the reduced efficacy of existing
treatments (Nucci and Perfect, 2008).

As the number of antifungal classes available for clinical use
is limited and the proportion of the population susceptible to
invasive mycoses is expected to increase, there is a need to
identify new targets for the design and development of novel
classes of antifungals. Although cell membrane and cell wall
biosynthesis enzymes have been traditional targets of antifungals,
broadening our search to unconventional pathways can unlock
an abundance of potential targets by exploiting the unique
metabolic needs of fungi during pathogenesis. A summary of the
proposed targets discussed in this review is outlined in Table 1.

EMERGING TARGETS FOR NEW
ANTIFUNGAL DEVELOPMENT

Glycolysis Pathway
Glycolysis is a fundamental, multi-step metabolic process
that occurs in most living organisms. The glycolysis pathway
produces energy, in aerobic and anaerobic conditions, through
the catabolism of sugars and provides useful intermediates
for downstream biosynthetic pathways. The roles of these
enzymes in glycolysis have been extensively studied but there
has been growing interest in their additional “moonlighting”
functions that deviate from their canonical function. These
“moonlighting” functions may contribute to fungal survival and
virulence mechanisms and have consequently been investigated
as promising antifungal drug targets.

Enolase and Host Plasminogen
Enolase catalyzes the penultimate step of glycolysis,
interconverting 2-phosphoglycerate (2-PG) and
phosphoenolpyruvate (PEP) (Figure 2) (Ji et al., 2016).
Consistent with its role in integral metabolic processes, a
genetic knockout of enolase in C. albicans has shown to reduce
germination tube and hyphal formation, resulting in attenuated
virulence and growth rate (De Backer et al., 2001; Ko et al.,
2013). Intriguingly, this enzyme fulfills its glycolytic roles in
the cytoplasm but it is also expressed on the cell surface of

many fungal and bacterial species. This has been observed
in A. fumigatus and C. albicans, two of the most prominent
etiological agents of invasive mycoses, as well as Aspergillus
flavus, Aspergillus terrus, Aspergillus nidulans, Candida
glabrata, Saccharomyces cerevisiae and bacterial Streptococci
and Pneumococci species (Pancholi and Fischetti, 1998; Edwards
et al., 1999; Bergmann et al., 2001; Funk et al., 2016). In
S. cerevisiae, it has been suggested that enolase secretion
is mediated by an N-terminal 28 amino acid translocation
sequence and operates through a SNARE-dependent pathway
(Miura et al., 2012). Alignment of homologous enolase protein
sequences from S. cerevisiae with Aspergillus spp. and Candida
spp. have identified a highly conserved motif in the N-terminus.
This suggests that this SNARE-dependent mechanism of enolase
secretion may be conserved amongst many fungal species (Funk
et al., 2016).

The function of surface-expressed enolase deviates from its
canonical role in the cytoplasm and instead contributes to
tissue invasion and nutrient acquisition during pathogenesis. It
functions as a receptor for plasminogen, a zymogen circulating
in the host bloodstream. Plasminogen is cleaved by plasminogen
activating proteins (including tissue-plasminogen activator and
urokinase plasminogen activator) to form active plasmin which
functions as a serine protease. The physiological function of
the human plasminogen/plasmin system is to facilitate tissue
remodeling, cell migration, hemostasis and wound healing, and
induce inflammation and angiogenesis. It fulfills these roles
by degrading proteins in the extracellular matrix, fibrin and
fibrinogen in blood clots and targeting components of the
complement system (Law et al., 2013). Inactive plasminogen is
proposed to dock onto a lysine-rich motif located on the surface-
expressed enolase of fungal pathogens. While bound, host
plasminogen activators are capable of recognizing, binding, and
cleaving plasminogen to produce the activated plasmin (Funk
et al., 2016). The serine protease activity of plasmin becomes
concentrated at the site of fungal infection and this can accelerate
tissue invasion and disease progression. An in-depth study
which focused on surface-expressed enolase from A. fumigatus
confirmed its ability to interact with human immune regulators
including factor H, factor-H-like protein 1 (FHL-1), C4b-binding
protein (C4BP) and plasminogen (Dasari et al., 2019). Whilst
bound to A. fumigatus enolase, factor H, FHL-1 and C4BP
retained their normal cellular activity and plasminogen remained
accessible to plasminogen activator proteins. When swollen A.
fumigatus conidia coated with human plasminogen were exposed
to human A549 epithelial cells or an epithelial monolayer, cellular
metabolic activity was reduced by 41% and cell retraction was
reduced (Dasari et al., 2019). These observations are consistent
with the “moonlighting” role of surface-expressed enolase and
their role in facilitating tissue invasion.

Immunogenic Activity of Enolase
The secretion and presentation of enolase on the cell surface is
a common feature of many pathogenic fungal species (Edwards
et al., 1999; Funk et al., 2016). As a surface-exposed receptor,
it is capable of eliciting an immunogenic response that may
be exploited for vaccine development. Preliminary studies have
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TABLE 1 | Cellular function of the proposed antifungal protein targets and phenotypic characteristics of various fungi after genetic knockout/knockdown.

Protein targets for antifungal drugs

Enolase Mannitol-2-

Dehydrogenase

mannitol-1-phosphate

5-dehydrogenase

Inosine monophosphate

dehydrogenase

Guanosine

monophosphate

synthase

Nucleoside diphosphate

kinase

References

Roles in fungi • Catalyzes the penultimate

step of glycolysis

• Expressed on the surface

and functions as a

receptor for human

plasminogen

• Contributes to tissue

invasion and nutrient

acquisition

during infection

• Biosynthesis of mannitol, a

storage of carbohydrates, an

osmolyte and source of

reducing power

• Quenches reactive oxygen

species

• Protects conidia against

stressful conditions

• Biosynthesis of purine

nucleobases required for

signal transduction

pathways, energy

metabolism and DNA and

RNA synthesis

Meena et al., 2015;

Funk et al., 2016; Ji

et al., 2016; Chitty and

Fraser, 2017

Phenotype of genetic knockout/knockdown

Aspergillus

fumigatus

• Growth defects that could

be recovered with

exogenous guanine

• Avirulent in a murine

model of infection

• Essential for

fungal survival

Rodriguez-Suarez

et al., 2007; Dinamarco

et al., 2012

Candida albicans • Reduced germination

tube and hyphal formation

• Attenuated virulence and

growth rate

• Growth defects that could

be recovered with

exogenous guanine

• Avirulent in a murine

model of infection

De Backer et al., 2001;

Rodriguez-Suarez

et al., 2007; Ko et al.,

2013

Cryptococcus

neoformans

• Decreased tolerance to

high temperatures and

salinity*

• Decreased resistance to

oxidative stress

• 5,000-fold less virulent

compared to wild-type C.

neoformans H99 in a

mouse model

• Reduced growth rates

• Impaired expression of

virulence factors

◦ Smaller capsule size

◦ Reduced

melanin expression

• Avirulent in a murine

model of cryptococcus

• Growth defects that could

be recovered with

exogenous guanine

• Avirulent in a murine

model of infection

• Impaired expression of

virulence factors

◦ Smaller capsule

◦ Delayed melanin

production

◦ No detectable

protease activity

Chaturvedi et al.,

1996a,b; Morrow et al.,

2012; Chitty et al.,

2017

Aspergillus niger • Decreased tolerance to

high temperatures and

oxidative stress

• Greater sensitivity to

freeze-drying

and freeze-thawing

Ruijter et al., 2003

Aspergillus fischeri • Modest increase in

sensitivity to heat and

oxidative stress in conidia

Wyatt et al., 2014

(Continued)
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FIGURE 2 | (A) Enolase catalyzes the penultimate step of glycolysis,

interconverting 2-phosphoglycerate (2-PG) and phosphoenolpyruvate (PEP)

using magnesium as a cofactor. (B) X-ray crystal structures of enolase from

different species have similar global folds. Enolase structures from Escherichia

coli (1E9I; green), Enterococcus hirae (1IYX; cyan), lobster (1PDZ; yellow),

Streptococcus pneumoniae (1W6T; salmon), and Saccharomyces cerevisiae

(1ONE; magenta) were superimposed using PyMOL (Stec and Lebioda, 1990;

Duquerroy et al., 1995; Kuhnel and Luisi, 2001; Hosaka et al., 2003; Ehinger

et al., 2004; Kang et al., 2008). The L3 loop, which shows the greatest

structural deviation between the structures, is proposed to be the

plasminogen binding loop for S. pneumoniae. Exposed lysine residues at the

C-terminal end of enolase have also been proposed as a possible binding site.

demonstrated the suitability of using enolase as an immunogenic
agent to acquire modest protective effects against candidiasis
in a murine model. When mice were challenged with C.
albicans following subcutaneous vaccination with recombinant
C. albicans enolase, an elevated antibody response was induced
and fungal burden in major organs was reduced compared to
non-immunized mice (Li et al., 2011). In an independent study,
C. albicans enolase was expressed and presented on Lactobacillus
casei cells, then orally administered to mice prior to challenging
with a normally lethal dose of C. albicans. These immunized mice
produced higher IgG antibody titers and had improved survival
rates (Shibasaki et al., 2014).

Targeting Surface-Expressed Enolase
Designing a peptidomimetic or small molecule inhibitor that
specifically targets the plasminogen docking site of enolase
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using a structure-guided approach is a possible avenue for
new therapeutics. This approach requires intimate knowledge
of the interactions between both proteins. Although high
resolution crystal structures of the full-length human Type II
plasminogen (4DUR) and fungal enolase from S. cerevisiae
(3ENL) are already available, the interaction interface has not
yet been defined (Stec and Lebioda, 1990; Law et al., 2012).
There have been previous studies examining the molecular
interaction between plasminogen and bacterial enolases. Studies
conducted using enolase from S. pneumonia have suggested
two possible binding sites—the L3 loop on the alpha-beta
(αβ) barrel, a structurally flexible region, or the lysine-rich
C-terminal tail of the protein (Pancholi and Fischetti, 1998;
Bergmann et al., 2003; Ehinger et al., 2004). Superimposition
of enolase from prokaryotic and eukaryotic sources including
E. coli (1E9I), human (3B97), Enterococcus hirae (1IYX), lobster
(1PDZ), Streptococcus pneumonia (1W6T), and S. cerevisiae
(3ENL) reveal an overall similar fold and existence of a
conserved, but structurally different, L3 loop (Figure 3) (Stec
and Lebioda, 1990; Duquerroy et al., 1995; Kuhnel and
Luisi, 2001; Hosaka et al., 2003; Ehinger et al., 2004; Kang
et al., 2008). Therefore, it is likely that the plasminogen
binding site is also conserved between homologous enolase
enzymes but the mode of binding may differ between
species. Building upon this work, efforts must be focused
on elucidating the plasminogen binding interface of fungal
enolase and structurally characterizing this site to guide rational
inhibitor design.

Evidence of the immunogenicity of fungal enolase,
particularly the C. albicans homolog, raises the possibility
of using antibody therapy as an adjunct to antifungal therapy.
Therapeutic antibodies specific for enolase could potentially
reduce tissue invasion and fungal dissemination by interfering
with interactions between fungal enolase and host plasminogen.
Antibodies raised in mice against recombinant C. albicans or
A. fumigatus enolase successfully recognized plasminogen-
bound enolase from Candida spp. and Aspergillus spp.,
respectively. However, this antibody-enolase-plasminogen
complex still allowed plasminogen activating proteins to
access, cleave, and activate bound plasminogen (Funk et al.,
2016). The viability of antibody therapy requires improved
antibodies against enolase that recognize specific epitopes
that interfere with this plasminogen activation process.
Monoclonal antibodies that inhibit plasminogen activation
have already been successfully raised against human α-
enolase. During the process of fibrinolysis, plasminogen
binds to surface-expressed α-enolase on leukocytic cells
and this results in an accelerated rate of plasminogen
activation. The plasminogen activation associated with
binding to leukocytic cell lines was reduced by ∼90% when
monoclonal α-enolase antibodies (MAb 11G1) were introduced
(López-Alemany et al., 2003). These experiments provide a
proof-of-principle that disruption of an enolase-plasminogen
interaction can affect plasmin activity and therefore, this
approach may be feasible when applied to an antifungal
therapeutic strategy.

MANNITOL BIOSYNTHESIS PATHWAY

Mannitol biosynthesis is a crucial process that aids in fungal
survivability and virulence. Mannitol-2-dehydrogenase (M2DH)
and mannitol-1-phosphate 5-dehydrogenase (M1P5DH) are
the primary biosynthesis enzymes that produce mannitol, an
acyclic, six-carbon sterol alcohol (Figure 3). Present in all
fungal structures, including mycelia, fruiting bodies and conidia,
mannitol acts as a carbohydrate storage molecule, osmolyte,
and source of reducing power (Meena et al., 2015). During
pathogenesis, mannitol production is increased to exploit its
ability to quench reactive oxygen species (ROS) in order to
resist host defenses (Meena et al., 2015). The unique and
diverse properties of mannitol, particularly in relation to
human pathogenesis, have garnered considerable interest in the
underlying mechanism of its biosynthesis and secretion during
fungal infection.

Mannitol as a Biomarker of Fungal
Infection
The efficacy of antifungal therapy is dependent on the early
detection and accurate identification of the invading fungal
species. Traditional methods include culturing from patient
samples, direct microscopical examination of fungal samples
and histopathology testing of infected tissue (Kozel and Wickes,
2014). Although culturing is considered as the gold standard
of diagnosis, the utility of this technique can suffer from
the slow growth rates of filamentous fungi, environmental
contamination, and poor recovery of some fungal species from
patient samples (Kozel and Wickes, 2014). Overall, these factors
can delay adequate antifungal treatment which can compromise
the efficacy of these drugs. Therefore, non-culture-basedmethods
of diagnosis, such as screening patient samples for biomarkers of
fungal infection, offer a faster and less invasive alternative.

Several fungal pathogens, including C. neoformans and
Aspergillus spp., have been shown to produce high levels of
mannitol in vitro and in animal disease models of infection,
highlighting the suitability for its use as a biomarker. In
liquid cultures of 12 human isolates of C. neoformans,
extracellular mannitol levels increased ∼30-fold over a 4 day
period in which rapid mannitol biosynthesis and secretion
occurred predominantly in the stationary growth phase (Wong
et al., 1990). Similarly, several Aspergillus species have also
demonstrated an ability to produce mannitol from glucose in
vitro (Birkinshaw et al., 1931). Closely mirroring these studies,
mannitol levels in the cerebrospinal fluid (CSF) of a cortisone-
treated rabbit disease model of cryptococcal meningitis also
increased over time in response to infection with C. neoformans
strain H99. Furthermore, there was a positive correlation
identified between mannitol CSF levels and CSF colony forming
units as well as CSF cryptococcal antigen titers, both of which
are markers of infection severity (Wong et al., 1990). In an
experimental model of aspergillosis using rats infected with A.
fumigatus, high levels of mannitol were detected in liver tissue
12 h post-infection and in serum 36 h post-infection (Wong
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FIGURE 3 | The mannitol and trehalose biosynthesis pathway in fungi. The primary biosynthesis enzymes of mannitol, and the focus of this review, are

mannitol-1-phosphate dehydrogenase (M1P5DH) and mannitol-2-dehydrogenase (M2D).

et al., 1989). In addition, a singularly surviving rat 48 h post-
infection also showed increasedmannitol levels in lung, liver, and
kidney tissue (Wong et al., 1989). From these animal models,
the results indicate that infection of a human host with C.
neoformans or A. fumigatus is also likely to induce upregulated
mannitol production and secretion, localizing in the CSF or
serum, respectively. Analysis of the CSF from patients suffering
from AIDS and cryptococcal meningitis confirm that mannitol
content increases to sufficiently high levels to be easily detected
and quantified using gas-liquid chromatography-linked mass
spectroscopy (Megson et al., 1996). As humans lack an equivalent
mannitol biosynthesis pathway, the detected mannitol is likely of
fungal origin. However, mannitol content in the CSF could not be
significantly correlated to cryptococcal antigen titers in humans,
contrary to observations made in the rabbit disease model. Taken
together, these results provide valuable insights into the feasibility
of using patient CSF and serum mannitol levels as a biomarker
of fungal infection and presents possible methodologies that
facilitate its use as a diagnostic tool.

Roles in Virulence and Protection Against
Host Defenses
Fungal pathogens invading a human host experience multiple
environmental stresses associated with occupying a new niche
and chemical stresses invoked by the immune response. Sensing
and adapting to abiotic stresses (temperature, pH), resisting
phagocytosis from macrophages and neutralizing ROS produced
by neutrophils is critical for survival (Cooney and Klein, 2008;

Khanna et al., 2016). Mannitol has been connected to many of
these host-pathogen interactions associated with fungal survival
and virulence and this provides a basis to understand the function
of its rapid biosynthesis and secretion during infection.

Phenotypic characterization of a C. neoformansmutant which
produces reduced levels of mannitol (Cn MLP) exemplifies
the multitude of roles adopted by mannitol. The Cn MLP
mutant showed similar growth rates, morphology, and antifungal
susceptibility as the wild-type strain, C. neoformans H99.
However, Cn MLP had decreased tolerance to high temperatures
and salinity (Chaturvedi et al., 1996a). These findings are
consistent with the proposed role of mannitol as an osmolyte in
fungi (Meena et al., 2015). Although the loss of thermotolerance
in Cn MLP cannot be directly linked to mannitol function,
resistance to thermal stress in the fungus Beauveria bassiana has
been partially attributed to trehalose, a metabolite produced from
mannitol (Figure 3) (Liu et al., 2008). The Cn MLP isolate also
demonstrated decreased resistance to oxidative stress, a common
killing mechanism of the human immune system (Chaturvedi
et al., 1996b). Specifically, Cn MLP showed greater susceptibility
to oxidative killing by polymorphonuclear neutrophils (PMNs)
and ROS generated from an iron-hydrogen peroxide-iodide
cytotoxic cell-free system, relative to the wild-type strain
(Chaturvedi et al., 1996b). Protection against ROS improved
in a dose-dependent manner when PMNs were incubated with
mannitol. Similarly, fungicidal activity was completely abolished
when mannitol was added simultaneously to the ROS cell free
system (Chaturvedi et al., 1996b). In both scenarios, mannitol
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acted as an effective scavenger of ROS to confer protection
against oxidative damage. In an experimental disease model, Cn
MLP was 5,000-fold less virulent compared to C. neoformans
H99 when intravenously injected into mice. Although both
the mutant and wild-type strains proved to be lethal, 100% of
mice succumbed to infection 51 days post-injection with C.
neoformans H99 whereas 100% of mice injected with Cn MLP
survived at the same time point (Chaturvedi et al., 1996a).
Together, the osmotolerance and thermotolerance conferred
by intracellular mannitol and the protection against ROS by
extracellular mannitol may aid fungal survival and virulence
by resisting environmental and immune-induced stresses in the
human body.

Roles in Conidial Stress Response
Conidia are asexually-produced spores that are required for
wide-spread fungal dispersal. Often dissipated through the air,
conidia are inhaled into the respiratory system and at this
developmental stage, fungal infection can be initiated (Dagenais
and Keller, 2009). Conidia must be able to survive and adapt
to this new environment to progress to subsequent germination
stages and develop into a vegetative state. Mannitol has been
implicated in the protection of conidia against these stress
conditions in multiple species of fungi (Chaturvedi et al., 1996a;
Ruijter et al., 2003; Wyatt et al., 2014).

High concentrations of intracellular mannitol have been
detected in conidia from Aspergillus oryzae, Aspergillus clavatus
andAspergillus niger (Horikoshi et al., 1965; Corina andMunday,
1971; Witteveen and Visser, 1995). In order to assess mannitol
function, a M1P5DH-null mutant of A. niger was generated.
Disruption of M1P5DH resulted in a complete absence of
mannitol in mycelia and a 30% reduction of intracellular
mannitol content in conidia. Prolonged exposure to conditions
that had no effect on the viability of wild-type conidia, such
as high temperatures and oxidative stress induced by ROS,
reduced the viability of M1P5DH-null conidia to 5 and 0.5%,
respectively. To a lesser extent, these mutant conidia were
more sensitive to freeze-drying and freeze-thawing processes.
Supplementation of M1P5DH-null conidia with mannitol had
a protective effect that reduced their sensitivity to heat and
oxidative stress (Ruijter et al., 2003). These results indicate that
mannitol is an important molecule that protects conidia against
harsh environmental conditions.

In a separate study, the equivalent gene encoding M1P5DH
in Aspergillus fischeri was deleted with unexpected effects.
There was a severe reduction of mannitol in mycelia but an
increase in mannitol and reduction of trehalose in its conidia
(Wyatt et al., 2014). These conidia showed a modest increase
in sensitivity to heat and oxidative stress, despite the higher
mannitol content. Since trehalose and mannitol biosynthesis
pathways are intrinsically linked and both sugars have been
found in all stages of the fungal life cycle, it has been suggested
that trehalose and mannitol may play overlapping roles in
resistance to environmental stress (Figure 3) (Wyatt et al., 2014;
Thammahong et al., 2017). There has also been growing interest
in targeting components of the trehalose biosynthesis pathway
for the development of novel antifungals (Thammahong et al.,

2017). Thus, further investigation into the interplay between
mannitol and trehalose in fungal survival is warranted to aid
these efforts.

Targeting Mannitol Biosynthesis Enzymes
Several lines of evidence demonstrate the multifaceted roles
of mannitol in the protection of fungi from stress conditions
commonly experienced during infection of a host (Chaturvedi
et al., 1996a; Ruijter et al., 2003; Wyatt et al., 2014). Accelerated
mannitol production and secretion can confer thermotolerance
and resistance to ROS generated from the human immune system
needed to thrive in these harsh environments. Adding to the
allure of targeting mannitol biosynthesis pathways in fungi is the
fact that humans do not produce mannitol and therefore lack
equivalent enzymes. This absence of a human homolog greatly
simplifies the design and development of inhibitory compounds
that specifically target these fungal enzymes. In turn, this will
likely reduce the severity of off-target effects.

Efforts to target the mannitol biosynthesis enzyme should be
focused on M1P5DH. In several species, knockout of the gene
encoding M1P5DH (mpdA) and phenotypic characterization of
these mutants have shown significant decreases in intracellular
mannitol levels (Ruijter et al., 2003; Wyatt et al., 2014). Although
mannitol can be synthesized in an alternate pathway using
M2DH, it appears that M1P5DH features in the predominant
pathway. Hence, inhibition of M1P5DH is likely to have a greater
effect on conidia viability and can be useful to halt initial stages
of infection and dissemination.

Targeting the mannitol biosynthesis pathway can also be
beneficial to delay the progression of existing infections. As
demonstrated in the animal models infected with Cn MLP,
decreased mannitol levels were associated with reduced virulence
and ultimately, greater survival. By inhibiting the activity of
these biosynthesis enzymes, mannitol production is reduced
and this may increase fungal sensitivity to oxidative killing by
components of the immune system.

PURINE NUCLEOTIDE BIOSYNTHESIS
PATHWAY

Nucleobases, including purines and pyrimidines, are heterocyclic
molecules that are found in all forms of life. They are obtained
exogenously from the environment or can be synthesized
endogenously. As they are involved in essential processes,
including DNA and RNA synthesis, energy metabolism and
signal transduction, the intracellular pool of nucleobases must be
tightly maintained (Chitty and Fraser, 2017). Hence, disruption
of the purine and pyrimidine biosynthesis pathway using
small molecules has been explored as a potential approach
to develop antimicrobials (Rodriguez-Suarez et al., 2007; Shu
and Nair, 2008; Du Pré et al., 2018; Park et al., 2018;
Trapero et al., 2018). De novo purine biosynthesis begins
with phosphoribosylpyrophosphate (PRPP) which is ultimately
converted to inosine monophosphate (IMP), a precursor to both
adenine and guanine nucleobases, through a series of enzymatic
reactions (Figure 4) (Chitty and Fraser, 2017). This section will
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FIGURE 4 | The purine metabolism pathway in fungi. ADS, (adenylosuccinate) synthetase; ADS, (adenylosuccinate) lyase; IMP (inosine monophosphate)

dehydrogenase; GMP, (guanosine monophosphate) synthase.

focus on targeting enzymes responsible for the synthesis of
guanine nucleobases.

Roles in Virulence
Inosine monophosphate dehydrogenase (IMPDH) is the first
committed and rate-limiting step in the guanosine triphosphate
(GTP) biosynthesis pathway. Using NAD+ as a cofactor, it
catalyzes the conversion of IMP to xanthosine monophosphate
(XMP) via a dehydrogenase and hydrolysis reaction (Hedstrom,
2009). IMPDH catalytic activity has been closely associated with
microbial virulence, and has been the target of several drug
discovery projects for antibiotics, antifungals, antivirals, and
anticancer therapeutics with great success (Markland et al., 2000;
Floryk and Thompson, 2010; Kummari et al., 2018; Trapero et al.,
2018). In terms of antifungals, there has been substantial progress
in elucidating themechanisms in which IMPDH contributes toC.
neoformans survival and virulence. To first validate the rationality
of IMPDH as an antifungal target, an IMPDH-deficient mutant
ofC. neoformanswas produced and phenotypically characterized.
This mutant exhibited reduced growth rates and impaired
expression of virulence factors, resulting in smaller capsule
sizes and reduced melanin expression (Morrow et al., 2012).
Importantly, these phenotypic defects could not be completely
recovered with supplementation of exogenous guanine that may
have been sourced from the human host during infection. Due to
the direct involvement of IMPDH in virulence factor production,

IMDPH-deficient C. neoformans was completely avirulent in
a murine model of cryptoccoccus. As a result, fungal loads
in the brain were cleared 3 days post-infection, total fungal
clearance was achieved 2 weeks post-infection and ultimately,
this resulted in a 100% survival rate 50 days post-infection
(Morrow et al., 2012). These experiments confirm that IMPDH
is involved in essential processes associated with C. neoformans
virulence and this presents a promising avenue for the design of
antifungal compounds.

In the following step of the purine biosynthesis pathway, XMP
produced by IMPDH is converted to guanosine monophosphate
(GMP) by guanosine monophosphate synthase (GMP synthase).
In a similar manner to IMPDH, GMP synthase has been
extensively studied in A. fumigatus, C. albicans, and C.
neoformans and has been determined to be crucial in the survival
and virulence of these fungal pathogens (Rodriguez-Suarez et al.,
2007; Chitty et al., 2017). A conditional knock-out of the gene
encoding GMP synthase (GUA1) in A. fumigatus and C. albicans,
and deletion in C. neoformans, inhibited growth on minimal
media but was recovered when supplemented with exogenous
guanine. These growth defects are consistent with the essential
role of purines as components of DNA and RNA. Similar to
the in vivo experiments conducted with IMPDH-deficient C.
neoformans, disruption of GUA1 in A. fumigatus, C. albicans,
and C. neoformans also rendered these strains avirulent in
a murine model of infection (Rodriguez-Suarez et al., 2007;
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Chitty et al., 2017). Phenotypic characterization of 1GUA1C.
neoformans revealed significant differences in the production
of key virulence factors that may account for the abolished
virulence. Despite supplementation with exogenous guanine,
1GUA1C. neoformans mutants produced less capsule, showed
delayed melanin production and lacked detectable protease
activity relative to their wild-type counterparts. Collectively,
these virulence factors function to aid survival by resisting
host defenses and fungal dissemination. Specifically, the capsule
protects against phagocytosis, melanin resists oxidative damage
and secretion of proteases facilitates host tissue degradation
for nutrient acquisition. Intriguingly, this effect was more
pronounced at the optimum human body temperature of 37◦C
(Chitty et al., 2017). Since GUA1 is a determinant of virulence in
several of these clinically-prominent fungal pathogens, inhibition
of GMP synthase may be an ideal approach to develop antifungal
drugs with broad-spectrum activity.

Roles in Survival
In the final steps of the purine biosynthesis pathway, GMP must
be converted to an accessible form for its use in DNA and RNA
synthesis and signal transduction. GMP is first converted to
guanosine diphosphate and then nucleoside-diphosphate kinase
(NDK) covalently attaches a phosphate moiety to form GTP
(Chitty and Fraser, 2017). NDK is a promiscuous enzyme that
can use all nucleoside diphosphates as substrates, with varying
levels of selectivity, to generate their respective nucleoside
triphosphates (Nguyen et al., in press). Hence it is also involved in
the adenine nucleoside synthesis pathway to produce adenosine
triphosphate (ATP) as well as the synthesis of the remaining
building blocks of DNA and RNA. Consistent with these
fundamental processes, in A. nidulans, NDK is involved in
various aspects of the life cycle, including hyphal growth and
conidia production which is necessary for its growth and
dispersal (Lin et al., 2003). Similarly in A. flavus, disruption of
one of the two copies of ndk impairs the development of conidia
and sclerotia and affects plant virulence in a maize and peanut
seed model (Wang et al., 2019). Identified as an essential gene for
survival inA. fumigatus andA. nidulans, NDK has been identified
as a promising target for antifungals against Aspergillus spp. (Lin
et al., 2003; Dinamarco et al., 2012).

Targeting Purine Biosynthesis Pathways
Achieving species-selective targeting of de novo purine
biosynthesis enzymes is an important consideration in the
drug design process. This is especially important since bacteria,
fungi and humans share commonality in many of these enzymes
(Sperling, 1988; Kilstrup et al., 2005; Chitty and Fraser, 2017).
Thus, intimate structural and kinetic knowledge of the fungal
and human homologs of these enzymes will be invaluable
in the design of inhibitors with high potency and selectivity.
Currently, structures of human IMPDH, isoforms I (Risal et al.
unpublished) and II (Colby et al., 1999), GMP synthase (Welin
et al., 2013), and NDK (Chen et al., 2003) have been solved as
well as structures of fungal IMPDH (C. neoformans) (Morrow
et al., 2012) and NDK (A. fumigatus and A. flavus) (Wang
and Wang, 2019; Nguyen et al., in press). Availability of these

structures allows identification of key active site residues that
differ between fungal and human enzymes and this may be
integral in the design of highly selective inhibitors.

Knowledge of the enzyme structure and catalytic mechanism
aids in identifying the most “druggable” binding pocket. In the
case of IMPDH, there are three possible sites: (i) the natural
substrate site, IMP, (ii) the co-factor site, NAD+, or (iii) an
allosteric site (Shu and Nair, 2008). Ongoing drug discovery
projects targeting IMPDH fromMycobacterium tuberculosis and
Cryptosporidium parvum have shown success in focusing on the
co-factor binding site due to its divergence from the mammalian
equivalent (Umejiego et al., 2008; Trapero et al., 2018). In
the case of C. parvum IMPDH, a high-throughput screening
approach was employed to specifically target the NAD+ site.
Ten compounds, from a pool of 134 preliminary hits, were
determined to be reversible inhibitors that were 9- to 400-fold
more selective for the parasitic IMPDH over the human IMPDH
isoform II (Umejiego et al., 2008). These experiments provide a
proof of concept that IMPDH can be effectively and selectively
targeted by small molecule inhibitors.When considering IMPDH
from C. neoformans, a similar screening approach targeting the
co-factor binding sitemay also be feasible due to its structural and
functional deviation from human IMPDH (Morrow et al., 2012).
A structure of human IMPDH isoform II bound to selenazole-4-
carboxyamide-adenine dinucleotide, an analog of NAD+, reveals
differences in the residues that comprise the co-factor binding
pocket between C. neoformans and human IMPDH. It can be
inferred that the interaction between IMPDH and NAD+ is
stabilized by a π-π stacking interaction between the adenine
ring of NAD+ and R267 and Y296 of C. neoformans IMPDH
which corresponds to R253 and Y282 in human isoform I or
H253 and F282 in human isoform II, respectively (Figure 5A)
(Morrow et al., 2012). Although many residues within the
binding pocket are invariant between C. neoformans and human
isoforms I and II, these differences are likely to be sufficient to
achieve species-selective inhibition. A high-throughput screen
against IMPDH from C. neoformans has identified promising
candidates (Kummari et al., 2018). From a chemical library
of 114,000 drug-like compounds, three 3-((5-substituted)-
1,3,4-oxadiazol-2-yl)thio benzo[b]thiophene 1,1-dioxides were
identified as having inhibitory activity against C. neoformans
IMPDH. Through chemical modification, several analogs were
then synthesized to assess the structure-activity relationships.
Althoughmany of these analogs inhibitedC. neoformans IMPDH
in vitro and had whole cell activity, they were also cytotoxic
to human cell lines (Kummari et al., 2018). These results
illustrate the complexities associated with targeting pathways
shared between fungi and humans. However, there is also great
opportunity to build upon this work by trialing modifications
that improve selectivity that retain the antifungal properties of
the compound whilst reducing cytotoxic effects.

Similarly to IMPDH, inhibition of fungal GMP synthase
may be achieved effectively by high-throughput screening of
chemical libraries or fragment screening. Since GMP synthase
is a bifunctional protein with two catalytic domains working in
tandem to fulfill its function, it is imperative to select the most
feasible binding pocket to target. The glutamine amidotransferase
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FIGURE 5 | Binding pocket composition analysis reveals divergent residues

between human and fungal homologs that may be exploited to achieve

specificity. (A) Residues comprising the binding pocket of inosine

monophosphate dehydrogenase from Cryptococcus neoformans (4AF0,

cyan), human isoform I (1JCN, green), human isoform II (1B3O, magenta) and

selenazole-4-carboxyamide-adenine dinucleotide, an NAD+ analog, are

represented as sticks (Colby et al., 1999; Morrow et al., 2012) (Risal et al.

unpublished). (B) Residues comprising the binding pocket of nucleoside

di-phosphate kinase from Aspergillus fumigatus (6XP7, purple), Aspergillus

flavus (6K3H, dark green) and human (2HVD, maroon) and adenosine

diphosphate, a natural substrate, are represented as sticks (Giraud et al.,

2006; Wang et al., 2019; Nguyen et al., in press).

(GAT) domain releases ammonia from glutamine which is
shuttled to the ATP pyrophosphatase (ATPPase) domain where
XMP is converted to GMP via an adenyl-XMP intermediate.
There are pre-existing inhibitors that target the glutamine
amidotransferase domain such as acivicin (ACI) and 6-diazo-
5-oxo-L-norleucine (DON) that inadvertently inhibit GMP
synthase activity (Ahluwalia et al., 1990; Chittur et al., 2001).
However, targeting this catalytic module of GMP synthase
would likely lead to non-specific and off-target effects due to
the prevalence of GAT domains in other enzymes. Therefore,
a more promising endeavor is to study the XMP- and ATP-
binding pockets located within the ATPPase domain to achieve
potent inhibition and high selectivity for the fungal enzyme
over the mammalian equivalent. A novel compound, denoted
ECC1385, identified from a synthetic compound library has been
shown to inhibit C. albicans and C. neoformans GMP synthase
activity in vitro and exhibits whole cell activity against a broad-
spectrum of fungi and bacteria, including multiple species of

Candida, A. fumigatus (MF5668), C. neoformans (MY2062), and
Staphylococcus aureus (MB2865) (Rodriguez-Suarez et al., 2007).
Mechanism-of-action studies of ECC1385 have revealed that
inhibition of GMP synthase is achieved through a different mode
of action from ACI and DON. These data suggest that small
chemical compounds that target the activity of the ATPPase
domain is possible and presents a promising avenue to pursue.

As NDK has maintained its essential role in NTP biosynthesis
throughout all domains of life, there is high structural
and functional conservation between different species. This
conservation is reflected in the largely invariant composition of
binding pocket residues between fungal and human homologs
(Figure 5B). However, two key differences are revealed when the
crystal structures of ADP-bound NDK from human (2HVD),
A. fumigatus (6XP7), and A. flavus (6K3H) are superimposed
(Figure 5B) (Giraud et al., 2006; Nguyen et al., in press).
Specifically, in the nucleoside binding pocket, Lys57 and C116
in both fungal NDKs are replaced by Arg58 and I117 in
the human structure, respectively. These discrepancies presents
an opportunity to selectively target the catalytic site and this
may be beneficial in the development of a pan inhibitor
with broad-spectrum activity against multiple pathogenic fungi.
Azidothymidine (AZT), also marketed as RETROVIR, is an
antiretroviral medication currently used to treat HIV (Furman
et al., 1986). It has been shown that AZT can inhibit NDK fromA.
flavus in vitro and exhibits antifungal activity in vivo (Wang et al.,
2019). Docking of AZT to the crystal structure of A. flavus NDK
predicts that it acts as a competitive inhibitor and interacts with
residues R104, H117, and D120 in the catalytic site. Since AZT
is an FDA-approved drug, there is potential to repurpose it as an
antifungal drug or to use the AZT scaffold and improve upon its
antimycotic properties. An alternate approach may be explored
to inactivate fungal NDK preferentially over the human homolog
using non-competitive inhibitors. Allosteric sites are likely to
show more variation between species, compared to the catalytic
site, and therefore, development of a non-competitive inhibitor
may be a more effective approach. Thorough kinetic analysis has
revealed that ebselen, a cysteine-modifying compound, acts as
a non-competitive inhibitor of human NDK secreted by airway
epithelial cells (Semianrio-Vidal et al., 2010). In this context,
it is not used in an antifungal application. Instead, it is used
to obtain stable and accurate measurements of nucleotides in
airway surface liquid by disrupting nucleotide interconversion
without the use of a nucleotide-derived inhibitor. Identifying
allosteric sites in NDK from fungal pathogens, comparing them
to the human homolog and exploiting their differences may be
imperative to simultaneously achieve potent inhibition and high
selectivity. Hence, it would be advantageous to explore non-
competitive inhibitors of NDK that bind an allosteric site and
influence catalytic activity distally.

Although not explicitly addressed in this review, there
has been substantial progress made in targeting enzymes
from the de novo pyrimidine biosynthesis pathway that is
worth further discussion. Notably, a novel drug, known as
F901318 or Olorofim), has shown antifungal activity against A.
fumigatus and A. flavus by inhibiting the enzyme, dihydroorotate
dehydrogenase (Du Pré et al., 2018). Furthermore, it has shown
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efficacy against A. fumigatus, both azole-sensitive and azole-
resistant strains, in a murine model of pulmonary aspergillosis
(Oliver et al., 2016). F901318 is currently being assessed
for its use in treating invasive fungal infections caused by
Lomentospora prolificans, Scedosporium spp., Aspergillus spp.,
and other resistant fungi. The development of F901318 and
progression into phase 2 clinical trials highlights the untapped
potential of targeting shared metabolic pathways between fungi
and humans for the discovery of novel antifungal drug classes.

CONCLUSIONS

As the number of immunocompromised patients continues to
grow, invasive fungal infections are becoming more pervasive.
Due to inherent limitations in antifungal drug treatments and
the emergence of resistance, the limited spectrum of currently
available antifungals is a major barrier to effectively treat systemic
fungal infections. Consequently, there is a need to identify
and validate novel antifungal drug targets. Targeting eukaryotic
proteins that are common to both fungi and humans is a
difficult but necessary approach since the number of fungal
enzymes that lack a human homolog and are essential for
survival or virulence are scarce. Hence, there has been an
increased interest in exploiting subtle structural and functional
differences of metabolic enzymes shared by both fungi and
humans. In the field, significant progress has been made in
the characterization of enolase, an enzyme implicated in tissue

invasion, as well as enzymes from the mannitol biosynthesis
and de novo purine biosynthesis pathways in many pathogenic
fungi. In addition to the pathways explored in this review,
de novo pyrimidine biosynthesis enzymes, intracellular redox
environment regulators and key phosphatases, kinases and
transcription factors that form cellular signaling networks have
been explored as potential antifungal drug targets (Oliver et al.,
2016; Marshall et al., 2019; Jin et al., 2020). Altogether, these
experiments lay the foundation for antifungal drug discovery
projects that target unconventional, but promising, pathways.

AUTHOR CONTRIBUTIONS

SN, JT, and JB: conceptualization, manuscript review, and
editing. SN and JT: manuscript preparation. All authors
contributed to the article and approved the submitted version.

FUNDING

SN and JT were recipients of an Australian Government
Researching Training Program stipend scholarship.

ACKNOWLEDGMENTS

The authors would like to acknowledge the members of
the Bruning Lab for their insightful discussions during the
preparation of this manuscript.

REFERENCES

Ahluwalia, G. S., Grem, J. L., Hao, Z., and Cooney, D. A. (1990). Metabolism
and action of amino acid analog anti-cancer agents. Pharmacol. Therapeut. 46,
243–271. doi: 10.1016/0163-7258(90)90094-I

Allen, D., Wilson, D., Drew, R., and Perfect, J. R. (2015). Azole antifungals: 35
years of invasive fungal infection management. Expert Rev. Anti Infect. Ther.
13, 787–798. doi: 10.1586/14787210.2015.1032939

Azevedo, M.-M., Faria-Ramos, I., Cruz, L. C., Pina-Vaz, C., and Rodrigues,
A. G. (2015). Genesis of azole antifungal resistance from agriculture to
clinical settings. J. Agric. Food Chem. 63, 7463–7468. doi: 10.1021/acs.jafc.
5b02728

Benedict, K., Jackson, B. R., Chiller, T., and Beer, K. D. (2019). Estimation of direct
healthcare costs of fungal diseases in the United States. Clin. Infect. Dis. 68,
1791–1797. doi: 10.1093/cid/ciy776

Bergmann, S., Rohde, M., Chhatwal, G. S., and Hammerschmidt, S. (2001).
α-Enolase of Streptococcus pneumoniae is a plasminogen-binding protein
displayed on the bacterial cell surface. Mol. Microbiol. 40, 1273–1287.
doi: 10.1046/j.1365-2958.2001.02448.x

Bergmann, S., Wild, D., Diekmann, O., Frank, R., Bracht, D., Chhatwal, G. S.,
et al. (2003). Identification of a novel plasmin(ogen)-binding motif in surface
displayed α-enolase of Streptococcus pneumoniae.Mol. Microbiol. 49, 411–423.
doi: 10.1046/j.1365-2958.2003.03557.x

Bicanic, T., and Harrison, T. S. (2005). Cryptococcal meningitis. Br. Med. Bull. 72,
99–118. doi: 10.1093/bmb/ldh043

Birkinshaw, J. H., Charles, J. H. V., Hetherington, A. C., and Raistrick, H. (1931).
On the production of mannitol from glucose by species of Aspergillus. Philos.
Trans. R. Soc. B 22, 153–171.

Bongomin, F., Gago, S., Oladele, R. O., and Denning, D. W. (2017). Global and
multi-national prevalence of fungal disease - estimate precision. J. Fungi 3:57.
doi: 10.3390/jof3040057

Brauer, V. S., Rezende, C. P., Pessoni, A. M., de Paula, R. G., Rangappa, K. S.,
Nayaka, S. C., et al. (2019). Antifungal agents in agriculture: friends and foes
of public health. Biomolecules 9:521. doi: 10.3390/biom9100521

Brown, G. D., Denning, D. W., Gow, N. A. R., Levitz, S. M., Netea, M. G., White,
T. C., et al. (2012). Hidden killers: human fungal infections. Med. Mycol.
4:165rv113. doi: 10.1126/scitranslmed.3004404

Bueid, A., Howard, S. J., Moore, C. B., Richardson, M. D., Harrison, E., Bowyer,
P., et al. (2010). Azole antifungal resistance in Aspergillus fumigatus: 2008 and
2009. J. Antimicrob. Chemother. 65, 2116–2118. doi: 10.1093/jac/dkq279

Chaturvedi, V., Flynn, T., Neihaus, W. G., and Wong, B. (1996a). Stress tolerance
and pathogenic potential of a mannitol mutant of Cryptococcus neoformans.
Microbiology 142(Pt 4), 937–943. doi: 10.1099/00221287-142-4-937

Chaturvedi, V., Wong, B., and Newman, S. J. (1996b). Oxidative killing of
Cryptococcus neoformans by human neutrophils. evidence that fungal mannitol
protects by scavenging reactive oxygen intermediates. J. Immunol. 156,
3836–3840.

Chen, Y., Gallois-Montbrun, S., Schneider, B., Veron, M., Morera, S., Deville-
Bonne, D., et al. (2003). Nucleotide binding to nucleoside diphosphate kinases:
X-ray structure of human NDPK-A in complex with ADP and comparison to
protein kinases. J. Mol. Biol. 332, 915–926. doi: 10.1016/j.jmb.2003.07.004

Chittur, S. V., Klem, T. J., Shafer, C. M., and Davisson, V. J. (2001). Mechanism
for acivicin inactivation of triad glutamine amidotransferases. Biochemistry 40,
876–887. doi: 10.1021/bi0014047

Chitty, J. L., and Fraser, J. A. (2017). Purine acquisition and synthesis by human
fungal pathogens.Microorganisms 5:33. doi: 10.3390/microorganisms5020033

Chitty, J. L., Tatzenko, T. L., Williams, S. J., Koh, Y. Q., Corfield, E. C., Butrler,
M. S., et al. (2017). GMP synthase is required for virulence factor production
and infection by Cryptococcus neoformans. J. Biol. Chem. 292, 3049–3059.
doi: 10.1074/jbc.M116.767533

Colby, T. D., Vanderveen, K., Strickler, M. D., Markham, G. D., and Goldstein,
B. M. (1999). Crystal structure of human type II inosine monophosphate

Frontiers in Molecular Biosciences | www.frontiersin.org 13 January 2021 | Volume 7 | Article 621366

https://doi.org/10.1016/0163-7258(90)90094-I
https://doi.org/10.1586/14787210.2015.1032939
https://doi.org/10.1021/acs.jafc.5b02728
https://doi.org/10.1093/cid/ciy776
https://doi.org/10.1046/j.1365-2958.2001.02448.x
https://doi.org/10.1046/j.1365-2958.2003.03557.x
https://doi.org/10.1093/bmb/ldh043
https://doi.org/10.3390/jof3040057
https://doi.org/10.3390/biom9100521
https://doi.org/10.1126/scitranslmed.3004404
https://doi.org/10.1093/jac/dkq279
https://doi.org/10.1099/00221287-142-4-937
https://doi.org/10.1016/j.jmb.2003.07.004
https://doi.org/10.1021/bi0014047
https://doi.org/10.3390/microorganisms5020033
https://doi.org/10.1074/jbc.M116.767533
https://www.frontiersin.org/journals/molecular-biosciences
https://www.frontiersin.org
https://www.frontiersin.org/journals/molecular-biosciences#articles


Nguyen et al. Unconventional Targets for Novel Antifungals

dehydrogenase: implications for ligand binding and drug design. Proc. Natl.
Acad. Sci. U.S.A. 96, 3531–3536. doi: 10.1073/pnas.96.7.3531

Cooney, N. M., and Klein, B. S. (2008). Fungal adaptation to the mammalian
host: it’s a new world, after all. Curr. Opin. Microbiol. 11, 511–516.
doi: 10.1016/j.mib.2008.09.018

Corina, D. L., and Munday, K. A. (1971). Studies on polyol function in Aspergillus

clavatus: a role for mannitol and ribitol. J. Gen. Microbiol. 69, 221–227.
doi: 10.1099/00221287-69-2-221

Dagenais, T. R. T., and Keller, N. P. (2009). Pathogenesis of Aspergillus

fumigatus in invasive aspergillosis. Clin. Microbiol. Rev. 22, 447–465.
doi: 10.1128/CMR.00055-08

Dasari, P., Koleci, N., Shopova, I. A., Warternberg, D., Beyersdorf, N., Dietrich,
S., et al. (2019). Enolase From Aspergillus fumigatus is a moonlighting protein
that binds the human plasma complement proteins factor H, FHL-1, C4BP, and
plasminogen. Front. Immunol. 10:2573. doi: 10.3389/fimmu.2019.02573

De Backer, M. D., Nelissen, B., Logghe, M., Viaene, J., Loonen, I., Vandoninck,
S., et al. (2001). An antisense-based functional genomics approach for
identification of genes critical for growth of Candida albicans. Nat. Biotechnol.
19, 235–241. doi: 10.1038/85677

Dinamarco, T. M., Brown, N. A., Couto De Almeida, R. S., Alves De Castro, P.,
Savoldi, M., De Souza Goldman, M. H., et al. (2012). Aspergillus fumigatus

calcineurin interacts with a nucleoside diphosphate kinase.Microbes Infect. 14,
922–929. doi: 10.1016/j.micinf.2012.05.003

Du Pré, S., Beckmann, N., Almeida, M. C., Sibley, G. E. M., Law, D., Brand, A.
C., et al. (2018). Effect of the novel antifungal drug F901318 (olorofim) on
growth and viability of Aspergillus fumigatus. Antimicrob. Agents Chemother.

62:e00231-18. doi: 10.1128/AAC.00231-18
Duquerroy, S., Camus, C., and Janin, J. (1995). X-ray structure and

catalytic mechanism of lobster enolase. Biochemistry 34, 12513–12523.
doi: 10.1021/bi00039a005

Edwards, S. R., Braley, R., and Chaffin, W. L. (1999). Enolase is present in the
cell wall of Saccharomyces cerevisiae. FEMS Microbiol. Lett. 177, 211–216.
doi: 10.1111/j.1574-6968.1999.tb13734.x

Ehinger, S., Schubert, W.-D., Bergmann, S., Hammerschmidt, S., and Heinz, D. W.
(2004). Plasmin(ogen)-binding alpha-enolase from Streptococcus pneumoniae:
crystal structure and evaluation of plasming(ogen)-binding sites. J. Mol. Biol.

343, 997–1005. doi: 10.1016/j.jmb.2004.08.088
Ermishkin, L. N., Kasumov, K. M., and Potzeluyev, V. M. (1976). Single ionic

channels induced in lipid bilayers by polyene antibiotics amphotericin B and
nystatine. Nature 262, 698–699. doi: 10.1038/262698a0

Floryk, D., and Thompson, T. C. (2010). Antiproliferative effects of AVN944, a
novel inosine 5-monophosphate dehydrogenase inhibitor, in prostate cancer
cells. Int. J. Cancer 123, 2294–2302. doi: 10.1002/ijc.23788

Funk, J., Schaarschmidt, B., Slesiona, S., Hallström, T., Horn, U., and Brock,
M. (2016). The glycolytic enzyme enolase represents a plasminogen-binding
protein on the surface of a wide variety of medically important fungal species.
Int. J. Med. Microbiol. 306, 59–68. doi: 10.1016/j.ijmm.2015.11.005

Furman, P. A., Fyfe, J. A., St Clair, M. H., Weinhold, K., Rideout, J. L.,
Greeman, G. A., et al. (1986). Phosphorylation of 3’-azido-3’-deoxythymidine
and selective interaction of the 5’-triphosphate with human immunodeficiency
virus reverse transcriptase. Proc. Natl. Acad. Sci. U.S.A. 83, 8333–8337.
doi: 10.1073/pnas.83.21.8333

Ghannoum, M. A., and Rice, L. B. (1999). Antifungal agents: mode of action,
mechanisms of resistance, and correlation of these mechanisms with bacterial
resistance. Clin. Microbiol. Rev. 12, 510–517. doi: 10.1128/CMR.12.4.501

Giraud, M. F., Georgescauld, F., Lascu, I., and Dautant, A. (2006). Crystal
structures of S120G mutant and wild type of human nucleoside diphosphate
kinase A in complex with ADP. J. Bioenerg. Biomembr. 38, 261–264.
doi: 10.1007/s10863-006-9043-0

Gooday, G.W. (1995). “Cell membrane,” in The Growing Fungus, eds N. A. R. Gow
and G. M. Gadd (Dordrecht: Springer), 63–74.

Gow, N. A. R., Latgé, J. P., and Munro, C. A. (2017). The fungal cell
wall: structure, biosynthesis, and function. Microbiol. Spectr. 5, 1–25.
doi: 10.1128/9781555819583.ch12

Hata, M., Ishii, Y., Watanabe, E., Uoto, K., Kobayashi, S., Yoshida, K. I.,
et al. (2010). Inhibition of ergosterol synthesis by novel antifungal
compounds targeting C-14 reductase. Med. Mycol. 48, 613–621.
doi: 10.3109/13693780903390208

Hedstrom, L. (2009). IMP dehydrogenase: Structure, mechanism and inhibition.
Chem. Rev. 109, 2903–2928. doi: 10.1021/cr900021w

Hof, H. (2001). Critical annotations to the use of azole antifungals
for plant protection. Antimicrob. Agents Chemother. 45, 2987–2990.
doi: 10.1128/AAC.45.11.2987-2990.2001

Hope, W., Morton, A., and Eisen, D. P. (2002). Increase in prevalence
of nosocomial non-Candida albicans candidaemia and the association
of Candida krusei with fluconazole use. J. Hosp. Infect. 50, 56–65.
doi: 10.1053/jhin.2001.1131

Horikoshi, K., Iida, S., and Ikeda, Y. (1965). Mannitol and mannitol
dehydrogenases in conidia of Aspergillus oryzae. J. Bacteriol. 89, 326–330.
doi: 10.1128/JB.89.2.326-330.1965

Hosaka, T., Meguro, T., Yamato, I., and Shirakihara, Y. (2003). Crystal structure
of Enterococcus hirae enolase at 2.8 Å resolution. J. Biochem. 133, 817–823.
doi: 10.1093/jb/mvg104
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Abstract

Protein structure elucidation using X-ray crystallography requires both high quality

diffracting crystals and computational solution of the diffraction phase problem.

Novel structures that lack a suitable homology model are often derivatized with

heavy atoms to provide experimental phase information. The presented protocol

efficiently generates derivatized protein crystals by combining random microseeding

matrix screening with derivatization with a heavy atom molecule I3C (5-amino-2,4,6-

triiodoisophthalic acid). By incorporating I3C into the crystal lattice, the diffraction

phase problem can be efficiently solved using single wavelength anomalous

dispersion (SAD) phasing. The equilateral triangle arrangement of iodine atoms in

I3C allows for rapid validation of a correct anomalous substructure. This protocol

will be useful to structural biologists who solve macromolecular structures using

crystallography-based techniques with interest in experimental phasing.

Introduction

In the field of structural biology, X-ray crystallography is

regarded as the gold standard technique to determine

the atomic-resolution structures of macromolecules. It has

been utilized extensively to understand the molecular

basis of diseases, guide rational drug design projects and

elucidate the catalytic mechanism of enzymes1,2 . Although

structural data provides a wealth of knowledge, the process

of protein expression and purification, crystallization and

structure determination can be extremely laborious. Several

bottlenecks are commonly encountered that hinder the

progress of these projects and this must be addressed

to efficiently streamline the crystal structure determination

pipeline.

Following recombinant expression and purification,

preliminary conditions that are conducive to crystallization

must be identified which is often an arduous and time-

consuming aspect of X-ray crystallography. Commercial
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sparse matrix screens that consolidate known and published

conditions have been developed to ease this bottleneck3,4 .

However, it is common to generate few hits from these initial

screens despite using highly pure and concentrated protein

samples. Observing clear drops indicates that the protein

may not be reaching the levels of supersaturation required

to nucleate a crystal. To encourage crystal nucleation and

growth, seeds produced from pre-existing crystals can be

added to the conditions and this allows for increased

sampling of the crystallization space. Ireton and Stoddard first

introduced the microseed matrix screening method5 . Poor

quality crystals were crushed to make a seed stock and then

added systematically to crystallization conditions containing

different salts to generate new diffraction-quality crystals that

would not have otherwise formed. This technique was further

improved by D'Arcy et al. who developed random microseed

matrix screening (rMMS) in which seeds were introduced into

a spare matrix crystallization screen6,7 . This improved the

quality of crystals and increased the number of crystallization

hits on average by a factor of 7.

After crystals are successfully produced and an X-ray

diffraction pattern is obtained, another bottleneck in the form

of solving the 'phase problem' is encountered. During the data

acquisition process, the intensity of diffraction (proportional

to the square of the amplitude) is recorded but the phase

information is lost, giving rise to the phase problem that

halts immediate structure determination8 . If the target protein

shares high sequence identity to a protein with a previously

determined structure, molecular replacement can be used

to estimate the phase information9,10 ,11 ,12 . Although this

method is fast and inexpensive, model structures may not be

available or suitable. The success of the homology model-

based molecular replacement method drops significantly as

sequence identity falls below 35%13 . In the absence of

a suitable homology model, ab initio methods, such as

ARCIMBOLDO14,15  and AMPLE16 , can be tested. These

methods use computationally predicted models or fragments

as starting points for molecular replacement. AMPLE, which

uses predicted decoy models as starting points, struggles

to solve structures of large (>100 residues) proteins and

proteins containing predominately β-sheets. ARCIMBOLDO,

which attempts to fit small fragments to extend into a larger

structure, is limited to high resolution data (≤2 Å) and by

the ability of algorithms to expand the fragments into a full

structure.

If molecular replacement methods fails, direct methods such

as isomorphous replacement17,18  and anomalous scattering

at a single wavelength (SAD19 ) or multiple wavelengths

(MAD20 ) must be used. This is often the case for truly

novel structures, where the crystal must be formed or

derivatized with a heavy atom. This can be achieved by

soaking or co-crystallizing with a heavy atom compound,

chemical modification (such as 5-bromouracil incorporation in

RNA) or labelled protein expression (such as incorporating

selenomethionine or selenocysteine amino acids into

the primary structure)21,22 . This further complicates the

crystallization process and requires additional screening and

optimization.

A new class of phasing compounds, including I3C (5-

amino-2,4,6-triiodoisophthalic acid) and B3C (5-amino-2,4,6-

tribromoisophthalic acid), offer exciting advantages over

pre-existing phasing compounds23,24 ,25 . Both I3C and

B3C feature an aromatic ring scaffold with an alternating

arrangement of anomalous scatters required for direct

phasing methods and amino or carboxylate functional

groups that interact specifically with the protein and provide

binding site specificity. The subsequent equilateral triangular

https://www.jove.com
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arrangement of heavy metal groups allows for simplified

validation of the phasing substructure. At the time of writing,

there are 26 I3C-bound structures in the Protein Data Bank

(PDB), of which 20 were solved using SAD phasing26 .

This protocol improves the efficacy of the structure

determination pipeline by combining the methods of heavy

metal derivatization and rMMS screening to simultaneously

increase the number of crystallization hits and simplify

the crystal derivatization process. We demonstrated this

method was extremely effective with hen egg white lysozyme

and a domain of a novel lysin protein from bacteriophage

P6827 . Structure solution using the highly automated Auto-

Rickshaw structure determination pipeline is described,

specifically tailored for the I3C phasing compound. There

exists other automated pipelines that can be used such as

AutoSol28 , ELVES29  and CRANK230 . Non-fully automated

packages such as SHELXC/D/E can also be used31,32 ,33 .

This method is particularly beneficial to researchers who

are studying proteins lacking homologous models in the

PDB, by significantly reducing the number of screening and

optimization steps. A prerequisite for this method is protein

crystals or a crystalline precipitate of the target protein,

obtained from previous crystallization trials.

Protocol

1. Experimental planning and considerations

1. Use pre-existing crystals of the protein of

interest, preferably generated through vapor diffusion

crystallization. For a generalized protocol of vapor

diffusion crystallization, see Benvenuti and Mangani34 .

Other methods of crystallization such as microbatch

under oil and free interface diffusion will require

harvesting the crystals prior to crushing to generate

microseeds.

2. In the preparation of a seed stock, use the highest

quality crystals that can be sacrificed. The highest quality

crystal can be judged visually based on morphology

or the best diffracting crystal can be selected, if such

data is available. It is very likely that even better quality

crystals are obtained after optimization through seeding.

In the case where no crystals are available, crystalline

precipitate such as spherulites and needles can be used.

3. Identify salt crystals. Salt crystals can grow in

crystallization screens and can look like protein crystals.

Using salt crystals in rMMS will provide no benefit and

will waste precious sample, so it is important to eliminate

salt false positives.

1. Salt crystals are loud when they are crushed.

Crystals must be crushed to generate a seed stock,

so this strategy is particularly relevant. If an audible

crack sound is heard when crushing up the crystals,

the crystal is likely to be salt.

2. If the protein contains tryptophan and tyrosine

residues, use ultraviolet fluorescence microscopy to

identify protein crystals which fluoresce under these

lighting conditions.

3. Use Izit dye (methylene blue) to stain protein crystals

to differentiate them to salt crystals which remain

relatively unstained. However, this procedure is

more destructive and is only recommended if one

has crystals to spare from replicates of the same

drop.
 

NOTE: Although the aforementioned tests may

give promising results, salt crystals may still be

mistaken for protein crystals. In this case, diffraction

https://www.jove.com
https://www.jove.com/


Copyright © 2021  JoVE Creative Commons Attribution-NonCommercial-NoDerivs 3.0 Unported
License

jove.com January 2021 • 167 •  e61894 • Page 4 of 19

experiments can be used to definitively discern

between a protein and salt crystal.

2. Preparation of lithium I3C stock

1. Measure out 120 mg of I3C (5-amino-2,4,6-

triiodoisophthalic acid) into a 1.5 mL microcentrifuge

tube.

2. Dissolve I3C in 200 µL of 2 M lithium hydroxide. The

solution can be gently heated using a heat block at 40-60

°C to encourage dissolution. The resulting lithium I3C

solution should be brown and has a concentration of 1 M.
 

CAUTION: Lithium hydroxide is corrosive. Safety

glasses, gloves and a lab coat should be worn.

3. Measure the pH of the solution. If necessary, add

small amounts of 1 M hydrochloric acid or 2 M lithium

hydroxide to adjust the pH to between 7 and 8. Add milliQ

water to make the final solution volume to 400 µL. The

concentration of the I3C stock solution is 0.5 M.
 

NOTE: Step 2.3 is optional. The pH of the solution should

be between pH 7-8 prior to any pH adjustment. This step

should be performed if the protein of interest is strongly

affected by pH. The protocol can be paused here. Lithium

I3C can be kept in the dark at 4 °C for at least two

weeks35 .

3. Addition of I3C to the protein stock

1. Method 1

1. Add stock lithium I3C to a 150 µL aliquot of the target

protein. The final concentration should be between

5-40 mM lithium I3C.

2. Method 2 (gentler method)

1. Prepare a protein dilution buffer that matches the

buffer of the target protein. To this dilution buffer, add

stock lithium I3C to give a concentration of lithium

I3C between 10-80 mM.

2. Dilute the protein 1:1 with protein dilution buffer to

give a final concentration of lithium I3C between 5-40

mM.
 

NOTE: Some proteins will precipitate upon coming

into contact with high concentrations of lithium

I3C in method 1, while other proteins can

tolerate it. Method 2 reduces the likelihood of

precipitation. However, this method halves the

protein concentration. For proteins that do not

have an established crystallization protocol, a

protein concentration of 10 mg/mL is generally

recommended for initial crystallization screening.

An initial molar ratio of I3C to protein of 8 is

recommended. Protein concentration and molar

ratio of I3C to protein can be optimized after the initial

screen.

4. Making a seed stock

1. Make a rounded probe for crushing crystals.

1. With a Bunsen burner on the blue flame, heat a

Pasteur pipette towards its middle. Using a tweezer,

pull the end of the Pasteur pipette to draw it out into

a thin diameter of less than 0.3 mm.

2. Once the midsection is thin enough, hold that

segment in the flame to separate the pipette at this

point and round the end of the pipette to finish the

glass probe.
 

NOTE: Rounded probe crystal crushers are sold

by third party vendors. These are an alternative to

making rounded probes.

2. Place five 1.5 mL microcentrifuge tubes on ice.

https://www.jove.com
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3. Under a light microscope, examine the crystallization tray

for a suitable condition to generate microcrystals. Ideally,

good morphology large crystals are selected. However,

this technique also works with poor morphology crystals,

needles, plates, microcrystals and spherulites.

4. Open up the crystallization tray well. For 96 well

crystallization trays sealed with plastic, use a scalpel to

cut the plastic sealing the well. For hanging drop trays

sealed with grease, the coverslip can be removed using

tweezers and inverted onto an even surface.

5. Transfer 70 µL of reservoir solution to a microcentrifuge

tube and chill it on ice. To the other microcentrifuge tubes,

add 90 µL of reservoir solution and return to ice to chill.
 

NOTE: If the reservoir does not have enough volume

or does not exist (in the case of microbatch under oil),

create crystallization reservoir by mixing the appropriate

reagents.

6. Agitate the crystal in the drop using the crystal probe

to thoroughly crush it up. The crystal needs to be

completely crushed up which can be monitored under the

microscope.

7. Remove all the liquid from the drop and transfer it

to the microcentrifuge tube with the reservoir solution.

Mix and subsequently take 2 µL of mixture from the

microcentrifuge tube and add it back to the well. Rinse the

well with the solution and transfer it to the microcentrifuge

tube. Repeat this rinse step once more. From this point

on, keep the microcentrifuge tube cold to avoid melting

the microseeds in the mixture.

8. Vortex the tube at maximum speed at 4 °C for 3 min,

stopping regularly to chill the tube on ice to prevent

overheating.
 

NOTE: Some microseeding protocols add a

polytetrafluoroethylene seed bead to the microcentrifuge

tube to aid crystal crushing7,36 . We have employed the

technique without the use of a seed bead with success,

but see no problems with utilizing a seed bead to crush

up crystals.

9. Make a 1 in 10 serial dilution of the seed stock by

sequentially transferring 10 µL between the chilled

reservoir solutions.

10. Store seed stocks that will not be used immediately at

-80 °C.

5. Setting up an rMMS screen

1. Setting up a 96 well screening plate using a liquid

dispensing robot. In the absence of a robot, a

multichannel pipette may also be used.

1. Transfer 75 µL from a deep well block to a 96 well

crystallization tray. Add 1 µL to the crystallization

drop and 74 µL to the reservoir.

2. Transfer 1 µL of protein supplemented with lithium

I3C, made in step 2, to the crystallization drop.

3. Transfer 0.1 µL of seed stock to the crystallization

drop.

4. Seal the plate with clear sealing tape and incubate

the plate at a constant temperature to allow crystal

growth.

2. Setting up a hanging drop screens

1. Grease the edges of the hanging drop wells (hanging

drop crystallization trays can be found in 24 and 48

well formats).

2. Transfer 500 µL crystallization solution into

reservoir.

https://www.jove.com
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3. Near the center of a glass cover slide, place a 1 µL

drop of protein supplemented with lithium I3C, made

in step 2.

4. Add 1 µL of the crystallization solution to the drop.

5. Transfer 0.1 µL of seed stock to the crystallization

drop.

6. Invert the cover slide and seal the crystallization well

by pushing the cover slide into the grease.

7. Incubate the plate at a constant temperature to allow

crystal growth.
 

NOTE: With new and untested seed stocks, it

is recommended to use the most concentrated

seed stock to maximize the chances of getting

crystallization hits. Subsequent conditions can be

set up with reduced seed concentration to optimize

the number of crystals.

3. Inspect crystal trays under a microscope regularly for

crystal growth. If crystals are of sufficient quality, they

can be harvested for data collection. Crystals can also

be used to generate new seed stocks and new rMMS

screens to allow for iterative optimization.

6. Data collection

1. Harvest crystals using cryoloops, cryoprotect the crystals

and flash cool them in liquid nitrogen. For additional

information on flash cooling crystals, refer to Teng37  and

Garman and Mitchell38 .

1. During the cryoprotection stage, if the crystal is

passed through a new aqueous solution, I3C can

be lost from the crystal due to it leeching into

the cryoprotection solution. Use lithium I3C in

the cryoprotection solution at a concentration that

matches the crystallization condition to mitigate this.

2. Crystals grown using this protocol have successfully

been cryoprotected using Parabar 10312 oil based

cryoprotectant (Hampton Research).
 

NOTE: The protocol can be paused here while

crystals are stored in liquid nitrogen.
 

CAUTION: Liquid nitrogen can cause cold burns.

Liquid nitrogen can also cause asphyxiation if used

in enclosed spaces.

2. Mount the crystal on the X-ray source goniometer and

collect diffraction data using the protocol specific for the

X-ray source.

3. This technique relies on anomalous signal from iodine

atoms in I3C. Thus, select the energy of the X-ray to

maximize this signal.

1. Set synchrotron X-ray sources with tunable energies

as low as possible. For many macromolecular

crystallography beamlines, the lowest configurable

energy is 8000 to 8500 eV.

2. Rotating anode X-ray sources cannot be tuned.

Commonly used anode sources with copper have

the Kα edge at 8046 eV, which provides a good

anomalous signal for iodine (f" = 6.9 e). Anode

sources with chromium have a Kα edge at 5415 eV,

which provides a large anomalous signal for iodine

(f" = 12.6 e).

4. Radiation damage is a significant problem during data

collection as it will degrade the anomalous signal39 .

Select the exposure time and attenuation of the beam

to achieve the best diffraction while minimizing radiation

dose.
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NOTE: In a similar phasing compound with the iodine

atoms replaced with bromine atoms, radiation damage

has been shown to cause the radiolysis of the carbon

bromine bond and a reduction in the occupancy of the

bromine atoms24 .

1. Use inverse beam SAD data collection as a

collection strategy. The data is collected in wedges,

with opposite wedges collected after each other.

This allows Friedel pairs to be collected with

an equivalent dose, resulting in an improved

measurement of anomalous signal less affected by

radiation damage. For example, an eight wedge

strategy to collect 360° would involve collecting

the data in the order of wedge 1 (0°-45°),

wedge 2 (180°-225°), wedge 3 (46°-90°), wedge

4 (225°-270°), wedge 5 (90°-135°), wedge 6

(270°-315°), wedge 7 (135°-180°) and wedge 8

(315°-360°).
 

NOTE: Continuous rotation is an alternative

collection strategy to that of inverse beam data

collection. For a recent comparison of the collection

strategies, see Garcie-Bonte & Katona40 .

7. Data processing and structure solution

1. Perform data reduction on the diffraction data using

XDS41 , with the aim of maximizing the anomalous signal.

Data reduction input parameters are specific to the

dataset and may require some trial and error. Here are

some recommendations to start.

1. Set FRIEDEL'S LAW=FALSE. Execute CORRECT

twice, setting STRICT_ABSORPTION_CORRECT

= TRUE and STRICT_ABSORPTION_CORRECT

= FALSE. One run can have a higher anomalous

signal than the other. Compare the anomalous

signals between the runs using the 'Anomal Corr'

and 'SigAno' disciplines in the output. This provides

an indicator of data quality.

2. Run SHELXC on the XDS_ASCII.HKL file for a

more accurate indication of anomalous signal. The

'Ranom' discipline will give an indication of the

anomalous signal at different resolutions.

2. Run POINTLESS42  and AIMLESS43  to scale the data.

In AIMLESS, set the parameter ANOMALOUS ON. If

the GUI is used, select the option Separate anomalous

pairs for outlier rejection and merging statistics.

Testing different resolution cutoffs may be required to

maximize anomalous signal.

3. Solve the protein structure using Auto-Rickshaw

automated crystal structure determination pipeline44 .

Auto-Rickshaw will attempt to solve the phase problem

and build the crystal structure of the protein automatically

with protein modelling and refinement software.

1. For proteins without a homology model template,

run the SAD protocol of Auto-Rickshaw in Advanced

Mode. Enter the required parameters.

1. Select PROTEIN as the molecule type.

2. Enter the data collection wavelength in

angstroms (Å).

3. Select "I" as substructure element to indicate

iodine atoms was used.

4. Select "i3c" as substructure type to indicate I3C

was the phasing molecule.

5. Select "sub_direct" as the substructure

determination method. This method employs

SHELXD32  to search for the substructure.

https://www.jove.com
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6. Select "3" as the number of expected

substructure per monomer.

7. Enter "1" as the resolution cutoff of

substructure search. This allows Auto-

Rickshaw to automatically determine a suitable

resolution cutoff.

8. Enter the number of residues in a single

monomer, spacegroup of the dataset, and

number of molecules in the asymmetric unit

based on the Matthews coefficient.

9. Select the appropriate dissemination level of

X-ray data that suits the needs. Selecting

"AutoRickshaw developers" will allow Auto-

Rickshaw developers to troubleshoot the run if

problems arise.

10. Input the anomalous data as an mtz file.

11. Input the protein sequence as a seq, pir or

txt file. A seq file can be generated in a text

editor (such as Notepad++9  on Windows or

nano in Linux). Create a new file, enter the

primary sequence of the protein as one long line

or separated by line breaks. Save the file with

the .seq file extension.

12. Enter an institutional email address.

4. Results are delivered via a web-link sent to the email

address provided.
 

NOTE: AutoRickshaw is an automated pipeline

that invokes various crystallography software

packages to solve an X-ray crystal

structure32,33 ,45 ,46 ,47 ,48 ,49 ,50 ,51 ,52 ,53 ,54 ,55 ,56 ,57 ,58 .

If the Auto-Rickshaw run fails to solve the structure,

other Auto-Rickshaw settings can be tested. The

structure determination method can be changed to

"sub_phassade" to use Phaser59  instead of SHELXD32 .

The number of expected substructure per monomer can

be also increased or decreased.

5. During the experimental phasing of the crystal structure,

Auto-Rickshaw will attempt to position heavy atoms in the

unit cell, creating a substructure. The equilateral triangle

arrangement of iodine atoms in I3C presents an efficient

way of validating the substructure. If step 6.3 fails,

validating the substructure could aid in troubleshooting

structure solution.

1. Download the list of heavy atom sites from the Auto-

Rickshaw results page. It is a hyperlink called "heavy

atom sites". This will download a text file with the

heavy atom sites.

2. Change the file extension of the file from .txt to .pdb.

3. Open the PDB file in Coot60 . Turn on symmetry to

see other heavy atoms from neighboring asymmetric

units.

4. Measure the distances between the heavy atoms,

including across asymmetric units. I3C will appear

as an equilateral triangle with a side length of 6

angstroms. The presence of a triangle with these

dimensions indicates the placements of those heavy

atoms are correct.

https://www.jove.com
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Representative Results

Incorporating I3C into rMMS can generate new conditions

supporting derivatized crystal growth
 

The efficacy of simultaneous rMMS screening and I3C

derivatization was demonstrated in two proteins, hen egg

white lysozyme (HEWL, obtained as a lyophilized powder)

and the putative Orf11 lysin N-terminal domain (Orf11

NTD) from bacteriophage P68. Each protein was screened

against PEG/ION HT under four different conditions including:

unseeded, seeded, unseeded with I3C and seeded with

I3C (Figure 1). For both proteins, the sole addition of I3C

did not increase the number of conditions conducive to

crystallization. In the case of Orf11 NTD, only one suitable

condition was identified with and without I3C (Figure 1B).

When I3C was added to the HEWL screens, the number

of hits was reduced from 31 to 26, highlighting the added

complexities of crystallisation when introducing phasing

compounds (Figure 1A). Consistent with other studies,

adding seed to commercial sparse matrix screens to generate

an rMMS screen significantly increased the number of

possible crystallization conditions for both proteins, resulting

in a 2.1 and 6 fold increase for HEWL and Orf11 NTD,

respectively6,61  (Figure 1). Most importantly, simultaneous

addition of I3C and seed increased the number of hits relative

to an unseeded screen, demonstrating a 2.3 and 7 fold

increase for HEWL and Orf11 NTD, respectively. Many of the

crystals from rMMS in the presence of I3C show excellent

crystal morphology (Figure 2).

Seeding allows careful control of crystal number in I3C rMMS

screens
 

In microseeding experiments, the number of seeds

introduced into a crystallization trial can be controlled by

dilution of the seed stock and this allows for precise control of

nucleation in the drop7,36 . This often allows larger crystals to

form since there is reduced competition of protein molecules

at nucleation sites. This advantage also extends to the I3C-

rMMS method and has been demonstrated successfully in

both HEWL and Orf11 NTD. Recreation of a crystallization

condition identified from the I3C-rMMS screen with a diluted

seed stock yielded fewer but larger crystals (Figure 3).

SAD phasing can be used to solve the structures from crystals

derived from rMMS I3C screen
 

Crystals grown using the diluted seed stock shown in Figure

3 were used to solve the structure of the proteins using SAD

phasing using diffraction data from a single crystal (Figure

4). Data was collected on the Australian Synchrotron MX1

beamline62 . Detailed data collection and structure solution

details are described elsewhere27 .

https://www.jove.com
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Figure 1 - rMMS was used to generate new conditions for crystal growth in the presence of I3C for two test proteins.

96 well vapor diffusion crystallization screens were carried out using commercial sparse matrix screens. (A) Hen egg

white lysozyme was tested with the Index HT screen. Trays were seeded with HEWL crystals grown in 0.2 M ammonium

tartrate dibasic pH 7.0, 20% (w/v) polyethylene glycol 3350. (B) Orf11 NTD from bacteriophage P68 was tested with the

PEG/ION screen. Orf11 NTD trays were seeded from crystals from condition G12 from the unseeded screen, shown in

blue. Conditions supporting crystal growth are shown in red. rMMS seeding in the presence and absence of I3C both gave

significantly more crystal hits than unseeded trays. Figure adapted from Truong et al.27 . Please click here to view a larger

version of this figure.

https://www.jove.com
https://www.jove.com/
https://www.jove.com/files/ftp_upload/61894/61894fig01large.jpg
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Figure 2 - Representative images of crystals grown from the vapor diffusion trials shown in Figure 1 (a) and (b).

Figure adapted from Truong et al.27 . Please click here to view a larger version of this figure.
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Figure 3 - Dilution of the seed stock is an effective way to reduce nucleation in a crystallization condition found

using the I3C-rMMS method, to control the number of crystals that form. Reducing nucleation within a drop often results

in crystals growing to larger dimensions. Figure adapted from Truong et al.27 . Please click here to view a larger version of

this figure.
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Figure 4 - Orf11 NTD (PDB ID 6O43) and HEWL (PDB ID 6PBB) were crystallized using the I3C-rMMS method and

solved using Auto-Rickshaw SAD phasing. (A) Ribbon structures of HEWL and Orf11 NTD solved through experimental

phasing. (B) I3C molecule bound to HEWL and Orf11 NTD. (C) Anomalous iodine atoms in I3C are arranged in an

equilateral triangle of 6 Å. Thus the presence of this triangle in the phasing substructure indicates that there is an I3C

molecule in that position. Please click here to view a larger version of this figure.

Discussion

Structure determination of a novel protein in the absence of a

suitable homology model for molecular replacement requires

experimental phasing. These methods require incorporation

of heavy atoms into the protein crystal which adds a level

of complexity to the structure determination pipeline and

can introduce numerous obstacles that must be addressed.

Heavy atoms can be incorporated directly into the protein

through labelled expression using selenomethionine and

selenocysteine. As this method is costly, laborious and

can result in lower protein yields, labelled protein is often

https://www.jove.com
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expressed after crystallization conditions has been found and

optimized with unlabeled protein. Alternatively, crystals can

be derivatized by soaking in a solution containing heavy

atoms22,63 ,64 . This method often uses high quality crystals

and is therefore performed after a robust crystallization

method has already been developed. Successfully obtaining

a derivatized crystal using this method requires further

optimization of soaking procedures and screening of different

phasing compounds, therefore adding more time to an

already laborious process.

Co-crystallization of the protein with the heavy atom can

be performed at the screening stage, thus efficiently

streamlining the process and reducing crystal manipulation

steps that can cause damage. However, there still exists

the potential scenario of obtaining few initial crystallization

hits and the problem of choosing a compatible heavy atom

compound. Many currently available phasing compounds

are incompatible with precipitants, buffers and additives

commonly found in crystallization conditions. They may be

insoluble in sulphate and phosphate buffers, chelate to citrate

and acetate, react unfavorably with HEPES and Tris buffers

or become sequestered by DTT and β-mercaptoethanol21 .

As the I3C phasing compound does not suffer from these

incompatibilities, it is a robust phasing compound that could

be amenable to many different conditions.

In this study, a streamlined method of producing derivatized

crystals ready for SAD phasing through simultaneous co-

crystallization of the I3C phasing compound and rMMS is

presented. The combination of both techniques increases the

number of crystallization hits, with many of the conditions

having improved morphology and diffraction characteristics.

In both Orf11 NTD and HEWL test cases, new conditions

in the I3C-rMMS screen were identified that were absent

when I3C was not present. Potentially, I3C may bind favorably

to the protein, facilitating the formation and stabilization of

crystal contacts27 . In turn, this may induce crystallization

and possibly improve diffraction characteristics. Besides

being a compound compatible with sparse matrix screens,

I3C is also an attractive phasing compound due to its

intrinsic properties. The functional groups that alternate with

iodine on the aromatic ring scaffold allow specific binding

to proteins. This leads to greater occupancy and potentially

reduces background signal23 . Furthermore, the arrangement

of anomalous scatterers in an equilateral triangle is obvious in

the substructure and can be used to rapidly validate binding of

I3C (Figure 4B and 4C). Finally, it can produce an anomalous

signal with tunable synchrotron radiation as well as chromium

and copper rotating anode X-ray sources. Thus, it can be

applied to many different workflows. As I3C is widely available

and inexpensive to purchase, this approach is within reach for

most structural biology laboratories.

There are several experimental considerations that must be

addressed when using the I3C-rMMS method. This method

cannot be applied if initial crystalline material of the protein

cannot be obtained. In difficult cases, crystalline material

from a homologous protein can also be used to generate

seed stock. This cross-seeding approach to rMMS has shown

some promising results7 . Optimizing crystal number through

dilution of the seed stock is a crucial step, which should not be

overlooked, to maximize the chance of producing high quality

large crystals and acquiring suitable diffraction data. If there

are few I3C sites identified in the asymmetric unit, conditions

conducive to crystallization should be further optimized with

an increased concentration of I3C. This may increase the

occupancy of I3C to maximize the anomalous signal and aid

crystal derivatization.

https://www.jove.com
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There can be cases where this technique may not be

the optimal method to derivatize protein crystals. As the

size of a protein or protein-complex increases, the limited

number of I3C sites on the protein surface may not provide

sufficient phasing power to solve the structure. In these

scenarios where protein size is suspected to be impeding

phasing, selenomethionine labelling of the protein may be

a more viable approach to phasing the protein. If the

protein has adequate numbers of methionine residues in

the protein (recommended having at least one methionine

per 100 residues65 ) and high efficiency selenomethionine

incorporation into a protein can be achieved (such as in

bacterial expression systems66 ), multiple high occupancy

selenium atoms will be present in the crystals to phase the

structure.

In addition, some proteins may inherently be unsuited for

derivatization with I3C. I3C binding sites on proteins are

dependent on protein structure. There may exist proteins

that naturally have few exposed patches compatible with

I3C binding. Thus, it is not unforeseeable that there may be

difficulties in co-crystallizing some target proteins with I3C.
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The phase problem is a persistent bottleneck that impedes the structure-

determination pipeline and must be solved to obtain atomic resolution crystal

structures of macromolecules. Although molecular replacement has become the

predominant method of solving the phase problem, many scenarios still exist in

which experimental phasing is needed. Here, a proof-of-concept study is

presented that shows the efficacy of using tetrabromoterephthalic acid (B4C) as

an experimental phasing compound. Incorporating B4C into the crystal lattice

using co-crystallization, the crystal structure of hen egg-white lysozyme was

solved using MAD phasing. The strong anomalous signal generated by its four

Br atoms coupled with its compatibility with commonly used crystallization

reagents render B4C an effective experimental phasing compound that can be

used to overcome the phase problem.

1. Introduction

X-ray crystallography is the gold-standard technique used to

determine the three-dimensional structures of proteins and

other macromolecules. At the time of writing, 88% of the total

number of deposited structures in the Protein Data Bank

(PDB) have been solved using X-ray crystallography (Burley

et al., 2019). Although the use of this technique is ubiquitous in

the structural biology community, there are several challenges

associated with its implementation that must be addressed in

order to elucidate a protein structure from a diffraction

pattern. One is that the conversion of an X-ray diffraction

pattern requires the solution of the phase problem. Molecular

replacement has quickly become the preferred method to

overcome the phase problem due to its accessibility, speed and

affordability. This technique approximates the phases of the

target structure from structurally similar proteins that have

previously been solved (Evans & McCoy, 2008; Rossmann,

1990). Despite the many benefits of using molecular replace-

ment and the growing number of deposited structures in the

PDB that are available for use as models, there are still

limitations to this technique. Many proteins lack a suitable

search model and so experimental phasing must be used to

solve the phase problem.

To acquire initial phases experimentally, heavy atoms are

incorporated into the crystal lattice at defined locations and

phases are traditionally obtained using one of two methods:

isomorphous replacement or anomalous dispersion (Cowtan,

2003). If isomorphous crystals (crystals with very similar unit-

cell dimensions with protein molecules arranged similarly

within the unit cell) can be obtained with and without the

heavy atom, phases can be obtained using the isomorphous
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replacement method. In contrast, the anomalous dispersion

method only requires a protein crystal to have a heavy atom

incorporated. In this case, data collection includes measuring

diffraction at an X-ray wavelength close to the absorption

edge of the heavy atom. At these wavelengths, Friedel’s law

breaks down, resulting in anomalous scattering. The theories

for phase determination using isomorphous replacement and

anomalous scattering have been described previously (Taylor,

2010).

Methods of incorporating heavy atoms into crystals include

labelling the protein (incorporating selenomethionine or

selenocysteine amino acids; Strub et al., 2003), chemical

modification (such as 5-bromouracil labelling of RNA; Baugh

et al., 2000; Kieft et al., 2002), and soaking and co-crystal-

lization of the crystal with a heavy-atom compound. The last

method, although a general method to derivatize crystals,

often suffers from nonspecific binding, resulting in multiple

binding sites with low occupancy in the unit cell and ulti-

mately, low anomalous signal.

To address this problem, Tobias Beck, in his PhD disserta-

tion Sticky Triangles: New Tools for Experimental Phasing of

Biological Molecules, proposed a set of five new phasing

compounds that could be used to derivatize protein crystals

and incorporate heavy atoms into the lattice for phasing

(Beck, 2010). These compounds have anomalous scattering

halogen atoms, either bromine or iodine, attached to a

benzene scaffold. In addition, the compounds were designed

to have functional groups such as carboxyl, amine, methoxyl

and hydroxyl groups surrounded by the heavy atoms on the

benzene scaffold. These functional groups and the aromatic

ring scaffold allow more specific interactions with the protein

to improve occupancy and yield higher anomalous signals.

Two of these compounds, the magic triangle and the MAD

triangle (Fig. 1), were later published in a series of journal

articles (Beck et al., 2008, 2009, 2010). The MAD triangle,

5-amino-2,4,6-tribromobenzene-1,3-dicarboxylic acid (B3C),

has only been used to phase two structures in the PDB,

whereas the magic triangle, 5-amino-2,4,6-triiodobenzene-1,3-

dicarboxylic acid (I3C), has gained significant traction and has

been incorporated into 21 structures in the PDB. Two

suppliers of protein crystallography reagents, Hampton

Research and Molecular Dimensions, also sell kits for I3C

phasing, demonstrating the accessibility and feasibility of

using I3C as a compound for experimental phasing.

There could be advantages to exploring phasing compounds

outside of I3C and B3C. For larger proteins and protein

complexes, the limited number of I3C or B3C sites on the

protein surface may provide insufficient phasing power to

successfully solve the phase problem. This limit could be

overcome by employing phasing molecules with increased

phasing power per molecule, such as tetrabromoterephthalic

acid (B4C; Fig. 1). This compound, dubbed ‘the MAD

tetragon’, has four anomalous scattering Br atoms and should

provide increased anomalous signal over I3C and B3C. B4C

has successfully been incorporated into crystals via soaking

and has been used to phase the structures of thaumatin and

thermolysin (Beck, 2010). This work has yet to be published in

a peer-reviewed journal and we would like to explicitly credit

Beck and the Sheldrick group as the first users of B4C as a

phasing tool.

Recently, we have demonstrated that I3C can be combined

with random microseed matrix screening (rMMS) to effi-

ciently generate derivatized protein crystals (Truong et al.,

2019, 2021). To expand this screening technique to other

phasing compounds, we have searched for other specific

phasing ligands that could be effectively co-crystallized with

different proteins. In this study, we have successfully co-

crystallized B4C with hen egg-white lysozyme (HEWL) and

confirm that B4C provides sufficient anomalous signal for

structure solution using MAD phasing. This work expands the

arsenal of existing phasing compounds and provides a proof of

concept for the experimental phasing of other proteins.

2. Materials and methods

2.1. Crystallization

Tetrabromoterephthalic acid (B4C, catalogue No. 524441)

and hen egg-white lysozyme (HEWL; catalogue No. L6876)

were commercially acquired from Sigma–Aldrich. Lyophilized

HEWL powder was dissolved in TBS (50 mM Tris–HCl pH

7.6, 150 mM NaCl) to a final concentration of 30 mg ml�1 as

determined by UV absorbance at 280 nm. B4C was dissolved

in 2M LiOH solution to a final concentration of 0.5 M. To

prepare HEWL samples for co-crystallization experiments,

0.5 M B4C was added directly to the HEWL solution to a final

concentration of 40 mM. HEWL crystals were grown via

sitting-drop vapour diffusion in 96-well Intelli-Plates (Art

methods communications
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Figure 1
Chemical structure of the phasing compounds I3C (5-amino-2,4,6-triiodobenzene-1,3-dicarboxylic acid), B3C (5-amino-2,4,6-tribromobenzene-1,3-
dicarboxylic acid) and B4C (tetrabromoterephthalic acid).
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Robbins) by mixing 1 ml HEWL solution with 1 ml reservoir
solution [20%(w/v) polyethylene glycol 3350, 0.2 M potassium

sulfate] and equilibrating against 75 ml reservoir solution

(Table 1). The crystals were harvested onto a cryoloop, passed

through Paratone-N (Hampton Research) for cryoprotection

and flash-cooled in liquid nitrogen for data collection (Teng,

1990).

2.2. Data collection and processing

A 1.3 Å resolution MAD data set was collected at a

wavelength of 0.92 Å using an EIGER X 16M detector on the

macromolecular beamline MX2 at the Australian Synchro-

tron, which is part of ANSTO (Aragão et al., 2018). This

wavelength produced the maximal anomalous signal close to

the Br K edge, as determined by a fluorescence scan (Fig. 2). A

total of 3600 diffraction images were collected with a 0.1�

oscillation width and a crystal-to-detector distance of 170 mm.

The diffraction data were processed using XDS (Kabsch,

2010) and were combined and scaled with AIMLESS (Evans

& Murshudov, 2013) (Table 2).

2.3. Structure solution and refinement

The structure was solved using the two-wavelength

multiple-wavelength anomalous diffraction (MAD) protocol

of Auto-Rickshaw, the EMBL-Hamburg automated crystal

structure-determination platform (Panjikar et al., 2005). The

diffraction data processed using AIMLESS (Evans &

Murshudov, 2013) were used as input. Marker-atom structure-

factor amplitude (FA) values were calculated using SHELXC

(Sheldrick et al., 2001). Based on an initial analysis of the data,

the maximum resolution for substructure determination and

initial phase calculation was set to 1.75 Å. SHELXD found 27

potential heavy-atom sites (Schneider & Sheldrick, 2002). The

correct hand for the substructure was determined using ABS

(Hao, 2004) and SHELXE (Sheldrick, 2002). Initial phases

were calculated after density modification using SHELXE

(Sheldrick, 2002). Using ARP/wARP, 94% (121 of 129 resi-

dues) of the model was built (Perrakis et al., 1999; Morris et al.,

2004) and correctly docked into electron density. At this stage,

the structure had an R factor of 27.4%. The structure was then

iteratively rebuilt and refined using Coot (Emsley et al., 2010)

and phenix.refine (Afonine et al., 2012) to an R and Rfree of

19.38% and 22.35%, respectively. Structure-solution statistics

are summarized in Table 3.

2.4. Accession numbers

The coordinates and structure factors for hen egg-white

lysozyme co-crystallized with B4C have been deposited in the

Protein Data Bank under accession number 7kh5.

3. Results

3.1. B4C is an effective compound for the experimental
phasing of proteins

The anomalous signal from a single B4C molecule was

sufficient to solve the crystal structure of HEWL to a resolu-

tion of 1.3 Å using MAD phasing. HEWL forms a compact

and globular structure, consisting of four �-helices, three

�-strands and three 310-helices (Fig. 3). Four disulfide bonds

are formed between Cys6 and Cys127, between Cys30 and

Cys115, between Cys64 and Cys80 and between Cys76 and

Cys94. The overall fold and structure of HEWL solved by
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Table 1
Statistics of data processing for HEWL co-crystallized with B4C.

Method Sitting-drop vapour diffusion
Plate type Art Robbins 96-well Intelli-Plate
Temperature (K) 289.15
Protein concentration (mg ml�1) 30
Buffer composition of protein
solution

50 mM Tris–HCl pH 7.6, 150 mM NaCl

Composition of reservoir solution 20%(w/v) polyethylene glycol 3350,
0.2M potassium sulfate

Volume and ratio of drop 1 ml:1 ml
Volume of reservoir (ml) 75

Figure 2
Fluorescence scan of HEWL co-crystallized with B4C. The peak
wavelength (13.4837 keV) and inflection points (13.4767 keV) were
assigned with CHOOCH (Evans & Pettifer, 2001)

Table 2
Statistics of data processing for HEWL co-crystallized with B4C.

Values in parentheses are for the highest resolution shell.

Peak Inflection

Diffraction source MX2, Australian
Synchrotron

MX2, Australian
Synchrotron

Wavelength (Å) 0.9106 0.9200
Temperature (K) 100 100
Detector EIGER X 16M EIGER X 16M
Crystal-to-detector distance

(mm)
170 170

Rotation range per image (�) 0.1 0.1
Total rotation range (�) 360 360
Space group P43212 P43212
a, b, c (Å) 77.99, 77.99, 37.76 77.98, 77.98, 37.75
�, �, � (�) 90, 90, 90 90, 90, 90
Mosaicity (�) 0.09 0.09
Resolution range (Å) 38.99–1.30 38.99–1.28
Total No. of reflections 734500 (32208) 753940 (31166)
No. of unique reflections 29530 (1477) 30377 (1428)
Completeness (%) 99.8 (97.1) 99.8 (96.2)
Multiplicity 24.9 24.8 (21.8)
hI/�(I)i 31.0 (2.4) 30.9 (2.5)
Rmeas 0.052 (1.52) 0.050 (1.51)
Overall B factor from

Wilson plot (Å2)
16.54 16.97
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experimental phasing with B4C is consistent with previously

solved structures (data not shown).

3.2. B4C forms a characteristic arrangement of anomalous
scatterers, and functional groups on the benzene scaffold of
B4C facilitate protein binding

A single molecule of B4C was bound to one monomer of

HEWL (with an occupancy of 27%), positioned between the

�3 helix and the �3/�1 loop. When bound, B4C is positioned

within an overall positively charged surface-exposed cleft with

two ortho-arranged Br atoms protruding into a deeper pocket

(Fig. 4a). Due to the arrangement of Br atoms on the benzene

scaffold of B4C, the anomalous signal generated forms a

characteristic 5.7 � 3.37 Å tetragon (Fig. 4b). Key hydrogen-

bonding and hydrophobic interactions facilitate the binding of

the compound to HEWL. When bound, the carboxylic acid

functional group on the benzene scaffold of B4C forms a 2.9 Å

hydrogen bond between the hydroxyl group and the side chain

of Asn93 (Fig. 4c). Additional hydrophobic interactions

formed between B4C and Cys76, Ile78, Ala90, Asn93 and

Cys94 further stabilize binding. Analysis of the crystal contacts

reveals two molecules of B4C, one from each symmetry mate,

interlocking and likely aiding crystallization (Fig. 4d).

4. Discussion

Although the number of structures deposited in the PDB is

steadily growing, a significant proportion of proteins remain

that lack a suitable template for molecular replacement and

therefore require experimental phasing. Commonly, phasing

compounds containing heavy atoms are soaked into pre-

existing crystals or co-crystallized with the protein to enable

experimental phasing. However, many of these compounds

have inherent limitations that hinder the structure-determi-

nation pipeline. Some phasing compounds, such as heavy-

metal salts, show poor solubility, which can reduce their

availability in both soaking and co-crystallization experiments.

Halide-containing compounds may bind with low specificity,

leading to low occupancy and poor anomalous scattering (Pike

et al., 2016). Furthermore, many of these phasing compounds

are incompatible with common crystallization reagents,

including phosphate, sulfate, citrate, acetate, tris(2-amino-2-

hydroxymethyl-propane-1,3-diol) and HEPES [4-(2-hydroxy-

ethyl)-1-piperazineethanesulfonic acid] buffers. Since there is

no singular phasing compound that is universally compatible

with all proteins and crystallization conditions, it is necessary

to generate a library of available compounds that can be

utilized in different situations.

In this study, we have demonstrated that B4C is an effective

phasing compound by successfully solving the structure of the

model protein HEWL. Due to the characteristic arrangement

of Br atoms in B4C, the position of the B4C ligand was readily

identified in the anomalous density map. In B4C, the Br atoms

form a characteristic rectangle (5.7 � 3.37 Å) which can be

used to easily validate that the substructure identified is

correct (Fig. 4b).

The chemical composition of B4C offers several advantages

that improve its qualities as a phasing compound. The unique

arrangement of functional groups on the benzene scaffold

affords superior binding specificity to the protein. In turn, this

improves the occupancy, generates greater anomalous signal

and thus reduces noise. As shown, a single molecule of B4C

bound to HEWL provides sufficient anomalous signal for

experimental phasing (Fig. 3).

B4C has a para arrangement of carboxyl groups that are

surrounded by four Br atoms on the aromatic scaffold. This

arrangement of functional groups differs from the arrange-

ment of I atoms in I3C and Br atoms in B3C. Thus, B4C can

recognize and bind different sites on the protein compared
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Figure 3
Hen egg-white lysozyme co-crystallized with B4C (PDB entry 7kh5). The
crystal structure of HEWL is displayed in cartoon representation and
B4C is represented in magenta as sticks.

Table 3
Statistics for structure solution of HEWL co-crystallized with B4C.

Values in parentheses are for the highest resolution shell.

Resolution range (Å) 38.99–1.30
Completeness (%) 99.8 (97.1)
No. of reflections, working set 29473 (2840)
No. of reflections, test set 978 (102)
Final Rcryst 0.19 (0.30)
Final Rfree 0.22 (0.35)
No. of non-H atoms
Total 1169
Protein 991
Ligand 16
Water 162

R.m.s. deviations
Bonds (Å) 0.003
Angles (�) 0.60

Average B factors (Å2)
Overall 25.31
Protein 23.59
Ligand 31.14
Water 35.22

Ramachandran plot
Most favoured (%) 98.43
Allowed (%) 1.57
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with I3C and B3C. The two available crystal structures of I3C-

bound HEWL (PDB entries 6pbb and 3e3d) show six posi-

tions at which I3C binds on the HEWL protein surface

(Truong et al., 2019; Beck et al., 2008). The position where B4C

binds on the protein surface differs from the previously

occupied positions of I3C and does not clash spatially (Fig. 5).

This result indicates that proteins that fail to be derivatized

with I3C (and likely with B3C) could potentially be deriva-

tized with B4C. B4C also has four anomalous scattering Br

atoms, compared with three Br atoms in B3C, and thus in

theory could provide greater anomalous signal. The presence

of Br atoms also means that it can be phased by MAD phasing,

instead of being restricted to single-wavelength anomalous

dispersion (SAD) phasing as is the case for I3C. MAD can

provide additional phasing information in comparison to the

SAD method (Rice et al., 2000).
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Figure 4
Characteristics of B4C binding to hen egg-white lysozyme. (a) Electrostatic surface representation of HEWL with B4C bound to a positively charged
surface-exposed cleft. (b) The binding site of B4C in the lysozyme crystal overlaid with the substructure density of B4C (anomalous difference map
contour of 5�). This map was generated using phenix.maps. The four Br atoms arranged on the benzene scaffold form a characteristic tetragon with
dimensions of 5.7 � 3.3–3.4 Å. (c) Binding of B4C to HEWL occurs through hydrogen-bond interactions (black dashed line) with the Asn93 side chain.
All distances are reported in Å. (d) Symmetry mates of HEWL (depicted in grey and magenta) show B4C molecules interlocking at the interface of the
crystal contact.
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As B4C is a common starting reagent for the synthesis of

polyesters, it is commercially available. It can be acquired

easily in large quantities and is relatively inexpensive. It is also

highly soluble in lithium hydroxide and other basic solutions,

undergoing an acid–base reaction upon dissolving to produce

a B4C solution that has an approximately neutral pH. This is

beneficial for both co-crystallization and soaking experiments,

since the process of crystallization and the crystals themselves

are sensitive to changes in pH.

Additionally, B4C is compatible with co-crystallization

experiments and thus derivatization using this compound is

not entirely reliant on soaking. Co-crystallization reduces the

number of potentially damaging crystal-handling steps. B4C

also could be added to commercial sparse-matrix screens to

identify suitable co-crystallization conditions whilst simulta-

neously growing derivatized protein crystals. A further

application may involve combining B4C co-crystallization

with rMMS to expand the number of potential conditions for

derivatization of crystals. The efficiency of this technique has

been demonstrated previously using the phasing compound

I3C (Truong et al., 2019).

In this study, we have co-crystallized HEWL with B4C and

solved the structure using MAD phasing. The several advan-

tageous properties of B4C, including its high phasing power

and its compatibility with common crystallization reagents,

highlight the effectiveness of B4C as an experimental phasing

molecule. Due to its accessibility and affordability, B4C is an

excellent addition to the arsenal of phasing compounds

suitable for scenarios in which molecular replacement is not

possible.
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Guzenko, D., Hudson, B. P., Kalro, T., Liang, Y., Lowe, R.,
Namkoong, H., Peisach, E., Periskova, I., Prlić, A., Randle, C.,
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Figure 5
B4C can occupy different sites on a protein surface compared with I3C.
Structural superimposition of HEWL bound to I3C (PDB entries 6pbb,
yellow, and 3e3d, cyan) and HEWL bound to B4C (PDB entry 7kh5,
magenta) reveals that B4C binds to a different surface patch on HEWL to
I3C.
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