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Abstract  

Neisseria gonorrhoeae is an obligate human pathogen and the causative agent of 

the sexually transmitted infection (STI), gonorrhoea. There are over 87 million 

gonorrhoea cases per year globally, making it the second most prevalent bacterial 

STI. The rapid emergence of antimicrobial-resistant strains has led N. gonorrhoeae 

to being labelled as a priority pathogen for the development of new antimicrobials 

by the World Health Organisation. One strategy for identifying new antimicrobials 

is through targeting pathways required for virulence and mitigation of oxidative 

stress, such as sulphur assimilation pathways. This thesis investigates the potential 

of targeting the de novo cysteine biosynthetic enzyme, serine acetyltransferase, 

from N. gonorrhoeae (NgCysE) for new antimicrobials.  

In this thesis, we present the kinetic and structural characterisation of NgCysE.  

NgCysE has serine acetyltransferase activity and is sensitive to feedback inhibition 

by L-cysteine. Small-angle X-ray scattering demonstrates NgCysE is a single 

hexameric species in solution with subtle conformational changes upon binding of 

its inhibitor L-cysteine. Using X-ray crystallography, we present two NgCysE 

structures, with L-malate (2.01 Å) and substrate L-serine (2.8 Å), bound. NgCysE 

crystallises as a homohexamer with 3:2-fold symmetry with each monomer 

containing a N-terminal Ŭ-helical SATase and C-terminal left-handed ɓ-helix 

domain. Additionally, we see extensive density for the C-terminal Ŭ-helical tails 

because of domain swapping, resulting in one of the most complete CysE crystal 

structures to date.  

The high resolution NgCysE structure was used for structure-based virtual inhibitor 

screening to identify potential inhibitors of NgCysE. Virtual screening produced 28 

hit compounds that were tested in vitro, with the most potent inhibitor, compound 

2, demonstrating inhibition in the low micromolar range. Analysis of compound 2 

docking reveals interactions with both NgCysE substrate binding sites, serine and 

acetyl-CoA. This is the first reported inhibitor of NgCysE and provides a starting 

point for development of new antimicrobials for treating gonorrhoea infection.  

Lastly, we present the phylogenetic analysis of truncated and full-length CysE 

isoforms across the bacterial kingdom. We demonstrate that a truncated isoform has 
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a discrete truncation of four Ŭ-helices from the N-terminal SATase domain and is 

the predominant isoform for Gram-positive bacteria. The functional implications of 

this truncation are explored using predictive modelling and demonstrate that CysE 

is likely to exist as a trimer rather than the hexamer seen for the full-length isoform. 

This highlights the diversity of CysE isoforms and paves the way for determining 

the evolutionary origin of these isoforms.  

Collectively, this thesis highlights the merit in the emerging field of CysE inhibition. 

Moreover, we provide the basis for the future development of not only NgCysE 

inhibitors, but also the development of CysE inhibitors for other bacterial pathogens.   

.    
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1 Chapter One: Introduction   

1.1 Introduction  

Neisseria gonorrhoeae is the causative agent of the sexually transmitted infection 

(STI), gonorrhoea. This obligate human pathogen is the second most prevalent 

bacterial STI, with 87 million new infections annually (Rowley et al., 2019). Since 

the discovery of antibiotics, N. gonorrhoeae has successfully developed resistance 

to all antibiotic classes used in gonorrhoea treatment (Unemo & Shafer, 2011), 

including the frontline antibiotic, ceftriaxone (Day et al., 2022; Eyre et al., 2018; 

Jennison et al., 2019). The increasing prevalence of ceftriaxone-resistant strains, 

together with rapidly increasing incidence rates, has led to N. gonorrhoeae being 

labelled by the World Health Organisation as a priority pathogen for the 

development of new antimicrobials (WHO, 2017). Current antibiotics used in 

gonorrhoea treatment target essential bacterial processes, such as cell wall synthesis 

and protein translation, but there is a demand for the identification of novel 

antimicrobial targets to combat antibiotic resistance. One strategy is to target 

pathways that contribute to pathogen persistence and virulence, such as sulphur 

metabolism. We propose that the de novo biosynthesis pathway for the sulphur 

containing amino acid L-cysteine, is an ideal candidate for antimicrobial 

development for N. gonorrhoeae, specifically targeting the rate-limiting enzyme, 

serine acetyltransferase.  

De novo cysteine biosynthesis is well-conserved across both bacteria and higher 

plants. De novo synthesis is the primary mechanism that allows bacteria to acquire 

and assimilate inorganic sulphur sources, sulphate and thiosulphate, incorporating 

them into the amino acid, L-cysteine (Kredich, 2008). L-cysteine is a versatile thiol 

donor and feeds into synthesis of key thiol metabolites, such as co-enzyme A, iron 

sulphur clusters, L-methionine and key reducing agents, such as glutathione. The 

synthesis of cysteine is a dual-step process; the reaction begins with the acetylation 

of L-serine by serine acetyltransferase (CysE/SAT) producing O-acetylserine 

(Kredich & Tomkins, 1966), which is then condensed with sulphide by O-

acetylserine sulphydrylase-A (CysK/OASS-A) (Kredich & Tomkins, 1966) or with 

thiosulphate by alternate isoform O-acetylserine sulphydrylase-B (CysM/OASS-B) 

(Becker & Tomkins, 1969), to produce L-cysteine (Kredich, 2008). This pathway 
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is regulated through classical feedback inhibition via L-cysteine binding to CysE 

(Benoni et al., 2017; Kredich & Tomkins, 1966). Recently, there has been increased 

research into the role of cysteine biosynthesis pathways in bacteria, with a particular 

focus on how inhibition of this pathway could be exploited for the development of 

novel antimicrobials and antibiotic enhancers (Campanini et al., 2015; Hicks, 

Oldham, McGarvie, & Walker, 2022). In this thesis, we explore how targeting de 

novo cysteine biosynthesis pathway is a promising avenue for developing new 

antimicrobials against bacteria with a focus on the human pathogen N. gonorrhoeae.  

Currently, the literature classifies N. gonorrhoeae as a cysteine auxotroph (Catlin, 

1973), however there is evidence that supports the ability of N. gonorrhoeae to 

grow on alternate sulphur sources in the absence of cysteine (Le Faou, 1984). The 

investigation of sulphur acquisition and assimilation in N. gonorrhoeae is being 

investigated by my Chief Supervisor Dr. Joanna Hicks and members of our research 

group. Previous work by our group extensively reviewed and analysed the de novo 

cysteine biosynthetic pathway in Neisseria species (Hicks & Mullholland, 2018). 

Genomic interrogation revealed that the sulphate reduction arm of the de novo 

cysteine biosynthesis pathway was present in N. meningitidis, but a large 3.5 kB 

genomic deletion in N. gonorrhoeae disrupts this sulphate reduction pathway, 

rendering N. gonorrhoeae incapable of using sulphate as a sulphur donor. Growth 

experiments conducted by Le Faou et al. (1984), demonstrated that N. gonorrhoeae 

could not utilise sulphate, but instead could use thiosulphate as a sole sulphur source 

(Le Faou, 1984). The cysteine biosynthetic enzymes that remain genomically intact 

in N. gonorrhoeae are a sulphate/thiosulphate ABC importer (cysA, cysW, cysT and 

sbp), and the key enzymes serine acetyltransferase (NgCysE) and O-acetylserine 

sulphydrylase-A sulphydrylase (NgCysK). Given the disruption of the sulphate 

reduction arm, questions were raised over the functionality of the remaining 

NgCysE and NgCysK. Preliminary characterisation conducted as a part of my 

Masterôs studies demonstrated that NgCysE has serine acetyltransferase activity 

comparable to other bacterial homologues (Oldham, 2020). Additionally, 

characterisation of NgCysK demonstrated that CysK only showed activity with 

hydrogen sulphide and is incapable of using thiosulphate as a sulphur donor 

(McGarvie, 2021). Based on the observation that NgCysE and NgCysK are 

functional enzymes, an alternative sulphurtransferase-dependent pathway to obtain 
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sulphide from thiosulphate and glutathione, that has been characterised in E. coli 

(Kawano et al., 2017), is being investigated in N. gonorrhoeae, by PhD student 

Stacy van Niekerk. Initial characterisation of this pathway (van Niekerk, 2021) 

demonstrated that the sulphurtransferases present in N. gonorrhoeae were able to 

produce sulphide from thiosulphate. Overall, on the basis of our findings, we 

propose that N. gonorrhoeae is capable of de novo cysteine biosynthesis.  

This research focuses on elucidating the role of serine acetyltransferases in bacteria 

and how this can be explored for antimicrobial development. This thesis follows on 

from preliminary characterisation work completed during my Masterôs studies. The 

work presented in this thesis details the first in vitro kinetic and structural 

characterisation of NgCysE. NgCysE crystal structures were used for structure-

based virtual inhibitor screening to identify novel NgCysE inhibitors. Additionally, 

this thesis provides an in-depth review of antimicrobial targeting efforts of the de 

novo cystine biosynthetic pathway in bacterial pathogens. Finally, we have 

investigated the diversity and distribution of full-length and truncated CysE 

isoforms across bacterial kingdom and investigate the implications of this 

truncation on CysE function.  

This thesis contains published articles, submitted manuscripts, and manuscripts 

prepared for submission. These articles are presented in thesis are a literature review 

and three manuscripts, followed by a Conclusion and Future Directions Chapter. 

The literature review is presented in Chapter Two. The citation for the review is as 

follows: 

Hicks, J. L., Oldham, K. E. A., McGarvie, J., & Walker,. E. (2022). Combatting 

antimicrobial resistance via the cysteine biosynthesis pathway in bacterial 

pathogens. Biosci Reports, 42(10) doi: 10.1042/bsr20220368  

 

1.2 Thesis Objectives  

The overall aims of this thesis are to firstly; elucidate the role of serine 

acetyltransferase in the human pathogen N. gonorrhoeae and secondly, to improve 

our understanding of the diversity and phylogeny of serine acetyltransferase 

enzymes in bacteria. To achieve this, the thesis objectives are as follows: 
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Objective One:  

Å To biochemically and structurally characterise serine acetyltransferase from  

N. gonorrhoeae.  

 

This research is presented in Chapter Three as a published peer-reviewed article:  

Å Oldham, K. E. A., Prentice, E. J., Summers, E. L., & Hicks, J. L. (2022).  

Serine acetyltransferase from Neisseria gonorrhoeae; structural and 

biochemical basis of inhibition. The Biochemical journal, 479(1), 57-74. 

doi:10.1042/bcj20210564  

 

Objective Two:  

Å To identify and characterise novel CysE inhibitors targeting serine 

acetyltransferase from N. gonorrhoeae.  

  

This research is presented in Chapter Four as a manuscript prepared for submission: 

Oldham, K. E. A., Jiao, W., & Hicks, J. L. (2023). Identification of novel 

inhibitors targeting serine acetyltransferase from Neisseria gonorrhoeae. 

(ready for submission). 

 

Objective Three:  

Å Investigate the phylogenetic diversity and distribution of bacterial serine 

acetyltransferases.  

 

This research is presented in Chapter Five as a manuscript prepared for submission:  

Oldham, K. E. A., & Hicks, J. L. (2024). Curious case of CysE: Distribution and 

diversity of serine acetyltransferase isoforms.                                    

(ready for submission) 
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1.3 Thesis Outline  

This thesis consists of six chapters titled; Introduction, Literature Review, 

Characterisation of serine acetyltransferase from Neisseria gonorrhoeae, 

Identification and Characterisation of Inhibitors of serine acetyltransferase from 

Neisseria gonorrhoeae, and Diversity and Distribution of CysE isoforms. In several 

chapters, additional future direction sections have been included and are highlighted 

in blue text.  

1.4 Acknowledgement of Funds  

I was funded by a Doctoral Scholarship from the University of Waikato. This 

research was funded by grants from the Waikato Medical Research Foundation and 

the Health Research Council (Grant No. 19/602) awarded to Chief Supervisor Dr. 

Joanna Hicks. Virtual inhibitor screening was funded by the Maurice Wilkins 

Centre. Access to the Australian Synchrotron macromolecular crystallography (MX) 

and small-angle X-ray scattering (SAXS) beamlines were funded through the New 

Zealand Synchrotron Group. 
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2 Chapter Two: Literature Review 

2.1 Preface 

This chapter provides an in-depth examination of current research into the 

development of antimicrobials and adjuvants targeting the de novo cysteine 

biosynthetic enzymes serine O-acetyltransferase (CysE) and O-acetylserine 

sulphydrylase (CysK/OASS-A; CysM/OASS-B). This review provides contextual 

merit for antimicrobial targeting of the de novo cysteine biosynthesis, through 

highlighting the crucial role cysteine biosynthesis plays in bacterial pathogenesis, 

particularly in bacterial persistence and antibiotic resistance, and how the enzymes 

CysE and CysK/CysM are implicated. Here, we have focused on the extensive 

characterisation of CysE and the CysK/CysM bacterial isoforms and current 

strategies employed for identification and optimisation of new inhibitors and how 

this is being explored for antimicrobials and adjuvants against bacteria, including 

antimicrobial resistant strains.  

This review was commissioned based on the publication of our research article 

characterising CysE from Neisseria gonorrhoeae (Chapter 3) and was published in 

Bioscience reports (Portland Press) as a peer-reviewed Review Article. To keep the 

review up to date with current research, new information is included in this chapter 

and is formatted as blue text to differentiate it from the publication text. This text is 

present in the CysE inhibitor section (Section 2.5.6) The work presented in this 

chapter is formatted as a published review. Citation for this publication is as follows:  

Hicks, J. L., Oldham, K. E. A., McGarvie, J., & Walker, E. J. (2022). Combatting 

antimicrobial resistance via the cysteine biosynthesis pathway in bacterial 

pathogens. Bioscience reports, 42(10), BSR20220368. 10.1042/BSR20220368. 

2.2 Author  contributions  

Given that our research group are investigating both CysE and CysK enzymes from 

N. gonorrhoeae, the collation of literature and manuscript writing was conducted 

collaboratively between myself and co-authors Jack McGarvie, Emma Walker and 

my Chief Supervisor, Joanna Hicks. I wrote the sections pertaining to CysE and 

their inhibitors (section 1.4) and created figures for these sections and the 
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introduction. Jack McGarvie wrote the CysK section, and the CysK inhibitor 

section was written by both Emma Walker and Jack McGarvie. Joanna Hicks wrote 

the introduction and conclusion. All authors contributed equally to editing of the 

manuscript. Co-author contributions can be found in Appendix D.  
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Combatting antimicrobial resistance via the cysteine biosynthesis 

pathway in bacterial pathogens.  

Joanna Hicks1, Keely Oldham1,2, Jack McGarvie1, Emma Walker2  

1Te Huataki Waiora School of Health, University of Waikato, New Zealand   

2Te Aka MǕtuatua School of Science, University of Waikato, New Zealand  

2.3 Abstract  

Antibiotics are the cornerstone of modern medicine and agriculture, and rising 

antibiotic resistance is one the biggest threats to global health and food security. 

Identifying new and different druggable targets for the development of new 

antibiotics is absolutely crucial to overcome resistance. Adjuvant strategies that 

either enhance the activity of existing antibiotics or improve clearance by the host 

immune system provide another mechanism to combat antibiotic resistance. 

Targeting a combination of essential and non-essential enzymes that play key roles 

in bacterial metabolism is a promising strategy to develop new antimicrobials and 

adjuvants, respectively. The enzymatic synthesis of L-cysteine is one such strategy. 

Cysteine plays a key role in proteins and is crucial for the synthesis of many 

biomolecules important for defence against the host immune system. Cysteine 

synthesis is a two-step process, catalysed by two enzymes. Serine acetyltransferase 

(CysE) catalyses the first step to synthesise the pathway intermediate O-

acetylserine, and O-acetylserine sulphydrylase (CysK/CysM) catalyses the second 

step using sulphide or thiosulphate to produce cysteine. Disruption of the cysteine 

biosynthesis pathway results in dysregulated sulphur metabolism, altering the redox 

state of the cell leading to decreased fitness, enhanced susceptibility to oxidative 

stress and increased sensitivity to antibiotics. In this review, we summarise the 

structure and mechanism of characterised CysE and CysK/CysM enzymes from a 

variety of bacterial pathogens, and the evidence that support targeting these 

enzymes for the development of new antimicrobials or antibiotic adjuvants. In 

addition, we explore and compare compounds identified thus far that target these 

enzymes.  
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2.4 Introduction  

Antibiotic resistance is a slow burning global pandemic that threatens not just 

human health and life expectancy but also food production. The discovery of 

antibiotics in the 1920s and 30s was a game changer for human health and 

agriculture. These drugs have saved millions of lives from previously fatal 

infections and massively reduced risk from surgical interventions. Within 

agriculture, antibiotics have been used for animal health and, in healthy food 

producing animals to promote growth and prevent disease. Yet not 100 years after 

the ógolden eraô of antibiotic discovery we are facing the problem of extensively 

drug resistant (XDR) and multidrug resistant (MDR) strains of bacterial pathogens. 

The rising emergence of antibiotic resistance and the lack of new antibiotic classes 

discovered over the past 60 years requires new strategies to overcome resistance 

and target bacterial pathogens. Identifying novel druggable targets different from 

those currently targeted by antimicrobials are crucial to overcoming antibiotic 

resistance. Along with this, adjuvant strategies targeting nonessential targets such 

as those important for bacterial virulence, persistence or host colonisation are 

gaining interest (Becker et al., 2006; Bhave, Muse, & Carroll, 2007). Targeting 

these enzymes that are nonessential during the normal bacterial life cycle but 

become essential during infection and host invasion, could decrease the incidence 

of antimicrobial resistance (AMR), as inhibition of these nonessential targets would 

facilitate clearance by the immune system without stimulating resistance. Targeting 

nonessential enzymes often decreases bacterial fitness, thereby inhibitors of these 

enzymes could act as adjuvants to enhance the potency of existing antibiotics. Most 

pathogens spend at least part of their life cycle in an extremely challenging 

environment; infection and survival within the hostile host environment relies on a 

series of sulphur-containing molecules, including Fe-S clusters, thiamine, 

thioredoxin, glutathione and biotin, which have detoxifying capabilities and 

reducing power (Fasnacht & Polacek, 2021; Roop, Gaines, Anderson, Caswell, & 

Martin, 2009).  

Cysteine is absolutely crucial for the synthesis of sulphur-containing biomolecules; 

therefore, inhibiting cysteine synthesis is a promising strategy for both potential 

new antimicrobials and antimicrobial adjuvants. Inhibition of cysteine biosynthesis 

has been proven to interfere with a pathogenôs ability to fight oxidative stress, infect 
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the host and establish long-term infection (Abd El-Aleam, George, Georgey, & 

Abdel-Rahman, 2021; Brunner et al., 2017; Campanini, Pieroni, et al., 2015). For 

example, cysteine metabolism is a promising drug target in Salmonella enterica 

serovar Typhimurium (Becker & Tomkins, 1969; Turnbull & Surette, 2008, 2010) 

and Mycobacterium tuberculosis (Brunner et al., 2016; Brunner et al., 2017; 

Burns-Huang & Mundhra, 2019) where suppression or reduction of cysteine 

synthesis led to decreased fitness and infectivity. Inhibition of cysteine biosynthesis 

has also been associated with a dysregulated oxidative stress response, enhancing 

the antimicrobial activity of existing antibiotics (Campanini, Pieroni, et al., 2015; 

Turnbull & Surette, 2008, 2010). Mammals lack the biosynthetic machinery for the 

de novo synthesis of cysteine from inorganic sulphur, relying on the reverse 

transulphuration of dietary methionine to obtain cysteine. Whereas bacteria and 

plants have highly conserved enzymes for the assimilation of inorganic sulphur into 

cysteine (Stipanuk, Dominy, Lee, & Coloso, 2006).  

The synthesis of cysteine is a two-step process, catalysed by two enzymes, serine 

acetyltransferase (SAT;CysE) catalyses the first step, requiring L-serine and 

acetyl-coenzyme A (acetyl-CoA) to produce O-acetylserine (OAS). O-acetylserine 

sulphydrylase A (OASS-A, CysK) combines O-acetylserine with sulphide to 

produce cysteine, whereas the OASS-B (CysM) isoform can utilise both sulphide 

and thiosulphate as the sulphur source for the synthesis of cysteine. The reductive 

assimilation of sulphate to sulphide for the synthesis of cysteine is catalysed by a 

suite of enzymes, often found in the sulphate reduction operon in bacteria (Figure 

2.1). Thiosulphate is an alternative sulphur source used directly to synthesise 

cysteine by the OASS-B isoform, CysM (Figure 2.1) The enzymes required for 

sulphate assimilation are also being explored as potential antimicrobial targets but 

are outside the scope of this review.  
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Figure 2.1 Overview of sulphur acquisition and assimilation pathways in bacteria. 

Inorganic sulphur uptake and assimilation pathways converge to be separately 

condensed with O-acetylserine to form cysteine. Transcriptional regulator, CysB, 

up-regulates the sulphur uptake (cysPUWA, sbp) and sulphur reduction pathways 

(cysC,D,G,H,I,J,N), in the presence of the readily forming O-acetylserine isoform, 

N-acetylserine. Cysteine feeds into de novo synthesis of sulphur-containing 

metabolites, such as methionine, glutathione, thioredoxin and Fe-S clusters. 

Cysteine inhibits CysE via feedback inhibition. Cysteine can be catabolised by 

cysteine desulfhydrase to release pyruvate, ammonia and sulphide.  

 

The pathways of sulphur acquisition converge at cysteine (Figure 2.1). Therefore, 

the regulation of cysteine synthesis acts to control sulphur flux within the cell. 

Regulation occurs at both the genetic and protein levels. At the genetic level, the 

transcription factor CysB, belonging to the LysR family of transcriptional 

regulators, controls expression of key transporters of sulphur containing molecules, 

the sulphate reduction operon, and enzymes involved in cysteine synthesis, with the 

exception of CysE, which is not regulated by CysB (Figure 2.1) (Colyer & Kredich, 

1996; Guédon & Martin-Verstraete, 2007; Hryniewicz & Kredich, 1994; Kredich, 

1992; Lochowska, Iwanicka-Nowicka, Plochocka, & Hryniewicz, 2001). Whereas 

at the protein level, CysE which catalyses the first step in the two-step reaction is 

inhibited by L-cysteine (Kredich & Tomkins, 1966) and also forms a complex with 

CysK, termed the cysteine synthase complex (CSC) (Figure 2.1). While part of the 

CSC, CysE activity is enhanced (Benoni, De Bei, et al., 2017), whereas CysK 

activity is inhibited due to the C-terminal peptide of CysE binding and occluding 
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the active site of CysK (Benoni, De Bei, et al., 2017). Pathway intermediate O-

acetylserine and its isomer N-acetylserine, along with sulphide, regulate formation 

of the CSC and act as inducers and anti-inducers of CysB, respectively.  

In this review, we briefly summarise the structural and mechanistic features of the 

CysE and CysK/CysM enzymes from bacterial pathogens and the evidence that 

support targeting this pathway for the development of new antimicrobials. We 

provide a comparison of compounds identified thus far that inhibit the CysE and 

OASS enzymes and the methods used to identify these compounds.  

2.5 Serine acetyltransferase (CysE)  

Serine acetyltransferase (CysE) CysE is a serine acetyltransferase that catalyses the 

first committed step of the cysteine biosynthetic pathway (Figure 2.1), utilising 

L-serine and acetyl-CoA to synthesize the pathway intermediate O-acetylserine. 

Not only does CysE catalyse the first committed step, it is subject to feedback 

inhibition by the pathway end-product L-cysteine. CysE is nonessential in some 

bacterial pathogens, but curiously is essential in others, suggesting that CysE 

inhibition holds promise as a new antimicrobial target and/or as an antibacterial 

adjuvant.  

2.5.1 Essentiality and role of CysE during infection 

CysE is important not only for the de novo synthesis of cysteine but also plays a 

key role in bacterial virulence. CysE is essential in the pathogens, Staphylococcus 

aureus (Chaudhuri et al., 2009), Escherichia coli O157:H7 strain (Warr et al., 2019), 

Haemophilus influenzae (Akerley et al., 2002) and the pathogenic Neisseria species; 

Neisseria gonorrhoeae (Remmele et al., 2014) and Neisseria meningitidis (Muir et 

al., 2020). Essentiality of cysE in these bacteria was elucidated using transposon 

mutagenesis screens, and requires further validation. Interestingly, all screens were 

performed in culture media containing cysteine and other organic sulphur 

compounds, indicating that these bacteria have a requirement for the de novo 

synthesis of cysteine, despite the availability of extracellular organic sulphur 

sources. Furthermore, some of these organisms have non-functional sulphate 

assimilation pathways, such as N. gonorrhoeae (Hicks & Mullholland, 2018) and 

S. aureus (Lithgow, Hayhurst, Cohen, Aharonowitz, & Foster, 2004), precluding 
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the reduction of sulphate to sulphide as a source of sulphur for cysteine synthesis. 

While these organisms can grow on the alternative sulphur sources, thiosulphate 

and sulphide (Le Faou, 1984; Lithgow et al., 2004), the essentiality of cysE in 

cysteine rich media suggests capability for the de novo synthesis of cysteine. It is 

also possible that CysE and/or the product O-acetylserine has an as yet unidentified 

function that makes it essential in these organisms.  

In bacteria where CysE is nonessential and able to be deleted from the bacterial 

chromosome, growth defects and reduced virulence have been observed. For 

example, in the drug-resistant pathogen Klebsiella pneumoniae, CysE is not 

essential, but when deleted the mutant exhibits decreased fitness in a mouse model 

of pneumonia, thereby playing an important role in lung infection (Bachman et al., 

2015). Another key example is M. tuberculosis, where randomised transposon 

mutagenesis studies demonstrated profound effects for a number of sulphate 

reduction genes and cysE by gene disruption (Rengarajan, Bloom, & Rubin, 2005). 

Further investigation demonstrated attenuation of M. tuberculosis cysE deletion 

strains in in vitro models of dormancy (Sassetti & Rubin, 2003).  

Furthermore, cysE deletion in the sheep pathogen Brucella ovis resulted in poor 

growth in rich media and an early entry into stationary phase (Varesio, Fiebig, & 

Crosson, 2021). B. ovis ȹcysE strains were more susceptible to oxidative stress, 

shown through increased sensitivity to hydrogen peroxide. Cell invasion assays 

revealed that deletion of cysE did not affect cell infection but did significantly 

reduce replication within macrophages (Varesio et al., 2021). While the deletion of 

cysE is non-lethal, it imposes a fitness cost on B. ovis during intracellular growth, 

demonstrating the requirement for cysteine biosynthesis for survival within the host.  

Deletion of cysE can also influence bacterial antibiotic resistance. For example, an 

E. coli K12 cysE deletion strain had increased tolerance to the antibiotic novobiocin 

(Rakonjac, Milic, & Savic, 1991). Conversely in the pathogen S. typhimurium loss 

of CysE function increased mecillinam sensitivity (Oppezzo & Antón, 1995). 

Supporting this increased antibiotic sensitivity phenotype, cysteine biosynthesis is 

crucial for swarm cell differentiation in S. typhimurium. Inactivation of cysteine 

biosynthetic genes resulting in cysteine auxotrophy led to increased antibiotic 

sensitivity in the swarm cell state (Turnbull & Surette, 2008), even though the 
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swarm medium contained sufficient cysteine to support growth. There is a complex 

interplay between cysteine metabolism, oxidative stress and antibiotic resistance, 

under normal growth conditions. S. typhimurium cysteine auxotrophs are 

oxidatively stressed and supporting this, in wild-type cells oxidative stress induces 

cysteine biosynthesis. S. typhimurium cysE deletion strains are incapable of 

synthesising cysteine and have decreased concentrations of reduced thiols or 

decreased total glutathione, leading to increased susceptibility to oxidative stress 

(Turnbull & Surette, 2010). Differences seen between E. coli with increased 

tolerance to novobiocin and S. typhimurium could be due to the mechanism of 

action of the antibiotic or the presence/absence of cysteine/cystine or inorganic 

sulphur compounds in the culture media used in experiments.  

CysE from E. coli and Providencia stuartii impacts biofilm formation in these 

pathogens (Sturgill, Toutain, Komperda, O'Toole, & Rather, 2004). Deletion of 

cysE from E. coli and P stuartii enhanced biofilm formation. However, this could 

be reversed by supplementation with cysteine (100 ɛM) or O-acetylserine (10 mM) 

but not N-acetylserine (Sturgill et al., 2004). The high concentration of 

O-acetylserine required for biofilm reduction compared to cysteine, suggests 

cysteine itself negatively regulates biofilm formation in a yet to be determined role. 

Given that bacteria in biofilms are less sensitive to antibiotics, inhibiting their 

formation could provide a novel way for enhancing current antibiotics.  

2.5.2 Structural Characteristics of CysE 

CysE (EC 2.3.1.30) belongs to the acetyltransferase family of hexapeptide 

acyltransferases. Members of this family are defined by a six-peptide tandem repeat, 

[LIV] -[GAED]-X2-[STAV]-X, which gives rise to a distinctive left-handed beta 

helix (LɓH) (Raetz & Roderick, 1995). Structural characterisation of CysE enzymes 

with and without substrates and cysteine (inhibitor) bound from a range of 

Gram-negative bacterial pathogens including E. coli (1T3D)(Pye, Tingey, Robson, 

& Moody, 2004), H. influenzae (1SSM, 1SSQ, 1SST) (Olsen, B., Vetting, & 

Roderick, 2004), Yersinia pestis (3GVD) (Kim, Zhou, Peterson, Anderson, & 

Joachimiak, 2006), Brucella melitensis (3MC4), Vibrio cholerae (4H7O), 

Brucella abortus (4HZC, 4HZD) (Kumar, Kumar, Alam, & Gourinath, 2014), 

K. pneumoniae (6JVU) (Verma et al., 2020), N. gonorrhoeae (6WYE, 7RA4) 
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(Oldham, Prentice, Summers, & Hicks, 2022) and S. typhimurium (7E3Y). These 

structures provide insight into active site architecture upon substrate and inhibitor 

binding, which can be used to inform inhibitor design.  

The CysE monomer consists of an amino-terminus (N-terminus) Ŭ- helical domain 

and a carboxy terminus (C-terminus) LɓH domain (Figure 2.2A). The monomers 

assemble to form a trimer, which in turn forms a functional hexamer through 

hydrophobic trimerïtrimer interactions via the alpha helices of the N-terminal 

domains (Figure 2.2A) (Gorman & Shapiro, 2004; Oldham et al., 2022; Olsen et al., 

2004; Pye et al., 2004). There are six active sites in the hexamer, formed between 

adjacent monomers of the C-terminal LɓH domain. There is one deviation from the 

hexapeptide repeat, producing a meandering loop which forms part of the active 

site (Pye et al., 2004).  

The hexameric structure of CysE enzymes differs from other members of the 

acetyltransferase family, which are active trimers. The CysE hexamer forms the 

cysteine synthase complex (CSC) with the OASS- A/CysK enzyme. There are 

exceptions to this hexameric configuration, such as the CysE isoforms from the 

protozoan parasite Entamoeba histolytica, where CysE is an active trimer (Kumar 

et al., 2014).  

2.5.3 CysE enzyme mechanism 

Tight control of intracellular cysteine levels is essential for meeting the cysteine 

requirements of the cell, while preventing unwanted toxic effects of high cysteine 

concentrations (Park & Imlay, 2003). As mentioned previously, CysE is 

constitutively expressed (Noji et al., 2001), where the main form of regulation is 

through formation of the CSC and feedback inhibition by the pathway product 

L-cysteine (Kredich & Tomkins, 1966). L-cysteine is a potent inhibitor of bacterial  

CysE enzymes with IC50 values of 0.5ï10 ɛM reported (Benoni, Beck, et al., 2017; 

Hindson & Shaw, 2003; Kredich & Tomkins, 1966; Oldham et al., 2022). Kinetic 

studies show that cysteine is a competitive inhibitor relative to serine, through 

binding to the serine binding pocket which has been confirmed through 

crystallography (Kumar et al., 2014; Olsen et al., 2004; Pye et al., 2004) (Figure 

2.2). Interestingly, cysteine displays competitive inhibition relative to acetyl-CoA 
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even though it binds to the serine binding pocket (Hindson, 2003; Johnson, Huang, 

Roderick, & Cook, 2004b; Oldham et al., 2022). This competitive inhibition is 

explained by observing CysE crystal structures with L-cysteine bound. Upon 

binding of L-cysteine in the serine binding site the C-terminal tail folds up against 

the CysE monomer, physically blocking the active site and preventing the binding 

of acetyl-CoA (Olsen et al., 2004). Supporting this, truncation of the last ten 

C-terminal residues that form the C-terminal tail reduces CysE sensitivity to 

cysteine inhibition (Mino, Yamanoue, et al., 2000). This is thought to prevent the 

accidental acetylation of L-cysteine, given its structural similarity to serine (Mino, 

Yamanoue, et al., 2000).  

  

Figure 2.2. L-cysteine interactions with L-serine binding pocket in CysE from 

E. coli (1T3D). (A) Active site residues are represented as sticks, coloured green 

(Asp92, Asp147, His158 and Gln178) and pink (Asp143, Gly190, Arg192 and 

His193), based on chains. Inhibitor L-cysteine is represented as orange sticks. 

Hydrogen bonds are shown as yellow dashed lines. (B) CysE reaction mechanism 

for formation of O-acetylserine, adapted from (Pye et al., 2004). Figure was 

produced using PyMOL and ChemDraw Prime (RRID:SCR 016768).  
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2.5.4 Development of CysE Inhibitors 

CysE enzymes from bacterial pathogens have been extensively characterised, both 

kinetically and structurally, with numerous high-quality crystal structurers 

available for inhibitor design. Given the importance of CysE in infection and 

antibiotic resistance, and its essentiality in some bacterial pathogens, CysE 

represents an attractive drug target. The inhibition of CysE would deplete the cell 

of cysteine and O-acetylserine, where the later isomerises to N-acetylserine, the 

natural inducer of the cysteine biosynthetic operon, leading to metabolic 

dysregulation. There have been limited studies into inhibitors of CysE enzymes, but 

promising inhibitors (IC50  Ò 100 ɛM) have been identified for a number of bacterial 

pathogens (Table 2.1) and are discussed below.  

Table 2.1 List of characterised CysE inhibitors.  

Inhibitor  Enzyme IC 50 (µM) *  

Ki (µM) 

AcCoA*  

Ki (µM)  

L-serine 

Citation  

Compound 3 EcCysE 72a 42a ND 
Agarwal et al. 

(2008) 

Compound 4 

SaCysE 

71.84 ± 0.27 
225.3a 53.9a 

Chen et al. 

(2019) 
Compound 30 

71.84 ± 0.15 
111.5a 47.66a 

Quercetin KpCysE 3.7a 162 ND 
Verma et al. 

(2020) 

Compound 3a 

StCysE 

48.6 ± 8.43 ND ND 
Magalhães et al. 

(2020) 

Compound 5 110 ± 0 64 ± 12 ND 
Magalhães et al. 

(2021) 

Compound 22d 4.24 ± 0.11 ND ND 
Magalhães et al. 

(2021) 

* Error reported as standard error  

aNo error reported  

ND- Not determined  
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2.5.5 Natural Compound Inhibitors  

Several promising CysE inhibitors have been identified via in silico screening of 

natural compound libraries. Recently, the flavonoid quercetin was found to inhibit 

CysE from K. pneumoniae (IC50 = 3.7 ɛM) (Table 2.1) (Verma et al., 2020). 

Through docking analysis, quercetin (Figure 2.3) was shown to bind allosterically 

to the CysE trimerïtrimer interface. Although not experimentally investigated by 

the authors, the binding of quercetin to this interface may inhibit KpCysE through 

disrupting the trimerïtrimer interactions, dissociating the hexamer, which has been 

shown to reduce CysE activity (Verma et al., 2020). However, quercetin has been 

shown to inhibit other bacterial enzymes including isocitrate lyase (Shukla et al., 

2015) and glutamate racemase (Pawar, Jha, Chopra, Chaudhry, & Saluja, 2020). 

This broad inhibition suggests that quercetin inhibition of CysE might be 

nonspecific, which is supported by the targeting of the trimeric interface and not 

serine or acetyl-CoA binding sites.  

Natural compound inhibitors have also been identified for SaCysE from 

methicillin-resistant S. aureus (MRSA) (Chen, Yan, et al., 2019). These include two 

polycyclic diterpenoids; compound 4 (11-oxo-ebracteolatanolide B) and compound 

30 ((4R,4aR)-dihydroxy-3-hydroxymethyl-7,7,10a-trimethyl-

2,4,4a,5,6,6a,7,8,9,10,10a,l0b-dodecahydrophenanthro[3,2-b]furan-2-one) (Figure 

2.3). These compounds share the same chemical scaffold, with substitution of 

oxygens attached to the phenyl rings. Both compounds inhibited SaCysE (both IC50 

= 71.84 ɛM), where compound 4 was shown to display mixed inhibition against 

serine and competitive inhibition against acetyl-CoA, while the opposite was seen 

for compound 30. Docking analysis with a structural homology model of SaCysE 

shows hydrophilic interactions between compound 4 and key catalytic residue, 

His95, and the N-terminal domain residues, Ala43 and Gly44. Compound 30 

interacts with these identical residues and active site residue Asp94. Given the 

highly similar chemical structure of these compounds, it is unsurprising that they 

share CysE residue interactions; however what is interesting is these compounds do 

not dock in either the acetyl-CoA or serine binding pocket, but instead bind in a 

pocket between the third Ŭ-helix (equivalent to sixth Ŭ-helix in E. coli, 1T3D) and 

the serine binding site. This is a unique method of targeting the CysE active site as 

the inhibitor can interact with the active site residues without occupying the active 
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site, and may explain the mixed and competitive inhibition observed for these 

compounds.  

Both compounds were also able to inhibit MRSA growth with minimum inhibitory 

concentration (MIC) values of 12.5 and 25 ɛg/ml for compound 4 and 30, 

respectively (Chen, Yan, et al., 2019). Furthermore, both compounds were able to 

disrupt a mature MRSA-biofilm at one-fold the MIC concentration and did not 

display any cytotoxicity to human cells. Both compounds did not inhibit the 

structurally similar hexapeptide enzyme, GlmU (N-acetylglucosamine-1-phosphate 

uridyltransferase) demonstrating target specificity. Although the in vitro IC50 values 

are relatively high, given that these compounds inhibited growth of the target 

organism, displayed target specificity and are well tolerated by mammalian cells, 

these compounds are ideal for further optimisation. Natural compounds have 

become popular for identifying novel antimicrobials, a large number of chemically 

distinct compounds can be screened and optimised by substituting chemical groups. 

Promising natural compound inhibitors discussed here could also be used for 

targeting other CysE homologues.   



Chapter Two: Literature Review  

17  

  

Figure 2.3 Chemical structures of CysE inhibitors. Figure produced using 

ChemDraw Prime (RRID:SCR 016768).  
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2.5.6 Chemical Inhibitors 

Initial research into the development of CysE inhibitors was conducted by Agarwal 

et al. (2008) (Agarwal, Jain, Bhattacharya, & Azam, 2008). The researchers 

employed virtual screening to identify inhibitors of CysE from E. coli. Screening 

of the crystal structure of EcCysE (1T3D), identified nine compounds with 

promising docking scores, of which three were characterised in vitro. Compound 3, 

(3-oxo-2-phenyl-3,5-dihydro-2H-pyrazolo(3,4d)thieno(2,3-b)pyridine-7carboxylic 

acid), was the only compound identified to inhibit EcCysE (72 ɛM) and exhibit 

antimicrobial effects. This compound was tested for growth inhibition of the 

parasite E. histolytica resulting in unexpectedly potent inhibition (IC50 = 0.61 ɛM), 

suggesting off-target inhibition.  

As well as natural products, 2-aminothiazole and 2-aminooxazole compounds have 

been investigated as inhibitors of CysE enzymes. These compounds mimic binding 

interactions with key active site residues similar to the natural inhibitor L-cysteine 

(Figure 2.2). Recent studies have explored 2-aminothiazoles and 2-aminooxazole 

compounds as inhibitors of CysE from S. typhimurium (StCysE) (Magalhães et al., 

2021; Magalhães et al., 2020). Since the crystal structure for StCysE (7E3Y) has 

been solved only recently (Momitani, Shiba, Sawa, Ono, & Hurukawa, 2022), all 

virtual screening was carried out against both EcCysE (1T3D) and H. influenzae 

CysE (1SSM) crystal structures, as there is strong conservation of active site 

residues with StCysE. Virtual screening of 91,000 compounds from three libraries 

identified six compounds, which in vitro had IC50 values ranging from 13.6 to 

84.1 ɛM (Magalh«es et al., 2020). Further characterisation of these compounds, 

revealed only compound 3a (N-(5-Nitro-1,3-thiazol-2-yl)-1,2,3-thiadiazole-4-

carboxamide), a 2-aminothiazole (Figure 2.3), to inhibit StCysE with an IC50 of 

48.6 ɛM to be bactericidal, with an MIC of 64 ɛg/mL against E. coli. In silico 

docking analysis showed that compound 3a interacts with key active site residues 

Asp92, Asp157, Arg192, His193 and catalytic His158, mimicking interactions 

exhibited by the inhibitor L-cysteine (Figure 2.2). Compound 3a was shown to 

inhibit E. coli growth, but only in media low in cysteine. Previous research supports 

the anti-bacterial activity of 2-aminothiazoles, with bactericidal activity against 

M. tuberculosis reported (Kesicki et al., 2016; Meissner et al., 2013).  
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Further research into StCysE inhibition was conducted using an in-house library for 

further virtual screening of StCysE (Magalhães et al., 2021; Momitani et al., 2022). 

Using the same screening method as discussed previously the researchers identified 

seven compounds that reduced StCysE activity, with the most potent being the 

substituted 2-aminothiazole, compound 5, (5-{2-[(4-Methylphenyl)amino]-

1,3thiazol-4-yl} -1,2-oxazole-3-carboxylic acid) (Figure 2.3) with an IC50 of 

110 ɛM, which displayed competitive inhibition relative to acetyl-CoA (Ki = 

64 ɛM). Docking analysis showed compound 5 interacts with the CysE serine 

active site residues and acetyl-CoA binding pocket, where the carboxylic acid group 

interacts with the same residues as seen for inhibitor cysteine/substrate serine. The 

óL-shapeô of the inhibitor allows it to mimic acetyl-CoA, explaining the observation 

of competitive inhibition (Magalhães et al., 2021). Structureïactivity relationship 

analysis was undertaken through in vitro screening of compound 5 analogues. 

Substitution of the 2-aminothiazole ring with a 2-aminooxazole was shown to 

increase affinity, and the presence of an ester, amide or carboxylic acid group 

connected to the isoxazole ring was shown to be essential for affinity (Magalhães 

et al., 2021). Isoxazole-3-ester and isoxazole-3-carboxylic acid derivatives were 

further optimised through synthesis with different chemical groups connected to the 

oxazole ring (Magalhães et al., 2021). Affinity was not substantially affected by the 

side group, but derivatives with electron-withdrawing groups were unstable 

compared with electron-donating groups. The most potent analogue was compound 

22d, (3,5-dimethylphenyl-(2-aminooxazol-4-yl) isoxazole-3- carboxylic Acid) 

(Figure 2.3), with an IC50 of 4.2 ɛM (Table 2.1). Unfortunately, this compound was 

unable to inhibit the growth of E. coli, requiring further optimisation to improve 

compound permeability.  

Recently, Toyomoto and colleagues identified that alkyl gallates are potent 

inhibitors of StCysE (Toyomoto et al., 2023). Octyl gallate (OGA), exhibited 

in vitro inhibition of StCysE in the low micromolar range (IC50 = 3.6 µM) and 

showed antibacterial activity (IC50  = 59 µM) against E. coli. OGA treatment 

depleted intracellular thiol metabolite concentrations, including cysteine, and both 

reduced and oxidised forms of glutathione, comparable to a cysE deletion strain, as 

well as increasing susceptibility to oxidative stress. Furthermore, OGA treatment 

increased antibiotic sensitivity for antibiotic-resistant clinical isolates of E. coli and 
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K. pneumoniae (confirmed to both carry the metallo-ɓ-lactamase gene, IMP-1) with 

reduced MICs reported for several carbapenem antibiotics, notably with a four-fold 

MIC reduction (imipenem and doripenem) seen for the K. pneumoniae isolate. 

These findings demonstrate that targeted inhibition of CysE could be an avenue for 

developing carbapenem adjuvants and could be used in the treatment of infections 

caused by carbapenem-resistant Gram-negative pathogens.  

Overall, CysE inhibitor development is in its early stages, with a number of 

different strategies employed, with the main challenge in obtaining potent inhibitors 

that also inhibit bacterial growth. The essentiality of CysE in the notoriously 

antibiotic-resistant pathogens S. aureus and N. gonorrhoeae highlights CysE as an 

ideal target for antimicrobial development. With more research being undertaken 

in targeting cysteine biosynthetic enzymes, overcoming the challenge of finding 

compounds that are potent and yet specific, while being permeable to target 

organisms, will lead to the development of promising inhibitors.  

2.6 O-acetylserine sulphydrylase (CysK/CysM)  

O-acetylserine sulphydrylase is a pyridoxal 5łphosphate (PLP) dependent enzyme 

that catalyses the second step of the L-cysteine biosynthesis reaction, combining 

O-acetylserine and a sulphur donor into cysteine. OASS is present in bacteria as 

two isoforms, OASS-A (CysK) that utilises sulphide for the synthesis of cysteine, 

and OASS-B (CysM) that utilises sulphide and thiosulphate. Bacteria with cysK or 

cysM deleted from the genome exhibit reduced virulence, compromised fitness and 

decreased antibiotic resistance. Subsequently, its inactivation is being pursued as a 

strategy for the identification of novel antibiotics and/or antibiotic adjuvants that 

target non-essential proteins.  

2.6.1 Role and essentiality of CysK/CysM in bacterial pathogens 

As the second and final enzyme in the cysteine biosynthetic pathway both OASS 

isoforms play an important role in bacteria. Transposon mutagenesis screening 

found that CysK is essential in just two bacterial pathogens, Campylobacter jejuni 

(Mandal, Jiang, & Kwon, 2017), and Francisella novicida (Gallagher et al., 2007). 

Like CysK, CysM is essential in very few bacterial species, including 

Burkholderia pseudomallei (Moule et al., 2014), and two strains of 
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Burkholderia cenocepacia, K56-2 (Gislason, Turner, Domaratzki, & Cardona, 

2017), and J2315 (Wong et al., 2016). Given that many bacterial species have both 

OASS isoforms, or even two copies of CysK, it is not surprising CysK and/or CysM 

are non-essential in many bacterial pathogens. For example, the M. tuberculosis 

genome contains three annotated OASS genes, denoted CysK1, CysK2 and CysM. 

The nomenclature of these genes is confusing in that OASS-A is denoted as CysK1, 

OASS-B as CysK2 (not CysM) and the mycobacterial CysM is unique and found 

only in actinobacteria. MtbCysM uses a small thiocarboxylated protein (CysO) as 

the sulphur donor and O-phosphoserine (not O-acetylserine) as the preferred 

acceptor substrate (Agren, Schnell, & Schneider, 2009; Burns-Huang & Mundhra, 

2019; Burns et al., 2005; Claus, Zocher, Maier, & Schulz, 2005). Disrupting the de 

novo cysteine biosynthesis pathway in M. tuberculosis represents an attractive drug 

target. Cysteine biosynthesis is consistently upregulated in dormancy models of 

infection (Schnappinger et al., 2003; Voskuil, Visconti, & Schoolnik, 2004), 

particularly survival of M. tuberculosis in infected macrophages in the granuloma, 

where it is exposed to an extremely hostile environment. It could be argued that 

M. tuberculosis could obtain cysteine from the host and not be dependent on 

de novo synthesis of cysteine. However, the up-regulation of sulphur acquisition 

and cysteine synthesis genes in persister cells suggests that the host does not provide 

a sufficient amount of cysteine (Betts, Lukey, Robb, McAdam, & Duncan, 2002; 

Hampshire et al., 2004; Schnappinger et al., 2003; Voskuil, Bartek, Visconti, & 

Schoolnik, 2011; Voskuil et al., 2004), and it is likely cysteine is scarce within the 

granuloma due to host defense strategies such as nutrient depletion. M. tuberculosis 

cysO and cysM deletion strains show attenuation in in vitro models of dormancy 

and also in a mouse model of infection (Sassetti & Rubin, 2003). A target 

identification pipeline for drug targets in M. tuberculosis based on a comprehensive 

in silico analysis using experimental derived phenotype data and proteomics, 

suggests that both CysE and CysK2 are high confidence drug targets (Raman, 

Yeturu, & Chandra, 2008).  

As discussed earlier, inactivation of the cysteine biosynthetic operon leading to 

cysteine auxotrophy in S. typhimurium led to an increased susceptibility to 

antibiotics during swarming, which is normally associated with a decreased 

susceptibility to antibiotics. A S. typhimurium Ëcysk, cysM double deletion strain 
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was pleiotropic (Turnbull & Surette, 2010), making it difficult to associate a 

particular phenotype to this strain, presumably due to the accumulation of toxic 

intermediates, such as 3łphosphoadenoside 5ł-phosphosulphate (Neuwald et al., 

1992).  

Shatalin et al. (2011) linked both the high concentration of H2S, and decreased 

cysteine concentration to increased resistance to a variety of antibiotics. H2S is 

cytoprotective in some bacteria due to its ability to suppress oxidative stress 

generated by some antibiotics (Shatalin, Shatalina, Mironov, & Nudler, 2011). An 

S. typhimurium cysK deletion strain had decreased cysteine production, resulting in 

H2S accumulation causing an eight-fold higher resistance to ofloxacin compared to 

wild-type (Frávega et al., 2016). This highlights the various roles of CysK in 

antibiotic susceptibility, enhancing resistance to some and decreasing resistance to 

others, due to the target of the antibiotic and degree of oxidative stress within the 

cell.  

Metal ions at low concentrations are beneficial to bacteria, however, can become 

toxic at higher concentrations causing oxidative stress and eventually cell death 

(Joshi, Gupta, & Gupta, 2019). Studies in S. typhimurium LT2 and E. coli 

demonstrated that CysK plays an essential role in mediating resistance to the metal 

ion, tellurite (K2TeO3) (Ramírez, Castañeda, Xiqui, Sosa, & Baca, 2006; Vásquez, 

Saavedra, Loyola, Araya, & Pichuantes, 2001), which exhibits strong oxidising 

properties through an unknown mechanism. Deletion of cysK from 

Azospirllum brasilense conferred a lower MIC when grown on media with tellurite, 

whilst transfer of the A. brasilense and Bacillus stearothermophilus cysK into 

E. coli and S. typhimurium respectively, conferred increased tellurite resistance 

(Ramírez et al., 2006; Vásquez et al., 2001).  

As mentioned previously, disruption of the cysteine biosynthetic pathways can 

affect biofilm formation. The effect of a number of mutants from the cysteine 

biosynthetic operon of Vibrio fischeri, including ȹcysH, ȹcysJ, ȹcysK and ȹcysN 

on biofilm formation were tested, with the greatest effect on biofilm formation seen 

with the ȹcysK mutant (Singh, Brooks, Ray, Mandel, & Visick, 2015). Biofilm and 

pellicle formation are vital to colonisation which was observed in early colonisation 

of baby squid where ȹcysK resulted in decreased colonisation (Singh et al., 2015). 
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Addition of cysteine allowed rescue of the biofilm defect and partial rescue of the 

pellicle defect, indicating a key role of CysK in initial colonisation (Singh et al., 

2015).  

In a screen for genes important for the switch of N. meningitidis from commensal 

to pathogen, CysK was identified as being important in this switch. Saturated 

random transposon insertion libraries of N. meningitidis were engineered and 

assessed for fitness during normal growth and colonisation of epithelial and 

endothelial cells, and the CysK mutant was identified as being of particular 

importance for epithelial cell infection (Capel et al., 2016).  

2.6.2 Structural characteristics of CysK and CysM  

O-acetylserine sulphydrylase (OASS; EC 2.5.1.47) belongs to the tryptophan 

synthase ɓ-superfamily, and the ɓ-family of PLP dependent enzymes (Guédon & 

Martin-Verstraete, 2007; Mino & Ishikawa, 2003; Takumi & Nonaka, 2016). PLP 

is an essential cofactor, utilised in the active site of OASS enzymes. As briefly 

discussed above there are two OASS isoforms, which each use an alternate sulphur 

source; CysK utilises sulphide, whereas, CysM utilises both thiosulphate and 

sulphide, with O-acetylserine to form cysteine (Kredich, 2008). Both isoforms are 

present in most bacteria, enabling the utilisation of both thiosulphate and sulphide 

for cysteine biosynthesis. Expression of these isoforms is influenced by aerobic or 

anaerobic growth, for example, the genome of the pathogen S. typhimurium 

encodes both OASS isoforms with CysK expressed in excess of CysM under 

aerobic conditions, and vice versa under anaerobic conditions (Filutowicz, Wiater, 

& Hulanicka, 1982). The two isozymes, CysM and CysK, function as homodimers 

and exhibit 25ï45% similarity in their amino acid sequence (Agren et al., 2009; 

Schnell, Oehlmann, Singh, & Schneider, 2007; Tai, Nalabolu, Jacobson, Minter, & 

Cook, 1993; Zhao, Kumada, Imanaka, Imamura, & Nakanishi, 2006). The key 

difference between these isoenzymes is the ability of CysM to utilise larger sulphur 

donor substrates including thiosulphate, where CysK is only capable of accepting 

the small sulphur donor, hydrogen sulphide (Campanini, Benoni, et al., 2015; Claus 

et al., 2005; Tai et al., 1993).  

CysK and CysM enzymes have been structurally characterised from a range of a 

bacterial species, enabling comparison of the two isoforms, and providing insight 
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into active site conformation and isoform differences for isoform specific inhibitor 

design. Within the CysK and CysM homodimer one PLP molecule is bound per 

subunit in the active site cleft that is formed between the N and C-terminal domains 

of each monomer. The active site cleft of CysK and CysM are fairly similar and are 

lined by seven chain segments totalling 16 residues. Six of these chain segments 

are highly conserved between CysK and CysM isoforms, however, the seventh 

segment spanning residues 210-216 of CysM (E. coli CysM numbering) indicates 

a key difference between the two enzymes (Chattopadhyay et al., 2007; Claus et al., 

2005). CysM contains the three large residues Arg210, Arg211 and Trp212 

followed by a three-residue insertion, which bulges toward the surface enlarging 

the active site. Most of this enlarged active site is occupied by the sidechain tail of 

Arg210 which most likely binds to thiosulphate or other larger sulphur donor 

substrates (Claus et al., 2005). Conversely, StCysK has three small residues, Gly230, 

Ala231 and Gly232 (Claus et al., 2005; Rabeh & Cook, 2004). This small change 

reduces the size of the active site cleft, therefore restricting CysK to using 

bisulphide as its sulphur donor. Lys41, is highly conserved across both CysK and 

CysM isozymes as it forms an internal aldimine linkage with PLP in both isoforms 

(Liang, Han, Tan, Ding, & Li, 2019; Rabeh & Cook, 2004). The enzyme cycles 

through open and closed conformations during catalysis. Both open (no substrates 

bound) and closed forms (substrates bound) have been structurally characterised 

(Burkhard et al., 1998; Burkhard, Tai, Ristroph, Cook, & Jansonius, 1999; 

Chattopadhyay et al., 2007) with the closed form occurring via binding of the 

substrate Ŭ-carboxylate or acetate to the substrate binding loop (residues 68ï71 in 

S. typhimurium) triggering the active site to close (Burkhard et al., 1999; 

Chattopadhyay et al., 2007).  

The two monomer subunits interact solely at the dimer interface and an allosteric 

binding site was recently identified in the CysK isoform, that is not present in CysM 

(Rabeh & Cook, 2004). The structure of CysK with Clī bound at the allosteric anion 

binding site at the subunit interface, shows a closed/inhibited form of the enzyme 

(Tai et al., 2001). The anion sulphide behaves similarly to chloride and has 

essentially the same ionic radii and also binds to the anion binding site (Tai et al., 

2001), presumably acting as a further regulator of CysK activity and modulating 

sulphur flux within the cell.  
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2.6.3 CysK/CysM enzyme mechanism  

As discussed for CysE, a detailed understanding of both structure and enzyme 

mechanism is important for inhibitor design. OASS catalyses the replacement of 

the ɓ-acetoxy group of O-acetylserine by either sulphide in the case of CysK or 

thiosulphate and sulphide in the case of CysM to produce L-cysteine. Both CysM 

and CysK utilise a bi-bi ping-pong mechanism for cysteine biosynthesis (Tai et al., 

1993; Zhao et al., 2006). This involves the release of one of the half-reactions 

products before all substrates have bound to the enzyme, generating an enzyme 

intermediate in the process (Ulusu, 2015). O-acetylserine carries out nucleophilic 

attack on the C-4ł of the internal aldimine (Figure 2.4). As the external aldimine 

is formed, the active site closes due to interaction of the substrate-carboxylate with 

an asparagine loop (Figure 2.4). A conserved lysine (Lys41, E. coli numbering), 

initially part of the internal aldimine PLP linkage, serves as a general base to 

deprotonate CŬ in the ɓ-elimination reaction that releases acetate at the conclusion 

of the first half-reaction forming the Ŭ-aminoacrylate intermediate (Figure 2.4) 

(Joshi et al., 2019; Rabeh & Cook, 2004). Acetate diffuses out of the active site as 

it opens partially to allow entry of bisulphide and product release. Lys41 remains 

protonated at the beginning of the second half-reaction, bisulphide diffuses into the 

active site attacking the Cɓ of the Ŭ-aminoacrylate giving the cysteine external 

Schiff base (Figure 2.4). The cysteine product, S-sulphocysteine for CysM, and 

L-cysteine for CysK, is expelled via transimination (Joshi et al., 2019; Rabeh & 

Cook, 2004). S-sulphocysteine is reduced to L-cysteine via an unknown mechanism 

(Kredich, 2008).  
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Figure 2.4 CysK catalytic mechanism, based on the M. tuberculosis CysK enzyme 

(MtbCysK Lys44 equivalent to Lys41 in text). Figure produced using ChemDraw 

Prime (RRID:SCR_016768), adapted from (Joshi et al., 2019).  

2.7 Cysteine synthase complex formation  

The bienzyme cysteine synthase complex (CSC) was first discovered during the 

purification of S. typhimurium CysK and CysE (Kredich, Becker, & Tomkins, 1969; 

Kredich & Tomkins, 1966). CSC formation has since been confirmed across many 

other species including E. coli (Benoni, De Bei, et al., 2017; Mino, Hiraoka, et al., 

2000; Mino, Yamanoue, et al., 2000), H. influenzae (Huang, Vetting, & Roderick, 

2005; Salsi et al., 2010) and various plant species (Francois, Kumaran, & Jez, 2006; 

Yi et al., 2013). The formation of the CSC represents a unique avenue for the design 

of inhibitors. The complex forms via binding of the CysE C-terminal tail into the 

CysK active site, thus inhibiting CysK activity and therefore cysteine production 

(Benoni, De Bei, et al., 2017; Campanini, Pieroni, et al., 2015; Francois et al., 2006; 

Huang et al., 2005; Mino, Hiraoka, et al., 2000; Mino, Yamanoue, et al., 2000; Salsi 

et al., 2010). The complex forms in 3:2 CysE:CysK ratio consisting of one CysE 

hexamer and two CysK dimers (Huang et al., 2005). Deletion of 20 C-terminal 

residues from CysE results in an inability to bind to CysK and formation of the CSC 

does not occur, highlighting the importance of the C-terminal peptide tail of CysE 



Chapter Two: Literature Review  

27  

in CSC formation (Mino, Hiraoka, et al., 2000). CSC formation reduces L-cysteine 

feedback inhibition and L-serine substrate inhibition of CysE activity in E. coli 

(Benoni, De Bei, et al., 2017). Complex formation also reduces CysE cold 

inactivation at both 0 and 10°C (Mino, Yamanoue, et al., 2000), presumably due to 

increased stability caused by structural reorganisation at part of the N-terminal 

domain of CysE, that interacts with CysK leading to allosteric stabilisation at the 

interface between the CysE trimers (Rosa et al., 2021). CysM and CysE have no 

interactions and do not form a complex, due to differences in the active site structure 

(Zhao et al., 2006).  

Structural studies of CysK in complex with CysE C-terminal peptides have 

provided insight into the interaction of the C-terminal CysE tail with the active site 

of CysK as to date there are no atomic structures of the CSC. The PLP cofactor in 

the OASS active site has fluorescent properties sensitive to its microenvironment 

and protein conformational changes. These fluorescent properties can be used to 

monitor formation of the CSC with CysE and with peptides that mimic the 

C-terminal tail of CysE (Campanini et al., 2005). Fluorescent monitoring of the PLP 

cofactor binding to the entire CysE protein and a C-terminal decapeptide 

(mimicking the CysE C-terminal tail), demonstrated that the C-terminal 

Ŭ-carboxylate of the CysE C-terminal decapeptide and the CysE C-terminal tail fit 

into the same position (Burkhard et al., 1999; Campanini et al., 2005).  

At a ratio of 5:1 CysE:CysK (at which full complex formation is assumed to have 

taken place) the activity of CysK in the E. coli CSC is reduced to 10% of free CysK 

activity (Mino, Hiraoka, et al., 2000; Mino, Yamanoue, et al., 2000; Rosa et al., 

2019). Yet the CysE C-terminal decapeptide when bound to CysK reduced activity 

to 50% at a 500:1 molar ratio of decapeptide to CysK (Mino, Hiraoka, et al., 2000). 

This can be attributed to full-length CysE binding 250-fold tighter to CysK 

compared with the C-terminal decapeptide (Huang et al., 2005). Dissociation 

constants (KD) of peptides in complex with CysK compared with full-length CysE 

in complex with CysK further show the stark contrast in binding affinity of peptides 

compared with the full-length CysE in the CSC (Table 2.2). This indicates there 

may be additional structural features of CysE that CysK recognises aside from the 

C-terminal decapeptide, which increases the binding affinity but are not sufficient 
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for directing complex formation without the presence of the C-terminal decapeptide 

(Huang et al., 2005).  

Table 2.2 Dissociation constants (KD) of CysE decapeptides and full-length CysE 

in the CSC. HiDK = HiCysE C terminal decapeptide (GIDDGMNLNI) with 

HiCysK from (Campanini et al., 2005). HiDStK = HiCysE C terminal decapeptide 

(GIDDGMNLNI) with StCysK from (Campanini et al., 2005). EcCSC1 = Full 

length EcCysE with EcCysK from (Benoni, De Bei, et al., 2017). EcCSC2 = Full 

length EcCysE with EcCysK from (Marchetti et al., 2021). StCSC = Full length 

StCysE with StCysK from (Marchetti et al., 2021).  

 

 CysE Decapeptide Full length CysE 

 HiDK HiDStK EcCSC1 EcCSC2 StCSC 

KD (nM) 515 ± 29* 972 ± 62* 4.5/6¤ 0.63¤ 0.83¤ 

*Error reported as standard error.  

¤No error reported.  

The highly conserved C-terminal isoleucine of the CysE C-terminal peptide is an 

essential anchor point for correct positioning of the C-terminal tail; in H. influenzae 

accounting for 80% of the total interaction energy (Salsi et al., 2010). This energy 

contribution is derived from Thr69 and Thr73 hydrogen bonds to the Ile267 

Ŭ-carboxylate (Figure 2.5) (Salsi et al., 2010). The Ile267 sidechain forms 

hydrophobic interactions in an apolar pocket formed by the Phe144 and PLP 

(Figure 2.5) (Salsi et al., 2010). A further 10% of the total interaction energy is split 

equally between the C-terminal Asn266 and Leu265 (Figure 2.5) (Salsi et al., 2010).  
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Figure 2.5 Overview of H. influenzae CysK. (A) HiCysK dimer surface shown with 

one monomer in magenta and the other in cyan with PLP bound to K42 visible in 

orange deep in the active site cleft. Zoomed into H. influenzae active site residues 

(V41, K42, 69- TSGNT-73, M96, M120, 143-QF-144, 175-GVGT-178, 228GIGA-

231 and S272) shown in cyan with PLP bound to K42 in orange. Active site is 

similar to StCysK open (0.5 , r.m.s.d) and StCysK partially closed anion inhibited 

(0.4 , r.m.s.d) conformation (Huang et al., 2005) (B) H. influenzae active site 

residues shown in cyan interacting with bound HiCysE C-terminal tetrapeptide 

shown in green (NLNI). Polar bonds shown with dotted yellow lines. Figure created 

with 1Y7L from (Huang et al., 2005) using PyMOL.  

 

The dependence of the CSC on sulphur availability indicates regulation of sulphur 

flux to be the purpose of CSC formation (Benoni, De Bei, et al., 2017; Kredich et 

al., 1969; Wang & Leyh, 2012; Zhao et al., 2006). The regulation forms a loop 

beginning with high availability of sulphur to the cell where the CSC is stabilised 
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by bisulphide (Kredich et al., 1969); however, when sulphur availability is low, 

OAS accumulates via CysE production, thus indicating sulphur starvation and 

dissociation of the CSC (Benoni, De Bei, et al., 2017; Kredich et al., 1969; Wang 

& Leyh, 2012; Chunhui Zhao et al., 2006). Dissociation of the CSC can occur at 

OAS concentrations upward of 50 µM (Kredich et al., 1969; Wang & Leyh, 2012), 

which then non-enzymatically isomerises to N-acetylserine and binds to the 

transcriptional regulator CysB, thus promoting expression of sulphate acquisition 

genes (Jovanovic, Lilic, Savic, & Jovanovic, 2003; Kredich et al., 1969; Wang & 

Leyh, 2012). Expression of sulphate acquisition and reduction genes increases the 

concentration of sulphur within the cell, completing the loop with high sulphur 

availability promoting CSC stability and therefore increasing OAS production.  

2.8 Development of inhibitors for the OASS isoforms CysK and 

CysM  

2.8.1 Peptide inhibitors  

Salsi et al. (2010) and Spyrakis et al. (2013) have paved the way in CysK inhibitor 

discovery with the identification of multiple potent peptide inhibitors for several 

key CysK isoforms (Salsi et al., 2010; Spyrakis, Singh, et al., 2013). Although, 

more recently, CysK inhibitor studies have focused primarily on chemical inhibitors, 

these peptide inhibitors stand as key templates for chemical inhibitor designs. The 

natural inhibition of CysK by CysE has been routinely used for these peptide 

inhibitor studies as a design platform (Campanini, Pieroni, et al., 2015; Salsi et al., 

2010; Spyrakis, Felici, et al., 2013; Spyrakis, Singh, et al., 2013). The three C-

terminal residues of CysE contribute the strongest interactions with CysK, and 

therefore a minimum three-residue peptide is required for CysK inhibition; both 

Salsi et al. (2010) and Spyrakis et al. (2013) screened pentapeptidesðincluding an 

additional two residues to better mimic the full-length CysE C-terminal peptide 

(Salsi et al., 2010; Spyrakis, Felici, et al., 2013; Spyrakis, Singh, et al., 2013). Salsi 

et al. (2010) utilised the HiCysK crystal structure (1Y7L) in complex with the 

HiCysE C-terminal peptide (Huang et al., 2005), replacing this peptide with a panel 

of 400 pentapeptides into the active site via virtual screening (Salsi et al., 2010). 

Spyrakis et al. (2013) followed through an analogous computational pipeline, with 
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the inclusion of the S. typhimurium apo CysK (StCysK) (1OAS) (Burkhard et al., 

1999) and StCysM (2JC3) (Chattopadhyay et al., 2007) crystal structures. 

Peptide inhibitors for both S. typhimurium isoforms and HiCysK were identified, 

which demonstrated improved potencies in vitro compared with their respective 

native CysE C-terminal pentapeptides (Table 2.3). The most potent pentapeptides 

identified for HiCysK were MNWNI and MNYDI, which both exhibited 

approximately 1.75 times improved affinity for the enzyme in comparison to the 

equivalent native HiCysE pentapeptide (MNLNI). Interestingly, structural analysis 

(MNWNI, 3IQG; MNYDI, 3IQH) showed the asparagine in MNWNI at position 

four to participate in hydrogen-bonding with Ser70; whereas, the aspartate of 

MNYDI was shown to protrude out toward the protein surface. This protrusion is 

thought to be a result of the tyrosine at position three participating in an aromatic 

cluster with Phe144 and Phe233, which allows a sulphate ion to reside within the 

active site instead, and mimic the interactions of the asparagine in MNWNI (Figure 

2.6) (Salsi et al., 2010).  

  

Figure 2.6 Interaction of MNWNI and MYDI peptides with HiCysK. (A) LigPlot 

showing the interactions between the HiCysK residues and the MNWNI 

pentapeptide (PDB code: 3IQG). (B) LigPlot showing the interactions between the 

HiCysK residues and the MNYDI pentapeptide (PDB code: 3IQH).  

 

Table 2.3 List of top characterised CysK peptide inhibitors.  

Inhibitor  Enzyme KD (µM)*  Citation  
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MNLNI 

(HiSAT WT) 

HiCysK 44.0 ± 3.6 
Salsi et al. 

(2010) 

StCysK 120 ± 12 
Spyrakis et al. 

(2013) 

StCysM ~3000¤ 
Spyrakis et al. 

(2013) 

MNWNI 

HiCysK 24.9 ± 3.6 
Salsi et al. 

(2010) 

StCysK 10.4 ± 0.9 
Spyrakis et al. 

(2013) 

MNYDI  

HiCysK 25.8 ± 1.7 
Salsi et al. 

(2010) 

StCysK 0.22 ± 0.04 
Spyrakis et al. 

(2013) 

YGDGI (StSAT 

WT) 

StCysK 11.8 ± 0.6  
Spyrakis et al. 

(2013) 

StCysM 4922 ± 1,030 
Spyrakis et al. 

(2013) 

YGYDI StCysK 0.42 ± 0.02 
Spyrakis et al. 

(2013) 

MNDGI 

StCysK 306 ± 17 
Spyrakis et al. 

(2013) 

StCysM 1100 ± 100 
Spyrakis et al. 

(2013) 

*Error reported as standard error  
¤No error reported  

Second, and most intriguingly, the top pentapeptide assessed for StCysK was 

MNYDI, which is a pentapeptide based on the HiCysE C-terminus (MNLNI), and 

not that of the StCysE C-terminus (YGDGI) (Salsi et al., 2010). MNYDI showed 

approximately 60 times improved affinity compared with YGDGI, and 

approximately 600 times improved affinity compared with MNLNI. Moreover, the 

equivalent pentapeptide of MNYDI based on the StCysE sequence, YGYDI, still 
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showed reduced potency compared with MNYDI, highlighting that the terminal 

three residues of the pentapeptides are involved in affinity regulation, whereas the 

preceding two residues are involved in selectivity (Salsi et al., 2010).  

Furthermore, the pentapeptide which demonstrated the greatest potency toward 

StCysM was based on both the St and HiCysE C-terminal sequencesðMNDGI. 

This pentapeptide exhibited approximately 4.5 times greater affinity for the enzyme 

than YGDGI, and around three times greater affinity than MNLNI (Salsi et al., 

2010). This inhibitor is also the most effective against both S. typhimurium isoforms, 

with the difference in KD values minimised. Correlation analysis of the KD values 

of St isoform binders, demonstrated an inversely proportional relationship, where a 

more potent inhibitor of StCysK was more likely to possess reduced affinity for 

StCysM.  

Reasonable affinity correlation was also noted between binders of CysK 

H. influenzae and S. typhimurium homologues. Comparison of the active site 

architecture of these homologues signified only one minor differenceðthe 

orientation of the Gln227 side chain. In HiCysK, the R-group protrudes into the 

active site; whereas, in StCysK this group protrudes toward the enzyme surface. 

Consequently, it is proposed that this localises the third and fourth residues of the 

pentapeptides differentially within the enzyme active sites. Nevertheless, this 

highlights the possibility for synthesising broad-spectrum CysK and CysM 

compounds (Spyrakis, Singh, et al., 2013).  

Altogether, these data demonstrate that effective peptide inhibitors of CysK should 

ideally possess negatively charged, hydrogen-bond acceptors at position four, and 

hydrophobic residues at position three. Unfortunately, this trend does not seem to 

translate to CysM peptide inhibitors, with glycine, a neutral and non-hydrogen bond 

acceptor at position four, and a negatively charged, hydrophilic residue at position 

three.  

More recently, Kant et al. (2019) investigated a panel of tetrapeptides for inhibition 

of the parasite Leishmania donovani CysK (LdCysK) (Kant et al., 2019), with the 

aim to deconvolute the findings of (Raj, Kumar, & Gourinath, 2012), where 

LdCysK did not demonstrate a preference for tetrapeptides with either long or small 

residues. Tetrapeptides were designed to contain all possible amino acid 
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combinations for subsequent docking analysis. Docking analysis revealed EWSI 

and DWSI as the top two binders, respectively, with EWSI observing greater 

hydrogen-bonding and hence stabilisation capabilities (Kant et al., 2019). Therefore, 

EWSI stands as a starting point for future LdCysK inhibitor designs, alongside the 

need for in vitro characterisation. Kant et al. (2019) also followed on to compare 

the differences between these identified tetrapeptide inhibitors of LdCysK for their 

affinity for MtbCysK1, given the similarity of these peptides to the native MtbCysE 

tetrapeptideðDFSI. Interestingly, EWSI demonstrated improved docking into 

MtbCysK1 compared with both DFSI and EFSI (Kant et al., 2019). This highlights 

EWSI as a valid starting point for future virtual screening of MtbCysK1 chemical 

inhibitors.  

2.8.2 Chemical inhibitors  

Chemical inhibitors stand as superior drug compounds given their improved in vivo 

half-life, bioavailability, and pharmacokinetics compared with peptidic compounds 

(Amori et al., 2012; Reichelt & Martin, 2006). Since the studies by Salsi (2010) 

was published, many groups have been working on the design, synthesis and 

characterisation of chemical inhibitors for both CysK and CysM. The design work 

has largely stemmed from structurally mimicking the key chemical groups of the 

peptide inhibitors. Subsequently, many different chemical inhibitors have been 

identified, including, cyclopropane carboxylic acids (Amori et al., 2012; 

Annunziato et al., 2016; Annunziato et al., 2021; Bruno, Amori, & Costantino, 2013; 

Pieroni et al., 2016), thiazolidinone and pyrimidinone derivatives (Jean Kumar et 

al., 2013; Kumar, Raj, Nagpal, Subbarao, & Gourinath, 2011; Poyraz et al., 2013), 

fluoroalanines (Franko et al., 2018), benzoic acids (Brunner et al., 2016), and 

pyrazinamines and acetamides (Kant et al., 2019). The majority of these compounds 

were discovered via in silico docking experiments using crystal structures of 

inhibited complexes of the enzymes and subsequent high-throughput virtual 

screening.  

To date, Amori et al. (2012) and Pieroni et al. (2016) have discovered the most 

potent chemical inhibitors of HiCysK - (±)-trans-2-(ethoxycarbonyl) 

cyclopropanecarboxylic acid (±)-7 (referred to as UPAR40) (Amori et al., 2012) 

and trans-2-(prop-1-enyl)-cyclopropanecarboxylic acid (referred to as cyclopropyl 
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derivative 17) (Pieroni et al., 2016), respectively. Both compounds contain a 

carboxylate and a hydrophobic moiety which reflect the key properties of the CysE 

C-terminal isoleucine, and are incorporated together between a cyclopropane spacer 

(Figure 2.7) (cyclopropane spaces are common features in bioactive molecules and 

also aid in restraining the ligand in its effective conformation for enzymatic 

interaction) (Amori et al., 2012; Campanini, Pieroni, et al., 2015). Promisingly, 

docking and molecular dynamic analyses showed that these inhibitors lock the 

enzyme in its closed conformation (Amori et al., 2012; Bruno et al., 2013). Despite 

this success, Pieroni et al. (2016) has noted the impracticality of the chemical 

properties of these compounds for drug-like synthesis (Pieroni et al., 2016), and 

given the inactivity against the CysM isoform, efforts should now be directed 

toward improving the synthetic feasibility of these compounds, and their activity 

towards HiCysM, alongside in vivo and cytotoxicity assays.   
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Figure 2.7 Chemical structures of top OASS chemical inhibitors. Figure produced 

using ChemDraw Prime (RRID:SCR_016768).  

The success of the cyclopropane carboxylic acid compounds for HiCysK, has also 

been shown for both S. typhimurium isoforms. Pieroni et al. (2016) identified 

(1S,2S)-1-(4-Methylbenzyl)-2-phenylcyclopropanecarboxylic acid 14b and 

(1S,2S)-1-(4-Chlorobenzyl)-2-phenylcyclopropanecarboxylic acid 15b as the most 
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potent inhibitors against StCysM to date (Table 2.4) These compounds were 

adapted from cyclopropyl derivative 17 to contain a phenyl group as opposed to a 

vinyl group (Figure 2.7), which better embodies the trans orientation with the 

carboxylate displayed by the CysE C-terminal isoleucine, and is more synthetically 

viable. It was noted that further substitution of cyclopropyl derivative 17 at the 

Ŭcarbon position for interaction with both S. typhimurium isoforms would better 

occupy a moderately polar area of the active site, and therefore, benzyl substitution 

at this site with further para substitution resulted in compounds 14b and 15b 

(Pieroni et al., 2016). Interestingly, the para substitution of compounds 14b (4-CH3) 

and 15b (4-Cl) represent both electron withdrawing and donating groups, yet 

reasonably equivalent potencies are observed (Table 2.4); however, compound 15b 

shows reduced selectivity toward either isoform. Promisingly, the IC50 values of 

compound 15b for both enzyme isoforms (Table 2.4), in the presence of the natural 

substrates of the enzyme, corroborate with the dissociation constants reported, 

indicating competitive inhibition.  

Table 2.4 Top characterised OASS chemical inhibitors. 

Inhibitor  Enzyme IC50 (µM)*  KD (µM)*  Citation  

Cyclopropyl 

derivative 7 

(UPAR40) HiCysK 

700 ± 53 1.46 ± 0.25 
Amori et al. 

(2012) 

Cyclopropyl 

derivative 17 
 1.45a 

Pieroni et al. 

(2016) 

Cyclopropane 

carboxylic acid 

14b (UPAR415) 

StCysK  0.028 ± 0.005 

StCysM  0.49 ± 0.05 

Cyclopropane 

carboxylic acid 

15b 

StCysK 0.099 ± 0.004 0.054 ± 0.008 

StCysM 0.50 ± 0.03 0.42 ± 0.06 

8a 
StCysK ND - 

Annunziato et 

al. (2022) 

StCysM ND - 

9e 
StCysK ND 0.035 ± 0.003 

StCysM ND 0.61 ± 0.08 
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9f 
StCysK ND 0.051 ± 0.004 

StCysM ND 1.45 ± 0.31 

12h 
StCysK ND - 

StCysM ND - 

13h 
StCysK ND 0.066 ± 0.005 

StCysM ND 3.37 ± 0.72 

21i 
StCysK ND 0.045 ± 0.09 

StCysM ND 83.8 ± 16.1 

21j 
StCysK ND 0.25 ± 0.06 

StCysM ND 23.6 ± 4.5 

Trifluoroalanine 
StCysK 130 ± 10 ND Franko et al. 

(2018) StCysM 1,290 ± 230 ND 

Benzoic acid 87 MtbCysK1 0.019 ± 0.0011 ND 
Poyraz et al. 

(2013) 

Benzoic acid 1 MtbCysM ND 0.32 ± 0.01 Brunner et al. 

(2016) Benzoic acid 2 MtbOCysK2 ND 22.6 ± 2.4 

*Error reported as standard error. 

 a No error reported. 

 

Recently, Annunziato et al. (2021) utilised compound 14b, here referred to as 

UPAR415, as an effective adjuvant for the polymyxin antibiotic, colistin 

(Annunziato et al., 2021). Interestingly, in the presence of low cysteine levels, 

administration of UPAR415 alone did not exhibit any bactericidal or bacteriostatic 

effects on multiple bacterial species (Gram-positive and -negative) (Annunziato et 

al., 2021). In contrast, when UPAR415 was treated under these same conditions in 

conjunction with colistin, significant deductions were seen in the MIC of colistin 

compared with when colistin is dosed on its own. Promisingly, the cytotoxicity of 

UPAR415 was also shown to be insignificant. The crystal structure of StCysK in 

complex with UPAR415 (6Z4N) was also solved by Annunziato et al. (2021). This 

demonstrated that UPAR415 is a competitive inhibitor of StCysK against its first 

substrate, O-acetylserine, and was found localised in proximity to the PLP cofactor 
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(Figure 2.8). The active site entrance could be seen to be partially blocked by the 

two aromatic substituents of the cyclopropane-ring, which engaged in hydrophobic 

interactions with active site residues. The remainder of the UPAR415 molecule was 

seen to penetrate into the active site. Promisingly, the carboxylate group of 

UPAR415 was found to localise to the well-studied carboxylic site; engagement 

with this site has been found to result in a conformational change of the enzyme 

into its closed active site state through translocation of the substrate-binding loop, 

which ultimately rotates the N-terminal domain over the active site. Although, 

UPAR415 positions itself at this carboxylic site, only partial closure of the active 

site is induced, which can be explained by a steric clash of the substrate-binding 

loop with the tolyl substituent of UPAR415 (Figure 2.8) (Annunziato et al., 2021).  

  

Figure 2.8 Inhibition of StCysK by UPAR415. (A) Structural comparison of the 

substrate binding loop between the open conformation (1OAS) shown in shades of 

red, the inhibited conformation (6Z4N) shown in shades of orange, and the closed 

conformation (1D6S) shown in shades of orange, and the closed conformation 

(1D6S) shown in shades of green. (B) LigPlot showing the interactions between the 

enzyme residues and the UPAR415 molecule. Figure produced using PyMOl and 

LigPlot.  

 

A medicinal chemistry campaign to synthesise UPAR415 derivatives and the 

characterisation of ligand͠ target complexes revealed the presence of an accessory 

sub-pocket that can be filled by substitutions at the 3łposition of UPAR415 

(Annunziato et al., 2022). Most compounds synthesised in this study retained good 

binding in vitro. Derivatives with heteroaliphatic or heteroaromatic groups in the 

3 ł position led improved inhibition against both OASS isoforms compared with 
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those previously described (Annunziato et al., 2021). Compounds substituted with 

a heteroaromatic group at the 3ł position for example, trans-2-(3ł-fluoro-

5łhydroxy-[1,1ł-biphenyl]-3-yl)-1-(4-methylbenzyl)cyclopropane carboxylic 

acid (compound 9e) and trans-2-(3 ł -fluoro-[1,1 ł -biphenyl]-3-yl)-1-

(4methylbenzyl)cyclopropane carboxylic acid (compound 9f), that had a phenyl 

substituted with a fluorine and hydroxy group, or a fluorine respectively 

demonstrated potent inhibition (nanomolar range) against CysK (Figure 2.7) 

(Annunziato et al., 2022). Whereas compounds carrying a 2-aminopyrimidine 

group at the 3łposition showed good inhibition of both isoforms. Compound 13h 

(trans-2-(3-(2,6-

dimethylmorpholino)phenyl)-1-(4methylbenzyl)cyclopropanecarboxylic acid) had 

a dimethyl morpholine at the 3ł position and had the most potent activity for 

derivatives substituted with a heteroaliphatic group at position 3ł (Figure 2.7). 

Compounds with a piperazine ring had good activity against CysK but these 

derivatives were less effective at inhibiting CysM. The majority of all compounds 

synthesised demonstrated low toxicity in that they were tolerated by mammalian 

cells. Compound 13h and its corresponding ester derivative 12 h showed potent 

inhibition in vitro and good toxicity profiles. These lead compounds were tested as 

colistin adjuvants, showing effective synergy by reducing the MIC of colistin 

against E. coli and S. typhimurium even at low concentrations (Annunziato et al., 

2022). Importantly for this study, the most promising derivative 12h (trans-ethyl 2-

(3-(2,6-dimethylmorpholino)phenyl)1-(4-methylbenzyl)cyclopropanecarboxylate) 

was linked to the chemical inhibition of CysK and CysM in vivo using target 

engagement experiments in S. typhimurium in the presence of colistin (the 

compound on its own does not exert any bactericidal effects) (Annunziato et al., 

2022). Compound 12h demonstrated a significant improvement in the active 

concentration at which it can act as a colistin adjuvant inside cells, thereby paving 

the way as a prodrug to overcome some of the toxicity issues associated with 

colistin.  

Franko et al. (2018) studied fluoroalanine derivatives in vitro against both 

S. typhimurium isoforms as irreversible inhibitors, given the ubiquitous use and 

study of these halogens as irreversible inhibitors of PLP-dependent enzymes 
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(Alexeev et al., 2006; Alston, Muramatsu, Ueda, & Bright, 1981; Azam & Jayaram, 

2016; John & Tudball, 1972; Passera et al., 2011; Phillips & Dua, 1992; Silverman, 

1995; Silverman & Abeles, 1976; Tysoe & Withers, 2014). Halogenated alanine 

addition to this group of enzymes is known to generate an unsaturated Ŭ- 

aminoacrylate Schiff's base (or Ŭ-aminoacrylate-PLP complex) (Alexeev et al., 

2006; Poulin, Lu, Ackermann, Bey, & Pegg, 1992)ðthe subsequent inhibition 

mechanism is dependent on the specific halogenated alanine and how this 

reorientates the active site; typically, the catalytic lysine is attacked, and subsequent 

chemical rearrangement culminates in the disengagement of the halogen ions, 

allowing for a stable derivative to form, which ultimately inhibits the enzyme 

(Franko et al., 2018).  

ɓ,ɓ,ɓ-Trifluoroalanine (triF-Ala), which is a known PLP-dependent enzyme suicide 

inhibitor (Alexeev et al., 2006; Faraci & Walsh, 1989; Phillips & Dua, 1992; 

Silverman & Abeles, 1976, 1977; Tysoe & Withers, 2014; Wang & Walsh, 1981), 

was the most potent fluoroalanine derivative assessed. This compound had high 

affinity for the StCysK enzyme active site and slightly lower for that of StCysM. 

The mechanism of inhibition was determined to be irreversible covalent 

modification of the catalytic amino acids, yet the IC50 values of triF-Ala with both 

enzyme isoforms (Table 2.4) are too high to be an efficient inhibitor.  

Poyraz et al. (2013) identified the most potent inhibitor to date for the 

M. tuberculosis enzyme CysK1 (MtbCysK1), a thiazolidinone derivative -3-

((Z)((Z)-5-(4-fluorobenzylidene)-3-methyl-4-oxothiazolidin-2-ylidene) amino) 

benzoic acid (Poyraz et al., 2013). E-pharmacophore sites were identified from the 

MtbCysK1-DFSI crystal structure (2Q3C) (Schnell et al., 2007)ðone aromatic ring, 

two acceptors, and two negative ionisable moieties. The compound benzoic acid 87 

was identified from substitution analyses from the initial in vitro hit compound -3-

({5-[2-(carboxymethoxy)benzylidene]-3-methyl-4-oxo-

1,3thiazolidin-2-ylidene}amino)benzoic acid 2, where compound 87 represents a 

C4 fluoro substitution, and showed an approximately five fold greater inhibition 

effect compared to benzoic acid 2.  
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The crystal structure of derivative 2 bound to MtbCysK1 (3ZEI) showed the 

thiazolidinone moiety to not protrude greatly out of the active site as is seen with 

the native peptide (Poyraz et al., 2013). The thiazolidine core mimics the phenyl 

group of the DFSI peptide and contributes to interactions with the enzyme 

hydrophobic cleft. Although similarly, the carboxylic moiety of the compound 

benzoic acid 2 (associated with the benzoic acid group) was found docked entirely 

within the active site with Ser72 interactions and potential for hydrogen-bonding 

with Thr71 and Gln144, as has previously been shown with the C-terminal 

isoleucines of peptide inhibitors (Salsi et al., 2010; Spyrakis, Felici, et al., 2013). In 

contrast with previous inhibitor observations, the 2-carboxymethoxy moiety does 

not participate in any solvent hydrogen-bonding despite protruding out toward the 

protein surface, which may indicate a key feature in developing future potent 

inhibitors (Campanini, Pieroni, et al., 2015; Poyraz et al., 2013). Nevertheless, this 

structural analysis revealed an enzyme pocket next to the para-position of the 

benzylidene ring, from which compound 87 verifies (Poyraz et al., 2013).  

Brunner et al. (2016) identified the most potent inhibitor to date for MtbCysM -3-

(3-(3,4-dichlorophenyl)ureido) benzoic acid 1, as well as that for MtbCysK2 - 3-

(3([1,1-Biphenyl]-3-yl)ureido)benzoic acid 2 (Brunner et al., 2016). These hit 

compounds were identified by in vitro screening of approximately 17,000 small 

molecules, followed by structural analysis. The crystal structure of the compound 

benzoic acid 1 bound to MtbCysM (5I7A) did not demonstrate large differences 

compared with the apo structureðthe compound was shown to be bound within the 

open state of the active site (parallel to PLP pyrimidine ring plane), where stacking 

interactions were seen between the PLP pyrimidine ring and the urea moiety 

(Brunner et al., 2016). The meta carboxylate group of the compound was found 

associated within the active site, similar to the carboxylate moiety of the 

Ŭ-aminoacrylate intermediate of MtbCysK1 (Schnell et al., 2007); whereas the 

1,2dichlorobenzene group interacts within the hydrophobic cleft of the enzyme. The 

core urea group was found to interact with the Asn221 side chain via its carbonyl 

moiety, interactions with the carboxyl of Ala323 found within the active site occur 

through an amide group, with the other amide group forming a hydrogen-bond with 

a water molecule (Brunner et al., 2016). Promisingly, in a nutrient starvation model 

(simulating dormancy, when CysM is primarily expressed), compound 1 
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demonstrated higher potency compared with current clinically approved first-line 

tuberculosis antibiotics, with insignificant cytotoxic effects on several mammalian 

cell lines (Brunner et al., 2016).  

Kant et al. (2019) identified two hit molecules for LdCysK - N-(2-{1-[(6-

methoxy2,3-dihydro-1H-inden-5-yl)methyl]pyrrolidin-2-yl} -6-methylpyridin-4-

yl)pyrazin2-amine (Lig1) and N-ethyl-N-{1-[(2-methyl-2,3-dihydro-1,3-

benzothiazol-6yl)carbonyl]-1-azaspiro[4.5]decan-3-yl}acetamide (Lig2) via 

in silico screening of tetrapeptides with shape similarity to EWSI and DWSI (Kant 

et al., 2019). These ligands were docked into LdCysK and Lig2 demonstrated 

improved interaction energy and capacity for hydrogen-bonding; this ligand was 

that which had greater conformational similarity to EWSI compared to DWSI. This 

potency of Lig2 was reinforced through molecular dynamics and binding energy 

analysis compared to Lig1 in complex with the enzyme, in terms of stability and 

compactness. In addition, both docking and molecular dynamic analyses 

demonstrated hydrogen bonding interactions between Lig2 and residues, Ser79 and 

Gln152 (Kant et al., 2019). Characterisation of these inhibitors both in vitro and 

in vivo remains to be investigated. It is worth noting that despite the significant 

advances that have been made in the chemical inhibitor space for CysK and CysM 

enzymes, the potencies of these inhibitors remain around 100-fold less effective 

than the complete enzymatic inhibition of CysK by CysE (Table 2.2).  

2.9 Conclusion  

There have been many campaigns aimed at discovering potent and selective 

inhibitors for the cysteine synthesis enzymes CysE and CysK. Yet despite excellent 

inhibition of activity seen for certain compounds many failed to inhibit bacterial 

growth, presumably due to the lack of permeability of the compounds across the 

bacterial wall. The best inhibitor for CysE that was bactericidal and had an IC50 of 

48 µM, although this is much greater than the natural inhibitor cysteine, with an 

IC50 between 1 and 10 µM. Recently inhibitors of CysK were identified that 

demonstrate potent inhibition (nanomolar binding) and an adjuvant effect when 

used in combination with the antibiotic colistin. Based on this it is worth testing 

other promising inhibitors identified with known antibiotics to see if they have an 

adjuvant effect. Given that cysteine biosynthesis is often dispensable under nutrient 
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rich conditions but becomes more essential during infection and persistence it 

would also be worth testing if the identified compounds reduces infection and/or 

enhances clearance by the host immune system. As shown here there is increasing 

evidence for bacterial de novo cysteine biosynthesis as a promising drug target for 

either new antimicrobials or antibiotic adjuvants. Further validation of this pathway 

and further exploration of new and existing inhibitor compounds is vital to develop 

potent and selective inhibitors to overcome antimicrobial resistance in a range of 

Gram-positive and Gram-negative human pathogens.  
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3  3 Chapter Three: Serine acetyltransferase 

from Neisseria gonorrhoeae; structural and 

biochemical basis of inhibition  

3.1 Preface 

De novo synthesis of the amino acid L-cysteine, is well-conserved across bacteria, 

protists and plants and is a primary mechanism for the acquisition and assimilation 

of inorganic sulphur sources. Scavenging of nutrients is well-established to play a 

key role in the success of a pathogen to adapt to the host environment. A previous 

review by our research group (Hicks & Mullholland, 2018) identified in 

Neisseria gonorrhoeae a genomic disruption present in the sulphate reduction arm 

of the cysteine biosynthesis pathway, but the key biosynthetic enzymes serine 

O-acetyltransferase (CysE/SAT) and O-acetylserine sulphydrylase (CysK/OASSA) 

remained intact. Reports of N. gonorrhoeae being able to grow on thiosulphate as 

a sole sulphur source (Le Faou, 1984) coupled with a transposon mutagenesis study 

showing that cysE is an essential gene for N. gonorrhoeae (Remmele et al., 2014), 

prompts further investigation into functionality and role of this enzyme in 

N. gonorrhoeae. In this chapter, serine O-acetyltransferase from N. gonorrhoeae 

(NgCysE) is structurally and kinetically characterised, using X-ray crystallography, 

small-angle X-ray scattering (SAXS), and spectrophotometric activity assays. Note 

in this manuscript ñNgSATò has been replaced with ñNgCysEò to ensure 

consistency with other chapters.  

The work presented in this chapter is shown in a publication format, as a published 

research article with supplementary information available in the Appendix A.  

Citation for this publication is as follows:  

Oldham, K. E. A., Prentice, E. J., Summers, E. L., & Hicks, J. L. (2022). Serine 

acetyltransferase from Neisseria gonorrhoeae; structural and biochemical 

basis of inhibition. The Biochemical journal, 479(1), 57-74.  

doi:10.1042/bcj20210564  
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3.2 Abstract 

Serine acetyltransferase (CysE) catalyses the first step in the two-step pathway to 

synthesise L-cysteine in bacteria and plants. CysE synthesises O-acetylserine from 

substrates L-serine and acetyl-coenzyme A and is a key enzyme for regulating 

cellular cysteine levels by feedback inhibition of L-cysteine, and its involvement in 

the cysteine synthase complex. We have performed extensive structural and kinetic 

characterisation of the CysE enzyme from the antibiotic-resistant pathogen 

Neisseria gonorrhoeae. Using X-ray crystallography, we have solved the structures 

of NgCysE with the non-natural ligand, L-malate (present in the crystallisation 

screen) to 2.01 Å and with the natural substrate L-serine (2.80 Å) bound. Both 

structures are hexamers, with each monomer displaying the characteristic 

lefthanded parallel ɓ-helix domain of the acyltransferase superfamily of enzymes. 

Each structure displays both extended and closed conformations of the C-terminal 

tail. L-malate bound in the active site results in an interesting mix of open and 

closed active site conformations, exhibiting a structural change mimicking the 

conformation of cysteine (inhibitor) bound structures from other organisms. Kinetic 

characterisation shows competitive inhibition of L-cysteine with substrates L-serine 

and acetyl-coenzyme A. The CysE reaction represents a key point for the regulation 

of cysteine biosynthesis and controlling cellular sulphur due to feedback inhibition 

by L-cysteine and formation of the cysteine synthase complex. Data presented here 

provide the structural and mechanistic basis for inhibitor design and given this 

enzyme is not present in humans could be explored to combat the rise of extensively 

antimicrobial resistant N. gonorrhoeae.  
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3.3 Introduction  

Neisseria gonorrhoeae is an obligate human pathogen that causes the sexually 

transmitted infection gonorrhoea. With purported references to gonorrhoea in early 

texts including the bible (Leviticus 15:1-3) the bacterium N. gonorrhoeae has 

plagued humans for centuries. Of the many and varied treatments developed over 

decades, N. gonorrhoeae has developed resistance to nearly all of the antibiotics 

used for its treatment. As a consequence, we are now facing the reality of 

untreatable gonorrhoea with only one effective class of antibiotics, the 

cephalosporinôs left to treat this common infection. With no vaccine available, 

gonorrhoea control relies on our ability to treat gonorrhoea infections and new 

antimicrobials are desperately needed for control of this disease in the future.  

The failure to identify new targets for antibiotic treatment has been shown by the 

small number of antibiotics discovered in the last 50 years and can be attributed in 

part to a lack of knowledge of microbial metabolism inside the host (Campanini, 

Pieroni, et al., 2015). Targeting amino acid biosynthesis is a new and promising 

route for the development of new antimicrobials (Berney et al., 2015; Murima, 

McKinney, & Pethe, 2014). Synthesis of the amino acid cysteine is the primary 

pathway for the incorporation of sulphur into a variety of important cellular 

constituents including methionine, thiamin, biotin and co-enzyme A. Cysteine also 

plays important roles in protein molecules in FeïS clusters, catalysis, protein 

folding and the formation of disulphide bonds. In microorganisms, cysteine 

provides protection from oxidative stress via reducing systems such as thioredoxin 

and glutathione.  

In most bacteria, the cysteine biosynthesis pathway is well conserved. Sulphate is 

transported into the cell and via a series of enzymatic steps is successively reduced 

to sulphide via the sulphate reduction pathway, which is then incorporated into 

cysteine (Kredich & Tomkins, 1966). Under anaerobic conditions, thiosulphate is 

imported and S-sulphocysteine is produced which is then converted into cysteine 

by an uncharacterised process.  

CysE catalyses the first step in the two-step reaction that makes L-cysteine from 

L-serine. The side chain hydroxyl of L-serine undergoes a co-enzyme A-dependent 

acetylation to form O-acetylserine (Pye et al., 2004). The second step is then 
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catalysed by one of two OASS isoforms; OASS-A/CysK which catalyses the 

ɓreplacement of acetate with sulphide to convert O-acetylserine to L-cysteine 

(Rabeh & Cook, 2004), or OASS-B/CysM which catalyses the ɓ-replacement of 

acetate with thiosulphate to form S-sulphocysteine (Chattopadhyay et al., 2007), 

which is converted to L-cysteine via an unknown mechanism.  

Bacteria generally have both OASS-A and OASS-B isoforms, thereby capable of 

growth on sulphate or thiosulphate as the sole source of sulphur. Neisseria species 

appear to have only one OASS isoform annotated as CysK (OASS-A) (Hicks & 

Mullholland, 2018), yet unlike other Neisseria species, N. gonorrhoeae cannot 

grow on sulphate as the sole source of sulphur (Le Faou, 1984) due to a 3.5 kb 

deletion in the sulphate reduction operon compared with other Neisseria species 

(Hicks & Mullholland, 2018). However, all Neisseria strains, including 

N. gonorrhoeae, are able to use thiosulphate as a sole source of sulphur (Le Faou, 

1984), which suggests that functional CysE and OASS enzymes are present.  

CysE and OASS form a bi-enzyme complex termed the cysteine synthase complex 

which is intricately involved in the control of sulphur metabolism (Benoni, De Bei, 

et al., 2017; Kumaran, Yi, Krishnan, & Jez, 2009). Many bi-enzyme complexes 

channel substrates from one enzyme to another. However, the cysteine synthase 

complex is unusual in that the flexible C-terminal tail of CysE inserts into the active 

site of OASS competing with the binding of O-acetylserine and inhibiting OASS 

activity (Campanini et al., 2005; Mino et al., 1999). CysE activity is enhanced in 

the complex (Benoni, De Bei, et al., 2017) and produces the pathway intermediate 

O-acetylserine which at high concentrations promotes dissociation of the complex 

(Cook & Wedding, 1977) and subsequent consumption of O-acetylserine for 

cysteine synthesis. The OASS variant, OASS-B that utilises thiosulphate to produce 

S-sulphocysteine does not form a complex with the CysE enzyme (Zhao et al., 

2006). Due to differences in the pathways for sulphate reduction between other 

bacterial pathogens and N. gonorrhoeae, respectively, it is unknown if the CysE 

and OASS enzymes from N. gonorrhoeae form the cysteine synthase complex or 

how this regulates sulphur metabolism.  

Other mechanisms of regulation for the de novo biosynthesis of cysteine include 

feedback inhibition of CysE by L-cysteine, transcriptional regulation of sulphur 
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acquisition and cysteine biosynthetic genes by transcriptional regulator CysB 

regulating sulphur acquisition and changes in the quaternary structure of CysE 

(Hirai et al., 2003; Wirtz & Hell, 2006). Due to the unique nature of sulphur 

acquisition for cysteine biosynthesis in N. gonorrhoeae, the essential nature of 

CysE for growth in N. gonorrhoeae (NgCysE) (Remmele et al., 2014) and the 

targeting of CysE in other pathogens (Agarwal et al., 2008; Chen, Han, et al., 2019; 

Magalhães et al., 2020), NgCysE could represent a novel drug target for the 

treatment of antimicrobial resistant gonorrhoea.  

CysE belongs to the family of O-acetyltransferases (EC 2.3.1.30) found in both 

plants and bacteria and there is good structural conservation between bacterial and 

plant CysE enzymes, even though there is a large degree of sequence divergence 

(Olsen et al., 2004; Yi et al., 2013). The O-acetyltransferase family is defined by 

the hexapeptide repeat sequence [LIV]-[GAED]-X2-[STAV]-X, that gives rise to 

the unique left-handed ɓ-helix (LɓH), characteristic of this family (Raetz & 

Roderick, 1995).  

CysE enzymes consist of two structural domains, an N-terminal, Ŭ-helical domain 

and a C-terminal, LɓH domain. The C-terminal LɓH domain is structured like a 

triangular prism, which fits with two other monomers to form a trimer (Johnson, 

Roderick, & Cook, 2005). The resulting trimer dimerises to form a hexamer through 

hydrophobic interactions at the N-terminal face of each trimer (Pye et al., 2004). 

CysE enzymes are unique as they are the only hexapeptide acyltransferase to adopt 

a hexameric conformation, instead of the more common trimeric arrangement 

(Johnson et al., 2005). This higher oligomeric state allows for formation of the 

bienzyme cysteine synthase complex and regulation of sulphur flux (Benoni, De 

Bei, et al., 2017; Mino et al., 1999). To date the only instance of a trimeric CysE 

has been identified in the human parasite Entamoeba histolytica (Kumar et al., 

2011).  

Members of the LɓH family, including CysE have a conserved histidine in the 

active site (Johnson et al., 2005). The proposed mechanism for the acetyl-transfer 

reaction of CysE, is by general acidïbase catalysis, where the histidine, alongside 

a conserved aspartate form a catalytic triad with the substrate L-serine (Johnson et 

al., 2005; Pye et al., 2004). In Escherichia coli this aspartate residue (Asp143) is 
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positioned in close proximity (2.8 Å) to the well-conserved histidine (His158), 

which is predicted to transform the histidine into a strong base (Pye et al., 2004). 

His158 activates the hydroxyl group of L-serine, for nucleophilic attack on the 

acetyl thioester of acetyl-CoA. The nucleophilic attack on acetyl-CoA forms a 

ternary complex between the enzyme, L-serine and acetyl-CoA, before the histidine 

behaves as a general acid and donates a hydrogen to the sulphur group of 

acetyl-CoA, leading to collapse of the complex and product release (Johnson et al., 

2005; Pye et al., 2004).  

Initial research hypothesised a ping-pong reaction mechanism for the CysE (Leu & 

Cook, 1994). However, a combination of equilibrium isotope exchange 

experiments (Hindson & Shaw, 2003) and LineweaverïBurke plots (Benoni, De 

Bei, et al., 2017; Hindson & Shaw, 2003; Johnson et al., 2004b) overwhelmingly 

supports a sequential binding mechanism. The exact type of sequential mechanism 

reported for CysE varies, with a random sequential mechanism reported for CysE 

from E. coli (Hindson & Shaw, 2003) and an ordered binding mechanism reported 

for CysE from Haemophilus influenzae (Johnson et al., 2004b), where acetyl-CoA 

binds first, followed by L-serine.  

The cysteine biosynthetic pathway is feedback inhibited by L-cysteine binding to 

CysE. L-cysteine competes directly with L-serine for the active site displaying 

competitive inhibition (Johnson et al., 2004b). Analysis of co-crystallised structures 

of CysE with L-cysteine, shows L-cysteine bound in the L-serine binding pocket 

located in the CysE active site (Olsen et al., 2004; Pye et al., 2004; Verma et al., 

2020), supporting the observation of L-cysteine being a competitive inhibitor 

relative to L-serine (Johnson, Huang, Roderick, & Cook, 2004a; Kredich & 

Tomkins, 1966). This mechanism of inhibition appears to be well-conserved across 

the CysE family (Hindson, 2003; Johnson et al., 2004b). Interestingly, L-cysteine 

has also been reported to be a competitive inhibitor relative to acetyl-CoA (Johnson 

et al., 2004b). CysE structures with L-cysteine bound show conformational 

differences in the C-terminal tail compared with apo-CysE structures with the 

C-terminal tail folding against CysE to obscure the active site in L-cysteine-bound 

structures. This folded tail precludes acetyl-CoA from binding to the acetyl-CoA 

binding site (Yi et al., 2013) and prevents the unwanted acetylation of L-cysteine, 

given that it is isostructural to L-serine.  
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To design new antimicrobial inhibitors to target critical pathways such as cysteine 

biosynthesis in N. gonorrhoeae we need high quality, accurate three-dimensional 

structures of the target enzymes and a detailed understanding of enzymatic 

mechanism. To this end, we have determined the kinetic parameters and regulation 

of CysE from N. gonorrhoeae and the structure of this enzyme to 2.01 Å with the 

non-natural ligand, L-malate (from the crystallisation condition) bound in the active 

site and with the natural substrate L-serine bound to 2.8 Å.  

3.4 Materials and Methods 

3.4.1 Cloning of NgCysE for expression in Escherichia coli 

The CysE gene (annotated cysE) NGFG_RS07905 (old locus tag NGFG_01496) 

from N. gonorrhoeae MS11 was codon-optimised for E. coli and ordered from 

Geneart (Thermo Fisher). The synthetic NGFG_RS07905 construct was cloned into 

expression vector pET28b between Ndel and Xhol restriction sites for expression 

with an N-terminal His-tag. Insertion of NGFG_RS07905 into pET28b was 

confirmed by DNA sequencing prior to transformation into E. coli BL21 (DE3) for 

protein expression. Positive transformants were selected for by plating on Luriaï 

Bertani (LB) agar supplemented with 50 ɛg.mlī1 kanamycin and incubating 

overnight at 37°C.  

3.4.2 NgCysE expression and purification  

E. coli BL21 (DE3) containing the NGFG_RS07905_pET28b plasmid were 

cultured in 1 L LB broth, supplemented with 50 ɛg.mlī1 kanamycin. Cultures were 

incubated at 37°C (200 rpm) until OD600 reached between 0.5 and 0.7. Protein 

expression was induced by the addition of 0.75 mM IPTG and the cultures were 

incubated at 37°C (200 rpm) overnight. Cultures were centrifuged at 4600xg for 20 

min at 4°C and the resulting cell pellet resuspended in lysis buffer (50 mM Tris pH 

8.0, 200 mM NaCl, 20 mM imidazole). One Complete Mini, EDTA-free protease 

inhibitor tablet (Roche) was added prior to cell lysis by sonication. Lysate was 

centrifuged at 20,000xg for 20 min at room temperature and 0.2 ɛm filtered 

supernatant was loaded onto a pre-equilibrated HisTrapTM column (GE Healthcare). 

The column was washed with 20 ml of lysis buffer before the elution of NgCysE 

using a 50% gradient over 25 ml (50 mM Tris pH 8.0, 200 mM NaCl, 1 M 



 

62  

  

imidazole). Immobilised-metal ion affinity chromatography-purified NgCysE was 

concentrated at 15°C using a spin concentrator to a final volume of 0.75 ml. 

Concentrated NgCysE was loaded and run through an Enrich 650 analytical gel 

filtration column (Bio-Rad), pre-equilibrated in 50 mM Tris pH 8.0, 100 mM NaCl 

and eluted NgCysE was collected and stored at room temperature. Protein 

concentration was measured by absorbance at 280 nm by NanodropTM.  

3.4.3 Measuring the oligomeric state of NgCysE 

An Enrich 650 gel filtration column (Bio-Rad) was calibrated in 50 mM Tris pH 

8.0, 100 mM NaCl using Gel Filtration Standards (Bio-Rad) according to 

manufacturerôs instructions.  

3.4.4 NgCysE kinetic assays  

NgCysE for kinetic characterisation was purified immediately prior to assays. 

Enzyme was stored at room temperature for the duration of the assay, as a rapid 

decrease in activity was observed when stored on ice. Assays were conducted 

within 2 h post-purification as NgCysE activity started to decrease after 2 h at room 

temperature (Figure A.1). NgCysE activity was measured by adapting the method 

in (Noji, Inoue, Kimura, Gouda, & Saito, 1998). NgCysE activity was measured by 

monitoring the decrease in absorbance at 232 nm (A232) due to breakage of the 

thioester bond of acetyl-CoA (ȹŮ232 = 4500 Mī1 cmī1) using a Thermo Spectronic 

Heɚios spectrophotometer (Thermo Fisher).  

To calculate the KM and kcat for the substrate L-serine, assays were carried out in 

quartz cuvettes of 0.5 cm pathlength with a final reaction volume of 0.4 ml which 

contained 50 mM Tris pH 8.0, 100 mM NaCl, 0.45 mM acetyl-CoA and variable 

amounts of L-serine. The reaction was performed at 22°C with absorbance recorded 

every 0.125 s after the reaction was initiated by the addition of 0.625 mg of purified 

NgCysE. Enzyme concentration in activity assays was optimised by testing various 

concentrations of NgCysE (0.156, 0.312, 0.391, 0.521, 0.781 and 1.56 mg.mlī1; 

Figure A.2). All substrate stocks were prepared in 50 mM Tris pH 8.0, 100 mM 

NaCl. An enzyme working stock of 0.125 mg.mlī1 (3.96 mM, NgCysE monomer 

31.6 kDa) was stored at room temperature (22°C) for the duration of the assays. 

The KM and kcat was calculated for acetyl-CoA, by varying the amount of 
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acetyl-CoA and keeping the concentration of L-serine constant at 10 mM. KM and 

kcat values were determined by non-linear regression fit of the MichaelisïMenten 

equation (Equation 3.1) using GraphPad Prism (GraphPad Software Version 8.2.0). 

The initial velocity of the reaction was derived from linear-regression analysis of 

the first five seconds of the reaction. All concentrations were collected in duplicate. 

Rates were divided by enzyme concentration before plotting substrate concentration 

versus rate. Substrate inhibition was modelled for acetyl-CoA through non-linear 

regression fit of the substrate inhibition equation (Equation 3.2) using GraphPad 

Prism (GraphPad Software Version 8.2.0).  

Equation 3.1 Michaelis-Menten equation.  
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Equation 3.2 Substrate inhibition equation.  
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3.4.5 NgCysE kinetic assays 

To calculate the IC50 for L-cysteine, similar reactions to above were set up with the 

addition of L-cysteine (final concentration, 0.01ï40 ɛM) to the assay reaction 

before initiation of the reaction by the addition of NgCysE. L-cysteine stocks (0.1 

and 1.0 mM) were made fresh in 50 mM Tris pH 8.0, 100 mM NaCl, and stored on 

ice to prevent unwanted oxidation of L-cysteine to L-cystine. The IC50 for 

co-enzyme A (CoA) was calculated in a similar manner to cysteine, which involved 

the addition of CoA (final concentration, 10ï2000 ɛM), before initiating the 

reaction with NgCysE. The IC50 values for L-cysteine and CoA were determined 

by fitting Equation 3.3 using GraphPad Prism (GraphPad Software Version 8.2.0) 

(Gesztelyi et al., 2012; Weiss, 1997).  

Equation 3.3 Log (inhibitor) versus normalised response - variable slope equation. 
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MichaelisïMenten plots for substrates acetyl-CoA and L-serine were collected as 

above with the addition of 4, 6 and 8 mM L-cysteine, respectively, to determine the 

mode of inhibition relative to each substrate. For varying concentrations of L-serine, 

acetyl-CoA was held constant at 0.15 mM and for varying concentrations of 

acetyl-CoA, L-serine was held constant at 1.5 mM. Inhibition data were analysed 

using the mixed-model inhibition equation (Equation 3.4) in GraphPad Prism 

(GraphPad Software Version 8.2.0) to determine the mode of inhibition for each 

substrate. KM and kcat values for each cysteine concentration relative to each 

substrate were determined by non-linear regression of the MichaelisïMenten 

equation (Equation 3.1) in GraphPad Prism (GraphPad Software Version 8.2.0).  

Equation 3.4 Mixed-model inhibition equation.  
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3.4.6 Crystallisation of NgCysE 

Initial crystals were grown by vapor diffusion using an IndexTM-HR2-144 

crystallisation screen (Hampton Research), dispensed into a low profile 96-2 well 

Intelli Plate (Hampton Research) using a Mosquito crystallisation robot (TTP 

LabTech Ltd). Sitting drops consisted of a 1:1 mix (100 nl :100 nl) of reservoir 

solution and concentrated protein (35 mg.mlī1 of purified NgCysE) with 100 ɛl in 

the reservoir well. Crystals for diffraction collection were grown using hanging 

drop vapor diffusion at 18°C. NgCysE crystals were obtained using whisker seeding 

in 28% (v/v) TacsimateTM pH 7.0 (0.3 M DL-malic acid, 1.8305 M malonic acid, 

0.25 M ammonium citrate tribasic, 0.12 M succinic acid, 0.4 M sodium acetate 

trihydrate, 0.5 M sodium formate and 0.16 M ammonium tartrate dibasic, Hampton 

Research). Drop composition consisted of a 1:1 mix (2 µl:2 µl) of reservoir and 

protein with 500 µl in the reservoir well. NgCysE with serine bound (NgCysE + 

L-Ser) crystals were obtained using similar techniques, but were grown using 100 

mM Tris pH 8.4, 26% (v/v) PEG400 and 15 mM serine (24 mg.mlī1 of purified 

NgCysE).  
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For data collection, all crystals were transferred to a cryoprotectant solution, 

consisting of crystallisation solution with 15% (v/v) glycerol, prior to flash cooling 

in liquid nitrogen.  

3.4.7 Data collection, indexing, integration, scaling 

X-ray diffraction data (100 K) was collected at the Australian Synchrotron at the 

MX2 beamline (Aragao et al., 2018) equipped with an EIGER ×16M detector 

(Dectris). The NgCysE and NgCysE + L-Ser dataset diffraction images were 

indexed, integrated and scaled, using XDS (Kabsch, 2010). Merging of reflections 

was carried out using AIMLESS (Evans & Murshudov, 2013) from the CCP4 suite 

(Winn et al., 2011). Data quality was assessed through AIMLESS (Evans & 

Murshudov, 2013) and through manually viewing diffraction images using 

ALBULA (Dectris). The total number of monomers in the asymmetric unit was 

determined by calculating the solvent content using the Matthewôs coefficient 

program (Matthews, 1968), as a part of the CCP4 program suite (Winn et al., 2011). 

The R free flag dataset was generated in AIMLESS (Evans & Murshudov, 2013). 

Data were analysed for evidence of twinning and translational non-crystallographic 

symmetry (tNCS) in AIMLESS from the CCP4 suite (Evans & Murshudov, 2013; 

Winn et al., 2011) and phenix.xtriage from the Phenix suite (Adams et al., 2010).  

3.4.8 Structure building and refinement 

The NgCysE structure was solved using molecular replacement, using the structure 

of CysE from Yersinia pestis (3GVD) retrieved from the protein data bank (PDB). 

A single monomer was extracted from this file, in PyMOL (The PyMOL Molecular 

Graphics System, Version 2.3.2 Schrödinger) and used as the search model for 

molecular replacement using phenix.phaser (McCoy et al., 2007), from the Phenix 

suite (Adams et al., 2010). The NgCysE + L-Ser structure was solved in a similar 

manner but using an NgCysE (6WYE) monomer as the search model.  

The models were initially built using the program phenix.autobuild (Terwilliger et 

al., 2008) from the Phenix suite (Adams et al., 2010). The resulting structure was 

manually built and refined using COOT (Emsley & Cowtan, 2004). For manual 

building, the 2FoïFc and Foï Fc electron density maps were set to 1ů and 3ů, 

respectively. Mobile sidechains without supported density were removed from 
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models. Translation-liberation-screw (TLS) was carried out in the late stages of 

model refinement using TLS groups determined by phenix.refine. After each round 

of structure manipulation, phenix.refine was used to run rounds of real-space 

refinement (Afonine et al., 2012).  

3.4.9 Ligand fitting and refinement 

The structures were prepared for ligand fitting by building and refining the protein 

structure and adding in waters using phenix.refine. Phenix.ligandfit was used to 

search for ligands of interest (Terwilliger, Klei, Adams, Moriarty, & Cohn, 2006; 

Venkatachalam, Jiang, Oldfield, & Waldman, 2003). Visual inspection and manual 

real-space refinement were carried out in COOT (Emsley & Cowtan, 2004). Metal 

ions were validated using the CheckMyMetal server (Zheng et al., 2017).  

3.4.10 Structural analysis 

Final structure statistics were generated using phenix.table_one, from the Phenix 

suite (Adams et al., 2010). Structure images were generated using PyMOL 

(Schrödinger, LLC). The final co-ordinate and structure amplitude files for NgCysE 

and NgCysE + L-Ser were deposited to the PDB, under accession codes 6WYE and 

7RA4, respectively.  

3.4.11 SAXS data collection 

Measurements were performed at the Australian Synchrotron SAXS/WAXS 

beamline equipped with a Dectris-Pilatus detector. The wavelength of the X-rays 

was 1.0322 Å. The sample detector distance was 1426 mm. Data were collected 

from samples in a 1.5 mm thin-walled glass capillary at 25°C at two second 

intervals.  

Size exclusion chromatography (SEC) in-line with the SAXS beamline (SECSAXS) 

(Ryan et al., 2018) with a co-flow set-up (Kirby et al., 2016) was used to collect 

scattering data. Data were collected from NgCysE and NgCysE + 50 mM L- 

cysteine following elution from a size exclusion column (Superdex 200 5/150), pre-

equilibrated with SEC buffer (50 mM Tris pH 8.0, 100 mM NaCl) or SEC buffer 

with L-cysteine (50 mM Tris pH 8.0, 100 mM NaCl, 50 µM L-cysteine).  
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Raw scattering data were processed with Scatterbrain at the Australian Synchrotron. 

Scattered intensity (I) was plotted versus s using Primusqt from the ATSAS suite 

(Franke et al., 2017). All samples were devoid of an increase in intensity at low s 

(indicative of aggregation). Guinier plots were linear for sRg < 1.15. Theoretical 

scattering curves were generated from the NgCysE crystal structure PDB file 

(6WYE) using Crysol (Svergun, Barberato, & Koch, 1995).  

3.5 Results and Discussion 

3.5.1 Purification and stoichiometry of NgCysE 

The N. gonorrhoeae serine acetyltransferase (CysE) gene NGFG_RS07905 was 

cloned into pET28b for expression with an N-terminal His-tag. This was done to 

avoid adding residues onto the C-terminus of the protein which is proposed to 

interact with OASS/CysK in order to form the cysteine synthase complex in later 

studies. NgCysE was purified by IMAC followed by a final purification step via 

SEC. NgCysE eluted as a single peak from a size exclusion column with an elution 

volume of 12.56 ml corresponding to an approximate molecular mass of 193.8 kDa 

(Figure A.3). The predicted molecular mass of the NgCysE monomer is 31.6 kDa, 

confirming a hexamer of NgCysE monomers (6 × 31.6 kDa = 189.6 kDa). 

SDS-PAGE analysis of NgCysE shows >95% purity (Figure A.3).  

3.5.2 Kinetic properties of NgCysE 

The activity of NgCysE was determined by measuring the decrease in absorbance 

at 232 nm due to depletion of substrate acetyl-CoA. The kinetic parameters for 

substrate acetyl-CoA (Table 2.1) were calculated from fitting a MichaelisïMenten 

curve (R2 = 0.8449) of rate (sī1; rate divided by enzyme concentration) versus 

acetyl-CoA (black line, Figure 3.1A). The overall fit for the MichaelisïMenten 

equation is reasonable with the exception of NgCysE rates collected at 1 mM acetyl-

CoA which display inhibition that is likely to be substrate inhibition. We could not 

confidently fit the substrate inhibition equation (red line, Figure 3.1A) due to only 

one data point (1 mM acetyl-CoA) displaying inhibition. Due to limitations in 

experimental set-up (a high starting absorbance at high acetyl-CoA concentrations) 

we were unable to collect NgCysE rates for higher acetyl-CoA concentrations.  
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However, data collected is highly reproducible with different enzyme preparations 

and enzyme concentrations (Figure A.4). From these data, the KM (acetyl-CoA) was 

calculated to be 0.149 mM, and a kcat of 1176 sī1 for the hexamer (Table 3.1).  

Table 3.1 Kinetics parameters of NgCysE.  

Parameter  L-serinea  Acetyl-CoAa  

KM (mM)  1.21 ± 0.16  0.149 ± 0.05  

kcat (s-1)b  1444 ± 41  1176 ± 111  

kcat/KM (M -1.s-1)  1.19 x 106 ± 0.16  7.89 x 106 ± 2.54  

aError is SEM of two replicates.  
bkcat calculated by dividing the rate by enzyme concentration using the concentration of the 

NgCysE hexamer (189.6 kDa).  

  

  
Figure 3.1 Kinetic analysis of NgCysE substrates L-serine and acetyl-CoA. (A) 

Substrate inhibition is observed for acetyl-CoA. MichaelisïMenten (black) and 

substrate inhibition equations (dashed red lines), are modelled. (B) 

Michaelis- Menten fit for L-serine. L-serine and acetyl-CoA assays were collected 

at saturating concentrations of 0.45 mM acetyl-CoA and 10 mM L-serine, 

respectively. Enzyme concentration was factored into the rates in (A) and (B) by 

dividing by the enzyme concentration to give the rate (sī1). (C) Dose response 

curve for co-enzyme A (CoA). Line represents the fit of IC50 equation to data. 

Substrate concentrations were fixed at 0.15 mM and 1.5 mM, for acetyl-CoA and 

L-serine, respectively. Plotted data points represent mean alongside SEM of two 

replicates.  

A concentration of 0.45 mM acetyl-CoA was the saturating concentration used for 

collection of the L-serine MichaelisïMenten plot as this from this point the rate 

plateaus (Figure 3.1A) and higher acetyl-CoA concentrations (1 mM) display 

likely substrate inhibition. The kinetic parameters for substrate L-serine were 

calculated from the MichaelisïMenten curve (R2 = 0.9476) of rate (sī1; rate divided 

by enzyme concentration) versus L-serine concentration (Figure 3.1B). The KM (Ser) 

of the enzyme was calculated to be 1.21 mM, the kcat 1444 sī1 for the hexamer 

(Table 3.1).  

To investigate if NgCysE is inhibited by the high concentrations of the reaction 

product CoA as observed for other CysE enzymes (Hindson & Shaw, 2003) 
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(Johnson et al., 2004b) we collected an IC50 inhibition curve for CoA. There is 

inhibition of NgCysE activity with increasing concentrations of CoA (Figure 3.1C) 

indicating product inhibition at high CoA concentrations with an IC50 value of 573 

± 11 µM, and a hillslope of ī1.7 Ñ 0.3 indicating positive cooperativity. While CoA 

exhibits product inhibition, it does not account for the decrease in rate seen at 1 mM 

acetyl-CoA (Figure 3.1A) as reaction rates were calculated from steady-state 

conditions.  

The difference in KM values for each substrate (1.21 mM L-serine versus 0.149 mM 

acetyl-CoA), demonstrates a greater affinity of NgCysE for acetyl-CoA compared 

with L-serine, which is consistent with other CysE homologues (Hindson & Shaw, 

2003; Johnson et al., 2004b; Pye et al., 2004). The specificity constants, kcat/KM, for 

NgCysE are 1.19 × 106 and 7.89 × 106 Mī1.sī1 for L-serine and acetyl-CoA, 

respectively, which are below the diffusion theory maximum rate of ~108 Mī1 .sī1 , 

indicating that the enzyme rate is not diffusion limited (Schurr & Schmitz, 1976).  

There is a 6.5-fold increase in kcat/KM for acetyl-CoA compared with L-serine 

attributable to NgCysE having a greater affinity for acetyl-CoA, with an 

approximately eight-fold lower KM for acetyl-CoA (0.149 mM) compared with 

L-serine (1.21 mM). CysE enzymes from E. coli and H. influenzae display 

Michaelisï Menten kinetics for acetyl-CoA, but exhibit substrate inhibition for 

L-serine (Benoni, De Bei, et al., 2017; Johnson et al., 2004b; Kredich & Tomkins, 

1966). NgCysE appears to be the opposite, where acetyl-CoA possibly exhibits 

substrate inhibition and L-serine does not. Based on the reaction mechanism of 

CysE homologues (Benoni, De Bei, et al., 2017; Johnson et al., 2004b), we predict 

that NgCysE has a sequential mechanism, in keeping with the proposed formation 

of the ternary complex during acyl transfer to L-serine.  

The acetyl-CoA binding site of NgCysE, may prove to be a good target for 

inhibitors, and this is being explored in other hexapeptide transferases. Inhibitors 

for a related hexapeptide transferase termed GlmU targeted the acetyl-CoA binding 

site, instead of the active site (NgCysE equivalent L-serine binding site) (Olsen, 

Vetting, & Roderick, 2007).  
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3.5.3 Structure of NgCysE 

The crystal structure of NgCysE was solved by molecular replacement to 2.01 Å 

with L-malate (from the crystallisation condition) bound in the active site. The final 

model was refined to an R and free R of 0.183 and 0.222, respectively (Table 3.2). 

The asymmetric unit contained six monomers arranged as one complete trimer and 

another trimer split into 1/3 and 2/3. A complete hexameric molecule is apparent 

after repetition by a crystallographic two-fold axis (Figure 3.2A). The most 

complete subunits contained residues 3-264 of the 272-residue polypeptide. 

Electron density corresponding to the uncleaved 21-residue N-terminal histidine tag 

was not apparent for any subunit. The C-terminal tail adopts two conformations, 

with the tails of two monomers in the trimer extending away from the trimer and 

the remaining monomer exhibiting a folded tail conformation. The two monomers 

in the hexamer (one from each trimer) with folded C-terminal tails had poor electron 

density for residues 250ï254 towards the C-terminal end. Data show the presence 

of L-malate (present in the crystallisation condition) forming meaningful active site 

interactions in the structure.  

  

Figure 3.2 Structure of NgCysE hexamer. A ribbon diagram of the overall structure 

of NgCysE shows that a dimer of trimers forms the hexameric unit through 

interactions between the N-terminal Ŭ-helical domains (A). Trimers form through 
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interactions of the N-terminal Ŭ-helical domains (A). Trimers form through 

interactions of the N-terminal Ŭ-helices (B) and left-handed ɓ-helical C-terminal 

domain (C). The vertical dashed line represents the independent three-fold 

symmetry which is evident in (B) and (C). Sodium ions are shown as a purple 

spheres and L-malate is shown as yellow sticks. Asterisks shows active site 

extended loop. This figure was prepared with PyMOL.  

Table 3.2 Data collection and refinement statistics.  

  

 NgCysE  NgCysE + L-ser  

Data collectiona      

Wavelength (Å)  0.9537  0.9537  

Resolution range (Å)  43.11 - 2.01 (2.08 - 2.01)  43.88-2.80 (2.8 - 2.95)  

Space group  P21  C2  

Unit cell parameters a, b, c (Å) 

Ŭ , ɓ, ɔ (°)  
77.90, 93.87, 102.02,   

90.00, 91.29, 90.00  

102.86, 94.59, 79.25,  

90.00, 92.18, 90.00  

No. of molecules in asymmetric 

unit   
6  3  

Total reflections  689150 (70393)  130367 (19576)  

Unique reflections  97700 (9715)  18772 (2723)  

Multiplicity   7.1 (7.2)  6.9 (7.2)  

Completeness (%)  99.6 (100.0)  99.9 (100.0)  

Mean I/ů(I)  18.5 (3.4)   9.1(2.2)  

Rmerge
b  0.05574 (0.4889)  0.149 (0.915)  

      

Refinement      

Reflections used in refinement  97327 (9715)  130367 (19576)  

Reflections used for Rfree  4749 (424)  18772 (2723)  

Rwork  0.1830 (0.2178)  0.2346 (0.2892)  

Rfree  0.2219 (0.2745)  0.2673 (0.3240)  

No. protein atoms  11158   5001  

No. solvent atoms  538  39  

No. ligand atoms      

       l-malate  54  -  

       sodium  6  -  

       l-serine  -  14  

Protein residues  1534  726  

r.m.s.d bonds (Å)  0.007  0.002  

r.m.s.d angles (°)  0.84  0.59  

Ramachandran favoured (%)  97.7  95.61  

Ramachandran allowed (%)  2.3  4.39  

Ramachandran outliers (%)  0  0  



 

72  

  

Average B (Å2)  38.9  54.19  

  macromolecules  38.8  54.20  

  ligands  37.0  58.56  

  solvent  40.3  50.78  

Clashscore  2.3  2.25  

No. of TLS groups  1  4  

PDB entry  6WYE  7RA4  

aStatistics for highest resolution shell are shown in parentheses.  

bRmerge= ВὮ=1 |ὍὬὯὰ,Ὦ  ộὍὬὯὰỚȿȾВὬὯὰ ВὮ ὍὬὯὰὮ  

The crystal structure of NgCysE with serine bound (NgCysE + L-Ser) was solved 

using a closed tail monomer of NgCysE (6WYE) and was refined to 2.8 Å. The 

model has an R and free R of 0.234 and 0.267, respectively. A trimer is present in 

the asymmetric unit but a hexamer can be generated using the crystallographic 

twofold axis. There was density to support placement of substrate L-serine in two 

of the three active sites, with the third having weak density, where serine interacts 

with conserved active site residues. 

There are no major conformational differences between the L-malate and L-serine 

bound structures (RMSD 0.236 Å), where the main differences are due to the 

presence of open tail conformations in NgCysE. Density is present for extended and 

folded C-terminal tails in the NgCysE + L-Ser structure (one closed and two open 

tails), but as a result of poorer resolution for this structure it was not possible to 

build the tails into the density. Given that the NgCysE structure has better resolution, 

it was used for downstream structural analysis.  

The CysE monomer can be subdivided into an N-terminal domain (residues 1ï144) 

consisting of eight Ŭ-helices and a C-terminal left-handed ɓ-helical domain (LɓH; 

residues 145ï272). Three monomers interact with each other through contacts 

between helices in the N-terminal domain and interactions of the LɓH domain to 

form the trimer, which in turn form the hexamer as a dimer of trimers (Figure 3.2). 

The overall fold of the NgCysE monomer and its hexameric state, is similar to the 

bacterial and plant homologues and strict residue conservation between species 

indicates the significance of this type of fold in CysEs ((Chattopadhyay et al., 2007), 

(Campanini et al., 2005; Mino et al., 1999), Figure 3.3).  
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Figure 3.3 Sequence alignment of CysE enzymes. An amino acid sequence 

alignment of the most structurally similar CysEs to N. gonorrhoeae shows strict 

conservation of residues in the C-terminal LɓH domain and in the active site. 

Secondary structure and numbering presented is from N. gonorrhoeae (6WYE) 

showing Ŭ-helices as pink cylinders and ɓ-strands as blue arrows. Letter shading 

is based on % similarity. Red shading shows active site residues and blue shading 

shows additional important active site solvent interacting residues. Yellow shading 

shows residues identified in C-terminal tail folding and black (and dashed) boxes 

illustrate missing residues from these structures. N. gonorrhoeae (NgCysE; 

AAW90067.1), H. influenzae (HiCysE; WP_005694542.1), G. max (GmCysE;  

XP_003528805.2), E. coli (EcCysE; WP_114569552.1) and K. pneumoniae 

(KpCysE; Q0ZB96). Asterisk shows the active site extended loop region. This 

figure was prepared with Geneious Prime 2019.2.1.  

The acetyltransferases are characterised by a unique hexapeptide repeat ([LIV]-

[GAED]-X2-[STAV] -X) which results in the formation of the LɓH domain. There 

is a single deviation from the LɓH domain structure between ɓ-strands 7 and 8, 

which creates an extended loop (residues 191ï199 in this structure) which is 

significant as this forms one half of the active site (Figure 3.2C and 3.4). The active 

site is situated between the C-terminal domains of two adjacent monomers. In each 

trimer there are three active sites. In a trimer positioned with the N-terminus top 

and C-terminus bottom, the active site is located at the intersection of the N-terminal 

domain and C-terminal domain of the left monomer and the inner face of the 

extended loop from the right monomer (Figure 3.5). The six active site residues in 

N. gonorrhoeae comprise of Asp96, Asp161 and His162 from the left monomer and 

Asp147, Glu170, Arg196 and His197 from the right monomer (Figure 3.3 and 

Figure 3.4), with His162 and Asp147 forming the catalytic dyad.  
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Figure 3.4. Simulated-annealing OMIT maps of ligand bound active sites for 

NgCysE and NgCysE + L-ser. The placement of L-malate (yellow sticks) in the 

NgCysE active site (adjacent monomers coloured magenta and blue) (A) and 

L-serine (grey sticks) in the serine bound structure (adjacent monomers coloured 

purple and orange) (B) are supported by Fo-Fc maps displayed as green mesh 

(contoured at 3.0ů). (C) Overlay of NgCysE and NgCysE + L-ser monomers (open 

conformation) demonstrates conserved orientation of active site residues Asp96, 

Asp147, Asp161, His162, Gly188, Arg196 and His197 (displayed as sticks). 

Hydrogen bonds between active site residues and ligands are represented by 

yellow dashed lines. Waters are shown as red crosses in (A) no waters are shown 

in (B) due to the difficult placement of waters due to resolution. This figure was 

prepared using PyMOL.  

  

Figure 3.5 A ribbon diagram of the NgCysE trimer illustrates the position and 

formation of the active sites between two adjacent monomers. The structure 

reveals different C-terminal tail conformations in different active sites of a single 

trimer (A). Between monomers 1 and 2 the C-terminal tail of monomer 1 (green) 
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is extended away from the active site (B). Between monomers 2 and 3 the C-

terminal tail of monomer 2 (blue) is tucked up into the active site (C). Sodium ions 

are shown as a purple spheres and L-malate is shown as yellow sticks.  Dashed 

line represents the 3-fold symmetry. This figure was prepared with PyMOL.  

Comparing the two NgCysE structures, the active site residues, Asp96, Asp161, 

Arg196 and His197 (Figure 3.4), interact with L-malate in a similar manner as the 

substrate L-serine. The terminus carboxylic acid group on L-malate and L-serine 

are co-ordinated by the Arg196 side chain. The negatively charged carboxylate side 

chains from residues Asp96 and Asp161 both co-ordinate the L-serine backbone 

amide and the hydroxyl group in L-malate (Figure 3.4A). The most notable 

difference in active site coordination is where the L-serine ɔ hydroxyl forms 

meaningful hydrogen bonds to flanking His162 and His197 (Figure 3.4B), whereas 

in the NgCysE malate bound structure the equivalent carboxylic acid group 

maintains a hydrogen bond with His197 but is orientated away from the catalytic 

His162, and is co-ordinated by the backbone amide of Gly188 (Figure 3.4). This 

difference is likely due to L-serine being a natural substrate of the enzyme, whereas 

L-malate is not. The interaction of L-serine with active site residues in the NgCysE 

+ L-Ser structure is similar to the other L-serine bound CysE structure in the PDB 

(4N69) from Soybean (Glycine max) (Yi et al., 2013), with the exception that 

His162 is interacting with L-serine in the NgCysE + L-Ser structure.  

The C-terminal tail adopts two conformations in our malate bound structure. For 

two monomers, the tails extends outward away from the trimer, reaching towards 

adjacent trimers in the crystal unit and occupying the interface between two 

monomers (exhibiting domain swapping). For the remaining single monomer in 

each trimer, the tail loops upward against the side of the monomer and tucks under 

the active site (Figure 3.5). There are notable differences in the number of water 

molecules participating in the active site chemistry with L-malate when the tail is 

positioned near the active site (Figure 3.5B and C). In the extended tail 

conformation with an óopenô active site there are seven water molecules interacting 

with L-malate, whereas in the tucked tail conformation with a óclosedô active site 

there are an additional two water molecules coordinating with L-malate (Figure 

3.5B and C). The óclosedô active site recruits additional residues Gly188 and 

Gln261 to join Arg95 and Gly190 in solvent interactions and residues Ser189, 

Lys223, Asp260 and Gln261 become involved in tail interactions (Figure 3.5C). 
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Glutamine 261 is noted to be of particular importance in this óclosedô active site 

conformation as this has key interactions securing the tail position and involvement 

in the active site chemistry, drawing in additional water molecules. Notably the L-

malate bound structure presented here has only eight missing C-terminal residues 

compared with related structures (Figure 3.3) that have more missing residues. 

When the active site is in the óclosedô conformation there is no access to the interior 

serine binding pocket.  

The tucked tail conformation of the NgCysE monomer is identical with homologous 

CysE structures that have the product cysteine bound (PDB 1SSQ, 1T3D, 3GVD, 

3P47, 4H7O and 6JVU) and analysis of these structures also reveals that there 

would be no access to the pocket of the active site (regardless of the number of 

missing C-terminal residues). Due to an artifact of crystallographic packing, we 

have surprisingly been able to examine two active site states regardless of having a 

true substrate molecule bound. L-malate was present in the crystallisation condition 

and its occupation of the active site is expected to be based on charge in a similar 

manner to the inhibitor L-cysteine. Comparing the óclosedô active site of NgCysE 

with the homologous E. coli CysE (1T3D) (containing cysteine in the active site) 

we observe a similar arrangement of active site residues and the C-terminal tail 

position. Cysteine acts as a negative feedback regulator of CysE activity and it could 

be deduced that it does this by óclosingô the active site. Comparing the óopenô active 

site of NgCysE with the H. influenzae homologue (1SST) (containing CoA in the 

active site) we observe that the C-terminal tail is also orientated away from the 

active site and in addition the extended loop in 1SST is disrupted whereas in our 

structure is not. The substrate CoA is a large molecule and by occupying the active 

site the C-terminal tail cannot fold into this space. The structure presented here is 

unique in that we see both óopenô and óclosedô conformations in a monomer which 

gives insight into substrate binding.  

3.5.4 Cysteine inhibition 

For CysE enzymes, feedback inhibition by L-cysteine is well-documented across 

both bacterial and plant species (Chronis & Krishnan, 2004; Johnson et al., 2004b; 

Kredich & Tomkins, 1966). Here, we characterised L-cysteine inhibition of 

NgCysE, relative to the substrates L-serine and acetyl-CoA. NgCysE activity was 
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inhibited by increasing concentrations of L-cysteine with an IC50 of 6.4 ± 0.1 µM 

and a hill slope of ī1.86 Ñ 0.15 (Figure 3.4A). Collection of MichaelisïMenten 

plots with varying L-serine concentrations (Figure 3.4B) in the presence of fixed 

concentrations of cysteine, increased the KM (serine) from 1.16 mM with no L-

cysteine bound to 4.83 mM in the presence of 8 µM L-cysteine, while the kcat did 

not change. This demonstrates that L-cysteine is a competitive inhibitor relative to 

L-serine. Competitive inhibition is supported by structural evidence from E. coli 

and E. histolytica where cysteine has been shown to bind directly to the L-serine 

active site, preventing L-serine from binding (Kumar et al., 2011; Pye et al., 2004). 

We could not confidently fit competitive, non-competitive or uncompetitive 

enzyme inhibition models to the data. Incorporation of the hill coefficient (Equation 

A.1) (Weiss, 1977; Aragao et al., 2018) into the competitive inhibition model 

accounts for cooperativity of binding and is well accounted for in the data (Figure 

A.5). The h value (a measure of cooperativity) decreases steadily from 1 

(noncooperative binding) to 0.299 (negatively cooperative binding) with increasing 

L-cysteine concentrations (Table A.1), suggesting negative cooperativity between 

active sites when L-cysteine is present. This is consistent with the hill slope (ī1.86) 

of the L-cysteine dose response curve (Figure 3.6A), where binding of L-cysteine 

increases the affinity of other active sites in the multimer for L-cysteine (positive 

cooperativity) which reduces the affinity for L-serine (negative cooperativity in 

Figure 3.6B and Figure A.5). Although cooperativity has not been reported for 

CysE homologues, together with the positive cooperativity seen in the CoA dose 

response curve (Figure 3.1C), it clear that there is interconnectedness between 

active sites in NgCysE, which is unsurprising given the multimeric nature of the 

enzyme.  

L-cysteine has also been shown to be a competitive inhibitor relative to acetyl-CoA 

in CysE enzymes from other bacteria (Kumar et al., 2011; Pye et al., 2004). To 

investigate if L-cysteine is a competitive inhibitor relative to acetyl-CoA in NgCysE 

we collected Michaelis-Menten plots with varying acetyl-CoA concentrations 

(Figure 3.6C) in the presence of 4, 6 and 8 µM L-cysteine respectively. We were 

unable to confidently determine the mode of inhibition, with both competitive and 

non-competitive inhibition models fitting the data reasonably. Incorporation of the 

hill coefficient into either equation did not improve the fit of either model. 
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Collection of IC50 curves in the presence of increasing concentrations of acetyl-CoA 

(Figure 3.6D), demonstrate an increase in IC50 from 6.3 µM (hill coefficient 2.1 ± 

0.2) to 10.8 µM (hill coefficient 2.5 ± 0.1), consistent with a competitive inhibition 

mechanism (Rosa et al., 2019) and positive cooperative for L-cysteine binding. 

Competitive inhibition is supported by the observation that in cysteine-bound CysE 

structures from other bacteria, the flexible C-terminal tail of CysE is folded against 

the active site (Kumar et al., 2011; Olsen et al., 2004; Pye et al., 2004), as also seen 

in the óclosedô active sites in our NgCysE structure. This essentially closes the active 

site, preventing acetyl-CoA from binding, thereby acting as a competitive inhibitor.  

  

Figure 3.6 Characterisation of cysteine inhibition. (A) Dose response curve for 

L-cysteine. Line represents the fit of IC50 equation to data. Substrate 

concentrations were fixed at 0.15 mM and 1.5 mM, for acetyl-CoA and L-serine, 

respectively. (B) Michaelis-Menten plots were collected for 0 (circles), 4 (squares), 

6 (triangles) and 8 (inverted triangles) µM of L-cysteine, with varying 

concentrations of serine. (C) Michaelis-Menten plots for 0 (circles), 4 (squares), 6 

(triangles) and 8 (inverted triangles) µM of L-cysteine, with varying 

concentrations of acetyl-CoA (x-axis). (D) Dose-response curves for L-cysteine in 

the presence of 0.15 (circles), 0.25 (squares) and 0.45 (triangles) mM of 

acetyl-CoA. Data points are mean and error bars are SEM derived from two 

replicates.  
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3.5.5 Small angle X-ray scattering shows a conformational change in 

the presence of L-cysteine 

SEC in line with small angle X-ray scattering (SEC-SAXS) analysis (Kirby et al., 

2016) was performed to determine the effect of L-cysteine binding to NgCysE in 

solution. Crystallisation attempts of NgCysE with L-cysteine were unsuccessful due 

to degradation of crystals upon addition of L-cysteine. The scattering data were 

consistent with a globular protein (Figure 3.5), and the calculated molecular mass 

based on the Porod volumes, combined with the pair wise distribution (P(r)) 

analysis support a hexamer of NgCysE monomers. The calculated molecular mass 

for the L-cysteine bound and unbound structures was the same (193.87 kDa). The 

molecular mass of the monomer including the His-tag is 31.6 kDa, therefore, 193.87 

kDa divided by the molecular mass of the monomer (31.6 kDa) is 6.1 monomers 

per structure, consistent with the hexameric crystal structure and SEC presented 

above. The SAXS profiles were fit with the calculated theoretical scattering from 

our NgCysE crystal structure. The theoretical scattering profile shows a poor fit 

with the scattering data collected for unbound (ɢ2 = 5.31) and L- cysteine bound 

NgCysE scattering data (ɢ2 = 10.84) (Figure 3.5A), which is not unexpected due to 

combination of closed (tucked C-terminal tail) and open (flexible C-terminal tail) 

conformations seen in the NgCysE crystal structure which the theoretical scattering 

is calculated from.  

  

Figure 3.7 SAXS profiles of NgCysE bound and unbound to L-cysteine. (A) SAXS 

profiles of NgCysE were measured in the absence of (blue circles) and presence 

(green circles) of 50 µM L-cysteine (L-Cys). Theoretical scattering (black line) 

calculated from cysteine-free NgCysE crystal structure. (B) Kratky plot of NgCysE 

in the absence (blue circles) and presence (green circles) of 50 µM L-cysteine.  

Comparison of the SAXS profiles in the presence and absence of L-cysteine shows 

clear differences (Figure 3.7A), consistent with a conformational change upon 



 

80  

  

binding of L-cysteine. The difference is associated with an increased compactness 

of the enzyme when bound to L-cysteine as shown by the smaller radius of gyration 

derived from the Guinier Plot (Rg = 40.26 ± 0.35 Å with L-cysteine bound 

compared with Rg = 43.01 ± 0.27 Å without) and P(r) analysis (Rg = 40.8 ± 0.14 

Å for L-cysteine bound compared with Rg = 43.17 ± 0.14 Å for unbound). The 

scattering data, including the pairwise distribution analysis and Rg values from the 

Guinier analysis are consistent with SAXS data from CysE from E. coli (Mino, 

Hiraoka, et al., 2000).  

The bell-shaped curve observed in the Kratky plot (Figure 3.5B) shows that the 

protein exhibits a typical folded shape. This confirms the protein remains folded in 

the presence of L-cysteine although the cysteine-free curve is slightly flattened 

suggesting slightly increased flexibility of the protein. Decreased flexibility and an 

increased compactness of the cysteine bound enzyme is consistent with previously 

reported CysE structures crystallised with the cysteine inhibitor (Kumar et al., 2011; 

Olsen et al., 2004; Pye et al., 2004). The flexible C-terminal tail of CysE in cysteine 

bound structures adopts a more rigid, less flexible structure by interacting with the 

third ɓ-coil to bury the acetyl-CoA binding site (Kumar et al., 2011) which is also 

consistent with the óclosedô state for NgCysE that we see in our crystal structure 

leading to small conformational changes and a slightly more compact enzyme.  

3.6 Conclusions 

Cysteine synthesis in bacteria is a two-step reaction, the first step catalysed by CysE 

that produces O-acetylserine from L-serine and acetyl-CoA, and the second step 

catalysed by O-acetylserine sulphydrylase (OASS) that uses the substrates sulphide 

or thiosulphate to synthesise L-cysteine from O-acetylserine. The CysE and CysK 

enzymes form the cysteine synthase complex with the C-terminal tail of CysE 

binding into and inhibiting the active site of OASS-A. CysE is feedback inhibited 

by the end product of the pathway L-cysteine. Bacterial members of the CysE 

family are generally hexamers (with the exception of E. histolytica (Kumar et al., 

2011)) and are characterised by a unique left-handed parallel ɓ-helix (LɓH).  

Here we have presented structural and kinetic data for CysE from N. gonorrhoeae 

(NgCysE). SEC and small angle X-ray scattering (SAXS) analysis confirm that 

NgCysE is a hexamer in solution as well as in the crystal structure, with no other 
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oligomeric states detected. We have characterised the kinetics of NgCysE, and 

hypothesise a sequential mechanism, although the order of substrate binding is 

unknown. We suggest substrate inhibition at concentrations of acetyl-CoA Ó 1 mM 

but due to limitations in experimental set-up were not able to confirm substrate 

inhibition. This is in contrast with other CysE enzymes from other bacteria 

including E. coli and H. influenzae that display substrate inhibition by L-serine 

(Olsen et al., 2004; Pye et al., 2004). NgCysE also exhibits product inhibition by 

co-enzyme A (CoA) consistent with other CysE enzymes (Hindson & Shaw, 2003) 

(Johnson et al., 2004b). Cooperativity is seen in the presence of the inhibitor 

L-cysteine and the product CoA indicating an interconnectedness between active 

sites in the NgCysE hexamer. NgCysE is feedback inhibited by the end product of 

the pathway L-cysteine, and using SAXS we show small conformational changes 

in the cysteine bound enzyme. These changes suggest a less flexible, slightly more 

compact enzyme when bound to cysteine. This is consistent with the óclosedô active 

sites we see in the NgCysE crystal structure and crystal structures of other CysE 

enzymes bound to L-cysteine (Kumar et al., 2011; Olsen et al., 2004; Pye et al., 

2004), where the C-terminal tail is tucked up against the side of the active site in 

the closed (cysteine-bound) structures leading to a more rigid enzyme.  

The structure of NgCysE reveals that this enzyme is clearly part of the CysE family 

due to its hexameric nature and LɓH. As with other related structures, NgCysE is a 

dimer of trimers, with each monomer comprising an N-terminal Ŭ-helical domain 

and a C-terminal LɓH domain. The majority of CysE three-dimensional structures 

are incomplete and have up to 37 amino acids missing from the C-terminal end of 

the enzyme. We note that the NgCysE structure has the least number of missing 

residues from the distal C-terminal end compared with related structures, which has 

allowed us to investigate the topology of the active site with some confidence. A 

crystallographic artifact has led to two different C-terminal tail conformations in 

the NgCysE structure. Where other structures have missing residues, leading to an 

exposed active site cavity, NgCysE exhibits either a free C-terminal tail swept 

outwards from the enzyme or a constrained C-terminal tail tucked up into the active 

site. The outward C-terminal tail results in an óopenô active site, in contrast with the 

tucked tail which results in a óclosedô active site. The ligand L-malate is present in 

the active site of NgCysE due to its presence in the crystallography reagent. It 
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occupies the same area and interacts with the active site residues that the natural 

substrate L-serine would, as seen in our NgCysE + Ser structure, with the exception 

of catalytic His162.  

The tucked C-terminal tail óclosedô conformation reveals interesting interactions 

with both the solvent and other residues. A key glutamine residue (Gln261) in the 

tail, interacts with two additional water molecules in the active site (assisted by a 

nearby Gly188) that were otherwise uninvolved in the óopenô conformation. The 

interaction of Gln261 in the C-terminal tail brings a serine residue near the active 

site into close-range to allow it to form polar contacts with an aspartate on the 

C-terminal tail, which in turn forms a polar contact with a lysine from a ɓ-strand in 

the LɓH. Analysis of the residues involved in these polar contacts to tuck the 

C-terminal tail into the active site reveals strict conservation between species. 

Overall, there is a chain reaction of polar contacts from the active site, downwards 

through the tail, securing it and closing the active site. In bacteria the primary 

pathways of inorganic sulphur assimilation converge at cysteine biosynthesis and 

N. gonorrhoeae lacks the ability to utilise sulphate as an inorganic sulphur resource, 

but its requirement for sulphur can be fulfilled by thiosulphate (Le Faou, 1984). 

Curiously N. gonorrhoeae lacks the variant of the OASS enzyme that utilises 

thiosulphate (OASS-B/CysM), having just a single OASS enzyme with homology 

to OASS-A/CysK (the variant that utilises sulphide not thiosulphate) (Hicks & 

Mullholland, 2018). It remains to be seen if this enzyme does indeed utilise only 

sulphide as a substrate or if it is a dual-function enzyme, also capable of using 

thiosulphate for the synthesis of cysteine. In addition it is unknown if OASS-A from 

N. gonorrhoeae interacts with NgCysE to form the cysteine synthase complex 

although it is likely, as the C-terminal tail of NgCysE contains the conserved 

terminal isoleucine critical for binding of the tail into the active site of OASS 

(Campanini et al., 2005; Mino, Hiraoka, et al., 2000; Mino et al., 1999).  

Our NgCysE structures presented here, alongside kinetic and inhibition data, gives 

unique insight into the structure, function and inhibition of CysE from 

N. gonorrhoeae and due to the unique nature of sulphur acquisition for cysteine 

biosynthesis in N. gonorrhoeae could represent a novel drug target for treating 

extensively antimicrobial-resistant gonorrhoea.  
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3.7 Supplementary Materials 

Supplementary materials associated with this chapter are available in Appendix A: 

Supplementary material for Chapter Three.  

3.8 Data availability  

The final co-ordinate and structure amplitude files for NgCysE and NgCysE + L-Ser 

are deposited in the Protein Data Bank (https://www.rcsb.org/) under PDB 

accession codes 6WYE and 7RA4, respectively. UniProt Accession ID for 

NGFG_01496 (NgCysE): Q5F6X0 (Q5F6X0_NEIG1).  
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4 4 Chapter Four: Identification of Inhibitors 

of Serine Acetyltransferase from 

Neisseria gonorrhoeae 

4.1 Preface 

Targeting de novo cysteine biosynthesis for antimicrobial development has 

garnered interest, particularly for combatting antimicrobial-resistant pathogens 

(Campanini et al., 2015; Chen et al., 2019; Gupta & Gupta, 2021; Toyomoto et al., 

2023; Verma et al., 2020). This chapter builds upon previous work in Chapter Three 

where we presented the kinetic and structural characterisation of CysE from 

Neisseria gonorrhoeae (NgCysE) (Oldham, Prentice, Summers, & Hicks, 2022). In 

this chapter, we have used the crystal structure of NgCysE (PDB 6WYE) to conduct 

structure-based virtual inhibitor screening from commercial libraries, ordered hit 

compounds identified in silico and have evaluated the inhibition of these 

compounds in vitro against NgCysE. Experimental screening led to the 

identification of first inhibitors of NgCysE, with the most potent compound 

displaying inhibition in the low micromolar range. 

The work presented in this chapter is shown in a publication format as a manuscript 

prepared for submission to the journal; Antimicrobial Agents and Chemotherapy 

(American Society for Microbiology). Included in this chapter is a Future 

Directions section (4.7), which itself is not part of the manuscript, but has been 

included to discuss ongoing and future work directly related to the project; these 

results will be included in the future publications. Supplementary information is 

available in Appendix B. Citation for this work is as follows:  

Oldham, K. E. A., Jiao, W., & Hicks, J. L. (2024). Identification of novel 

inhibitors targeting serine acetyltransferase from Neisseria gonorrhoeae.  

(Prepared for submission)  

4.1.1 Author contributions  

I led the experimental work for this research, as first author, which involved enzyme 

purification, optimisation of enzyme kinetic assays, experimental compound 
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screening, analysis of compound 2 interactions with NgCysE. Furthermore, I 

prepared figures as well as manuscript drafting and editing. Wanting Jiao conducted 

the virtual inhibitor screening, including preparation and screening of the ligand 

libraries against the NgCysE model, as well as figure preparation, manuscript 

drafting and editing. Joanna Hicks conceptualised research, provided funding for 

project, figure preparation as well as manuscript drafting and editing. The 

authorship contribution form can be found in Appendix D.  
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4.2 Abstract  

Neisseria gonorrhoeae is an obligate human pathogen and the etiological agent of 

the sexually transmitted infection, gonorrhoea. The rapid emergence of extensively 

antimicrobial-resistant strains, including those resistant to all frontline antibiotics, 

has led to N. gonorrhoeae being labelled a priority pathogen by the World Health 

Organisation highlighting the need for new antimicrobial treatments. Targeting the 

de novo cysteine biosynthesis pathway has been identified as a promising avenue 

for developing new antimicrobials against N. gonorrhoeae. Here, we have 

conducted virtual inhibitor screening of commercially available compound libraries 

against the key cysteine biosynthetic enzyme, serine acetyltransferase from 

N. gonorrhoeae (NgCysE, EC 2.3.1.30). We have identified a hit compound with 

an IC50 of 13 µM. Future research will involve inhibitor optimisation and 

development as a promising antimicrobial target for N. gonorrhoeae.  

4.3 Introduction   

Antimicrobial resistance is an ever-growing global problem and has been declared 

a public health crisis. Neisseria gonorrhoeae (gonococcus) is a Gram-negative 

bacterium and is an obligate human pathogen, causing the sexually transmitted 

infection (STI), gonorrhoea. Globally, there are approximately 87 million cases 

annually, making it the second most common bacterial STI, after chlamydia (Wi et 



Chapter Four: Identification of inhibitor of serine acetyltransferase from 

Neisseria gonorrhoeae  

91  

  

al., 2017). Concerningly, N. gonorrhoeae can readily acquire antimicrobial 

resistance, with documented resistance emerging for every class of antibiotic that 

has been used for its treatment since the introduction of sulphonamides in the 1930s 

(Unemo, Golparian, & Hellmark, 2014). In 2017, N. gonorrhoeae was labelled as 

a priority pathogen by the World Health Organisation, (WHO, 2017) and in the 

absence of an effective vaccine (Murray et al., 2022), coupled with the increasing 

prevalence of antibiotic-resistant strains, there is an urgent need for new 

antimicrobial treatments.   

An emerging theme in the development of new antimicrobials is the targeting of 

key metabolic pathways that are important for infection and virulence. As such, 

there is expanding interest in targeting amino acid biosynthetic pathways in bacteria. 

One such pathway is the de novo biosynthesis of the amino acid L-cysteine. This 

pathway is well-conserved across bacteria and plants but is notably absent in 

mammals (Kredich, 2008). Alongside being an important amino acid in protein 

molecules, cysteine is a versatile thiol donor and used for the synthesis of thiol-

containing metabolites, such as glutathione and thioredoxin, both of which are 

important in regulating the cell redox state and for protection from oxidative stress 

encountered during infection (Kredich, 2008). Cysteine is synthesised via a twostep 

reaction by the cysteine biosynthetic enzymes, serine O-acetyltransferase 

(SAT/CysE, EC 2.3.1.30) and O-acetylserine sulphydrylase (OASS-A/OASS-B; 

CysK/CysM, EC 4.2.99.8) (Benoni et al., 2017; Kredich & Tomkins, 1966). CysE 

catalyses the acetylation of serine using acetyl-CoA to produce O-acetylserine 

which is subsequently condensed with sulphide by CysK or thiosulphate in the case 

of CysM, to form L-cysteine (Figure 4.1).  

The de novo synthesis of cysteine is tightly regulated at the protein level which is 

primarily through feedback inhibition of CysE by cysteine, as high concentrations 

can lead to damaging Fenton chemistry (Park & Imlay, 2003). Additionally, 

cysteine synthesis is regulated with regard to sulphur availability through the 

formation of the cysteine synthase complex (CSC). The CSC is formed the 

reversible association of one CysE hexamer and two CysK dimers formed through 

the CysE C-terminal tail binding into and occluding the CysK active site, enhancing 

CysE and abolishing CysK activity. CSC formation is favoured under low sulphide 
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concentrations (Kredich, Becker, & Tomkins, 1969) which allows O-acetylserine 

to accumulate and dissociate the CSC (Benoni et al., 2017).  

  

Figure 4.1. De novo cysteine biosynthesis reaction in Neisseria gonorrhoeae. CysE, 

serine O-acetyltransferase; CysK, O-acetylserine sulphydrylase.  

The absence of the cysteine biosynthesis pathway in humans makes it ideal for 

antimicrobial targeting in reducing the chance of off-target effects (Griffith, 1987). 

Additionally, targeting of CysE has been reviewed (Hicks, Oldham, McGarvie, & 

Walker, 2022) and reported for notable bacterial pathogens including 

Escherichia coli (Toyomoto et al., 2023), Salmonella typhimurium (Magalhães et 

al., 2020) Staphylococcus aureus (Chen et al., 2019) and 

Mycobacterium tuberculosis (Gupta & Gupta, 2021). The CysE from 

N. gonorrhoeae (NgCysE) has been shown to be differentially expressed during the 

stringent response (Talà et al., 2023) and has been identified as an essential gene in 

N. gonorrhoeae (Remmele et al., 2014), thus we propose NgCysE is a promising 

new target for antimicrobial development. Previously, we have kinetically and 

structurally characterised NgCysE (PDB 6WYE and 7RA4) demonstrating that it 

has comparable activity to other bacterial CysE homologues and possesses 

conserved structural fold and active site residues (Oldham et al., 2022). Here, we 

have used structure-based virtual inhibitor screening of commercial compound 

libraries against NgCysE and tested in vitro 28 hit compounds with one compound 

(compound 2) identified as a potent inhibitor of NgCysE.  

4.4 Results 

4.4.1 CysE is highly conserved across Neisseria gonorrhoeae strains 

Conservation of active site residues is critical for ensuring broad spectrum activity 

against different N. gonorrhoeae isolates. Analysis of the presence and 

conservation of CysE (cysE) amongst N. gonorrhoeae strains was conducted via 

BLAST search using cysE from N. gonorrhoeae MS11 as a query against all 

available N. gonorrhoeae genomes in the NCBI database. cysE was shown to be 
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highly conserved for N. gonorrhoeae (99.88-100% sequence identity) over the 

length of the sequence (819 nucleotides, 272 residues) with the majority of strains 

having an identical isoform (156/157 genomes) (Figure B.1). To explore the 

distribution of CysE amongst N. gonorrhoeae isolates, we expanded our search to 

include all available N. gonorrhoeae genomes in the PubMLST database. A cysE 

gene (NEIS0501) was annotated in all isolate genomes (19,729 genomes) and is 

well-conserved, with 97.7-100% similarity reported. Furthermore, comparison of 

these isolates show that the majority genomes had an annotated cysE identical to 

the MS11 cysE query (18,978/19,729, 96% of genomes had an identical copy). 

Overall cysE is strictly conserved across N. gonorrhoeae reference strains and 

circulating isolates, thus making it a suitable target for antimicrobial applications.  

4.4.2 NgCysE active site model with both substrates bound 

The crystal structure of NgCysE (PDB 6WYE) contains L-malate in the serine 

binding site and lacks acetyl-CoA. To examine substrate-enzyme interactions, we 

generated an active site model with both substrates bound. The crystal structures of 

Yersinia pestis CysE (PDB 3GVD) and Haemophilus influenzae CysE (PDB 1SST) 

contain the inhibitor cysteine and the product co-enzyme A in the active site, 

respectively. With the structural similarity between serine and cysteine these two 

structures were used as the starting point for positioning serine and acetyl-CoA into 

the active site of NgCysE (more detail in the Methods section). The initial active 

site model of NgCysE with both serine and acetyl-CoA placed was then further 

optimised through a series of enzyme minimisation, refinement, and quantum 

mechanics/molecular mechanics (QM/MM) optimisation.  

The active site model (Figure 4.2A) shows that both substrates can bind 

simultaneously. The nucleophilic oxygen atom of serine is 3.9 Å away from the 

acetyl carbon of acetyl-CoA, positioning it for the reaction. Acetyl-CoA primarily 

interacts with the active site via polar interactions from its phosphate groups 

(Figure 4.2). The phosphate forms salt bridge interactions with two Lys246 residues 

from the two chains forming the active site. The diphosphate group establishes a 

salt bridge interaction with Lys223. Additionally, acetyl-CoA forms hydrogen bond 

(H-bond) interactions with the backbones of residues Ala226, Ala208, and Ala249. 

The binding of serine is stabilised by interactions between its backbone and charged 
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residues Arg196, Asp96, and Asp161. The side chain of serine interacts with two 

histidine residues, His197 and His162. The current active site model suggests that 

His162 will act to deprotonate serine for the reaction.  

  

Figure 4.2 Active site model of NgCysE with both serine and acetyl-CoA bound. 

(A) Binding sites and relative positions of serine (cyan carbon) and acetyl-CoA 

(green/pink carbon). (B) and (C) binding sites for acetyl-CoA and serine, 

respectively. Residues involved in polar interactions are labelled. H-bond 

interactions are displayed as black dashed lines and salt bridges are displayed as 

magenta dashed lines.  

4.4.3 Hit inhibitor screening and characterisation 

We employed a structure-based virtual screening approach to search for potential 

NgCysE inhibitors. The optimised active site model with both substrates bound was 

used as the receptor for virtual screening. Compounds with drug-like properties 

were obtained from the ZINC database (Sterling & Irwin, 2015) which, after 

preparation, contained a total of ~10.5 million compounds. The drug-like 

compound library was screened against the substrate-bound crystal structure model 

of NgCysE, with the acetyl-CoA binding site being the primary target binding site 

for screening. 



Chapter Four: Identification of inhibitor of serine acetyltransferase from 

Neisseria gonorrhoeae  

95  

  

The top 1000 poses from the screening calculation were examined for the 

enzyme-ligand interactions. Compounds showing interactions to the backbones of 

Ala208 and Ala226, and additional interactions to residues in the acetyl-CoA 

binding site were selected for further molecular mechanics with generalised Born 

and surface area calculations (MM-GBSA) (54 compounds). During the 

MM-GBSA calculations, active site residues within 5 Å of the docked compound 

were refined to optimise the enzyme-ligand interactions. A binding free energy was 

also computed for each compound. Following the MM-GBSA calculation, 

compounds that had a predicted binding free energy below -50 kcal/mol and 

retained the interactions with the backbones of Ala208 and Ala226, were selected 

for validation using short (2 ns) molecular dynamics (MD) simulations (23 

compounds). The MD trajectories of the ligand-enzyme complex were examined 

and compounds that maintained their interactions during the MD simulations were 

selected for testing (nine compounds).  

In addition to the drug-like compound library, a second library containing large 

compounds with a molecular weight greater than 500 Daltons was screened. The 

compounds were retrieved from the ZINC database (Sterling & Irwin, 2015) and 

prepared for docking. The prepared library contained ~1.3 million compounds. The 

target receptor conformation used for screening the big-compound library was a 

representative active site conformation obtained from a 5 ɛs MD simulation of the 

NgCysE enzyme. The acetyl-CoA site was the target screening site. The top 1000 

compounds were examined using criteria similar to those mentioned above; 152 

compounds underwent MM-GBSA calculation, of which 82 maintained backbone 

interactions with the alanine residues and were predicted to have binding free 

energies below -60 kcal/mol. The 82 compounds were clustered into 36 groups 

based on their structures, and one representative compound from each group was 

recommended for further testing. Of the 45 recommended compounds, 28 could be 

purchased at the time of the study. The details of hit compounds experimentally 

tested can be found in (Table B.1).  

4.4.4 In vitro screening and characterisation 

Hit compounds identified from virtual inhibitor screening were experimentally 

evaluated by measuring the inhibition of recombinant NgCysE activity. 
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Recombinant NgCysE was expressed and purified following published methods 

(Oldham et al., 2022). NgCysE was expressed with a N-terminal HexaHistag and 

purified using both immobilised affinity chromatography and size exclusion 

chromatography. Previously, we had characterised NgCysE using a direct 232 nm 

assay to determine the Michaelis-Menten kinetic parameters for substrates serine 

and acetyl-CoA (Oldham et al., 2022). Given the high absorbance of aromatic 

compounds at this wavelength, NgCysE inhibitor screening was performed using a 

plate-based coupled assay detecting production of CoA using 5,5'-Dithio-bis-(2-

nitrobenzoic acid) (DTNB) through measuring production of 2-nitro-5-

thiobenzoate (TNB) adapted from (Magalhães et al., 2020). NgCysE activity was 

determined from a co-enzyme A DTNB standard curve (Figure B.2).  

For in vitro screening, 28 compounds were ordered from commercial vendors and  

1 mM stocks were prepared for screening in 100% dimethyl sulfoxide (DMSO).  

Initial screening at 100 µM in the presence of 1 mM serine and 0.15 mM acetyl-CoA 

was conducted to identify inhibition and check solubility (Figure 4.3, Table C.1). 

Compounds that showed inhibition below 50% and did not precipitate in the assay 

reaction were subjected to IC50 screening (compounds 1, 2, 3, 4 and 5). Upon further 

testing, compounds 1, 3, 4 and 5 did not display dose-dependent inhibition and 

therefore were classified as false positives from the original screen (data not shown). 

Compound 2, however, demonstrated inhibition (20.6% remaining activity at 100 

µM) and collection of a dose response curve produced an IC50 of 13.9 ± 4.3 µM 

(R2 = 0.9924) (Figure 4.4) making it the most potent hit compound.  
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Figure 4.3 100 µM activity screen of library compounds against NgCysE. 

Remaining activity (%) is calculated as rate with inhibitor present divided by rate 

in presence of DMSO (Vi/Vo) multiplied by 100. Soluble and insoluble compounds 

are highlighted in, dark and light blue, respectively. Dashed pink line corresponds 

with 50% activity cut-off for downstream testing. Compounds 14, 15 and 18 have 

negative rates and for display purposes are represented as zero. Well containing 

DMSO only treated as positive control (100% activity).  

  

  

Figure 4.4 IC50 dose response curve for Compound 2. NgCysE activity measured in 

presence of 0.1 mM acetyl-CoA and 0.5 mM serine. Rate (s-1) was calculated as per 

hexamer. Datapoints are from a single reaction.  
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4.4.5 Docking Interactions for Compound 2 

Compound 2 (1-(6-ethoxy-4-methyl-2-quinazolinyl)-N-[2-(1H-imidazol-

1yl)ethyl]-3-piperidinecarboxamide), consists of; an imidazole ring, with an amide 

linker connected to a piperidine ring, which itself is connected to a quinazoline ring 

with an ether attached (Figure 4.5). The compound does not violate any Lipinskiôs 

rules (Table 4.1) and has qualities consistent with a drug-like compound (Lipinski, 

2000).   

 

Figure 4.5 Structure of Compound 2(1-(6-ethoxy-4-methyl-2-quinazolinyl)-N-

[2(1H-imidazol-1-yl)ethyl]-3-piperidinecarboxamide). Functional groups 

imidazole, piperidine and quinazoline are highlighted in orange, yellow, and blue, 

respectively. Figure created using ChemDraw Prime.  

Table 4.1 Compound 2 chemical properties. tPSA, polar surface area (Å2); logP, 

partition coefficient.  
Chemical  

Formula  

Net 

charge  

H-bond 

donors  

H-bond 

acceptors  

Molecular 

Weight 

(g/mol)  

logP  tPSA  Rotatable 

bonds  

Apolar 

desolvation  

Polar 

desolvation  

C22H28N6 

O2  

0  1  7  408.5  2.56 

6  

85  7  9.87  -17.44  

  

Examination of NgCysE poses with compound 2 docked from virtual inhibitor 

screening, shows compound 2 forms notable active site interactions with the serine 

and acetyl-CoA binding sites. There are four H-bond interactions formed between 

compound 2 and serine binding site residue Asp161 (Chain C) and with backbone 

interactions with acetyl-CoA binding residues Ala208 (Chain C), Ala226 (Chain C), 

and Gly188 (Chain A), and is complimented with a number of hydrophobic 

interactions from the acetyl-CoA site with the piperidine and quinazoline ring 

(Figure 4.6). Additionally, these interacting serine and acetyl-CoA site residues are 

strictly conserved not only for Neisseria but also Proteobacteria (Figure 4.7). 
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Furthermore, compound 2 does not share a high degree of similarity with published 

CysE inhibitors based on Tanimoto similarity scores (Figure 4.8) (scores lower than  

0.7 (Bajusz, Rácz, & Héberger, 2015)), making compound 2 a novel CysE inhibitor.   

  

Figure 4.6 Docked interactions of compound 2 binding to NgCysE. (A) NgCysE 

hexamer (6WYE) with compound 2 forms hydrogen bond interactions with 

NgCysE serine and acetyl-CoA binding pockets (Chain A and Chain C, coloured 

cyan and green, respectively). (B) Hydrogen bond interactions (grey) between 

compound 2 (pink sticks) and NgCysE residues (green and cyan wires). (C) 

Two-dimensional LigPlot schematic of H-bonds and hydrophobic interactions 

between compound 2 and NgCysE residues (bond lengths not to scale). H-bonds 

are shown as black dashes and hydrophobic interactions are represented as red 

radiating lines. Catalytic His162 (H162) is indicated with yellow star. All bond 

lengths are reported in Angstroms (Å). Figures created using PyMOL and LigPlot+ 

(Laskowski & Swindells, 2011).  
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Figure 4.7 Multiple sequence alignment of bacterial CysE isoforms. Serine, 

acetyl-CoA and cysteine binding residues are annotated as green, blue and orange 

dots, respectively. Compound 2 hydrogen bond interactions are annotated by green 

stars. Active site catalytic His162 is highlighted as orange star. Sequences: NEIG1, 

Neisseria gonorrhoeae (PDB 6WYE); NEIMB, Neisseria meningitidis (no crystal 

structure); HAEIN, Haemophilus influenzae (PDB 1SST); ECOLI, 

Escherichia coli (PDB 1T3D).  
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Figure 4.8 Characterised inhibitors against bacterial CysE homologues. Tanimoto 

fingerprints co-efficient similarity scores of reported CysE inhibitors compared to 

compound 2 are shown in brackets. Tanimoto scores were calculated using RDKit 

(2023).  

 

4.5 Discussion 

Antimicrobial-resistant N. gonorrhoeae is a global burden on human health, and in 

the absence of an effective vaccine, antimicrobials remain the front-line tool for 

managing gonococcal disease. The targeting of the de novo cysteine biosynthesis 

pathway has been highlighted as an avenue for development of antimicrobial 

compounds and adjuvants given its role in mitigating oxidative stress and the 

absence of the pathway in humans. Here we report the first inhibitor of NgCysE and 

demonstrate that structure-based virtual inhibitor screening is a successful strategy 

for identifying inhibitors. After computationally screening two libraries of 1.3 and 

10.5 million compounds from the ZINC15 database, 45 compounds were identified 

that met our criteria in silico, and of the 28 compounds tested experimentally, the 

best compound to inhibit NgCysE activity in vitro was compound 2. Docking 

analysis revealed notable H-bond and hydrophobic interactions between 
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compound 2 and both NgCysE serine and acetyl-CoA binding pockets along the 

length of the compound. Dose-response analysis of compound 2 showed it to be a 

promising inhibitor with an IC50 of 13.9 µM.   

The use of both virtual and experimental testing is needed for the rapid 

identification of novel inhibitors and has proved to be a successful strategy for 

identifying bacterial CysE inhibitors. The inhibition observed for compound 2 is in 

the low micromolar range, making it one of the better CysE inhibitors reported to 

date (Hicks et al., 2022). Although inhibitors that exhibit sub-micromolar inhibition 

have been reported, ensuring that the compound is membrane permeable remains a 

challenge, particularly given the cytoplasmic nature of CysE isoforms, including 

NgCysE, (Magalhães et al., 2021) and is a notorious problem for Gram-negative 

bacteria (Maher & Hassan, 2023). Therefore, determining the MIC of compound 2 

against N. gonorrhoeae is needed to ensure the compound is bioactive and thus a 

viable antimicrobial.   

As highlighted previously (Hicks et al., 2022), in vivo validation of CysE inhibitors 

has often been limited in their ability to disrupt bacterial growth. Only recently, 

Toyomoto and colleagues showed CysE inhibition in E. coli could not only disrupt 

bacterial growth, but also deplete intracellular concentrations of thiol-metabolites, 

as well as increase sensitivity to antibiotics and oxidative stress (Toyomoto et al., 

2023). This work highlights the multi-faceted role CysE serves within bacteria, 

indicating that not only will de novo cysteine biosynthesis be disrupted by inhibition, 

but also resistance to oxidative stress, and existing resistance to known antibiotics.   

A caveat of antimicrobial targeting of de novo cysteine biosynthesis is the 

possibility of resistance via up-regulation of alternative sulphur acquisition and 

assimilation pathways to obtain cysteine (Toyomoto et al., 2023). Sulphur 

acquisition in N. gonorrhoeae is unique in that it possesses a sulphate/thiosulphate 

ABC transporter (Hicks & Mullholland, 2018), thiol amino acid transporters 

(methionine (Semchenko, Day, & Seib, 2017), cysteine, and cystine (Bulut et al., 

2012; Semchenko et al., 2017)), but lacks importers for thiol compounds taurine or 

glutathione (Seib et al., 2006). Additionally, glutathione is maintained at 

comparatively high levels in N. gonorrhoeae (15 mM vs. 5 mM E. coli) (Archibald 

& Duong, 1986), and given the absence of glutathione importers or the glutathione 
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recycler ɔ-glutamyl transpeptidase (Takahashi & Watanabe, 2005), N. gonorrhoeae 

is reliant on de novo biosynthesis of glutathione and would rely on cysteine to 

maintain these high glutathione concentrations. Given this lack of pathway 

redundancy and high need for antioxidant defence during infection, and the 

essential nature of cysE, N. gonorrhoeae is unlikely to develop resistance to CysE 

inhibitor making it an ideal organism for de novo cysteine inhibition.  

Cysteine has also been shown to contribute to virulence for N. meningitidis. The 

sulphate reduction arm of the de novo cysteine biosynthesis pathway is 

differentially expressed upon exposure to epithelial cells for N. meningitidis 

(Dietrich et al., 2003; Grifantini et al., 2002; Joseph et al., 2010). Given the large 

degree of sequence conservation between CysE homologues from N. gonorrhoeae 

and N. meningitidis (97.8 % sequence identity, six residue differences, Figure 4.7) 

and previous research demonstrating cross-species inhibition for CysE inhibitors 

(Magalhães et al., 2020; Toyomoto et al., 2023) hit compounds reported here could 

be screened against NmCysE. Considering the essential nature of cysE in 

N. meningitidis (Capel et al., 2016; Muir et al., 2020), NmCysE is a potential target 

for antimicrobial discovery.  

In summary, we have demonstrated that structure-based virtual inhibitor screening 

is a promising avenue for identifying inhibitors of NgCysE. We report compound 2 

to show inhibition of NgCysE in the low micromolar range making it one of the 

most potent CysE inhibitors to date. Furthermore, given the low similarity to 

published bacterial CysE inhibitors compound 2 is a novel CysE inhibitor. Given 

the essential nature of cysE in N. gonorrhoeae, compound 2 is a promising 

candidate for antimicrobial development against this pathogen.  

4.6 Materials and Methods 

4.6.1 Bioinformatic analysis of NgCysE 

Investigation of the conservation and distribution of CysE sequences in 

N. gonorrhoeae was conducted through a BLASTN search of the complete 

N. gonorrhoeae genomes (taxid: 485) held by NCBI (ñComplete prokaryote 

Genome Databaseò) using NgCysE nucleotide sequence from N. gonorrhoeae 

strain MS11 as a query (RefSeq Accession; WP_025457874.1, locus_tag 
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NGFG_RS07905, NC_022240.1:1458601-1459419). Determining CysE presence 

in N. gonorrhoeae isolates (24,173 isolates) held in the PubMLST (accessed Jan 

2024) (Jolley, Bray, & Maiden, 2018) was conducted via searching the CysE 

sequence from N. gonorrhoeae strain MS11 as a query (RefSeq Accession; 

WP_003989278.1, (NC_022240.1:1458601-1459419), NEIS0501) using the 

BLASTN search plug-in.  

4.6.2 Substrate-bound structural model of NgCysE 

A hexamer of NgCysE was generated from symmetry operations on the crystal 

structure of NgCysE (PDB 6WYE). The malate molecules were deleted. Crystal 

structures of Yersinia pestis CysE (PDB 3GVD), which contains cysteine in the 

serine site, and Haemophilus influenzae CysE (PDB 1SST), which contains 

co-enzyme A, were aligned with the NgCysE crystal structure at chains A and C 

(NgCysE chain names). The cysteine and co-enzyme A molecules binding in the 

A/C interface were extracted from 3GVD and 1SST and merged with the NgCysE 

crystal structure. The cysteine ligand in the active site was then mutated to serine 

in silico in Maestro from Schrödinger Suite (Schrödinger, 2020e). Thus, a structure 

of NgCysE with CoA and serine bound in the active site was generated. This merged 

structure was then prepared for modelling using the protein preparation wizard in 

the Schrödinger Suite (Sastry, Adzhigirey, Day, Annabhimoju, & Sherman, 2013; 

Schrödinger, 2020g). During protein preparation, hydrogen atoms were added, 

ionisation states for the ligands were generated using Epik (Greenwood, Calkins, 

Sullivan, & Shelley, 2010; Schrödinger, 2020b; Shelley et al., 2007) for pH 7±2, 

and all water molecules were deleted. Hydrogen bond pairs were optimised, and 

protonation states of ionisable residues were assigned using PROPKA (Li, 

Robertson, & Jensen, 2005; Sastry et al., 2013) for pH 8.0. The structure was then 

subjected to energy minimisation, converging heavy atoms to an RMSD of 0.3 Å. 

An acetyl group was then built onto the CoA molecule, followed by another round 

of restrained minimisation, converging heavy atoms to an RMSD of 0.3 Å.  

The active site model of NgCysE containing serine and acetyl-CoA in the active 

site in the A/C interface was further optimised using Prime refinement (Jacobson, 

Friesner, Xiang, & Honig, 2002; Jacobson et al., 2004; Schrödinger, 2020f). Atoms 

within 8 Å of the serine and acetyl-CoA substrates were minimised to sample 
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conformational changes around the serine and acetyl-CoA binding site and to better 

accommodate the ligand molecules that were absent in the initial crystal structure. 

Finally, QM/MM optimisation calculation was set up using QSite (Murphy, Philipp, 

& Friesner, 2000) from the Schrödinger Suite (Schrödinger, 2020h), to search for 

catalytic-relevant conformations (positionings of the serine and acetyl group in 

relation to the catalytic dyad). The QM region was defined to include side chains 

of His162, Asp161, serine substrate, and part of the acetyl-CoA molecule defined 

by inserting a hydrogen cap between C6P and C7P on acetyl-CoA. The resultant 

QM region contained 51 atoms. The QM optimisation was set up using the DFT-

B3LYP method and lacvp* basis set. The MM region was minimised using the 

Truncated Newton algorithm with a maximum of 1000 cycles, and the QM region 

was minimised with a maximum of 5000 iterations.  

4.6.3 Molecular dynamics simulation of NgCysE 

The crystal structure of NgCysE contains missing atoms in disordered regions. 

Before MD simulations could be set up, a complete structure containing residues 1 

to 264 was generated by building in the missing residues and side chains in COOT 

(Emsley, Lohkamp, Scott, & Cowtan, 2010), fitting to the electron density map. 

The complete hexamer was then generated based on crystal symmetry. The malate 

molecules were deleted. Crystal structures of Yersinia pestis CysE (PDB 3GVD) 

and Haemophilus influenzae CysE (PDB 1SST) were aligned to the top and bottom 

trimers of NgCysE (as there appears to be a degree of rotation relative to the top 

and bottom trimers in NgCysE compared to the other two crystal structures). Then, 

all six cysteine and the four CoA molecules in the ñopenò active sites of NgCysE 

were extracted from 3GVD and 1SST and merged with the NgCysE structure. The 

cysteine ligands in the active sites were then mutated to serine in silico. Thus, a 

structure of the complete hexamer of NgCysE with four CoA and six serine bound 

in the active site was generated.  

 

This merged structure was prepared for modelling using the protein preparation 

wizard (Sastry et al., 2013; Schrödinger, 2020g). Hydrogen atoms were added, and 

protonation states of ligands were assigned using Epik for a pH range of 7±2. The 

amino group of serine ligands were fixed to have a +1 charge, and the carboxylate 

terminal group of Gln264 residues was added. To remove steric clashes between 
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merged substrates and the binding site residues, atoms on CoA and residues within 

5 Å of the substrates were minimised using Prime energy minimisation calculation. 

Then, hydrogen bonds were optimised, and protonation states of ionisable residues 

were assigned using PROPKA for pH 8.0. It should be noted that His162 was 

assigned a protonation state of HIS. An acetyl group was built onto each co-enzyme 

A molecule, followed by another round of Prime minimisation for acetyl-CoA and 

residues within 5 Å of acetyl-CoA and serine.  

In this new structure, there were two types of active site conformations: fully 

occupied active site (with both serine and acetyl-CoA) and partially occupied closed 

active site (with serine present but the acetyl-CoA site occluded by the closing 

C-terminal tail). The new complete structure with substrates bound was used to set 

up MD simulations. The MD system was built in Desmond (Bowers et al., 2006; 

Schrödinger, 2020a) by adding TIP3P explicit water molecules to an orthorhombic 

box. The box size was set by having a buffer region of 10 Å in each of the x, y, z 

directions. The box volume was minimised by rotating the enzyme molecule. Ions 

were added to neutralise the system, and NaCl salt was added at a concentration of 

0.15 M. The force field used was OPLS_2005. MD simulation was conducted using 

Desmond (Bowers et al., 2006; Schrödinger, 2020a). The system was first 

minimised for 100 ps, followed by NPT ensemble MD calculations at a temperature 

of 310 K and a pressure of 1.01325 bar. Langevin thermostat and barostat were used. 

The MD simulation was conducted for 5 ɛs.  

4.6.4 Ligand L ibrary  Preparation  

Drug-like compounds with neutral charges were retrieved from the ZINC15 

database (Sterling & Irwin, 2015). The 3D structures of these compounds, 

possessing drug-like properties, devoid of reactive groups, charge-neutral at pH 7, 

and available for purchase, were downloaded from the ZINC15 database (accessed 

on 28-08-2019). The initially downloaded library comprised approximately 7 

million compounds. This compound set was subsequently filtered using Pan-assay 

interference compounds (PAINS) filters (Baell & Holloway, 2010) and prepared 

for modelling in LigPrep (Schrödinger, 2020d), using the OPLS3 force field. 

Possible ionisation states were generated for pH 7±1 using Epik, and potential 

tautomers were generated while retaining the specified chiralities in the compounds. 
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The prepared library now consists of 10,479,301 compounds. For the large 

compound library, 3D structures of compounds with a molecular weight greater 

than or equal to 500 Daltons, a logP value above 4, charge-neutral at pH 7, no 

reactive groups, and available for purchase, were downloaded from the ZINC15 

database (accessed on 2021-06-21) (Sterling & Irwin, 2015). The initial library 

includes approximately 1 million compounds. The set of compounds was already 

filtered by PAINS filters upon download (Baell & Holloway, 2010). The library 

was prepared using LigPrep with the OPLS4 force field. Possible states at pH 7±1 

were generated using Epik; tautomers were generated while retaining chiralities 

within the 3D structures. The prepared library contains 1,294,740 compounds.  

4.6.5 Receptor grid generation 

The substrate-bound active site model was used to generate the receptor grid for 

virtual screening. Firstly, the acetyl-CoA and serine substrates were removed. Two 

receptor grids were generated with slightly different positions for the center of the 

grid. For the first receptor grid, the center of the grid was defined as the centroid of 

residues 246, 231, 229, and 244 from chain A, and residues 246, 223, 205, 226, and 

208 from chain C. For the second receptor grid, the center of the grid was defined 

as the centroid of residues 246, 231, and 244 from chain A, and residues 246 and 

248 from chain C. The size of both grids was defined by allowing docking of ligands 

with a length <= 20 Å. For the first grid, rotation of the hydroxyl groups on Thr239 

and Ser228 from chain C was allowed. For the second grid, rotation of the hydroxyl 

groups on Ser189 from chain A, and Ser228 and Thr239 from chain C was allowed. 

The receptor grids were generated using Glide (Friesner et al., 2004; Friesner et al., 

2006; Halgren et al., 2004) from the Schrödinger Suite (Schrödinger, 2020c).  

During the 5 ɛs MD simulation for the full-length NgCysE structure, the acetyl-

CoA molecule bound in the interface between chains E and F remained stable; thus, 

this binding site was used for virtual screening of the large-compound library. A 

representative conformation (frame at 3.64 ɛs from the full trajectory) was extracted 

from the equilibrated time period of the MD simulation (3-5 ɛs) to be used as the 

receptor conformation for virtual screening. This conformation was prepared for 

receptor generation using the protein preparation wizard (Sastry et al., 2013; 

Schrödinger, 2020g). All water molecules were deleted, and hydrogen bond 
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interactions as well as protonation states of ionisable residues were assigned using 

PROPKA for pH 8.0. Restrained minimisation of the structure was then conducted 

to remove any steric clashes. A receptor grid was generated centering at the acetyl-

CoA binding site between chains E and F. All other acetyl-CoA and serine ligands 

were deleted. The centre of the grid was defined by the position of acetyl-CoA in 

the E/F interface. The size of the grid was determined by allowing docking of 

ligands with sizes similar to acetyl-CoA. Rotatable groups were allowed for side 

chains of Ser189 from chain F and Thr254 from chain E.  

4.6.6 Virtual screening 

The prepared compound library was screened against the receptor grids generated 

above using the virtual screening workflow in Schrödinger Suite. Virtual screening 

(VS) was conducted in three docking stages with increasing precision, HTVS (high 

throughput VS), SP (standard precision), and XP (extra precision). Top 10% ranked 

compounds from the HTVS stage were subject to SP docking, and the best 10% 

compounds from the SP stage were then subject to the final XP docking state. One 

pose was written out for each ligand, and the top ranked 1000 compounds were 

written out for evaluation.  

4.6.7 MM -GBSA calculation and MD validation 

The docked poses of selected compounds, after examination of the virtual screening 

results, were further evaluated using MM-GBSA (molecular mechanics with 

generalised Born and surface area) calculations in Prime (Jacobson et al., 2002; 

Jacobson et al., 2004; Schrödinger, 2020f). MM-GBSA binding energies, 

representing approximate free energies of binding, were calculated as the difference 

between the energy of the ligand-enzyme complex and the sum of energies of the 

free ligand and free enzyme. A more negative value indicates a predicted stronger 

binding. MM-GBSA calculations were conducted using the OPLS4 force field and 

the VSGB solvation model. The binding poses were refined, and active site residues 

within 5 Å of the docked compound were minimised to optimise interactions.  

After further examination of the MM-GBSA results, compounds that retained 

interactions with the enzyme and showed favourable predicted binding energies 

were selected for additional validation through short MD simulations (2 ns). The 
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MD simulation system for each compound was constructed based on the MMGBSA 

optimised binding pose, and explicit SPC water molecules were added to 

orthorhombic boxes. The box size was determined by establishing a buffer region 

of 10 Å in each of the x, y, and z directions. The box volume was minimized by 

rotating the enzyme-ligand complex. Na+ and Cl- ions were incorporated to 

neutralise the system, and NaCl salt was added at a concentration of 0.15 M. The 

OPLS3e force field was employed to generate the MD system. MD simulations 

were performed using Desmond, with NPT ensembles at a temperature of 310 K 

and a pressure of 1.01325 bar. The system was relaxed using Desmondôs default 

protocol before the MD production run. Each MD validation calculation was run 

for 2 ns.  

4.6.8 Preparation of recombinant NgCysE 

NgCysE was cloned and expressed using methods published previously (Oldham et 

al., 2022). NgCysE was cloned into expression vector pET28b-PstI and expressed 

in E. coli BL21 (DE3) with a N-terminal HexaHistag. NgCysE was cultured in 1L 

of LB at 37ÁC and induced with Isopropyl ɓ- d-1-thiogalactopyranoside IPTG (0.75 

mM final concentration) once an 0.4-0.6 OD A600 was reached. Cultures were left 

to express at 37°C overnight (180 rpm) and pellets were stored at -80°C before 

purification. Thawed pellets were resuspended in lysis buffer (50 mM Tris pH 8.0, 

200 mM NaCl, 20 mM imidazole) with the addition of one cOmplete Mini EDTA 

free protease inhibitor tablet (Roche). On ice, the resuspended pellet was sonicated 

using a ¼ inch probe, in one second bursts with one second intervals, for 1.5 

minutes of sonication in total, followed by centrifugation for 20 minutes at 13,945 

xg (10°C). For IMAC purification, 0.22 µM filtered supernatant was loaded onto a 

5 ml HisTrapTMHP column (Cytiva) and eluted over a 50% imidazole gradient (50 

mM Tris pH 8.0, 200 mM NaCl, 1 M imidazole) eluting at a final concentration of 

400 mM imidazole. Eluted protein was concentrated at 3000 xg at 10°C using a 

10K MWCO concentrator and loaded onto an analytical Enrich650 size exclusion 

column (Bio-Rad) pre-equilibrated in size exclusion buffer (50 mM Tris pH 8.0, 

100 mM NaCl), where it eluted as a single peak with an elution volume of 12.9 ml 

consistent with a hexameric oligomer. Protein concentration was measured through 

measuring absorbance at A280nm (Ů = 0.598) and diluted to an appropriate working 
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stock concentration for NgCysE activity assays and inhibitor screening. All assays 

were conducted in size exclusion buffer.  

4.6.9 NgCysE activity assays and inhibitor screening 

NgCysE activity and inhibitor screening was measured in a 96-well plate format 

using a coupled DTNB assay monitoring the formation of CoA producing the 

coloured product TNB detected at 412 nm (ⱦ = 14,150 M-1 cm-1) (Riddles, Blakeley, 

& Zerner, 1983). All assays were collected in 50 mM Tris pH 8.0, 100 mM NaCl 

at 25°C with 1 mM DTNB, 0.1 mM acetyl-CoA, 1 mM serine and 1.97 nM of 

purified NgCysE, in a final reaction volume of 250 µl, unless otherwise stated. For 

inhibitor screening, substrate concentrations were kept at or below Km 

(serine Km = 1.21 mM, acetyl-CoA Km = 0.15 mM (Oldham et al., 2022)) to allow 

for detection of inhibitors with a competitive mode of inhibition. Reactions were 

measured for 20 minutes and the initial linear velocity was determined from the 

linear portion of the reaction. 

Inhibition assays were optimised through pre-incubation of the enzyme with 

inhibitors before initiating the reaction with a substrate mix of serine and 

acetyl-CoA. All compound stocks were prepared in 100% DMSO with 1-10% 

DMSO in the final reaction volume. All positive controls contained an appropriate 

amount of DMSO in the final reaction. All experimentally tested compounds were 

ordered with at least 90% purity from commercial vendors ChemBridge, MolPort 

and Asinex. Compound 2 was purchased from ChemBridge (Catalogue number 

11296740, ZINC15 number ZINC11882369). In vitro screening of compounds at 

100 µM was collected in the presence of 0.15 mM acetyl-CoA, 1 mM serine. IC50 

dose response curves were collected in the presence of 0.1 mM acetyl-CoA and 

0.5 mM serine through fitting the data to the non-linear regression dose-response 

curve ï variable slope (Equation 4.1) using Prism (GraphPad, version 10.1.0).  

Equation 4.1 Inhibitor vs. response -Variable slope  
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4.9 Future directions 

4.9.1 Further characterisation of NgCysE inhibition by compound 2 

This work demonstrates crucial progress into the development of novel inhibitors 

for serine acetyltransferase from Neisseria gonorrhoeae (NgCysE). Although the 

inhibition we observe for our most potent inhibitor, compound 2, is lower than the 

affinity of native inhibitor L-cysteine (Oldham et al., 2022), the inhibition observed 

is within magnitude. The identification of compound 2 demonstrates that 

structure-based virtual inhibitor screening is a suitable approach for identifying 

NgCysE inhibitors. This work lays the foundations for and strongly supports future 

work characterising inhibitory nature of compound 2 to improve the potency of this 

promising inhibitor.  

In this work, we identified compound 2 to exhibit inhibition in the low micromolar 

range but ideally for antimicrobial candidate, inhibition in the nanomolar range is 

ideal and so hit optimisation is needed. As a part of future research, we are going 

to conduct medicinal chemistry screening of compound 2 with collaborators, 

Dr. Farah Lamiable-Oulaidi and Dr. Wanting Jiao, at the Ferrier Research Institute 

at Victoria the University of Wellington. This work would allow us to conduct 

structure-activity relationship studies of this compound, to determine which 

functional groups and residues interactions are needed for potent inhibition. 

To compliment the structure-activity relationship studies we will further 

characterise the inhibition of compound 2, including mode of inhibition and 

binding kinetics. Additionally, to improve the quality of the medicinal chemistry 
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screen, co-crystallisation of compound 2 with NgCysE will be carried out to 

experimentally validate compound-NgCysE interactions. Progress has already 

been made in this area, as we sought to identify a new crystallisation condition to 

obtain an apoenzyme NgCysE structure without the presence of L-malate to 

increase the likelihood of compound 2 co-crystallising in the active site with full 

occupancy. Using robot screens we have identified and optimised a new 

crystallisation condition (without L-malate) for NgCysE and have already collected, 

processed and analysed a new crystal NgCysE structure (Figure 4.9) with 

comparable resolution (2.05 Å) to our original L-malate structure used for virtual 

inhibitor screening (6WYE, 2.01 Å). This new crystallisation condition will be 

suitable for co-crystallisation/soaking experiments for compound 2 and will allow 

us to confirm the interaction we have seen in virtual inhibitor docking, which in 

turn will help inform our medicinal chemistry efforts to screen compound 

functional groups and analogues and determine the structure activity relationship 

for this compound.  

  

Figure 4.9 Alignment of new apoenzyme NgCysE model to NgCysE malate 

structure (6WYE). NgCysE crystallised as a homohexamer with chains displayed 

as cartoon. Alignment of apoenzyme NgCysE (orange) to NgCysE malate (blue) 

(RMSD 0.534). Active site residues are shown as sticks. Waters and malate are 

hidden for clarity.  

Given the strong conservation of serine and acetyl-CoA binding site residues 

amongst CysE bacterial homologues, particularly amongst Proteobacteria 

members (Figure 4.7). Cross species inhibition between highly similar isoforms is 
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possible and the screening in vitro against one isoform and testing for bioactivity 

against a different species has been used to successfully identify CysE inhibitors 

(Toyomoto et al., 2023). Additionally, in the absence of a crystal structure of other 

target species, structures from closely related isoforms have been used for virtual 

screening to identify compounds with in vitro inhibition (Magalhães et al., 2020). 

Given that we have established a protocol for expression, purification, and 

characterisation of CysE enzymes in our lab, we are well-suited for characterisation 

and inhibitor screening of other bacterial CysE isoforms. To identify new 

inhibitory compounds, the screening workflow that we have established in our lab 

and with collaborators, can be used for future virtual and in vitro inhibitor 

screening. In addition, in vitro screening of our hit compound libraries reported in 

this thesis chapter could be screened against other CysE isoforms, particularly 

those with high degree of similarity. As mentioned above in the manuscript 

discussion, given the high degree of sequence similarity between NmCysE and 

NgCysE this would be a well-suited candidate and would be a natural extension of 

this work. Furthermore, considering the differences in the sulphur assimilation 

pathways between N. gonorrhoeae and N. meningitidis (Hicks & Mullholland, 

2018), the biochemical and in vivo characterisation of NmCysE, particularly given 

the essential nature of cysE in N. meningitidis, would help elucidate the role of 

de novo cysteine in pathogenic Neisseria.  

4.9.2 Characterisation of Neisseria gonorrhoeae cysE knockout strain 

In vivo characterisation of an antimicrobial target is essential for drug target 

validation and success. CysE is encoded by the cysE gene in N. gonorrhoeae and 

was identified as an essential gene in N. gonorrhoeae MS11 by a transposon 

mutagenesis study (Remmele et al., 2014). Assuming the essential nature of cysE 

to be correct, we set out to create a cysE depleted strain for cysE characterisation. 

We initially designed a construct where the native cysE promoter would be 

swapped with a tetracycline-inducible promoter along with the tetracycline 

repressor and a kanamycin selection marker (taken from plasmid pMR68, (Ramsey, 

Hackett, Kotha, & Dillard, 2012). Given the natural competency of N. gonorrhoeae, 

piliated N. gonorrhoeae was streaked through spotted DNA on gonococcal broth 

(GCB) agar supplemented with Isovitalex (1% final volume, contains L-cysteine 

and L-cystine) and anhydrotetracycline (20 ng.ml-1) following an adapted spot 
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transformation protocol (Dillard, 2011). However, the construct only yielded 

mixed colonies (colony PCR products sizes indicating presence of both WT and 

integration of construct) or given the polyploid nature of the N. gonorrhoeae 

genome (Tobiason & Seifert, 2006) the integration might have occurred in only 

some chromosome copies. Furthermore, these colonies were not amenable to 

freeze-thawing and were not revivable from glycerol stocks and so efforts were 

made to find alternative strategies for generating a cysE depleted strain.  

Our second attempt involved creating a cysE depleted strain through first 

introducing a copy of cysE under the control of a inducible promoter (lac promoter, 

from pKH37 plasmid) with a resistance marker (CAT, chloramphenicol) at a 

neutral site in the genome (intergenic region between iga (immunoglobulin A 

protease) and trpB (tryptophan synthase beta chain)  used for complementation 

(Ramsey et al., 2012) and then subsequently knockout cysE  from the native site 

with a different resistance marker (KanR, kanamycin). We chose to complement 

by inserting cysE into the chromosome as replicating plasmids are unstable for 

N. gonorrhoeae (Dillard, 2011). cysE was amplified from gDNA isolated from 

N. gonorrhoeae MS11 and cloned into the pKH37 plasmid for spot transformation. 

This method proved successful, and we were able to delete the genomic copy of 

cysE from the N. gonorrhoeae MS11 inducible cysE strain (Ramsey et al., 2012). 

Additionally, our attempts to knockout cysE from wildtype N. gonorrhoeae MS11 

were unsuccessful and correspondence with Dr. Linda Hu based in Professor Hank 

Seifertôs lab at Northwestern University reported they were unable to knockout 

cysE from the N. gonorrhoeae FA1090 strain. Interestingly, we report that this 

cysE inducible knockout can grow in the absence of cysE induction by IPTG on 

GCB agar. This could be due to one of two reasons; (1) cysE is conditionally 

essential as GCB is a rich media and will contain the amino acids, cysteine and 

cystine, which can be actively imported into the cell and is able to meet cysteine 

requirements (Bulut et al., 2012) or (2) due to the leaky nature of the lac promoter 

in the absence of IPTG there is cysE expression which is able to meet the CysE 

levels needed for N. gonorrhoeae growth. Overall, given our inability to knockout 

cysE from WT N. gonorrhoeae MS11, future work will involve creating a new 

cysE depletion strain. This will involve the same strategy of pre-complimenting at 

the same neutral site but will use a tetracycline inducible promoter and repressor 
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(from the same plasmid previously used for promoter swap, pMR68) to reduce the 

amount of leaky expression and will measure cysE expression through CysE levels 

using western blots. Overall, this is an excellent starting point for in vivo 

characterisation of NgCysE and a cysE depleted strain will be crucial for 

understanding the role of cysE in N. gonorrhoeae.  
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5  5 Chapter Five: Distribution and diversity 

of serine acetyltransferases from bacteria  

5.1 Preface 

This chapter reports our investigations into the phylogenetic distribution of 

truncated serine acetyltransferases (CysE) in bacteria. We demonstrate that the 

truncated CysE isoform has a consistent N-terminal truncation of the first four 

Ŭhelices of the N-terminal serine acetyltransferase domain (IPR042122). Further, 

we show the truncated isoform is the dominant isoform for Gram-positive bacterial 

species, while the full-length CysE dominates Proteobacterial members. Lastly, 

using sequence similarity networks we report individual clustering of CysE 

sequence into full-length and truncated isoforms. Finally, we analyse the 

implications of the truncation on the CysE oligomeric state through predictive 

modelling.  

This work is prepared for submission as a Short Communication to the journal 

PROTEINS: Structure, Function and Bioinformatics (Wiley). Included in this 

chapter is a Future Directions section (5.8), which itself is not part of the manuscript, 

but has been included to discuss ongoing and future work directly related to this 

project; these results will be included in the future publications. Supplementary 

material associated with this manuscript is available in Appendix C. Citation for 

this work is as follows:  

Oldham, K. E. A., Grout, E. K., Williamson, A., & Hicks, J. L. The curious case 

of CysE: diversity and distribution of serine acetyltransferases. (Prepared for 

submission) 

5.1.1 Author C ontributions  

As first author, I was responsible for setting research questions and the scope of this 

article. Further, I conducted the bioinformatic work, predictive modelling of the 

CysE isoforms, figure preparation, as well as manuscript drafting and editing. 

Emily Grout was responsible for phylogenetic analysis and figure preparation. 

Adele Williamson performed analysis of the phylogenetics and manuscript editing. 

Joanna Hicks was responsible for setting the scope of this article, project 



Chapter Five: The curious case of CysE: diversity and distribution of serine 

acetyltransferases  

121  

  

supervision, funding acquisition, as well as manuscript drafting and editing. The 

associated co-authorship form can be found in Appendix D.  

The curious case of CysE: diversity and distribution of serine 

acetyltransferases 

Keely E.A. Oldham1,2, Emily K. Grout1, Adele Williamson2, Joanna L. Hicks1  

1Te Huataki Waiora, School of Health, University of Waikato, Hamilton, New Zealand  

2Te Aka MǕtuatua, School of Science, University of Waikato, Hamilton, New Zealand  

 

KEYWORDS 

 

Serine acetyltransferase, CysE, SAT, truncation, hexapeptide repeat, cysteine 

biosynthesis  

5.2 Abstract 

Serine acetyltransferase (CysE) is a member of the left-handed ɓ-helix family of 

acetyltransferases that catalyses the rate limiting step in the de novo cysteine 

biosynthesis pathway. There are two isoforms of CysE, one slightly longer than the 

other, with the shorter, truncated isoform lacking approximately 76 amino acids at 

the N-terminus of the protein. Here, we analyse the distribution and diversity of 

CysE isoforms across the bacterial kingdom. The isoforms can be classified into 

two discrete groups, with the truncated isoform prevalent in Gram-positive bacteria 

and the full-length isoform prevalent in Gram-negative species. Moreover, we 

demonstrate that the truncation is discrete with the loss of four N-terminal alpha 

helices conserved amongst this isoform. Using predictive modelling we 

demonstrate that this truncation likely weakens the CysE hexamer, leading to a 

trimeric form instead of the canonical CysE hexamer. This expands our 

understanding of CysE enzymes and their distribution across bacterial species, an 

important consideration given the increasing interest in targeting CysE enzymes for 

potential antimicrobials.   

5.3 Introduction  

The de novo biosynthesis of cysteine is conserved in bacteria, higher plants and 

protozoa. Cysteine is a key amino acid and important for a variety of functions 
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within the cell. For example, L-cysteine feeds into the synthesis of co-enzyme A, 

iron-sulphur clusters, biotin, and reducing agents such as thioredoxin and 

glutathione (Kredich, 2008). Accordingly, cysteine is especially important for 

bacterial pathogens to mitigate oxidative stress encountered during infection. The 

biosynthesis of L-cysteine begins with the active transport of a sulphur donor, either 

sulphate or thiosulphate, into the cell through an ABC-transporter. Sulphate is 

successively reduced to sulphide which is incorporated into cysteine whereas 

thiosulphate is directly used for the synthesis of cysteine. The two-step cysteine 

biosynthetic pathway begins with the enzyme, serine acetyltransferase (SAT; CysE, 

EC.3.2.10) which catalyses the acetylation of L-serine, producing pathway 

intermediate O-acetylserine. In the second step, O-acetylserine either undergoes a 

condensation reaction with sulphide catalysed by O-acetylserine sulphydrylase-A 

(OASS-A; CysK) or thiosulphate catalysed by O-acetylserine sulphydrylase-B 

(OASS-B; CysM) to form L-cysteine. Cellular cysteine levels are tightly controlled, 

to avoid toxicity and prevent the unwanted Fenton reaction (Park & Imlay, 2003). 

CysE is inhibited by classical feedback inhibition by L-cysteine (Hindson, 2003), 

and the two enzymes in the pathway, CysE and CysK, form the cysteine synthase 

complex (CSC) consisting of one CysE hexamer and two CysK dimers (Benoni et 

al., 2017). In the complex, CysK activity is inhibited preventing the synthesis of 

L-cysteine, whereas CysE activity is enhanced and leads to increasing levels of 

pathway intermediate O-acetylserine (Benoni et al., 2017). High concentrations of 

O-acetylserine disrupt the complex, restoring CysK activity resulting in synthesis 

of cysteine. Additionally, the complex is stabilised by sulphide. Collectively the 

complex acts to regulate sulphur flux within the cell (Benoni et al., 2017). 

CysE is a member of the hexapeptide acyltransferase family. The CysE monomer 

consists of two domains; an alpha-helical N-terminal serine acetyltransferase 

domain (IPR042122, serine acetyltransferase N-terminal domain superfamily) 

which is unique to CysE enzymes and a C-terminal left-handed ɓ-helix (LɓH) 

domain (IPR011004, trimeric LpxA-like superfamily) formed through the presence 

of a conserved hexapeptide repeat [LIV]-[GAED]-X2-[STAV]-X  and is shared 

with other members of the LpxA acetyltransferases (Raetz & Roderick, 1995; Vaara, 

1992). The monomers assemble to form a hexameric dimer of trimers, observed 

both in crystal structures (Gorman & Shapiro, 2004; Oldham, Prentice, Summers, 
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& Hicks, 2022; Olsen, B., Vetting, & Roderick, 2004; Toyomoto et al., 2023; 

Verma et al., 2020) and in solution (Benoni et al., 2017; Oldham et al., 2022). This 

hexameric assembly is unique to CysE, with other members of the LɓH 

acyltransferase family adopting a trimeric configuration (Raetz & Roderick, 1995). 

The CysE active site is formed within an inter-monomer cleft within the trimer and 

consists of highly conserved serine and acetyl-CoA binding residues. The serine 

binding pocket contains a catalytic dyad consisting of a histidine and an aspartate 

(His158 and Asp92, E.  coli numbering) that together catalyse the transfer of the 

acetyl group from acetyl-CoA to the serine substrate via a random ternary complex 

mechanism (Hindson & Shaw, 2003; Pye, Tingey, Robson, & Moody, 2004).  

Recently, research characterising bacterial CysE homologues has uncovered the 

presence of truncated isoforms (Chen et al., 2019; Qiu, Ma, Owusu, Jiang, & Xin, 

2014; Qiu, Wang, Ma, Jiang, & Xin, 2013; Rahisuddin et al., 2024). While 

truncation is often associated with loss of catalysis, reported characterisation shows 

that the truncated isoforms retain their serine acetyltransferase activity although 

with lower rates (Table C.1). While the truncation has been previously identified 

(Gagnon et al., 1994; Gorman & Shapiro, 2004; Rahisuddin et al., 2024), it is 

unclear how widely distributed this truncated isoform is across bacteria. 

Furthermore, given the importance of N-terminal SATase domain for hexamer 

assembly (Gorman & Shapiro, 2004; Pye et al., 2004) the truncation is likely to 

impact the oligomeric species that CysE can adopt. The growing interest in 

targeting the de novo cysteine biosynthesis pathway for antimicrobial development 

(Hicks, Oldham, McGarvie, & Walker, 2022) has highlighted the understudied 

diversity of CysE isoforms, particularly in bacterial pathogens.  

Here, we report the distribution and diversity of CysE isoforms across the bacterial 

kingdom. We identify the presence of two distinct CysE isoforms, defined by the 

length of the Ŭ-helical N-terminal SATase domain. We demonstrate that the isoform 

with a truncated Ŭ-helical region is the predominant isoform for Gram-positive 

bacteria and is largely absent from Gram-negative bacteria and explore the 

relationship between truncated and full-length isoforms using sequence similarity 

networks (SSNs). Lastly, in the absence of structures of the truncated isoform, we 

have used the predictive modelling tool ColabFold to examine the effect of the N-

terminal truncation and its direct impacts on the multimeric assembly of CysE.   
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5.4 Results and Discussion 

5.4.1 Analysis of the truncated CysE isoform 

To examine the CysE isoforms we created a multiple sequence alignment (MSA) 

of truncated and full-length bacterial CysE isoforms. Sequences for full-length 

isoforms from crystal structures within the protein data bank (PDB) 

(Escherichia coli (EcCysE), Brucella abortus (BaCysE), Salmonella typhimurium 

(StCysE), Haemophilus influenzae (HiCysE), Neisseria gonorrhoeae (NgCysE), 

Vibrio cholerae (VcCysE) and Yersinia pestis (YpCysE)) and characterised 

truncated CysE isoforms (Staphylococcus aureus (SaCysE) (Chen et al., 2019) and 

Mycobacterium tuberculosis (MtbCysE) (Qiu et al., 2013)) were retrieved from 

UniProt. Sequence comparison of the truncated CysE isoforms to full-length 

sequences, revealed a good alignment of the C-terminal LɓH domain (IPR045304) 

including hexapeptide repeats and active site residues (Figure 5.1). Whereas 

alignment of the N-terminal SATase domain (IPR042122) demonstrated the 

absence of the first four Ŭ-helices (Ŭ1-Ŭ4) of the N-terminal domain in SaCysE and 

MtbCysE isoforms CysE (Figure 5.1 and Figure 5.2) shortening the length of the 

N-terminal SATase domain from eight (~142 residues) to four Ŭ-helices (~66 

residues) resulting in a loss of ~76 residues for these truncated isoforms.  
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Figure 5.1 Structural comparison and MSA of full-length and truncated CysE 

isoforms. (A) MSA of characterised CysE bacterial isoforms. Secondary structure 

annotations above and below MSA, correspond to representative full-length 

isoforms of CysE from E. coli (EcCysE; PDB 1T3D) and representative truncated 

CysE from S. aureus (SaCysE; AlphaFold model AF-P6766-F1, no experimental 

structure available), respectively. Strictly conserved residues are highlighted in red, 

partially conserved residues are highlighted in red text and repeats are highlighted 

with blue boxes. Catalytic dyad residues Asp92 and His158 (EcCysE residue 

numbering) are annotated with blue stars. Species used in MSA; E. coli (P0A9D4, 

PDB 1T3D), Brucella abortus (A0A0F6AR69, PDB 4HZC), 

Salmonella typhimurium (A0A0D6I3Y9, PDB 7E3Y), Haemophilus influenzae 

(P43886, PDB 1S80), Neisseria gonorrhoeae (Q5FX0, PDB 6WYE), 

Vibrio cholerae (Q9KNT2, PDB 4H7O), Yersinia pestis (A0A2U2H3H7, PDB 

3GVD), Mycobacterium tuberculosis (P95231, no structure available) and 

S. aureus (P67766, AlphaFold model AF-P6766-F1). MSA created using ESPript 

3.0 (Robert & Gouet, 2014).  
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Figure 5.2 Structural alignment of truncated and full-length CysE isoforms. (A) 

Schematic of domains for EcCysE and SaCysE homologues. N-terminal SATase 

domain (IPR042122) is coloured blue, left-handed ɓ-helix (IPR045304) is 

coloured green, and the C-terminal Ŭ-helical tail is coloured orange. Residue 

domain ranges are noted below respective domains. Catalytic dyad residues are 

indicated with yellow lines. Domain lengths are not drawn to scale. (B) 

AlphaFold-predicted model of the SaCysE monomer (coloured based on scheme 

in A) and the crystal structure of EcCysE (PDB ID 1T3D) indicated. EcCysE Ŭ-

helices (Ŭ1-Ŭ4) are shaded in dark blue for clarity. Structural overlay performed in 

PyMOL of the SaCysE (coloured) and EcCysE (grey) monomers highlighting the 

differences between isoforms. 

In the absence of available crystal structures for these truncated isoforms, the 

predicted AlphaFold model was retrieved for the SaCysE monomer from the 

AlphaFold database. The SaCysE monomer was predicted with high confidence 

(Figure C.1) and structural alignment of SaCysE to the full-length isoform EcCysE 

showed good alignment of the LɓH domain and SATase domain (RMSD 0.622), 

with the exception of the missing four Ŭ-helices, indicating structural conservation 

of the aligned regions (Figure 5.2). Additionally, both the MSA and AlphaFold 

model identified an elongated Ŭ-helix in the C-terminal tail in the truncated 

isoforms (SaCysE and MtbCysE) compared to the full-length isoforms (Figure 5.1 

and Figure 5.2). The C-terminal tail is well-documented to contribute to both 
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feedback inhibition by cysteine (Mino, Hiraoka, et al., 2000; Pye et al., 2004) and 

formation of the cysteine synthase complex (Mino, Hiraoka, et al., 2000). However, 

there are no published attempts at measuring cysteine inhibition for truncated 

isoforms (Chen et al., 2019; Qiu et al., 2014; Qiu et al., 2013; Rahisuddin et al., 

2024). Interestingly, the C-terminal isoleucine critical for forming the cysteine 

synthase complex is present in both SaCysE and MtbCysE but the effect of extended 

C-terminal tail on complex formation has not been explored.   

5.4.2 CysE truncated isoforms cluster independently from full -length 

isoforms 

The taxonomic distribution of CysE sequences reflects the conservation of de novo 

cysteine biosynthesis in bacteria. There are 39,897 sequences (21, 995 species) that 

are annotated with the SATase domain (IPR042122) in the UniProt database 

(Figure C.2). Sequences belonging to Archaea and Eukaryota were identified, but 

the majority of sequences are bacterial (Figure C.2). The taxonomic distribution of 

CysE reflects the observation that de novo cysteine biosynthesis is well-conserved 

across a wide range of bacterial phyla (Kredich, 2008). The de novo cysteine 

biosynthesis pathway is absent from the majority of eukaryotes with the exception 

of higher plants (Yi et al., 2013) and protozoa (Kumar, Raj, Nagpal, Subbarao, & 

Gourinath, 2011; Nozaki et al., 1999). Although, archaeal species have been 

reported to use an alternate tRNA-dependent SepRs/SepCysS pathway for cysteine 

biosynthesis (Sauerwald et al., 2005), some archaeal methanogens have been shown 

to contain CysE and CysK isoforms (Kitabatake, So, Tumbula, & Söll, 2000) 

(Figure C.2).   

To determine the similarity between truncated and full-length CysE isoforms, SSNs 

were generated using the EFI-EST server. Sequences containing the N-terminal 

SATase domain (IPR042122) domain were used to construct the SSN. Initial 

analysis of the sequences revealed that the length of the SATase domain had a 

bimodal distribution, with the majority of sequences having a domain length 

between 52-76 or 130-166 residues (Figure C.3). This distribution is consistent with 

the observed domains sizes for truncated and full-length isoforms respectively 

(network details are summarised in Table C.2).  
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The initial SSN contained 5095 repnodes (1765 truncated and 2839 full-length 

repnodes) and produced two large clusters (Figure 5.3A). The majority of singleton 

nodes are from metagenome sequencing or are candidate phyla. Cluster II (1181 

repnodes) was composed almost solely of alpha and gamma proteobacterial species 

and primarily contained homogenous full-length sequences (Figure 5.3). 

Contrastingly, the largest cluster (Cluster I, 3914 repnodes) contained a mixture of 

both truncated and full-length sequences. The majority of full-length sequences in 

Cluster I belong to Bacteroidota and Bacillota phyla and the Betaproteobacterial 

Burkholderiales order Figure 5.4 and C.4). The shared clustering of these full-

length isoforms with truncated isoforms indicates that these sequences share a 

greater amount of similarity, than the full-length predominantly proteobacterial 

isoforms in Cluster II, and might suggest that these sequences share a more recent 

common ancestor.  

To examine the taxonomic distribution of truncated isoforms a second network was 

created using sequences that had a IPR042122 domain length between 62-77 

residues (Figure 5.3B). The majority of the sequences cluster into a single group 

(Cluster A) with an edge similarity cutoff of 33%. Notably, all Thermotoga 

sequences formed an individual cluster, suggesting a greater degree of sequence 

dissimilarity from Cluster A, and is consistent with the deep-branching nature of 

this phylum. Additionally, Cluster A networks were created and refined with an 

edge cutoff of 68% (Figure 5.3C) and 72% (Figure 5.3D) and show the predominant 

phyla clusters are Bacillota (Cluster 1A), betaproteobacteria (Cluster 1B), 

Cyanobacteriota (Cluster 1C) and Actinomycetota (Cluster 1D). The majority of 

truncated isoforms sequences cluster by phyla, which is consistent with the vertical 

inheritance of cysE.  
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Figure 5.3 Repnode Sequence Similarity Network of bacterial CysE N-terminal 

SATase domain (IPR042122). (A) Sequence clusters have a sequence similarity 

edge cutoff of 17% (Repnode 60%). Sequences were filtered to have an SATase 

domain that was between 62-166 residues long to include both truncated and full -

length isoforms. Nodes are coloured based on IPR042122 domain length, with 

truncated (62-77) and full-length (129-166) forms, coloured orange and green, 

respectively. Sequences that have an intermediate SATase domain length (78-128) 

are coloured blue. (B) Cluster A contains only truncated sequences (IPR042122 

6277 residue length) and is refined to a 33% edge cutoff (Repnode 75%). (C) 

Network was generated from Cluster A and refined to a 68% edge cutoff (Repnode 

75%). (D) Network was generated from Cluster 1 and refined to a 72% edge cutoff. 

Nodes are coloured by phylum for (B), (C) and (D) as show in legend. Figure was 

visualised using Cytoscape (Shannon et al., 2003).  
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5.4.3 CysE truncated isoforms are the prevalent isoform in 

Gram-positive species.  

To visualise the phylogenetic relationship of CysE, sequences were mapped onto 

the iTOL tree (Ciccarelli et al., 2006). The iTOL tree was originally constructed 

from a concatenated alignment of 31 protein families for 191 species and represents 

a global phylogeny for the kingdoms of life (Ciccarelli et al., 2006).  The bacterial 

genomes from the iTOL tree were searched with CysE protein sequences retrieved 

from UniProt (Figure 5.4). Sequences were determined to have a truncated or full 

length SATase domain based on the annotated length of the IPR042122 region 

(Table C.4).  

The iTOl tree demonstrates widespread distribution of CysE isoforms across the 

bacterial kingdom. Of the 20 annotated phyla (based on iTOL annotation (Ciccarelli 

et al., 2006)) CysE is present in the following 16; Acidobacteriota, Actinomycetota, 

Bacteroidota, Chloroflexota, Chlorobiota, Cyanobacteriota, Fibrobacterota, 

Bacillota, Planctomycetota, all Proteobacteria (alpha, beta, gamma, delta and 

epsilon), Spirochaetota and Thermotogota. Absences were observed for iTOL 

groups Aquificota, Chlamydiota, Fusobacterota and Deinococcota. Given the lack 

of a de novo cysteine biosynthesis pathway for Chlamydiota members (Yang, 

Rajeeve, Rudel, & Dandekar, 2019), the absence of CysE is expected. Interestingly, 

both Deinococcota members, Thermus thermophilus and Deinococcus radiodurans, 

and the Aquificota species Aquifex aeolicus, did have an annotated CysK in their 

genomes (Ramoneda, Jensen, Price, Casamayor, & Fierer, 2023), but no CysE 

present. Additionally, several members of the Lactobacillus genus did not have an 

annotated CysE, but studies have shown that metA homoserine O-succinyl 

transferase from Lactobacillus casei (Bogicevic et al., 2016) and Lactobacillus 

acidophilus (Bastard et al., 2017) have serine O-acetyltransferase activity, and 

likely fulfils the role of CysE in these species. The full-length CysE isoform was 

the most prevalent isoform for Chloroflexota, Fibrobacterota, Planctomycetota, and 

Proteobacteria (alpha, beta, and gamma) except for delta and epsilon members 

(Helicobacter spp., Wolinella succinogenes and Campylobacter jejuni). 

Correspondingly, the truncated isoform is the most prevalent isoform for the 

majority of iTOL bacterial phyla including Acidobacteriota, Actinomycetota, 

Cyanobacteriota, Bacillota, Spirochaetota, Thermotogota and epsilonproteobacteria. 
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A recent study by Gupta et al. (2022) examined CysE isoforms from the 

Mycobacteriaceae family and demonstrate presence of a truncated N-terminal 

domain, which is consistent with our findings reported here (Gupta & Gupta, 2022).   

Multiple CysE isoforms are observed for plants (Yi et al., 2013) and protozoa 

(Kumar et al., 2011; Nozaki et al., 1999) with differences in sub-cellular localisation, 

kinetic efficiency and cysteine sensitivity seen between isoforms. All characterised 

bacterial isoforms to date exist as the sole copy of CysE in their genomes (Table 

C.1). The majority of iTOL species examined contained a single copy of cysE, 

irrespective of isoform type (Table C.4). Only a handful of species (8/151, 5.3%) 

had two or more cysE copies per genome including Fibrobacter succinogenes, 

Thermotoga maritima, Gloeobacter violaceus, Nostoc sp. PCC 7120, 

Geobacter sulfurreducens, Rhodopseudomonas palustris, 

Bacteroides thetaiotaomicron and Synechococcus elongatus. 

Bacteroides thetaiotaomicron and S. elongatus species contain both a full-length 

and truncated isoform. Intriguingly, the full-length CysE isoform harboured by S. 

elongatus is encoded on a plasmid (Figure 5.4). This isoform contains an extended 

SATase domain when compared to Proteobacterial isoforms (Table C.4). As seen 

for eukaryotes, multiple CysE copies within an organism have been shown to 

exhibit different biochemical characteristics (Yi et al., 2013) and could offer a 

fitness advantage for these bacteria, such as S. elongatus.  

Overall, the distribution of truncated and full-length CysE isoforms across the iTOL 

tree species is consistent with SSN observations. One curiosity is the wide 

distribution of full-length isoforms for iTOL species from Planctomycetota, 

Fibrobacterota, Bacteroidota, Chlorobiota and proteobacteria phyla. To investigate 

the phylogenetic relationship between these full-length isoforms we constructed a 

maximum likelihood tree using a trimmed alignment of both the N-terminal SATase 

and the C-terminal LɓH domain using a selection of CysE sequences from bacterial 

iTOL species (Figure 5.4) and PDB structures (Figure C.5). The Proteobacteria and 

the other four phyla form two distinct clades supported by a bootstrap value of 77 

and 100, respectively. These two clades are consistent with the clustering seen in 

the SSN (Figure 5.3) and the phylogenetic relationship between these species seen 

in the iTOL tree (Figure 5.4) suggesting that these are the result of vertical 

inheritance and not recent horizontal gene transfer. Additionally, a 
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maximum-likelihood tree was constructed to investigate the relationship between 

truncated isoforms from annotated species present on iTOL tree (Bacillota, 

Actinomycetota, beta proteobacteria and epsilon proteobacteria), however we were 

unable to build a robust tree using truncated isoform sequences (Figure C.5), is 

likely due to sequence dissimilarity between these isoforms.  

 

Figure 5.4 Annotation of iTOl tree bacterial species with CysE isoforms (Ciccarelli 

et al., 2006). The truncated and full-length isoforms are annotated with orange and 

circles, respectively. The 20 major bacterial phyla are annotated as in (Ciccarelli et 

al., 2006). CysE was encoded on the chromosome for all bacterial species except 

Rhodopirellula baltica and Synechococcus elongatus which harbours a plasmid 

encoded CysE. Bacterial species with no CysE isoform identified and the 

eukaryota/archaea domains are collapsed for clarity.   
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5.4.3 Truncated CysE isoforms are likely to be trimeric  

To date, there is limited published biophysical characterisation of truncated CysE 

isoforms, raising the question; What oligomeric species do these isoforms adopt in 

solution? Recent advances in in silico modelling tools can provide insight into 

possible oligomeric species. Homology modelling of the truncated CysE monomer 

has been successfully used for screening inhibitors of SaCysE (Chen et al., 2019) 

and MtbCysE (Gupta & Gupta, 2021). Additionally, alignment of truncated and 

full -length monomer models shows strong structural conservation of N-terminal  

SATase and C-terminal LɓH domains (Figure 5.1 and Figure 5.2). Here, we have 

used AlphaFold-Multimer (Evans et al., 2022; Jumper et al., 2021) via ColabFold 

(Mirdita et al., 2022) to determine the oligomeric states of SaCysE.  

Predictive modelling was used to build both trimeric and hexameric models for 

SaCysE. For modelling the SaCysE hexamer, six SaCysE monomeric chains (1,278 

residues) were supplied as input and three SaCysE chains (639 residues) were 

supplied for modelling the SaCysE trimer. The hexamer and trimer models with the 

highest confidence scores (predicted local distance difference test (pLDDT), 

predicted template modelling score (pTM) and interface predicted template 

modelling score (iPTM) were relaxed using AMBER (Hornak et al., 2006) and used 

for downstream analysis (Figure 5.5A and B). Ramachandran analysis of 1278 

residues of the SaCysE hexamer showed 90.8% of residues in the favoured region, 

with 8.7% and 0.5% in the allowed and disallowed regions, respectively 

(Laskowski, MacArthur, Moss, & Thornton, 1993), indicating that the hexamer 

model has good stereochemistry. The hexamer additionally showed confident 

scoring (pLDDT 85.9, pTM 0.835, iPTM 0.829) for all chains (Figure C.6). The 

domains predicted with the highest confidence are N-terminal SATase and LɓH 

domains (pLDDT > 90) (Figure 5.5A). The SaCysE hexamer is composed of two 

trimers, with three-fold symmetry and were orientated with the N-terminal SATase 

domains facing each other forming an apparent hexamer, however manual 

inspection of the hexameric interface revealed the presence of clashing non-bonded 

contacts between polar residues trimers, which remained despite repeated attempts 

at relaxation (Figure 5.5A). Conversely, the SaCysE trimer was predicted with 

greater confidence than the hexamer (pLDDT 87.4, PTM 0.839, iPTM 0.835) 

(Figure 5.5B) and inspection of the monomer-monomer interactions for the SaCysE 



Chapter Five: The curious case of CysE: diversity and distribution of serine 

acetyltransferases  

134  

  

trimer are similar to those seen in EcCysE (0.632 RMSD for 403 Ŭ-carbons). 

Interestingly, the Ŭ-helical tails in both SaCysE models interact with each other to 

form an Ŭ-helical coil, but this is predicted with low confidence and should be 

interpreted with caution.  

The surface charge of a protein is critical for protein-protein interactions, with 

perturbations in charge being detrimental for complex formation. To investigate the 

clashing non-bonded contact SaCysE hexamer residues an electrostatic surface map 

was calculated for both the SaCysE hexamer and trimer. The N-terminal SATase 

domain surface of the SaCysE trimer involved in hexamer formation consists of a 

largely uncharged surface, which contrasts with the equivalent surface in EcCysE 

(Figure 5.5C). However, the SaCysE trimer contains a series of positively charged 

residues that encircle the outward edge of the trimer surface, which are the same 

non bonded contact residues identified in the SaCysE hexamer (Figure 5.5C). A 

positively charged trimer surface is also observed for the truncated MtbCysE trimer 

(Gupta & Gupta, 2021). More recently, there has been experimental evidence to 

show that both trimer and hexamer configurations are seen in solution for the 

truncated isoform MtbCysE (Rahisuddin et al., 2024). In the absence of a 

crystal/cryo-EM structure, the authors used AlphaFold and were only able to model 

the MtCysE trimer, consistent with our SaCysE modelling. Therefore, we predict 

that SaCysE adopts a trimer in solution, but formation of hexamer is a possibility 

and ultimately needs to be confirmed through experimental characterisation.   
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Figure 5.5 Electrostatic map of predicted multimeric model of SaCysE (P6776). (A) 

ColabFold predicted SaCysE hexamer. (B) ColabFold predicted SaCysE trimer. 

Model is coloured by residue confidence scoring predicted local distance difference 

test (pLDDT); high confidence (blue, pLDDT > 90), confident (light blue, 90 > 

pLDDT > 70), low confidence (yellow, 70 > pLDDT > 50) and very low confidence 
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(orange, pLDDT < 50). (C) The electrostatic for SaCysE and EcCysE hexamers and 

trimers (PDB 1T3D). Protein surface is coloured red to blue (-5 Kt/e to 5 Kt/e).  

In summary, using predictive modelling we demonstrate that SaCysE is likely to 

form a trimer in solution. Given the importance of the CysE hexamer for cysteine 

synthase complex formation (Benoni et al., 2017), it is unlikely that the SaCysE 

trimer can form the CSC with CysK from S. aureus. Conversely, recent 

characterisation of the truncated MtbCysE showed that CSC formation was 

observed for the MtbCysE hexamer, but unexpectedly the complex led to a 

reduction in activity of both MtbCysE and MtbCysK, which is at odds with all 

published CSC data to date ((Benoni et al., 2017; Kumaran, Yi, Krishnan, & Jez, 

2009; Mino, Yamanoue, et al., 2000)). This observation may reflect the presence of 

alternative pathways for cysteine biosynthesis that can bypass CysE in M. 

tuberculosis (Rahisuddin et al., 2024). These findings suggest that SaCysE might 

be able to form the cysteine synthase complex, given presence of the critical C-

terminal residue is an isoleucine (Figure 5.1) (Mino, Hiraoka, et al., 2000), but is 

reliant whether it can form a hexamer. Ultimately, experimental characterisation of 

SaCysE is needed to observe the oligomeric states adopted in solution and its ability 

to form the cysteine synthase complex, which will in turn help elucidate the role of 

these truncated isoforms in cysteine biosynthesis.  

5.5 Conclusions 

Serine acetyltransferases catalyse the first step in the de novo biosynthesis of 

cysteine and act as a key point of pathway regulation. Here, we report that bacterial 

CysE isoforms can be categorised into two distinct groups, defined by the presence 

of a full-length or a truncated N-terminal SATase domain. Furthermore, we report 

that this truncation is structurally discrete, with the loss shortening the N-terminal 

domain from eight to four Ŭ-helices. We demonstrate that the truncated isoform is 

the predominant isoform amongst Gram-positive bacteria, while full-length 

isoforms dominate Proteobacteria. Through structural analysis we predicted the 

truncation would favour formation of a trimer. Overall, based on these findings it 

is clear that the loss of the N-terminal SATase impacts the function and regulation 

of the truncated isoform, but it is unclear what the evolutionary advantage of this 

isoform is and additional experimental characterisation is needed to elucidate the 
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biochemical differences between full-length and truncated isoforms and their 

respective roles in de novo cysteine biosynthesis.  

5.6 Materia ls and Methods 

5.6.1 Multiple Sequence Alignments 

Sequences were retrieved from UniProt (https://www.uniprot.org/) (Consortium, 

2022) for all bacterial CysE isoforms deposited to the RSCB Protein Data Bank 

(PDB) (https://www.rcsb.org/). The MAFFT alignment tool was used for 

generating MSA (Katoh & Standley, 2013) and MSA figures were created using 

ESPript (3.0) (Robert & Gouet, 2014).  

5.6.2 Sequence Similarity Networks 

Sequence similarity networks (SSNs) were created using the Enzyme Function 

Initiative-Enzyme Similarity Tool (EFI-EST) server (database version 2023_03/97, 

UniProt 2023-05) (Oberg, Zallot, & Gerlt, 2023; Zallot, Oberg, & Gerlt, 2019). The 

initial network was generated using the families option (option B) using the InterPro 

domain IPR042122 (N-terminal SATase domain) and UniRef90 cluster IDs (39,897 

ñFull sizeò vs. 15,804 UniRef90 sequences) with alignment performed over the 

length of the  IPR042122 domain. UniProt-defined fragments were excluded. The 

network was taxonomically filtered to include only bacterial sequences. The SSN 

edge E-value calculation was set to 5, with a protein family size fraction of 1. For 

the Repnode 60 network, the alignment score was set to 17. Finalisation of the SSN 

for examining domain length were filtered to include sequences with a IPR042122 

domain between 62 and 166 residues in length. For the Repnode 75 network for 

analysing sequence taxonomy the initial alignment score of 23 was used. Due to 

computational limitations, a representative node network was used for all analysis. 

Visualisation of all networks was performed using Cytoscape (version 3.9.1) 

(Shannon et al., 2003) and was used to set the sequence similarity edge cut-off.   

5.6.3 Generation of iTOL tree and Phylogenetic Tree Building for C ysE 

sequences for iTOL species 

For annotation of CysE isoforms to the iTOL tree (Ciccarelli et al., 2006), the CysE 

peptide sequences were retrieved from UniProt for iTOL bacterial species 

https://www.uniprot.org/
https://www.uniprot.org/
https://www.rcsb.org/
https://www.rcsb.org/
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(Ciccarelli et al., 2006) and confirmed to have an annotated N-terminal SATase 

domain (IPR042122). Length of the SATase domain was recorded and confirmed 

through manually inspection of predicted models from the AlphaFold database 

(https://alphafold.ebi.ac.uk/, accessed January 2024). For species with no CysE 

sequence present in UniProt, a combination of BLASTP (The National Center for 

Biotechnology Information, NCBI) and manual inspection of the bacterial genomes 

using NCBI genome viewer (accessed January 2024) was used to confirm the 

absence. The iTOl figure was generated using the iTOl server (Letunic & Bork, 

2021).  

The phylogenetic tree was created for all CysE sequences that were found in iTOL 

tree bacterial species. BLASTP with CysE from N. gonorrhoeae as a query 

sequence was used to search against bacterial iTOL tree species in the NCBI 

database. Where present, a CysE sequence was retrieved for each iTOL species.  

The protein sequences containing the N-terminal SATase domain (IPR042122) for 

building the CysE phylogenetic tree were retrieved from UniProt (Consortium, 

2022) and multiple whole sequence alignment was performed using MAFFT 

(multiple alignment using fast Fourier transform) (Katoh & Standley, 2013). 

Alignments were visualised using Geneious (2020.0.5) and trimmed manually 

removing the C-terminal alpha helical tails (downstream of LɓH domain), with the 

trimmed sequences containing both the SATase domain (IPR042122) and the 

conserved LɓH domain (IPR045304) for tree building (Capella-Gutiérrez, 

SillaMartínez, & Gabaldón, 2009). IQ-TREE (Nguyen, Schmidt, von Haeseler, & 

Minh, 2014) was used for tree building and model selection using ModelFinder 

(Kalyaanamoorthy, Minh, Wong, von Haeseler, & Jermiin, 2017), and ultrafast 

bootstrap approximation (UFBoot) (Minh, Nguyen, & von Haeseler, 2013) were 

used for calculating bootstrap values. The best model IQ-TREE was accessed using 

the Galaxy Server (Galaxy Version 2.1.2, https://usegalaxy.org.au/) (Community, 

2022). Tree figures were generated using iTOL tree website (version 5) (Letunic & 

Bork, 2021).   

5.6.4 ColabFold and AlphaFold2 Models 

Predicted protein models were built using a local ColabFold (version 1.5.2) 

installation (https://github.com/YoshitakaMo/localcolabfold) on a NVIDIA 

https://alphafold.ebi.ac.uk/
https://alphafold.ebi.ac.uk/
https://alphafold.ebi.ac.uk/
https://github.com/YoshitakaMo/localcolabfold
https://github.com/YoshitakaMo/localcolabfold


Chapter Five: The curious case of CysE: diversity and distribution of serine 

acetyltransferases  

139  

  

GeForce RTX 3060 (Mirdita et al., 2022). Sequence alignments were generated 

using mmseqs2_uniref_env in unpaired_paired mode. Templates were used in 

prediction (PDB100) and models were built with five recycles. For multimeric 

prediction the model alphafold2_multimer_v3 was used. For building the SaCysE 

hexamer six CysE amino acid chains were supplied as input and three chains were 

supplied for building the SaCysE trimer. All models were relaxed using Assisted 

Model Building with Energy Refinement (AMBER) as a part of ColabFold (Case 

et al., 2005). PROCHECK (Laskowski et al., 1993) was used to perform 

Ramachandran analysis of models and was accessed via the PDBsum server 

(Laskowski, JabğoŒska, Pravda, VaŚekov§, & Thornton, 2018). Electrostatics were 

calculated for ColabFold models using the Adaptive Poisson-Boltzmann Solver 

(APBS) plugin in PyMOL using default settings (Jurrus et al., 2018).   

5.7 Supplementary Material 

Supplementary Materials associated with Chapter Five can be found in Appendix 

C.  

5.8 Future Directions 

This work provides the first in-depth analysis of serine acetyltransferases 

(SAT/CysE) across bacteria and provides insight into the distribution and diversity 

of CysE isoforms, whereas previous research and characterisation has focused on 

full -length CysE isoforms (Benoni et al., 2017; Hindson & Shaw, 2003; Pye et al., 

2004). This work supports further bioinformatic and experimental investigation of 

truncated CysE isoforms to elucidate functional and regulatory differences and how 

this impacts their role in de novo cysteine biosynthesis.  

Given the limited characterisation of the truncated isoform, one of the key 

questions is; what are the consequences of this truncation on the quaternary 

structure of CysE. Previous work has performed kinetic characterisation of the 

truncated isoforms, however limited biophysical data is published at time of writing 

with only the characterisation of CysE from M. tuberculosis (as discussed above) 

(Rahisuddin et al., 2024). Our research group is expanding into the characterisation 

of the de novo cysteine biosynthesis pathway in Staphylococcus aureus, as this 

organism  has lost the sulphate reduction arm but has retained a CysK and truncated 
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CysE (SaCysE) homologue (Lithgow, Hayhurst, Cohen, Aharonowitz, & Foster, 

2004), which draw parallels to the cysteine biosynthesis pathway present in 

N. gonorrhoeae (Hicks & Mullholland, 2018). As an extension of this thesis, I have 

conducted preliminary work into the biophysical characterisation of SaCysE. The 

planned experiments are to investigate the oligomeric state and ability to form the 

cysteine synthase complex (CSC) using analytical size exclusion chromatography, 

and use X-ray crystallography to determine the SaCysE crystal structure. 

Additionally, although kinetic data is available for truncated isoforms (Chen et al., 

2019; Qiu et al., 2014; Qiu et al., 2013; Rahisuddin et al., 2024) regulation by 

cysteine has not been determined. Given the presence of an extended C-terminal Ŭ-

helical tail seen for truncated isoforms (Figure 5.1 and Figure 5.2), and the key role 

of the tail in feedback inhibition as seen in cysteine bound crystal structures (Pye 

et al., 2004; Toyomoto et al., 2023), this extended tail could impact the sensitivity 

to cysteine inhibition. To measure cysteine inhibition, dose-response and mode of 

inhibition curves will be collected using a direct 232 nm method that is already 

established for measuring CysE activity (Oldham et al., 2022). Together, this work 

would provide the first biophysical characterisation of SaCysE and the first 

characterisation of cysteine inhibition of a truncated CysE isoform.  

Preliminary work has already been completed for SaCysE characterisation. Our 

cloning and purification methods were adapted from Chen and colleagues (Chen et 

al., 2019). Cloning of CysE from S. aureus MW2 (BA000033.2:561091-561732, 

639 nucleotides, 213 residues, ordered as a synthetic gene) into pET28b-PstI using 

restriction sites PstI and XhoI to express the SaCysE with a C-terminal Histag. 

Cloning was verified using sequencing and transformed into E. coli BL21 (DE3) 

for protein expression. However, despite repeated optimisation attempts, including 

recloning with a N-terminal Histag, temperature and detergent screens, efforts to 

express and purify soluble SaCysE have been unsuccessful. Given that previous 

work by Chen et al. (2019) demonstrated soluble SaCysE expression is possible, 

cloning into different plasmids and transforming into E. coli expression strains 

better suited for insoluble proteins will form part of future purification efforts.  

The wide distribution of the truncated CysE isoform is an unexpected finding, and 

raises the question; what is the evolutionary history of serine acetyltransferases? 

As mentioned previously, CysE is a member of the left-handed ɓ-helix family of 
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acyltransferases (Raetz & Roderick, 1995), however to date there is no literature 

examining the evolution of CysE enzymes. In this thesis, we have highlighted the 

existence of both a full-length and truncated CysE isoform, however it is unclear 

what the ancestral form resembled and the evolutionary trajectory that resulted in 

two structurally distinct isoforms. Based on phylogenetic work in this chapter, the 

use of Bayesian interference methods could be used to reconstruct the ancestral 

state of CysE. The success of this strategy may be constrained by low sequence 

similarity between truncated and full-length isoforms. Alternatively, determining 

the origin of the full-length isoform is a better candidate for investigation, given 

the higher degree of sequence conservation between full-length species. 

Additionally, research has revealed an unexpectedly high degree of sequence and 

structural similarity between plant and full-length bacterial isoforms (Yeon, Yoo, 

Takagi, & Kang, 2018). It is possible that this similarity is the result of a horizontal 

gene transfer event, but further bioinformatic investigation, using plant and a 

broader selection of bacterial CysE sequences is needed to determine to determine 

this.  
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6 Chapter Six: Conclusion and Future 

Perspectives 

6.1 Thesis Summary 

Neisseria gonorrhoeae is the etiological agent of the sexually transmitted infection, 

gonorrhoea. The rapid emergence of antimicrobial-resistant strains has resulted in 

resistance to every class of antibiotic used for frontline treatment (Unemo & Shafer, 

2011). The emergence of ceftriaxone-resistant strains has resulted in it being 

labelled a priority pathogen by the World Health Organisation, highlighting the 

urgent demand for new antimicrobials (WHO, 2017). The absence of the de novo 

cysteine biosynthesis pathway in humans provides an excellent opportunity for 

antimicrobial exploration (Campanini et al., 2015). Progress into identifying 

inhibitors for CysE and CysK have been made for both Gram-negative and 

Gram-positive pathogens. This thesis demonstrates my work to characterise and 

use structure-based virtual inhibitor screening for the cysteine biosynthetic enzyme, 

serine acetyltransferase from Neisseria gonorrhoeae (NgCysE).  

We hypothesised that NgCysE was a promising target for antimicrobial 

development, given the stressful host environment (Seib et al., 2006) and the 

essentiality of cysE (Remmele et al., 2014). As NgCysE was uncharacterised, the 

collection of kinetic and structural data for NgCysE was essential for using 

structure-based virtual inhibitor screening to identify NgCysE inhibitors. To allow 

NgCysE characterisation, methods for expression and purification of NgCysE were 

optimised. Using our purification methods, we were able to produce NgCysE of 

sufficient purity and yield for downstream assays and analysis.  

Given the disruption of the sulphate acquisition pathway for cysteine biosynthesis 

in N. gonorrhoeae (Hicks & Mullholland, 2018), kinetic characterisation was 

needed to ascertain that NgCysE had serine acetyltransferase activity. To 

characterise the kinetics of NgCysE, Michaelis-Menten activity assays and 

inhibition assays were collected. The Michaelis-Menten assays demonstrated 

NgCysE had comparable activity to characterised bacterial homologues. Through 

the collection of inhibitory dose response and mode of inhibition assays we show 
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that NgCysE is sensitive to feedback inhibition by L-cysteine, and show that 

cysteine is a competitive inhibitor relative to both substrates; serine and acetyl-

CoA. Overall, these results show that CysE from N. gonorrhoeae is a functional 

serine acetyltransferase that is inhibited by cysteine and is comparable with other 

bacterial homologues, demonstrating that this enzyme is an active serine 

acetyltransferase and likely contributes to the synthesis of cysteine in 

N. gonorrhoeae.  

The oligomeric state of serine acetyltransferases is a known determinant of activity, 

with hexamer exhibiting increased activity over trimers (Rahisuddin et al., 2024). 

Using analytical size exclusion chromatography (SEC), we show that NgCysE 

elutes as a hexamer. These findings are supported by SEC-small angle X-ray 

scattering (SAXS) data where only a NgCysE hexamer species is observed with no 

smaller oligomeric species present. Overall, we show that NgCysE exists solely as 

hexamer in solution which is consistent with characterised full-length CysE 

homologues.  

To identify NgCysE inhibitors we employed the strategy of structure-based virtual 

inhibitor screening, which required a high-quality atomic structure of NgCysE. 

Using recombinant NgCysE an optimal crystallisation condition was identified 

resulting in the collection of a 2.01Å dataset. Model refinement revealed NgCysE 

had crystallised as a homohexamer with 3:2 fold symmetry. The hexamer was 

assembled through the interaction of two trimers via the N-terminal Ŭ-helical 

SATase domain. Each trimer was formed through interactions of both the 

N-terminal Ŭ-helical SATase domain and C-terminal left-handed ɓ helix domain. 

NgCysE active sites are located in clefts between neighbouring monomers in the 

trimer, resulting in six active sites per hexamer. Intriguingly, we saw extensive 

density for the C-terminal tails, which are often absent in crystal structures given 

their flexibility  (Gorman & Shapiro, 2004; Olsen, B., Vetting, & Roderick, 2004; 

Toyomoto et al., 2023; Yi et al., 2013), as a result of domain swapping between 

adjacent hexamers in the crystal lattice. Examination of NgCysE revealed 

supporting density for active site residues and the presence of L-malate, which was 

present in the crystallisation condition. Crystallisation of a second NgCysE 

structure with L-serine bound, reveals shared interactions of both L-malate and 

L-serine, but only L-serine interacts with catalytic dyad residue His162, which 
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reflects that L-serine is a native substrate of NgCysE. Overall, we have shown that 

NgCysE has a hexameric oligomeric structure consistent with serine 

acetyltransferases and our L-malate structure is of sufficient quality for 

downstream inhibitor screening.  

To conduct structure-based virtual inhibitor screening the NgCysE structure had to 

be prepared for library screening. The NgCysE structure underwent model 

relaxation and water removal. The screening of a commercially available drug-like 

and a large molecular compound library was conducted, producing a total of 48 hit 

compounds of which 28 were ordered for screening. To test for inhibitory activity 

in vitro, a DTNB-coupled assay was adapted for high throughput plate screening 

of inhibitors against NgCysE. The in vitro screening of inhibitors demonstrated the 

best inhibitor was compound 2 producing an IC50 of 13.9 µM, making it one of the 

most potent CysE inhibitors published to date. Analysis of docking interactions 

between compound 2 and NgCysE shows key hydrogen bonding interactions along 

the length of the compound with both acetyl-CoA and L-serine binding pocket 

residues. Overall, this research presents the first characterisation and inhibitors of 

NgCysE, and is also the first published attempt to target a sulphur metabolism 

pathway in any Neisseria species. This thesis demonstrates that the targeting of the 

de novo cysteine biosynthesis pathways is a promising source of new antimicrobial 

targets N. gonorrhoeae.  

In addition, we have extensively reviewed research into the antimicrobial targeting 

of serine acetyltransferases from bacterial pathogens. Upon performing this review, 

the presence of a unique N-terminal truncation for CysE homologues from 

Mycobacterium tuberculosis and Staphylococcus aureus (SaCysE) was noted. The 

distribution and diversity of CysE isoforms for bacteria is unknown and as such 

we set out to answer this using bioinformatic analysis and predictive modelling 

tools. In our paper we set out to answer the following questions: (1) does the 

truncated isoform appear in other bacteria and is this truncation consistent, (2) what 

is the phylogenetic relationship between truncated and full-length CysE isoforms 

and (3) what are the consequences of this truncation on the oligomeric state of 

CysE. We show that truncated CysEs are widespread and are the predominant form 

for Gram-positive bacteria. Through generating sequence similarity networks for 

CysE we show that truncated isoforms bear more similarity to full-length isoforms 
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from Gram-positive bacteria than Proteobacteria. Predictive modelling suggests 

that the truncation would prevent likely assembling of a SaCysE canonical 

hexamer, however we could predict confidently that SaCysE can assemble as a 

trimer. Overall, this work is fundamental in establishing the diversity and 

distribution of the truncated CysE isoforms in bacteria, and the physiological 

consequences of this truncation for CysE enzymes.  

6.2 Future Perspectives 

Future perspective sections are available at the end of each chapter under the 

heading ñFuture Directionsò. Additional Future Directions are detailed in the 

following sections.  

6.2.1 In vivo characterisation of cysE in Neisseria gonorrhoeae 

As mentioned in the previous section we have biochemically characterised 

NgCysE and show it to be a functional serine acetyltransferase in vitro, however 

in vivo characterisation is crucial aspect of determining the role of NgCysE in 

N. gonorrhoeae. As a part of future work, we plan to examine the effects of CysE 

depletion on N. gonorrhoeae using a cysE knockdown strain. The essential nature 

of cysE (Remmele et al., 2014) has meant that it took an extended amount of time 

to create a viable knockdown strain (of which still needs to be optimised) and was 

only achieved at the end of this thesis (as discussed in Future Directions of Chapter 

Four Section 4.7.2). However, we would like to discuss here the future experiments 

that will be carried out using a cysE knockdown strain to determine the 

fundamental role of NgCysE in both cysteine biosynthesis and pathogenicity.  

The cysteine biosynthesis pathway has been shown to be upregulated during cell 

invasion for Neisseria meningitidis (Takahashi, Watanabe, Kim, Yokoyama, & 

Yanagisawa, 2018), however it is unknown if this extends to N. gonorrhoeae. To 

measure pathogenicity, the cysE knockdown strain would be subjected to both 

epithelial gonococcal cell invasion assays and biofilm formation assays. 

Additionally, cysteine biosynthesis is key for mitigating oxidative stress and 

conferring antibiotic resistance (Turnbull & Surette, 2010). To examine the role of 

cysE, the knockdown strain will be subjected to hydrogen peroxide assays and 

antibiotic sensitivity MIC assays. Moreover, testing if the antibiotic sensitivity 
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increases for a cysE depleted strain is additional validation that NgCysE inhibitors 

could also act as antimicrobial adjuvant. Overall, this characterisation is crucial for 

strengthening the suitability of CysE for inhibition and given the key regulation of 

the de novo cysteine biosynthesis pathway occurs through the CysE catalytic step, 

the in vivo characterisation of the cysE knockdown strain will provide insight into 

the role of de novo cysteine biosynthesis pathway and elucidate the role of cysteine 

in N. gonorrhoeae.  

The essentiality of cysE is uncommon for bacteria with disruption often resulting 

in cysteine auxotrophy (Fiegler & Brückner, 1997; Fujishima et al., 2018; 

Hitchcock, Kelly, Hitchcock, & Taylor, 2023), which raises questions over the 

essentiality of cysE in N. gonorrhoeae. As mentioned previously, we hypothesise 

that N. gonorrhoeae is reliant on de novo cysteine biosynthesis to meet high 

cysteine requirements, that maintains high concentrations of glutathione. 

Alternatively, CysE could have a moonlighting function in N. gonorrhoeae which 

makes cysE essential. Functions outside of cysteine biosynthesis have not been 

documented for CysE enzymes, however moonlighting functions in contact-

dependent growth inhibition (CDI) have been reported for OASS (Johnson et al., 

2016). To answer these questions growth, transcriptomic and metabolomic 

analysis of a CysE depleted N. gonorrhoeae using a cysE knockdown strain would 

reveal insights into pathways that are disrupted by CysE depletion and would 

highlight if CysE has an alternative function in N. gonorrhoeae. To do this, these 

experiments would be conducted using chemically defined media with either 

cysteine/cystine, or sulphide, supplied as the sole sulphur source. Any unique 

transcriptional or metabolomic differences seen for the cysE depleted strain 

compared to wildtype on cysteine rich media as a sulphur source would indicate 

ulterior functions in alternative cellular pathways.  

6.2.2 Further characterisation and use of medicinal chemistry to 

develop potent NgCysE inhibitors  

As discussed in Chapter Four, performing minimal inhibitor testing (MIC) testing 

of compound 2 against N. gonorrhoeae is crucial for drug optimisation of this 

compound. Given that cysE is likely essential or conditionally essential based on 

our findings, if compound 2 is permeable to the bacterial membrane, then it is 
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likely we will see an MIC. Ideally the MIC should be in the same range as the 

inhibitor (13.9 µM), with a lower MIC suggesting off-target inhibition. 

Additionally, MIC testing should be conducted on chemically defined media with 

cysteine/cystine or sulphide as the sole sulphur source, as previous research 

demonstrated that media richness was associated with increased MICs (Magalhães 

et al., 2020). MIC testing of compound 2 will be collected on both rich Gonococcal 

Broth (GCB) media and chemically defined Graver-Wade media with different 

sulphur sources. This will allow us to examine the influence of different sulphur 

sources on MICs.  

Off-target inhibition is a major hurdle in drug discovery and is seen for CysE 

antimicrobials (Hicks, Oldham, McGarvie, & Walker, 2022). Extensive work by 

Toyomoto and colleagues (2023) (as mentioned previously in Chapter 2) identified 

alkyl gallates as inhibitors of CysE, and while compound testing demonstrated the 

compounds were not cytotoxic, comparison of intracellular amino acid 

concentrations of gallate treated E. coli with a cysE knockout strain, revealed there 

were discrepancies in amino acid concentrations suggesting off-target inhibition. 

In our work (Chapter Five), to avoid off-target inhibition we excluded compounds 

during virtual screening that would likely be false positives using a pan-assay 

interference compounds (PAINS) filter. This filter excluded compounds with 

known PAINS structures (chemical structures know for interfering with assay (i.e. 

reacting with the components or covalently modifying the enzyme). Ultimately, 

future work characterising CysE inhibitors will also include cytotoxicity studies 

and metabolomic analysis, as an extra measure to screen out inhibitors with off-

target inhibition.  

6.2.3 6.2.3 The targeting of the de novo cysteine biosynthesis pathway 

in the pathogen Neisseria meningitidis  

Neisseria meningitidis is the causative agent of invasive meningococcal disease. 

This often fatal disease results in bacterial meningitis or septicaemia with global 

fatality rate of 12% (Wang, Santoreneos, Giles, Haji Ali Afzali, & Marshall, 2019). 

Although meningococcal vaccines are available, increasing rates of antimicrobial 

resistance have been reported for invasive N. meningitidis isolates (Willerton et al., 

2021). The de novo cysteine biosynthesis pathway has been implicated in 
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pathogenesis for N. meningitidis, having been shown to be upregulated during cell 

invasion (Takahashi et al., 2018) and in invasive N. meningitidis isolates (Ren et 

al., 2017). As highlighted by Hicks et al. (2018), despite having a high degree of 

genomic similarity (90%) for N. gonorrhoeae and N. meningitidis, a key difference 

is the absence of sulphate reduction pathway for N. gonorrhoeae and its presence 

in N. meningitidis. This is supported by growth experiments that demonstrated 

only N. gonorrhoeae was unable to grow on sulphate as a sole sulphur source (Le 

Faou, 1984). Given the essentiality of cysE in N. meningitidis (Capel et al., 2016; 

Muir et al., 2020), CysE from N. meningitidis (NmCysE) is a potential target for 

antimicrobial development. Given that the cysteine biosynthetic enzymes of 

N. meningitidis are uncharacterised, the study of NmCysE is a natural continuation 

of this thesis.   

CysE kinetic assays already established as part of this thesis, would be used to 

determine the Michaelis-Menten kinetics and cysteine sensitivity of NmCysE. 

Additionally, X-ray crystallography will be used to determine the atomic structure 

of NmCysE and SEC-SAXS will be used to determine the oligomeric state. Given 

the high degree of similarity between NgCysE and NmCysE, NgCysE inhibitors 

identified in this thesis could be tested against NmCysE. Furthermore, given the 

essential nature of cysE for N. meningitidis (Capel et al., 2016; Muir et al., 2020) 

to study the role of cysE in vivo would be through the creation of a cysE knockdown 

strain. Given the differences in the sulphur assimilation pathways between these 

species, this would allow examination of the effect of an intact vs disrupted 

sulphate reduction pathway has on CysE function.  

6.2.4 Characterisation of the cysteine synthase complex 

The cysteine synthase complex (CSC) is key regulatory aspect of the de novo 

cysteine biosynthesis pathway in allowing cysteine synthesis to be tuned to sulphur 

availability (Benoni et al., 2017). Past attempts to form the CSC from 

N. gonorrhoeae (NgCSC) using NgCysE and CysK from N. gonorrhoeae (NgCysK) 

enzymes have been unsuccessful (Oldham, 2020). Currently, PhD student Jack 

McGarvie (McGarvie, 2021) is working on optimisation of the NgCSC complex. 

Given that NgCysE has all characteristics needed for CSC formation, including 

purifying as a hexamer and the presence of a C-terminal isoleucine, we assume the 
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two enzymes can form a complex. However, a positive control is needed. Based on 

review of the literature, the CSC from Escherichia coli (EcCSC) was selected as 

our positive control. Efforts made collectively by PhD student Jack McGarvie, MSc 

student Jessicca Usu and myself, have resulted in the successful purification of 

recombinant E. coli enzymes CysE (EcCysE) and CysK (EcCysK) and have 

successfully formed the EcCSC. The formation was confirmed via size exclusion 

chromatography, SDS-PAGE and (SEC-SAXS) (unpublished results that are part 

of PhD thesis for Jack McGarvie), replicating results seen in the literature (Benoni 

et al., 2017). Additionally, the cysteine synthase complex has been shown to readily 

form through the combining of purified enzymes (Benoni et al., 2017) and is 

supported by our observation that recombinant EcCysE or EcCysK enzymes 

copurify with expression host-derived, EcCysK or EcCysE, respectively. The 

establishment of EcCSC as a positive control in our lab is crucial for the 

optimisation of NgCSC formation. As mentioned previously, presence of the 

C-terminal isoleucine and a hexameric assembly would permit NgCysE to form the 

CSC, which is now supported by our ability to form the EcCSC. Based on these 

findings, NgCSC optimisation will be conducted as a part of Jack McGarvieôs thesis 

where he will screen the addition of sulphur compounds that could be needed for 

complex formation.  

6.3 Concluding Statement 

The results presented in thesis have enhanced our understanding of serine 

acetyltransferases and their role in de novo cysteine biosynthesis. Our 

bioinformatic analysis demonstrated that the truncated SATase domain identified 

initially in S. aureus and M. tuberculosis is in fact widely distributed amongst 

bacterial phyla. This will hopefully lead to future in depth characterisation of this 

enigmatic truncated isoform. Our findings also deepen our understanding of 

de novo cysteine biosynthesis in N. gonorrhoeae. The biochemical 

characterisation of NgCysE was fundamental for not only understanding its role in 

cysteine biosynthesis, but also instrumental in our discovery of the first NgCysE 

inhibitors. This thesis is a testament to the antimicrobial potential of CysE 

inhibition and paves the way for CysE targeting in other bacterial pathogens.  
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Appendix A: Supplementary Material for 

Chapter Three  

  

Figure A.1. NgCysE activity versus time post-purification. NgCysE was stored at 

room temperature post-purification and activity measured every 60 minutes (x-axis). 

Assays were collected with 0.625 µg NgCysE, 1 mM serine and 0.45 mM acetyl-

CoA. Data points are mean and error bars are SEM derived from two replicates.  

  

Figure A.2 NgCysE activity measured at varying NgCysE concentrations. Activity 

was measured for 0.156, 0.312, 0.391, 0.521, 0.781 and 1.56 µg.ml-1 of NgCysE 

(x-axis). Initial rates were measured in assay buffer in the presence of 0.45 mM 

acetyl-CoA and 10 mM L-serine. Enzyme stocks were stored at room temperature 

(22°C) for the duration of the assays. Data points are means derived from duplicates 

and standard error is displayed as error bars.  
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Figure A.3 Gel filtration purification of NgCysE. (A) Gel filtration chromatogram 

of purified NgCysE using an Enrich 650 Gel Filtration Column (Bio-Rad) with a 

single elution peak at 12.56 ml. (B) Corresponding 12% SDS-PAGE gel of column 

fractions (outlined by a box on the chromatogram and the SDS-PAGE gel) showing 

a high yield and purity of NgCysE. Molecular weights of Precision Plus Protein 

Standards (Bio-rad) in kDa are labelled. (C) Calibration of the Enrich 650 Gel  

Filtration Column. Molecular weights of gel filtration calibration standards 

(Bio-Rad) plotted on the x-axis. Kav plotted on the y-axis. Kav of NgCysE (0.17) 

indicated by star. Kav calculated by subtracting column void volume from the 

protein elution volume and dividing by the total column volume. Equation from line 

of best fit used for determining molecular weight of unknown proteins.  
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Figure A.4 Kinetic analysis of NgCysE substrate acetyl-CoA with two different 

concentrations of NgCysE (0.625 and 0.0625 µg) at 10 mM L-serine. Although 

reproducible at two different concentrations, with two different enzyme 

preparations, data for the 10-fold lower NgCysE concentration (0.0625 µg) show 

increased error due to fluctuations in the data at higher starting absorbance values 

due to high acetyl-CoA concentrations. The Michaelis-Menten equation is fit (solid 

line represents 0.625 µg NgCysE (R2 = 0.8449) and dashed line represents 0.0625 

µg NgCysE (R2 = 0.5240)) for both data sets and shows reproducibility. The overall 

fit for the equation is reasonable, with the exception of data collected for 1 mM 

acetyl-CoA which displays inhibition that is likely substrate inhibition. Due to 

limitations in experimental setup, we were unable to collect NgCysE rates for higher 

acetyl-CoA concentrations and as such do not feel comfortable fitting a substrate 

inhibition model due to only one point (1 mM acetyl-CoA) displaying inhibition. 

Enzyme concentration was factored into rates by dividing by the enzyme 

concentration to give the rate (s-1). Plotted data points represent mean alongside 

SEM of two replicates.  
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Figure A.5 Characterisation of cysteine inhibition, incorporation of the Hill coefficient to 

account for cooperativity. Data were collected for 0 (circles), 4 (squares), 6 (triangles) 
and 8 (inverted triangles) µM of L-cysteine. (A) Rates versus acetyl-CoA concentration 

plotted, with line representing competitive inhibition equation with incorporation of the 
hill coefficient. (B) Rates versus L-serine concentration plotted, with line representing 

competitive inhibition equation with incorporation of the hill coefficient. Data points are 

mean and error bars are SEM derived from two replicates.  

Equation A.1 Supplementary Equation. [S] = substrate inhibition, [I] = inhibitor 

concentration and h = hill co-efficient.  
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Table A.1 Competitive Inhibition + Hill coefficient values.  

  0 µM L-cys  4 µM L-cys  6 µM L-cys  8 µM L-cys  

Acetyl-CoA          

ha  1.137 ± 0.1507  1.405 ± 0.1162  1.203 ± 0.1127  1.275 ± 0.1080  

Ki b (µM)  2.473 ±0.5823  2.473 ±0.5823  2.473 ±0.5823  2.473 ±0.5823  

R-squared  0.9851  0.9746  0.9791  0.9804  

          

L-serine          

ha  1.005 ± 0.140  0.949 ± 0.081  0.481 ± 0.0553  0.298 ± 0.059  

Ki b (µM)  2.508 ± 0.330  2.508 ± 0.330  2.508 ± 0.330  2.508 ± 0.330  

R-squared  0.9030  0.9096  0.9610  0.8035  

aHill  coefficient < 1 indicates negatively cooperative binding ~ 1 indicates non-cooperative 

binding >1 indicates positively cooperative binding.  

bInhibitory constant (Ki)   

Error represents SEM of two replicates.  
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Appendix B: Supplementary Material for 

Chapter Four  

Table B.1 List of inhibitors identified by virtual screening and tested experimentally. 

Lower MM-GBSA energy indicates greater ligand affinity. *Compounds that 

produced a negative rate had percent remaining activity rounded to 0%.  

No. Compound Structure 

Docking 

score 

(kcal/mol) 

MM -GBSA 

binding 

energy 

(kcal/mol) 

Remaining % 

activity at 100 

µM (Vi/Vo)  

Solubility in 

100 µM 

screen 

1  ZINC72123855  

 

-9.342  -73.89  40.7  Soluble  

2  ZINC11882369  

 

-9.708  -60.5  20.6  Soluble  

3  ZINC72459177  

 

-9.867  -65.55  21.2  Soluble  

4  ZINC244690946  

 

-9.3  -60.41  26.8  Soluble  

5  ZINC71908845  

 

-9.647  -60.12  4.7  Soluble  

6  ZINC19340516  

 

-9.548  -63.11  62.0  Soluble  

7  ZINC1383061  

 

-8.561  -57.63  6.7  Insoluble  
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8  ZINC9492101  

 

-8.870  -51.46  17.8  Insoluble  

9  ZINC57473376  

 

-7.7763  -57.55  45.8  Insoluble  

10  ZINC150410062  

 

-8.4  -82.2  52.26  Insoluble  

11  ZINC102452962  

 

-8.4  -87.4  172  Insoluble  

12  ZINC9908138  

 

-8.4  -78.1  99.7  Insoluble  

13  ZINC102745388  

 

-8.5  -93.4  152.8  Soluble  

14  ZINC103389177  

 

-8.7  -83.8  0* (-6.49)  Insoluble  

15  ZINC8384491  

 

-8.7  -80.4  0* (-12.0)  Soluble  

16  ZINC680526  

 

-8.7  -62.2  24.7  Insoluble  

17  ZINC56874950  

 

-8.8  -91.4  233.3  Soluble  

18  ZINC150392050  

 

-8.8  -60.8  0*(-93.5)  Soluble  
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19  ZINC8438183  

 

-8.8  -86.7  23.9  Insoluble  

20  ZINC2212876  

 

-8.9  -73.3  93.3  Soluble  

21  ZINC2220593  

 

-9.0  -68.0  78.8  Soluble  

22  ZINC1844763  

 

-9.0  -62.5  9.4  Insoluble  

23  ZINC95722620  

 

-9.2  -79.9  6.5  Insoluble  

24  ZINC103168280  

 

-9.3  -80.4  141.83  Soluble  

25  ZINC97995347  

 

-9.4  -84.7  86.19  Insoluble  

26  ZINC150443539  

 

-9.5  -77.1  29.6  Insoluble  

27  ZINC101654223  

 

-9.6  -96.5  13.97  Insoluble  

28  ZINC33356340  

 

-10.8  -81.4  157.7  Soluble  


































