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Abstract

Neisseriagonorrhoeads 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 antimibral-resistant strains has I&éd gonorrhoeae

to being labelled as a priority pathogen for the development of new antimicrobials
by the World Health Orgasation. 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 thede novocysteine biosynthetic enzyme, serine acetyltransferase,

from N. gonorrhoeagNgCysE) for new antimicrobials.

In this thesis, we present the kinetic and structural charsatteri of NgCysE.
NgCysE has serine acetyltransferase activity and is sensitive to feedback inhibition
by L-cysteine. Smalangle Xray scattering demonstratégCysE is a single
hexameric species in solution with subtle conformational changes upon binding of
its inhibitor L-cysteine. Using Xay crystallography, we present twgCysE
structures, with kmalate (2.01 A) and substrateserine (2.8 A), boundNgCysE
crystallises as a homohexamer with -0 symmetry with each monomer
containing a Nt e r mi-helecdl SATase and -@rminal lefth a n d éaix b
domain. Additionally, we see extensive density for the € r mi-heliadl tailt)
because of domain swaipg, resulting in one of the most complete CysE crystal

structures to date.

The high resolutioNgCysE structure was used for structbgesed virtual inhibitor
screening to identify potential inhibitors §HCysE. Virtual screening produced 28
hit compounds that were testidvitro, with the most potent inhibitor, compound

2, demonstrating inhibition in the low micromolar range. Analysis of compound 2
docking reveals interactions with bdigCysE substrate binding sites, serine and
acetylCoA. This is the first reported inhibitor &fgCysE and provides a starting

point for develoment of new antimicrobials for treating gonorrhoea infection.

Lastly, we present the phylogenetic analysis of truncated andkeffigth CysE

isoforms across the bacterial kingdom. We demonstrate thatcated isoform has



a discrete t rhelicesfeonithe Merminal SATasa domain and is

the predominant isoform for Grapositive 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 tHerfigiih 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 notNgBysE
inhibitors, but also the development of CysE inhibitors for other bacterial pathogens.
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Chapter One: Introduction

1.1 Introduction

Neisseriagonorrhoeads 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 antibiotic$y. gonorrhoeaéhas 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 prevalenaeffiaxoneresistant strains,
together with rapidly increasing incidence rates, has Iédl gonorrhoeaebeing
labelled by the World Health Orgaation 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 tleatiiication 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 novobiosynthesis pathway for the shlgr
containing amino acid {cysteine, is an ideal candidate for antimicrobial
development folN. gonorrhoeae specifically targeting the ratemiting enzyme,

serine acetyltransferase.

De novocysteine biosynthesis is walbnserved across both bacteria and higher
plants.De novasynthesis is the primary mechanism that allows bacteria to acquire
and assimilate inorganic sulphur sources, sulphate and thiosulphate, incorporating
them into the amino acid-tysteine (Kredich, 2008).-tysteine is a versatile thiol
donor and feeds iatsynthesis of key thiol metabolites, such agepyme A, iron
sulphur clusters, dmethionine and key reducing agents, such as glutathione. The
synthesis of cyteine is a duastep process; the reaction begins with the acetylation
of L-serine by serine acetyltransferase (CysE/SAT) produCracetylserine
(Kredich & Tomkins, 1966), which is then condensed with sulphideOby
acetylserine sulphydrylask (CysK/OASSA) (Kredich & Tomkins, 1966) or with
thiosulphate by alternate isofof@acetylserine sulphydryladg (CysM/OASSB)
(Becker & Tomkins, 1969), to producedysteine (Kredich, 2008). This pathway
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is regulated through classical feedback inhibition ieykteine 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 exploitedthe development of
novel antimicrobials and antibiotic enhancers (Campanini et al., 2015; Hicks,
Oldham, McGarvie, & Walker, 2022). In this thesiee explore how targetinde

novo cysteine biosynthesis pathway is a promising avenue for developing new
antimicrobials against bacteria with a focus on the human pathbgemorrhoeae

Currently, the literature classifi® gonorrhoeaeas a cysteine auxotroph (Catlin,
1973), however there is evidence that supports the ability. gbnorrhoeaeto

grow on alternate sulphur sources in the absence of cysteine (Le Faou, 1984). The
investigation of sulphur acquisition and assimilatiorNingonorrhoeaas being
investigated by my Chief Supervisor Dr. Joanna Hicks and members of our research
group. Previous work by our group extensively reviewed and analysde ti@/o
cysteine biosynthetic pathway MeisseriaspeciegHicks & Mullholland, 2018).
Genomic interrogation revealed that the sulphate reduction arm afetm®vo
cysteine biosytnesis pathway was presentNnmeningitidis but a large 3.5 kB
genomic deletion inN. gonorrhoeaedisrupts this sulphate reduction pathway,
renderingN. gonorrhoeaéncapable of using sulphate as a sulphur donor. Growth
experiments conducted by Le Faou et al. (1984), demonstrateéd thanorrhoeae

could not utilse sulphate, but instead could use thiosulphate as a sole sulphur source
(Le Faou, 1984). The cysteine biosynthetic enzymes that remain genomically intact
in N. gonorrhoeaeare a sulphate/thiosulphate ABC import&rgA cysW cysTand

sbp, and the key enzymes serine acetyltransferdg€ysE) andO-acetylserine
sulphydrylaseA sulphydrylase(NgCysK). Given the disruption of the sulphate
reduction arm, questions were raised over the functionality of the remaining
NgCyskE andNgCysK. Preliminary characterisation conducted as a part of my
Mastefs studiesdemonstrated thatligCysE has serine acetyltransferase activity
comparable to other bacterial homologues (Oldham, 2020). Additionally,
characterisation oNgCysK 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 tNgCysE andNgCysK are
functional enzymes, an alternative sulphurtransfedependent pathway to obtain
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sulphide from thiosulphate argiutathione, that has been characterise#.iooli
(Kawano et al., 2017), is being investigated\irgonorrhoeae by PhD student
Stacy van Niekerk. Initial characterisation of this pathway (van Niekerk, 2021)
demonstrated that the sulphurtransferases pres@&htgonorrhoeaewvere ableto
produce sulphide from thiosulphate. Overall, on the basis of our findings, we

propose thalN. gonorrhoeads capable ofle novocysteine 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 duringWey s t €tudiés3he

work presented in this thesis details the fimrstvitro kinetic and structural
charactesation of NgCysE. NgCysE crystal structures were used for structure
based virtual inhibitor screening to identify noigCysE inhibitors. Additionally,

this thesis provides an-ntepth review of antimicrobial targeting efforts of the

novo cystine biosynthetic pathway in bacterial pathogens. Finally, we have
investigated the diversity and distribution of fldhgth and truncated Cysk
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 litelature 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. (2022yombatting
antimicrobial resistance via the cysteine biosynthesis pathway in bacterial
pathogensBiosci Reports, 420) doi:10.1042/bsr20220368

1.2 Thesis Objectives

The overall aims of this thesis are to firstly; elucidate the role of serine
acetyltransferase ithe human pathogeM. gonorrhoeaeand 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:

A To biochemically and structurally characterise serine acetyltransferase from
N. gonorrhoeae

This research is presented in Chapter Three as a publishectpiegred article:
A Oldham, K. E. A., Prentice, E. J., Summers, E. L., & Hicks, J. L. (2022).
Serine acetyltransferase fradeisseriagonorrhoeaestructural and

biochemical basis of inhibitiorThe Biochemical journal, 479), 5774.
doi:10.1042/bcj20210564

Objective Two:

A To identify and characterise novel CysE inhibitors targeting serine

acetyltransferase from. gonorrhoeae

This research is presenteddhapter Four asraanuscript prepared for submission:

Oldham, K. E. A., Jiao, W., & Hicks, J. L. (2023). Identification of novel
inhibitors targeting serine acetyltransferase fidensseriagonorrhoeae.
(ready for submission)

Objective Three:

A 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 frddeisseriagonorrhoeae
Identification and Characterisation of Inhibitors of serine acetyltransferase from
Neisseriagonorrhoeagand 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

| 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.
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2.1 Preface

This chapter provides an -gtepth examination of current research into the
development of antimicrobials and adjuvants targeting deenovo cysteine
biosynthetic enzymes serin®-acetyltransferase (Cysg) an@®-acetylserine
sulphydrylas€CyskK/OASSA; CysM/OASSB). This review provides contextual
merit for antimicrobial targeting of thde novocysteine 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 fatwusethe extensive
characterisation of Cys and the CysK/CysM bacterial isoforms and current
strategies employed for identification and opsation 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 fromeisseriagonorrhoeagChapter 3) and was published in
Bioscience reportéPortland Press) as a paerviewed 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 GE inhibitor section (SectioB.5.69 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
pathogensBioscience repor{12(10), BSR20220368. 10.1042/BSR20220368.

2.2 Author contributions

Given that our research group are investigating both Cysk and CysK enzymes from
N. gonorrhoeaethe collation of literature and manuscript writing was conducted
collaboratively between myself and-aathors Jack McGarvie, Emma Walker and

my Chief Supervisor, Joanna Hicks. | wrote the sections pertaining to Cysk and
their inhibitors (section 1.4) dncreated 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. Cautho contributions can be found in Appendix D.
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Combatting antimicrobial resistance via the cysteine biosynthesis
pathway in bacterial pathogens.

Joanna Hicks Keely Oldham?, Jack McGarvig Emma Walker

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

Te Aka Mtuatua 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 abolutely 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 ess¢ihand noressential enzymes that play key roles

in bacterial metabolism is a promising strategy to develop new antimicrobials and
adjuvants, respectively. The enzymatic synthesisofdteine is one such strategy.
Cysteine plays a key role in proteiasd is crucial for the synthesis of many
biomolecules important fodefenceagainst the host immune system. Cysteine
synthesis is a twstep process, catalysed by two enzymes. Serine acetyltransferase
(Cysk) catalyses the first step to syntbesthe pathway intermediat®-
acetylserine, an@-acetylserinesulphydrylas€ 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, emlgassceptibility to oxidative
stress and increased sensitivity to antibiotics. In this review, we summarise the
structure and mechanism of charassi Cys 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 thubdatarget 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 Ve 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 deseést not 100 years after
the 6golden eradé of antibiotic discovery
drug resistant (XDR) and multidrug resistant (MDR) strains of bacterial pathogens.
The rising emergence of antibiotic resistance and the lacknofngbiotic 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 overcomitificic
resistance. Along with this, adjuvant strategies targeting nonessential targets such
as those important for bacterial virulence, persistence or host saloni 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 artimicrobial 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
enzymegould 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 sulphucontaining molecules, including & 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 sulgloataining biomolecules;
therefore, inhibiting cysteine synthesis is a promising strategy for both potential
new antimicrobials and antimicrobial adjuvants. Inhibition of cysteine biosynthesis

hasbeen proven to interfere with a pathoge
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the host and establish lotgrm infection (Abd ElAleam, George, Georgey, &
AbdelRahman, 2021; Brunner et al., 2017; Campanini, Pieroni, et al., 2015). For
example, cysteine metabolism is a promising drug targ&almonella enterica
serovar Typhimurium (Becker & Tomkins, 1969; Turnbull & Surette, 2008, 2010)
and Mycobacterium tuberculosigBrunner et al., 2016; Brunner et al., 2017;
BurnsHuang & Mundhra, 2019) where suppression or reduction of cysteine
synthesis led to decreased fithess and infectivity. Inhibition of cysteine biosynthesis
has also been associated with a dysregulated oxidative stress response, enhancing
the antimicrobial ativity of existing antibiotics (Campanini, Pieroni, et al., 2015;
Turnbull & Surette, 2008, 2010). Mammals lack the biosynthetic machinery for the
de novosynthesis of cysteine from inorganic sulphur, relying on the reverse
transulphuration of dietary metimine 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 tstep process, catalysed by two enzymes, serine
acetyltransferase (SAT;CysE) catalyses the first step, requirisgrihe and
acetylcoenzyme A (acetyCoA) to produceD-acetylserine (OAS)O-acetylserine
sulphydrylaseA (OASSA, CysK) combinesO-acetylserine with sulphide to
produce cysteine, whereas the OAB$CysM) isoform can utifie 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 irribg€tigure

2.1). Thiosulphate is an alternative sulphur source used directly to sgathesi
cysteine by the OASS8 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 witlD-acetylserine to form cysteine. Transcriptional regulator, CysB,
up-regulates the sulphur uptakey§PUWA sbp and sulphur reduction pathways
(cysC,D,G,H,1,J,) in the presence of the readily formi@gacetylserine isoform,
N-acetylserine. Cysteine feeds intte novo synthesis of sulpherontaining
metabolites, such as methionine, glutathione, thioredoxin an8 Ekisters.
Cysteine inhibits CysE via feedback inhibition. Cysteine can be catatbdby
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
transciption 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 CysBEwhich is not regulated by CysB (Figure 2.1) (Colyer & Kredich,
1996; Guédon & MartikVerstraete, 2007; Hryniewicz & Kredich, 1994; Kredich,
1992; Lochowska, IwanickBlowicka, Plochocka, & Hryniewicz, 2001). Whereas

at the protein level, Cysk which catalggbe first step in the twstep 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 Beialet 2017), whereas CysK

activity is inhibited due to the @rminal peptide of CysE binding and occluding
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the active site of CysK (Benoni, De Bei, et al., 2017). Pathway intermediate
acetylserine and its isomBFacetylserine, along with sulphide, regulate formation

of the CSC and act as inducers and-ardtucers 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 comparisonf compounds identified thus far that inhibit the Cysk and

OASS enzymes and the methods used to identify these compounds.

2.5 Serine acetyltransferase (CysE)

Serine acetyltransferase (Cysk) CysE is a serine acetyltransferase that catalyses the
first committed step of the cysteine biosynthetic pathway (Figure 2.1xingili
L-serine and acetyCoA to synthesize the pathway intermedi@e@cetylserine.

Not only does CysE catalyse the first committed step, it is subject to feedback
inhibition by the pathway engroduct 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 th#e novosynthesis of cysteine but also plays a
key role in bacterial virulence. CysE is essential in the patho§¢sshylococcus
aureus(Chaudhuri et al., 2009 scherichiacoli O157:H7 strain (Warr et al., 2019),
HaemophilusnfluenzagAkerley et al., 2002) and the pathogeNeisseriaspecies;
NeisseriagonorrhoeagRemmele et al., 2014) amkisseriameningitidis(Muir et

al., 2020). Essentiality afysEin 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 haveequirement for thele novo
synthesis of cysteine, despite the availability of extracellular organic sulphur
sources. Furthermore, some of these organisms hawdunciional sulphate
assimilation pathways, such BsgonorrhoeagHicks & 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 essentialitysifin
cysteine rich media suggests capability for dieenovosynthesis of cysteine. It is

also possible that Cysk and/or the prodixetcetylserine 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 drugesistant pathogerKlebsiellapneumoniag CysE is not
essential, but when deleted the mutant exhibits decreased fithess in a mouse model
of pneumonia, thereby playing an important role in lung infection (Bachman et al.,
2015). Another key example 8. tuberculosis,where randonsed transposon
mutagenesis studies demonstrated profound effects for a number of sulphate
reduction genes araysEby gene disruption (Rengarajan, Bloom, & Rubin, 2005).
Further investigation demonstrated attenuatiorMofuberculosis cysEleletion

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

FurthermorecysEdeletion in the sheep pathogBnucella ovisresulted in poor
growth in rich media and an early entry into stationary phase (Varesio, Fiebig, &
Crosson, 2021)B. ovis gqrysEstrains were more susceptible to oxidative stress,
shown through increased sensitivity to hydrogen peroxide. Cell invasion assays
revealed that deletion afysEdid not affect cell infection but did significantly
reduce replication within macrophages (Varesio et al., 2021). While the deletion of
cysEis nonlethal, it imposes a fitness cost Bnovisduring intracellular growth,

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

Deletion ofcysEcan also influence bacterial antibiotic resistance. For example, an
E. coli K12 cysEdeletion strain had increased tolerance to the antibiotic novobiocin
(Rakonjac, Milic, & Savic, 1991). Conversely in the patho§etyphimuriumloss

of CysE function increased mecillinam sensitivity (Oppezzo & Anton, 1995).
Supporting this increased antibiotic sensitivity phenotype, cysteine biosynthesis is
crucial for swarm cell differentiation i6.typhimurium Inactivation of cysteine
biosynthetic gere resulting in cysteine auxotrophy led to increased antibiotic
sensitivity in the swarm cell state (Turnbull & Surette, 2008), even though the

10
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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 conditionsS.typhimurium cysteine auxotrophs are
oxidatively stressed and supporting this, in witde cells oxidative stress induces
cysteine biosynthesisS.typhimurium cysk deletion strains are incapable of
synthessing cysteine and have decreased concentrations of reduced thiols or
decreased total glutathione, leading to increased susceptibility to oxidative stress
(Turnbull & Surette, 2010). Differences seen betwéemroli with increased
tolerance to novobiocin an8.typhimuriumcould 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 fromE. coli and Providenciastuartii impacts biofilm formation in these

pathogens (Sturgill, Toutain, Komperda, O'Toole, & Rather, 2004). Deletion of
cysEfrom E. coli andP stuartii enhanced biofilm formation. However, this could

be reversed by suppl e me nQaadyisasime (1 MM)h cy st ¢
but not N-acetylserine (Sturgill et al., 2004). The high concentration of
O-acetylserinerequired 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 provid 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-pegitide tandem repeat,
[LIV] -[GAED]-X2-[STAV]-X, which gives rise to a distinctive |dftanded beta
helix (LbH) (Raetz & Rodmtionad@ysEedzn®Ed ) . Str
with and without substrates and cysteine (inhibitor) bound from a range of
Gramnegative bacterial pathogens includiageoli (1T3D)(Pye, Tingey, Robson,

& Moody, 2004), H. influenzae(1SSM, 1SSQ, 1SST) (Olsen, B., Vetting, &
Roderick, 2004),Yersiniapestis (3GVD) (Kim, Zhou, Peterson, Anderson, &
Joachimiak, 2006), Brucellamelitensis (3MC4), Vibrio cholerae (4H70),
Brucellaabortus (4HZC, 4HZD) (Kumar, Kumar, Alam, & Gourinath, 2014),

K. pneumoniag(6JVU) (Verma et al., 2020)N. gonorrhoeae(6WYE, 7RA4)

11
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(Oldham, Prentice, Summers, & Hicks, 2022) &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 arsi@ominus (Nt e r mi -melical)domain

and a carboxy terminus {Cer mi nus)

LbH domai

n (Figure

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

hydrophobic trimértrimer interactions via the alpha helices of thaekminal
domains (Fgure 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 thetCe r mi ndmrhainLThete 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 OAS&yYsK enzyme. There are

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

protozoan parasitEntamoeba histolyticavhere 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 expessed (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)-tysteine is a potent inhibitor of bacterial

CysE enzymes with ligvalues of 0.b1 0 & M

reported

(Benoni ,

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 pockethiwh 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 aGei¥

12
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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 witbykteine bound. Upon
binding of L-cysteinein the serine binding site thet€rminal tail folds up against

the CysE monomer, physically blocking the active site and preventing the binding
of acety!CoA (Olsen et al.,, 2004). Supporting this, truncation of the last ten
C-terminal residues that form the-t€rminal tail reduces CysE sensitivity to
cysteine inhibition (Mino, Yamanoue, et al., 2000). This is thought to prevent the
accidental acetylation of-tysteine, given its structural similarity to serine (Mino,

Yamanoueet al., 2000).
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Figure 2.2. Lcysteine interactions with -kerine binding pocket in Cys from
E.coli (1T3D). (A) Active site residues are represented as sticks, coloured green
(Asp92, Aspl47, His158 and GIn178) and pink (Aspl43, Gly190, Arg192 and
His193), based on chains. Inhibitorclysteine 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 chsgdctaoth

kinetically and structurally, with numerous highality 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 aattractive drug target. The inhibition of CysE would deplete the cell

of cysteine andD-acetylserine, where the later isonses toN-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 (IGc61 00 &€ M) have been identified
pathogens (Table 2.1) and are discussed below.

Table 2.1 List of chaerised CysE inhibitors.

Ki (LM) Ki (LM)
Inhibitor Enzyme ICs0(UM)” Citation
AcCoA’ L-serine
Agarwal et al.
Compound 3 EcCysE 2 422 ND
(2008)
Compound 4 225.3 53.¢
71.84 £0.27 Chen et al.
SeCysE
(2019)
Compound 30 7184+ 0.15 111.8 47.66
: Verma et al.
Quercetin KpCyskE 3. 162 ND
(2020)
Magalhées et al.
Compound 3a 48.6 + 8.43 ND ND
(2020)
Magalhédes et al.
Compound 5 SCysE 110+ 0 64 +12 ND
(2021)
Magalhées et al
Compound 22d 424 +£0.11 ND ND

(2021)

“ Error reported as standard error
aNo error reported

ND- Not determined

14
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2.5.5 Natural Compound Inhibitors

Several promising CysE inhibitors have been identifiedirvisilico screening of
natural compound libraries. Recently, the flavonoid quercetin was found to inhibit
Cysk fromK. pneumoniaglCso = 3. 7 & M) (Table 2.1) (Ve
Through docking analysis, quercetin (Figure 2.3) was shown to bind allosterically
to the CysE triméitrimer interface. Although not experimentally investigated by
the authors, the binding of quercetin to thieiface may inhibiKpCysE through
disrupting the trimértrimer 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 enzymesluding 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 tioriaterface and not

serine or acetyCoA binding sites.

Natural compound inhibitors have also been identified CysE from
methicillin-resistant. aureu§MRSA) (Chen, Yan, et al., 2019). These include two
polycyclic diterpenoids; compound 4 ¢bko-ebracteolatanolide B) and compound

30 ((4R,4aR)dihydroxy-3-hydroxymethyi7,7,10atrimethy}
2,4,4a,5,6,6a,7,8,9,10,10a 8bdecahydrophenanthro[3tfuran2-one) (Figure

2.3). These compounds share the same chemical scaffold, with substitution of
oxygens attached to the phenyl rings. Botmpounds inhibite&aCysE (both IGo

= 71.84 ¢M), where compound 4 was shown
serine and competitive inhibition against ac€lgA, while the opposite was seen

for compound 30. Docking analysis with a structural homologgehof SaCysE

shows hydrophilic interactions between compound 4 and key catalytic residue,
His95, and the Merminal domain residues, Ala43 and Gly44. Compound 30
interacts with these identical residues and active site residue Asp94. Given the
highly similar chemial 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 acet@loA or serine binding pocket, but instead bind in a

pocket betweenthe h i -hd | Ux (e qu i el ireEncoli, iT8D) ad xt h U
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 ( Ml C) val ues of 12.5 and
respectively (Chen, Yan, et al., 2019). Furthermore, both compounds were able to
disrupt a mature MRShAiofilm at onefold the MIC concentration and did not
display any cytotoxicity to human cells. Both compounds did not inhibit the
structurally similar hexapeptide enzyme, GiImUdgbetylglucosamind-phosphate
uridyltransferase) demonstrating target specifiéshough then vitro ICso 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 opgation. Natural compounds have
become popular for identifying novel antimicrobials, a large number of chemically
distinct compounds can be screened and oggirby substituting chemical groups.
Promising natural compound inhibitors discussed here could also be used for

targeting other CysE homologues.
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Figure 2.3 Chemical structures of CysE inhibitors. Figure produced using
ChembDraw 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 fr&ntoli. Screening

of the crystal structure oEcCysE (1T3D), identified nine compounds with
promising docking scores, of which three were charaeidin vitro. Compound 3,
(3-oxo-2-phenyt3,5-dihydro-2H-pyrazolo(3,4d)thieno(2;8)pyridine- 7carboxylic

acid), was the only compound identified to inhietCy sE (72 € M) and
antimicrobial effects. This compound was tested for growth inhibition of the
parasiteE. histolyticaresulting in unexpectedly potent inhibition§> 0. 61 € M) ,
suggesting oftarget inhibition.

As well as natural products;déninothiazole and-aminooxazole compounds have

been investigated as inhibitors of CysE enzymes. These compounds mimic binding
interactions with key active site residues similar to the natural inhibittysteine

(Figure 2.2. Recent studies have explore@minothiazoles and-2minooxazole
compounds as inhibitors of CysE frdutyphimurium(StCysE) (Magalhées et al.,

2021; Magalhaes et al., 2020). Since the crystal structursi@yskE (7E3Y) has

been solved only recently (Momitani, Shiba, Sawa, Ono, & Hurukawa, 2022), all
virtual screening was carried out against betdCyskE (1T3D) andH. influenzae

CysE (1SSM) crystal structures, as there is strong conservation of active site
residues witlSICysE. Virtual screening af91,000 compounds from three libraries
identified six compounds, whicim vitro had 1Go values ranging from 13.6 to

841le M ( Magal h«es et a | .sation 2f0tte€e)compdends, t h e r
revealed only compound 3a +{S-Nitro-1,3-thiazol2-yl)-1,2,3thiadiazoles-
carboxamide), a-aminothiazole (Figure 2.3), to inhib8CysE with an 1Go of

486e M to be bactericidal, wi. toh. In@ilico MI C o f
docking analysis showed that compound 3a interacts with key active site residues
Asp92, Aspl57, Argl92, His193 and catalytic His158, mimicking interactions
exhibited by the inhibitor icysteine (Figure 2.2). Compound 3a was shown to
inhibit E. coli growth, but only in media low in cysteine. Previous research supports

the antibacterial activity of Zaminothiazoles, with bactericidal activity against

M. tuberculosigeported (Kesicki et al., 2016; Meissner et al., 2013).
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Further research int8iCysE inhibition was conducted using arhiouse library for

further virtual screening @1CysE (Magalhaes et al., 2021; Momitani et al., 2022).
Using the same screening method as discussed previously the researchers identified
seven compounds that reduc8CysE activity, with the most potent being the
substituted zZaminothiazole, compound 5, -{(2-[(4-Methylphenyl)amino]
1,3thiazol4-yl} -1,2-oxazole3-carboxylic acid) (Figure 2.3with an 1Go of

110e M, whi ch di s p linhihitierd relative nopaedtyCaA i (Ki e

64e M) . Docking analysis showed compound
active site residues and aceGA binding pocket, where the carboxylic acid group
interacts with the same residues as seen for inhibitor cysteine/substrate serine. The
0 is h a p edinhibitbr altows it to mimic acetyCoA, explaining the observation

of competitive inhibition (Magalh&es et al., 2021). Strudtacgivity relationship
analysis was undertaken throughvitro screening of compound 5 analogues.
Substitution of the Amimothiazole ring with a &minooxazole 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 (Magalhaes
et al.,, 2021). Isoxazolg-ester and isoxak® 3-carboxylic acid derivatives were
further optimsed through synthesis with different chemical groups connected to the
oxazole ring (Magalhées et al., 2021). Affinity was not substantially affected by the
side group, but derivatives with electraithdrawing groups were unstable
compared with electredorating groups. The most potent analogue was compound
22d, (3,5dimethylpheny(2-aminooxazoM-yl) isoxazole3- carboxylic Acid)
(Figure 2.3), withanlgof 4. 2 eM (Table 2.1). Unfortu
unable to inhibit the growth d&. coli, requring further optimsation to improve

compound permeability.

Recently, Toyomoto and colleagues identified that alkyl gallates are potent
inhibitors of SICysE (Toyomoto et al.,, 2023Dctyl gallate (OGA), exhibited
in vitro inhibition of SICysE in the low micromolar range @&~ 3.6 uM) and
showed antibacterial activity (k& = 59 pM) againstE. coli. OGA treatment
depleted intracellular thiol metabolite concentrations, including cysteine, and both
reduced and oxided forms of glutathione, comparable toygEdeletion strain, as
well as increasing susceptibility to oxidative stress. Furthermore, OGA treatment

increased antibiotic sensitivity for antibictiesistant clinical isolates &. coli and
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K. pneumoniag¢confirmed to both carry the metalslactamase gene, IMP) with
reduced MICs reported for several carbapenem antibiotics, notably with-ilidur

MIC reduction (imipenem and doripenersg¢enfor the K. pneumoniadsolate.

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 carbapenemsistant Grarmegative 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
antibioticresistant pathogersS.aureusandN. gonorrhoeaehighlights Cysk 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 & targ

organisms, will lead to the development of promising inhibitors.

2.6 O-acetylserinesulphydrylase (CysK/CysM)

O-acetylserinesulphydrylasés a pyridoxal b phosphate (PLP) dependent enzyme

that catalyseghe second step of thedysteine biosynthesis reaction, combining
O-acetylserineand asulphurdonor into cysteine. OASS is present in bacteria as
two isoforms, OASSA (CysK) that utilsessulphidefor the synthesis of cysteine,

and OASSB (CysM) that utilsessulphideandthiosulphate Bacteria withcysKor
cysMdeleted from the genome exhibit reduced virulence, compromised fithess 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 nom-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 pathogéas)pylobactefejuni
(Mandal, Jiang, & Kwon, 2017), aritancisellanovicida(Gallagher et al., 2007).

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

Burkholderiapseudomallei (Moule et al.,, 2014), and two strains of
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Burkholderiacenocepacia K56-2 (Gislason, Turner, Domaratzki, & Cardona,
2017), and J2315 (Wong et al., 201B)ven that many bacterial species have both
OASS isoforms, or even two copies of CysK, itis not surprising CysK and/or CysM
are noressential in many bacterial pathogens. For exampleMthieberculosis
genome contains three annotated OASS genes, denoted CysK1, CyskK2 and CysM.
The nomenclature of these genes is confusing in that S 8enoted as CysK1,
OASSB as CysK2 (not CysM) and the myaaxcterial CysM is unique and found
only in actinobacteriaMtbCysM uses a small thiocarboxylated protein (CysO) as
the sulphur donor andO-phosphoserine (noD-acetylserine) as the preferred
acceptor substrai@gren, Schnell, & Schneider, 2009; BuHsiang & Mundhra,

2019; Burns et al., 2005; Claus, Zocher, Maier, & Schulz, 2@Sjupting thede
novocysteine biosynthesis pathwayhh tuberculosigepresents an attractive drug
target. Cysteine biosynthesis is consistently upregulated in dormancy models of
infection (Schnappinger et al.,, 2003; Voskuil, Visconti, & Schoolnik, 2004),
particularly survival oM. tuberculosisn infected macrophages in the grash,

where it is exposed to an extremely hostile environment. It could be argued that
M. tuberculosiscould obtain cysteine from the host and not be dependent on
denovo synthesis of cysteine. However, the-n@ggulation ofsulphuracquisition

and cysteine synthesis genes in persister cells suggests that the host does not provide
a sufficient amount of cystein@etts, Lukey, Robb, McAdam, & Duncan, 2002;
Hampshire et al., 2004; Schnappinger et al., 2003; Voskuil, Bartek, Visconti, &
Schoolnik, 2011; Voskuil et al., 2004nd it is likely cysteine is scarce within the
granuloma due to host defense strategies such as nutrient depetiaberculosis
cysOandcysMdeletionstrains show attenuation in vitro models of dormancy

and also in a mouse model of infectigBassetti & Rubin, 2003)A target
identification pipeline for drug targets vh. tuberculosidbased on a comprehensive

in silico analysis using experimental derived phenotype data and proteomics,
suggests that both CysE and CysK2 are high confidence drug téRgetan,
Yeturu, & Chandra, 2008).

As discussed earlier, inactivation of the cysteine biosynthetic operon leading to
cysteine auxotrophy ir5. typhimuriumled to an increased susceptibility to

antibiotics during swarming, which is normally associated with a decreased

susceptibility to antibiotics. /. typhimuriunt cysk cysMdouble 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 ak hosphoadenosidé 5-phosphosulphate (Neuwald et al.,
1992).

Shatalin et al. (2011) linked both the high concentration ¢$,Hand decreased
cysteine concentration to increased resistance to a variety of antibioti®ds H
cytoprotective in some bacteria due to its ability to suppress oxidative stress
generated by some antibioti(Shatalin, Shatalina, Mironov, & Nudler, 2018n

S typhimuriumcysKdeletion strain had decreased cysteine production, resulting in
H>S accumulation causing an eigbtd higher resistance to ofloxacin compared to
wild-type (Fravega et al., 2016)his 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, 20195tudies in S.typhimurium LT2 and E. coli
demonstrated that CysK plays an essential role in mediating resistance to the metal
ion, tellurite (K.TeQs) (Ramirez, Castafieda, Xiqui, Sosa, & Baca, 2006; Vasquez,
Saavedra, Loyola, Araya, & Pichuantes, 200thjch exhibits strong oxiding
properties through an unknown mechanism. Deletion a@fsK from
Azospirllumbrasilenseconferred a lower MIC when grown on media with tellurite,
whilst transfer of theA. brasilenseand BacillusstearothermophilusyskK into

E. coli and S.typhimuriumrespectively, conferred increased tellurite resistance
(Ramirez et al., 2006; Vasquez 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 o¥ibrio fischeri includinggc y,spld v, @d y angpc y s N
on biofilm formation were tested, with the greatest effect on biofilm formation seen
with thegpc y mutant(Singh, Brooks, Ray, Mandel, & Visick, 201B)iofilm and
pellicle formation are vital to colosation which was observed in early colgation

of baby s gyskredulted ineecreasep coleaiion(Singh et al., 2015).

22



Chapter Two: Literature Review

Addition of cysteine allowed rescue of the biofilm defect and partial rescue of the
pellicle defect, indicating a key role of CysK in initial colsation (Singh et al.,
2015).

In a screen for genes important for the switciNomeningitidisfrom commensal
to pathogen, CysK was identified as being important in this switch. Saturated
random transposon insertion libraries Mfmeningitidis were engineered and
assessed for fitness during normal growth and csdtioph of epithelial and
endothelial cells, and the CysK mutant was identified as being of particular

importance for epithelial cell infectiagiCapel et al., 2016).

2.6.2 Structural characteristics of CyskK and CysM

O-acetylserinesulphydrylase(OASS; EC 2.5.1.47) belongs to the tryptophan
synt hsauspee rbf a mi I|-family obRLE depehdent énzymé@Suédon &
Martin-Verstraete, 2007; Mino & Ishikawa, 2003; Takumi & Nonaka, 20R&)

Is an essential cofactor, ug#id in the active site of OASS enzymes. As briefly
discussed above there are two OASS isoforms, which each use an attglptate
source; CysK utiBes sulphide whereas, CysM uties boththiosulphateand
sulphide with O-acetylserine to form cysteir{&redich, 2008)Both isoforms are
present in most bacteria, enabling the sdtion of boththiosulphateandsulphide

for cysteine biosynthesis. Expression of these isoforms is influenced by aerobic or
anaerobic growth, for example, the genome of the path&é&mphimurium
encodes both OASS isoforms with CysK expressed in excess of CysM under
aerobic conditions, and vice versa under anaerobic cond(fdnsowicz, Wiater,

& Hulanicka, 1982)The two isozymes, CysM and CysK, function as homodimers
and exhibit 2645% similarity in their amino acid sequen@gren et al., 2009;
Schnd, Oehimann, Singh, & Schneider, 2007; Tai, Nalabolu, Jacobson, Minter, &
Cook, 1993; Zhao, Kumada, Imanaka, Imamura, & Nakanishi, 200&).key
difference between these isoenzymes is the ability of CysM tsedfligersulphur

donor substrates includirtgiosulphatewhere CysK is only capable of accepting
the smallsulphurdonor, hydrogesulphide (Campanini, Benoni, et al., 2015; Claus

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

CysK and CysM enzymes have been structurally charsetiefiom 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 aedndnal domains

of each monomr. 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 2% of CysM E. coli CysM numbering) indicates

a key difference between the two enzyrf@sattopadhyay et al., 2007; Claus et al.,
2005). CysM contains the three large residues Arg210, Arg211 and Trp212
followed by a threeesidue 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 likly binds tothiosulphate or other larger sulphur donor
substrates (Claus et al., 2005). ConversefyysK has three satl residues, Gly230,
Ala231 and Gly232 (Claus et al., 2005; Rabeh & Cook, 204 small change
reduces the size of the active site cleft, therefore restricting CysK to using
bisulphideas itssulphurdonor. 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, 200@he enzyme cycles
through open and closed conformations during catalysis. Both open (no substrates
bound) and clesd forms (substrates bound) have been structurally chasadteri
(Burkhard et al., 1998; Burkhard, Tai, Ristroph, Cook, & Jansonius, 1999;
Chattopadhyay et al., 200With the closed form occurring via binding of the

s u b s t-carhaxydate Or acetate to the substrate binding loop (residii@d @8
S.typhimuriun) triggering the active site to clos@Burkhard et al., 1999;
Chattopadhyay et al., 2007).

The two monomesubunits 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 i@und 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 aniombissde (Tai et al.,
2001), presumably acting adwther 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
t h eacetoxy group ofD-acetylserine by either sulphide in the case of CysK or
thiosulphate and sulphide in the case of CysM to producgsteine. Both CysM

and CysK utilse a btbi ping-pong mechanism for cysteine biosynthesis (Tai et al.,
1993; Zhao et al., 2006). This involves the release of one of therdwitions
products before all substrates have bound to the enzyme, generating an enzyme
intermediate in the process (Ulusu, 20X3)acetylserine carries out nucleophilic

attack on the @t of the internal aldimine (Figure 2.4). As the external aldimine

is formed, the active site closes due to interaction of the substnditexylate with

an asparagine loop (Figure 2.4). A conserved lysine (Ly84dgli numbering),
initially part of the internal aldimine PLP linkage, serves as a general base to
deprotona¢ C U i-efimin@tiorereabtion that releases acetate at the conclusion
of the first halfr eact i on f-ammoacrylate intermediaté) (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 begimmg of the second hateaction, bisulphide diffuses into the
active site at t amikoacrylgte diving theGpsteimefexternale U
Schiff base (Figure 2.4). The cysteine prod&sulphocysteine for CysM, and
L-cysteine for CyskK, is expelled via transimination (Joshi et al., 2019; Rabeh &
Cook, 2004)S-sulphocysteine is reduced totysteine via an unknown mechanism
(Kredich, 2008).
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Figure 2.4 CysK catalytic mechanism, based orMh&iberculosiysK 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 includgnE. coli (Benoni, De Bei, et al., 2017; Mino, Hiraoka, et al.,
2000; Mino, Yamanoue, et al., 2008), influenzagHuang, Vetting, & Roderick,
2005; Salsi et al., 2010) and various plant species (Francois, Kumaran, & Jez, 2006;
Yietal., 2013). The fornteon of the CSC represents a unique avenue for the design
of inhibitors. The complex forms via binding of the CysEe@minal tail into the

CysK active site, thus inhibiting CysK activity and therefore cysteine production
(Benoni, De Bei, et al., 2017; Camini, 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 (Huangakt 2005). Deletion of 20 @&rminal
residues from CysE results in an inability to bind to CysK and formation of the CSC

does not occur, highlighting the importance of theeninal peptide tail of CysE
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in CSC formatior(Mino, Hiraoka, et al., 2000). CSC formation reducesykteine
feedback inhibition and 4serine substrate inhibition of CysE activity i 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 reorgimn at part of the Nerminal
domain of CysE, that interacts with CysK leading to allosteric stabdn 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 CysEtéEminal peptides have
provided insight into the interaction of thet€minal 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 actig 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 CyskE and with peptides that mimic the
C-terminal tail of CysECampanini et al., 2005ffluorescent monitoring of the PLP
cofactor binding to the entire CyskE protein and &efkininal decapeptide
(mimicking the CysgE @erminal tail), demonstrated that the-t&minal
U-carboxylate of the CysE-@rminal decapeptide and the CysHEe@minal tail fit

into the same positiofBurkhard 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 thkecoli 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 @erminal decapeptide when bound to CysK reduced activity
to 50% at a 500:1 molar ratio of decapeptide to C§dko, Hiraoka, et al., 2000).
This can be attributed to fuéngth CyskE binding 25€bld tighter to CysK
compared with the @erminal decapeptidéHuang et al., 2005)Dissociation
constantsKp) of peptides in complex with CysK compared with felhgth CysE

in complex with CysK further show the stark contrast in binding affinity of peptides
compared with the fullength CysE in the CSCTlable 2.2).This indicates there
may be additional structural features of CysE that CysK resegaiside 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 tiier@inal decapeptide
(Huang et al., 2005).

Table 2.2 Dissociation constants (KD) of CyskE decapeptides aneriglih CysE

in the CSC.HIDK = HCysE C ter minal decapepti de

HiCysK from (Campanini et al., 2005JiDStK=HICy s°E C t er mi nal
(GIDDGMNLNI) with StCysK from (Campanini et al., 2005¢£cCSC1 = Full
lengthEcCysE withEcCysK from (Benoni, De Bei, et al., 201 BcCSC2 = Full
length EcCysE withEcCysK from (Marchetti et al., 20215CSC = Full length
SICysE withSiCysK from (Marchetti et al., 2021).

CysE Decapeptide Full length CysE

HiDK HiDStK EcCSC1 EcCSC2 StCSC

Ko(nM) 515+29% 972+62*  45/6 063  0.83

*Error reported as standard error.
aNo error reported.

The highly conserved @rminal isoleucine of the CysE-t€rminal peptide is an
essential anchor point for correct positioning of thie@ninal tail; inH. influenzae
accounting for 80% of the total interaction enef8wlsi et al., 2010)This energy
contribution is derived from Thr69 and Thr73 hydrogen bonds to the lle267
Ucarboxylate (Figure 2.5) (Salsi et al., 2010Yhe lle267 sidechain forms
hydrophobic interactions in an apolar pocket formed by the Phel44 and PLP
(Figure 2.5) (Salsi et al., 201®.further 10% of the total interaction energy is split
equally between the-@rminal Asn266 and Leu2@bigure 2.5) (Salsi et al., 2010).
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(A)

(B)

M96

Figure 2.5 Overview dfl. influenzaeCysK. (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 ktinfluenzaeactive site residues
(V41, K42, 69 TSGNT-73, M96, M120, 143144, 175GVGT-178, 228GIGA

231 and S272) shown in cyan with PLP bound to K42 in orange. Active site is
similartoSCy s K open ( 0. SCysKpartially crosesl antbimhibded d
(0. 4 , r.m.s. d) c o nf or khmftuenpasactiyetsitea n g
residues shown in cyan interacting with boutiCysE Gterminal 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, 201Zhao et al., 2006). The regulation forms a loop
beginning with high availability of sulphur to the cell where the CSC is stadbili
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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; Chahui Zhao et al., 2006). Dissociation of the CSC can occur at
OAS concentrations upward of 50 uM (Kredich et al., 1969; Wang & Leyh, 2012),
which then norenzymatically isomeses 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 reductinesgacreases 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 isoformgSalsi et al., 2010; Spyrakis, Singh, et al., 20R3fhough,

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 CyskE has been routinely used for these peptide
inhibitor studiesas a design platforfCampanini, Pieroni, et al., 2015; Salsi et al.,
2010; Spyrakis, Felici, et al., 2013; Spyrakis, Singh, et al., 201%).three €
terminal residues of CysE contribute the strongest interactions with CysK, and
therefore a minimum threesidue peptide is required for CysK inhibition; both
Salsi et al. (2010) and Spyrakis et al. (2013) screened pentapéptidesling an
additional two residues to better mimic the fldhgth CysE @erminal peptide
(Salsi et al., 2010; Spyrakis, Feliet al., 2013; Spyrakis, Singh, et al., 20B3)lsi

et al. (2010) utised theHiCysK crystal structure (1Y7L) in complex with the
HiCysE Gterminal peptidéHuang et al., 2005)eplacing this peptide with a panel

of 400 pentapeptides into the active site via virtual scregf@atsi et al., 2010).

Spyrakis et al. (2013) followed through an analogous computational pipeline, with
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the inclusion of thes.typhimuriumapo CysK §iCysK) (LOAS)(Burkhard et al.,
1999) andSICysM (2JC3) (Chattopadhyay et al., 2007) crystal structures.

Peptide inhibitors for botls.typhimuriumisoforms andHiCysK were identified,
which demonstrated improved potenciesvitro compared with their respective
native CysE @erminal pentapeptidgdable 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 nativéliCysE pentapeptide (MNLNI). Interestingly, structural analysis
(MNWNI, 3IQG; MNYDI, 3IQH) showed the asparagine in MNWNI at position
four to participate in hydrogedbonding 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 Phel44 aPhe233, which allows sulphateion to reside within the
active site instead, and mimic the interactions of the asparagine in MFgure

2.6) (Salsi et al., 2010).
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Figure 2.6 Interaction of MNWNI and MYDI peptides withCysK. (A) LigPlot
showing the interactions between tit&iCysK residues and the MNWNI
pentapeptide (PDB code: 3IQG). (B) LigPlot showing the interactions between the
HiCysK residues and the MNYDI pentapept{€®B code: 3IQH).

(A)
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Table 2.3 List of top chargerised CysK peptide inhibitors.
Inhibitor Enzyme Kb (ULM)* Citation
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HiCysK 44.0 +3.6 S"E‘;S(__;le(;)a'-
Spyrakis et al.
MNLNI SCysK 120 + 12 py(2013)
(HISAT WT)
Spyrakis et al.
SCysM ~3000 (2013
Salsi et al.
HiCysK 249+ 3.6 (2010)
MNWNI
Spyrakis et al.
SCysK 10.4 £ 0.9 (2013
Salsi et al.
HiCysK 258+ 1.7 (2010)
MNYDI
SCysK 0.22 +0.04 Spﬂrzagg )et al.
SiCysK 11.8 + 0.6 Spyrzagg et al.
YGDGI (SSAT ( )
WT) |
SCysM 4922 + 1,030 Spirzac‘;g )et al.
YGYDI SKCysK 0.42 + 0.02 S|oy(r2acl)<is;3 )et al.
SCysK 306 + 17 Sp}/(;agisé )et al.
MNDGI
SCysM 1100 + 100 Spy(;ac‘;g )et al.

*Error reported as standard error

°No error reported

Second, and most intriguingly, the top pentapeptide assessedlCiggK was
MNYDI, which is a pentapeptide based on Hi€ysE Gterminus (MNLNI), and
not that of theSICysk Gterminus (YGDGI)(Salsi et al., 2010MNYDI 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 8€ysE 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 selecti(@glsi et al., 2010).

Furthermore, the pentapeptide which demonstrated the greatest potency toward
SCysM was based on both ti& and HiCysE Gterminal sequencésMNDGI.

This pentapeptide exhibited approximately 4.5 times greater affinity for the enzyme
than YGDGI, and around three times greater affinity than MN($dlsi et al.,
2010).This inhibitor is also the most effective against Bttyphimuriumisoforms,

with the difference irKp values minimsed. Correlation analysis of th& values

of Stisoform binders, demonstrated an inversely proportional relationship, where a
more potent inhibitor oB61CysK was more likely to possess reduced affinity for
SICysM.

Reasonable affinity correlation was also noted between binders of CyskK
H. influenzaeand S.typhimurium homologues Comparison of the active site
architecture of thesénomologuessignified only one minor differenéethe
orientation of the GIn227 side chain. HiCysK, the Rgroup protrudes into the
active site; whereas, i81CysK this group protrudes toward the enzyme surface.
Consequently, it is proposed that this logzdithe third and fourth residues of the
pentapeptides differentially within the enzyme active sites. Nevertheless, this
highlights the possibility for synthesig broadspectrum CysK and CysM
compoundgSpyrakis, Singh, et al., 2013).

Altogether, these data demonstrate that effective peptide inhibitors of<bygsid

ideally possess negatively charged, hydrelgend 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 anehyanogen bond
acceptor at position four, anchagatively chargecdhydrophilic residue at position

three.

More recently, Kant et al. (2019) investigated a panel of tetrapeptides for inhibition
of the parasité.eishmania donovar€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
hydrogenbonding and hence stalsdtion capabilitiegKant et al., 2019)Therefore,
EWSI stands as a starting point for futwdCysK inhibitor designs, alongside the
need forin vitro charactesation. Kant et al. (2019) also followed on to compare
the differences between these identified tetrapeptide inhibitdrd@®fsK for their
affinity for MtbCysK1, given the similarity of these peptides to the naiiteCysE
tetrapeptidd DFSI. Interestingly, EWSI demonstrated improved docking into
MtbCysK1 compared with both DFSI and ERBANt et al., 2019)This highlights
EWSI as a valid starting point for future virtual screeningtdiCysK1 chemical

inhibitors.

2.8.2 Chemical inhibitors

Chemical inhibitors stand as superior drug compounds given their imgrovied
half-life, bioavailability, and pharmacokinetics compared with peptidic compounds
(Amori et al., 2012; Reichelt & Martin, 20063ince the studies by Salsi (2010)
was published, many groups have been working on the design, synthesis and
charactesation 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, cycloppane carboxylic aciddAmori et al., 2012;
Annunziato et al., 2016; Annunziato et al., 2021; Bruno, Amo€a&tantino, 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.,,2&i®)
pyrazinamines and acetamides (Kant et al., 2018 majority of these compounds
were discovered vian silico docking experiments using crystal structures of
inhibited complexes of the enzymes and subsequent-thighghput virtual

screening.

To date, Amori et al. (2012) and Pieroni et al. (2016) have discovered the most
potent chemical inhibitors of HiCysK - (z)-trans2-(ethoxycarbonyl)
cyclopropanecarboxylic acid () (referred to as UPAR4@Amori et al., 2012)

and trang2-(prop-1-enyl)-cyclopropanecarboxylic acid (referred to as cyclopropyl
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derivative 17) (Pieroni et al., 2016), respectivdBoth 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., 20Iomisingly,
docking and molecular dynamanalyses showed that these inhibitors lock the
enzyme in its closed conformati¢dmori et al., 2012; Bruno et al., 201¥)espite

this success, Pieroni et al. (2016) has noted the impracticality of the chemical
properties of these compounds for diikg synthesigPieroni 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

towardsHiCysM, alongsiden vivoand cytotoxicity asses.
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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 compounti @ysK, has also
been shown for botls.typhimuriumisoforms. Pieroni et al. (2016) identified
(1S,2S)1-(4-Methylbenzyl}2-phenylcyclopropanecarboxylic acid 14b and
(1S,2S)1-(4-Chlorobenzyh2-phenylcyclopropanecarboxylic acid 15b as the most
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potent inhibitors agains§iCysM 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&minal isoleucine, and is more synthetically
viable. It was noted that further substitution of cyclopropyl derivative 17 at the
U ¢ a r pogition for interaction with botls.typhimuriumisoforms 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)nterestingly, the para substitution of compounds 146K¥)

and 15b (4Cl) represent both electron withdrawing and donating groups, yet
reasonably equivalent potencies are obsefVatle 2.4)however, compound 15b
shows reduced selectivity toward either isoform. Promisingly, theJv&ues of
compound 15b for both enzyme isofor(iiable 2.4)jn the presence of the natural
substrates of the enzyme, corroborate with the dissociation constants reported,

indicating competitive inhibition.

Table 2.4Top charactesed OASSchemical inhibitors.

Inhibitor Enzyme IC 50 (LM)* Kb (UM)* Citation
Cyclopropyl .
derivative 7 700 £ 53 1.46 £ 0.25 A”g;’(;' lezt)a"

(UPAR40) HiCysK
Cyclopropyl
derivative 17 148

Cyclopropane SCysK 0.028 + 0.005
carboxylic acid Pieroni et al.
14b (UPAR415)  SCysM 0.49£0.05 (2016)
Cyclopropane SCysK 0.099 +0.004 0.054 + 0.008
carboxylic acid
15b SICysM 0.50 £ 0.03 0.42 £0.06
SCysK ND -
8a
SCysM ND - Annunziato et
SCysK ND 0035+0003 A (2022
9e
SCysM ND 0.61 +0.08
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SICysK ND 0.051 + 0.004
of
SICysM ND 1.45+0.31
SICysK ND -
12h
SCysM ND -
SCysK ND 0.066 + 0.005
13h
SCysM ND 3.3720.72
SCysK ND 0.045 + 0.09
21i
SCysM ND 83.8+16.1
SICysK ND 0.25 £ 0.06
21
SICysM ND 23.6+4.5
SCysK 130 10 ND Franko et al
Trifluoroalanine '
SCysM 1,290 + 230 ND (2018)
. : Poyraz et al.
+
Benzoic acid 87  MtbCysK1 0.019 £ 0.0011 ND (2013)
Benzoic acid 1 MtbCysM ND 0.32+£0.01 Brunner et al.
Benzoic acid 2 MtbOCysK2 ND 226+2.4 (2016)

*Error reported as standard error.

2No error reported.

Recently, Annunziato et al. (2021) wdd compound 14b, here referred to as
UPAR415, as an effective adjuvant for the polymyxin antibiotic, colistin
(Annunziato et al., 2021)nterestingly, in the presence of low cysteine levels,
administration of UPAR415 alone did not exhibit any bactericidal or bacteriostatic
effects on multiple bacterial species (Grpositive andnegative)Annunziato et

al., 2021).In contrast, when UPAR415 was treated under these same conditions in
conjunction with colistin, significant deductions were seen in the MICob$tin
compared with when colistin is dosed on its own. Promisingly, the cytotoxicity of
UPAR415 was also shown to be insignificant. The crystal structusCysK in
complex with UPAR415 (6Z4N) was also solved by Annunziato et al. (2021). This
demonstrated that UPAR415 is a competitive inhibitoB@fysK against its first
substrateQ-acetylserine, and was found localil 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 cyclopropaimg, which engaged in hydrophobic
interactions with active site residues. The remainder of the UPAR415 molecule was
seen to penetrate intthe active site. Promisingly, the carboxylate group of
UPARA415 was found to locab to the wellstudied 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 subisinatieg loop,

which ultimately rotates the &&rmind domain over the active site. Although,
UPARA415 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 sultsirditeg

loop with the tolyl substituent of UPAR41bigure 2.8) (Annunziato et al., 2021).

(A) (B) Ala231
Open J ok %ﬂ\\

Inhibited

Closed

Glr.:jf%

Figure 2.8 Inhibition ofSICysK by UPAR415. (A) Structural comparison of the
substrate binding loop between the open conformation (1OAS) shown in shades of
red, theinhibited 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 URALS5 molecule. Figure produced using PyMOI and
LigPlot.

A medicinal chemistry campaign to synttsesiUPAR415 derivatives and the

charactesation of ligand” target complexes revealed the presence of an accessory
subpocket that can be filled by substitutions at the @sition of UPAR415

(Annunziato et al., 2022Most compounds synthesd in this study retained good
bindingin vitro. Derivatives with heteroaliphatic or heteroaromatic groups in the

3t position led improved inhibition against both OASS isoforms compared with
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those previously describédnnunziato et al., 2021 ompounds substituted with

a heteroaromatic group at thé 3position for example, trarz (3t -fluoro-

5t hydroxy[1,14 -biphenyl}3-yl)-1-(4-methylbenzyl)cyclopropane carboxylic
acid (compound 9e) and tragg3 t+  -fluoro-[1,1 +  -biphenyl}3-yl)-1-
(4methylbenzylcyclopropane 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 Q¥stfure 2.7)
(Annunziato et al.,, 2022)Whereas compounds carrying aa@inopyrimidine
group at the B8 position showed good inhibition of both isoforms. Compound 13h
(trans2-(3-(2,6-
dimethylmorpholino)phenyl}-(4methylbenzy)cyclopropanecarboxylic acid) had

a dimethyl morpholine at thet 3 position and had the most potent activity for
derivatives substituted with a heteroaliphatic group at position(Bigure 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
synthessed 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
againstE. coli and S.typhimuriumeven at lowconcentrationgAnnunziato et al.,
2022).Importantly for this study, the most promising derivative 12h (tethgl 2
(3-(2,6-dimethylmorpholino)phenyl-(4-methylbenzyl)cyclopropanecarboxylate)
was linked to the chemical inhibition of CysK and Cy&Mvivo using target
engagement experiments &.typhimurium in the presence of colistin (the
compound on its own does not exert any bactericidal effé&tg)unziato 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 derivatiwesvitro against both
S.typhimuriumisoforms as irreversible inhibitors, given the ubiquitous use and

study of these halogens as irreversible inhibitors of -Bé&pendent 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, 20Hglogenated alanine
addition to this group of enzymes IS
aminoacrylate Schiff's base (tkaminoacrylatePLP complex)(Alexeev et al.,

2006; Poulin, Lu, Ackermann, Bey, & Pegg, 1992he 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 rhatotge
allowing for a stable derivative to form, which ultimately inhibits the enzyme
(Franko et al., 2018).

b , Brriflboroalanine (triFAla), which is a known PLlependent 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 SICysK enzyme active site and slightly lower for thatS&ZysM.

The mechanism of inhibition was determined to be irreversible covalent
modification of the catalytic amino acids, yke 1Gso values of triFAla with both

enzyme isoformgTable 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 NitbCysK1), a thiazolidinone derivative3-
((2)((2)-5-(4-fluorobenzylideneB-methyl4-oxothiazolidin2-ylidene)  aming
benzoic aciqPoyraz et al., 2013f-pharmacophore sites were identified from the
MtbCysK1-DFSI crystal structure (2Q3C$chnell et al., 2003) one aromatic ring,

two acceptors, and two negative isable moieties. The compound benzoic acid 87
was identified from substitution analyses from the initiatitro hit compound 3-
({5-[2-(carboxymethoxy)benzyliden&methyt4-oxo-
1,3thiazolidin2-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 MibCysK1 (3ZEI) showed the
thiazolidinone moiety to not protrude greatly out of the active site as is seen with
the native peptidéPoyraz et al., 2013)[he 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) wad fincked entirely
within the active site with Ser72 imgetions and potential for hydrogéonding

with Thr71 and GIn144, as has previously been shown with tterrdinal
isoleucines of peptide inhibito(Salsi et al., 2010; Spyrakis, Felici, et al., 2013).
contrast with previous inhibitor observations, theaPboxymethoxy moiety does

not participate in any solvent hydrogbanding 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., 2048vertheless, this
structural analysis revealed an enzyme pocket next to theppsitéon of the

benzylidene ring, from which compound 87 verififPsyraz et al., 2013).

Brunner et al. (2016) identified the most potent inhibitor to datétbCysM -3-
(3-(3,4-dichlorophenyl)ureido) benzoic acid 1, as well as thaMtCysK2 - 3-
(3([1,1-Biphenyl}-3-yl)ureido)benzoic acid ZBrunner et al., 2016)These hit
compounds were identified kg vitro screening of approximately 17,000 small
molecules, followed by structural analysis. The crystal structure of the compound
benzoic acid 1 bound thltbCysM (517A) did not demonstrate large differences
compared with the apo structar¢he 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
U-aminoacrylateintermediate ofMtbCysK1 (Schnell et al., 2007)whereas the
1,2dichlorobenzengroup 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,jthr the other amide group forming a hydrogd®md with

a water moleculéBrunner et al., 2016Promisingly, in a nutrient starvation model

(simulating dormancy, en CysM is primarily expressed), compound 1
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demonstrated higher potency compared with current clinically approvedirfest
tuberculosis antibiotics, with insignificant cytotoxic effects on several mammalian

cell lines(Brunner et al., 2016).

Kant et al. (2019) identified two hit molecules fadCysK - N-(2-{1-[(6-
methoxy23-dihydro-1H-inden5-yl)methyl]pyrrolidin-2-yl} -6-methylpyridin4-
yl)pyrazinzamine  (Ligl) and  NethykN-{1-[(2-methy}2,3-dihydro-1,3
benzothiazebyl)carbonyl}1-azaspiro[4.5]decaB-yl}acetamide  (Lig2) via
in silico screening of tetrapeptides with shape similarity to EWSI and DW/&Bit

et al., 2019).These ligands were docked int@CysK and Lig2 demonstrated
improved interaction energy and capacity for hydregending; this ligand was
that which had greater conformational similarity to EWSI compared to DWSI. This
potency of Lig2 was reinforced through molecular dynamics and biretieggy
analysis compared to Ligl in complex with the enzyme, in terms of stability and
compactness. In addition, both docking antblecular dynamic analyses
demonstratetlydrogen bondinginteractions between Lig2 and residues, Ser79 and
GIn152 (Kant et al., 2019)Charactesation of these inhibitors botim vitro and

in vivo remains to be investigatett.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 aroundold@ess effective
than the complete enzymatic inhibition of CysiK®ysE(Table 2.2).

2.9 Conclusion

There have been many campaigns aimed at discovering potent and selective
inhibitors for the cysteine synthesis enzymes Cysk and CysK. Yet despite excellent
inhibition of activity seen for certain compounds many failed to inhibit bacterial
growth, presumalldue to the lack of permeability of the compounds across the
bacterial wall. The best inhibitor for CysE that was bactericidal and hadsaafIC

48 uM, although this is much greater than the natural inhibitor cysteine, with an
ICs0 between 1 and 10 pM. 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 inhibdrs 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 baerial de novocysteine 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 inhibitote overcome antimicrobial resistance in a range of

Grampositive and Grammegative human pathogens.
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3.1 Preface

De novosynthesis of the amino aciddysteine, is weltonserved across bacteria,
protists and plants and is a primary mechanism for the acquisition and assimilation
of inorganic sulphur sources. Scavenging of nutrients isegtdiblishedo 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
Neisseriagonorrhoeaea genomic disruption present in the sulphate reduction arm

of the cysteine biosynthesis pathway, but the key biosynthetic enzymes serine
O-acetyltransferase (CysE/SAT) a@eacetylserinsulphydrylas€ CysK/OASSA)
remained intact. Reports bf. gonorrhoeaebeing able to grow on thiosulphate as

a sole sulphur source (Le Faou, 1984) coupled with a transposon mutagenesis study
showing thatysEis an essential gene fisk. gonorrhoeagRemmele et al., 2014)
prompts further investigation into functionality and role of this enzyme in

N. gonorrhoeae In this chapter, serin®-acetyltransferase fromN. gonorrhoeae
(NgCysE) is structurally and kinetically characterised, usirgycrystallography,
smallangle Xray scattering (SAXS), and spectrophotometric activity assays. Note

i n t his MNgSNAUTSOC r I @ ¢ e en NgCepslEadc etdo we n hur

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 froieisseria gonorrhoeastructural and biochemical
basis of inhibitionThe Biochemical journal, 479), 5774.
doi:10.1042/bcj20210564
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Summes performed structural analysis of the structures, generation of figures and
contributed to manuscript writing and editing. Joanna Hicks concegsdali
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3.2 Abstract

Serine acetyltransferase (CysE) catalyses the first step in th&tgpgathway to
synthesse L-cysteine in bacteria and plants. CysE syntes€)-acetylserine from
substrates iserine and acetydoenzyme A and is a key enzyme for regulating
cellular cysteine levels by feedback inhibition etysteine, and its involvement in

the cysteine synthase complex. We have performed extensive structural and kinetic
charactesation of the CysE enzyme from the antibiatasistant pathogen
NeisseriagonorrhoeaeUsing Xray crystallography, we have solved the structures

of NgCysE with the nomatural ligand, kmalate (present in the crystadition
screen) to 2.01 A and with the natural substratetine (2.80 A) bound. Both
structures are hexamers, with each monomer displaying the characteristic
| ef t hand ehelix domairadf theeatyltrdnsferase superfamily of enzymes.
Each structureidplays both extended and closed conformations of thexr@inal

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 (inbitor) bound structures from other organisms. Kinetic
charactesation shows competitive inhibition oftysteine with substratesderine

and acetylcoenzyme 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 strumiral 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 resistaril. gonorrhoeae
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3.3 Introduction

Neisseriagonorrhoeaeis an obligate human pathogen that causes the sexually
transmitted infection gonorrhoea. With purported references to gonorrhoea in early

texts including the bibleLgviticus 15:1-3) the bacteriumN. gonorrhoeaehas

plagued humans for centuries. Of the many and varied treatments developed over
decadesN. gonorrhoeaehas 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
cephal osporindés | eft ontWith ho vacaine avallables ¢ o mmc
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 alack 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). y#ithesis 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 aneeoayme A. Cysteine also
plays important roles in protein molecules ini Eeclusters, catalysis, protein
folding and the formation of disulphide bonds. In microorganisms, cysteine
provides protection from oxidative stress via reducing systems such asldiiare

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
cysteire (Kredich & Tomkins, 1966). Under anaerobic conditions, thiosulphate is
imported andS-sulphocysteine is produced which is then converted into cysteine
by an uncharactesed process.

CysE catalyses the first step in the t8tep reaction that makesdysteine from
L-serine. The side chain hydroxyl ofderine undergoes a-emzyme Adependent

acetylation to formO-acetylserine (Pye et al.,, 2004). The second step is then
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catalysed by one of two OASS isoforms; OAS&yYsK which catalyses the

brepl acement of ac et aO-acetylgeribehto isystdinp hi de t
(Rabeh & Cook, 2004), or OASE/ Cy s M whi c h -replateményaf es t he
acetate with thiosulphate to forBsulphocysteine (Chattopadhyay et al., 2007),

which is converted to dcysteine via an unknown mechanism.

Bacteria generally have both OA®Sand OASSB isoforms, thereby capable of
growth on sulphate or thiosulphate as the sole source of suldigseriaspecies
appear to have only one OASS isoform annotated as CysK (@A%Sicks &
Mullholland, 2018), yet unlike otheNeisseriaspecies,N. gonorrhoeaecannot

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 dtbesseriaspecies
(Hicks & Mullholland, 2018). However, allNeisseria strains, including
N.gonorrhoeagare able to use thiosulphate as a sole source of sulphur (Le Faou,

1984), which suggests that functional Cys and OASS enzymes are present.

CysE and OASS form a4ginzyme complex termed the cysteine synthase complex
which is intricately involved in the control of sulphur metabol{&anoni, De Bei,

et al., 2017; Kumaran, Yi, Krishnan, & Jez, 2009). Mamgizyme complexes
channel substrates from one enzyme to another. However, the cysteine synthase
complex is unusual in that the flexiblet€minal tail of CysE inserts into the ai

site of OASS competing with the binding Ofacetylserine 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-acetylseine which at high concentrations promotes dissociation of the complex
(Cook & Wedding, 1977) and subsequent consumptiorO-@afcetylserine for
cysteine synthesis. The OASS variant, OAB®at utilises thiosulphate to produce
S-sulphocysteine does not form a complex with the CyskE enzymao(et al.,
2006). Due to differences in the pathways for sulphate reduction between other
bacterial pathogens andl. gonorrhoeae respectively, it is unknown if the CysE

and OASS enzymes froid. gonorrhoeagorm the cysteine synthase complex or

how this regulates sulphur metabolism.

Other mechanisms of regulation for the novobiosynthesis of cysteine include
feedback inhibition of CysE by-tysteine, 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 Cysk
(Hirai et al., 2003; Wirtz & Hell, 2006). Due to the unique nature of sulphur
acquisition for cyst@e biosynthesis irN. gonorrhoeage the essential nature of
CysE for growth inN. gonorrhoeae(NgCysk) (Remmele et al.,, 2014) and the
targeting of CysE in other pathogens (Agarwal et al., 2008; Chen, Han, et al., 2019;
Magalhdes et al.,, 2020NgCysE couldrepresent a novel drug target for the

treatment of antimicrobial resistant gonorrhoea.

CysE belongs to the family dd-acetyltransferases (EC 2.3.1.30) found in both

plants and bacteria and there is good structural conservation between bacterial and

plant CyskE enzymes, even though there is a large degree of sequence divergence
(Olsen et al., 2004; Yi et al., 2013). TBeacetyltransferase family is defined by

the hexapeptide repeat sequence [LJ@AED]-X>-[STAV]-X, that gives rise to

the unique lethandékl bx (LbH), characteristic ¢
Roderick, 1995).

CysE enzymes consist of two structural domains, dnéNr mi-helacal omain
andaCG er mi nal , LbH edomianian. LTbhHe d@®@ mai n i s s
triangular prism, which fits with two other monomers to form a trimer (Johnson,
Roderick, & Cook, R05). The resulting trimer dimaas to form a hexamer through
hydrophobic interactions at the-tdrminal 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 trinagrengement
(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 para&tgamoeba histolyticgKumar et al.,

2011).

Members of the LBH family, i ncluding Cy:¢
active site(Johnson et al., 2005). The proposed mechanism for the -aeetgfer

reaction of CysE, is by general aidise catalysis, where the histidine, alongside

a conserved aspartate form a catalytic triad with the substseene (Johnson et

al., 2005; Pyeteal., 2004). InEscherichia colithis aspartate residue (Asp143) is
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positioned in close proximity (2.8 A) to the webnserved histidine (His158),
which is predicted to transform the histidine into a strong base (Pye et al., 2004).
His158 activates the hydroxyl group ofserine, for nucleophilic attack on the
acetyl thiester of acetyCoA. The nucleophilic attack on acef@bA forms a
ternary complex between the enzymesdrine and acetyCoA, before the histidine
behaves as a general acid and donates a hydrogen to the sulphur group of
acetylCoA, leading to collapse of the complex and product relgadeson et al.,

2005; Pye et al., 2004).

Initial research hypothesgd a pingpong reaction mechanism for the CysE (Leu &
Cook, 1994). However, a combination of equilibrium isotope exchange
experiments (Hindson & Shaw, 2003) and LineweaBarke plots (Benoni, De

Bei, et al., 2017; Hindson & Shaw, 2003; Johnson et al4206verwhelmingly
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 CyskE fromHaemophilusnfluenzagJohnson et al., 2004b), where acefylA

binds first, followed by Eserine.

The cysteine biosynthetic pathway is feedback inhibited doydteine binding to
CysE. L-cysteine competes directly with-derine for the active site displaying
competitive inhibition (Johnson et al., 2004b). Analysis efgestallised structures

of CysE with L-cysteine, shows {cysteine bound in the-kerine binding pocket
located in the CysE active site (Olsen et al., 2004; Pye et al., 2004; Verma et al.,
2020), supporting the observation ofclsteine being a competitive inhibitor
relative to L-serine (Johnson, Huang, Roderick, & Cook, 2004a; Kredich &
Tomkins, 1966). This mechanism of inhibition appears to beawslserved across
the CysE family (Hindson, 2003; Johnson et al., 2004b). Interestinglysteine
has also been reped to be a competitive inhibitor relative to ace®dA (Johnson

et al.,, 2004b). CyskE structures with-cisteine bound show conformational
differences in the @erminal tail compared with ap8ysE structures with the
C-terminal tail folding against CysE to obscure the active siteggdteinebound
structures. This folded tail precludes acélgA from binding to the acet@CoA
binding site (Yi et al., 2013) and prevents the unwanted acetylatiorcyéteine,

given that it is isostructural to-&erine.
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To design new antimicrobial inhibitors to target critical pathways such as cysteine
biosynthesis ifN. gonorrhoeaeve need high quality, accurate thaienensional
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 fromN. gonorrhoeaeand the structure of this enzyme to 2.01 A with the
nonnatural ligand, kmalate (from the crysta#fation condition) bound in the active

site and with the natural substratesérine bound to 2.8 A.

3.4 Materials and Methods

3.4.1 Cloning of NgCysE for expression inEscherichia coli

The CysE gene (annotated cysE) NGFG_RS07905 (old locus tag NGFG_01496)

from N.gonorrhoeaeMS11 was codoptimised 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 Nterminal Histag. Insertion of NGFG_RS07905 into pET28b was
confirmed ly DNA sequencing prior to transformation irfocoliBL21 (DE3) for

protein expression. Positive transformants were selected for by platibgrian
Bertani (LB) agar s u'p kahamyce modeincubatingt h 50
overnight at 37°C.

3.4.2 NgCysE expression and prification

E.coli BL21 (DE3) containing the NGFG_RS07905_pET28b plasmid were
cultured in 1 L LB br o'tkanamgio gytireswaent ed wi
incubated at 37°C (200 rpm) until @9 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 axgt&®0

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, EDffée protease

inhibitor tablet (Roche) was added prior to cell lysis by sonication. Lysate was
centrifuged at 20,006y f o r 20 min at room temperatur
supernatant was loaded onto a-pegiilibratedHisTrap™ column (GE Healthcare).

The column was washed with 20 ml of lysis buffer before the elutidwgGlysE

using a 50% gradient over 25 ml (50 mM Tris pH 8.0, 200 mM NAaG/,
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imidazole). Immobilsed-metal ion affinity chromatographgurified NgCysE was
concentrated at 15°C using a spin concentrator to a final volume of 0.75 ml.
ConcentratedNgCysE was loaded and run through an Enrich 650 analytical gel
filtration column (BieRad), preequilibrated in 50 mM Tris pH 8.0, 100 mM NacCl
and elutedNgCysE was collected and stored at room temperature. Protein

concentration was measured by absorbance at 280 nm by Nattdrop

3.4.3 Measuring the oligomeric state ofNgCysE

An Enrich 650 gel filtration column (Bi®ad) was calibrated in 50 mM Tris pH
8.0, 100 mM NacCl using GekFiltration Standards (Bi®kad) according to

manufacturerds instructions.

3.4.4 NgCysEkinetic assays

NgCysE for kinetic charactesation 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 postpurification adNgCysE activity started to decrease after 2 h at room
temperature (Figure A.1INgCysE activity was measured by adapting the method

in (Noji, Inoue, Kimura, Gouda, & Saito, 1998)gCysE activity was measured by
monitoring the decrease in absorbance at 232 ngp)(Aue to beakage of the
thioester bond of acett 0 A ( U 2 3 2'crd Y) ukiBglaThelvho Spectronic

Heai os spectrophotometer (Thermo Fisher) .

To calculate the kK and katfor the substrate 4serine, 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 NacCl, 0.45 mM ac€gA and variable
amounts of kserine. The reaction was perfardhat 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 oggohlly testing various
concentrations oNgCysE (0.156, 0.312, 0.391, 0.521, 0.781 and 1.56 rhij.ml
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.m(3.96 mM,NgCysE monomer
31.6 kDa) was stored at room temperature (22°C) for the duration of the assays.
The Kv and ka was calculated for acet@loA, by varying the amount of
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acetylCoA and keeping the concentration ekérine constant at 10 mMakand
kcatvalues were determined by rtinear regression fit of the Michaélislenten
equation (Equation 3.1) using GraphPad Prism (GraphPad Software Version 8.2.0).
The initial velocity of the reaction was derived from lineagression analysis of

the first five £conds of the reaction. All concentrations were collected in duplicate.
Rates were divided by enzyme concentration before plotting substrate concentration
versus rate. Substratehibition was modelled for acet@loA through nodinear
regression fit of the substrate inhibition equation (Equation 3.2) using GraphPad
Prism (GraphPad Software Version 8.2.0).

Equation 3.1 Michaelidlenten equation.

®w Y
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Equation 3.2Substrate inhibition equation.
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3.4.5 NgCysE kinetic assays

To calculate the I§3for L-cysteine, similar reactions to above were set up with the

addition of L-cysteine (final concentration, 0L 0 & M) to the assay
before initiation of the reaction by the additionNdCysE. L-cysteine stocks (0.1

and 1.0 mM) were made fresh in 50 mM Tris pH 8.0, 100 mM NacCl, and stored on

ice to prevent unwanted oxidation ofclysteine to Ekcystine. The I for

co-enzyme A (CoA) was calculated in a similar manner to cysteine, which involved

the addition of CoA (final concentration, D000 & M) , before ini
reaction withNgCysE. The I 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 nornsald responsevariable slope equation.
100
p T

Yo Q
p
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Michaelig Menten plots for substrates aceGbA and L-serine were collected as
above with the addition of 4, 6 and 8 mMcisteine, respectively, to determine the
mode of inhibition relative to each substrate. For varying concentrationsesine,
acety-CoA was held constant at 0.15 mM and for varying concentrations of
acetylCoA, L-serine was held constant at 1.5 mM. Inhibition data \wesdysed
using the mixednodel inhibition equation (Equation 3.4) in GraphPad Prism
(GraphPad Software Version 8.2.0) to determine the mode of inhibition for each
substrate. k& and ka values for each cysteine concentration relative to each
substrate were determined by Horear regression of the Michaélidenten

equation (EquatioB.1) in GraphPad Prism (GraphPad Software Version 8.2.0).
Equation 3.4 Mixednodel inhibition equation.
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3.4.6 Crystallisation of NgCysE

Initial crystals were grown by vapor diffusion using an InMdekR2-144
crystallisation screen (Hampton Research), dispensed into a low profRevgsl

Intelli Plate (Hampton Research) using a Mosquito cryssitin robot (TTP
LabTech Ltd). Sitting drops consisted of a 1:1 mix (100 nl :100 nl) of reservoir
solution and concentrated protein (35 mg'rof purifiekdNgCy s E) wi t h 100 ¢
the reservoir well. Crystals for diffraction collection were grown using hanging
drop vapor diffusion at 18°@gCysE crystals were obtained using whisker seeding

in 28% (v/v) Tacsimaté' pH 7.0 (0.3 M DI-malic acid, 1.8305 M malonic acid,
0.25 M ammonium citrate tribasic, 0.12 M succinic acid, 0.4 M sodium acetate
trinydrate, 0.9V sodium formate and 0.16 M ammonium tartrate dibasic, Hampton
Research). Drop composition consisted of a 1:1 mipl{2 pl) of reservoir and
protein with 500 pl in the reservoir welNgCysE with serine boundNGCysE +
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 mig.ofl purified

NgCysE).
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For data collection, all crystals were transferred to a cryoprotectant solution,
consisting of crystaldiation 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 x16M detector
(Dectris). TheNgCysE andNgCysE + 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 throAighLESS (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
program (Matthews, 1968), as a part of the CClBgnam 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 translationatrystallographic
symmetry (tNCS) in AIMLESS from the CCP4 suite (Evans & Murshu@013;

Winn et al., 2011) and phenix.xtriage from the Phenix gditams et al., 2010).

3.4.8 Structure building and refinement

TheNgCysE structure was solved using molecular replacement, using the structure
of CysE fromYersinia pesti$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 Schrodinger) and used as the search model for
molecular replacement using phenix.phaser (McQ@}.£2007), from the Phenix

suite (Adams et al., 2010). TiNgCysE + L-Ser structure was solved in a similar

manner but using algCysE (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., 20I0¢ resulting structureas
manually built and refined using COOT (Emsley & Cowtan, 2004). For manual
building, the 2ki Fc and ki Fc electron density mapswer e s et to 140
respectively. Mobile sidechains without supported density were removed from
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models. Translatiotiberationscrew (TLS) was carried out in the late stages of
model refinement using TLS groups determined by phenix.refine. After each round
of structure manipulation, phenigfine was used to run rounds of rephce

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;
Venkatatialam, Jiang, Oldfield, & Waldman, 2003). Visual inspection and manual
realspace refinement were carried out in COOT (Emsley & Cowtan, 2004). Metal

ions were validated using the CheckMyMetal server (Zheng et al., 2017).

3.4.10Structural analysis

Final structure statistics were generated using phenix.table_one, from the Phenix
suite (Adams et al., 2010). Structure images were generated using PyMOL
(Schrodinger, LLC). The final eordinate and structure amplitude files KgCysE
andNgCysE + L-Ser were deposited to the PDB, under accession codes 6WYE and
7TRAA4, respectively.

3.4.11SAXS data collection

Measurements were performed at the Australian Synchrotron SAXS/WAXS
beamline equipped with a Dectiidlatus detector. The wavelength of theays

was 1.0322 A. The sample detector distance was 1426 mm. Data were collected
from samples in a 1.5 mm thwalled glass capillary at 25°C at two second

intervals.

Size exclusion chromatography (SEG)iime with the SAXS beamline (SECSAXS)
(Ryan et al., 2018) with a dtow setup (Kirby et al., 2016) was used to collect
scattering data. Data were collected frivgCysE andNgCyst + 50 mM L
cysteine following elution from a size exclusion column (Superdex 200 5/159), 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 uMcisteine).
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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
(indicaive of aggregation). Guinier plots were linear for sRg < 1.15. Theoretical
scattering curves were generated from NgCysE crystal structure PDB file
(BWYE) using Crysol (Svergun, Barberato, & Koch, 1995).

3.5 Results and Discugsn

3.5.1 Purification and stoichiometry of NgCysE

The N. gonorrhoeaeserine acetyltransferase (Cysk) gene NGFG_RS07905 was
cloned into pET28b for expression with artédminal Histag. This was done to
avoid adding residues onto thet&@minus of the protein which is proposed to
interact with OASS/CysK in order to form tlegsteine 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 epgmate molecular mass of 193.8 kDa
(Figure A.3).The predicted molecular mass of tigCysE monomer is 31.6 kDa,
confirming a hexamer oNgCysE monomers (6 x 31.6 kDa = 189.6 kDa).
SDSPAGE analysis oNgCysE shows >95% purity (Figure3).

3.5.2 Kinetic properties of NgCysE

The activity ofNgCysE was determined by measuring the decrease in absorbance
at 232 nm dudo depletion of substrate acetgbA. The kinetic parameters for
substrate acetyCoA (Table 2.1) were calculated from fitting a Michailienten

curve (R = 0.8449) of rate (3; rate divided by enzyme concentration) versus
acetylCoA (black line, Figure 3.1A). The overall fit for the MichaéMenten
equation is reasonable with the exceptioNgEysE 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 acet@loA) displaying inhibition. Due to limitations in
experimental setup (a high starting absorbance at high ae€tyA concentrations)

we were unable to colledtgCysE rates for higher acet@loA concentrations.
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However, data collected is highly reproducible with different enzyme preparations
and enzyme concentratiortiSgure A.4. From these data, thes{acetylCoA) was
calculated to be 0.149 mM, and @:bf 1176 §! for the hexamer (Table 3.1).

Table 3.1 Kinetics parameters gCysE.

Parameter L-serine? Acetyl-CoA?

Knm (MM) 1.21+0.16 0.149 + 0.05
Kcat (S1)P 1444 + 41 1176 + 111
Keat/Km (M-1.s1) 1.19x16+0.16 7.89 x 16+ 2.54

®Error is SEM of two replicates.

Pk.ar calculated by dividing the rate by enzyme concentration using the concentration of the
NgCysEhexamer (189.6 kDa).

A B 4500
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Rate (s™)
Relative activity (%)

°° " [A::tyI-COO-AG] (ml\:i8 " ’ b [L-zoerine]::ronM) ® ” ! ’ Iog1[CoA] (iM) ) )
Figure 3.1 Kinetic analysis dfigCysE substrates-kerine and acetyCoA. (A)
Substrate inhibition is observed facetytlCoA. Michaeli§ Menten (black) and
substrate inhibition equations (dashed red lines), are modelled. (B)
Michaelis Menten fit for L-serine. L-serine and acetyCoA assays were collected
at saturating concentrations of 0.45 mM ac€lg/A and 10 mM Lserine,
respectively. Enzyme concentration was factored into the rates in (A) and (B) by
dividing by the enzyme concernti@n to give the rate {§). (C) Dose response
curve for ceenzyme A (CoA). Line represents the fit ofstquation to data.
Substrate concentrations were fixed at 0.15 mM and 1.5 mM, for #@efyland
L-serine, respectively. Plotted data points represent mean alongside SEM of two
replicates.

A concentration of 0.45 mM acet@loA was the saturating concentration used for
collection of the Lserine MichaelisMenten plot as this from this point the rate
plateaus (Figure 3.1A) and higher ace®dA concentrations(1 mM) display
likely substrate inhibition. The kinetic parameters for substraserine were
calculated from the Michaelidenten curve (R= 0.9476) of rate (8; rate divided

by enzyme concentration) versuseérine concentration (Figure 3.1B). The (Ser)

of the enzyme was calculated to be 1.21 mM, thelk44 $! for the hexamer
(Table 3.1).

To investigate ifNgCysE 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 amoli@hibition 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 asy\@lue of 573

+11yM, and a hillslope of 17T1.7 N 0.3 indic
exhibits product inhibition, it does not account for the decrease in rate seen at 1 mM
acetylCoA (Figure 3.1A as reaction rates were calculated from stestdte

conditions.

The difference in Ik values for each substrate (1.21 mMérine versus 0.149 mM
acetylCoA), demonstrates a greater affinityNgCysE for acetylCoA compared

with L-serine, which is consistent with other CysE homologues (Hindson & Shaw,
2003; Johnson et al., 2004b; Pye et al., 2004). The specificity constafifss, Kor
NgCysE are 1.19 x POand 7.89 x 19M'Ls?! for L-serine and acetyCoA,
respectively, which are below the diffusion theory maximum ratd6tfm't s,

indicating that the enzyme rate is not diffusion limited (Schurr & Schmitz, 1976).

There is a 6.80ld increase in &/Km for acetylfCoA compared with iserine
attributable to NgCysE having a greater affinity for acetgbA, with an
approximately eighfold lower Ky for acetytCoA (0.149 mM) compared with
L-serine (1.21 mM). CysE enzymes frok coli and H. influenzae display
Michaelis§ Menten kinetics for acetyCoA, 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 a€aty possibly exhibits
substrate inhibition and-kerine does not. Based on the reaction mechanism of
CysE homologues (Benoni, De Bei, et al., 2017; Johnson et al., 2004b), we predict
thatNgCysE has a sequential mechanism, in keeping with the proposed formation

of the ternary complex during acyl transfer teérine.

The acetylCoA binding site ofNgCysk, 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 GImU targeted the@oAtpinding

site, instead of the active sitBldCysE equivalent tserine binding site) (Olsen,
Vetting, & Roderick, 2007).
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3.5.3 Structure of NgCysE

The crystal structure dfigCysE was solved by molecular replacement to 2.01 A
with L-malate (from the crystadiation 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.ddmplete hexameric molecule is apparent
after repetition by a crystallographic tvfold axis (Figure 3.2A). The most
complete subunits contained residue6d of the 27zesidue polypeptide.
Electron density corresponding to the uncleavedegidue Ntemminal histidine tag

was not apparent for any subunit. Thaée@ninal 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 morsomer

in the hexamer (one from each trimer) with foldetk@ninal tails had poor electron
density for residues 25@54 towards the @erminal end. Data show the presence

of L-malate (present in the crystadition condition) forming meaningful active site

interactions in the structure.

Figure 3.2 Structure MgCysE hexamer. A ribbon diagram of the overall structure
of NgCysE shows that a dimer of trimers forms the hexameric unit through
interactions between theeN e r mihalieal dorbhins (A). Trimers form through

70



Chapter Four: Identification of inhibitor of serine acetyltransferase from
Neisseriagonorrhoeae

interactions of the N e r mi-hel@dl doiains (A). Trimers form through
interactions of the M e r mi-heliaels (BUand lefh a n d-betical Eterminal
domain (C). The vertical dashed line represents the independentfditiee
symmetry which is evidenn (B) and (C). Sodium ions are shown as a purple
spheres and dmalate 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 collectior?
Wavelength (A) 0.9537 0.9537
43.11- 2.01 (2.08 2.01) 43.882.80 (2.8- 2.95)

Resolution range (A)

Space group P21 Cc2

Unit cell parametersa, b, c(A) 77.90, 93.87, 102.02, 102.86, 94.59, 79.25,
U . Op, o 90.00, 91.29, 90.00 90.00, 92.18, 90.00
No. of molecules in asymmetric 6 3

unit

Total reflections 689150 (70393)

97700 (9715)

130367 (19576)
18772 (2723)

Unique reflections

Multiplicity 7.1(7.2) 6.9 (7.2)
Completeness (%) 99.6 (100.0) 99.9 (100.0)
Mean |/ G(1I) 18.5 (3.4) 9.1(2.2)
Rmerge’ 0.05574 (0.4889) 0.149 (0.915)

Refinement

Reflections used in refinement

97327 (9715)

130367 (19576)

Reflections used for Ree

4749 (424)

18772 (2723)

Rwork 0.1830 (0.2178) 0.2346 (0.2892)
Riree 0.2219 (0.2745) 0.2673 (0.3240)
No. protein atoms 11158 5001
No. solvent atoms 538 39
No. ligand atoms

[-malate 54 -

sodium 6 -

I-serine - 14
Protein residues 1534 726
r.m.s.d bonds (A) 0.007 0.002
r.m.s.d angles (°) 0.84 0.59
Ramachandran favaired (%) 97.7 95.61
Ramachandran allowed (%) 2.3 4.39
Ramachandran outliers (%) 0 0
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AverageB (A?) 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

aStatisticsfor highest resolution shell are shown in parentheses.

PRierge Ba1|'@Goin (@@ TBB @ 0

The crystal structure dfigCysE with serine boundNQCysE+ L-Ser) was solved

using a closed tail monomer BigCysE (6WYE) and was refined to 2.8 A. 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 placenoéisubstrate tserine 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 timalate and tserine
bound structures (RMSD 0.236 A), where the main differences are due to the
presence of open tail conformation$NgCysE. Density is present for extended and
folded Gterminal tails in theNgCysE + 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 tWgCysE structure has better resolution,

it was used for downstream structural analysis.

The CysE monomer can be subdivided into ateishinal domain (residues 144)

consi st i nhglices &ind @ @egninal lefth and-bd | bc al domai n (
residues 148272). Three monomers interact with each other through contacts

between helices ime Nt er mi n al domain and interactio
form the trimer, which in turn form the hexamer as a dimer of trimers (Figure 3.2).

The overall fold of theNgCysE monomer and its hexameric state, is similar to the

bacterial and plant homologuesd 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\tagonorrhoeaeshows strict
conservation of residues in thetCe r mi n a | LbH domain and ir
Secondary structure and numbering presented is Mogonorrhoeag(6WYE)
showihnegl iltes as pi-srandsayblue arrdvesr Letterassimading b
is based on % similarity. Red shading shows active site residues and blue shading
shows additional important active site solvent intengaesidues. Yellow shading
shows residues identified in@€rminal tail folding and black (and dashed) boxes
illustrate missing residues from these structumdsgonorrhoeae (NgCysE;
AAW90067.1),H. influenzag HiCyskE; WP_005694542.1(5. max(GmCysE;
XP_003528805.2),E.coli (EcCyskE; WP_114569552.1) an&. pneumoniae
(KpCysE; Q0ZB96). Asterisk shows the active site extended loop region. This
figure was prepared with Geneious Prime 2019.2.1.

The acetyltransferases are charasteriby a unique hexapeptide repeat ([L:IV]
[GAED]-X%[STAV]-X) which results in the formati c
i's a single deviation fr omstande7 ahddl8H d o ma i
which creates an extended loop (residuesi 1992 in this structure) which is

significant as this forms one lalf the active site (Figure 3.2&hd 3.4. The active

site is situated between thet€minal domains of two adjacent monomers. In each

trimer there are three active sites. In a trimer positioned with tterrhinus top

and Gterminus bottom, thactive site is located at the intersection of thieininal

domain and @erminal 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. gonorrhoeaeomprise of Asp96, Asp161 and His162 from the left monomer and

Aspl47, Glul70, Argl96 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. Simulatednnealing OMIT maps of ligand bound active sites for
NgCysE andNgCysE + L-ser. The placement of-inalate (yellow sticks) in the
NgCysE active site (adjacent monomers coloured magenta and blue) (A) and
L-serine (grey sticks) in the serine bowtdicture (adjacent monomersloured
purple and orange) (B) are supported kyFFmaps displayed as green mesh
(contoured at NgCHskEandNgQysEY L-envmomomeasy(openf
conformation) demonstrates conserved orientation of active site residues Asp96,
Aspl47, Aspl6l, Hisl62, Glyl188, Argl96 and His197 (displayed as sticks).
Hydrogen bonds between active site residues and ligands are represented by
yellow dashed lines. Waters are shown as red cras$83$ no waters are shown

in (B) due to the difficult placement of waters due to resolution. This figure was
prepared using PyMOL.

Cgtermh&il 2

tail R

Figure 3.5 A ribbon diagram of tHegCysE trimer illustrates the position and
formation of the active sites between two adjacent monomers. The structure
reveals different @erminal tail conformations in different active sites of a single
trimer (A). Betweemmonomers 1 and 2 the-t€rminal 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 anudlate is shown as yellow sticks. Dashed
line represents th&fold symmetry. This figure was prepared with PyMOL.

Comparing the twdNgCysE structures, the active site residues, Asp96, Aspl61,
Arg196 and His197 (Figure 3.4), interact withmalate in a similar manner as the
substrate kserine. The terminus carboxylic acid group emalate and tserine

are coordinated by the Arg196 side chain. The negatively charged carboxylate side
chains from residues Asp96 and Aspl61 botloibnate the kserine backbone
amide and the hydroxyl group in-rbalate (Figure 3.4A). The most notable
difference in ative site coordination is where thed.er i ne o9 hydr oxyl
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 mubrientated away from the catalytic
His162, and is cordinated by the backbone amide of Gly188 (Figure 3.4). This
difference is likely due to{serine being a natural substrate of the enzyme, whereas
L-malate is not. The interaction ofderine with atve site residues in tiegCysE

+ L-Ser structure is similar to the otheiskrine bound CysE structure in the PDB
(4N69) from Soybean (Glycine max) (Yi et al., 2013), with the exception that
His162 is interacting with iserine in theNgCysE + L-Ser structure.

The Gterminal 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 (exhibitinglomain 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 agdi site chemistry with imalate when the tail is

positioned near the active site (Figure 3.5B and C). In the extended tall

conf ormation with an 6opend active site t
with L-malate, whereas in the tucked tail confartni on wi t h a o0cl osed
there are an additional two water molecules coordinating withalate (Figure

3.5B and C). The 6éclosedd active site r
GIn261 to join Arg95 and Gly190 in solvent interactions and residues Serl89,

Lys223, Asp260 and GIn261 become involved in tail interactions (Figure 3.5C).
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Glutamine 261 is noted to be of particul
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 misgemgnial residues

compared with related structures (Figure 3.3) that have more missing residues.
When the active site is in the O0closedd c

serine binding pocket.

The tucked tail conformation of tidgCysE monomer is identical with homologous

CysE structures that have the product cysteine bound (PDB 1SSQ, 1T3D, 3GVD,

3P47, 4H70 and 6JVU) and analysis of these structures also reveals that there

would be no access to the pocket of the active site (regardif the number of

missing Gterminal 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 bouhdmalate was present in the crysttion condition

and its occupation of the active site is expected to be based on charge in a similar
manner to the inhibitordc y st ei ne. ComparingNEChsE O cl os e
with the homologou&. coli Cysk (1T3D) (containing cysteine in the active site)

we observe a similar arrangement of active site residues andttreni@al tail

position. Cysteine acts as a negative feedback regulator of CysE activity and it could

be deduced t hatsiintgdbdd ére talktits viey stvele. Co m)
site of NgCysE with theH. influenzaehomologue (1SST) (containing CoA in the

active site) we observe that thet@minal 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 oudéeand by occupying the active

site the Gterminal tail cannot fold into this space. The structure presented here is

uni gque in that we see both O6opendé and O6c

gives insight into substrate binding.

3.5.4 Cysteine inhibition

For CyskE enzymes, feedback inhibition bycysteine is weldocumented across
both bacterial and plant species (Chronis & Krishnan, 2004; Johnson et al., 2004b;
Kredich & Tomkins, 1966). Here, we characted L-cysteine inhibition of
NgCysE, relative to the substratesserine and acetyCoA. NgCysE activity was
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inhibited by increasing concentrations otysteine with an 16 of 6.4 + 0.1 uM

and a hil/l sl ope of 11.86 N OiMerden ( Fi gur e
plots with varying Lserine concentrations (Figure 3.4B) in the presence of fixed
concentrations of cysteine, increased the(8erine) from 1.16 mM with no-L
cysteine bound to 4.83 mM in the presence of 8 puby&teine, while the J4 did

not change. This demonstrates thatysteine is a competitive inhibitor relative to
L-serine. Competitive inhibition is supported by structural evidence Eocoli

andE. histolyticawhere cysteine has been shown to bind directly to tserlne
active site, preventing-kerine from binding (Kumar et al., 2011; Pye et al., 2004).
We could not confidently fit competitive, narompetitive or uncompetitive
enzyme inhibition models to the data. Incorporation of thedbdfficient (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 digparéF

A.5). The h value (a measure of cooperativity) decreases steadily from 1
(noncooperative bindingo 0.299 (negatively cooperative binding) with increasing
L-cysteine concentrations (Table A.1), suggesting negative cooperativity between
active siteswhenic y st eine i s present. This i s cons
of the L-cysteine dose response curve (Figure 3.@/kere binding of kcysteine
increases the affinity of other active sites in the multimer foysteine (positive
cooperativity) which reduces the affinity forderine (negative cooperativity in
Figure 3.6Band Figure A.h Although cooperativity has not been reported for
CysE homologues, together with the positive cooperativity seen in the CoA dose
response curve (Figure 3.1Gt clear that there is interconnectedness between
active sites irNgCysE, which is unsurprising given the multimeric nature of the

enzyme.

L-cysteine has also been shown to be a competitive inhibitor relative to@odty!

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 ace®gA in NgCysE

we collected Michaelidlenten plots with varying acet@oA concentrations
(Figure 3.6C) in the presence of 4, 6 and 8 pMyisteine respectively. We were
unable to confidently determine the mode of inhibition, with both competitive and
noncompetitive inhibition models fitting the data reasonably. Incorporation of the

hill coefficient into either equation did not improve thié &f either model.
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Collection of IGocurves in the presence of increasing concentrations of dce#yl
(Figure 3.6D), demonstrate an increase ig fm 6.3 pM (hill coefficient 2.1

0.2) to 10.8 uM (hill coefficient 2.5 £ 0.1), consistent with a competitive inhibition
mechanism (Rosa et al., 2019) and positive cooperative-tysteine binding.
Competitive inhibition is supported by the observatioat in cysteindbound CysE
structures from other bacteria, the flexibleég@minal tail of CysE is folded against

the actve site (Kumar et al., 2011; Olsen et al., 2004; Pye et al., 2004), as also seen
i n the o6cl os e Ngtysh strticiure.§hissesseéntatly closes the active

site, preventing acetCoA from binding, thereby acting as a competitive inhibitor.
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Figure 3.6 Charactestion of cysteinanhibition. (A) Dose response curve for
L-cysteine. Line represents the fit of siCequation to data. Substrate
concentrations were fixed at 0.15 mM and 1.5 mM, for a€@bA and L-serine,
respectively. (B) Michaeli¢lenten plots were collected for O (circles), 4 (squares),
6 (triangles) and 8 (inverted triangles) uM of-cisteine, with varying
concentrations of serine. (C) Michaelienten plots for O (circles), 4 (squares), 6
(triangles) and 8 (inverted triangles) pM of-clysteine, with varying
concentrations of acetfoA (x-axis). (D) Doseresponse curves for-tysteine in

the presence of 0.15 (circles), 0.25 (squares) and 0.45 (triangles) mM of
acetylCoA. Data points are mean and error bars are SEM derived from two
replicates.
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3.5.5 Small angle Xray scattering shows a conformational change in

the presence of kcysteine

SEC in line with small angle -xay scattering (SESAXS) analysis (Kirby et al.,

2016) was performed to determine the effect adykteine binding tiNgCysE in
solution. Crystalkation attempts dllgCysE with L-cysteine were unsuccessful due

to degradation of crystals upon addition etysteine. 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 wae distribution (P(r))
analysis support a hexamerMd§CysE 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 thetdigis 31.6 kDa, therefore, 193.87

kDa divided by the molecular mass of the monomer (31.6 kD&)Lisnonomers

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 %&HBHand bdystemeldoend f or
NgCy s E s c at t?=10.84) Figude8.6fwhithds not unexpected due to
combination of closed (tucked-&rminal tail) and open (flexible-@rminal tail)
conformdions seen in thBIgCysE crystal structure which the theoretical scattering

is calculated from.
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Figure 3.7 SAXS profiles dfigCysE bound and unbound tedysteine. (A) SAXS
profiles of NgCysE were measured in the absence of (blue circles) and presence
(green circles) of 50 uM 4cysteine (LCys). Theoretical scattering (black line)
calculated from cysteinree NgCysE crystal structure. (B) Kratky plot NHCysE

in the absence (blue circles) and presence (green circles) of 50qystedine.

Comparison of the SAXS profiles in the presence and absenceystéine shows

clear differences (Figure 3.7A), consistent with a conformational change upon
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binding of L-cysteine. The difference is associated with an increased compactness
of the enzyme when bound tedysteine as shown by the smaller radius of gyration
derived from the Guinier Plot (R= 40.26 + 0.35 A with kcysteine bound
compared with B = 43.01 + 0.27 A without) and P(r) analysisg(R 40.8 + 0.14

A for L-cysteine bound compared wittgR 43.17 + 0.14 A for unbound). The
scattering data, including the pairwise distribution analysis avhRies from the
Guinier analysis are consistent wilBAXS data from CysE fronk. coli (Mino,
Hiraoka, et al., 2000).

The beltshaped 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 Lysteine although the cysteifiee curve is slightly flattened
suggestinglightly increased flexibility of the protein. Decreased flexibility and an
increased compactness of the cysteine bound enzyme is consistent with previously
reported CysE structures crystselil with the cysteine inhibitor (Kumar et al., 2011;

Olsen et al., 2004; Pye et al., 2004). The flexibemninal tail of CysE in cysteine

bound structures adopts a more rigid, less flexible structure by interacting with the

t h i -cod to bury the acetyCoA binding site (Kumar et al., 2011) which is also
consistent wit h NdCWsE thai wd seesirealirocrysat séructere f o r

leading to small conformational changes and a slightly more compact enzyme.

3.6 Conclusions

Cysteine synthesis in bacteria is a step reaction, the first step catalysed by CysE
that produce®-acetylserine from iserine and acetyCoA, and the second step
catalysed byD-acetylserinesulphydrylas€ OASS) that uses the substrates sulphide

or thiosulphate to synthesi L-cysteine fromO-acetylserine. The CyskE and CysK
enzymes form the cysteine synthase complex with theri@inal tail of CysE
binding into and inhibiting the active site of OA®S CysE is feedback inhibited

by the end product of the pathwayclsteine. Bacterial members of the CysE
family are generally hexamers (with the exceptiofEdhistolytica(Kumar et al.,
2011)) and are charactsgd by a unique lefh anded had alx| €IL bH) .

Here we have presented structural and kinetic data for CysENrganorrhoeae
(NgCysE). SEC and small angle-rdy 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 charaetérihe kinetics oNgCysE, and
hypothesse a sequential mechanism, although the order of substrate binding is
unknown. We suggest substrate inhibition at concentrations of @etyh O 1 mM
but due to limitations in experimental sgi were not able to confirm substrate
inhibition. This is in contrast with other CysE enzymes from other bacteria
including E. coli and H. influenzaethat display substrate inhibition by-derine

(Olsen et al., 2004; Pye et al., 200MpCysE also exhibits product inhibition by
co-enzyme A (CoA) consistent with other CyskE 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 theNgCysE hexamemNgCysE is feedback inhibited by the end product of

the pathway Ecysteine, 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. TEF
sites we see in thlgCysE crystal structure and crystal structures of other Cysk
enzymes bound to-tysteine (Kumar et al., 2011; Olsen et al., 2004; Pye et al.,
2004), where the @rminal tail is tucked up against the side of the active site in

the closed (cysteinlkound) structues leading to a more rigid enzyme.

The structure oNgCysE reveals that this enzyme is clearly part of the CysE family

due to its hexameric nature &NgCysElsbH. As
dimer of trimers, with each monomer comprising ah & r mi-heliaal doraain

andaCG er mi nal LbH domai n. -dimersionalatjucdurest y o f
are incomplete and have up to 37 amino acids missing from-teenihal end of

the enzyme. We note that thBlgCysE structure has the least number of missing

residues from the distal-@rminal end comparaealith related structures, which has

allowed us to investigate the topology of the active site with some confidence. A
crystallographic artifact has led to two differentéZminal tail conformations in

the NgCysE structure. Where other structures have missing residues, leading to an
exposed active site cavitiygCyskE exhibits either a free-t€rminal tail swept

outwards from the enzyme or a constraine@ninal tail tucked up into the active

site. Theoutward® er mi nal t ai | r e seuim cordrasiwithtten &6 o p e |
tucked tail which resul t s-malateispredeatinos edd

the active site oNgCysE 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 kserine would, as seen in ddgCysE + Ser structure, with the exception

of catalytic His162.

The tucked @ er mi n al tail 6cl osedd conformatio
with both the solvent and other residues. A key glutamine residue (GIn261) in the

tail, interacts with two additional water molecules in the active site (assisted by a
nearbyGl y 188) that were otherwise uninvol ve
interaction of GIn261 in the-@rminal tail brings a serine residue near the active

site into closaange to allow it to form polar contacts with an aspartate on the
Cterminal tail, which in turn -strandims a pol
the LDbH. Analysis of the residues invol"
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
pathwaysof inorganic sulphur assimilation converge at cysteine biosynthesis and

N. gonorrhoeadacks the ability to utibe sulphate as an inorganic sulphur resource,

but its requirement for sulphur can be fulfilled by thiosulphate (Le Faou, 1984).
Curiously N. gonorrhoeaelacks the variant of the OASS enzyme that sedi

thiosulphate (OAS®/CysM), having just a single OASS enzyme with homology

to OASSA/CysK (the variant that utdes sulphide not thiosulphate) (Hicks &
Mullholland, 2018). It remains to be seen if this enzyme does indeest wrily

sulphide as a substrate or if it is a diwaiction enzyme, also capable of using
thiosulphate for the synthesis of cysteine. In addition it is unknown if @AB&M

N. gonorrhoeaeinteracts withNgCysE to form the cysteine synthase complex

although it is likely, as the @®rminal 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 Cysg from
N. gonorrhoeaeand due to the unique nature of sulphur acquisition for cysteine
biosynthesis inN. gonorrhoeaecould represent a novel drug target for treating

extensively antimicrobiatesistant gonorrhoea.

82



Chapter Four: Identification of inhibitor of serine acetyltransferase from
Neisseriagonorrhoeae

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 ceordinate and structure amplitude files gCysE andNgCysE + L-Ser

are deposited in the Protein Data Bank (https://www.rcsb.org/) under PDB
accession codes 6WYE and 7RArespectively. UniProt Accession ID for
NGFG_01496 NgCysE): Q5F6X0 (Q5F6X0_NEIG1).
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Chapter Four: Identification of Inhibitors
of Serine Acetyltransferase from

Neisseriagonorrnoeae

4.1 Preface

Targeting de novo cysteine biosynthesis for antimicrobial development has
garnered interest, particularly for combatting antimicrelesistant 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 charsatien of CysgE from
NeisseriagonorrhoeagNgCysE) (Oldham, Prentice, Summers, & Hicks, 2022). In
this chapter, we have used the crystal structuNgGlys (PDB 6WYE) to conduct
structurebased virtual inhibitor screening from commercial libraries, ordered hit
compounds identifiedin silico and have evaluated the inhibition of these
compoundsin vitro against NgCysE. Experimental screening led to the
identification of first inhibitors ofNgCysE, with the most potent compound

displaying inhibition in the lowmicromolar range.

The work presented in this chapter is shown in a publication format as a manuscript
prepared for submission to the journAhtimicrobial 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 beincluded in the future publications. Supplementary information is

available in Appendix B. Gdttion for this work is as follows:

Oldham, K. E. A., Jiao, W., & Hicks, J. L. (20B. Identification of novel
inhibitors targeting serine acetyltransferase from Neissgonorrhoeae.

(Prepared for submission)

4.1.1 Author contributions

I led the experimental work for this research, as first author, which involved enzyme

purification, optimgation of enzyme kinetic assays, experimental compound
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screening, analysis of compound 2 interactions WGCysE. Furthermore, |
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 th&NgCysE model, as well as figure preparation, manuscript
drafting and editing. Joanna Hicks concepsaaliresearch, 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

Neisseriagonorrhoeads an obligate human pathogen and the etiological agent of
the sexually transmitted infection, gonorrhoea. The rapid emergence of extensively
antimicrobiatresistant strains, including those resistant to all frontline antibiotics,
has led ta\. gonorrhoeaebeing labelled a priority pathogen by the World Health
Organisation highlighting the need for new antimicrobial treatments. Targeting the
de novocysteine biosynthesis pathway has been identified as a promising avenue
for developing new antimicrobials against. gonorrhoeae Here, we have
conducted virtual inhibitor screening of commercially available compound libraries
against the key cysteine biosynthetic enzyme, serine acetyltransferase from
N. gonorrhoeagNgCysE, EC 2.3.1.30). We have identified a hit compound with
an IGo of 13 pM. Future research will involve inhibitor optisation and
development as a promising antimicrobial targetNogonorrhoeae

4.3 Introduction

Antimicrobial resistance is an evgrowing global problem and has been declared
a public health crisisNeisseriagonorrhoeae(gonococcus) is a Gramegative
bacterium ands 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
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al., 2017). ConcerninglyN.gonorrhoeae can readily acquire antimicrobial
resistance, with documented resistance emerging for every class of antibiotic that
has been used for its treatment since the introductisulpfionamides the 1930s
(Unemo, Golparian, & Hellmark, 2014). In 201N, gonorrhoeaewnas 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 antibioticesistant 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 gthway is thede novobiosynthesis of the amino aciddysteine. This
pathway is welconserved 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 usedht synthesis of thiel
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
reactim by the cysteine biosynthetic enzymes, seri@eacetyltransferase
(SAT/CysE, EC 2.3.1.30) an@-acetylserinesulphydrylase( OASSA/OASSB;
CysK/CysM, EC 4.2.99.8) (Benoni et al., 2017; Kredich & Tomkins, 1966). CysE
catalyses the acetylation of serine using ae€tyh to produceO-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 novosynthesis 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 relgted with regard to sulphur availability through the
formation of the cysteine synthase complex (CSC). The CSC is formed the
reversible association of one CyskE hexamer and two CysK dimers formed through
the CyskE @erminal tail binding into andccluding 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 all@acetylserine

to accumulate and dissociate the CSC (Benoni et al., 2017).

O

CvsE Acetyl o
HO OH ys /Hﬂ CySK
HO
NH, Acetyl -CoA CoA Acetate
NH,
L-serine O- acetylsenne L-cysteine

Figure 4.1De novacysteine biosynthesis reactionNeisseriagonorrhoeaeCysE,
serineO-acetyltransferase; CysiQ-acetylserinesulphydrylase

The absence of the cysteine biosynthesis pathway in humans makes it ideal for
antimicrobial targeting in reducing the chance oftaffyet effects (Griffith, 1987).
Additionally, targeting of CyskE has been reviewed (Hicks, Oldham, McGarvie, &
Walker, 2022) and reported for notable bacterial pathogens including
Eschericha coli (Toyomoto et al., 2023%almonellayphimurium(Magalhdes et

al., 2020) Staphylococcuaureus (Chen et al.,, 2019) and
Mycobacteriumuberculosis (Gupta & Gupta, 2021). The CysE from

N. gonorrhoeadNgCysE) has been shown to be differentially expressed during the
stringent response (Tala et al., 2023) and has been identified as an essential gene in
N. gonorrhoeagRemmele et al., 2014), thus we propd&ECyYSE is a promising

new target for antimicrobial development. Previously, we have kinetically and
structurally characterisedgCysE (PDB 6WYE and 7RA4) demonstrating that it

has comparable activity to other bacterial CysE homologues and possesses
conserved structural fold and activeesiesidues (Oldham et al., 2022). Here, we
have used structwigased virtual inhibitor screening of commercial compound
libraries againsNgCysE and testeih vitro 28 hit compounds with one compound

(compound 2) identified as a potent inhibitoNgCysE.

4.4 Results

4.4.1 CysE is highly conserved acroshBleisseriagonorrhoeaestrains

Conservation of active site residues is critical for ensuring broad spectrum activity
against different N. gonorrhoeae isolates. Analysis of the presence and
conservation of CyskcysB amongstN. gonorrhoeaestrains was conducted via
BLAST search usingyskE from N.gonorrhoeaeMS11 as a query against all
availableN. gonorrhoeaggenomes in the NCBI databasgsEwas shown to be
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highly conserved folN. gonorrhoeae(99.88100% 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 among#t. gonorrhoeadsolates, we expanded our search to
include all availabléN. gonorrhoeaggenomes in the PUbMLST databagecysE
gene(NEIS0501) was annotated &il isolate genomes (19,729 genomes) and is
well-conserved, with 97-100% similarity reported. Furthermore, comparison of
these isolates show that the majority genomes had an annojatedentical to

the MS11cysEquery (18,978/19,729, 96% of genomes had an identical copy).
Overall cysEis strictly conserved acrods. gonorrhoeaereference strains and

circulating isolates, thus making it a suitable target for antimicrobial applications.

4.4.2 NgCysE active site modeWwith both substrates bound

The crystal structure digCysk (PDB 6WYE) contains -imalate in the serine
binding site and lacks acet{loA. To examine substramzyme interactions, we
generated an active site model with both substrates bound. The crystal structures of
YersiniapestisCyskE (PDB 3GVD) antHaemophilusnfluenzaeCysE (PDB 1SST)
contain the inhibitor cysteine and the producteoayme 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@oAtyito

the active site oNgCysE (more detail in the Methods section). The initial active
site model ofNgCysE with both serine and acetybA placed was then further
optimised through a series of enzyme mirsation, refinement, and quantum

mechanics/molecular mechanics (QM/MM) optation.

The active site model (Figure 4.2A) shows that both substrates can bind
simultaneously. The nucleophilic oxygen atom of serine is 3.9 A away from the
acetyl carbon of acetfCoA, positioning it for the reaction. Acet@oA primarily
interacts with the active site via polar interactions from its phosphate groups
(Figure4.2). 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, aceGtHA forms hydrogen bond
(H-bond) interactions with the backbones of residues Ala226, Ala208, and Ala249.

The binding of serine is stalsdid by interactions between its backbone and charged
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residues Argl96, Asp96, and Aspl61. 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.

A.

7 \

AN R

Figure 4.2 Active site model MgCysE with both serine and acetgbA bound.

(A) Binding sites and relative positions of serine (cyan carbon) and doefyl
(green/pink carbon). (B) and (C) binding sites for ac€gyA and serine,
respectively. Residues involved in polar interactions kteelled. Hbond
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 structuteased virtual screening approach to search for potential
NgCysE inhibitors. The optirséd active site model with both substrates bound was
used as the receptor for virtual screening. Compounds withlideugroperties
were obtained from the ZINC database (Sterling & Irwin, 2015) which, after
preparation, contained a total of ~10.5 milliomnmpounds. The drulike
compound library was screened against the subdicated crystal structure model

of NgCysE, with the acetyCoA binding site being the primary target binding site

for screening.
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The top 1000 poses from the screening calculation were examined for the
enzymeligand interactions. Compounds showing interactions to the backbones of
Ala208 and Ala226, and additional interactions to residues in the #oefyl
binding site were selected for further molecular mechanics with geseer&iorn

and surface area calculations (MBBSA) (54 compounds). During the
MM-GBSA calculations, active site residues within 5 A of the docked compound
were refined to optinse the enzymdigand interactions. A binding free energy was
also computed for each compound. Following the J@HSA calculation,
compounds that had a predicted binding free energy bebl@wkcal/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 ligagmzyme complex were examined
and componds that maintained their interactions during the MD simulations were

selectedfor testing (nine compounds).

In addition to the drudike 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 dockinglhe prepared library contained ~1.3 million compounds. The
target receptor conformation used for screening thecdagpound library was a
representative active site conformation
NgCysE enzyme. The acet@floA sitewas the target screening site. The top 1000
compounds were examined using criteria similar to those mentioned above; 152
compounds underwent MMGBSA calculation, of which 82 maintained backbone
interactions with the alanine residues and were predictecate hinding free
energies below60 kcal/mol. The 82 compounds were clustered into 36 groups
based on their structures, and one representative compound from each group was
recommendedbr 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 saeeningand characterisation

Hit compounds identified from virtual inhibitor screening were experimentally

evaluated by measuring the inhibition of recombinamtigCysE activity.
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RecombinantNgCysE was expressed and purified following published methods
(Oldham et al., 2022NgCysE was expressed with atdrminal HexaHistag and
purified using both immobsed affinity chromatography and size exclusion
chromatography. Previously, we had characteri¢gdysE using a direct 232 nm
assay to determine the Michaélitenten kinetic parameters for substrates serine
and acetylCoA (Oldham et al., 2022). Given the high absorbance of aromatic
compounds at this wavelengthgCysE inhibitor screening was performed using a
platebased coupled assay detecting production of CoA usingd8lbb-bis-(2-
nitrobenzoic acid) (DTNB) through measuring production 2itro-5-
thiobenzoate (TNB) adapted from (Magalhdes et al., 208§}ysE activity was
determined from a eenzyme A DTNB standard curve (Figure B.2).

Forin 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 uM in the presence of 1 mM serine and 0.15 mM-&s4y|

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 todéscreening (compounds 1, 2, 3, 4 and 5). Upon further
testing, compounds 1, 3, 4 and 5 did not display -dependent inhibition and
therefore were classified as false positives from the original screen (data not shown).
Compound 2, however, demonstratedibition (20.6% remaining activity at 100
puM) and collecibn of a dose response curve produced apdC13.9 + 4.3 uM

(R? = 0.9924) (Figure 4.4) making it the most potent hit compound.
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Figure 4.3 100 pM activity screen of library compounds agaMgCysE.
Remaining activity (%) is calculated as rate with inhibitor present divided by rate
in presence of DMSO (¥ o) multiplied by 100. Soluble and insoluble compounds
are highlighted in, dark and light blue, respectively. Dashed pink line corresponds
with 50% activity cutoff for downstream testing. Compounds 14, 15 and 18 have
negative rates and for display purposes represented as zero. Well containing
DMSO only treated as positive cooit(100% activity).
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Figure 4.4 1Godose response curve for Compoundlg@CysEactivity measured in
presence of 0.1 mM acet@loA and 0.5 mM serine. Ratejsvas calculated as per
hexamer. Datapoints afieom a single reaction
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4.4.5 Docking Interactions for Compound 2

Compound 2 (4(6-ethoxy-4-methyt2-quinazolinyl}N-[2-(1H-imidazo}
lyl)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 etherattaghd ( Fi gure 4.5). The compound
rules (Table 4.1) and has qualities consistent with a-likegcompound (Lipinski,
2000).

- ~q

Figure 4.5 Structure of Compound Z@ethoxy4-methyt2-quinazolinyl}N-
[2(1H-imidazol1-yl)ethyl]-3-piperidinecarboxamide). Functional groups
imidazole, piperidine and quinazoline are highlighted in orange, yellow, and blue,
respectively. Figure createding ChemDraw Prime.

Table 4.1 Compound 2 chemical properties. tPSA, polar surface aedo@P,
partition coefficient.

Chemical Net H-bond | H-bond Molecular logP tPSA | Rotatable | Apolar Polar

Formula charge | donors | acceptors Weight bonds desolvatin desolvatin
(g/mol)

C22H28Ne 0 1 7 408.5 256 [ 85 |7 9.87 -17.44

o} 6

Examination ofNgCysE poses with compound 2 docked from virtual inhibitor
screening, shows compound 2 forms notable active site interactions with the serine
and acetylCoA binding sites. There are fourlbbnd interactions formed between
compound 2 and serine binding site residue Asp161 (Chain C) and with backbone
interactions with acetyCoA binding residues Ala208 (Chain C), Ala226 (Chain C),
and Gly188 (Chain A), and is complimented with a number of hydrophobic
interactions from the acet@loA site with the piperidine and quinazoline ring
(Figure 4.6). Additionally, these interacting serine and acety site residues are

strictly conserved not only foNeisseriabut 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, Racz, & Héberger, 2015)), making compound 2 a novel CysE inhibitor.

A B. C
e
Sy °
j//*a; D161(C) O s
/ 3 :
RN N\ e
~ J’ . 282 meo °
H162(C) ::( mt 9 S
\ L181(c) E b —"5.
o .
M295(C) = L 3
A208(C) : ,,‘&\& ._"‘ & O g
i > 55 G207(C) E - L]
= 28 o S188(A) S P i O
l ¢ 314 ) @, s & P
. ® e X v & B
A226(0) S : "»? S o if::.zmn
> 4 022%(C) N
(o & P
,,,,,,, A
. - ”
e K0 S
® > : g fvmm
/ ““‘4( ' W
) v m'{{—‘ (] -jznm )

Figure 4.6 Docked interactions of compound 2 bindin§lgCysE. (A) NgCysE
hexamer (6WYE) with compound 2 forms hydrogen bond interactions with
NgCysE serine and acet@oA binding pockets (Chain A and Chain C, coloured
cyan and green, respectively). (B) Hydrogen bond interactions (grey) between
compound 2 (pink sticks) anNgCysE residues (green and cyan wires). (C)
Two-dimensional LigPlot schematic of-bbnds and hydrophobic interactions
between compound 2 amdbCysE residues (bond lengths not to scalepadds

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 (A). Figure=sated using PyMOL and LigPfot
(Laskowski & Swindells, 2011).
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Figure 4.7 Multiple sequence alignment of bacterial CyskE isoforms. Serine,
acetylCoA 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,
NeisseriagonorrhoeagPDB 6WYE); NEIMB, Neisseriameningitidis(no crystal
structure); HAEIN, Haemophilusnfluenzae (PDB 1SST); ECOLI,
Escherichiacoli (PDB 1T3D).
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Figure 4.8 Charactesed inhibitors against bacterial CysE homologues. Tanimoto
fingerprints ceefficient similarity scores of reported CysE inhibitors compared to
compound 2 are shown in brackets. Tanimoto scores were calculated using RDKit
(2023).

4.5 Discussion

AntimicrobiatresistantN. gonorrhoeaas a global burden on human health, and in
the absence of an effective vaccine, antimicrobials remain theliinentool for
managing gonococcal disease. The targeting ofléhrovocysteine biosynthesis
pathway has been highlighted as an avenue for development of antimicrobial
compounds and adjuvants given its role in mitigatoxidative stress and the
absence of the pathway in humans. Here we report the first inhibNmGysE and
demonstrate that structubased 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 identifie
that met our criterian silico, and of the 28 compounds tested experimentally, the
best compound to inhibiNgCysE activityin vitro was compound 2. Doakg

analysis revealed notable -bbnd and hydrophobic interactions between
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compound? and bothNgCysE serine and acet@loA binding pockets along the
length of the compound. Dosesponse analysis of compound 2 showed it to be a

promising inhibitor with an 16 of 13.9 uM.

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 micromolarange, making it one of the better CysE inhibitors reported to
date (Hicks et al., 2022). Although inhibitors that exhibit-subromolar inhibition

have been reported, ensuring that the compound is membrane permeable remains a
challenge, particularly gen the cytoplasmic nature of CysE isoforms, including
NgCysE, (Magalhdes et al., 2021) and is a notorious problem for-Gegative
bacteria (Maher & Hassan, 2023). Therefore, determining the MIC of compound 2
againstN. gonorrhoeads needed to ensure the compound is bioactive and thus a

viable antimicrobial.

As highlighted previously (Hicks et al., 202) vivovalidation of CysE inhibitors

has often been limited in their ability to disrupt bacterial growth. Only recently,
Toyomoto and colleagues showed CysE inhibitio&.iicoli could not only disrupt
bacterial growth, but also deplete intracellular concentrations ofritetdbolites,

as well as increase sensitivity to antibiotics and oxidative stress (Toyomoto et al.,
2023). This work highlights the muitaceted role CysE sersewithin bacteria,
indicating that not only willdenovocysteinebiosynthesis be disrupted by inhibition,

but also resistance to oxidative stress, and existing resistance to known antibiotics.

A caveat of antimicrobial targeting ade novo cysteine biosynthesis is the
possibility of resistance via wuggulation of alternative sulphur acquisition and
assimilation pathways to obtain cysteine (Toyomoto et al., 2023). Sulphur
acquisition inN. gonorrhoeads 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 lackpanters for thiol compounds taurine or
glutathione (8ib et al., 2006). Additionally, glutathione is maintained at
comparatively high levels iN. gonorrhoeag15 mM vs. 5 mME. coli) (Archibald

& Duong, 1986), and given the absence of glutathione importers or the glutathione
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r e c y glutamyl transpeptidase (Takahashi & Watanabe, 200%)onorrhoeae

is reliant onde novobiosynthesis 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 alysg N. gonorrhoeaeas unlikely to develop resistance to CysE

inhibitor making it an ideal organism fde novacysteine inhibition.

Cysteine has also been shown to contribute to virulencH.foreningitidis The
sulphate reduction arm of thde novo cysteine biosynthesis pathway is
differentially expressed upon exposure to epithelial cells Nomeningitidis
(Dietrich et al., 2003; Grifantini et al., 2002; Joseph et al., 2010). Given the large
degree of sequence conservation between Ggsiologuedsrom N. gonorrhoeae
andN. meningitidis(97.8 % sequence identity, six residue differences, Figure 4.7)
and previous research demonstrating egpgies inhibition for CysE inhibitors

(Magalhaes et al., 2020; Toyomoto et al., 2023) hit compounds reported here could

be screened againdimCyst. Considering the essential nature oy&E in
N. meningitidis(Capel et al., 2016; Muir et al., 2020)MCysE is a potential target

for antimicrobial discovery.

In summary, we have demonstrated that strudbased virtual inhibitor screening

is a promising avenue for identifying inhibitorsNgCysE. We report compound 2

to show inhibition ofNgCysE 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 afysk in N.gonorrhoeae compound 2 is a promising
candidate for antimicrobial developmegainst 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.gonorrhoeaewas conducted through a BLASTN search of the complete
N.gonorrhoeaeg e n 0 me s (taxi d: 485) hel d by
Genome Dat alNgCyskicleotide iseggence frolh gonorrhoeae
strain MS11 as a query (RefSeq Accession; WP_025457874.1, locus_tag
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NGFG_RS07905, NC_022240.1:145861459419). Determining CysE presence

in N. gonorrhoeaesolates (24,173 isolates) held in the PUbMLST (accessed Jan
2024) (Jolley, Bray, & Maiden, 2018) was conducted via searching the CysE
sequence fromN.gonorrhoeaestrain MS11 as a query (RefSeq Accession;
WP_003989278.1, (NC_022240.1:1458680169419), NEIS0501) using the
BLASTN search plugn.

4.6.2 Substrate-bound structural model of NgCysE

A hexamer ofNgCysE was generated from symmetry operations on the crystal
structure ofNgCysE (PDB 6WYE). The malate molecules were deleted. Crystal
structures ofYersiniapestisCysk (PDB 3GVD), which contains cysteine in the
serine site, andHaemophilusnfluenzae Cyse (PDB 1SST), which contains
co-enzyme A, were aligned with theégCysE crystal structure at chains A and C
(NgCysE chain names). The cysteine aneenayme A molecules binding in the

A/C interface were extracted from 3GVD and 1SST and merged witigBgsE

crystal structure. The cysteine ligand in the active site was then mutated to serine
in silicoin Maestro from Schrédinger Suite (Schrodinger, 2020e). Thus, a structure
of NgCysE with CoA and serine bound in the active site was generated. This merged
structure was then prepared for retithg using the protein preparation wizard in

the Schrodinger Suite (Sastry, Adzhigirey, Day, Annabhimoju, & Sherman, 2013;
Schrédinger, 2020g). During protein preparation, hydrogen atoms were added,
ionisation states for the ligands were generated using Epik (Greenwood, Calkins,
Sullivan, & Shelley, 2010; Schrodinger, 2020b; Shelley et al., 2007) for pH 72,
and all water molecules were deleted. Hydrogen bond pairs were smotjrand
protonation states of iosable residues were assigned using PROPKA (Li,
Robertson, & Jensen, 2005; Sastry et al., 2013) for pH 8.0. The structure was then
subjected to energy minisgtion, converging heavy atoms to an RMSD of 0.3 A.

An acetyl group was then built onto the CoA molecule, followed by another round

of restrained mininsation, converging heavy atoms to an RMSD of 0.3 A.

The active site model dfigCysE containing serine and aceGoA in the active
site in the A/C interface was further opts®i using Prime refinement (Jacobson,
Friesner, Xiang, & Honig, 2002; Jacobson et al., 2004; Schrodinger, 2020f). Atoms

within 8 A of the serine and acet@loA substrates were minisaid to sample
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conformational changes around the serine and aCetflbinding 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 Schrodinger Suite (Schroédinger, 2020h), to search for
catalyticrelevant 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, Aspl61, serine Bstrate, and part of the acetybA molecule defined

by inserting a hydrogen cap between C6P and C7P on -&efyl The resultant

QM region contained 51 atoms. The QM opsation was set up using the DFT
B3LYP method and lacvp* basis set. The MM region was meachiusing the
Truncated Newton algorithm with a maximum of 1000 cycles, and the QM region

was minimsed with a maximum of 5000 iterations.
4.6.3 Molecular dynamicssimulation of NgCysE

The crystal structure oNgCysE 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 structure¥ erfsiniapestisCysk (PDB 3GVD)
andHaemophilusnfluenzaeCysk (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 iNNgCysE compared to the other two crystal structufgsgn,

all six cysteine and the four NG mol ecu
were extracted from 3GVD and 1SST and merged witiNtiggysE structure. The
cysteine ligands in the active sites were then mutated to gerdileco. Thus, a
structure of the complete hexamemMNgCysE 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; Schrodinger, 2020g). Hydrogen atoms were added, and
protonation states of ligands were assigned using Epik for a pH range of 7+2. The
amino group oterine ligands were fixed to have a +1 charge, and the carboxylate

terminal group of GIn264 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 A of the substrates were minsed using Prime energy minisaition calculation.

Then, hydrogen bonds were optseul, and protonation states of isaldle 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 eacizyme

A molecule, followed by another round of Prime mirsation for acetyiCoA and

residues within 5 A of acetoA and serine.

In this new structure, there were two types of active site conformations: fully
occupied active site (with both serine and ac€tyA) and partially occupied closed
active site (with serine present but the ac&€gA 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;
Schrédinger, 2020a) by adding TIP3P explicit water molecules to an orthorhombic
box. The box size &s set by having a buffer region of 10 A in each of the x, y, z
directions. The box volume was minsad by rotating the enzyme molecule. lons
were added to neutradi 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; Schrddinger, 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

4.6.4 Ligand Library Preparation

Drug-like compounds with neutral charges were retrieved from the ZINC15
database (Sterling & Irwin, 2015). The 3D structures of these compounds,
possessing drulike properties, devoid of reactive groups, chamgatral at pH 7,

and available for purchaseere downloaded from the ZINC15 database (accessed
on 2808-2019). The initially downloaded library comprised approximately 7
million compounds. This compound set was subsequently filtered usinrgsBan
interference compounds (PAINS) filters (Baell & Havay, 2010) and prepared

for modelling in LigPrep (Schrodinger, 2020d), using the OPLS3 force field.
Possible iorsation 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, clmanggeal at pH 7, no
reactive groups, and available for purchase, were downloaded from the ZINC15
database (accessed 0022-06-21) (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 OPLSrtédfield. 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 substratdound active site model was used to generate the receptor grid for
virtual screening. Firstly, the acet@loA 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 entroid 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 A. For the first grid, rotation of the hydroxyl groups on Thr239
and Ser228 fnm chain C was allowed. For the second grid, rotation of the hydroxyl
groups on Serl189 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 al2004)from the Schrodinger Suite (Schrddinger, 2020c)

During the 5 ¢&s MDlengthNgQysEastructore, thd azetyl t he f U
CoA molecule bound in the interface between chains E and F remained stable; thus,

this binding site was used for virtual screening of the taagapound library. A
representative conformation (frame at 3. €
from the equilibrated time period of the MD simulation§3 ¢ s) t o be wused
receptor conformation for virtual screening. This conformation was prepared for

receptor generation using the protein preparation wizard (Sastry et al., 2013;

Schradinger, 2020g)All water molecules were deleted, and hydrogen bond
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interactions as well as protonation states ofsarle residues were assigned using
PROPKA for pH 8.0. Restrained minigation 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 ag8oA and serine ligands
were deleted. The cewtof the grid was defined by the position of acefylA in

the E/F interface. The size of the grid was determined by allowing docking of
ligands with sizes similar to acet{loA. Rotatable groups were allowed for side
chains of Ser189 from chain F and ThrZBom 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 Schrodinger 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 writtenwd 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 MBBSA (molecular mechanics with
generalsed Born and surface area) calculations in Prime (Jacobson et al., 2002;
Jacobson et al.,, 2004; Schrodinger, 2020f). {@HSA binding energies,
representing approximate free energies of binding, were calculated as the difference
between the energy of the digdenzyme 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 posesevefined, and active site residues

within 5 A of the docked compound were minged to optimse interactions.

After further examination of the MMGEBSA 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 A in each of the x, y, and z directions. The box volume was minimized by
rotating the enzymégand comple. Na" and Cl ions were incorporated to
neutralse 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. Bh¢ st em was rel axed usi
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 pEFP8H and expressed
in E. coliBL21 (DE3) with a Nterminal HexaHistagNgCysE was cultured in 1L

ng |

of LB at 37AC and -dhtHieagalastdpyranosida IPTGS{(®7pr o p y |

mM final concentration) once an 8046 OD Asoo was reached. Cultures were left

to express at 37°C overnight (180 rpm) and pellets were stor@D& before
purification. Thawed pellets were resuspended in lysis buffer (50 mM Tris pH 8.0,
200 mM NacCl, 20 mMmidazole) with the addition of one cOmplete Mini EDTA
free protease inhibitor tablet (Roche). On ice, the resuspended pellet was sonicated
using a ¥ 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 uM filtered supernatant was loaded onto a

5 ml HisTragMHP 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. Elutedrptein was concentrated at 3000 xg at 10°C using a
10K MWCO concentrator and loaded onto an analytical Enrich650 size exclusion
column (BieRad) preequilibrated in size exclusion buffer (50 mM Tris pH 8.0,
100 mM NaCl), where it eluted as a single peath\an elution volume of 12.9 mi

consistent with a hexameric oligomer. Protein concentration was measured through

measuring absorbance at A280nm (U = 0.
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stock concentration fddgCysE activity assays and inhibitor screening. All assays

were conducted in size exclusion buffer.

4.6.9 NgCysE activity assays and inhbitor screening

NgCysE activity and inhibitor screening was measured in-aé&bplate format
using a coupled DTNB assay monitoring the formation of CoA producing the
coloured product TNB detected at 412 rirs (14,150 M cm?) (Riddles, Blakeley,

& Zerner, 1983). All assays were collected in 50 mM Tris pH 8.0, 100 mM NacCl
at 25°C with 1 mM DTNB, 0.1 mM acetfloA, 1 mM serine and 1.97 nM of
purified NgCysE, in a final reaction volume of 250 pl, unless otherwise stated. For
inhibitor screening, substrate concentrationsrewékept at or below K
(serineKm=1.21 mM, acetylCoA 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 -preubation of the enzyme with
inhibitors before initiating the reaction with a substrate mix of serine and
acetylCoA. All compound stocks were prepared in 100% DMSO wit0%
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% puritsom commercial vendors ChemBridge, MolPort
and Asinex. Compound 2 was purchased from ChemBridge (Catalogue number
11296740, ZINC15 numbe&tINC11882369)In vitro screening of compounds at
100 uM was collected in the presence of 0.15 mM agebA, 1 mM ®rine. IGo

dose response curves were collected in the presence of 0.1 mMGaAtgnd
0.5mM serine through fitting the data to the Horear regression dosesponse
curvei variable slope (Equation 4.1) using Prism (GRgxh version 10.1.0).

Equation 4.1 Inhibitor vs. responséariable slope
, 0€E€00€EWENOEODOE
() =
(6]
P —
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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 frddeisseriagonorrhoeagNgCysBE). Although the
inhibition we observe for our most potent inhibitor, compound 2, is lower than the
affinity of native inhibitor_-cysteingOldham et al., 2022)he inhibition observed

is within magnitude. The identification of compound 2 demonstrates that
structurebasedvirtual inhibitor screening is a suitable approach for identifying
NgCysEinhibitors. 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 optirsation is needed. As a part of future research, we are going
to conduct medicinal chemistry screening of compound 2 with collaborators,
Dr. Farah Lamiabléulaidi and DrWanting Jiao, at the Ferrier Research Institute
at Victoria the University of Wellington. This work would allow us to conduct
structureactivity relationship studies of this compound, to determine which

functional groups and residues interactions areegkéml potent inhibition.

To compliment the structwactivity 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 withNgCysE will be carried out to
experimentally validate compowiNpCysE interactions. Progress has already
been made in this area, as we sought to identify a new crystallisation condition to
obtain an apoenzymBIgCysE structure without the presence ofntalate to
increase the likelihood of compound 2aystallising in the active site with full
occupancy. Using robot screens we have identified and aptima new
crystallisation condition (withoutdmalate) foNgCysEand have already collected,
processed and analysed a new crydNgCysE structure (Figure 4.9 with
comparable resolution (2.05 A) to our originahialate structuresed for virtual
inhibitor screening6WYE, 2.01 A).This new crystallisation condition will be
suitable forco-crystallisatioisoaking 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 apoenzymdgCysE model toNgCysE malate
structure (6BWYE)NQCysE crystallised as a homohexamer with chains displayed
as cartoon. Alignment of apoenzymigCysE (orange) tiNgCysE 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 ag€@bA binding site residues
amongst Cysk bacterial homologues particularly amongst Proteobacteria
membergFigure 4.7. Cross species inhibition between highly similar isoforms is
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possible and the screenimgvitro against one isoform and testing for bioactivity
against a different species has been used to succesdénlyfy CysE inhibitors
(Toyomoto et al., 2023Additionally, 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 withvitro inhibition (Magalhaes et al., 2020).
Given that we have established a protocol for expression, purification, and
characterisation of Cysénhzymes in our lab, we are wsllited for characterisation

and inhibitor screening of other bacteri@ysE 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 anditro inhibitor
screening. In additionn vitro screening of our hit compound libraries reported in
this thesis chapter could be screened against @gelE isoforms, particularly
those with high degree of similarity. As mentioned above in the manuscript
discussion, given the high degree of sequence similarity betiwe€lysk and
NgCysEthiswould be a welsuited andidate and would be a natural extension of
this work. Furthermore, considering the differences inghi@hurassimilation
pathways betweeiN. gonorrhoeaeand N. meningitidis (Hicks & Mullholland,
2018),the biochemical anoh vivo characterisation dimCysE particularly given

the essential nature afysEin N. meningitidis would help elucidate the role of
denovocysteine in pathogenideisseria.

4.9.2 Characterisation of Neisseriagonorrhoeae cysknockout strain

In vivo characterisation of an antimicrobial target is essential for drug target
validation and succes€ysEis encoded by theysEgene inN. gonorrhoeaeand
was identified as an essential geneNngonorrhoeaeMS11 by a transposon
mutagenesis studjrRemmele et al., 2014Assuming the essential natureaySE

to be correct, we set out to createyaEdepleted strain fotysEcharacterisation.
We initially designed a construct where the natoysE promoter would be
swapped with a tetracyclinreducible promoter along with the tetracycline
repressor and a kanamycin selection marker (taken from plasmid p{fR68sey,
Hackett, Kotha, & Dillard, 2012). Given the natural competendy.gbnorrhoeae,
piliated N. gonorrhoeaewasstreaked through spotted DNA on gonococcal broth
(GCB) agar supplemented with Isovitalex (1% final volume, containgsteine

and L-cystine) and anhydrotetracycline (20 nginfollowing an adapted spot
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transformation protocol (Dillard, 2011However, 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 thgonorrhoeae
genome (Tobiason & Seifert, 200the integration might have occurred in only
some chromosome copies. Furthermore, these colonies were not amenable to
freezethawing and were not revivable from glycerol stocks and so efforts were

made to find alternative strategies for generatingsEdepleted strain.

Our second attempt involved creating cgsE depleted strain through first
introducing a copy ofysEunder 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 betwigan(immunoglobulin A
proteaseandtrpB (tryptophan synthase beta chain) used for complementation
(Ramsey et al., 2012nd then subsequently knockaysE from the native site

with a different resistance marker (KanR, kagaim). We chose to complement

by insertingcysEinto the chromosome as replicating plasmids are unstable for
N. gonorrhoeae(Dillard, 2011).cysEwas amplified from gDNA isolated from

N. gonorrhoeaeMS11 and cloned into the pKH37 plasmid for spot transformation.
This method proveduccessfuland we were able to delete the genomic copy of
cysEfrom theN. gonorrhoeaéMS11 induciblecysEstrain(Ramsey et al., 2012).
Additionally, our attempts to knockoaysEfrom wildtypeN. gonorrhoeaeMS11

were unsuccessful and correspondence with Dr. Linda Hu based in Professor Hank
Seifertds | ab at Nort hwestern University
cysEfrom the N. gonorrhoeaeFA1090 strain. Interestingly, we report that this
cysEinducible knockout can grow in the absenceeysgEinduction by IPTG on

GCB agar. This could be due to one of two reasonsgydfis 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
requirementgBulut et al., 2012pr (2) due to the leaky nature of tlae promoter

in the absence of IPTG thereagsEexpression which is able to meet fgsE

levels needed fdx. gonorrhoeaggrowth. Overall, given our inability to knockout
cysEfrom WT N. gonorrhoeaeMS11, future work will involve creating a new
cysEdepletion strain. This will involve the same strategy ofqgoeplimenting 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 meastysEexpression throug@ysElevels

using western blots. Overall, this is an excellent starting pointirfovivo
characterisation oNgCysE and a cysk depleted strain will be crucial for

understanding the role of/sEin N. gonorrhoeae
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Chapter Five: Distribution and diversity

of serine acetyltransferases from bacteria

5.1 Preface

This chapter reports our investigations into thieylogenetic distribution of
truncated serine acetyltransferases (CysE) in bacteria. We demonstrate that the
truncated CysE isoform has a consistenteNninal truncation of the first four
Uhel i c e serninkl serife ecetitransferase domain (IPR@221Further,

we show the truncated isoform is the dominant isoform for Grasitive bacterial
species, while the fulength CysE dominates Proteobacterial members. Lastly,
using sequence similarity networks we report individual clustering of CysE
sequepe into fulllength 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 Bioinformati@iley). 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 alblons. 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 acetyltransferd8espared for

submission)

5.1.1 Author Contributions

As first author, | was responsible for setting research questions and the scope of this

article. Further, |1 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
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supervision, funding acquisition, as well as manuscript drafting and editing. The

associated cauthorship form can be found in Appendix D.

The curious case of CysEdiversity and distribution of serine

acetyltransferases

Keely E.A. Oldharh? Emily K. Grout, Adele Williamso#R, Joanna L. HicKs

Te Huataki Waiora, School of Health, University of Waikato, Hamilton, New Zealand
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KEYWORDS

Serine acsaftransferase, Cysk, SAT, truncation, hexapeptide repeat, cysteine
biosynthesis

5.2 Abstract

Serine acetyltransferase (CysE) is a member of thehleftn d -belix femily of
acetyltransferases that catalyses the rate limiting step imleéheovocysteine
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 Nterminus 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, Wi the truncated isoform prevalent in Grpwsitive bacteria

and the fullength isoform prevalent in Gramegative species. Moreover, we
demonstrate that the truncation is discrete with the loss of faerminal alpha
helices conserved amongst this isoform. Using predictive modelling we
demonstrate that this truncation likely weakens the CyskE hexamer, leading to a
trimeric form instead of the canonical CysE hexamer. This expands our
understanding of CyskE enzymes andrtdestribution across bacterial species, an
important consideration given the increasing interest in targeting Cysk enzymes for

potential antimicrobials.

5.3 Introduction

The de novobiosynthesis 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,-tysteine feeds into the synthesis ofawyme 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 Lcysteine begins with the active transport of a sulphur donor, either
sulphate or thiosulphate, into the cell through an ABDsporter. Sulphate is
successively reduced to sulphide which is incorporated into cysteine whereas
thiosulphate idirectly used for the synthesis of cysteine. The-step cysteine
biosyntheic pathway begins with the enzyme, serine acetyltransferase (SAT; CysE,
EC.3.2.10) which catalyses the acetylation o&drine, producing pathway
intermediateD-acetylserine. In the second st€pacetylserine either undergoes a
condensation reaction with sulphide catalyseddegcetylserine sulphydrylase
(OASSA; CysK) or thiosulphate catalysed Wy-acetylserine sulphydryladg
(OASSB; 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 bgysteine (Hindson, 2003),

and thetwo enzymes in the pathway, Cysk and CyskK, form the cysteine synthase
complex (CSC) consisting of one CyskE 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 intermediat®-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 sulph@electively 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 alphalical Nterminal serine acetyltransferase

domain (IPR042122, serine acetyltransferas¢emhinal domain superfamily)

which is unique to CysE enzymes and de@ninal lefth and&a@é !l bx (LbH)
domain (IPR011004, trimeric LpxhAke superfamily) formed thragh the presence

of a conserved hexapeptide repeat [l-[GAED]-X>-[STAV]-X and is shared

with other members of the LpxA acetyltransfergftetz & 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 i s uni que t o CysE,

acyltransferase family adtipg a trimeric configuration (Raetz & Roderick, 1995).
The CysE active site is formed within an inteonomer cleft within the trimer and
consists of highly conserved serine and ae€tyh binding residues. The serine
binding pocket contains a catalytigadl consisting of a histidine and an aspartate
(His158 and Asp9Z:. colinumbering) that together catalyse the transfer of the
acetyl group from acetyCoA to the serine substrate via a random ternary complex
mechanism (Hindson & Shaw, 2003; Pye, Tingey, Robson, & Moody, 2004).

Recently, research characterising bacterial CysE homedolgas 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 characteribatigs s
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 oft&iminal SATase domain for hexamer
assembly (Gorman & Shapiro, 2004; Pye et al., 2@@fruncation is likely to
impact the oligomeric species that CysE can adopt. The growing interest in
targeting thele novacysteine 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 adversity of CysE isoforms across the bacterial
kingdom. We identify the presence of two distinct CysE isoforms, defined by the

| e n gt h-hetichl Ntefmaal SATase domain. We demonstrate that the isoform
wi t h a t-helical ;egian ésdhe predanant isoform for Granspositive
bacteria and is largely absent from Graegative bacteria and explore the
relationship between truncated and elhgth 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 exarthe 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 fullength bacterial CyskE isoforms. Sequences for-lénbth

isoforms from crystal structures within the protein data bank (PDB)
(Escherichiacoli (EcCysE) Brucellaabortus(BaCysE) Salmonellayphimurium

(SICysE), Haemophilusnfluenzae(HiCysE) Neisseriagonorrhoeae(NgCysE)

Vibrio cholerae (VcCysk) and Yersiniapestis (YpCysE)) and characterised

truncated CysE isoform$&{aphylococcuaureus(SaCysE) (Chen et al., 2019) and
Mycobacteriunmtuberculosis(MtbCysE) (Qiu et al., 2013)) were retrieved from

UniProt. Sequence comparison of the truncated CysE isoforms tterigth

sequences, revealed a good alignment of theeCr mi n a | LbH domain (I
including hexapeptide repeats and active site residuigsir@=5.1). Whereas

alignment of the Nerminal SATase domain (IPR042122) demonstrated the
absence of -htenlei d@is) s(tdHtHrminklrdonlin irBaCysE and

MtbCysE isoforms CysHkFigure 5.1 and Figure 5.2) shortening the length of the

N-t er mi nal SATase domai n f r ohelices (ga6t (~14
residues) resulting in a loss of ~76 residues for these truncated isoforms.
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Figure 5.1 Structural comparison and MSA of 4elhgth and truncated Cysk
isoforms. (A) MSA of characterised CysE bacterial isoforms. Secondary structure
annotations above and below MSA, correspond to representativierfgth
isoforms of CysE frontk. coli (EcCysE; PDB 1T3D) and representative truncated
CysE fromS.aureus(SaCysE; AlphaFold model APP6766F1, no experimental
structure available), respectively. Strictly conserved residues are highlighted in red,
partially conserved residues are highlighte red text and repeats are highlighted
with blue boxes. Catalytic dyad residues Asp92 and HisEs€\SE residue
numbering) are annotated with blue stars. Species used in K184l (POA9D4,

PDB 1T3D), Brucellaabortus (AOAOF6ARG9, PDB 4HZC),
Salmonellayphimurium (AOAOD6I3Y9, PDB 7E3Y), Haemophilusnfluenzae
(P43886, PDB 1S80), Neisseriagonorrhoeae (Q5FX0, PDB 6WYE),
Vibrio cholerae (Q9KNT2, PDB 4H70),Yersiniapestis (AOA2U2H3H7, PDB
3GVD), Mycobacteriumuberculosis (P95231, no structure available) and
S.aureus(P67766, AlphaFold model AP6766F1). MSA created using ESPript
3.0 (Robert & Gouet, 2014).
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A Asp92 His158

Eccyse [ iPRoaz122 TN ROASSOS N cermiessst |

273 1-142 140-240 241273

Asp16 His82
SaCysE IPR042122 rcitiieckin
213
1-66 67-170 171-213

SaCysE Aligned

Figure 5.2 Structural alignment of truncated andirigth CysE isoforms. (A)
Schematic of domains f&cCysE andSaCysE homologues. fierminal SATase
domain (IPR042122) is coloured blue, {bfta n d-bketix (IBR045304) is

coloured green, and thetCe r mhalieal tail & coloured orange. Residue
domain ranges are noted below respective domains. Catalytic dyacesesrdu
indicated with yellow lines. Domain lengths are not drawn to scale. (B)
AlphaFoldpredicted model of th8aCysE monomer (colouredabed on scheme

in A) and the crystal structure BECysE (PDB ID 1T3D) indicateEcCy s £ U
hel i clés) (dJrle shaded in dark blue for clar
PyMOL of theSaCysE (coloured) anBcCysE (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 tBe&CysE monomer from the

AlphaFold database. THesCysE monomer was predicted with high confidence

(Figure C.1) and structural alignmentRdCysE to the fullength isoformEcCysE

showed good alignment of the LbH domain
with the except i enalices, indicatingstruntural sonsergation o ur U
of the aligned regions (Figure 5.2). Additidiga both the MSA and AlphaFold

mod el i dent i fi-kelix inate Geermioah ik it ¢hd trubkated

isoforms SaCysE andVitbCysE) compared to the fdikngth isoforms (Figure 5.1

and Figure 5.2). The @rminal tail is welldocumented 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 -@rminal isoleucine critical for forming the cysteine
synthase complex is present in b8#CYsE andMtbCysE but the effect of extended

C-terminal tail oncomplex formation has not been explored.

5.4.2 CysE truncated isoforms cluster independently fromfull -length

isoforms

The taxonomic distribution of CyskE sequences reflects the conservaten@io

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 equences are bacterial (Figure C.2). The taxonomic distribution of
CysE reflects the observation tlist novacysteine biosynthesis is walbnserved

across a wide range of ladal phyla (Kredich, 2008). Thde novocysteine
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
reportedto use an alternate tRNdependent SepRs/SepCysS pathway for cysteine
biosynthesis (Sauerwald et al., 2005), some archaeal methanogens have been shown
to contain Cysk and CysK isoforms (Kitabatake, So, Tumbul&o&, 2000)

(Figure C.2).

To determine the similarity between truncated andlémyth CysE isoforms, SSNs

were generated using the HEET server. Sequences containing théefinal
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 5276 or 130166 residues (Figure C.3). This distribution is consistent with

the observed domains sizes for truncated andldnlith isoforms respectively

(network details are summarised in Table C.2).
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The initial SSN contained 5095 repnodes (1765 truncated and 283@nigih
repnodes) and produced two large clusters (Figure 5.3A). The majority of singleton
nodes are from metagenome sequencing or are candidate phyla. Cluster Il (1181
repnodes) was coroped almost solely of alpha and gamma proteobacterial species
and primarily contained homogenous fidhgth sequences (Figure 5.3).
Contrastingly, the largest cluster (Cluster I, 3914 repnodes) contained a mixture of
both truncated and fulength sequeres. The majority of fullength sequences in
Cluster | belong to Bacteroidota and Bacillota phyla and the Betaproteobacterial
Burkholderiales order Figure 5a&nd 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 fl#hgth predominantly proteobacterial
isoforms in Cluster Il, and might suggest that thesguences 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 betwéén 62
residues (Figure 5.3B). The majority of the sequences cluster into a single group
(Cluster A) with anedge 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 dbegnching nature of

this phylum. Additionally, Cluster A meorks 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 ITB¢ majority of
truncated isoforms sequences cluster by phyla, which is consistent with the vertical
inheritance otyskE
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Figure 5.3 Repnod&equence Similarity Network of bacterial CysEteédminal
SATase domain (IPR042122). (A) Sequence clusters have a seiimiiagty

edge cutoff of 17% (Repnod®%). Sequences were filtered to have an SATase
domain that was between-886 residues long to include both truncated fad

length isoforms. Nodes are coloured based on IPR042122 domain length, with
truncated (62/7) and fulllength (129166) forms, coloured orange and green,
respectively. Sequences that have an intermediate SATase domain lent@8)78
are coloured blue. (B) Clusté& 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 afithed 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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5.4.3CysE truncated isoforms are the prevalent isoform in

Gram-positive species.

To visualse the phylogenetic relationship of Cysk, 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 fothe 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 iTOI 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,
Bacteroisbta, 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, Fusaiterota and Deinococcota. Given the lack

of a de novocysteine biosynthesis pathway for Chlamydiota members (Yang,
Rajeeve, Rudel, & Dandekar, 2019), the absence of CysE is expected. Interestingly,
both Deinococcota membefdermus thermophilusndDeinococcus radiodurans

and the Aquificota speciegsquifex aeolicusdid have an annotated CysK in their
genomes (Ramoneda, Jensen, Price, Casamayor, & Fierer, 2023), but no CysE
present. Additionally, several members of Haetobacillusgenus did not have an
annotated CysE, but studies have shown thatA homoserineO-succinyl
transferase fronLactobacillus case{(Bogicevic et al., 2016and Lactobacillus
acidophilus (Bastard et al., 2017have serineD-acetyltransferase activity, and
likely fulfils the role of CysE in these species. The-falhgth CysE isoform was

the most prevalent isoform for Chloroflexota, Fibrobacterota, Planctomycetota, and
Proteobacteria (alpha, beta, and gamma) except for aettaepsilon members
(Helicobacter spp. Wolinella succingenes 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 CyskE isoforms from the
Mycobacteriaceae family and demonstrate presence of a truncateanidal

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 incllular localsation,
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 copystf
irrespective of isoform type (Table C.4). Only a handful of species (8/151, 5.3%)
had two or morecysE copies per genome includifgibrobactersuccinogenes
Thermotoganaritima,  Gloeobactewiolaceus  Nostocsp. PCC 7120,
Geobactesulfurreducens Rhodopseudomongsilustris
Bacteroideghetaiotaomicron and Synechococcuslongatus
Bacteroideghetaiotaomicronand S. elongatusspecies contain both a fuéngth

and truncated isoform. Intriguingly, the fléingth CysE isoform harboured 8y
elongatuds encoded on a plasmid (Figuwse)). Thisisoform contains an extended
SATase domain when compared to Proteobacterial isofoFatde C.4). As seen

for eukaryotes, multiple CyskE copies within an organism have been shown to
exhibit different biochemical characteristics (Yi et al., 2013) and could offer a

fithess advantage for these bacteria, such.@®ngatus

Overall, the distribution of truncated and fldhgth CysE isoforms across the iTOL

tree species is consistent with SSN observations. One curiosity is the wide
distribution of fultlength isoforms for ITOL species from Planctomycetota,
Fibrobacterota, Baeroidota, Chlorobiota and proteobacteria phyla. To investigate
the phylogenetic relationship between theselénpth isoforms we constructed a
maximum likelihood tree using a trimmed alignment of both therinal SATase
andthe@ er mi nal Usindh selestioraof GysE sequences from bacterial
iITOL 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 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 transfAdditionally, a
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maximumlikelihood 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 traesing truncated isoform sequences (Figure C.5), is

likely due to sequence dissimilarity between these isoforms.
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Figure 5.4 Annotationf iTOI tree bacterial species with CysE isoforms (Ciccarelli

et al., 2006). The truncated and fldhgth isoforms are annotated with orange and

circles, respectively. The 20 major bacterial phyla are annotated as in (Ciccarelli et

al., 2006). Cysk wasneoded on the chromosome for all bacterial species except

Rhodopirellula balticaand Synechococcus elongatudich harbours a plasmid

encoded CysE. Bacterial species with no Cysk isoform identified and the
eukaryota/archaea domains are collapsed for clarity.
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5.4.3 Truncated CysEisoforms 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 im silico modelling tools can provide insight into

possible oligomeric species. Homology modelling of the truncated Cys monomer

has been successfully used for screening inhibito&aGYsE (Chen et al., 2019)

and MtbCysE (Gupta & Gupta, 2021). Additionally, alignment of truncated and
full-length monomer models shewtrong structural conservation oftéfminal

SATaseand @ er mi n al LbH domains (Figure 5.1 a
used AlphaFoleMultimer (Evans et al., 2022; Jumper et al., 2021) via ColabFold

(Mirdita et al., 2022) to determine the oligomeric stateSaalysE.

Predictive modelling was used to bubdth trimeric and hexameric models for
S&CysE. For modellinghe SeCysEhexamer, sibx8a&CysEmonomeric chaingl,278
residues)were supplied as input and thr&eCysE chains (639 residuesyvere
supplied for modelling th8aCysEtrimer. Thehexamer 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) wenelaxed using AMBERHornak et al., 2006) and used

for downstream analysis (Figure 5.5A and Bamachandran analysid 1278
residues of th&aCysE hexameshowed 90.8%f 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 stereochemistifhe hexamer additionally showed confident
scoring (pLDDT 85.9, pTM 0.835, iPTM 0.82%)r all chains(Figure C.6). The
domainspredicted with thénighest confidencareN-t e r mi n a | SATase an
domains (pLDDT > 90JFigure 5.5A).The SaCyskhexamer is composed of two
trimers, with thredold symmetry andvere orientated with the-éérminal SATase
domains facing eaclother forming an apparent hexamenhowever manual
inspectionof the hexameric interfagevealedhe presence aashng nonbonded
contactdetweerpolar residuesimers which remained despite repeated attempts
at relaxation(Figure 5.5A).Conversely, the SaCysE trimer was predictath w
greater confidence than the hexanGetDDT 87.4, PTM 0.839, iPTM 0.835)
(Figure 5.5B and inspection of the monomeronomer interactions for tf&sCysE
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trimer are similar to those seenbtCy sE (0. 6 32 R-0&Bbans).f or
| nt er e s t-heficgl ktays inboth BaEysHmoded interact with each other to

f o r m -halical cbil, but this is predicted with low confidence and should be
interpreted with caution.

The surface charge of a protein is critical for profaiotein interactions, with
perturbations in charge being detrimental for complex formation. To investigate the
clashingnonbonded contacdaCysE hexamer residues an electrostatic surface map
was calculated for both the SaCysE hexamer and trifter Nterminal SATase
domain surface of th8aCysHErimer involved inhexamer formatioronsists of a
largely uncharged surfacerhich contrasts with the equivalent surfac&oCysE
(Figure 5.5C)However, tle SaCysE trimer contains a series of positively charged
residues thaéncircle theoutward edge of the trimer surface, which are the same
non bonded contacesidues identified in th8aCysE hexame(Figure 5.5C). A
positively charged trimer surface is also observed for the trunktbéeysE 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 isoformMtbCysE (Rahisuddin et al., 2024). line absence of a
crystal/cryeEM structure, the authors used AlphaFold and were only able to model
the MtCysE trimer, consistent with o@aCysE modelling. Therefore, we predict
that SECysE 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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B Very high (pLDDT >90)
™ High (90> pLDDT > 70)
Low (70> pLDDT > 50)

1
Very low(pLDDT <50)

SaCysE EcCysE

Figure 5.5 Electrostatimap of predictedhultimeric model o5aCysE (P6776). (A)
Colald~old predictedSeCysE hexamer(B) Colald~old predictedSaCysE 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 8#CysE andEcCysE hexamers and
trimers (PDB 1T3D). Protein surface is coloured red to bli&{/e to 5 Kt/e).

In summary, using predictive modelling we demonstrate $a@ysE is likely to

form a trimer in solution. Given the importance of the CysE hexamer for cysteine
synthase complex formatigBenoni et al., 2017)t is unlikely that theSaCysE
trimer can form the CSC with CysK frons.aureus Conversely recent
characterisation of the truncatddtbCysgE showed that CSC formation was
observed for theMtbCysE hexamer, but unexpectedly the complex led to a
reduction in activity of botiMtbCysE andMtbCysK, which is at odds with all
published CSC data to dat@enoni et al., 2017; Kumaran, Yi, Krishnan, & Jez,
2009; Mino, Yamanoue, et al., 2000)). This observation reggct the presence of
alternative pathways for cysteine biosynthesis that can bypass Cys$E in
tuberculosis(Rahisuddin etl., 2024).These findingsuggest thaBaCysE might

be able to form the cysteine synthase complex, given presence aititted C-
terminal residue is an isoleucifiéigure 5.1) (Mino, Hiraoka, et al., 2000), but is
reliant whether it can formtaexamerUltimately, experimental characterisation of
S&CysE is needed to observe the oligomeric states adopted in solution and its ability
to form the cysteine synthase compleskich will in turn help elucidate the role of
these truncated isoforms in cysteine biosynthesis.

5.5 Conclusions

Serine acetyltransferases catalyse the first step indéh@ovobiosynthesis of
cysteine and act as a key point of pathway regulation. Here, we report that bacterial
CysE isoforms can be categsd into two distinct groups, defined by the presence
of a full-length or a truncated-érminal SATase domain. Furthermore, we report
that this truncation is structurally discrete, with the loss shortening-tieenNnal
domai n f r om -helices Weé demamstréteothat the truncated isoform is
the predominant isoform amongst Grpositive bacteria, while fullength
isoforms dominate Proteobacteria. Through structural analysis we predicted the
truncation would favour formation of a trimer. Overéijsed on these findings it

is clear that the loss of thettdrminal 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 eslee to elucidate the
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biochemical differences between fidhgth and truncated isoforms and their

respective roles ide novccysteine biosynthesis.

5.6 Materials and Methods

5.6.1 Multiple Sequence Alignments

Sequences were retrieved from UniPrbttgs://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 (EFEST) server (database version 2023 _03/97,
UniProt 202305) (Oberg, Zallot, & Gerlt, 2023; Zallot, Oberg, & Gerlt, 201B)e

initial network was generated using the families option (option B) using the InterPro
domain IPR042122 (Nerminal SATase domain) and UniRef90 cluster IDs (39,897
AFul I sized Vvs. 15,804 Uni Ref90 seqguence
length of he IPR042122 domain.fiProtdefined fragments were excluded. The
network was taxonomically filtered to include only bacterial sequences. The SSN
edge Evalue calculation was set to 5, with a protein family size fraction of 1. For
the Repnode 60 netwaqrthe alignment score was set to 17. Fsadion 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 edfje cut

5.6.3 Generation ofiTOL tree and Phylogenetic Tree Bilding 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
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(Ciccarelli et al., 2006) and confirmed to have an annotatéefinal 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.ukaccessed January 2024). For species witflCysE

sequence present in UniPratcombination 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 iTOI figure was generated using the sE@ler (Letunic & Bork,
2021).

The phylogenetic tree was created for all CysE sequences that were found in iTOL

tree bacterial species. BLASTP with Cysk frddagonorrhoeaeas a query

sequence was used to search against bacterial iTOL tree species in the NCBI
database. Where present, a CyskE sequence was retrieved for each iTOL species.

The protein sequences containing théeNminal SATase domain (IPR042122) for

building the CyskE phylogenetic tree were retrieved from UniProt (Consortium,

2022) and multiple whole sequence alignment wadopmed using MAFFT

(multiple alignment using fast Fourier transform) (Katoh & Standley, 2013).
Alignments were visualised using Geneious (2020.0.5) and trimmed manually
removingthe@ er mi nal al pha helical tails (down
trimmed sequences containing both the SATase domain (IPR042122) and the
conserved LbH domai n (1 PRO45@uederz, f or t
SillaMartinez, & Gabaldén, 2009). fDREE (Nguyen, Schmidt, von Haeseler, &

Minh, 2014) was used for tree buildingdamodel 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 mod@REE was acessed 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 {ttps://github.com/YoshitakaMo/localcolabfpldon a NVIDIA
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GeForce RTX 3060 (Mirdita et al., 2022). Sequence alignments were generated
using mmsegs2_uniref_env in unpaired_paired mode. Templates were used in
prediction (PDB100) and models were built with five recycles. For multimeric
prediction the model alphafd@dmultimer_v3 was used. For building t8eCysE
hexamer six CysE amino acid chains were supplied as input and three chains were
supplied for building th&aCysE trimer. All models were relaxed using Assisted
Model Building with Energy Refinement (AMBER) aspart of ColabFold (Case

et al.,, 2005). PROCHECK (Laskowski et al.,, 1993) was used to perform
Ramachandraranalysis of models and was accessed via the PDBsum server
(Laskowski, Jabgo®Eska, Pravda, VaSekovs§g,
calculated for ColabFold models using the Adaptive Poigsgtzmann Solver
(APBS) plugin in PyMOL using default setjs (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 wdepth analysis of serine acetyltransferases
(SAT/CysE) across bacteria and provides insight into the distribution and diversity
of CysE isoformswhereas 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 ide novccysteine 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 CyskE. Previous work has performed kinetic characterisation of the
truncated isoforms, hower limited biophysical data is published at time of writing
with only the characterisation of CysE frdvh tuberculosigas discussed above)
(Rahisuddin et al., 2024Qur research group is expanding into the characterisation
of the de novocysteine biosgthesis pathway ifstaphylococcusureus as this

organism has lost the sulphate reduction arm but has retained a CysK and truncated
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CysE &aCysE)homologue (Lithgow, Hayhurst, Cohen, Aharonowitz, & Foster,
2004), which draw parallels to the cysteine biosynthesis pathway present in
N. gonorrhoeadHicks & Mullholland, 2018)As an extension of this thesis, | have
conducted preliminary work into the biophysical characterisatideB/sE. 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 Xay crystallography to dermine the SaCysE crystal structure.
Additionally, although kinetic data is available for truncated isofq@en et al.,
2019; Qiu et al., 2014; Qiu et al., 2013; Rahisuddin et al., 26&2)lation by
cysteine has not been determined. Given the presence of an extetededr@alU-

helical tail seen for truncated isoforiffsgure 5.landFigure 5.2, and the key role

of the tail in feedback inhibition as seen in cysteine bound crystal stru@@yes

et al., 2004; Toyomoto et al., 2028)is extended thcould impact the sensitivity

to cysteine inhibition. To measure cysteine inhibition, desponse and mode of
inhibition curves will be collected using a direct 232 nm method that is already
established for measuring CysE actii@ldham et al., 2022Y.ogether, this work
would provide the first biophysical characterisation SHCysE and the first

characterisation of cysteine inhibition of a truncated CysE isoform.

Preliminary work has already been completedSeCysE characterisation. Our
cloning and purification methods were adapted from Chen and colle@juss et

al., 2019). Cloning of CysE fror8.aureusMW2 (BA000033.2:56109561732,
639 nucleotides, 213 residues, ordered as a synthetic gene) into pEtR&ing
restriction sites Pstl and Xhol to express 88&€ysE with a Cterminal Histag.
Cloning was verified using sequencing and transformedintmli BL21 (DE3)

for protein expression. However, despigpeated optimisation attempts, including
recloning with a Nterminal Histag, temperature and detergent screens, efforts to
express and purify solubBaCysE have been unsuccessful. Given that previous
work by Chen et al. (2019) demonstrated sollBdeysE expression is possible,
cloning into different plasmids and transforming ifio 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 theHe#& n d-betix family of
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acyltransferase@Raetz & Roderick, 1995)owever to date there is no literature
examining the evolution of CyskE enzymes. In this thesis, we have highlighted the
existence of both a fulength and truncated CysE isoform, however it is unclear
what the ancestral form resembled and the evolutyoimajectory 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. Theuscess of this strategy may be constrained by low sequence
similarity between truncated and fldingth isoforms. Alternatively, determining

the origin of the fullength isoform is a better candidate for investigation, given
the higher degree of sequenamnservation between fiiéngth species.
Additionally, research has revealed an unexpectedly high degree of sequence and
structural similarity between plant and féingth bacterial isoformgreon, Yoo,
Takagi, & Kang, 2018)it is possible that this sitharity 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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Chapter Six: Conclusion and Future

Perspectives

6.1 Thesis Summary

Neisseriagonorrhoeaas the etiological agent of the sexually transmitted infection,
gonorrhoea. The rapid emergence of antimicret@aistant strains has resulted in
resistance to every class of antibiotic used for frontline treatment (Unemo & Shafer,
2011). The emergencef ceftriaxoneresistant 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 déthevo
cysteinebiosynthesis 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 Gragative and
Grampositive pathogens. This thesis demonstrates my work to characterise and
use structurdased virtual inhibitor screening for the cysteine biosynthetic enzyme,

serine acetyltransferase fradeisseriagonorrhoeagNgCysE).

We hypothesised thalNgCysE was a promising target for antimicrobial
development, given the stressful host environment (Seib et al.,, 2006) and the
essentiality otysE(Remmele et al., 2014). AdgCysE was uncharacterised, the
collection of kinetic and structural data folgCysE was essential for using
structurebased virtual inhibitor screening to identifigCysE inhibitors. To allow
NgCysE characterisation, methods for expression and purificatidg@fskE were
optimised. Using our purificatiomethodswe were able to produdegCysE 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 th@gCysE had serine acetyltransferase activity. To
characterise the kinetics dfigCysE, MichaeligMenten activity assays and
inhibition assays were collected. The Michadlisnten assays demonstrated
NgCysE had comparable activity to characterised bacterial homologues. Through

the collection of inhibitory dose response and mafdahibition assays we show
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that NgCysE is sensitive to feedback inhibition bycisteine, and show that
cysteine is a competitive inhibitor relative to both substrates; serine and acetyl
CoA. Overall, these results show that CysE fildngonorrhoeads 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 showNdaysE

elutes as a hexamer. These findings are supported bys®&IC angle Xray
scattering (SAXS) data where onl\NaCysE hexamer species is observed with no
smaller oligomeric species present. Overall, we showNb@ysE exists solely as
hexamer in solution which is castent with characterised fdiéngth CyskE

homologues.

To identify NgCysE inhibitors we employed the strategy of struchased virtual
inhibitor screening, which required a highality atomic structure oNgCysE.

Using recombinanNgCysE an optimal crystallisation condition was identified
resulting in the collection of a 2.01A dataset. Model refinement revaaegisE

had crystallised as a homohexamer witB fild symmetry. The hexamer was
assembled through the interaction of two trimers via the &r mi-heledl U
SATase domain. Each trimer was formed through interactions of both the
N-t e r miheliaal SATase domain andt€rminal leth anded b hel i x do
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 @erminal tails, which are often absent in crystal structures given
their flexihlity (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. ExaminationNgCysE revealed
supportirg density for active site residues and the presencenoélate, which was
present in the crystallisation condition. Crystallisation of a seddg@ysE
structure with Lserine bound, reveals shared interactions of bethalate and

L-serine, but only tserine interacts with catalytic dyad residue His162, which
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reflects that Eserine is a native substrateNgCysE. Overall, we have shown that
NgCyse has a hexameric oligomeric structure consistent with serine
acetyltransferases and our-ntalate structure is of sufficient quality for

downstream inhibitor screening.

To conduct structurbased virtual inhibitor screening thigCysE structure had to

be prepared for library screening. TiNgCysE structure underwent model
relaxation and water removal. The screening of a commercially availabMildrug

and a large molecular compound library was conducted, producing a total of 48 hit
compounds of which 28 were ordered for screening. To testHdntory activity

in vitro, a DTNB-coupled assay was adapted for high throughput plate screening
of inhibitors againsNgCysE. Thkein vitro screening of inhibitors demonstrated the
best inhibitor was compound 2 producing aeol8 13.9 uM, making it one of the
most potent CysE inhibitors published to date. Analysis of docking interactions
between compound 2 ah#iCysE shows key hydrogen bonding interactions along
the length of the compound with both aceBdA 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 targgilhur metabolism
pathway inanyNeisseriaspecies. This thesis demonstrates that the targeting of the
de novaysteine biosynthesis pathways is a promising source of new antimicrobial

targetsN. 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-tBrminal truncation for CysE homologues from
MycobacteriunmuberculosisandStaphylococcuaureus(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 follongugstions:(1) does the
truncated isoform appear in other bacteria and is this truncation consistent, (2) what
is the phylogenetic relationship between truncated andefudth CysE isoforms

and (3) what are the consequences of this truncation on the oligom&iofsta
CysE. We show that truncated CysEs are widespread and are the predominant form
for Grampositive bacteria. Through generating sequence similarity networks for

CysE we show that truncated isoforms bear more similarity tdefiodjth isoforms
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from Grampositive bacteria than Proteobactefaedictive modellingsuggests
that the truncation would prevent likely assembling oBa&ysE canonical
hexamer, however we could predict confidently t8afysE 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 Cysk enzymes.

6.2 Future Perspectives

Future perspective sections are available at the end of each chapter under the
heading AFuture Directionso. Additional

following sections.

6.2.1 In vivo characterisation of cyskEin Neisseria gonorrhoeae

As mentioned in the previous section we have biochemically characterised
NgCysE and show it to be a functional serine acetyltransféenagé&o, however

in vivo characterisation is crucial aspect of determining the rolRg@ysE in

N. gonorrhoeaeAs a part of future work, we plan to examine the effects of CysE
depletion orN. gonorrhoeaausing acysEknockdown 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 straof (vhich 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 carriedout using a cysk knockdown strain to determine the

fundamental role dNgCysE in both cysteine biosynthesis and pathogenicity.

The cysteine biosynthesis pathway has been shown to be upregllatepcell
invasion forNeisseriameningitidis (Takahashi, Watanabe, Kim, Yokoyama, &
Yanagisawa, 2018), however it is unknown if this extends. gonorrhoeae To
measure pathogenicity, tleysE 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, 20T@)examine the role of
cysE the knockdown strain will be sulgfed to hydrogen peroxide assays and

antibiotic sensitivity MIC assays. Moreover, testing if the antibiotic sensitivity
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increases for aysEdepleted strain is additional validation tiNgCysE 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
thede novacysteine biosynthesis pathway occurs through the CysE catalytic step,
thein vivo characterisation of theysEknockdown strain will provide insight into

the role ofde novacysteinebiosynthesis pathway and elucidate the role of cysteine

in N. gonorrhoeae

The essentiality ofysEis uncommon for bacteria with disruption often resulting

in cysteine auxotrophy (Fiegler & Bruckner, 1997; Fujishima et al., 2018;
Hitchcock, Kelly, Hitchcock, & Taylor, 2023), which raises questions over the
essentiality otysEin N. gonorrhoeae As mentioned previously, we hypothesi

that N. gonorrhoeaeis reliant onde novocysteinebiosynthesis to meet high
cysteine requirements, that maintains high concentrations of glutathione.
Alternatively, CysE could have a moonlighting functioirgonorrhoeaewhich
makescysE essential. Functions outside of cysteine biosynthesis have not been
documented for CysE enzymes, however moonlighting functions in centact
dependent growth inhibition (CDI) have been reported for OASS (Johnson et al.,
2016). To answer these questions gtgwtranscriptomic and metabolomic
analysis of a CysE depletéd gonarhoeaeusing acysEknockdown strainvould

reveal insights into pathways that are disrupted by CysE depletion and would
highlight if CysEhas an alternative function M. gonorrhoeaeTo 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 ¢ieE 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 poent NgCysE inhibitors

As discussed in Chapter Four, performing minimal inhibitor testing (MIC) testing
of compound 2 againgdtl. gonorrhoeaeis crucial for drug optimisation of this
compound. Given thatysEis 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 uM), with a lower MIC suggesting dfrget inhibition.
Additionally, MIC testing should be conducted on chemically defined media with
cysteine/cystine or sulphedas the sole sulphur source, as previous research
demonstrated that media richness was associated with increased MICs (Magalhées
et al., 2020). MIC testing of compound 2 will be collected on both rich Gonococcal
Broth (GCB) media and chemically defineda@erWade 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 imbitors of CysE, and while compound testing demonstrated the
compounds were not cytotoxic, comparison of intracellular amino acid
concentrations of gallate treatedcoli with acysEknockout strain, revealed there
were discrepancies in amino acid concentrations suggestutaroét inhibition.

In our work (Chapter Five), to avoid effirget inhibition we excluded compounds
during virtual screening that would likely be false positivsthg a parassay
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 enzytimately,
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 6.2.3The targeting of thede novocysteine biosynthesis pathway

in the pathogenNeisseriameningitidis

Neisseriameningitidisis 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 vaccis@re available, increasing rates of antimicrobial
resistance have been reported for invasivaeningitidisisolates (Willerton et al.,

2021). Thede novocysteine biosynthesis pathway has been implicated in
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pathogenesis fdd. meningitidis having been shown to be upregulated during cell
invasion (Takahashi et al., 2018) and in invadiveneningitidisisolates (Ren et

al., 2017). As highlighted by Hicks et al. (2018), despite having a high degree of
genomic similarity (90%) foN. gonorrhoeaeandN. meningitidis a key difference

is the absence of sulphate reduction pathwaWf@onorrhoeaeand its presence

in N. meningitidis This is supported by growth experiments that demonstrated
only N. gonorrhoeaevas unable to grow on sulphate as a sole sulphur source (Le
Faou, 1984). Given the essentialityaySEin N. meningitidis(Capel et al., 2016;
Muir et al., 2020), CysE froml. meningitidis(NmMCysE) is a potential target for
antimicrobial development. Given that the cysteine biosynthetic enzymes of
N. meningitids are uncharactesed, the study dmCysE is a natural continuation

of this thesis.

CysE kinetic assays already established as part of this thesis, would be used to
determine the Michaelislenten kinetics and cysteine sensitivity NMCysE.
Additionally, X-ray crystallography will be used to determine the atomic structure

of NmCysE and SEGAXS will be used to determine the oligomeric state. Given
the high degree of similarity betwe&gCysE andNMCysE, NgCysE inhibitors
identified in this thesis could be tested agaMsCysE. Furthermore, given the
essential nature aysEfor N. meningiidis (Capel et al., 2016; Muir et al., 2020)

to study the role afysE in vivawvould be through the creation ofysEknockdown

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 oetinevo
cysteinebiosynthesis pathway in allowing cysteine synthesis to be tuned to sulphur
availability (Benoni et al.,, 2017). Past attempts to form the CSC from
N. gonorrhoeadNgCSC) usingNgCysE and CysK fronN. gonorrhoeagNgCysK)
enzymes have been unsuccessful (Oldham, 2020). Currently, PhD student Jack
McGarvie (McGarvie, 2021) is working on optimisation of thgCSC complex.

Given thatNgCysE has all characteristics needed for CSC formation, including

purifying as a hexamer and the presence oftar@inal 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 froEscherichiacoli (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
recombinantE. coli enzymes CysEHcCysE) and CysK EcCysK) and have
successfully formed thEcCSC. The formation was confirmed via size exclusion
chromatography, SDBAGE and (SEEAXS) (winpublished 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 (Beanenal., 2017) and is
supported by our observation that recombinBo€ysE or EcCysK enzymes
copurify with expression hosterived, EcCCysK or EcCysE, respectively. The
establishment ofEcCSC as a positive control in our lab is crucial for the
optimisation of NgCSC formation. As mentioned previously, presence of the
C-terminalisoleucine and a hexameric assembly would padg@ysE to form the

CSC, which is now supported by our ability to form & SC. Based on these
findings;NgOCSC opti mi sation will be conducted a
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 ge novo cysteine biosynthesis. Our
bioinformatic analysis demonstrated that the truncated SATase domain identified
initially in S.aureusand M. tuberculosisis 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
denovo cysteine biosynthesis in N.gonorrhoeae The biochemical
characterisation dfigCysE was fundamental for not only understanding its role in
cysteine biosynthesis, but also instrumental in our discovery of th&\NGSysE
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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Figure A.1.NgCysE activity versus time popurification. NgCysEwas stored at
room temperature poguurification and activity measured every 60 minuteaxps).
Assays were collected with 0.62 NgCysE, 1 mM serine and 0.45 mM acetyl
CoA. Data points are mean and error bars are SEM derived from two replicates.
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Figure A.2NgCysE activity measured at varyitlNgCysE concentrations. Activity

was measured for 0.156, 0.312, 0.391, 0.521, 0.781 and 1.56%af.MyCysE
(x-axis). Initial rates were measured in assay buffer in the presence of 0.45 mM
acetylCoA and 10 mM Lserine. 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.3Gel filtration purification ofNgCysE (A) Gel filtration chromatogram

of purified NgCysE using an Enrich 650 Gel Filtration Column (BRad) with a
single elution peak at 12.56 ml. (B) Corresponding 12%-8BSE gel of column
fractions (outlined by a box on the chromatogram and the B®GE gel) showing

a high yield and purity oNgCysE Molecular weights of Precision Plus Protein
Standards (Bigad) 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 saxis. Kav plotted on the-gxis. Kav ofNgCysE(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 dNgCysE substrate acet@loA with two different
concentrations oNgCysE (0.625 and 0.0625 pg) at 10 mMsérine. Although
reproducible at two different concentrations, with two different enzyme
preparations, data for the -6ld lower NgCysE concentration (0.0625 pg) show
increased error due to fluctuations in the data at higher starting absorbance values
due to high acetyCoA concentrations. The Michaeldenten equation is fit (solid

line represents 0.625 ggCysE (R = 0.8449) and dashed line represents 0.0625
1g NgCysE (R = 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
acetylCoA which displays inhibition that is likely substrate inhibition. Due to
limitations in experimetal setup, we were unable to collBiglCysE rates for higher
acetylCoA concentrations and as such do not feel comfortable fitting a substrate
inhibition model due to only one point (1 mM aceGbA) displaying inhibition.
Enzyme concentration was factored into rates by dividing by the enzyme
concentration to give the ratejs Plotted data points represent mean alongside
SEM of two replicates.
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Figure A.5Charactesation 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) UM of-tysteine. (A) Rates versus aceGbA concentration
plotted with line representing competitive inhibition equation with incorporation of the
hill coefficient. (B) Rates versus-$erine concentration plotted, with line representing
competitive inhibition equation with incorporation of the hill coefficient. Datatsare
mean and error bars are SEM derived from two replicates.

Equation A.1Supplementarfquation. [S] = substrate inhibition, [I] = inhibitor
concentration and 4 hill co-efficient.

YO o 'Q
Y ) P —
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Table A.1Competitive Inhibition + Hill coefficient values.

O UM L-cys 4 uM L-cys 6 UM L-cys 8 UM L-cys
Acetyl-CoA
h?2 1.137 £ 0.1507 | 1.405+0.1162 | 1.203 £0.1127 | 1.275 + 0.1080
Ki® (uM) 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® (uM) 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 indicatescooperative

binding >1 indicates positively cooperative binding.

bInhibitory constant (Ki)

Error represents SEM of two replicates.
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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%.

Docki MM-GBSA |
oM 1 binding emanng ™ 1 so1upility in
No. Compound Structure score energy activity at 100 100 pM
(kcal/mol) uUM (Vi/Vo) screen
(kcal/mol)
1 ZINC72123855 -9.342 -73.89 40.7 Soluble
2 ZINC1188369 -9.708 -60.5 20.6 Soluble
_/'.'_'f‘
3 ZINC7242177 -9.867 -65.55 21.2 Soluble
- L
4 ZINC2448094¢ -9.3 -60.41 26.8 Soluble
5 ZINC719(B845 -9.647 -60.12 4.7 Soluble
6 ZINC1934516 -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
A ee
9 ZINC57473376 -7.7763| -57.55 45.8 Insoluble
10 ZINC150410063 - -8.4 -82.2 52.26 Insoluble
e
11 ZINC102452967 3 -8.4 -87.4 172 Insoluble
o
>(
12 ZINC9908138 -8.4 -78.1 99.7 Insoluble
13 ZINC10274538¢ -8.5 -93.4 152.8 Soluble
14 ZINC103389171 T -8.7 -83.8 0* (-6.49) | Insoluble
15 ZINC8384491 "'\V\ -8.7 -80.4 0* (-12.0) | Soluble
(A
S -
16 ZINC680326 -8.7 -62.2 24.7 Insoluble
T
17 ZINC56874950 -8.8 -91.4 233.3 Soluble
18 ZINC15038205( ; -8.8 -60.8 0*(-93.5) Soluble

162




19 ZINC8438183 f& A -8.8 -86.7 23.9 Insoluble
-{:-f? i)
7?])
L,
A
1
20 ZINC2212876 Jn | -89 -73.3 93.3 Soluble
“ry~ LA vu‘ﬁ:U:)]
21 ZINC222@®93 -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 ZINC10316828( -9.3 -80.4 141.83 Soluble
25 ZINC979%347 9.4 -84.7 86.19 Insoluble
26 ZINC15044353¢ -9.5 -77.1 29.6 Insoluble
27 ZINC101664221 -9.6 -96.5 13.97 Insoluble
28 ZINC333%340 -10.8 -81.4 157.7 Soluble
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