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ABSTRACT

The bacterium Mycobacterium tuberculosis is the underlying cause of tuberculosis, one of the
most devastating infectious diseases, causing 1.4 million deaths in 2015. In addition one third
of the global population is infected with latent tuberculosis, during which the bacilli remain
viable in a dormant state, characterized by slow growth rates and changes in metabolism. It
was shown that the underlying genes of sulfur assimilation and L-cysteine biosynthesis are
essential for the survival of Mtb during dormancy. The availability of sulfur and the
subsequently produced L-cysteine is directly linked to increased survival of Mtb inside host
macrophages, because the first line of defense of Mtb against reactive oxygen and nitrogen
species relies on mycothiol, the functional analog to glutathione in mycobacteria and the
redox active sulfhydryl group of mycothiol is directly derived from L-cysteine. Hence the
enzymes of the sulfur assimilation pathway and L-cysteine biosynthesis have been proposed
as potential targets for novel antimycobacterial drugs.

Within the scope of this thesis, mycobacterial CysC, the APS kinase domain of the
mycobacterial sulfur activation complex was mechanistically and structurally characterized.
Phosphoryl group transfer from ATP to APS was shown to follow a conserved mechanism
found in several species. In addition mutation of an L-cysteine residue in the lid region
closing off the ATP binding site resulted in impaired ATP binding and prevented catalysis.
The structural characterization included a comparison of mycobacterial CysC and the crystal
structures to the two human homologs and it was found that the substrate binding sites for
APS and ATP in the three enzymes shared a high degree of sequence identity, hence inhibitor
development specifically targeting the mycobacterial enzyme was considered to be very
challenging.

The three mycobacterial L-cysteine synthases, CysK1, CysK2 and CysM are upregulated
during different metabolic states of Mtbh. A high-throughput screening campaign of CysM
identified a class of urea-based active site binders. Subsequent in vitro validation and organic
synthesis of compounds to establish structure activity relationships in combination with
structural based methods allowed the identification of seven potent CysM inhibitors. The
affinities were found to be in the low micromolar range. The identified compounds did not
only decrease CysM activity, but also showed bactericidal potency in a nutrient starvation
model. CysK1 and CysK2 were also tested against a library of 71 compounds that were used
for in vitro validation of CysM. In total four compounds were found to inhibit CysK1 and
CysK2 and were also among the best inhibitors targeting CysM, suggesting that the identified
inhibitors might provide a valuable starting point towards the development of a drug targeting
all three L-cysteine synthases simultaneously.
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1 MYCOBACTERIUM TUBERCULOSIS

1.1 THE HISTORY OF TUBERCULOSIS

Mycobacterium tuberculosis (Mtb) and humans share a common history for at least 70,000
years. The spread of the disease was accompanied by the migration of early humans out of
Africa, as shown by population genomics studies (Comas, Coscolla et al. 2013). The first
physical evidence of tuberculosis infection was found in human skeletons from the Neolithic
era excavated in Israel and Syria showing typical bone lesions for spinal tuberculosis,
underpinned by the presence of mycolic acids and ancient mycobacterial DNA extracted from
bones (Baker, Lee et al. 2015; Spigelman, Donoghue et al.). During the Neolithic era the
increase of human population and density explain the successful spread of Mtb (Comas,
Coscolla et al. 2013), rather than transmission from domesticated animals as proposed earlier
(Diamond 1999).

Tuberculosis, also known as consumption or the white plague had its peak between the 17"
and 19" century. At this time every fourth adult in Europe died from tuberculosis (Wilson
2004). It took until 1882 to understand the underlying cause of tuberculosis (Koch 1882).
Robert Koch was the first to show that tuberculosis was an infectious disease caused by the
bacterium Mycobacterium tuberculosis by performing animal experiments on guinea pigs and
was subsequently awarded the Nobel Prize in Physiology and Medicine in 1905 (Cambau &
Drancourt 2014).

In 1921, the bacille Calmette-Guérin (BCG) vaccine was developed, which is still the sole
effective and licensed vaccine against tuberculosis today (Calmette 1922; Hatherill, Tait et al.
2016). Calmette and Guérin were sub-culturing virulent Mycobacterium bovis isolates for
thirteen years before the strain showed sufficient attenuation to be safe enough to be used in
humans (Luca & Mihaescu 2013). In 1943, the first antimycobacterial drug, the antibiotic
streptomycin became available. This, in combination with the BCG vaccine, resulted in
mortality rates starting to drop and, hope to fully eradicate tuberculosis emerged. Funding and
interest in tuberculosis research declined until (Keshavjee & Farmer 2012) co-infections of
HIV and tuberculosis and infections with multidrug-resistant Mtb (MDR) were observed in
the early 1990s and death tolls started to rise again (Comas & Gagneux 2009). In 1998 the
first genome of Mtb was sequenced (Cole, Brosch et al. 1998). To date there are seven known
Mtb strain lineages that affect humans. The Mtb lineages are associated with different
geographical regions and all evolved from one common ancestral strain. Whole genome
sequencing revealed that the different Mtb lineages are genetically much more diverse than
expected, and this diversity can be linked to human migration events (Hershberg, Lipatov et
al. 2008). One example is the successful spread of the Beijing lineage from East Asia towards
Europe along the Silk Road (Merker, Blin et al. 2015). Tuberculosis infections caused by the
Beijing lineage had high prevalence in Asia and the former Soviet Union in the past. To date,
this lineage has spread over the entire world and more recent tuberculosis outbreaks caused
by the Beijing lineage are associated with drug resistance (Rufai, Sankar et al. 2016).

In 2015 about two million people died from tuberculosis worldwide and additional 10.4
million newly infected were counted globally. On top of that, one third of the global
population carries an asymptomatic latent tuberculosis infection that is reactivated in



approximately ten percent of all cases and MDR Mtb is on the rise. The observation that
currently used antibiotics are ineffective in treating latent tuberculosis infections or MDR-
infections indicates that novel antimycobacterial drugs are urgently needed to achieve the
goal of the WHO to eradicate tuberculosis by 2035 (World Health Organization 2016).

1.2 PATHOGENESIS OF TUBERCULOSIS INFECTION

After initial contact between host and Mtb, the infection can either be cleared, controlled by
the immune system or progress into active tuberculosis (Salgame, Geadas et al. 2015). The
active form of tuberculosis, known as pulmonary tuberculosis, mostly affects the lungs and is
initiated by a characteristic lung inflammation (Hopewell, Kato-Maeda et al. 2016). If
tuberculosis remains untreated, it eventually results in death (Fitzgerald, Sterling et al. 2015).
Individuals carrying active tuberculosis can easily spread the infection by expelling Mtb-
containing air droplets, produced through coughing and sneezing (Fig. 1). Symptoms of
active tuberculosis include fever, coughing, with occasional blood in the sputum, weight loss,
night sweats and changes in the opacity of certain areas in chest radiographs (Fitzgerald,
Sterling et al. 2015).

Specific human sub-populations show an increased risk of developing tuberculosis. Amongst
those are individuals living in developing countries, suffering from malnutrition, who are co-
infected with HIV, or health care workers, facing higher exposure to infectious individuals. In
addition, young adults in their early twenties, smokers and patients treated with immune
suppressants are part of this group. Interestingly gender also plays a role, as men are more
prone to acquire infection (World Health Organization 2016) (Fogel 2015).

Latent tuberculosis is defined as measurable specific immune response against Mtb in the
absence of active tuberculosis symptoms and is considered to be controlled by the host
immune system (Gengenbacher & Kaufmann 2012) and individuals carrying a latent
tuberculosis infection are not contagious (Ernst 2012). Two billion people, which account for
one third of the world population, are carrying such a latent tuberculosis infection, which
represents a huge infectious cohort, because ten percent of latent tuberculosis infections are
reactivated. The reasons for reactivation of latent tuberculosis are poorly understood, but rely
on the complex cross-talk between the pathogen and the host immune system (Philips &
Ernst 2012; Vynnycky & Fine 2000; World Health Organization 2016).
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Figure 1. The upper panel shows the route of tuberculosis transmission between infected
individuals and transformation into latent tuberculosis. The lower panel illustrates the progress of
Mtb infection from phagocytosis through granuloma formation and necrosis. After phagocytosis
Mtb survives inside the host macrophages by interfering with phagolysosomal fusion and induces
formation of a solid granuloma. The granuloma matures via the necrotic phase to a caseous
granuloma, lower panel. Reprinted by permission from Oxford University Press: FEMS
Microbiology Reviews (Gengenbacher & Kaufmann 2012), copyright 2012.



1.2.1 Immune response against invading bacteria

The innate immune response plays a crucial role in the clearance of invading bacteria. Upon
bacterial infection immune cells, such as macrophages and neutrophils, recognize a broad
spectrum of microbes via pathogen recognition receptors on their surface, and induce
phagocytosis, which subsequently leads to antigen processing and the involvement of other
immune cells via cell-cell communication (Martin, Carey et al. 2016). During phagosome
maturation the bacteria are exposed to low pH, reactive oxygen (ROS) and reactive nitrogen
species (RNS) and cationic antimicrobial peptides, leading to membrane disorganization, and
the degradation of bacterial lipids and proteins (Gengenbacher & Kaufmann 2012).
Eventually the phagosome fuses with the lysosome in which the invading bacterium is
digested and components specific for pathogens, also known as pathogen associated
molecular patterns (PAMPs), are displayed. These PAMPs further activate distinct pattern
recognition receptors, such as NODs and TLRs, residing in different cell compartments, and
induction of the adaptive immune response is initiated in addition to the innate immune
response (Awuh and Flo 2016; Akira, Uematsu et al. 2006). To control the mycobacterial
infection, macrophages need to be fully activated, which requires the presence of T-cells,
such as CD4+, CD8+, Thl7 and regulatory T-cells. Particularly important is the Thl
dominant response, which leads to secretion of IL-12 and TNF-o and additional pro-
inflammatory cytokines that lead to inflammatory signaling and induction of antimicrobial
pathways. Usually the intruding microbe is cleared before any sign of disease or symptoms
are observed (Weiss & Schaible 2015; Awuh & Flo 2016; Martin, Carey et al. 2016).

1.2.2 Influence of macrophage phenotype on progression of tuberculosis

Upon encountering an invading bacterium, the basal macrophage phenotype is skewed
towards the classical activation phenotype, which contributes in a Thl dominant immune
response upregulating antimicrobial pathways. The classical activation subsequently leads to
necrosis and is considered to be host-protective in early tuberculosis infection (Martin, Carey
et al. 2016). A different macrophage phenotype is evoked upon alternative activation
(Martinez & Gordon 2014). The immune response of this macrophage phenotype is weakly
antibacterial and leads to wound healing and damage resolution and is considered as host-
protective during later stages of infection to prevent tissue damage (Mosser & Edwards
2008).

However, after Mtb enters the human host via the alveoli of the lungs, Mtb faces alveolar
macrophages first, which comprise a mixed phenotype and play a role in surveillance and
destruction of invading bacteria. Immediate full activation of alveolar macrophages would
lead to rapid destruction of lung tissue therefore the triggered immune response is dampened,
and in turn allows Mtb to successfully enter the host and establish their niche inside the
macrophages of the human lungs (Hussell & Bell 2014).

1.2.3 Granuloma formation — a hallmark of tuberculosis

Granulomas are the classical histological lesions developing during pathogenesis of
tuberculosis and in the initial stage they are defined as an aggregate of macrophages (Philips
& Ernst 2012; Martin, Carey et al. 2016). In later stages also other immune cells, such as
dendritic cells, neutrophils, T-cells and B-cells join the this formation (Fig. 1) (Philips &



Ernst 2012). Initially it was assumed that granulomas are host-protective, by walling-off
mycobacteria and keeping them from disseminating. Whereas this might be true in the later
stage of infection in which granulomas become fibrotic and calcify, it is rather the opposite
during early infection, in which they act as infection promotor. Close proximity of the cells in
the granuloma facilitate cell-to-cell spread and expansion of the mycobacterial population.
For initiation of granuloma formation one infected alveolar macrophage is sufficient (Davis
& Ramakrishnan 2008). In this stage the infected macrophage recruits other macrophages
which subsequently differentiate. Mycobacterial ketomycolic acids direct the differentiation
towards the foamy type of macrophages which are associated with necrotic tissue (Peyron,
Vaubourgeix et al. 2008). Characteristic for the foamy type is a high amount of lipids, for
example cholesterol that is imported in order to serve as a carbon source during chronic
infection (Pandey & Sassetti 2008). The mycobacterial cell wall components
phosphatidylinositol mannan (PIM), lipoarabinomannan (LAM) and trehalose dimycolate
(TDM) cause formation of multinucleated giant cells (Puissegur, Lay et al. 2007). Infected
dendritic cells allow migration of Mtb from the lungs to lymph nodes to present antigens to
naive T-cells (Lay, Poquet et al. 2007). T-cells can either be diffusely spread in between the
other cells of the granuloma or form an outer layer around the aggregate structure and are
responsible in maintaining organized granulomas and control Mtb progression after the active
phase of tuberculosis. Granulomas were shown to be highly dynamic structures in which cells
can freely diffuse in and out (Fig. 1) (Philips & Ernst 2012). The center of a granuloma is
usually called caseum and comprises a cheese-like consistency resulting from coagulative
tissue necrosis. If the host is capable of controlling Mtb, then necrosis is stalled and the
caseum is eventually replaced by calcified and fibrotic tissue and infection is considered to be
latent. However if tuberculosis progresses, the caseum is expanded leading to necrosis and
cavity formation in the lungs. The breakdown of the surrounding lung tissue allows spreading
of Mtb into the nearby airways and facilitates dissemination and transmission, referred to as
active tuberculosis (Martin, Carey et al. 2016).

1.2.4 Active and latent tuberculosis

The sharp discrimination between active tuberculosis and latent tuberculosis infection is
heavily disputed and considered as outdated, because it draws the picture of an
oversimplified, two-state binary model of disease that opposes the knowledge we gained
about tuberculosis (Salgame, Geadas et al. 2015; Martin, Carey et al. 2016; Mack, Migliori et
al. 2009; Horsburgh, Barry et al. 2015). For example, inside the lungs of patients carrying
either variant of tuberculosis, both caseous and calcified granulomas have been observed in
parallel (Lenaerts, Barry et al. 2015). Furthermore, Mtb itself is considered to be present in
different metabolic states during active and latent tuberculosis. Gengenbacher and Kaufmann
proposed a dynamic model of the two disease states, in which latent tuberculosis is
characterized by a majority of dormant bacilli and a minority of some actively dividing Mtb
that sense the environment in terms of nutrient availability and presence of oxygen. Inside the
calcified granulomas the environment prohibits the presence of a large number of actively
dividing Mtb and the majority remains dormant. If the granuloma transists into the caseous
state, the bacilli awake from dormancy. Some remain in their dormant state though and still
comprise the phenotypic inherent antimycobacterial drug resistance, which explains the



required long lasting tuberculosis treatment of at least six months (Gengenbacher &
Kaufmann 2012).

1.2.5 Mtb interferes with the immune response of the host

Mtb has evolved to survive the host immune response, due to their long common
evolutionary history. The bacterium interferes with well-established immune cell functions
and survives inside host phagocytes including macrophages (Armstrong & Hart 1971).
Degradation and processing of invading bacteria require fusion of the phagosome and the
lysosome, which is achieved by a well order mechanism of interactions between phagosomal
membrane proteins and phospholipids. Part of this mechanism is the recruitment of the
GTPase, Rab7 to the phagosomal membrane and subsequent phosphorylation of
phosphatidylinositol. Mtb however abolishes both steps and thereby evades digestion by
macrophages (Philips & Ernst 2012). In addition Mtb interferes with proper functioning of
the autophagy system that impedes intracellular growth of mycobacteria after it has been
stimulated by IFNy. Through disruption of membranes with the help of several type VII
secretion systems, Mtb can escape into the cytoplasm, avoid necrosis and even infect adjacent
cells (Hopewell, Kato-Maeda et al. 2016). Phagosome permeabilization triggers the release of
IFNa and -f that in turn suppress expression of IL-1f, essential for controlling the Mth
infection (Mayer-Barber, Andrade et al. 2011; Novikov, Cardone et al. 2011). The
mycobacterial cell wall contains various lipids that do not only protect Mtb from polar
molecules and serve as a waxy barrier preventing antimycobacterial drugs to enter the
cytoplasm, but they are also involved in direct interaction with the host. PIM and LAM
stimulate innate immune and inflammatory response and serve as toll like receptor 2 agonists
and LAM alters phagosome maturation. TDM, also known as mycobacterial cord-factor is
recognized by two lectin receptors in macrophages and dendritic cells and transduces pro-
inflammatory signals (Hopewell, Kato-Maeda et al. 2016). TDM alone is also sufficient to
induce transient granuloma formation in mice (Copenhaver, Sepulveda et al. 2004).

1.2.6 Adaptation of Mtb to the harsh environment inside macrophages

Upon phagocytosis Mth has to withstand drastic environmental changes, characterized by low
pH, nutrient starvation, lack of oxygen and presence of ROS and RNS (Gengenbacher &
Kaufmann 2012; Martin, Carey et al. 2016). In response to these challenges the
mycobacterial metabolism changes completely. Mtb switches from an actively dividing state
to a non-replicating persistent state during which also the susceptibility to antimycobacterial
drugs is decreased, known as phenotypic drug resistance, a form of resistance conferred by a
metabolic state that is not encoded in the genome. During the non-replicating state, which is
also termed dormancy, the bacilli remain fully viable but at a very low metabolic rate
(Gengenbacher & Kaufmann 2012).

Mtb is capable of withstanding low pH within the phagolysosome (Schaible, Sturgill-
Koszycki et al. 1998), which is to some degree caused by the unique composition of the
mycobacterial cell wall. The absence of full acidification of the phagolysosome in
macrophages however is attributed to inhibition of the phagosomal ATPase by Mtb and the
presence of a urease that cleaves urea. The buffering property of the produced ammonia
stabilizes the pH at a slightly higher level than usual (Gengenbacher & Kaufmann 2012).



While engulfed inside the macrophage, Mtb scavenges nutrients from the host environment
(Niederweis 2008; Martin, Carey et al. 2016). Upon switching from carbohydrates as a
carbon source to lipids from foamy giant cells, the acetyl moiety of acetyl-CoA is replaced by
propionyl and leads to toxic by-products for Mtb (Gengenbacher & Kaufmann 2012). In
order to avoid harming itself, the bacterium uses propionyl-CoA to produce PDIM, which are
considered a virulence factor (Lee, VanderVen et al. 2013). In good agreement with this is
the observation that genes involved in fatty acid biosynthesis are upregulated (Schnappinger,
Ehrt et al. 2003).

Inside caseous and calcified granulomas Mtb faces hypoxia (Via, Lin et al. 2008). To
counterstrike hypoxia a complex transcriptional network including the DosR regulon is
upregulated and genes are transcribed to stabilize proteins, avoid DNA damage, switch on
alternative electron transport chains and induce angiogenesis inside the granulomas to
increase oxygen content (Leistikow, Morton et al. 2010; Martin, Carey et al. 2016).

Inside the macrophages Mtb also faces damage of DNA, cell wall and proteins by ROS and
RNS. The phagocytosed bacteria usually are killed by these radicals that primarily target Fe-S
clusters and sulfhydryl groups in proteins and nucleotide bases in nucleic acids (Martin,
Carey et al. 2016). ROS and RNS induce transcription of the DosR regulon also and
additional detoxifying enzymes are expressed in Mtb (Kumar, Toledo et al. 2007). Reactive
nitrogen species are not only produced by macrophages, but also by Mtb itself, and are
considered to act bacteriostatic rather than bactericidal (Cunningham-Bussel, Zhang et al.
2013). The detoxifying enzyme superoxide dismutase disarms superoxide radicals and is part
of a macromolecular oxidoreductase complex that copes with oxidative stress and maintains
the cytosolic redox homeostasis in Mtb. To cope with hydrogen peroxide, Mtb uses catalase-
peroxidase (Nambi, Long et al. 2015; Martin, Carey et al. 2016). NADH-dependent
peroxidase and peroxynitrite reductase is another complex involved in detoxification of ROS
and RNS, consisting of an alkyl hydroperoxide reductase, an oxidoreductase, a
dihydrolipoamide acyltransferase and lipoamide dehydrogenase (Ehrt & Schnappinger 2009).

1.3 MAINTENANCE OF REDOX HOMEOSTASIS IN MTB

To maintain intracellular redox homeostasis during the exposure to oxidative stress, Mtb
produces mycothiol (MSH) which is the functional analog of glutathione in Mtb and related
genera (Fig. 2A) (Bornemann, Jardine et al. 1997). MSH is the major low-molecular-weight
thiol produced in Mth and present in millimolar concentration inside the mycobacterial cell
(Bhave, Muse et al. 2007). MSH biosynthesis involves five enzyme-catalyzed reactions. The
fourth step of MSH biosynthesis directly links maintenance of redox homeostasis to the
availability of L-cysteine and emphasizes the importance of L-cysteine biosynthesis also
during the dormant state of Mtb, while engulfed inside the macrophage. MSH maintains the
reducing intracellular environment and thereby acts as a thiol redox buffer (Jothivasan &
Hamilton 2008; Fan, Vetting et al. 2009). Toxic oxidants, which are produced inside
macrophages to combat Mtb, are reduced by MSH, which in turn is oxidized to MSSM. In
order to maintain high concentrations of MSH, the NADPH-dependent flavoprotein
mycothiol disulfide reductase constantly reduces MSSM to MSH (Fig 2B). Mutants deficient
in MSH biosynthesis have been shown to be more sensitive to oxidative stress, confirming
the importance of this system in tuberculosis pathogenesis (Jothivasan & Hamilton 2008).
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Figure 2. A) Chemical structure of mycothiol (MSH), the dominant low-molecular-weight thiol in
mycobacteria. The L-cysteine derived redox-active part is encircled in yellow. B) RNS and ROS
oxidize MSH to MSSM which is regenerated by the NADPH-dependent flavoprotein mycothiol
disulfide reductase to maintain a high intracellular level of MSH.

1.4 TUBERCULOSIS TREATMENT AND CHALLENGES

The current recommendation to treat new cases of pulmonary tuberculosis is a daily regimen
of multiple antibiotics for at least six months and is considered standard treatment for
presumable drug-susceptible Mth (World Health Organization 2016). The initial induction
phase takes two months and includes treatment with isoniazid, rifampicin and pyrazinamide.
In addition, ethambutol or streptomycin is administered to circumvent unrecognized drug
resistance against any of the three core drugs. Ethambutol is avoided in young children, if
possible, because toxic adverse drug effects are difficult to detect in this patient group. As
soon as drug-susceptibility to the three core drugs of the regimen is confirmed, the fourth
antimycobacterial drug is discontinued. The induction phase is followed by a consolidation



phase, in which treatment with isoniazid and rifampicin is continued for at least four months
(Horsburgh, Barry et al. 2015).

Treatment of tuberculosis takes much longer compared to treatment of any other bacterial
infection. This is attributed to the high rate of spontaneous mutations in the genome of Mtb
and the subsequent development of drug resistance (Fogel 2015). In particular the Beijing
lineage of Mtb and strain W and related W-like families are associated with a high occurrence
of drug resistance (Kremer, Glynn et al. 2004). Although much effort is put in identifying the
underlying genetic differences between lineages, no genetic advantages have been identified
that entails a higher occurrence of drug resistance in this particular lineage (Lawn & Zumla
2011). In general Mtb does not appear to gain mutations associated with drug resistance via
transposition or horizontal gene transfer (Smith, Wolff et al. 2013). However previous
treatment with antimycobacterial drugs, incomplete treatment, not complying with treatment
recommendations or inadequate treatment regimens can increase the mutation rate and
leading to faster emerge of drug resistances (Fogel 2015). In addition to spontaneous
mutations resulting in drug resistance, also drug-susceptibility towards certain
antimycobacterial drugs varies, dependent on the metabolic state of Mtb itself. Current
treatments target non-replicating Mtbh only to a small extent and leave two billion people
untreated (Wallis, Maeurer et al. 2016).

Although the overall numbers of tuberculosis deaths have been decreasing over the past
years, an increase of drug resistance incidences has been observed over the past thirty years,
which emphasizes the urge to develop new drugs targeting Mtb (Lawn & Zumla 2011). In the
year 2015, 480,000 new cases of MDR Mtb have been reported, among which ten percent
account for extensively drug-resistant (XDR) Mth. MDR strains are resistant against at least
isoniazid and rifampicin, whereas XDR strains are in addition resistant to fluoroquinolone
and one of the three injectable antibiotics, capreomycin, kanamycin or amikacin. In addition
to MDR Mtb, cases of totally drug resistant Mth, characterized by resistance against all
currently used antimycobacterial drugs have been reported (World Health Organization
2016).

The highest numbers of XDR incidences have been counted in India, China and the Russian
Federation and together they account for a total of 45% of all MDR tuberculosis cases (World
Health Organization 2016). The WHO recommends drug-susceptibility testing for all treated
patients however infrastructures for culturing Mtb are not always available, especially not in
areas with very high incidence rates, which often appear to be in developing countries. These
patients often undergo blind therapy in combination with intermittent treatment leading to
increased rates of drug resistance. Treatment of MDR Mtb, especially, is very costly and long
lasting and also shows higher rates of toxic adverse effects, resulting in drug-induced
irreversible destruction of the lung tissue, associated with impaired organ functionality (Lawn
& Zumla 2011).



1.5 EARLY STAGE DRUG DISCOVERY

The development of a novel drug is a very time consuming and costly process. It is estimated
that the entire process from discovery to approval of a drug takes approximately fifteen years
with associated costs of one billion dollar. Drug discovery is the first stage of the drug
development process that in the best case results in the approval of a candidate drug. One
method to discover a new drug is the target-based approach, which is initiated by the choice
of a target that requires extensive characterization and evaluation of disease association. This
step, also known as target validation, employs laboratory techniques that are required for in
vitro and in vivo validation, such as expression profiling, biochemical assays, whole cell and
animal models. Target validation is followed by hit identification, which is often achieved by
high-through put screening. The through-put can vary, dependent on the choice of screening
method. In the target-based approach an already established biochemical or activity assay that
proofs interaction with or inhibition of the target of choice is optimized to fit the purpose of
high-throughput liquid handling and is used for screening of compound libraries against the
target of interest (Hughes, Rees et al. 2011). The compound libraries are composed of
chemicals with drug-like properties which usually obey Lipinski’s rule of five, which states
that a drug which is orally active does not comprise more than five hydrogen bond donors
and not more than ten hydrogen bond acceptors. Furthermore, the molecular mass does not
exceed 500 Da and the ClogP is not higher than 5 (Lipinski, Lombardo et al. 2001; Hughes,
Rees et al. 2011). The screening campaign for CysM (paper I1) was performed in a target-
based fashion. Fig. 3 shows the different stages of the drug development process and also
shows which stages of the drug development process were covered during inhibitor
development targeting CysM, which will be discussed later in chapter 3.2. The advantages of
target-based screens are a much higher throughput, reduced variability in biological samples
and the rapid assessment of the effect on the target. Disadvantages of target-based approaches
are the difficulty to select disease-relevant targets and that the observed direct effects on the
target cannot be translated to in vivo activities, due to redundancy of pathways or drug
permeability issues (Zuniga, Early et al. 2015; Hughes, Rees et al. 2011; Chai & Matyus
2015).

Alternatively, a phenotypic whole cell assay can be performed, in which the compound is
added to live cells and the effect of the added compound is validated based on the phenotypic
changes after treatment. In this approach, the target is not necessarily validated or not even
known. Target identification, characterization and validation are performed in subsequent
steps. The major advantage of phenotypic-based approaches is the direct observation of in
vivo activity. Disadvantages are a much lower through put, the unknown targets and the
associated effort to understand the mode of action (Chai & Matyus 2015; Hughes, Rees et al.
2011; Zuniga, Early et al. 2015). Phenotypic approaches are more successful, in the discovery
of novel first-in-class drugs compared to target-based approaches, which switches when
follow up drugs are discovered (Swinney & Anthony 2011).

The next stage is the hit refinement process, in which the hits obtained are compared and
further characterized to demonstrate dose-dependency and generate dose-response curves
with orthogonal assays. The hits are ranked according to their potency and clustered into
groups based on their chemical properties. During this stage also initial structure-activity
relationships are established, which may include reiterative synthesis of compounds that are
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not available in the compound library, to determine the common scaffold of hit series. In the
hit to lead stage the identified hit series are evaluated in an in vivo model with the aim to
increase potency and selectivity of the hits, but also with regard to their pharmacokinetic and
toxicological properties. Structure-activity relationships are established in a systematic way to
assign the functional groups of a hit with increased potency and/or selectivity. In this stage
also structure based drug design, such as X-ray crystallography and NMR are employed.
Crucial at this point is the assessment of the potential of a compound becoming a drug, which
is indicated by solubility and permeability of the compound. The final stage of the drug
discovery process is the lead optimization stage, during which suboptimal properties of the
lead compounds are improved, while the desired properties are maintained (Hughes, Rees et
al. 2011). The number of compounds decreases tremendously during the drug discovery
process and often not a single compound makes the transition into a clinical candidate that
enters the drug development stage, including clinical trials (Bleicher, Bohm et al. 2003).
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Figure 3. Flow scheme of the different stages of the drug development process (red), with focus on
early stage drug discovery (purple). The lower panel of the figure summarizes the major steps towards
development of inhibitors targeting CysM (paper I1), including high-throughput screening, in vitro and
in vivo validation. Scatterplot from the target-based HTS, which was based on the PLP fluorescence
signal and the emission spectrum of the ligand free (red) and ligand bound (blue) enzyme are shown
in comparison to the background (black). The in vitro target specific interaction is illustrated by the
binding curve of the top inhibitor from an ITC experiment, and the crystal structures of target ligand
complexes. In vivo validation of the antibacterial activity is illustrated by the antibacterial killing
effect of the top CysM inhibitor in comparison to isoniazid.
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Drug discovery of novel antimycobacterial drugs faces several organism specific challenges.
One example is the slow growth rate that slows down the evaluation of all live-bacteria based
tests. In order to perform research on Mtb, a laboratory of biosafety level 3 is required, which
results in very costly facilities needed for the drug discovery process. The waxy cell wall
containing many different lipids acts as a natural diffusion barrier that prevents penetration of
drugs through the bacterial cell wall. The presence of efflux pumps that actively transport
certain types of molecules out of the mycobacterial cell are in particular hard to tackle.
Another obstacle is the presence of various microenvironments in which Mtb can survive and
the simultaneous existence of several metabolic states of Mtb. (Zuniga, Early et al. 2015).
Several animal models are used to study latent tuberculosis, however these models do not
truly mimic infection in humans. One example is the mouse model, although frequently used
immune response towards Mtb is different because granulomas do not progress into the
caseous or calcified type. The bacterial burden can also differ a lot between mice and
humans. Zebrafish are also often used as model organisms as they show caseation of
granulomas however Mycobacterium marinum establishes the infection instead of Mtb. In
vitro models such as the Wayne hypoxia model suffer from the absence of standardization,
because different protocols exist and this model does not address adaptation of Mtb to other
stress inducers (Alnimr 2015).

Even though mentioned challenges exist in the development of novel antimycobacterial
drugs, several advances in drug development have been made in recent years. One example is
bedaquiline, which was FDA-approved in 2012 for treatment of adults suffering from MDR
pulmonary tuberculosis, where no alternative treatments are available (Cox & Laessig 2014).
Bedaquiline was discovered by applying a phenotypic whole cell screen, using
Mycobacterium smegmatis as a surrogate strain. The target was identified by isolating
resistant mutants, followed by whole genome sequencing (Andries, Verhasselt et al. 2005).
This approach has the advantage that it not only identifies the target, but also identifies
mechanisms responsible for resistance or activation of the drug. Bedaquiline was shown to
inhibit a mycobacterial ATP synthase found in the mycobacterial cell membrane and thereby
preventing energy production of Mtb (Mikusova & Ekins 2017). During clinical trials of
bedaquiline a mortality imbalance between the treated and placebo group was observed,
however a direct link between bedaquiline and mortality of the patients could not be
established (Cox & Laessig 2014; Diacon, Pym et al. 2014). Bedaquiline is one of four novel
compounds that are currently in the advanced stages of clinical development. In addition to
these four novel compounds, the three drugs, rifampicin, rifapentine and linezolid, which are
already approved for treatment of tuberculosis, are currently undergoing further clinical trials.
Rifampicin and rifapentine are tested if high doses are feasible for treatment at all and
linezolid is tested in new drug regimens with already used antimycobacterial drugs (World
Health Organization 2016; Wallis, Maeurer et al. 2016). Very recently, the drug-like
molecule spiroisoxazoline SMARt-420 was shown to fully reverse resistance against
ethionamide in Mtb, a prodrug that requires activation by mycobacterial enzymes. SMARt-
420 activates an alternative bioactivation pathway for ethionamide that increased sensitivity
towards the drug. Although SMARt-420 is still in its discovery stage, it opens interesting
possibilities, for example temporary treatment with SMARts, to destroy resistant Mtb
subpopulations during ordinary treatment, as proposed by the authors of this study
(Blondiaux, Moune et al. 2017).
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1.6 L-CYSTEINE BIOSYNTHESIS AS DRUG TARGET

The availability of L-cysteine has been shown to be of high importance for Mtb during
infection. Up-regulation of underlying genes of L-cysteine biosynthesis under conditions
reflecting dormancy revealed a link between L-cysteine necessity and latent tuberculosis
(Voskuil, Visconti et al. 2004; Schnappinger, Ehrt et al. 2003). The genes significantly up-
regulated included cysD, cysNC and sirA, which encode for enzymes important for sulfur
assimilation and cysM and cysK2, genes encoding for two of the three mycobacterial L-
cysteine synthases (Voskuil, Visconti et al. 2004; Voskuil, Bartek et al. 2011; Schnappinger,
Ehrt et al. 2003; Betts, Lukey et al. 2002; Hampshire, Soneji et al. 2004). In addition, the
redox-active moiety of mycothiol is a sulfhydryl group that is derived from L-cysteine and
directly linked to mycobacterial redox defense against RNS and ROS inside macrophages
(Bhave, Muse et al. 2007). Randomized transposon mutagenesis showed that mutants
deficient in producing CysD, CysH, CysE, CysNC, CysO and CysM were severely attenuated
in @ macrophage and mouse model of dormancy (Rengarajan, Bloom et al. 2005). Inhibitors
targeting mycobacterial CysH, the APS reductase providing sulfite for subsequent L-cysteine
formation, have been successfully identified by a target-based screening approach. The
strongest inhibitors were based on a 6H-pyrido[4,3-b]carbazole scaffold. These compounds
reduced cellular levels of sulfur containing metabolites, such as sulfite, L-cysteine and
mycothiol in vivo and showed bactericidal activity against dormant Mtb (Palde, Bhaskar et al.
2016). Hence targeting L-cysteine biosynthesis and the preceding sulfur assimilation pathway
might be a valuable route for the discovery of novel antimycobacterial drugs. The
mycobacterial L-cysteine biosynthesis is of particular interest, because of the complete
absence of this pathway in humans (Schnell, Sriram et al. 2015).

1.7 SULFUR ASSIMILATION IN MTB

The first step in sulfur assimilation in Mtb (Fig. 4) is transport of inorganic sulfate by the
CysTeWe AeSubl ABC transporter complex through the cytoplasmic membrane into the
mycobacterial cytoplasm from the environment. The sulfate transporter consists of the two
membrane spanning subunits CysW and CysT. The sulfate binding subunit, Subl, is
connected via a lipid tail to the cytoplasmic membrane. On the cytoplasmic site, CysW and
CysT each bind one copy of the nucleotide binding protein CysA (Wooff, Michell et al.
2002). Sulfate is thought to follow a similar transport route to that of phosphate, which first is
imported via porins and subsequently transported through the cytoplasmic membrane by a
specific phosphate transporter (Wolschendorf, Mahfoud et al. 2007; Rengarajan, Bloom et al.
2005).

In the cytoplasm, sulfate is further processed by ATP sulfurylase, a trifunctional enzyme
complex consisting of two polypeptide chains, the sulfurylase CysD and a GTPase CysN
(Fig. 5) (Schelle & Bertozzi 2006). In Mtb CysN carries the APS kinase, CysC, as its C-
terminal domain (Sun, Andreassi et al. 2005). ATP sulfurylase can either produce APS,
which is the starting material for the reductive branch of the sulfur assimilation pathway
subsequently leading to the synthesis of L-cysteine and MSH (Williams, Senaratne et al.
2002). Alternatively ATP sulfurylase can produce PAPS, the substrate for sulfotransferases to
produce sulfolipids, membrane components that have been shown to be associated with
increased mycobacterial virulence (Goren, Brokl et al. 1974). In particular sulfolipid 1
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(SL-1), which is only found in pathogenic strains of Mtb (Mougous, Green et al. 2002), is
likely to regulate growth inside host macrophages and may provide host specificity (Gilmore,
Schelle et al. 2012). In addition SL-1 interferes with superoxide release in macrophages by
blocking gamma interferon activation (Rivera-Marrero, Ritzenthaler et al. 2002) and its
precursor sulfolipid 1278 triggers a strong immune response in infected patients (Gilleron,
Stenger et al. 2004).
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Figure 4. Sulfur assimilation pathway in Mtb. After import via a sulfate importer
(CysTeWeAeSubl), ATP sulfurylase catalyzes the reaction to either APS (CysDeN) or PAPS
(CysC). The reductive branch of the sulfur assimilation pathway continues with reduction of APS to
sulfite by APS reductase (CysH). SirA produces sulfide which is then used for biosynthesis of L-
cysteine, L-methionine and mycothiol. PAPS is used in the sulfation branch of the sulfur
assimilation pathway and serves as substrate for sulfotransferases to produce sulfated metabolites,
including sulfolipids. Crystal structures are shown for CysDeN from Pseudomonas syringae (PDB
1ZUN), CysH from Pseudomonas aeruginosa (PDB 2GQOY). Structures for SirA (PDB 12J8), CysC
(PDB 4BZX) and Stf0, (PDB 1TEX) are all from Mth. Adapted from (Schelle & Bertozzi 2006).
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The remnant of the sulfotransferase reaction is 3’-phosphoadenosine-5’-phosphate (PAP),
which is processed by CysQ, a PAP phosphatase hydrolyzing PAP to adenosine
monophosphate, and phosphate (Hatzios, lavarone et al. 2008), which in addition is a
competitive inhibitor of sulfotransferases. Alternatively CysQ also uses PAPS as a substrate,
resulting in the formation of APS (Pi, Hoang et al. 2005). Disruption of cysQ in Mtb resulted
in a phenotype comprising reduced growth in liquid culture. In these mutants the content of
reduced sulfur species remained the same, however presence of SL-1 and its precursor were
significantly less abundant compared to the wild type (Hatzios, Schelle et al. 2011).

If APS is utilized for L-cysteine production, the pathway is directed towards the production
of reduced sulfur. The first step of the reductive branch is performed by CysH, also called
APS reductase which catalyzes the reduction of APS to sulfite and AMP. The necessary
reduction potential is provided by the co-factor thioredoxin. The catalyzed reaction follows a
two-step mechanism in which APS undergoes a nucleophilic attack, yielding a thiosulfonated
enzyme intermediate (Carroll, Gao et al. 2005). The enzyme contains an iron sulfur cluster,
which is essential for catalysis, but its exact function is not fully understood. Most likely, it
plays a role in sulfuryl group transfer through formation of a electrostatic bridge to the sulfate
group of APS and by orienting the catalytic residues and activating the substrate. (Bhave,
Hong et al. 2011). In the second step sulfite is released in a thioredoxin dependent manner
(Carroll, Gao et al. 2005).

The produced sulfite is then further reduced via a six electron transfer reaction by sulfite
reductase SirA, previously denoted NirA (Schnell, Sandalova et al. 2005; Pinto, Harrison et
al. 2007). Reduced ferredoxin binds temporarily and delivers electrons via the iron sulfur
cluster to the siroheme group to sulfite, which thereby is reduced to sulfide (Kuznetsova,
Knaff et al. 2004; Schnell, Sandalova et al. 2005).

1.7.1 The sulfur assimilation pathway in other organisms

The sulfur assimilation pathway in Mtb is most similar to the corresponding pathway in the
higher plant Arabidopsis thaliana, which follows the same steps from sulfur uptake by a
transporter via activation as APS to follow the reductive branch of the pathway towards
sulfite or as PAPS towards the sulfation branch (Takahashi H 2011; Ravilious and Jez 2012).

Another organism in which sulfur assimilation is well characterized is the y-proteobacterium
Escherichia coli. The major difference to Mtb is that APS kinase is not fused to the C-
terminus of CysN, but expressed as a single polypeptide chain. Instead of employing APS
that is reduced by APS reductase to sulfite, in E. coli the sulfite that eventually is
incorporated in L-cysteine is produced from PAPS by the aid of PAPS reductase (Carroll,
Gao et al. 2005). Furthermore the genome of E. coli does not encode the necessary genes for
PAPS-dependent sulfotransferases that are present in many plants and other bacteria
(Sekowska, Kung et al. 2000; Carroll, Gao et al. 2005). To produce sulfated metabolites E.
coli is dependent on aryl sulfate sulfotransferases that transfer sulfuryl groups from phenolic
esters to phenol (Maloj¢i¢, Owen et al. 2014).
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1.7.2 The mycobacterial sulfate activation complex

In the trifunctional sulfate activation complex (Fig. 5) CysD catalyzes the adenylyl transfer
from ATP to activate the inorganic sulfate. The sulfate ion performs a nucleophilic attack on
the a-phosphorous of ATP to synthesize adenosine 5’-phosphosulfate. The formation of the
anhydride bond in APS is energetically disadvantageous, therefore APS production is linked
to energy-providing GTP hydrolysis, catalyzed by CysN (Sun, Andreassi et al. 2005).
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Figure 5. Model of the trifunctional ATP sulfurylase with substrates and products formed. CysD
performs the formation of APS from SO,“and ATP, which is subsequently used for L-cysteine
production. CysN provides the necessary energy to build the sulfuric phosphoric acid anhydride
bond in APS by hydrolyzing GTP. CysC, which is fused to the C-terminus of CysN phosphorylates
APS to PAPS, which is then used as substrate for sulfotransferases.

ATP sulfurylase lies at a metabolic crossroad that can either direct produced APS towards the
reductive branch of the pathway, resulting in the de novo biosynthesis of L-cysteine (Schnell,
Sriram et al. 2015) and subsequently mycothiol (Jothivasan & Hamilton 2008), or towards
the sulfation branch by production of PAPS by CysC. In Mtb, the formation of PAPS by
CysC is almost 6000 fold more efficient than the formation of APS by CysD, which has been
shown by enzymatic studies of ATP sulfurylase in vitro (Sun, Andreassi et al. 2005).

1.7.3 APS kinase

The APS kinase domain of mycobacterial ATP sulfurylase, denoted as CysC, has a molecular
weight of 21 kDa (Poyraz, Brunner et al. 2015) and belongs to the fold-class of P-loop
NTPases. Common in all P-loop NTPases is the presence of the Walker A motif, also known
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as the P-loop comprising a consensus sequence of GxxxxGK. For a sequence alignment of
CysC with its closest structural homologs, see paper I, Fig. 2. The P-loop is responsible for
binding the -phosphate of the substrate ATP (Leipe, Koonin et al. 2003). In CysC of Mtb
this loop can be found between 1 and al and starts with G450, however with an additional
fifth residue between the two glycine residues in the consensus sequence followed by a
conserved serine residue, which coordinates Mg®* (Poyraz, Brunner et al. 2015). The Walker
B motif is the second characteristic of P-loop NTPases and can be found at the C-terminal
end of a hydrophobic B-strand and coordinates the divalent metal ion Mg®* that in turn
coordinates the B- and y-phosphate of ATP, comprised by D478 in the mycobacterial CysC.
(Leipe, Koonin et al. 2003; Poyraz, Brunner et al. 2015). The loop region, from residue L477
to D480, found between B2 and a2 is conserved in APS kinases (Poyraz, Brunner et al. 2015).

In many organisms the APS kinases are highly conserved, however, they can be expressed as
a single polypeptide chain instead of a fusion protein (Hell 2008), which is the case in E. coli.
In Pseudomonas aeruginosa CysN and CysC are as well fused, but one additional copy of
CysC is expressed as a single polypeptide chain (Williams, Senaratne et al. 2002). The APS
kinase of Mtb shares a high degree of sequence identity with several APS kinases from
different organisms, amongst these are the two human homologs PAPS synthetase 1 and 2.
The overall sequence identity between mycobacterial CysC and the kinase domains of both
human PAPS synthetases is approximately 50%. In contrast to Mtb, the APS kinase domain
and the adenylyl transferase domain form one bifunctional enzyme on a single polypeptide
chain in humans, the APS kinase domain however is found at the N-terminus. The
energetically unfavorable phosphoric-sulfuric anhydride bond formation in APS is driven by
the separate enzyme, inorganic pyrophosphatase by hydrolysis of PPi (Venkatachalam 2003).

Penicillium chrysogenum APS kinase follows a sequential ordered reaction mechanism in
which ATP has to bind before APS and PAPS has to be released before ADP can leave the
active site (Renosto, Seubert et al. 1984). APS leads to uncompetitive substrate inhibition in
P. chrysogenum, A. thaliana, human and rat APS kinase, during which the enzyme is trapped
in a dead end complex in which ADP and APS are bound in the active site interfering with
the sequential ordered mechanism and leaving the enzyme inactive (Lansdon, Fisher et al.
2004).

In E. coli the usually followed sequential ordered reaction mechanism can alternatively
follow a ping pong mechanism during which a phosphorylated enzyme intermediate at S109
is produced, which is situated between the two nucleotide binding sites. In the presence of
low APS concentration the ternary CysCe ATP® APS complex is not formed (Satishchandran
& Markham 1989). Later it was shown that the phosphorylated S109 can participate in either
of the two reaction mechanisms (Satishchandran, Hickman et al. 1992; Satishchandran &
Markham 2000).

In A. thaliana, four isoenzymes of APS kinase can be found, which are expressed as single
polypeptide chains, however comprise different sizes, the smaller variant with 23 kDa for
cytoplasmic expression and a larger variant of 32 kDa, which is a pre-protein, carrying a large
transit peptide for export. In addition, in all isoenzymes six conserved L-cysteine residues are
found. In APS kinase 1, four of these L-cysteine residues are in close proximity that
potentially can form two disulfide bonds. Isoform 1 is activated in the presence of thiols and
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thioredoxin, whereas the presence of oxidants results in the opposite, hence it was proposed
that activity is dependent on the redox state of these L-cysteine residues (Lillig, Schiffmann
et al. 2001). APS kinase 1 and 2 produce the majority of PAPS, which is used for sulfation to
produce glucosinolates, essential in plant defense mechanisms (Halkier & Gershenzon 2006).
Mutant studies showed that APS kinase 1 would be sufficient for normal growth and APS
kinase 3 and 4 are functionally redundant. APS kinase 2 however was shown to be essential
for A. thaliana germination, because its absence results in inviable pollen (Mugford,
Matthewman et al. 2010). Extensive ITC studies of APS kinase 1 confirmed the proposed
sequential ordered mechanism. Although binding of APS as the first substrate would be
possible and lead to catalysis, the reaction would be slower, because initial ATP binding
results in proper positioning of the y-phosphate in close proximity to the acceptor hydroxyl
group in APS and assures the prerequisites for catalysis, by providing optimal conformations
of the active sites (Ravilious & Jez 2012).

1.8 DE NOVO L-CYSTEINE BIOSYNTHESIS

In Mtb three de novo L-cysteine biosynthesis pathways are known (Fig. 6). The key players
are the three PLP-dependent L-cysteine synthases, CysK1, CysM and CysK2, each of them is
characteristic for one pathway (Schnell, Sriram et al. 2015). Although all three enzymes
produce L-cysteine, they show clear differences in their substrate preference. While CysM
and CysK2 use O-phospho-L-serine (OPS) as their preferred acceptor substrate, CysK1l
exclusively uses O-acetyl-L-serine (OAS) (Agren, Schnell et al. 2008; Steiner, Both et al.
2014; Schnell, Oehlmann et al. 2007; O’Leary, Jurgenson et al. 2008). CysK1 and CysK2
utilize the sulfide provided by the reductive branch of the sulfur assimilation pathway
(Steiner, Both et al. 2014; Schnell, Oehlmann et al. 2007). CysM is dependent on a small
sulfur delivering protein CysO that is thiocarboxylated at its C-terminus (O’Leary, Jurgenson
et al. 2008). The three L-cysteine synthases show a sequence identity of approximately 30%
with each other and they have been shown to be active during different metabolic states of
Mtb. While CysK1 represents the classical pathway that is also found in other organisms,
such as bacteria (Kredich, Hulanicka et al. 1979; Rabeh & Cook 2004) and higher plants
(Bonner, Cahoon et al. 2005), the underlying genes of the two alternative pathways cysM,
cysO and cysK2 are upregulated under conditions mimicking dormancy, such as hypoxia and
oxidative stress (Schnappinger, Ehrt et al. 2003; Voskuil, Visconti et al. 2004; Betts, Lukey et
al. 2002; Hampshire, Soneji et al. 2004). Randomized transposon mutagenesis resulted in
attenuated mutants deficient in CysO and CysM in an in vitro model of dormancy and a
mouse model of tuberculosis infection, which lead to the conclusion that the pathway based
on CysM is the major route to L-cysteine during dormancy (Rengarajan, Bloom et al. 2005;
Sassetti & Rubin 2003). Mammals including humans produce L-cysteine from L-methionine.
L-methionine undergoes SAM-dependent transmethylation followed by transsulfuration to
yield L-cysteine. L-methionine is an essential amino acid that mammals need to acquire from
their diet (Stipanuk 2004).
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Figure 6. The three routes of de novo L-cysteine biosynthesis in Mtb. Each route is characterized by
one cysteine synthase. In the classical pathway which is shown in red CysK1 utilizes sulfide from
the reductive branch of the sulfur assimilation pathway and O-acetyl-L-serine (OAS) produced by
CysE. In the salvage pathway CysK2 produces L-cysteine from the same sulfur source as CysK1
but uses O-phospho-L-serine (OPS) as its acceptor substrate. The preferred reaction of CysK2
however is the formation of S-sulfocysteine from OPS and thiosulfate. L-cysteine formation during
dormancy is performed by CysM that uses thiocarboxylated CysO as the sulfur donor and OPS.
Crystal structures of CysK1 (PDB 2Q3C) and the CysMeCysO complex (PDB 3DWG) are shown
in red and blue and purple, respectively. Adapted from (Schnell, Sriram et al. 2015)

1.8.1 The classical pathway to L-cysteine

The classical pathway which is found in most bacteria and plants involves two enzymatic
reactions (Campanini, Benoni et al. 2015). CysE first catalyzes the reaction to produce OAS
followed by the formation of L-cysteine by CysK1l, a bona fide O-acetyl-L-serine
sulfhydrylase (Rabeh & Cook 2004). CysE catalyzes acetylation of L-serine utilizing acetyl-
CoA leading to OAS. The C-terminal end of CysE plays an important role in regulation of L-
cysteine formation. CysE is active in complex with CysK1, often referred to as L-cysteine
synthase complex in the literature (Campanini, Speroni et al. 2005). While CysE is
catalytically active, CysK1 remains inactive. Upon complex formation the C-terminal end of
CysE is inserted into the active site of CysK1 blocking the binding site for OAS, leading to
inhibition of CysK1 (Fig. 7B). Increasing concentration of OAS in the presence of reduced
sulfur results in dissociation of the complex allowing CysK1 to become catalytically active
and produce L-cysteine, while CysE becomes inactive (Campanini, Speroni et al. 2005)
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L-serine OAS L-cysteine

Figure 7. Complex formation between CysK1 and CysE, and the regulation of cysteine biosynthesis.
A) Magnification of the active site of CysK1 (PDB 2Q3C) colored in red with the inserted C-terminal
tetrapeptide DFSI of CysE colored in turquois. B) Model of the interplay between CysK1 and CysE.
CysE is active while in complex with CysK1 and produces L-serine. When OAS starts to accumulate,
the complex dissociates and CysK1 catalyzes L-cysteine formation. Adapted from (Schnell, Sriram et
al. 2015).

CysK1 belongs to the fold family of type 1l PLP-dependent enzymes (Schneider, Kack et al.
2000), with an overall structure divided into two domains, where each shows a typical o/
fold. The domain at the N-terminus is made up by a four stranded parallel 3-sheet, which is
flanked by three a-helices at one side and one a-helix on the other side. The domain at the C-
terminus comprises a mixed B-sheet consisting of six B-strands that are surrounded by four o-
helices. The cofactor PLP is bound between the two domains. The enzymatic reaction can be
divided into two half reactions following a ping-pong mechanism (Rege, Kredich et al. 1996).
In the ground state of CysK1, the PLP cofactor forms an internal aldimine with the catalytic
residue K44 via a covalent bond. The first half reaction starts with the formation of an
external aldimine between the incoming substrate OAS and the co-factor PLP. CysK1
performs an elimination reaction at the f-carbon position by abstracting one proton at the a-
position and releasing the acetate moiety yielding the a-aminoacrylate intermediate and
protonated K44 as the product of the first half reaction. The second half reaction is initiated
by a nucleophilic attack of sulfide on the B-carbon of the a-aminoacrylate intermediate.
Reprotonation of the a-carbon by K44 and release of L-cysteine regenerate the initial ground
state of CysK1 (Schnell, Oehlmann et al. 2007).

The classical route of de novo L-cysteine biosynthesis is strictly regulated at three levels,
which has been demonstrated in Salmonella. At the first level, gene expression is under
control of CysB, a LysR-type transcription factor controlling gene transcription of the entire
cysteine regulon cysPUWAM (cysM in E. coli and Salmonella most likely corresponds to the
mycobacterial cysK2 gene). However the genes that are not controlled by CysB are the
underlying genes of Cyst and CysK1. The product OAS of the CysE catalyzed reaction is
prone to non-enzymatic rearrangement to N-acetyl serine (NAS). Rising of the NAS level
activates CysB and induces transcription of the genes in the cysteine regulon. In contrast
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sulfide and thiosulfate act as anti-inducers of gene expression. The second level of regulation
is through competitive feedback inhibition of CysE through increasing L-cysteine
concentration triggering a rearrangement of the C-terminus that subsequently blocks the
binding site of acetyl CoA. The third level is the regulation of the CysEeCysK1 complex
formation itself. High OAS concentration leads to dissociation of the complex. Binding of
OAS in the active site of CysK1 directly competes with binding of the C-terminal end of
CysE comprising the amino acids DFSI in the mycobacterial enzyme. The C-terminal end of
CysE in other organisms follows the consensus sequence N, X1, X2, | where X1 corresponds
to an aromatic residue and X2 to a strong hydrogen bond donor (Campanini, Benoni et al.
2015). The highly conserved isoleucine at the C-terminal end of CysE probably induces the
closing of the active site of CysK1 (Zhao, Moriga et al. 2006; Raj, Mazumder et al. 2013;
Huang, Vetting et al. 2005). The tetrapeptide DFSI, which was derived from the C-terminus
of mycobacterial CysE was shown to act as a strong inhibitor of CysK1 (Schnell, Oehlmann
et al. 2007). From the co-crystal structure it can be seen that DFSI is bound between the two
domains of CysK1. The carboxylate group of isoleucine is anchored in the interior of the
active site by the conserved residues T71, N74, S72 and Q144 usually binding the
carboxylate group of the substrate OAS, whereas the residual amino acids of the tetrapeptide
fill the active site pocket (Fig. 7A). The conserved residues binding the substrate form part of
a loop that with two additional loops between B5 and a3 and 6 and 04, close over the active
site upon domain rotation caused by the formation of the o-aminoacrylate reaction
intermediate complex. Upon binding of the C-terminal tetrapeptide of CysE, domain rotation
is prevented and the active site is blocked (Schnell, Oehlmann et al. 2007).

Paralogs of CysK1 have been shown to gain moonlighting functions upon pairing up with
other proteins via the insertion of the C-terminal residues of the binding partner into the
active site of CysK1. CysK1 in C. elegans, B. subtilis and S. aureus have been shown to alter
gene transcription. In uropathogenic E.coli, CysK1l is involved in activation of an
antibacterial protein toxin that inhibits the growth of neighboring bacteria (Campanini,
Benoni et al. 2015).

1.8.2 A salvage pathway to L-cysteine formation

CysK2 is the key player of another potential pathway leading to L-cysteine formation. In
contrast to CysK1 and CysM, no crystal structure of the enzyme is available, however CD
spectroscopy confirmed a mixed o/f fold and spectrophotometry detected the characteristic
absorbance maximum of internal aldimine formation of CysK2 and the co-factor PLP,
suggesting that it is also belongs to the fold type Il family of PLP-dependent enzymes. CysK2
uses OPS and sulfide as a sulfur donor to produce L-cysteine, however with a very low
catalytic efficiency. The preferred sulfur donor is thiosulfate instead, reflected in an almost
tenfold increase of affinity and a fivefold higher turnover increase when compared to sulfide.
The product of the preferred enzymatic reaction is S-sulfocysteine, which has been shown to
be a direct precursor of L-cysteine in bacteria and plants. The exact physiological role of S-
sulfocysteine, however, remains enigmatic. One hypothesis is that thiosulfate is produced as a
side product of the sulfur assimilation pathway, due to interfering oxidative stress, when the
pathogen is engulfed inside the host macrophages and could then act as a sensing molecule of
oxidative stress (Steiner, Both et al. 2014). In A. thaliana exposure to light induces oxidative
stress in chloroplasts. The S-sulfocysteine synthase CS26 produces S-sulfocysteine a signal
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molecule activating redox defense mechanisms, to cope with oxidative stress (Gotor &
Romero 2013). Alternatively S-sulfocysteine might act as the storage variant of L-cysteine,
due to its lower toxicity towards the bacterial cells in comparison to L-cysteine (Nakatani,
Ohtsu et al. 2012).

Based on the unique combination of utilizing OPS and sulfide and the low catalytic efficiency
of L-cysteine formation via the CysK2 route, this pathway might play a role as a dormancy-
induced salvation pathway rather than a major route to L-cysteine production (Steiner, Both
et al. 2014).

1.8.3 L-cysteine formation during dormancy

An alternative pathway leading to L-cysteine production during dormancy is exclusively
found in Actinobacteria (Burns, Baumgart et al. 2005). The L-cysteine synthase that is the
key enzyme catalyzing the reaction to form L-cysteine in this alternative route is CysM. In
contrast to CysK1 that uses OAS as its primary substrate, CysM uses OPS to form the a-
aminoacrylate reaction intermediate (Agren, Schnell et al. 2008). Instead of using sulfide ions
provided by the reductive branch of the sulfur assimilation pathway, CysM uses the small
sulfur-delivery protein CysO that is thiocarboxylated at its C-terminus as a sulfur donor
(Burns, Baumgart et al. 2005; Agren, Schnell et al. 2008; O’Leary, Jurgenson et al. 2008). It
was also shown that CysM is capable of using OAS or OPS, however the rate constant of the
reaction is more than 600 times higher with OPS, clearly indicating the substrate specificity
(Jurgenson, Burns et al. 2008; Agren, Schnell et al. 2008; O’Leary, Jurgenson et al. 2008).
The overall structure of CysM is similar to CysK1, following the same fold family of type Il
PLP-dependent enzymes, where K51 forms the internal aldimine with the PLP cofactor in the
active site. The active site of CysM compared to CysK1 shows several residues which are
different, in particular R220 in CysM, found to be responsible for OPS specificity (Agren,
Schnell et al. 2008). CysM can adapt to an open or closed conformation, as has been seen in
several crystal structures (Jurgenson, Burns et al. 2008; Agren, Schnell et al. 2009).
Characteristic for the open conformation is a solvent accessible active site. In contrast, in the
closed conformation three loop regions at the entrance of the active site comprise different
arrangements and the C-terminus is inserted into the active site, making it solvent
inaccessible. The a-aminoacrylate of CysM has a half-life eight times longer than the same
reaction intermediate of CysK1. This property is due to the firm closure that depends on the
conformation of the C-terminus in order to protect the oxidation sensitive reaction
intermediate from damage by hydrogen peroxide and other small nucleophiles. Protection of
the reaction intermediate may be relevant for survival of Mtb in vivo, to assure L-cysteine
production inside the oxidizing environment of host macrophages (Agren, Schnell et al.
2009).

CysO is a small sulfur carrier protein comprising an ubiquitin-like fold. The core of this
protein is a four stranded mixed B-sheet, with an o-helix inserted between 2 and B3
(Jurgenson, Burns et al. 2008). Thiocarboxylation of the C-terminus starts with the acyl-
adenylation of a diglycyl moiety by MoeZR, which is subsequently converted by the same
enzyme through a sulfane group bound at its C-terminus (Voss, Nimtz et al. 2011).
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Figure 8. A) Catalytic cycle of CysM indicating the ground state with the internal aldimine formed
with K51 (1), the external aldimine with the OPS (11), the a-aminoacrylate intermediate (I11), and
the CysO-Cys-PLP external aldimine (1V). B) Superposition of the open and closed conformation
of CysM, colored in light and dark blue, respectively. The cofactor PLP is colored in yellow. The C-
terminal end of the monomer in the closed conformation is labeled. (PDB 3FGP). C) In the
CysMeCysO complex, CysM and CysO (PDB 3DWG) are colored in light blue and purple,
respectively. Secondary structure elements that are involved in interaction between CysM and CysO
are labeled and three 3, helices found in the mobile active site loop (residue 211-237) of CysM are
colored in beige.
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The overall reaction, catalyzed by CysM, follows a mechanism similar to the CysK1 reaction.
(Fig. 8A) After conversion of the internal aldimine (1) of K51 and the cofactor PLP to an
external aldimine (I1) upon binding of OPS, the phosphate group of OPS is abstracted at the
B-carbon via an elimination reaction, yielding the a-aminoacrylate intermediate (111).
Complex formation between CysM and CysO allows nucleophilic attack on the [3-carbon by
thiocarboxylate, resulting in a CysO-L-cysteine-PLP adduct (IV). Reprotonation of the a-
carbon induces release of CysO carrying the reaction product L-cysteine as a C-terminal
adduct, while the initial ground state with the bound internal aldimine (I) is restored. Prior to
cleavage of the L-cysteine moiety by the zinc dependent metalloprotease Mec’, a
spontaneous N-acyl shift in L-cysteine is observed (Jurgenson, Burns et al. 2008). A crystal
structure of the CysMeCysO complex comprised an asymmetric CysM dimer, where one
monomer adapted to the closed conformation and the second monomer interacted with CysO.
The main differences between the two monomers were observed in the loop region stretching
from residue 211 to residue 237, which fold into three 3;p helices in the CysMeCysO
monomer instead of one 310 helix in the closed conformation. In addition part of the N-
terminal domain extends away from the core of CysM to allow interaction with CysO. The
loop region is also responsible for the majority of interactions with CysO. Other interactions
include hydrogen bonding between helix 04 and strand B8 of CysM with a loop region
preceding B3 and the C-terminus of CysO, respectively. After B-elimination of phosphate by
CysM, the thiocarboxylated C-terminus of CysO is placed into the initial binding pocket of
the leaving group of the first substrate (Jurgenson, Burns et al. 2008). Using thiocarboxylated
CysO instead of sulfide ions is likely to be beneficial for Mth, especially during dormancy,
because thiocarboxylate is more resistant to oxidation and less toxic to the cell (O’Leary,
Jurgenson et al. 2008).

In summary, the mycobacterial sulfur assimilation pathway supplies the sulfur required for
the production of sulfated metabolites, while the three L-cysteine synthases use sulfur
according to their substrate profile. CysM seems to be a dormancy specific L-cysteine
synthase and inhibition of CysM is expected to interfere with the availability of mycothiol,
crucial for intracellular redox homeostasis.
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2 AIMS OF THE THESIS

L-cysteine biosynthesis and the preceding sulfur assimilation pathway have been shown to be
essential for Mtb in order to maintain its metabolism during active and latent tuberculosis.
With this in mind, and with the lack of novel antimycobacterial drugs, we studied four
mycobacterial enzymes to determine whether it is possible to discover potent inhibitors with
the potential to be further developed into novel antimycobacterial drug candidates.

Paper | — Crystal structures of the Kinase domain of the Sulfate-activating complex of
Mycobacterium tuberculosis

Structural and mechanistic characterization of CysC, the APS-kinase domain of
mycobacterial ATP sulfurylase

Comparison to human homologs to evaluate feasibility of developing specific
inhibitors targeting the mycobacterial enzyme only

Paper Il — Inhibitors of the L-cysteine Synthase CysM with Antibacterial Potency against
Dormant Mycobacterium tuberculosis

Performance of a CysM-based HT screening campaign to identify novel inhibitors
targeting the L-cysteine synthase CysM, including hit confirmation and hit expansion
In vitro validation of the obtained hits with several orthogonal enzymatic assays and
crystallographic methods, including establishment of SAR

In vivo validation of the most potent inhibitors in actively dividing Mtb and a nutrient
starvation model, reflecting the dormant state of Mtb

Paper 111 — Profiling of in vitro activities of urea-based inhibitors against L-cysteine
synthases from Mycobacterium tuberculosis

In vitro validation of a subset of inhibitors tested during the experiments to generate
paper Il against the two remaining mycobacterial L-cysteine synthases CysK1 and
CysK2 by two orthogonal enzymatic assays

Identification of inhibitors specific to CysK1 and/or CysK2

Identification of compounds with triple inhibitory effect against CysK1, CysK2 and
CysM
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3 RESULTS AND DISCUSSION

3.1 PAPERI|-CRYSTAL STRUCTURES OF THE KINASE DOMAIN OF THE
SULFATE-ACTIVATING COMPLEX IN MYCOBACTERIUM
TUBERCULOQOSIS

The mycobacterial APS kinase domain CysC has been co-crystallized with several
nucleotide combinations, ADP alone, ADP and APS and AMP-PNP, a non-hydrolysable
analog to ATP, and APS, respectively. Co-crystal structures were solved with the molecular
replacement method using the structure of the human PAPS synthetase 1 as a search model
(Sekulic, Konrad et al. 2007).

The overall structure of CysC follows the classical o/f} purine nucleotide binding fold (Fig.
9A) (Schulz, Elzinga et al. 1974). On both sides two a-helices flank the five-stranded
parallel B-sheet core. In addition B2 and a2 are connected via one short a-helix and p4 and
B5 via two a-helices, respectively. Analytical gel filtration revealed that CysC forms a
dimer in solution which is consistent with the crystallographically determined dimeric
structure for all three CysC complexes. Analysis of the molecular contacts suggests a
buried surface area of 3300 A? for the dimer interface formed by helices 02 and o3 with
their corresponding symmetry mates.

The closest structural homologs were three bacterial APS kinases from Aeropyrum pernix,
(PDB 2YVU) , Thiobacillus denitrificans (Gay, Segel et al. 2009), Aquifex aelicus (Yu,
Lansdon et al. 2007), one from the fungus P. chrysogenum (MacRae, Segel et al. 2000),
one from the plant A. thaliana (Ravilious & Jez 2012) and the APS kinase domain from
human PAPS synthetase 1 (Harjes, Bayer et al. 2005) with r.m.s.d. values ranging from 0.9-
1.5 A. Sequence identities of CysC with the five homologs ranged from 34 to 52%, sharing
the highest sequence identity with human PAPS synthetase 1.

3.1.1 ADP binding site of mycobacterial APS kinase

The ADP binding pocket is found in a cleft that is formed by the conserved P-loop stabilizing
the two phosphate groups of ADP on the bottom, loop T551 to K562 followed by helix a5
interacting with the ribose and the adenine base and is completed by the loop formed from
L593 to 1599 that binds the adenine base on the opposite site. After analysis of the two
subunits of the binary complex it became apparent that the ADP molecules are bound in anti
in two slightly different conformations. The rotation of the glycosidic bond results in a shift
of the adenine ring and the a-phosphate. In this complex the major part of the adenine base
and the ribose moiety are accessible from the solvent, the bisphosphate group however is
tightly fixed to CysC by the P-loop. In the ternary complex CysCe ADP® APS, ADP is bound
in one defined conformation and the interactions between ADP and CysC are fully developed
as compared to the binary complex. In the second ternary complex, in which ADP was
replaced by AMP-PNP in the crystallization mixture, the purine nucleotide binds in the same
fashion as ADP. The only difference is the y-phosphate group that interacts with K456 from
the P-loop and K562 on one side and is further stabilized from the opposite site by a bound
magnesium cation (Fig. 9B).
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Figure 9. A) Overall structure of the Michaelis complex of the CysC dimer colored in beige and
purple with the bound substrates AMP-PNP and APS shown in purple stick representation. The
magnesium ion stabilizing the phosphate group is shown as a grey ball. The P-loop is colored in
pink and the DGDN loop in purple. The sidechain of C556 is shown in purple stick representation.
(PDB 4BzX) B) Detailed view of the interactions between CysC and the bound substrates AMP-
PNP and APS.

3.1.2 APS binding pocket

The APS binding pocket is found opposite of the ADP/AMP-PNP binding site and formed by
loop 490-495 and loop 562-582. APS is oriented with its ribose moiety towards the terminal
phosphate group of ADP and AMP-PNP, respectively. The adenine ring of APS is n-stacked
between F492 and F576. The former phenylalanine is part of loop 477-499, which is
displaced by approximately 2 A upon APS binding in comparison to the binary complex and
thereby closes off the APS binding pocket. Loop displacement explains the relatively high
overall r.m.s.d. values of 0.9 A, between the binary complex and the two ternary complexes,
although the protein core retains the same conformation in all three complexes.

3.1.3 Magnesium binding site

In spite of adding Mg?* to the crystallization mixture, no electron density was observed for
the divalent metal ion in the ternary complex CysCeADPe®APS. In the second ternary
complex CysCe AMP-PNPeAPS, where ADP is replaced by AMP-PNP, electron density for
Mg?" was observed, which is probably due to the presence of the y-phosphate in AMP-PNP
that contributes to the octahedral coordination of the magnesium ion via its oxygen. The
coordination of magnesium is completed by a second oxygen provided by the B-phosphate,
the side chain oxygen of S457 and three water molecules.

3.1.4 Mechanistic proposal for phosphoryl group transfer

The ternary complex of CysC in the crystal structure of CysCe AMP-PNPeAPS provides a
detailed view of the interactions with the substrate and residues that are involved in catalysis
and allows a proposal for phosphoryl group transfer (Fig. 10). The y-phosphate of AMP-PNP
is in close vicinity of the 3 hydroxyl group of the receiving substrate APS. During catalysis,
orientation of AMP-PNP and charge stabilization of its phosphate groups is achieved by the
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P-loop and the magnesium ion. Through progression of the enzymatic reaction, a charge
accumulation around the y-phosphate occurs and is stabilized by K562, which is perfectly
positioned between the y-phosphate group of AMP-PNP and the oxygen of 3’ hydroxyl group
of APS. The conserved residue D480 probably acts as a catalytic base by abstracting a proton
from the 3’ hydroxyl group of APS, and is attacked by the stabilized y-phosphate. The
mechanism for the APS kinases is preserved in mice, humans, fungi and plants and also CysC
follows this mechanism (Singh & Schwartz 2003; Sekulic, Konrad et al. 2007; Lansdon,
Fisher et al. 2004; Ravilious & Jez 2012).

A B NH,
\_ o o ab
~ o:g—o—g—o <N N/)
8§ o
K562 .
\NH
. o;/O\ OH
& : ‘/ AMP PN LA ‘>
' TP e
AMP-PNP e e
‘\ 'APS
- N\
/ NH,
/ N XN
o o </ J
o:lsl—o—!lvl—o N N7
| . o
K5602 °
s
N 5 on
ﬁ o:||=—o‘
AMP —o—r—o &
! 3 e
iVIgz+ D480

Figure 10. A) Magnification of the CysC active site with bound substrates AMP-PNP and APS
shown in purple stick representation and magnesium shown as a grey ball. Residues K562 and
D480 which are involved in phosphoryl group transfer are shown in stick representation. (PDB
4BZX) B) Proposed mechanism of phosphoryl group transfer in mycobacterial CysC. D480 acts as
the catalytic base that abstracts a proton from the 3’ hydroxyl group of APS that subsequently reacts
with the y-phosphate of ATP. Charge stabilization during catalysis is achieved by K562.

3.1.5 Comparison to the human PAPS synthetases

PAPS synthetases are the closest human homologs, sharing a sequence identity of
approximately 50% with the mycobacterial CysC. Two isoforms have been characterized,
PAPS synthetase 1 and 2, which are sharing more than 70% sequence identity with each other
(Fuda, Shimizu et al. 2002).

One of the aims of this study was to analyze whether the architectures of the active sites of
mycobacterial CysC and the kinase domain in human PAPS synthase 1 and 2 are different
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enough to allow inhibitor design to specifically inhibit only the mycobacterial enzyme.
Inhibition of CysC would prevent the formation of PAPS, and subsequently would impede
formation of sulfated lipids, which is associated with increased virulence in Mth (Williams,
Senaratne et al. 2002). The APS binding sites of all three enzymes are very similar. Out of the
fifteen amino acids making up the APS binding site, twelve are conserved. An expected
increase in binding pocket volume by replacement of A522 (CysC) with F131 (hPAPSS) was
minimal. In the loop that binds the adenosine ring of APS T574 and H575 of CysC are
exchanged to K183 and G184 in the human enzyme, where only the backbone carbonyl
group of K183 participates in interaction with the ligand.

For the ATP binding site, the situation is similar. Although only six out of fourteen residues
are conserved, five additional residues comprise similar size and chemical properties as the
mycobacterial CysC. Only three amino acids are significantly distinct, which is P561,
replaced by V170 in the human homolog, R597 with C/S207 and Q602 with C212. Given the
high degree of conserved residues between human PAPS synthetase and CysC the design of
specific inhibitors targeting the mycobacterial enzyme only appears to be a challenging task
for medicinal chemistry, and was therefore not pursued further.

3.1.6 Is CysC regulated by disulfide bond formation?

During the performance of enzymatic activity assays to demonstrate that mycobacterial CysC
is functional as a single unit, it was observed that CysC activity is increased upon addition of
reductants, which was also reported for CysC homologs in A. thaliana (Sekowska, Kung et
al. 2000) and A. aelicus (Yu, Lansdon et al. 2007). In A. thaliana the formation of a
regulatory disulfide bond between an L-cysteine in the N-terminal domain and an L-cysteine
residue in the core domain of the adjacent monomer was observed. The disulfide bond
formation is dependent on the redox state of the surrounding. Reduction results in activation
of APS kinase, whereas disulfide bond formation gives a 20-fold less efficient enzyme
(Herrmann, Nathin et al. 2015; Lillig, Schiffmann et al. 2001). In the monomer of the
mycobacterial CysC three L-cysteine residues can be found, which raised the question if
CysC is also regulated upon disulfide bond formation. Five CysC mutants (C514A, C549A,
C556A, C556S and a triple mutant, in which all three cysteine residues were mutated to
alanine residues) were produced to probe the role of the three L-cysteine residues, since after
inspection of the crystal structures it became apparent that none of the L-cysteine residues is
involved in the formation of disulfide bonds. Amino acid replacement at position C514 and
C549 did result in enzyme variants that show the same activation behavior as the wild type
variant, suggesting that neither of these two L-cysteine residues alter CysC activity based on
their redox states.

The amino acid replacement at position 556 resulted in a catalytically inactive enzyme.
C556S was completely inactive and could not be reactivated upon addition of reductants. The
same behavior was observed for the triple mutant. In contrast, the activity of the C556A
mutant could be rescued by addition of DTT, but to a smaller extend than it was observed for
the wild type. The C556S mutant was sensitive to non-specific proteolysis by thrombin,
which was also observed during protein purification of the wild type enzyme. In case of the
wild type however, sensitivity could be circumvented by addition of ADP, but not in the case
of the C556S mutant.
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Co-crystallization of the C556S mutant resulted in a crystal structure with an r.m.s.d. value of
0.5 A between the mutant and wild type crystal structure of the binary CysCe ADP complex
indicating little structural deviations between the two of them. In none of the subunits of the
mutant ADP was bound and one segment from residue 552 to 581, including the residue of
interest in the C556S mutant, could not be modeled, due to lack of electron density. This
stretch belongs to the lid region that closes off the ATP binding site and allows positioning of
R559 close to the adenine ring of ATP and is conserved in APS kinases.

Mutagenesis, observed thrombin sensitivity despite addition of ADP and structural analysis
indicate that mutation of C556 to S556 results in deficient ATP binding, due to increased
flexibility of the lid closing the active site. It is known that enzyme catalysis is linked to
protein dynamics. Altered contributions of hydrogen bonds or van der Waals interactions are
capable of influencing protein dynamics in such a way that catalysis can be prevented or
slowed down (Henzler-Wildman & Kern 2007). Studies on the dynamics of two orthologous
adenylate kinases revealed that reduced catalytic activity in one of the kinases could be
attributed to slower opening of the lid region (Wolf-Watz, Thai et al. 2004). In CysC the
mutation from L-cysteine to L-serine might have a similar effect on the lid closing the ATP
binding site, but instead of reducing catalytic activity the enzyme remains entirely inactive.
Overall, oxidative stress, caused by macrophages in order to clear Mtb infections, might
partially oxidize the thiol groups of L-cysteine residues present in CysC and thereby direct
sulfur assimilation towards the reductive branch to produce L-cysteine and subsequently
mycothiol. Imagining such a type of enzyme regulation would allocate CysC the role of a
switch that decides upon the fate of activated sulfate.
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3.2 PAPER Il = INHIBITORS OF THE L-CYSTEINE SYNTHASE CYSM WITH
ANTIBACTERIAL POTENCY AGAINST DORMANT MYCOBACTERIUM
TUBERCULOQOSIS

3.2.1 High-throughput screening and selection of hits

To screen for potential hits targeting CysM in a high-throughput format, a target-based
approach was chosen. The high-throughput screening assay employed was based on the PLP
fluorescence emission signal increase upon binding of compound in close vicinity to the
covalently bound PLP cofactor in the active site (Campanini, Speroni et al. 2005). The
advantage of the PLP fluorescence emission assay was that it was easily adaptable to high
throughput format.

The PLP fluorescence emission assay, however, faces several limitations as screening assay
and method to reliably determine Ky values. Compounds that fail to induce significant
changes in PLP fluorescence cannot be identified as potential binders. This is particularly true
for allosteric inhibitors binding far from the cofactor PLP. Enzymatic assays, using OPS and
the small sulfur delivery protein CysO as a sulfur donor to identify inhibitors would be
capable of identifying allosteric inhibitors as well, but would meet major obstacles in terms of
producing sufficient amounts of pure thiocarboxylated CysO in vitro. In addition this assay is
not suitable to be adapted to high-throughput format. The sensitivity of the assay limits the
range of Ky values that can be determined reliably. The enzyme concentration required to
obtain an acceptable signal to background ratio sets a limit for binding constants to the low
micromolar range. The used CysM concentration of 2 uM would require the addition of the
corresponding concentration of inhibitor to saturate all inhibitor binding sites and hence sets
the limit for a Ky value that can be determined to > 1 uM.

Screening of a chemically diverse library, consisting of 17,312 lead- to drug-like molecules
against CysM, resulted in the identification of twenty concentration dependent active site
binders. After passing the initial hits through filters to remove potential aggregators,
unwanted reactive and pan-assay interference compounds (PAINS), six compounds
remained. Focus was put on two closely related compounds based on a urea scaffold, because
several structural analogs were accessible through the compound library of the screening
facility. The PLP fluorescence assay was also employed to determine Ky values of these
initial two urea scaffold hits, which were found to be in the low micromolar range.

3.2.2 Hit expansion

Hit expansion was an iterative process, including several rounds of compound selection and
synthesis. Insights from co-crystal structures of enzyme-inhibitor complexes, combined with
obtained biochemical data from five orthogonal enzymatic assays, guided the design of
structural analogs. The compound library used for in vitro validation contained 71
compounds, of which 54 were synthesized by our collaborators from BITS-Pilani,
Hyderabad, India, and the remaining seventeen were either available through the compound
library of the screening facility CBCS or purchased from commercial vendors.
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3.2.3 In vitro validation

Five orthogonal assays were exploited to characterize the 71 compounds in the prepared
compound library to derive structure-activity relationships (SAR). Kq4 values were determined
by exploiting the PLP fluorescence emission assay and wherever necessary due to affinities in
the low micromolar range, the alternative method ITC was used. In addition first order rate
constants (Kqps) Of the first half reaction were determined by spectrophotometrically
monitoring the formation of the a-aminoacrylate reaction intermediate. Derived Kqps Values in
the presence of 100 uM compound and 500 uM OPS were then compared to Kqps Values of
the uninhibited reaction to determine the remaining activity of CysM. The strongest inhibitors
were tested if they fully inhibit the enzymatic reaction of CysM, by preventing the formation
of the reaction product L-cysteine-CysO adduct. The reaction products were analyzed by
ESI-MS. Compounds 1 and 2 fully inhibited the CysMeCysO reaction, indicated by the
presence of only one peak in the MS spectrum, corresponding to the thiocarboxylated CysO.
Compound 3 and 5-7, showed partial inhibition, indicated by the presence of two peaks, one
corresponding to the mass of thiocarboxylated CysO only and the other corresponding to the
L-cysteine-CysO adduct. Although compound 17 was showing relatively high affinity and
decreased CysM activity, only one peak corresponding to the molecular weight of L-cysteine-
CysO adduct was detected, indicating that this compound had little potential to inhibit the
overall CysMeCysO reaction. Compound 1 was the strongest inhibitor characterized, with an
apparent Ky of 0.3 uM, determined by ITC and an ICs, value of approximately 0.5 uM of the
multiple turnover enzyme reaction using thiocarboxylated CysO as the sulfur donor.
Phosphate release after B-elimination from OPS was monitored spectrophotometrically, after
derivatization with malachite green reagent to demonstrate the concentration dependency of
inhibition on the multiple turnover enzyme reaction. Biochemical data and resolution of the
obtained co-crystal structures of the strongest inhibitors are summarized in Tab. 1 below.
Further details on the biochemical data of all tested compounds, and descriptions of the five
orthogonal assays, can be found in Tab. 1 in paper Il and Tab. S2 and the materials and
methods section in the supplementary information of paper II.
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Table 1 Summary of the obtained biochemical data for the strongest inhibitors targeting CysM and
corresponding resolutions of the complex crystal structures.

Compound Kg(UM)  Kkess(min™)  Activity (%) CysO-CYS  Resolution (A)

1 03+001 01+0.01 0.3 INH 2.1
2 1.7+01 0.24+0.06 0.6 INH 1.7
3 45+0.2 048+0.18 1.2 partial INH 2.7
4 22%0.1 0.23+0.05 0.6 n/d 2.0
5 8.0+0.6 192+1.08 49 partial INH 1.6
6 1.4+04 048+0.12 1.2 partial INH 2.6
7 34+01 024+0.06 0.6 partial INH 2.5

3.2.4 Crystal structures of the enzyme-ligand inhibitor complexes

The overall structure of CysM in complex with the best inhibitors showed little deviation
from the crystal structure of CysM in complex with the external aldimine, as indicated by
r.m.s.d values between 0.7-1.4 A after superposition of the Co. carbons. The fold of type I
PLP-dependent enzymes, comprising two domains, where each shows the typical o/p fold, is
maintained in all the inhibitor complexes. After manual inspection of the CysMeinhibitor
complexes, it became apparent that the open and the closed conformation are observed within
the same dimer. The open conformation comprises a disordered C-terminus (residues 310-
323) and a disordered mobile active site loop, containing residue R220, which results in an
open active site. In the co-crystal structures in which CysM is in complex with the inhibitors,
the open conformation allows partial solvent exposure of the inhibitor. In the closed
conformation however the active site loop and the C-terminus are well defined and they fold
over the inhibitor binding site, preventing solvent exposure. In order to describe the CysM-
inhibitor interactions the closed conformation was chosen, in which the active site loop and
the C-termini are resolved and hence interactions between CysM and the inhibitors are fully
established.

3.2.5 Common features of best inhibitors

The most potent inhibitors share all common structural features and consist of three parts
(Fig. 11A). The left-hand side (LHS) is always a phenyl ring substituted with a carboxylate
group. The LHS is connected via a urea linker to the right-hand side (RHS), which is either a
substituted monophenyl. (type I inhibitors, compounds 1, 5-7) or a bisphenyl group (type Il
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inhibitors, compounds 2-4) (Fig. 11B-F). All seven inhibitors bind in the same orientation
with their carboxylated LHS, binding in a similar fashion as the carboxylate group of the
substrate OPS, as can be seen from the crystal structures of CysM in complex with
compounds 1 — 7. Type | inhibitors interact via hydrogen bonds with the conserved residues
T78, S79, N81 and T82 involved in carboxylate group binding of the natural substrate OPS.
The characteristic carboxylate group is common in all potent inhibitors identified for the
mycobacterial homolog CysK1 and paralogs of L-cysteine synthases in other organisms, such
as H. influenzae and S. enterica (Schnell, Oehlmann et al. 2007; Poyraz, Jeankumar et al.
2013; Salsi, Bayden et al. 2010; Amori, Katkevica et al. 2012; Pieroni, Annunziato et al.
2016). A substitution of the LHS with a tetrazolidine group resulted in complete loss of
binding, which further underpins the carboxylate group as a hallmark of inhibitors targeting
L-cysteine synthases. It became apparent that introduction of additional substitutions on the
LHS of type | inhibitors resulted in decreased binding ability as demonstrated by the
introduction of one additional hydroxyl or repositioning of the carboxylate group from meta
to para. Interactions of the carboxylate binding pocket of CysM with the type Il inhibitor
compound 3, comprising a carboxylate substituted LHS only involve binding of the
conserved residues N81 and T82. In general type Il inhibitors are more tolerant towards
substitutions on their LHS, as shown by retained binding affinities and no loss in inhibitory
power upon introduction of the additional hydroxyl group or repositioning of the carboxylate
group, which is due to conformational changes caused by the urea linker in combination with
the RHS of type Il inhibitors, as can be seen in compound 3 and 4.

The urea linker forms stacking interactions with PLP, orienting itself in parallel to the plane
of the pyrimidine ring of the co-factor in the active site. The carbonyl group of the urea linker
interacts via a hydrogen bond with R220, which is part of the mobile active site loop and both
amides interact with two internal water molecules in type Il inhibitors. In type | inhibitors, the
interactions between enzyme and urea linker differ, in fact the carbonyl group of urea
interacts with N221, one residue upstream in the polypeptide chain as compared to type Il
inhibitors. Amide interactions are formed with the terminal residue A323 and one internal
water molecule. Exchanging the central linker against thiourea, sulfonamide, amide or an
elongated urea group resulted in compounds not binding to CysM.

The RHS occupies a rather flexible hydrophobic pocket that adapts to the different sizes of
type | and type Il inhibitors, which is due to the high flexibility of the active site loop and the
C-terminus that folds over the active site pocket. Binding of type Il inhibitors induce a
different conformation of the active site loop that increases the size of the hydrophobic
binding pocket of the RHS. In addition the different conformation of the active site loop does
not allow insertion of the C-terminus into the active site pocket and thus results in differences
in interaction with the urea linker (Fig. 11C and 11D).
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LHS linker RHS

Figure 11. A) General scaffold of the urea-based CysM inhibitors. B) Superposition of
CysM in complex with compound 5 (PDB 516D) and compound 2 (517R) showing the two
different conformations of the active site loop and the C-terminus upon binding of the two
types of the urea-based inhibitors. The complex structure of CysM and compound 5 is
colored in yellow and compound 5 is shown in stick representation in orange. The
corresponding active site loop and the C-terminus are colored in red. The complex structure
of CysM and compound 2 is colored in light blue, compound 2 is shown in stick
representation colored in marine and the corresponding active site loop and the C-terminus
are colored in dark blue. C) Binding pocket of type I inhibitors with compound 1 shown in
orange. (PDB 517A) D) Expanded binding pocket upon binding of type Il inhibitors E)
Detailed interaction of compound 1 with CysM. F) Detailed interaction of compound 2
with CysM.
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Binding affinity of type | inhibitors were negatively affected by introducing electron
withdrawing groups, clearly indicating that halogen substitutions were preferred, as could be
seen for the best inhibitor, compound 1, that is chlorine-substituted in meta and para position.
Type Il inhibitors did not allow substitutions on the terminal phenyl group without sacrificing
binding affinity. From the co-crystal structures of CysM and compounds 2, 3, and 4 it is
obvious that binding of type Il inhibitors does not allow further size increase of the RHS, due
to less than 4 A of space in either direction.

3.2.6 Antimycobacterial activity of urea-based inhibitors

The strongest inhibitors were tested against actively dividing Mtb and showed MIC values
between 2-20 uM. In the lower micromolar range, these MIC values are not as potent as MIC
values achieved by culture treatment with isoniazid and rifampicin, which were determined to
0.4 uM and 0.5 pM, respectively. However, CysM is expected to be most active during the
dormant phase of Mtb, therefore a nutrient starvation model was chosen. The conditions in
this model reflect conditions inside host macrophages and as a result Mtb remains in a non-
replicating state. Compound 2 and 5 showed comparable killing activities to the antibiotics
rifampicin and moxifloxacin, known to have a killing effect on non-replicating Mtb.
Compound 1 and 3 even showed improved Killing activities over rifampicin and
moxifloxacin by decreasing the bacterial count by three orders of magnitude. In order to
address whether the observed bactericidal effect was due to targeting of the L-cysteine
biosynthesis the cultures treated with compound 1 and 3 were supplemented with L-cysteine
and a complete loss of antimycobacterial activity was observed, which hints towards L-
cysteine biosynthesis, as the actual target of the identified inhibitors. The inhibitors were
tested for cytotoxicity against three human cell lines and one mouse cell line. None of the
tested inhibitors showed significant cytotoxicity towards the mammalian cells.

3.2.7 Compound selectivity

A homology search of the human genome identified cystathionine beta synthase as the closest
human homolog, with a sequence identity of 29%. The affinity of compound 1 was 300 times
lower than for CysM and compound 2 did not bind at all. The low cytotoxicity and the
selectivity for CysM over the closest human paralog make the identified set of inhibitors a
valuable starting point for developing a drug to specifically target dormant Mtb.
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3.3 PAPER Il = PROFILING OF IN VITRO ACTIVITIES OF UREA-BASED
INHIBITORS AGAINST L-CYSTEINE SYNTHASE FROM
MYCOBACTERIUM TUBERCULOSIS

The presence of the two additional L-cysteine synthases in Mtb raised the question of whether
the identified compounds described in paper Il selectively inhibit CysM or also target the two
other homologous mycobacterial L-cysteine synthases CysKl and CysK2. The 71
compounds used for determining SAR for CysM, were rescreened against CysK1 and CysK2
with two orthogonal assays. One assay was based on a fluorescence emission signal increase
or decrease upon binding of an inhibitor in close proximity of the PLP-cofactor in the active
site (Campanini, Speroni et al. 2005). The second assay was based on the spectrophotometric
detection of L-cysteine, the product of the enzymatic reaction, after derivatization with
ninhydrin. Traditionally, ninhydrin is used to derivatize amino groups in compounds, such as
amino acids. However, if the reaction is performed in acidic milieu the derivatization is
specific for L-cysteine and results in the formation of a distinct pink derivative, which can be
detected at a wavelength of 560 nm (Gaitonde 1967). The same derivatization method could
be used to monitor formation of S-sulfocysteine, the reaction product of CysK2, since it was
shown that S-sulfocysteine also results in the formation of the same pink derivative, due to
acidic hydrolysis to L-cysteine and sulfide (Steiner, Both et al. 2014). For the initial screening
of the 71 compounds both assays were exploited to determine the fact of binding and
inhibition. For identified hits the PLP-fluorescence-based assay was used to determine Kgq
values and the assay based on ninhydrin derivatization was used for 1Cs, determination.

3.3.1 Identification of inhibitors targeting CysK1 and CysK2

During screening of the 71 compounds, it became apparent that the PLP-fluorescence-based
assay was not sufficient to identify all compounds that also showed inhibition of CysK1 and
CysK2. Some of the compounds that did not result in an increase or decrease of fluorescence
signal did nevertheless show inhibition of CysK1 and CysK2, and ICs, values could be
determined. For CysK1 six compounds comprising ICs values between 2.5-29.4 uM were
identified, with compounds 9 and 2 being the strongest inhibitors. In the case of CysK2 seven
compounds with ICs, values between 6.6-29.9 UM were determined. The best inhibitors for
CysK2 were shown to be compounds 1 and 2.

3.3.2 Urea-based compounds inhibit all three mycobacterial L-cysteine
synthases

In total, four inhibitors, compounds 1 to 4, were identified that target both L-cysteine
synthases, CysK1 and CysK2 (Fig. 12). These compounds were also among the top inhibitors
targeting CysM, however, the determined 1Csy for CysM with compound 1 was 20 times
lower than the 1Cs, for CysK1 and CysK2, which were shown to be approximately 10 uM.

All the inhibitors of the L-cysteine synthases identified so far carry a carboxylic acid
substitution that interacts with the conserved residues T71, S72, N74, T75 and Q144 (residue
numbering based on CysK1) usually binding the carboxylate group of the natural substrates
OAS and OPS (Cox & Laessig 2014; Poyraz, Jeankumar et al. 2013; Pieroni, Annunziato et
al. 2016; Amori, Katkevica et al. 2012; Salsi, Bayden et al. 2010). The loops, however, which
are responsible for closing off the active site, are different in sequence and conformation in
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all three L-cysteine synthases and explain the preference of one L-cysteine synthase for a
certain inhibitor over the other. The urea-based compounds identified as inhibitors within the
frame of this study follow the same pattern, carrying the characteristic carboxylic acid moiety
on their LHS. The RHS, however, allows some variation, since both L-cysteine synthases,
CysK1 and CysK2, show affinity for both types of inhibitors, the mono-substituted phenyl
and the bisphenyl variant. Halogen substituted phenyls show stronger inhibition of CysK2
and CysM. They also inhibit CysK1, but to a much weaker extent.

ICso = 4.9 uM

T L 1C=6.6 uM
AT sactivity = 0.6 1Cy = 11.2 M
3 ICso = 10.1 uM
1C5 =21.2 uyM %activity = 0.6
ICso = 26.9 UM o .

Y%activity = 1.2

ICs = 29.9 uM
%activity = 0.6

ICs = 9.3 uM
ICso = 10.3 pM
%activity = 0.6

ICs =25
ICso = 29.9 uM

IC5, = 31.6 UM
%activity = 1.2

Figure 12. Venn diagram illustrating the inhibitory profile of the urea-based compounds of
mycobacterial cysteine synthases. The blue circle represents CysM, the red circle CysK1 and the
green circle CysK2. Below the compound structures 1Cs, values for CysK1 and CysK2 are shown in
red and green, respectively. For comparative reasons remaining activity in percent for CysM are
shown in blue.

In general L-cysteine synthases seem to be tolerant towards the introduction of an additional
hydroxyl group, with the exception of compound 9, belonging to the type I inhibitors of L-
cysteine synthases. Compound 9 only inhibits CysK1 and CysK2, but not CysM, indicating
that introduction of the hydroxyl group on the LHS of type | inhibitors prevents binding of
CysM. This observation is underpinned by the effective binding and strong inhibition of all
three L-cysteine synthases by compound 4, which belongs to type Il inhibitors with the same
LHS substitutions as compound 9.
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3.3.3 Comparison of the CysK1 specific inhibitors: urea-based scaffold
versus thiazolidine-based scaffold

To understand the structural basis of selectivity, extensive attempts to generate crystal
structures of CysK1 and CysK2 with bound inhibitors were made. Using an established
crystallization condition to obtain complex crystals of CysK1 and compounds 2 and 9
resulted in the formation of protein crystals with no inhibitor bound. 96-well HTS in presence
of compounds 2 or 9 to identify novel crystallization conditions did not result in any
formation of protein crystals. The crystal structure of CysK2 has not been solved yet,
although excessive efforts by various researchers in our research group have been made to
obtain crystals over the past 10 years. HTS for crystallization conditions for CysK2 in
complex with compound 2, unfortunately, did not result in any formation of well-diffracting
crystals.
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Figure 13. A) Superposition of CysM and CysK1. CysM is colored in dark blue and CysK1 in
bordeaux. The PLP-cofactor is colored in yellow, and the thiazolidine inhibitor is shown in pink and
compound 2 in light blue. B) Magnification of the superposed inhibitor binding sites of CysM and
CysK1. Conserved active site residues binding the carboxylic acid moiety of the two inhibitors are
shown in stick representation and colored blue and bordeaux for CysM and CysK1, respectively. A
loop segment that closes off the active site of CysK1 is shown in bordeaux. Binding of compound 2
by CysK1 in the same orientation as by CysM is not possible, due to severe clashes indicated by the
arrow, suggesting that the urea-based compounds bind to CysK1 in a different manner compared to
CysM.

Although all potent inhibitors of L-cysteine synthases identified so far carry a carboxylic acid
group that is anchored through interactions with highly conserved active site residues, a
structural basis to identify more similarities and/or differences in how the inhibitors interact
with each of the mycobacterial L-cysteine synthases would be valuable. Understanding which
parts of the inhibitors can be modified in order to increase affinity for one target, while not
sacrificing it for the other, could potentially result in more potent inhibitors targeting all three
L-cysteine synthases at once. Superposition of the crystals structures of CysK1 in complex
with thiazolidine, and CysM in complex with compound 2, shows the potential binding
orientation of the urea-based inhibitors in the active site of CysK1 (Fig. 13). The carboxylate
group on the inhibitors LHS probably binds in the same orientation to CysK1 as to CysM,
based on the conserved active-site residues binding the carboxylate group on all so far
identified L-cysteine synthase inhibitors. The RHS, however, is very unlikely to bind in the
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same fashion in CysK1 as observed in CysM, because this orientation would result in severe
clashes between inhibitor and a loop segment, stretching from P217 to G224.

3.3.4 Targeting all three L-cysteine synthases at once

Although the three L-cysteine synthases are active during different metabolic states, it would
be of great importance to inhibit all three L-cysteine synthases at once. The three pathways
are redundant and could potentially provide back-up systems for each other, taking over L-
cysteine production upon specific inhibition of only one of the three L-cysteine synthases and
thus leading to drug resistance. By inhibiting all three L-cysteine synthases at once, the onset
of drug resistance caused by the redundancy of L-cysteine synthases could potentially be
postponed.
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3.4 CONCLUSION

In paper I, CysC, the APS kinase domain of mycobacterial ATP sulfurylase was
characterized in a mechanistic and structural manner. The study further identified an L-
cysteine residue that controls lid dynamics important for catalytic activity. The overall
structure of the human homologs PAPSS1 and PAPSS2 and the mycobacterial CysC are very
similar and so are the substrate binding sites, which share a significant degree of sequence
identity.

Paper 11 describes the successful identification of inhibitors targeting CysM, the L-cysteine
synthase most active during dormancy. Seven compounds have been identified that bind in
the active site of CysM with affinities clustering in the low micromolar range. These
compounds also inhibit the enzyme, and the high resolution structures of the protein ligand
complexes in combination with the inhibition data from the set of 71 compounds designed
and selected by systematic ligand expansion allows for description of SAR. Four of the
identified inhibitors were shown to outperform currently used antibiotics in terms of Killing
non-replicating Mtb shown in a nutrient starvation model.

In paper 111, it was shown that inhibitors targeting CysM also show inhibitory power against
CysK1 and CysK2. Superposition of the complex structures of CysK1 and thiazolidine and
CysM and compound 2 underpin the hypothesis that the carboxylate group on the LHS of the
urea-based compounds bind in the same cleft in CysK1 as the carboxylate group of the
thiazolidine inhibitor does. The RHS of the urea-based inhibitors however is unlikely to bind
in the same orientation as observed in CysM, because this would result in severe clashes with
CysK1.

In conclusion, developing specific inhibitors targeting only the mycobacterial CysC, without
targeting human homologs, seems very challenging, due to a high degree of similarity
between the enzymes of the two species, as has been shown in paper I. The identified
inhibitors targeting CysM, CysK1 and CysK2 in paper Il and Il however could provide a
valuable starting point to develop a drug that inhibits all three L-cysteine synthases at once.
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