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Abstract

Studying the mechanism and action of Purine biosynthesis
enzymes in Mycobacterium Tuberculosis H37RV

Samah Almehmadi

MtbSAICAR and MtbpurD are two essential enzymes in the Mycobacterium
Tuberculosis purine biosynthesis pathway. The aim of this work is to improve our
understanding of these enzymes by characterising the kinetics and determining their
structures. MtbpurD has been expressed and purified but it failed to crystallise, and so
homology modelling was used to compare it to homologues enzymes. MtbSAICAR was
successfully crystallised and the X-ray crystal structures determined. The kinetic
parameters in solution were also measured. The MtbSAICAR structures were solved in
apo form and in complex with substrate and inhibitor ligands, the binding of ligands
does not induce major conformation changes. Although all the solved structures are
isomorphous, there are some differences in mobility seen upon ligand binding.
Comparing MtbSAICAR with homologues enzymes revealed that despite variation in
oligomeric organisation, they share similar folds and active sites. The similarities and
differences have been evaluated and compared using both global and local alignments.
Two models have been proposed for the mechanism and action of SAICARs. The
structures of MtbSAICAR presented here are consistent with the mechanism in which
the first step is the phosphorylation of the substrate (CAIR) by ATP, rather than the
formation of a phosphoenzyme intermediate. The comparisons between MtbSAICAR
and the human equivalent enzyme (HsSAICAR) show differences which might have the
potential to be exploited as a target for specific inhibitors as new drugs to combat

tuberculosis.
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Chapter 1. Introduction

Tuberculosis (TB) is one of the world’s most lethal diseases (Riley, 1983).
Understanding the physiology and metabolism of the pathogen may facilitate
understanding of the disease. The formulation by Koch of his famous four postulates to
establish the causes of a disease, whereby he hypothesised that a microorganism
isolated from similarly infected tissues, grown in freshly prepared culture and
inoculated into a new susceptible animal must be able to be regrown in culture, led to
his identification of the causative agent of TB. In 1882, Koch confirmed that

Mycobacterium tuberculosis (Mtb) is the causative agent of TB (Sakula, 1982).

The World Health Organisation (WHO) provides a comprehensive overview of TB
occurrence worldwide. Each year, a summary of the prevalence of new TB cases and
mortality worldwide is reported. In 2015, 10.4 million patients and 1.4 million deaths
were reported due to TB infection (WHO 2016). The infection rate of TB infection in
the United States of America, Canada, and New Zealand are considered to be low as
seen in Figure (1). TB symptoms have a relationship to human immunodeficiency
virus (HIV) infection. It has been estimated that HIV patients who have previously been
infected with M. tuberculosis have an increased chance of reactivation of the disease

(Dierberg and Chaisson, 2013).

Since the discovery of M. tuberculosis, extensive studies have been carried out on its
cell wall, the characteristic features, pathogenesis, diagnosis, treatment, and
dormancy. Researchers conclude that there are many factors that promote TB
infection including homelessness, poverty, and AIDS (Waaler, 2002). The infection is
commonly transferred from human to human during close contact between individuals
such as family members, friends, work colleagues and others (Rose et al., 1979).
Although the current TB treatment is mostly effective against replicative
M. tuberculosis (Zhang and Yew, 2009), drug toxicity (Nguyen and Menzies, 2001) and
emerging outbreaks of HIV means that new effective therapeutic agents are required.
Defining the essential virulence genes may provide antimicrobial targets by inhibiting
the key biochemical processes. This demands a further understanding of the M.

tuberculosis genome.
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Figure (1) Estimation of New TB cases in 2015. The rate of TB is indicated by the gradient of color and
the estimated number is given below the figure. The lighter the color the less new incident cases will be
(WHO 2016). http://www.who.int/tb/publications/global_report/en/

1.1. Mycobacterium tuberculosis (Mtb)

M. tuberculosis is a member of Actinobacteria (gram-positive bacteria with a high G+C
content ranges which vary between 51% and 70%) (Ventura et al., 2007). M.
tuberculosis is a species of the Mycobacterium genus, which is distinguished from
other closely related bacteria by phenotypic and biochemical tests e.g. niacin positive
(Kubica et al., 2006). Its special characteristic ability to remain alive inside the host
macrophages, where may become dormant provides an additional challenge to
treatment. From the dormant state, the pathogen is capable of activating to cause the

disease at any time (Lin and Flynn, 2010).

1.1.1. Characteristic features of Mycobacterium tuberculosis (Mtb)

M. tuberculosis (Mtb) is classified as one of the slow-growing bacteria of
Mycobacterium genus (Parish and Stoker, 1999), which require 4 to 6 weeks to grow
colonies. This slow growth may be due to the hydrophobic and complex cell wall
structure that hinders nutrient uptake as described in Section 1.1.2 (Ryan, Ray, and

Sherris, 2004; Gebhardt et al., 2007). The morphological characteristics of the non-



motile M. tuberculosis is characterised either under the microscope or in culture. Mtb
bacilli have a rod shape and stain red against the blue background, staining the M.
tuberculosis bacilli is described briefly in Section 1.2.2 whereas in culture they are

identified as buff-coloured rough dry colonies, as shown in Figure (2) (Essa et al.,

2013).
(A) (B)

Figure (2) Characteristics feature of Mycobacterium tuberculosis (Mtb). (A) M. tuberculosis colonies (4
to 6 weeks) are grown on medium shown as buff-coloured rough dry. (B) Gram positive M. tuberculosis
on microscopic slide stained by acid-fast stain and appeared as rod like shape coloured red against a blue
background (Orduz and Ribon, 2015).

1.1.2. Cell Wall characteristics of M. tuberculosis

The survival of M. tuberculosis and the process involved in the development of disease
are related to the complexity of the cell wall with a high lipid content (about 60%)
(Indrigo, Actor, and Hunter, 2002). The cell wall (Figure 3) consists mainly of three
layers located outside the phospholipid bilayer. In mycobacterial species, the stability
and rigidity of cell wall is provided by the presence of peptidoglycan (PG), which
constitutes 30%-70% of Gram-positive cell walls (Schleifer and Kandler, 1972). PG in M.
tuberculosis is unusual in having N-glycolylmuramic acid (MurNGlyc) rather than N-
acetylmuramic acid (MurNAc), which is shown to have a role in increasing the
resistance of mycobacteria to the bactericidal enzyme lysozyme. This was
demonstrated with a study of the effect of lysozyme on a mutant mycobacterial
culture with a deletion in the NamH gene that reveals a decrease in the growth rate

because of this vulnerability to lysozyme (Raymond et al., 2004).



The inner PG layer binds to the arabinogalactan (AG) (polymers of galactose and
arabinose) layer by phosphodiester bonds. AG connected to PG through linker
between the C6 atom of MurNGlyc residues and galactan (Jankute et al., 2015). The
next layer of mycolic acids consists of long chain fatty acids (Smith, 2011). Trehalose-
free mutant strains with altered mycolic acid layers showed increased susceptibility to
antibiotics, indicating the significance of mycolic acid on the permeability of the cell

wall (Gebhardt et al., 2007).
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Figure (3) Components involved in the formation of the cell wall. Inner coats are peptidoglycan (PG),

arabinogalactan (AG), while mycolic acids are next to the outer layer (Smith, 2011).

1.2. Tuberculosis (TB)

It has been estimated that around 30% of people exposed to M. tuberculosis develop
the disease soon after infection (Herrera et al.,, 2011). Approximately 10% of M.
tuberculosis-infected persons activate the disease during their lifetime and of these
50%-80% develop symptoms in the first 2 years of primary infection (Kaye and Frieden,
1996). Once the disease takes hold, the infection can spread to other individuals easily,
this is because the bacilli can stay viable for a long time in the air after being
disseminated by speaking, sneezing and coughing. The disease can infect the lungs
(pulmonary) or extra pulmonary (where it infects several parts of the human body).

The infection can also be active or latent, active TB patients experience clear signs and



symptoms, whereas in latent TB the bacilli remain inactive (not replicating) until the
disease reactivates by the trigger reasons as described in Section 1.2.3 (Mahalakshmi.T

and Karpagam, 2012).

1.2.1. Pathogenicity of M. tuberculosis (Mtb)

Once M. tuberculosis reaches the alveoli, the bacilli may die when the host’s alveolar
macrophages engulf them with the initiation of phagosome-lysosome fusion
formation. If the macrophages are infected, they attempt to control the infection by
producing cytokines such astumour necrosis factor-alpha (TNF-a)and other
chemokines in order to attract other immune cells such as neutrophils and
lymphocytes (Russell, 2006), these then form the granuloma simultaneously releasing
toxic materials (reactive oxygen intermediates (ROI) and reactive nitrogen
intermediates (RNI)). The granuloma or tubercle is established in order to prevent
spreading of infection to lungs and other organs as well as to increase the burden of
the immune cells around the lesion (Fenton and Vermeulen, 1996; Flynn and Chan,
2001). The granulomas are divided into three types, solid, necrotic and caseous. The
solid type consists of different immune cells surrounding a small number of bacilli
existing in an inactive state. Individuals with a good immune response will thus contain
the infection. The formed granuloma will then diminish in size and become calcified,
however should necrotic granuloma form with high amounts of cell debris become
included, the bacilli may be reactivated. The caseous granuloma is formed when the
bacilli recovers its metabolic activity and becomes highly reproductive (Reece and
Kaufmann, 2012; Gengenbacher and Kaufmann, 2012). The infection can then spread
out not only in the lung (pulmonary) but also to other organs (extra pulmonary)
(Sreeramareddy et al, 2008)such as the pancreas and central nervous
system (Kandola and Meena, 2014). Figure (4) shows the formation of the granuloma

during Mtb infection.
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Figure (4) Processes involved in granuloma formation during TB infection. The bacilli are inhaled
through the respiratory system and the alveolar macrophages engulf them. Immune cells attracted to the
lesion site by means of the proinflammatory response lead to granuloma formation in which the infection
is controlled. Where the tubercle diminishes in size and becomes calcified. When the immune system is
compromised, the infection cycle restarts and the bacilli are released to become free through the airway
(from Russell et al., 2009).

Phagosomal maturation (phagosome-lysosome fusion) is a process in which the
bacteria are engulfed in order to eliminate it. The process starts when the M.
tuberculosis is engulfed by the phagosome, which enters into a maturation cycle that
eventually leads to the elimination of the invader. The phagosome goes from its early
and matures into the phagolysosome (whereby the pH becomes 4.5). But the bacteria
can escape, thereby increasing its chance of survival and being able to replicate
(Poirier and Av-Gay, 2012). There are some proteins that have a role in the M.

tuberculosis pathogenicity and strategies for increasing survival. Protein tyrosine



phosphatase (PtpA) lessens the acidity of the phagosome and its maturation by
inhibition of the host’s vacuolar H+-ATPase (V-ATPase). This ATP-dependent proton
pump uses the energy of ATP to transport protons which increases the acidity of the

phagosome from pH 6.5 to 5.0 which kills the bacteria (Wong et al., 2011).

PtpA is found to be the substrate of protein tyrosine kinase A (PtkA), which
phosphorylates it at residues Y128 and Y129 and so enhance its activity. It has seen
that inhibition of the interaction between PtKA and PtpA effects bacterial growth rate
(Zhou et al., 2014; Jaiswal et al., 2018). A recent study on PtkA (Bach, Wong, and Av-
Gay, 2009; Niesteruk et al., 2018) revealed that deletion of the gene coding PtkA
makes M. tuberculosis unable to prevent acidity production in the phagosome during
the infection and decreases the growth rate inside the macrophage. But an in vitro
study revealed that the PtkA mutant strain was found to be able to resist oxidative
stress such as H»0,. Thioredoxin reductase TrxB2 is also a substrate for PtkA, and it is
part of the mechanism used to eliminate toxic species such as reactive oxygen
intermediates (ROI), it is activated by phosphorylation at Y32 by PtkA. Mutation of Y32
prevents phosphorylation and thus deactivated. However, this role of TrxB2 has been
challenged by complementation studies that show the same characteristics as the
wild-type. Other proteins that become down-regulated by a lack of PtkA, such as rRNA
methyltransferases may provide protection against oxidative stress (Wong et al.,

2018).

EsxA (also called ESAT-6) (Brodin et al., 2004) is “virulence factor” protein that is
expressed by M. tuberculosis and encoded by gene in Region of Difference 1 (RD1) that
is found in all pathogenic Mycobacteria but is absent in the non-pathogenic M.
bovis bacillus Calmette-Guérin (BCG) strain (Wang et al., 2009). It is also an in vitro T
cell antigen that is able to identify TB active patients (Arend et al., 2000). EsxA has a
role in membrane permeabilisation during the translocation of M. tuberculosis into the
macrophage cytosol after the inhibition of the phagosomal maturation and the C-
terminal site has a major role in this process (Houben et al., 2012) and a role in the
destruction of the macrophage cell membrane by the apoptotic process (Derrick and
Morris, 2007). IFN-y a cytokine that has an important role in the immune system and

survival of the host (Green, DiFazio, and Flynn, 2012; Kak, Raza and Tiwari, 2018) this



induces the autophagy process whereby the bacteria are eliminated (Mizumura, Choi
and Ryter, 2014). EsxA is found to be able to reduce IFN-y gene transcription and

expression (Wang et al., 2009)

The essential role of EsxA has also been studied at the molecular level, a single residue
mutation at glutamine 5 (Q5) to either Lysine or Valine may affect the translocation of
M. tuberculosis into the macrophage cytosol. Valine was shown to up-regulate the
membrane permeabilisation activity while lysine was seen to down regulate it (Zhang
et al.,, 2016). The importance of EsxA in the virulence and pathogenesis of M.
tuberculosis has been evaluated using M. marinum (Mm) as a model; as this wild-type
strain shares similar EsxA properties with M. tuberculosis. The activity of EsxA on the
attachment and survival inside the macrophage has been assessed using Mm,
MmAEsxA, MmAEsxA(WT), MmAEsxA(Q5K) and MmAEsxA(Q5V) and M. smegmatis
(Ms). It has seen that wild-type Mm has a higher attachment rate and survival than
mutant and Ms strains. Suggesting the importance of EsxA. Also, MmAEsxA(WT) which
restore the EsxA features and MmAEsxA(Q5V) were shown to have higher survival
rates than MmAEsxA(Q5K) suggesting higher virulence increasing macrophage cell

death (Zhang et al., 2016).

The effect on EsxA activity with phthiocerol dimycocerosates (DIM) (a lipid component
in M. tuberculosis cell wall) (Camacho et al., 2001), another virulence factor, has also
been studied and it has a significant role in M.tuberculosis virulence. It was examined
using a phagosomal damage marker, such as galectin-3 and ubiquitinated protein, and
found that mutated forms are unable to cause damage to the phagosomal membrane,
unlike the wild and complementation strains. In the mutant strains, phagosomal
damage marker was prevented from accumulation around infected macrophages
(Augenstreich et al., 2017). The effect of DIM on EsxA has been explored and it was
found that DIM induces EsxA activity, this has been confirmed upon a study using BCG
wild-type strain (Mycobacterium bovis Bacillus Calmette-Guérin vaccine strain) which is
deficient in the ESX-1 systems. Comparison between mutant strains (DIM-proficient
BCG::ESX-1 and DIM-deficient BCG::ESX-1) found that the presence of DIM in the
former strain increases the accumulation of phagosomal markers around the

phagosome carrying the strain (Augenstreich et al., 2017).



GarA has been determined to be a substrate for Ser/Thr-protein kinase G (PknG) in
M.tuberculosis. This has been determined using KESTREL (Kinase Tracking and
Substrate Elucidation) (Knebel, 2001) as well as other methods (Mueller and Pieters,
2017). The importance of this protein and its potential role in M. tuberculosis
pathogenesis has been studied. It has been found that mutation in this protein

(AgarAnt) prevents the strain from growing inside the macrophage as well as its

propagation inside the lungs of mice. Whereas the wild-type strain (H37RV) showed
the opposite and was able to grow in the lungs and disseminate further to the spleen.
This information demonstrates the essential role of this protein in the virulence of M.
tuberculosis (Rieck et al.,, 2017). pknG was found to promote the growth of
Mycobacteria inside the host and probably prevents phagosome maturation by
phosphorylating the host components (Pieters, 2008; Li and Xie, 2011). The important
role of pknG was assessed in vivo and in vitro, an early study revealed that pknG
mutant strains (RvAG) weaken inside the host and unable to resist the oxidative stress
produced (Cowley et al., 2004). This was supported by an in vitro study, which
confirmed this situation as well as sensitivity to an acidic environment (Khan et al.,
2017). In the latency condition, pknG phosphorylates GarA, which maintains the
viability of mycobacteria. pknG mutant strains prevent phosphorylation of residue T21

of GarA decreasing the survival rate of the Mycobacteria (Khan et al., 2017).

1.2.2. Diagnosis of M. tuberculosis (Mtb)

Controlling the spread of the disease requires rapid diagnosis following the occurrence
of initial symptoms like coughing, bloody sputum, and weight loss. There are a variety
of diagnostic techniques for monitoring the TB disease. Microscopic examination is the
traditional method of diagnosis and is an efficient, quick and inexpensive method. M.
tuberculosis is classified as gram-positive because of the high similarity to their genes.
Although Mtb has a thick peptidoglycan layer and lack a true outer layer in their cell
wall structures, it does not retain the Gram dye as Gram-positive bacteria do thus they
are called acid-fast bacilli (Section 1.1.1.) (Hett and Rubin, 2008). Ziehl-Nielsen is
traditional staining method used to identify M. tuberculosis (Parish and Stoker, 1999;

Forrellad et al., 2013). To explain the method, in brief, the sample is applied on a slide



then stained using the acid-fast stain carbol fuchsin, then the decolouriser acid alcohol

and counterstain of methylene blue (Dezemon, Muvunyi, and Jacob, 2014).

Tuberculin skin test (TST) is another diagnostic test in which a small amount of M.
tuberculosis antigens are injected intradermally into the patient. The immune response
is assessed within 48 to 72 hours (Nayak and Acharjya, 2012). Although TST test is
more convenient, false negatives in patients diagnosed with immune-suppressed
patients or false positives in people with vaccinated Bacilli Calmette-Gue’rin (BCG) can
be obtained. Immunological test Interferon-y release assays (IGRAs), which measures
the IFN-Y expression level indicates TB infection (Pai, Riley and Colford, 2004). The
technique is expensive and requires a normal blood sample. Like TST, it also unable to
discriminate between both TB forms especially in areas of high dissemination of Latent
TB (Turetz and Ma, 2016). Active TB has clear signs and symptoms, which contribute to
the diagnosis of the disease whereas the latent state does not. Recent studied
estimates that there are 169 genes expressed differently, some of these genes are

implicated in inflammation, immune system response and apoptosis (Lee et al., 2016).

1.2.3. M. tuberculosis (Mtb) Dormancy

The majority of infected individuals possess the infection in the latent state; a poorly
understood form (Deb et al., 2009). This describes the situation where bacterial
infection is not diagnosed and the infected individual is asymptomatic (McDermott,
1959). The bacteria lose their morphological feature seen in the acid-fast stain. It is
characterised by the bacteria’s slow growth in a non-replicating state where the
metabolic activity is reduced (Kaprelyants, Gottschal, and Kell, 1993; Kell and Young,
2000). Treatment is therefore difficult (McDermott, 1959; Zhang, 2004).

Several factors such as a change in pH, insufficient nutrient and oxygen contribute to
dormancy (Shleeva, Salina, and Kaprelyants, 2010). The dormant cell tries to survive by
compensating oxygen depletion by using a nitrate respiration strategy that protects
them from hypoxia, acidic and reactive nitrogen species toxicity (Weber et al., 2000;
Tan et al., 2010). But at any time the cells can be activated by means of some factors

such as immunodeficiency virus (HIV) infection, renal failure and diabetes (Horsburgh,
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2004). Using animal (rabbit) models, the disease is reactivated by means of an
immunosuppression agent such as triamcinolone (Chao and Rubin, 2010; Subbian,
Eugenin, and Kaplan, 2014) such that the dormant bacilli growth will be active when

exposed to enough oxygen (Wayne and Diaz, 1967).

Research on immune cells and their cytokines revealed that CD4+T cells have a role in
the control and eradication of infected macrophages (Flynn and Ernst, 2000) and that
up-regulation of IFN-y enables the destruction the bacilli by activation of the
macrophage (Flynn, 1993). In addition, the absence of critical cytokines like TNF-a can
increase the burden of bacilli by preventing granuloma formation; this study has taken

place in mice (Senaldi et al., 1996).

1.2.4. Treatment

The treatment consists of a course over six months; the first two months include four
drugs (isoniazid, rifampicin, pyrazinamide, ethambutol) then another four months of
two drugs (isoniazid, rifampicin) (Zhang, 2005). Isoniazid (Isonicotinic acid hydrazide,
INH) is an inexpensive and specific drug that targets active M. tuberculosis bacilli
(Bardou et al., 1998). INH treatment inhibits mycolic acid formation, an important
virulence factor and component of antibacterial drug resistance (Quemard, Lacave and
Laneelle, 1991). INH is actually a prodrug, enters the cytoplasm of M. tuberculosis and
is activated by the heme enzyme catalase-peroxidase (KatG) to become toxic to the M.
tuberculosis. The activated form reacts with NADH and inhibits the enoyl reductase
enzyme (Banerjee et al., 1994) involved in mycolic acid synthesis (InhA), an inhibitor
ternary complex forms and thus disrupts mycolic acid formation. Unlike INH, rifampicin
is also active against dormant M. tuberculosis bacilli. It binds to B-subunit of the RNA
polymerase and prevents messenger RNA production. Mutations in the gene coding
the enzyme may result in rifampicin resistance strains (Nath and Ryoo, 2013; Palomino

and Martin, 2014).

The emergence of resistance and loss of effectiveness of these drugs due to the long
period of treatment giving rise to poor patient compliance, made worse by poverty,
(Wallis et al., 1999). Resistance to both INH and rifampicin may be shown as multi-drug

resistance (MDR). This indicates another drug combination is required, the second line
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drugs are capreomycin, kanamycin, and amikacin, but these require prolonged
administration (up to 24 months), have high toxicity and are costly (Hum and
Sungweon, 2013). Extensive drug resistance strains have been seen to occur (XDR TB)
(Andrews et al., 2007). Analysis of this microorganism’s genetics has identified factors
associated with virulence and survival. The virulent strain of M. tuberculosis H37RV is

the first Actinobacteria species whose genome was sequenced (Cole et al., 1998).

1.3. Purine biosynthesis Pathway

1.3.1. Introduction

Nucleotides are important for the essential biological processes in living organisms
including DNA and RNA production (Carlucci et al., 1997), as an energy carrier, in the
biosynthetic process and for signal transmission (Lane and Fan, 2015). Nucleotides are
comprised of phosphate, a ribose sugar and a purine or pyrimidine nitrogenous base
(nucleosides) (Zollner, 1982). The important nitrogenous bases are adenine (A),
guanine (G), cytosine (C), thymine (T) and uracil (U). Both adenine (A) and guanine (G)
are purines whereas cytosine (C), thymine (T) and uracil (U) are pyrimidine bases. The

chemical structures of purine and pyrimidine bases are illustrated in Figure (5).
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Figure (5) Nitrogenous bases involved in the formation of nucleic acids. Adenine and Guanine are

classified as purines whereas Cytosine, Thymine, and Uracil are pyrimidines (from Lodish et al., 2016).
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The building blocks of purines and pyrimidines can be synthesised from recycled bases
(salvage pathway) or from scratch (de novo synthesis) (Nelson, Cox and Lehninger,
2009). In purine de novo synthesis, bases assembled bound to ribose rings, whereas in
the formation of pyrimidine bases, the bases are initially built then attached to the
ribose. In the salvage pathway, the resynthesising of the purine and pyrimidine
nucleotides is from free bases. The action of this pathway is particularly important in
some organisms that rely primarily on the salvage pathways. These include parasites
and bacteria such as Giardia lamblia (Sarver and Wang, 2002), Mycoplasmas (Wang et
al., 2001) and Helicobacter pylori (Liechti and Goldberg, 2011). Whereas other
microorganisms including M. tuberculosis rely on de novo pathways, the synthesis of

the purine ring in M. tuberculosis from precursors is described in Section 1.3.2.

The synthesis of purine nucleotides through the salvage pathway is energetically
favorable for the cell because it only utilises one ATP molecule to form nucleotides
within the pathway (Moffatt and Ashihara, 2002). The enzymes involved in salvaging
adenosine and its base adenine have been studied in more detail than the other
enzymes of the purine biosynthesis pathway. The adenine-recycling pathway is
mediated by adenine phosphoribosyl-transferase enzyme (APT) (EC: 2.4.2.7), which is
involved in converting the adenine base and phosphoribosyl-1-pyrophosphate (PRPP)
into AMP and pyrophosphate (PPi). This reaction shares the precursors with the
salvage pathway and purine biosynthesis pathway (Moffatt and Ashihara, 2002). A
similar enzymatic reaction that is catalysed by hypoxanthine-guanine
phosphoribosyltransferase (HGPRT) occurs for the free purine base guanine to form

guanosine 5'-monophosphate (GMP) named guanylate (Torres and Puig, 2007).

De novo synthesis of purines and pyrimidines is achieved through two separate
metabolic pathways. Purine nucleotides are generally synthesised following the same
mechanism in different organisms. For the synthesis of purine nucleotides from scratch
(Bolton, 1954) inosine 5'-monophosphate (IMP) is the primary product which is then
converted to either adenosine 5'-monophosphate (AMP) or guanosine 5'-
monophosphate (GMP). The contribution of the IMP synthesis precursors shown in

Figure (6).
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Figure (6) Precursors involved in Purine nucleotide structure. Formation of purine bases uses nitrogen
from aspartate, glutamine and glycine amino acids labelled as N1, N3-N9, and N7 respectively. Carbon
atoms C2 and C8 are provided by a tetrahydrofolate activated derivative, C6, C4, and C5 from glycine are

highlighted in yellow. Figure taken from (Berg et al., 2015).

In humans, purine biosynthesis is a target for anti-cancer therapy (Zhao et al., 2013) as
cancer cells rely on the de novo pathway for purine biosynthesis. Folate contributes
two enzymatic reactions of the purine de novo pathway and provides carbon 2 and
carbon 8 of purine nucleotides (Deacon et al., 1985). Both eukaryotic and prokaryotic
organisms require folate for their cell development and reproduction (Rollins and
Lindley, 2005). Antifolate drugs such as Pemetrexed have a great effect on these
cancer cells as it inhibits folate formation. In addition, succinyl-5-aminoimidazole-4-
carboxamide-1-ribose-5'-phosphate (SAICAR), the product of SAICAR synthetase (an
enzyme involved in the purine biosynthesis pathway) has been shown to have a role in
cancer cells proliferation as the presence of SAICAR in complex with pyruvate kinase
protein isoform2 (PKM2) induces its activity which is found to be required for cancer
cell growth. It has also been observed that PKM2 has a role in activation some genes
that contribute in malignancy; replacement of this isoform with another may reduce

the cancer cells viability (Keller et al., 2014).

1.3.2. The steps of the purine biosynthesis Pathway in M. tuberculosis (Mtb)
In the 1950s, Buchanan and his colleagues studied the purine biosynthesis pathways in
pigeon and chicken livers (Hartman and Buchanan, 1959). They showed that the

pathway consists of ten enzymatic steps and utilises four ATP molecules to fulfill the
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synthesis of the inosine 5-monophospate (IMP). The enzymatic steps of M. tuberculosis

(Mtb) Inosine-5-phosphate biosynthesis via the de novo pathway are described below.

1.3.2.1. Amidophosphoribosyltransferase (purF)

The initial substrate of the pathway is phosphoribosyl-1-pyrophosphate (PRPP), which
comes from Ribose-5-phosphate, the product of the oxidative phase of the pentose
phosphate pathway. Amidophosphoribosyltransferase (purF) (EC: 2.4.2.14) is the first
enzyme, it catalyses the conversion of phosphoribosyl-1-pyrophosphate (PRPP) to
phospho-B-D-ribosyl-amine (PRA) (Muchmore et al., 1998) whereby the
pyrophosphate of PRPP is replaced by the amino group from a glutamine side chain
(Smith, 1998) as illustrated in Figure (7). This enzyme is also known as glutamine
phosphoribosylpyrophosphate amidotransferase (GPAT) and is an enzyme of the
amidotransferases family, whose members also participate in the formation of
nucleotide bases, amino acids and antibiotics (Smith et al., 1994). The structures of the
enzyme from bacterial microorganisms such as Escherichia coli (Muchmore et al.,
1998) and Bacillus subtilis (Smith et al., 1994) have been solved, although homologous
and having 40% sequence identity, these two enzymes are differentiated by a bound
metal presence in the B. subtilis enzyme which is replaced by water in the E. coli
enzyme (Zhang, Morar, and Ealick, 2008). It was demonstrated that a single mutation

in the FegSy binding site is sufficient to lose the enzyme activity (Makaroff, Paluh, and

Zalkin, 1986; Grandoni et al., 1989).
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Figure (7) The Biochemical reaction of Amidophosphoribosyltransferase (purF)
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1.3.2.2. Phosphoribosylamine glycine ligase (purDs)

The second step is catalysed by phosphoribosylamine glycine ligase (purDs) (EC:
6.3.4.13). It catalyses the conversion of 5-phospho-D-ribosylamine into N (1)-(5-
phospho-D-ribosyl) glycinamide (glycinamide ribonucleotide, GAR) by linking the
carboxyl group from glycine to the amino group of PRA to form an amide bond (Zhang
et al.,, 2008). The reaction is illustrated in Figure (8). Phosphoribosylamine glycine

ligase will be discussed further in Section 1.3.3.2.

C|) o NH,* ATP + Glycine (|) O_N
O_H_O/\g ADP +Pi 0— ‘|)_O — O N
O HO ©OH O HO OH
PRA GAR

Figure (8) The Biochemical reaction of Phosphoribosylamine glycine ligase (purDs).

1.3.2.3. Phosphoribosylglycinamide formyltransferase (purN)
The third step is catalysed by phosphoribosylglycinamide formyltransferase (purN) (EC:

2.1.2.2). In its reaction, a formyl functional group, the source of the (C8) atom of the

purine nucleotide ring, which is transferred by purN using N1O-formyl-tetrahydrofolate
(fTHF) as the formyl donor (Figure 9). Folate biosynthesis is an anti-cancer target as
folate is a critical source for nucleic acid formation by purN (Zhao et al., 2000). This
enzyme is monofunctional in the case of M. tuberculosis. The crystal structure of purN
from M. tuberculosis has been solved and it forms a dimer (Zhang et al., 2009), each
monomer is composed of two domains; N-terminal (V1-T114) and C-terminal (L115—-
G215) domains. The active site of the enzyme is located at the interface of these
domains. The dimerisation interface mostly consists of non-polar residues (57%) and

eight polar amino acids that connect them (Zhang et al., 2009).
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Figure (9) The biochemical reactions of Phosphoribosylglycinamide formyltransferase (purN).
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In E. coli, an additional enzyme, phosphoribosylglycinamide (GAR) transformylases
enzyme (purT), is required, it uses formate as substrate to form formylglycinamide
ribonucleotide (FGAR) (Nagy, Mccorkle and Zalkini, 1993). Although two structures
have been solved with GAR ATP Mg?* complex and ATP Mg?* which has an extra Mg?*.
This Mg?* is bound to the y-phosphate group of ATP, water molecules, and atoms of
the enzyme. The enzyme was also solved with Adenylyl-imidodiphosphate (ACP), Mg?*
and GAR complex and has been compared to ATP Mg?* and GAR complex. The
conformation of hydroxyl side chain of S160 is oriented differently with a distance 2.6A
and 4.8A respectively from the y-phosphate group. It is proposed that the shift of the
side chain of S160 toward the solvent allows formate to move into active site (Thoden
et al., 2002). Although purN of M. tuberculosis shares 36% sequence identity with the
equivalent human purN enzyme, the human purN is organisationally different. It is the
C-terminal domain of trifunctional human enzyme (HsGART) as described in Section

1.3.3.2.

1.3.2.4. Formyl glycinamide ribonucleotide amidotransferase (purlL)

The fourth step is catalysed by formyl glycinamide ribonucleotide amidotransferase
(purl) (EC: 6.3.5.3). It exists as two different types, the large and small purL. The large
purl is found in almost all gram-negative bacteria and eukaryotes whereas the small
purl is only observed in gram-positive bacteria (Morar et al.,, 2008). The molecular
weight of large purlL is about 140 kDa and it is composed of three domains including
FGAM synthetase, glutaminase (where the ammonia is formed) and an N-terminal
domain, which may have role in ammonia channeling. The small purL has a molecular
weight of between 66-80 kDa and is homologous to the FGAM synthetase domain of
the large purlL (Morar et al., 2006).

In M. tuberculosis, the Phosphoribosylformylglycinamidine synthase subunit of purl
catalyses the reaction using formylglycinamide ribonucleotide (FGAR) and glutamine in
order to form formylglycinamidine ribonucleotide (FGAM). This domain forms a
complex with other, Phosphoribosylformylgycinamidine synthase (purQ) and
Phosphoribosylformylglycinamidine synthase (purS) each with a specific function.

Within this complex, purQ produces ammonia, purL transfers ammonia into FGAR to
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produce FGAM and purS may act as a supportive molecule in ammonia channeling
between purQ and purL (Anand et al., 2004).
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Figure (10) The biochemical reactions of Formyl glycinamide ribonucleotide amidotransferase (purL).

The crystal structure of the small purL from Thermotoga maritima requires the
products of the other subunits to be functionally active. This complex includes the
enzymes purQ and purS. Each of these proteins is bound to the other two and then all
three proteins combine. purQ of T. maritime (TmpurQ) composes of four a-helices
surrounded by nine B-strands. purS of T. maritime (TmpurS) is a dimer consisting of
two monomers each composed of three B-strands surrounded by two a-helices. purL
of T. maritime (TmpurlL) is a monomer and is composed of four subdomains classified
as A1,A2,B1,B2. The connection between these proteins is mostly mediated by loops

(Morar et al., 2008).

1.3.2.5. 5-aminoimidazole ribonucleotide (AIR) synthetase (purM)

The fifth step is catalysed by 5-aminoimidazole ribonucleotide (AIR) synthetase (EC:
6.3.3.1) (purM). The molecular structure organisation of purM differs between
organisms. In bacteria and plants, the enzyme is monofunctional but in yeast it is part
of a bifunctional enzyme, which includes purD enzyme (Li et al., 1999). In humans, this
is part of a trifunctional enzyme (HsGART) as described in Section 1.3.3.2. In M.
tuberculosis, the enzyme is also called Phosphoribosylformylglycinamidine cyclo-ligase,
it is @ monofunctional enzyme which catalyses the conversion of 2-(formamido)-N (1)-
(5-phospho-D-ribosyl) acetamidine (FGAM) into 5-amino-1- (5-phospho-D-ribosyl)
imidazole (AIR) (Caspi et al., 2015). The first step of the reaction is that the carbonyl
group of FGAM is phosphorylated by ATP and then cyclises with the loss of the

phosphate to form AIR. This binds the carbonyl group to nitrogen.
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Figure (11) The biochemical reactions of 5-aminoimidazole ribonucleotide (AIR) synthetase (purM).

The structure of the enzyme from E. coli appears to be homodimer with each
monomer composed of two domains, the N-terminal (domain A) and C-terminal
(domain B) (Li et al., 1999). The structure of the purM component from humans shows
a close similarity to the structure of pur M from E. coli with an RMSD of Ca positions of

1.3A.

1.3.2.6. N5-carboxyaminoimidazole ribonucleotide synthase (purK) & N5-
carboxyaminoimidazole ribonucleotide mutase (purE)

The sixth step is catalysed by the bifunctional enzyme that includes N5-
carboxyaminoimidazole ribonucleotide synthase activity (purK) (EC: 6.3.4.18) and N5-
carboxyaminoimidazole ribonucleotide mutase activity (purE) (EC: 5.4.99.18). 4-
carboxy-5-aminoimidazole ribonucleotide (CAIR), the substrate for SAICAR Synthetase
(SAICARSs) as discussed further in Section 1.3.3.1. is produced by the activity of these

two enzymes resulting in the addition of a carboxyl group to AIR as depicted in Figure

(12).
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Figure (12) The biochemical reactions of N5-carboxyaminoimidazole ribonucleotide synthase (purK)

(A). N5-carboxyaminoimidazole ribonucleotide mutase (purE) (B).
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As described by Thoden et al., in E. coli, N°-CAIR synthetase (purK) converts 5-

aminoimidazole ribonucleotide (AIR) to N5-CAIR then CAIR by N5-CAIR mutase (purE
class 1) (Thoden, Holden and Firestine, 2008). Although the purK enzyme was
crystalised with ATP Mg?* and AIR, no electron density for AIR was seen whilst the ATP
is replaced by ADP+Pi, suggesting hydrolysis of ATP had taken place. The proposed
catalytic mechanism was based on a model suggesting the position of AIR using
information derived from purT. Because purT (Section1.3.2.3) shares 25% sequence
identity with purk and RMSD Co. value 1.5A, superimposition suggested the position of
AIR is equivalent to that of GAR, the substrate of purT. In the model the phosphate
group of ATP bonds to an oxygen atom of bicarbonate to form carboxyphosphate,
however, the distance between one of the oxygen atoms of carboxyphosphate and Ns
of AIR is around 4A suggested decomposition of bicarbonate to carbon dioxide (CO,)
and Pi, the CO; then attached to AIR (Thoden, Holden and Firestine, 2008). In humans,
CAIR is produced directly by the action of AIR carboxylase (AIRc) (purE classll)
described in Section 1.3.3.1.

1.3.2.7. SAICAR Synthetase (SAICARs)

The seventh step is catalysed by SAICARs (EC: 6.3.2.6), this uses 4-carboxy-5-
aminoimidazole ribonucleotide (CAIR) to produce succinyl-5-aminoimidazole-4-
carboxamide-1-ribose-5'-phosphate (SAICAR) as depicted in Figure (13). In M.
tuberculosis SAICARs (MtbSAICAR) is monofunctional while in humans, the sixth and
seventh steps are combined. The gene coding for single polypeptide chain includes
bifunctional enzymes incorporating purE classll (AIRc) and HsSAICAR of
aminoimidazole ribonucleotide carboxylase-aminoribosyl aminoimidazole
succinocarboxamide ribonucleotide synthetase (PAICS; AIRc-HsSAICAR) (Mathews et
al., 1999). Further discussion of MtbSAICAR and other SAICARs enzymes is given in
Section 1.3.3.1.
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Figure (13) The biochemical reactions of SAICAR Synthetase (SAICARS).

1.3.2.8. Adenylosuccinate lyase (purB)

The eighth step is catalysed by adenylosuccinate lyase (purB) (EC: 4.3.2.2) which
involves two activities. One activity contributes by producing 5-aminoimidazole-4-
carboxamide ribonucleotide (AICAR; AMZ) (IMP biosynthesis pathway) and the other
activity is a part of (AMP biosynthesis pathway) (Figure 14A and B) respectively (Ducati
et al.,, 2011).
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Figure (14) The biochemical reactions of Adenylosuccinate lyase (purB), reaction involved in AMZ (A)
and AMP biosynthesis (B).

There is a reported attempt in determining the structure of purB of M. tuberculosis but
the crystals did not diffract. The M. tuberculosis (MtbpurB) structure has been
modeled using the Mycobacterium smegmatis MspurB structure as a template
because of the high sequence identity (84.5%). The modelled tetrameric structure
shares an identical fold with other Mycobacterial organisms and is highly conserved to

the human than other bacterial enzymes (Banerjee et al., 2014). The crystal structure
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of adenylosuccinate lyase (purB) from E. coli has also been solved and is seen to be a
homotetramer. Each subunit is composed of N-terminal, middle and C-terminal
domains. The enzyme has been solved in both apo and as an adenylsuccinate (SAMP)
complex. Upon ligand binding, the catalytic loop becomes more ordered and closes
onto the active site. The catalytic loop poses an open conformation to release
fumarate then AMP products (Tsai et al., 2007; Kozlov et al., 2009). The loop in human,
E. coli and mycobacterial enzymes (MspurB and MtbpurB) are found to have highly-
charged, moderately charged and less charged residues respectively. This loop is also
seen to be disordered in apo form and becomes ordered upon ligand binding in the
human as well. Whereas in the Mycobacterial enzymes apo form, it is described as

slightly ordered (Banerjee et al., 2014).

1.3.2.9. AICAR transformylase /IMP cyclohydrolase (ATIC)

AICAR transformylase /IMP cyclohydrolase (ATIC), purH (EC: 2.1.2.3) is a bifunctional
enzyme that catalyses the ninth and tenth steps of the Inosine-5'-phosphate
biosynthesis pathway. This enzyme is a folate dependent enzyme (like purN, the third

enzyme in the pathway). In the first reaction of purH, it uses n10.

formyltetrahydrofolate to transfer a formyl group to 5-aminoimidazole-4-carboxamide
ribonucleotide (AMZ). The resulting product, 5-formylaminoimida-zole-4-carboxamide
ribonucleotide (FAICAR), then forms inosine 5'-monophosphate (IMP) by losing a water
molecule. In eukaryotic organisms, the structure of the purH enzyme is seen to be a
dimer with two domains per monomer as is the M. tuberculosis enzyme. The C-
terminal domain is involved in FAICAR formation (Figure 15A), while in the N-terminal
domain FAICAR is cyclised to form the purine nucleotide IMP (Figure 15B) (Le Nours et
al., 2011).
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Figure (15) The biochemical reactions of AICAR transformylase /IMP cyclohydrolase (ATIC), FAICAR
(A) and IMP formation (B).

1.3.3. SAICAR Synthetase and Phosphoribosylamine glycine ligase of
Mycobacterium tuberculosis.

The previous sections outlined the de novo pathway of M. tuberculosis synthesis of the
purine IMP and outlines each biochemical reaction briefly. Phosphoribosylamine
glycine ligase (purDs) and SAICAR Synthetase (SAICARs) are the second and seventh
steps of this pathway respectively. They are two essential enzymes of purine
biosynthesis pathway and the genes coding these enzymes have been shown to be
fundamental for growth and survival of this microorganism (Sassetti, Boyd and Rubin,
2003).

This is demonstrated in in vitro and in vivo studies in which mutating the gene
encoding MtbSAICAR disrupts the virulent nature of M. tuberculosis strain and makes
in vitro growth dependant on the addition of a purine precursor. In addition, in vivo
the mutated pathogen is eliminated when injected intravenously into mice, in contrast
to the wild type, which maintains its virulence (Jackson et al., 1999). Another study
using human serum showed that a strain with a defect in the essential genes
MtbSAICAR and MtbpurD (Samant et al., 2008) would not grow. Both of these are
ligases whereby two molecules are joined by carbon-nitrogen bonds where ATP is
utilised (Galperin and Koonin, 2008). The following sections will describe the structure

and function of both enzymes in detail.
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1.3.3.1. SAICAR Synthetase (SAICARs)

A Basic Local Alignment Search Tool (BLAST) (Altschul, 1990) revealed that SAICARs of
M. tuberculosis (MtbSAICAR) has 76%-20% sequence identity with the SAICARs of
Mycobacterium abscessus (MaSAICAR), Saccharomyces cerevisiae (ScSAICAR),
Thermotoga maritima (TmSAICAR), Streptococcus pneumoniae (SpSAICAR), E. coli
(ECSAICAR) and human (HsSAICAR). Only a few crystal structures of SAICARs have been
solved to date. The crystal structure and oligomeric organisation of SAICARs varies
from organism to organism. For example, the human enzyme (HsSAICAR) is a
homooctamer (Li et al., 2007), E. coli (EcSAICAR) is a homo dimer (Ginder et al., 2006)
and M. abscessus (MaSAICAR) is a monomer (Figure 16). The details of each structure

will be discussed and compared.

(A) (B) (€)

Figure (16) Oligomeric organisation of SAICARs from three different organisms. (A) Human
homooctamer structure of PAICS (PDB 2H31) coloured as a rainbow. (B) EcCSAICAR (PDB 2GQS) a
homo dimer coloured as a rainbow from N to C- terminals and assembled with CAIR, Mg?* and ADP. (C)
A monomer of MaSAICAR (PDB 3R9R) all are coloured as N to C-terminals rainbow and shown with
Mg?*, Cl-and (4R)-2-Methylpentane-2, 4-DIOL (MRD).

Alignments of SAICARs amino acid sequences revealed that the residues identified
from crystal structures that form the binding sites for the substrate analogues 5-
aminoimidazole-4-carboxamide ribonucleotide (AMZ) and inosine 5'-monophosphate
(IMP), the competitive inhibitor of CAIR are mostly retained in the SAICARs of all the
organisms compared (Figure 17). In the ATP binding site, the hydrophobic V16 of
MtbSAICAR replaces the polar T7 and T17 in SAICARs from human (HsSAICAR) and T.
maritime (TmSAICAR) respectively. H69 replaces Q69 in E. coli (EcSAICAR) and the
small hydrophobic residue A75 in HsSAICAR. The hydrophobic residue L93 replaces the
polar H112 in S. cerevisiae (SCSAICAR) and is C90 in HsSAICAR. The basic residue R91 is

the most variable as it is changed variously to polar, charged residues, being H110 in
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ScSAICAR, K82 in EcSAICAR, and the hydrophobic, 175 in TmSAICAR and P88
HsSAICAR. The sequence alignments are discussed further in the context of structure

alignments in Chapter 5 (Figure 82-85-88-91 and94).
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Figure (17) Sequence alignment and comparison of MthSAICAR with homologues, the notable
differences in residues in the binding sites (identified in the main text) are labeled with blue stars whilst
similar residues are labeled with red stars. The red boxes with white characters indicate strict identity and
the blue frames indicate similarity across the group. Residues expected to prevent dimerisation are
indicated by a dashed box. The similarity between HSSAICAR and MtbSAICAR is 40%. Sequence
alignment is done using MAFFT (Katoh and Standley, 2013), which processed using BLOSUM®62 matrix
then alignment drawn using ESpript3 (Robert and Gouet, 2014). All sequences extracted from Protein
Data Bank (PDB) and missing residues added using Uniprot (Apweiler, 2004).

In humans, 4-(N-succinylcarboxamide)-5-aminoimidazole ribonucleotide synthetase
(HsSAICAR) is a part of the bifunctional enzyme phosphoribosylaminoimidazole
carboxylase/phosphoribosylaminoimidazole succinocarboxamide synthetase (PAICS;

AIRc, HsSAICAR), i.e. the 6th and 7th steps of the pathway. It requires another enzyme,
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(purE classll), 5-aminoimidazole ribonucleotide carboxylase (AIRc) to complete its
action. purk classll (AlIRc) produces CAIR, the substrate of HsSAICAR (Li et al., 2007).
The structure is octameric with each monomer consisting of two domains. AlRc activity
is the C-terminal and located in the core while the HsSAICAR function is the N-terminal
domains, forming four dimers surrounded the octameric AIRC. The domains are
connected by a short linker of 6 residues (K261-C266), as shown in Figure (18).
HsSAICAR is divided into two subdomains named small (S) (L7-Q90) and large (L) (C91-
L260) subdomains as shown in Figure (18). PAICS is a multi-catalytic enzyme where the
intermediate is channeled between the two active sites. Substrates are efficiently
transferred from one active site to the other via a tunnel termed the SAICAR-path. This

is made up of the AlRc-alley and SAICAR-hall.

Figure  (18)  Structural of a monomer  phosphoribosylaminoimidazole  carboxylase/
phosphoribosylaminoimidazole succinocarboxamide synthetase (PAICS). Left the monomer structure of
PAICS consists of two domains, AIRc is the C-terminal and located in the core while SAICARs is the N-
terminal. Right HSSAICAR (PDB 2H31) is divided into two subdomains named S (L7-Q90) and L (C91-
L260) subdomains connected by a linker consisting of 6 residues (K261-C266) coloured light green and
indicated by black arrow (Li et al., 2007). The expected ATP and CAIR binding sites are indicated by red

and purple stars respectively.

Three subunits of AIRc domain contribute to the formation of the active site where the
AlRc-alley is located. Four subunits (two subunits of each AIRc and HsSAICAR)
contribute in transferring the intermediate, which is located between AlRc-alley and

SAICAR-hall. The third part consists of a dimer of HsSAICAR, which contributes to the
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SAICAR-path. The SAICAR-path has several residues that are highly conserved among
PAICS enzymes; this demonstrates the importance of the SAICAR-path. Charged
residues regulate the transfer of CAIR to the binding site: two groups of negatively
charged residues distributed equally in both sides of the SAICAR-path to the CAIR
binding site ensure transfer of CAIR. The phosphate group of CAIR is seen to have an
important job in facilitating the CAIR channeling. Overall, there are four tunnels
connected both enzymes distributed equally and the significance of this tunnel is to
transport of CAIR from one active site to the other. Comparison between the
structures of (AIRc-HsSAICAR), a multi-functional enzyme, and other SAICARs enzymes
show that they are highly similar in their fold but around the C- terminal of the
subdomain there is some variation and this may be because of its connection to AIRC

domain (Figure 19).

Figure (19) Structural comparison of SAICARs among different organisms, HsSSAICAR domain (PDB
2H31, red), ECSAICAR (PDB 2GQS, green), TmSAICAR, (PDB 1KUT, yellow), and ScSAICAR (PDB
1A48, blue). Different regions around C-terminal are circled (the area where purE classll of human is
bound) (Li et al., 2007).

A comparison of (AIRc-HsSAICAR) with the monofunctional enzymes such as EcSAICAR
shows that the latter does not appear to have any sign of tunnel channeling. Although
EcSAICAR is homologous to the HsSAICAR (with 32.1% sequence identity), the
mechanism of producing CAIR substrate, which is involved in the reaction, is different

from that of in EcSAICAR. purE classl needs the product of another enzyme, N5-
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carboxyaminoimidazole ribonucleotide synthase (purK), (N5-CAIR) to form CAIR (Li et
al., 2007) whilst in human (AIRc-HsSAICAR) converts AIR to CAIR using additional COzin

the reaction as described in Figure (20).

Step 6 IJ ” Step 7

):N > Class Il PurE (AIRc) o7 I\> SAICARs
N j\
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Figure (20) Different reactions involved in synthesis of the substrate for SAICARS enzymes in E. coli
and human. Humans for step 6 of the pathway. While E. coli requires the product of purkK (N°- CAIR), R
indicates ribose 5-phosphate. (Li et al., 2007).

In E. coli, ECSAICAR catalyses the reaction of the eighth step of the purine biosynthesis
pathway. The crystal structure of the enzyme was solved in both the presence of ADP,
and in the ADP+CAIR complex. The enzyme is a dimer similar to TmSAICAR and has a
highly similar fold with RMSD Co. of around 1.2A. The structure has two domains in
each subunit, domain A fuses to domain B and forms a cleft where ADP Mg?* binds in

one site while CAIR and two Mg?* are found on another cleft site.

ScSAICAR (PDB 1A48) (Levdikov et al., 1998) shares 26% sequence identity with
EcSAICAR and RMSD Co value of 2.19A. The oligomeric state of the protein is
monomeric. It may form this monomer because of the presence of an additional 13
residues that are expected to have a role in preventing dimerisation as explained in
Chapter5, Section 5.3.1 (Zhang et al., 2006). Comparison of ECSAICAR and ScSAICAR
structures shows the presence of a few insertions at residues 1, 77,105 and 221, the
third insertion at residue 105 may have an important job in preventing the

dimerisation of SCSAICAR (Ginder et al., 2006).

Two different mechanisms have been suggested Ginder et al., 2006 described a
mechanism for the enzyme by which ATP directly acts as a phosphorylation agent to

CAIR, and then aspartate acts as the amino group donor. By contrast, Wolf et al., 2014
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noted the separation of substrates and suggested the involvement of some other
amino acid residues contributing to the biochemical reaction. They proposed that the
phosphate group is transferred from the side chain E178 onto E89 then it is transferred
onto the carboxylate group of CAIR. The amino group of aspartate then becomes free

and attaches to CAIR in order to form the product SAICAR.

In the crystal structure of ScSAICAR from S. cerevisiae, the enzyme is packed as a
monomer, it has been solved in the presence of the ligands ATP, ADP-AMZ and
succinate as well as in the apo form (Levdikov et al., 1998; Urusova et al., 2003). The
monomer is composed of three domains named A, B, C. Domain A consists of 111
residues (S2-H112), domain B (L113-Q255) and domain C (D256- H306). Both A and B
domains are composed of five B-strands with peripheral a-helices while domain C

consists of two a-helices as shown in Figure (21).

Figure (21) Domains classification of SCSAICAR structure (PDB 1A48), domain A (S2-H112), domain
B (L113-Q255) and domain C (D256-H306), coloured Violet, light brown and green respectively. NT

represents the N-terminal and CT represent the C-terminal.

The active site of SCSAICAR is located in a wide cleft between these domains where the
natural substrate is supposed to bind. The comparison between ScSCAICAR ATP
complex (PDB 10BD) and ScSCAICAR apo (PDB 1A48) revealed that the position of -
phosphate of ATP is located in the same binding site to that of a sulfate ion. The

structure also provides some details about the position of ATP and their relative
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atoms. ATP lies above phosphate binding loop residues 14-24; the adenine base is in
the anti-conformation and it is located in a hydrophobic pocket, but also make H-

bonds with surrounding residues.

In addition, the ribose ring and B-phosphate also make some interactions with the
enzyme (Levdikov et al., 1998). The crystal structure of ScSAICAR has also been solved
in complex with products (ADP), substrate and analogues (AMZ, and succinic acid)
(PDB 2CNQ) (Urusova et al., 2003). AMZ is similar to CAIR but has an amino group
where CAIR has a carboxyl group. AMZ was observed to have two positions on the
structure. One of them is located at the active site where the enzymatic reaction
occurs and the other is located in a peripheral site of the protein. Similar to those of
succinic acid, an analogue of the substrate aspartate, also has two binding sites in the
structure. The presence of ADP was also clearly observed in the crystal structure with

two positions, one at the active site while the other is peripheral (Urusova et al., 2003).

In the case of S. pneumoniae (SpSAICAR), the enzyme catalysis is the same as in
MtbSAICAR in which CAIR and aspartate react to produce SAICAR with additional help
from ATP that acts as phosphorylation donor (Wolf et al., 2014). The enzyme is a
homodimer. The enzyme was crystallised in the presence of ADP, aspartate, Mg?* and
CAIR (structurel) or ADP and Mg?* (structure2). The crystal structure of the enzyme
was solved in the presence of AIR instead of CAIR this is may be due to crystallisation in
an acidic solution. The differences between the two structures (Figure 22), have been
described and there is a small difference in secondary structure between residues 171-
181 of structurel solved with ADP, aspartate, Mg?* and AIR whereby a long B-strand
whilst in the presence of ADP and Mg?* it divides into two B-strands connected by a
loop. This is because of the movement of K176 due to the absence of aspartate in this

structure. (Wolf et al., 2014).
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(A) (B)

Figure (22) Crystal structures of S. pneumoniae (SpSAICAR). (A) SpSAICAR (PDB 4FE2). (B)
SpSAICAR (PDB 2CNQ). The secondary structure of segment 171-181 is coloured brown.

The crystal structure of T. maritima (TmSAICAR) has been solved to 2.2A. It shares 26%
sequence identity and has the same overall fold as S. cerevisiae (SCSAICAR). Unlike
ScSAICAR, the crystal structure of TmSAICAR is a dimer both in solution and the crystal
where N and C-terminal of the monomers face each other. These monomers are
covalently linked to each other through disulfide bond formation between C126 of
chain A and C126 of chain B. These two residues are responsible for maintaining the
dimeric state (Figure 23). The monomers have the same topology described as three
subdomains; the first two are composed of a+B, which poses ATP binding site and third
is composed of a-helix C-terminal. Both monomers are also connected by a salt bridge
formed between D126 of chain A and K145 of chain B and vice versa 8-9A away from

the disulfide bridge (Zhang et al., 2006).
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Figure (23) Dimerisation scheme of TmMSAICAR, the chains coloured red and blue. Both chains are
connected by a disulfide bond formed between C126 of chain A and C126 of chain B that is indicated by
yellow stick (Zhang et al., 2006).

1.3.3.2. Phosphoribosylamine glycine ligase (purDs)

Phosphoribosylamine glycine ligase of M. tuberculosis (MtbpurD) (EC: 6.3.4.13) is
encoded by an essential gene that is reported to affect the bacterial growth once
mutated (Samant et al., 2008). In bacteria, purDs is a monofunctional enzyme whereas,
in humans, it is a part of the trifunctional human enzyme (HsGART). The catalytic
activity of the enzyme uses ATP as phosphorylation agent (Wang et al., 1998; Fawaz,
Topper and Firestine, 2011). The proposed chemical reaction of purDs suggests the
carboxyl group of glycine is phosphorylated by the y-phosphate of ATP, then the amino
group of PRA is attached to a glycine carboxyl group (Zhang, Morar and Ealick, 2008).
In the absence of a crystal structure of MtbpurD, the multiple sequence alignment
approach was utilised using MAFFT (Katoh and Standley, 2013). Initially, the alignments
were analyzed to compare the residues involved in the ATP and Glycine binding in the
purDs of T. thermophilus (TtpurD), Human (HspurD), B. subtilis (BspurD) and E. coli
(EcpurD) and G. kaustophilus (GkpurD). The structural of HspurD (PDB 2QK4) (Welin et
al., 2010), was used as a reference for this comparison. Most of the residues involved in

ATP+Glycine binding appear to be conserved, with some minor differences in the ATP
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binding sites. E191 of HspurD is replaced by S185 in MtbpurD. K162, which makes an

ionic interaction with the phosphate of ATP in HspurD,

is replaced by a small

hydrophobic residue A162 in MtbpurD. The structure of an homology model of

MtbpurD is discussed in Chapter 6, Section 6.6.
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Figure (24) Sequence alignment of purD from different organisms. purD of each organism is represented
as (MtbpurD) for M. tuberculosis, T. thermophilus (TtpurD) (PDB 2IP4), Human (HspurD) (PDB 2QK4),
B. subtilis (BspurD) (PDB 2XD4) and E. coli (EcpurD) (PDB 1GSO), G. kaustophilus (GkpurD) (PDB
2YS6). The sequence identity and similarity between HspurD and MtbpurD are 39% and 56%

respectively. Sequence alignment is done using MAFFT (Katoh and Standley, 2013), using the

BLOSUM®62 matrix and the alignment drawn using ESpript3 (Robert and Gouet, 2014). All sequences

extracted from the Protein Data Bank (PDB) and missing residues added using Uniport (Apweiler, 2004).

The red boxes with white characters indicate strict identity and blue frames indicate similarity. Blue stars

identify differences between HspurD and MtbpurD noted in the text, and a green star identifies a

conservatively changed residue.
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The trifunctional human enzyme (HsGART) consists of a single polypeptide chain with
three enzyme activities. Each of these enzymes catalyses a specific step involved in
inosine-5-phosphate biosynthesis via a de novo pathway. Phosphoribosylamine glycine
ligase (purDs) (EC: 6.3.4.13) takes the role of the second step activity which is located
at the N-terminal region of HsGART and purN, the C-terminal glycinamide
ribonucleotide transformylase (GARTfase; purN) (EC: 2.1.2.2.) which takes the role of
the third step, and 5-aminoimidazole ribonucleotide (AIR) synthetase (purM) (EC:
6.3.3.1) which catalyses the fifth step and is placed at the mid of HsGART domains
(Welin et al., 2010).

The crystal structure of the human purD (HspurD) (PDB 2QK4) consists of four domains
and the ATP binding site (located between A and B domains), it has the same topology
as EcpurD (below). The adenine group of ATP forms H-bonds with charged and
hydrophobic residues, ribose forms H-bond with charged residue and phosphate group
binds to charge polar residues. Unlike EcpurD, which is a monomer, HspurD is a dimer
consisting of two monomers that are homologous to EcpurD, sharing a high degree of

sequence identity of about 51% and a positional RMSD Co. of 1.7A.

The crystal structure of E. coli (EcpurD) (PDB 1GSO) is a monomer and consists of four
domains (N, A, C and B). A and B domains contain most of the amino acid residues
involved in the ATP binding site while the N and C domain are responsible for the
substrate binding site (Wang et al., 1998). In EcpurD, the domains have been described
as follows, domain N (1-118), B domain (119-191) is connected to N domain by
residues (114-122) and A domain residues (188-192). Both of these segments provide
some flexibility of the B domain in relation to other domains. The A domain (192-329)
forms a cleft with the B domains, similar to many ATP binding enzymes. The C domain
(330-426) is part of the core of the enzyme and is the smallest domain and seems
absent in some of ATP dependent enzymes but other domains (N, A and B) are highly

conserved (Wang et al., 1998).
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The crystal structure of Thermus thermophiles (TtPurD) (PDB 2IP4) is composed of two
monomers; the structure was solved in the apo form only. The apo form of TtpurD
shows a sulfate ion located at the active site center, this is interpreted as the position
of a phosphate group when the enzyme is liganded (Sampei et al., 2010). The crystal

structure of Geobacillus kaustophilus (GkPurD) (PDB 2YS6) (composed of one chain)

has been solved in the presence of three ligands, PO43-, AMP/ PO43- and AMP/glycine.
The AMP binding site is positioned an equivalent position to the ADP of EcPurD
complex. Although ATP was included in crystallisation conditions, only AMP was seen
in both solved structures. This is explained by ATP having disordered B and y-
phosphate groups, rather than by hydrolysis (Sampei et al., 2010). The crystal structure
of the Aquifex Aeolicus (AaPurD) (PDB 2YW?2) has also been solved in two forms, the

apo and the ATP-liganded form.

The structures of purDs are well conserved; the sequence identity between TtpurD,
GkpurD, AapurD, and EcpurD with HspurD is around 44%-50% (Sampei et al., 2010). In
addition, these purDs enzymes share the same four domains as EcpurD identified as N,
A, C in the center of the enzyme while domain B locates externally and found to be
variable among purDs enzymes. For example, the B domain is seen in the open form in
EcpurD (1GSO), TtpurD (2IP4) and GkpurD and in closed form in the structure of T.
maritime (TmPurD) (PDB 1VKZ), HspurD (2QK4) and AapurD (2YW?2) as given in Figure
(25) (Sampei et al., 2010).
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Figure (25) 3D secondary structures of phosphoribosylamine glycine ligase in different organisms. (A) T.
thermophiles (TtpurD) (PDB 2IP4), (B) G. kaustophilus (GkpurD) (PDB 2YS6), (C) A. Aeolicus
(AapurD) (PDB 2YW?2), (D) E. coli (EcpurD) (PDB 1GSO), (E) T. maritime TmpurD (PDB 1VKZ) and
(F) HspurD (PDB 2QK4). purDs in all structure consist of four domains N, B0, B, A and C coloured

green, orange, red, yellow and blue respectively (Sampei et al., 2010).

1.3.4. Aims of the study

The previous sections describe the general characteristics and pathogenicity of
M. tuberculosis. An overview was presented of the purine biosynthesis pathway of this
pathogen and compared with other organisms. The purine biosynthesis pathway of M.
tuberculosis was addressed with the emphasis on data derived from genomic and
experimental analysis, which revealed that there are some differences in purine

biosynthesis pathways in different organisms.

The main focus of this PhD is the investigation of enzymes in the purine biosynthesis
pathway with the aim of increasing the understanding of the pathway. The particular
emphasis of the work described in this thesis is given to understanding the structure
and function of M. tuberculosis SAICAR synthase (MtbSAICAR), this was mainly done by
solving the X-ray crystal structure of apo MtbSAICAR and its complexes with various
ligands including the substrate analogue AICAR (AMZ) and the competitive inhibitor
IMP. A second topic of the work was to investigate the structure of MtbpurD and to
characterise it using biophysical methods including circular dichroism, thermal shift

assays, crystallisation trials and computational studies.
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Chapter 2. Materials and Methods

2.1 Materials

2.1.1. Chemical and Reagents

All reagents used in that study for solution experiments and crystal preparation were
purchased from Sigma unless otherwise indicated. All buffers and solutions were
prepared using double distilled water. KOD Hot start DNA polymerase and Rosetta
(DE3) were purchased from Merck Millipore. Enzyme assays used the Biomol Green kit

from Enzo Life Sciences (Enzolifesciences.com, 2016).

2.1.2. Chromatographic Media and Membranes
Ni-NTA Agarose was purchased from Qiagen™ and Superdex 200 10/300 GL column
from GE Healthcare. Concentrator tubes of 15ml and 500ul with cutoff 10 kDa was

from Millipore. Dialysis membrane was from Scientific Laboratory Suppliers.

2.1.3. Crystallisation supplementary

JCSG+ crystallisation screen, 24 well sitting-drop plates, 96 well plates, Magnetic caps,
vials, and LithoTM loops (0.1-0.3mm) were purchased from Molecular Dimensions
(UK). Tape used for sealing the crystallisation plates was purchased Hampton Research

Ltd, California, USA.

2.2. Molecular biology techniques

2.2.1. Primer design

The sequences of the genes of the M. Tuberculosis H37RV purine biosynthesis pathway
were retrieved from the TB Database (Galagan et al., 2010). The primers were designed
with the addition of a homology region of the vector to the 5' end of both forward and
reverse primers, based on the instructions given by PRoTein EXpression Laboratory
(PROTEX) at University of Leicester. Primers were ordered from Eurofins MWG Operon

in Germany. The primers are given in Table (1)
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Table (1) Primer used throughout this study.

Genes Name N-terminal Homology Region of Vector Primers
5 3
purC-F1 TACTTCCAATCCATG ATGCGCCCCGCATTGTCCGACT
purC-R1 TATCCACCTTTACTGTCA TCATGCGCCAGGGCCGATCCA
purD-F1 TACTTCCAATCCATG GTGCGCGTCCTGGTAATCGGT
purD-R1 TATCCACCTTTACTGTCA CTAGACGCTGATCTTCCCCT

2.2.2. PCR (ORF Amplification)

In order to amplify the genes for constructing the expression systems in pLEICS
vectors, KOD Hot start DNA polymerase (Novagen) was used. Generally, 20ul reaction
volumes were used with a concentration of 1x reaction buffer containing 1.5mM
Mgsoa; 0.2mM dNTP; 0.3mM primers; DNA template (3-12ng chromosomal DNA). The
reaction mixture made up to the required volume with autoclaved ddH;0. DNA
amplification was carried out in a thermal cycler (Eppendorf Scientific Support Inc.,
UK). The extension time and annealing temperature were varied depending on the
primers used, see (Table 2). The genetic material for M. tuberculosis H37RV was

supplied by Dr. Galina Mukamolova University of Leicester.

Table (2) Cycling parameters in ORF amplification of MtbpurC and MtbpurD.

Gene Polymerase activation = Denaturation Annealing Elongation
MtbpurC = 94°C- 2 minutes 94°C-15 seconds = 60°C-60 seconds  68°C -60 seconds
MtbpurD | 94°C- 2 minutes 94°C-15 seconds | 57°C- 60 seconds | 68°C -30 seconds

2.2.3. Gene cloning and sequencing

Advances in recombinant DNA allowed the production of large amounts of protein that
have in turn been used to drive advances in structural biology, increasing our
understanding the molecular structure and function of specific genes and gene
products. The general process of cloning consists of several steps, starting with
introducing the gene of interest after amplification into a vector of choice, which is
then replicated inside a host. To enable this, PCR products were cloned into the
pLEICS-01 vector (Figure 26) from the Protein Expression Laboratory (Protex), and then
the success of cloning was confirmed by sequencing using the Protein Nucleic Acid

Chemistry Laboratory (PNACL) at University of Leicester.
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Figure (26) Vector map details of PLEICS-01 used in cloning of PCR products

2.2.4. Protein expression and purification

2.2.4.1. Transformation

The vector containing the insert was transformed into E. coli expression vector Rosetta
(DE3) (Invitrogen). This process involved several steps. First, the chemically competent
Rosetta (DE3) cells were mixed with 1pl of plasmid DNA on ice. After that, the tube was
kept on ice for 30 minutes and heat shocked for 45 seconds at 42°C then kept on ice for
2 minutes. Subsequently, 100ul of 2x Yeast extract Tryptone media (2xTY) (16g
tryptone, 5g NaCl and 10g of yeast extract per liter) was added to the microcentrifuge
tube and incubated for one hour at 37°C. The incubated culture was spread onto 2xTY
agar plates supplemented with 100ug/ml ampicillin and 34pg/ml chloramphenicol and

kept at 37°C overnight.

2.2.4.2. Overexpression trials

Several colonies were tested for overexpression by inoculation into 10ml of 2xTY
media. The media was supplemented with 100ug/ml of ampicillin and 34ug/ml
chloramphenicol and incubated in a shaking incubator at 37°C overnight. 150ul of the
overnight culture was added into 10ml of 2xTY media supplemented with 100ug/ml of

ampicillin and 34ug/ml chloramphenicol. This culture was grown at 37°C to maximise
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the cell growth. Once the optical density at 600nm (ODsoo) reached between 0.5-0.7,
IPTG was added using the times and temperatures shown in Table (3 and 4). After the
incubation periods, all tubes were centrifuged at 4000 rpm for 15 minutes at 4°C. The
pellet of each cell was suspended into 750ul of lysis buffer (50mM HEPES pH7.5,
500mM NaCl, 1mM DTT and 1 complete protease inhibitor (Roche-Germany). The cell
suspension was lysed by sonication using a Soniprep 150 for 10 seconds on, 30 seconds
off, three times whilst being kept over ice. The soluble fraction was separated by
centrifugation at 14000 rpm for 15 minutes at 4°C. The soluble and insoluble fractions
were collected for sodium dodecyl sulfate polyacrylamide gel electrophoresis (SDS-

PAGE) analysis.

Table (3) MtbSAICAR IPTG Induction conditions varying incubation time and temperature

IPTG concentrations | Temperatures Time of incubation
400pM 37°C 2, 3, 4 hours and overnight
150pM 20°C Overnight

—_ 37°C Overnight
50uM 20°C Overnight
150pM 20°C Overnight
250pM 20°C Overnight

—_ 20°C Overnight

Table (4) MtbpurD IPTG Induction conditions varying incubation time and temperature

IPTG concentrations Temperatures Time of incubation
50uM 20°C Overnight
150uM 20°C Overnight
250puM 20°C Overnight
—_ 20°C Overnight
400puM 37°C Overnight
—_ 37°C Overnight

2.2.4.3. Purification of N-terminal 6xHis tagged MtbSAICAR and MtbpurD
After determination of the best overexpression conditions, the protein was prepared
on a large scale and purified using standard purification techniques with some

modifications (Cheng et al., 2010). A similar protocol was used for both enzymes,
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specifically: the cell pellet used to extract MtbSAICAR was resuspended into using
300mM NaCl, 20mM Tris-HCl pH8.0, 1mM DTT, 10mM imidazole pH8.0 and 1 complete
protease inhibitor (Roche-Germany). For MtbpurD 500mM NaCl, 20mM Tris-HCl pH8.0,
1mM DTT, 10mM imidazole pH8.0 and 1 complete protease inhibitor (Roche-Germany)
was used. This was then sonicated (10 seconds on, 30 seconds off for three times over
ice) then centrifuged for 30 minutes at 4°C at 18000 rpm (SS-34 Sorvall). The
supernatant was then added into 1ml of Ni-NTA agarose (Qiagen) slurry then agitated
for one hour at 4°C on a roller and before being centrifuged. The resin was then
washed, for MtbSAICAR with buffer (300mM NaCl, 20mM Tris-HCl pH8.0, 20mM
Imidazole, 1ImM DTT) and for MtbpurD with 500mM NaCl, 20mM Tris-HC| pH8.0,
20mM Imidazole, 1mM DTT) four times and the fifth wash collected, finally the 6xHis
tagged enzyme was eluted with elution buffer for MtbSAICAR of (300mM NaCl, 20mM
Tris-HCI pH8.0, 250mM Imidazole, 1mM DTT) and for MtbpurD (500mM NaCl, 20mM
Tris-HCI pH8.0, 250mM Imidazole, 1mM DTT) and left for 15 minutes before being
centrifuged for 5 minutes at 4°C. TEV protease was then added at a protein ratio of
1:100 for MtbpurD and 1:50 for MtbSAICAR. The sample was dialysed at 4°C overnight
with shaking into 150mM NaCl, 20mM Tris-HCl pH8.0, 1ImM DTT for MtbSAICAR and,
200mM NaCl, 20mM Tris-HCIl pH8.0, 1mM DTT for MtbpurD.

2.2.4.4. Gel Filtration Chromatography of MtbSAICAR and MtbpurD

To evaluate the molecular weight and oligomeric state in solution of the proteins of
interest as well as to maximise purity, the prepared mixtures of proteins were
subjected to further gel filtration chromatography steps. The principle is that larger
molecules are retarded less in the matrix and elute sooner. The oligomeric states of
MtbSAICAR and MtbpurD were determined using Superdex 200 Increase 10/300 GL
(GE Healthcare) which is a gel filtration media appropriate for proteins between 10000
Da and 600000 Da to determine approximate molecular weight. 20mM Tris-HCI Buffer
pH8.0 and the protein sample were first filtered using a 0.22um filter (Sigma Aldrich)
to remove any contaminants. Calibration Kit proteins were used to provide a
calibration curve with a range of known molecular weight proteins. The molecular
weights of MtbSAICAR and MtbpurD were determined using the standard calibration

curve illustrated in Figure (27).
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Figure (27) Calibration by separation of standards with Superdex 200 10/300 GL column. Aprotinin
(Apr) (6500), Ribonuclease A (Rnase A; R) (13700), Carbonic anhydrase (Carb. anh; CA) (29000),
Ovalbumin (O) (44 000), Conalbumin(C) (75000), Aldolase2 (Ald) (158000). The figure is taken from
http://www.gelifesciences.co.jp/catalog/pdf/28407384.pdf.

2.3. Bioinformatics

2.3.1. Homology model alignment of MtbpurD

A homology model of MtbpurD was built using the protein fold recognition server
PHYRE? (Kelley et al., 2015) in order to predict the 3D fold of MtbpurD. In this process a
query hidden Markov model (HMM) is built using the information from the sequence
alignment (built using the query sequence) by HHblits; sequence database (lightning-
fast iterative protein sequence searching by HMM-HMM alignment) database
(Zimmermann et al.,, 2017) and secondary structure features by PSIPRED (a Protein
Sequence Analysis). The HMM model is run against HMMs database of proteins (with
known structure) and alignments are selected based on coverage and confidence. The
backbone of models are built (based on this selected alignment) whilst any insertion or
deletion is fixed by a loop modeling process. Because the aim is to generate a perfect
query model, the regions with detectable and undetectable homology to template
models is refined by Poing and ab initio modelled (questionable step) respectively. The
final model is achieved by rebuilding the backbone then the side chains are added. 80%

accuracy is claimed if the backbone modelled correctly (Kelley et al., 2015).
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The MtbpurD homology model was constructed using six templates including Aquifex
Aeolicus (AaPurD) (PDB 2YYA) Ehrlichia chaffeensis (PDB 3LP8), Neisseria gonorrhoeae
(PDB 5vev), Geobacillus kaustophilus (PDB 2ys6), Human (PDB 2qgk4), Bacillus subtilis
(PDB 2xd4) with >90% confidence (which reflects the homology of the templates). This
indicates that both template and model are expected to have the same fold and the
thus the prediction of the core shape will be reliable. Although a sequence identity
>30-40%, is considered the threshold for a reliable model, some useful modelling can
be done even when sequence identity <15% if the confidence is high. Here MtbpurD
shares 38%, 37%, 41%, 43%, 39% and 42% sequence identity respectively with the
homologue template structures. The binding sites for the natural substrates of purD,
ATP, and glycine, were compared by superimposing the model structure over to the
homologous enzymes from Human (HspurD) (PDB 2QK4), the overall model was also
compared to the structure of E. coli purD (EcpurD) (PDB 1GSO). The similarities and
differences of the whole structure as well as ATP binding site are determined as shown

in Chapter 6, Section 6.6.

2.4. Biophysical Characterisation

2.4.1. Circular Dichroism

Circular dichroism (CD) is a technique that is commonly used for the estimation of the
secondary content and to indicate whether or not the protein of interest is folded
properly in solution and estimate thermal stability. It can also be used to investigate
protein-protein and protein-ligand interactions. (Kelly, Jess, and Price, 2005). Circular
dichroism spectroscopy estimates the variation between the absorption of left and
right-handed circularly polarised light, this arises due to structural asymmetry.
Secondary structural elements show characteristic CD spectra, if a protein is a-helix
dominant then negative bands at 222nm, 208nm and a positive band at 193nm are
seen. In contrast, predominantly B-sheet proteins show a negative band around
218nm and positive bands at 195 nm. Disordered proteins give a positive band at

210nm, with negative bands near 195 nm (Figure 28).

43



r . -yl
=& [\.-shaat
B0 - == random coil

=]

]
(=]
"

CD signal x10°7 {deg.cm’idmole)
B

apl®

180 200 210 220 230 240 250
Wavelength (nm)

Figure (28) Circular Dichroism spectra comparing secondary structure content from

http://lwww.fbs.leeds.ac.uk/facilities/cd/

2.4.1.1. Secondary structure determination and thermal stability of MtbSAICAR-
MtbpurD

MtbSAICAR was buffer exchanged with 20mM Tris-HCI pH8.0, 50mM NaCl whereas for
MtbpurD the buffer was exchanged with 20mM phosphate buffer pH7.4 and 100mM
sodium fluoride prior to the experiment. The protein concentration was estimated
using Bradford dye-binding protein assay and adjusted to give concentrations of
MtbSAICAR of 0.56mg/ml and MtbpurD of 0.15mg/ml respectively. Calibration used
the specific buffer in the absence of protein, then the CD spectra of the sample was
acquired using Chirascan-Plus CD spectrometer (Applied PhotoPhysics, UK). The signal
was subtracted from the blank and the CD curve plotted. The CD spectrum plots the
rotation (mdeg) versus wavelength. Using GraphPad Prism (version 6.00 for Windows,
GraphPad Software, La Jolla California USA) the folding state of the recombinant
MtbSAICAR and MtbpurD was calculated. The thermal stability of MtbSAICAR was
determined by measuring the CD spectra over a range of temperatures from 5°C to
90°C; increasing in 0.5°C increments. The change in CD is measured at a single
wavelength, 222nm. The secondary structure content of MtbpurD was calculated using
online server using the method of Raussens et al.,
(http://perry.freeshell.org/raussens.html (Raussens, Ruysschaertand Goormaghtigh,

2003).
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2.4.2. Thermal shift assay of proteins

The thermal shift assay is a technique that can be used to test the effect of different
ligands on the thermal stability of the protein of interest. As the temperature is
increased (20-95°C), the protein undergoes conformational changes as the protein
changes from the folding to the unfolded state. The process is monitored by observing
the changes in fluorescence of sypro orange dye (excitation 492nm, emission 610nm)
(Life Technologies, 5,000x stock). The dye does not bind to the protein when it is
folded, as the hydrophobic regions are masked from the solvent. As the protein
unfolds with an increase in temperature, the hydrophobic regions of the protein
become accessible and the dye binds tightly to these hydrophobic regions (Niesen,
Berglund and Vedadi, 2007). When the protein is further denatured and starts to
aggregate, the dye is excluded. The process is illustrated in Figure (29). The experiment
was carried out using 1Q5 (Bio-Rad). 4uM of MtbSAICAR or MtbpurD was mixed with
various ligands combined with 2ul of Sypro orange dye (1:1000) of 1:80 stocks into a
total volume of 25ul per well (repeated 12times) in 96 wells plate using a buffer of
either 20mM Tris-HCl pH8.0 and 50mM NaCl or 20mM HEPES pH8.0 and 50mM NacCl.
The temperature raised from (20-95°C) with 0.5°C increments and for each step the
temperature was maintained for 20 seconds. 12 observations were used to give the
average relative fluorescence unit (RFU) of each temperature. The unfolding curve was
plotted temperature on X-axis versus relative fluorescence units (RFU) on the Y-axis.
This plot was then used to calculate the melting temperature (Tm) using GraphPad

Prism (version 6.00 for Windows, GraphPad Software, La Jolla California USA.
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Figure (29) Principle of Thermal shift assay.1. Folded protein mixed with Sypro orange dye in solution.
2. As the temperature increases, the protein undergoes unfolding causing increases the binding of the dye
to hydrophobic regions and in parallel the fluorescence signal increases. 3. The protein reaches maximal
unfolded state and at same time maximal fluorescence as there is maximal binding of the dye to
hydrophobic regions. 4. The protein starts to aggregate, causing the dye to be dissociated and accordingly

the fluorescence signal decreases. Figure is taken from (Abbott et al., 2017).

2.4.3. SAICAR Synthetase kinetic properties

The Michaelis-Menten model is a common method for enzyme kinetics. According to
this approach the substrate (S) reversibly binds to an enzyme to form an enzyme-
substrate complex (ES), which then irreversibly reacts to generate a product (P) and to
regenerate the free enzyme E. This system can be represented schematically as

follows:
E+S* ES*> E+P

Figure (30) The Michaelis-Menten enzymatic reaction scheme, E represents Enzyme, S indicates

substrate, ES is the complex of E and S and E+P are the products of breakdown ES complex

The equations derived from this model contain two important terms. One of them is
velocity (V) which represents the reaction rate and the other is Michaelis constant (Kw)
which is the substrate concentration at which the reaction velocity is 50% of the Vmax.

At the start of the reaction, the concentration of P will be negligible (and so there will
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be no reverse reaction) and so initial rates are observed. Vmax is the maximum velocity
achieved by the system, at saturating substrate concentrations. The Michaelis-Menten

equation for this system is:

l..rl'l'l.-:.“\: [ LS‘ ]
K, =[5]

Figure (31) The Michaelis-Menten equation

According to the Michaelis Menten scheme, at a fixed enzyme concentration, the
proportion of active sites of the enzyme molecule occupied is proportional to the
concentration of substrates. When all the active sites have been occupied by the
substrate, the enzyme is saturated and is therefore working at its maximum capacity,
increasing the concentration of substrate further will not increase the rate of
enzymatic catalysis. A plot of the Michaelis-Menten equation’s behavior on initial
reaction rate (V) as a function of substrate concentration is given in Figure (32),

showing the significance kinetic parameters Vmax and Kw.

Reaction rate

T T T 1
0 1000 2000 3000 4000

Concentration of substrate

Figure (32) Michaelis Menten ideal curve, plotting V (the reaction rate) against [S], Vmax is the maximum
reaction velocity, Ku is the Michaelis constant at which the substrate concentration gives a reaction rate

of ¥ Vmax. The figure is taken from http://orgchem.tsu.ru/enzyme/Michaelis-Menten%?20kinetics.htm.

The enzymatic activity studies were carried out by measuring the rate of phosphate
production using the Biomol Green kit (Enzolifesciences.com, 2016) to measure the
phosphate concentration. This assay follows the absorbance change at 600-680 nm
(i.e. from yellow to green) for 20-30 min and is conducted in 96 wells plates. In each

47



case, 100ul of Biomol Green Reagent was added to the assay reaction mixture. The

rate of phosphate production was measured following the color change.

The assay was calibrated with a series of dilutions (to 40uM, 20uM, 10uM, 5uM,
2.5uM, 1.25uM, 0.625uM) from phosphate standard (stock concentration 800uM)
with 50ul of the assay buffer as blank (50mM Tris-HCl pH8.0, 0.5mM EDTA, 6mM
MgCl,, 0.01% BSA) plotted against the absorbance (As0). Each measurement was
repeated twice, the absorbance averaged then subtracted from the blank. This
calibration allows the changes in phosphate concentration during the kinetic
experiments to be determined by changes in absorbance. These numbers fit along
phosphate concentrations of standard values which help to calculate the slope after
schemed in x y chart type drawn and the best-fit straight line is placed (Figure 50). The
standard curve slope is used to divide the absorbance of each experimental samples
measured at a specific time for every parameter (ATP, CAIR, and aspartate). This will
estimate the released phosphate at a specific time for each substrate (at a constant
concentration of MtbSAICAR at 100nM). The released phosphate (y-axis) was then
plotted against time (seconds, x-axis) to determine the rate of the reaction at every
kinetic parameter. The rate of reaction produced (y-axis) of each sample for each
substrate plot against the substrate concentrations used (x-axis) to understand the
relationship between the rate of reaction and substrate concentration as well as

calculating the Vmax, Km.

2.4.4. Crystallisation trials

2.4.4.1. MtbSAICAR Crystallisation Experiments

To investigate the best crystallisation condition for the purified enzymes, commercial
JSCG+ crystallisation screen (Molecular Dimensions) was first used. 96-well plates were
set up using Mosquito crystallisation robot (TTP labtech). 100nl of mother liquor from
100pl in the wells was mixed with 100nl of protein solution. The plates were then was
sealed and kept at room temperature and checked frequently for crystal growth. As a
good crystal is not always obtained from an initial crystallisation screen, the conditions
need to be optimised around pH, concentration of protein, precipitant concentration,
and temperature.
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2.4.4.2. MtbSAICAR co-crystallisations

MtbSAICAR with a concentration of 15.3mg/ml was prepared with 10mM of ATP-Mg?*
and 4mM aspartate), 10mM of Adenylyl-imidodiphosphate (ACP) and Inosine 5'-
monophosphate) (IMP), 10mM of ADP and analogue 5-aminoimidazole-4-carboxamide
ribonucleotide (AMZ). 1:1 ratio of protein was mixed with mother liquor containing
0.1M HEPES pH8.0, 0.02M MgCI2 and 22% Polyacrylic acid sodium salt 5100. The
protein was either crystallised in apo form or with ligands. The plates were kept at
room temperature and observed within hours. Prior data collection, the crystals
produced from co-crystallisation conditions were rested in mother liquor containing

20% glycerol and the specified ligands.

2.4.5. Introduction to X-ray crystallography

The three-dimensional structure of protein gives information about its properties and
function. X-ray crystallography provides accurate and precise structure in atomic detail
(Hasegawa, 2012), information that cannot be achieved from light microscopy. The X-
ray method provides an important in understanding the details of enzymatic

mechanisms and protein-ligand, protein- protein and protein-DNA interactions.

One important step in understanding mechanism and action of protein through X-ray
crytallography is obtaining three-dimensional well-ordered crystals. Obtaining such a
high quality crystal typically involves several steps starting from ORF amplification of
the gene of interest to crystallisation trials and optimisation. These steps are
schematically represented in Figure (33). Growing perfect crystals is not easy as the
crystal growth is influenced by many factors such as impurities in the protein, the
presence of extranoius chemicals, temperature, concentration of precipitant/protein,
pH of buffer and so on (Abola et al., 2000). That’s why the success ratio in getting
crystals is only around 30%-40% (Chayen and Saridakis, 2008).
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Figure (33) Steps involved in structural determination of a protein.

The methods used for crystallisation of proteins include vapor diffusion, free interface
diffusion, batch, and dialysis. Among those techniques, vapour diffusion is the most
commonly used. There are two types, hanging drop and sitting drop (Figure 34). Both
of these use the same principle with the only difference being that in sitting drops the

protein is mixed with the precipitant solution and sits on a tiny well. In hanging drops,
the protein solution is mixed with a precipitant solution on a cover slip and put upside
down over the precipitant reservoir and sealed. In this system, water will evaporate
from the drop on the slide into the reservoir because of the difference in the
concentration of precipitant between drop and well. This evaporation will continue

until the concentration of precipitant in the drop and reservoir reach equilibrium.

e
1

u—

Figure (34) Vapor diffusion style in protein crystallisation sitting drop left, hanging drop right, 1:1ul of

"
1| @

protein solution from 0.5 up to 1ml buffer solution.
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Basically, in a crystallisation experiment, the crystal is obtained in a condition where
the solubility of the protein is gently decreased. This process is shown in the phase
diagram of crystal growth (Figure 35). At the beginning of the crystallisation
experiment, the protein is in the soluble phase. As vapour diffusion occurs and the
solubility limit is exceeded due to evaporation, the protein solution in tiny wells will
become supersaturated and this will cause the protein to be nucleated and protein

molecules will be separated from solution and then crystals will grow.

A
N | :
\ Supersaturation
. .
— |
LN |
% |
= A
i ? Precipitation zone
S \ )
s - - &
@ \ — —
@ \ Y . . -
2 \ o, * . . "
S p---0--\c-=-=- 3 ~ _ Nucleation zone
h' - - A
© N . . o=~ ." . *
£
o V.
[=] ",
a L \
\\\ )
- K\\
r ‘\‘ | —
— . Supersolubility
Undersaturation I\lFlast =] curve
- zon
~————— Solubility curve
] ] ] ] ] ] >

-

Adjustable parameters

Figure (35) Phase diagram of crystal growth. (i) Microbatch, (ii) Vapor diffusion, (iii) Dialysis and (iv)
Free interface diffusion (FID) (Chayen and Saridakis, 2008).

2.4.5.1. Data Collection

Once a well-ordered crystal is produced from wet lab experiments, the next step is the
collection of data. The data can be collected using both in-house X-ray sources and /or
synchrotron radiation. Prior to data collection, the crystal first needs to be mounted
using appropriately sized loops and cryo-protected then plunged into liquid nitrogen.
This will protect the crystal from drying and lessen radiation damage. After these
steps, the crystal is positioned on the goniometer accurately so that the X-rays can hit

the crystal properly.

For data collection, several parameters can be varied including the oscillation angle,
the wavelength of X-rays, crystal to detector distance, and exposure time so that the

best quality of data can be obtained. The diffraction data is collected, as reflections
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and is recorded on a charge-coupled device (CCD) or other electronic detector (Figure

36).

Video monitor for
sample alignment

X-ray source

_ Xerays optics
sample

2D detector
Goniometer

Figure (36) General view of Data Collection process on X-ray diffractometer. Picture is taken from (B.
B. He, U. Preckwinkel, and K. L. Smith, Advances in X-ray Analysis, 2000, 43, 273.

The choice of exposure time is critical a short exposure time may result in less
resolution, as the signal to noise ratio is reduced on the other hand the intensities and
hence signal to noise might be improved by increasing the exposure time, however,

this may affect the crystal due to possible radiation damage.

2.4.5.2. Theory of Bragg Law in the diffraction pattern

In order to get a diffraction pattern and spots, the two waves should be in phase, as
they should interfere constructively. Destructive waves are not going to produce a
diffraction pattern. In constructive interference, the waves are in parallel to each other

as explained by Bragg law (Bragg and Bragg, 1913) in Figure (37).
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Figure (37) Theory of Bragg Law in the diffraction pattern. Taken from (Lovering, 2003)

2.4.5.3. Data processing

Although a few images are enough to get information of crystal symmetry, a full data
set will be required to be recorded in order to determine the position of each atom
precisely. This is achieved by collecting data as the crystal is rotated through a
sufficient angle (depending on the crystal symmetry) to collect the unique data. The
first step of data processing is indexing. In indexing, initially two or more images are
selected and the positions of the spots are used to calculate the unit cell and suggest a
probable Laue symmetry and likely space group and the orientation of the crystal. The
indexing allows each spot to be given an index (h, k, 1). Following indexing, the
positions of all the spots are predicted, and the intensities integrated. In integration,
the intensity of each reflection (labeled 1) and the associated errors or uncertainties
(lo) are estimated. Following integration, the data is compared internally using
Pointless (Evans, 2011), which uses the possible symmetry operations and systematic
absences to suggest a likely space group. After determining the symmetry, the
redundant data is scaled together and a unique list of reflections created, the internal
agreement is used to assess the quality of the data, this is implemented in the program
Aimless (Evans and Murshudov, 2013). Structure factor amplitudes, |F|, are then

calculated from the intensities.
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2.4.5.4. Phase determination and structural analysis

The structure factor amplitudes of each h k | reflection alone are not sufficient to
determine the three-dimensional structure of a protein. The Fourier transform also
requires a phase for each refection. Determining the phase can be achieved by several
methods including direct methods, Isomorphous replacement and Molecular
replacement (MR) (Taylor, 2010). Among all of these methods, MR is going to be
explained in this paper, as it is the method used to solve the phase problem for the
research presented here. MR is a technique used to solve the molecular structure of a
protein based on another previously solved structure. The suitability of the
homologous structure depends on it is sequence identity. The higher sequence identity

the better and at least 30% similarity normally required.

Defining the correct orientation and precise position of the molecule is important for
estimating the initial phase and uses the Patterson map. The Patterson is calculated
from a Fourier transform of the square of the structure factor amplitudes (i.e. the
intensities without phases) The Patterson is calculated from the search model and
compared to the Patterson from the observed data, by rotating and translating the
model and an optimal agreement of the Patterson shows the position and orientation
of the protein we are trying to solve. From this model, phases can be calculated to
start the process of refinement. This calculation is done in Phaser in CCP4 (McCoy et

al., 2007).

2.4.5.5. Refinement and Structural validation

Initial phasing will provide an electron density map, but the model will require
modification and adjustment from the search model (Kleywegt, 2000). The initial
model is used as a starting point towards reaching the final model. Then refinement
process fixes any remaining errors in the best solution, this is achieved by manual
rebuilding in COOT and computational least-squares refinement using Refmac5, CCP4

(Murshudov, Vagin, and Dodson, 1997) or PHENIX (Adams et al., 2011).

COOT (macromolecular model building, model completion, and validation) (Emsley and
Cowtan, 2004), allows the interactive assessment of the structure for missing parts,
poor fit to electron density and geometric parameters. The improvement of the
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structure proceeds iteratively between interactive rebuilding in COOT and refinement
in Refmac5. Analysis of the quality of the final model refinement is done using
validation processes by means of important elements such resolution and Residual
Factor (R-factor), which is the most commonly used monitor of the overall agreement
the model to the observed data. The R-factor compares the calculated structure
factors (from the model) and observed structure factors. An aim of refinement is to
bring the calculated structure factors as close as possible to the observed ones (Figure

38).

Siel - s
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2 |F°

Figure (38) Residual Factor which calculates the differences between calculated structure factor

amplitudes and observed ones.

The molecular model building and refinement are dependent on the crystallographic
data that is collected at low temperature from the optimal crystal. Poor quality crystals
with more disorder regions may have negative effects on the quality of the data (Spek,
2009). Further parameters are monitored during refinement and validation such as R-
free, Root Mean Square Deviations (RMSD) from ideal geometric values of bond
lengths and angles, and Ramachandran plots also help in the assessment. Geometry
was analysed to compare with ideal values of protein using structural validation

servers Procheck (Laskowski et al., 1993).

2.4.5.6. Optimal Structure alignment process

Comparison and analysis of homologous enzyme structures and discussion of their
similarities and differences requires optimal superimposition. In some cases, this will
be best achieved by simply matching over the whole chain by minimising the RMS
differences between Ca positions in, for e.g. a pairwise comparison. However, should
there be insertions or deletions, it is better not to include these. The exclusion of
residues needs to be considered when quantifying how well structures superimpose.

The Q-score value addresses this by using both RMSD and Nagn (the number of
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residues aligned in the superposition) (Krissinel, 2012). This metric is considered
superior to overall or selective RMSD. In the case of a multi-domain structure, very
similar individual domains (or sub-domains) may have different orientations with
respect to each other and a global superimposition would give misleading metrics
about the similarities between structures, In this study, the overlaid structures were
examined over both the entire length (i.e. the whole polypeptide chains) and over
particular segments (i.e. per domain). The superimposed alignment for whole chains
was calculated by PDBeFold (Krissinel and Henrick, 2004), whereas the optimal
superimposition for individual domains used the GESAMT (General Efficient Structural
Alignment of Macromolecular Targets) method as this avoid limitation within the SSM

algorithm used by PDBeFold (Krissinel, 2012).
The Q-score equation is given by.

Q = Nzalgn

(1+ (RMSD/RO)Z)*Nresl*NreSZ

Figure (39) Q-score equation. It evaluates the relationship between RMSD between Co atoms of the
aligned structures and Nagn (Which is the number of aligned residues). Nresi; and Nresi, count for number
of residues in the alignment from each structure, Ro is an experimental normalising factor (standardised at
3A). For identical structures (Naign=Nresit=Nresiz and RMSD=0) the Q-score would equal 1 whereas for
dissimilar structures the Q-score would tend towards 0, as the as the denominator increases with RMSD

and the numerators decrease with Nagn.
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Chapter 3. Characterisation of SAICARs of M. tuberculosis
(MtbSAICAR)

3.1. Introduction

SAICAR synthase of M. tuberculosis (MtbSAICAR) catalyses the reaction of 4-carboxy-5-
aminoimidazole ribonucleotide (CAIR), ATP and aspartate in order to produce SAICAR,
ADP, and Pi in the de novo purine pathway. This chapter describes experiments to
characterise MtbSAICAR. This was achieved by the cloning, overexpression and
purification of MtbSAICAR, followed by the determination of the secondary structure
content and stability of the enzyme using circular dichroism and the determination of

the kinetic parameters of the enzyme though activity measurements.

3.2. Preparation and Purification of MtbSAICAR

The Open Reading Frame of the gene encoding MtbSAICAR was amplified (Figure 40),
cloned into the expression vector pLEICS-01, by the protein expression service PROTEX
at the University of Leicester and overexpressed in E. coli Rosetta (DE3) as described in
Chapter2, Section 2.2.2-2.2.4. The highest expression level of soluble protein was
obtained when the expression induced with 150uM IPTG at an ODgoo of 0.50 and grown
at 20°C overnight (Figure 41).

M(bp) 2 3

1000
800

894

Figure (40) ORF amplification of MtbSAICAR in 1% (w/v) agarose gel electrophoresis, 1. Molecular
weight DNA marker (Bioline 1 kb hyper ladder). 2. PCR product. 3. In the presence of 6% DMSO, the
ORF does not amplify.
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Figure (41) Optimisation of overexpression condition of MtbSAICAR in E. coli Rosetta (DE3). Lane 1:
M. SeeBlue2 (Life Technologies) protein marker. Lane 2: Supernatant from cells induced with 400puM
IPTG for 2 hours at 37°C. Lane 3: Pellet from cells induced with 400uM IPTG for 2 hours at 37°C. Lane
4: Supernatant from cells induced with 400uM IPTG for 3 hours at 37°C. Lane 5: Pellet from cells
induced with 400uM IPTG for 3 hours at 37°C. Lane 6: Supernatant from cells induced with 400uM
IPTG for 4 hours at 37°C. Lane 7: Pellet from cells induced with 400uM IPTG for 4 hours at 37°C. Lane
8: Supernatant from cells induced with 400uM IPTG at 37°C overnight. Lane 9: Pellet from cells induced
with 400uM IPTG at 37°C overnight. Lane 10: Supernatant from cells induced with 150uM IPTG at
20°C overnight. Lane 11: Pellet from cells induced with 150uM IPTG at 20°C overnight. Lane 12:
Supernatant from cells uninduced at 37°C overnight. Lane 13: Pellet from cells uninduced at 37°C

overnight. Supernatant and pellet mean soluble and insoluble fractions respectively.

Recombinant MtbSAICAR was purified and the purity of the protein was assessed
(Figure 42) as described in Chapter2, Section 2.2.4.3. The TEV site was not cleaved
after purification. The identity of the protein was confirmed using tryptic digest mass
spectrometry (Figure 43). The oligomeric state of the protein was investigated using
gel filtration as described in Chapter2, Section 2.2.4.4. and the result suggested that
the protein is a monomer in solution (Figure 44). MtbSAICAR elutes in the fraction
corresponding to the expected M.W of 32.9kDa, assessed by the calibration supplied

by the manufacturers (GE Healthcare) (Chapter2, Section 2.2.4.4).
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Figure (42) Purification of MtbSAICAR expressed with 6xHis affinity tag. Samples were taken at each
stage of the purification (10ul of the sample and 10ul 2XSDS sample buffer) and run on a 4-12%
polyacrylamide gel. Lane 1: M. SeeBlue2 (Life Technologies) protein marker. Lane 2: soluble cell
extract, Lane 3: unbound protein flow through of Ni-NTA column, Lane 4: Ni-NTA bead, Lane 5:
unbound proteins (with 20mM imidazole: fourth wash), Lane 6: MtbSAICAR Ni-NTA bead, Lane 7:
MtbSAICAR solution (with 250mM imidazole), Lane 8: Ni-NTA bead, Lane 9: Overnight TEV cleavage
at 4°C. Lane 10: Concentrated MtbSAICAR after gel filtration. See Chapter 2 for the experimental

protocol.
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35-51 1912.9120 1911.9578 R.ISAYDYVLDSTIPDKGR.V

79-86 898.4810 897.4920 R.IPDEVLGR.A
92-103 1472.7480 1471.7639 R.RLEMLPVECVAR.G
104-119 1643.8000 1642.8203 R.GYLTGSGLLDYQATGK.V
120-134 1538.8140 1537.8286 K.VCGIALPPGLVEASR
135-145 1193.6390 1192.6492 R.FATPLFTPATK.A
146-159 1559.6890 1558.7012 K.AALGDHDENISFDR.V
160-168 973.5370 972.5426 R.VVEMVGALR.A
160-168 989.5300 988.5376 R.VVEMVGALR.A
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176-190 1687.8410 1686.8689 R.TLQTYVQAADHALTR.G
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206-222 1884.8960 1883.9377 R.HGNLLLADEIFTPDSSR.Y
223-230 1085-4590 1084-4614 R.YWPADDYR.A
231-240 1051.5270 1050.5346 R.AGVVQTSFDK.Q
245-256 1380.6000 1379.6106 R.SWLTGSESGWDR.G
257-274 1967.9700 1967.0225 R.GSDRPPPPLPEHIVEATR.A
277-283 928.4480 927.4450 R.YINAYER.I
284-297 1547.7520 1546.7668 R.ISELKFDDWIGPGA
289-297 977.4090 976.4291 K.FDDWIGPGA

Figure (43) MALDI-TOF mass spectra analysis of MtbSAICAR tryptic digest confirming the identity.
Trypsin cuts at the C end of KR residues of the protein, except if the next residue is proline. The peptide
mixture is then analysed. The observed masses are compared to the calculated masses of fragments from
the given the amino acid sequence derived from the SwissProt database (Bairoch and Boeckmann, 1991)

by the MASCOT Peptide Mass Fingerprint search engine (http://www.matrixscience.com) for protein

identification agreement. (A) Matrix-assisted laser desorption ionisation time of flight (MALDI-TOF)
Mass Spectrometry (Susnea et al., 2012) of the MtbSAICAR tryptic digest, intensity is plotted vs Mass
(m/z). (B) Matched peptides and masses (observed and calculated). Figure supplied by PNACL,

University of Leicester.
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Figure (44) Determination of the solution oligomeric state of MtbSAICAR using Superdex 200 Increase
10/300 GL gel filtration chromatography (GE Healthcare). The protein eluted is detected by Azso. The
calibration curve is given in Chapter2, Section 2.2.4.4.

3.3. Secondary Structure of MtbSAICAR

The enzyme was also characterised by far UV Circular Dichroism (CD) initially to
determine whether the recombinant protein is folded and subsequently to estimate
the secondary structure content and compare this with calculated and predicted
values. For that purpose, both computational and experimental techniques were used.
PSIPRED Protein Sequence Analysis (McGuffin, Bryson, and Jones, 2000; Buchan et al.,
2013) predicted that the protein is predominantly a-helix, containing 27.2% a-helix
with 9.0% B-strand (Figure 45).
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Figure (45) Predication of MtbSAICAR secondary structure content using PSIPRED Protein Sequence

Analysis server (McGuffin, Bryson, and Jones, 2000). Symbols underneath the picture indicate each

secondary structure feature.

The circular dichroism (CD) measurements are consistent with this prediction. Prior to

CD measurement, the protein was exchanged with 20mM Tris-HCI pH8.0, 50mM NacCl.

The CD plot (Figure 46A) shows the characteristics of a predominantly a-helix protein.

CD was also used to test the thermal stability of the enzyme; as described in Chapter2,

Section 2.4.1.1. This showed that the enzyme is stable at room temperature with a

melting temperature mid-point of 59.5°C in the apo form (Figure 46B).
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Figure (46) (A) CD spectrum of apo MtbSAICAR at two temperatures. (B) Thermal unfolding of apo
MtbSAICAR. The experiments were carried out as explained in Chapter2, Section 2.4.1.1.

3.4. Dye Binding Thermal shift assay of SAICARs M. tuberculosis (MtbSAICAR)

The experimental thermal denaturation curves (Figure 47 and 48) are similar to the
ideal thermal profile Chapter2, (Figure 29). As the temperature raises gradually, the
fluorescence signal initially increases then rapidly declines. Apo MtbSAICAR displays a
melting temperature of 43.9°C. The thermal stability of the protein was tested in
various conditions (Table 5 and 6), indicating that the enzyme is more stable when it
makes a complex with AMZ and ADP as shown in Figure (47). The effect of the

following ligands Adenylyl-imidodiphosphate (ACP), 5-aminoimidazole-4-carboxamide
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ribonucleotide (AMZ), inosine 5'-monophosphate (IMP) and Succinic acid (SUC) was

also tested (Figure 49).

Table (5) Assessing melting temperature of MtbSAICAR with different ligands, tested at
a concentration of 10mM.

MtbSAICAR Conditions | Temperature (°C) | Change in temperature (°C)

Apo 43.9+0.07 —
ACP 45.9+0.06 2.0
ACP+IMP 48.4+0.04 4.5
AMZ 46.3+0.05 2.4
AMZ+ADP 49.5+0.02 5.6
IMP 46.6+0.06 2.6
AMZ+SUC 46.1+0.05 2.2

Table (6) Assessing melting temperature of MtbSAICAR with different tested at concentrations of
5mM of each ATP and ADP, 4mM of aspartate (Asp).

MtbSAICAR Conditions | Temperature (°C) | Change in temperature (°C)

Apo 43.9+0.07 —

ATP 47.7+0.04 3.8
ATP+Asp 47.6+0.04 3.7

ADP 46.9+0.04 3
ADP+Asp 47.2+0.04 3.3

400+

® APO
ACP
IMP

Y AMZ
AMZ+ SUC

¢* AMZ+ADP
ACP+IMP

3001

2009

1009

Relative Fluorescence Units (RFU)

T 1
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Figure (47) Thermal stability of apo MtbSAICAR and in the presence inhibitors and substrate analogues
using dye binding thermal shift assay. For methods see (Chapter 2, Section 2.4.2.)
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Figure (48) Thermal stability of MtbSAICAR compared apo enzyme and in the presence of natural
ligands using the thermal shift dye binding assay. ADP is a substrate analogue of ATP.
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Figure (49) Ligands tested with the thermal shift assay. Succinic acid (SUC) is a competitive inhibitor of

Aspartate. The structural formulae are drawn using https://pubchem.ncbi.nlm.nih.gov/edit2/index.html

3.5. In vitro enzyme activity of MtbSAICAR
A spectrophotometric enzyme assay (in a plate reader) was used to measure the
activity of MtbSAICAR in vitro for each substrate used (ATP, CAIR, and aspartate). The

measurement of the rate of phosphate production is used to calculate the rate of the
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enzymatic reaction. This is achieved using a calibration of phosphate concentration to
A0, and thus the change in colour is used to calculate the change in phosphate
concentration, and from this, the slope is calculated. Figure (50) shows the standard
curve and the complete methods are described in Chapter2, Section 2.4.3.

0.09
0.08 y=0.0043x - 0.0025
0.07
0.06
0.05
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0.02

0.01

Absorbance OD620 nM

0
0 5 10 15 20 25

Phosphate Concentration (uM)

Figure (50) Standard curve plot of serial phosphate standard concentration (40uM, 20uM, 10uM, 5uM,
2.5uM, 1.25uM, 0.625uM and blank of assay buffer) was plotted on X-axis and Absorbance OD620nm
on Y-axis. The assay buffer includes (50mM Tris-HCI pH8.0, 0.5mM EDTA, 6mM MgCl,, 0.01% BSA)

The activity of MtbSAICAR follows hyperbolic Michaelis-Menten kinetics as shown in
Figure (51). The reaction rate increases with the substrate concentration and becomes
constant where the enzyme is saturated with its substrate. The parameters Kw, (the
substrate concentration at which half the enzyme's active sites are occupied by the
substrate), and Vmax, the saturated rate, were calculated from the plots of substrate
concentration versus velocity. The Kw, Vmax and k_,, (s) values for ATP, CAIR, and

aspartate are shown in Table (7).

Table (7) Kinetic parameters of MtbSAICAR for ATP, CAIR, and aspartate (uM). (Kinetics parameters
for were calculated with GraphPad Prism (version 6.00 for Windows, GraphPad Software, La Jolla
California USA).

Substrate | Km (uM) Kv Range (uM) | Vmax(nM/s) K. (51
ATP 29.14 30 - 60* 0.14 1.41
CAIR 6.43 ~10* 0.017 0.18
Asp 142.3 200-800* 0.03 0.29

*Expected Ky range provided by Dr. Peter Coombs MRC technology, UK (unpublished)
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Figure (51) Rate dependence on concentration for MtbSAICAR. (A) ATP (uM), (B) CAIR (uM), and (C)
aspartate (uM). The reaction rate unit (uMol/sec) is on the Y-axis and substrates concentration unit (uM)
is on the X-axis. Data was average of the twice-repeated experiment.
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3.6. Summary

The aim of the work described in this chapter was to characterise MtbSAICAR. This was
achieved by ORF amplification followed by cloning into an overexpression vector,
overexpression, and purification of the enzyme. The oligomeric state of the enzyme
was investigated via gel filtration chromatography, suggesting the protein is in
monomeric form in solution as shown in Figure (44). Following purification, the
thermal stability of the enzyme was studied by thermal shifting assay and CD
experiments. CD results are consistent with the predicted mainly a-helix content and
show it is stable with an unfolding mid-point of 59.47°C. Stability studies by thermal
shift assay show that the enzyme is slightly more stable when it is in the presence of
ligands such as IMP, aspartate, and AMZ, presumably because it is in complex, as the
unfolding temperatures are lower in the presence of dye, suggesting this has a
destabilising effect. Activity assays and preliminary kinetic measurements show the
enzyme preparation is active and appears to follow Michaelis-Menten kinetics,

estimates of kinetic parameters are obtained.
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Chapter4. Structural determination of SAICARs in M.

tuberculosis and refinement, results

4.1. Introduction

The crystal structure of SAICARs from various organisms including human (HsSAICAR)
(Li et al., 2007), E. coli (ECSAICAR) (Ginder et al., 2006), S. cerevisiae (ScSAICAR)
(Levdikov et al., 1998), S. pneumoniae (SpSAICAR) (Wolf et al., 2014), T. maritima
(TmSAICAR) (Zhang et al., 2006) have previously been solved and the mechanism and
action of the enzyme has been studied in some detail. However, previous attempts at
solving the crystal structure of SAICARs from M. tuberculosis (MtbSAICAR) have failed
(Baugh et al., 2015). This chapter describes the determination of the crystal structure
of apo MtbSAICAR along with its complexes with ATP, ADP- {5-aminoimidazole-4-
carboxamide ribonucleotide (AMZ)}, and {Adenylyl-imidodiphosphate (ACP)- inosine
5’-monophosphate (IMP)}. The overall structure and the details of the protein-inhibitor

and protein-substrate interactions are described in this chapter.

4.2, Crystallisation of MtbSAICAR-ATP complex.

The initial crystallisation conditions for MtbSAICAR-ATP (10mM ATPMg?*) complex
were investigated using the vapour diffusion method with sitting drops using the
commercially available JSCG+ crystallisation screen (Molecular Dimensions) and the
Mosquito crystallisation robot (TTP labtech). Crystals were found in 0.1M HEPES
pH7.5, 0.02M MgCl,, and 22% poly (acrylic acid) 5100. However, these crystals were
not of diffraction quality, therefore these initial crystallisation conditions were
optimised with a systematic exploration of pH gradients, different concentrations of
precipitants and salts. The highest quality of crystals was found when the pH of the
buffer was changed to pHS8.0. This precipitant/buffer mix is insufficient for
cryoprotection of the crystals, but the inclusion of 20% (v/v) glycerol was found to be
sufficient for this. The rationale behind adding a cryoprotectant agent is that it allows
vitrification of the aqueous phase around the crystal rather than forming ice crystals
that will damage the crystals, and give ice diffraction, thus affecting the quality of the
diffraction data. The first crystals of MtbSAICAR were grown in presence of 10mM ATP-
4mM aspartate were prepared for data collection by transferring them into a cryo

buffer containing 0.1M HEPES pH8.0, 0.02M MgCl,, 22% poly (acrylic acid) 5100 and
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20% (v/v) glycerol. The protein crystals were harvested using appropriately sized cryo
loops (Hampton research), then flash frozen under a stream of boiled off liquid
nitrogen at 100 Kelvin prior to data collection. X-ray data from the first crystal was
collected at Diamond Light Source using the 104 beamline. A wavelength of 0.97A was
used. In total, 180 images were collected with a 0.5° oscillation width. The crystal
produced a 4.2A diffraction data set. However, no ligand was seen bound to the
enzyme. This might have been because the crystal was harvested into a cryo-buffer
without the ligands, allowing dissociation. Accordingly, subsequent experiments
incorporated ligands into the harvesting cryo-buffer. In order to maximise the
probability of binding ligands, to limit osmotic shock and to “relax” them after being
moved into cryo-buffer, the next crystals first had 4pul of cryo-buffer added into crystal
drop, and then they were incubated in the presence 10mM ATP Mg?*-4mM aspartate
for 1 hour. Representative crystals of MtbSAICAR along with its ligand complexes are
shown in Figure (52).

(A) (B)

Figure (52) Typical crystals of MtbSAICAR. Initial crystals were produced using JCSG+ commercial
screen (A) From 0.1M HEPES pH7.5, 0.02M MgCl,, and 22% poly (acrylic acid) sodium salt 5100 (B)
The crystals grown in 0.1M HEPES pH8.0, 0.02M MgCl,, and 22% polyacrylic acid sodium salt 5100.
(C) Co-crystalised and rested in 10mM ATP Mg?*- 4mM aspartate, crystal size of 0.1mm.
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4.3. Data Collection and analysis of MtbSAICAR-ATP complex.

A complete crystallographic data set was collected from crystals prepared with ATP
and Asp using the 124 microfocus beamline macromolecular X-ray crystallography (MX)
facility at Diamond light source (DLS). An example of the diffraction is given in Figure
(53). A wavelength of 0.96A was used with an oscillation width of 0.10°. The crystal
diffracted to 1.69A with a space group of P1 21 1. All data processing steps were
performed by Xia2 (Winter, 2009), (an automated data reduction pipeline used during

data collection at DLS), the data collection statistics are given in Table (8).

T3

Figure (53) A diffraction pattern image of MtbSAICAR-ATP complex.

Table (8) Data collection and reduction parameters for MtbSAICAR-ATP complex

Data Collection

Cell Dimensions

abc (A) 51.32 99.89 74.09
a By (°) 90 110.20 90
Space group P1211
Resolution 1.69 (1.73-1.69)*
Completeness 98.0 % (89.2)*
Rmerge (%) 7.3 (68.7)*
I/ol 10.70 (1.60)*
Redundancy 3.4 (3.3)*

*The outer shell values are shown in parenthesis
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4.4. Structure determination of MtbSAICAR-ATP complex

The crystal structure of the previously solved SAICARs of M. abscessus (MaSAICAR) PDB
entry 3R9R (Baugh et al.,, 2015) was used as the basis for the search model for
molecular replacement. Using Chainsaw (Stein, 2008) a modified model was built using
the coordinates and sequence alignment file prepared using Clustal Omega (Sievers et
al., 2014). The output model was then used as a search model for molecular
replacement. PHASER (McCoy et al., 2007) requires for molecular replacement the
coordinate file (the search model) and reflection file (MTZ) from data collection as well
as an estimate of solvent content. The solvent content was calculated by Matthew’s
method (Matthews, 1968), using the molecular weight of the protein and the cell
parameters from data collection, to be approximately 47%. The solution from PHASER,
(the phased reflection file (mtz) and coordinate files) was opened with the molecular
structure visualisation program COOT (Emsley and Cowtan, 2004). The examination of
these preliminary electron density maps showed clear positive difference (Fo-Fc)
electron density consistent with ATP being bound (although the phosphates appeared
to be in more than one conformation) but no density was seen for aspartate. The ATP
molecule was then built into that electron density, and the rest of the model rebuilt
using the 2Fo-Fc and difference electron densities as a guide. The model was then
subjected to restrained refinement using Refmac5 (Murshudov, Vagin and Dodson,
1997). After refinement, the coordinate and reflection file (phased on the refined
model) were reopened with COOT and although the ATP had refined well into density
there was a positive peak close to the phosphate group of ATP. Mg?*ions were fitted
into that density and further refinement was performed. After refinement, the
absence of difference density confirmed the presence of ATPMg?* in the structure. At
the final cycle of the refinement, water molecules were added automatically (Emsley
and Cowtan, 2004) and were analysed interactively. A water molecule was rejected if
the B-factor was higher than 60A2 and the distance between hydrogen bond (H-bond)
donor and acceptor atoms was greater than 3.6A, or if two water molecules were less
than 2.5A away from each other. The stereochemical quality of the refined
MtbSAICAR-ATP complex was validated using Procheck (Laskowski et al., 1993). Most
of the residues (97.9%) were found to be the favored region of the Ramachandran

plot. The statistics for refinement are given in Table (9). Briefly, the structure of the
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MtbSAICAR-ATP complex contains 9 a-helices and 17 B-strands as shown in Figure (54).
The crystal structure of MtbSAICAR consists of one molecule per asymmetric unit. One
molecule of ATP and Mg?* was bound to the monomer in the active site cleft, which is

located between B-strands surrounded by a-helices (Figure 55).

Table (9) Final refinement parameters for MtbSAICAR-ATP complex

Refinement
Resolution (A) 1.69
Number of reflections 73122
R factor 0.17
R free 0.21
R.M.S
Bond Length (A) 0.02
Bond Angle (°) 1.99
No. atoms
Protein 2325
Water 906
Overall B-factors (A?) 23.26

Figure (54) Topology diagram of the secondary structure of MtbSAICAR-ATP complex. The structure is
made up of 9 a-helices (in red), and 17B-strands (in pink). The identity (number) of residues is labelled at

each end of the secondary structure elements. The figure is drawn with PDBsum (Laskowski et al., 1997).
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P

Figure (55) Structure of MtbSAICAR-ATP complex showing the residues involved in binding ATP. The
overall fold and secondary structure are shown as a green cartoon. Selected residues and ATP are shown
in stick form along with electron density (in blue 2Fo-Fc map contoured at 16). The phosphate groups of
ATP is shown in both linear and bent positions (black and red arrows respectively). NT and CT show the

N and C-terminal. The figure was drawn with Pymol (DeLano, 2002).
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4.5. Structure of the MtbSAICAR-ATP complex

For any interpretation based on structure, the accuracy of the atomic positions must
be considered. The average accuracy of atomic coordinates in a refined X-ray crystal
structure is reflected in the quality and quality of the X-ray data, and the agreement
between the data and the model. That is, it depends on resolution and R-factors. The
relationship between these was first described by Luzzati (Luzzati, 1952). However, the
average is of little value when considering specific parts of a model. When data of
sufficient resolution is available, it is possible to estimate individual atomic positional
uncertainties using programs such as SHELX (Sheldrick, 2015). The scattering of X-rays
from an individual atom depends on the apparent (or real) thermal motion of that
atom. The averaging over 10%? to 10% protein molecules in the crystal means that the
variations in position of an atom are observes as the same as motion, that can be

considered as thermal motion.

The term “temperature factor” is used because the vibration of an atom (or molecule)
is dependent on its temperature, the displacement seen is a combination of the actual
thermal displacement of any given atom and the differences in position between the
equivalent atoms throughout the crystal, the observed “temperature factor” therefore
reflects both static and dynamic disorder. The observed displacement depends on
various factors and is reflected in the resolution of the data that can be collected from
the crystal (increased B-factors means less order and poor resolution) and is affected
by packing. The movement about the average position is evaluated by calculation of
“temperature factors” (B-factor) describing the displacement of atoms using this
equation Bj=8m? <r?j >, where r? is the displacement (of atom j) from its mean position
(Yang, Wang and Zhang, 2016). At worse than atomic resolution the B-factors may be
under-determined and influenced by the process of refinement (Yang, Wang and
Zhang, 2016). Expected B-factors are expected to range from 15-50A2 for main chain
atoms. Atomic B-factors are a useful indicator of how well ordered individual atoms

are, and therefore reflect confidence in their positions
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Prior to detailed analysis of the structures, the B-factor profiles were calculated. The B-
factor reflecting the uncertainty of an atom's position about its average. Strictly, it
shows the magnitude of vibration averaged over the copies within the crystal
structure; as such it may be correlated with the functions of regions of a protein.
Regions of higher B-factors may have greater flexibility, and this may be required for
catalytic function (for example). In the case of the MtbSAICAR-ATP complex, averaged
B-factors of the main chain atoms of almost all residues are well ordered and within
the standard range (15-50A2) (Figure 56A). A few residues near the C-terminal site, as
indicated in the graph below, have higher B-values than the others, this suggests
flexibility in the loop they form. The residues that form the ligand binding regions are
well ordered and their residues have a low B-factor, indicated by blue colour in

(Figure 56B).
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Figure (56) Refined B-factors for main chain atoms of the MtbSAICAR-ATP complex. (A) B-factors
plotted by sequence of the MtbSAICAR-ATP complex. Almost all of the main chain atoms are within
standard range (15-50A?) and consider rigid, this may be caused by the presence of the ligand. A few
residues (S258 and D259) near the C-terminal have higher B-values as indicated by a circle. (B) Three-
dimensional structure showing the B-factors, coloured from dark blue (low) to lemon (moderate)
respectively. The residues with higher B-values are indicted by the red arrow. The region where the
ligand is bound is well ordered as indicated by blue colour. The ligand (ATP) position is indicated as a

stick representation. Graph is drawn using Baverage utility in CCP4.
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The ATP molecule is located in the active site cleft and appears to be in the anti-
conformation. The interactions of ATP with the enzyme include hydrophobic
interactions, H-bonds, and electrostatic interactions. These are shown in Figure (57A
and B). The adenine group is located in the hydrophobic pocket, surrounded by G14,
119, L27, V90, M95, A212, and L148. The adenine ring also makes specific interactions
with the main and side chain atoms of the enzyme; N1 of the adenine ring makes an H-
bond with main chain N of L93, N7 of adenine makes H-bond with the main chain N of
D213, and N6 of adenine makes an H-bond with main chain O of R91 and the side
chain ND1 of H69. The C2’OH (labelled 02) of the ribose makes an H-bond with the
carboxylic acid group of E200. O2A of the a-3 phosphate link forms an ionic interaction
with the guanidinium R17, O1G makes H-bond with main chain N of R17 and the main
chain N of V16. Mg?* interact with water as well as the B and y-phosphate groups of
ATP. A LIGPLOT diagram (Laskowski et al., 1997) of the ATP binding site is given in
Figure (58).
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(A)

(B)

Figure (57) Key residues binding to ATP in MtbSAICAR (A) The ATP binding site is shown inside the
electron density map. (B) without electron density and showing measured distances in A. Mg2* is shown
as an orange sphere. Residues interacting with the ligand are shown as sticks. The distances are given in
A. The map in (A) is contoured in blue at 16 for 2Fo-Fc map.
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Figure (58) ATP binding site of MtbSAICAR drawn using LIGPLOT, PDBsum (Laskowski et al., 1997).

Distances are given in A.

4.6. Crystallisation of apo MtbSAICAR

The crystallisation of apo MtbSAICAR was achieved using a mother liquor consisting of
0.1M HEPES pH8.0, 0.02M MgCl, 22% poly (acrylic acid) 5100 as before. Plates were
monitored for crystal growth at room temperature. The first crystal growth was
observed the next day with a crystal size of 0.1mm (Figure 59). Crystals were prepared
for cryocrystallography by transferring them to a cryo mixture of the mother liquor
incorporating 20% (v/v) glycerol. The crystals were harvested using appropriately sized

cryo loops in the cryoprotectant and flash frozen prior to data collection.
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Figure (59)Typical crystals of apo MtbSAICAR.

4.7. Data Collection and analysis of apo MtbSAICAR

A complete crystallographic data set was collected using the macromolecular X-ray
crystallography (MX) 104-1 beamline at Diamond light source (DLS). A diffraction
pattern is shown in Figure (60). A wavelength of 0.92A was used and data collected
with an oscillation width of 1.0°. The crystal diffracted to 2.29A with space group P1 21
1. All data processing steps were performed by Xia2 (Winter, 2009). The data collection

and reduction statistics are given in Table (10).

Figure (60) Diffraction pattern of apo MtbSAICAR. 360 images of 1° were collected from a single
crystal at 0.92A.
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Table (10) Data collection parameters of apo MtbSAICAR

Data Collection
Cell Dimension

ab.c (A) 52.11 100.32 72.59

apBy(°) 90 109.79 90
Space group P1211

Resolution 2.29 (2.33-2.29)*
Completeness 99.11 (99.49)*
Rmerge (%) 16.3 (162.8)*

/ol 111 (1.2)*

Redundancy 6.9 (7.0)*

*Outer shell values are shown in parenthesis

4.8. Structure determination of apo MtbSAICAR

are given in Table (11).

Table (11) Refinement parameters of apo MtbSAICAR

Refinement
Resolution (A) 2.29
Number of reflections 29819
R factor 0.20
R free 0.26
R.M.S
Bond Length (A) 0.02
Bond Angle (°) 1.97
No. atoms
Protein 2325
Water 136
Overall B-factors (A?) 48.71

The crystal structure of the previously refined MtbSAICAR-ATP complex was used as a
search model (without ATP) for molecular replacement in PHASER (McCoy et al., 2007).
Although the space group is the same and the cell dimensions are similar to the ATP
complex, PHASER was used to correctly orient the model in the crystal. After PHASER,
the output maps and coordinate files were opened with the structure visualisation
program COOT (Emsley and Cowtan, 2004). The coordinates were adjusted manually
to correct the position of atoms where necessary. The structure was subjected to
further refinement (restrained refinement) using Refmac5 (Murshudov, Vagin and

Dodson, 1997) with the addition of water molecules. The final refinement parameters
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The overall structure of MtbSAICARs apo form is very similar to previously solved
MtbSAICAR-ATP complex (Figure 61). The stereochemical quality of the apo structure
was validated using Procheck (Laskowski et al., 1993), most of the residues (90.1%) are

in the favored regions of the Ramachandran plot.

Figure (61) Unliganded (Apo) structure of MtbSAICAR. The structure consists of 9 a-helices, 17 B-
strands, the secondary structure is labelled according to topology generated by PDBsum (Figure 53)
(Laskowski et al., 1997).

The B-factor profile has also been calculated for apo structure and reveals that many
of the residues exceed the standard B-factor range (15-50A2). The average B-factor is
higher than the average B-factor values of the ATP complex, reflecting the lower
resolution data, with some main chain atoms having very high B-factors (exceeding
100A2). The overall profile is similar to that of the ATP complex, except for a relatively
higher peak around residue 150, Figure (62A-62B). Figure (58) shows that in the
complex L148 forms part of the ribose-binding region and therefore might be less
constrained in the apo structure. Unlike the MtbSAICAR-ATP complex, the apo
structure is less ordered, and the binding of the ligand reduces mobility. The B-factors

are shown by colour in the structure cartoon of Figure (62B).
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Figure (62) B-factors of the main chain of apo MtbSAICAR. (A) Averaged B-factor the main chain
atoms plotted by residue. Residues with B-factor exceeding 60A? (K145-E153) and (D255-D259) form
part of loops and are indicated by circles. (B) Three-dimensional structure cartoon showing B-factors as a
colour spectrum, with low values in blue and high values in red. The segment (145-153) is shown
enlarged and the region (D255-D259) is indicated by black arrow. The absence of bound ligand might be
the reason behind the increased disorder of this form. Expected ligand positions are indicated by red

arrows. Graph is drawn using Baverage utility in CCP4.
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4.9. Crystallisation of MtbSAICAR-ADP-AMZ complex

The crystallization of MtbSAICAR — ADP - {5-aminoimidazole -4 — carboxamide
ribonucleotide (AMZ)} complex was set up using 0.1M HEPES pH8.0, 0.02M MgCl,, 22%
poly (acrylic acid) 5100 as before, but also included 10mM ADP and 10mM AMZ. Plates
were monitored for crystal growth at room temperature. The first crystal growth was
observed the next day with a crystal length of 0.3mm (Figure 63). Crystals were
prepared for cryocrystallography by transferring them into 4pul of cryo mixture (mother
liquor with 20% glycerol and 10mM ADP and 10mM AMZ) and left for 1 hour. The
crystals were then harvested using appropriately sized cryo loops and plunged into

liquid nitrogen prior to data collection.

4
%

Figure (63) A crystal of MtbSAICAR-ADP-AMZ complex, grown and soaked in 10mM ADP and 10mM
AMZ for 1 hour.

4.10. Data Collection and analysis of MtbSAICAR-ADP-AMZ complex

A complete crystallographic data set was collected using the macromolecular X-ray
crystallography (MX) facility at Diamond light source (DLS). The 104 beamline was used
and a diffraction image is shown in Figure (64). Diffraction data were collected to
1.77A. A wavelength of 0.97A was used with an oscillation width of 0.1° over 180°. All
data processing steps were performed by Xia2 (Winter, 2009), the data collection

statistics are given in Table (12).
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4044

Figure (64) 0.1° Diffraction pattern from MtbhSAICAR-ADP-AMZ complex crystal.

Table (12) Data collection and reduction parameters for MtbSAICAR-ADP-AMZ complex

Data Collection

Cell Dimension

ab,c (A) 50.88 100.44 73.69

a By ) 90 110.14 90
Space group P1211
Resolution 1.77 (1.82-1.77)*
Completeness 99.8 (98.7)*
Rmerge (%) 4.7 (62)*

I/o1 17.10 (1.80)*

Redundancy 34 (3.3)*

*Quter shell values are shown in parenthesis

4.11. Structure determination of MtbSAICAR-ADP-AMZ complex

As before, the crystal structure of the previously refined MtbSAICAR-ATP complex
(without ATP) was used as a search model for molecular replacement in PHASER
(McCoy et al., 2007). After PHASER, the output maps and coordinate files were opened
with the structure visualisation program COOT (Emsley and Cowtan, 2004). The
presence of a bound ADP molecule at active site cleft as well as a molecule of CAIR
(AMZ) was clearly seen with positive difference electron density corresponding to the

shape of these ligands. ADP and AMZ were fitted manually into the appropriate
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electron densities. The enzyme structure with ligands was then refined (restrained
refinement) using Refmac5 (Murshudov, Vagin and Dodson, 1997). The coordinates
were adjusted manually in COOT to correct the position of ligands and atoms of
residues when necessary. A positive electron density peak was still apparent around
the phosphate of ADP and this was surrounded by three water molecules. The density
analysis and bond distance suggested it could be Mg?* and hence Mg?* was placed into
this density. After the model was subjected to another round of refinement with the
addition of waters, all positive difference densities around the binding site had
disappeared. The refinement statistics are shown in Table (13). The stereochemical
quality of the structure was validated using Procheck (Laskowski et al., 1993), most of
the residues (92.1%) are in the favored regions of the Ramachandran plot. The
structure is similar to the other MtbSAICAR structures. The positions of the ligands in

the active site cleft shown in Figure (65).

Table (13) Refinement parameters of MtbSAICAR-ADP-AMZ complex

Refinement
Resolution (A) 1.77
Number of reflections 64072
R factor 0.16
R free 0.19
R.M.S
Bond Length (A) 0.02
Bond Angle (°) 2.13
No. atoms
Protein 2325
Water 706
Overall B-factors (A?) 25.65
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Figure (65) Cartoon representation of MtbSAICAR-ADP-AMZ complex showing the ADP and AMZ
binding sites. N and C-terminal are labelled NT and CT. The active site is located within B-strands are

surrounded by a-helices.

4.12. Overall Structure of MtbSAICAR-ADP-AMZ complex

The structures described here only show one AMZ and one ADP bound to the protein,
unlike the crystal structure of SAICARs of S. cerevisiae (ScCSAICAR) complex which
shows additional binding at what is presumed to be a peripheral non-enzymatic site
(Chapter5, Section5.3.2.). ADP binding in the active site cleft is stabilised by extensive
H-bonds, electrostatic, and hydrophobic interactions. Overall the ADP binding is very
similar to that of ATP, the adenine base is surrounded by hydrophobic residues
including G14, 119, L27, V90, M95, and A212. The adenine base forms specific H-bonds,
the N1 atom with the main chain N of L93, the N6 atom with the side chain of H69 at
ND1 and the main chain O of R91 and the N7 atom with main chain N of D213. The
C2’'0OH (02) of ribose makes H-bonds with the side chain of carboxylic acid E200, O3B
of the B-phosphate group forms H-bonds with main chain V16N and R17N, O2B of B-
phosphate makes ionic interactions with Mg?*. O1B of the B-phosphate also makes
ionic interaction with side chain NZ of K15 and H-bonds with main chain N of K15. Mg?*
makes interactions with the atoms of ADP and water forming H-bonds with four water
molecules, 0O2A and 02B of the B-phosphate group of ADP (Figure 66A). The substrate
analogue AMZ binds in close proximity to ADP. AMZ (Figure 66B) makes H-bonds with
several atoms. The 04 atom of the phosphate group forms ionic interactions with
guanidinium of R222, H-bond to main chain N of S109 and ionic interactions with
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guanidinium of R103. The phosphate group also makes an H-bond with side chain OG
of $109 and an ionic interaction with the guanidinium of R103. The phosphate group
also makes an ionic interaction with the guanidinium of R222. The C2’0OH (02) of the
ribose ring forms H-bonds with the side chain OD1 of D196. The adenine base doesn’t
interact directly with residues of the enzyme, instead, it makes an H-bond to a water

molecule. A schematic representation of ADP, AMZ and Mg?* binding site is shown

using PDBsum (Laskowski et al., 1997), and illustrated in Figure (67).
(A)

(B)

Figure (66) Key residues showing the mode of binding of ADP and AMZ in MthSAICAR. (A) ADP
binding site showing measured distances (B) AMZ binding sites with measured distances. The 2Fo-Fc

electron density maps are coloured blue contoured at 1c. Distances are given in A.
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Figure (67) ADP, AMZ and Mg?* binding sites in MtbhSAICAR-ADP-AMZ complex, (A) ADP and (B)
AMZ binding site interactions. (C) Interactions of Mg?* coloured green, distance to interacting residues

are labeled. The distances are given in A. The figures were drawn using LIGPLOT.
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The B-factor profile has been calculated for MtbSAICAR-ADP-AMZ complex. The
averaged B-factor values of all main chain in each residue shown is within the standard
range (15-50A2) with few residues (around H151) and(G257-D259) forming loops
exceeding 50A? as indicated (Figure 68A). This peak is, however much less than the
corresponding one in the apo structure, L148 forms a hydrophobic interaction in the
ATP complex (Figure 58) and this may reduce the motion of the nearby H151.
Suggesting the presence of ligand increases the rigidity of the area around it. The
profile has peaks in similar positions to that of the ATP complex and the comparison
with the apo form again shows that once liganded, the stability of enzyme increases.
The regions around the ligand binding site are well ordered (low B-factors) and are

shown in blue colour in Figure (68B).
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Figure (68) B-factors for MtbSAICAR-ADP-AMZ complex. (A) B-factor plot of main chain atoms.
Residues with high B-factors are found to be parts of loops. (B) Three-dimensional ribbon cartoon
showing B-factors coloured from blue (low) to red (high). Residues (H151) and (G257-D259) are part of
a loop as indicated in graph (A) by a black circle, in the 3D structure (B) by black and red arrows
respectively. The stability of the enzyme is increased by becoming liganded, the ligand positions are

indicated. Graph is drawn using Baverage utility in CCP4.
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4.13. Crystallisation of MtbSAICAR-ACP-IMP complex

MtbSAICAR-{Adenylyl-imidodiphosphate ~ (ACP)-inosine  5’-monophosphate (IMP)}
complex crystals were grown in mother liquor consisting of 0.1M HEPES pH8.0, 0.02M
MgCly, and 22% poly (acrylic acid) 5100, 10mM of Adenylyl-imidodiphosphate (ACP)
and inosine 5’-monophosphate (IMP) in crystallisation well. Plates were monitored for
crystal growth at room temperature. The first crystal growth was observed the next
day and crystals grew to a length of 0.4Amm (Figure 69). Crystals were harvested for
cryocrystallography by transferring them into 4ul cryo mixture of the mother liquor,
20% glycerol including 10mM of each of ACP and IMP and rested in for 1 hour. The
crystals were then mounted using appropriately sized cryo loops and plunged into

liquid nitrogen for storage prior to data collection.

Figure (69) A typical crystal of MtbSAICAR-ACP-IMP complex, prepared with 10mM ACP, 10mM
IMP and 20% glycerol.

4.14. Data Collection and analysis of MtbSAICAR-ACP-IMP complex

A complete crystallographic data set was collected using the macromolecular X-ray
crystallography (MX) facility at Diamond light source (DLS). The microfocus 124
beamline was used for data collection and a diffraction image is shown in Figure (70).
The crystal diffracted to 1.99A with space group P1 21 1. A wavelength of 0.96A was
used to collect 180° data with an oscillation width of 0.1°. All data processing steps
were performed in Xia2 (Winter, 2009). The data collection statistics are given in Table

(14).
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Figure (70) Diffraction pattern of MtbSAICAR-ACP-IMP complex. 1800 images were collected from a
single crystal.

Table (14) Data collection and reduction parameters of MtbSAICAR-ACP-IMP complex

Data Collection

abc (A) 51.17 99.23 73.65

Space group P1211
S

I/ol

13.3(1.4)*

* QOuter shell values are shown in parenthesis
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4.15. Structure determination of MtbSAICAR in complex with competitive inhibitor
ACP and IMP

As before, the crystal structure of the previously refined MtbSAICAR-ATP complex
(without ATP) was used as a search model for molecular replacement in PHASER
(McCoy et al., 2007). After PHASER, the output maps and coordinate files were opened
with the structure visualisation program COOT (Emsley and Cowtan, 2004). The
presence of ACP and IMP were clear with positive difference electron density
corresponding to the shape of these ligands being visible. ACP and IMP were fitted
manually into the electron densities. The structure was refined automatically
(restrained refinement) using Refmac5 (Murshudov, Vagin and Dodson, 1997) after
adding these ligands. The coordinates were adjusted manually in COOT to correct the
position of ligands and protein atoms where necessary. The files were subjected to
another refinement with the addition of waters, at the end of refinement all positive
densities near the binding sites had disappeared. The final refinement parameters are
given in Table (15). The overall structure is very similar to other MtbSAICAR structures
(Figure 71). The stereochemical quality of the structures solved with ACP-IMP complex
was validated using Procheck (Laskowski et al., 1993), most of the residues (92%) were

found to be in the favored regions of the Ramachandran plot.

Table (15) Refinement parameters of MtbSAICAR-ACP-IMP complex

Refinement
Resolution (A) 1.99
Number of reflections 42528
R factor 0.17
R free 0.22
R.M.S
Bond Length (A) 0.02
Bond Angle (°) 2.19
No. atoms
Protein 2325
Water 390
Overall B-factors (A?) 4487
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Figure (71) Cartoon representation of MtbSAICAR-ACP-IMP complex showing ACP and IMP binding.
N and C-terminal are labelled NT and CT. The active site is located within B-strands are surrounded by o-

helices.

4.16. The overall structure of MtbSAICAR in complex with competitive inhibitors ACP
and IMP

ACP is a competitive inhibitor of ATP (Nelson et al., 2005) and this suggests it should
bind at the same site as ATP. IMP is a competitive inhibitor to CAIR (Nelson et al.,
2005) and therefore competes to bind in the same place as CAIR. Figure (72 A and B)
shows the interactions with ACP and IMP, both of which are located in close vicinity to
each other. ACP has a similar binding site as ATP, the adenine ring of ACP is located in
the hydrophobic pocket similarly to ATP and makes ionic interactions and H-bonds to
several residues. The 02G y-phosphate of ACP makes ionic interaction with side chain
NZ of K15. The phosphate group of ACP makes an ionic interaction to guanidinium of
R17, N6 of the inosine ring makes H-bond to the main chain O of R91 and side chain
ND1 of H69, the N7 of the adenine ring makes an H-bond to main chain N of D213, N1
of adenine ring makes an H-bond to the main chain N of L93 and C2’OH (02) of ribose

ring make H-bond to side chain carboxylic acid of E200 as shown in Figure (73A).

IMP is mostly located within a region formed by hydrophilic residues making H-bonds
and ionic interactions with the local residues. The phosphate group makes an H-bond

to the main chain N of S109 and an ionic interaction with the guanidiniums of R103
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and R222. The O3P of the phosphate group makes H-bond to side chain OG of S109
and ionic interaction to guanidinium of R103. O6 of the inosine base points toward the
guanidinium of R244 but is 3.8A away (Figure 73B), the C2’OH (02) of ribose make H-
bonds to the main chain of S220 and side chain OD1 of D196.

(A)

(B)

S22

R103

R244

Figure (72) The interactions within the MtbSAICAR-ACP-IMP complex (A) ACP binding site showing
distances. (B) IMP binding site showing distances, residues involved in the interactions are shown up as
sticks, the distance between the NH2 atom of R244 and O6 of IMP is beyond the H-bond range. The 2Fo-

Fc maps are coloured blue and contoured at 1c.
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Figure (73) LIGPLOT representation of MtbSAICAR-ACP-IMP complex binding sites. (A) Residues
involved in ACP binding site. (B) Residues involved in IMP binding.
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The B-factor profile of MtbSAICAR in complex with competitive inhibitors ACP and IMP
shows that it is the least ordered among liganded MtbSAICARs structures (ATP, ADP-
AMZ complexes). The averaged B-factor is similar to the apo structure with many
residues exceeding the standard B-factor range (15-50A2) (Figure 74A). Residues (K145-
E153), (Y229-V234), (5250-E251), (D255-P261) and (G296-A297) with high B-factors are
found in loop regions. An a-helix (5109-T117) which is part of the segment (T107-E131)
is found to be bounded by loops on both sides is relatively less ordered than in the
other structures. The highest B-values regions are indicated in order with numbers

from 1-6 in (Figure 74B).

99



(A)

(@) ~ (@] ©

o o o o o
t t t t t
=

! 1 1 1 1

of each residue
w N ()]
o o

—t t
L 1

N
o o
t }
1 1

Averaged B-factors of the main chain

o
i
ol

100 2
Residue Number

(B)

Figure (74) B-factors of the main chain atoms of the MtbSAICAR-ACP-IMP complex. (A) B-factors
plotted by residue. (B) Three-dimensional cartoon showing B-factors coloured from blue (low) to red
(high). The segments with high B-factors ( >50A?) are (T107-E131), (K145-E153), (Y229-V234), (S250-
E251), (D255-P261) and (G296-A297) and are numbered accordingly (1-6). (T107-E131) forms an a-
helix (S109-T117) bounded by loops on both sides. (K145-E153), (Y229-V234), (S250-E251), (D255-
P261) and (G296-A297) are parts of loop suggesting flexibility. The area where the ligands bound are
ordered (coloured blue). The graph is drawn using Baverage utility in CCP4.
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4.17. Summary

MtbSAICAR catalyses the seventh step of purine de novo pathway converting 4-
carboxy-5-aminoimidazole ribonucleotide (CAIR) into succinyl-5-aminoimidazole-4-
carboxamide-1-ribose-5"-phosphate (SAICAR) using ATP as energy source and
aspartate. This chapter describes the solution of the crystal structure MtbSAICAR in
apo form as well and in complex with ligands including ATP (activator), ACP and IMP

(inhibitors) and substrate analogues (ADP, AMZ).

The crystal structures of MtbSAICAR in apo and liganded forms (ATP, ACP-IMP, and
AMZ-ADP) are described. Co-crystallisation experiments showed ligands bound. In
summary, the enzyme structure consists of one molecule per asymmetric unit and
composed of 9 a-helices and 17 B-strands (Figure 54). Analysis of the structure
suggested that atoms, where the ligands are bound, are highly ordered, as indicated in
Figure (56-62-68 and 74). The MtbSAICAR ligand complexes, ATP, ACP, and ADP are
found in equivalent positions. Each structure contains only one molecule of the
corresponding ligand, but the positions of phosphate groups in each complex are
located differently (ATP, ADP, and ACP). In the MtbSAICAR-ATP complex, the electron
density of the phosphate group shows it occupies two positions (bent and linear
conformations). In the MtbSAICAR-ACP complex, the phosphate is in the bent
conformation whereas in MtbSAICAR-ADP complex it is in the linear form. The adenine
bases of AMZ and IMP are oriented differently and both are made H-bonds to the
water molecule and the guanidinium of R244 respectively as discussed in the next

chapter (Chapter5, Section 5.2.1.).
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Chapter 5. Comparison within MtbSAICAR structures and with
other homologues structures (SCSAICAR, TmSAICAR, EcSAICAR,
SpSAICAR and HsSAICAR)

5.1. Introduction

The crystal structure of MtbSAICAR has been solved both in the apo form and in
complex with various ligands such activator (ATP), substrate analogues (ADP and AMZ)
and inhibitors (ACP and IMP). This chapter compares the apo structure of MtbSAICAR
with its liganded complexes (ATP, ADP, AMZ, ACP and IMP). The MtbSAICAR-ADP-AMZ
complex is also compared to homologous structures in the PDB i.e. the SAICARs from S.
cerevisiae (SCSAICAR), T. maritima (TmSAICAR), E. coli (EcCSAICAR), S. pneumoniae
(SpSAICAR) and human (HsSAICAR). A detailed description of the ligand binding sites

and differences between them will be presented in this chapter.

5.2. Comparison MtbSAICAR structures

All of the MtbSAICAR crystal structures reported here have been determined from

isomorphous crystals, and so the structures can be directly compared.

5.2.1. Comparison of the structure of MtbSAICAR-ACP-IMP to MtbSAICAR-ATP and
MtbSAICAR-ADP-AMZ complexes

MtbSAICAR consists of three domains (based on the ScSAICAR classification (Levdikov
et al., 1998). The domains are shown in Figure (75). Superimposition of the structures
of apo and the ATP complex shows that they are very similar; the only differences
being a small secondary structure feature in regions (A143, T144, and K145) and (D152,
E153, and N154) that are part of a B-strand in the complex whereas in the apo

structure they form a less regular loop as shown in Figure (76).
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Figure (75) Domains representation of MtbSAICAR. Domain A is coloured green, Domain B is coloured
slate blue, and domain C is coloured yellow. The domains classification is based on ScSAICAR

(Levdikov et al., 1998). NT and CT represent the N-terminal and C-terminal respectively.

NT cr

ATP

> A
|

Figure (76) Superimposition of MtbSAICAR apo and its ATP complex. Both structures are very similar
in their overall fold, the region of secondary structure difference is shown magnified, the ATP complex is

coloured violet and the apo structure is coloured light green respectively.

Superimposition of the structures of apo and the ADP-AMZ complex reveal that they
are also very similar. Figure (77) D152 shows the small differences in the secondary
structure near the area where the AMZ is bound. This residue has high observed

temperature factors and can be considered disordered.
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NT

Figure (77) Comparison of the structures of SAICARs of M. tuberculosis (MtbSAICAR) in apo (olive)
and in complex with ADP-AMZ (forest green). Differences in secondary structure are indicated by the

double-ended black arrow. NT represents the N-terminal.

Comparison between the structures of SAICARs M. tuberculosis (MtbSAICAR) ADP-AMZ
and ACP-IMP complexes gives similar observations to the comparison between apo
and ADP-AMZ structures. Both of them have the small differences in secondary
structure as shown in Figure (78). Although IMP is a competitive inhibitor with respect
to CAIR and might be expected to bind in a very similar way, the adenine ring is

oriented differently when compared to the adenine ring of AMZ, as shown below.

Figure (78) Superimposition of ACP-IMP and ADP-AMZ complexes revealed some differences between
the positions of the phosphate groups of ACP and ADP. The phosphate groups are in bent and linear
conformations respectively. The adenine ring of IMP orients differently compared to the adenine ring of
AMZ (indicated by double-headed black arrow). The single black arrow shows the loop region (in the
case of ACP-IMP) that forms a B-strand in the ADP-AMZ complexes. ACP-IMP and ADP-AMZ are

coloured slate and lemon green respectively.
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The structures of MtbSAICAR-ATP and ACP-IMP complexes are also very similar. ACP is
bound in the same site as ATP. The ATP phosphates are seen in both linear and bent
conformations, whereas ACP is solely in the bent conformation. A small secondary
structure segment is different between ATP and ACP-IMP complexes, which are part of

a B-strand in the ATP complex and loop in ACP-IMP as shown in Figure (79).

| NT TCT
)

Figure (79) Superimposition of ATP and ACP-IMP complexes coloured light green and light blue
respectively shows some differences between the positions of the phosphate group of ATP and ACP as
well as small secondary structure changes. The ATP complex is coloured olive and the ACP-IMP slate,

the B-strand/loop change is indicated by the black arrow.

5.3. Comparison of MtbSAICAR-ADP-AMZ complex with homologous
structures (SCSAICAR, TmSAICAR, EcSAICAR, SpSAICAR and HsSAICAR)

Table (16) Deposited SAICAR Structures in the PDB

Organism PDB ID Resolution (A)
MtbSAICAR-ADP-AMZ complex = 177 A
ScSAICAR-ADP-AMZ complex (2CNQ) 1.00 A
TmSAICAR apo (1KUT) 220A
EcSAICAR-ADP-CAIR complex (2GQS) 2.05 A
SpSAICAR-ADP-AIR-Asp complex (4FE2) 2.28 A
HsSAICAR apo (2H31) 2.80 A
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In order to discuss the structures determined here and to compare them with the
published structures of homologous enzymes (Table 16); the structures need to be first
aligned (superimposed). The overall (global) secondary structures were aligned using
Secondary Structure Matching (SSM) (Krissinel and Henrick, 2004) and locally using
General Efficient Structural Alignment of Macromolecular Targets (GESAMT) in CCP4
(Krissinel, 2012), and root-mean-square deviation (RMSD) calculated. Because the
domains move with respect to each other, appropriate comparison sometimes
requires local rather than global matching. In a pairwise comparison, how well the Ca
backbones, when aligned, match each other is reflected in the calculated Q-score, the
values for most of the comparisons are seen to be moderate, indicating structural
similarity The tables below give the values from the 3D alignments generated using

PDBeFold (SSM) (Krissinel and Henrick, 2004).

5.3.1. Structure alignment of MtbSAICAR-ADP-AMZ complex and TmSAICAR
structures

Comparison between molecular structures of the enzymes of different organisms
requires optimal superimposition in order to assess similarities and differences
between them precisely and eliminate possible errors from inappropriate
comparisons. As described in the methods section (Chapter2, Section 2.4.5.6), the
structural comparison between MtbSAICAR-ADP-AMZ complex and TmSAICAR have
been done both globally and locally. For the global pairwise comparisons, the whole
chain (Ca atoms) of the enzymes are superimposed and processed through PDBeFold
(Krissinel and Henrick, 2004). The Q-Score value of the global comparison is 0.42 (Table
17). Whereas for local comparisons, the chains of the enzymes are divided into two
domains (domain A; ADP binding site) and (domain B; AMZ binding site). In both
methods, the alighment of the superimposition is assessed using the Q-Score value
(Krissinel, 2012). The Q-Score value for global comparisons (Table 17) (0.42) is seen to
be less than the superimposed domain A (0.51) alone, whereas it is nearly equal to the
overlay domain B (0.41). This illustrates the advantages of local comparison of
superimposed structures in domains to highlight regions of difference. Examination of
Ca traces (the main chain) of the superimposed A domains revealed that structure of

the region around the ADP binding site is well conserved as indicated in (Figure 80A).

106



The graph of differences of superimposed domain A showed that residues which have
a greater distance score (23 A) are part of a loop, as shown in Figure (80B), but these
are not part of the active site. Overlaying domain B of the enzymes revealed that they
are both very similar in terms of the fold and the region around the AMZ binding site is
well conserved. The residues that have a larger distance value (>3A) either form part of
a loop that may indicate some flexibility or are part of the a-helix found at the C-
terminal end in both enzymes. The differences between the a-helices of both
organisms may be explained by the differing two loops labelled as 2 and 3 in the Figure

(81A).

Table (17) 3D alignment and comparison between whole chain TmSAICAR (PDB 1KUT) and target
MthSAICAR-ADP-AMZ complex. Sequence identity (%seq) is the percentage of identical residues
between the aligned sequences. Nresi represents the number of the residues in the whole polypeptide chain.
The Q-score assesses the alignment based on both RMSD, and Nagn information where RMSD is
averaged for Ca atoms of the alignment and Nagn defines the number of aligned residues between the
polypeptide chains, a Q value of 1 indicate similar structure. A segment found to be in the query structure
but not in the target is given by Ng, the number of gaps (of one residue or more) among the sequence. A
zero-gap count is for perfect Co alignment. %sse represents the similarity in secondary structure features
that are found in both structures. Calculation of the superimposed alignment was performed using
PDBeFold (Krissinel and Henrick, 2004).

Query ‘Q—Score RMSD (A) = Nagn = Ng %seq Target
%SSG Nresi ‘ %Sse Nresi

87 ’ 222 0.42 1.91 197 12 23 65 ‘297
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Figure (80) Comparison of Domain A of MthSAICAR ADP complex and TmSAICAR using the
GESAMT method (Krissinel, 2012). (A) Ca overlay traces of TmSAICAR (domain A coloured salmon)
and MtbSAICAR-ADP-AMZ complex (ADP binding site; domain A coloured forest green). The
insertion (M1-H10), is at the N-terminal (loop-a-helix-B-strands). Region 1(Y38-V41) is a gap in
TmSAICAR and region 2 is a loop insertion (D76-V83). In TmSAICAR, the C-terminal end of domain A
is part of a B-strand (as indicated by a black arrow). The Q-Score value and Global RMSD for 86 aligned
residues are 0.51 and 1.382A from a total number of 80 and 93 residues respectively. (B) Local RMSD
versus sequence position of the superimposition, showing that residues with large distance values (>3A)
are part of a loop. Region 1 and 2 above are indicated by red and green stars. Only the MtbSAICAR-
ADP-AMZ complex residues of domain A (ADP domain) (M1-L93) are referenced as well as secondary
structure feature of the superimposed residues as shown: loop (¢ ¢), o-helix (D) and p-strand (). This

calculation was carried out using superpose utility in CCP4 (Krissinel, 2012).
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Figure (81) Comparison of Domain B of MtbSAICAR-ADP-AMZ complex and TmSAICAR structures
using GESAMT method. (A) Ca overlay traces of domain B of TmSAICAR (coloured salmon) and
MtbSAICAR-AMZ complex (coloured forest green). The Q-Score value and Global RMSD for 129
aligned residues are 0.41 and 1.895A from a total number of 142 and 204 residues respectively. Of the
residues which have distance values >3A some are found be part of a loop while others are found to be in
an a-helix (F157,V160-E162), this a-helix is seen to be near area of the loop labelled 1. a-helix (E267-
$285) is near the loops labelled as 2 and 3, this may explain the difference in conformation (indicated by
red arrow found near the C-terminal site). (B) Local RMSD value versus sequence position of
superimposition. There is loop insertion, 1 (A116-G128), in region 2(D227-K240) there is a gap in
TmSAICAR and loop insertion 3 (G249-P266) indicated with green, red, purple stars respectively. The
differences in the a-helices conformation between enzymes at the C-terminal end is indicated by a red
arrow and may be caused by the flexibility of the loops labelled as 2 and 3. Only the MtbSAICAR-AMZ
complex residues of domain B (E94-A297) are referenced as well as secondary structure features of the
superimposed domains shown as loop (¢ ¢), a-helix (D) and p-strand (mp). This calculation was carried

out using superpose utility in CCP4 (Krissinel, 2012).
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The crystal structure of MtbSAICAR is a monomer whereas, in T. maritime (TmSAICAR)
(Zhang et al., 2006), EcSAICAR (Ginder et al., 2006) and SpSAICAR (Wolf et al., 2014)
the structures are dimers. TmSAICAR consists of 8 a-helices and 11 B-strands in each
subunit whereas the monomeric form of MtbSAICAR is made up of 9 a-helices and 17
B-strands (Laskowski et al., 1997). In TmSAICAR, the subunits are connected by a
disulfide bond formed between C126 of subunit A and C126 of subunit B as shown in
Chapter 1, Section 1.3.3.1. The amino and carboxyl terminii of each subunit are located
opposite to each other in a head to tail arrangement. Each subunit consists of three

domains following the S. cerevisiae (SCSAICAR) classification.

The structure of the apo TmSAICAR compared to ScSAICAR-ATP complex (PDB 10BD)
shows that their overall folds are conserved. However, there are some insertions and
one of these (V134-Q146) is expected to have a role in preventing the dimerisation of
ScSAICAR (Zhang et al., 2006). This insertion was seen to be absent in TmSAICAR
whereas it is seen in the MtbSAICAR-ADP-AMZ complex at (Q115-P127) (indicated by
the black arrow in Figure (82A). The superimposition of TmSAICAR with MtbSAICAR-

ADP-AMZ shows the close similarity in structure (Figure 82A).

The structure of apo TmSAICAR shows that it forms the sites corresponding to the ADP
and AMZ binding sites. Both sites are located around a region of B-strands as in the
MtbSAICAR-ADP-AMZ structure. The only differences seen in the residues forming the
ADP binding site are where V16 and R91 of the MtbSAICAR-ADP-AMZ complex
correspond to T7 and 175 of TmSAICAR. However, one could argue that these are not
significant differences because the ligand interactions are with the main chain, not the

side chains (Figure 82B).
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Figure (82) Comparison of MthSAICAR and TmSAICAR (A) Superimposed MtbSAICAR (coloured
forest green) and TmSAICAR chains A and B (coloured pink and grey respectively) (B) The residues
around the ADP binding site determined by the superimposition of MtbSAICAR-ADP-AMZ complex
and TmSAICAR.

5.3.2. Structure comparison of MtbSAICAR-ADP-AMZ and ScSAICAR complexes

The structural comparison between MtbSAICAR-ADP-AMZ complex and ScSAICAR-ADP-
AMZ complex domains was conducted as described in Chapter2, Section 2.4.5.6. The
overlaid structures of MtbSAICAR-ADP-AMZ complex and ScSAICAR-ADP-AMZ complex

have been investigated both globally and locally in a similar manner to that described
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in Section 5.3.1. For the global superposition, the Q-Score of the whole superimposed
chains was been calculated as 0.51 (Table 18). In the comparison of the Q-Score values
calculated from both domains separately (Domain A; 0.60) and (Domain B; 0.58), it is
seen that Q-score values of both domains are higher than whole chains Q-score value.
This indicates that optimal superimposition achieved once the whole chain is divided
into domains. The overlaying of Domain A of enzymes from both organisms
demonstrates that both share a similar fold. The region around the ADP binding site is
well conserved as shown in Figure (83A). It has a few residues (P73-V83) that form part
of loop which may allow some flexibility in the MtbSAICAR-ADP-AMZ complex over a
segment (179-L102) composed of few residues of loop then many residues form part of
an a-helix in the ScSAICAR-ADP-AMZ complex, this difference explains why some
residues have a large distances (>3A) (indicated by black arrow in Figure (83A). Also, in
domain A of MtbSAICAR-ADP-AMZ complex, a few residues with distance values
exceeding 3A are found as part of the a-helix near the N-terminal end, these residues
are adjacent to residues which are part of a loop (Figure 83B). The N-terminal site of
domain A of ScSAICAR-ADP-AMZ complex found to be part of a loop which has a
different conformation as indicated in Figure (83A). In domain B, both domains
superimpose very well and the area around the AMZ binding site corresponds closely.
In the MtbSAICAR-ADP-AMZ complex, there are two loops (labelled as 1 and 2 in Figure
(84A). The loop labelled 2 may affect the position of a-helices at the C-terminal site. In
MtbSAICAR-ADP-AMZ complex it forms a complete loop but in the corresponding
segment of ScSAICAR-ADP-AMZ complex part of this loop forms an a-helix. This is
shown by the few residues involved in this piece (Figure 84B) having larger distance
values (>3A) than the rest of the structure.

Table (18) 3D alignment comparison between query structure SCSAICAR-ADP-AMZ complex (PDB
2CNQ) and target structure (MtbSAICAR-ADP-AMZ complex). The definition of each is given in Table

(17). Calculation of the superimposed alignment has been performed using PDBeFold (Krissinel and
Henrick, 2004).

Query ‘ Q-Score RMSD (A)  Nagn = Ng = %seq Target
%Sse ‘ Nresi ‘ %Sse Nresi

75 ’ 301 0.51 1.99 256 8 45 75 ‘ 297
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Figure (83) Comparison of Domain A of MtbSAICAR-ADP-AMZ complex with SCSAICAR-ADP-AMZ
complex using the GESAMT method. (A) Ca Overlay traces of domainA of ScSAICAR-ADP-AMZ
complex (coloured wheat) and MtbSAICAR-ADP-AMZ complex (coloured forest green). The Q-Score
value, Global RMSD for 87 aligned residues are 0.60 and, 1.414A from the total number of 111 and 93
residues respectively. In SCSAICAR-ADP-AMZ complex, the equivalent residues to (P73-V83) (loop)
are (179-L102) (loop-a-helix) (which has some insertions (A80-K83, P90-Y98), this area is indicated by a
black arrow in A and shown by high difference values in the graph (B). N-terminal (NT; coloured red) of
domain A of ScSAICAR-ADP-AMZ complex (B) Local RMSD versus sequence position of the
superimposition. In MtbSAICAR-ADP-AMZ complex, residues with large distance value (>3A) are part
of loop whereas two residues (a-helix) near the N-terminal end have a greater distance value near a loop.
Only the MtbSAICAR-ADP-AMZ complex residues of domainA (M1-L93) are referenced and the
related secondary structure for the superimposition is shown as loop (e o), a-helix ( ) and B-strand
(=»). This calculation was carried out using superpose utility in CCP4 (Krissinel, 2012).
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Figure (84) Comparison of Domain B of MtbSAICAR-ADP-AMZ complex and ScCSAICAR-ADP-AMZ
complex using the GESAMT method. (A) Ca Overlay traces of domain B of SCSAICAR-ADP-AMZ
complex (coloured wheat) and MtbSAICAR-ADP-AMZ complex (coloured forest green). The Q-Score
value and global RMSD for 174 aligned residues are 0.58 and 1.772 A from a total number of 190 and
204 residues respectively. The structure around the AMZ binding site is well conserved. In MtbSAICAR-
ADP-AMZ complex, two loop insertions are indicated by 1and 2. In Loop 1(A146-G149), there is a gap
in SCSAICAR and loop 2 (G249-P266), is part of (Q241-H268; a-helix-loop). (B) Local RMSD versus
sequence position. Many residues near the C-terminal site have larger distance values than the rest and
form part of an a-helix. Loop regions labelled as 1(A146-G149) and 2(G249-P266) are indicated by red
and green stars. Only the numbers of MtbSAICAR-ADP-AMZ complex residues of domain B (E94-
A297) are referenced and the related superimposition secondary structure is indicated as loop( ®), a-helix
(D) and p-strand ( m)). This calculation was carried out using superpose utility in CCP4 (Krissinel,
2012).
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The overall structure of the domains of ScCSAICAR-ADP-AMZ (PDB 2CNQ) (Urusova et
al., 2003) and MtbSAICAR-ADP-AMZ domain A (M1-L93) are very similar. However,
some secondary structure features are seen to be different. It was observed that the
structure of ScCSAICAR-ADP-AMZ has a B-strand, S40-A41 and V44-145, the S40 residue
is the closest to B-phosphate of ADP, the corresponding residues S36-A37 and Y40-V41
of MtbSAICAR are part of a loop. The phosphate groups of ADP are in different
conformations in ScSAICAR, being bent, whilst in MtbSAICAR the linear conformation is
seen, as shown in Figure (85A). In addition to that, there is a difference in the ADP
binding site residues, whereby the polar side chains of H112 and H110 are replaced by
a hydrophobic and a charged residue (L93 and R91) respectively in MtbSAICAR-ADP-
AMZ. However, these interactions (made to N1 and N6) are from the main chain, and

so may not affect the binding site.

In comparison, the structure of SCSAICAR-ADP-AMZ Domain B (M95-Q235), also shows
some small differences in secondary structure. In MtbSAICAR-ADP-AMZ, residues (143-
145) and (152-154) are parts of B-strands. These segments are part of a loop in
ScSAICAR-ADP-AMZ. Apart from that, the AMZ binding site is conserved (Figure 85B).
Domain C (T236-A297) is well conserved to the structure of ScSAICAR (T256- S305)
although it does not make a connection to any ligands here, the a-helix shows some
movements in comparison to ScSAICAR-ADP-AMZ as it is shifted outward while in

ScSAICAR-ADP-AMZ it is shifted inward (Figure 85C).
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Figure (85) The structure of MtbSAICAR-ADP-AMZ (green) and ScCSAICAR-ADP-AMZ (olive). (A)
Domain A of MtbSAICAR and ScSAICAR, ADP is shown as sticks. NT identifies the N-terminal. (B)
Domain B of MthSAICAR and ScSAICAR. The difference in secondary structure is indicated by a red
arrow. The peripheral site in SCSAICAR is also shown. (C) The a-helices of Domain C, the relative

movement between the a-helix in the structures is pointed out by the red arrow.
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5.3.3. Structure comparison of MtbSAICAR-ADP-AMZ and EcSAICAR-ADP-CAIR
complexes

The comparison of EcCSAICAR-ADP-CAIR and MtbSAICAR-ADP-AMZ complexes (Domain
A) were conducted in the same manner as discussed in Chapter 2, Section 2.4.5.6. For
the entire length superimposed polypeptide chains, the Q-score is 0.45 which is similar
to the Q-score of the divided domains A and B of 0.47 and 0.47 respectively. Although
evaluation of the aligned enzymes is easier on a local (per domain) basis, this is not
reflected in the Q-values as these are similar to those for global analysis. The
superimposed domains are found to be highly conserved in terms of the fold, the
structure around the ligand binding site is also well conserved (Figure 86A). Loop
insertions in domain A of MtbSAICAR-ADP-AMZ complex are labelled as 1 and 2 in
Figure (86A) and as red and green stars in Figure (86B). Comparison of domain B of
enzymes of both organisms shows that both are conserved in terms of the fold but the
MtbSAICAR-ADP-AMZ complex has loop insertions labelled as 1 (G118-G128), 2(A146-
G149), 3(R230-Q235), and 5(G249-P266) (Figure 87A). The residues with greater
distance values (>3A) are part of loop and a-helix but those residues which are part of
the a-helix are located near the loop insertion 5 that may affect the displacement of
these residues.

Table (19) 3D alignment comparison between query ECSAICAR-ADP-CAIR complex (PDB 2GQS) and

target MtbSAICAR-ADP-AMZ complex. The definition of each is given in Table (17). Calculation of the

superimposed alignment has been performed using PDBeFold (Krissinel and Henrick, 2004).

Query ‘ Q-Score RMSD (A) = Nagn | Ng %seq Target
%Sse ‘ Nresi ‘ %Sse Nresi

70 ’ 237 0.45 2.02 215 | 12 24 70 ‘ 297
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Figure (86) Comparison of Domain A of MtbSAICAR-ADP-AMZ and EcSAICAR-ADP-CAIR
complexes structures using the GESAMT method (Krissinel, 2012). (A) Ca overlay traces of domain A of
EcSAICAR (coloured blue) and MtbSAICAR-ADP-AMZ complex (coloured forest green). The Q-Score
value and global RMSD for 116 aligned residues are 0.47 and 1.607 A from a total number of 150 and
150 residues respectively. Loop insertions 1 and 2 are indicated as stars in the graph. (B) Local RMSD
versus sequence position of the superimposition. Residues which have large distance >3A are found to be
part of the loop. Loop insertions (D75-V83) and (A116-G128) (labelled as 1and 2 are shown above) are
indicated by red and green stars respectively. Only the MtbhSAICAR-ADP-AMZ complex residues of
domain A (M1-D150) are referenced and the related secondary structure for the superimposition is shown
loop (¢ *), a-helix ((J7)) and B-strands (=) ). This calculation was carried out using superpose utility in
CCP4 (Krissinel, 2012).
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Figure (87) Comparison of Domain B of MtbhSAICAR-ADP-AMZ and EcSAICAR-ADP-CAIR
complexes structures using the GESAMT method. (A) Ca Overlay traces of domain B of ECSAICAR
(coloured blue) and MtbSAICAR-ADP-AMZ complex (coloured forest green). The Q-Score value and
global RMSD for 141 aligned residues are 0.47 and 1.784 A from a total number of 153 and 204 residues
respectively. Loop insertions1(G118-G128), 2(A146-G149), 3(R230-Q235), 5(G249-P266) and 6(D291-
A297) are indicated, Loop number 6 is located at the C-terminal. The segment indicated by 4(Q241-
V243) is part of an a-helix and found not to superimpose well to the corresponding a-helix of domain B
of the ECSAICAR-ADP-CAIR complex. Residues with a large distance (>3A) are part of loop and a-
helix but insertions may result in the relative movement of these residues that are part of the a-helix. (B)
Local RMSD versus sequence position of the superimposition. Segments 1,2,3,4,5 and 6 are indicated by
red, blue, violet, black, green and yellow stars. Only the number of MtbSAICAR-ADP-AMZ complex
residues of domain B (E94-A297) are referenced and the secondary structure content of the superimposed
segments is shown loop (+ #), o-helix (J7) and B-strands (®). This calculation was carried out using the

superpose utility in CCP4 (Krissinel, 2012).
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The SAICARs of E. coli (ECSAICAR) is a dimer with each subunit consisting of two
domains. These are the ADP binding domain A (M1-K82) and the CAIR binding domain
B (K83-D237). The crystal structure of the ADP and AMZ (the substrate analogue of
CAIR) complex of MtbSAICAR was compared to the structure of EcSAICAR-ADP-CAIR
complex. Superimposition of one subunit of ECSAICAR to the monomer structure of
MtbSAICAR molecule revealed that the overall fold of both structures is similar. The
ADP binding domain A (M1-R91) (based on structural alignment with EcSAICAR-ADP-
CAIR) of MtbSAICAR-ADP-AMZ shows the structure of domain A is highly conserved
with minor differences in some secondary structure elements such as in MtbSAICAR-
ADP-AMZ complex that has segments (R21-D23) which are part of a PB-strand.
However, in the EcSAICAR-ADP-CAIR complex, the corresponding region (S17-E19) is
part of a loop shown by the red arrow in Figure (88A). Both of these segments are
located in domain A where the ADP binding site is found but neither of them has direct
interactions with ligands. The phosphates of ADP are in a linear conformation in the
MtbSAICAR-ADP-AMZ complex but in the EcSAICAR-ADP-CAIR complex ADP they are
bent, indicated by the black arrow in Figure (88A). In the ADP binding site side chain
atom, ND1 of H69 of MtbSAICAR-ADP-AMZ complex is replaced by OE1 of Q69. Both of

these residues are bound to ADP by their side chains as shown in Figure (88A).

In the CAIR binding domain (Domain B) of the EcSAICAR-ADP complex (Ginder et al.,
2006) CAIR is replaced by AMZ, the substrate analogue, in the structure of the
MtbSAICAR-ADP-AMZ complex (R92-P266). Overall, both domains have similar
structures but there are movements of some a-helices, shown by the black arrow in
Figure (88B). The position of AMZ and CAIR, and the residues forming the binding sites

are conserved between both organisms.
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Figure (88) Domains of MtbSAICAR in complex with ADP and AMZ. The domains were determined
based on the EcCSAICAR description. (A) The ADP binding domain A (M1-R91) of MtbSAICAR.
Domain A is coloured forest green and ECSAICAR is coloured lemon. The ADP phosphates are bound in
linear and bent conformations in MtbSAICAR and EcSAICAR respectively. NT represents the N-
terminal of both structures. The different secondary structures are shown by a red arrow. Residues
differences between the proteins are also labeled. The distances between atoms of MtbSAICAR-ADP
complex and ECSAICAR-ADP complexes is indicated by red and blue respectively. (B) AMZ binding
domain B (R92-P266) of MtbSAICAR. Domain B is coloured forest (green), the CAIR site of domain B
of ECSAICAR is coloured lemon; the difference in the secondary structure elements of both proteins is
shown with a black arrow. Both AMZ and CAIR sites are shown and coloured corresponding to their

cartoon representation.
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5.3.4. Structure alignment of MtbSAICAR-ADP-AMZ and S. pneumoniae SAICAR
(SpSAICAR-ADP-AIR-Asp)

The alighnment between MtbSAICAR-ADP-AMZ complex and SpSAICAR-ADP-AIR-Asp is
assessed using Q-score value as above. The alighment has been done for the entire
length of chain and for the separated domains as is described in Section 5.3.1. The Q-
score value of the entire enzymes is 0.44 as shown in Table (20).The Q-score value of
the divided domains (A; 0.57) is higher while (B; 0.44) is similar to the whole chain. The
aligned domain A of MtbSAICAR-ADP-AMZ complex and SpSAICAR-ADP-AIR-Asp
complex revealed that both domains are highly conserved in terms of the fold. The
area around ADP binding site correlates is well. The residues that have relatively larger
distance (>3A) are found to be part of a loop adjacent to a loop insertion as indicated

by the black arrow and a red star in Figure (89A-89B).

Comparison of domain B of both enzymes showed that region around the AMZ binding
site is also highly conserved. Most of the residues (F157, R158, M163, S245, T273-
A275, $285) with large distance values of >3A are part of a-helices). Almost all residues
of the segment (A116-L129) are part of the loop as labelled 1 and with a red star in
Figure (90A-90B). Segments (A147-D150) and (R230-Q235) are parts of loops (labelled
2 and 3 indicated by a green and a grey star respectively). This segment (Q241-V243) is
composed of an a-helix and does not superimpose well, this is may be due to the loop
precedes it, this segment is indicated below by number 4 and a black star. A loop
insertion (G249-P266) may cause some movement to the a-helix part of (W246-A272)
and prevent it from being closely superimposable. These segments are labelled as
1,2,3,4,5 and indicated by red, green, grey, black and blue stars respectively in
Figure(90A-90B).

Table (20) 3D alignment comparison between whole chain SpSAICAR-ADP-AIR-Asp (PDB 4FE2) and

the MtbSAICAR-ADP-AMZ complex. The definition of each is given in Table (17). Calculation of the

superimposed alignment has been performed using PDBeFold (Krissinel and Henrick, 2004).

Query ‘ Q-Score RMSD (A) = Nagn = Ng %seq Target
%Sse ‘ Nresi ‘ %SSG Nresi

79 ‘ 234 0.44 2.07 213 11 24 75 ‘ 297
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Figure (89) Comparison of Domain A of MtbSAICAR-ADP-AMZ complex and SpSAICAR-ADP-AIR-
Asp-Mg?* complex using the GESAMT method (A) Co Overlay traces of domain A SpSAICAR-ADP-
AIR-Asp-Mg?* complex (grey) and MtbSAICAR-ADP-AMZ complex (forest green). The Q-Score value
and global RMSD for 75 aligned residues are 0.57 and 1.393A from a total number of 87 and 93 residues
respectively. (B) Local RMSD versus sequence position. Residues which have large distance values
(>3A) are part of a loop and their movement may be due to the loop insertion adjacent (indicated by a red
star). In domain A of MtbSAICAR-ADP-AMZ complex, loop insertion (D76-V83) is indicated by the
black arrow above and as a red star in the graph. Only the MtbSAICAR-ADP-AMZ complex residues of
domain A (M1-L93) are referenced and the secondary structure content of the superimposed segments are
shown loop (¢ ), a-helix (1) and B-strands (#)). This calculation was carried out using superpose utility
in CCP4 (Krissinel, 2012).
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Figure (90) Comparison of Domain B of MtbSAICAR-ADP-AMZ complex and SpSAICAR-ADP-AIR-
Asp-Mg?* complex structures using the GESAMT method (Krissinel, 2012). (A) Ca Overlay traces of
domain B of SpSAICAR-ADP-AIR-Asp-Mg?* complex (grey) and MtbSAICAR-ADP-AMZ complex
(forest green). The Q-Score value and global RMSD for 130 aligned residues are 0.44 and 1.640A from a
total of 146 and 204 residues respectively. Insertions and unaligned segments have been labelled as
1,2,3,4 and 5 and are described below in order (B) Local RMSD versus sequence position. Most of the
residues with a larger distance value of >3A (F157-R158, M163, S245,T273-A275, S285) are part of o-
helices. An insertion (A116-L129) (a-helix-loop) is indicated by a red star. Segments (A147-D150),
(R230-Q235) are part of loop indicated by green and grey stars respectively. Segment (Q241-V243)
(indicated by black stars) is a-helix which does not superimpose well to the corresponding a-helix, this
may be because of the movement caused by the preceding loop. Insertions (W246-A272)(a-helix—loop-a-
helix), a loop insertion (G249-P266) are indicated by a blue star. Only the MtbSAICAR-ADP complex
residues of domain B (E94-L297) are referenced and the secondary structure content of the superimposed
segments is shown loop (* ), a-helix ((JD) and B-strands (®p). This calculation was carried out using

superpose in CCP4 (Krissinel, 2012).
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The crystal structure of SpSAICAR has been solved in two forms. One structure was
solved in complex with ADP, CAIR, aspartate, Mg?* (PDB 4FE2), and the other structure

was solved in the presence of acetate, ADP, AIR and Mg?* (PDB 4NYE) (Wolf et al.,
2014). SpSAICAR is a homodimer with two domains consisting of domain 1 (M1-K81)
and domain2 (K82—-K235). In SpSAICAR the ADP binding domain (domain A) (M1-K81)
is equivalent to (M1-E82) of the MtbSAICAR-ADP-AMZ complex. Superimposition of

these domains revealed that they are very similar, as shown in Figure (91A).

The ADP binding site is retained between the enzymes from both organisms but the
pyrophosphate of ADP in MtbSAICAR-ADP-AMZ complex is in a linear conformation
whereas in SpSAICAR as well as EcSAICAR it is bent. The ADP conformations in
SpSAICAR and MtbSAICAR are pointed out by a black arrow in Figure (91A). The
residues around the ADP binding site is either conserved or from similar amino acids
types. The 5-amino-1-(5-phospho-D-ribosyl) imidazole (AIR) binding site (Domain B) of
SpSAICAR (K82-K235) is equivalent to AMZ binding site (Domain B) of MtbSAICAR-ADP-
AMZ complex (R92-K288). Both domains and their ligand binding sites are conserved.
But some secondary structure region showed slight relative movements as indicated

by black arrow (Figure 91B).
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(A) (B)

Figure (91) Comparison of MtbSAICAR-ADP in complex with AMZ; domains were assigned based on
SpSAICAR. (A) ADP binding domain A (M1-E82) of MtbSAICAR, domain A is coloured green while in
SpPSAICAR it is coloured as olive. ADP in MtbSAICAR and SpSAICAR are shown in linear and bent
conformations respectively. NT signifies the N-terminal of both structures. The difference in secondary
structure is pointed by black bold arrow (B) AMZ binding domain B (R92-K288) of MtbSAICAR. The
movement of the secondary structure between both structures is pointed it out with a black arrow.

5.3.5. Structure alignment of MtbSAICAR-ADP-AMZ and HsSAICAR

The Optimal alignment of these enzymes has been calculated using the methods
described in Chapter 2, Section 2.4.5.6. The comparison between MtbSAICAR-ADP-
AMZ complex and HsSAICAR (unliganded apo form) follows the same manner as
discussed in Section 5.3.1. The optimal superimposition (for entire length/per domain)
is assessed using Q-score value. The Q-score value of the whole chain alignment is 0.37
as shown in Table (21). Comparing the Q-score value of the entire chain alignment to
the divided domains (domain A; 0.35, domain B; 0.44) revealed that they are nearly

similar but the best alignment is achieved once the enzymes are divided into domains.

The structural comparison between domain A of MtbSAICAR-ADP-AMZ complex and
apo HsSAICAR reveals there are some differences as shown in Figure (92A). Residues
with a greater distance (>3 A) are parts of B-strand (H10-S13 and D23), loops (G14,
D24, S32, D48, V64, V83, R86, G108, G128, A132, A146 and G149) or a-helix (G50, R51,
T54, and F59). In domain A of MtbSAICAR-ADP-AMZ complex, some loop labelled as 4,
7and 8 (D33-544), (D75-E82) and (G118-P127) in Figure (92B) by red, violet, and light

green colours respectively. Regions around the ADP binding site are well conserved.
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In domain B, many differences are found between MtbSAICAR-ADP-AMZ complex and
HsSAICAR, specifically (A116-G128), (A146-G149), (F216), (D228-Y229), (A231-V234),
(K240-R276), (1278) and (L287-A297) numbered from 1-8 and shown by stars in Figure
(93A-93B). In region 1 (A116-G128), (a-helix-loop), the loop insertion (G118-G128)
indicated by a red star. Region 2, (A146-G149) (Indicated by an orange star) (loop) does
not superimpose well to the corresponding region in HsSAICAR, it connects to a regular
structure (B-strand) whereas in domain B of HsSAICAR it is a loop, suggesting flexibility.
Region 4 and 5 (D228-Y229) and (A231-V234) are parts of loops. A gap is seen in the
region near (D228-Y229) in MtbSAICAR. Region 6 (K240-R276) is composed of a loop
between two a-helices [(Q241-T248) and (E267-R276)] respectively, this loop (G249-

P266) that may allow some flexibility to the a-helices near the C-terminus.

Table (21) 3D alignment comparison between whole chain HsSAICAR (PDB 2H31) and target
MtbSAICAR-ADP-AMZ complex. The definition of each is given in Table (17). Calculation of the

superimposed alignment has been performed using PDBeFold (Krissinel and Henrick, 2004).

Query ‘ Q-Score RMSD (A) = Nagn = Ng %seq Target
%Sse ‘ Nresi ‘ %Sse Nresi

73 ’ 221 0.37 2.13 192 12 24 55 ‘ 297
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Figure (92) Comparison of Domain A of MtbhSAICAR-ADP-AMZ complex and HsSAICAR apo
structures using GESAMT method (Krissinel, 2012). (A) Overlayed Ca traces of domain A of
HsSAICAR (coloured olive) and MtbSAICAR-ADP-AMZ complex (coloured forest green). The Q-Score
value and global RMSD for 109 aligned residues are 0.35 and 2.60A from total number 129 and 150
residues respectively. Differences between enzymes of both organisms are labelled from 1-9 and
discussed below. (B) Local RMSD versus sequence position of the superimposition. M1(loop) at the N-
terminal is indicated by a brownish coloured star. (A4-S6) (loop-a-helix) (orange star). (A31) is part of p-
strand followed by loop suggesting flexbility (blue star). A gap in HSSAICAR exists near (D33-S44)
(loop) in MtbSAICAR-ADP-AMZ complex, indicated by a red star. (P47) (loop) indicated by a dark
green star. (A71) (loop) (magenta star) is located near H69 (part of the active site). Insertion loop (D75-
E82) is indicated by a violet star. (A116-P127) (a-helix-loop), a loop insertion (G118-P127) may induce
some flexbility (Light green star). (A147-L148) (loop) at C-terminal. Only the MtbSAICAR-ADP
complex residues of domain A (M1-D150) are referenced and the secondary structure content of the
superimposed segments is shown loop (¢ *), a-helix (D) and B-strands (). This calculation was carried
out the Superpose in CCP4 (Krissinel, 2012).
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Figure (93) Comparison of Domain B of MtbSAICAR-ADP-AMZ complex and HsSAICAR using the
GESAMT method (Krissinel, 2012). (A) Ca Overlay traces of domain B of HSSAICAR (olive) and
MtbSAICAR-ADP-AMZ complex (forest green). The Q-Score value and global RMSD for 131 aligned
residues are 0.44 and 1.57A from a total number of 151 and 204 residues respectively. (A116-G128),
(A146-G149), (F216), (D228-Y229), (A231-V234), (K240-R276), (1278) and (L287-A297) are numbered
from 1-8 and indicated by stars below. (B) Local RMSD versus sequence position of superimposition.
(Al116-G128), (A146-G149), (F216), (D228-Y229) and (A231-V234) are parts of a loop. A gap exists in
HsSAICAR near area of (D228-Y229) of the MtbSAICAR-ADP-AMZ complex. Insertions (K240-R276)
is (loop-a-helix-loop-a-helix), (1278) (a-helix) and (L287-A297) (loop-a-helix-loop). The segments are
indicated by red, orange, green, blue, violet, black, yellow and green stars respectively. Only the
MtbSAICAR-ADP-AMZ complex residues of domain B (E94-A297) are referenced and the secondary
structure content of the superimposed segments is shown loop (@ ®), a-helix (D) and B-strands(@p). This

calculation was carried out using superpose utility in CCP4 (Krissinel, 2012).
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The crystal structure of HsSAICAR (Li et al., 2007) has only been solved in apo form and
therefore the assignment of the binding sites are based on the superimposition of the
structures. Overall, the topology of HsSAICAR enzyme consists of 14 B-strands and 5 a-
helices while MtbSAICAR consists of 9 a-helices and 17 B-strands. The topology of
MtbSAICAR is shown in Figure (54). The ADP binding site revealed some differences
upon superimposing domain A of HsSAICAR with MtbSAICAR (Figure 94A).

Domain A of MtbSAICAR ADP-AMZ complex (M1-R91) is equivalent to (L7-P89) of
HsSAICAR. Most of the binding site interactions are formed by the main chain atoms of
the enzyme, but it is notable that the imidazole side chain of H69 makes an H-bond to
N6 of ADP in MtbSAICAR, but this residue is replaced by A76 in HsSAICAR (the distance
between side chain CB of A76 and N6 of the modelled ADP is 4.2A. The main chain N of
T18 makes an H-bond interaction with the phosphate group of ADP and is replaced by
main the chain N of V18 in MtbSAICAR. In addition, the main chain N of L93 in
MtbSAICAR interacts with N1 of ADP, which is replaced by the main chain O of C91 in
HsSAICAR. In HsSAICAR, the side chain thiol group (-SH) of C91 is seen to be close to N1
of the modelled ADP and N6 of ADP at distances of 2.3A and 2.5A respectively.

The AMZ binding site of MtbSAICAR-ADP-AMZ (R92-P266) and HsSAICAR (Q90-L260)
residues are conserved (R103, S109 and R222 and R101, S107 and R215). These
residues are also conserved in the CAIR binding site of ECSAICAR (R94, S100, and R199).
The AMZ binding site is shown in Figure (94B).
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(B)

Figure (94) Structure alignment of MtbhSAICAR-ADP-AMZ complex and HSSAICAR (coloured green
and grey respectively). (A) ADP binding site. (B) AMZ binding site. The ADP binding sites of
MtbSAICAR and HsSAICAR are shown in red and blue respectively, Mg?* has been deleted from ATP

for clarification. Distances are given in A.
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5.3.6. Structure alignment of MtbSAICAR-ADP-AMZ and M. abscessus SAICAR
(MaSAICAR)

Mycobacterium abscessus (MaSAICAR) is closely similar to MtbSAICAR with a high
sequence identity of 76%. The structure of the enzyme was solved in the apo form, but
no more information on complexes has been published. Baugh et al. suggested that
the structure of the MaSAICAR would be a good model for MtbSAICAR, as their
attempts to form suitable MtbSAICAR crystals failed (Baugh et al., 2015). The absence
of MaSAICAR complex structures encouraged us to solve the crystal structure of
MtbSAICAR and complexes, and a comparison of MtbSAICAR and MaSAICAR allows us
to see if MaSAICAR is indeed a good model for the pathogen’s enzyme and to define
any further differences. The alignment between MtbSAICAR-ADP-AMZ complex and
MaSAICAR is assessed using Q-score values as above. The alignment has been done for
the entire length of chain and for the separated domains as is described in Section
5.3.1. The Q-score value of the entire enzymes is 0.91 as shown in Table (22). The Q-
score value of the divided domains (A; 0.97) is higher while (B; 0.90) is nearly similar to the
whole chain. The aligned domain A of MtbSAICAR-ADP-AMZ complex and MaSAICAR
revealed that both domains are highly conserved in terms of the fold. The area around
ADP binding site correlates is well and all residues have distance value less than 3A
showing a conserved fold. There are few residues with different secondary structure
but they are not part of the active site. In domain B some differences are found
between MtbSAICAR-ADP-AMZ complex and MaSAICAR specifically an insertion and
gap (A147-G149) and (D259-R260) which is part of loop as indicated in Figure (96A-
96B). these difference may indicate that MaSAICAR is not a perfect model for the

MtbSAICAR enzyme.

Table (22) 3D alignment comparison between whole chain MaSAICAR (PDB 3R9R) and target
MthSAICAR-ADP-AMZ complex. The definition of each is given in Table (17). Calculation of the

superimposed alignment has been performed using PDBeFold (Krissinel and Henrick, 2004).

Query ‘ Q-Score RMSD (R) = Nagn | Ng = %seq Target
%Sse ‘ Nresi ‘ %Sse Nresi

95 ‘ 295 0.91 0.72 290 2 76 90 ‘ 297
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Figure (95) Comparison of Domain A of MtbSAICAR-ADP-AMZ complex and MaSAICAR using the
GESAMT method (A) Ca Overlay traces of domain A MaSAICAR (pink) and MtbSAICAR-ADP-AMZ
complex (forest green). The Q-Score value and global RMSD for 93 aligned residues are 0.97 and 0.52A
from a total number of 93 and 93 residues respectively. (B) Local RMSD versus sequence position. All
residues have distance values ( >3A). Only the MtbSAICAR-ADP-AMZ complex residues of domain A
(M1-L93) are referenced and the secondary structure content of the superimposed segments are shown
loop (**), a-helix (CJM) and p-strands (™). This calculation was carried out using superpose utility in
CCP4 (Krissinel, 2012).
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Figure (96) Comparison of Domain B of MtbSAICAR-ADP-AMZ complex and MaSAICAR structures
using the GESAMT method (Krissinel, 2012). (A) Ca Overlay traces of domain B of MaSAICAR (pink)
and MtbSAICAR-ADP-AMZ complex (forest green). The Q-Score value and global RMSD for 197
aligned residues are 0.90 and 0.74A from a total of 200 and 204 residues respectively. Insertion segment
(Al147-G149) and a gap (D259-R260) in MaSAICAR, both have been labelled as 1 and 2 and shown
below as red and violet stars. (B) Local RMSD versus sequence position. The residue (A146) with a high
distance value>3A is part of a loop. Only the MtbSAICAR-ADP complex residues of domain B (E94-
L297) are referenced and the secondary structure content of the superimposed segments is shown loop
@ ¢), a-helix () and B-strands (#). This calculation was carried out using superpose in CCP4 (Krissinel,
2012).
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5.4. Mechanism and action of SAICAR Synthetase (SAICARs)

Fully understanding the mechanism and action of the enzyme requires the detailed
understanding of the three-dimensional structure at the atomic level. SAICAR
Synthetase utilises ATP, aspartate and CAIR to produce SAICAR. Two competing models
have been outlined for the catalysis mechanism. Ginder et al., proposes the reaction of
EcSAICAR as being either that the CAIR is first phosphorylated by ATP and then the
CAIR phosphoester is attacked by the amino group of aspartate, forming a tetrahedral
intermediate that collapses to release phosphate and leave the amide of the product
SAICAR, or that initially the amino group of aspartate is attached to the carboxyl group
of CAIR, forming a tetrahedral intermediate, then ATP phosphorylates this, releasing
ADP, afterwards this phosphorylated intermediate collapses to release phosphate and
form SAICAR. As no electron density appeared for aspartate in the crystal structure, it
was suggested that the former (first) phosphorylation mechanism is the most likely to

happen (Ginder et al., 2006) (Figure 97A).

When reporting the structures of SpSAICAR and complexes, Wolf et al., propose the
involvement of phospho-enzyme steps, whereby E178 is first phosphorylated by ATP,
and the phosphate is then transferred to E89 and then on to CAIR, when it is displaced

by aspartate with the subsequent step being similar (Wolf et al., 2014) (Figure 97B).
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Figure (97) Possible models of formation of SAICAR by SAICARs. (A) Two schemes from (Ginder et
al., 2006). (B) The contribution of the side chains of E178, E89 in y- phosphate transition (Wolf et al.,
2014). ATP, Mg?" Aspartate, CAIR, and residues involved in are determined.

In a hybrid model (Figure 98) using the structure of the MtbSAICAR-ATP complex,
where the phosphate groups of ATP are disordered and are seen in dual
conformations. The y-phosphate of ATP is seen to be distant (around 5A) from the
carboxyl group of CAIR. The amino group of aspartate and the carboxyl group of CAIR
are close to each other, indicating the carboxyl group of CAIR undergoes a possible

conformation change to prevent clashes.
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Figure (98) Proposed model by superimposition of MtbSAICAR, SpSAICAR, and EcSAICAR. ATP
(MtbSAICAR) is shown in linear and bent conformations (labeled by black and red arrows respectively).
Aspartate (Asp) (SpSAICAR) and CAIR (EcSAICAR). Residues colored based on their associated

ligands.

5.5. Summary

The superimposition of the structures of apo and MtbSAICAR-ligand complexes shows
them to be very similar except for minor differences in secondary structure between
MtbSAICAR (apo and ACP-IMP) and (ATP and ADP-AMZ) given in Figures (76-79). AMZ
and IMP complexes have the same binding sites as each other but the adenine ring is
oriented differently (Figure 78). Although SAICARs is in a monomeric form in M.
tuberculosis, M. abscessus and Saccharomyces cerevisiae, the oligomeric state appears
to be different in other organisms, it is a dimer in ECSAICAR, SpSAICAR, and TmSAICAR,
and octamer in HsSAICAR (Li et al.,, 2007). Structures were compared by

superimposition both globally and locally by domain.

Examination of the interface of TmSAICAR revealed the absence of segments, which
are expected to have a role in preventing the dimerisation of MtbSAICAR and ScSAICAR
(Zhang et al., 2006) (Figure 82A). Superimposition of MtbSAICAR with ScSAICAR (solved
with ADP and AMZ) showed half the number of ADP and AMZ molecules in the
structure, shown in Figure (85A and B). The phosphate groups of ADP appeared to be
bent in ScSAICAR and EcSAICAR but linear in MtbSAICAR. In the MtbSAICAR-ADP

binding site, two residues are bound differently compared to the ADP binding site of
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TmSAICAR and ScSAICAR but this is a main chain interaction and may not affect the
behaviour of the binding site (Figure 82B and 85A). In MtbSAICAR ADP binding site, the
side chain of a polar residue is replaced by the side chain of another polar residue
compared to EcSAICAR-ADP complex (Figure 88A). In HsSAICAR, the ADP modelled
binding site revealed two changed residues when compared to the MtbSAICAR-ADP
complex (Figure 94A). A proposed model of superimposed structures of EcSAICAR,
MtbSAICAR, and SpSAICAR is shown in Figure (98).
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Chapter 6. Characterisation studies of purD of M. tuberculosis
(MtbpurD)

6.1. Introduction

Phosphoribosylamine glycine ligase (purD) is the enzyme that catalyses the second
step of the de novo purine pathway, it is a mono functional enzyme in bacteria. In
humans, in contrast, it is part of the trifunctional enzyme (HsGART) (Chapterl,
Section1.3.3.2) (Adam, 2005). This chapter describes the work done to characterise the

MtbpurD enzyme using biophysical methods.

6.2. Preparation of MtbpurD

The Open Reading Frame of the gene encoding purD M. tuberculosis (MtbpurD) was
amplified (Figure 99), and cloned into the expression vector pLEICS-01 by the protein
expression facility, PROTEX, at the University of Leicester and overexpressed in E. coli

strain Rosetta (DE3) as described in Chapter2, Section 2.2.2-2.2.4,

M(bp) 2 3

1500

1000

Figure (99) ORF amplification of the MtbpurD gene, Lanel. M. Molecular weight DNA marker (Bioline
1 kb hyper ladder). Lane 2. PCR product obtained using 1.5mM MgSO.. 3. PCR product obtained in the
presence of 6% DMSO and 2.5mM MgSOa.
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Initial expression trials (Figure 100) did not provide unambiguous optimal conditions
for protein expression, therefore further pilot trials were undertaken (Figure 101).
These trials explored concentrations for the inducer IPTG 50uM and 400uM post-
induction temperatures between 20°C and 37°C. A soluble protein band was obtained
when protein expression was induced by 50uM IPTG and grown at 20°C overnight.
Purification by Nickel affinity chromatography using Ni-NTA resin and assessed by SDS-
PAGE is shown in (Figure 102). The 6xHis N-terminal tag was not cleaved after

purification.

M(kDa) 2 g 4 5 6 7 8 9 10 11 12 13

o -

=
51 - -
435 . -
- =
39 - -

Figure (100) Optimisation of overexpression conditions for MtbpurD in E. coli Rosetta (DE3). Lane 1:
M. SeeBlue2 (Life Technologies) protein marker. Lane 2: Supernatant from cells induced with 50pM
IPTG at 20°C overnight. Lane 3: Pellet from cells induced with 50uM IPTG at 20°C overnight. Lane 4:
Supernatant from cells induced with 150uM IPTG at 20°C overnight. Lane 5: Pellet from cells induced
with 150uM IPTG at 20°C overnight. Lane 6: Supernatant from cells induced with 250uM IPTG at 20°C
overnight. Lane 7: Pellet from cells induced with 250uM IPTG at 20°C overnight. Lane 8: Supernatant
from cells induced with IPTG at 20°C overnight. Lane 9: Pellet from cells induced with IPTG at 20°C
overnight. Lane 10: Supernatant from cells induced with 400uM IPTG at 37°C overnight. Lane 11: Pellet
from cells induced with 400uM IPTG at 37°C overnight. Lane 12: Supernatant from cells uninduced at

37°C overnight. Lane 13: Pellet from cells uninduced at 37°C overnight.
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Figure (101) Small-scale purification of MtbpurD using E. coli Rosetta (DE3). (A) Induced with 50uM
IPTG at 20°C overnight. Lane 1: M. SeeBlue2 (Life Technologies) protein marker. Lane 2: soluble cell
extract. Lane 3: unbound protein flow through of Ni-NTA column. Lane 4: Ni-NTA bead. Lane 5:
unbound proteins (with 20mM imidazole: fourth wash). Lane 6: Ni-NTA bead showing MtbpurD bound.
Lane 7: MtbpurD solution (eluted with 250mM imidazole). Lane 8: Ni-NTA bead. (B) Induced with
400uM at 37°C overnight, Lane 1: M. SeeBlue2 (Life Technologies) protein marker. Lane 2: soluble cell
extract. Lane 3: unbound protein flow through of Ni-NTA column. Lane 4: Ni-NTA bead. Lane 5:
unbound proteins (with 20mM imidazole: fourth wash). Lane 6: MtbhpurD Ni-NTA bead. Lane 7:
MtbpurD solution (with 250 mM imidazole). Lane 8: Ni-NTA bead.

Mkpa)2 3 4 5 6 7 8 9 10

' N .

it~

Figure (102) Purification of MtbpurD expressed with 6xHis affinity tag. Samples were taken at each

& % e

stage of the purification (10 pl of sample and 10ul 2xSDS sample buffer) and run on a 4-12%
polyacrylamide gel. Lane 1: M. SeeBlue2 (Life Technologies) protein marker. Lane2: soluble cell extract.
Lane 3: unbound protein flow through of Ni-NTA column, lane 4: Ni-NTA bead. Lane5: unbound
proteins (with 20mM imidazole: fourth wash). Lane 6: MtbpurD Ni-NTA bead. Lane 7: MtbpurD
solution (with 250mM imidazole). Lane 8: Ni-NTA bead. Lane 9: Overnight TEV cleavage at 4°C. Lane
10: Concentrated MtbpurD after gel filtration.
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The oligomeric state of the protein was investigated by further purification by gel
filtration. These experiments suggested that the protein is a monomer in solution as
seen in Figure (103). MtbpurD elutes in the fraction that standard protein calibrations
(supplied by the manufacturers (GE Healthcare)) show correspond to the expected
monomeric M.W. of 43.5kDa. The calibration curve is given in Chapter2, Section
2.2.4.4. The identity of the protein was confirmed by tryptic digest mass spectrometry
(Figure 104) in the Protein Nucleic Acid Chemistry Laboratory (PNACL), University of

Leicester.

mAU

3009

2004

100 A

Figure (103) Gel filtration of MtbpurD preparation using Superdex 200 Increase 10/300 GL (GE
Healthcare). Absorbance units are represented as (mAU). The peaks from earlier fractions were evaluated
by SDS-PAGE and did not show proteins of MW 43.5kDa. The peak (indicated by a star) corresponds to
MtbpurD with expected MW 43.5kDa (from the calibration).
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Figure (104) Matrix-assisted laser desorption ionisation time of flight (MALDI-TOF) Mass Spectrometry
identification of MthpurD (Susnea et al., 2012). Peptides from a tryptic digest of the MtbpurD preparation
(trypsin cuts at the C end of KR residues in the protein, except if the next residue is proline) were
analysed using MALDI-TOF Mass Spectrometry. (A) Intensity vs Mass (m/z) spectrum analysis of
MtbpurD tryptic digested. (B) Comparison of matched peptide masses (observed and calculated)
calculated peptides masses are derived from the SwissProt database (Bairoch and Boeckmann, 1991) by
the MASCOT Peptide Mass Fingerprint search engine (http://www.matrixscience.com). Figure supplied
by PNACL, University of Leicester.
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6.3. Determination of Secondary Structure of MtbpurD

Before proceeding with crystallisation trials, the enzyme preparation was investigated
by far UV Circular Dichroism (CD) to determine whether the protein is folded (in both
apo and liganded forms) and to measure the secondary structure content. The
secondary structure content of the enzyme was also predicted computationally using
PSIPRED, Protein Sequence Analysis server (McGuffin, Bryson, and Jones, 2000; Buchan
et al., 2013). This calculation suggested that the enzyme is a-helix dominant with

32.9% of the secondary structure a-helix and 12.3% B-strand (Figure 105).
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Figure (105) Elucidation of the common secondary structure form in MtbpurD H37RV using PSIPRED
Protein Sequence Analysis (McGuffin, Bryson, and Jones, 2000) the legend underneath the figure

supplied symbol for each secondary structure involved.
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The secondary structure prediction was compared to the measurements from CD
experiments. Prior to taking the CD measurements, the protein buffer was exchanged
with 20mM sodium phosphate buffer pH7.4 and 100mM sodium fluoride. The
secondary structure content of the MtbpurD in the presence and absence of ligands
was calculated from the CD data using the method of Raussens et al., 2003 (Raussens,
Ruysschaert, and Goormaghtigh, 2003) and are consistent with the predicted

secondary structure content as shown in Table (23).

Table (23) Percentages of secondary structure for MtbpurD apo and liganded forms from CD
measurements. (A) Apo MtbpurD (B) MtbpurD-Glycine (Gly) (C) MtbpurD-Glycine-ATP (D) MtbpurD-
Glycine-ATP-D-Ribose 5-phosphate disodium salt (R5P). The proportions shown are calculated using the
online server of Raussens et al., (http://perry.freeshell.org/raussens.html) (Raussens, Ruysschaert, and

Goormaghtigh, 2003).

(A) (B)

Apo MtbpurD MtbpurD-Gly
Helix 45.7% Helix 47.2%
Beta 7.2% Beta 8.2%
Turn 12.5% Turn 12.5%
Random 30.4% Random  29.0%
Sum 95.8% Sum 96.9%

(€) (D)
MtbpurD-Gly-ATP MtbpurD-Gly-ATP-R5P
Helix 35.1% Helix  40.3%
Beta 14.7% Beta 13.2%
Turn 12.5% Turn 12.5%
Random 31.6% Random 30.3%
Sum 93.9% Sum 96.3%

Figure (106) shows the CD spectra of these preparations, the spectra demonstrate the
characteristics of the a-helix dominant protein. The presence of (and presumed
binding to) a ligand does not significantly change the secondary structure content of
the protein. In addition, the measured secondary structure of MtbpurD was compared

with secondary structure content of homologous enzymes from other organisms
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whose crystal structure are deposited in the PDB. It was seen that structure of
Phosphoribosylamine glycine Ligase from T. thermophilus (TtpurD) (PDB 2IP4), E. coli
purD (EcpurD) (PDB 1GSO), B. subtilis purD (BspurD) (PDB 2XD4) are composed of 31%
a-helix+26% B-strand, 28% a-helix+30% B-strand, 31% a-helix+29% B-strand
respectively (Sampei et al., 2010; Wang et al., 1998; Bertrand et al., 2011). Based on
this computational and experimental work, it is likely that the structure of MtbpurD is

predominantly a-helix.

i

— Apo
— Gly complex

— Gly-ATP complex
— Gly-ATP+R5F complex

T

CD spectra (Mdeg)

Wavelength (nm)

==

Figure (106) Circular Dichroism (CD) of MtbpurD. (A) CD spectra data of the MtbpurD in buffer
containing 20mM Phosphate pH7.4 and 100mM Sodium fluoride, concentration of 0.15mg/ml. The blue
color shows the CD spectra obtained at 20°C of apo MtbpurD, the pink color shows the CD spectra
obtained at 20°C of MtbpurD-Glycine complex, the light green color shows the CD spectra obtained at
20°C of MtbpurD-Gly-ATP complex and the dark green color shows the CD spectra obtained at 20°C of
MtbpurD-Glycine- ATP+R5P complex. Gly represents Glycine and R5P represents D-Ribose 5-

phosphate disodium salt.

6.4. Investigating thermal stability of MtbpurD by thermal shift assay

Prior to crystallisation trials, an investigation into the stability of the enzyme in apo
and liganded forms (including natural and analogues compounds) was undertaken. The
effect of Tris-HCI buffer (the purification buffer) was also explored by comparison with

MtbpurD purified in presence of HEPES. The thermal profile of apo and liganded forms
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of MtbpurD enzyme were determined between (20-95°C) at 0.5°C increment using a
custom designed thermal shift assay in 96 well plates This was also used to compare
the effect on the protein’s stability of different buffer conditions and components

(Chapter2, Section 2.4.2).

The thermal shift dye binding assay used to determine the temperature at which 50%
of the protein becomes unfolded. Apo MtbpurD displays a melting temperature of
35.0°C (Figure 107). The thermal stability of the protein is increased in the presence of
10mM ATP+10mM Glycine (Table 24) indicating that the enzyme is more stable when
in complex with ATP and Glycine.

Table (24) Assessing melting temperature of different condition from MtbpurD in Tris-HCI pH8.0,
ligands used in a concentration of 10mM.

MtbpurD Conditions Tm (°C) Change in Tm(°C)
Apo 35.0 —
ATP+ Glycine 45.0 10°C

800+
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Figure (107) Thermal stability of purD M. tuberculosis (MtbpurD) enzyme in apo and in the presence of
ligands. Tm is estimated from the graph profile. The ligands used throughout this experiment are prepared
using 20mM Tris-HCI pH8.0, 50mM NaCl, Each sample was then mixed with 1/1000 Sypro orange dye.
The concentration of ATP+Glycine (Gly) is10mM.
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In HEPES buffer, the melting temperatures of MtbpurD in the apo form and with ligand
are given in Table (25). The results suggest the enzyme is stable in the presence of

ATP+ Glycine both in Tris-HCI buffer and HEPES.

Table (25) Assessing melting temperature of different condition from MtbpurD in HEPES pH8.0, 10mM
of each ADP, ATP and Glycine and 5mM R5P.

MtbpurD Condition Tm (°C) Change in Tm(°C)
Apo 36.83+0.13 —
ATP+R5P 38.43+0.10 1.6
ATP+Glycine 46.44+0.07 9.6
APO
o0 " ATP+R5P

Y ATP+Gly

IS
o
=)

Relative fluorescence units(RFU)
~
S
S

Temperature (°C)
Figure (108) Thermal stability of apo and liganded form of purD of M. tuberculosis (MtbpurD). Each
form is prepared in 20mM HEPES pH8.0, 50mM NaCl. Each sample was then mixed with 1/1000 Sypro

orange dye.

6.5. Crystallisation trials of MtbpurD

Crystallisation trials of the protein were attempted to further understand the enzyme
by seeing details of the structure and the protein-ligand interactions that would
become apparent from the three-dimensional structure. The characterisation by CD
and thermal shift assays shows the protein to be folded, stable and therefore ready for
crystallisation trials. However, the attempts at crystallisation did not yield diffraction

quality crystals. Trials were carried using three different approaches and using the

148



various commercially available screens including JCSG+, PACT, ProPlex, Midas,
Morpheus and Nuclear Receptor-Ligand Binding Domain™ (NR-LBD). Batch
crystallogenesis was attempted with the Oryx4 crystallisation robot (Douglas
Instruments), sitting drop vapor diffusion trials used the Mosquito crystallisation robot
(TTP Labtech). In addition to this, microdialysis was also tried however, none of these
methods produced a protein crystal. Many parameters that can have been reported to
improve crystal formation were also investigated. The included checking the purity of
the protein preparation, testing different incubation temperatures for the crystal
growth plate (4°C and room temperature), varying the pH and the buffer used for
purification (HEPES and Tris-HCl), varying protein concentration (5.3 mg/ml, 15 mg/ml
and 30 mg/ml). As ligand binding increases the stability of the protein, the
crystallisation conditions were screened in the presence and absence of ligands,
including the substrate analogue D-Ribose 5-phosphate disodium salt (R5P), arabinose
(Figure 109) and natural substrates of the enzyme ATP and Glycine. Unfortunately,
none of these trials produced protein crystals. In addition to these trials, macro and
micro seeding was used to attempt to improve the quality of putative initial hits.
Similar to all the previous crystallisation trials, no protein crystals were formed. In
most of the wells light to heavy precipitates were formed. Sometimes needle-shaped

and larger crystals were formed, but these turned out to be salt.

(A) (B)

Figure (109) Substrate analogues of natural substrate 5-P-B-D-ribosylamine (PRA). (A) 5-P-B-D-
ribosylamine (PRA). (B) D-Ribose 5-phosphate disodium salt (R5P). (C) D-arabinose. These compounds

were drawn using https://pubchem.ncbi.nim.nih.gov/edit2/index.html.
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An example of such a salt crystal is shown in Figure (110), this was formed in the
presence of 0.2M Lithium sulfate 0.1M Sodium acetate pH4.5, 50% polyethylene glycol
400. The crystal was mounted on a loop with a size of around 0.1mm and was
prechecked using the home X-ray source (University of Leicester). The diffraction
pattern suggested that the crystal is a salt crystal as intense spots were seen at high

resolution, shown in Figure (111).

Figure (110) A crystal grown from a solution of MtbpurD. The crystal was grown in the presence of
0.2M Lithium sulfate 0.1M Sodium acetate pH4.5, 50% polyethylene glycol 400.

Figure (111) Representative diffraction pattern of the crystal. The crystal was grown in the presence of
0.2M Lithium sulfate 0.1M Sodium acetate pH4.5, 50% polyethylene glycol.

6.6. Homology model alighment of MtbpurD

Attempts to crystallise MtbpurD failed and experimental structure determination was
therefore not possible, as sequence alignment analysis indicated that there were
some differences in the ATP binding site between HspurD and MtbpurD, a homology

model of MtbpurD was built to enable further analysis. A good homology model is
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expected to provide a more reliable adjustment for insertions and deletions than
simple sequence alignment. A good model should allow a meaningful comparison of
the residues involved in the interactions between protein and ligands and therefore
make it possible to see whether the ligand and substrate binding sites are conserved

among purDs from different organisms.

A homology model of MtbpurD was generated by the protein fold recognition server,
PHYRE? (Kelley et al., 2015) using six templates Aquifex Aeolicus (AaPurD) (PDB 2YYA)
Ehrlichia chaffeensis (PDB 3LP8), Neisseria gonorrhoeae (PDB 5vev), Geobacillus
kaustophilus (PDB 2ys6), Human (PDB 2qk4), Bacillus subtilis (PDB 2xd4) (Chapter 2,
Section 2.3.1) as shown in Figure (112(1)), with the aim of showing the sequence
differences between homologous structures in a structural context. Overall, the model
is superimposed onto EcpurD (PDB 1GSO) as a reference structure. The model is
composed of four domains N (M1-R116), B (T117-D188), A (G189- G326), C (V327-
A416) coloured light pink, green, violet, and olive respectively in Figure (112(1)).
Superimposition of the N domains of these enzymes suggests that there is little
evidence for structural divergence; the only difference is that in the MtbpurD model,
the region Q43-D45 (which is predicted to be composed of a loop) corresponds to a
region that is composed of B-strands. In addition to this, the models also show that
most of the residues are conserved with only minor differences such as a positively
charged residue R39 of MtbpurD being replaced by the hydrophobic residue L39 in
EcpurD.

Domain B of both structures is highly conserved, two segments in EcpurD (G174-A180)
and (V128-E129) are part of loop whereas the corresponding segments in MtbpurD are
part of an a-helix. ATP binding site is located between A and B domains. In MtbpurD,
domain A is composed of a core of B-strands flanked by a-helices. Superimposition of
the A domains of both structures revealed that they are conserved. In this region,
there is (M209-A210) and (G192-E193) composed of B-strand whereas corresponding
one in MtbpurD is part of a loop. Domain C of MtbpurD appears conserved with an
(R364-D365), (1369-S371) and (G381-T382) are parts of pB-strands where the

corresponding one of EcpurD are part of a loop as shown in Figure (112(2)). As the
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crystal structure of EcpurD was solved in the apo form, the putative ATP binding site of

MtbpurD model is compared to the HspurD-ATP complex.

The structure of the model was also compared with the crystal structures solved in the
presence of ADP and ATP. The binding site in the homology model was assigned based
on superimposition with the Glycinamide ribonucleotide synthetase of Bacillus subtilis
(BspurD) (PDB 2XD4) in complex with ADP. The residues involved in ADP binding are
conserved with only one difference being the charged residue E186 in the BspurD is
replaced by the polar amino acid S185 and both main chains make H-bonds to N6 of

ADP. The ATP binding site was also examined.

The MtbpurD model was superimposed onto Human purD (HspurD). It can be seen
that almost all of the residues are conserved with the only differences observed being
in two positions where the negatively charged E191 of HspurD replace the polar
residues of MtbpurD model S185 respectively as shown in Figure (112(3)). In both
organisms, both residues are the main chain and make H-bonds with N6 of ATP as
shown in Figure (112(3)), mutating these residues may not effect ligand-protein
stability. ATP makes three ionic interactions so it bound more tightly than in the

MtbpurD model but still an experimental structure is required for verification.
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(1)

(2)

(3)

Figure (112) Structure analysis of MtbpurD model (1). Carton representation of modelled MtbpurD
structure; the domains are coloured light pink for N, green B, violet A and olive for C respectively. The
structure is labeled based on its secondary structure elements identified by PDBsum (Laskowski et al.,
1997). (2). Superimposition of MtbpurD model and over EcpurD (PDB 1GSO) apo form coloured light
pink for N, green B, violet A and olive C domains respectively and cyan for EcpurD. The domain is
classified as N, B, A, C domains. Differences in secondary structure features are indicated by black
arrows. (3) Putative ATP binding site, superimposition of MtbpurD and HspurD (PDB 2QK4), different
residues in MtbpurD and HspurD are coloured green and blue respectively. The distances of residues
involved in the ATP binding site of MtbpurD and HspurD coloured red and blue. The ATP binding site is
located between the A and B domains.
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6.7. Summary

Prior to characterisation studies, the gene encoding MtbpurD was cloned into an
expression vector, overexpressed and purified. The oligomeric state of the protein was
determined by gel filtration chromatography seen to be a monomer. The secondary
structure of the enzyme was measured in apo and complexed forms by CD, suggesting
that the enzyme is a-helix dominant, which agrees with, theoretical data and data
derived from homologous structures (Bertrand et al., 2011). Furthermore, the thermal
stability of the enzyme was investigated by using a thermal shift assay, revealing the
enzyme is more stable when it makes complexes with ATP+Glycine and in both Tris-HCI
buffer and HEPES. Crystallisation trials were carried out to solve the structure of the
enzyme to understand protein-ligand interactions. However, the trials did not yield any
protein crystals in both whatever purification or crystallisation condition was used.
Therefore, the structure of the enzyme was created through homology modeling and
putative binding sites of the ligand in MtbpurD were compared to those of other

organisms whose structures are deposited in PDB (Sampei et al., 2010).
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Chapter 7. Conclusion

Characterisation of an enzyme in solution in parallel with structure determination
facilitates the understanding of the solution properties at the molecular level.
Verification of a prepared enzyme’s identity, the assessment of purity, and
confirmation of the properly folded state should be determined before structural
studies are undertaken. Ideally, the enzyme should also have been shown to be in an
active state. The establishment of the conditions of optimal stability and catalytic
activity are also important information to help with the crystallisation process.
MtbSAICAR and MtbpurD have been successfully characterised, the purity, folding, and
stability was assessed and the identities of both enzymes confirmed. The kinetic
properties of MtbSAICAR were also measured. The enzyme is found to be catalytically
active and follows hyperbolic Michaelis-Menten kinetics. The kinetic parameters are
found to be similar to those published for the enzyme from another organism

(SCSAICAR).

The crystal structures of MtbSAICARs were solved in apo and liganded forms, including
ATP, ADP-AMZ, and ACP-IMP complexes. The formation of complexes was achieved
using co-crystallisation and a soaking strategy in order to ensure no loss of ligands on
cryoprotection. The crystal structures are isomorphous with each other, in the ADP-
ACP and AICAR-IMP complexes, these ligands compete for binding at the same sites as
ATP and CAIR respectively. The only difference in binding modes, when compared to
homologous enzymes, is that the adenine ring was seen to orient differently in IMP in
comparison to the natural substrate CAIR in the E. coli enzyme. Although all the solved
MtbSAICARs structures are quite similar, the average B-value of the main chain atoms
of each complex shows that the liganded structures with ATP and ADP-AMZ are more
rigid than ACP-IMP complex. These average main chain B values differences are
reflected in the overall B-factors values shown in Tables (9, 11, 13 and 15). The
increased B-factors may reflect differences in crystalline order resulting in poor
resolution of diffraction data, this is probably due to intrinsically less well-ordered

enzyme molecules, but other effects on crystal packing cannot be excluded.
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The similarities and differences segments between MtbSAICAR (exemplified by
MtbSAICAR-ADP-AMZ complex) and homologous enzymes of different organisms have
been determined based on global and local comparisons using Q-score value as
comparison parameter. From comparisons over the entire length, MaSAICAR showed
the highest Q-score as shown in Table (22), it also has the highest sequence identity
and similarity (76% and 85% respectively) of the compared enzyme structures. Local
alignment using sequence fragments (e.g. domains) is the best way for precise and
sensitive comparison of local structures, especially the binding sites of ligands. The
aligned domain A (ADP binding site) of available homologous enzyme structures from
different organisms revealed that the Q-score of local alignment increases over that of
the whole chain. Based on the Q-score values, the most similar to domain A of
MtbSAICAR-ADP-AMZ complex are the structures of MaSAICAR (PDB 3R9R) (0.97),
ScSAICAR-ADP-AMZ complex (PDB 2CNQ) (0.60) then SpSAICAR-ADP-AIR-Asp (PDB
4FE2) (0.57). The least similar is HsSAICAR with a Q-score 0.35, although the resolution
of the HsSAICAR structure is lower and this may affect the result. Based on the local
comparison graphs, the structures of all the enzymes were compared and it was found
that MtbSAICAR has a loop (P73-V83), this becomes in MaSAICAR (P73-V83) (loop-a-
helix), and is deleted in TmSAICAR, EcSAICAR, SpSAICAR and HsSAICAR whereas
ScSAICAR has some insertions (A80-K83, P90-K92, S94-Y98) in this area.

For domain B, local alignment confirmed that domain B of MaSAICAR is most similar to
MtbSAICAR with Q-score (0.90). Whereas for the other enzymes the values are close to
each other with moderate similarities such as for ScSAICAR (0.58), SpSAICAR (0.57),
EcSAICAR (0.47), HSSAICAR (0.44), and the least TmSAICAR (0.41). Overall the Q-score
calculated using local alighment is better than Q-score of Global values suggesting
there are relative domain movements between enzymes, and the local comparisons
may be more informative. Comparison of MtbSAICAR with the others revealed that
MtbSAICAR has a loop insertion (G118-P127) which is found in MaSAICAR (G118-G128)
(a-helix-B-strand-loop-B-strand-loop), in ScSAICAR (G137-G147) is (a-helix-B-strand-
loop-B-strand-loop). Whereas it is missing in TmSAICAR, EcSAICAR complex, SpSAICAR,
and HsSAICAR.
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In MtbSAICAR, a loop insertion segment (A146-G149) is missing in MaSAICAR,
ECSAICAR, SpSAICAR, and in HsSAICAR. In ScSAICAR, there is a gap around this area. In
TmSAICAR, this has a greater distance differnce (>3A). (G249-P266) is another insertion
in MtbSAICAR that found to be in common with MaSAICAR (G249-P266) (loop-a-helix)
but there is a gap in MaSAICAR near the (D259-R260) in MtbSAICAR. There is a deletion
and insertion loop in ScSAICAR (N273-V278). This segment is missing in TmSAICAR,
EcSAICAR, SpSAICAR, and HsSAICAR.

The segment D228-P266 (loop-a-helix-loop) in MtbSAICAR is compared to
corresponding one (H228-P266) (a-helix-loop-a-helix-loop-a-helix) in MaSAICAR, which
found to be similar but there is a gap in MaSAICAR around (D259-260) in MtbSAICAR.
In ScSAICAR-ADP-AMZ complex, the corresponding segment is (S248-Q282) (loop-a-
helix-loop-a-helix) is similar but there is an insertion (K260-Q261, G274-V278) in
ScSAICAR and insertion (G249-W254, G257-R260, P262) in MtbSAICAR. Comparing
MtbSAICAR to TmSAICAR (G198-G211) (loop-a-helix) found that there is a gap in
TmSAICAR around (D228-K240) in MtbSAICAR, also MtbSAICAR has an insertion (L247-
H268) between (G211-D212) in TmSAICAR. In SpSAICAR (D204-E219) (loop-a-helix-
loop-a-helix), MtbSAICAR has two insertions (R230-Q235; loop) and (L247-A272; a-
helix-loop-a-helix). In HsSAICAR (G220-E250) (loop-a-helix), there is a gap in HSSAICAR
in the area (D228-V234) of MtbSAICAR. There is loop insertion (G249-P266) in
MtbSAICAR between (F249-E250) in HsSAICAR. Comparing MtbSAICAR to EcSAICAR
(T205-G220) (loop-a-helix-loop-a-helix), there is a loop insertion (R230-Q235) in
MtbSAICAR located between (L206-E207) in EcSAICAR. In the EcSAICAR-ADP-CAIR
complex R215 interacts with the ribose of 4-carboxy-5-aminoimidazole ribonucleotide
(CAIR), the equivalent R244 side chain is beyond H-bond range with the inosine base of
IMP in the MtbSAICAR complex. It was suggested that the differences in this region
might be exploitable for targeting the enzyme with a selective inhibitor, even though

most of the residues are conserved (Ginder et al., 2006).

Details extrapolated from the structure provide information in understanding the
mechanism of the enzyme by determining the possible order of the substrates to bind.
Ginder et al., propose the reaction of EcSAICAR as being either that the CAIR is first

phosphorylated by ATP and then the CAIR phosphoester is attacked by the amino
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group of aspartate, forming a tetrahedral intermediate that collapses to release
phosphate and leave the amide of the product SAICAR, or that firstly the amino group
of aspartate is attached by the carboxyl group of CAIR, forming a tetrahedral
intermediate, then ATP phosphorylates this, releasing ADP, then this phosphorylated
intermediate collapses to release phosphate and form SAICAR. As no electron density
appeared for aspartate in the crystal structure, it was suggested that the
phosphorylation first mechanism is the most likely (Ginder et al., 2006). When
reporting the structures of SpSAICAR and complexes Wolf et al., proposed the
involvement of phospho-enzyme steps, whereby E178 is first phosphorylated by ATP,
and the phosphate is then transferred to E89 and then on to CAIR, when it is displaced
by aspartate with the subsequent step being similar (Wolf et al., 2014). As seen in
EcSAICAR, MtbSAICAR did not show electron density for aspartate even though it was
introduced into the crystallisation conditions. In the dimeric SpSAICAR, density for
aspartate is only seen in one subunit. In both MtbSAICAR crystal structures, ATP was
seen with the disordered y-phosphate group, perhaps indicating that ATP could be
partially hydrolysed. This may suggest that enzyme phosphorylation is the initial step.
Crystal structures that include all three substrates (ATP+aspartate), (CAIR+aspartate)
and (ATP+CAIR) respectively are required to structurally verify whether there is
conformational change upon energy transfer from ATP and to see whether any
residues contribute in phosphate transfer (from ATP to CAIR). The structures of
MtbSAICAR presented here are consistent with the mechanism in which the first step is
the phosphorylation of the substrate (CAIR) by ATP, rather than the formation of a
phosphoenzyme intermediate. The involvement of E89 and E178 in phosphate transfer
could be tested through site-directed mutagenesis of these residues to glutamine

which is isostructural but would not be phosphorylated.

MtbSAICAR is an essential enzyme for Mycobacterium tuberculosis and optimistically
remains a candidate drug target. Effective inhibitory drugs will either compete for the
active site or cause allosteric changes. Selectivity for the pathogen’s enzyme over the
host is also required. The obvious candidate region to exploit is the one different
residue bound to N6 of ATP binding site where the imidazole ring of H69 of
MtbSAICAR-ADP-AMZ complex is replaced by the side chain of A76 of HsSAICAR. The
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histidine is seen to be important for ATP binding and therefore effective catalysis. The
unique pKa of the imidazole might also be taken advantage of in this context.
Mutational studies coupled with kinetics could determine the effects of changes in this
residue, and also to see if it has a role in the enzyme’s stability. Having determined the
structure of MtbSAICAR, it becomes possible to use this information to design small
molecules that can fit into the active site pocket, target non-conserved structure to
create an inhibitor that affects MtbSAICAR but not HsSAICAR, and to bind tighter than
the natural substrate. Although MaSAICAR has high sequence identity to MtbSAICAR
the MaSAICAR structure has been solved only in apo form, this encouraged us to solve
the pathogenic species enzyme in complex with ligands and compare with the non-
pathogenic enzyme to see if there is any difference. Based on the comparison, there
are some differences between the enzymes suggesting that MaSAICAR is not a perfect
model for the MtbSAICAR pathogenic enzyme. The differences in structure would be
very important if a PROTAC-type (Neklesa, Winkler and Crews, 2017) approach using

Pup/Mpa (Pearce et al., 2008) was invoked as a means of neutralising this enzyme.
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