Evaluation of an NADPH-Dependent Assay for Inhibition
Screening of Salmonella enterica DOXP Reductoisomerase for

Identification of Novel Drug Hit Compounds

Dissertation submitted in the fulfilment of the requirements for the degree of

Master of Science in Biochemistry

Department of Biochemistry and Microbiology
Rhodes University

by
Khanyisile Ngcongco
ORCid number: 0000-0003-3340-5170

January 2020




ABSTRACT

Invasive non-typhoidal Salmonella, caused by the intracellular pathogen Salmonella enterica, has
emerged as a major cause of bloodstream infections. It remains a neglected infection responsible
for many deaths in Africa, as it fails to receive the level of support that is given to most better-
known infections. There are currently no vaccines against invasive non-typhoidal Salmonella.
First-line antibiotics have been used for treatment, however, the rise in the resistance of the bacteria
against these antibiotics has made treatment of invasive salmonellosis into a clinical problem.
Therefore, the discovery of new compounds for the development of antibiotic drugs is required.
Central metabolic pathways can be a useful source for identifying drug targets and among these is
the non-mevalonate pathway, one of the pathways used for the biosynthesis of isoprenoid
precursors. The second step of the non-mevalonate pathway involves the NADPH-dependent
reduction of 1-deoxy-D-xylulose 5-phosphate (DOXP) into 2-C-methyl-p-erythritol 4-phosphate
(MEP). 1-Deoxy-D-xylulose 5-phosphate (DOXP) reductoisomerase plays a vital role in the
catalysis of this reaction and requires NADPH and divalent metal cations as co-factors for its
activity. In this investigation recombinant DOXP reductoisomerase from Salmonella enterica,
Plasmodium falciparum and Mycobacterium tuberculosis were biochemically characterized as
potential targets for developing drugs that could be used as treatment of the disease. The expression
and nickel-chelate affinity purification of S. enterica DOXP reductoisomerase in a fully functional
native state was successfully achieved. However, the expression and purification of P. falciparum
DXR and M. tuberculosis DXR was unsuccessful due to the formation of insoluble inclusion
bodies. Although alternative purification strategies were explored, including dialysis and slow
dilution, these proteins remained insoluble, making their functional analysis not possible.

An NADPH-dependent enzyme assay was used to determine the activity of S. enterica DXR. This
assay monitors the reduction of DOXP to MEP by measuring the absorbance at 340 nm, which
reflects the concentration of NADPH. An alternative assay, resazurin reduction, which monitors
the NADPH-dependent reduction of resazurin to resorufin, was explored for detecting enzyme
activity. The recombinant S. enterica DOXP reductoisomerase had a specific activity of 0.126 +
0.0014 pmol/min/mg protein and a K and Vmax of 881 pM and 0.249 pmol/min/mg respectively.
FR900098, a derivative of fosmidomycin, is a well-known inhibitor of DXR, however, the

sensitivity of S. enterica DXR towards FR900098 has not yet been reported. The NADPH-
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dependent enzyme and resazurin reduction assays were used to determine whether FR900098 has
enzyme inhibitory effects against S. enterica DXR. Upon confirming that FR900098 is able to
inhibit S. enterica DXR, FR900098 was used as a control compound in the screening of novel
compounds. The S. enterica DXR enzyme was screened for inhibition by the collection of
compounds from the Pathogen Box. Compounds that exhibited the desired inhibitory activity,
referred to as ‘hits’ were selected for further investigation. These hits were confirmed using the
NADPH-dependent enzyme assay, resulting in the identification of two different DXR inhibitor
compounds, MMV 002816, also known as diethylcarbamazine, and MMV228911. The inhibitory
concentration (ICso) values of FR900098, MMV002816 and MMV228911 against S. enterica
DXR were 1.038 uM, 2.173 uM and 6.861 uM respectively. The binding mode of these
compounds to S. enterica DXR could lead to the discovery of novel druggable sites on the enzyme
and stimulate the development of new antibiotics that can be used for treating Salmonella

infections.
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CHAPTER 1: LITERATURE REVIEW

1.1. INVASIVE NON-TYPHOIDAL SALMONELLA
1.1.1. The Burden of Invasive Non-Typhoidal Salmonella

Salmonellae are gram-negative facultative anaerobes that cause human diseases that are divided
into a small number of human-restricted invasive typhoidal serotypes such as Salmonella enterica
var Typhi (S Typhi) and Salmonella enterica var Paratyphi A (S Paratyphi A) and thousands of
non-typhoidal Salmonella serotypes (Feasey et al., 2012; Tennant et al., 2016). The latter serotypes
have been known to cause non-typhoidal Salmonella disease which manifests in
immunocompetent hosts as a mild, self-limiting gastroenteris, whereas other serotypes cause the
invasive non-typhoidal Salmonella disease which presented as a febrile bacteremia (Haselbeck et
al.,2017). Invasive non-typhoidal Salmonella has emerged as one of major bloodstream infections

and if left untreated can be fatal (Gordon, 2011; Haselbeck et al., 2017).

Invasive non-typhoidal Salmonella remains a neglected infection that is responsible for a large
number of deaths in Africa and it fails to receive the level of support of infectious diseases that are
better-known in Africa such as HIV, malaria and tuberculosis (Gordon, 2011; MacLennan and
Levine, 2013). Invasive non-typhoidal Salmonella has been reported to be responsible for up to
39% of blood infections acquired in Sub-Saharan Africa with an average Case Fatality Rate (CFR)
of 19% (Uche et al., 2017). Invasive non-typhoidal Salmonella infections have been estimated to
have caused approximately 3.4 million cases and over 600 000 deaths annually (Kariuki et al.,
2016). A mortality rate of 20-30% in vulnerable children under the age of 5 years is caused by
invasive non-typhoidal Salmonella (Kariuki et al., 2016). Given the high morbidity and mortality
rate caused by the invasive non-typhoidal Salmonella disease, it is important that effective

treatment, control and prevention strategies are developed (Uche et al., 2017).

Immunosuppressed individuals and young children are more susceptible to invasive non-typhoidal
Salmonella compared to healthy individuals, hence host risk factors of the disease are infants and

young children, individuals with HIV, malaria, malnutrition and anemia (Crump et al., 2015;
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Haselbeck et al., 2015). It was discovered that diagnosis of invasive non-typhoidal Salmonella is
difficult due to its clinical presentation being nonspecific because validated biomarkers of
nontyphoidal Salmonella or rapid diagnostic serological tools are not available (Tennant et al.,
2016; Gilchrist and MacLennan, 2019). Better diagnostic tests are required to improve

management and surveillance of the disease (Manore et al., 2018).

1.1.2. The Invasion of Salmonella

The relevance of invasive non-typhoidal Salmonella as pathogens arise when they infiltrate and
colonize the bloodstream, thereby progressing to disease (Mobegi et al., 2014). Salmonella
interacts with the receptors on host cell membranes using a variety of mechanisms to enter
phagocytic and non-phagocytic cells, after the bacteria is engulfed in the host cell, a membrane
compartment called the vacuole encases it (Velge ef al., 2012; Eng et al., 2015). Normally, when
foreign bacterial body is present, the host cell immune response is activated, resulting in fusion of
lysosomes and digesting enzymes to be secreted causing degradation of the foreign bacteria,
however, other bacterial effector proteins are injected into the vacuole as Salmonella uses the type
III secretion system (Eng et al., 2015; Hanson-Wester et al., 2015). This type III secretion system
is a virulence mechanism that most gram-negative bacteria use to promote invasion of host cells.
The injected effector proteins alter the compartment structure of the vacuole, blocking the fusion
of lysosomes (Hanson-Wester ef al., 2015). The bacteria override existing signaling pathways in
these cells, altering gene expression and protein function, this enables the bacteria to invade

epithelial cells and allows salmonella to survive and replicate in host cells (Al kraiem et al., 2018).

Non-typhoidal Salmonella causing gastroenteritis is mainly transmitted to humans by the ingestion
of animal food products from infected animals, produce contaminated with animal waste,
contaminated water, direct contact with infected animals and their environment (Kariuki et al.,
2006; Uche et al., 2017). The source and mode of transmission of invasive non-typhoidal
salmonella remains unknown, however, an important route of infection of the disease is human to

human transmission (Kingsley et al., 2009).
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1.2. VACCINES AND ANTIBACTERIAL DRUGS

1.2.1. Vaccines for Salmonella

There are currently no vaccines available for treating invasive non-typhoidal Sa/monella directly.
In Salmonella vaccine development, a variety of strategies are investigated, these include
conjugate vaccines, live attenuated vaccines, vesicle-based vaccines, inactivated vaccines, DNA
vaccines and subunit vaccines (Clem, 2011; Micoli et al., 2018). In the case of conjugate vaccines,
a T cell-dependent antibody response is induced by polysaccharides, such as Vi and O-antigen
surface polysaccharides, that are covalently linked to a carrier protein, the polysaccharides are then
converted from T-independent to T-dependent antigens (Maclennan et al., 2014; Micoli et al.,
2018). These vaccines aim to produce specific anti O-antigen antibodies which target the O-
antigen moiety of Salmonella lipopolysaccharide (LPS), mediating killing of bacteria and
conferring protection against infection (Micoli et al., 2018). The application of this approach has
been successful in encapsulated bacteria such as Hemophilus influenzae b, meningococcus and
pneumococcus (Maclennan et al., 2014). Although S. typhi is the only encapsulated serovar among
the rest of the Salmonella serovars causing invasive Salmonella disease, evidence from animal
studies has been found to support the development of conjugate vaccines against the other serovars
(Maclennan et al., 2014). The serovars’ lipopolysaccharide O-antigens are conjugated to carrier

proteins (Maclennan et al., 2014).

Live attenuated vaccines have the ability to induce cell-mediated and mucosal responses (Zhi et
al., 2019). These usually contain versions of the original pathogenic agent that have been
laboratory weakened, they induce strong cellular and antibody responses, they have been found to
elicit excellent T-cell responses (Clem, 2011; Zhi et al. 2019). These vaccines contain living
microorganisms which produce the actual disease, it has been found that it is easier to create live
attenuated vaccines with viruses instead of bacteria, due to the presence of fewer genes in viruses
compared to bacteria (Clem, 2011). Sa/monella-specific T cell responses required for clearing the
residual infection are elicited by live attenuated vaccines (Kantele et al., 2012). Multiple
Salmonella antigens are delivered to the immune system, this increases the chances of induction

of'a broad coverage across Salmonella serovars (Maclennan et al., 2014). A live attenuated vaccine
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that has been developed through non-specific chemical mutagenesis is the Ty21a vaccine, although
it is derived from expression of the Vi antigen by S. Typhi Ty2 strain Ty21a does not express the
Vi antigen, therefore an immune response to this antigen is not attributed to the vaccine (Kantele
et al., 2013). This vaccine has great potential in inducing T cell immunity and cross-protection
against non-Typhi serovars (Maclennan et al., 2014). Studies suggest that Ty21a acts primarily
through humoral immune responses that it creates instead of through cell-mediated immunity
(Maclennan et al., 2014). Evidence suggests that this vaccine could potentially be used against
invasive non-typhoidal Salmonella serovars and S. enteritidis serovars due to the high B cell

response that is directed against the O-antigen (Maclennan et al., 2014).

Vesicle-based vaccine strategies include generalized modules for membrane antigens (GMMA)
technology and native outer membrane vesicles (NOMVs) which can be used as delivery vehicles
for the Salmonella LPS O-antigen to the immune system (Micoli e al., 2018; Schager et al., 2018).
These are microvesicles that consist of bulges of plasma membrane of cells, referred to as blebs,
that are produced and released by gram-negative bacteria (Schager et al., 2018; Stentz et al., 2018).
The protein-based vaccine development strategy uses recombinant or purified proteins, such as
flagellin and porins OmpC, F and D, which are able to induce antibody and a T cell response
(MacLennan et al., 2014). Some of the proteins, OmpC and F, have been successful in inducing
long lasting responses in mice, and found to be safe and immunogenic (MacLennan et al., 2014).
However, preserving the conformation of the proteins is an issue, as a result of this antibodies with

poor function are induced (MacLennan et al., 2014).

In inactivated vaccines, pathogenic agents are destroyed with chemicals, heat or radiation (Clem,
2011). The microorganism is inactivated so that the vaccine can be more stable (Clem, 2011).
Immunity has to be maintained, this is due to the weak immune responses produced by the
vaccines, therefore booster shots are required along with the vaccine (Clem, 2011). DNA vaccines
use the pathogenic agent or components of the pathogenic agent to induce adaptive immune
responses, the pathogenic agent is modified so that it does not cause harm or disease in the host
(Hobernik and Bros, 2018; WHO, 2019). Vaccine delivery is by intramuscular, intradermal and
subcutaneous injections, which transfect keratinocytes, myocytes and antigens presenting cells

(APC) found near the injection side as well (Hobernik and Bros, 2018). Once these vaccines have
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been internalized, the DNA is translocated to the nucleus for transcription then translated in the
cytoplasm producing antigens which induce immune responses (Clem, 2011; Hobernik and Bros,
2018). Subunit vaccines consist of purified antigen instead of whole microorganism, these purified
antigens are transported by different carriers (Vartak and Sucheck, 2016). These antigens elicit a
T-cell dependent adaptive immune response and the immune response is based on the antigen used
(Vartak and Sucheck, 2016). With the advancement of molecular biology, new and much better
vaccines against Salmonella are being investigated and designed, and these will potentially make

a great impact on global health (Maclennan et al., 2014).

1.2.2. Antibiotics Available for Treating Salmonella

Antibiotics or antimicrobial agents are natural or synthetic substances that have inhibitory effects
on the growth of microorganisms or have the ability to kill microorganisms (Onwuezobe et al.,
2012). The mechanism of action of the antibiotic determines whether it will be clinically useful
for treating an infection (Onwuezobe et al., 2012). Broad spectrum agents such as ampicillin,
amoxycillin, chloramphenicol, tetracycline, and cotrimoxazole have been used for treating
Salmonella infections, however, it was discovered that these agents lack substantial intracellular
activity (Sirinavin and Garner, 1999; Kariuki et al., 2016). These agents were replaced by the
extended-spectrum fluoroquinolones such as norfloxacin, ofloxacin, fleroxacin, ciprofloxacin, and
extended-spectrum cephalosporins such as cefuroxime, cefamandole, cefotaxime, ceftriaxone,

(Kariuki et al., 2016; Shahbaz, 2017).

Fluoroquinolones are potent, broad spectrum antibiotics that belong to the quinolone family and
are commonly used for treating resistant infections since the late 1980s (Redgrave et al., 2014).
These compounds play a role in the inhibition of bacterial type II topoisomerases, which are
essential for key processes such as DNA replication (Redgrave et al., 2014). Cephalosporins
belong to the B-lactam family and resemble the structure of penicillin and have been used for
treating respiratory tract infections (RTI), skin infections and urinary tract infections (UTI)
(Shahbaz, 2017). These antibiotics target penicillin binding proteins which play an important role

in the cell wall synthesis process, causing bacterial lysis and cell death (Macheboeuf ef al., 2006;
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Shahbaz, 2017). These antibiotics have been used for treating Sa/monella infections, as they inhibit

key processes in the bacteria.

1.2.3. Antimicrobial Resistance

More frequent hospitalizations, complicated and prolonged illnesses, failure of treatment and
higher risk of invasive disease are a result of antimicrobial resistance (Maka and Popowska, 2016).
Antimicrobial resistance in invasive non-typhoidal Sa/monella serotypes is considered as a global
problem, as the rates of resistance to traditional agents are increasing and this has turned the
treatment of invasive salmonellosis into a clinical problem (Chen et al., 2013). Multidrug-resistant
(MDR) non-typhoidal isolates are closely related to the increasing morbidity compared to strains
that are antibiotic sensitive, that are very important with regards to the health and safety concern

in humans and animals (Kariuki et al., 2016).

The resistance against antibiotics such as ampicillin, chloramphenicol and
trimethoprim/sulfamethoxazole are common in invasive non-typhoidal Salmonella (Lunguya et
al., 2013). Treating invasive non-typhoidal Salmonella increasingly relies on fluoroquinolones
such as ciprofloxacin or cephalosporins such as cefotaxime (Lunguya et al., 2013). However, the
decreased susceptibility to fluoroquinolones and the resistance of non-typhoidal Salmonella
isolates to these antibiotics is a growing problem, with the resistance of Salmonella enterica to
ciprofloxacin resulting in treatment failure (Kariuki et al., 2016). Extended-spectrum beta-
lactamases has threatened cephalosporins as an option that can be used for treatment (Lunguya et
al., 2013). These extended-spectrum beta-lactamases are enzymes that are produced by bacteria,
that are resistant to cephalosporin antibiotics (Lunguya et al., 2013). The rapid drug resistance to
existing antimicrobial drugs in bacteria has created the need for the prediction of novel targets and
leads which have been derived from original compounds that have improved activity against a

validated target (Qidwai et al., 2014).

The indiscriminate use of antibiotics is linked to the development of antimicrobial resistance of
pathogens, which are capable of being resistant to a whole drug class due to a variety of antibiotics

belonging to the same drug class (WHO, 2015). One of the factors that has contributed towards
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the resistance of pathogens is the inappropriate consumption of antibiotics, causing the selection
and spread of resistant bacteria (Blazquez, 2003). Antimicrobial resistance is spread by mutations
or the acquirement of resistance genes, which takes place due to the actions of mobile genetic
elements (Collignon et al., 2018). These elements may assist and allow intracellular DNA mobility
whereby there is transfer of the resistance genes from chromosome to plasmid or between plasmids
(Partridge et al., 2018). However, it has been found that antimicrobial resistance can also be spread

via vectors such as humans, insects, agriculture and water (Collignon et al., 2018).
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Table 1: Mechanism of action and resistance of the different classes of antimicrobial drugs.

Drug Class Target and Mode of Action Resistance Example Reference
Fluoroquinolones Inhibit bacterial topoisomerase Mutations in the quinolone-resistance- Ciprofloxacin Cuypers et
enzymes determining regions (QRDRs) on Ofloxacin al. (2018)
chromosomal genes encoding Nalidixic acid
topoisomerases
Beta-Lactams Inhibit the peptidoglycan layer of Overproduction of beta-lactamases that Cefotaxime Al kraiem et
bacterial cell wall degrade beta-lactams Ceftriaxone al. (2018)
Cefixime
Sulfonamides Inhibit dihydropteroate synthase Mutations in the dihydropteroate synthase Trimethoprim Skold
gene Sulfamethoxazole (2000)
Aminoglycosides Inhibit polypeptide synthesis Removal of drug from bacterial cell by Gentamicin Doi et al.
increased efflux Tobramycin (2016)
Mutations in the ribosomal subunit Amikacin
interfering with binding
Tetracyclines Inhibit polypeptide synthesis Altering ribosomes to prevent binding Chlortetracycline Speer et al.
Increased efflux to remove of drug from Oxytetracycline (1992)
bacterial cell Minocycline
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Phenicols Inhibit polypeptide synthesis Enzymatic inactivation by acetylation of Chloramphenicol Fernandez et
drug Florfenicol al. (2012)
Mutations in the target site
Removal of the drug in the bacterial cell by
efflux
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1.3. THE DRUG TARGET DOXP REDUCTOISOMERASE
(DXR)

1.3.1. Identifying Novel Drug Targets

With the rapid rise in the resistance of pathogens to first-line antimicrobials, the discovery of new
drug targets is required to provide global healthcare management of invasive non-typhoidal
Salmonella (Mobegi et al., 2014). Existing antimicrobials have been found to target a limited
number of cellular functions including cell wall synthesis, DNA replication, transcription and
translation (Gerdes et al., 2002). Unexplored cellular functions can be identified as potential drug
targets, therefore a greater understanding of related biological processes in pathogens and their
hosts is required (Gerdes et al., 2002). Drug targets are biomolecules that are involved in signaling
or metabolic pathways specific to a disease process, and these biomolecules play crucial roles in
the progression of the disease (Mandal et al., 2009). Disease progression occurs by communication
of these biomolecules by protein-protein interactions or protein-nucleic acid interactions resulting
in the propagation of signaling processes or alteration of metabolic processes (Mandal et al., 2009).
The biological functions performed by these biomolecules can be modulated, which can be
achieved by (i) the inhibition of the drug target function using small molecules that competitively
bind to the active site within the drug target, or (ii) the inhibition of bimolecular interactions
between biomolecules using small molecules as a way of preventing cross talks between the
biomolecules, or (iii) activation of the biomolecules that are functionally regulated in some

diseases (Fuller et al., 2009; Mandal et al., 2009).

The identification of these drug targets is an essential part in the drug discovery process and most
drug targets have been found to be proteins (Bull and Doig, 2015). For a protein to qualify as a
desirable drug target, its traits should include essentiality, druggability, assayability, and
specificity or selectivity. The essentiality of a protein can be used to evaluate whether it is a suitable
potential drug target. The target must play an essential role in the growth, replication and survival
in the host, therefore the protein must be encoded by genes that are essential or crucial for the life

stages of the pathogen (Sakharkar et al., 2004). These genes are usually involved in metabolic and
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signaling pathways, and they may be located within protein-protein interaction networks (Ji et al.,
2019). These genes should not be homologous to human genes and those present in the host gut
commensal microbiota to avoid antibiotic killing of this microbiota which could have detrimental
effects on human nutrition, health and physiology (Mobegi et al., 2014). For a protein to be
considered as druggable, it should contain sites that will enable binding of small drug-like
molecules favouring interaction between the protein and the molecule (Bull and Doig, 2015). This
interaction allows potential inhibitors to have access to the protein, thus changing the conformation

of the protein and as a result inhibiting the function or activity of the protein.

Researchers should be able to detect protein activity using assays, as this will allow screening
strategies to be used for the screening of compound libraries directly against a drug target (Hughes
et al., 2011; Neelapu et al., 2013). These assays can determine or identify compounds that have
the desired effect or mechanism of action against the target of interest (Hughes et al., 2011).
Potential antimicrobial drugs must have specificity or selectivity towards crucial proteins which
are of great importance to the pathogen’s growth and survival, so that these antimicrobial drugs
can have inhibitory effects on targets without causing harm to the host (Shanmugham and Pan,
2013). To avoid unwanted host-drug interactions, antimicrobial drug candidates should be based

on the criteria of selectivity or specificity for drug targets (Shanmugham and Pan, 2013).

More biological cellular processes are being explored for identifying drug targets. Investigations
being done include studies in pathogen-host interactions to fully understand how pathogens are
able to grow and survive in hosts using metabolic processes (Passalacqua et al., 2016). Advanced
genome-based technology has become an attractive approach in identifying drug targets using
genome sequences of bacteria (Oany et al., 2018). This technology has access to host and pathogen
genome sequence information making it easier to find drug targets in pathogens (Oany et al.,

2018).

Although more drug targets are being discovered, there is a challenge in the development of lead
molecules and effective drugs (small molecules possessing desired properties) (Mandal et al.,
2009). The availability of 3D X-ray or NMR structures of biomolecules, docking tools and
computer aided methodologies has significantly increased drug discovery (Mandal et al., 2009).
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There are currently about 57 558 3D structures that are held by the Protein Data Bank (PDB), but
even with this high number of available structures there continues to be stumbling blocks in the
development of drugs (Mandal et al., 2009). Some drug targets have more than one structure bound
to different molecules, and the 3D structures of many other targets remain unknown (Mandal et
al., 2009). These problems associated with currently available drugs which have been developed
on the basis of the sole approach of structure guided drug design require an improved approach of

rational drug design (Mandal et al., 2009).

Almost all current drugs have been designed to directly bind to the primary active (orthosteric)
sites of their targets either by inhibiting or modulating the function of the target (Grover, 2013;
Abdel-Magid, 2015). A drug binds to the active site of a biomolecule such as an enzyme to prevent
the binding of substrates to the site, and as a result the function of the enzyme is inhibited (Abdel-
Magid, 2015). Similarly, an agonist or antagonist bind to the orthosteric site of receptors causing
activation or deactivation of the functions of the receptors (Abdel-Magid, 2015). The most
successful drugs on the market are designed with this approach, although these drugs target
diseases with high degrees of specificity and affinity, side effects have been found to occur due to
the similarity of many enzymes or receptors with related functions (Abdel-Magid, 2015). A new
approach for drug design is based on binding of the drugs to secondary binding sites known as
allosteric sites instead of orthosteric sites (Grover, 2013). This has emerged as an attractive
approach because of the possibility of finding unique allosteric sites and as a result more specific

targets (Grover, 2013).

It is important that drug action occurs at the desired site, and the ideal drug should exhibit minimum
side effects. These are usually caused by interaction of the drug with biological molecules other
than the one that the drug has been targeted for in treating the disease (Grover, 2015). Therefore,
binding of the drug only to its desired site of action is very important (Grover, 2015).
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1.3.2. Targeting Metabolic Pathways

Current antimicrobial drugs work by inhibiting a variety of cellular processes including DNA
replication, protein synthesis and cell wall synthesis. However, due to the rise in antibiotic
resistance there is a great interest in investigating alternative essential cellular processes, such as
bacterial central metabolic pathways, as drug target platforms for new antimicrobial drugs
(Murima et al., 2014). Virulence factors dictate microbial pathogenicity. These factors play a role
in establishing the infection at a given site and through metabolic pathways which are required for
growth (Brown et al., 2008). The host microenvironment is exploited by the pathogen and is
considered as a growth medium for the pathogen to grow and multiply causing disease (Brown et
al., 2008). An essential part of innate immunity is the ability to restrict access of pathogens to
nutrients, however, pathogens overcome this defence by reprogramming their metabolic network.
As a result there is a balance of biosynthetic processes with enough ATP biogenesis to support
growth and survival of the pathogen (Murimo et al., 2014). These altered metabolic pathways are
of great importance for the survival of the pathogen in vivo and represent an appealing space for

exploring potential antimicrobial drug targets (Murimo et al., 2014).

Historically, there have been limitations with using central metabolism for exploring antimicrobial
drug targets, such as possible lack of selectivity due to most metabolic enzymes being conserved
from bacteria to human, making it unattractive for antimicrobial development. It is important to
remember that conserved cellular processes are also targeted by most clinically used antibiotics
(Murimo et al., 2014). The understanding of the regulation of the flux of nutrients into pathways
that play an important role in biosynthesis and energy metabolism under good growth conditions

will aid in successful targeting of central metabolism (Murimo et al., 2014).
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Table 2: Different metabolic pathways and their roles/functions

Metabolic Pathway Role/Function Reference

Amino acid Biosynthesis Produces precursors used for synthesis of metabolites with Bromke (2013)
important functions in growth and biological processes of
organisms

Fatty Acid Biosynthesis Produces fatty acid components of phospholipids Parsons and Rock (2011)

Important for membrane structure

Wright and Reynolds (2007)

Folate Biosynthetic Pathway

Production of folate, a dietary requirement for cells

Bertacine Dias et al. (2018)

Isoprenoid Biosynthetic

Pathway

Produced isoprenoid precursors responsible for growth and

survival of the organism

Qidwai et al. (2014)
Zhao et al. (2013)

NAD biosynthetic pathway

Synthesis of cofactors required for energy metabolism, redox

balance and activity of NAD-dependent enzymes and signaling

reactions

Délle et al. (2013)
Boshoff et al. (2008).
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A number of metabolic pathways of pathogens have been discovered for the development of
antimicrobial drugs to overcome some infections. Among these metabolic pathways is isoprenoid
biosynthesis which can occur via two pathways, namely the mevalonate pathway (MVA pathway)
and the non-mevalonate pathway (MEP pathway) (Zhao et al., 2013; Qidwai et al., 2014). These
pathways lead to the synthesis of isoprenoid precursors which are important for the growth and
survival of organisms (Qidwai et al., 2014). Isoprenoid precursors are a diverse group of natural
products which include cholesterol, bile acids, dolichol, prenylated proteins and different plant
terpenoids (Qidwai et al., 2014). All isoprenoid precursors are derived from isopentyl diphosphate
(IPP), which is a five-carbon precursor, or its isomer dimethylallyl diphosphate (DMAPP) (Zhao
et al., 2013). More than 35 000 isoprenoid precursors have been identified to date in the bacteria,
archaea and eukaryotic domains and they have important biological functions including hormone

based signaling, protein degradation and the regulation of transcription (Heuston et al., 2012).

The mevalonate pathway is responsible for producing isoprenoid precursors in fungi, plant
cytoplasm, most eukaryotes, archaea and some eubacteria (Miziorko, 2011). This pathway consists
of six enzymatic steps resulting in the biosynthesis of IPP and DMAPP. The initial step involves
the condensation of acetyl-CoA to acetoacetyl-CoA, which is then converted into 3-hydroxy-3-
methylglutaryl CoA (HMG-CoA) (Heuston et al., 2012; Zhao et al., 2013). HMG-CoA 1is reduced
to mevalonate, followed by two phosphorylation steps resulting in the production of mevalonate-
5-diphosphate (Mevalonate-PP), which is converted into the isoprenoid precursors IPP and
DMAPP as shown in Figure 1 (Zhao et al., 2013). The alternative pathway referred to as the non-
mevalonate pathway (MEP pathway) consists of a series of seven enzymatic steps that also lead to
the production of IPP and DMAPP. It has been found that many other organisms including
eubacteria, apicomplexan parasites, algae and chloroplasts in higher plants use the MEP pathway

for isoprenoid biosynthesis (Hunter, 2007).

The initial step of the non-mevalonate pathway is the condensation of pyruvate and glyceraldehyde
3-phosphate to form 1-deoxy-D-xylulose 5-phosphate (DOXP), catalyzed by the thiamine
diphosphate-dependent DXP synthase (Kuzuyama et al., 2000). The second step is the conversion
of DOXP to 2-C-methyl-p-erythritol 4-phosphate (MEP) catalyzed by 1-deoxy-D-xylulose 5-
phosphate reductoisomerase (DXP reductoisomerase or DXR) (Kuzuyama et al., 2000). MEP is
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coupled with cytidine 5’-triphosphate (CTP) in the reaction catalyzed by CDP-ME synthase to
form methylerythritol cytidyl diphosphate (CDP-ME) (Zhao et al., 2013). CDP-ME is
phosphorylated by an ATP-dependent 4-diphosphocytidyl-2-C-methyl-p-erythritol kinase (CDP-
MEP kinase) producing 4-diphosphocytidyl-2-C-methyl-p-erythritol (CDP-MEP) which is then
cyclized to 2-C-methyl-D-erythritol-2,4-cyclodiphosphate (MEcPP) (Zhao et al., 2013). MEcPP
is converted to 4-hydroxy-3-methyl-butenyl 1-diphosphate (HMBPP) and the final step of the
pathway is the conversion of HMBPP to form both IPP and DMAPP (Zhao et al., 2013).

Mevalonate Pathway Non-Mevalonate Pathway

GA3P + Pyruvate

Acetyl-CoA
1 DOXP synthase

Acetyl-CoA acetyltransferase l

DOXP
Acetoa CEtw—C oA 1 DOXP reductoisomerase
HMG-CoA synthase l MEP
HMG-CoA 1 CDP-ME synthase
HMG-CoA reductase 1 CDP-ME
Mevalonate 1 CDP-MEP kinase
: 1 CDP-MEP
Mevalonate kinase
Mevalonate-P 1 PEERE S
MEcCPP
Mevalonate-PP decarboxylase l
1 HMB-PP synthase
Mevalonate-PP HMB-PP
T~ pp
IPR/DMAPF isomerase I
DMAPP

Figure 1: Isoprenoid biosynthesis via the mevalonate and non-mevalonate pathway.

The enzymatic steps of the mevalonate and non-mevalonate pathways are shown above (adapted
from Heuston et al. (2012)), each pathway leading to the production of the isoprenoid precursors
IPP and DMAPP.

The non-mevalonate pathway is heterologous from the mevalonate pathway and contains different

intermediates and enzymes (Murkin et al., 2014). Human pathogens rely only this pathway for
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isoprenoid biosynthesis Along with the distinctiveness from the MEP pathway, this make the
enzymes of this pathway attractive targets for drug development while avoiding toxicity to humans
(Zhao et al., 2013; Murkin et al., 2014). The enzymes of the MEP pathway are referred to as
metabolic chokepoints, meaning that they consume a specific substrate or generate a specific
product and other enzymes cannot compensate for their function (Yeh et al, 2004; Heuston et al.,
2012). This is another reason why the enzymes of the MEP pathway are considered as good targets
for drug design (Kuzuyama et al., 2000).

1.3.3. The Catalytic Mechanism of DOXP Reductoisomerase

The enzymes of the non-mevalonate pathway have become potential targets for novel drug
development for several bacterial and pathogens including malaria (Kuzuyama et al., 2000). The
second step of this pathway is the intramolecular rearrangement of 1-deoxy-D-xylulose 5-
phosphate (DOXP) to 2-C-methyl-p-erythritol 4-phosphate (MEP), mediated by DOXP
reductoisomerase (DXR) (Reuter et al., 2002). The rearrangement of DOXP was assumed to give
2-C-methylerythrose 4-phosphate, a hypothetical rearrangement intermediate by a reduction
reaction (Takahashi et al., 1998). Although this rearrangement is not fully understood, Munos et
al. (2009) proposed that an a-ketol rearrangement mechanism and a retroaldol/aldol mechanism
may be involved. In the a-ketol rearrangement mechanism, the C-3 hydroxyl group of DOXP gets
deprotonated, followed by a 1,2(C4-to-C2)-migration forming the intermediate methylerythrose
phosphate which gets reduced by NADPH into MEP (Munos et al., 2009). In the retroaldol/aldol
mechanism, the C3-C4 bond of DOXP is cleaved by DOXP reductoisomerase in a retroaldol
manner generating a three-carbon and two-carbon phosphate bimolecular intermediate (Munos et
al., 2009). These are then combined by the formation of a new C-C bond by an aldol reaction,
producing the intermediate methylerythrose phosphate followed by the reduction of the
intermediate to MEP by NADPH (Munos et al., 2009).

A large number of enzymes solely consist of protein. However some contain a non-protein
component, referred to as a cofactor, which is required for the enzyme’s catalytic activity
(Robinson, 2015). A cofactor can be another organic molecule (in this case it will be called a

coenzyme) or an inorganic molecule, which is usually a metal ion including iron, manganese,
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cobalt, copper or zinc. DOXP reductoisomerase activity also requires cofactors such as divalent
metal cations for example Mg?*, Mn?**, Co*" etc. (Murkin et al., 2014; Robinson, 2015). The
conversion of DOXP to MEP is NADPH-dependent. NADPH is considered as a co-substrate, as it
gets consumed in the reaction along with the substrate DOXP (Munos et al., 2009; Murkin et al.,
2014).

TH /\'34/ NADPH NADP™
O
o / U/\)\/
- /\l/\( I l
OH OH
1-deoxy-D-xylulose 2-C-methyl-D-erythrose 2-C-methyl-D-erythritol
5-phosphate 4-phosphate 4-phosphate

Figure 2: Reaction of the conversion of 1-deoxy-D-xylulose 5-phosphate (DOXP) to 2-C-
methyl-D-erythritol 4-phosphate (MEP).

The above reaction (adapted from McKenney et al., 2012) illustrates the conversion of DOXP
into MEP with the intermediate 2-C-erythrose 4-phosphate. The reaction is catalysed by the
enzyme DOXP reductoisomerase (DXR) in the presence NADPH which is then oxidized into
NADP".

1.3.4. Structural Characterization of DOXP Reductoisomerase

X-ray crystallography, solution NMR and molecular dynamics have been used to determine the
structure and complexes of DOXP reductoisomerase (DXR) (Steinbacher et al., 2003). These
structures reveal that known DOXP reductoisomerases exist as homodimers, each subunit with a
molecular weight of 39-45 kDa (Steinbacher et al., 2003). The monomeric structure of DXR
contains three domains, the NADPH-binding N-terminal responsible for the binding of NADPH,
central catalytic domain responsible for metal and substrate binding, and C-terminal a-helical
domain (Yajima et al., 2007; Takenoya et al., 2010; Umeda ef al., 2011). The active site of DXR
consists of three regions that the substrate binds to. These regions include a positively charged site

that the phosphate moiety of the substrate binds to, a hydrophobic pocket that interacts with the
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backbone of the substrate and the amphipathic region where the hydroxamate moiety binds
(Williams and McCammon, 2009). The binding site of the divalent metal ion is formed by a cluster
of conserved acidic residues, Asp151,Glul53 and Glu222, (Williams and McCammon, 2009). The
NADPH cofactor plays an essential role in the tight binding of the substrate or inhibitor as the
nicotinamide ring contributes to the formation of hydrophobic binding pocket (Williams and

McCammon, 2009).

The crystal structure of DXR from numerous organisms such as E. coli, M. tuberculosis, P.
falciparum, Zymamonas mobilis and thermotoga maritima have been reported (Reuter et al.,
2002; Yajima et al., 2002; Ricagno et al., 2004; Mac Sweeney et al., 2005; Yajima et al., 2007,
Takenoya et al., 2010; Umeda et al., 2010; Jansson et al., 2013). The crystal structure of DXR
with or without cofactors and/or substrates/inhibitors has provided structural information required
for understanding the enzyme’s mode of action and a starting point for designing effective drugs
(Reuter et al., 2002; Yajima et al., 2007). These structures include: E. coli DXR present in an apo
form (Reuter et al., 2002); E. coli DXR complexed with NADPH and a sulphate ion (Yajima et
al., 2002); Z. mobilis DXR complexed with NADPH (Ricagno et al., 2004); E. coli DXR in a
ternary complex with NADPH and the DOXP substrate (Mac Sweeney et al., 2005); E. coli DXR
in a ternary complex with NADPH and fosmidomycin (Mac Sweeney et al., 2005); T. maritima
DXR complexed with and without fosmidomycin (Takenoya et al., 2010); P. falciparum DXR
complexed to NADPH (Umeda et al., 2010); M. tuberculosis DXR as an apoenzyme in ternary
complexes with NADPH and fosmidomycin (Jansson et al., 2013); M. tuberculosis DXR as an
apoenzyme in ternary complexes with NADPH and FR900098 (Jansson et al., 2013). However,
Yajima et al. (2007) reported the first crystal structure of DXR from E. coli in a quaternary
complex with Mg?*, NADPH and fosmidomycin.

1.3.5. Inhibitors of DOXP Reductoisomerase

Initial database searches were done to identify antibiotics that had activity against Escherichia coli
and Bacillus subtilis, in order to identify potential inhibitors of DXR (Kuzuyama et al., 1998).

From such searches, the inhibitor fosmidomycin (FR-31564) was identified as being a possible
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inhibitor of DXR (Kuzuyama et al., 1998). Fosmidomycin is a natural product isolated from the
actinobacterium Streptomyces lavendulae and its acetyl derivative, FR900098, which differs from
fosmidomycin by an addition of a methyl group, was isolated from Streptomyces rubellomurinus
(McKenney et al., 2012; Wiesner et al., 2016). These compounds were originally identified as
spheroplast-inducing antibacterials that inhibit most Gram-negative and some Gram-positive
bacteria (Mac Sweeney et al., 2005). The compounds work by blocking the non-mevalonate
pathway by binding to the substrate binding site in the active site of DXR, thereby inhibiting the

action of DXR and blocking the synthesis of isoprenoid precursors (Jansson et al., 2013).

A study conducted by Jomaa and colleagues provided evidence that fosmidomycin and FR900098
are two drugs that suppressed the in vitro growth of multidrug resistant P. falciparum
strains(Jomaa et al., 1999). It was suggested that the compounds could inhibit DOXP
reductoisomerase from the malaria parasite in a dose-dependent manner and cured mice that were
infected with the rodent malaria parasite P. vinckei (Jomaa et al., 1999). Therefore, these can be
effective in the chemotherapy of malaria (Kuzuyama et al., 2000). However, FR900098 has been
found to have twice the activity of fosmidomycin against the malaria parasite in vivo and in vitro
(McKenney et al., 2012). A structural analysis of P. falciparum DXR bound to FR900098 showed
that the van der Waals contact with the side chain of tryptophan residue formed by the additional
methyl group of FR900098 may explain why FR900098 is found to be more active than
fosmidomycin (Umeda et al., 2011). The hydroxamate moiety (bearing functional group RCNR”)
chelating with a divalent metal cation (Mn**, Mg**, or Co?*") and a phosphonate group that is
negatively charged are the two functional groups that are important for the binding efficacy and

inhibition of DXR by fosmidomycin and FR900098 (McKenney et al., 2012).
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Figure 3: The chemical structures of fosmidomycin and FR900098.

The structures above, adapted from Wiesner et al. (2016), represent the well known inhibitors of
DOXP reductoisomerase, fosmidomycin and FR900098, responsible for inhibiting the conversion
of DOXP to MEP in the second step of the non-mevalonate pathway.

Confirmation of the antibacterial activity of fosmidomycin was done in a pilot phase II trial of
patients with acute urinary infections and minor adverse effects were reported (Wiesner et al.,
2016). The clinical development of fosmidomycin as an antibacterial agent was discontinued due
to probable reasons such as its lower efficacy compared to other antibiotics that were being
developed, the lack of activity against bacteria such as streptococci and staphylococci and the
development of resistance (Wiesner et al., 2016). However, the molecular target of fosmidomycin
was discovered resulting in the renewed interest in fosmidomycin as a potential antimalarial drug
(Missinou et al., 2002). Fosmidomycin reverted to clinical phase Il studies and oral treatment
resulted in the reduction of parasitemia in patients with acute P. falciparum malaria (Lell et al.,

2003).

Fosmidomycin gets actively transported into cells by a glycerol-3-phosphate transporter (GIpT).
This poses a problem with pathogens that lack GIpT proteins, making fosmidomycin less effective
against diseases caused by these pathogens (Jansson et al., 2013). M. tuberculosis is one of several
pathogens that lack GIpT proteins. Although fosmidomycin has been reported to display inhibition
against M. tuberculosis DXR, this inhibitor does not have an effect on whole cells of the bacteria
as it is too polar, making it unable to penetrate the thick cell wall (McKenney et al., 2012). This

causes resistance of M. tuberculosis to fosmidomycin, as it is unable to get intracellular access,
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however, some studies have proved that compounds that increase solubility can be used in

conjunction with fosmidomycin as an alternative for treatment (Brown and Parish, 2008).

Wiesner et al. (2016) reported that the combination of clindamycin with fosmidomycin has
emerged for the treatment of malaria. Clindamycin is known for having antimalarial activity,
however, the sole use of it for falciparum malaria is not recommended due to its slow onset of
action, which poses a danger to individuals requiring fast clearance of the parasite (Lell and
Kremsner, 2002). Therefore, taking advantage of its antimalarial potential will require combining
it with a fast-acting drug (Lell and Kremsner, 2002). High cure rates were achieved with longer
treatment durations with the fosmidomycin-clindamycin combination in Gabon and Thailand, but
lower cure rates were observed in children younger than 3 years of age (Na-Bangchang et al.,
2007; Wiesner et al., 2016). Although, the cure rates observed for this group were lower,
suggesting a lower efficacy of the drug combination which may be reflect inadequate formulation,

further clinical development was advocated for (Wiesner et al., 2016).

FR900098 was found to be twice as active as fosmidomycin against malaria parasites. In addition,
it has a higher affinity for DXR (Jomaa et al., 1999; Wiesner et al., 2016). This is due to the van
der Waals contact formed between the methyl group of FR900098 and the side chain of a
tryptophan residue which was observed in a study where the structure of P. falciparum DXR
bound to FR900098 was analysed (McKenney et al., 2012). Wiesner et al. (2016) studied the acute
toxicity and genotoxicity of FR900098 in rats to assess whether the inhibitor can be used to form
the basis for further antimicrobial drug development. No toxicity or substance related deaths or
significant adverse effects in the rats used were observed in the study (Wiesner et al., 2016). These
toxicity studies are of great importance as they are able to determine whether an inhibitor
displaying the desired in vitro activity is not harmful or toxic to human cells and that it can be used

for further drug development programs which include clinical trials.
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1.4. PROBLEM STATEMENT

Invasive non-typhoidal Salmonella is the leading cause of bacterial bloodstream infections in sub-
Saharan Africa (Gordon, 2011). The rates of antibiotic resistance of invasive non-typhoidal
Salmonella are increasing and the treatment of invasive Salmonellosis is a dilemma, therefore the
discovery of new compounds for the development of antibiotic drugs is required (Chen et al.,
2013). Despite the non-mevalonate (MEP) pathway being regarded as an attractive drug target for
antimicrobial drug discovery, there are no published reports describing the properties of

Salmonella enterica DOXP reductoisomerase or if FR900098 can inhibit the enzyme.

1.5. HYPOTHESIS

Inhibition screening of the Salmonella enterica DOXP reductoisomerase enzyme can be used in

high through-put screening assays to identify potential new drug compounds.

1.6. AIMS AND OBJECTIVES

The aim of this project is to develop a Sa/monella enterica DOXP Reductoisomerase enzyme assay
and screen for compounds that could potentially form basis for developing new broad-spectrum

antibiotics that can be used for treating salmonellosis.

The aim was achieved under the following objectives:

e Optimise the heterologous expression of Sa/monella enterica, Plasmodium falciparum and
Mycobacterium tuberculosis 1-deoxy-D-xylulose 5-phosphate reductoisomerase in small
scale Escherichia coli cultures.

e Purify recombinant Salmonella enterica, Plasmodium falciparum and Mycobacterium
tuberculosis 1-deoxy-D-xylulose S5-phosphate reductoisomerase by IMAC affinity

chromatography from large scale Escherichia coli cultures.

34



Develop an assay for detecting the activity of Salmonella enterica 1-deoxy-D-xylulose 5-
phosphate reductoisomerase.

Determine the kinetic parameters of Salmonella enterica 1-deoxy-D-xylulose 5-phosphate
reductoisomerase.

Screen for novel compounds from the Pathogen Box library for potent inhibitors of

Salmonella enterica 1-deoxy-D-xylulose 5-phosphate reductoisomerase)
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CHAPTER 2: HETEROLOGOUS PRODUCTION AND
PURIFICATION OF THE DOXP REDUCTOISOMERASE
TARGET ENZYME

2.1. INTRODUCTION

The expression of proteins of interest is done in both academic and industrial laboratories whereby
their structures, functions and potential therapeutic uses are investigated (Cabrita and Bottomly,
2004). These investigations involve processes such as cloning of target genes and heterologous
expression of the protein of interest with the utilization of specific host expression systems (Cabrita
and Bottomly, 2004). There are several hosts that can be used for the production of recombinant

proteins - these include bacteria, yeast, insect, plant and animal cells (Kaur ef al., 2017).

Studies show that the utilization of E. coli as an expression host for recombinant proteins is popular
due to its cost-effectiveness, rapid growth making mutant selection easy and producing high
density cultures for improved yields, efficient transformation with foreign DNA, and recombinant
protein expression at high rates (Rosano and Ceccarelli, 2014; Kaur et al., 2017). Although E. coli
has these advantages making it a dominant expression host for recombinant proteins, its use has
some limitations such as lack of secretion systems which aid in efficiently releasing proteins into
the growth medium, limited ability to facilitate the extensive formation of disulfide bonds,
decreased protein stability due to its inability to do post-translational modifications, increased
immunogenicity, leaky expression when tight regulation of expression is required and is associated
with different expression systems found in this organism and the production of insoluble inclusion
bodies due to frequent deposition of the expressed protein (Cabrita and Bottomly, 2004; Chen,
2012; Kaur et al., 2017).

Codon bias is one of the factors that affect the levels of recombinant proteins produced (Gustafsson
et al., 2004; Menzella, 2011). Codon bias occurs when there is a significant difference in the
frequency of occurrence of synonymous codons in foreign coding DNA compared to the host

genome. As a result, low abundance tRNAs are depleted causing the misincorporation of amino
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acids directly affecting protein expression levels (Gustafsson et al., 2004; Rosano and Ceccarelli,
2014). Strategies for solving this issue include synthesizing codon optimized genes for proteins
using suitable codons for the host cell without alteration of the amino acid sequence (Inouye et al.,
2015). Recent research shows that the application of codon optimization of heterologous protein
genes can achieve optimum protein expression of proteins in different host cells which include

bacteria, fungi, plants and animals (Inouye et al., 2015).

Extracellular proteins are secreted out of the cell, however E. coli expression results in intracellular
proteins and some methods must be applied to break down the cells so that crude protein can be
obtained (Mondal and Gupta, 2006). These include physical methods such as osmotic shock or
freezing and thawing, mechanical methods such as ultrasonication, homogenization and bead
mills, and a combination of chemical and enzymatic methods such as treatment with different

solvents, detergents, and enzymes (Vallejo and Rinas, 2004; Mondal and Gupta, 2006).

The formation of inclusion bodies is a stumbling block in protein expression and purification.
Batas and Chaudhuri (1996) suggest that high level of expression may lead to incomplete protein
folding (possibly due to oversaturation of the chaperone machinery required to assist formation of
the mature protein conformation). Unfolded protein molecules have solvent exposed hydrophobic
cores and as a result, interactions can occur between the hydrophobic regions of the different
polypeptide chains forming an aggregate. Altering the growth conditions is one of the solutions
for decreasing the formation of inclusion bodies. These include changing the growth temperature,
the concentration of the inducer used and induction time (Yamaguchi and Miyazaki, 2014). Other
methods have been developed for dealing with inclusion bodies after expression that require
extensive processing including isolation of the inclusion bodies from cells, solubilization using
chaotropic agents or detergents, refolding by buffer exchange, e.g. dilution into refolding buffer
and purification to obtain soluble proteins (De Bernadez Clark, 2001; Singh et al., 2015). If the
proteins of interest are expressed in an insoluble form, after the inclusion bodies are isolated, they
are suspended in buffers containing high concentrations of chaotropic agents such as guanidine
chloride and urea or detergents such as sarkosyl that will solubilize the misfolded proteins
(inclusion bodies) (Patra et al., 2000). The process of refolding recombinant proteins from

solubilized inclusion bodies begins with the dilution of the fully unfolded protein solution into a
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refolding buffer in which the protein refolds (Burgess, 2009). Refolding of this protein results in a
biologically active protein with a native-like structure (Yamaguchi and Miyazaki, 2014).
Techniques for refolding proteins include the conventional dialysis and dilution methods,
chromatography, zeolite absorbing systems and natural GroEL-GroES chaperone systems
(Yamaguchi and Miyazaki, 2014). The subsequent step in recovering proteins from insoluble
bodies or from crude lysates of bacteria expressing the protein in soluble form is protein

purification.

A widely used separation technique for protein purification is immobilized-metal affinity
chromatography (IMAC). This technique uses the coordination chemistry of metal ions
immobilized on solid chromatographic supports with bound chelating compounds serving as
affinity ligands for different proteins (Gaberc-Porekar and Menart, 2001). The benefits of using
IMAC include ligand stability, high protein loading, easy regeneration, cost-effectiveness and
applicability under denaturing conditions (Gaberc-Porekar and Menart, 2001). IMAC is based on
the binding of a transition metal ion such as Co*", Ni**, Cu?*, Zn*" to chromatographic matrices,
which efficiently retain peptides that contain a sequence of consecutive histidine residues, and
specific amino acid side chains (Bornhorst and Falke, 2000). The most commonly used IMAC
column matrix consists of Ni?* chelated by nitrilotriacetic acid (NTA) attached to agarose beads.
An amino acid that displays a very strong attraction to the immobilized metal ion matrices is
histidine. This is due to the coordination bonds formed by the electron donor groups on the
imidazole ring of the histidine with the immobilized transition metal (Bornhorst and Falke, 2000).
Recombinant proteins are therefore typically engineered to contain an oligohistidine (typically 6
residues) tag at the N- or C-terminus to facilitate selective binding of the protein to a Ni*?*-NTA
matrix. After the matrix material has undergone a washing step, the peptides or proteins containing
sequences of histidine residues can be eluted and this elution process is made by the adjustment of
the column buffer’s pH, addition of EDTA to strip the Ni** from the NTA-agarose matrix or, most
commonly, by the addition of excess free imidazole to the column buffer to outcompete the binding

of the oligohistidine tag to the column (Bornhorst and Falke, 2000).

Once a protein is purified as a soluble protein, its activity can be assessed by conducting

preliminary functional assays, e.g. enzyme activity assays in the case of metabolic enzymes.
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Enzymes that produce or consume NADPH/NADH as a co-factor are convenient because, in their
reduced form, these nucleotides absorb light at 340 nm and the enzyme reaction can be monitored
by absorbance spectroscopy. This is the case with DOXP reductoisomerase. The NADPH-
dependent enzyme assay has been developed to monitor the reduction of DOXP to MEP by
measuring the absorbance at 340 nm, which reflects the change in concentration of NADPH. This
assay is based on an intramolecular rearrangement and reduction reaction carried out by DOXP
reductoisomerase in the second step of the non-mevalonate pathway (whereby DOXP is converted
to MEP, in the presence of NADPH) (Yajima et al., 2007; Zhao et al., 2013). A decrease in the
levels of NADPH is expected due to the consumption of NADPH in the reaction as it is a co-
substrate. To explore alternative novel methods for measuring NADPH concentration decrease due
to DOXP reductoisomerase activity, a fluorescence-based enzyme assay, the resazurin reduction
assay, was explored in this study. This assay can be used for monitoring the NADPH-dependent

reduction of resazurin to resorufin.

Resazurin (also known as Alamar Blue) is a widely used cell viability indicator that has
applications in cell viability assays, proliferation assays, cytotoxicity assays and drug susceptibility
assays (Borra et al., 2009; Osaka and Hefty, 2013). These assays are important tools in determining
whether compounds that could be of clinical importance in order to pursue these compounds as
potential leads in drug development. The principle behind the use of resazurin is that it is converted
to resorufin (a pink fluorescent product, with an excitation wavelength of 560 nm and an emission
wavelength of 590 nm) by the reducing environment found in live, metabolically intact cells. Its
usefulness is enhanced by the fact that it is inexpensive and cell viability assays are straightforward
— the resazurin is simply added to cell cultures in microtiter plates and, after a suitable incubation
period, resorufin absorbance or fluorescence is directly measured in a plate reader. It can also be
used with a wide variety of cells, including mammalian cells (Al-Nasiry et al., 2007), bacteria
(Martin et al., 2003), yeast or fungi (Repp et al., 2007), and parasites (Veale and Hoppe, 2018). It
has reported that the concentration of NADPH present in a biochemical assay can be quantified by
coupling an NADPH-dependent enzyme to resazurin (Hall et al., 2016). This suggests that
resazurin could be used to detect the activity of any enzyme that consumes or produces NADPH
or NADH and could be a useful substitute method if the reaction contains additional components

or compounds that absorb at 340 nm.
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Figure 4: Diagrams of the (A) NADPH-Dependent Enzyme Assay and (B) Resazurin
Reduction Assay.

(A) DOXP is converted to MEP in the presence of DOXP reductoisomerase (DXR) and NADPH.
The absorbance of NADPH is measured at 340 nm. (B) Resazurin (blue coloured reagent) is
reduced to resorufin (pink coloured product) in the presence NADPH. The fluorescence of
resorufin is measured at excitation and emission wavelengths of 560 nm and 590 nm respectively.

In this study, the NADPH-dependent enzyme assay and resazurin reduction assay was used for
analyzing the function of S. enterica DOXP reductoisomerase and confirming its soluble,
functional expression and purification from E. coli. The purified recombinant enzyme was
expected to lower the levels of NADPH in the reaction, as NADPH is a co-substrate and gets
consumed in order to form MEP and NADP". Thus, in the presence of the functional enzyme,
NADPH gets used up in an accelerated rate compared to reactions where there is no functional
enzyme. These assays could also be used for determining potential inhibitors of S. enterica DOXP

reductoisomerase.
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This section aimed to:

e Transform competent T7 Express lysY Escherichia coli cells with pET28a(+) plasmid
containing the coding sequences of Salmonella enterica and Mycobacterium tuberculosis
1-deoxy-D-xylulose 5-phosphate reductoisomerase.

e Optimise the heterologous expression of Sa/monella enterica, Plasmodium falciparum and
Mycobacterium tuberculosis 1-deoxy-D-xylulose 5-phosphate reductoisomerase. in small
scale Escherichia coli cultures.

o Purify Salmonella enterica, Plasmodium falciparum and Mycobacterium tuberculosis
DXR by IMAC affinity chromatography from large scale Escherichia coli cultures.

e Establish an assay for detecting the activity of Salmonella enterica 1-deoxy-D-xylulose 5-
phosphate reductoisomerase.

e Determine the kinetic parameters of Salmonella enterica 1-deoxy-D-xylulose 5-phosphate

reductoisomerase.
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2.2. EXPERIMENTAL PROCEDURES

2.2.1. Preparation of Transformed of E. coli Stocks

The S. enterica (subspecies enterica, serovar Typhimurium, strain LT2 - NCBI reference
NP 459225.1), and M. tuberculosis (GenBank AJP81541.1) DXR coding sequences were codon-
optimized for E. coli expression, synthesized and subcloned into the Nhel and X#ol restriction sites
of the pET28a(+) expression plasmid by GenScript (Hong Kong). E. coli XL-1 Blue stocks
containing the P. falciparum DXR coding sequence cloned into pQE30 was previously prepared

by J. L. Goble (Goble et al., 2013) and donated for this study.

2.2.1.1. Transformation

A frozen stock of XL-10 gold competent E. coli cells (Stratagene) was thawed on ice and 0.5 pl
of the pET-28a(+) plasmid (containing the coding sequence of DXR cloned into the Nhel/Xhol
sites) was added to a 50 pl aliquot of the competent cells, briefly mixed and incubated on ice for
30 minutes. The cells were heat-shocked at 42.5°C for 60 seconds and incubated on ice for 5
minutes. Luria broth (Invitrogen) was added to the cells and incubated at 37°C for 1 hour. The
cells were centrifuged (3100 g, 3 minutes), 200 ul of the supernatant discarded, the pellet
resuspended and 50 pul of the resuspended pellet plated on a Luria-agar plate containing 50 pg/ml
kanamycin (Kanamycin sulfate; Sigma-Aldrich). The plate was incubated overnight at 37°C.
Frozen stocks of the transformed XL-10 gold E. coli cells containing the expression plasmids were
prepared by inoculating a colony picked from the plate containing transformed bacteria into 5 ml
Luria broth with kanamycin (50 pg/ml) and incubating overnight at 37°C with shaking. Glycerol
stocks were prepared by mixing 150 pl sterile glycerol with 850 pul overnight culture and the stocks

were stored at -80°C.
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2.2.1.2. Plasmid Miniprep Preparation by Alkaline Lysis

Plasmid minipreps were prepared by scraping frozen glycerol stocks of the transformed XL-10
gold E. coli cells, adding the scraping to 3 ml Luria broth and kanamycin (50 pg/ml) and culturing
overnight. The bacteria were pelleted (3100 g, 3 min), the Luria broth was discarded and the pellet
was resuspended in GTE buffer (30 mM glucose, 25 mM Tris, 10 mM EDTA, 10 pg/ml RNase,
pH 8.0). NaOH/SDS lysis solution (0.2 N NaOH, 1% (w/v) SDS) was added and the suspension
incubated for 1-2 minutes. Potassium acetate solution (5 M) was added to the suspension and the
precipitate pelleted (16 900 g, 5 min). The supernatant was transferred into a new microcentrifuge
tube, the plasmid DNA was precipitated by adding 2 volumes absolute ethanol with brief mixing
and the plasmid DNA was pelleted (16 900 g, 6 min). The supernatant was discarded, and the
pellet was washed in 70% (v/v) ethanol and pelleted (16 900 g, 3 minutes). The supernatant was
discarded, and the DNA pellet was dried on a heating block at 37°C. The pellet was dissolved in

molecular biology grade water and the alkaline lysis miniprep was stored at -20°C.

2.2.1.3. Restriction Digestion

The restriction digest was conducted by mixing 10 ul of the plasmid miniprep, 5 units of both the
restriction enzymes Xhol and Nhel (New England Biolabs), 11.5 ul water and 2.5 ul 10x restriction
digest buffer. The sample was incubated at 37°C for an hour and stored at -20°C. Before agarose
gel electrophoresis analysis, samples were mixed with sample buffer to obtain a final concentration
of 5% (v/v) glycerol, 0.042 % (w/w) bromophenol blue in TBE buffer (100 mM Tris, 100 mM
boric acid, 2 mM EDTA).

2.2.1.4. Agarose Gel Electrophoresis Analysis

TBE buffer (100 mM Tris, 100 mM boric acid, 2 mM EDTA) was added to agarose (0.8% (w/v)
and the suspension was heated in a microwave oven. Ethidium bromide (Sigma-Aldrich) (1.2
ug/ml) was added and the gel was poured into a gel casting tray fitted with a comb. The gel was
left to solidify for 20-30 minutes. The gel was submerged in TBE buffer in the gel buffer tank. The

samples were loaded into the agarose gel submerged in 1X TBE buffer and run alongside a 1 kb
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DNA ladder (Promega) at 80 V for 45-50 minutes. The restriction digestions were visualized and

photographed under UV light using a ChemiDoc™ XRS™ gel documentation system (Bio-Rad).

2.2.2. Expression of 1-Deoxy-D-xylulose 5-phosphate Reductoisomerase

2.2.2.1. Small-Scale Protein Expression

Competent T7 Express LysY E. coli cells (New England Biolabs) were transformed with the pET-
28a plasmids containing the DXR coding sequences and glycerol stocks of these cells were
prepared as per the transformation procedure. An overnight culture was prepared by placing a
scraping of transformed T7 Express LysY E. coli cells from the glycerol stock into a McCartney
bottle containing 5 ml LB broth with kanamycin (50 pg/ml) and incubated at 37°C overnight with
shaking (150-180 rpm). Aliquots (400 ul) of the overnight starting culture were added to two
McCartney bottles containing 8 ml Luria broth with kanamycin (50 pg/ml). The cultures were
incubated with shaking at 37°C until an ODsoo reading (using a UVmini-1240 UV-Vis
Spectrophotometer; Shimadzu) of 0.4-0.6 was reached. IPTG (Isopropyl p-D-1-
thiogalactopyranoside; Sigma-Aldrich) (1 mM) was added to one of the cultures to induce protein
expression, while the other culture was an uninduced control (no IPTG was added to it) and both
cultures were incubated further for 3 hours at 37°C. The bacteria were pelleted by centrifugation
(JA-20 rotor, 5 000 g, 10 minutes, 4°C) using an Avanti® J-E centrifuge (Beckman Coulter) and
the pellets were frozen (-20°C) overnight. The frozen pellets were thawed on ice and resuspended
in wash buffer (50 mM Tris-HCI pH 8.0). Lysozyme (Lysozyme from chicken egg white; Sigma-
Aldrich) (10 mg/ml) was added to the suspensions and incubated on ice for 30 minutes. The
bacteria were lysed by two cycles (60 Amps) of probe sonication (Vibra-Cell™ sonicator; Sonics
& Materials Inc) at 60 Hz for 45 seconds separated by a 1 minute rest on ice, and the cell lysate
was centrifuged (JA-20 rotor, 14 000 g, 10 minutes, 4°C). The soluble and insoluble fractions were
separated and collected. The insoluble pellet fractions were resuspended in wash buffer to a

volume equal to the soluble supernatant fraction and both fractions stored at -20°C.

44



2.2.2.2. SDS-PAGE Analysis

Protein expression was confirmed by SDS-PAGE analysis. A discontinuous SDS-PAGE was run
on a 12% acrylamide gel, using an adaption of the method described by Laemmli (1970). The gel
was made up of a 12% (w/v) resolving gel [4 ml 30% (w/v) acrylamide, 2.5 ml lower gel buffer
(1.5 M Tris-HCI, 0.4% (w/v) SDS, pH 8.8), 3.5 ml water, 35 ul 10% (w/v) ammonium persulfate
(Sigma-Aldrich) and 7 pl TEMED (N,N,N’,N’-Tetramethylethylenediamine; Sigma-Aldrich)] and
a 4% stacking gel [0.7 ml 30% (w/v) acrylamide, 1.25 ml stacking gel buffer (0.5 M Tris-HCI,
0.4% (w/v) SDS, pH 6.8), water, 25 ul 10% (w/v) ammonium persulfate and 6 pl TEMED]. The
soluble and insoluble samples were mixed with 4X SDS sample buffer (10 ml stacking buffer, 8
ml glycerol, 0.8 g SDS, 0.8 ml 2-mercaptoethanol, 0.2 mg bromophenol blue, 1.2 ml water) in a
3:1 sample to sample buffer ratio and heated in boiling water for 5 minutes. The 4 samples —
induced soluble, induced insoluble, uninduced soluble and uninduced insoluble fractions - were
run on the SDS- PAGE gel alongside 5 pl protein standard (Color Prestained Protein Standard,
broad-range, New England Biolabs) in SDS running buffer (25 mM Tris-HCI, 0.2 M glycine, 3.5
mM SDS) at 120 V constant voltage for 1.5 hours. The gel was stained with Coomassie stain (45
% (v/v) water, 45% (v/v) methanol, 10% (v/v) acetic acid, 0.25% (w/v) Coomassie Brilliant Blue
R-250) overnight at room temperature with gentle shaking (Enduro™ Minimix). The gel was
destained with destain solution (44% (v/v) water, 45% (v/v) methanol, 11% (v/v) acetic acid) at
room temperature with gentle shaking. The destain solution was changed every 15 minutes until
the protein bands were visible. The gel was photographed using the ChemiDoc™ XRS™ gel

documentation system (Bio-Rad).

2.2.2.3. Western Blotting

Proteins resolved on a polyacrylamide gel were transferred onto an Amersham Hybond™ ECL
nitrocellulose blotting membrane at 90 V for 1 hour while submerged in a transblot buffer (25 mM
Tris, 192 mM Glycine, 20% (v/v) methanol in water). The membrane was washed in water, stained
for 5 minutes with Ponceau S stain (0.1% (w/v) Ponceau S, 1% (v/v) glacial acetic acid in water)
and rinsed in Ponceau S destain (1% (v/v) glacial acetic acid in water) until clear. For detection of

His-tagged proteins, the blot was blocked in 20 ml incubation buffer (0.1% (v/v) Tween-20, 1%
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(w/v) BSA, 10 mM imidazole in TBS) overnight at 4°C. The blot was probed with a 1:5000
dilution of HisDetector Nickel-HRP (SeraCare) for 1 hour at ambient temperature. The blot was
washed in three volumes of wash buffer (0.1% (v/v) Tween-20, 10 mM imidazole in TBS), covered
in TMB membrane peroxidase substrate (SeraCare) and rinsed in water after bands became visible

on the blot.

2.2.3. Purification of the recombinant 1-Deoxy-D-xylulose 5-phosphate

reductoisomerase (DXR)

2.2.3.1. Large-Scale Protein Expression

An overnight starter culture was prepared by placing a scraping of transformed T7 Express LysY
E. coli cells from the glycerol stock into a McCartney bottle containing 5 ml Luria broth with
kanamycin (50 pg/ml) and incubated at 37°C overnight with shaking (150-180 rpm). A 5 ml
aliquot of the overnight culture was added to 250 ml Luria broth containing kanamycin (50 pg/ml)
and grown until an ODggo reading of 0.5-0.9 was reached, followed by a 3-hour incubation with
IPTG (1 mM) induction at 37°C with shaking. The cells were pelleted (JA-14 rotor, 5000 g, 10
minutes, 4°C) using an Avanti® J-E Centrifuge (Beckman Coulter) and the pellet was washed with
equilibration buffer (50 mM Tris-HCI, 20 mM imidazole, pH 8.0). Centrifugation was repeated

and the pellet was stored at -20°C until purification.

2.2.3.2. Ni-NTA Column Purification

The bacterial pellet was resuspended in column equilibration buffer and lysozyme (2 mg/ml) was
added, then incubated on ice for 30 minutes. The bacteria were lysed by two cycles (60 Amps) of
probe sonication at 60 Hz for 1 minute each with 1 minute rest on ice, and centrifuged (JA-14
rotor, 14 000 g, 30 minutes, 4°C) to obtain a soluble bacterial lysate. The cell lysate was pre-
cleared through a 0.45 uM syringe filter, followed by a 0.2 uM syringe filter. A 130 ul aliquot of
the cell lysate was collected and stored on ice for SDS-PAGE analysis. The storage buffer was
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drained from a column containing nickel-NTA agarose resin and the column (Ni-NTA fast start
kit, Qiagen) was rinsed with filter-sterilized dH>O and conditioned with equilibration buffer (50
mM Tris-HCI, 20 mM imidazole, pH 8.0). The filtered bacterial supernatant was loaded into the
column, a 130 pl aliquot of the flow-through was collected and stored on ice for SDS-PAGE
analysis. The column was washed twice with 5 ml equilibration buffer and a 130 pl aliquot from
each wash was collected and stored on ice. A 3 ml volume of elution buffer (50 mM Tris-HCI, 500
mM Imidazole, pH 8.0) was used to elute the protein and 130 pl of the eluate was collected and
stored on ice and the remaining eluate was stored at -20°C. The Ni-NTA column was rinsed with
filter-sterilized dH20O and stored in 50% (v/v) ethanol storage solution at 4°C. All the purification

steps were conducted on ice.

To perform buffer exchange and remove the imidazole and salts present with the purified protein
in the elution buffer, a PD-10 Sephadex™ G-25 M desalting column (GE Healthcare) was
equilibrated with 25 ml assay buffer (200 mM Tris, 500 mM NaCl, pH 7.5, pH 7.5) and 2.5 ml
protein eluate was applied to the column and allowed to flow through. The protein was eluted with
3.5 ml assay buffer and collected. The concentration of the desalted protein was determined by
performing a Bradford assay. The presence of the purified protein was confirmed by SDS- PAGE
and the desalted protein was stored in 40% (v/v) glycerol at -20°C.

A Bradford’s assay was conducted as described by Bradford (1976) for determining desalted
protein concentration. Protein standards were prepared using BSA (Bovine Serum Album Fraction
V; Merck) (0.03125-1 mg/ml serial dilution). In a 96-well plate, 5 ul aliquots of the protein
standards, equilibration buffer (background) and the collected purification samples were added in
duplicates and 250 ul Bradford reagent (Sigma-Aldrich) added. The plate was incubated at room
temperature for 10 minutes to allow the reaction to develop and the absorbance was read at 595
nm using the SpectraMax® M3 360 multi-well plate reader (Molecular Devices). A standard curve
was constructed using absorbance values obtained by subtracting background samples absorbances
from the standard samples absorbances. The curve (Appendix C) was used to determine the

concentration of the purified and desalted samples.
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2.2.3.3. Refolding of Inclusion Bodies by Dialysis

Large scale protein expression was conducted (Section 2.2.3.1.). The bacterial pellet was
resuspended in column equilibration buffer and lysozyme (10 mg/ml) was added, then incubated
on ice for 30 minutes. The bacteria were lysed by two cycles (60 Amps) of probe sonication at 60
Hz for 1 minute and centrifuged (JA-14 rotor, 14 000 g, 30 minutes, 4°C) and the pellet was
collected. The insoluble pellet was added to 5 ml 1% sarkosyl buffer (1% (w/v) N-lauroyl
sarcosinate, 50 mM Tris (pH 7.5), 1 mM DTT) and incubated with gentle shaking until the pellet
was dissolved. This solution was added to 10 ml of TBS (20 mM Tris, 0.15 mM NaCl, 1 mM DTT,
10% glycerol, pH 7.5) buffer. An appropriate length of dialysis tubing was cut and incubated in
water. The dialysis tubing was removed from the water and placed in 250 ml TBS buffer and
incubated for 10 minutes. The dissolved pellet in TBS buffer was transferred into the dialysis
tubing and the ends of the tubing were sealed. Dialysis was performed against 250 ml of TBS
buffer for 4-5 hours, at 4°C. The TBS buffer was replaced with fresh buffer and dialysis was
continued overnight at 4°C. A 130 pl aliquot of the buffer exchanged sample was removed and set
aside for SDS-PAGE analysis. The remainder of the solution in the dialysis tubing was applied to
the Ni-NTA column. Subsequent purification steps were conducted as described above (Section
2.2.3.2) and 130 pl of the purification samples were collected and stored for SDS-PAGE analysis
and the Bradford’s Assay.

2.2.3.4. Refolding of Inclusion Bodies by Dilution

Large scale protein expression was conducted (Section 2.2.3.1.) followed by cell lysis (Section
2.2.3.2.) and the insoluble pellet was collected. The pellet was added to 5 ml 1% sarkosyl buffer
and incubated with gentle shaking until the pellet was dissolved. A 2.5 ml aliquot of the dissolved
pellet was slowly added to 50 ml TBS buffer in a beaker with a magnetic stirring bar. The leftover
dissolved pellet was slowly added to another beaker with stirring 50 ml TBS buffer. The two
resulting solutions were applied to a Ni-NTA column for purification, subsequent column
purification steps were carried out as described earlier (Section 2.2.3.2) and 130 pl purification

samples were collected and stored for SDS-PAGE analysis and the Bradford assay.
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2.2.3.5. Stripping and Re-charging of the Ni-NTA Column

The 50% (v/v) ethanol storage solution was drained from the Ni-NTA fast start kit column. The
column was rinsed with filter-sterilized water. Stripping buffer (20 mM sodium phosphate, 500
mM NaCl, 50 mM EDTA, pH 7.4) was run through the column and filter-sterilized water was
added to the rinse the column. Recharging buffer (0.1 M NiSO4) was run through the column
followed by rinsing with filter-sterilized water. A 50% (v/v) ethanol solution was added to the

column to store the resin.

2.2.4. 1-Deoxy-D-xylulose 5-phosphate reductoisomerase (DXR) Assay

2.2.4.1. NADPH-Dependent Enzyme Assay

Final concentrations of 1X TBS (40 mM Tris, 100 mM NaCl, pH 7.5) with MnCl, (10 mM),
NADPH (0.3 mM) and DOXP (0.3 mM) were mixed together from concentrated stocks and
distributed into a 96 well plate. To initiate the reaction, the purified recombinant S. enterica DXR
enzyme (30 pg/ml final concentration) was added. The plate was incubated at 37°C for 1 hour.
The absorbance at 340 nm was measured (an end-point measurement) using a SpectraMax® M3
360 multi-well plate reader (Molecular Devices). A reaction without enzyme was included as a

control.

2.2.4.2. Resazurin Reduction Assay

As described above, 1X TBS with 10 mM MnCl,, 0.3 mM NADPH and 0.3 mM DOXP were
mixed from concentrated stocks, distributed into a 96 well plate, the purified S. enterica DXR
enzyme (30 pg/ ml) was added to initiate the reaction. The plate was incubated at 37°C for 30
minutes. A 5 pl aliquot of 0.59 mM resazurin in PBS stock was added to the 100 pl reaction

mixture and the fluorescence (Excsso/Emmsoo) was measured in the SpectraMax® M3 360 multi-
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well plate reader after an incubation of 30 minutes at 37°C. A reaction without enzyme was

included as a control.
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2.3. RESULTS

2.3.1. Diagnostic Restriction Enzyme Analysis

To confirm the identity of the plasmid intended for expression of S. enferica 1-deoxy-D-xylulose
5-phosphate reductoisomerase (DXR), a diagnostic restriction enzyme digest was conducted. The
S. enterica DXR coding sequence, codon-optimized for expression in E. coli, was inserted into the
pET28a(+) expression vector at the Xhol and Nhel sites by Genscript (Hong Kong). After
transforming the plasmid into XL-10 gold E. coli cells, a plasmid miniprep was prepared and it
was treated with the Xhol and Nhel restriction enzymes and analyzed using agarose gel
electrophoresis. The S. enterica 1-deoxy-D-xylulose 5-phosphate reductoisomerase (SeDXR)
coding sequence was released as a 1413 bp DNA fragment (Fig. 5). Two larger DNA fragments
(A and B) which migrated with the calculated values on the agarose gel (DNA fragment A: 6583
bp and DNA fragment B: 5485 bp) were also present. DNA fragment B likely represents the empty
pET28a plasmid (5369 bp) and fragment A incompletely digested, linearized plasmid.

Figure 5: Restriction digest of the pET28a(+)-SeDXR plasmid construct.

The plasmid map of pET28(a)-SeDXR with the kanamycin resistance coding sequence, Lac I gene
coding sequence, Xhol/Nhel sites and S. enterica DXR coding sequence (adapted from Novagen).
A 0.8% agarose gel showing the confirmation pET28a-SeDXR plasmid by diagnostic restriction
enzyme analysis. A 1 kb DNA ladder (Promega) indicated in bp was run alongside the plasmid
miniprep digested with Xhol and Nhel restriction enzymes.
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2.3.2. Small Scale Protein Expression

E. coli cells are the most commonly used expression host systems. However, their inability to
consistently overexpress functional and correctly folded (soluble) proteins is one of the limitations
of using them for protein expression. To determine the level of expression and solubility of 1-
deoxy-D-xylulose 5-phosphate reductoisomerase (DXR) of S. enterica (SeDXR), M. tuberculosis
(MtDXR) and P. falciparum (PfDXR), small scale expression was conducted. Expression cultures
inoculated with an overnight culture (containing the transformed T7 Express LysY E. coli cells)
were prepared. One of the cultures was IPTG induced and the other culture was an uninduced
control. The bacterial cells were lysed by sonication and after centrifugation, the soluble and
insoluble fractions were collected. This resulted in four samples: induced soluble, induced
insoluble, uninduced soluble and uninduced insoluble sample. Protein expression was confirmed
by SDS-PAGE analysis. The (His)s S. enterica DXR protein was present in the induced soluble
and induced insoluble sample lanes (at the calculated molecular weight of 45.7 kDa) (Fig. 6A). P.
falciparum DXR and M. tuberculosis DXR were present in the induced insoluble samples,
represented by prominent dark bands (Fig. 6B, C). However, corresponding bands could not be
discerned in the induced vs. uninduced soluble samples, suggesting these proteins were only
expressed in insoluble form. In the case of P. falciparum DXR, this was confirmed by western
blotting with nickel-HRP, which showed a band in the insoluble sample, but not the soluble sample
(Fig. 6D).
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Figure 6: Small scale 1-deoxy-D-xylulose S5-phosphate reductoisomerase expression.

The molecular weight marker (Color Prestained Protein Standard, Broad Range; New England
Biolabs) indicated in kDa was run alongside the soluble and insoluble fractions obtained from
small scale expression of S. enterica DXR (A), M. tuberculosis DXR (B) and P. falciparum DXR
(C) on a 12% SDS-PAGE gel and stained with Coomassie. P. falciparum DXR expression was
also assessed by western blotting with HisDetector (D).

The SeDXR was expressed as a soluble protein, although prominent bands were present in both
the induced soluble and insoluble fractions (Fig. 6A). The PfDXR and MtDXR proteins were
found to be insoluble as prominent protein bands were only found in the induced insoluble fraction
(Fig. 6B, C, D: Induced Insoluble). An alternative approach in which the bacterial growth
conditions were altered was attempted. The temperature, inducer concentration, and length of
induction were changed (using lower temperatures, lower IPTG concentrations and decreasing the

period of induction). Although this was attempted, these proteins were still found to be insoluble
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(Appendix E), therefore other protein solubilization and refolding techniques have to be explored
for the expression and purification of the proteins in a native state. An option is to use commercial
refolding screens (e.g. the Pierce ProMatrix kit that allows simultaneous evaluation of 96 refolding
conditions), or alternative expression hosts (e.g. Pichia pastoris yeast or insect cells) used to

attempt to increase the soluble expression of the proteins.

2.3.3. Large Scale Protein Purification

The S. enterica 1-deoxy-D-xylulose 5-phosphate reductoisomerase (DXR) enzyme was expressed
in E. coli cultures in a larger volume (large scale) and the IPTG-induced soluble fraction was
collected for purification. The enzyme was purified by nickel affinity chromatography (Fig. 7) and
yields of up to 229 ug were isolated from a 250 ml culture. Low levels of unbound S. enterica
DXR protein were present in the wash 1 and wash 2 lanes, but a high concentration of purified

protein was present in the column eluate.
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Figure 7: Salmonella enterica 1-deoxy-D-xylulose S-phosphate reductoisomerase purification.

The induced soluble S. enterica DXR sample was run through the Ni-NTA column followed by
subsequent purification steps. The molecular weight markers [Unstained Protein Standard, Broad
Range; New England Biolabs)] indicated in kDa were run alongside the S. enterica 1-deoxy-D-
xylulose 5-phosphate reductoisomerase cleared lysate, flow-through, wash 1, wash 2 and eluate
samples on a 12% SDS-PAGE gel stained with Coomassie staining solution.
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The nitrilotriacetic acid (NTA; Qiagen) matrix (resin) interacts with four out of the six binding
sites in the nickel ion coordination sphere, therefore two binding sites are left free to bind to the
(His)s protein. The resin was saturated with the cleared lysate (Fig. 7: Cleared lysate) containing
the (His)es protein. The presence of high levels of Tris-HCI or sodium chloride (500 mM) and low
levels of imidazole (20 mM) in the binding buffer reduces the number of proteins that bind non-
specifically to the resin. The presence of protein in the washes is likely due to the weak binding of
the protein to the resin because of resin over-saturation (Fig. 7: Wash 1 and 2). The presence of
high levels of imidazole (500 mM) in the elution buffer allowed for elution of the protein, whereby
the protein was competitively eluted in the presence of 500 mM imidazole (Fig. 7: Elution). The
eluates were buffer exchanged, concentrated and stored in aliquots at -80°C. Sufficient amounts

of SeDXR were purified for enzyme kinetics analysis and functional analysis.

Due to the problems that arose with the expression of P. falciparum DXR and M. tuberculosis
DXR as soluble proteins (Fig. 6B, C and D), alternative approaches were explored. Possible
solubilization and refolding techniques such as slow dilution and dialysis were conducted in
attempt to purify these proteins. After inducing expression with IPTG, the bacteria were lysed and
the insoluble pellet (inclusion bodies) were retained. The insoluble protein samples were
solubilized in a buffer containing 1 % sarkosyl and dialyzed against TBS. Although the pellets
appeared to a be dissolved completely in the sarkosyl solution, a prominent white precipitate
formed during the dialysis, suggesting that the proteins remained denatured and aggregated as
sarkosyl was removed. Low concentrations of P. falciparum and M. tuberculosis DXR were
present in the soluble dialysed samples, but when the samples were applied to nickel-NTA columns
to purify them, DXR could not be detected in the eluates (Fig. 8A, B). As a second approach, the
sarkosyl solutions were diluted dropwise into a large volume of TBS buffer (1:20 dilution) (Fig.
8C, D). Low levels of P. falciparum DXR was present in the diluted sample lane. When the sample
was applied to a Ni-NTA column in attempt to purify and concentrate the protein, only a low
concentration of P. falciparum DXR could be discerned in the eluate (Fig. 8C: Elution). The same
approach was applied to the M. tuberculosis DXR sarkosyl solution, but no protein could be

detected in any of the samples (Fig. 8D).
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Figure 8: Attempted Plasmodium falciparum and Mycobacterium tuberculosis 1-deoxy-D-xylulose
S-phosphate reductoisomerase purification.

The induced insoluble P. falciparum DXR and M. tuberculosis DXR samples were solubilized in
1% sarkosyl, dialyzed and run through the Ni-NTA column (A, B). As an alternative refolding
approach, the induced insoluble P. falciparum DXR and M. tuberculosis DXR samples were also
solubilized in 1% sarkosyl, diluted in TBS buffer, and run through the Ni-NTA column (C, D).
The molecular weight markers [Color Prestained Protein Standard, Broad Range; New England
Biolabs (A, C, D), Blue Prestained Protein Standard; New England Biolabs (B)] indicated in kDa
were run alongside the 1-deoxy-D-xylulose S5-phosphate reductoisomerase dialysed/diluted
samples, column flow-through, wash 1, wash 2 and eluate samples on a 12% SDS-PAGE gel
stained with Coomassie staining solution (A, C and D) or analysed by western blotting with
HisDetector (B). The low protein concentration in the soluble dialysed samples is due to the
formation of protein precipitates that visibly formed during dialysis.

From large scale protein purification, the SeDXR was successfully purified (Fig. 7). However,

initial attempts to refold the PfDXR and MtDXR from insoluble inclusion bodies and purify them
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by Ni-NTA chromatography were not as successful (Fig. 8A-D). The purification of the latter two

proteins was not further pursued, therefore kinetic and functional analysis was limited to SeDXR.

2.3.4. NADPH-Dependent and Resazurin Reduction Assays

The activity of the purified recombinant S. enterica 1-deoxy-D-xylulose 5-phosphate
reductoisomerase (DXR) is depicted in Fig. 9. For the NADPH-dependent enzyme assay, the
reaction mixture was set up in 96-well plates and contained 1X TBS (40 mM Tris, 100 mM NaCl,
pH 7.5), NADPH (0.3 mM) and DOXP (0.3 mM). This was incubated with S. enterica DXR for 1
hour at 37°C and the absorbance was measured at 340 nm. For the Resazurin reduction assay, the
same reaction conditions were used, followed by addition of 5 ul resazurin into the 100 pul (29.5
uM final resazurin concentration) reaction mixture and incubation for 30 minutes at 37°C. The
fluorescence (560/590 nm) was measured, which reflects the concentration of resorufin produced
due to the reduction of resazurin by NADPH. Each experiment contained a control (reaction
mixture without DXR). These assays were conducted in parallel. Reaction mixtures that were
incubated with the S. enterica DXR show a decrease in the levels of NADPH (Fig. 9A) and
resorufin (Fig. 9B). This suggested that the purified S. enterica DXR was enzymatically active,
catalyzing the conversion of DOXP to MEP and consuming NADPH in the process.
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Figure 9: Salmonella enterica 1-deoxy-D-xylulose S5-phosphate reductoisomerase activity.

S. enterica DXR was incubated at 37°C in assay buffer containing DOXP and NADPH for 1 hour
and the absorbance (340 nm) was measured (A). Alternatively, resazurin was added, incubated for
30 minutes at 37°C and the fluorescence was measured at an excitation and emission wavelength
of 560 nm and 590 nm, respectively (B). Each bar represents the mean reading obtained from four
technical repeat wells (n=4) and error bars indicate standard deviation.

2.3.5. Kinetic Parameters of S. enterica DOXP Reductoisomerase

A characterization of S. enterica 1-deoxy-p-xylulose 5-phosphate reductoisomerase (DXR) has
not yet been reported in the literature. The kinetic parameters for S. enterica DXR were determined
using the NADPH-dependent enzyme assay. The kinetic parameters were determined using a final
enzyme concentration of 0.66 pM, NADPH concentration of 0.3 mM and a DOXP substrate
concentration range of 38 — 900 uM. Reactions were incubated for an hour, this was blanked with
a control reaction without enzyme. The absorbance was measured at 340 nm. The Michaelis-
Menten and Lineweaver-Burk plots for S. enterica DXR are shown in Fig. 10 and were generated
using GraphPad Prism (v. 5.02) using the absorbance values obtained. A K value of 464.9 uM
and a Vmax value of 0.194 pmol/min/mg. A specific activity of 0.126 umol/min/mg £ 0.00141
umol/min/mg was obtained. Specific activity (umol/min/mg) was calculated by using the average
absorbance at 340 over the time of reaction (AA/min) multiplied by the volume of reaction and

divided by the total protein mass.
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Figure 10: Michaelis-Menten and Lineweaver-Burk Plots for Salmonella enterica 1-deoxy-
D-xylulose S5-phosphate reductoisomerase.

The oxidation of NADPH was monitored at 340 nm using the NADPH-dependent enzyme assay.
The Michaelis-Menten plot (A) for S. enterica 1-deoxy-D-xylulose 5-phosphate reductoisomerase
and the reciprocal Lineweaver-Burk plot (B). The kinetic parameters were calculated, with a K,
value of 464.9 uM and a Vmax value of 0.194 pmol/min/mg. The Michaelis-Menten and
Lineweaver-Burk plots were generated using GraphPad Prism 5.02.

2.4. CONCLUSION

Heterologous expression and purification of (His)s S. enterica DXR was successful. The native
purified S. enterica DXR was shown to be active using the NADPH-dependent enzyme assay with
a K value of 464.9 uM, a Vmax value of 0.194 pmol/min/mg and a specific activity of 0.126 +
0.00141 pmol/min/mg. The purification of P. falciparum DXR and M. tuberculosis DXR was
unsuccessful due to expression of the proteins as insoluble inclusion bodies, despite attempts to
solubilize and refold the proteins, combined with affinity purification. These enzymes were found
to be insoluble when the solubilizing agent (sarkosyl) was removed by dialysis/dilution, and as a

result precipitated in the solution during the refolding strategies used. The purification of the
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enzymes was not further pursued beyond the dialysis and dilution methods used here and enzyme

assays were not possible.

Possible methods that could be used to improve protein solubility in E. coli bacteria may include
modifying the expression temperature and IPTG concentrations. The use of high expression
temperatures, high concentration of inducer and expression under strong promoter systems results
in the over-expression of the protein of interest at a high translational rate (Singh et al., 2015).
However, this process exhausts the bacterial protein quality control and the misfolded protein
molecules aggregate resulting in inclusion bodies (Singh et al., 2015). Initially, there were attempts
to over-express these proteins by adjusting protein expression and induction conditions. This was
done by using temperature lower than 37°C when inducing protein expression as 37°C was initially
used, a lower concentration the inducer, IPTG, was used in attempt to improve the solubility of
the protein (Appendix E). From several attempts to over-express these proteins as soluble and fully

functional, formation of inclusion bodies was the only result.

Alternative strategies for solubilization and purification of denatured proteins include
solubilizing the inclusion bodies using guanidinium hydrochloride or urea, rather than the
detergent sarkosyl used here. Alternative refolding protocols may include altering the rate of
protein dilution into refolding buffer, using on-column refolding (binding the proteins to affinity
columns in a denatured state and washing/eluting in refolding buffers) and/or altering the buffer
composition e.g. pH, ionic strength and adding redox buffers (Burgess, 2009). A study by Patra
et al. (2000) suggests that proteins in inclusion bodies have native-like secondary structures and
that bioactive protein can be recovered when these inclusion body proteins are solubilized while
retaining their native-like secondary structure, therefore this structure of the inclusion body
protein has to be protected. The charge distribution of the protein molecule can be changed by
changing the pH which affects protein stability and could potentially unfold the native protein,
therefore alkaline pH is best used for solubilizing inclusion bodies without disturbing the native-
like secondary structures of the proteins, which prevents pH-induced unfolding of the proteins

(Patra et al., 2000).
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Resazurin conversion is mediated by the reducing environment of cells, therefore, the reducing
agent NADPH should also be able to convert resazurin to resorufin. The results in this study
suggest that it is equivalent to absorbance at 340 nm in detecting S. enterica DXR enzyme
activity (although resazurin is more sensitive if there is limited fluorescence quenching). The two
assays, NADPH-dependent enzyme and resazurin reduction assay, could be used to find

compounds that display inhibitory activity against S. enterica DXR.
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CHAPTER 3: SCREENING OF NOVEL COMPOUNDS FOR 1-
DEOXY-D-XYLULOSE 5-PHOSPHATE REDUCTOISOMERASE
INHIBITION ACTIVITY

3.1. INTRODUCTION

The growing resistance in bacterial pathogens to first-line and second-line antibiotics is a great
threat to public health (Lewis et al., 2004; Jose et al., 2017). Therefore, there is a need for new
therapies to combat these pathogenic organisms (Jose et al., 2017). The discovery of novel
bacterial targets will aid in developing new drugs for treatments; the advances in processes in drug
discovery aim to identify new small molecules that will play a role in selectively modulating the
functions of these bacterial targets (Schenone et al., 2013; Jose et al., 2017). These small molecules
will serve as starting points in the development of potent drugs displaying inhibitory activity

against bacterial targets, and potentially be part of therapies for combatting diseases.

Recent advances in organic chemistry and the understanding of many aspects of physiology and
biochemistry has evolved rational drug design, and these advances suggest that defined biological
sites can be exploited by drugs (Grover, 2015). The concept that a chemical that can bind to the
site of a specific pharmacological target that has been identified for a given disease is essential for
the development of drugs (Mandal et al., 2009). Innovations in biochemical and biophysical
techniques include X-ray crystallography, magnetic resonance imaging to identify specific drug
targets, development of chemical libraries and technical advances in high-throughput screening,
has aided this concept (Grover, 2015). The drug discovery process has also been revolutionized by
advances in bioinformatics, whereby the high costs and time-consuming processes associated with

drug discovery have been reduced (Jiang and Zhou, 2005; Saha et al., 2013).

The subsequent step in the drug discovery process, once a drug target has been validated, is the
identification of small molecules that modulate the functions of the drug target (Carnero, 2006;

Schenone et al., 2013). These small molecules can be agonists or antagonists for receptors, activate
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or inhibit enzyme activity and open or close ion channels (Carnero, 2006). Molecules that display
favourable results in modulating drug targets can potentially become clinical candidates with
enough biological activity, providing safety and possessing drug-like properties so that they can

reach human testing (Mohs and Greig, 2017).

A variety of screening technologies can be applied for identifying hit molecules, referred to as
compounds that exhibit the desired activity in the screening process Among these is high-
throughput screening (HTS) (Bleicher et al., 2003; Hughes et al., 2011). High-throughput
screening (HTS) is a process whereby a large number of biological modulators and effectors are
screened and assayed against known and selected drug targets (Szymanski ef al., 2012). At present,
HTS is the most widely applicable technology for drug discovery programmes and has emerged
as one of the most important strategies in identifying novel drug targets. Compounds identified
using this technology are not always suitable for further medicinal chemistry exploration (Bleicher
et al., 2003; Visser et al., 2011). However, a variety of drug candidates and marketed drugs have
resulted from hits that were generated by HTS technology and this demonstrates the potential
success of using HTS technology for developing drugs (Bleicher ef al., 2003).

An entire compound library developed using chemometric analysis software and molecular
binding modelling is screened directly against the drug target in HTS technology (Fox et al., 2006).
Different types of libraries, such as combinatorial chemistry, genomics, protein and peptide
libraries can be screened using HTS (Szymanski ef al., 2012). The use of target-focused compound
libraries is increasingly popular in drug discovery. These compounds are designed to interact with
protein targets such as kinases, G-protein coupled receptors (GPCRs), nuclear hormone receptors
and ion channels (Harris ez al., 2011; Dandapani et al., 2012). Such libraries allow for the screening
of fewer compounds to obtain hit compounds and higher hit rates are observed in the screening

compared to the screening of diverse compound collections (Harris et al., 2011).

The Pathogen Box, used here in this study, is a collection of 400 drug-like compounds that have
been discovered to have activity against a number of pathogenic organisms (Dufty et al., 2017,
Nugraha et al., 2019; Veal, 2019). These organisms cause diseases such as trypanosomiasis,

filariasis, leishmaniosis, dengue virus, sleeping sickness, malaria and tuberculosis (Nugraha et al.,
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2019; Veal, 2019). The Medicines for Malaria Venture (MMYV) foundation (Geneva, Switzerland)
has provided the Pathogen Box, offering researchers worldwide free access to the compounds
(Nugraha et al., 2019). The collection contains 26 reference compounds that have well-
characterised antimicrobial activity and/or are available on the market as drugs for microbial
diseases (Maccesi et al., 2019). The fact that the compounds are bioactive — have previously been
found to have activity against organisms — means that the compounds have privileged structures,
i.e. are capable of binding to and inhibiting target proteins. The compounds display low toxicity
for mammalian cells and reasonable levels of cytotoxicity for drug discovery programs (Mayer
and Kronstad, 2017). The Pathogen Box is provided with each compound’s details including its
structure, trivial name, salt form and cLogP (this supporting information is found in an Excel

spreadsheet) (Spalenka et al., 2018).

Alternatively, compounds can be screened against the drug target in a more complex assay system,
for example a cell-based assay in which the activity of the compounds depends on the target.
Secondary assays would be required for confirmation of the compounds’ site of action (Fox et al.,
2006). The hit molecules generated from HTS undergo a comprehensive assessment so that they
could be progressed into lead series. This includes chemical integrity, synthetic accessibility,
functional behavior, structural-activity-relationships (SAR), bio-physicochemical and absorption,
distribution, metabolism and excretion (ADME) properties (Bleicher et al., 2003). Firstly, the
compounds are tested in a primary screen, this is less quantitative than biological assays
(Szymanski et al., 2012). Secondly, the hits from the primary screen will be tested in a secondary

screen and calculations of their half-maximal inhibitory concentration (ICso) will be performed.

To compare different inhibitors of a single enzyme, the ICs is used as a measure of the efficacy
of the compounds (Caldwell et al., 2012). It indicates the concentration of a specific inhibitor that
is required so that a given biological activity or process can be inhibited by half (Aykul and
Martinez-Hackert, 2016). Approaches that are used for ICso determination of pharmacological
compounds include assays that use whole cell systems (Aykul and Martinez-Hackert, 2016).
Inhibitors that have small ICso values interact more effectively compared to inhibitors with large
ICso values (Caldwell et al., 2012). The data obtained during the testing for ICso determination

involves dose-response assays, whereby the enzyme is incubated with serial dilutions of test
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compounds, dose-response plots of enzyme activity (or inhibition) vs. log of the compound
concentrations are prepared and ICso values derived from the resulting sigmoidal curves by non-
linear regression analysis (Sebaugh, 2010). It may require manual calculation, usually with the use
of spreadsheet programs, however, as an alternative commercially available statistical software
(e.g. GraphPad Prism from GraphPad Software) or the drift package for the R statistical

environment can be used for performing the same calculations (Nevozhay, 2014).
This section aimed to:
e Screen novel compounds (from the Pathogen Box library) using FR900098 as a positive
control compound to find compounds that can inhibit S. enterica DXR

e Confirm the enzyme inhibition activity of possible hit compounds

e Determine the ICso of the hit compounds along with FR900098
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3.2. EXPERIMENTAL PROCEDURE

3.2.1. 1-Deoxy-D-xylulose 5-phosphate Reductoisomerase Inhibition Assay
with FR900098

The DXR reaction was prepared in a 96-well plate as described in Section 2.2.4.1., except that 50
uM FR900098 was included. The FR900098 (Sigma-Aldrich) was added from a 2.5 mM stock in
DMSO, prior to the addition of the enzyme to initiate the reaction. Controls included a reaction
without the inhibitor and one without enzyme. The plate was incubated at 37°C for 1 hour. The
decrease in absorbance at 340 nm was measured in the plate reader at 37°C. Alternatively, 5 ul
resazurin from a 0.59 mM stock in PBS was added to the 100 pl reaction mix, followed by a 30
minute incubation 37°C and fluorescence (Excsso/Emmsoo) was measured in the plate reader. For
ICso determination, the same procedure was followed, except that the reactions included five-fold
serial dilutions (0.016 - 10 uM) of FR900098. The ICs¢ values were determined by non-linear
regression analysis of % enzyme activity vs. log (inhibitor concentration) plots using GraphPad

Prism (v. 5.02). Refer to Appendix F for % enzyme activity calculations.

3.2.2. Screening of Novel Compounds

Compounds (50 uM final concentration) from the Pathogen Box (10 mM stocks in DMSO) were
incubated with 1X TBS (40 mM Tris, 100 mM NacCl, pH 7.5) with MnCl, (10 mM), NADPH
(0.3 mM), DOXP (0.3 mM) and DXR enzyme (0.126 pmol/min/mg) in a 96 well plate at 37°C
for 1 hour. The decrease in absorbance at 340 nm was measured in the SpectraMax® M3 360
multi-well plate reader. Hit compounds displaying > 70% enzyme inhibition (Refer to Appendix
F for calculations) were subjected to confirmatory assays using the same procedure, except that
incubations were carried out in triplicate wells per compound, rather than single wells as was
done in the initial screen. ICso values for the two best confirmed hits (diethylcarbamazine and
MMV228911) were carried out by dose-response assays as described above, except that the

reactions included two-fold serial dilutions of the compounds.
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3.3. RESULTS

3.3.1. The 1-Deoxy-D-xylulose 5-phosphate Reductoisomerase Inhibition
Assay with FR900098

Studies have shown that the FR900098 inhibitor has antibacterial and antimalarial activity by
inhibiting 1-deoxy-D-xylulose 5-phosphate reductoisomerase (DXR) of the isoprenoid synthesis
pathway of various organisms (Wiesner ef al., 2016). However, the sensitivity of S. enterica or its
DXR enzyme to this compound has not been reported. To assess the inhibition of the enzyme by
FR900098, the NADPH-dependent enzyme assay and the resazurin reduction assay were both
used. Reaction mixtures containing the S. enterica DXR enzyme with/without FR900098 inhibitor
(50 uM final concentration) were incubated in a 96-well plate for 1 hour at 37°C and the
absorbance (340 nm) was measured. Other reaction mixtures containing the same components
followed by the addition of 5 pl resazurin stock to a 100 pl reaction (29.5 uM final resazurin
concentration) were incubated in a 96-well plate for 30 minutes at 37°C and the fluorescence
(560/590 nm) was measured. Higher levels of NADPH were obtained in the presence of
FR900098, suggesting that FR900098 was successful at inhibiting S. enterica DXR (Fig. 11). To
confirm the inhibition of SeDXR by FR900098, both assays were repeated with additional
controls. Control reactions (incubations without SeDXR and FR900098, as well as incubations
without SeDXR) contained high levels of NADPH (Fig. 12). By comparison, much lower levels
of NADPH were obtained in the presence of S. enterica DXR (SeDXR) in the absence of
FR900098. Higher NADPH levels remained in the presence of both §. enterica DXR and
FR900098.
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Figure 11: FR900098 inhibits Salmonella enterica 1-deoxy-D-xylulose S-phosphate
reductoisomerase.

Reactions containing S. enterica DXR were incubated with the FR900098 inhibitor (50 uM) and
without FR900098 (control) for 1 hour and the absorbance was measured at 340 nm (A), or
resazurin was added to the reaction after a 30 minute incubation and the fluorescence (560 nm/590
nm) was measured (B). Each bar represents the mean and standard deviation of readings obtained
from 3 replicate wells (n = 3). The p-values derived by a non-parametric t-test indicating the
statistical significance of the difference between the enzyme reactions with and without FR900098
are indicated above the relevant bars.
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Figure 12:The inhibitory effect of FR900098 on Salmonella enterica 1-deoxy-D-xylulose 5-
phosphate reductoisomerase.

The NADPH-dependent enzyme assay (A) and resazurin reduction assay (B) were performed
with/without the S. enterica DXR enzyme and with/without 50 uM FR900098 inhibitor. The
reactions were incubated for 1 hour at 37°C and the absorbance was measured at 340 nm (A), or
resazurin was added to the reaction after a 30 minute incubation at 37°C and the fluorescence (560
nm/590 nm) was measured (B).

3.3.2. Compound Screening

Studies show that compounds from the Pathogen Box library have activity against neglected
tropical diseases and their activity against S. enterica 1-deoxy-D-xylulose S5-phosphate
reductoisomerase (DXR) have not yet been reported. To assess the inhibitory activity of these
drug-like compounds against S. enterica DXR (SeDXR), the NADPH-dependent enzyme assay

was performed. Reaction mixtures with the S. enterica DXR enzyme and Pathogen Box
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compounds (50 uM final concentration) were incubated in a 96-well plate for 1 hour at 37°C and
the absorbance was measured at 340 nm. Control reactions included a positive control (with
enzyme, without compounds), a negative control (without either compounds or enzyme) and an
FR900098 control (with enzyme and FR900098). The % enzyme inhibition displayed by each
compound was calculated using the absorbance readings that were obtained (Refer to Appendix F
for calculations). A cut-off of 70% inhibition and above was chosen to select compounds that are
likely to have low micromolar ICso values, without disregarding compounds that have moderate
activities but could be useful scaffolds for further optimization, particularly given the relatively
small size of the Pathogen Box library. A significant number of compounds were found to be
active against S. enterica DOXP reductoisomerase, with a wide range of % inhibition (0 — 174 %
inhibition). The presence of compounds displaying >100% inhibition suggests that there may have
been a disparity between the NADPH concentrations in the negative control (incubations without
enzyme) used to establish the baseline of 100% inhibition, and the reaction mixtures that were
used to assess the compounds. Nonetheless, it still allowed the identification of the most prominent
inhibitors in the Pathogen Box collection and comparison of the relative inhibitory activity of the

compounds.
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Figure 13: % Relative Enzyme Inhibition exhibited by the Pathogen Box compounds
screened against Salmonella enterica 1-deoxy-D-xylulose 5-phosphate reductoisomerase.

Compounds (400) from Pathogen Box library were incubated with S. enterica DXR and the
absorbance (340 nm) was measured. The % inhibition exhibited by each compound was
determined. Compound relative enzyme inhibition activities are indicated by the dots, the cut-off
for selecting compounds for subsequent confirmation assays is 70% inhibition shown by the red
dotted line. The two compounds that emerged as the best hits in subsequent confirmation assays
are indicated by the red dots.

3.3.3. 1-Deoxy-D-xylulose 5-phosphate Reductoisomerase Assay: Hit

Confirmation

To further asses the inhibitory activities of the hit compounds obtained in the initial screen, they
were retested in order to confirm this desired activity, while FR900098 was used as a control
compound (not shown). The compounds (50 uM) were incubated with S. enterica DXR for an

hour and the NADPH absorbance (340 nm) determined, while a control without compounds was
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included. Two compounds, diethylcarbamazine and MMV228911, exhibited the best inhibitory
activity against S. enterica DOXP reductoisomerase (Appendix H), emerging as the best hits. High
levels of NADPH were present in reactions containing the two compounds compared to reactions

without the compounds, suggesting strong inhibition of S. enterica DXR activity (Fig. 14).

Figure 14: Novel inhibitors of Salmonella enterica 1-deoxy-D-xylulose 5-phosphate
reductoisomerase.

S. enterica DXR was incubated with 50 uM diethylcarbamazine and MMV228911, compounds
from the Pathogen Box library, for 1 hour at 37°C and the absorbance was measured at 340 nm.
The compound relative enzyme inhibition activities are indicated above. A control without the
compounds was included. The p-values derived by a non-parametric t-test indicating the statistical
significance of the difference between the control and reaction with the compounds are indicated
above the relevant bars.
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3.3.4. 1-Deoxy-D-xylulose 5-phosphate Reductoisomerase Inhibition Assay:

I1Cs50 Determination

To obtain a more accurate indication of the inhibitory activity of a compound, dose-response
assays should be conducted. In this study, dose-response assays were conducted for FR900098,
diethylcarbamazine and MMV228911 (compound structures shown in Fig. 15). Reaction mixtures
containing S. enterica DXR were incubated with serial dilutions of FR900098 (0.016 — 10 uM)
and the two compounds (0.390625 — 100 uM) in 96-well plates for 1 hour and the absorbance (340
nm) was measured. To compensate for the effect of FR900098 and compounds described above,
wells not containing NADPH were used as background controls and subtracted from readings
obtained in wells containing FR900098/compounds and enzyme. These absorbance values were
converted to percentage DXR activity. Dose-response graphs (% SeDXR activity against log
[Compound]) were generated using GraphPad Prism 5.02 software (Fig. 16A, B, C). Using non-
linear regression, the ICso (concentration of the inhibitor required to reduce the rate of the
enzymatic reaction by 50%) values were determined by GraphPad Prism 5.02. The ICso values of
FR900098, diethylcarbamazine and MMV228911 were 1.23 uM, 2.17 uM and 6.86 uM

respectively.
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Figure 15: Structures of the Compounds.

The chemical structures of FR900098 (adapted from Wiesner et al., 2016), diethylcarbamazine
and MMV228911 (adapted from Veale, 2019) compounds which display strong inhibitory activity
against S. enterica DXR
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FR900098 binds to the catalytic domain of DXR, preventing the binding of the DOXP substrate
from binding to the enzyme (Umeda et al., 2011). FR900098 contains a hydroxamate moiety,
(bearing functional group RCNR”) that chelates with the divalent metal cation and a phosphonate
group (negatively charged), which are important in the binding efficacy and inhibition of DXR by
FR900098. Diethylcarbamazine and MMV228911 may probably bind away from the catalytic
pocket. However, MM V228911 may bind to the NADPH-binding domain suggesting that it would
more than likely be very non-selective in where it blocks, resulting in other non-targetted enzymes

also being affected.
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Figure 16: Dose-Response graphs for FR900098, diethylcarbamazine and MMV228911.
Serial dilutions of FR900098, diethylcarbamazine and MMV228911 were incubated with a
reaction mixture containing S. enterica DXR, and the absorbance (340 nm) was measured. The
absorbance readings were converted to % enzyme activity and plotted against Log [Compound].
The ICso values were determined by non-linear regression using GraphPad Prism 5.02 software.
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3.4. CONCLUSION

To identify inhibitors, S. enterica DXR activity was assayed by monitoring the decrease in
NADPH, whereby a decrease in NADPH levels (measured as a decrease in Absz4o) indicated that
the enzyme is catalyzing the conversion of DOXP to MEP. The inhibitory activity of FR900098,
the acetyl derivative of the antimicrobial compound fosmidomycin, was tested against S. enterica
DXR. FR900098 was found to inhibit S. enterica DXR with an ICso value of 1.23 puM. In
comparison, the reported ICso values of FR900098 in studies using DXR from other organsisms
include: 62 nM for E. coli DXR (Haemers et al., 2006), 18 nM for P. falciparum DXR (Giessmann
et al., 2008), 160 nM for M. tuberculosis DXR (Jansson et al., 2013), 230 nM for F. tularensis
DXR (McKenney et al., 2012) and 231 nM for Y. pestis DXR (Haymond et al, 2014). Both
fosmidomycin and FR900098 exhibit potent in vitro antimalarial activity, however, it has been
discovered that FR900098 inhibits malarial growth with twice the efficacy of fosmidomycin due
to FR900098’s higher affinity for the target enzyme DXR (Wiesner et al., 2016). The assay was
used for screening the Pathogen Box library in order to identify possible ‘hit’ compounds, while

FR900098 was used as a control compound.

The Pathogen Box, containing 400 compounds which have been found to have inhibitory activity
against neglected tropical diseases including trypanosomiasis (African sleeping sickness and
Chaga’s disease), leishmaniasis, cryptosporidiosis, toxoplasmosis, tuberculosis, malaria, filariasis,
schistosomiasis, dengue virus and trichuriasis (Veale, 2019). Provided free of charge on request
by the Medicines for Malaria Venture (MMYV), it provides a convenient starting point for assessing
a small collection of drug-like compounds against new indications/targets. These compounds were
screened against the activity of S. enterica DXR. Twelve of these compounds displayed the desired
activity and were considered as hit compounds. However, upon confirmation of these hit
compounds, only two hit compounds namely diethylcarbamazine and MM V228911 demonstrated
inhibitory activity against S. enterica DXR. With these two compounds displaying a desirable
activity, their potency was determined using dose response analysis. The ICso values of

diethylcarbamazine and MMV228911 were 2.17 uM and 6.86 uM respectively.
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CHAPTER 4: DISCUSSION

1-Deoxy-D-xylulose 5-phosphate reductoisomerase (DXR) is a well-established drug target
known for catalyzing the NADPH-dependent reduction of 1-deoxy-D-xylulose 5-phosphate
(DOXP) yielding 2-C-methyl-p-erythritol 4-phosphate (MEP) in the second step of the non-
mevalonate (MEP) pathway (Murkin et al., 2014). This drug target plays a vital role in the
production of isoprenoid precursors, required for organism growth and survival, via the non-
mevalonate pathway. Despite the non-mevalonate pathway being regarded as an attractive drug
target for antimicrobial drug discovery, there are no published reports describing the properties of
Salmonella enterica DXR. This drug target can be exploited by establishing an assay that can be
used for screening large compound libraries for novel inhibitors of S. enterica DXR. These

compounds could potentially be used for developing anti-Salmonellosis drugs.

The expression and nickel-chelate affinity purification of soluble active S. enferica DXR was
successfully achieved. The recombinant S. enferica DXR had a specific activity of 0.126 + 0.0014
umol/min/mg and a Kim and Vmax of 464.9 uM and 0.194 pmol/min/mg respectively. The K and
Vmax values determined deviated from the published P. falciparum DXR Ky and Vimax values which
were 67 uM and 1.33 pmol/min/mg respectively (Goble et al., 2013), those of M. tuberculosis
DXR were 47.1 uM and 463.8 pmol/min respectively (Dhiman et al., 2005), and those of E. coli
DXR were 249 uM and 11.04 umol/min/mg respectively (Goble et al., 2013). The K values of
other organisms including Zymomonas mobilis, Yersinia pestis and Francisella tularensis were
300 uM (Grolle et al., 2000), 252 uM (Haymond et al., 2014) and 104 uM (Jawaid et al., 2009)
respectively. Published Kn values therefore range from 47 — 300 uM and Vmax for the M.
tuberculosis, P. falciparum and E. coli DXR enzymes were 0.463, 1.33 and 11.04 umol/min/mg
respectively. The results suggest that the S. enterica DXR preparation used in this study had a
lower affinity for DOXP and Vmax compared to reported enzymes from other species. Therefore,
it would be useful to repeat the kinetic measurements on different batches of purified S. enterica
DXR to determine whether the kinetic characteristics were peculiar to the particular sample or are
reproducible. This would also have to be compared to the wild type enzyme to validate the model

established with recombinant His-tagged DXR.
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The difficulties of producing soluble P. falciparum DXR and M. tuberculosis DXR and consequent
problems in purifying the recombinant proteins made functional analysis of these proteins not
possible. Although the solubilization and refolding of the misfolded recombinant proteins by
dialysis and dilution was attempted, P. falciparum DXR and M. tuberculosis DXR still remained
insoluble. The problems encountered with regards to the insolubility of proteins are not
uncommon, as it has been reported that the generation of poor quality and misfolded recombinant
proteins is one of the challenges of using E. coli as a host for protein overexpression (Makhoba et

al., 2016).

A common problem with the production of some P. falciparum proteins in the E. coli expression
host is due to the mRNA of P. falciparum being characterized by high A/T content and multiple
lysine and arginine repeats (Baca and Hol, 2000; Birkholtz ef al., 2008). This tends to result in the
early termination of the mRNA translation process, therefore the recombinant P. falciparum
aggregates, forming insoluble inclusion bodies (Flick ef al., 2004). A problem with the production
of some M. tuberculosis proteins in the E. coli expression host, mycobacterial genes have a GC
content of 65 to 70% while the GC content of E. coli genes is 50% (Lakey et al., 2000). This has
resulted in the production of poor yields of M. tuberculosis proteins, even when strong E. coli

promoters are used, due to the presence of low-usage E. coli codons (Lakey et al., 2000).

A study by Goble et al. (2013) demonstrated the successful overexpression and purification of
soluble active P. falciparum DXR using codon harmonization, including co-expression with
molecular chaperones. Therefore, the coding region of P. falciparum DXR was recoded for
heterologous expression in E. coli by replacing native codons with synonymous codons that have
similar usage frequencies in E. coli (Angov et al., 2008; Goble et al., 2013). By using this strategy,
the coding region of P. falciparum DXR would be designed in such a way that the most frequently
used codons in the E. coli expression host are included as a way of avoiding problems that occur
due to codon bias. Alternatively, codon optimization (using the most frequently used E. coli codon
for every P. falciparum amino acid) has also been used as a strategy for overcoming such problems,
however, codon harmonization was found to produce better results, as it permits translation in the
heterologous host the same way as the native host, potentially enhancing protein folding, unlike

the product of a codon optimized gene (Angov et al., 2008).
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Goble et al. (2013) also showed that the co-expression of the E. coli molecular chaperone, GroEL,
with P. falciparum DXR enhanced the solubility of the DXR protein. Molecular chaperones have
emerged as key players in most cellular processes, which includes facilitating the unfolding,
disaggregation, refolding and degradation of existing proteins under physiological and stress
conditions, as well as assisting newly synthesized proteins to fold into their stable, globular
structure (Pavithra et al., 2007; Saibil, 2013). Bacterial molecular chaperones include GroEL,
DnaK, HptG, ClpA and ClpB, and these chaperones act in a complex network as a main defence
against protein aggregation (Carri6 and Villaverde, 2003; Saibil, 2013). A study by Mehlin and
co-workers involved the analysis of 1000 genes from P. falciparum parasites produced in the E.
coli expression host system, where only 337 were successfully expressed of which only 63 were
reported to be produced as soluble proteins, suggesting that coexpression of proteins of interest
with molecular chaperones could enhance production of proteins (Mehlin et al., 2006; Makhoba
et al., 2016). It would be useful to co-express E. coli molecular chaperones with P. falciparum

DXR as a strategy to enhance the protein’s solubility.

A study by Dhiman et al. (2005) reported the successful over-expression and purification of M.
tuberculosis DXR. The E. coli expression host BL21(DE3)pLysS was transformed with the
pET28a(+) plasmid containing the coding sequence of M. tuberculosis DXR (Dhiman et al., 2005).
The cells were harvested, and the cell debris was removed and the supernatant containing the
recombinant protein was loaded onto a Talon Co?" immobilized metal affinity (IMAC) resin
(Dhiman et al., 2005). Although Ni?" is the most commonly used metal ion in IMAC, interestingly
the Co®" ion has been found to be useful in the purification of low expressed histidine-tagged target
proteins, also resulting in high purity with good yields of these proteins (Hornsten et al., 2012).
Henriksson and members cloned, expressed and purified M. tuberculosis DXR by use of a
pET101D-TOPO vector (Henriksson et al., 2007). This plasmid was transfected into E. coli
TOP10F’ cells and Ni** IMAC was used for purification (Henriksson et al., 2007).

The activity of S. enterica DXR was detected using the NADPH-dependent enzyme assay and the
resazurin reduction assay. The NADPH-dependent enzyme assay is widely used for detecting the

activity of enzymes that either consume or produce NADPH. Most studies that have been done on
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determining the activity of the DXR enzyme from a number of organisms such as E. coli, P.
falciparum, M. tuberculosis, F. tularensis, Y. pestis and Z. mobilis, used this enzyme assay,
however, in this study, endpoint measurements of the absorbance (340 nm) of NADPH instead
were taken instead kinetic reads (Grolle et al., 2000; McKenney et al., 2012; Goble et al., 2013;
Jansson et al., 2013; Haymond et al., 2014; Armstrong et al., 2015). The use of the resazurin
reduction assay for S. enterica DXR activity has not been reported. Hall et al. (2016) suggests that
resazurin reduction assay can be used for detecting the activity of enzymes that consume or
produce NADPH or NADH and could be a useful substitute method if the reaction contains
additional components or compounds that absorb at 340 nm. Resazurin reduction has been used
for detecting the dehydrogenase activity of different enzymes including: cellobiose dehydrogenase
(CDH) (Blazi¢ et al., 2019); Glucose 6-phosphate (G6P) dehydrogenase (Zhu et al., 2009); lactate
dehydrogenase (LDH) (Bopp and Letteri, 2008).

In this study, FR900098 displayed inhibitory activity against the recombinant S. enterica DXR,
with an ICso value of 1.23 uM. FR900098 and fosmidomycin have demonstrated inhibition against
several Gram-negative bacteria, Gram-positive bacteria and malaria parasites (Haymond et al.,
2014). These inhibitors bind to the catalytic domain of DXR preventing binding of DOXP substrate
(Umeda et al., 2011). FR900098 has also been reported to display DXR inhibition in most bacteria
and parasites, with reported ICso values including: 62 nM for E. coli (Haemers et al., 2006); 18
nM for P. falciparum (Giessmann et al., 2008); 230 nM for F. tularensis (McKenney et al., 2012);
160 nM for M. tuberculosis (Jansson et al., 2013); 231 nM for Y. pestis (Haymond et al, 2014).
The ICso values of fosmidomycin against DXRs from pathogens include: 30 nM for E. coli
(Haemers et al., 2006); 32 nM for P. falciparum (Giessmann et al., 2008); 247 nM for F. tularensis
(McKenney et al., 2012); 80 nM for M. tuberculosis (Jansson et al., 2013); 710 nM for Y. pestis
(Haymond et al, 2014). Interestingly, the ICso of FR900098 or fosmidomycin against S. enterica

or its DXR enzyme has not been reported.

Almost all original work on DXR implied that the phosphonate group was essential for proper
binding to the active site, as approaches towards the development of DXR inhibitors are based on
analogues or derivatives of fosmidomycin/FR900098 that target the substrate binding site and the
NADPH binding site (San Jose et al., 2013). Studies on the development of DXR inhibitors have

79



attempted to bridge the substrate and NADPH binding sites for yielding high affinity bisubstrate
ligands, while also considering that increased lipophilicity is needed (Deng et al., 20111; Deng et
al., 20112; McKenney et al., 2012; Jansson et al., 2013; San Jose et al., 2013). Although both
fosmidomycin and FR900098 have antimalarial activity, they are limited in their effect as there
have been cases in which active infection re-emerged after completion of treatment and low
bioavailability as a result of low lipophilicity (McKenney et al., 2012). There have been attempts
to improve the bioavailability of FR900098 by masking the dianionic charge found on the
phosphate moiety, resulting in the production of ester prodrugs which are known for enhancing

oral absorption of compounds that have low lipophilicity (Deng et al., 20111; Cobb et al., 2015).

The development of new compounds, from the initial target validation to final validation, is a very
costly and time-consuming process (Hughes et al., 2011). An alternative approach is therefore
drug repurposing, where compounds that have known drug-like properties and bioactivity (e.g. the
Pathogen Box used in this study) or that are already marketed for clinical use are used as a starting
point for screening campaigns. Unlike developing new drugs, is cost effective and time effective,
and as a result has increased over the years (Hughes ef al., 2011; Pantziarka and André, 2019). It
was explored whether the Pathogen Box contains promising compounds for potent inhibition of S.
enterica DXR. Two compounds, diethylcarbamazine and MMV228911, were found to have
activity against S. enterica DXR. Diethylcarbamazine is an antiparasitic drug that is used in the
primary treatment strategy for filariasis in humans, caused by three species of nematodes namely
Wuchereria bancrofti, Brugia malayi, and Brugia timori, and is one of the drugs used in the Global
Programme for the Elimination of Lymphatic Filariasis (McGarry et al., 2005; Adinarayanan et
al., 2007; Veale, 2019). This compound is a piperazine derivative. Piperazine is known for being
an agonist of GABA receptors, however, the mode of action of diethylcarbamazine is different
from that of piperazine and is not fully understood (Wolstenholme, 2011). Diethylcarbamazine
interferes with the metabolism of arachidonic acid via the 5-lipoxygenase pathway by inhibiting
the production of leukotrienes, prostaglandins, prostacyclins and thromboxanes, which play
important roles in regulating immune and inflammatory responses, and clot formation (McGarry
et al., 2005; Ribeiro et al., 2014; Yui et al., 2015). This drug blocks bronchial vasoconstrictor

substances, and as a result, has been found to be effective in treating the symptoms of bronchial
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asthma (Ribeiro et al., 2014). Diethylcarbamazine displayed inhibitory activity against S. enterica
DXR at an ICso value of 2.17 uM.

The Medicines for Malaria Venture (MMV) has reported MMV228911 as a potential
antituberculosis compound. This compound was reported to have a minimum inhibitory
concentration (MIC) of 4.7 — 12.5 uM for M. tuberculosis and no cytotoxicity was observed against
HepG2 cells (CC50 > 50 uM). This compound displayed inhibitory activity against S. enterica
DXR at an ICso value of 6. 86 uM. Diethylcarbamazine and MMV228911 displayed 1 uM> ICs
<10 puM, therefore these compounds are worth pursuing further for S. enterica drug development.
However, it should be borne in mind that these ICso values were determined against a batch of His-
tagged recombinant DXR produced in E. coli, which may not correlate with the inhibitory activity

of the compounds against wild type DXR collected directly from Salmonella enterica bacteria.

The screen in this study has enabled the identification of two compounds, diethylcarbamazine (a
reference compound) and MMV228911, involved in the inhibition of S. enterica DXR. The
inhibitory effect of FR900098 against S. enterica DXR was also assessed. These compounds can
be investigated for the development of drugs that can potentially treat Salmonella infections.
Fosmidomycin and FR900098 compete with the DOXP substrate for binding to DXR.
Interestingly, the structures of diethylcarbamazine and MM V228911 differ significantly from each
other and from fosmidomycin/FR900098, which suggests that they may bind away from catalytic
pocket of DXR. X-ray crystallographic studies can be conducted in order to find out how
diethylcarbamazine and MMV228911 bind to DXR which in turn could lead to identifying novel
druggable sites on the DXR enzyme. Enzyme kinetics experiments can be conducted as a way of
determining whether diethylcarbamazine and MM V228911 compete with DOXP or NADPH or
whether they have other binding sites on the DXR enzyme.

Expression and purification of DXR enzymes from other organisms can be attempted to
determined how specific diethylcarbamazine and MMV228911 are for S. enterica DXR. The
inhibitory effect of diethylcarbamazine and MMV228911 on S. enterica bacteria can be assessed
by measuring bacterial growth using turbidimetry assays or by using resazurin to indicate cell

viability. If these compounds are found to inhibit S. enterica bacterial growth, experiments can be

81



done to confirm if they are inhibiting S. enterica DXR. To do this, one could generate S. enterica
bacteria that are resistant to the compounds and do whole genome sequencing to determine
whether sensitivity to the compounds is due to mutations in DXR, leading to validation of DXR

as a drug target in Salmonella.

In this study, the NADPH-dependent enzyme assay was used for high-throughput screening of
compounds that inhibit S. enterica DXR. FR900098, a well known antimalarial agent, and
diethylcarbamazine and MMV228911, compounds from the Pathogen Box, displayed in vitro
inhibitory activity against S. enterica DXR. These compounds could potentially form basis for
developing new broad-spectrum antibiotics that could be used in the treatment of Salmonellosis.

The hypothesis set up for this study was approved, as the results of this study implied that the
inhibition screening of the S. enterica DXR enzyme can be used in high-throughput screening

assays to identify potential drug compounds that can be used in anti-salmonellosis drug discovery.
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APPENDICES

Appendix A: pET28a(+) Plasmid Map

The plasmid map of the pET28(+) plasmid (Obtained from Novagen).
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Appendix B: Molecular Size Determination for Restriction Digestion Products

Example using the agarose gel presented below:

Migration Distance Rf Value DNA Ladder Bands | Log MW

(mm) (bp)

4 0.095238 10000 4

7 0.166667 6000 3.778151

12 0.285714 3000 3.477121

16 0.380952 2000 3.30103

19 0.452381 1500 3.176091

25 0.595238 1000 3

29 0.690476 750 2.875061

34 0.809524 500 2.69897

43 1.02381 250 2.39794
4.5

y =-1.651x + 4.0149

£ 35
e e R?=0.9769
() Se.
= 3
& 2.5
35
E 2
S 15
W 1
-

0.5

0
0 0.2 0.4 0.6 0.8 1 1.2
RF Value
Calculation:

Rf Value of DNA Fragment A band = 5/42=0.119
y=-1.651(0.119) +4.0149

y=3.8184

103818 = 6583 bp
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Appendix C: Molecular Size Determination for Protein Band Sizes

Example using the polyacrylamide gel presented below:

Migration Distance Rf Value Protein Ladder Log MW
(mm) Bands (kDa)
10 0.313 85 1.929418926
18 0.563 60 1.77815125
23 0.719 50 1.698970004
26 0.813 40 1.602059991
32 1 30 1.477121255
25
2 y =-0.6582x +2.1458
R?=0.9915
S 15
=
e
0.5
0
0 0.2 0.4 0.6 0.8 1 12
Rf Value
Calculation:

Rf Value of protein band = 19/32 = 0.594
y =-0.6582(0.594) + 2.1458

y =1.7548
10754 = 56.86 kDa
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Appendix D: Bradford Assay Standard Curve

0.3

y =0.2592x + 0.0004 P
0.25 R?=0.9973

0.2

0.15

0.1

Absorbance 595

0.05

0 0.2 0.4 0.6 0.8 1 1.2
BSA Concentratin (mg/ml)

The Bradford protein assay was performed at 0.03, 0,06, 0.13, 0.25, 0.5 and 1 mg/ml BSA

concentrations. Absorbance of the Bradford reagent was measured at 595 nm after 5 minutes.
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Appendix E: Small Scale Protein Expression

<+«— PfDXR

PfDXR expression at 28°C and 37°C using 0.1 mM IPTG for induction

found in the induced insoluble lanes.

_lk.Da. \)Q'. ; \‘}Q\- \(" \?.

RS

MtDX
32

253

. The PfDXR protein is

DXR expression at 37°C using 0.1 mM IPTG for induction. The MtDXR protein is found in

both the induced and uninduced insoluble lanes.
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Appendix F: % Enzyme Activity and Inhibition Determination

Abs (negative control)—Abs (sample)

x 100

% Enzyme Activity =

negative control—positive control

—_ Abs (positive control)—Abs (sample
% Enzyme Inhibition = ( ) x 100

negative control—positive control

Positive Control - reaction with enzyme and without compound

Negative Control - reaction without enzyme and compound
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Appendix G: Heat Map for Pathogen Box Compound Screening
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Heat Map of the Pathogen Box compounds screened against the activity of S. enterica DXR
enzyme. The Positive control without compounds is showed in yellow, the negative control
without compounds and enzyme is showed in green and the FR900098 control with both
FR900098 inhibitor and enzyme is showed in blue. Below are the % inhibition for each

compound, compounds exhibiting a % inhibition and above are shaded pink.
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Appendix H: Confirmation of the Pathogen Box hit compounds

Profiles and percentage inhibition of the hit compounds (= 70% inhibition at 50 uM) in the
MMV pathogen box. The hit compounds that exhibited > 70% inhibition (from screening) were
selected and retested to confirm their inhibitory activity against S. enterica DXR. The barcode of
the plate, position of compound on the plate, compounds ID and the % inhibition of the

compounds are shown in the table below:

Plate barcode Well Position Compound ID Inhibition (%) at 50
UM concentration

PathogenBox PlateA | B02 MMV 1110498 -8

PathogenBox PlateB | B04 MMV002529 -4

PathogenBox PlateB | C04 MMV676382 -1

PathogenBox PlateB | D04 MMV 676536 -2

PathogenBox_ PlateB | FO4 MMV003270 0

PathogenBox PlateC | A02 MMV675997 -2

PathogenBox PlateC | BO5 MMV 687749 2

PathogenBox_ PlateC | E05 MMV687146 -2

PathogenBox_ PlateD | F10 MMV688474 55

PathogenBox PlateE | B11 MMV 688352 4

PathogenBox_ PlateE | E03 MMV002816 89

PathogenBox_ PlateE | FO7 MMV228911 78
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