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Abstract XV 

ABSTRACT 

In 2015, the World Health Organization estimated that Tuberculosis (TB) 

infection affects a third of the world's population and is the leading cause of mortality 

caused by a single infectious agent. Through the years, effective drugs were designed to 

target its causative agent, Mycobacterium tuberculosis (M tuberculosis). Despite this, 

the evolvement of resistant strains is still a cause of concern. To persist in the harsh 

conditions of a host' s macrophage, M tuberculosis has evolved various mutations, 

which includes the overexpression of an alkyl-hydroperoxide reductase subunit C 

(MtAhpC) protein. However, few studies have been performed on the protein, MtAhpC 

in relation to TB infection. 

In the current study, recombinant Mycobacterium bovis (M bovis) (BCG Strain) 

AhpC (MbAhpC), which shares an identical protein sequence as MtAhpC, was 

generated to elucidate the structure of MbAhpC in solution. 2D projections were then 

performed, thereby confirming existing postulations on the dodecameric ring of AhpC 

in solution. With that, further characterization of MbAhpC through kinetics assay 

provide insights into the enzymatic k:irletics of MbAhpC. For the first time, the accurate 

kinetic parameters of MbAhpC, such as the catalytic efficiency (kcatl Km) and Michaelis 

constant (Km) were computed from the experimental data obtained. In addition, NMR 

titration assays revealed the reducing partner of AhpC as well as its interacting residues. 

Point mutations were performed on the unique N-terminus of MbAhpC. 

Downstream experiments like size exclusion chromatography and dynamic light 

scattering further highlighted the uniqueness of the conserved residues lying in the N-
' 

terminus in maintaining the redox-oligomerization. With molecular docking and 

structural studies, the importance of the N-terminus of M tuberculosis was further 

elaborated from a structural point of view. 

All in all, the results presented in the current studies revealed biochemical, 

biophysical and structural insights into MtAhpC. 
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1 INTRODUCTION 

Tuberculosis and its causative agent, Mycobacterium tuberculosis (M 

tuberculosis) has infected many people and resulted in a high mortality rate since 

primeval times. Aerobic respiration by M tuberculosis generates reactive oxygen and 

nitrogen radicals. In order to subsist in the harsh environment of the human body, the 

bacteria evolved a variety of measures to evade the human immune response and thrive 

in the host. One such measure developed by M tuberculosis is its expression of 

peroxiredoxins, which aids in reducing the elevated levels of organic peroxides by 

decomposing them. As a result, M tuberculosis is able to thrive in a host cell, and its 

persistence within its host eventually results in its host mortality. 

1.1 Impact of tuberculosis in the world 

Ranked above Acquired Immunodeficiency Syndrome (AIDS) in causmg 

mortality because of an infectious disease [1] , Tuberculosis (TB) has claimed the lives 

of many individuals ever since ancient times. In the recently published World Health 

Organization' s (WHO) Global Tuberculosis Report 2016, an additional 10.4 million 

new cases with a mortality of approximately 1.8 million individuals were reported [2]. 

Most of the TB cases reported occurred in Asia and WHO-classified African regions 

with approximately 61% and 26%, respectively. 87% of these incidents were reported 

to occur from the 30 high TB burden countries with the majority of these cases being 

from South Africa, Pakistan, Nigeria, China, Indonesia and India. Statistically, 

approximately 11% were amongst those patients coinfected with HIV as well. A large 
( 

proportion of TB co infection with HIV were found in WHO-classified African Region 

(Figure 1.1) [2]. 

The WHO has derived various methods to estimate TB mortality which 

comprises oftwo main categories; (i) TB mortality among HIV-negative people and (ii) 

TB mortality among HIV -positive people [2]. Reports have shown that approximately 

84% of TB mortality occur in the category of patients who are HIV -negative in WHO­

classified African Region and South-East Asia countries [2] . On the other hand, India 

and Nigeria account for the majority of TB mortality among the HIV -positive category 

[2] . In particular, the 30 high TB burden countries vary significantly in terms of the 

number ofTB cases, with some countries experiencing substantial reductions (Myanmar, 

Ethopia, China, Pakistan, the Philippines and the Russian Federation) to an increase in 

the number of TB cases in the Democratic People' s Republic of Korea and in Congo 
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[2]. Despite the number ofTB cases reducing slowly (from 1.4% to 1.5% in 2000-2015), 

the need to accelerate the decline in TB cases is necessary to facilitate in the reduction 

ofTB mortality [2]. 

Estimated TB Incidence rates, 2015 

0 

0 

D-24.9 

2s-99 

- 100-199 

- 200-299 
- ~00 

0 

• 

Figure 1.1: Visual representation ofthe estimated number of cases ofTB in 2015. Majority ofTB 
cases are regionalized in Asia and WHO-classified African region, with more than 300 per 100,000 
population. The 30 high TB burden countries are Angola, Bangladesh, Brazil, Cambodia, China, 
Congo, Central African Republic, DR Congo, DR Korea, Ethiopia, India, Indonesia, Kenya, Lesotho, 
Liberia, Mozambique, Myanmar, Namibia, Nigeria, Pakistan, Papua New Guinea, Philippines, Russian 
Federation, Sierra Leone, South Africa, Thailand, the United Republic of Tanzania, VietNam, Zambia 
and Zimbabwe. This figure was reused from World Health Organization Global Tuberculosis Report 
2016 [2]. 

1.2 Tuberculosis infection in a host 

TB infections can be clinically classified as latent (L TBI) or active TB infection 

[3]. The former encompasses an asymptomatic and a non-transmissible state of TB 

whilst the latter encompasses a transmissible TB disease presenting physical symptoms 

such as fever, persistent cough with haemoptysis, fatigue, loss of appetite and loss in 

body weight [4]. According to the Centers for Disease Control and Prevention (CDC), 

the evaluation of a patient suspected of carrying active TB will undergo various tests to 

confirm the presence of active TB [5]. Generally, the Mantoux tuberculin skin test (TST) 

is performed, followed by a posterior-anterior chest radiograph and subsequently, by a 

sputum smear as well as a radiometric liquid culture (BACTEC) [5]. However, there are 

also cases of patients, who are tested as culture-positive for active TB disease but are 

physically asymptomatic [3, 6]. Studies have suggested that these patients experience 

clinical symptoms at a much earlier phase prior to presenting physical symptoms. In 
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such cases, the host is said to experience a delayed disease presentation due to an earlier 

reactivation of the disease [7, 8]. Usually, these patients are classified as having 

subclinical TB or LTBI [3]. Nonetheless, these studies exemplifies that the presence of 

L TBI reactivation and ongoing TB infection are largely responsible for the global TB 

infections [9]. 

Exogenous factors such as the source ( defmed as a patient being diagnosed as 

carrying infectious TB [10, 11]) and proximity to the source govern the possibility and 

progression of TB infection. From the 20th century epidemiological surveys, the 

outcomes suggest the relationship between the proximity to an infectious TB patient and 

contracting TB [12, 13]. In addition, factors such as overcrowding in a region with the 

population infected with TB disease, also predisposes one to TB infection [14]. Other 

risk factors were also suggested, including excessive alcohol intake, smoking, prior type 

II diabetes mellitus, malnutrition [15] and indoor air pollution [14]. 

Patients who are HIV -positive, are also at risk of TB infections [3, 6, 16]. 

Statistics have shown that in sub-Saharan Africa, approximately 30% of patients who 

are co infected with TB and HIV results in mortality in less than a year of TB diagnosis 

[17]. The increased in mortality was shown to result from the delay in the treatment 

from the onset of physical symptoms of TB infection to the eventual confirmation 

through a smear-positive TB detection [ 18]. Therefore, this highly suggests that HIV ffB 

mortality could be reduced should there be an early diagnosis and treatment. 

Furthermore, some HIV -positive patients had been found as smear-negative in the initial 

phase [19]. As a result of multifactorial reasons such as inadequate radiographic 

facilities or inadequate knowledge on TB disease, these HIV -positive patients with 

smear-negative results would have an increased delay in diagnosis and treatment of TB 

[20]. With the coinfection of HIV and TB, the patient would have a higher chance of 

L TBI reactivation and subsequently, leading to TB progression [3, 17, 21]. Current HIV 

treatment with highly ~ctive ~tiretroviral !herapy (HAART) has shown that HAART 

significantly reduces a HIV-positive patient's risk ofbeing infected with TB [6, 22, 23]. 

With such iniplementations, this could plausibly play a key role in reducing HIV /TB 

mortality. 

Nonetheless, exposure to M tuberculosis may result in either the complete 

elimination or persistence of the pathogen [3, 8]. The elimination of M tuberculosis 

were largely observed in health care workers who were exposed to infectious TB 

patients [8], but tested negative for TST. Here, it was found that the body's innate 
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mechanisms such as recruitment of macrophages [24] and neutrophils [25] may be 

responsible for eliminating the pathogen. In opposition to the elimination of TB 

infection, persistence of the pathogen is defmed as the ability of M tuberculosis to adapt 

in harsh environments which allows it to transit between non-replicating phase and 

replicating phase [8] . The persistence of M tuberculosis suggests that the patient may 

be either infected with L TBI or active TB [26]. Although no evidence h~ been found 

to confirm the presence of a transcriptional response regulator (dosR) being responsible 

for dormancy in L TBI human infections [27], in vitro studies have shown that dosR 

regulon is responsible for the persistence of M tuberculosis [8, 28, 29] . 

1.3 Pathogenesis of M. tuberculosis in causing pulmonary TB 

M tuberculosis is not known to persist in any environmental reservoirs apart 
f 

from humans [30, 31]. Little has been understood about the early phase of infection by 

M tuberculosis in humans. Models of the early events that occur during primary 

infection ofTB were proposed in guinea pigs, mice and rabbits [32] . However, studies 

have also proved that guinea pigs were highly susceptible to even a few viable tubercle 

bacilli [33]. Studies performed with mice provided more insights into vaccinations 

rather than the pathogenesis of TB [34, 35]. Lastly, rabbits were shown to be more 

resistant to M tuberculosis as compared to guinea pigs and mice. Experiments 

performed on rabbits infected with M tuberculosis showed that despite the development 

of pulmonary TB and cavities, none ofthe infections progressed to active TB [36, 37]. 

These studies have not provided the minute details about the pathogenesis of M 

tuberculosis, but instead, have enlightened scientists with an overview of the 

pathogenesis of TB. Moving forward from animal models, scientists observed that the 

pathogenesis of M tuberculosis was better understood through non-human primates 

(NHP), zebrafish embryo or modern imaging technologies. In fact, the radiological and 

clinical manifestations observed in TB infection in NHPs were found to be comparative 

to that of humans [38-40]. The study of zebrafish embryos infected with M marinum 

provided a clarity towards the preliminary stages of TB infection [41-43]. The 

preliminary stages of TB infection are described briefly hereafter with reference to 

Figure 1.2 and 1.3. 

The preliminary stages of TB start from the inhalation of the tubercle bacilli, M 

tuberculosis which infects the human respiratory tract (Figure 1.2, part 1) and is 

subsequently translocated to the lower respiratory tract (Figure 1.2, part 2). The 
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translocation results in M tuberculosis encounter with alveolar macrophages [3], 

whereby it internalizes the alveolar macrophages and actively blocks phagosome­

lysosome fusion [44, 45] (Figure 1.2, part 3). Following the inhibition of the maturation 

of the phagosome [46, 47], M tuberculosis was proposed to be involved in rupturing 

the phagosome [48] before translocation into the cytosol [49]. The ESX-1 secretory 

pathway and the secreted ESAT -6 was shown to facilitate this translocation [ 49] which 

subsequently leads to the release of bacterial products and/or even genomic DNA 

fragments in the cytosol [50-52]. It is uncertain as to whether M tuberculosis possesses 

the advantages of releasing bacteria products in the cytosol [53, 54]. However, studies 

performed suggested that the translocation of M tuberculosis to the cytosol of 

macrophages induces an innate immune response against M tuberculosis [55]. This is 

performed through the ESX-1 secretory system whereby through this pathway, M 

tuberculosis can elicit a type I interferon response in infected macrophages [56]. One 

study had shown that the elicitation of type I interferon response in mouse decreases the 

mouse immunity against M tuberculosis infection [57, 58]. This highly suggest that 

type I interferon response promotes the growth of M tuberculosis rather than eliminate 

the infection. Although this model has not been confirmed in humans, it has indeed 

provided a clearer understanding to the pathway of M tuberculosis infection. 

r,-------------------------------------------------
Pa~thog_..... • ~,: Ly,.,.m.r..,loo ©.,-;. 

"' M. tuberc11losis 

M. tuberculosis 

1 

Figure 1.2: The initial stages of the infection process of M tuberculosis. 1. Inhalation of the bacteria 
causes an infection in the lower respiratory tract. 2. To combat the infection, the host immune system 
will induce the recruitment. 3. However, M tuberculosis is able to prevent the maturation of the 
phagosome into a phagolysosome (boxed region) . 4. If the host is immune-compromised or exposed 
to infectious TB, the elimination of M tuberculosis will be decreased. This leads to the formation of 
granulomas in the host. 5. Subsequent infections or LTBI reactivation may lead to TB progression to 
active TB, where it infects the rest of the lungs and plausibly, organs. 
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The infection then proceeded with the recruitment of cells at the site of infection 

and subsequently, the formation of a granuloma by the host [32] (Figure 1.2, part 4). 

Thereafter, T-cells are activated, and this leads to the onset of a cell-mediated immune 

response. To carry on the process of infection, infected dendritic cells or inflammatory 

monocytes would then transport M tuberculosis to the lymph nodes of the host for T­

cell priming. It was reported that M tuberculosis is capable in delaying the initial T -cell 

priming and T-cell trafficking [59]. 

M. tuberculosis 

Haematogenous spread: 
M. tvbercuk:Jsis DNA 
detected in tissues by 
tnSitVPCR 

Cavities open into the bronChi. 
lowing spread of M. tuberculosJs 

througl ooug,ing 

I Reactivation or TB: for • art I 
immunosuppression, HIV lnfectioo a smoking 

' ' ' , 

Copyriglt C 2005 IlK& P\Jbish;ng Gtoop 
Nature Reviews I Immunology 

Figure 1.3: Information graphic on the infection of M tuberculosis. Transmission of TB infections is 
generally through inhalation. As TB infects the lower respiratory tract, it leads to the formation of TB 
lesions in the lungs. Most TB infections can be cured with proper antibiotics treatment. However, the 
reactivation ofTB and a minority ofTB cases may progress to cavitary TB. This figure is reused from 
Rook et. a/ (2005) [60] . 

T -cell mediated immune response drives the formation of a calcified tuberculous 

caseating granuloma, clinically termed as the Ghon complex, which has the capability 

to confine and restrain the growth of M tuberculosis thereby leading to healing [32]. 

This Ghon complex is made up of a collection of epithelioid cells, lymphocytes and 

capillaries. It was also proposed that these calcified tuberculous caseating granulomas 

may have a certain burden of bacteria, within which, M tuberculosis will be unable to 

continue in proliferation [3]. The burden of bacteria refers to the ability of the host 
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granulomas in containing M tuberculosis [ 61]. However, it is also important to note that 

the notion of a burden of bacteria was only experimented on NHPs [61]. Also, it is 

uncertain if humans would manifest such observations. Nonetheless, in cases where 

there is no substantial tissue injury caused by an infectious granuloma (observed in chest 

radiography scans), patients presenting an infectious granuloma can still be treated [3]. 

These patients are categorized as L TBI patients with controlled asymptomatic infection 

[3], in which they were also tested to be TST and IGRA positive [28]. However, the 

progression of the formation of an infectious granuloma were only confirmed in mice 

in which they presented large infectious granulomas and more studies are needed to 

understand if this occurrence is similar to that of humans [62]. Preventive treatments are 

then provided to L TBI patients such that the disease progression to active TB is reduced 

[26]. To date, some countries have accepted the TB preventive therapy, also known as 

the Isoniazid Preventive Therapy (IPT) [63]. In this study, the patients subjected to this 

therapy were those who had been tested positive in TST as well as with presence of 

radiographic lesions (of probable TB origin). It was concluded that with a strict regimen 

on isoniazid, the progression ofLTBI to active TB was significantly reduced [63]. 

Out of these, there are also a few exceptional cases where the infection can 

progress to active TB disease [3, 64] (Figure 1.2, part 5). The term exceptional refers to 

situations where an L TBI patient is immuno-compromised [ 65]. The presence of 

conserved T-cell antigens in M tuberculosis [66], HIV infection, treatment with tumor 

necrotic factor alpha (TNFa) neutralizing antibodies as well as inborn genetic errors [67] 

have been proposed to result in the progression from LTBI to active TB disease [3] 

(Figure 1.3). Detailed information of~ach factors are explained in the next section. 

1.3.1 Pathogenesis of M. tuberculosis in causing pulmonary TB - Presence of T­

cell antigens 

Little is known about the presence of conserved T -cell antigens in M 

tuberculosis and its relation to disease progression. Theoretically, viruses with reduced 

antigenic variation and immune evasion may result in their reduced ability in rendering 

an infection [68]. Instead, one study proposed that the T-cell antigens present in M 

tuberculosis which are responsible for interaction with human T-cells are highly 

conserved [66]. The same study also suggested that the presence ofhighly conserved T­

cell antigens is necessary for human T lymphocytes recognition to elicit a type I 
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interferon immune response by the host, which in turn triggers M tuberculosis disease 

progression from LTBI to active TB [66]. 

1.3.2 Pathogenesis ofM. tuberculosis in causing pulmonary TB- Coinfection with 

HIV 

HIV infection usually results in sparse numbers of CD4+ T-cells. As such, 

patients with HIV infection are more prone to TB infection and disease progression 

which may eventually lead to increased chances of mortality. 

1.3.3 Pathogenesis of M. tuberculosis in causing pulmonary TB - TNFa 

TNFu is one of a few cytokines produced by monocyte-derived macrophages 

when a host is exposed toM tuberculosis infection [69]. Studies performed in murine 
) 

M tuberculosis have shown that the absence of TNFu results in the formation of 

granulomas [70]. Furthermore, in vitro studies have shown that the production ofTNFu 

was able to eliminate mycobacteria and at the same time, prevent the spreading of the 

pathogen [71]. In yet another mutational study, murine models tested with TNF 

knockouts were found to be unable to form granulomas, suggesting the lack of an innate 

immune response [72]. These studies have shown the necessity of TNFu in the 

containment of M tuberculosis infection through M tuberculosis specific antigen T -cell 

response [73]. However, the above studies were limited toM tuberculosis infection in 

the liver. Unlike TB infection in the liver, studies in relation to pulmonary TB revealed 

that the decline in TNF a production resulted in increased pulmonary inflammation, 

pulmonary cell damage and/or mortality [74]. Furthermore, the amount of TNFu plays 

a role as to whether TNFu functions as a protective mechanism or causes an increase in 

immunopathology [75]. It was found that the excess of TNFu production induces 

systemic inflammation rather than protecting the host, thereby leading to the 

manifestation of clinical cachexia [76]. Here, it highly suggests that an adequate amount, 

but not excessive, of TNFu production is crucial to control TB progression. 

In patients suffering from moderate to severe rheumatoid arthritis and do not 

respond to anti-rheumatic drugs or methotrexate therapy, were instead, given anti-TNFu 

therapy [77]. However, the utilization of anti-TNFu treatment was found to facilitate in 

the progression of TB infections in patients being treated for rheumatoid arthritis 

wherein the antibodies bind to TNFu, leading to reduced TNFu function [78]. In 

particular, the data presented revealed that these patients on anti-TNFu therapy may 
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progress to develop active TB when exposed to infectious TB or has L TBI [79, 80]. 

These studies highly suggest that anti-TNFa therapies inhibits the protective mechanism 

of TNFa against M tuberculosis infection. Thereby, this leads to an increased chance 

ofTB disease infection or progression when exposed to infectious TB [81]. 

1.3.4 Pathogenesis of M. tuberculosis in causing pulmonary TB - Inborn genetic 

mutations 

Inborn genetic mutations, which carries mutations that affects either the 

accessory chain of IFN-yR or the IFN-y receptor, may render a patient to be more 

susceptible to TB progression [82, 83] . Some genes encoding proteins such as gpl30 

have been shown to participate in the defense mechanism against M tuberculosis 

infection, especially those along the IL-12-IFNy axis, whilst deletion or mutation in this 

protein were linked to the progression of LTBI to active TB [84-87]. Nonetheless, all 

the above are postulations and more studies should be performed to further understand 

the mechanism of infection leading to the progression of active TB. 

L TBI reactivation, on the other hand, is generally associated with the 

liquefaction of previously formed granulomas and the eventual rupture into the 

bronchoalveolar and vascular system [32, 88, 89]. This suggests the plausibility of M 

tuberculosis dissemination in the host organs which leads to a second infection. 

1.4 Treatments for TB infection and the emergence of M. tuberculosis resistance 

Vaccination for TB have seen the light since 1921 and anti-tubular drugs were 

first discovered in 1950 [90]. The ' current and only approved TB vaccine is the 

Mycobacterium bovis (M bovis) Bacillus Calrnette-Guerin (BCG) [91]. 

Despite being the most widely used vaccine, BCG still has its limitations. Studies 

performed have confirmed the effectiveness ofBCG vaccination in infants [92, 93] and 

it was shown that the efficacy of BCG vaccination in adolescents and adults varies from 

0-80% [94]. Despite presenting such high efficacy, meta-analysis performed showed 

that the protective efficacy ofBCG vaccination wanes with time [95, 96]. Furthermore, 

it was found that there were insufficient evidence of the effectiveness of BCG 

vaccination after 10 years from being vaccinated [97]. Of significance is the efficacy of 

BCG vaccination in adults, in which it was proven to be less effective in developing 

world in which they carry the highest incidence of infectious TB cases [98, 99]. Overall, 
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the above studies provided evidence that there are limitations on this widely used 

vaccination, BCG. 

To overcome the limitations ofBCG vaccinations, research scientists around the 

world are focusing on designing alternatives and/or improvements on BCG vaccination. 

One such vaccination (recombinant BCG30; rBCG30) currently undergoing clinical 

trials utilizes the over-expression of antigen 85B (Ag85B) [100, 101]. Scientists have 

tested rBCG30 on HIV -positive individuals and have also found an improved efficacy 

and is generally safer for HIV -positive individuals [102]. However, the vaccination is 

still on hold at clinical trials phase despite being tested to show immunogenicity (against 

TB) in humans and improved protection (against TB) in guinea pigs [103]. Attempts 

were made to improve rBCG30 in which the focus was the addition ofimmunodominant 

genes such as Ag85A and TB10.4 as well as the expression ofperfringolysin 0 [104]. 

This improved vaccination (Aeras-422) revealed improved efficacy as compared to 

BCG when tested with mice and guinea pigs. However, Aeras-422 was stopped in 

clinical trials phase I due to the adverse side effects observed in patients [ 1 05]. With the 

same strategy of utilizing recombinant BCG, other recombination attempts were made. 

One such is the VPM 1002, which is currently undergoing clinical trials phase Ila. VPM 

1002 employs the improvement of cytolytic T -cell responses through the secretion of 

listeriolysin [106, 107] as well as the deletion of-prease C [108]. 

Apart from using rBCG vaccination techniques, current development for TB 

vaccines also targets booster vaccinations such as the utilization of fusion protein (fusion 

of proteins such as Ag85B, ESAT-6, Rv2660C, Rv1196, Rv0125 and TB10.4) or viral­

vector (viral factors such as replication deficient adenovirus 5, replication deficient 

adenovirus 35 or Ankara) for pre-exposure to booster vaccinations [92]. The detailed 

explanation and references are shown in the table below. 

~ Vaccination Description References 
candidate 

Adjuvant Fusion protiens 

Fusion HyVac4:IC31 IC31 Ag85B and TB10.4 [109, 110] 
proteins 
delivered 

Hybrid 1 + IC31 Ag85B and ESAT -6 [111] 
in 

adjuvant IC31 
Hybrid 56+ IC31 Ag85B, ESAT -6 and [112] 

IC31 Rv2660c 
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M72 + AS01 AS01 I [113, 114] I 

M72+AS02 AS02 Rv1196 and Rv0125 I 
1 

I 

Virus Expressed proteins 

I 
AdAg85A Replication- Ag85A I [115] 

Utilization deficient 
of viral adenovirus 5 
factors Aeras-402 Replication- Ag85A, Ag85B and [116, 117] 

deficient TB10.4 
adenovirus 3 5 

Aeras 485 Modified Ag85A 

I 
[118] 

Ankara .. 
vacc1ma 

Despite various booster vaccinations development, most of these booster 

vaccinations are currently either undergoing clinical trials phase or have no current 

updates as to whether the clinical trials are completed or on hold. Apart from findings 

on booster vaccinations, scientists have also opted for the usage of whole bacterial which 

are either detoxified or inactivated [92]. Two such advanced vaccinations are RUTI and 

M vaccae [119]. RUTI utilizes fragmented and detoxified M tuberculosis cells and are 

targeted for LTBI patients [119, 120]. In LTBI patients, M tuberculosis are in the latent 

form and when patients are treated with RUTI, an immunological response will be 

triggered against the antigens found on the latent M tuberculosis [ 121]. Clinical trials 

have proceeded to ascertain the effectiveness ofRUTI and is currently undergoing phase 

IIa clinical trials [122]. M vaccae is utilized as a vaccination, wherein the whole-cell 

was inactivated and used alongside immunotherapy [120, 123]. It was found that the 

inactivated M vaccae vaccination triggers a cellular immune response in which the T­

helper 1 (Th1) response between the tubercle bacilli and host tissues are upregulated, 

whereas the T -helper 2 (Th2) mechanisms specific to the bacilli antigens are down­

regulated [123]. 

As shown from the above, despite having multiple vaccinations developed to 

prevent the dissemination of TB, only one (BCG) has been approved for usage so far. 

Moving forward, apart from preventing TB infection through vaccinations, what are the 

current available drugs to treat TB infections? 
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The four first-line of antimicrobials treatment for TB are isoniazid (INH), 

rifampicin (RMP), pyrazinamide and ethambutol [124]. Through the years, researchers 

are continuously searching for alternative drugs to target TB infection. In recent years, 

bedaquiline (125, 126] and delamanid [127-129] have been approved to target multi­

drug resistant tuberculosis [ 130, 131]. Yet, the rising number of cases reported for 

resistant M tuberculosis strains is still a huge cause of concern [132]. 

The emergence of resistant M tuberculosis was first observed in patients 

diagnosed with pulmonary TB, where streptomycin was utilized for treatment [133]. 

Unfortunately, this has upregulated to even resistance to first-line antimicrobials and/or 

second-line antimicrobials [134]. Wild M tuberculosis was observed to have lower 

spontaneous mutation rates [135] and there have been no data available about the DNA 

acquisition by M tuberculosis (3]. Nonetheless, a study performed have revealed the 
) 

presence of mutations on single genes that could lead to drug resistance [136]. However, 

this study does not highlight the relationship between the mutations and drug resistance, 

it only suggests the possibility of allelic exchange. In recent years, a review performed 

on eight crucial genes refuted this proposal [137]. Therefore, the next question is, what 

would then result in the emergence of drug resistant M tuberculosis? The selection for 

M tuberculosis resistance was largely due to non-compliance of chemotherapy in 

patients [13 8]. Apart from patient non-compliance,, poor infection control could possibly 

lead to the emergence of resistant M tuberculosis [139-142]. The access to self­

medication where patients do not require prescription to purchase anti-TB drugs also 

plays a part in the emergence of resistance [ 14 3, 144]. In addition, the negligent usage 

of antibiotics in which either the patient does not complete the course of antibiotics or 

the misuse of antibiotics (by health professionals, unskilled practitioners or private 

practitioners) would further allow pathogens to develop resistance towards antibiotics 

[145-147]. 

In view of the increasing incidence of resistance towards antimicrobials in M 

tuberculosis, WHO has established the "STOP TB Strategy". There are six main 

strategies employed: i) Moving towards the enhancement and expansion of Directly 

Observed Treatment (DOTS), ii) Engaging the public as well as health care workers in 

the promotion of standards of care for TB patients, iii) Engaging the community to 

empower their knowledge in the prevention of TB cases as well as TB treatment in 

patients, iv) Promoting and enabling research to develop new vaccines/drugs/diagnostic 

tools, v) Targeting MDR-TB, TBIHIV as well as TB endemic populations and lastly, vi) 
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Improving primary health care through contributions made to health sectors [148]. In 

line with the STOP TB strategy, a patient-centered approach was suggested particularly 

for coinfection ofHIV with drug resistant TB [149]. This approach utilizes strategies of 

DOTS, however, with the implementation of education and patients counselling, 

especially where HIV is a social stigma [149]. In addition, three other organizations 

have also implemented research as a fundamental to improve diagnosis, treatment as 

well as development ofhealthcare interventions [150-152]. 

1.5 Emergence of MDR and XDR M. tuberculosis 

The emergence of multi-drug resistance TB (MDR-TB) became particularly 

evident in 1985, in USA, where there were increased cases ofTB mortality and patients 

who are unresponsive to TB drugs [153]. Apart from USA, WHO has also observed the 

emergence of :MDR-TB worldwide [154]. :MDR-TB is defmed as patients conferring 

resistance to two first-line treatments: INH and RMP [155]. :MDR-TB patients requires 

the treatment with second-line drugs which were found to be more costly and also the 

requirement of long-term therapy as compared to first-line drugs [156]. Second-line 

treatments usually includes the combination of fluoroquinolones (gatifloxacin, 

levofloxacin or monofloxacin), injectable agents (kanamycin, capreomycin or amikacin) 

as well as anti-TB drugs ( clofazimine, linezolid, terizidone, ethionamide, cycloserine or 

prothioamide) [3]. 

However, due to the cost and requirement of long-te!Dl therapy required for 

:MDR-TB, approximately 46% of patients are found to not have completed the full 
' 

therapy [157]. As a result, resistance has broadened to extensively drug resistant TB 

(XDR-TB), which was observed in 2006 [134]. XDR-TB is defined as the inclusion of 

MDR-TB, resistance to FQs as well as resistance to one or more injectable second-line 

TB drugs (capreomycin, kanamycin and/or amikacin) [153]. 

Despite the emergence ofMDR-TB and XDR-TB, not all countries in the world 

are at epidemic levels ofMDRIXDR-TB [158]. Nonetheless, the global burden of drug 

resistant TB is still high. In one report published in 2008 by WHO and the International 

Union Against Tuberculosis and Lung Disease Global Project [159], it was reported that 

out of all the reported TB cases, MD R-TB holds up to 4. 8%. Of which, India and China 

accounts for approximately 50% of the cases whilst the Russian Federation, another 7%. 

Statistically, 86% ofthe world' s MDR-TB burden is shared amongst 27 countries. This 

was significantly higher by almost half a million cases in 2006 as compared to the 2004 
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estimates. In 2004, India, China and the Russian Federation held approximately 62% of 

the global burden. In a more recent report by WHO in 2016, it was found that the global 

burden ofMDR-TB is approximately 3.3%, in which central Asia and Eastern Europe 

are facing MDR-TB epidemic [132]. 

All the above-mentioned statistics prove that MDR-TB remains a threat to many 

provinces in China and the former Soviet Union. In addition, there are al~o lesser data 

available on drug resistance available in South Africa. This further reinforces the need 

to find a better treatment for MD R-TB [2]. 

1.5.1 Resistance of M. tuberculosis with INH-treatments in patients 

The most common cause ofMDR-TB is the resistance to INH; the front-line TB 

drug. INH is a pro-drug that requires in vivo activation by katG [160]. INH activation 
I 

results from the removal of a hydrazine group on INH, which is mediated by katG [ 161]. 

The utilization of active INH generates electrophilic and reactive species (peroxide, 

superoxide, hydroxyl radical, nitric oxide, isonicotinic-acyl anion or radicals) [ 162-164]. 

The susceptibility of M tuberculosis is due to the presence of these highly reactive 

electrophilic and/or reactive species generated upon katG-mediated INH activation 

[135]. In vivo and in vitro mutational studies have suggested that the target ofiNH in M 

tuberculosis is the presence of enoyl-acyl carrier protein reductase (InhA) as well as the 

~-ketoacyl-acyl carrier protein synthase (KasA) [165-167]. Both of which were shown 

to be crucial in mycolic acid biosynthesis, which is essential for the formation of the 

mycobacterial-envelope architecture [165] . The activation oflNH subsequently leads to 

the inhibition of mycolic acid biosynthesis in M tuberculosis [168]. Without proper 

formation of the mycobacterial-envelope architecture, it exposes M tuberculosis to the 

formation of defective layers of the mycobacterial-envelope [168] which compromises 

the pathogen against the environmental stresses as well as oxygen radicals of the host 

[169]. 

Apart from being the only protein capable of mediating the activation of INH, 

katG is an essential enzyme for M tuberculosis whereby it functions as a catalase and 

peroxidase [170]. Studies have shown the close association of mutations in katG and 

clinically isolated INH-resistant TB strains [171 , 172]. In particular, two amino acid 

substitutions were found to implicate the activity of katG: amino acid 315 (Serine to 

Threonine) and 463 (Arginine to Leucine) [172, 173]. An alternative mechanism was 

proposed by another study revealing that, instead of amino acid substitution, missense 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Introduction 17 

mutations were found in katG, particularly at the site of amino acid 463 [174]. 

Nonetheless, both postulations found that apart from mutations found in katG, there 

were also mutations found on InhA, which lies upstream of katG, that may also lead to 

resistance to INH [173]. Furthermore, the deletion or point mutations of katG and/or 

InhA were shown to reduce the peroxidatic function of katG [175, 176]. Therefore, for 

M tuberculosis to survive in the highly oxidative environment of the macrophages, it 

highly suggests that M tuberculosis must compensate for the reduced peroxidatic 

function of katG. 

Moving forward, studies have suggested the intense pressure of selection of the 

function of katG by the host macrophages [177]. Herein, it was found that in INH­

resistant patients, deletion or point mutations in katG may still retain the function of 

katG alongside reducing the toxicity of INH [178]. Although the exact molecular 

mechanism of INH resistance has not been fully confirmed to date, studies performed 

thus far, have highlighted the correlation between mutated or deleted katG and INH 

resistance. The next question that arises would be, what is the alternative mechanism 

utilized by M tuberculosis to compensate for the reduced peroxidatic function of katG 

when patients are treated with INH? 

It was found in one study that katG knockout mutants and INH-resistant mutants 

expressed a protein: the alkyl-hydroperoxidase reductase subunit C (AhpC) [179]. 

Previous studies performed have not found evidence leading to the overexpression of 

AhpC in vitro (unpublished data), yet another study revealed that it was due to the lack 

of passage through liquid culture or animals [179]. Evidence has shown, that the 
I 

overexpression of AhpC was largely found in the 5' promoter region of AhpC [179]. In 

particular, in katG knockout strains, the 5' promoter sequence had approximately 9-20 

folds of increased activity as compared to the wild-type strains [179]. This highlights 

that the increased expression of AhpC is necessary to compensate for the loss of function 

in katG deficient or mutant strains [180]. 
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1.6 Introduction to AhpCs; a class of peroxiredoxins 

AhpCs are classified as a class of peroxiredoxins. Peroxiredoxins are cysteine­

based peroxidases, also known as ubiquitous enzymes that do not require cofactors in 

their catalysis [ 181]. In recent years, the emergence of a better understanding of the 

alkyl-hydroperoxide-reductase has provided insights into the mechanistic action of 

peroxiredoxins. Commonly found in most eubacteria and archaea [ 182], p~roxiredoxins 

are usually expressed in prominent level despite having lesser catalytic efficiency as 

compared to glutathione peroxidases. Despite so, the detoxification of endogenously 

generated hydrogen peroxide (H202) was found to have been performed largely by 

peroxiredoxins [183]. 

Peroxiredoxins vary m oligomeric states and interfaces depending on the 

location of the resolving cysteine. The high expression of peroxiredoxins led to the 
) 

classifications of peroxiredoxins into three main classes; the typical 2-Cys 

peroxiredoxins, atypical 2-Cys peroxiredoxins and 1-Cys peroxiredoxins [183]. 

Classifications of these peroxiredoxins are based on the number and location of the 

cysteine residues involved in catalysis. These cysteines are the peroxidatic cysteine (Cp) 

and the resolving cysteine (CR). The main difference between peroxiredoxins and 

glutathione peroxidase is the presence of conformational changes between a locally­

unfolded (LU) and fully-folded (FF) conformation (Figure 1.4A) [183]. This 

conformational change exposes the cysteine residues such that an inter-subunit disulfide 

bond can form within the Cp and CR. A typical peroxidase catalysis involves 

peroxidation, resolution and recycling [184]. The first step ofperoxidation occurs when 

the peroxidase is in the FF conformation holding four conserved residues; Cp, arginine, 

threonine and proline [183]. Cp is located within a universally-conserved PxxxTxxC 

motif that would bind to hydroperoxide substrates. Here, the thiolate anion would then 

be oxidized to cysteine-sulfenic acid (Cp-SOH). The presence of a LU conformational 

state allows the Cp to be exposed to the CR, which subsequently allows the CR to attack 

Cp-SOH. This is when the resolution reaction occurs to release water and a condensation 

reaction whereby an inter-subunit disulfide bond is formed. Consequently, the cycle is 

completed after the regeneration of free thiol forms of Cp and CR, wherein the disulfide 

bond between the Cp and CR is reduced by another reductant (Figure 1.4B). Studies have 

proposed that the stabilization of the FF conformation effectively promotes the 

oxidation of the Cp by the peroxide in the active site [185]. 
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The majority of soluble peroxiredoxins are in a redox-modulated equilibrium of 

dimers and decamers, and referred to as the typical2-Cys peroxiredoxins [183, 186]. In 

the typical 2-Cys peroxiredoxins, the resolving CR is located at the C-terminus of the 

second chain of the dimeric subunit. This cysteine residue is crucial in the formation of 

an inter-subunit disulfide bond with the Cp during catalysis. Unlike the typical 2-Cys 

peroxiredoxins, the atypical class of peroxiredoxins forms an intramolecular subunit 

disulfide bond, whilst the 1-Cys peroxiredoxins usually involves only the Cp for 

catalysis. Here, the Cp is involved in a transient reaction, necessary for condensation 

reaction to happen [184]. 
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1.6.1 Alkyl-hydroperoxidase reductase subunit C (AhpC) 

AhpCs are mechanistically complex in which the switch in quaternary structure 

allows the peroxidase to be stabilized in the catalytic states [ 181]. One example of such 

shift in quaternary structure is the oligomerization from a dimeric to decameric AhpC 

in Salmonella typhimurium (S. typhimurium; StAhpC) and Escherichia coli (E. coli; 

EcAhpC) [ 186, 188]. During disulfide bond formation, StAhpC would lose its decameric 

interface. This redox modulation occurs wherein the reduced form of AhpC would 

oligomerize into a decamer and the oxidized form would remain as a dimer [ 184]. This 

redox-oligomerization has also been observed for many peroxiredoxins in mammalian 

and plant-derived 2-Cys peroxiredoxins [181]. Despite this, few studies have fully 

understood the physiological role of such transitions. Nonetheless, studies performed 

suggest that the presence of the decamer stabilizes the peroxidases. 

Apart from understanding the redox-sensitive oligomerization in the typical 2-

Cys peroxiredoxins, it is also crucial to understand the molecular function of the protein. 

Few studies have fully understood the function of AhpC in prokaryotes. Being one of 

the most abundant antioxidant protein ·in Helicobacter pylori (H pylori),J;tudies have 

proposed the switch from a peroxide reductase to a molecular chaperone function [189]. 

It was observed that when H pylori is exposed to low amount of reactive oxygen 

radicals, AhpC would decompose these peroxides. However, when faced with a long­

term stress, some of the AhpC proteins present in the bacteria would then be converted 

to molecular chaperones. This helps to prevent the bacteria from expressing misfolded 

or unfolded proteins. In addition, excessive amount of oxygen radical stresses may force 

all the AhpC proteins present to be co~verted to molecular chaperones. This switch from 

a peroxide reductase to molecular chaperone function helps to salvage some of the 

damaged proteins in H pylori. In addition, this shift to a molecular chaperone is also 

observed in human peroxiredoxin 2 [190]. The presence of a specific cleavage in 

peroxiredoxin 2 has been proposed to cause the functional switch. 

To fully understand AhpC, it is necessary to understand the peroxide reductase 

activity of AhpC. In StAhpC and EcAhpC, it is understood that AhpC functions together 

with a flavoprotein, AhpF [187, 191]. The peroxide reductase activity of AhpC in these 

two bacteria is known to be flavin-dependent. In the well-studied EcAhpC system, it is 

understood that the alkyl-hydroperoxide-reductase (AhpR) system involves both AhpC 

and AhpF to fully detoxify reactive oxygen radicals. The antioxidant system of E. coli 

is shown in Figure 1.5. 
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Figure 1.5: Schematic drawing of the antioxidant systems) n E. coli. H20 2 can be effectively reduced 
with the thioredoxin reductase (TrxR) system, GSH antioxidant system as well as AhpF system. The 
TrxR system utilizes Trx 1, Trx2 as well as three major thiol peroxidases (Msr, TPx and Bcp ). The GSH 
antioxidant system encompasses three glutaredoxins (Grxl, Grx2 and Grx3). AhpF works alongside 
AhpC to reduce H202. E. coli OxyR is the main transcription factor that regulates the expression of 
Trx2, Grxl , GRand AhpC. This figure is reused from Lu, J. & Holmgren, A., 2014 [192]. 

1.6.2 M. tuberculosis Alkyl-hydroperoxidase reductase subunit C (MtAhpC) 

Unlike studies performed on StAhpC, HpAhpC and EcAhpC, little has been 

understood about the mechanism of MtAhpC [180]. However, it was proposed that 

unlike the typical 2-Cys peroxiredoxins, MtAhpC is unique, particularly in its structure 

[193]. 

Firstly, MtAhpC has three cysteine residues unlike most 2-Cys peroxiredoxins, 

wherein they present only two cysteine residues. The conserved Cp is C61 while the 

conserved CR is C174. However, MtAhpC presents an additional cysteine, C176 (Figure 

1.6A). Little is understood about the function of C 176. However, an alternative proposal 

was brought up, which suggests the likelihood of the third cysteine to be involved in the 

formation of an intramolecular disulfide bond [180] . In a study performed by Koshkin 

eta/. (2003) [194], it was proposed that C133 of AhpD is involved in the attack ofC61-

C174. This attack would result in the formation ofaAhpD-C133-AhpC-C61 adduct. As 

such, studies have correlated the formation of this adduct with the plausibility of C 1 7 6 

to be involved in the disulfide bond formation. Here, it was proposed that C176 is 

involved in the sulfhydryl group attack of C61-C 17 4, thereby forming an intramolecular 

disulfide bond between C174-C176 [180]. 
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(A) 

(B) (C) 

Figure 1.6: Cartoon and surface representations of the crystallographic structure of MtAhpCcl76S 
(PDB JD: 2BMX) [180) in alignment with EcAhpC (PDB JD: 405R) [188]. (A) Dimeric subunit of 
MtAhpCc176s consists of two cysteine residues, C61 and C 174, alongside with a point mutation at C 176 
to serine (represented with green spheres)( In the current study, the focus is on the additional N­
terrninal extension from residues 1-40 (labelled N-terminus extension, represented in cyan), is highly 
conserved only in mycobacteria. The second focus is on the loop region (labelled residues 23-34, 
represented in dark blue). (B) The up-close structure of the catalytic site of MtAhpCci76S· When 
compared with EcAhpC (represented in cyan), MtAhpCcl76s (represented in orange and dark blue for 
each subunit) undergoes a rigid body movement in helix a1 (represented in magenta, with red arrows). 
This movement facilitates the formation of disulfide bonds between the two subunits (represented in 
yellow). (C) Unlike other typical 2-Cys peroxiredoxins, the proposed crystallographic structure of 
MtAhpCc176s is a dodecamer (each subunit is labelled as per written). A, B, C, D, E, F (represented in 
assorted colors of orange-yellow, dark blue, cyan, brown, red, green and purple, respectively) are 
labelled on each subunit and its symmetric mates are labelled as A' , B' , C', D', E', F' (represented in 
grey). 

Secondly, unlike StAhpC, the catalysis of MtAhpC was proposed to be involved 

in a rigid body movement instead of local unwinding [193]. Studies have proposed that 

the local unwinding in StAhpC renders the Cp to be accessible for the formation of a 

disulfide bond. However, in MtAhpC, the formation of a disulfide bond between C61 
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and C174 is achieved through the rigid body movement of helix al (Figure 1.6B). This 

rigid body movement exposes a small cavity in which it allows C61 to be in contact with 

C174 for a catalytic cycle to be achieved. In the same study, it was also proposed that 

the intramolecular disulfide bond formation between C174-C176 releases the helix al 

to a more favorable position [ 193]. This exposes AhpC to be involved in a reduction 

reaction by an external thiol. Since the studies performed by far only proposed the 

importance of the rigid body movement, it is necessary to understand the importance of 

maintaining the cavity for the formation of disulfide bonds. 

Thirdly, MtAhpC has been proposed to form a dodecamer instead of a decamer 

(Figure 1.6C). In the reported crystallographic structure of the MtAhpCct76S mutant 

(PDB ID: 2BMX) [193], crystal forces were proposed to play a part in the formation of 

a dodecamer. However, no studies of MtAhpC in solution have been performed thus far 
J 

[ 193]. In addition, it is not fully understood if the presence of this decamer/ dodecamer 

is crucial in the enzymatic function of MtAhpC. Therefore, the question here is, that if 

MtAhpC forms a dodecamer in solution, is this dodecameric ring crucial in maintaining 

the activity of the protein and/or the interaction with AhpD or TrxC? The interaction of 

MtAhpC with AhpD or TrxC are described in more details below. Moreover, in the 

reported crystallographic structure, there are approximately 25 amino acid residues not 

resolved in the C-terminus. If so, resolving the full crystallographic structure of MtAhpC 

may provide insights into whether the C-terminal plays a role in oligomerization and/or 

its interaction with AhpD or TrxC. 

Fourthly, MtAhpC presents additional residues in its N-terminus in comparison 

to AhpCs from other bacteria (such as EcAhpC, StAhpC and HpAhpC). Depending on 

the different sequence alignment algorithms applied, MtAhpC has shown to have 

additional residues on theN-terminus. In addition to the previous study performed [195, 

196], it was observed that the unique N-terminus also carries an additional loop at 

residues 23-34 (Figure 1.6A). The results revealed that the deletion of residues in this 

loop have resulted in the loss of redox-oligomerization in MbAhpC. Furthermore, the 

mutant did not have any enzymatic activity [195, 196]. With such results, it is important 

to identify the critical amino acids in theN-terminus and/or loop to further understand 

the unique structure of MtAhpC. 

Next, the well-studied StAhpC and EcAhpC are reduced by their reduction 

partner, AhpF [187, 191]. AhpF, which functions as a thiol-dependent antioxidant 

enzyme is crucial for the antioxidant process [192]. It is understood that the reduction 
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of the disulfide bond in AhpC by AhpF would then complete the catalytic cycle. 

However, in MtAhpC, no homologue of AhpF flavoprotein was observed. Instead, on 

the genome locus where AhpF resides in S. typhimurium, AhpD was found in M 

tuberculosis [180]. AhpD is a thioredoxin-lik:e protein that is found in few organisms. 

In EcAhpC, the AhpR system proposes the necessity of the AhpC-AhpF interactions for 

a successful catalytic activity [187]. However, in MtAhpC, the absence of AhpF brings 

a debate to the reducing partners of AhpC. It was proposed that MtAhpC functions as 

the foremost element chain, following AhpD, dihydrolipoamide dehydrogenase (Lpd) 

and dihydrolipoamide succinyltransferase (SucB) (Figure 1.7) [193]. Unlike the studies 

performed on EcAhpC, few studies have been performed to characterize the interaction 

between AhpC and AhpD [180]. It is therefore crucial to know what is the reducing 

partner of MtAhpC, in order to fully characterize the catalytic cycle. 

Lastly, the presence of reduction equivalents of the thioredoxin system in 

MtAhpC is still a debate. Apart from having AhpF as a disulfide bond reductant for 

AhpC, it was observed that thioredoxin and thioredoxin reductase facilitate the disulfide 

bond reduction in yeasts alkyl-hydroperoxides [180]. It has been proposed that in M 

tuberculosis, the thioredoxin system that reduces peroxiredoxins in eukaryotes is 

inactive [180, 197]. During the experiment performed, it demonstrated that without 

AhpD or thioredoxins, the addition of hydroperoxide to AhpC did not yield any 

nicotinamide adenine dinucleotide (NADH) consumption. Although so, yet another 

study performed by Jaeger et al. (2004) showed the plausibility of the reduction of 

MtAhpC by thioredoxin C (TrxC) (Figure 1.7) [198]. The reported data showed that the 

catalytic efficiency of MtAhpC reduction of tert-butyl hydroperoxide (t-BOOH) with 

TrxC was approximately 5.6 f..lM [198] . The presence of such contradictory results 

highlights the importance of the need to study the reduction equivalents with AhpC. 
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Figure I. 7: Schematic drawing of the antioxidant processes in MtAhpC. AhpC is the main antioxidant 
system apart from TPx in M tuberculosis. AhpC can be reduced effectively with AhpD [180] . 
However, the published data thus far, debates as to whether TrxC is the reducing partner of AhpC [ 180, 
198]. In the thioredoxin system, NADPH is the electron donor. The system encompasses TrxB2, TrxB, 
TrxC and TPx. Instead, the AhpD system utilizes NADH as the electron donor. The antioxidant system 
functions alongside LpD, SucB lipoamide, AhpD and AhpC. 

1. 7 Thioredoxin reductase system 

The general thioredoxin reductase system compnses of thioredoxin (Trx), 

thioredoxin reductase (TrxR) and nicotinamide adenine dinucleotide phosphate 

(NADPH) [192] . Through the disulfide reductase activity of Trx, peroxiredoxins like 

AhpC are regulated through a dithiol and/or disulfide balance. This in turn helps to 

protect the bacteria against reactive oxygen radicals [192]. 

Generally, Trx works coherently with TrxR through a fast-catalytic process. It 

has been shown that the utilization of the Trx antioxidant functions to protect the cell 

with various mechanisms [192]. These mechanisms include reducing reductases and 

regulating the activity of transcription factors that are redox-sensitive. Trxs are 12 kDa 

reductases and conserved from archaea, bacteria to human. Like the thiol-dependent 

peroxiredoxins, Trxs also present an active disulfide site, formed at the N-terminal 

portion of helix a.2. Interestingly, this structure fold is common across peroxiredoxins, 

glutaredoxin and glutathione peroxidase [192]. TrxR on the other hand, is a 

homodimeric flavoprotein from the pyridine nucleotide-disulfide oxidoreductase family. 

Typically, there are two main classes of TrxRs; high molecular weight and low 

molecular weight. Eukaryotes present the higher molecular weight TrxRs, while archaea, 

bacteria, fungi and plants usually express low molecular weight TrxRs. The molecular 

weight of each subunit of the former is a 55 kDa protein while the latter is a 35 kDa 

protein. Structurally, high molecular weight TrxRs consist of a conserved N-terminal 

CVNV GC-active site and a C-terminal active site. Low molecular weight TrxRs, instead, 

contain only one active-site that consist of a CXXC-motif (Figure 1.8A). 
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Through the regulation of the oxidized disulfide and reduced dithiol forms of 

Trx, AhpC can then be reduced. The oxidized Trx would reduce AhpC whilst the 

reduced Trx reduces disulfides. NADPH is an important cofactor that is regularly 

consumed through this ensemble of proteins [199]. The mechanism of reduction varies 

amongst bacteria. In E. coli, TrxA and TrxC works together with glutaredoxin 1 to 

maintain cellular DNA synthesis. This is achieved through the donation of electrons to 

ribonucleotide reductase, an essential enzyme [199]. However, M tuberculosis genome 

does not encode for the glutathione antioxidant system [200]. The absence of 

glutaredoxin 1 suggests the involvement ofTrx and TrxR against oxidative stress. There 

are three Trx encoded in the genome of M tuberculosis- TrxA, TrxB and TrxC, whilst 

the TrxR in M tuberculosis is the TrxB2. [201]. Previous studies have shown the 

reduction of peroxides and dinitrobenzenes as well as the detoxification of 

hydroperoxides with the Trx antioxidant system in M tuberculosis [197, 198]. 
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Figure 1.8: TrxA, TrxB and TrxC conserved regions and sequence alignment. (A) Illustration of the 
differences between high molecular weight TrxRs and low molecular weight TrxRs. Eukaryotic TrxR 
carries a conserved region, with amino acid CXXXXC. However, bacterial TrxR carries the conserved 
CA TC amino acid region. In addition, eukaryotic TrxR carries a conserved active site that is absent in 
bacterial TrxR. This figure is adapted and modified from Koshkin eta/. (2003) [192]. (B) Multiple 
sequence alignment of TrxA (Uniprot database: P9WG67), TrxB (Uniprot database: P9WHHI) and 
TrxC (Uniprot database: AOA045GR31) from the Uniprot database. The sequence alignment is colored 
based on the sequence similarities amongst the sequences; with the darkest blue representing a high 
sequence similarity and a gradient down to light blue representing lower sequence similarity. In 
comparison to TrxB and TrxC, which carries high similarity sequences when compared with other 
bacteria, TrxA in mycobacteria is slightly different. The conserved amino acids D27 and W32 in TrxB 
and TrxC are replaced with tyrosine and leucine, respectively, in TrxA (highlighted with red box). It is 
also important to note that the conserved residues in TrxB and TrxC are also conserved in most bacteria. 
In addition, on the C-terminal CR, the conserved residues in TrxB and TrxC are replaced with aspartate 
(labelled with green asterisk). 

Interestingly, TrxA has lower activity and is ineffective as an interacting partner 

for TrxB2. However, the activity of TrxB and TrxC have shown the probability of 

resistance of M tuberculosis to oxidative stresses. Previous studies have shown 

variances in sequence alignment ofTrxA from M tuberculosis (MtTrxA) in comparison 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Introduction 31 

with TrxB and TrxC (Figure 1.8B) [199]. In addition, the conserved residues of TrxB 

and TrxC are also observed to be consistent in E. coli TrxA (EcTrxA). The W32 and 

D27 residues in EcTrxA are replaced with L29 and Y24, respectively, in MtTrxA (Figure 

1.8B, red box). In addition, the conserved basic residues TrxB (arginine) and TrxC 

(lysine) are replaced with an aspartate residue on the CR at the C-terminus (Figure 1.8B, 

green asterisk). These amino acid differences in the putative redox-active site might 

explain the lower activity observed in TrxA-TrxB2. Further studies into the active-site 

electrostatics and pKa values of the cysteine residues present in TrxA have also proposed 

the plausibility of a lower reductase activity. In the NADPH-insulin reduction assay, 

TrxA was also shown not to interact with TrxB2 (199]. This suggests that TrxA may not 

be the natural interacting partner of TrxB2. 

On the other hand, TrxB and TrxC were reduced efficiently by TrxB2. In yet 

another study performed to characterize Trx, a Michealis-Menten kinetics assay was 

performed. Results have shown that there were insignificant differences in the Michaelis 

constant (Km) or turnover number (kcat) measured between TrxB and TrxC [199]. This 

highlights the mechanism of the thioredoxin antioxidant system in M tuberculosis in 

which TrxB or TrxC could be the functional thioredoxins. With such complex 

mechanism, it is important to identify ifTrxB or TrxC could then interact with MtAhpC 

to reduce H202. 

According to a paper published by Jaeger et al. (2004), it was shown that the 

effective reduction of MtAhpC was achieved by TrxC instead of TrxB (198]. Herein, 

the kinetics analysis revealed that the reduction of MtAhpC by TrxC was comparable to 

AhpD, the natural reductant for AhpC. TrxC was also shown to be efficient in reducing 

another peroxiredoxin; thiol peroxidase (TPx) (Figure 1.7). However, TrxB showed 

lower affinity and reactivity in the reduction ofTPx. Therefore, the significance ofTrxC 

interaction with MtAhpC as well as its interacting residues, is crucial for a good cocktail 

drug target design. 

1.8 Aims of the thesis 

The detoxification of H202 with an alternative pathway through MtAhpC is 

crucial for the virulence of INH-resistant M tuberculosis. It was shown that the 

inactivation of MtAhpC increased the susceptibility of M tuberculosis to organic 

hydroperoxide and peroxynitrite-mediated toxicity [193]. In eubacteria, this system of 

eliminating excessive organic hydroperoxide is via AhpC and its reductase, AhpF. 
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However, AhpF is not expressed in M tuberculosis. Instead, two reducing systems have 

been proposed for MtAhpC; (i) AhpD and (ii) TrxC. This may in part reflect that 

MtAhpCREo was proposed to form a dodecamer [193] instead of a decamer (like other 

peroxiredoxins). The sequential steps of AhpD or TrxC binding and electron transfer to 

MtAhpC are proposed to alter the structural rearrangements of MtAhpC, in order to 

facilitate electron transfer [ 180]. Although studies performed thus far have only 

proposed the plausible interacting partners of wild-type (wt) MtAhpC, no study has 

highlighted the interacting epitopes between MtAhpC and its interacting partners [ 180, 

198]. Therefore, one of the aims of this study is to visualize the structure of MtAhpCREo 

through 2D projections with micrographs obtained from electron microscopy, and to 

develop a crystallization protocol for future atomic structure determination. Structural 

insights will be extended by nuclear magnetic resonance (NMR) titration assays to 

identify the epitopes and residues involved in the interaction between AhpC-TrxC, in 

order to gain insights into the structural rearrangements of MtAhpC and its reducing 

partners that facilitate electron transfer. 

Apart from the difference in the regenerating enzymes of mycobacterial AhpC, 

the enzyme also differs from other eubacteria, in its broad spectrum of substrate 

specificity, including H202, organic hydroperoxides and peroxynitrite. Therefore, it is 

essential to understand the enzymatic kinetics of the interaction of MtAhpC with 

different substrates. Thus, the second aim of this study is to perform steady-state and 

time-resolved peroxidase activity assays with H202 and t-BOOH, in order to highlight 

its substrate specificity. 

Furthermore, in comparison to other AhpCs, MtAhpC differs in length and 

composition at its N-terminus, in particular by its unique stretch of 15 amino acids as 

well as by the unique residues 23 to 34. The secondary structure of its N-terminal 40 

residues was proposed to bridge the two oligomeric interfaces, in which the catalytic 

cysteines are located. In order to demonstrate the importance of these residues, amino 

acid substitutions of charged residues, that have been predicted to form the interaction 

between AhpC-AhpD or AhpC-TrxC, will be made in theN-terminus of MtAhpC, to 

investigate the effects of critical N-terminal amino acids in terms of catalysis and its 

redox -oligomerization. The studies will be performed using biochemical, biophysical 

and enzymatic approaches. 
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2.1 MATERIALS 

2.1.1 Chemicals 

All the chemicals used for this study were of at least analytical grade. Chemicals 

were purchased from the following companies: 

Buffers and salts Sigma (St. Louis, MO, USA) 

USB (Sampscott, MA) 

DTT 

Pefablocsc 

Agarose, SDS, glycine, APS etc. 

Antibiotics 

IPTG 

2.1.2 Molecular biology materials 

Primers 

KAP A HIFI DNA polymerase 

T4 DNA ligase 

QIAprep® Spin Miniprep Kit 

QIAquick® PCR Purification Kit 

E. coli plasmid propagation strain 

E. coli protein production strain 

pET -9d plasmid 

2.1.3 Chromatography 

2.1.3.1 Aff'mity chromatography 

Ni2+-NTA beads 

2.1.3.2 Size exclusion chromatography 

Fluka (Sigma, Buchs Germany) 

Roth (Karlsruhe, Germany) 

Serva (Heidelberg, Germany) 

Sigma (St. Louis, MO, USA) 

BIOMOL (Hamburg, Germany) 

Bio-Rad (Hercules, CA, USA) 

Calbiochem, Sigma, Gibco 

Gold Bio (St. Louis, MO, USA) 

Integrated DNA Technologies 

(Singapore) 

Kapa Biosystem (Massachusetts, MA, 

USA) 

Promega (Wisconsin, USA) 

QIAGEN (Hilden, Germany) 

QIAGEN (Hilden, Germany) 

DH5a 

BL21(DE3) 

Professor Gerhard Gruber' s laboratory 

[202] 

QIAGEN (Hilden, Germany) 
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Superdex 75 10/300 GL 

HiLoad 16/600 Superdex 75 pg 

Superdex 200 10/300 GL 

Superdex 200 Increase 10/300 GL 

XK 16/100 Superdex 200 pg 

2.1.3.3 Instruments and accessories 

AKTAFPLC 

AKTAPure 

Minisart® Filters (0.45 1-1m) 

Syringe, needles and accessories 

Eppendorf table-top centrifuge 

GE Healthcare (Uppsala, Sweden) 

GE Healthcare (Uppsala, Sweden) 

GE Healthcare (Uppsala, Sweden) 

GE Healthcare (Uppsala, Sweden) 

GE Healthcare (Uppsala, Sweden) 

GE Healthcare (Uppsala, Sweden) 

GE Healthcare (Uppsala, Sweden) 

Sartorius Stedim Biotech (Goettingen, 

Germany) 

BD Biosciences 
' 

Eppendorf (Germany) 

2.1.3.4 Protein concentration estimation 

Amicon Ultra (3, 10 kDa) 

Vivacon 500 (3, 10 kDa) 

BioSpec-nano micro-volume 

spectrophotometer 

2.1.4 Other instruments 

Milipore (Co-cork, Ireland) 

Sartorius Stedim Biotech (Goettingen, 

Germany) 

Shimadzu Corporation (Kyoto, Japan) 

Biometra T gradient PCR thermocycler Biometra (Goettingen, Germany) 

Sonoplus HD2200 ultrasonicator Bandelin (Berlin, Germany) 

Micropulser electroporator Bio-Rad (Hercules, CA, USA) 

Ultraspec 2100Pro Spectrophotometer GE Healthcare (Uppsala, Sweden) 

Stop flow Spectrometer SX20 Applied Biophysics (UK) 

2.1.5 Computer software 

PSI-Blast 

Jalview 

Serial Cloner v2.6.1 

EMBL-EBI (Cambridgeshire, U.K.) 

Elixir (U.K.) 

© Franck Perez (SerialBasics) 
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PyMOLvl.5 Schrodinger, LLC (Portland, Oregon, USA) 
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OriginPro 9 

NMRPipe and NMRDraw 

SPARKY 

OriginLab (Northampton, MA, USA) 

NIST & NIH (USA) 
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© Thomas Goddard (San Francisco, USA) 
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2.2 METHODS 

2.2.1 Sequence alignment 

Multiple sequence alignments were performed using the interactive sequence 

alignment software, Jalview [203], which provides the ability to view, edit and analyze 

protein sequences. Protein sequences were sourced from the Uniprot database [204] and 

submitted to a web-server where distantly related sequences were then aligned based on 

the ClustalW [205] and Clustal-Omega [206] algorithms. Subsequently, the multiple 

sequence alignment results were analyzed in Jalview 2.9 [203] . The similarities within 

each sequence were then colored according to the percentage of residues in each column 

that agrees with the consensus sequence. 

2.2.2 Cloning of MbAhpC and its mutants 

The construct designs ofpET9d-MbAhpC, MbAhpCJ6-I95 and MbAhpC4I-I95 and 

all molecular cloning were performed by Mr. Arvind Kumar from Professor G. Gruber's 

laboratory (SBS, NTU) [196]. The isolated plasmids were then utilized in this study. 

To identify the critical residues involved in the redox-oligomerization and 

activity of MbAhpC, in-fusion-based mutagenesis was performed to generate different 

mutants. The mutant MbAhpC,uJ-34 was generated during my previous study and six 

new mutants were generated for this study. The MbAhpC mutants with amino acid 

substitutions were created by substituting the single, double and triple conserved 

residues from MbAhpC. Primers were designed following the schematic drawing, such 

that both primers have at least 15 base pairs overlap, excluding the mutations and/or 

deletions introduced (Figure 2.1A). 

(A) 

Site of mutation/ deletion 

' ~-I 

' 
t 

IS bMe!*rowrllp 
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(IllS> -

(B) 

pET9-d 

(4341 Base Pairs) 

Figure 2.1: Primers design and plasmid construct ofMbAhpC. (A) Schematics drawing ofprimers 
design. Both forward and reverse primers designed with 15 base pairs overlap, to ensure that the 
primers would anneal. In addition, the annealing temperatures of both primers were kept below 70 
°C. The regions marked in orange are sites of deletion and/or mutations. (B) Plasmid pET-9d [202] 
with the two restriction sites labelled; Nco! and BamHI. MbAhpC genome was engineered into this 
plasmid to ensure the production of the recombinant protein; AhpC. For a tight control of gene 
expression, kanamycin resistance gene was added to the plasmid. 
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All primers utilized for the amplification of plasrnids were ordered from IDT 

(Integrated DNA Technologies, USA) and the full-length MbAhpC-pET9d plasmid was 

used as a template in PCR Reactions. The primers encoding the mutations (underlined) 

are listed as following: 

Construct 

MbAhpCr5A 

MbAhpCr5A!D8A 

MbAhpCr5A!D8AIY13A 

MbAhpCo22NIK25Q 

Primer 1 

(Forward) 
' 

Primer2 

(Reverse) 

Primer I 

(Forward) 

Primer 2 

(Reverse) 

Primer I 

(Forward) 

Primer 2 

(Reverse) 

Primer I 

Oligonucleotide Sequence (5'-3') 

TGC TAG CTA TTG GCG ATC AA T TCC CCG 

CCA ATA GCT AGC AGT GGC ATG ACC ATG 

TGC TAG CTA TTG GCG CTC AA T TCC CCG 

CCT ACCAG 

ATT GAG CGC CAA TAG CTA GCA GTG GCA 

TGACCATG 

CCG CCG CTC AGC TCA CCG CTC TCA T 

AGC TGA GCG GCG GGG AA T TGA GCG C 

GGT AAT CTG TCC CAA GTC GAC GCC AAG 

(Forward) CAG 
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MbAhpCo22NIK25Q/D27N 

MbAhpCc i76S 

Primer 2 

(Reverse) 

Primer 1 

(Forward) 

Primer2 

(Reverse) 

Primer 1 

(Forward) 

Primer 2 

(Reverse) 
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GAC TTG GGA CAG A TT ACC GCC GAT GAG 

AGCG 

GTC AA T GCC AAG CAG CCC GGC 

GGC A TT GAC TTG GGA CAG A TT ACC GCC 

CGC AAG CAA CTG GCG CAA GG 

TTG CTT GCG CAC AGC TCG TC 

PCR reactions were set up on ice, with each composition reflected in Table 2.1. 

KAP A HiFi DNA polymerase was added last to the PCR reaction mixtures, and the 

mixtures were immediately placed into the PCR thermocycler where the lid was 

preheated to 95°C. The program was set as stated in Table 2.2. 

Table 2.1: Composition of PCR reaction mixture and respective volume and concentration. 

Component Final concentration Volume (Jll) 

Water, nuclease-free 35.5 

5x HiFi GC buffer lx 10.0 

10 mM dNTP mix 0.2 mM of each 1.0 

Forward primer (100 J.LM) 2J1M 1.0 

Reverse primer (I 00 J.LM) 2J.!M 1.0 

Template DNA 50 ng/ul 0.5 

*KAP A HiFi DNA polymerase 2.5 U/ul 1.0 

Total volume = 50 Jll 

Table 2.2: PCR thermocycler program I. 

No. Step Cycles Temperature Time 

Initial Denaturation 98 °C 2 minutes 

II Denaturation 30 98 °C 20 seconds 

III Primer annealing 30 
Varying 

15 seconds 
temperatures 

IV Primer extension 30 72 oc 3 minutes 

v Final extension 72 oc 7 minutes 

For optimization, four different pnmer annealing temperatures were 

programmed into the PCR thermocycler as stated in the Table 2.3. After amplification, 
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5 J!l of each PCR reaction mixture were used to analyze the presence and purity of the 

gene products. The samples were analyzed on an 1.5% preparative agarose gel, running 

at 100 V and the PCR fragment size was confirmed using the standard Gene Ruler 1 kb 

ladder (Thermo Scientific). Upon confirming the presence of the gene products, the 

amplified gene products were then subjected to further downstream treatments. 

Table 2.3: Annealing temperatures for PCR thermocycler program. 

Tm of Primers Annealing temperatures for PCR 
Construct 

(OC) thermocycler (OC) 

Primer 1 62.4 
MbAhpCrsA 

Primer2 61.3 
60.0, 63.0, 67.0, 69.0 

Primer 1 68.8 
MbAhpCrsA!DSA 

Primer 2 66.8 
61.2, 63.6, 65.9, 68.1 

Primer 1 68.6 
MbAhpCrsA!DSAN I3A 

Primer 2 69.5 
63.6, 65.9, 68.1, 69.5 

Primer 1 65.2 
MbAhpCD22NIK25Q 

Primer2 65.9 
61.2, 63.6, 65.9, 68.1 

Primer 1 64.4 
MbAhpCo22NIK25QID27N 

Primer 2 63.2 
54.0, 58.8, 63.6, 65.9 

Primer 1 62.8 
MbAhpCci76S 

Primer 2 61.3 
54.0, 58.8, 63 .6, 65.9 

To remove methylated template DNA, 10 J!l of PCR reaction mixture were 

incubated with Dpni at 37°C for 1 hr (in a total volume of 50 J.tl), followed by heat 
r 

inactivation at 80°C for 20 min. The composition of the reaction is listed in Table 2.4. 

Table 2.4: Composition of Dpnl treatment and their respective volumes. 

Component 

Water, nuclease-free 

1 Ox CutS mart buffer 

0.2 mM Dpnl (NEB) 

PCRproduct 

Total volume =50 Jll 

Volume (JJ.l) 

33.0 

5.0 

2.0 

10.0 

Desalting and concentration of the Dpnl treated products were performed 

thereafter by DNA butanol precipitation. Dpni treated samples were topped up to 100 

J!l with filtered distilled water. 1 ml of 100% butanol was then added to the mixture to 
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precipitate the DNA within. After thorough mixing, DNA was pelleted down at 13,000 

rpm for 5 min in a table-top microcentrifuge (Eppendorf, Germany). The supernatant 

was then decanted and the pellet was re-suspended in 200 f.!l of 70% ethanol to remove 

excess butanol. The solution was centrifuged again at 13,0000 rpm for 5 min and the 

supernatant was decanted once again. Subsequently, the DNA pellet was left to air dry 

in a biosafety cabinet for 5 minutes to remove any remaining ethanol. N~xt, the DNA 

was re-dissolved with 7 f.ll of sterile water. 

The precipitated DNA was transformed into electro-competent E. coli DH5a cell 

strain, using a Micropulser Electroporator (Bio-Rad, USA) at 2.5 kV. 1 ml LB media 

was then added to collect all electroporated cells and recovery was performed at 3 7°C, 

180 rpm for 1 hour before plating on Luria-Bertani (LB) agar plates supplemented with 

30 f.!g/ml kanamycin. The agar plates were then in,cubated at 37°C overnight. 

Ten colonies from the agar plates were incubated into LB media supplemented 

with 30 f.!g/ml kanamycin, followed by incubation at 37°C overnight. 4 ml of cell 

suspensions were centrifuged and the cells were subjected to plasmid isolation following 

the standard protocol provided by QIAGEN Mini-Prep Kit (QIAGEN, Germany). The 

sequences of the mutated sites were confirmed by DNA Sequencing (1st Base Asia, 

Singapore). 

2.2.3 Cloning of MbTrxC and MbTrxB2 

The construct MbTrxC was designed and generated by Dr. Priya Ragunathan 

from Professor G. Gruber's laboratory (SBS, NTU) [196]. The isolated plasmid was 

then utilized in this study. 

MbTrxB2 was amplified via PCR using primers incorporated with Nco! and 

BamHI restriction sites (underlined) in the forward and reverse primers, respectively 

(Table 2.5). M bovis (BCG strain) genomic DNA was used as the template and PCR 

reaction mixture was prepared following Table 2.1 . 

Table 2.5: Oligonucleotide sequences of MbTrxC and MbTrxB2. 

Construct Oligonucleotide sequence (5'-3' ) 

MbTrx.C Forward GCA CAA CGC CAT GGC AA T GAC CGA TIC CGA GAA GT 

Reverse CCG GGA TCC CTA GTT GAG GTT GGG AAC CAC GTC T 

MbTrxB2 Forward TTA ACC ATG GAT ATG ACC GCC CCG CCT GTC 

Reverse TTA TGG ATC CTC ATC GTT GTG CTC CTA TCA ATG CGT CGG 
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KAP A HiFi DNA polymerase was added last to the reaction mixture and the 

reaction mixtures were immediately placed into the PCR thermocycler where the lid was 

preheated to 95°C. The program was set as stated in Table 2.6. 

Table 2.6: PCR thermocyc/er program II. 

No. Step . Cycles Temperature Time 

Initial Denaturation 98 oc 2 minutes 

II Denaturation 30 98 oc 20 seconds 

m Primer annealing 30 60 oc 15 seconds 

IV Primer extension 30 72 oc 3 minutes 

v Final extension 72 oc 7 minutes 

After the PCR program was completed, the presence and purity of gene products 

were analyzed via an 1.5% agarose gel. If the desired gene size was observed on the gel, 

gel extraction was performed. The PCR fragment corresponding to the appropriate size 

was cut-out and DNA was extracted using the QIAquick Gel Extraction Kit (QIAGEN) 

following the manufacturer' s protocol. · 

The eluted PCR product was then double digested with restriction enzymes, Fast 

Digest Nco! and BamHI for 1 hour in a 37°C water bath (Table 2.7). Following which, 

the double-digested gene fragments were purified using a QIAquick PCR Purification 

Kit (QIAGEN) as per manufacturer' s protocol. 

Table 2. 7: Double digestion components and their respective volume. 

Component 

PCR Product [DNA]= 154.72 ng/Jll 

Fast Digest Nco! (ThermoScientific) 

Fast Digest BamHI (ThermoScientific) 

lOx Fast Digest buffer (ThermoScientific) 

Total volume = 50 J.Ll 

Volume (1.11) 

43.0 

1.0 

1.0 

5.0 

The purified PCR product was then ligated to Ncol/BamHI digested pET9-d1-

His6 [202] plasmid using a 3:1 and 1:1 insert-to-vector ratio (Table 2.8). pET9-d1-His6 

[202] plasmid was used for cloning as it contains a histidine tag, making it suitable for 

affinity purification. Next, ligation was performed at room temperature for 1 hour. 
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Table 2.8: Components of ligation mixture. 

Component 

Vector (pET9d-d l-His6) 

Insert 

T4 DNA Ligase (Promega) 

lOx Ligase Buffer (Promega) 

Filtered water 

Amount 

50ng 

1- 3 times of vector 

1 J.ll 

I J.ll 

Top up to 10 J.ll 
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Subsequently, the reaction was topped up to 100 J.ll of water and DNA butanol 

precipitation was performed following the protocol mentioned above. The precipitated 

DNA was transformed into 80 J.ll of E. coli DH5a cells by electroporation. The plasmids 

were then isolated from the transformants and double-digested and applied onto an 1.5% 

agarose gel to select the plasmid containing the right insert size. The sequences of the 

selected plasmids were confirmed by DNA sequencing (1st Base Asia, Singapore). 

2.2.4 Electroporation transformation into E. coli BL21 (DE3) expression strain 

Recombinant plasmids from all MbAhpC mutants and MbTrxB2 were 

introduced into electro-competent£. coli BL21 (DE3) expression cell strain which were 

prepared according to the protocol from Seidman et al. (2001) [207]. The recombinant 

plasmid from MbTrxC was introduced into electro-competent E. coli Rosetta ™ (DE3) 

expression cell strain (Novagen, Singapore). Tra.llsformation was performed using 80 J.ll 

of electro-competent cells and 1 - 50 ng of plasmid at a constant voltage of 2.5 k V using 

Micropulser Electroporator (Bio-rad, USA). Afterwards, 920 J.ll of LB media were 

added into the electroporation cuvette to collect all electroporated cells. The cells were 

then recovered by shaking at 37°C, 180 rpm for 1 hour before plating on LB agar plates 

supplemented with kanamycin. The cells carrying the construct MbTrxC were plated on 

LB agar plates supplemented with kanamycin and chloroamphenicol. 

2.2.5 Assays to analyze the yield and solubility of recombinant proteins 

2.2.5.1 Induction test 

Five single colonies of E. coli cells carrying the genes that encodes MbAhpC and 

MbTrxB2 recombinant proteins were randomly chosen from the agar plates, and 

cultured in 6 ml LB media supplemented with 30 J.lg/ml kanamycin. For MbTrxC 

recombinant proteins, the single colonies were cultured in LB media supplemented with 

30 J.lg/ml kanamycin and 34 J.lg/ml chloramphenicol. Subsequently, cells were cultured 
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at 3 7°C, with the shaking speed of 180 rpm until it reached an attenuance of optical 

density at 600 nm (OD6oo) = 0.6. Cells were then divided into two equal halves, with 

only one aliquot induced with 1 mM isopropyl-P-D-thiogalactoside (IPTG). Both set of 

aliquots were incubated at 3 7°C, with the shaking speed of 180 rpm for an additional 2 

hours. After incubation, 1 ml of cell suspension with an OD6oo = 1.0 was taken out and 

pelleted down with a table-top centrifuge at 13,000 rpm for 5 min. The supernatant was 

then decanted and the pellet was re-suspended in 500 J.!l Milli-Q water, followed by 

centrifugation at 13,000 rpm for 5 min again. Thereafter, the supernatant was discarded 

and pellet was re-suspended in a mixture consisting of 30 J.!l of Milli-Q water, after 

which it was lysed with 30 J.!l of2x lysis buffer in the presence of 12.5 mM dithiothreitol 

(DTT). The 1x lysis buffer is composed of 62.5 mM Tris/HCl, pH 6.8, 2.3% sodium­

dodecyl sulfate (SDS), 10% glycerol and 0.05% bromophenolblue. Thereafter, the 

mixture was heated at 95°C for 10 min. Analysis of the induction assay was performed 

with 15 J.!l of the sample loaded onto a 17% SDS polyacrylamide gel, running at a 

constant current of 20 rnA. 

Following gel electrophoresis, the SDS polyacrylamide gel was stained with 

Coomassie staining solution (0.2% w/v Coomassie brilliant blue, 40% v/v methanol, 1% 

v/v acetic acid) for 10 min. After staining, the gel was de-stained fust with de-staining 

solution 1 (25% v/v isopropanol, 10% v/v acetic acid) then, de-staining solution 2 (7 .5% 

v/v methanol, 10% acetic acid). 

2.2.5.2 Solubility assay for recombinant proteins 
r 

Table 2.9: Buffers used to analyze the solubility of recombinant proteins. 

Buffers pH 

A 50 mM Tris/HCI, 200 mM NaCI 7.5 

B 50 mM Tris/HCI, 200 mM NaCI 8.5 

c 50 mM Tris/HCI, 500 mM NaCl 8.5 

D 25 mM HEPES, 200 mM NaCl 7.5 

E 20 mM Na-Phosphate, 150 mM NaCI 6.5 

Following the successful induction of the recombinant proteins, cells were 

cultured at 37°C, with shaking of 180 rpm until it reached an attenuance ofOD6oo= 0.6 

before induction at 20°C overnight. Thereafter, the solubility of the recombinant 

proteins was tested in various buffers (Table 2.9). Next, 3 ml cell suspension was 
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harvested at 10,000 rpm for 7 mm at 4°C using Sorvall Legend Micro 17R 

Microcentrifuge (Thermo Scientific, USA). The supernatant was discarded and the 

pellet was re-suspended in 1 ml of the tested buffer. Re-suspended cells were sonicated 

3 times, each lasting a minute with 2 min cooling interval per cycle, using the sonicator 

tip MS72 at 10% power (Bandelin, Sonopuls, Germany). After sonication, the 

supernatant was then separated from the cell pellet by centrifugation at 10,000 x g for 7 

min at 4°C. Subsequently, the supernatant was transferred to a fresh tube while the pellet 

was re-suspended in equal volume of the respective tested buffer. All the steps were 

performed on ice. For analysis of the solubility of the recombinant proteins, 15 ~l of 

sample from each supernatant and pellet were loaded onto a 17% SDS gel. Proteins that 

are soluble in the corresponding buffer would be found in the supernatant while the 

insoluble proteins would remain in the pellet. 

2.2.6 Production of recombinant proteins from M. bovis 

2.2.6.1 Large scale production of recombinant MbAhpC and its mutant proteins 

To ensure higher protein yield, fresh transformation with recombinant plasmids 

of MbAhpC and its mutants into E. coli BL21 (DE3) cells were performed following the 

protocol as mentioned in Section 2.2.4. Instead of plating the cells on a LB agar plate, 

1 0 ~l of cells after recovery stage was added in~o 100 rnl of LB media supplemented 

with 30 ~g/ml kanamycin to prepare the starter cultures for upscaling the next day. To 

express the MbAhpC recombinant proteins, cells were shaken in 1-liter LB media 

containing 30 ~g/ml kanamycin for about 4 hours at 37°C until an OD6oo= 0.6- 0.7 was 

reached. Subsequently, cells were induced with IPTG to a fmal concentration of 1 mM 

overnight at 18°C. Following incubation, cells were then harvested at 6,500 rpm for 12 

minutes at 4°C. 

2.2.6.2 Large scale production of recombinant MbTrxC and MbTrxB2 proteins 

Recombinant MbTrxC was produced from cells grown in 1-liter LB media 

supplemented with 30 ~g/rnl kanamycin and 34 ~g/rnl chloramphenicol, whereas 

recombinant MbTrxB2 was produced from cells grown in 1-liter LB media 

supplemented with 30 ~g/ml kanamycin. Subsequent steps involved in protein 

production followed the protocol mentioned in Section 2.2.6.1. 
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2.2. 7 Protein purification of recombinant proteins 

To ensure high purity of proteins, all recombinant proteins were purified using a 

two-step purification protocol. As all the AhpC mutants and Trx recombinant proteins 

were attached with a His6-tag, Ni2+-NTA affinity chromatography was utilized to 

separate these recombinant proteins from E. coli proteins. Affinity chromatography is 

based on the concept of immobilized-metal affmity chromatography wherein nickel ions 

(Ni2+) are immobilized to the agarose beads through nitrilotriacetic acid (NT A). His6-

tag engineered in the recombinant proteins would allow the binding of histidine to Ni2+­

ions [208]. 

Thereafter, the cell lysate was incubated with the affinity matrix resin at 4°C. 

Batch procedure in which gradient imidazole concentration was then utilized to elute 

the His6-tag engineered recombinant proteins. In this case, imidazole competes with 

histidine to bind to Ni2+, thereby leading to the elution of the His6-tag engineered 

recombinant proteins. 

Next, the purity of these recombinant proteins was further polished using Size 

Exclusion Chromatography (SEC). Herein, proteins were separated based on their 

molecular sizes. In this step, the oligomeric forms of proteins can be determined, and 

the desired oligomeric states can be selected for downstream experiments. 

Purification process of wt AhpC and its mutants encompasses the purification of 

both the oxidized and reduced form of the recombinant proteins. The former does not 

utilize DTT in all protein purification steps while the latter includes 0.8 mM to 2 mM 

DTT in the purification buffers. However, the purification process for MbTrxB2 and-
I 

TrxC were performed without DTT. The purity of the recombinant proteins was verified 

using a 17% SDS-gel. The concentrations of all recombinant proteins were determined 

by a spectrophotometer (BioSpec-Nano, Shimadzu) at an absorbance of 280 nm using 

the necessary extinction coefficient of each recombinant protein (AhpC; 25105 M-1 cm-

1, TrxC; 11125 M-1 cm-1 and TrxB2; 14565 M-1 cm-1). 

2.2.7.1 Protein purification of wt MbAhpC and its mutant forms in oxidized 

conditions 

After harvesting the cells, cells were re-suspended in buffer A (50 mM Tris!HCl, 

pH 7.5, 200 mM NaCl) with the addition of 2 mM Pefablocsc (Biomol, Germany) 

protease inhibitor. Subsequently, cells were lysed on ice by sonication, using the 

sonicator tip KE76 at 30% power (3 times for 1 min, with 2 min cooling intervals) in 
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buffer A. The cell debris were separated from the supernatant by centrifugation with an 

Eppendorf 58 lOR Centrifuge (Eppendorf, Germany) at 12,500 x g for 25 min at 4°C 

(Eppendorf, Germany). 

Hereafter, the supernatant was filtered (0.45 J.lm) and the binding of proteins with 

Ne+-NTA agarose was achieved using batch treatment. After incubation with Ni2+-NTA 

agarose for 60 min at 4°C on a sample rotator (Neolab), the bound proteins were eluted 

from the Ni2+-NTA agarose beads with an imidazole gradient from 20 mM to 600 mM 

in buffer A. To remove any free nickel ions that may elute out with the proteins, 10 mM 

ethylenediarninetetraacetic acid (EDT A) was added into the elution vial. 

12 J.ll of protein sample was then applied to a 17% SDS-gel to identify fractions 

containing the recombinant proteins. Whenever required, the eluted proteins were 

pooled and concentrated using Centricon spin concentrators (1 0 kDa molecular mass 
I 

cut off; Millipore, Ireland). Following which, samples were applied to an SEC column 

(Superdex 200 Increase 10/300 GL; GE Healthcare, Sweden), equilibrated with buffer 

A. 

2.2.7.2 Protein purification of wt MbAhpC and its mutant forms in reduced 

conditions 

The purification protocol is similar to that .used for the oxidized condition, except 

that the cells were lysed in buffer A with addition of 0.8 mM DTT, and imidazole­

gradient elution was performed in buffer A with the addition of0.8 mM DTT. Fractions 

containing the recombinant proteins would then be applied to the SEC column as 

aforementioned. However, the SEC column was equilibrated in buffer A with the 

addition of 2 mM DTT. 

2.2.7.3 Protein purification of MbTrxB2 and MbTrxC 

As MbTrxB2 and MbTrxC do not form oligomers in different redox conditions, 

the purification protocol is identical to the protocol mentioned in Section 2.2. 7 .1. 

However, the recombinant proteins were concentrated using Centricon spin 

concentrators (3 kDa cut-off) and passed through Superdex 75 10/300 GL column (GE 

Healthcare, Sweden) instead. 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Materials and Methods 49 

2.2.8 Dynamic Light Scattering (DLS) 

DLS data measurements were performed with the Malvern Zetasizer Nano ZS 

spectrophotometer (Malvern, UK) and a low-volume quartz batch cuvette (ZEN2112). 

15 Ill of purified recombinant proteins (1 mg/ml) was used for each measurement and 

data collection was performed at 25°C. After 60 s equilibration time, the backscattering 

at 173 ° was detected for all recombinant proteins. Analysis of the scattering intensities 

was performed using the in-built Zetasizer software v7.01 to calculate the hydrodynamic 

diameter (DH), size and volume distribution. 

2.2.9 NADPH-dependent peroxidase activity and data analysis 

Based on the catalytic cycle of the MbAhpC system in Mycobacteria, the 

decrease in absorbance ofNADPH due to transfer of electrons between TrxC and AhpC 

is proportional to the activity of MbAhpC. This decrease in absorbance can be monitored 

at 340 nm. Initially, the assay was carried out at 25°C with the components and their 

concentrations listed in Table 2.10. 

Table 2.10: NADPH-dependent peroxidase reaction components 

Syringe 1 Concentration 

Hepes, pH 7.0 50mM 

Ammonium sulfate IOOmM 

EDTA lmM 

NADPH 0.1 mM 

EcTrxR 0.5 J.LM 

EcTrx 4J.LM 

MbAhpC or its mutants 6J.1M 

Syringe 2 Concentration 

H202 50 J.LM 

Each ,syringe contained the components listed in Table 2.10 and the stopflow 

spectrometer would pump 60 Ill of sample from each syringe into the drive cell holder. 

The reaction was prepared on the spot, with the addition ofNADPH last to initiate the 

start of the reaction. This protocol followed Parsonage et a!. (2005) [209] whereby the 

absorbance at 340 nm was monitored for 120 s using a stopped flow spectrometer, SX20 

(Applied Photophysics, UK). Triplicates were taken for each measurement. The rate of 
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NADPH oxidation was calculated by a least square fit to the linear portion of the curve 

(ENADPH = 6200 M"1 cm-1). NADPH consumption measured in the absence of MbAhpC 

was taken as a control. The background rate was subtracted from the experimental rate 

to yield the activity due to MbAhpC. All rates reported here are the average of three 

measurements and different protein batches. 

Electronics Unit Light Guide Opucal Rail Po"~ Supplv Unit 

Figure 2.2: Picture of SX20 Stop-flow spectrometer by Applied Photophysics, UK. 

However, to accurately measure the activity of MbAhpC, a consortium of M 

bovis thioredoxin (TrxB2 and TrxC) recombinant proteins were used instead of EcTrxR 

and EcTrx for this study. In the latter experiments, all components and concentrations 

listed in Table 2.10 remained constant. 

To obtain the Michaelis-Menten plot, peroxidase activity was measured 

similarly however, with varying concentrations ofH202. MbAhpC was measured using 

a range of 250 nm to 50 j..I.M of H202 while MbAhpCTsNDSA and MbAhpCc176S 

peroxidase activity was measured from 250 nm to 30 J..LM of H202. At least 10 

concentrations were used for fitting into the Michaelis-Menten plot using Origin Pro 9 

(OriginLab, USA). The Michaelis constant (Km) was then obtained from these plots. The 

kinetic parameters such as the turnover number (kcat) and catalytic efficiency (kcatiKm) 

were also calculated to give a more holistic understanding of the mutants ' activity. The 

percentage of catalytic efficiency of each mutant were measured with an assumption 

that MbAhpC has 100% of activity. 
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2.2.10 Peroxide reduction assay using SDS-PAGE 

The peroxide reduction assay is performed based on prior observations that the 

reduced and oxidized forms of2-Cys-Peroxiredoxins runs differently on a non-reducing 

SDS-PAGE gel [210]. Prior to each experiment, recombinant AhpC were purified 

following Section 2.2.7.2, except that proteins were reduced with 20 mM DTT. This 

was performed to ensure that all proteins are fully reduced before performing subsequent 

oxidation with H20 2. Subsequently, buffer exchange was performed with a PD-10 

desalting column (GE Healthcare, Sweden) in 50 mM Phosphate, pH 7.4 buffer 

supplemented with 1 mM diethylenetriaminepentaacetic acid and 1 mg/ml catalase. 30 

!lM of recombinant AhpC were then incubated with varying concentrations ofH202 (0.5 

!lM to 10 j..LM) for 5 min before inhibiting the reaction with 50 mM-ethyl maleimide 

(NEM). 15 j..Ll of sample was then aliquoted and suspended in a 1 x sample buffer without 

DTT and ran on a 17% SDS gel. The gel was then treated as mentioned in Section 2.2.5.1. 

2.2.11 Nuclear Magnetic Resonance (NMR) spectroscopy 

NMR spectroscopy is a dynamic technique used to study the structural and 

functional aspects of macromolecules such as proteins. In this study, NMR is utilized to 

study the biochemical and biophysical properties of MbTrxC. Through titration assays, 

protein-protein interactions can be demonstrated and new binding partners, be identified. 

NMR also allows the mapping of these interacting regions down to a single amino acid 

level. Since hydrogen is one of the most receptive and abundant NMR active nuclei 

besides other isotopes such as 15N, 13C, 31P etc., it can be observed in magnetic resonance. 
' 

Any nuclei having mass number, which exhibits net intrinsic magnetic momentum and 

angular momentum, can be defmed as NMR active. All NMR experiments performed 

were collected on a Bruker Avance 700 MHz machine located in the SBS NMR-core 

facility with the help of Dr. Shin Joon from Professor G. Gruber' s laboratory (SBS, 

NTU) [196]. 

2.2.11.1 15N single labeling of proteins 

For NMR experiments, single labelled e5N) recombinant proteins were 

produced in E. coli BL21 (DE3) cells and grown in M9 minimal media to ensure that 

the amino acids were labelled in the expressed proteins. The reagents used for M9 

minimal media are listed in Table 2.11 . 
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Table 2.11: M9 minimal media components and their concentration. 

Component 

Na:zHPO 

KH2P04 

NaCI 

'sNR.CI 

CaCh 

MgS04 

D-Giucose 

Trace Elements (1 mM Cu2+, Zn2+. Mn2+, Co2+, Ni2+, MoO"-) 

FeCh 

Thiamine 

Kanamycin 

Chloramphenicol 

Concentration 

42mM 

22mM 

8.5mM 

I g/1 

0.1 mM 

2mM 

IO g/1 

I ml 

30uM 

5 ng/1 

30 ug/ml 

34 ug/ml 

52 

Cell cultures were prepared in 30 ml LB media serving as overnight culture and 

subsequently, pelleted down at 6,000 rpm, for 10 min at 25°C and washed with minimal 

media prior to transferring to a large volume ofM9 media with OD6oo of0.1. The culture 

was then incubated at 37°C with shaking of 180,000 rpm till an OD6oo of 0.6-0.8 (10 

hours) and subsequently induced with 1 mM IPTG overnight at 18 °C. After which, cells 

were harvested and stored at -80°C. 

To obtain a pure and homogenous protein, the identical purification protocol 

mentioned in Section 2.2. 7.3 was performed. However, the buffer used in Ni2+ -NTA and 

SEC was 20 mM Sodium Phosphate, pH 6.5, 100 mM NaCl. For NMR measurements, 

2 mM DTT was added to the purified 15N-MbTrxC obtained from SEC. Preparation of 

NMR samples included the use of 10% D20 and 0.001% sodium azide (NaN3). 

2~2.11.2 NMR Titration experiments of MbTrxC with MbAhpC, -AhpCTsA!DSA or -

AhpCo22N!K2SQ!D27N 

NMR titration experiments were performed on a Bruker A vance 700 MHz 

Spectrometer (Bruker, Billerica, MA), equipped with a 5 mm z-axis-gradient cryogenic 

probe at 24.85°C. Prior to data collection, the pulse was calibrated, and baseline 

corrections were applied wherever necessary. The proton chemical shift was referenced 

to 0 ppm using the methyl signal of 2, 2-dimethyl-2-silapentane-5-sulphonate (DSS) 

(Cambridge Isotope Laboratories) as an external reference. 
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To study the interaction between MbTrx.C and AhpC, 0.1 mM of 15N-labelled 

MbTrx.C proteins were titrated stepwise with unlabeled MbAhpC or -AhpCrsAtD&A or -

AhpC022N!K25Q/D27N proteins in molar ratios of 1:0 (.MbTrx.C:AhpC), 1 :0.5, 1:1 and 1:2. 

Under the supervision ofDr. Shin Joon, 1H-15N HSQC (Hetero nuclear Single Quantum 

Coherence) spectra were recorded with 2048 complex data points in 12 and 240 t1 

increments .. Spectral widths of 2270 and 11160 Hz were employed respectively in F1 

e 5N) and F2 eH). All data were processed with NMRPipe and NMRDraw [211], and 

subsequently analyzed using SPARKY [212]. The resonance assignments of 15N and 

NH resonances were achieved based on the previously reported NMR chemical shift 

data of MbTrx.C from BioMagnetic Resonance Bank (BMRB, accession code: 17242 

[213]). To identify residues involved in the interaction between Trx.C and AhpC, the 

reported reduced form of MtTrx.C (PDB ID: 2L4Q [213]) was used and residues were 

visualized using PyMOL [214]. Measurements of the differences in chemical shifts due 

to the interaction between MbTrx.C and MbAhpC or -AhpCrsAtD&A or­

AhpCo22N!K2SQ/D27N was calculated using the formula L\o = [ ( 1 Hrree - 1 Hboundi + ( 15N free -

15Nbound )2)f'". 

2.2.12 2D Image analysis of MbAhpC and its mutants 

Prior to 2D image analysis, electron micrographs of MbAhpC and MbAhpC.llJ-

34 were recorded and reported in my previous study and published thereafter in Scientific 

Reports [195, 196]. To (i) identify the number of monomers present in the particles, and 

(ii) confirm the crystal structure of AhpC reported [193] with data collected in solution, 

a 2D image analysis was performed. 'The data analysis was kindly performed by Asst 

Prof. Sashi Bhushan and Ms. Zhan Yin from NTU Institute of Structural Biology (SBS, 

NTU) [196]. To identify the number of monomers present, the reduced form of MbAhpC 

was used and a total of 4054 particles were selected for 2D projection analysis. Only 

particles with clear visibility of single molecules and are separated from neighboring 

particles were selected. Particles were picked using EMAN2 [215] and processed with 

RELION 1.4' [216]. 

2.2.13 In silico High Ambiguity Driven DOCKing (HADDOCK) modelling 

Experimentally identified binding interfacial residues of MbTrx.C were used to 

perform docking studies to model the complex formation of MbTrx.C with MtAhpCcJ76S 

using the HADDOCK webserver [217]. The data analysis was performed with guidance 
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from Dr. Malathy Sony Subramanian Manimekalai from Professor G. Gruber' s 

laboratory (SBS, NTU) [196]. The coordinates for MbTrxC (PDB ID: 2L4Q [213]) and 

AhpC (PDB ID: 2BMX [193]) were obtained from the Protein Data Bank. Surface­

exposed residues experiencing significant chemical shift perturbation (CSP) and 

intensity loss above 1 D) during titration were used as restrains. Since HADDOCK 

requires a set of ambigous interaction restraints to be specified, residues interacting 

directly at the interace was specified as "active" residues while neighbouring residues, 

as "passive" . In the case of TrxC, the directly interacting residues obtained 

experimentally were specified as "active" and neighbouring residues, as "passive". In 

the case of AhpC, the "active" region consists of the well-known redox center consisting 

of the catalytic cysteines whilst the "passive" residues is composed of the surrounding 

region. The submitted residues were then placed yvith an approximate distance of 25 A 

and a complex was formed through rigid body energy minimization, which resulted in 

an initial 1000 structures. Models with the top 200 lowest energy from the above 

minimization were then subjected to a simulated annealing with a torsion angle space 

procedure and subsequent flexible refinement in explicit solvents. Models which 

fulfilled the interface root mean square deviation (RMSD) cutoff of 5 A were clustered 

into seven groups. The best model in the highest scoring cluster was selected for analysis 

and visualization was performed through the PyMOL software package. 

2.2.14 Crystallization ofwt MbAhpC and MbAhpCct76S 

Recombinant MbAhpC and MbAhpCcJ76S proteins were purified using a similar 

purification protocol mentioned in Section 2.2.7.3 . However, the buffer used during 

SEC was 20 mM Tris/HCl, pH 7.5. To perform crystallization, the recombinant proteins 

were then pooled and concentrated to 16 mg/rnl. The initial screening of crystallization 

conditions was performed using an in-house made precipitant solution (0.1 M Sodium 

Citrate, pH 6.0, 16% Ammonium Sulfate). Hanging drop vapor diffusion strategy was 

utilized in setting up the initial screening. Hanging drops were set up by mixing 1 ~ of 

purified recombinant protein with 1 J.tl of precipitant solutions, and incubated at 18°C. 

Single-wavelengths datasets of MbAhpCcJ76S crystals were collected remotely by 

Dr. Asha M. Balakrishna and Ms. Bharti Singal, both from Professor Gerhard Gruber' s 

laboratory (SBS, NTU), at 140 K on bearnline 13B1 at the National Synchrotron 

Radiation Research Center (NSRRC, Hsinchu, Taiwan) using ADSC Quantum 315 

CCD detector. Staff at bearnline 13B 1 (NSRRC) kindly provided technical assistance. 
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Thereafter, the data was analyzed with the help of Dr. Malathy Sony Subramanian 

Manimekalai from Professor G. GrUber's laboratory (SBS, NTU). 
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3.1 Sequence analysis of MbAhpC 

3.1.1 Sequence analysis of MbAhpC with other bacteria species 

The protein sequences of full-length AhpC from different mycobacteria and 

other infectious bacteria (Table 3.1) were retrieved from Uniprot database and analyzed 

using Jalview [203]. For analysis, multiple sequence alignments were performed using 

two main algorithms provided by Clustal-Omega and ClustalW with the retrieved 

protein sequences as the input. It was observed that the sequence alignment provided 

by both Clustal-Omega and ClustalW showed crucial differences in AhpC from 

mycobacteria (Figure 3.1 and 3.2). 

Table 3.1: Accession ID and entry name of bacteria species obtained from Uniprot. 

Bacteria species 

M tuberculosis 

M bovis 

M ulcerans 

M africanum 

M smegmatis 

M sinense 

M leprae 

Bacillus subtilis 

Enterococcus faecalis 

E. coli 

Klebsiella pneumoniae 

S. typhimurium 

Shigella flexneri 

Staphylococcus aureus 

Uniprot Accession ID I Entry name 

P9WQB7 I AHPC_MYCTU 

Q79CVO I Q79CVO _ MYCBI 

AOPS67 I AOPS67 MYCUA 

F8M203 I F8M203 MYCAO 

AORI V9 I AHPC MYCS2 

F5Z3R3 I F5Z3R3 MYCSD 

Q9CBF5 I Q9CBF5_MYCLE 

P80239 I AHPC BACSU 

D4EHS4 I D4EHS4 ENTFL 

POAE08 I AHPC ECOLI 

AOAOV9SPI3 I AOAOV9SPI3 KLEPN 

POA251 I AHPC SALTY 

POAEII I AHPC SHIFL 

POAOB7 I AHPC ST AA8 

In Figure 3.1, the sequence alignment from Clustal-Omega revealed a region of 

highly conserved amino acids (Residues 1 to 40) in mycobacteria. Interestingly, this is 

not present in other species of bacteria. Mutational studies were performed with the M 

bovis (BCG ,Strain) instead of M tuberculosis, since both strains have 100% identical 

amino acid sequence. A deletion mutant, MbAhpC41-195, was generated to understand 

the importance of the highly conserved N-terminal region. In addition, it was observed 

that the additional residues were specifically located at the far front of theN-terminus 

(Figure 3.1, red dashed box). In my previous study, a mutant with the first 15 amino 

acids deleted, was generated and characterized [195, 196]. This study illustrated that 
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MbAhpCis-195 was less soluble and unable to form defined oligomers. In the current 

study, the focus is on the mutant, MbAhpC4I-I95, which is further elaborated in the 

following sections. 

Interestingly, it was observed that the changes in algorithm between Clustal­

Omega and ClustalW revealed differences in the sequence alignment. Clustal-Omega 

incorporates a position-specific scoring scheme that allows down weighting in the 

represented sequence groups in part to increase its functionality and sensitivity [218]. 

Despite this, Clustal-Omega was also derived from ClustalW. In the results obtained 

from the sequence alignment performed with ClustalW (Figure 3.2), it was observed 

that the highly conserved region of mycobacteria was found in the amino acids 23-34 

instead of the far-left N-terminus. In comparison with crystallographic structures 

obtained from these species, the highly conserves! regions in mycobacteria noticeably 

forms an additional loop in between the N-terminus instead of the far-front region of 

theN-terminus (Figure 3.3). Based on the sequence alignment by ClustalW and the 

structural alignment, the mutant MbAhpCll23-34 was generated in my previous study. 

Characterization of the recombinant mutant protein via SEC, DLS and EM was 

performed as well [195, 196]. In the current study, point mutations were performed in 

this region to understand the significance of these additional residues. This is further 

elaborated in the following sections. 
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Figure 3.3: Crystallographic structure alignment. Crystallographic structures of AhpCs of M 
tuberculosis (PDB ID: 2BMX [193]; orange), E. coli (PDB ID: 405R [188] ; light blue), S. enterica 
(PDB ID: 4MA9 [ 185]; blue), H. pylori (PDB ID: 1 ZOF [219]; magenta) and E. faecal is (unpublished · 
data; green) revealed that AhpC structure is highly conserved across all species. However, a region of 
additional amino acids (23-34), highlighted in yellow-orange with red dashed box, is observed. This 
coincides with the sequence alignment analysis from ClustalW (Figure 3.2). 

3.2 Characterization of wt MbAhpC in solution 

In the previous study, the oligomeric states ofwtMbAhpC were investigated and 

results reported that wt MbAhpC in solution showed redox-sensitive oligomerization. 

Through different techniques such as SEC, DLS and electron microscopy, it was 

confirmed that MbAhpCox forms a dimer whereas MbAhpCREo forms a higher order 

oligomer in solution. In the same study, the NADPH-dependent peroxidase assay 

performed also demonstrated the enzymatic activity of MbAhpC [195, 196]. These 

results instigated the need to thoroughly investigate MbAhpC. Therefore, in the current 

study, 2-dimensional (2D) classifications of electron micrographs, NADPH-dependent 

peroxidase assay, NMR and HADDOCK modelling experiments were performed, and 
r 

the results obtained are reported in the subsequent sections. 

3.2.1 Effects of redox modulation revealed through electron microscopy 

Despite numerous studies postulating that MbAhpC forms a higher oligomer in 

the reduced state, the number of monomers present was still a debate [180]. The electron 

micrographs, from my previous study confirmed the presence of the ring-like structure 

of MbAhpCREo in solution [195, 196]. Hence, further analysis on the electron 

micrographs were performed to confirm the number of dimers,present. The analysis was 

performed kindly by Ms. Zhan Yin and Asst. Prof. Shashi Bhushan from NTU Institute 

of Structural Biology (SBS, NTU). Two rounds of 2D classifications in RELION were 

performed. The first round was achieved through the selection of micrographs that 
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presents particles that can be utilized for 2D class averaging. In this analysis, 37 

micrographs were selected for 2D classification and subsequently, the particles were 

sorted into 32 different classes (Figure 3.4A). The second round of 2D classification 

was achieved though the selection of 3 7 44 particles and the further averaging of four 

different classes to improve the image contrast. Results from the fmal averaged 

projection showed 12 defmed masses (Figure 3.4B, highlighted in asterisks). This result 

confirms that MbAhpCREo forms a dodecameric-ring in solution. 

(A) 

_9_ o l_o __ C$ _ (,)_ -~ _ '?_ ct. o . o . 
• . r -. •t. • 

o o . 0 · o· o~,. o. o~ o o · o ~ 
-~ I • • • '· . - ... • ....... ' . . . . •· .. . . - ' . . . .. , . . 

·o, ~~: o·~~·:a. ~ · 4~.o~~ .. , fo.~ .--o. 'J . --· . --··- --- , . ... . r - . - , - . II! - . -·· ·-- _. -
(B) 

Figure 3.4: 2D-image projections revealing insights into the structure of MbAhpC in solution. (A) 
First-run classifications of electron micrographs. Particles from the red boxed classes were further 
classified into four classes to improve the quality of 2D classifications. (B) 2D projection analysis 
revealed a dodecameric MbAhpC. Each monomer is represented with an asterisk sign, and in total 12 
monomers were identied. (Figures A and B are adapted and modified from Wong C.F., et a/ (2017) 
[196]). 

3.2.2 Cloning, expression and purification of MbTrxC and MbTrxB2 

In the previous study, it was confirmed that the recombinant MbAhpC was 

enzymatically active [196]. Therefore, to establish the Michaelis-Menten kinetics of 

MbAhpC, the thioredoxin system from M bovis was generated. Recombinant MbTrxC 

and MbTrxB2 will then be utilized to investigate the enzymatic kinetics of MbAhpC. 

Following successful molecular cloning (Section 2.2.3), an induction assay and 

solubility assay (Section 2.2.5) were performed to ensure that MbTrxC and MbTrxB2 

were produced in E. coli BL21 (DE3) expression strain. This was confirmed on a 17% 
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SDS-gel. Foil owing which, the recombinant proteins were over-expressed and purified. 

The recombinant MbTrxC and MbTrxB2 were eluted from Ni2+-NTA column at an 

imidazole concentration of 150 mM- 250 mM (Figure 3.5A) and 100 mM - 150 mM, 

respectively (Figure 3.5C). 
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Figure 3.5: Purification of MbTrxC and MbTrxB2. (A) The SDS-gel containing fractions from Ni2+­
NTA elution of MbTrxC revealed a high yield of proteins in 150 mM to 250 mM imidazole fraction. 
(B) SEC elution profile of MbTrxC revealed that the protein was eluted at approximately 82 ml. The 
purity of MbTrxC was further confirmed on a 17% SDS-gel, which revealed a clean and homogenous 
protein at 12 kDa (inset). (C) The SDS-gel containing fractions from Ni2+-NTA elution of MbTrxB2 
revealed the presence of a high yield of proteins in l 00 mM to 150 mM imidazole fractions. (D) SEC 
elution profile of MbTrxB2 revealed that the protein eluted at approximately 80 ml. The purity of 
MbTrxB2 was· further confirmed on a 17% SDS-gel, revealing a clean and homogenous protein at 
approximately 35 kDa (inset). 

1: 

The fractions containing the protein of interest were then concentrated using a 3 kDa cut 
off centricon and subjected to size exclusion chromatography to obtain a pure and 
homogenous protein. Due to the large amount of proteins present in MbTrxC and 
MbTrxB2, the S75 HiLoad pg and S200 XK16 (GE Healthcare, Sweden) column were 
used respectively, instead of that mentioned in Section 2.2.7.3. As shown in Figure 3.5B 
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and 3.5D, a high yield of protein was obtained in the SEC elution profile and only the 
top 20% (highlighted in grey) of eluted proteins was further utilized for enzymatic 
kinetic assay. 

3.2.3 Enzymatic characterization of wt MbAhpC 

After obtaining the consortium of M bovis thioredoxin antioxidl;Ult system of 

recombinant proteins, an enzymatic kinetics assay was performed to confirm the activity 

of MbAhpC. Previous studies have hypothesized the ability of TrxC to interact with 

AhpC, however, none have confirmed so [180, 198]. Utilizing TrxC and TrxB2 to 

provide electrons for MbAhpC, NADPH would then be actively consumed following 

H202 reduction. Following the protocol mentioned in Section 2.2.9, this assay confirmed 

that MbTrxC interacts with MbAhpC as shown 4I Figure 3.6A, green line. Unlike the 

control measurement in which no MbAhpC was injected (Figure 3.6A, black line), the 

decline of NADPH absorbance at 340 nm exemplifies that NADPH oxidation is 

occurring when MbAhpC interacts with 50 J..LM of H202. 

Upon confirming that MbAhpC is active with MbTrxC, the enzymatic kinetics 

of MbAhpC was fully characterized using the Michaelis-Menten plot (Section 2.2.9). 

The assay performed with increasing concentrations of H202 from 250 nm to 50 J..LM, 

and the outcomes revealed that the Michaelis-constant (Km) was 2.57 ± 0.36 J.lM and the 

catalytic turnover number (kcat) was 0.021 ± 0.001 s-1• MbAhpC exhibited the typical 

substrate saturation kinetics of the Michaelis-Menten type (Figure 3.6B). To exemplify 

the significance of this results in comparison to the reported results, the Michaelis­

Menten plot was performed with tert-butyl hydroperoxide (t-BOOH) as the substrate in 

place of H202. In the reported study, it was observed that the Km of MtAhpC with 

MtTrxC was 5.6 J..LM [198]. However, in this study, the Km observed was 2.23 ± 0.49 11M 

(Table 3.2). This difference may be attributed to the different systems utilized in both 

studies. In the study performed by Jaeger et al. (2004) [198], NADH was utilized as the 

electron donor as compared to NADPH utilized in the current study. Herein, NADPH 

was the more relevant electron donor. Therefore, to delineate the importance of 

MbAhpC enzymatic traits, the same components was utilized apart from the substrate 

in the current study. The collected enzymatic results have illustrated that the activity of 

wt MbAhpC with the change in substrate to t-BOOH was insignificant when compared 

with utilizing H202 as the substrate. With the substrate t-BOOH, MbAhpC illustrated a 

lower Km of approximately 0.34 11M when compared to utilizing H202 as the substrate. 
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However, the kcat values obtained through the utilization oft-BOOH as the substrate was 

insignificantly higher (0.0062 s-1) as compared to utilizing H202 as the substrate. 

However, there is a notable change in kcat wherein the utilization of t-BOOH as the 

substrate was approximately 4.03 M-1s-1 higher than when compared to utilizing H202 

as the substrate. Nonetheless, both substrates have further confirmed that MbTrxC does 

indeed interact with MbAhpC (Table 3 .2). 
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Figure 3.6: Enzymatic kinetics analysis of MbAhpC. (A) Enzymatic kinetics assay perfonned with 
MbTrxC and MbTrxB2 revealed that the consortium of both proteins is capable in reducing MbAhpC. 
The control (black line) is measured to elucidate the accurate activity of MbAhpC (green line). Results 
revealed the decline in NADPH absorbance which illustrates the enzymatic activity of MbAhpC. (B) 
Michealis-Menten plot of MbAhpC. The figure illustrates the best fit line with experimental results and 
the Km and k cal were detennined. The standard deviation of this plot is extremely low, and therefore, 
cannot be observed from the plot. As such, results of the standard deviation are not plotted in this 
figure. 

Table 3.1: Kinetic parameters of mycobacterial AhpC with TrxC 

Protein k cat ± SD (s 1
) Km ± SD (J.LM} 

MbAhpC + MbTrxC 

t-BOOH as substrate 

MbAhpC + MbTrxC 

0.021 ± 0.001 2.57 ± 0.36 

0.0272 ± 0.003 2.23 ± 0.49 

8.17x103 

12.20 X 103 

3.2.4 Important binding epitopes of MbTrxC-MbAhpC complex revealed 

From the above experiments, it was clearly demonstrated that MbTrxC provides 

electrons for the successful reduction ofH202 via the reduction of AhpC. Using NMR 

titration experiments, the binding epitopes of MbTrxC with MbAhpC were studied. The 

data collection and data analysis were performed under the supervision of Dr. Shin Joon 
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from Professor G. Gruber's laboratory. 15N-labelled MbTrxC was titrated stepwise with 

unlabeled .MbAhpC and the molecular interaction between both proteins were examined 

using 1H)5N-HSQC spectrums as mentioned in Section 2.2.12. The interactions were 

studied from the disappearance and/or decrease in cross peak intensities of 15N-.MbTrxC 

in the 1H-15N-HSQC spectrums (Figure 3.7A). 

In addition, slight alterations in 15N- HN-resonances of some residues, gradual 

line broadening and increase line widths (Figure 3.7B) with increasing molar ratios of 

.MbTrxC to .MbAhpC were also observed. This result demonstrates the binding between 

.MbTrxC and .MbAhpC. Because of the formation of the .MbTrxC-AhpC complex, it 

resulted in the slow molecular tumbling and fast T2 relaxation time. It was observed that 

the increase of averaged line-widths before and after complex formation is ~120% of 

NH and ~90% of 15N resonances, respectively. Significant chemical shift perturbations 

were also observed in the plot illustrating the chemical shifts at molar ratio of 1 :2 

(.MbAhpC to 15N-.MbTrxC). Particularly, in the backbone resonances ofC37, C40, M42, 

V43, E70 and T71 (Figure 3.7C). The increase in CSP for these residues were 

significantly above the averaged 0.04 ~()ppm wherein residues C40, M42, V43 and E70 

showed increase in CSP of 0. 05 to 0.1 , and residues C3 7 and T71 showed increase in 

CSP of more than 0.1. Hence, these regions are considered as important epitopes for the 

interaction of .MbTrxC with .MbAhpC. There are also other residues that may have been 

affected indirectly because of the protein-protein interactions (Figure 3.7C). These 

residues include S4, K6, T9, W33, T52, R54, V60, L63, F75, L83, V92, V96, K99, A102 

and L115. 
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Figure 3. 7: Overlay NMR 1 H- 15N-HSQC spectra of MbTrxC upon titration with MbAhpC (1 :2 molar 
ratio). (A) Superimposition of 1H-15N HSQC spectra of MbTrxC without titration (represented in red) 
and after titration of MbAhpC (represented in blue). Backbone resonance assignments are indicated 
with one-letter amino acid code and sequence number. The disappearance and/or decrease in cross­
peak intensities are observed in this superimposition, therefore highlighting the interaction between 
Trx:C and AhpC. (B) Some residues were zoomed in and selected to highlight cross-peaks that are 
undergoing significant chemical shift perturbation (CSP). Particularly, it was observed that there are 
gradual line broadening and increase in line widths upon higher concentration of AhpC titration. This 
further highlights the interaction between Trx:C and AhpC. (C) A plot shift of CSP at 1:2 molar ratio 
of MbTrx:C:MbAhpC. Differences in chemical shifts were calculated using the formula; Ao = [(~Hrre.-
1Hoound)2 + (15Nrree- 15Nbound)2)] v.. The dashed line represents the averaged CSP. The figure illustrated 
significant chemical shifts particularly in the backbone resonances ofC37-V43 and E70-T71 regions. 

Figure 3.8A illustrates the identified binding epitopes of MbTrxC and AhpC 

based on the CSP and NMR linewidth analysis data. The catalytic cysteine residue 

which provides closer proximity for electron transfer to MbAhpC is also highlighted. 

Apart from the above-mentioned residues, based on the CSP analysis, D64, V65 and 

D66 have also been identified as the residues directly involved in the interaction with 

MbAhpC. 

In addition, it was observed in the electrostatic charge distribution of MbTrxC, 

that residues C37-V43 are more positively charged while the region containing residues 

E70-T71 are more negatively charged. This may allow several charged interactions 

between AhpC and TrxC (Figure 3.8B). Figure 3.8C shows the significant changes due 

to increase in line widths of more than 150% ofNH and/or 120% of 15N observed in the 

backbone resonances ofT13, S16-A18, L29, V30, A34, W36, C37, C40, M42-44, V46, 

E49, ISO, D57, A61, D64-D66, T71, A72, F75, V77, S79, L83, G97-K99, A103, Ll05 

and R1 06, with disappearances in residues D31 and L85. 
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(A) (B) 

(C) 

Figure 3.8: (A) Sphere representation of MbTrx.C mapped by CSP results. The residues presenting 
CSP of 0.05 to 0.1 are represented in blue spheres whereas the residues presenting CSP more than 0.1 
are represented in red spheres. From the CSP analysis, residues that interacts with MbAhpC are 
represented in magenta spheres. (B) Surface representation of the electrostatic potential of MbTrx.C. 
Residues more positively charged are highlighted in blue, while residues more negatively charged are 
highlighted in red. (C) Residues showing increased linewidths of more than 150% for NH are 
represented in red spheres, whilst those showing increased linewidths of more than 120% 15N only, are 
represented in cyan spheres. 

3.2.5 Model of MbTrx-AhpC complex 

To further understand the interaction between MbTrx:C-AhpC, the obtained 

NMR restraints from MbTrxC were used to drive a HADDOCK-docking simulation as 

described in Section 2.2.13, with the redox-center containing the peroxidatic cysteine 

C61 and res<;>lving cysteine C174, selected as the binding region for AhpC. The top 

scoring HADDOCK model was selected with a HADDOCK score of -35 ± 5.9, restraint 

violation energy of27.7 ± 14.55 kcaVmol, buried surface area of 1124.8 ± 41.4 A and 

Z-score of -0.1. 

The resulting MbTrx:C-AhpC model revealed the spatial proximity of the 

catalytic sites; C37 ofTrx:C was at a distance of 4 A from C174 of AhpC. One subunit 
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of the dimer of MtAhpCci76S was shown to have several distributed interactions with 

TrxC while the other subunit was concentrated near the C-terminal residues of the 

catalytic side. NMR results performed prior to HADDOCK modeling was further 

confirmed; by the presence of various hydrogen bonding interactions in this region. 

Some interactions that were also identified include C37 and G38 ofTrxC with D172 of 

AhpC, and C40 ofTrxC with N177 of AhpC. The interacting residues; C37, G48 and 

C40 of the C37-V43 region of TrxC are herein confirmed with both NMR and 

HADDOCK modeling. In addition to these residues, the HADDOCK model also 

revealed other hydrogen bonding interactions with Q76 and V78 ofTrxC with K70 and 

T63 of AhpC, respectively. A strong salt-bridge interaction was also observed in other 

interfacial region, formed between residues R 73 of TrxC and D 102 of AhpC, which lies 

closer to the E70-T71 epitope, wherein E70 interacts with NlOl of AhpC through a 

hydrogen bond (Figure 3 .9). It was observed that the inclusion of the additional residues 

that showed increased line widths in the NMR experiment, did not produce a better 

complex model in the MbTrxC-AhpC HADDOCK docking. 

Figure 3.9: Ribbon representation of the model of MbTrxC-AhpC complex based on NMR titration 
assays. TrxC (PDB ID: 2L4Q [213]) is represented in blue and MtAhpCct76S (PDB ID: 2BMX [193]) 
is represented in orange color. (Inset) Zoomed in view of the interactions between TrxC and AhpC in 
the model complex. 

3.2.6 MbAhpC hyperoxidation studies 

Studies have proposed that hyperoxidation helps in controlling the levels ofH202 

in the cell. With controlled levels of H202, cells maintain a decameric AhpC structure 
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resulting in the peroxidases' ability to act as chaperones [21 0]. Hence, it is important to 

understand if MbAhpC also undergoes the same hyperoxidation. To understand that, the 

experiment was performed as mentioned in Section 2.2.1 0. 

Results revealed that in comparison to EcAhpC, MbAhpC does not undergo a 

hyperoxidation reaction even with excess ofH202. In Figure 3.1 OA, hyperoxidation was 

observed in EcAhpC where at 0 uM H202, EcAhpC runs as a monomer. With increasing 

concentrations ofH202 (from 0.1 mM to 20 mM), the recombinant protein then transits 

from a monomer to a dimer. Subsequently, it hyperoxidizes to a monomeric form with 

high H202 concentrations at 30 mM to 50 mM. On the other hand, MbAhpC (Figure 

3.10B) does not form the hyperoxidized monomer. Instead, MbAhpC forms an 

undefmed oligomer at increasing concentrations of H202 (from 0.1 mM to 20 mM). 

Instead of forming a hyperoxidized monomer, some of the undefined oligomers start to 

disappear at higher concentrations of H202 (from 30 mM to 50 mM). This highly 

suggests the plausibility that MbAhpC does not undergo hyperoxidation reaction, unlike 

EcAhpC. 
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Figure 3.10: Hyperoxidation studies of EcAhpC and MbAhpC. (A) At low concentrations of HzOz, 
EcAhpC forms a defmed dimer (labeled with D). However, at an increasing concentration of HzOz a 
gradient formation of the hyperoxidized monomer (labeled with M) is observed is EcAhpC. (B) Unlike 
EcAhpC, MbAhpC does not form a defmed dimer. Instead, presence of undefmed oligomers (labeled 
with U) appeared at low concentrations of H20 2• Instead of forming the hyperoxidized monomer, the 
undefined oligomers started to disappear at higher concentrations ofHzOz. 

J 

3.3 Understanding the importance of the N-terminus of MbAhpC 

3.3.1 Mutants generated in theN-terminus of MbAhpC 

In the previous study, the mutation with the first 15 residues deleted (MbAhpC 16-

195) resulted in a less soluble protein. Further structural studies into the crystallographic 

structure of MtAhpCc116S revealed that the deletion in the first 15 residues disrupted the 

secondary structure of the protein (Figure 3.11~). As such, a second mutant with the 

first 40 amino acids deleted (MbAhpC41-195) was generated, based on the sequence 

alignment (Figure 3.1), without disrupting its secondary structure. 

Protein production and solubility assays were performed as mentioned in Section 

2.2.5, except that to ensure the consistency of results and for comparison purposes, only 

one buffer was used in solubility test. The buffer used is the same as wt MbAhpC; 50 

mM Tris/HCl, pH 7.5, 200 mM NaCl. In the solubility assay, if a protein is soluble, it 

Will be present in the supernatant. An insoluble or less soluble protein will be reflected 

in the pellet. In spite of avoiding the disruption of the secondary structure, MbAhpC41-

195 did not improve in its solubility. On the other hand, it was insoluble as compared to 

MbAhpC15-195 (Figure 3.11B), whereby majority of the proteins were present in the 

pellet. This mutation highly suggests the plausibility of the disruption of the secondary 

structure of MbAhpC and/or the folding of the recombinant protein. 
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Figure 3.Jl: Understanding the N-terminal extension. (A) PyMOL visualization of the 
crystallographic structure of MtAhpCct76S (PDB ID: 2BMX [193])reveals that the deletion ofthe first 
15 residues disrupts the secondary beta-strand (highlighted in cyan). As such MbAhpC4t-t95 was 
generated with the deletion in theN-terminal residues (represented in dark blue). As shown in the 
solubility assay (B), recombinant proteins were present mostly in the pellet as compared to the 
supernatant, whereby there were no prominent MbAhpC4t-t95 band. 

3.3.2 Important residues at the N-terminus of MbAhpC 

After understanding the importance of the entire N-terminus, point mutations 

were generated to highlight the critical residues present in the N-terminus that are 

important for the functionality of MbAhpC. The mutants generated targeted two specific 

parts of theN-terminus, firstly, the far end of theN-terminal and secondly, the additional 

loop observed in MbAhpC that is absent in other bacteria (Figure 3 .12, labelled 1 and 2, 

respectively). The mutants generated are highlighted in the Table 3.3. 

Table 3.3: Point mutations generated to und~rstand the significance of theN-terminal extension and loop 

residues. 

Mutants 

MbAhpCT5A 

MbAhpCT5AJD8A 

MbAhpCT5A/D8ANI3A 

MbAhpCo22NIK25Q 

MbAhpCo22NIK25QID27N 

Amino Acid and Residue Number 

T5 

T5 

D8 

T5 

D8 

Yl3 

D22 

K25 

D22 

K25 

D27 

Change in amino acid 

Alanine 

Alanine 

Alanine 

Alanine 

Alanine 

Alanine 

Asparagine 

Glutamine 

Asparagine 

Glutamine 

Asparagine 

ATTENTION: The Singapore Copyright Act applies to the use of this document. Nanyang Technological University Library



Results 76 

The choice for mutation of T5 and D8 to alanine to remove charged side chains, 

thereby increasing the hydrophobic surface. The choice for the mutation in Yl3 to 

alanine is to remove the presence of a bulky side chain such that a simple amino acid 

would be in its place. The mutation from D22/D27 and K25 to asparagine and glutamine 

is to remove the presence of charged side chains and replace them with a polar 

uncharged amino acid. All mutations generated were performed on highly conserved 

residues in mycobacteria. 

Figure 3.12: Cartoon and surface representation of MtAhpCc176s. Firstly, MtAhpC carries additional 
amino acid residues in the N-terminus (labelled 1); in w~ich the extension is observed with Clustal­
Omega. Secondly, sequence alignment with ClustalW and crystallographic structure alignment 
revealed that the additional residues reside in the loop (labelled 2). Point mutations were made in both 
regions to identify critical amino acids in MtAhpC that may alter its redox-oligomerization and/or 
enzymatic activity. 

3.3.2.1 Purification of mutants and characterization revealing novel insights into 

the N-terminal extension 

After knowing that the N-terminal deletions (MbAhpC4I-I9S and -AhpCI6-I9s) 

affects the stability of MbAhpC, it is important to identify critical residues that are 

responsible for this effect. After obtaining the mutants from molecular cloning, the 

expression and solubility of the proteins were tested following the protocols mentioned 

in Section 2.2.5. Results revealed that apart from MbAhpCrsND&AJY13A, all mutants(­

AhpCrsA (Figure 3.13A) and -AhpCrsND&A (Figure 3.13B)), showed high expression 

and solubility. MbAhpCrsND&AJYI3A on the other hand, was insoluble, as shown in Figure 

3.13C. 

Subsequently, to obtain a pure and homogenous MbAhpCrsA and -AhpCrsND&A, 

purification was performed as elaborated in Section 2.2.7. All proteins were eluted in 
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the same imidazole fractions as the wt MbAhpC (at 100 mM imidazole to 250 mM 

imidazole fractions) [195] and showed no difference on a 17% SDS gel. Thereafter, 

proteins were pooled and concentrated wherever necessary before subjecting to SEC. 

Interestingly, these mutants revealed differences in their elution profile as compared to 

the wt MbAhpC. These elution profiles were further confirmed with DLS. 
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Figure 3.13: Solubility assay on theN-terminal extension mutants. (A) MbAhpCTSASingle mutant (blue 
asterisk) and (B) MbAhpCTsA!DsA double mutant (red asterisk) showed high solubility in the solubility 
assay where majority of the proteins are present in the supernatant (SN). (C) MbAhpCT5AIDSAIYJ3A triple 
mutant (black asterisk) revealed that majority of the proteins are eluted in the pellet (P), revealing the 
presence of an insoluble protein. 

As shown in Figure 3.14A, MbAhpCTsA was eluted as a dimer in the oxidized 

state, at 16 ml, resembling wt MbAhpC [195]. However, there is an undefmed oligomer 

which also eluted at approximately 13 ml, instead of just a homogenous dimer. Upon 

reduction with 2 mM DTT, the recombinant protein was unable to form a defined 

oligomer and instead eluted with a m1xture of higher order oligomers (from 12 ml to 16 

ml) apart from the dodecamer (represented by the broadening of the peak). Herein, it 

further confirms that the mutation in T5 has disrupted the oligomeric interface, and as 

such, MbAhpCTsA does not form a defined dodecamer nor dimer on the SEC. The DLS 

profile (Figure 3.14B) also revealed that the hydrodynamic diameter of MbAhpCTSAOX 

and MbAhpCTsA RED is approximately the same (7.071 ± 2.005 run and 6.752 ± 2.464 

run respectively). Moreover, the percentage of polydispersity was relatively high in the 

DLS analysis for MbAhpCTsA ox (56.8%) and MbAhpCTsA RED (49.6%). Both the 

hydrodynamic diameter and percentage of polydispersity reiterates that the mutation 

from T5 to alanine has disrupted the stability of MbAhpCTsA redox-sensitive 

oligomerization, thereby leading to the formation of undefmed oligomers. This further 

confirms the results obtained from the SEC elution profile, wherein the mutation has 
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altered the oligomeric interface and thereby, also the ability of the protein to form a 

defined dimer (in oxidizing conditions) or dodecamer (in reducing conditions). 
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Figure 3.14: Purification and DLS results for mutants. (A) MbAhpCTSA ox SEC elution profile highlights that 
the protein could not be separated well on the SEC wherein no homogenous dirner was present and instead, 
three peaks were observed (blue solid line) . MbAhpCrsA RED SEC elution profile revealed a mixture of higher 
order oligomers under reducing conditions (blue dashed line). (B) DLS profiles affirms that the hydrodynamic 
diameter ofthe oxidized and reduced MbAhpCrsA was approximately the same. (C) MbAhpCrsA!DSAox SEC 
elution profile revealed that the protein could not be separated well with the SEC (green solid line) and eluted 
as a mixture of oligomers and dirners. Despite the addition of the 2 mM DTT, MbAhpCrsA!DsA RED SEC elution 
profile revealed that the protein eluted as both a dodecamer and a dirner (green dashed line). (D) DLS profiles 
highlights the hydrodynamic diameter of the oxidized and reduced forms of MbAhpCrsA!DSA-

Figure 3.14C shows that MbAhpCrsAJDsA was also unable to form a distinct 

dimer in the oxidized conditions. Instead, higher order oligomers were eluted from 9 ml 

to 14 rnl. Despite the presence of a homogenous oligomer in the reduced conditions, the 

ratio of oligomers to dimers was 1:1. Unlike wt MbAhpC [195], the presence of a 1:1 

ratio in the reduced conditions may indicate that the protein does not form a stable 

oligomer. This may in part be due to the mutation in the oligomeric interface, which 

may have altered the redox-sensitive oligomerization of the protein. Results from the 
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SEC elution profile are further confirmed with DLS (Figure 3.14D), which revealed that 

the polydispersity of the sample was high (MbAhpCTsAJD&A ox = 30.9% and 

MbAhpCTSAJD&A RED = 46.3%), suggesting the possibility of a mixture of oligomeric 

forms. The study showed that the hydrodynamic diameter of MbAhpCTsAJD&A ox was 

8.620 ± 2.505 nm, whilst MbAhpCTsAJD&A RED was 22.29 ± 10.33 nm. Although the 

former revealed a similar hydrodynamic diameter when compared with wt MbAhpC, 

the latter had a significantly higher standard deviation. The presence of a high standard 

deviation could highlight that the protein forms different oligomers, and as such, during 

the DLS analysis, the hydrodynamic diameter of MbAhpCTsAJD&A RED could not be 

accurately determined. 

3.3.2.2 Characterization of the N-terminal extension mutants via NADPH­

peroxidase reduction assay 

To examine the effects ofthe mutations on the functionality of the protein, the 

mutants were further characterized based on their enzymatic activities following the 

protocol mentioned in Section 2.2.9. The absorbance of NADPH at 340 nm is 

proportional to the amount of NADPH utilized by the MbAhpCTSA and -AhpCTsAJD&A, 

whereby the decrease in NADPH absorbance is in proportion to the increase in activity. 
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Figure 3.15: Enzymatic kinetics of theN-terminal extension mutants. (A) Overall enzymatic kinetics 
analysis of MbAhpCTSA and -AhpCTSNDsA with 50 J!M H202. Results revealed that MbAhpCT5A had 
approximately less than half of the enzymatic activity whereas MbAhpCT5NDBA had half of the 
enzymatic activity when compared with wt MbAhpC. (B) Michealis-Menten plots of MbAhpCTsNDtBA 
(red solid line) and wt MbAhpC (cyan solid line). The figure illustrates the best fit line with 
experimental results, and the Km and kcat were calculated. From the plot, MbAhpCTSND/BA shows that 
the protein reaches its Vmax at a much lower concentration as compared to wt MbAhpC. 
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To fully illustrate the enzymatic aspect of the N-terminal extension, the full 

Michaelis-Menten plot was obtained for the double mutant only, as both the single and 

double mutants have approximately the same enzymatic activity. 

Results revealed that the inability to form a distinct oligomer reduced the 

enzymatic activity of MbAhpCTsA!DsA by almost half (Figure 3.15A). To determine its 

kinetic parameters, the Michaelis-Menten curve was plotted as shown in Figure 3.15B. 

The results revealed that the Km and kcat of the MbAhpCTsA!DSA mutant are 1.65 ± 0.32 

J.lM and 0.009 ± 0.001 s-1
, respectively. Also, the peroxidatic efficiency (kcatiKm (H202)) 

is 5.44 x103 M-1 s-1• In comparison to the wt MbAhpC [195, 196], the MbAhpCTsA!DSA 

mutant has a significant decline in Kmand kcar(0.92 ± 0.04 J.tM and 0.012 ± 0.001 s-1
, 

respectively). 

Furthermore, the peroxidatic efficiency of the mutant also reduced by 34% when 

compared with wt MbAhpC. This decline of the enzymatic activity suggests that the 

absence of a stable dodecamer alters the activity of the mutant. Herein, it can be 

postulated that the effect of redox-modulation is crucial for the enzymatic activity of 

MbAhpC. Particularly, the crucial amino acids involved in this alteration in both redox­

oligomerization and activity, are T5 and D8. 

3.3.2.3 NMR titration assays to understand the mutations in the N-terminal 

extension region 

Since the mutant MbAhpCTsA!DSA revealed significant differences in the 

enzymatic assay, it is important to identify whether the interaction with MbTrxC is 

hindered. NMR titration assays were performed according to Section 2.2.11. 

Results revealed that MbAhpCTsA!DSA did not show significant changes when 

compared with wt MbAhpC upon titration with 15N-TrxC. In comparison with the wt 

MbAhpC, the disappearance of resonances and/or chemical shift for residues previously 

identified as binding epitopes did not significantly alter in the MbAhpCTsA!DSA NMR 

spectrum (Figure 3.16). This suggests that the mutations did not alter how 

MbAhpCTsA!DsA interacts with TrxC. 
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Figure 3.16: Overlay NMR 1H-1W-HSQC spectra of MbTrxC upon titration with wt MbAhpC and 
MbAhpCr5AID8A (1:2 molar ratio). Superimposition of 1H- 15N HSQC spectrum of MbTrxC without 
titration (represented in red) and after titration of MbAhpC (represented in green) and MbAhpCTSAJDSA 
(represented in blue). Residues identified that were undergoing significant CSP in wt MbAhpC were 
also observed in MbAhpCTSAJDSA mutant. Particularly, the gradual line broadening and increase in line 
widths upon higher concentration of AhpC titration. 

3.3.3 N-terminal mutants from residues 23-34 

3.3.3.1 Purification of mutants and characterization revealing novel insights into 

N-terminal region; residues 23-34 

From the mutant .MbAhpCLU3-J4, it was observed that theN-terminal residues 23-

34 played a significant role in the redox-oligomerization and activity. The next step is 

to identify critical residues that alter the functionality of AhpC in this region. 

The mutants .MbAhpCozzN!K2SQ and -AhpCozzN!K2SQ/D27N were generated and the 

expression and solubility of the recombinant proteins were tested. Subsequently, to 

obtain a pure and homogenous proteins, purification was performed as elaborated in 

Section 2.2.7. Both proteins were eluted in the same imidazole fractions as the wt 

.MbAhpC (at 100 mM imidazole to 250 mM imidazole fractions), and showed no 

difference on a 17% SDS-gel. Thereafter, proteins were pooled and concentrated 

wherever necessary before subjecting to SEC. Interestingly, these mutants did not reveal 

significant differences when compared with the wt .MbAhpC. 
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Figure 3.17 A shows the elution profile of MbAhpCD22NIK25Q ox. The oxidized 

form of the recombinant protein showed a defined homogenous dimer, eluting at 

approximately 16 ml. This coincides with the results of wt MbAhpCox. However, in 

reducing conditions. MbAhpCm2NIK25Q was eluted as an oligomer and dimer with an 

approximate ratio of 7:3 respectively. Unlike in wt MbAhpC, the ratio of oligomer to 

dimer was approximately 9: 1. Nonetheless, the majority of the MbAhpCD22NIK25Q RED 

mutant were eluted at the same volume as wt MbAhpCRED (at 12 ml). 

On the other hand, MbAhpCD22NIK25Q/D27N also showed a relatively similar 

elution profile (Figure 3 .17C) when compared with the wt MbAhpC. Here, in oxidizing 

condition, MbAhpCm2NIK25Q/D27N was eluted as a homogenous dimer at 16 ml whereas 

in the reducing condition, the majority of MbAhpCD22NIK25Q/D27N were eluted as a 

dodecamer at 12 mi. 

Nonetheless, both mutants formed defined oligomers when reduced. The elution 

profiles were then further confirmed with DLS. Results showed that neither 

MbAhpCo22NIK2SQ ox nor -AhpCm2NIK25Q/D27N ox showed significant differences in their 

hydrodynamic diameter when compared with the wt MbAhpC (Figure 3.17B and Figure 

3 .17D). The hydrodynamic diameter of MbAhpCm2NIK25Q ox was 14.14 ± 4.076 nm with 

27.5% polydispersity and the hydrodynamic diameter of MbAhpCD22NIK25Q/D27N ox was 

9.27 ± 4.30 nm, with 46.4% polydispersity. Both oxidized mutants revealed their 

similarities when compared with wt MbAhpC. Similarly, the hydrodynamic diameter of 

MbAhpCm2NIK25Q RED is 17.01 ± 5.272 nm, with a polydispersity of 29.3%, and 

MbAhpCD22NIK25Q/D27N RED revealed a hydrodynamic diameter of39.08 ± 20.73 nm, with 

a polydispersity of 44.6%. Herein, both reduced mutants revealed a similar 

hydrodynamic diameter when compared with wt MbAhpC, except that the mutants had 

a higher standard of error. The high standard error could be attributed to the inability of 

the reduced mutants in forming a defined oligomer. 
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Figure 3.17: Purification and DLS results for mutants. Both the (A) MbAhpCD22NIK25Q ox (blue solid 
line) and (C) MbAhpCm2NIK25Q/D27N ox (black solid line) revealed a clean and homogenous dimer on 
the SEC elution profile. However, in the reduced SEC elution profile of (A) MbAhpCm2NIK25Q RED, the 
ratio of oligomers to dimers was 7:3 (blue dashed line) whereas (C) MbAhpCD22NIK25Q/D27N RED had a 
higher proportion of oligomers as compared to dimers. (B) DLS profiles of MbAhpCD22NIK2SQ in the 
oxidized (blue solid line) and reduced (blue dashed line) conditions. (D) DLS profiles of 
MbAhpCD22NIK25Q/D27N in the oxidized (black solid line) and reduced (black dashed line) conditions. In 
both reduced mutants, the DLS profiles confirmed the presence of higher order oligomers, from the 
shift towards the right. 

3.3.3.2 Characterization of N-terminal region; residues 23-34, mutants via 

NADPH-peroxidase reduction assay 

Since both the SEC elution profiles and DLS profiles showed that the double and 

triple mutant did not have significant changes, it is crucial to examine if the activity of 

the recombinant protein is altered. The enzymatic activities of the mutants were 

performed based following the protocol mentioned in Section 2.2.9. The results of 

NADPH-peroxidase reduction assay revealed that MbAhpCo22NIK2SQ and 

AhpCo22NIK25QID27N showed insignificant difference in the NADPH-oxidation when 

compared to wt MbAhpC (Figure 3 .18). This supports the SEC and DLS data, in which 

the mutants resembled the wt MbAhpC in terms of its redox-sensitive oligomerization 

and enzymatic activities. 
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Figure 3.18: Enzymatic kinetics of N-termina/ residues 23-34 mutants. Results revealed that neither 
the double (MbAhpCm2NIK2sQ; brown solid line) nor the triple (MbAhpCm2NIK25QID27N; brown dashed 
line) mutants altered significantly in enzymatic kinetics when compared with wt MbAhpC (red solid 
line). Since neither mutant showed significant changes in enzymatic activity when compared with the 
wt MbAhpC, no further kinetics assay was performed. 

3.3.3.3 NMR titration assays to understand the mutations in theN-terminal region; 

residues 23-34 region 

Since MbAhpCo22NIK2SQ and -AhpCm2NIK2SQ/D27N did not reveal much 

significance in their elution profile nor activity, the next question was to understand, if 

the binding epitopes between MbAhpC-TrxC is altered. NMR titration assays were 

performed according to Section 2.2.11. The triple mutant, MbAhpCo22NIK2SQID27N was 

titrated step-wise into 15N-TrxC. This mutant was selected instead of MbAhpCo22N1K2SQ 

due to its closer similarities to wt MbAhpC. However, results revealed that 

MbAhpCo22NIK2SQ/D27N reacted similarly when compared with the wt MbAhpC. The 

disappearance of resonances and/or chemical shift in MbAhpCo22NIK2SQ/D27N resembled 

wt MbAhpC (Figure 3.19). This suggests that the selected mutations performed in this 

region are not significantly important in redox-oligomerization and/or interaction with 

MbTrxC. 
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Figure 3.19: Overlay NMR 1 H_15N-HSQC spectr of MbTrxC upon titration with MbAhpCvnNIK25QID27N 
(1:2 molar ratio). Superimposition of 1H-15N HSQC spectrum of MbTrx.C without titration 
(represented in red) and after titration of MbAhpC (represented in green). Residues identified that 
were undergoing significant CSP in wt MbAhpC is also observed in MbAhpCm2NIK25QID27N mutant 
(represented in cyan). Particularly, the gradual line broadening and increase in line widths upon higher 
concentration of AhpC titration. This highlights that the binding between Trx.C and AhpC may not 
have been altered with the mutation in 022, 1<25 and 027. 

3.4 Crystallization studies on MbAhpC 

Till date, the wt MtAhpC crystallographic structure is not resolved. In addition, 

the reported crystallographic structure, of the MtAhpCct76S mutant was not fully resolved 

[193]. There are three monomers in MtAhpCct76s; monomers A, Band C. However, 

only amino residues 2 to 170 (out of 195) in monomers A and C and amino acids 2 to 

179 in monomer B are resolved and the last 17 residues located at the C-terminal end of 

the MtAhpCct76S mutant are not resolved in the crystallographic structure. However, 

structural studies performed thus far has highlighted the significance of the C-terminus 

in which, it , is important for the interaction with its dimeric AhpC partner. In the 

StAhpCc47S mutant, the two dimers form polar interactions at the extreme C-terminus 

[186]. Also, in EcAhpC, C-terminal truncation studies revealed that the truncations at 

the very C-terminus prevented the formation of decameric rings. Furthermore, the C­

terminus in EcAhpC plays a crucial role in forming a binding epitope with the N­

terminal domain of its reducing partner, EcAhpF [220]. Therefore, in the current study, 
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attempts were made to resolve the full crystal structure of wt MbAhpC in order to 

establish a crystallization protocol for future atomic structure determination of the 

mutants generated. 

Following the protocol established by Guimaraes et a/. (2005) [193] , wt 

MbAhpC both in oxidized and reducing conditions were purified using 50 mM Tris/HCl, 

pH 7.5, 200 mM NaCl and crystal drops were set up in 0.1 M sodium citrate, pH 6.0, 

16% ammonium sulfate. Both set-ups were performed with 16 mg/ml of protein 

concentration. However, as observed in Figure 3.20A, no wt MbAhpC crystals were 

formed. This could indicate that the mother liquor solution was not appropriate for 

crystallization conditions or that the salt utilized during purification affected the growth 

of the crystals. Instead, in Figure 3.20C, wt MbAhpCREo formed a huge precipitate upon 

setting up of the crystal drop. This also highly indicates that the precipitant (ammonium 

sulfate) concentration is extremely high for the protein and/or that the pH may have 

affected the crystal formation. Therefore, with such differences in results, attempts were 

made tore-purify the protein in 20 mM Tris/HCl, pH 7.5. However, despite optimizing 

the buffer conditions to the conditions proposed by Guimaraes et al. , (2005) [193] (20 

mM Tris/HCl, pH 7.5), no crystals were observed in wt MbAhpCox (Figure 3.20B) 

whereas a huge precipitate was still observed in wt MbAhpCREo (Figure 3.20D). 

Thereafter, the protein concentrations were optimized in both buffers (50 mM 

Tris/HCl, pH 7 .5, 200 mM NaCl and 20 mM Tris/HCl, pH 7 .5). Since no protein crystals 

was observed with 16 mg/ml for wt MbAhpCox, the protein concentration was increased 

to 20 mg/ml. This increase was performed from the background knowledge that the 

protein concentration may have been too low for crystals to form. However, the protein 

concentration for wt MbAhpCREo was reduced to 8 mg/ml, to observe if the precipitation 

observed before would still form. Nonetheless, Figure 3.20E and 3.20G showed no 

crystal formation. Therefore, it was further confirmed that 50 mM Tris/HCl, pH 7.5, 200 

mM NaCl was not the optimal buffer conditions to use for protein purification. Hence, 

all crystallization conditions set up thereafter, were performed with proteins purified in 

20 mM Tris/HCl, pH 7.5. When wt MbAhpCox was purified in this buffer conditions 

and set up in the same mother liquor mentioned above, there were presence of 

microcrystalline precipitations (Figure 3 .20F). This highly indicates a promising sign, 

in which such hits could be further optimized to lower the nucleation events. On the 

other hand, Figure 3.20H showed slightly lesser precipitation as compared to Figure 
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3.20C and 3.20D. Nonetheless, the presence of large precipitation highly suggests that 

the protein has crashed. Although studies have shown that protein crystals may still form 

out of these aggregates, there was insufficient time to optimize the conditions utilized 

for MbAhpCREo. 
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Moving forward, further optimization for wt MbAhpCox was performed. The 

methods of setting crystal drops, pH, temperature as well as precipitant concentration 

were then further optimized in hopes of obtaining crystals. In each optimization process, 

only one component is altered. This means that an optimization of temperature for 

example, 1 0°C, would mean that all other parameters (crystallization buffer and days of 

incubation) were kept constant. The results of crystallization were illustrated in Figure 

3.21. 

However, the temperature optimization to lower temperature (l0°C and 4°C) in 

order to initiate a slower process of nucleation, resulted in no growth of crystals (Figure 

3.21A and 3.21B). However, as all other parameters were kept constant, the incubation 

days were also consistent. To rule out that the MbAhpCox crystals do not form at low 

temperatures, the crystal drops were analyzed once again after a month. Despite so, there 

was no presence of microcrystalline precipitates. Here, it highly suggests that low 

temperature did not induce slower nucleation for MbAhpCox proteins. 

The next parameter for optimization is the concentration of the precipitant. Two 

precipitant concentrations were chosen, 10% and 12%. However, in both optimization 

conditions, MbAhpCox crystallized into microcrystalline precipitates. This suggest that 

the concentration of the precipitant did not alter significantly the nucleation process of 

the crystals. 

Lastly, the alternative parameter chosen for optimization was the level of pH. 

Studies have shown that crystal drops set-up with a pH around the pKa of the protein 

may form polar contacts and thereby form crystals [221]. However, it is important to 

also note that slight changes in pH may also induce the formation of crystals. Despite 

so, in the results observed in the current study, only microcrystalline precipitates were 

formed (Figure 3.21E and 3.21F). 

Although few parameters have been optimized in hopes of getting crystals, none 

of the chosen parameters induced the growth of crystals. Studies have also advised about 

the difficulti~s in crystallizing wt MbAhpC due to its highly flexible C-terminus, which 

remains unsolved [193]. Due to time constraint, the wt MbAhpC crystallization was put 

for a stop and attempts were made to crystalize the exact same mutant published in 

Guimaraes et al. (2005) [193]. The mutant MbAhpCci76S was then generated, over­

expressed and purified. This was performed to ensure that there are crystallization 

conditions which could be utilized for crystallizing other mutants. 
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In a comparable manner, crystal drops were set up in attempt to resolve the full 

crystal structure of MbAhpC. Within four days, large crystals were observed on the 

drops (Figure 3.22A). As the crystals were obtained just before the beamline time at 

NSRCC, Hsinchu, Taiwan, the crystals were sent to NSRRC and datasets were collected 

remotely. Results revealed that the diffraction of the crystals obtained were poor and no 

further analysis could be performed, as such the cell parameters could not be obtained 

(Figure 3.22B). Unfortunately, despite following exactly the buffer conditions and 

crystallization conditions stated in the reported MtAhpCc 176S [ 193], the results published 

were not reproducible. With that, attempts were made thereafter to optimize the 

crystallization conditions. 

(A) (B) 

I 

(C) (D) 

Figure 3.22: Crystallization ofwt MbAhpC and CJ 76S mutant. (A) After four days of incubation, large 
hexagonal crystals were observed. (B) Diffraction pattern of the MbAhpCc 176s mutant revealed that the 
crystal was approximately 1 0 A. As such, optimization (C) and (D) were performed to optimize the 
crystal growth and diffraction. 
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The initial step of optimization was performed to utilize different vaporization 

techniques. Instead of using hanging drop vaporization, the sitting drop vaporization 

technique was utilized. Sitting drop vaporization enforces slower diffusion of the 

reservoir solution, thereby allowing a slower approach towards supersaturation of the 

crystals. In addition, the same set up with an incubation at 1 0°C was set up 

simultaneously. 

However, in both optimization conditions, the diffraction pattern was not obtained 

yet as the current experiment is still in progress for further optimization. Nonetheless, 

Figure 3.22C and 3.22D showed that the size of the crystals was approximately the same. 

With advice from Dr. Asha M. Balakrishna from Professor G. Gruber' s laboratory, 

further optimization may have to be performed to enhance the diffraction of the crystals. 
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4.1 Structural insights into MtAbpC in solution 

Understanding the structure of MtAhpC is crucial in designing possible drug 

targets to target INH-resistant M tuberculosis. The expression of AhpC for M 

tuberculosis to adapt to the loss of katG functions in patients treated with INH allows 

the bacteria to enhance its virulence [222]. With increased cases of MDR-TB, it is 

therefore necessary to characterize this peroxiredoxin to cope with resistant strains of 

M tuberculosis. Unlike nwnerous studies performed on other strains of AhpC, few have 

targeted AhpC produced in mycobacteria. Interestingly, the sequence alignment of 

AhpC across various pathogenic bacteria has proved that there is a need to study AhpCs 

in mycobacteria. Here, different sequence alignment algorithms have shown that 

mycobacteria are unique from other bacteria. The presence of additional residues is 

located at different regions of the N-terminus in mycobacteria (Figure 3.1 and Figure 

3.2). Moreover, the crystallographic structure alignment of AhpC with other bacteria 

have highlighted significant differences in mycobacteria (Figure 3.13 ). Henceforth, this 

further reiterates the need to study the structural aspect of AhpC from mycobacteria. 

Despite having solved the crystal structure of the MtAhpCcJ76S mutant, it 

remains an enigma. With knowledge from previous studies on peroxiredoxins, scientists 

around the world are uncertain whether MtAhpC still forms a dodecamer in solution 

instead of the usual decamer [183]. Studies have argued the plausibility of crystal forces 

packirig, which results in the formation of a dodecameric ring [193]. As such, studies 

still refer MtAhpC as either a decamer or a dodecamer [180]. Hence, for a suitable drug 

target design, the unique structure of MtAhpC in solution should be understood. The 

previous study that was performed have concluded that MbAhpC in solution, elucidates 

redox-sensitive oligomerization in which MbAhpCox forms a dimer and MbAhpCREo 

forms a higher order oligomer. The current study has revealed the presence of a 

dodecamer in MbAhpCREo (Figure 3.5B) through 2D projections of electron 

micrographs. The current study has thereby for the first time, confmned the largely 

postulated dodecameric structure of MbAhpCREo in solution. Together with the already 

published data of the MbAhpCci76S mutant crystallographic studies [193], the enigma 

for the dodecameric ring of MbAhpC in solution, is herein, confirmed. 

The next aspect of characterization is to understand the enzymatic kinetics of wt 

MbAhpC. Through NADPH-hydroperoxide reduction assays, the Michaelis-Menten 

kinetics was obtained. For a comprehensive comparison, NADPH-hydroperoxide 

reduction assay was performed both with H202 and t-BOOH as a substrate. Results 
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show that the Km values of both substrates with .MbAhpC are similar (Table 3.2). 

However, there is an increased peroxidatic efficiency of MbAhpC with t-BOOH (Table 

3.2). The increase in peroxidatic efficiency may indicate the plausibility of t-BOOH 

functioning as a more suitable substrate for .MbAhpC instead of the well-known, H202. 

This data is different as compared to the data reported by Jaeger et al [198], in which 

NADH was used instead of NADPH for electrons transfer. However, it was reported 

that the natural electron donor ofTrxC is NADPH instead ofNADH [199]. Therefore, 

the current study has shown the first ever measurement of the true Km and kcat of wt 

MbAhpC with its natural electron donor, NADPH. 

Many studies performed thus far have elucidated that the enzymatic efficiency 

of peroxiredoxins in general, are "comparatively poor" in comparison to selenocysteine­

containing peroxidases and hemeperoxidases [223]. However, in a study published by 
J 

Personage et al., (2005), the peroxidatic efficiency of StAhpC was equivalently as 

enzymatically efficient ( -107 M-1 s-1) when compared to selenocysteine-containing 

peroxidases (-108 M-1 s-1) and hemeperoxidases (-107 M-1 s-1
) [209]. However, in the 

current study, it was observed that the overall efficiency of .MbAhpC is approximately 

four orders of magnitude lower (~103 M-1 s-1). Unlike the experiment performed with 

StAhpC, in which its natural reductant StAhpF was utilized, the current study utilizes 

MbTrxC (a general thioredoxin system). Therefore, the results report in the current 

study could not be comparative to StAhpC. Instead, the current study resolves the 

enigma [ 180] as to whether MtTrxC is able to reduce MtAhpC effectively. It is possible 

to look into the aspect of utilizing MtAhpD, the natural reductant of MtAhpC, in future 

to make comparative results with StAhpC. Also, the results illustrated in the current 

study utilizes a stopped-flow spectrophotometer to measure the peroxidatic efficiency 

of .MbAhpC. However, in the measurement performed by Personage et. al. , (2005) [209], 

a new assay was established to measure the peroxidatic efficiency of StAhpC wherein 

fluorescence was utilized alongside a stopped-flow spectroflurometer. It is important to 

note that the utilization of different stopped-flow spectrophotometer and its accuracy of 

the system may thereby result in the differences in peroxidatic efficiencies observed 

between StAhpC and .MbAhpC. To accurately exemplify that MbAhpC is inefficient as 

a peroxiredoxin, an exact system utilized in StAhpC should be utilized as well. 

Moving forward, in yet another paper published on the peroxidatic efficiencies 

of wt EcAhpC revealed that the peroxidatic efficiency of EcAhpC with EcAhpF was 

approximately 104 M-1s-1 [224]. Together with this study, a comparative study can be 
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performed. The study performed utilized the same protocol as established in the current 

study, and it was clear that the peroxidatic efficiency of both AhpCs are relatively 

similar. Despite so, another alternative to utilize MtAhpD could also be performed in 

future to make this comparison more accurate. 

With knowledge of the enzymatic kinetics of MbAhpC, it is important to 

understand if the peroxiredoxin also undergoes hyperoxidation. Hyperoxidation is a 

process that allows peroxiredoxins to function as molecular chaperones [210]. Previous 

studies have suggested that instead of undergoing a recycling reaction, hyperoxidation 

occurs to compete with the formation of disulfide bonds [225]. As shown in Figure 

3.11 A, EcAhpC undergoes hyperoxidation with increasing concentrations of H202. The 

presence of monomers instead of dimers (7:10 ratio) on a SDS-PAGE non-reducing gel 

clearly indicates the plausibility of hyperoxidation. However, in MbAhpC, at a high 

concentration (50 J.!M) ofH202, the amount of monomeric MbAhpC was observed at a 

ratio of 1: 10 (Figure 3.11 B). This insignificance may suggest that unlike HpAhpC, 

excess amount of H202 may not induce a functional switch to molecular chaperones in 

MtAhpC [ 189]. In addition, it is also · uncertain whether the process of hyperoxidation 

is crucial for MbAhpC. Therefore, to fully comprehend whether MbAhpC is able to 

switch from a peroxiredoxin to a molecular chaperone, further studies should be 

performed. In a study performed by Dip, P.V (2013), the utilization of an acidic pH (4.4) 

induced the stacking of the decameric ring in EcAhpC [226], which was further 

confirmed with electron micrographs (Figure 4.1 ). It could be possible that although 

MbAhpC does not undergo a hyperoxidation reaction, the peroxiredoxin could still 

switch to a molecular chaperone at lower pH. 
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Figure 4.1: Electron micrographs of the elongated EcAhpC in pH 4. 4. The figure shows that the 
decameric ring of EcAhpC undergoes a stacking conformation. This figure is adapted from Dip, P.V 
(2013) [226]. 

4.2 Biochemical, biophysical and structural studies into the unique N-terminus 

The presence of addition conserved N-terminal residues in mycobacteria AhpC 

can also highlight the structural aspects of this peroxiredoxin. After understanding that 

deleting the very N-terminus (MbAhpCJ6-I95 and MbAhpC4I-I95) renders the 

peroxiredoxin to be highly insoluble and thereby forming undefmed oligomers, it is 

crucial to pinpoint exactly which N-terminal residues results in this phenomenon. 

Further studies on the deletion mutant, MbAhpC623-34 allowed a comprehensive 

understanding of the N-terminus. It was observed that the dimer-dimer interface in 

MtAhpCc176s was stabilized with hydrophobic interactions from residues F57, T58, F91 , 

1114 and V130. Particularly, it was observed that the residues from 23-34 occludes with 

F91 , which is at a distance of 5.5 A (Figure 4.2). Furthermore, studies have reported a 

highly-conserved residue W96, that is involved directly with the redox-oligomerization 

in peroxiredoxins [193]. In MtAhpCci76S, W96 is placed alongside F91 , F94 and A98 

and are present in the helix a2. Residues V26, P31 , Y34 and F35 in this extra loop is 

found to form an ample hydrophobic environment for helix a2. Therefore, the mutant, 

MbAhpC623-34, with these residues removed, may destabilize the hydrophobic 

environment. Without residues 23-34, the hydrophobic environment occluded by F91 

is reduced. In turn, this alters the dimer-dimer stability. 

Furthermore, mutations performed at the very N-terminus (MbAhpCrsA and 

MbAhpCr sAJDsA) highlighted important residues for redox-oligomerization. Instead of 

increasing the hydrophobic environment with the mutation to alanine, the single and 
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double mutant showed an inability to form a defmed dodecamer. In the crystallographic 

structure, the amino acid, TS makes water-mediated hydrogen bonding interactions with 

D132 and G123 of another subunit (Figure 4.3). Hence, the redox-oligomerization may 

have been affected when TS is mutated to alanine. Additional studies performed have 

also showed a significant decline in enzymatic activity of approximately 33% when 

compared with wt MbAhpC. Herein, the amino acid D8 of one subunit is shown to 

interact with P2 of another subunit through a water-bridge interaction in the 

crystallographic structure (Figure 4.3). This occurs at the functional dimer interface. 

With the mutation to a non-polar alanine, these interactions may have been abolished, 

thereby weakening the dimeric interface. As a result, both the single and double mutant 

presented unstable dimer-dodecamers forms as well as decreased activity. 

Figure 4.2: Cartoon representation of the dimeric interface of MtAhpCc176s crystallographic structure 

(PDB ID: 2BMX)[J93). The first monomer is represented in orange and the second monomer in sand 
color. The N-terminal extension (residues 1-15) are highlighted in green whereas the N-terminal extra 
loop (residues 23-34) are highlighted in forest green. Hydrophobic residues that are involved in 
stabilizing the dimeric interface are F57, T58, F91, 1114 and Vl30 (represented in cyan). The mutants 
in theN-terminal residues (D22, K25 and D27) are represented in red. 
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Interestingly, the double and triple mutants, MbAhpCo22N!K2SQ and 

MbAhpCo22N!K25Q/D27N did not show significant changes in the redox-oligomerization or 

the enzymatic activity. This may be in part due to the location of these residues in the 

crystallographic structure. The substitutions were made on the charged residues to a 

polar uncharged amino acid. However, as these residues of the extra loop face the 

solvent region, it may not alter significantly the hydrophobic environment of the dimeric 
' 

interface (Figure 4.1 and 4.2). Therefore, the hydrophobic environment, which is 

formed partially by theN-terminal residues, highlights the importance of these residues. 

Figure 4.3: Cartoon representation of MtAhpCc176s crystallographic structure (PDB ID: 2BMX 
[ 19 3]). Residues that are present in the dimer interface of mycobacteria AhpC are highlighted here 
where the first subunit is in orange and the second in lighter shade of orange. The mutants T5 and 08 
are represented with magenta sticks. TheN-terminal extension residues 1-15 are highlighted in green 
and the extra loop (residues 23-34) are highlighted in forest green. The water molecules necessary for 
water mediated interactions are represented in light blue spheres. 

Contrastingly, the NMR titration results of MbTrxC with theN-terminal mutants 

did not reveal much. Although the redox-oligomerization of MbAhpCrsAJD&A and 

MbAhpCo22NIK25Q/D27N as well as its activity were affected, titration results did not reveal 

significant chemical shift e5N-labelled MbTrxC) changes when compared with wt 

MbAhpC in the NMR spectrum. Evolution has driven the need for protein-protein 

interactions to perform their function in vivo [227, 228]. NMR spectroscopy is an in 

vitro method to derive protein-protein interactions. The presence of protein-protein 

interactions will change the chemical environment which subsequently causes chemical 

shifts. Despite not having much interactions in vitro, it is unclear whether the in vivo 

interactions of the mutants with TrxC is affected. Further studies could be performed 

from the in vivo aspect. This could possibly highlight the possible alterations the 

mutants could have with its interaction with MbTrxC in vivo. In addition, TrxC being 
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one ofthe many reducing partners for AhpC, might not have been significantly affected. 

AhpD, as a natural reductant for AhpC [180], on the other hand might reveal differential 

results in the NMR spectrum when compared with MbTrxC. It would however, be 

interesting, to understand whether the double and triple mutants would alter the 

interaction between AhpC-AhpD. Nonetheless, both mutants revealed that there is an 

ongoing interaction between 15N-MbTrxC and MbAhpCrsAJDsA, -AhpCm2NIK25Q/D27N· 

With these results from the N-terminus, the significance of the additional 

residues is enhanced. This helps to highlight also into the structural aspect of MtAhpC. 

The next step after understanding the structural aspect of MbAhpC is to debunk previous 

contradictory hypothesis about the reducing partner of MbAhpC. From the NADPH­

hydroperoxide reduction assay, it is confirmed that MbTrxC reduces MbAhpC 

effectively (Figure 3.7). Furthermore, NMR titration assays have also confirmed the 

interaction and its interacting residues between MbTrxC and MbAhpC. In addition, the 

results of Jaeger eta/. [198] also support this study. With this, it refutes the proposal 

that MbAhpC is only reduced by AhpD [180]. Knowing that MbTrxC is efficient in 

reducing MbAhpC, the question of interest now is the possible interacting residues that 

form the TrxC-AhpC complex. 

Figure 4.4: Distance map between MtTrxC (represented in blue) and MtAhpCc176s (represented in 
green). The distance of Trx:C-C3 7 is closer in proximity to C 17 4 than to AhpC-C61. 

To address the interacting residues, molecular docking was performed with the 

results obtained from NMR titration assays. Results revealed its interacting residues and 

thereby allowed a better understanding of the TrxC-AhpC complex formation. Two 

crucial interactions between MtTrxC and MtAhpC were observed (Figure 3 .19). As F68 

from MtAhpC lies on the helix a.1 , it highly suggests that these interactions may induce 
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a rearrangement of phenylalanine side chains. This rearrangement aids in a helical 

displacement which is crucial for the formation of an internal cavity. Together with 

previous studies, the three phenylalanine side chains (F51, F68, F108) have been 

proposed to be crucial for the rigid-body movement whereby Cp6l and CR174 are in 

close proximity. Furthermore, it was observed that C37 ofTrxC lies at 4 A from CR174 

of AhpC. However, the distance between C37 ofTrxC and the Cp6l of AhpC was 5.5 

A (Figure 4.4). From this study, the role of the third cysteine might be resolved. In 

another study performed, it was proposed that three, instead of two cysteines are 

involved in catalysis (193]. The formation of a disulfide bond between Cp6l-CR174 

after condensation reaction would be reduced by C176. Subsequently, a second 

intramolecular disulfide bond is formed between C174 and C176 (193]. The molecular 

docking results favor this postulation in which the yroximity ofC37-TrxC to the CR174 

of AhpC suggests that the second intramolecular disulfide bond can then be reduced by 

an external thiol, in this case, C37-TrxC. 
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5 Conclusion 

Unlike other peroxiredoxins, the crystallographic structure of MtAhpCc116S [193] 

have brought about various debates about the structure of MtAhpC in solution. However, 

no structural nor biochemical studies have been performed on MtAhpC. For the first 

time, the current study has (i) revealed the presence of a dodecameric ring of MbAhpC 

in solution, (ii) identified the enzymatic kinetic parameters of MbAhpC, (iii) confirmed 

the reducing equivalent of .MbAhpC and its interacting residues and (iv) highlighted the 

uniqueness ofthe conserved N-terminus of mycobacteria. 

Apart from confirming the highly debatable structure of MtAhpC in solution, the 

current study has also shown that this peroxiredoxin is unlike others. Instead of forming 

a decamer, MbAhpC in solution, forms a dodecamer. For the first time ever, the kinetic 

parameters have been identified for MbAhpC-TrxC. From a superficial comparison to 

other peroxiredoxins, .MbAhpC-TrxC may have presented lower enzymatic kinetics. 

However, future studies have to be performed to look into the natural reducing partner, 

AhpD, and its interaction with AhpC to conclude that .MbAhpC does indeed have lower 

peroxidatic efficiency. Nonetheless, the current study has highlighted the substrate 

specificity of MbAhpC, in which it has been observed that the natural substrate of 

MbAhpC could likely be t-BOOH. In addition, the interacting residues of MbAhpC to 

MbTrxC were identified. This study provided the much-needed knowledge on the 

interacting partners of MbAhpC. 

Moving forward, the current study has also confirmed the importance of the 

highly conserved N-terminus of mycobacteria. Mutational studies performed on the 
' 

charged residues that were predicted to interact with AhpD and/or TrxC have shown 

that the absence of a stable dodecameric ring alters the enzymatic activity of MbAhpC. 

To confirm this, further studies such as mutations on the oligomeric interface should be 

performed to highlight its enzymatic effects. Despite so, the current studies have 

highlighted, for the first time, that the highly conserved N-terminus, is critical for the 

stability of MbAhpC. 

This study has provided many structural insights into MbAhpC which may bring 

forward the understanding of how M tuberculosis developed resistance towards INH. 

With these information, suitable cocktail drugs may then be designed to target the 

overexpressed protein. 
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