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PREFACE 

 

This thesis is divided into five chapters, and they are outlined as follows:  

• Chapter 1 (Introduction) 

This chapter offers an overview and contextual information regarding the research, including its aims, 

objectives, hypothesis, and research questions. 

 

• Chapter 2 (Literature review) 

This chapter provides a comprehensive foundation of previous research on TB, a detailed understanding 

of FadD23's role in TB pathogenesis, the therapeutic potential of natural compounds, and the application 

of in silico methods for drug discovery. 

 

• Chapter 3 (Methodology) 

This chapter describes the research design by providing an in-depth understanding of the principles 

behind the methods, procedures, and techniques used to conduct the study. 

 

• Chapter 4 (Manuscript) 

This chapter is entitled Exploring the inhibitory potential of South African natural compounds against 

Mycobacterium tuberculosis fatty acyl-AMP ligase 

. 

. 

• Chapter 5 (Conclusion and future work) 

This chapter summarizes the key findings of the research while providing insight into how the findings 

can be used in the context of future studies and drug development.  
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ABSTRACT 

Background: Tuberculosis is one of the leading infectious diseases causing mortality worldwide. 

Factors such as the increasing prevalence of drug-resistant strains and toxicity profiles of current drugs 

have made it nearly impossible to eradicate TB. This calls for urgent discovery and development of 

potent and safe tuberculosis drug candidates with a novel mechanism of action. Usage of natural 

compounds and their derivatives is being prioritized for drug development owing to their accessibility, 

potency, and safety profiles. 

Aim:  To identify natural inhibitors of M. tuberculosis FadD23 and characterize their potential 

mechanism of inhibition.  

Methodology: A crystal structure of FaD23 (PDB ID 8hdf) with a resolution of 2.2 Å was obtained 

from RCSB Protein Data Bank. Virtual screening of seven antitubercular compounds from the South 

African Natural Compounds Database (SANCDB), namely SANC00937, SANC00520, SANC00522, 

SANC00519, SANC00834, SANC01098, and SANC01097, was performed using molecular docking 

principles to identify potential inhibitors of FadD23. FadD23-docked compounds underwent 130 ns 

molecular dynamics (MD) simulation using Amber18 software package. MD trajectories from 

simulations were used to calculate MM/GBSA binding free energy to determine binding affinities of 

compounds to FadD23. Various metrics, including root mean square deviation (RMSD), root mean 

square fluctuation (RMSF), radius of gyration (Rg), hydrogen bonding, and secondary structure 

elements, were used to characterise conformational dynamics between FadD23-ligand complexes under 

simulated physiological conditions. The safety profile of the simulated compounds was also evaluated 

using the SwissADME and ProTox 3.0 servers. 

Results: The docking results identified compound SANC00937, a flavonoid, as a top candidate that 

effectively binds at the ATP-binding site of FadD23 with the highest docking score of -8.4 kcal/mol, 

stabilized by hydrophobic and hydrogen-bond interactions. To achieve accuracy of docking results, all 

docked compounds were subjected to 130 ns MD simulations to further characterize their interaction 

with the protein. MM/GBSA calculations revealed SANC01098 to have the highest binding affinity of 

-28.86 kcal/mol to the protein with reference to ANP. However, SANC01098 resided adjacent to the 

ATP binding site. SANC00937 showed a second highest binding affinity of -27.83 kcal/mol with 

reference to ANP, and interacted with key ATP-binding site residues Ala328, Asp222, Gly330, and 

Ser300 which significantly contributed to a stronger binding affinity and a more stable interaction with 

FadD23. All complexes exhibited RMSd values below 2 Å highlighting stable association of ligands 

with the protein. However, the average Rg and RMSd values indicated that SANC01098 forms a more 

stable association with FadD23 than ANP, suggesting a possibility of competitive binding between 

SANC00937 and ATP. The secondary structure analysis revealed that SANC00937 deforms the Pi 

structural component of FadD23, optimizing its binding affinity within the binding site. This was also 

supported by large hydrophobic interactions and few hydrogen bonds that stabilized FadD23-
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SANC00937 complex. Pharmacokinetic evaluation showed that SANC01097 exhibits optimal oral 

drug-like properties, characterized by a high bioavailability score, minimal interference with major 

Cytochrome P-450 enzymes. 

 

Conclusion: This study has identified SANC00937 as a potential ligand to interfere with FadD23 

function by competing and displacing ATP in the active site. This opens an interest in experimental 

evaluation of this natural compound for drug-like properties against FadD23. A positive outcome of 

such evaluation could potentially lead to the development of novel, alternative and naturally safe TB 

therapeutics that are accessible in abundance to Africans. In absence of an approved FadD23 inhibitors, 

these results provide a lead baseline for further laboratory-based experiments to confirm the biological 

relevance of both SANC00937 and SANC01098 compounds as potential inhibitors of FadD23. 

 

Keywords: Tuberculosis, FadD23 inhibition, SANCDB, molecular docking, MD simulations, M. 

tuberculosis FadD23, drug discovery.  
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1. Chapter One 

Introduction 

1.1.  Background and rationale of this study 

Tuberculosis (TB) is one of the most deadly, highly contagious, yet preventable and typically curable 

airborne infectious diseases in the world [1, 2], caused by the highly complex and adaptable pathogen 

Mycobacterium tuberculosis (M. tuberculosis) [3]. With an estimated 10.8 million infections and 1.25 

million deaths reported in 2023, TB overtook COVID-19 as the leading infectious disease killer 

worldwide [2]. This infectious disease is the most significant opportunistic killer among people living 

with HIV and a major contributor to antimicrobial resistance-related deaths [2]. Treatment options 

include a combination of first-line antibiotics that target various physiological components of the 

bacterium. 

The World Health Organisation (WHO) currently recommends a 6-month course of treatment that 

includes pyrazinamide, isoniazid, rifampicin, and ethambutol for drug-susceptible TB (pulmonary 

and extrapulmonary) [2]. All four drugs are administered together for the first two months, after 

which isoniazid and rifampicin are administered separately for the remaining four months  [2]. 

Because these drugs target essential bacterial functions, improper use, stopping treatment, or 

noncompliance can reduce their effectiveness, leading to drug resistance and, in some cases, fatal 

outcomes.  Drug-resistant TB (DR-TB) is still a threat to public health, in 2023 an estimated 400,000 

cases of multidrug-resistant [4] TB (MDR-TB) or rifampicin-resistant TB (RR-TB) were reported 

worldwide [2].  

With resistance levels ranging from specific drug resistance to resistance against multiple drug 

classes, such as rifampicin, fluoroquinolones, bedaquiline, or linezolid, the WHO has classified 

drug-resistant TB into five groups: isoniazid-resistant TB, RR-TB, MDR-TB, pre-extensively drug-

resistant TB (pre-XDR-TB), and extensively drug-resistant TB (XDR-TB) [2]. The most recent 

guidelines for treating drug-resistant TB contain three primary regimen types.  The first category 

includes 6-month all-oral regimens for individuals with MDR/RR-TB (with or without 

fluoroquinolone resistance) [2]. The second category includes many short, all-oral regimens lasting 

nine months for individuals with MDR/RR-TB who are not fluoroquinolone-resistant [2]. The third 

category consists of longer regimens lasting 18–20 months, which may include injectable drugs 

such as amikacin [2]. Compared to the shorter 6-month regimens, longer regimens are regarded as a 

last resort  [2]. Unfortunately, these treatment options present a serious health risk because of their 

length and complexity. Patients frequently find it difficult to follow them, which may result in 
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inadequate care and heightened resistance [5]. Patients often have difficulties coping with the severity 

of the adverse effects caused by the medication used to treat DR-TB [6]. For many DR-TB patients, 

the lack of access to critical healthcare treatments leads to worse outcomes [6]. As a result of the high 

expense of treatment, patients and their families may face severe financial and social difficulties  [6]. 

The ongoing TB crisis is largely driven by these underlying factors.  The emergence of MDR and 

XDR TB strains makes it very challenging to treat and eradicate TB, especially in patients with co-

infections such as HIV, diabetes, and other diseases [7]. XDR-TB has evolved into drug-incurable or 

programmatically incurable TB in certain TB-endemic countries [8]. The rise in DR-TB highlights 

the pressing need for novel treatment drugs with distinct modes of action to successfully combat M. 

tuberculosis and reduce the incidence of TB globally. 

The bacterium’s remarkable ability to evade the immune system is largely due to its unique cell wall 

composition and specialized virulence factors [9]. One such virulent component is sulfolipid-1 (SL-

1), a lipid present in the cell wall of M. tuberculosis that plays a significant role in mitochondrial 

oxidative phosphorylation inhibition, preventing phagosome-lysosome fusion within the 

macrophages, and allowing the bacterium to survive and replicate within the host cell [10]. 

The fatty acid adenylyl transferase (FadD23) is a key enzyme in the biosynthesis of SL-1 (see Figure 

1.1) [10]. It activates long-chain fatty acids by converting them into acyl-adenylates, which are then 

used as starter units by polyketide synthase 2 (Pks2) to synthesize multiple methyl-branched fatty 

acids [10]. This activation step is vital for downstream metabolic biosynthetic pathways like 

phthiocerol dimycocerosate (PDIM) and polyacyltrehaloses (PATs), which are also essential 

virulence-associated lipids in M. tuberculosis [9, 11]. Inhibiting FadD23 will interfere with lipid 

biosynthesis, weakening the M. tuberculosis cell envelope and increasing its susceptibility to 

immune clearance [9]. This approach presents FadD23 as a promising target for antituberculosis drug 

development [10]. While synthetic inhibitors of FadD23 have been explored, the potential of natural 

compounds remains largely under-examined [12]. 
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Figure 1.1: The role of FadD23 in the TB pathogenesis: SL-1 biosynthesis and immune evasion. M. 

tuberculosis enters the lungs via inhalation, where infection is initiated and survives inside the 

macrophage. The bacterium activates the FadD23 pathway to produce SL-1, which blocks phagosome-

lysosome fusion, suppresses immune responses, and promotes bacterial persistence, ultimately 

contributing to the pathogenesis of TB. 

 

In addition to having a variety of chemical structures, natural products often exhibit favorable 

bioactivity and safety profiles [13]. For centuries, people have depended on natural products with 

therapeutic properties to treat and prevent infections. Natural products usually have no adverse side 

effects, unlike conventional antibacterial treatments [14]. Evolutionary processes have endowed them 

with unique structural complexity, chemical diversity, and biological specificity that is not 

commonly found in purely synthetic compounds [15]. 

 South Africa, renowned for its rich biodiversity, has a long history of utilizing plant-based remedies 

for medicinal purposes. The South African Natural Compounds Database 

(SANCDB; https://sancdb.rubi.ru.ac.za/) is the only comprehensive and fully referenced database 

of natural chemical compounds derived from South African flora and fauna [15]. This database, with 

approximately 1,012 compounds, serves as a valuable resource for identifying potential 
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antimicrobial agents, including anti-TB compounds [15]. Many of these plant extracts and marine-

derived compounds have demonstrated antimycobacterial, antibacterial, and anti-TB properties, 

making them valuable candidates in the search for new therapeutic inhibitors [15].  

The process of drug discovery is lengthy, costly, and fraught with difficulties. However, applications 

of in silico techniques, including the use of artificial intelligence, have facilitated this process [16, 17]. 

Such techniques include virtual screening of compound databases for the identification of specific 

inhibitors of drug targets, and molecular dynamics simulations to study the thermodynamic 

properties of molecules [18]. These computational approaches offer efficient strategies for identifying 

possible drug candidates for experimental validation [18, 19].  

In this study, we virtually screened the SANCDB to identify novel inhibitors of M. tuberculosis 

FadD23 in search of drug candidates for the treatment of TB. We further characterized the 

thermodynamic properties of candidate molecules and their contribution to the inhibitory potential 

through molecular dynamics calculations. To the extent of our knowledge, there is no existence of 

approved inhibitor of FadD23, and this study is the first to seek FadD23 inhibitors from this 

database.   
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1.2.  Problem Statement 

DR-TB remains a significant global health issue despite advancements in TB treatment. Current TB 

regimens like rifampicin, ethambutol, isoniazid, and pyrazinamide are lengthy, often requiring months 

to years of administration, and frequently linked to severe side effects, leading to treatment interruptions 

and decreased efficacy [20]. While treatment for drug-resistant TB remains expensive, options like 

bedaquiline and linezolid have been associated with serious cross-resistance [5, 21] and severe side effects. 

Furthermore, M. tuberculosis possesses a complex lipid metabolism that is essential for its survival, 

virulence, and drug tolerance. Even though some existing front-line drugs like isoniazid and ethionamide 

are able to successfully target essential lipid biosynthesis pathways, the bacterium's ability to reprogram 

its metabolism to utilize host lipids (eg cholesterol) for survival, together with the development of 

resistance strains (MDR-TB and XDR-TB) calls for urgent identification of antituberculosis agents with 

long-term novel mechanisms of action [13]. Moreover, agents that can successfully target multiple lipid 

pathways to shorten treatment and overcome drug resistance. 

1.3.  Novelty and significance of this study 

Despite having international initiatives like the WHO’s End TB Initiative [2], factors such as delayed 

diagnosis, poor treatment plans, structural flaws in healthcare delivery, and drug resistance cripple the 

efforts of TB eradication. In light of this, there is a demand not only for new diagnostic tools, patient-

centred treatment strategies, and a renewed political commitment to ending TB [22], but also, 

consideration of complementary medicine as an alternative treatment strategy, essentially herbal 

medicine. 

South Africa is rich in a variety of natural resources that are traditionally used as alternative medicine 

for disease treatment and management. The efficiency of this practice has led to the development of a 

database (SANCDB) where isolated active ingredients from these medicines are deposited. SANCDB 

was selected for this study as it is the only fully referenced repository that offers novel natural 

compounds derived from South Africa's rich biodiversity. This database is smaller, allowing for faster 

screening. While global databases like Pubchem or Zinc contains large number of compounds that are 

redundant, synthetic, and already well studied. By exploring the therapeutic potential of these ingredient 

compounds, we are encouraging their isolation from natural resources, characterization for drug-like 

properties, and development into safe, readily accessible, and affordable TB therapeutics. This also 

promotes the preservation of these medicinal resources to prevent their extinction. Fatty acids in M. 

tuberculosis are a major virulence factor in TB pathogenesis [10], as they play a major role in 

mycobacterial cell defence systems. Furthermore, FadD23 is not present in human metabolic pathways, 

which allows for selective inhibition with minimal host toxicity. Therefore, targeting these pathways 
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with natural molecules, given their notable therapeutic properties, presents a novel yet nature-based 

approach to attenuate TB. With this study, we hope to contribute to addressing socioeconomic barriers 

that hinder TB eradication and the associated crisis resonating from lack of treatment availability and 

affordability.  

 

1.4.  Research aims and objectives 

1.4.1. Aim of the study 

 

To identify novel natural inhibitors of M. tuberculosis FadD23 and characterize their inhibitory potential 

through the application of in silico methods.   

 

1.4.2. Objectives 

 

• To virtually screen the SANCDB for the identification of M. tuberculosis FadD23 inhibitors.   

 

• To generate FadD23-natural compound complexes to identify the mechanism of binding. 

 

• To perform molecular dynamics simulations to characterize the FadD23-compound interaction. 

 

• To characterize drug-like properties of the candidate compound as a FadD23 potential inhibitor.  
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1.5.  Hypothesis  

 

Compounds from the SANCDB possess inhibitory potential against M. tuberculosis FadD23 enzyme, 

which could potentially impair FadD23 function and consequently mycobacterial virulence.  

 

1.6.  Research Questions 

 

1. Which compounds from the SANCDB bind to FadD23 and with what binding mode? 

 

2. Which compounds exhibit the highest inhibitory potential against FadD23? 

 

3. How does the binding affinity of the selected natural compounds compare to that of established 

reference inhibitors, and what implications does this have for their potential as therapeutic 

agents? 

 

4.  Which structural components of the protein and ligands contribute to the binding affinity of 

ligands, and how?  

 

5. What drug-like properties does the selected compound possess?  
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2. Chapter Two 

Literature Review 

2.1.  Introduction to Tuberculosis 

TB is a bacterial infection caused by M. tuberculosis [1]. It was formerly known as the “white death” [2] 

or the “great white plague” [3] in the 17th century, phthisis [4] and consumption [5] from Hippocrates until 

the 18th century [4], tabes in ancient Roman, and schachepheth in ancient Hebrew [1], or wasting disease 

[6-9]. Although it can spread to other organs, it usually affects the lungs [10]. When an infected person 

coughs or sneezes, the virus spreads through airborne droplets, making it extremely contagious [10, 11]. 

Because of its infectious nature, complex immune response, chronic progression, and the need for 

extended treatment. TB continues to be a major global health concern, even though it is preventable and 

treatable [12]. This infectious disease has continuously afflicted humans for thousands of years, with 

evidence from human isolates of tubercle bacilli found in East Africa [13] and ancient mummies, 

indicating its long-standing presence in human history [9, 14-16]. In 1834, Dr. Johann Lukas Schonlein 

formally introduced the term “tuberculosis” for this deadly infectious disease [8]. 

The bacterial cause of this disease was only discovered in 1882, despite its long-standing presence in 

human history. An important turning point in the knowledge of this deadly bacterium was reached when 

the German microbiologist Robert Koch formally announced this discovery on March 24, 1882.  [17, 18]. 

His discovery was later validated by highly effective staining techniques created by Ziehl-Neelsen 

(1883) [19] and Ehrlich (1887) [19-21]. In addition to providing insight into the causative agent, Koch’s 

discovery shaped our current knowledge of M.  tuberculosis, its classification, and laid the foundation 

for modern TB diagnostics and treatment strategies [17]. 

Because of M. tuberculosis's ability to hold onto some dyes even after being washed with acid-alcohol, 

it is known as an acid-fast bacillus [22]. Koch's bacillus, another name for this mycobacterium, is a 

member of the family Mycobacteriaceae, phylum Actinobacteria, order Mycobacteriales, and domain 

Bacteria [23, 24]. Above all, the bacterium's unique and complex structure allows it to thrive in diverse 

environments, both inside and outside the human host [25, 26]. M. tuberculosis is an 

extremely aerobic organism, hence it requires high levels of oxygen for survival [24]. Compared to other 

bacterial infections, this mycobacterium grows slowly under ideal conditions, doubling every 12 to 24 

hours, which slows the progression of the disease [27]. M. tuberculosis appears to have a rod-shaped 

morphology (A) when viewed under a light microscope, usually measuring between 0.2 and 0.6 µm in 

diameter and 1 to 10 µm in length  (B) (Figure 2.1) [20]. Furthermore,  M. tuberculosis is characterized 

by a unique cell envelope composed of long-chain fatty acids, glycolipids, and other components also 
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crucial for its survival and pathogenicity (C-D) as shown in Figure 2.1. These ultimately provide 

resilience against host immune defenses and environmental stressors [26, 28]. 

 

Figure 2.1: Microscopic view of a typical M. tuberculosis cell structure, showing rod-shaped bacteria 

(A), highlighting its morphological features (B), and its complex multilayered cell wall architecture (C).  

External and internal structure of the bacterium and its cell components (D). 

 

In addition to its structural strength, M. tuberculosis possesses a special ability that allows it to enter a 

state of inactivity, or latency, in response to adverse conditions like low pH, low oxygen levels, nutrient 

deficiency, and oxidative stress [29-31]. This characteristic is essential during an infection because it 

enables the bacterium to use hypoxia-inducible genes to suppress its metabolic activity, preventing the 

host immune system from killing it [31]. This ultimately enables the mycobacterium to survive in 

granulomas, which are specialized immune responses in the lungs [14]. M. tuberculosis can stay dormant 

for long periods and frequently progress to latent TB infection (LTBI) due to its capacity to evade host 

defences [32].   When the immune system is weakened as a result of malnutrition, infections, and certain 

medications, LTBI reactivates, allowing the TB bacteria to multiply, progressing from latent to an active, 

contagious state [29, 32-34]. This reactivation leads to active TB disease.  Because of this, TB flourishes 

and continues to wreak havoc in parts of the world, resulting in millions of new cases and fatalities 

documented each year [2].  



12 

 

2.2.  Global Burden of TB  

In 2024, the WHO Global Tuberculosis Report stated that TB had once again become the world’s most 

common cause of death, exceeding COVID-19 and HIV/AIDS related deaths that were recorded in the 

previous years [10].  Despite years of hard work in the fight against this infectious disease, eliminating 

TB remains a serious challenge, especially in developing countries where many people still struggle to 

access good-quality healthcare and effective treatment [10]. The battle against TB is complicated by 

several challenging risk factors, which make the fight against TB even more difficult. These include 

alcohol and tobacco use, poor nutrition, long treatment times, diabetes, and the strong link between TB 

and HIV; all of these weaken the immune system and reduce the chances of recovery [10]. On top of that, 

the rise of drug-resistant TB strains has made treatment more complicated and less effective [10]. Another 

major hurdle is funding. The WHO has warned that without sufficient financial support, countries that 

rely heavily on international aid, especially those in the African region, could face serious jeopardy  [10, 

35]. With drug-resistant TB on the rise, there’s an urgent need for better diagnostic tools, new 

medications, and stronger public health systems to turn the tide, as previously highlighted by Liebenberg 

and colleagues [36].  
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2.2.1 Global Incidence and Mortality Rate 

 

 According to the WHO, an estimated 10.8 million people fell ill with TB in 2023, of whom 55% were 

men, 33% were women, 12% were children, and young adolescents [10]. This was a further increase from 

the 10.7 million reported in 2022, 10.4 million in 2021, and 10.1 million in 2020 [10]. Among those, 8.2 

million were reported as newly diagnosed [10]. This was an overwhelming increase from 7.5 million in 

2022, 6.4 million in 2021, and 5.8 million in 2020 [10]. Despite this overwhelming trend, the global rise 

in the number of people falling ill with TB each year has slowed and started to stabilize following the 

surge observed during the COVID-19 pandemic [10]. The global incidence rate stood at 134 new cases 

per 100,000 population, which represents an 8.3% reduction since 2015, as shown in Figure 2.2  [10]. 

However, this decline remains insufficient to meet the global TB elimination targets [10].  

 

Figure 2.2: Global TB incidence rate between 2015 and 2023, highlighting changes in disease burden 

over time and reflecting the impact of public health interventions, diagnostic improvements, and 

treatment strategies on TB control worldwide. 

 

 

TB-related mortality remains a concern, with approximately 1.25 million deaths reported in 2023, 

reinforcing the compelling need for intensified efforts towards TB prevention, diagnosis, and treatment  

[10].  As illustrated in Figure 2.3 the disease predominantly affected regions in South-East Asia, Africa, 

and the Western Pacific, with countries like India (26%), Indonesia (10%), China (6.8%), the Philippines 
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(6.8%), Pakistan (6.3%), Nigeria (4.6%), Bangladesh (3.5%) and the Democratic Republic of the Congo 

(3.1%) bearing the highest burdens [10]. 

 

Figure 2.3: Estimated number of incident TB cases in 2023 for countries with at least 100,000 incident 

cases, highlighting the eight countries that accounted for about two-thirds of the global number of 

people estimated to have developed TB [10]. 

 

 

2.2.2 Global Incidences of MDR/RR-TB 

 

In addition to the overall burden of TB, drug-resistant forms of the disease continue to pose a serious 

global health concern, especially with the increasing prevalence of  MDR-TB and RR-TB [10]. In 2023, 

400,000  people developed DR-TB [10]. Of these, only 175,923 cases received diagnosis and treatment, 

accounting for just 44% of the estimated total [10]. MDR-TB is characterized by resistance to at least 

isoniazid and rifampicin, the two primary first-line anti-TB drugs [10, 37]. The treatment success rate for 

DR-TB showed a gradual improvement in 2023, reaching 68%, up from 64% in 2020 and 60% in 2019 

[10, 37]. Although these findings seem encouraging, more can be done to guarantee better results for 

everyone who is affected. In addition to MDR-TB, XDR-TB increases resistance to fluoroquinolones 

and at least one injectable second-line medication (amikacin, streptomycin) [10]. Since capreomycin and 

kanamycin have been prohibited since 2020, treatment options have become even more limited [10, 37].
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The WHO Global Tuberculosis Report 2024 also stipulated that in 2023, the majority of MDR/RR-TB  

cases originated from the  Russian Federation and several countries across Eastern Europe and Central 

Asia [10]. As illustrated in Figure 2.4, five countries, India (27%), the Russian Federation (7.4%), 

Indonesia (7.4%), China (7.3%), and the Philippines (7.2%), accounted for over half of all reported 

MDR/RR-TB cases globally during that year [10]. 

 

Figure 2.4: Estimated number of people who developed MDR/RR-TB (incident cases) in 2023 for 

countries with at least 1000 incident cases, highlighting the top five affected countries [10]. 

 

These statistics illustrate the ongoing TB control challenge and the critical need for targeted intervention, 

especially in high-burden countries, to combat TB and DR-TB efficiently. 

 

 

2.2.3 TB Burden in Southern Africa  

 

According to the South African Health Review (2023), South Africa continues to bear a significant 

burden of TB, and this places it among the countries with the highest incidence rates [10, 38]. Despite this, 

the WHO Global Tuberculosis Report 2024 highlighted South Africa as one of just 13 countries to have 

achieved a 50% reduction in TB incidence between 2015 and 2023, exceeding the 2025 target of the 

“End TB” strategy [10]. Remarkably, it was the only high-burden country to have reached this milestone 

[10].  

Sadly, despite this noteworthy achievement, the dual burden of TB and HIV continues to be a profound 

challenge in this region, as it is worsened by long-standing inequalities, inadequate healthcare access, 
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and various complex political challenges [39]. The co-epidemic of TB and HIV is too grave in the sub-

Saharan African region, where approximately 20% of the newly reported TB cases occur among people 

living with HIV/ AIDS [10, 40]. This vulnerability is largely due to the weakened immune systems of 

people with HIV, making them highly susceptible to opportunistic infections like TB, as it is difficult 

for their bodies to control the multiplication and spread of the tubercle bacilli [41]. Moreover, the situation 

is highly difficult in Southern Africa, where in certain countries, more than half of the people with TB 

are co-infected with HIV, as depicted in  

Figure 2.5 [10]. South Africa is one of the few countries that appear on all three high-burden lists for TB, 

HIV-associated TB, and multidrug-resistant/rifampicin-resistant TB [10, 38]. According to the South 

African National Recovery Plan 4.0 report, the impact of TB varies across provinces and districts [42]. In 

2024, four provinces (Eastern Cape, Gauteng, KwaZulu-Natal, and Western Cape) were responsible for 

approximately 77% of people diagnosed with laboratory-confirmed pulmonary TB, with Eastern Cape 

and Western Cape alone accounting for 46% [42]. 

 

Figure 2.5: Estimated HIV prevalence in people with a new episode of TB (new or relapse cases), 

2023, in the Sub-Saharan region [10]. 

These disturbing findings emphasize the importance of integrating HIV and TB care strategies to 

effectively fight the dual epidemic and enhance general health outcomes in the Sub-Saharan region, 

especially in countries like South Africa and Zimbabwe, which are severely impacted, as shown in  

Figure 2.5. To effectively prevent and treat TB, it is essential to understand its pathogenesis and mode 

of transmission. 
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2.3.  Transmission and Pathogenesis 

2.3.1. Bacterial Transmission 

 

TB is spread primarily through airborne droplets when someone with active pulmonary TB releases tiny 

respiratory droplets by coughing, sneezing, speaking, or even singing. (Figure 2.6) [43, 44]. These droplets, 

containing M. tuberculosis, are incredibly small, usually between 1-5 microns in size, and can stay 

airborne for long periods, especially in poorly ventilated spaces [41, 43, 44]. When a susceptible person 

inhales these droplets, most of the larger droplets remain lodged in the upper respiratory tract (the nose 

and throat), where infection is most unlikely to develop [41]. However, smaller droplet nuclei may reach 

the small air sacs of the lung (the alveoli) and initiate the infection process [41, 43]. The likelihood of 

transmission varies based on several factors, like the infectiousness of the patient, the duration and 

proximity of contact, ventilation conditions, and the immune state of the exposed person [43, 44]. 

Overcrowded living conditions and inadequate healthcare resources further increase transmission risks, 

making TB a significant issue, especially in low-resource environments [43, 44]. According to Zhuang et 

al (2024), TB is not only an infectious disease but also an immune-mediated disease [45]. 

 

Figure 2.6: Life Cycle and transmission of M. tuberculosis [46]. 
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2.3.2. Pathogenesis of Tuberculosis 

 

Within the lungs, M. tuberculosis is engulfed by alveolar macrophages but survives by blocking 

phagosome-lysosome fusion, enabling its replication [30, 47]. In response, the immune system sends more 

macrophages, dendritic cells, and lymphocytes to the infected area, leading to the formation of 

granulomas (Figure 2.6) [11, 30, 47]. These granulomas encase the bacteria, preventing their spread and 

resulting in LTBI, where the bacteria remain dormant without causing symptoms [11, 41, 47]. Most 

individuals with LTBI do not progress to active disease or transmit it, yet approximately 5–10% may 

experience reactivation, especially with compromised immunity [11, 41, 47, 48]. 

Immunosuppressants like HIV or malnutrition can cause granulomas to deteriorate (break down), 

allowing M. tuberculosis to proliferate and spread [28, 48]. This deterioration results in secondary 

(reactivation) TB, which is characterized by lung lesions and tissue damage [28, 47]. The bacteria may 

spread through the bloodstream, leading to extrapulmonary TB, which can affect organs like lymph 

nodes, bones (Pott's disease), meninges (TB meningitis), and the genitourinary system [49]. In severe 

cases, M. tuberculosis can disseminate extensively throughout the body, resulting in miliary TB, a 

potentially life-threatening condition [49]. 

 

Lung TB typically shows symptoms such as a persistent cough lasting over three weeks, chest pain or 

discomfort, and coughing up blood-streaked mucus [50]. Besides these respiratory signs, an infected 

individual might also experience systemic symptoms like fever, night sweats, persistent fatigue, 

unexplained weight loss, and loss of appetite [50]. When TB affects organs outside the lungs, symptoms 

vary based on the affected area [48, 50]. For instance, lymph node TB may cause swelling, spinal TB can 

result in back pain and stiffness, TB meningitis leads to headaches, confusion, and neck stiffness, while 

TB of the kidneys or reproductive organs may cause blood in the urine or pelvic pain [48, 50].  

 

The immune response to TB involves both innate and adaptive elements, as shown in Figure 2.7 [11, 49]. 

The innate response includes macrophages and neutrophils producing reactive oxygen species (ROS) 

and inflammatory signals like TNF-α, IL-1, and IL-6 to control bacterial growth [45, 51]. Concurrently, the 

adaptive immune response activates T-helper (Th) cells, cytotoxic T lymphocytes (CTLs), and B cells, 

which release antibodies and cytokines like interferon-gamma (IFN-γ), interleukins (IL-4 and IL-17) to 

enhance the immune defense [45, 51]. Innate cells like neutrophils, macrophages, and dendritic cells 

rapidly activate defense mechanisms, working with adaptive cells like CD4+ T cells, CD8+ T cells, and 

B cells [45]. Alveolar macrophages and dendritic cells play an immense role in the initial defense, while 

T-helper 1 (Th1) cells produce IFN-γ to stimulate macrophages to eliminate the bacteria [45, 47, 51, 52]. 
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Figure 2.7: Illustration of the Immune System's Response to TB [45]. 

 

Cytotoxic T cells and granuloma formation are important for controlling the infection [45]. The 

granulomas rupture when the immune system is less active, which leads to active TB and increased 

bacterial transmission [45]. Controlling and stopping the spread of infection requires prompt diagnosis 

and efficient treatment.  
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2.4.  Diagnosis 

The diagnosis of TB has undergone tremendous changes, as illustrated in  

Figure 2.8. Initially, diagnosis began with the use of microscopic methods (A), like Ziehl-Neelsen and 

acid-fast staining [53, 54]. Although these techniques were widely accepted and suitable for low-resource 

settings, they had sensitivity limitations, especially in patients with co-infections and low bacterial 

loads.[48, 55]. This resulted in some false positives [55]. To overcome these issues, scientists introduced 

bacterial culture to supplement the staining method, though it also had its drawbacks [55]. Solid media 

culture (B), such as the Löwenstein-Jensen method, proved to be highly specific and accurate for 

confirming M. tuberculosis and testing drug susceptibility [55]. Its main drawback was the time it took 

for colonies to grow, often several weeks [55].  In contrast, liquid media culture systems, like the MGIT 

960, provide faster results, around 10 days, and have higher sensitivity, speeding up diagnosis [55]. 

However, they are more prone to contamination and require advanced laboratory infrastructure [55]. Over 

time, TB diagnosis has experienced a significant revolution with the development of new tools that make 

detection quicker, simpler, and more precise. Today, rapid tests like GeneXpert (D) and Truenat can 

detect TB in less than two hours [56]. Targeted DNA sequencing (E) helps clinicians make swift treatment 

decisions [57]. Simple urine tests, like the Fujifilm SILVAMP TB lipoarabinomannan (LAM) assay (C), 

serve as alternative methods for TB testing in HIV patients (especially with low CD4 counts) and when 

sputum samples cannot be obtained [58]. AI-powered X-ray tools (F) and portable scanners facilitate rapid 

diagnosis even in remote or crowded locations [55, 59, 60].  

 

Figure 2.8: Common Diagnostic Methods for TB. 



21 

 

In African countries like Tanzania and Ethiopia, trained African giant pouched rats called HeroRATs are 

being used to detect TB in sputum samples [61]. For underdiagnosed children, a clinical algorithm known 

as the TB Treatment Decision Algorithms for Children (TDA4Child) has been invented [55, 62, 63]. 

TDA4Child is endorsed by the WHO and used in several African countries. It has improved detection 

rates by up to 258% in some parts of Africa [64]. 
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2.5.  TB Treatment 

Over the past centuries, the treatment of TB has changed tremendously. Before the discovery of 

antibiotics, TB had been managed through sanatoriums, where patients were isolated and treated with 

rest, fresh air, and healthy food [65]. Although these actions offered some comfort, they did not heal the 

illness [65]. After Alexander Fleming discovered penicillin in 1928, many hoped it would be a cure-all 

for bacterial infections, including TB. However, M. tuberculosis proved to be a tough opponent; its 

uniquely structured, waxy cell wall made it hard for penicillin to penetrate it and perform its function 

[66]. In 1921, Albert Calmette and Camille Guérin developed the Bacille Calmette-Guérin (BCG) vaccine 

[65]. This was the first significant advancement in TB prevention. Although BCG remains the only 

licensed TB vaccine to date, its effectiveness is limited, offering partial protection mainly in children 

while showing variable efficacy in adults [67, 68]. 

 

2.5.1.1 Antibiotic revolution and drug resistance 

 

In 1943, Selman Waksman and his associates discovered streptomycin, the first ever effective antibiotic 

against M. tuberculosis [69]. This breakthrough transformed TB management from symptomatic care to 

targeted antimicrobial therapy. However, streptomycin was later removed as a first-line drug due to side 

effects and its ineffectiveness, which increased the risk of developing DR-TB [70]. 

 

2.5.1.2 Current Antibiotic Treatment 

 

Following the discovery of streptomycin and its limitations, it became clear that a more reliable and 

effective treatment approach was needed. This realization led to the development of combination 

therapy, which includes drugs like isoniazid, rifampicin, pyrazinamide, and ethambutol [71]. This 

combination therapy is considered to be the standard first-line treatment for TB [71, 72]. This first-line 

regimen is approved by the U.S. Food and Drug Administration (FDA) and backed by the WHO [71, 72]. 

To effectively reduce the bacterial load and enhance patient outcomes, this regimen has to be 

administered for a minimum of six months [10]. The implementation of this regimen marked a new era in 

TB treatment, shortening treatment duration and minimizing the development of resistance. Error! 

Reference source not found. outlines the recommended regimens for the different TB classifications 

based on the latest WHO recommendations, while Table 2.2 provides an overview of the FDA-approved 

anti-TB drugs, along with their mechanism [10, 73].   
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Table 2.1 summarizes the WHO's latest recommended TB treatment regimens, including those for drug-

susceptible, MDR, Pre-XDR, and XDR TB based on the WHO Global Tuberculosis Report 2024, 

Updated WHO consolidated guidelines on DR-TB treatment 2025, and the Key Updates to the 

Treatment of drug-resistant Tuberculosis Rapid Communication 2024.  
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Pretomanid 

 

 

Pretomanid, a nitroimidazole, is activated through deazaflavin-

dependent nitroreductase (Ddn), producing nitric oxide that acts as 

a respiratory poison in low-oxygen conditions. Additionally, it 

inhibits mycolic acid synthesis, killing replicating M. tuberculosis  

[82]. 

Linezolid 

 

 

It is responsible for inhibiting bacterial protein translation by 

binding to the 23S rRNA of the 50S ribosomal subunit. Preventing 

the formation of the 70S initiation complex, halting bacterial 

reproduction and division. Point mutations in bacterial 23S rRNA 

can result in linezolid resistance [83]. 

Streptomycin  

 

Streptomycin is a bactericidal and broad-spectrum aminoglycosidic 

antibiotic that inhibits protein synthesis in bacterial cells by binding 

to the side of 16S rRNA located on the smaller 30S subunit of 

ribosomes [84]. It induces structural changes, which interfere with 

the recognition site of the codon-anticodon interaction, resulting in 

the misreading of the genetic message carried by messenger RNA 

(mRNA) [84].  

Delamanid 

 

 

 

 A prodrug that requires biotransformation via the mycobacterial 

F420 system. Targets both growing and non-growing mycobacteria. 

Linked to mutations in F420-related genes. Inhibits cell wall 

synthesis (methoxy-mycolic and keto-mycolic acids) and generates 

reactive nitrogen species. Does not affect alpha-mycolic acid 

(unlike isoniazid) [85]. 

Clofazimine  

 

 Repurposed drug. 

Disrupts bacterial cell membranes and generates reactive oxygen 

species, which contribute to its antimycobacterial effects [86]. 

Fluoroquinolon

es/Levofloxacin 

   

 

 

 

Moxifloxacin 

 

• Binds to DNA gyrase and topoisomerase IV. 

• Disrupts the supercoiled structure of bacterial DNA. 

• Inhibits bacterial cell division. [87] 

 

 

• Binds to DNA gyrase and topoisomerase IV. 

• Disrupts the supercoiled structure of bacterial DNA. 

• Inhibits bacterial cell division. [88] 
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Table 2.2 presents an overview of the FDA-approved anti-TB treatment regimens, listing the generic 

names of antibiotics, their chemical structures, and their mechanisms of action. Together, these drugs 

form a potent combination therapy that effectively targets different physiological aspects of M. 

tuberculosis, including cell wall synthesis, energy production, and protein synthesis [89].  

Despite these significant advancements in TB treatment, M. tuberculosis continues to evolve, leading to 

the emergence of MDR-TB, XDR-TB, and TDR-TB, ultimately causing substantial setbacks to global 

TB control [89]. MDR-TB strains exhibit resistance to at least isoniazid and rifampicin, the two most 

potent anti-TB drugs [10]. Managing MDR-TB and RR-TB requires second-line drugs, which are 

generally less effective, more toxic, and significantly more expensive than first-line treatments [37, 74, 90]. 

Moreover, treatment durations are longer, often extending up to two years [37]. In contrast, XDR-TB 

strains exhibit additional resistance to fluoroquinolones and second-line injectable drugs, complicating 

treatment options further [10, 37].  

In response to the growing threat of DR-TB, the WHO and national TB programs reintroduced and 

reclassified streptomycin as a second-line TB drug in the late 1990s [70, 91]. This decision aimed to provide 

additional treatment options when amikacin was unavailable or there was confirmed resistance [84, 92]. 

Streptomycin’s mechanism, which involves inhibiting bacterial protein synthesis, made it an ideal 

alternative for blocking resistant strains and improving efficacy against DR-TB [84]. 

 

2.5.1.3 Latest Drug-Resistant TB Recommendations 

 

Recognizing the ongoing challenges of DR-TB, the WHO continues to refine treatment strategies. In 

March 2025, the organization released updated consolidated guidelines, introducing new 

recommendations to improve treatment efficacy and patient outcomes (Table 2.1 and Table 2.2) [37, 75, 

91]. The latest guidelines recommend a six-month BDLLfxC regimen (bedaquiline, delamanid, linezolid, 

levofloxacin, and clofazimine) for MDR/RR-TB patients with or without fluoroquinolone resistance [75, 

91]. These recommendations apply to individuals with MDR/RR-TB or pre-XDR-TB, including both 

pulmonary and extrapulmonary forms (excluding CNS, osteoarticular, or disseminated TB), regardless 

of age or HIV status, including pregnant or breastfeeding women [75, 91]. These also apply to individuals 

with less than one month of exposure to specific drugs such as bedaquiline, linezolid, or delamanid, or 

when drug resistance is excluded [75, 91]. Moreover, these recommendations are relevant for children and 

adolescents with a high likelihood of MDR/RR-TB, even in the absence of bacteriological confirmation 

[75, 91]. Adjustments to this regimen (BDLLfx, BDLC) depend on fluoroquinolone (Fq) resistance status 

[75, 91]. The updated recommendations now prioritize a nine-month all-oral regimen over longer 

treatments for fluoroquinolone-susceptible MDR/RR-TB [75, 91]. Among these regimen updates, BLMZ 
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is preferred over BLLfxCZ, and BLLfxCZ is also preferred over BDLLfxZ for fluoroquinolone-

susceptible treatment [75, 91]. The Centers for Disease Control and Prevention (CDC) continues to support 

the six-month BPaLM (bedaquiline, pretomanid, linezolid, moxifloxacin) for fluoroquinolone-

susceptible TB and BPaL (without moxifloxacin) for fluoroquinolone-resistant TB [75, 91]. These 

regimens represent a shift toward shorter, more effective, and patient-friendly treatments. 

Nonetheless, despite the significant advancements in the treatment of DR-TB, a significant gap still 

exists within the healthcare system. While the six-month BDLLfxC regimen and its variations are 

designed to improve patient outcomes [75]. There are still serious concerns over drug toxicity, particularly 

with linezolid, which, through clinical studies, was reported to have been linked to severe side effects, 

like myelosuppression and peripheral neuropathy; these can hinder patient adherence and necessitate 

increased clinical monitoring [93]. While shorter regimens like the nine-month all-oral treatment for 

fluoroquinolone-susceptible MDR/RR-TB and the six-month BPaLM/BPaL regimens endorsed by the 

CDC are designed to improve adherence, they remain costly and inaccessible in many low-resource 

areas where TB is most prevalent [75, 91]. 

Another growing concern in the fight against DR-TB is the rise of resistance to mandatory prescriptions 

like bedaquiline (BDQ), and the potential for cross-resistance between clofazimine (CFZ) and BDQ [94]. 

Several in vitro and clinical studies have found that M. tuberculosis strains develop drug resistance 

exclusively through the selection of spontaneous chromosomal variants, and the mechanisms of 

resistance include mutations in the atpE [95], Rv0678 [96], and pepQ [97] genes [98, 99]. A study by Hartkoorn 

et al. (2014) aimed to investigate the mechanism behind the resistance of CFZ in M. tuberculosis using 

in vitro evolution and genomic analysis to identify mutations in the transcriptional regulator Rv0678 [94]. 

They discovered mutants that were not only resistant to CFZ but also showed unexpected cross-

resistance to BDQ [94]. This was linked to increased activity of the MmpL5 gene [94]. According to Ismail 

et al (2018), this strong correlation between BDQ and CFZ, especially in isolates with Rv0678 RAV, 

suggests that CFZ and BDQ probably share a common biochemical pathway [100]. Shared resistance 

pathways have the potential to undermine treatment strategies and increase the failure of multiple key 

drugs all at once. Furthermore, drugs that share similar pathways tend to have similar therapeutic uses 

and an increased risk of adverse effects [101, 102]. If a strain of M. tuberculosis becomes resistant to one 

drug, it may automatically become resistant to the other, and losing effectiveness in one drug often 

means losing the other as well. This can severely restrict available treatment choices.  

Rv0678 mutations are a major driver of resistance, and this was further elucidated by a recent study 

conducted by L. Sonnenkalb et al. (2023) where they set out to understand how M. tuberculosis develops 

resistance to BDQ and CFZ [103]. The study employed rigorous methodology, utilizing lab-grown strains, 

genomic sequencing, and computer-based (in silico) analyses [103]. M. tuberculosis was subjected to low 

levels of both drugs to trigger resistance [103]. They found 265 mutations linked to BDQ resistance, most 
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of which affected the Rv0678 gene that controls an efflux pump [103]. Interestingly, new resistance 

mechanisms involving a major rearrangement of the bacterial genome were also uncovered [103]. The 

study included data from over 14,000 global clinical TB samples, helping to confirm the lab findings 

[103]. Structural modeling of Rv0678 (PDB:4NB5) further revealed how these mutations affect the 

function of resistance-related proteins through impaired DNA binding, disruption of dimerization, and 

alteration in ligand binding [103].  

The cross-resistance between BDQ and CFZ can lead to significant pharmacological effects. BDQ is 

classified as a group A drug for the treatment of MDR-TB, meaning it is considered to be one of the 

most important and effective options available [104, 105]. CFZ is classified as a group B drug for MDR-TB 

(second-line priority drugs) [86]. The increased global use of these drugs raises the risk of reduced 

effectiveness, jeopardizing the ability to treat resistant TB [104]. With more people around the world using 

these treatments, there's a growing risk that they might not work as well as they should. This is especially 

troubling for patients dealing with DR-TB as it could result in longer treatment plans, more difficult to 

endure, and less effective, especially for those who don’t have many other options. The rise of drug 

resistance poses a serious risk to the future effectiveness of these newer treatments. [104, 105]. 

Furthermore, no form of any mutation in the fadD23 gene has been reported that would make the 

bacterium resistant to drugs, thus far. Moreover, there are currently no FDA-approved drugs or inhibitors 

that specifically target FadD23.  

 

2.6.  Mechanism of Drug Resistance 

Drug resistance is a challenging issue that stems from a range of biological mechanisms. These 

mechanisms can be intrinsic, meaning they are naturally present in the organism, or acquired, arising 

from mutations or the transfer of genes [106]. Drug resistance reduces the effectiveness of anti-TB 

medication in curing or controlling the spread of TB [106]. It often arises when M. tuberculosis modifies 

itself to resist antibiotics, further complicating treatment options [106].  Intrinsic resistance is the natural 

ability of M. tuberculosis to resist certain drugs as a result of its cell wall (limiting drug penetration), 

efflux pumps (pumping out drugs), formation of a protective barrier (biofilm), and metabolic 

adaptability (dormancy), happening even without previous exposure to the medication [106]. Acquired 

resistance develops from genetic mutations or gene transfer from other bacteria as a result of prolonged 

drug exposure [106]. This occurs when there's a change in the bacterial DNA as a result of mutation or 

chromosomal changes that alter drug target genes (e.g., katG, rpoB), making them ineffective [106]. 

Unlike intrinsic resistance, acquired resistance appears during treatment and differs by strain [106]. This 

form of resistance has become a major concern because M. tuberculosis does not transfer resistance 
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genes via plasmids, like other bacteria, but develops mutations against essential drugs, leading to MDR-

TB, XDR-TB, or even totally drug-resistant (TDR-TB) strains [106]. Figure 2.9 illustrates how the 

bacterium evades the effects of several antibiotics using the drug-resistant mechanism [106]. 

 

 

Figure 2.9: Schematic representation of the drug-resistant mechanism of M. tuberculosis [106]. 

 

As drug resistance continues to evolve, there will always be a need for continuous monitoring, 

pharmacovigilance, and development of novel therapeutic strategies to sustain progress in DR-TB 

treatment [105]. The key factor to M. tuberculosis's resistance to antibiotics is its unique cell envelope, 

which serves as a formidable barrier against drug penetration [107].  
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2.7.  Mycobacterial Cell Envelope 

The cell envelope of M. tuberculosis is a complex, multilayered structure that is essential for the 

bacterium's survival, virulence, and resistance to antibiotics [26]. Unlike many other bacteria, M. 

tuberculosis has a highly complex and lipid-rich cell wall that is primarily made up of mycolic acids, 

peptidoglycan, and arabinogalactan [26]. This unique structure forms a highly impermeable hydrophobic 

barrier that protects the bacterium from hostile environments, including the host immune system and 

antibiotics [108]. This corroborates its significant role in the pathogen’s ability to evade immune responses 

and resist antimicrobial agents. Trivedi et al. (2005) once described the mycobacterial cell envelope as 

a “treasure house of biologically active lipids of fascinating molecular architecture” [109]. This is because 

the cell envelope of tubercle bacilli is enriched with complex lipids, many of which play an important 

role in its pathogenesis [109].  

 

2.7.1 Structural Organization of the Mycobacterial Cell Envelope 

 

The mycobacterial cell envelope consists of three major layers, as shown in Figure 2.10 which contribute 

to the cell rigidity and impermeability,  [110]Figure 2.10. The plasma membrane is the innermost layer 

and consists of a phospholipid bilayer [26, 89]. It contains membrane-bound proteins that play major roles 

in nutrient uptake, electron transport, and the biosynthesis of cell wall components. [26, 89]. Above this 

lies the peptidoglycan-arabinogalactan complex, where the peptidoglycan (PG) layer provides structural 

integrity and rigidity [26, 111]. Unlike Gram-positive bacteria, mycobacterial PG is highly resistant to 

degradation by lysozymes due to its being extensively cross-linked, with muramic acid residues 

modified by N-glycolylation instead of the more common N-acetylation [110, 111]. The arabinogalactan 

(AG) polymer, which is a branched polysaccharide, serves as a crucial linker, covalently attaching the 

PG to the outer mycolic acid layer, thereby strengthening the cell wall permeability barrier [26]. 
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Figure 2.10: Illustrates the structural organization of the mycobacterial cell envelope, highlighting its 

multilayered composition and the role of each component in bacterial survival and pathogenicity [26]. 

 

The outer mycolic acid layer is a defining feature of mycobacteria. This layer consists of extremely 

long-chain fatty acids (60–90 carbons) that create a hydrophobic barrier, which reduces permeability to 

antibiotics and host immune factors [112]. Furthermore, this outer layer includes additional lipids that 

enhance its impermeability and facilitate interactions with the external environment. Collectively, these 

are also known as virulence-associated or acyl lipids and include phthiocerol dimycocerosates (PDIMs), 

phenolic glycolipids (PGLs), trehalose dimycolate (TDM), SL-1, and lipoarabinomannan (LAM). All 

of these contribute to immune modulation, virulence, and macrophage survival [110, 112]. Surrounding this 

structure is a capsule-like layer composed of polysaccharides and proteins, which aids in biofilm 

formation and host immune evasion [26, 89]. 

 

2.7.2 Important Biosynthesis Enzymes in the Mycobacterial Cell 

Envelope 

The biosynthesis of this complex cell envelope is facilitated by several specialized enzymes, many of 

which serve as potential drug targets. Figure 2.11 illustrates the structural organization of the 

mycobacterial cell envelope, highlighting its multilayered architecture and key lipid components [113]. 

Peptidoglycan biosynthesis involves key enzymes such as MurA–MurF, which catalyze the formation 

of the UDP-N-acetylmuramyl-pentapeptide (UDP-MurNAc-pentapeptide), a crucial nucleotide-

activated monosaccharide-peptide, while D-alanine racemase (Alr) and D-Ala: D-Ala ligase (DdlA) 
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synthesize D-alanine residues, which are essential for peptidoglycan cross-linking [112, 114]. “The 

sequential Mur ligase pathway is the major contributor to the biosynthesis of PG” [25]. Penicillin-binding 

proteins (PBPs) such as PonA1/PBP1 and PonA2/PBP2 play a crucial role in peptidoglycan 

polymerization and remodeling, which directly influence cell wall strength, stability, and integrity [111, 

112]. 

 

Figure 2.11: A visual representation of the mycobacterial cell envelope, illustrating the biosynthetic 

pathways of key lipid components, and also highlighting potential drug targets [114]. 

 

Arabinogalactan biosynthesis is another crucial pathway, involving decaprenyl-phosphoryl-β-D-

arabinose (DPA) synthesis enzymes, such as DprE1/DprE2, which are essential for arabinogalactan 
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assembly and are validated drug targets [25, 115]. EmbA, EmbB, and EmbC (arabinosyltransferases) also 

catalyze the addition of arabinose units to form arabinogalactan [115]. These arabinosyltransferases are 

drug targets for one of the first-line antimycobacterial drugs, ethambutol, and this highlights their 

clinical significance [116, 117]. Meanwhile, galactan synthesis is mediated by glycosyltransferases such as 

GlfT1 and GlfT2, which catalyze galactofuranose units' sequential addition to the linear galactan 

backbone [25, 112]. 

The biosynthesis of mycolic acids is a defining feature of the mycobacterial cell wall and is mediated 

by two distinct fatty acid synthase systems, ie. Fatty Acid Synthase I (FAS-I) and Fatty Acid Synthase 

II (FAS-II) [25, 111]. FAS-I is responsible for generating C16–C26 fatty acids, which are subsequently 

elongated by FAS-II to produce extremely long-chain mycolic acids that contribute to the 

impermeability and resilience of M. tuberculosis’s cell wall [111, 112, 118]. Within this pathway, β-ketoacyl-

ACP synthase enzymes such as FabH and FabD play a critical role in initiating the elongation of fatty 

acid precursors, while FabG, HadAB, and InhA facilitate further elongation and modification [119-121]. 

FabH is especially crucial in controlling the specificity of acyl chain elongation, while FabD (malonyl-

CoA: ACP transacylase) ensures malonyl-ACP availability for chain elongation [119-121]. Polyketide 

synthase 13 (Pks13) catalyzes the condensation of fatty acid precursors, a key step in mycolic acid 

biosynthesis [112]. Once synthesized, mycolic acids are transported to the cell surface by MmpL3, an 

essential transporter that also serves as a validated drug target [112]. 

Due to the critical role of biosynthetic enzymes, they have become prime targets for developing new 

anti-TB drugs. Recent studies have identified inhibitors targeting some of these biosynthetic enzymes 

and pathways. For example, research on the mycolic acid biosynthesis pathway has highlighted β-

ketoacyl-ACP synthase III (FabH) as a promising target, with inhibitors like thiolactomycin and its 

derivatives showing efficacy in disrupting mycolic acid synthesis (Figure 2.12) [122, 123]. Furthermore, a 

whole-genome CRISPR interference screening study has identified N-acetylglucosamine-6-phosphate 

deacetylase (NagA), a key enzyme in amino sugar metabolism, as a potential drug target [124]. Inhibiting 

NagA disrupts amino sugar metabolism, impairing the production of essential precursors required for 

cell wall integrity [124]. 

Targeting these biosynthetic enzymes offers a promising strategy for developing novel TB therapies, 

potentially overcoming drug resistance and improving treatment outcomes. 
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Figure 2.12: Known inhibitors of Mycolic acid. The enzymes involved in the mycolic acid biosynthetic 

pathway are marked in red [111]. 

 

Beyond structural integrity, M. tuberculosis also uses virulence-associated lipids, like sulfolipids and 

PDIMs, to evade the host immune system and enhance intracellular survival, further contributing to the 

persistence of M. tuberculosis within the host [125]. The bacterium's ability to survive and thrive within 

the human host, together with the rise of MDR-TB and XDR-TB, reinforces the compelling need for 

new and effective therapeutic strategies.  

In response to the growing problem of DR-TB treatment, targeting FadD23 and other enzymes involved 

in fatty acid biosynthesis offers a potential avenue for developing new and effective therapeutics.  
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2.8.  FadD23 Role in Pathogenesis 

FadD23 is a fatty acyl-AMP ligase (FAAL) that plays an important role in the pathogenesis of M. 

tuberculosis through its involvement in lipid metabolism and the synthesis of virulence-related lipids 

[126]. FadD23 is one of the 34 fatty acid adenylating enzymes (FadDs) from the adenylate-forming 

enzyme superfamily found in M. tuberculosis [126-129]. This enzyme features an N-terminal AMP-binding 

domain with the conserved A-motif [117, 130-132], along with a C-terminal domain that stabilizes the 

enzyme’s conformation and promotes substrate binding [117, 126, 129, 133, 134]. The conserved motif found in 

the adenylation domain of FadD23 is a characteristic feature of fatty acyl-AMP ligases (FAALs) and 

other enzymes in the adenylate-forming enzyme superfamily [126, 130, 131]. This motif is responsible for 

activating long-chain fatty acids by binding ATP and converting carboxylate substrates into acyl-AMP 

intermediates [126]. These activated intermediates are then utilized in polyketide biosynthesis, including 

the synthesis of sulfolipids [117, 126].  

Previous studies have also highlighted an interconnection between the biosynthetic pathways of PDIM 

and SL-1, through their dependence on shared metabolic precursors, like the propionyl-CoA derived 

from the degradation of cholesterol via methylmalonyl-CoA (MMCoA) [117, 135, 136].  Research has 

demonstrated that manipulating one pathway can influence the activity or abundance of the other; for 

instance, a reduction in PDIM synthesis can lead to an increased flux of MMCoA towards the SL-1 

biosynthetic pathway, subsequently enhancing SL-1 production [137]. Moreover, PDIMs are essential for 

the pathogenicity of M. tuberculosis and are synthesized through polyketide synthases, which rely on 

acyl-AMP substrates provided by FadD23 [117, 137]. As a key player in this process, FadD23 plays a central 

role in the synthesis of both SL-1 and PDIMs, which are vital components of the bacterial cell wall [126]. 

Together, SL-1 and PDIMs play an immense role in preserving the integrity of the M. tuberculosis cell 

wall and ensuring bacterial virulence, while facilitating immune evasion [117].  

SL-1 is a tetraacyl-sulfotrehalosed glycolipid characterized by a trehalose-2-sulfate (T2S) core that is 

modified by four acyl groups: a straight-chain fatty acid, like palmitate or stearate, and three multi-

methyl-branched (hydroxy) phthioceranoic acids [126, 138]. This glycolipid is both abundantly and 

uniquely found in the M. tuberculosis cell envelope and plays a vital role in aiding bacterial survival 

within human cells by obstructing the immune response [126, 138].  Various studies involving cell culture 

models have proposed that SL-1 achieves this disruption of host cell functions by altering phagosome-

lysosome fusion and disrupting mitochondrial oxidative phosphorylation, which is essential for ATP 

production via the electron transport chain in mitochondria [138-143]. However, the interaction between 

SL-1 and mitochondrial components remains fully elucidated, as there hasn’t been any evidence 

supporting a direct link [138]. Several in vitro studies suggest that SL-1 influences mitochondrial activity 

through indirect mechanisms, possibly by activating host cell signaling pathways that influence 

mitochondrial function. For instance, SL-1 has been shown to activate human neutrophils, generating 
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superoxide (O₂⁻) and priming these cells for subsequent responses to other metabolic agonists [144, 145]. 

These effects involve the generation of diacylglycerol (DAG), increased calcium ion availability, and 

the activation of guanine nucleotide-binding proteins, which are essential for neutrophil activation and 

priming [144]. Such cellular responses can lead to alterations in mitochondrial activity, including changes 

in oxidative phosphorylation.  

The presence of SL-1 in the M. tuberculosis cell wall has also been linked to the activation and 

suppression of host immune responses, including the reduction of pro-inflammatory cytokines and 

reactive oxygen species produced by human leukocytes, which aids in bacterial survival within 

macrophages [126, 129, 142, 144, 146].  

PDIMs are associated with increased resistance to oxidative stress and antibiotics, while 

Palmitoyltransferases (PATs) play a role in enhancing intracellular survival by preventing the maturation 

of phagosomes in macrophages [109, 147]. A deeper understanding of FadD23's structural characteristics 

could provide crucial insight into its function and potential as a target for anti-TB drugs. 

 

2.8.1 Structure of FadD23 

 

According to the RCSB protein databank [148], FadD23 is a single-chained protein with a deposited model 

that contains a total of 605 residues, including both modeled and unmodeled ones. Out of these, 539 

residues are modeled, with 4,234 atoms [148]. FadD23, like other FAALs, consists of functional domains 

that are essential for its enzymatic activity [149]. According to the latest crystallographic research by Yan. 

et al (2023) (Figure 2.13), this enzyme features a large N-terminal domain (residue 4–460), a smaller C-

terminal domain (residue 473–576), and an active site  [117]. The two domains are connected by flexible 

loops and an anti-parallel β-sheet (residue 465–472) [126]. The N-terminal domain contains the substrate 

binding pocket and is responsible for binding fatty acid substrates, whilst the C-terminal domain acts as 

a dynamic lid, covering the substrate binding pocket to facilitate catalysis [126].  The N-terminal domain 

consists of the adenylation domain and the acyl binding domain (which is specifically located in a 

hydrophobic tunnel that accommodates long-chain fatty acids) [126]. 

The adenylation domain, also known as the functional region, is responsible for binding ATP/AMP-PNP 

and catalyzing the activation of fatty acids into acyl-adenylates [126]. In the crystal structure of FadD23 

(pdb;8HDF) [148], the adenylation domain is located at the interface between the N-terminal and C-

terminal domains, where ATP or AMP-PNP binds [126]. This domain plays an important role in the 

enzyme’s function, as it facilitates the formation of acyl-AMP intermediates before transferring them to 

downstream biosynthetic pathways [126, 149]. It is also defined by a phosphate-binding loop (P-loop), also 

known as the A-motif [126, 150].  Structural studies of FadD23 have confirmed the presence of this motif 
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on this enzyme through its ATP-binding capability [117, 126]. The N-terminal domain of FadD23 is further 

subdivided into three distinct regions or subdomains (A-C) [117]: 

Region A of the N-terminal domain consists of several beta-sheets, namely, β1, β2, β3, β4, β5, and β6, 

and four helices, all of which are responsible for maintaining the core structure and contribute to the 

enzyme’s stability [117, 126]. Residue Range 4–152 [117].  

Region B of the N-terminal domain is made up of six helices, β7, β8, β9, β10, β11, β12, and β13, which 

form a continuous sheet that surrounds the substrate-binding cavity [117, 126]. Residue Range 158–344 

[117]. 

Region C mainly consists of flexible loops, which allow conformational changes during substrate 

binding and catalysis [117, 126]. Residue Range 345–460 [117]. 

158-344344Figure 2.13 illustrates the 3D structure of FadD23, highlighting its functional domains. 

 

 

Figure 2.13: (A) FadD23 crystal structure showing the N-terminal, the C-terminal domain, and the anti-

parallel β-sheet. (B) 180°C rotation of the crystal structure to show the (C) hydrophobic binding pocket. 

The N-terminal is divided into three subdomain regions [126]. 

 

Furthermore, according to the crystal structure of FadD23 (pdb;8HDF) the adenylation domain is also 

defined by key residues like His221 (essential for ATP hydrolysis), Ala328, Ala332, Tyr376, and Asp446 

(involved in adenosine and ribose recognition), Asp222, Glu301, Arg329, Gly330 and Leu331 (interact 
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with phosphates and stabilize the protein complex), Arg460 and Ser300 (interact with AMP-PNP), as 

illustrated in Figure 2.14  [126]. These residues facilitate ATP hydrolysis and substrate activation [126]. The 

domain undergoes a conformational shift upon substrate binding [126]. FadD23 binds ATP or AMP-PNP 

(a non-hydrolyzable ATP analog) in a pocket formed by residues from both domains [126]. Biochemical 

studies suggest that palmitic acid (C16:0) serves as the preferred substrate for FadD23 [117]. However, 

for the N-terminal domain to perform its catalytic function in binding palmitic acid and other substrates, 

it requires assistance from the C-terminal domain, signifying a cooperative interaction between the two 

domains [126].  

 

 

Figure 2.14: 2D interaction maps illustrating the interaction between the FadD23 protein and its ligands 

(AMP-PNP (ANP) and PLM) at the binding regions. (On the left) The adenylation domain, which 

facilitates ATP binding, is characterized by extensive hydrogen bonding, salt bridges, and polar contacts 

that help stabilize ligand binding. (On the right) The hydrophobic acyl-binding domain stabilizes fatty 

acids before activation, features PLM and key residues that contribute to nonpolar interactions. Protein 

residues are depicted in cyan, while the ligand is shown in orange. Interaction types are represented as 

hydrophobic contacts (dark dashed lines), hydrogen bonds (blue lines), salt bridges (yellow dotted lines), 

and aromatic interactions (white dots).  

 

The acyl-binding domain provides a hydrophobic environment that stabilizes the fatty acid chain before 

activation, as shown in Figure 2.14  [126]. This domain is lined with hydrophobic residues such as Met223, 

Ala328, and Val336  near the base of adenosine’s hydrophobic pocket, Met195, Tyr199, Val226, Leu227, 
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and Leu297 in the middle of the pocket, while the amino acid residues Phe192, Ile196,  Phe200,  Leu211,  

Ala231,  Val235,  and  Phe265 line the end of the pocket, forming a semi-enclosed barrel [126]. These 

residues comprise the binding pocket for fatty acid substrates and, therefore, play a crucial role in 

substrate anchoring and specificity [126]. The C-terminal catalytic domain, located within the core of 

FadD23, consists of three peripheral helices and three inner β-sheets [126]. This terminal domain acts as 

a lid domain closing over the binding pocket, ensuring proper substrate binding and enzymatic activity 

[126]. The active site is positioned at the junction of the N-terminal and C-terminal domains and houses 

highly conserved residues, like histidine, glycine, serine, alanine, arginine, and aspartate, which 

participate in the catalytic mechanism [126]. This site is responsible for binding both ATP and fatty acid 

substrates [126]. Structural studies imply that FadD23 may require metal ions such as Mg2+ or Mn2+ for 

effective ATP binding and enzymatic function[126].  

 

Recently, Yan et al. (2023) investigated the critical role of the C-terminal domain in enzymatic activity, 

further validating the structural features of FadD23 [126, 130, 150]. In their research, they identified the 2.68 

Å crystal structure of M. tuberculosis FadD23 bound to ATP and the 2.25 Å crystal structure bound to 

AMP-PNP [126]. They concluded that the 2.68 Å FadD23 structure depicts the enzyme’s conformation in 

the initial activation phase, while the 2.25 Å structure captures the enzyme with AMP-PNP [117, 126]. Their 

research provides important new information about the conformational changes of the enzyme during 

catalysis[117, 126]. The second structure provides insight into understanding how FadD23 changes shape 

during catalytic activity [117]. These structures offer important information about how FadD23 functions 

and how potential inhibitors might target it. These structures are listed in the Protein Data Bank (PDB 

entries: 8HDF, 8HCZ, and 8HD4) [126].  

 

Comparative structural analyses and homology modeling indicate that FadD23 (8HDF) shares a high 

degree of structural and functional similarity with other FAAL enzymes, like FadD10 (4ISB), FadD26 

(AF_AFP9WQ43F1), and FadD28 (3E53), and all of which are implicated in mycobacterial lipid 

biosynthesis [109]. According to Yan et al. (2023), FadD23 and FadD28 share a 66% sequence similarity 

and both belong to the same evolutionary branch [126].  The FadD23 C-terminal domain is structurally 

similar to that of FadD32 ( 5HM3) when in complex with a substrate, and both these enzymes possess 

similar fatty acid binding tunnels [126]. These FadD enzymes play a crucial role in activating and 

transferring long-chain fatty acids to cognate polyketide synthases, which are later incorporated into 

complex lipids essential for M. tuberculosis virulence and survival [109, 126].  
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2.8.2 Biosynthesis and Functional Role of FadD23 

 

FadD23 catalyzes the ATP-dependent activation of fatty acids, particularly medium and long-chain fatty 

acids, converting them into acyl-AMP intermediates [126]. Unlike fatty acyl-CoA synthetases (FACS), 

FAALs like FadD23 ensure that these fatty acids are utilized specifically for specialized lipid 

biosynthesis rather than central metabolism [109]. 

FadD23, like other FAALs, exhibits dynamic conformational flexibility and adopts two main 

conformations during catalysis: adenylation and thiolation, with the C-terminal domain undergoing a 

140° shift to complete catalysis [126, 150]. In this dynamic motion, the enzyme undergoes significant 

structural rearrangements, transitioning between different conformational states and serving as a "lid" 

to facilitate substrate binding, intermediate formation, and product release. According to Figure 2.15, 

this process is divided into four unique stages [126, 150].  
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Figure 2.15: The catalytic cycle of FadD23 consists of four distinct stages. It begins with the in vivo 

capturing of fatty acids by FadD23 (A), followed by the binding of ATP, which triggers structural 

changes, such as rotation in the C-terminal domain (magenta) (B). As a result, the N-terminal (grey) and 

C-terminal (magenta) ends of the protein move closer together, facilitating the formation of the product 

(C). Finally, the products are released (D), allowing the cycle to commence again [126]. 

 

These conformational changes ensure that the enzyme can process various acyl-CoA substrates 

effectively [126, 150]. The key residues involved in substrate binding include His221, Ala328, Tyr376, 

Asp446, and Arg460 [126].  
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The general mechanism of FAALs follows a two-step enzymatic reaction, as illustrated in Figure 2.16. 

First, the fatty acyl-adenylate (acyl-AMP) intermediate  (fatty acid + ATP → fatty acyl-AMP 

intermediate) is formed, followed by the transfer of the activated fatty acid (acyl group) to a polyketide 

synthase (PKS) or carrier proteins, which elongates and modifies the lipid structure [79, 109, 149, 151]. In the 

elucidated SL-1 biosynthesis, these FadD23-activated fatty acids (methyl-branched (hydroxy) 

phthioceranoyl chains) are then transferred by the acyltransferase PapA1 to the 3'-position of SL659, 

forming the diacylated intermediate SL1278 [138].  PapA1 and PapA2 have been shown to inhibit 

phagosome maturation and suppress host immune responses, thereby promoting M. tuberculosis's ability 

to persist within the macrophages [126, 129, 138].  The final steps of SL-1 biosynthesis involve additional 

acylations at the 6- and 6'-positions of SL1278, which is catalyzed by the membrane-associated 

acyltransferase Chp1 [126, 138].  The membrane-associated protein Saps and the sulfolipid transporter 

MmpL8 are essential for SL-1 transport across the bacterial cell envelope [138].  Mutant strains lacking 

SL-1 exhibit reduced virulence and altered macrophage interaction, reinforcing the importance of this 

pathway in TB pathogenesis [126, 152].  

 

 

Figure 2.16: Biosynthetic pathway of SL-1 in M. tuberculosis showing the role of FadD23 and associated 

Enzymes [138]. 

This pathway illustrates the connection between lipid biosynthesis and transmembrane transport, with 

various proteins operating at the interface between the membrane and the cytosol. [138]. PDIMs contribute 

to M. tuberculosis virulence through multiple mechanisms. They disrupt phagosome maturation by 

interfering with phosphatidylinositol 3-phosphate (PI3P) signaling, thereby blocking phagosome-

lysosome fusion [153].  PDIMs also mask pathogen-associated molecular patterns (PAMPs), reducing 
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Toll-like receptor (TLR2/4) recognition and subsequent NF-κB activation, which interferes with pro-

inflammatory cytokine production (e.g., TNF-α, IL-12) [153].  PDIMs also scavenge reactive oxygen 

species (ROS), protecting M. tuberculosis from oxidative stress in macrophages [153]. According to 

previous research, the deletion of FadD23 attenuated the virulence of M. tuberculosis in murine models, 

with the mutants exhibiting increased lysosomal colocalization and susceptibility to nitric oxide-

mediated killing [154]. 

 

2.8.3 Therapeutic Potential of FadD23 

 

FadD23 is a promising target for developing anti-TB drugs, as it plays an important role in the 

production of virulence factors that are crucial for the survival and pathogenicity of M. tuberculosis [126]. 

Inhibiting this enzyme could interfere with SL-1 production, subsequently impacting the overall lipid 

composition of the bacterial cell wall [126]. However, creating specific inhibitors for FadD23 presents a 

difficult challenge as a result of its substrate specificity and the complex structure of its active site, both 

of which must be carefully considered during drug development [126].  

Despite these challenges, it is important to note that, unlike M. tuberculosis, humans do not synthesize 

SL-1, nor do they possess the enzymatic machinery required for its biosynthesis, including FadD23, 

which is absent in human cells [126]. Because of this, we can conclude that FadD23 possesses a unique 

function in mycobacteria that is absent in humans, making it an appealing selective target [109]. This 

distinction significantly lowers the risk of off-target effects, enabling the development of selective drugs 

that can impede bacterial growth while safeguarding the integrity of human cells, and thus minimizing 

side effects [109].  

Furthermore, unlike enzymes involved in central metabolism, FadD23 specifically plays a central role 

in the biosynthesis of virulence-associated lipids [126]. Therefore, selective inhibition of this enzyme 

could weaken M. tuberculosis by compromising its cell wall integrity and virulence without affecting 

human metabolism, making the bacterium more susceptible to immune responses and antibiotics [109]. 

This could enhance treatment efficacy against tubercular strains.  

Another promising strategy for inhibiting FadD23 involves targeting the ATP-binding site with small-

molecule inhibitors. These inhibitors could compete with ATP for binding to the ATP site of FadD23, 

potentially disrupting fatty acid activation and halting the synthesis of essential virulence lipids. [128, 155]. 

This strategy could disrupt the bacterium’s defense mechanisms, increasing its vulnerability to host 

immunity and standard antibiotic treatments. The FadD23 active site includes conserved residues like 

His221, which play a significant role in substrate binding and catalysis [126]. Mutations in these residues 

can significantly impair enzymatic activity, which highlights their importance in the enzyme's function 



45 

 

[126]. Previous research has identified several molecular targets within M. tuberculosis, leading to the 

development of newer drugs like bedaquiline[156] (targeting ATP synthase) and delamanid (inhibiting 

mycolic acid synthesis) [72, 157]. 

Despite the lack of extensively documented inhibitors specifically targeting FadD23, ongoing research 

on structurally related enzymes could provide valuable insights for drug development. Crystallographic 

analysis by Yan and colleagues revealed key information about the active site interactions of FadD23, 

particularly its interaction with 5'-O-[N-(11-phenoxyundecanoyl) sulfamoyl]adenosine (PhU-AMS), a 

known inhibitor of fatty acid adenylating enzymes [117]. While PhU-AMS binds effectively to FadD23, 

it does not inhibit its adenylation activity. Instead, it appears to obstruct the transfer of the acyl chain to 

Pks2, a downstream enzyme in the SL-1 biosynthetic pathway [117]. 

Structural studies have further shown that the C-terminal domain of FadD23 is essential for its enzymatic 

activity, with its absence rendering the enzyme nearly inactive [126]. This reinforces the importance of 

targeting the full enzymatic structure in drug design. Inhibiting FadD23 could impair the biosynthesis 

of mycolic acids and complex lipids, thereby compromising the integrity of the M. tuberculosis cell 

wall. Such disruption would not only weaken the bacterium’s defense against host immune responses 

but also increase its susceptibility to existing antibiotics. Given FadD23’s role in lipid-mediated drug 

resistance, targeting this enzyme holds significant potential for treating MDR and XDR strains of TB. 

While current strategies have been centered on synthetic inhibitors like PhU-AMS, their narrow scope 

presents certain limitations. By focusing on a single synthetic compound, we risk missing the broader 

therapeutic potential that other compounds may offer. Natural compounds, often characterized by greater 

structural diversity, better bioavailability, and historical success in antimicrobial drug discovery, present 

a compelling alternative  [158, 159]. Furthermore, recent findings indicate that FadD23 utilizes long-chain 

saturated fatty acids as substrates and that mutations in its active site significantly disrupt function [126]. 

This reinforces the enzyme's vulnerability and further supports the idea that natural compounds might 

serve as more effective modulators of FadD23, presenting an important direction for future research. 

FadD23 emerges as a highly promising target for the development of new TB treatments. Its critical role 

in lipid biosynthesis, specificity to bacterial systems, and lower likelihood of off-target effects make it 

an attractive candidate for therapeutic intervention. By widening the scope of research to include a 

broader spectrum of natural inhibitors alongside synthetic options, we open new avenues for innovation. 

Addressing the current research gaps holds the potential to drive the discovery of more effective, 

targeted treatments offering hope in the global fight against TB.  
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2.9.  Natural Compounds as Potential Inhibitors  

Natural compounds have been the cornerstone of medicine for centuries, serving as the primary source 

of therapeutic agents. Early civilizations, such as those in China, Egypt, and India, recorded the 

application of plant-based medicine in texts like the Ebers, Papyrus, and the Ayurveda, outlining various 

herbal remedies [160]. African medicine has a long and rich traditional history of natural products, with 

healers utilizing plant-based treatments to combat and eliminate diseases, including TB, long before 

modern antibiotics were discovered [161]. This began with the use of Aspalathus linearis (rooibos) for its 

anti-inflammatory properties and Artemisia species for respiratory issues [161]. The extraction of 

bioactive compounds, particularly morphine from Papaver somniferum (poppy) during the 19th century, 

established the foundation of modern pharmacology and highlighted the remarkable therapeutic 

capabilities of natural products  [162].  

Natural compounds derived from plants, marine life, and microbial sources exhibit significant 

antimycobacterial properties, with several already incorporated into TB therapies [157, 163-166].  The rich 

biodiversity of Africa, which is characterized by its extensive array of medicinal plants, fungi, and 

marine species, offers a critical resource for discovering new anti-TB medications [167]. One example is 

the extract from Pelargonium sidoides, which has been commercialized as the herbal medicine 

Umckaloabo for treating respiratory infections [168].  

The SANCDB is a valuable resource for pinpointing bioactive compounds that could have anti-TB 

effects [163, 167]. A variety of natural compounds, such as alkaloids, phenols, terpenoids, and flavonoids, 

have shown strong anti-inflammatory, antimycobacterial, anti-TB, and antioxidant activities, making 

them attractive options for therapeutic development (Figure 2.17) [163, 164, 167]. These secondary 

metabolites are generated by organisms to promote health benefits, fulfill ecological roles, or defend 

themselves against danger, highlighting their various biological functions [169, 170]. The focus on utilizing 

natural compounds for the prevention and treatment of various diseases has gained more recognition in 

recent years. Presently, these compounds play a crucial role in pharmaceuticals, with numerous 

medications derived from plants, fungi, and marine organisms [163, 164, 166].  
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Figure 2.17: Classification of plants, marine life, and microbial-derived secondary metabolites is divided 

into four major groups: phenols, terpenoids, flavonoids, and alkaloids. This classification includes 

representative chemical structures that highlight their structural diversity and functional significance in 

biological and pharmacological processes. 

 

 A series of studies have pinpointed various South African natural compounds that may possess anti-M. 

tuberculosis properties, in aiding drug discovery efforts [163, 164]. Quinoline-based structures, found in 

numerous natural products, have shown moderate activity against TB, with the quinoline ring being 

viewed as a promising scaffold for creating new TB medications [171]. Likewise, diterpenoids, a category 

of phytochemicals, have demonstrated notable antimicrobial effects, including against M. tuberculosis 

[172].  

Gladiolin, a polyketide natural product from Burkholderia gladioli, has shown encouraging efficacy 

against M. tuberculosis, including resistant strains, and offers greater structural stability compared to 

similar compounds, thus boosting its therapeutic potential [173]. Calanolide A, initially recognized for its 

anti-HIV activity, has also demonstrated effectiveness against both drug-susceptible and drug-resistant 

M. tuberculosis, underlining its promise as a versatile therapeutic agent [174]. 

Considering the limitations of current TB treatments and the emergence of drug resistance, the search 

for novel TB inhibitors from natural sources is becoming increasingly important [166]. This growing 

interest in natural compounds stems from their structural diversity, biological relevance, and 

evolutionary fine-tuning, which provides them with therapeutic advantages over synthetic drugs [163, 175]. 
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Natural compounds tend to result in lower mortality rates among TB patients due to reduced toxicity 

and fewer side effects [170, 176].  

In contrast, synthetic medications, frequently used for treating various metabolic and degenerative 

conditions, can be costly and lead to significant side effects [176]. Natural options are generally more 

affordable and accessible than conventional drugs, offering a practical solution, particularly in resource-

limited areas [177]. Moreover, developing tolerance and experiencing relapses can restrict the long-term 

benefits of synthetic treatments [170]. Natural products, derived from plant-based foods or traditional 

medicine, could serve as lead compounds or templates for designing potentially superior alternatives 

[175]. These natural compounds often strengthen the body's natural healing processes, contributing to their 

overall efficacy [176].  This approach could lead to better treatment results and enhanced patient 

adherence, as many individuals prefer herbal remedies for their gentle, non-invasive nature compared 

to traditional pharmaceuticals [176]. 

Past research has also highlighted natural products that have the potential to inhibit M. tuberculosis 

proteins, and these include biotin synthase, ATP synthase, and 1,4-dihydroxy-2-naphthoate 

prenyltransferase, representing novel avenues for TB drug development [157]. Exploration of these natural 

compounds offers promising directions for new anti-TB therapies, particularly in addressing the growing 

challenge of drug resistance, non-adherence, and side effects. However, integrating them with synthetic 

modifications enhances their drug-like properties (synergistic effect). 

Advances in computer-aided drug discovery, crystallographic studies of molecules, and synthetic 

biology have further enhanced the potential of natural products, ensuring their continued relevance in 

the development of new and effective treatments for TB and other diseases [159]. 
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2.10.  Computer-Aided Drug Discovery Approach  

 

Drug discovery is a long and complicated journey that begins with understanding the biological cause 

of a disease [178]. As shown in  

Figure 2.18, scientists begin by pinpointing a molecule (target) in the body that plays a role in the disease 

(stage 1). Once the target is confirmed, researchers search for chemical compounds that can affect its 

function (stage 1) [178, 179]. Promising compounds are then improved through careful design and testing 

[179]. Before any human testing can begin, these candidates are evaluated in lab and animal studies to 

evaluate their safety and effectiveness (stage 2). If a positive outcome is obtained, the drug then moves 

into human clinical trials, which take place in multiple phases to ensure the drug works and is safe (stage 

3) [179]. After completing these trials, the drug needs to be reviewed and approved by health authorities 

like the FDA (stage 4) [179]. Only after passing all these steps is the medicine made available to the public 

(stage 5) [180]. The full process usually takes a decade or more. 

 

 

Figure 2.18: Schematic illustration of the complex journey that entails bringing a new pharmaceutical 

from the lab to the patient begins with laboratory discovery (stage 1), followed by laboratory validations 

(stage 2), clinical trials (stage 3), FDA review (stage 4), and long-term safety monitoring.[181]  
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Computational chemistry accelerates the drug discovery process through molecular modeling, a 

computational technique commonly used in drug design as a standard technique in the field. The 

identification of bedaquiline exemplifies this, the first anti-drug-resistant TB drug, through in-silico 

screening combined with structure-based design [72, 95, 182]. This technique allows researchers to rapidly 

evaluate thousands of compounds, streamlining the pathway to developing new treatments. Molecular 

modeling provides insight into the physical properties, interactions, and dynamics  [183]. Molecular 

modeling is a subset of in-silico techniques. 

The in-silico technique is a computational approach that enables researchers to scan through thousands 

of chemical compounds to find those that can interact well with a specific protein or enzyme. [184]. Once 

promising candidates have been identified, molecular docking is used to see how well these molecules 

fit into the target’s binding site and what kind of interactions might take place. [184]. This allows for the 

selection of the most promising candidate based on binding scores [184]. To ensure the reliability of these 

findings,  the best-fitting compounds are then tested further using simulations that mimic real biological 

conditions, helping scientists understand how stable the molecule-target complex would be over time 

[184]. These findings are further reaffirmed through binding free energy calculations using MM-

PBSA/MM-GBSA, which provides more accurate insights into the strength and stability of these 

interactions [185]. In comparison to the lengthy and expensive process of traditional drug development, 

this method offers a quicker, more cost-effective route to narrowing down potential drug candidates [185, 

186]. Figure 2.19 outlines the limitations and benefits of conventional drug discovery and the in-silico 

method. 

In silico drug discovery has become a fundamental aspect of modern pharmaceutical research, working 

side by side with traditional screening methods to improve the likelihood of identifying effective drug 

candidates [184]. Researchers can now quickly identify, design, and examine the therapeutic potential of 

new compounds, using computational tools [184]. The most important step in drug discovery, ADMET 

drug-likeness evaluation, predicts toxicity and helps to identify potential adverse effects early, ultimately 

saving time and resources [184]. Virtual ligand screening, molecular modeling, and docking-based virtual 

screening shed light on binding mechanisms and interactions, opening doors to exciting and innovative 

drug discoveries [184].  
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Figure 2.19: "Finding Your Way in Drug Discovery: Mixing New Ideas with Real-Life Challenges in 

Creating Life-Saving Medicines.” 

 

While many studies have demonstrated the potential of computational techniques in drug discovery over 

the years,[187] several limitations persist, hindering the full potential use of this methodology. Many in 

silico findings stop at the computer screen and are not validated through experimental assays, limiting 

translational value [188]. Others use generic compound libraries that ignore the unique biodiversity of 

compounds in regions like South Africa. Very often, studies focus on single molecular targets when what 

we need are multi-target approaches that reflect the complexity of drug-resistant strains. 

Pharmacokinetic and toxicity predictions are often not integrated into early-stage screening [189], leading 

to false positives.  
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3. Chapter Three 

Principles of Molecular Modelling 

3.1.  Introduction 

Molecular modeling is a collective term used to describe the use of computation to study 3D structures 

of biological macromolecules [1]. The combination of aspects of bioinformatics and biophysics allows 

researchers to construct, demonstrate, and model the behavior of these macromolecules [2, 3] in order to 

examine their 3D structures and interactions [1]. Molecular modeling is widely used, especially in fields 

such as biochemistry, computational chemistry, drug design, and material science [4]. All molecular 

modeling techniques are initiated with the same idea of studying molecules by focusing on their atoms 

[5]. Each atom is treated as a tiny building block.  

There are two basic methods for computing the energy of a molecule: Quantum Mechanical (QM)  [6] 

and Molecular Mechanics [7] (MM) methods [8, 9]. While QM solves equations based on quantum theory 

to describe electronic structures and molecular properties [8], MM uses force fields to approximate 

molecular interactions and is used to simulate large biomolecules such as proteins [8]. Together, they give 

a better understanding of how biological processes and reactions occur at the molecular level [8]; in fact, 

researchers can use this to predict how potential drugs will bind to their targets and help design 

compounds [10].  

According to the SIB Swiss Institute of Bioinformatics, Saquinavir (HIV protease inhibitor) [11, 12], was 

the first FDA-approved drug to be designed using bioinformatic programs in 1995 [1, 3, 13, 14]. Molecular 

modeling includes a variety of computational techniques that can be used in analyzing molecular 

structures and their properties [8]. These include quantum mechanics, molecular mechanics, molecular 

docking, molecular dynamics, Monte Carlo simulations, homology modeling, pharmacophore 

modeling, structure-activity relationships, and visualization tools [8]. 

3.2.  Quantum Mechanics 

Quantum Mechanics (QM) is a very important concept in physics, which helps us understand the 

behavior of atoms and molecules [8, 15]. The information acquired from QM is essential when aiming to 

design effective and targeted pharmaceutical compounds [16]. QM makes use of Ab initio methods like 

Hartree-Fock (to determine the electronic density and energy of the system), and Density Functional 

Theory (DFT)  [16]. These Ab initio methods help researchers to be able to calculate electronic properties 
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like partial charges on atoms, molecular orbitals, and reaction energies, so as to predict how strongly a 

drug binds to its target. QM also enables scientists to study reaction pathways, transition states, and 

energy barriers, all at an atomic level [17]. QM consists of semi-empirical methods that allow researchers 

to be able to solve the Schrödinger equation and obtain electronic structures [18], in turn giving us 

valuable insights into the molecular properties. At its core, the principles of quantum mechanics include 

the following: 

 

3.2.1. Wavefunction & Probability Interpretation 

 

Quantum mechanics starts with the idea of the wave function, which is represented by the Greek symbol 

Ψ [15]. The function explains the wave-like nature of particles, eg movement of electrons in a molecule 

[15]. This function holds all the important information about the system, including the positions and 

energies of particles [15]. For molecular systems, the Ψ is written as a mathematical expression that 

depends on the locations of all the electrons and often the nuclei. Overall, it enables scientists to be able 

to grasp how multiple particles interact and behave together, giving us a more complete picture of the 

system [15]. In molecular quantum mechanics, Ψ can depend on the coordinates of multiple particles. 

Ψ=Ψ (r1, r2…, rn) 

However, Ψ does not convey a direct physical meaning by itself [19]. Hence, Max Born, a German 

physicist, was fascinated by his colleague Franck’s experiments on the collisions of atoms and molecules 

[20] and decided to expand on Einstein’s earlier ideas on the relation of light waves and photons [21], 

according to which the square of the wave amplitude was to be interpreted as the probability for the 

appearance of photons [19]. Max then suggested that the probability density of locating a particle in a 

given region of space be denoted by |Ψ|² [15, 19]. For the wavefunction to describe a physically acceptable 

system, it ought to be normalized [22], ensuring that the total probability of finding the particle anywhere 

in space is equal to one [15]. 

 

3.3.  Molecular mechanics 

Molecular Mechanics (MM) is a computational technique that helps scientists create models of 

molecular systems based on the principles of classical physics [23]. It also enables them to visualise atoms 

as balls and the bonds between them as springs [23]. Furthermore, the technique uses mathematical 

equations to capture the geometry and energy of these systems, making it highly effective for studying 

large and complex structures like proteins and DNA. The key components of MM include: 
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3.3.1. Potential Energy Functions 

The potential energy of a molecular system refers to the energy stored in a system as a result of its atoms 

or molecules [4]. It encompasses energy terms that detail interactions between bonded atoms (including 

bonds, angles, and torsions) and those that describe non-bonded interactions, such as van der Waals and 

electrostatic forces interactions as shown in       𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 1 [8]. The equation summarizes all these 

interaction terms in the system, with the first three components describing the bonded interactions, 

whereas the final two terms capture the non-bonded forces. 

𝑉(𝑟^𝑁) =  ∑ 𝑘𝑙(𝑙 − 𝑙𝑜)^2

𝑎𝑙𝑙 𝑏𝑜𝑛𝑑𝑠

+  ∑ 𝑘𝜃(𝜃 − 𝜃_0)^2 + ∑
1

2
𝑎𝑙𝑙 𝑡𝑜𝑟𝑠𝑖𝑜𝑛𝑠𝑎𝑙𝑙 𝑎𝑛𝑔𝑙𝑒𝑠

 𝑉𝑛[1 + 𝑐𝑜𝑠(𝑛𝜔 − 𝛾)]

+ ∑ ∑ {

𝑁

𝑖=𝑗+1

𝑁

𝐽=1

𝜀𝑖𝑗 [(
𝑟0𝑖𝑗

𝑟𝑖𝑗
) ^6] +

𝑞𝑗𝑞𝑖

4𝜋𝜀0𝑟𝑖𝑗
      𝐄𝐪𝐮𝐚𝐭𝐢𝐨𝐧 1 

 

Bond Stretching (l) 

 

  

Energy that occurs as a result of deviation from the 

equilibrium bond length and is written out as 

∑ kl(l − lo)^2

all bonds

 

 

Angle Bending (Ɵ) 

 

 

Deviations from the equilibrium bond are 

mathematically written as   

∑ kθ(θ − θ0)2

all angles

 

 

Dihedral (Torsional) Angles (Ꞷ) 

 

 

The energy from the rotation of bonds is mathematically 

expressed as 

∑
1

2
𝑎𝑙𝑙 𝑡𝑜𝑟𝑠𝑖𝑜𝑛𝑠

 Vn[1 + cos(nω − γ)] 

 

Non-bonded interaction 

 

 

The Van der Waals interaction is written as 

∑ ∑ {N
i=j+1

N
J=1 εij [(

r0ij

rij
) ^6] 

Electrostatic interaction expressed by Coulomb’s 

Law 

∑
qjqi

4πε0rij
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In 

These 

 

3.4.  Molecular Docking 

Molecular 

Autodock 

 

3.5.  Molecular Dynamics Simulation 

Molecular dynamics simulations (MD) are computational methods that enable us to track the physical 

movement of proteins, ligands, and other biomolecules at the atomic level over time by solving Newton's 

law of motion [4]. This technique was originally introduced in the late 1950s by Alder and Wainwright 

[38]. It operates on the principle of Newton’s second law of motion, which defines force (F) as the product 

of an object’s mass (m) and its acceleration (a), as shown in𝐹=𝑚𝑎⃗ = m
𝑑^2𝑞

𝑑𝑡^2
             Equation  [8, 39]. 

𝐹⃗ = 𝑚𝑎⃗ = m
𝑑^2𝑞

𝑑𝑡^2
             Equation 5 

In molecular dynamics, acceleration is also expressed as d2q/dt2; this expression defines how atoms and 

molecules move over time [8]. Where q is the position vector of an atom, and t2 is time [8, 39].  

MD simulations offer a more realistic view of how a drug candidate interacts with its target under 

physiological conditions by including water effects, changes in the protein's shape over time, and the 

dynamic behavior of the complex [10]. The most important part of any MD simulation is the force field, 

which offers the mathematical functions and parameters used to describe how atomic interactions. 

Selecting the correct force field is of utmost importance as it ensures the simulated system reflects 

realistic chemical and physiological conditions, eg, FF14SB for proteins or GAFF for small-molecule 

ligands.  MD studies are supported by powerful biomolecular simulation software packages like Amber 

[40], GROMOS [41]. Charmm [42], and so forth. These tools enable scientists to explore protein flexibility, 

compute binding free energies, evaluate ligand stability, and investigate molecular mechanisms that are 

not easily accessible experimentally. Amber 18, used in this study, is a computationally efficient 

software package that employs the Amber FF14SB force field for biomolecular simulations [43-45].  

 

3.5.1. Molecular Dynamics Analysis 
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The dynamic behavior and structural changes of the generated trajectories are studied using the PTRAJ 

and CPPTRAJ modules [46] of Amber 18 by calculating the root mean square deviation (RMSd) and root 

mean square fluctuation ( RMSf) [45], radius of gyration (Rg), MM-PBSA (molecular mechanics Poisson–

Boltzmann surface area), Per-residue free energy decomposition analysis, and h-bond analysis.  

 

Root-Mean-Square Deviation (RMSD) 

RMSd is a quantitative measure that allows scientists to assess the structural stability of a protein-ligand 

complex over time. RMSd is one of the most fundamental metrics of MD simulation, obtained by 

measuring the average distance between the backbones of two superimposed structures using equation 

6. 

𝑅𝑀𝑆𝐷 = √ 1 

𝑁
∑ 𝑟_𝑖(𝑡_0)𝑁 − ⎜𝑟_𝑖(𝑡))^2        Equation 6 

 

Where N is the number of atoms being compared, ri (t0) is the position of atom i in the reference structure 

at time t, while rit is the position of atom i in the target structure at time t. RMSD is calculated in units 

of Angstrom (Å). 

 The change in the RMSd values over time indicates possible conformational changes in the enzyme 

structure due to the inhibitor attachment [47]. Generally, a low RMSd (<2Å) suggests structural stability 

[48, 49], while a high RMSd (>3Å) [50] suggests structural instability accompanied by major conformational 

changes. While RMSd is important for measuring geometric differences, it cannot distinguish between 

a molecule with both very rigid and very flexible parts, and one where all regions have a similar, 

moderate level of flexibility [50]. Hence, RMSF calculations are performed to acquire this information. 

 

Root-Mean-Square Fluctuation (RMSF) 

RMSf analysis is one of the key techniques in MD simulations that allows researchers to quantify and 

characterize local flexibility or movement of specific atoms or residues within a molecule over a certain 

space of time. The    RMSf provides an estimate of how much an atom or residue fluctuates around its 

average position during the simulation [51] and is given by e𝑅𝑀𝑆𝐹= 
1

𝑇
∑ (𝑟(𝑡) − 𝑟)2

.𝑇              Equation .  

 

 𝑅𝑀𝑆𝐹 =  
1

𝑇
∑ (𝑟(𝑡) − 𝑟)2

.𝑇              Equation 7 
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Where T is the total time of the simulation, and r is the average position of an atom or residue over the 

simulation [39]. High  RMSF values (peaks in the plot) indicate regions of the structure with greater 

flexibility or motion, while Low   RMSF values (troughs in the plot) indicate more rigid and stable areas, 

typically found in secondary structures like (alpha)-helices, (beta)-sheets, or ligand-binding sites 

[47].    RMSF calculations are often calculated using common software packages like GROMACS [52], 

VMD [53], DESMOND [54], and MD Analysis [55]. 

 

Radius of Gyration (Rg) 

 Rg is commonly calculated to measure the compactness of protein molecules during the simulation [56].  

Smaller Rg values indicate a more compact or folded structure, and larger Rg values suggest extended 

or flexible conformations during the simulation. Rg is defined according to equation 8 as the root mean 

square distance of a molecule's atoms from its center of mass.: 

𝑅𝑔 =  √1

𝑁
∑ ⎜𝑟𝑖 − 𝑟𝑐𝑜𝑚

𝑁
𝑖=1 ⎜2       Equation 8 

Where : 

N = number of atoms 

ri = position vector of atom i 

rcom = center mass of molecules 

 

Binding Free Energy 

 

The binding affinity between the ligand and a protein is often estimated using MM-PBSA or MM/-

GBSA. This method was originally defined by Srinivasan and colleagues [57]. This method is very 

popular in molecular dynamics because of its simplicity and computational efficiency as opposed to 

other Poisson-Boltzmann methods [45]. However, despite its popularity, it has limitations, such as reduced 

accuracy for charged molecules [58]  and often neglects the entropic contribution to binding free energy. 

This omission can impact prediction accuracy, especially when dealing with flexible ligands and proteins 

[59]. For this technique, snapshot structures are extracted from the equilibrated parts of the trajectory, and 

the free-energy components, which include the computation of van der Waals, electrostatic, polar 

solvation, and non-polar solvation. 
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Per-residue Binding Free Energy Decomposition 

 

Per residue analysis involves calculating the energy contribution of single residues by summing their 

interactions over all residues in the system [45]. The MM-PBSA method estimates the composition of 

each amino acid to the total free binding energy using the equation below.  

ΔGinhibitor-residue = Δ𝐺VdW + Δ𝐺ele + ΔGpolar + ΔGnonopolar           Equation 9 

The Adaptive Poisson-Boltzmann Solver (APBS), a molecular software, was used to calculate the 

electrostatic energy, van der Waals energy, and polar solvation energy [60]. Equation 9 represents the 

energy interaction between the ligands and amino acid residues as the sum of Van der Waals forces 

(Δ𝐺vdW), electrostatic effects (Δ𝐺ele), as well as polar and non-polar contributions (ΔGpolar + ΔGnonopolar).  

 

H-bond Formation 

H-bond analysis allows researchers to track the formation, breaking, and strength of hydrogen bonds 

over time and, in turn, give valuable insight into the dynamics, stability, and, most importantly, 

molecular interaction of the protein. The analysis is often carried out using software like GROMACS, 

Amber, etc. In Amber, the analysis is initiated with the creation of a cpptraj input script that loads the 

simulation's topology and trajectory files [45]. Followed by the definition of the donor and acceptor atom 

masks, as well as the geometric criteria, which include a maximum donor-acceptor distance, typically 

set at 3.0 Å, and a minimum angle, usually 135° [45]. The cpptraj h-bond command provides data on h-

bond frequency, average distance, and angle, which is instrumental in evaluating the structural stability 

and interactions within the system [45]. 

 

Dictionary of Secondary Structure of Proteins (DSSP) 

 

DSSP is a widely used tool for assigning secondary structure elements in proteins [61]  following the 

Kabsch and Sander method [62]. The analysis involved evaluating structural changes of the FadD23 

protein caused by ligand binding over time by examining the local folded conformations, which are 

mainly stabilized by backbone hydrogen bonds [61, 63, 64]. The secstruct command helps to identify 

backbone hydrogen bonds and assign secondary structure types as either helices, sheets, turns, or coils 

[45, 64]. By default, cpptraj searches for atoms named N, H, C, and O. This analysis provides detailed 

insights into how the residues’ structures change over time, the frequency of each structure type, and the 

dominant structure for each residue [45]. Various options, like the ptrajformat and betadetail options, are 

employed to differentiate various beta structures, such as β-strands and β-bridges [45]. All these steps 
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enhanced our understanding of the protein’s stability and dynamic shape throughout the simulation. The 

results are then visualized and analyzed to assess structural stability across the simulated trajectories. 

 

3.6.  Pharmacokinetics 

To ensure that the selected compounds are not only strong binders but also possess qualities that allow 

them to work as effective medicine in the body, pharmacokinetic analysis is conducted. The evaluation 

of drug-likeness is often conducted using software like SwissADME [65] that utilises Lipinski, Veber, 

and Ghose criteria. To minimise safety risks, toxicity predictions are also generated. This is made 

possible by using software like Admetlab 2.0 [66] or Protox3.0 [67]. 
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Abstract 

 

Background: Tuberculosis is one of the leading infectious diseases causing mortality worldwide, 

particularly in resource-limited areas. Most existing medications result in significant side effects and 

fail to effectively target the lipid metabolism crucial for the survival and virulence of Mycobacterium 

tuberculosis. FadD23, a fatty acid-AMP ligase that is unique to M. tuberculosis and not found in humans, 

presents a promising drug target due to its role in synthesizing the essential virulence glycolipid SL-1. 

This unique characteristic allows for selective inhibition with minimal toxicity to the host. The lack of 

approved drugs that specifically target FadD23 within the SL-1 synthetic pathway highlights the need 

for the identification of potential inhibitors. 

Aim: This study aimed to identify natural inhibitors of M. tuberculosis FadD23 from the SANCDB and 

characterize their potential mechanism of inhibition.  

Method: A FadD23 crystal structure with a PDB ID 8HDF and a resolution of 2.2 Å was obtained from 

the Protein Data Bank. A structure-based virtual screening method was employed to identify potential 

inhibitors from the South African Natural Compounds Database library. The binding interactions 

between FadD23 and potential ligands were evaluated through molecular docking using AutoDock Vina. 

To characterize the protein-ligand interactions, 130 ns molecular dynamics simulations were conducted 

with Amber 18 software, and the results were analyzed using the CPPTRAJ module. The trajectory's 

behavior, stability, and conformational alterations were assessed through root mean square deviation 

(RMSd), root mean square fluctuation (RMSf), hydrogen bond analysis, and radius of gyration (Rg). 

The biological efficacy and drug-likeness profiles of the compounds were evaluated using the Protox 

3.0 and SwissADME web servers. 

Results: Out of 1,012 compounds, 7 were selected for docking analysis based on their antimycobacterial 

activity. Docking analysis revealed that SANC00937 demonstrated a stronger binding affinity for the 

FadD23 ATP binding pocket, stabilized by both hydrophobic and hydrogen bond interactions, yielding 

a binding energy of -8.4 kcal/mol among the seven compounds screened. The stability and dynamics of 

these interactions were further validated through molecular dynamics simulations. The RMSd analyses 

showed that SANC01098 stabilised the protein more effectively, reducing major fluctuations and 

supporting a more uniform structural behaviour over time. Further, MM/GBSA calculations were 

conducted on the molecular dynamics’ trajectories of the compounds SANC00937, SANC00520, 

SANC00522, SANC00834, SANC01097, SANC00519, and SANC01098 to evaluate their binding 

energies to the FadD23 protein. Notably, SANC01098 demonstrated a higher binding affinity compared 

to all other compounds, including the reference molecule ANP. SANC00937 binding energies were 

subsequently decomposed into per amino acid residue contribution, whereby ATP binding residues 

Ala328, Asp222, Gly330 a Ser300 made notable contributions. Average radius of gyration and root of 
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mean square deviation values showed that SANC01098 formed the most stable association with FadD23 

compared to ANP. This suggests a possibility for competitive binding between SANC01098 and ATP 

under physiological conditions, whereby FadD23 interaction with the former supersedes the latter, and 

is energetically favoured and sustained by hydrogen bond formation. The dictionary of secondary 

structure elements calculation revealed that SANC00937 deforms the Pi structural component of 

FadD23 secondary structure to favour its optimum binding affinity in the binding site. Pharmacokinetic 

evaluation of the seven compounds revealed SANC01097 as the most favorable due to its high 

bioavailability score, lack of interference with major Cytochrome P-450 enzymes, and absence of 

structural alerts. 

Conclusion: This study identifies FadD23 as a critical target for drug development, offering a promising 

strategy for creating safer and more effective treatments for drug-resistant Mycobacterium tuberculosis.  

In the absence of an approved FadD23 inhibitor, these results form a baseline for experimental assays, 

including enzyme inhibition assays, binding validations, and cell-based assays, ADMET, and toxicity 

evaluations of SANC00937 and SANC01098 compounds to confirm them as potential FadD23 

inhibitors. 

Keywords: Tuberculosis, FadD23 inhibition, SANCDB, molecular docking, MD simulation.  
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4.1. Introduction 

Mycobacterium tuberculosis causes tuberculosis (TB), a highly contagious disease that has plagued 

humans for centuries [1, 2]. Despite effective treatments and preventive measures, TB remains one of the 

leading causes of death from a single infectious agent globally, especially in low- and middle-income 

countries [3]. The infectious nature of TB is aggravated by underlying conditions such as HIV co-

infection [3], COVID-19 [3, 4], and the emergence of drug-resistant TB strains.  

TB drugs, namely isoniazid, rifampicin, and pyrazinamide, alongside the recently recommended drug 

for resistance cases, linezolid (an oxazolidinone) [5], have been reported to cause hepatotoxicity, 

peripheral neuropathy, and gastrointestinal disturbances [6]. Clinical studies have also demonstrated that 

the severe toxicity of linezolid [7, 8] can lead to myelosuppression [9] and mitochondrial damage [10], 

raising safety concerns. Despite the promising efficacy of drug-resistant TB drugs like bedaquiline (a 

diarylquinoline) and delamanid, they are expensive and not widely available in some regions [11]. There 

have also been reports of bedaquiline resistance and cross-resistance between bedaquiline and 

clofazimine (a riminophenazine) [12, 13], further complicating treatment options. Clofazimine has also 

been linked to skin discoloration [14]. The growing rates of drug-resistant TB [15], especially MDR-TB, 

Pre-XDR TB, XDR-TB, and TDR-TB [3, 16], prompt for the identification of new drug targets and novel 

inhibitors in the treatment of TB.   

Apart from being structurally sound, M. tuberculosis also makes use of lipids that enhance virulence. 

One of the crucial virulence factors in TB infection is sulfated glycolipid, sulfolipid-1 (SL-1). This 

glycolipid plays a key role in the bacterium’s ability to evade the immune response [17]. SL-1 disrupts 

mitochondrial function, modulates cytokine and reactive oxygen species production in human 

leukocytes [18-23]. SL-1 also modulates host response by affecting phagosome maturation, inhibiting 

mTORC1 activity, leading to nuclear translocation of the transcription factor TFEB, which promotes 

lysosomal biogenesis [24, 25]. Furthermore, SL-1 influences the survival of bacteria within macrophages 

by negatively regulating their intracellular growth and increasing their susceptibility to human 

antimicrobial peptides like LL-37 [18, 25]. SL-1 also directly stimulates nociceptive neurons in the 

respiratory tract, initiating a cough reflex [26], a facilitative mechanism of M. tuberculosis transmission 

[26, 27].  

Central to SL-1 synthesis is the fatty acyl-AMP ligase (FAAL), namely FadD23. FadD23 activates fatty 

acids by forming an acyl adenylate intermediate, which is transferred to Pks2 – a participating enzyme 

in SL-1 synthesis [17]. Inhibition of FadD23 could reduce SL-1 production, potentially impairing 

biochemical processes implicating SL-1, and consequently attenuating bacterial virulence and survival. 

FadD23 consists of two functional domains, as presented in Figure 4.1, the N-terminal domain (residue 

4–460) that binds fatty acids, and a C-terminal domain (residue 473–576) that has catalytic residues. The 
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N-terminal domain includes an adenylation domain and an acyl-binding domain. The adenylation 

domain facilitates the binding of ATP/AMP-PNP and catalyzes the conversion of fatty acids into acyl-

adenylates, while the acyl-binding domain provides a hydrophobic environment that stabilizes the fatty 

acid chain before activation [17]. The C-terminal domain also plays an essential role in fatty acid 

activation. Despite the role FadD23 plays in TB pathogenesis, there are currently no FDA-approved 

inhibitors that specifically target this protein. The availability of FadD23 crystallographic structures 

provides a platform to conduct structure-based identification of its potential inhibitors through the use 

of in silico techniques.  

 

Figure 4.1: Crystal structure of FadD23 in surface form (A) and ribbon form (B) showing its functional 

domains and the binding pocket. 

 

Natural compounds derived from plants, marine life, and microbial sources have demonstrated 

significant antimycobacterial properties, with several already incorporated into TB therapies [28-32]. 

Owing to South Africa's rich biodiversity and its long-term standing history of utilizing natural 

compounds in medicine, a South African Natural Compound Database (SANCDB) [29, 33] comprising 

1012 bioactive compounds from 321 source organisms has been created. Contrary to synthetic 

compounds, natural compounds are known to exhibit structural diversity, bioactivity, and safety profiles 

[34] in the treatment of diseases.  

This study aims to identify potential inhibitors of M. tuberculosis FadD23 from the SANCDB through 

the application of in silico methods, virtual screening, and molecular dynamics simulations. 
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Identification of compounds with drug-like properties, upon experimental validation, could lay a 

foundation for the development of TB therapeutics.   

 

4.2.    Materials and Methods 

4.2.1. Preparation of Target Protein 

An X-ray crystal structure of FadD23 (PDB ID: 8HDF [17]) with a resolution of 2.24 Å was obtained 

from the Protein Data Bank [17, 35]. In preparation for protein-ligand docking, co-crystallised molecules 

such as ANP, palmitic acid, and water molecules were removed from the protein structure using 

ChimeraX 1.10 software [36]. The structure had 33 missing residues, which were modelled using 

Modeller [37] . 

 

4.2.2. Preparation of ligands  

The SANCDB [29, 33] was chosen for this study as it is the only fully referenced database containing 

natural compounds derived from South Africa's biodiversity. Having acquired the 3D structure of 

FadD23 from the RCSB Protein Data Bank, we utilised Structure-Based Drug Design (SBDD) methods 

to virtually screen known anti-M. tuberculosis compounds from the SANCDB to yield 7 compounds 

from a total of 1012 compounds. The 2D structures of the 7 compounds were downloaded from the 

SANCDB, inspected for structural discrepancies, and subjected to energy minimization using the GAFF 

in Avogadro 1.2.0 software [38]. FadD23 natural substrate phosphoaminophosphonic acid-adenylate ester 

(ANP) was extracted from the 8HDF structure and used as a reference ligand.   

4.2.3. Molecular Docking  

Blind docking was performed using AutoDock Vina [39] to predict the binding mode of SANC00937, 

SANC00519, SANC00520, SANC00522, SANC0834, SANC01097, and SANC01908,  on the FadD23 

protein structure. This approach screens the entire surface of a protein without having prior knowledge 

of the target pocket to find the most probable or favourable binding mode and identifies unexplored 

binding pockets where ligands could bind with optimum binding affinity [40, 41]. Polar hydrogens and 

Kollman charges (essential for the computation of electrostatic interactions during docking) were added 

to the protein crystal structure, while Gasteiger partial charges were added to the ligand [42]. A grid box 



86 

 

defined by parameters of x = 84 Å, y = 96 Å, and z = 84 Å for the dimensions and x = 36.083 Å, y = 

33.056 Å, and z = 208.278 Å for the center grid, grid spacing of 0.817 Å, and exhaustiveness =10 was 

generated to encapsulate the whole protein structure for binding site identification. Docking calculations 

were performed for all seven ligands, and binding affinities and conformations were ranked using the 

Lamarckian genetic algorithm [43], which generates ligand conformations in descending order based on 

their docking energy. The docking calculations were performed in triplicate to ensure the accuracy and 

consistency of the docking method [44]. The top-ranked ligand conformation showing the highest binding 

energy and a corresponding RMSD value of 0.00 Å2 was selected and saved in complex with the protein 

structure for subsequent MD calculations. Interatomic interactions between the ligands and FadD23 at 

the binding site were characterized using Arpeggio [45], an online web server that uses BioPython [46] and 

OpenBabel [47] to process PDB structure files. The results were visualised using PyMOL v3.1.6.1 [48]. 

 

4.2.4. Validation of Docking Protocol 

To uphold the reliability and accuracy of the docking results according to Arlsan et al [49], the native 

ligand of the co-crystallized protein structure, ANP, was removed and redocked into the active site of 

FadD23 using AutoDock Vina,  and using the same docking parameters [44]. This step aimed to evaluate 

the software's ability to reproduce known binding poses and predict binding affinities within an 

acceptable range [44]
.  The docked complex was superimposed with the X-ray co-crystallographic 

structure of FadD23 bearing the native ligand to generate the RMSD value in ChimeraX 1.10. 

 

4.2.5. Molecular Dynamics Simulations  

To characterise protein-ligand interaction, three systems were prepared, namely a free protein (Apo), 

FadD23 bound to ANP (reference system), and FadD23 bound to a SANC compound. These were 

subjected to molecular dynamics calculations using AMBER version 18 [50] software. Protein residues 

were protonated at physiological pH (7.0), using H++ server [51]. The protein was modelled with the 

ff14SB force field [52], while the ligands were treated using GAFF (General Amber Force Field) [53]. 

Ligand topology and coordinate parameters were generated using Antechamber [54], and the protein and 

system coordinates and topology were finalized using LEaP module [54]. Each protein-ligand complex 

was solvated using a TIP3P model [55], with at least 8 Å of water padding around the solute. To neutralize 

the system, sodium and chloride ions were added. A 12 Å cutoff for short-range interactions was used, 

whilst long-range electrostatics were handled with the Particle-Mesh Ewald (PME) [56] method. To speed 

up the simulations and maintain stability, all bonds involving hydrogen atoms were constrained using 
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the SHAKE algorithm [57], allowing for a 2-femtosecond (fs) time step sampling. To eliminate steric 

clashes or unfavorable contacts within the initially prepared solvated complexes, a two-step energy 

minimization was performed: first, water and ions were relaxed by 2000 steps while keeping the protein-

ligand complex restrained; then, the entire system was minimized without restraints [58]. After that,  the 

system was gradually heated from 0 K to 300 K over 200 picoseconds, using a Langevin thermostat [59] 

to control temperature and apply restraints to the solute. This was followed by a 2-nanosecond 

equilibration phase at constant temperature and pressure (300 K, 1 atm), using the Berendsen barostat 

[60]. Finally, we ran 130 nanoseconds of unrestrained production MD under periodic boundary 

conditions. Snapshots were saved every 2 picoseconds, and the trajectories were analyzed using Cpptraj 

to assess structural stability and conformational changes.  

 

4.2.6. Post-MD simulation analysis 

After the 130ns simulation, the conformational changes of the simulated complexes were analysed 

from the generated trajectories using the CPPTRAJ module [61] of Amber 18. Assessed 

conformational elements include root mean square deviation (RMSd), root mean square fluctuation 

(RMSf), radius of gyration (Rg), MM-PBSA (Molecular Mechanics Poisson–Boltzmann Surface 

Area), per-residue free energy decomposition analysis, hydrogen bonding analysis, and secondary 

structure elements analysis [50]. 

 

4.2.6.1. Root Mean Square Deviation 

The overall structural stability of the protein-ligand complexes was assessed by computing the RMSD 

of the backbone atoms relative to the starting structure using the following equation. 

𝑅𝑀𝑆𝐷 = √
 1 

𝑁
∑ 𝑟_𝑖(𝑡_0)

𝑁

− ⎜𝑟_𝑖(𝑡))^2  

Where N is the number of atoms being compared, ri (t0) is the position of atom i in the reference structure 

at time t, while rit is the position of atom i in the target structure at time t. RMSD is calculated in units 

of Angstrom (Å). 

 

This measurement allows us to see whether the complex settled into a stable arrangement or continued 

shifting. A stable curve is an indication that the system has reached equilibrium and that the ligand has 
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maintained a consistent pose. A low RMSD  value (< 2Å) suggests structural stability [62, 63], while a high 

RMSD ( > 3Å) value [64], suggests structural instability accompanied by major conformational changes. 

 

4.2.6.2. Root Mean Squared Fluctuation 

The flexibility of individual residues over time was assessed by calculating the RMSf. RMSf profile 

enables us to identify highly dynamic regions (such a loop domains and flexible terminal ends) and rigid 

areas. The RMSf is computed by estimating how much an atom or residue fluctuates around its average 

position and is given by the following equation. 

𝑅𝑀𝑆𝑓 =  
1

𝑇
∑(𝑟(𝑡) − 𝑟)2

.𝑇

 

Where T is the total time of the simulation, and r is the average position of an atom or residue over the 

simulation [65]. Higher RMSf values indicate regions that are unstable and flexible, while lower values 

represent more structurally stable regions. 

 

4.2.6.3. Radius of Gyration 

The radius of gyration allows us to gain an overall perspective on the compactness of the complexes 

during the simulation [66, 67].  Rg is computed using the following equation. 

𝑅𝑔 =  √
1

𝑁
∑ ⎜𝑟𝑖 − 𝑟𝑐𝑜𝑚

𝑁

𝑖=1

⎜2 

Where N is the number of atoms, ri is the position vector of the atom, and rcom is the mass center of the 

molecule. A low Rg value indicates a compact or folded structure, while a high Rg suggests an extended, 

unfolded, or denatured conformation [66]. Variations in Rg values can signify structural transitions, such 

as folding, unfolding, or ligand binding [66, 67] . 

 

4.2.6.4. Binding Free Energy 

To understand the strength and stability of existing interactions between the ligand and the FadD23 

protein, we calculated the Molecular Mechanics Generalized Born Surface Area (MM-GBSA) binding 

free energy (ΔGbinding) of the equilibrated trajectories using the Molecular Mechanics Poisson–

Boltzmann surface area (MM-PBSA) [68, 69] program in Amber 18. Snapshots of each complex were 
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generated at 25-ps intervals throughout the 130 ns of the MD trajectory. The MM-PBSA method 

estimates the binding free energy of the bound ligand-receptor complex using the equation below [68, 70]. 

ΔGbinding = ΔEele + ∆EvdW + ΔGpolar  + ΔGnonopolar  - T∆S      (1) 

ΔGbinding in equation 1 denotes the binding free energy of the protein-ligand complex. ΔEele and ΔEvdW 

denote the electrostatic effects and the Van der Waals forces of the ligands with the proteins in the gas 

phase. ΔGpolar denotes the polar solvation free energy, and ΔGnonopolar is the non-polar contribution of 

solvation free energy, also assumed to be proportional to the solvent accessible surface area (SASA). 

TΔS is the change in molecular movement during binding. 

 

4.2.6.5. Per-residue Free Energy Decomposition analysis 

The energy contributions of individual residues involved in the binding mechanism of the FadD23 

complexes were computed using the MM-GBSA per-residue free energy decomposition method in 

Amber 18 [50, 71]. All energy components, including van der Waals, electrostatic, polar solvation, and 

non-polar solvation terms, were calculated from the snapshots taken from the final 130 ns of the MD 

trajectory [72]. 

 

4.2.6.6. H-bond Analysis 

Hydrogen bonds are crucial in determining the binding affinity and stability of protein-ligand 

complexes. To monitor the protein-ligand hydrogen bonding patterns between FadD23 and the ligands, 

h-bond analysis using the geometric criteria of hydrogen donor acceptor distance ≤ 3.5Å and angle ≥ 

120° was performed over 130 ns using the CPPTRAJ module [50]. This analysis helps identify when and 

where hydrogen bonds form between atoms.  

 

4.2.6.7. Dictionary of Secondary Structure Elements (DSSP) 

To analyse and monitor protein structural changes in FadD23 during an MD simulation, secondary 

structure elements properties were evaluated using the DSSP algorithm in CPPTRAJ [50, 73]. These were 

performed for all simulated complexes.   
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4.2.7. Drug-likeness and Toxicity Analysis 

The selected compounds were further subjected to absorption, distribution, metabolism, and excretion 

(ADME) profiling to predict their pharmacokinetic, drug-likeness, and medicinal potential properties 

using the SwissADME server (http://www.swissadme.ch) [74]. This online tool uses a combination of 

rule-based filters (Lipinski’s Rule of Five, Ghose, Veber, Egan, and Muegge filters), predictive models, 

and cheminformatics algorithms to evaluate the drug-likeness, pharmacokinetic properties, and 

medicinal chemistry of small molecules [74]. Input structures are often submitted in Simplified Molecular 

Input Line Entry System (SMILES) format [75]. The in silico toxicity profiling of each compound was 

also predicted using the ProTox 3.0 server (https://tox.charite.de/protox3/index.php) [76]. ProTox 3.0 is a 

high-profile computational server that predicts acute toxicity, organ-based toxicity, molecular toxicity, 

molecular initiating events (MIEs), and cytochrome P450 interactions [76]. The compound structure was 

submitted in a SMILE format, and each prediction was given as a probability score.  



91 

 

4.3. Results and Discussion 

The importance of identifying suitable drug candidates in drug discovery cannot be overemphasised. A 

well-chosen candidate is essential for the success of drug development, as it can greatly impact the 

efficacy, safety, and overall advancement of the therapeutic agent. In this study, we performed docking-

based virtual screening of SANCs to identify candidate compounds as potential inhibitors of FadD23. 

We further performed MD calculations to characterise the interactions of selected compounds with the 

FadD23 protein through MD analyses. In the subsequent sections, we present the results from molecular 

docking and MD trajectory analyses.  

 

4.3.1 Molecular Docking Validation 

To ensure the reliability and accuracy of our computational predictions, the co-crystalised ligand, ANP, 

was separated from the binding pocket of FadD23 and docked back into the binding pocket. Research 

studies indicate that the binding affinity of ANP with various target proteins typically ranges from -7.8 

to -10.5 kcal/mol when using Autodock Vina [77, 78]. Redocking ANP into the FadD23 binding pocket 

resulted in an RMSd of 3.6 Å, which exceeds the acceptable threshold of 2 Å [79]. These results highlight 

a limitation of the methodology in accurately prediction of the ANP orientation. To improve the 

accuracy, the process was repeated three times to eliminate discrepancies. Each time, a consistent RMSd 

value of 3.6 Å was obtained (Figure 4.2).  

 

Figure 4.2: Structures of ANP (redocked pose – grey, and crystallographic pose - magenta) [A], and 

SANC00937 (Green) with ANP [B] in the ATP binding site of FadD23. ANP was redocked into the 

binding pocket using the same coordinates for docking SANC00937.  
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Although the redocked pose of ANP deviates from the reported original pose, the adopted conformation 

is still residing within the same position of a large ATP-binding pocket. Given that all docking 

preparations were carried out correctly, the observed deviation in the pose does not inherently imply a 

failure in the protocol. However, there are several plausible contributing factors to consider, which 

include grid box dimensions and ligand complexity. For instance, ANP is an adenylate ester with a 

moderately flexible phosphate tail that often rotates, flips, and extends in different directions. 

Furthermore, docking programs often encounter challenges in exploring all conformations and 

accurately positioning the phosphate group, leading to docked poses that deviate from the X-ray pose. 

According to earlier structural studies by Yan et al (2023), FadD23 may require metal ions such as Mg2+ 

or Mn2+ for effective ATP binding and enzymatic function [17, 80]. Lack of these counterions could lead 

to misplacement of the phosphate, and in turn contribute to a large RMSd. Despite the obtained docking 

score of ANP, the ligand still resided in the same pocket with alternative orientation of a phosphate 

moiety, and same interactions with the key active site residues as reported for the original ANP 

conformation.    

4.3.2 SANC00937 binds in the ATP binding site with relatively high binding affinity   

The selected natural compounds that were docked into the FadD23 protein to identify their binding pose 

and binding affinity are presented in Table 4.1. The docking scores of these compounds were compared 

against the native co-crystallized ligand of FadD23 (ANP), which served as a reference standard. This 

comparison with ANP provides a baseline for evaluating the binding affinities of the screened 

compounds. Due to a lack of well-established inhibitors against FadD23, there were no additional 

positive controls included. The docking scores of the individual ligands were ranked with the most 

negative value positioned at the top. A conformation with the most negative value and a zero RMSd was 

chosen from the list. A more negative score indicates a stronger binding affinity between the ligand and 

the target protein, whereas a zero RMSd value reflects a stable association with the protein [39].  
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Linoleic acid SANC01098 -4.9 

 

[84] 

Lauric acid SANC01097 -4.8 

 

[84] 

 

Compound SANC00937 docked in the ANP binding site (Figure 4.3A) with a highest docking score of 

-8.4 kcal/mol compared to ANP and the other six SANC docked compounds (Table 4.1). SANC00937 

formed a h-bond interaction with Ser300 and His221, and hydrophobic interactions with other residues 

within its 4 Å radius, namely Asp222, Asp446, Arg460, Ile457, Glu301, Arg302, Gly330, Leu331, 

Tyr329, and Ala328 (Figure 4.3 B and C).    

 

Figure 4.3: A depiction of SANC00937 docked to FadD23 ANP binding site. A shows 3D conformation 

of the ligand (green) in the ANP binding pocket; B shows h-bond formation between the ligand and 

Ser300; and C shows ligand interaction with binding pocket residues – h-bond formation with Ser300 

and His221, hydrophobic interactions with other residues within a 4 Å radius of the ligand. 

 

A compound with second best binding affinity was SANC00520, which had a docking score of -7.7 

kcal/mol. This ligand also docked in the ANP binding site (Figure S.0.1 A), where it formed a single h-

bond with Thr444. SANC00520 formed hydrophobic interactions with the rest of the binding pocket 
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residues. These include Leu331, Glu333, Ser300, Gly330, Glu301, Tyr329, Ile457, Arg460 and Asp446 

(Figure S.0.1 B and C). Similar to the latter compound, SANC00522 also docked in the ANP binding 

site (Figure S.0.2 A) with a docking score of -7.0 kcal/mol. SANC00522 formed a h-bondinteraction 

with Asp446 (Figure S.0.2 C). Hydrophobic interactions were also observed between the ligand and 

binding site residues, including Leu331, Glu301, Ser300, Ala328, Tyr329, Tyr376, Ile457, and Arg460.    

Compound SANC00519 had an optimum affinity for the ANP binding site (Figure S.0.3 A), where it 

resided with a docking score of -6.9 kcal/mol. It formed hydrogen bonds with four residues, Arg460, 

Arg555, Glu301, and Arg302, and hydrophobic interactions with four residues, namely Asp 475, Thr 

549, Val554, and Arg556 in the binding site (Figure S.0.3 B and C). Compound SANC00834 optimally 

docked in the ANP binding site (Figure S.0.4 A) with a docking score of -5.3 kcal/mol. Hydrogen bonds 

formation and hydrophobic interactions formed a protein-ligand interaction network. The ligand formed 

a h-bondwith His221 and Asp225, and hydrophobic interactions with residues Gly330, Asp446, Arg460, 

Ile457, Arg302, Glu301, Tyr329 and Ser300 (Figure S.0.4 B and C).  

Unlike the first four compounds presented above, SANC01098 did not bind in the ANP binding site, but 

adjacent to it (Figure S.0.5 A), where it strictly formed hydrophobic interactions with residues within its 

vicinity. These include Gln482, Phe271, Leu275, Arg488, Leu248, Glu507 and Glu274 (Figure S.0.5 

C). A compound with the least binding affinity for the protein was SANC01097, which had a docking 

score of -4.8 kcal/mol. SANC01097 optimally docked at the back of the protein structure (Figure S.0.6 

A), where it formed hydrogen bonds with four residues, Gln380, Ser381, Gln194, and Tyr337, and 

hydrophobic interactions with eight residues, namely Pro379, Thr340, Pro377, Gln342, Ser341, Ala201, 

Ser197, and Ala198 (Figure S.0.6 B and C).  

As reflected by the individual docking scores above, SANC00937 was the best compound among the 

list. Its optimum binding affinity in the ANP binding pocket hints that it could possibly compete with 

ATP for the binding site. ANP stabilizes the protein by strictly forming hydrophobic interactions with 

residues in the binding site (Figure S.0.7), whereas SANC00937 forms both hydrogen bonds and 

hydrophobic interactions. Both ligands interact with Ser300, where SANC00937 forms a h-bond this 

residue and with His221. SANC00937 rests directly above the PLM tunnel entrance and interacts with 

numerous residues that have been reported to bind PLM [17]. These include Asp222, Ala328, Leu331 and 

Gly330.  

SANC00937 and SANC00520 are structurally similar, therefore are expected to interact with the protein 

in a similar manner. However, this was not the case - they adopted differing structural configurations in 

the binding pocket, which subsequently led to differing interactions with the same residues.  

SANC00519 and SANC00522 are also structurally similar and are anticipated to similarly interact with 

the protein, hence the narrow distinction of their docking scores.  
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FadD23-SANC00520    

 

FadD23-SANC00522 

 

FadD23-SANC00834 

 

FadD23-SANC00937 

 

FadD23-SANC01097 

 

FadD23-SANC01098 

-30.06 ± 0.11 

 

-31.43 ± 0.11 

 

-31.36 ± 0.14 

 

-32.88 ± 0.10 

 

-16.53 ± 0.30 

 

-35.11 ± 0.26 

-24.96 ± 0.26 

 

-27.57 ± 0.24 

 

-12.78 ± 0.35 

 

-24.00 ± 0.26 

 

-7.79 ± 0.24 

 

-9.33 ± 0.48 

-55.02 ± 0.30 

 

-58.99 ± 0.23 

 

-44.13 ± 0.41 

 

-56.88 ± 0.21 

 

-24.32 ± 0.50 

 

-44.3 ± 0.58 

35.19 ± 0.21 

 

34.34 ± 0.16 

 

20.30 ± 0.31 

 

29.05 ± 0.16 

 

9.59 ± 0.33 

 

15.57 ± 0.44 

-19.84 ± 0.13 

 

-24.69 ± 0.13 

 

-23.84 ± 0.16 

 

-27.83 ± 0.09 

 

-14.73 ± 0.33 

 

-28.86 ± 0.26 
∆Evdw = van der Waals; ∆Eele = Electrostatic; ∆Ggas = gas-phase energy; ∆𝐺sol = solvation energy; ∆𝐺Total = total binding energy. 

Based on the tabulated results above, all SANC compounds exhibited favourable total binding free 

energies, which were partially offset by a positive solvation term. The positive solvation term indicates 

a solvation penalty and includes both polar (ΔGpolar) and non-polar (∆Gnon-polar) components [70].  Relative 

to the native ligand ANP (-17.95 kcal/mol), most SANC compounds exhibited higher total binding free 

energy apart from SANC01097 (-14.73 kcal/mol). This implies that SANC compounds have a stronger 

binding affinity for the FadD23 binding site. Among all SANC compounds, SANC01098 (-28.86 

kcal/mol) displayed the most favourable binding, followed closely by SANC00937 (27.83 kcal/mol), 

then SANC00522 (24.69 kcal/mol) and SANC00834 (23.84 kcal/mol). This outcome corroborates the 

favourable docking scores for the SANC compounds (refer to Table 4.1), especially SANC00937, which 

ranked top during docking and showed the second most favourable binding free energy. The correlation 

between favourable docking scores and more negative binding free energies illustrates that SANC00937 

maintained relative stability and exhibited persistent interactions within the FadD23 binding site even 

under dynamics and physiological conditions. SANC01098, on the other hand, initially showed 

moderate binding affinity as evident by the docking scores (Table 4.1), however under molecular 

dynamics simulations, the compound was able to adapt and form stabilising interactions with the 

residues in the FadD23 binding site, as indicated by the highly favourable RMSd, Rg, and total free 

binding energy. In contrast to ANP, the SANC compounds exhibited favourable electrostatic and gas-

phase interactions. The negative electrostatic contribution value reflects favourable interactions between 

opposite charges, such as hydrogen bonds and salt bridges, which further stabilize the complex, 

especially in polar or charged environments like enzyme active sites [86].  

The Van der Waals interactions made a consistent and favourable contribution across all complexes, 

reflecting good shape complementarity between the ligands and the binding pocket. These non-polar 

contacts help stabilise the complexes and are a common feature within hydrophobic binding sites [87]. 

ANP also displayed a large unfavourable electrostatic of 84.49 kcal/mol and gas contribution of 44.88 

kcal, which weakened the overall binding strength of the complex despite the favourable solvation 

energy. The positive electrostatic value indicates poor dipole or charge alignment, which could lead to 
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destabilization [87]. The gas phase interaction energy, also known as the sum of electrostatic and van der 

Waals interactions [70], indicates loss of energy in the gas phase due to binding.  

The ANP, overall, exhibits spontaneous, favourable binding driven by shape complementarity (van der 

Waals forces) and solvent effects (solvation), while electrostatic repulsion and gas-phase energetic 

penalties hindered binding. Both SANC00937 and FadD23 exhibit a strong natural affinity primarily 

due to the gas phase term, van der Waals, and electrostatic forces, which enable the protein and ligand 

to fit well and form favorable interactions. However, the environmental solvent makes binding more 

difficult, possibly because it stabilizes them when they are apart. Nonetheless, the intrinsic ligand-

protein interactions were strong enough to overcome this water resistance, resulting in overall favorable 

binding.  

Overall, the binding energy analysis showed that the ANP complex exhibits transient or unstable 

interactions, which could contribute to poor binding accompanied by significant conformational 

changes. Contrary to this, SANC compounds exhibit enhanced binding affinities, with SANC01098 and 

SANC00937 showing the most favourable binding free energies driven by gas-phase, van der Waals, 

and electrostatic contributions. Furthermore, the stability of the total binding energy across all 

simulation frames shows consistency with RMSd, RMSF, and Rg analyses, which further confirms the 

suitability of SANCs as a potential lead compound in drug discovery.  

 

SANC01098 binding in the ATP binding site stabilizes the FadD23 protein 

structure. 

Protein dynamics in complex simulations are partly driven by conformational changes of the bound 

ligand. To understand conformational changes and stability of ligands in complexed systems, we 

calculated RMSd of the individual ligands (Figure 4.4 A) to examine their conformational evolution 

within the binding site over time.   
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Figure 4.4: (A) Graph showing time evolution of ligand RMSd values from complex MD simulations, 

and snapshots of ligands taken at stipulated time frames.  (B) Ligand RMSd probability distributions of 

ANP and SANC00937 during molecular dynamics simulations, illustrating internal stability of ANP and 

SANC00937 as standalone entities. 

 

A low RMSd value indicates that the structures share greater similarity with the reference structure, both 

in terms of shape and position [88]. The calculated average RMSd values for ANP and SANC00937 

ligands were 1.82 Å and 0.21 Å, respectively. A lower RMSd value for SANC00937 suggests a more 

stable residence conformation of a ligand in the binding site over 130 ns period, compared to ANP. As 

noted in Figure 4.5 A, SANC00937 structure (indicated as red) adapts to the binding site landscape at ~ 

8 ns, where it resides in a constant conformation until the end of the simulation. This may be due to 

positional restriction of the ligand by proximal residue sidechains in the binding site. In contrast, ANP 

(indicated as black) structural configuration constantly evolves with time within the binding site, 

particularly the phosphate moiety.  

This behavior was further corroborated by the distribution plot (D), which demonstrated multiple broad 

peaks around 1.5-2.4 Å, confirming that ANP indeed exhibits several distinct conformational sub-states. 

ANP displayed behavioural patterns consistent with those of an unconstrained or flexible ligand, which 

often fluctuates extensively in the absence of a stabilizing interaction [89, 90].  

The conformational trend displayed by SANC00937 alludes a relatively high degree of structural 

stability in the binding site and an evident tendency to retain its initial conformation throughout the 

simulation trajectory. The distribution plot for SANC00937 (Figure 4.4 D) corroborated this, 

showcasing a sharp, well-defined, narrow peak centred around 0.2 Å, corresponding to the average 

RMSd value of the SANC00937 ligand, which suggests an energetically favourable conformation. The 

peak is accompanied by a steep drop-off that reflects low RMSd, increased structural stability, and 

minimal conformational changes. In contrast to ANP, SANC00937 demonstrates behavioural patterns 
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consistent with those of an inherently rigid ligand. Inherent ligand stability upon binding is associated 

with a consistently low RMSd, which implies that the ligand is well accommodated in the binding pocket 

of the protein [91, 92]. These RMSd findings suggest that SANC00937 establishes stronger, more persistent 

interactions with FadD23 as opposed to ANP, which underwent considerable positional adjustments 

during the simulation. 

Examination of the stability of simulated complexes prior to further analysis is essential to ensure the 

reliability of the sampled data. To achieve this, we calculated average RMSd values of complexes from 

respective MD trajectories of 130 ns and graphically presented the results in Figure 4.5 C-N. The 

estimated average RMSd values for FadD23-ANP, FadD23-SANC00937, and FadD23_Apo were 

respectively 1.86 Å, 0.97 Å, and 1.88 Å.  The average RMSd values for FadD23-SANC00520, FadD23-

SANC00522, FadD23-SANC01098, FadD23-SANC00834, and FadD23-SANC01097 were 1.010 Å, 

0.96 Å, 0.89 Å, 1.26 Å, and 1.04 Å, respectively. The average RMSd for ANP and the Apo remained 

constant across all graphs. All systems were evidently stable, which was supported by RMSd values 

below 2 Å, with the SANC01098 complex being the most stable, closely followed by SANC00522, then 

SANC00937. In liganded systems, these values imply not only the formation of stable conformations of 

ligands within the binding pocket of the protein, and formation of stable interactions with residues in 

the vicinity, but they essentially signify energetic convergence of these systems. All three systems 

displayed minor fluctuations throughout all the simulations, with FadD23_Apo showing its inherent 

flexibility through moderate fluctuations, while the binding of the SANC compounds significantly 

reduced structural deviations, leading to early stabilization of the protein. The FadD23-ANP system 

displayed larger fluctuations, consistent with ligand-induced conformational changes towards the end 

of the simulation, which, according to a study by Hussain et al., are attributed to the intrinsic flexibility 

of the protein–ligand complex, alongside the thermal motion and the gradual formation of stabilising 

intermolecular contacts [91]. 
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Figure 4.5: Graphs (C, E, G, I, K, and M) showing time evolution of average RMSd of Cα atoms in ANP 

and SANC  complexes and Apo protein from MD simulations. Graphs D, F, H, J, and N demonstrate the 

RMSd probability distributions of FadD23 in the Apo state and in complex with ANP and SANC 

compounds during molecular dynamics simulations, illustrating ligand-dependent differences in 

conformational stability. 

 

The stability and behaviour of these three systems in the graphs were further corroborated by the RMSd 

probability plots in  Figure 4.5 (D, F, H, J, and N). In Figure 4.5 D, the FadD23–SANC00937 complex 

exhibited a narrow distribution centred at low RMSd ( ̴0.93 Å), reflecting high structural stability. On 

the other hand, the FadD23_Apo form displayed higher and broader RMSd values ( ̴1.9Å), indicating 

increased flexibility.  Previous studies have also highlighted that the Apo form of FadDs was often in a 

dynamic state [17]. The FadD23-ANP complex also displayed high RMSd values, but with a sharper peak 

(at 1.8Å) than the Apo system, indicating intermediate stability. SANC00937 and SANC00522 (H) 

exhibited similar patterns. Although SANC00834 demonstrated an average RMSD of less than 2 Å, it 
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is the least stable among the selected compounds. The instability induced by this compound is evidenced 

by increased fluctuations, shown in Figure 4.5 (K), and this is further supplemented by the broad 

distribution of plot (L), which suggests that the RMSd values for this complex are widely dispersed, a 

characteristic that illustrates significant fluctuations likely due to conformational changes. In contrast, 

compound SANC01098 (I), despite having the second lowest docking score in the docking analysis, 

stood out as the most stable compound under physiological conditions. As the simulation progresses, 

the RMSd values of the complex gradually decrease, demonstrating the compound's increasing ability 

to stabilize FadD23. This enhanced stability is further validated by the narrow distribution of RMSd 

values observed in Figure 4.5 (J), which reflects minimal structural fluctuations. 

 

 The presence of the ligand enhanced the structural stability of FadD23 through favorable interactions 

such as hydrogen bonding, hydrophobic interactions [93], and salt bridges [94], all of which contribute to 

the stabilization of the protein-ligand complex in a specific conformation [95].  

 

SANC01098 promotes increased folding and packing of FadD23 protein 

structure  

Protein folding is a structural feature that defines protein stability and its functional propensity [66, 

96]. To understand the impact of SANC  binding on FadD23 and its influence on the protein’s overall 

structural organization and dynamics, we calculated the radius of gyration (Rg) for all simulated 

systems and presented the results from 
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Figure 4.6 A-L.   
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Figure 4.6: Graph (A-L) illustrates changes in the radius of gyration for ANP, SANC-bound complexes, 

and the Apo system over a 130nm simulation, supplemented by distribution plots. 

 

 

The calculated average Rg values for FadD23-SANC00937 (A) and FadD23-ANP complexes were 

23.61 Å and 23.65 Å, respectively, while for the Apo system, it was 23.70 Å. The average RMSd values 

for FadD23-SANC00520, FadD23-SANC00522, FadD23-SANC01098, FadD23-SANC00834, and 

FadD23-SANC01097 were 23.61 Å, 23.53 Å, 23.52 Å, 23.67 Å, and 23.79 Å, respectively. A lower Rg 

value indicates a more compact and stable protein structure, whereas a higher Rg suggests a less folded 

protein or a less stable complex [97].  Most systems showed similar levels of compactness, as indicated 

by their average Rg values. However, the FadD23-SANC01097 system in K and L displayed poor 

compactness over time, as shown by higher fluctuations exceeding those of the control and Apo system. 

The Rg values for this system were narrowly distributed toward higher values. The FadD23-

SANC01098, SANC00937, SANC00520, SANC00834, and SANC00522 systems had slightly lower 

Rg compared to the other two systems, with SANC01098 having the lowest. This implies that ligand 

interactions induced a slightly higher packing density in the protein structure compared to the ANP and 

Apo systems.  Although ligand binding clearly induced a relatively minute degree of structural density 

to the protein, this essentially informs of the relative overall complex stability introduced by the ligand.  
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These findings align with both the free binding energy and RMSd analysis. Furthermore, they’re also 

supported by Rg distribution plots (
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Figure 4.6), where the SANC01098 bound complex displayed a narrow peak centred around 23.5 Å, 

implying that the protein spent most of its simulation in a slightly compact state. The ANP-bound system 

presented a similar but slightly broader distribution, slightly shifted towards a higher Rg value (23.75 

Å), portraying a more relaxed average conformation. The Apo system displayed an even broader, right-

shifted distribution, consistent with increased conformational variability relative to the other two 

systems. Apart from compound SANC01097, all the other SANCs appeared to enhance the compactness 

and stability of FadD23as evident lower average Rg scores and their distribution toward the left lower 

values of the Rg distribution plot.  

  

 

The binding affinity of SANC00937 to FadD23 is largely driven by Ser300, Ala328, and 

Glu301 interactions 

The binding free energy achieved from FadD23-SANC00937 interaction was further decomposed to per 

amino acid contribution to identify key residues involved in ligand binding. Figure 4.8 and Figure 4.8 

provide a graphical representation of per-residue energy decomposition results for FadD23-SANC00937 

and FadD23-ANP interactions, respectively. In a FadD23-SANC00937 complex, a total of 12 residues 

formed contacts with the ligand. Out of the 12 residues, only Ser300 (-2.017 kcal/mol), Ala328 (-1.811 

kcal/mol), and Glu301 (-1.214 kcal/mol) made prominent energy contributions to the total binding 

energy of the ligand (Table S0.1), with Ser300 being the highest contributor. FadD23-SANC00937 

interaction sampled from the energy-minimized complex structure (Figure 4.8 B), Ser300 forms a h-

bond (3.05 Å) interaction with the ligand, whereas in the first (Figure 4.8 A) and last (Figure 4.8 C) 

frames of the simulation form a hydrophobic interaction. The van der Waals forces (-2.404 kcal/mol) 

were the highest contributing energy component towards Ser300 total binding affinity contribution 

(Table S0.1). This supports the hydrophobic interactions observed in Figure 4.8 A and C.  
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Glu301 provides moderate stabilizing effects via van der Waals forces, with contributions from polar 

and non-polar solvation. This residue is positioned to enhance hydrophobic contact and provide 

additional binding support. Both Ser300 and Glu301 exhibit negative total binding energies, 

emphasizing their strong stabilizing roles. Ala328 and Gly330 showed favorable electrostatic 

contributions, accompanied by negative total binding energies, suggesting that these residues 

moderately contribute to the overall stability of the complex. Like Glu301, they are also positioned to 

facilitate both hydrophobic and h-bond interactions. Lys553 shows favorable contributions from 

electrostatic forces, van der Waals interactions, and non-polar solvation, leading to a slightly positive 

total binding energy. Gln274 and Cys298 demonstrate minimal energy contributions, indicating that 

these residues have a limited role in binding. In contrast, Arg460 and Ala332 made lower energy 

contributions, engaging in minor van der Waals and hydrophobic interactions that may fine-tune ligand 

orientation within the binding pocket. The binding of SANC00937 was largely influenced by 

electrostatic interactions, with the acidic residue Asp222 serving as the primary contributor, 

complemented by hydrogen bonds involving non-polar Gly330, polar Ser300, and non-polar Ala328. 

Further interactions include salt bridges involving basic residues Lys553 and Arg460.  

In a FadD23-ANP complex, ANP binding was stabilized by 16 residues of the protein, whereby Ser300 

(-1.768 kcal/mol), Tyr329 (-2.327 kcal/mol), Ile457 (-1.232 kcal/mol), Arg460 (-19.258 kcal/mol), and 

Arg555 (-1.072 kcal/mol) made prominent contributions to the total binding energy (Table S0.2). 

Arg460 made the highest contribution to ANP binding affinity. This large contribution could be 

attributed to multiple h-bond interactions it forms with oxygen atoms of the ligand (Figure 4.8). 

Electrostatic interaction energies (-139.804 kcal/mol) were the highest contributing energy component 

to Arg460's total energy contribution. Arg460 and Arg555 exhibited significantly high electrostatic and 

total binding energies. However, Ala328 presented a negative electrostatic impact with an ∆Eele of 1.85 

kcal/mol, accompanied by an ∆Evdw value of -0.29 kcal/mol. Overall, the ∆GTotal for this residue was not 

prominent in both complexes. 

The existence of prominently contributing residues to the binding affinity of both ligands was observed 

(Figure 4.7 and Figure 4.8) in both complexes. Ser300 interacted with both ligands but made the highest 

contribution to SANC00937 binding affinity than towards ANP. In the ANP complex, Ser300 formed a 

h-bond (3.10 Å) with a purine moiety of ANP, while in the SANC00937 complex, it formed a h-bond of 

similar strength (3.05 Å) with the ligand. Glu301 strengthened the binding of both ligands through 

hydrophobic interactions with a proximal hydrocarbon ring in SANC00937 and the purine ring of ANP. 

In Yans’ crystallographic structure, Glu301 interacts with AMP to contribute to the stability of the 

protein-substrate complex [17].  Ala328 stabilized SANC00937 affinity through van der Waals forces, 

whereas in the ANP complex, it formed a moderate h-bond (2.95 Å) with N6 atom bound to C6 of the 

purine ring. This highlights the significance of this residue in the binding of both ligands in the ATP 
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binding site and essentially its importance in FadD23 inhibition. In the crystallographic structure, 

Ala328 is said to be involved in adenosine  and ribose recognition [17]. The backbone oxygen of Ala328 

forms a h-bond with the N37 of the adenosine in the AMP-PNP crystallographic structure in addition to 

this Ala328 is one of the hydrophobic residues that contribute to the hydrophobic environment that 

stabilizes the fatty acid chain in the acyl binding domain prior activation [17].  

 

Figure 4.7: Per-residue Energy decompositions of FadD23-SANC00937 (D), supplemented by a 2D 

interaction diagram of SANC00937 surrounded by protein residues in the first frame (A), full mini dry 

(B), and last frame (C). 
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Figure 4.8: Per-residue Energy decompositions of FadD23-ANP (D) supplemented by a 2D interaction 

diagram of ANP surrounded by protein residue in the first frame (A), full mini dry (B), and last frame 

(C). 
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SANC00937 consistently reduced residue-level fluctuations across key structural regions 

of FadD23 

The RMSf analysis was performed to evaluate the overall flexibility and mobility of the FadD23 protein 

residues in its Apo and ligand-bound state (ANP and SANC00937), especially those located at the active 

site of interest, which are vital for drug discovery [98, 99]. RMSf analysis provides a per-residue level 

insight into how ligand binding influences the stability or mobility of specific protein regions throughout 

the simulation. According to the RMSf analysis (Figure 4.9), the residues of all systems exhibit the same 

patterns characteristic of enzymes, with alternating flexible loops and stable secondary structure 

segments, with  RMSf values ranging between 0.5 Å and 1.5 Å. This confirms that the overall fold of 

FadD23 remained intact throughout the simulation.  

The FadD23-ANP  complex (black) exhibited several high peaks, with fluctuations reaching  4 Å in the 

region around residue 115, which corresponds to region A of the N-terminus, and approximately 3.5 Å 

at residue Tyr468 within the antiparallel β-sheet region (residue 465–472) and additional peaks at 

residues Tyr170, Ala434, and Asp463, which correspond to the termini ends of the N-terminal regions 

[17, 100]. The elevated RMSf values suggest that ANP binding enhances a high degree of local flexibility 

in these regions.  

 

Figure 4.9: RMSf Analysis of FadD23 unbound (Green) and when bound to ANP (Black) and 

SANC00937 (Red). Purple circles indicate key residues.  
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In contrast, the FadD23-SANC00937 (red) displayed moderate fluctuations. The fluctuation patterns of 

this complex mirror both the Apo and ANP systems with minor variations in height. SANC00937 

displayed lower RMSf values in some catalytic residues, with a few displaying higher peaks, indicating 

that SANC00937 restricted mobility more effectively, stabilising several flexible parts of the protein. 

Region B of the N-terminal appears to be the most rigid region (most reduced fluctuations), with few 

loop movements. Significant spikes in RMSf were noted around residue indices Pro95, an unknown 

missing residue 134, and Ile 400 in both complexes. According to Yan et al’s crystallographic structure 

of FadD23, these regions represent the loop and termini regions, and this is expected for solvent-exposed 

and less ordered regions [17]. FadD23-SANC00937 complex displayed higher peaks in the range of 

residues 476-496 compared to the ANP complex. This region is part of the C-terminal domain (residue 

473–576) and constitutes three peripheral helices and three inner sheets [17, 100]. The increased flexibility 

suggests that SANC00937 binding could interfere with the protein's normal function. This observation 

aligns with Teague et al.'s 2003 study on protein flexibility in drug discovery, which indicated that 

substrate binding reduces conformational entropy to stabilize the protein for catalysis, while inhibitors 

increase movement in certain regions, hindering the protein's activity [101]. , as observed with 

SANC00937 in some regions, especially in the C-terminal domain region. The average RMSf for the 

Apo form FadD23-SANC00937 and ANP system, respectively, is 0.95 Å. is 0.90 Å, and 0.94 Å. 

The Apo protein showed moderate flexibility, with higher fluctuations in the loop and terminal regions 

in comparison to the other two systems. The presence of a ligand significantly stabilizes a protein by 

reducing its conformational freedom, particularly in regions involved in catalytic binding [92]. ANP 

appears to have a stronger stabilizing effect on selected regions, such as 213-312, 377-390, and 476-

500, while SANC00937 induces slightly greater fluctuations in these areas. Yan et al. (2024) identified 

these regions as containing key residues like His221 and Asp446, along with hydrophobic residues such 

as Ala231, Val235, and Phe265, located at the end of the binding pocket (circled in Figure 4.9) [17]. These 

residues exhibit low RMSf values and maintain rigidity in the ANP complex.  

Our docking analysis of the FadD23-SANC00937 showed that SANC00937 competes with ANP for the 

active site, simultaneously obstructing the entrance to the acyl binding domain, the hydrophobic pocket 

where the PLM molecule resides. As a result, the hydrophobic binding pocket residues remain 

unoccupied and often exhibit increased fluctuations. These findings correlate with the RMSd results, 

which demonstrate that ligand binding reduces local flexibility and aligns with the structural and 

functional findings of  Yan et al.'s crystallographic (2023) study [17]. While RMSf provides an insight 

into how much each residue fluctuates over time, it does not provide information on how tightly packed 

the entire protein is around its centre of mass [102]. 

 From the RMSf analysis, we observed that the binding of a ligand had a huge impact on the dynamic 

behaviour of FadD23. When ANP was bound, the protein residues in some regions became stable, and 
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this was indicated by low RMSf values. This decrease in flexibility suggests that ANP fits well in the 

protein, supporting its natural function. On the other hand, SANC00937 showed increased movement 

in certain segments, implying that the molecule disrupts the protein's normal functioning, which is 

consistent with the typical behaviour of an inhibitor [101]. In all, the RMSf analysis showed that 

SANC00937 binding reduces residue-level motion more effectively than both the Apo and ANP.  

 

FadD23-SANC00937 stabilization by hydrogen bond formation 

A hydrogen bond (h-bond) is a force of attraction that occurs when a slightly positive hydrogen atom, 

attached to a strongly electronegative atom (like oxygen, nitrogen, or fluorine), is drawn toward a nearby 

electronegative atom that has extra electrons (a lone pair) [103]. Some amino acids in proteins form h-

bond interactions, among other means, with complexed ligands to stabilize complexes. H-bond 

formation plays a significant role in controlling the structural conformation of the protein, by influencing 

protein conformation and binding site dynamics, including ligand interactions [104].  

In the FadD23-SANC00937 complex, h-bond formation between the ligand and protein was calculated 

and presented in Table S0.3. Thirty-five h-bonds were estimated between the ligand and residues 

Ala328, Asp222, Val336, Gly330, Arg460, Glu301, Ser300, Lys553, Glu333, Ala332, Gln174 and 

Cys298 in a 130 ns MD trajectory. Out of 35 estimated h-bonds, only 3 had a feasible probability of 

sustained occurrence: h-bond between the ligand and Ala328 O atom (89.18 %), Asp222 OD2 atom 

(33.56 %) and Asp222 OD1 atom (27.49 %). The calculated h-bond distances ranged from 2.65 Å to 

2.95 Å. The oxygen atom of the Ala328 residue forms a moderate, predominantly electrostatic 

interaction with the hydrogen atom of the second atom of the ligand. This interaction occurred 89% of 

the simulation time and maintained an average distance of 2.69 Å. Furthermore, this interaction was 

well-aligned, with a bond angle of 160°, and a maximum lifetime of 230. This indicates that even though 

the interaction occurred frequently, it had a relatively short lifespan. In the FadD23-ANP complex, two 

h-bonds occurred at 19 % and 13 % of the simulation time between the H61 and the H62 atoms of ANP 

and Ala328. Both had an average distance of 2.87 Å, bond angles of 148°, and maximum lifetimes of 

22 and 24, respectively. Yan et al. 2023 reported that the backbone oxygen of Ala328 and the OH groups 

of Tyr376 formed two h-bonds with the N37 atom of adenosine [17].  

The next notable h-bond interaction occurred 33 % of the simulation time and was between the ligand 

and OD2 atom of Asp222. This interaction had the longest lifetime of 1040 in the simulation, suggesting 

its contribution in sustaining the complex. This interaction had an average distance of 2.64 Å and angle 

of 164°. The third notable h-bond occurred 27% of the simulation time, between OD1 atom of Asp222 

and the first hydrogen atom of SANC00937. Asp222, which had the most significant electrostatic 

contribution in the SANC00937 complex, did not form h-bonds with ANP in this study. However, in the 
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AMP-PNP-FadD23 complex, Asp222 contributed to the stability of the FadD23-ANP complex by 

interacting with AMP (ANP) [17].  

The oxygen atom of Val336, located at the base of adenosine’s hydrophobic pocket in the AMP-PNP-

FadD23 complex [17], forms a weak h-bond with the second hydrogen of SANC00937, which occurs 3% 

of the simulation time and has a maximum lifetime of 93. The oxygen atom of Gly330, another residue 

contributing to the stability of the AMP-PNP-FadD23 [17] complex forms a very weak interaction with 

the hydrogen of the ligand, which is present for only 1.88% of the simulation time. This interaction 

shows a marginal bond angle of 146.5°.  

According to Hubbard et al. (2010), an ideal h-bond is typically characterized by a hydrogen-to-acceptor 

distance of less than 2.5 Å (often around 1.9 Å), with the angle between the donor, hydrogen, and 

acceptor usually falling between 90° and 180°, with 160° being the most common [105]. In the AMP-

PNP–FadD23 complex, Arg460 forms a h-bond with the O27 atom of AMP-PNP through its NE atom, 

while the N-terminal nitrogen (Nα) of Ser300 participates in a similar interaction with the N09 atom of 

AMP-PNP [17]. In this study, these residues form weak interactions that are short-lived, with a probability 

of less than 5% with SANC00937. While Arg460, the most significant electrostatic contributor in the 

FadD23-ANP complex, formed hydrogen bonds that occurred 88%, 75% and 13% of the simulation 

time with longer lifespans as compared to SANC00937. The remaining hydrogen bonds formed by this 

residue were short-lived and weak. 

Overall, an interatomic distance of 3 Å or greater generally signifies a weak electrostatic interaction, 

similar to a moderate h-bond or Van der Waals force [106]. The remaining interatomic residues have lower 

fractions, larger angles, and greater distances, which indicate weak or transient bond formation. These 

interactions likely contribute to the flexibility of the complex. 

The SANC00937 ligand formed multiple stable hydrogen bonds with the protein residues Ala328, 

Asp222, Gly330, and Ser300. Among these, Ala328 and Asp222 emerged as the primary interacting 

residues. These hydrogen bonds were geometrically favourable and showed maximum lifetime contacts, 

with the second oxygen of Asp222 exhibiting the most prolonged interaction with SANC00937. 

Similarly, ANP formed several stable hydrogen bonds with residues Arg460, Ala328, and Lys553. 

Arg460 stood out as the main interacting residue for ANP, while Asp446 showed the longest interaction, 

and Lys553 contributed the most interactions overall. To analyse these interactions further, we closely 

examined the changes in the h-bond over 130 ns and plotted the distances (Figure 4.10-Figure 4.13). 

The second oxygen atom of SANC00937 and the hydrogen atom of Ala328 (Ala328_O-

H_O2_SANC00937) in Figure 4.10 and  

Figure S.0.8 begin the simulation with increased distance fluctuations exceeding 3 Å during the first 8 

ns of the simulation. However, they subsequently stabilized, maintaining a h-bond distance of 
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approximately 2.5 to 3.5 Å for the remainder of the simulation. The Ala328_O-H62_N6_ANP bond, on 

the other hand, remains intact throughout the simulation but shows frequent, short fluctuations ranging 

between 1.4 Å and 6.2 Å. Overall, SANC00937 formed a stronger and more consistent h-bond with Ala 

328, whereas ANP formed a weak and fluctuating hydrogen bond. This interaction was further 

confirmed by the probability distribution plot (Figure 4.10-right), which displayed a sharp peak at about 

2.80 Å in SANC00937, indicating that this is the most likely h-bond distance in the simulation, while 

ANP showed broader peaks centred around a different value, suggesting that the h-bond distance was 

maintained often in the simulation but across different conformations. Additionally, the 3D snapshots 

illustrate the h-bond interactions sampled from an MD trajectory, supporting the RMSd and probability 

distribution findings.  

 

 

Figure 4.10: "Comparish-bond distances between Ala328-SANC00937 and Ala328-ANP, highlighting 

the stability and consistency of interactions over time. SANC00937 exhibits a narrower distance 

distribution and shorter interaction range, indicating a more reliable binding profile than ANP." 

 

The h-bond OD2-H2 interaction only existed in SANC00937 and not in ANP. The bond fluctuates 

throughout the simulation but still maintains distances between 2-3.5 Å in most segments (Figure 4.11). 

This implies the bond is not persistent, it only exists for a short period. The probability distribution 

shows two distinct peaks: a main peak and a secondary peak. The main peak is sharp, narrow and centred 

at 2.8 Å, confirming that the bond forms at a h-bond distance range. The secondary peak is broad, 
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indicating that the distribution of this h-bond is widely spread, indicating instability. Overall, this implies 

that the bond is weak as opposed to other contacts, like that made by Ala328, observed in the trajectory. 

Even though the Asp222-SANC00937 bond showed dormancy in the other evaluations, it cannot be 

considered the key stabilizing bond for this interaction, since it often breaks. 

 

Figure 4.11: Graph showing time-evolution and probability distribution of the Asp222–SANC00937 

hydrogen bond, showing fluctuating interaction distances with a dominant peak, indicating intermittent 

but recurrent bonding stability. 

 

The Lys553-ANP interaction appeared steady, maintaining a   distance between 1.6 Å – 4 Å throughout 

the simulation (Figure 4.12 and  

Figure S.0.9). This means that the bond is persistent despite the fluctuations. The Lys553-SANC00937 

bond fluctuates widely in a distance range of 2 Å - 6.5 Å, indicating the widening and shortening of the 

distance between Ly553 and the ligand over time.  
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Figure 4.12: Time evolution and distribution of h-bond distances between Ala 328 and SANC00937 and 

ANP, showing increased h-bond distance in SANC00937 as evident by the broad distribution. 

 

The h-bond distance between the HH12 atom of Arg460 and the oxygen of SANC00937 significantly 

increased with time, with distances ranging from 1.6 to 14.3 Å (Figure 4.13). This is beyond the 

acceptable cut-off of 3.5 Å for hydrogen bonds, indicating that the interaction between HH12 and O 

transitions from a h-bond to a weak electrostatic interaction and eventually no interaction. Arg 460 HH12 

atom and O3A of ANP maintain a stable and consistent h-bond distance for the first 120 ns of the 

simulation. This is supported by the probability distribution plot, which shows a sharp, narrow peak at 

around 2 Å for this interaction. In contrast, the probability distribution for HH12 and O is broad. The 

snapshots further confirm these findings by providing actual h-bond distances. The average distance 

measured between Arg460 - SANC00937 and Arg460 – ANP were respectively 7.18 Å and 2.16 Å (Table 

S0.5), denoting intermittent interaction between the former, and sustained interaction between the latter. 
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Figure 4.13: Comparison of time evolution and distribution of the h-bond distances between Arg460-

SANC00937 and Arg460-ANP over 130 ns, showing that ANP maintains a more stable and consistent 

interaction an demonstrated by the narrower distance distribution. 

 

Overall, SANC00937 forms a more stable and favourable h-bond with Ala 328 as opposed to ANP.   

However, ANP showed a stronger binding with Arg 460, while SANC00937 failed to sustain this 

interaction. The Asp222 h-bond is only dominant in SANC00937; however, it appears to be weak and 

non-stabilizing. With Lys 553, ANP showed a strong and favorable hydrogen bond. 

Dictionary of Secondary Structure Elements (DSSP) 

DSSP analysis was performed to examine the influence of the simulated ligands on the secondary 

structural elements of FadD23 and overall protein conformational dynamics. By monitoring changes in 

α-helices, β-sheets, turns, and coils, valuable insight into protein structure integrity is obtained and used 

to understand the impact of ligand binding to the protein (i.e., stabilization or destabilization of key 

structural motifs) [107]. Through this analysis, one could also uncover intricate structural features such as 

disordered regions, which are characterized by flexibility and lack of defined structure, as well as 

interaction sites where binding occurs within the protein [107]. In this study, DSSP was calculated for the 

overall FadD23 structure in the respective systems, and the results are presented in Figure 4.14.  
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Figure 4.14: Time-evolution of secondary structure elements of a protein in simulated complexes 

 

The deviation of structural elements (α-helices, β-sheets, turns, and coils) from the starting structure of 

FadD23 is relatively minimal for almost all structural elements except for the Pi structural element. Both 

ANP and SANC00937 systems are dominated by α-helices, followed by the anti and turns, while Pi 

remains relatively low. Pi-helices are generally rare and energetically less favourable secondary 

structural elements. The reduction in fluctuations indicates that ligand binding does not destabilize the 

protein. The reduction in pi-helices, especially in the SANC00937 complex, signifies a more compact 

and stable conformation in comparison to ANP. 

We further examined the impact of ligand binding on individual residue structural organisation in 

FadD23 in the respective systems (Figure 4.15 – Figure 4.18). Panel A of Figure 4.15, comparatively 

depicts the change in the formation of parallel β-sheets in protein structure in respective complexes. The 

FadD23-SANC00937 complex exhibits a higher frequency and greater extent of parallel β-sheet 

formation in comparison to the FadD23-ANP complex. This is visible particularly between residues at 

positions 59-139, 174-292, and 500 which encompasses region A of the N-terminus and a few active 

site residues like His221, and Asp222, as well as the C-terminus which constitutes three peripheral 

helices and three inner sheets [17, 100].   In contrast, residues at position 360, 393, 397, 407, and 473 of 

the FadD23-ANP complex demonstrate the highest likelihood of parallel β-sheet formation. Panel B 

illustrates the formation of antiparallel β-sheets, highlighting that the SANC00937 complex once again 

presents a greater occurrence of antiparallel sheets, especially within the mid N-terminal and C-terminal 

regions (residues 300-539). 
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Figure 4.15: Comparison of per-residue secondary structure occupancy between the parallel (A) and 

antiparallel (B) sheet formation in FadD23-SANC00937 and FadD23-ANP complexes. 

 

The alpha helix (C), also known as a key indicator of structural stability, was maintained throughout for 

both complexes (Figure 4.16). The FadD23-SANC00937 complex displayed more extended and 

consistent alpha-helical regions in several domains, especially between residues 1-104 and 150-284. 

The ANP complex showed dominance at residue 487. In panel D, both complexes exhibited scattered, 

irregular, and localized formation of the 310-helices, with the SANC00937 complex showing slightly 

higher frequencies and distribution. At residues 283 and 300, the ANP complex again showed dormancy. 

 



123 

 

Figure 4.16: Comparison of per-residue secondary structure occupancy between the alpha helix (C) and 

310 (D) sheet formation in FadD23-SANC00937 and FadD23-ANP  complexes. 

 

In Figure 4.17, panel E shows a huge reduction in the formation of the pi-helix in both complexes, with 

SANC00937 showing the highest probability. In panel F, a wide distribution of Turn helices was 

observed in both complexes, but the SANC00937 complex demonstrated a greater number and density 

of turns compared to FadD23-ANP. Notably, in the residues 140-146 region, the ANP complex was 

predominant, as it was the only complex to display turn helices in this area. 

 

Figure 4.17: Comparison of per-residue secondary structure occupancy between the Pi (E) and the Turn 

(F) sheet formation in FadD23-SANC00937 and FadD23-ANP  complexes. 

 

In Figure 4.18 bend helices were observed throughout the simulation in both complexes; however, they 

were not uniformly distributed. The SANC00937 complex exhibited a greater frequency and density of 

bends across most residues. ANP showed dominance in a few residues. 
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Figure 4.18: Comparison of per-residue secondary structure occupancy related to bend and sheet 

formation in FadD23-SANC00937 and FadD23-ANP  complexes. 

 

The secondary structure analysis confirmed that the core α-helical and β-sheet elements of FadD23 

remained largely preserved across all simulations, indicating that ligand binding did not disrupt the 

protein’s fundamental structural architecture. 

 

  



125 

 

4.4. Drug toxicity evaluation 

The most crucial aspect of drug development is identifying the desired pharmacological properties of a 

potential inhibitor before determining whether a compound is suitable for further development. Utilizing 

the Swiss ADME tool [74], we evaluated the drug-like qualities, absorption potential, metabolic kinetics, 

safety flags, and synthetic feasibility of the seven compounds. The findings are presented in Table 4.3. 

Compounds SANC00937, SANC00520, SANC00519, SANC00522, SANC00834, SANC01097, and 

SANC0109 displayed favorable physiological profiles that were consistent with drug-like molecules. 

Complying with Lipinski’s rule of five, with no violations except for compound SANC00834 [108]. 

SANC01098 lacked most of the data. The molecular weights for all seven compounds ranged between 

200.32 g/mol and 286.28 g/mol, which falls well within the acceptable range for drug candidates 

according to Lipinski's first rule, which states that an orally active drug exhibits a molecular weight of 

less than 500 g/mol [108]. Furthermore, most of the compounds also displayed high gastrointestinal 

absorption, which is associated with good oral bioavailability.   

Compounds SANC00937, SANC00520, SANC00519, and SANC00522 displayed low fractions of sp3 

carbons and high levels of aromaticity. This could potentially impact their flexibility and binding 

specificity.  In contrast, SANC00834, SANC01097, and SANC0109 displayed a higher fraction of sp3 

and increased flexibility due to an increased number of rotatable bonds, which in turn explains the 

enhanced membrane permeability (blood-brain permeability). Most of these compounds demonstrated 

acceptable hydrogen bond capacity and topological surface area (TPSA) below 140 Å2. Generally, 

compounds with fewer h-bonds exhibit higher oral bioavailability because excessive h-bonds hinder 

passive diffusion through the lipid membrane [109]. This is a physiological trait that is essential for 

molecular recognition and binding to biological targets. [109]. No Pan-Assay Interference (PAIN) alerts 

were detected for any of the compounds. However, some compounds like SANC00519 and SANC00522 

exhibit acceptor BRENK alerts, which could indicate potential reactivity concerns.  The Cytochrome 

P450 inhibition profiles revealed possible risk for drug-drug interaction risks with most of the 

compounds except SANC01097. Most of the compounds, except SANC00834 (slightly above), showed 

lipophilicity, which is indicated by a consensus logP of less than 5 (maximum acceptable value is 5), 

according to Lipinski's rule [108].  

Overall, most of these compounds showed promising drug-like properties, with SANC01097 showing 

the most favorable due to its high bioavailability score, lack of interference with major Cytochrome P-

450 enzymes, and absence of structural alerts. 
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5. Chapter Five 

Conclusion and future perspectives 

5.1. Conclusion 

Drug-resistant TB is a major obstacle to global TB control, and one that requires immediate and effective 

intervention. In this study, we explored the potential of natural compounds from SANCDB as inhibitors 

of M. tuberculosis FadD23, through the application of computational methods including virtual 

screening/molecular docking, molecular dynamics simulations, and in silico compound toxicity 

profiling. Several potential inhibitors were identified. SANC00937, a flavonoid isolated from the G. 

africana species found in the Northern Cape province of South Africa, demonstrated optimal binding to 

the ATP-binding site of FadD23, indicating a probability of competitive binding with ATP to the binding 

site. Although this compound is structurally different (and smaller) from ANP, it displayed a higher 

binding affinity to the protein compared to the native ANP.  The redocking of the native ligand generated 

an RMSd exceeding 2Å. However, a visual inspection of the binding site confirmed that the ligand was 

accurately positioned within it, preserving similar interactions with the active site residues. Further 

analyses led to the conclusive realization that the elevated RMSd was caused by the oversized 

dimensions of the grid box and the rotational flexibility of the phosphate group. Investigations using 

post-MD simulations revealed that SANC01098 interacts more strongly with the binding site residues 

under physiological conditions, and several of which are crucial for the function of FadD23. While 

ADMET profiling also suggested that SANC00937 possessed desirable pharmacokinetic and safety 

properties. SANC01097, despite being unstable under physiological conditions (MD simulations) 

demonstrated the most favourable properties, which align well with the goal of this study - to identify 

potent and safe natural inhibitors of M. tuberculosis FadD23 within South Africa's rich biodiversity and 

characterize their potential inhibition mechanism. Although SANC01098 showed favorable results in 

molecular dynamics simulations, its pharmacokinetic properties do not meet the ideal criteria for drug 

development compounds. Therefore, as a precautionary measure, it would be advisable to conduct lab-

based toxicity assessments for both SANC00937 and SANC01098 to validate their potential as 

promising therapeutic candidates for tuberculosis treatment targeting FadD23 in lipid metabolism.   
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5.2. Future Perspective 

The overall findings of this study provide strong evidence that our South African natural compounds 

have the potential to serve as effective inhibitors. These results lay a solid foundation for advancing the 

search for new, effective, and safer TB treatments by inhibiting FadD23. However, following the 

docking limitation that led to RMSd exceeding 2 Å due to the use of a large grid box, which allowed 

increased conformational sampling and positional drifts. We propose that for future studies, we refine 

the grid box by adjusting the docking parameters to encapsulate the binding site and not the whole 

protein. This would improve pose accuracy in docking. Following these computational predictions, the 

next step would be to confirm them through laboratory experiments. The transition from in silico to lab-

based experiments remains essential for turning these theoretical results into biological reality and 

ensuring the compounds' effectiveness, safety, and viability. However, this shift not only requires careful 

consideration of the specific assays to be employed but also involves significant cost implications, 

including expenses related to reagents, biological complexity, and infrastructure requirements. 

Especially since tuberculosis research requires biosafety level 3 (BSL-3) laboratories for safe handling. 

Experimental validation could include enzyme inhibition assays to evaluate the activity of the 

compounds against FadD23, while antimicrobial testing against M. tuberculosis may be excluded, as 

prior studies have already reported activity (0.1 M for SANC00937 and 100% inhibition at 50 μg/mL 

for SANC01098). Kinetic studies will assist us in examining the enzyme's kinetics (e.g., Vmax and Km) 

to understand how the inhibitor influences the enzyme's activity, while mechanism of action studies 

allow us to determine and understand the mechanism of inhibition to see whether it's competitive or 

non-competitive inhibition, giving us a deeper understanding of how the inhibitor interacts with the 

enzyme. This can be followed by binding studies, such as surface plasmon resonance or isothermal 

titration calorimetry, to confirm ligand–protein interactions. Performing cell-based assays using 

microbial strains would provide further insight into antimicrobial efficacy. To ensure maximum toxicity 

safety and prevent potential treatment disruptions, in vitro cytotoxicity assays (especially for renal and 

airway systems) using mammalian cells would assist in examining whether SwissADME and ProTox 

alerts represent true biological risks or are model-driven false positives. The identified compounds can 

be readily evaluated experimentally, as they are commercially available and the target protein can be 

obtained in recombinant form. SANC00937 (5,7,2′-trihydroxyflavone) is commercially available for 

online purchase from EvitaChem, and SANC01098 (linoleic acid) is commercially available from 

Thermo Fisher Scientific for research purposes. The recombinant FadD23 protein is available for 

research purchase through international commercial suppliers. Once all biological studies pass, the 

compound moves into the optimisation phase, where its drug potency is evaluated and later undergoes 

in vivo testing to determine therapeutic efficacy and safety. Future studies could also look into the use 

of current TB drugs and the SANC00937 for combination therapy, to improve treatment outcomes or 

slow down the development of resistance through synergistic effects, or maybe in developing newer 
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formulation strategies like inhalants, which would enhance the effectiveness of the drug by directly 

targeting the lungs, which is the primary site of TB infection directly.   
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Supplementary Information 

 

 

Figure S.0.1: A depiction of SANC00520 docked to FadD23 ANP binding site. A shows 3D 

conformation of the ligand (purple) in the ANP binding pocket presented with a surface; B shows h-

bondformation between the ligand and Thr 444; and C shows ligand interaction with binding pocket 

residues – h-bondformation with Thr 444 and hydrophobic interactions with other residues within a 4 Å 

radius of the ligand. 

.  

 

 

Figure S.0.2: A depiction of SANC00522 docked to FadD23 ANP binding site. A shows 3D 

conformation of the ligand (tan) in the ANP binding pocket presented with a surface; B shows the ligand 

and surrounding residues; and C shows ligand interaction with binding pocket residues – h-

bondformation with Asp 446, and hydrophobic interactions with other residues within a 4 Å radius of 

the ligand. 
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Figure S.0.3: A depiction of SANC00519 docked to FadD23 ANP binding site. A shows 3D 

conformation of the ligand (tan) in the ANP binding pocket presented with a surface; B shows the ligand 

and possible h-bondformation with Arg 522, Arg 460 and Arg 302; C shows ligand h-bondformation 

with Arg 460, Arg 302, Glu 301 and Arg 555; ligand hydrophobic interactions with residues Asp 475, 

Arg 556, Val 554, and Thr549. 

 

Figure S.0.4: A depiction of SANC00834 docked to FadD23 ANP binding site. A shows 3D 

conformation of the ligand (tan) in the ANP binding pocket presented with a surface; B possible h-

bondformation between ligand and His 221; C shows ligand h-bondformation with His 221 and Asp 
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225; ligand hydrophobic interactions with Gly 330, Asp 446, Arg 460, Ile 457, Arg 302, Glu 301, Tyr 

329 and Ser 300. 

 

 

Figure S.0.5: A depiction of SANC01098 docked to FadD23 surface. A shows ligand conformation 

bound adjacent to ANP binding site; B ligand surrounded by binding site residues; C ligplot showing 

hydrophobic interactions between ligand and residues within a 4 Å radius of the ligand.  

 

 

 

Figure S.0.6: A depiction of SANC01097 docked to FadD23 surface. A shows ligand conformation 

bound at the back of the protein, behind the ANP binding site; B possible h-bondformation between 

ligand and Ser 381 and Gln 380; C ligplot showing ligand h-bondformation with Gln 380, Ser 381, Gln 
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194 and Tyr 342; hydrophobic interactions between ligand and Ala 198, Al 201, Ser 341, Gln 342, Pro 

377, Thr 340 and Pro 379. 

 

 

 

 

Figure S.0.7: Ligplot image presenting ANP and PLM interaction with residues in the ATP binding site 

of FadD23 [17]. 
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ASP 446 -0.171 ± 0.676 65.814 ± 3.425 -64.186 ± 2.827 -0.078 ± 0.024 1.379 ± 0.813 

ILE 457 -1.172 ± 0.559 -0.539 ± 0.655 0.586 ± 0.594 -0.107 ± 0.048 -1.232 ± 0.565 

ARG 460 -0.951 ± 1.186 -139.804 ± 4.930 122.044 ± 2.814 -0.024 ± 0.023 -19.258 ± 2.758 

ASP 466 -0.275 ± 0.102 82.563 ± 6.172 -80.629 ± 5.525 -0.024 ± 0.023 1.635 ± 0.714 

ASP 475 -0.147 ± 0.114 65.344 ± 4.124 -64.521 ± 3.888 -0.011 ± 0.023 0.665 ± 0.226 

VAL 554 -0.154 ± 0.129 6.528 ± 1.759 -6.152 ± 1.346 -0.011 ± 0.016 0.212 ± 0.372 

ARG 555 -0.260 ± 0.366 -68.386 ± 14.742 67.629 ±13.375 -0.055 ± 0.084 -1.072 ± 1.890 









152 

 

Figure S.0.9: Graphical analysis of the h-bonddistance between LYS 553_NZ_HZ1-O2B_ANP (black) 

and LYS 553_NZ_HZ3-O_SANC00937 (red) over 130 ns. 




