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Abstract  

Presently, Tuberculosis (Tb), caused by Mycobacterium tuberculosis (Mtb), remains a global 

health threat, particularly with the emergence of drug-resistant strains and HIV and Tb co-

infection that challenges the current Tb treatment. Preventative measures and several anti-Tb 

drugs target the lipids of the mycobacterial outer membrane consisting of mycolic acids 

amongst an array of glycolipids. In Mtb, there are thirteen outer membrane lipid transporters 

designated mycobacterial membrane protein large (MmpL) proteins. These proteins are also 

involved in heme acquisition and possibly drug resistance and nitrosative stress adaptation, 

contributing to mycobacterial survival and pathogenesis. MmpL proteins are structurally and 

phylogenetically classed as resistance-nodulation-division (RND) transporters that use 

protonmotive force (PMF) to mediate substrate translocation. Unlike their RND counterparts 

in Gram-negative bacteria the structure and mechanisms of these transporters in Mycobacteria 

are yet to be determined. This work aimed to investigate the mechanism of three transport 

systems: MmpL3, MmpL7 and DrrABC (encoded by mmpL3, mmpL7 and drrABC genes) 

using molecular modelling, genetics and lipid and protein biochemistry. mmpL3 is essential for 

trehalose monomycolate (TMM) transport. While mmpL7 is required for the export of two 

structurally related lipids, phthiocerol dimycocerosates (PDIM) and phenolic glycolipids 

(PGL). With the use of different membrane extraction agents, we were able to identify and 

propose improvements for the structural characterisation of MmpL3 and MmpL7. Molecular 

analysis and the MmpL7 homology model facilitated the identification of residues in the 

transmembrane and periplasmic domain that were verified by genetics and lipid analysis as 

critical for PDIM synthesis and transport. Even though MmpL7 is an RND transporter, there 

was no evidence of conserved PMF sites or a network forming proton translocation channel. 

Conveniently within the same genetic context is drrC, part of the drrABC cluster, that has a 

co-dependent relationship with mmpL7 in PDIM transport. Interestingly the overexpression of 
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only drrAB genes function as a multi-drug ATP-binding cassette (ABC) pump. Structural 

modelling and molecular analysis revealed that drrABC encodes a heterodimeric ABC 

transporter where drrB and drrC encode the transmembrane spanning domains that create a 

pore or channel for substrate entry/exit, while drrA encodes the nucleotide binding domain for 

ATP binding and hydrolysis mediated transport suggesting a potential mechanism for 

PDIM/PGL transport. Genetics and biochemical analyses verified that all drrABC genes were 

required for PDIM transport across the membrane. Indeed, this work provides evidence that 

MmpL7 does not operate as an independent transporter but instead serves as a scaffold linking 

lipid synthesis and transport. The knowledge gained from such investigations related to MmpL 

proteins endeavours to aid in better understanding of anti-Tb drug development.   
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  General introduction   

1.1. Mycobacterium tuberculosis (Mtb)  

Mycobacteria is a class of Actinobacteria, and relatives include Corynebacterium, Nocardia, 

Gordonia, and Rhodococcus. These bacteria are classified as Gram-positive peptidoglycan 

containing bacteria, but cannot be detected with the traditional Gram stain method using crystal 

violet due to their hydrophobic outer layer containing mycolic acids and diverse glycolipids 

(1,2). Instead Mycobacteria are detected by lipid soluble dyes that penetrate the waxy layer and 

avoid acid-alcohol decolouration, referred to as acid fastness (2). Several pathogens belong to 

the mycobacterial group. These include Mycobacterium leprae causing leprosy, 

Mycobacterium ulcerans responsible for Buruli ulcer disease, Mycobacterium bovis 

responsible for bovine tuberculous in cattle and Mycobacterium tuberculosis (Mtb) the 

causative agent for human tuberculosis (3). 

At present the origin of Mtb is unknown. It was initially thought that M. bovis was the ancestral 

causative agent for tuberculosis (4). Instead, data from whole genome sequencing and lipid 

analysis of well-preserved ancient skeletons and bison revealed that Mtb was an animal disease 

(5,6) and M. bovis and Mtb come from a common mycobacterial ancestor (5–7) and have co-

evolved independently in their respective hosts (7).  

However, it was only in 1882 that Robert Koch identified the bacillus Mycobacterium 

tuberculosis (Mtb) as the causal agent of tuberculosis (Tb) leading to death in the human host 

(8). Before the characterisation of Tb, works carried out by Benjamin Marten (1722) and Jean-

Antoine Villemin (1865) demonstrated the contagious nature of Tb, while the description of 

the tubercle was made as early as 1819 by René Laennec (9). Moreover, it was Albert Calmette 

and Camille Guérin that in 1905 produced the bacilli Calmette-Guérin (BCG) vaccine (9). At 
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present this century old vaccine remains the only preventative measure of Tb. All of these early 

studies laid the foundation of present-day understanding of the Tb bacilli, infection and disease. 

Today Tb remains a global problem that continues to plague human survival, as it remains one 

of the highest global health threats as declared by the World Health Organization (WHO) (10). 

In 2017 about 10 million people developed Tb, predominantly in Africa, Asia and Middle 

Eastern countries. Of this population, approximately 9% were also HIV positive, while 20.6% 

(new incidences and previously treated cases) had multidrug-resistant (MDR) Tb of which 

8.5% were extensively drug-resistant (XDR) (10). These alarming statistics are attributed to 

numerous factors (discussed below) such the emergence of MDR and XDR strains, no effective 

preventative therapy, current chemotherapeutic regimen ineffective against drug-resistant 

strains, various anti-Tb drugs that are either currently in clinical trials, or their mode of action 

is unknown or lack efficacy required for shortened treatment, and the lethal synergy between 

Tb and HIV (10). 

1.2. Mycobacterium tuberculosis (Mtb) infection in the human host  

Predominantly, the site of Tb infection is the lungs causing intra-pulmonary Tb, but Tb can 

infect the lymphatic system, bones, the nervous system, and organs causing extra-pulmonary 

Tb (11). Intra-pulmonary infection is initiated by the inhalation of infectious aerosols coughed 

or sneezed into the environment by an individual with active Tb (11,12). Alveolar macrophages 

engulf the bacilli and stimulate the production and chemotaxis of antigen-presenting dendritic 

cells and macrophages via cytokines and chemokines (11,12). In turn, these immune cells 

exhibit the bacilli as an antigen which induces a pro-inflammatory response promoting T cells 

amongst an array of immune cells to migrate to the site of infection (11,12). The variety of 

immune cells aggregate and form an organised structure containing the bacilli, known as a 

granuloma, a hallmark of Mtb infection (11,12).  
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T cells release interferon-gamma (INFγ) that activates macrophages fusing the phagosome and 

lysosome (13,14), resulting in the killing of the resident bacilli by acidification and reactive 

nitrogen and oxygen species (RNS and ROS) (13,14). Mtb bacilli prevent acidification by 

inhibiting phagosome- lysosome fusion via the synthesis of ammonia, presence of cell wall 

lipids and isoprenoid molecules and interference of the increase in hydrogen ions (H+) by the 

host proton-ATPase pump (13,14). Also, Mtb bacilli within the granuloma are not killed by the 

various stresses such as hypoxia, low pH, starvation, RNI and ROS (11,12). Ironically, these 

stresses induce a metabolic shift via the DosR/S/T regulon which consists of about 47 genes 

regulating fatty acid metabolism (15–17). The metabolic shift assists bacilli in entering into a 

non-replicating state defined as dormancy (15,17). This transition ensures the prolonged 

survival of Mtb within the host despite its harsh environment (11,12,17). This state represents 

95% of latent individuals with Tb that present no disease symptoms (11,12,14,15). 

Intra-phagosomal bacilli use the granuloma as a protective niche and can persist within the host 

until the granuloma is destroyed (11,12,14,15). As the innate immunity develops, intra-

phagosomal bacilli are killed, causing necrosis at the centre of the granuloma (11,12,14). 

Continuous decay leads to the liquefication of the granuloma (11,12,14). Also, when the host 

immune system is compromised due to ageing, or exposed to another infection or developing 

a disease, it can no longer maintain the granuloma structure (11,12,14,15) . This results in free 

bacilli disseminated systemically and into the lung airways, which represents the 5% of 

individuals that have active Tb (11,12,14,15).  

1.3. Available Tb treatment  

1.3.1 Tb control 

Tb was kept under control in the 1950’s due to the discovery of antibiotics: isoniazid (1952), 

pyrazinamide (1954), ethambutol (1962) and rifampicin (1963) which is still presently used in 
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the Tb regimen known as Directly Observed Treatment, Short-course (DOTS) (18). The drugs 

used in DOTS are termed first-line drugs (Table 1-1)  as they remain the most effective against 

active Tb with a short treatment period (18).  

Briefly, DOTS is a six-month-long continuous drug treatment that includes two months of 

ethambutol, pyrazinamide, isoniazid and rifampicin followed by four months of isoniazid and 

rifampicin (18). Isoniazid requires activation by KatG, a catalase‐peroxidase enzyme and reacts 

with nicotinamide dinucleotide (NAD) to form an isoniazid-NAD adduct that inhibits InhA, an 

enoyl acyl carrier protein reductase involved in the synthesis of mycolic acids (demonstrated 

in vivo) and dihydrofolate reductase required for nucleic acid biosynthesis (19). These adducts 

have also been reported to have effects on other key fatty acid synthase enzymes in vitro 

namely: KasA, a β-ketoacyl acyl carrier protein synthase and MabA, a β-ketoacyl acyl carrier 

protein reductase involved in mycolic acid biosynthesis (19). This drug remains the most 

efficient bactericidal agent against replicating bailli (20). Mutations to katG and inhA genes 

confer isoniazid resistance as these genes encode the activation enzyme KatG and the direct 

target of isoniazid, InhA, respectively (19). From the analysis of isoniazid resistant strains, 

mutations in katG and inhA genes occur more frequently than any other mutation/s associated 

with isoniazid resistance (21).   

Ethambutol is activated by EthA, a monooxygenase and the active form of this drug targets 

EmbCAB, arabinofuranosyltransferases that play a critical role in arabinogalactan synthesis 

(20). Arabinogalactan is a cell wall component and is required in the formation of the mycolyl-

arabinogalactan-peptidoglycan core (mAGP) and lipoarabinomannan (LAM) (20). Therefore, 

the abrogation of arabinogalactan causes a major disruption in the organisation of the cell wall 

and increases the permeability of the mycobacterial cell wall (20). This drug is bacteriostatic 

against intra- and extracellular, replicating bacilli and resistance can be mapped to embCAB 
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and embR genes that encode EmbCAB, arabinofuranosyltransferases and its transcription 

regulator, EmbR respectively (21).  

Rifampicin abolishes gene transcription by targeting the β-subunit of DNA-dependent RNA 

polymerase and as such is bactericidal against replicating and non-replicating bacilli (20). 

Rifampicin resistance is due to mutations in the rpoB gene that encodes the DNA-dependent 

RNA polymerase (21). Whereas, pyrazinamide is another prodrug that requires activation by 

pyrazinamidase and the exact mode of action has not yet been determined (20). However, it 

has been reported to create a highly acidic environment that interferes with the function of 

proteins, membrane potential and to some extent has been reported to inhibit fatty acid synthase 

enzymes in mycolic acid synthesis (20). This agent is bactericidal and bacteriostatic against 

non-replicating bacilli and resistance to pyrazinamide is due to mutations in the pncA gene that 

encodes pyrazinamidase (21).  

DOTS aims to improve patient adherence to the chemotherapy, prevent relapse and avoid 

resistance to these first-line drugs by supervision (18). However, due to numerous reasons 

including poor implementation, the length of the program and restricted access to the treatment, 

have led to patient noncompliance, which in turn resulted in acquired drug resistance (18)  

The emergence of drug-resistant strains such as MDR, XDR and totally drug-resistant (TDR) 

threatens the possibility of Tb control, as drug-resistant Tb can be transmitted to healthy 

individuals developing primary drug-resistant disease (18). MDR is described as resistance to 

isoniazid and rifampicin, which are front line drugs, while XDR is defined as bacilli resistant 

to front line (isoniazid and rifampicin), and to any of these second-line drugs: any 

fluoroquinolone and amikacin, or capreomycin, or kanamycin (Table 1-1) (18). MDR and XDR 

resulted in TDR, which are resistant Mtb bacilli to any combination of first-line and second-

line drugs (18). DOTS plus program was implemented to combat drug resistance by combining 
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first-line and an array of second-line drugs (22). This strategy was not effective in treating drug 

resistance as second line drugs are more toxic but with reduced efficacy and hence required 

prolonged and expensive treatment (22).  

A further complication to the current Tb dilemma is the lethal synergy of Tb and the Human 

Immuno-virus (HIV) co-infection (10). Areas burdened with high rates of HIV are also areas 

with increased rates of new Tb incidences (10). HIV reduces host immune cells required for 

the containment of Tb infection while, Mtb bacilli provide replication sites for HIV infection 

(23,24). Besides, another concern is the drug-drug interactions between treatments for Tb 

(rifampicin) and HIV (anti-retroviral drugs) that could potentially pose as threats to patients 

(25).  

These alarming factors motivate for new drugs to be generated to control Tb effectively and its 

drug-resistant variants without nullifying anti-retroviral therapy. Third line drugs (Table 1-1) 

are already being evaluated in clinical trials to treat MDR and potentially XDR, that aim to 

provide effective treatment of active and latent Tb in a shortened period (18,26). Recently, 

Bedaquiline and Delamanid have been approved to treat drug-resistant Tb as in Table 1-1 (27).  

Intriguingly, like Delamanid, a few promising drug candidates in phase two clinical trials 

(Table 1-1) are also aimed at inhibiting the synthesis of the characteristic mycobacterial cell 

wall (26,27). Pretomanid and Delamanid are both from the same class of nitroimidazoles and 

are prodrugs that require bio-reductive enzymatic activation for efficacy (26,27). Both inhibit 

mycolic acid synthesis making treatment specific to mycobacteria. While a few targets are 

suspected none have been determined (26,27). These anti-drug Tb drugs are bactericidal in 

replicating and non-replicating Mtb strains, while Delamanid is also effective against drug‐

sensitive and drug-resistant Mtb (26,27).  
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To improve the efficacy of ethambutol, new ethylenediamine analogues were generated and 

tested for low cytotoxicity and inhibition of Mtb growth in vivo (28). Of the thousands of 

analogues screened, SQ109 was discovered to be more potent than ethambutol with low 

cytotoxicity (28). Interestingly SQ109 and ethambutol, both ethylenediamine analogues, have 

different chemical structures, efficacy and modes of action (29). SQ109 has been shown to 

inhibit MmpL3 responsible for the export of trehalose monomycolates (TMM) required for the 

formation of the mAGP core and trehalose dimycolates (TDM) (30–32). SQ109 resulting in 

defective TMM export is bactericidal, and its activity is increased together with isoniazid, 

rifampicin, ethambutol, streptomycin and bedaquiline against MDR- and XDR‐ Tb strains and 

has low mutation rate in vivo (29).  

Arabinogalactan is another vital constituent of the mycobacterial cell wall that is inhibited by 

benzothiazinone (BTZ) drugs such as Piperazinobenzothiazone (PBTZ)-169, BTZ043 and 

TCA1 via inactivation of DprE1 and are bactericidal activity against MDR‐TB strains (26,27). 

Pathways contributing to the mycobacterial cell wall are attractive drug candidates that promise 

to treat drug-sensitive/resistant and active/latent Tb and shorten chemotherapy with fewer side 

effects.  
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Table 1-1: Anti-Tb drugs used to control Tb. [Adapted: (18,20,26,27,33)] 

Class of 
drugs 

Cell wall synthesis Protein 
synthesis 

RNA synthesis or 
transcription 

DNA 
replication Metabolism Transport Mycolic 

acid 
Arabino-
galactan 

Peptido-
glycan 

First-line Isoniazid Ethambutol   Rifampicin, 
Rifapentine Rifabutin  Pyrazinamide  

Second-
line Thioamides  Terizidone 

Aminoglyco-
sides 
Polypeptides 
Linezolid 

Fluoroquinolones Fluoroquino-
lones 

Cycloserine 
Para-amino 
salicylic acid 

 

Third-line   

Meropenem  
Clavulanate 
Amoxicillin  
Imipenem  
Cilastatin 

Clarithromycin    Clofazimine 

Drugs in 
clinical 
trials 

Pretomanid 
PBTZ169 
BTZ043  
TCA1 

  
Sutezolid  
Delpazolid 

 
Pretomanid 
Q203 

SQ109 

Approved 
drugs Delamanid      Bedaquiline  
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1.3.2 Prevention  

The only preventative measure against Tb is the Bacille Calmette-Guerin (BCG) vaccine 

derived from an attenuated Mycobacterium bovis strain. The BCG vaccine is an inexpensive, 

safe and the most administered human vaccine in the world but it only protects infants from Tb 

meningitis (34). To date, the mechanism of protective immunity of the BCG vaccine is 

unknown despite it being a century old and successfully administered globally. This vaccine 

displays highly variable efficacy in adults but does not protect adults against Tb infection 

(35,36).  

The failure of BCG is because BCG does not fully represent Mtb in the host (37). As such, 

23% of the known T cell epitopes evolutionarily conserved in the Mtb complex were not found 

in BCG (37). Thus, BCG is not fully equipped with all the Mtb virulence factors, despite the 

high genetic similarities between M. bovis and Mtb as they are thought to have a common 

evolutionary precursor (37). Further deletion of several genes associated with virulence, 

contained in loci designated as regions of differences (RD), was as a result of the attenuation 

process of M. bovis (37). RD1 was one of these deleted regions, encoding a protein secretion 

system Esx1 that is responsible for ESAT6 secretion, a known virulence factor that modulates 

the host innate and adaptive immune responses (37). The inability of BCG to mount an immune 

response similar to Mtb infection leads to failure in promoting protection against Mtb (37).  

MTBVAC is the first live attenuated safe Mtb vaccine in history that successfully passed phase 

one in clinical trials (38). This vaccine was engineered by deleting phoP and fadD26 in Mtb.  

phoP is part of the PhoPR two-component system that regulates two transport systems such as 

Esx1 and twin-arginine translocation export pathway in the secretion of ESAT6 and 

components of the Ag85 complex respectively, the biosynthesis of acyltrehaloses glycolipids 

of the outer mycobacterial membrane and induces Whib6 expression (37,38). While, fadD26 
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is involved with phthiocerol dimycocerosates (PDIM) biosynthesis another antigenic 

glycolipid from the outer membrane of Mtb (39–41). This Mtb based vaccine offers enhanced 

protection against Tb better than BCG as it expresses its native antigenic factors required for 

host recognition and eliciting cell-mediated immune responses but is not pathogenic (37,38). 

Alternatively, in the last ten years, many attempts have been made to strengthen the BCG 

vaccine by a two-step enhancement strategy (42). This strategy serves uses BCG and another 

vaccine known as a booster, to achieve protection against Tb (42). Potential candidates of 

booster vaccines include the expression of virulence factors namely: the Esx family of proteins, 

the Antigen 85 complex (Ag85), and proline-proline-glutamate (PPE) family (43–46). 

Andersen and Kaufmann (42) were the first to produce vaccines that consist of a mixture of 

Esx, Ag85 and PPE proteins that are packaged in an empty (no DNA) viral vector, that are 

currently being assessed in clinical trials. MVA85A was the first vaccine expressing the A 

subunit of Ag85 that passed the clinical trial phase one but failed to prevent BCG vaccinated 

infants from Tb infection or disease (47). Another combination strategy was shown to be a 

promising potent booster vaccine known as BM, which consists of five Esx fused proteins 

(displaying a high sequence identity to EsxB) and was shown to provide enhanced protection 

than Ag85A, PPE18, and EsxB that are being evaluated in clinical trials (48).  

1.4. Mycobacterial cell wall 

The mycobacterial cell wall is a natural defence mechanism that resists a diversity of damages 

from drugs and the host due to its complex architecture (49,50). The cell wall, as in Figure 1-1 

consists of the capsule, myco-membrane and plasma membrane (51,52). The mycobacterial 

capsule layer is heterogeneously species-specific and mainly consists of polysaccharides, 

proteins and a small proportion of lipids making it hydrophilic (51,52). The myco-membrane 

can be further divided into the outer- and inner- membrane and consists of a large variety of 
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complex lipids, polysaccharides and some proteins that are non-covalently and covalently 

bound, respectively (51,52). The plasma membrane is the inner compartment of the cell wall 

and comprises of a phospholipid bilayer consisting of lipids on the outer side (hydrophobic 

layer) and polysaccharides on the inside (hydrophilic layer) which have yet to be identified 

(53). 

 

Figure 1-1: The mycobacterial cell wall. The myco-membrane is divided into outer and inner 
membranes that consist of unbound lipids and bound mycolic acids (MA)- arabinogalactan 
(AG)- peptidoglycan (PG) respectively, while the phospholipid bilayer represents the plasma 
membrane (PM) (retrieved and adapted with permission from Dr. Luke Alderwick, University 
of Birmingham).  
 

Much of the mycobacterial genome is dedicated to lipid production and degradation (54), 

which explains why a large proportion (up to 60%) of the dry weight of Mtb consists of lipids 

(53,55,56). In particular, mycolic acids are the main constituents of the myco-membrane giving 

the cell wall its impeccable hydrophobicity and rigidity, unique to mycobacteria (Figure 1-1) 

(49–52,57,58). The inner membrane is a covalently linked complex comprising of mycolic 

acids bound to arabinogalactan, which is in turn anchored to peptidoglycan (Figure 1-1) (49–
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52,57,58). Peptidoglycan is an organised layer of chains alternating in N-acetylglucosamine 

residues (NAG) and N-acetyl muramic acids (NAM), including to some extent N-glycolyl 

muramic acids (NGM), which are cross-linked with stem peptides (51–53,55,59). The coiled 

galactan domains of mycolates bound to arabinogalactan at the non-reducing end link with the 

coiled glycan domains of peptidoglycan by rhamnose-N- acetylglucosamine-phosphodiester 

linker units (59). This mesh-like structure is termed as the mAGP core and forms a hydrophobic 

complex for surface-exposed lipids of the outer membrane (59). 

1.5. Constituents of the outer membrane lipids  

Surface exposed lipids are non-covalently bound glycolipids (Figure 1-1) that are easily 

extractable (53,55). They are diverse and abundant in mycobacteria, but collectively they have 

antigenic and physiological properties that make mycobacteria pathogenic and resistant to 

attack, amongst other factors (52,53,55,57). These lipids are complex with long fatty acid 

branched chains, representative of successive cycles of extension and modification catalysed 

by numerous enzymes such as (but not limited to) polyketide synthase (Pks), fatty acyl amp-

ligase (FadD), acyltransferase (Pap), and methyltransferases (52,53,55,57,60). The information 

presented in this section is based on several excellent reviews from (52,53,55–58,60). Only a 

few outer membrane lipids will be introduced as these are the lipids relevant in this study and 

have been divided into four groups, namely: mycolyl glycolipids, trehalose esters, phthiocerol 

family and other lipids.  

1.5.1 Mycolyl glycolipids 

Mycolic acids are long-chain α-branched β-hydroxy fatty acid chains made from acetyl- and 

malonyl- CoA generated by the tricarboxylic acid cycle (TCA) (56,57,60,61). These substrates 

processed by enzymes of fatty acid synthase system (FAS) I form straight fatty acids (C18-26) 

used as building blocks for other glycolipids of the cell wall (62). Also, these fatty acids are 
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extended by repetitive cycles of elongation carried out by FASII into meromycolate chains 

(C60-90) (63). Further modification of meromycolate fatty acids include the condensation of 

straight fatty acids and meromycolate chains by Pks13 generating oxo-mycolic acids that are 

reduced by a reductase (Rv2509) to create mature hydroxy- mycolic acids (57,58,61,64,65).  

In Mtb, there are three classes of mycolic acids, namely α-mycolates that represent non-

oxygenated mycolates and methoxy and keto-mycolates that are both oxygenated mycolates 

(Figure 1-2A). Various modifications to these oxygenated and non-oxygenated mycolates are 

species-specific, and hence identification of mycolic acids contributes to taxonomic 

identification (57,60). These mycolates are integral for the inner myco-membrane mAGP 

(mycolyl-arabinogalactan–peptidoglycan) core while esterified forms constitute the outer 

membrane (57,60).  

The simplest mycolate in mycobacteria is glucose monomycolate (GMM) that is glucose bound 

to mycolic acids that occur in various proportions (56–58,60). Mycolates can be esterified to 

trehalose, forming trehalose monomycolates (TMM) and trehalose dimycolate (TDM) as in 

Figure 1-2B. TMM and TDM are found in all mycobacterium species, unlike the other acylated 

trehaloses (described below) that are species-specific, as they are a critical component of the 

outer membrane (56–58,60). TMM components, trehalose and mycolic acids, are synthesised 

and assembled in the cytoplasm from where TMM is transported to the periplasm by a 

dedicated transporter mmpL3 (30,66–68). TMM, the precursor of TDM, provides a source of 

mycolic acids that are bound to arabinogalactan to form the cell wall core (56–58,60).    

The Antigen (Ag) 85 ABC mycolyltransferase complex (also known as FbpABC) is involved 

in the synthesis of TDM and GMM and arabinogalactan mycolation using TMM as a mycolyl 

donor (69–73). The specific activity of Ag85A involves the transfer of the mycolyl group from 

TMM to glucose forming GMM when glucose is readily available (73). Alternatively, TMM 
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is broken down into trehalose and mycolic acids that are covalently attached to the reducing 

end of arabinogalactan (73).  While, Ag85C is responsible for transferring a mycolyl group 

from one TMM to another, producing TDM (72), and no activity has been assigned to Ag85B 

(53,55). Individual deletion of each of the genes encoding the Antigen 85 ABC 

mycolyltransferase complex indicates that each gene is dispensable for Mtb growth, but 

deletion of all genes is lethal (53,55,74). This enzymatic complex maintains the proportions of 

TDM, TMM and GMM for successful host immune modulation and evasion (53,55–58). 

 

Figure 1-2: Mycolyl glycolipids. A) Mycolic acids and B) Mycolic esters trehalose 
monomycolates (TMM) and trehalose dimycolate (TDM). [Adapted: (60)].  

1.5.2 Trehalose esters  

This classification includes di-, tri-, and penta-acyltrehaloses (DAT, TAT and PAT), 

sulfolipids (SL) and lipooligosaccharides (LOS) as in Figure 1-3 (53,55). These lipids have 
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been clustered together because they are synthesised, regulated and transported in very similar 

ways, as discussed below (53,55,60). These lipids are all trehalose esterified to straight fatty 

acid chains (minor constituents) and then extended by different types and combinations of poly-

methyl branched fatty acid units which represent major constituents of these glycolipids 

(53,55,60,75).  

DAT, TAT and PAT can be separated by the number of their acyl groups and mycobacterial 

species can be distinguished by the composition of their acyl groups (53,55,60,75). DAT refers 

to two acyl groups, TAT has three acyl groups and PAT has five groups (53,55,75,76). As DAT 

is the precursor of TAT and PAT, it can be found in the pathogenic Mtb complex [Mtb, 

Mycobacterium africanum (M. africanum), Mycobacterium bovis (M. bovis)] (77) and non-

pathogenic Mycobacterium fortuitum (M. fortuitum) species (78).  However, acyltrehaloses 

from pathogenic Mtb strains differ structurally from M. fortuitum as the acyl groups consist of 

mycosanoic and mycolipenic (phthienoic) acids, types of multi-methyl branched fatty acid 

(79,80). Besides, there are several variations of TAT only associated with M. fortuitum (81).  

DAT is synthesised in the cytoplasm and serves as precursor to PAT (Figure 1-3), generated in 

the periplasm (53,55,60,75,82). First, activated fatty acyl adenlyates supplied by FadD21 (82) 

are extended with multi-methyl branched fatty acids by Pks3/4 to produce mycosanoic and 

mycolipenic fatty acid chains (83). After that, PapA3 esterifies a palmitoyl group to the 

trehalose core creating trehalose 2-palmitate (T2P), and following this performs another 

esterification between the mycosanoic and mycolipenic fatty acid products and T2P (82,84) 

generating DAT. Lastly, an acyltransferase, (cutinase-like hydrolase protein 2) Chp2 is 

responsible for modifying DAT into TAT and PAT (82,85).  Conflicting evidence exists as to 

whether PAT and to some extent TAT is generated in the periplasm (82) or cytoplasm (85) 

which remains to be determined.  
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SL are lipids with a sulfated trehalose core with four acyl groups, one contains a saturated fatty 

acid (palmitic or stearic acid) while the other three consists of multi methyl-branched 

phthioceranic and hydroxyphthioceranic acids (Figure 1-3) (53,55,60,86). These glycolipids 

are exclusively found in Mtb (86). The sulfotransferase (Stf0) initialises SL biosynthesis (87) 

by adding sulphate to trehalose (T2S) that is acylated with a straight fatty acid chain to form a 

monoacyl intermediate (SL659) by PapA2 (88,89). In parallel, an activated substrate from 

FadD23 (90) is extended with multi methyl-branched fatty acids by Pks2 (91). SL659 and the 

multi methyl-branched phthioceranic and hydroxyphthioceranic product are esterified to form 

SL1278 by PapA1 (88,89). To complete the structure of SL1278, this precursor undergoes two 

rounds of sequential acylation by another type of acyltransferase, (cutinase-like hydrolase 

protein 1) Chp1 to produce SL (92).  

As with all trehalose esters, the core of LOS is trehalose but with many groups consisting of 

oligosaccharides and multi-methyl branched fatty acids making these lipids highly polar 

(Figure 1-3) (53,55,60). They are produced by pathogenic mycobacteria namely, 

Mycobacterium kansasii (M. kansasii) (93,94), Mycobacterium canetti (M. canetti) (95), 

Mycobacterium malmoense (M. malmoense) (96), Mycobacterium marinum (M. marinum) (97) 

and non-pathogenic mycobacteria including Mycobacterium smegmatis (98,99) and 

Mycobacterium gastri (M. gastri) (100). Common to all species in mycobacteria is the 

polyacylated trehalose core of LOS, but the composition and length of the oligosaccharides 

display considerable variation between mycobacterial species (53,55,60). For instance, the 

presence of N-acylkansosamine a long chain sugar was restricted to M. kansasii (60,97,101), 

two monosaccharides were unique identifiers in M. marinum and only one novel 

monosaccharide was exclusive to M. gastri (100).  
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Similar to the poly-methyl branched lipids in this category, this class of lipids also uses several 

enzymes to produce the backbone of LOS identified in M. smegmatis and M. marinum (53,55). 

The genetic organisation of the LOS biosynthetic cluster in M. smegmatis is conserved in M. 

marinum. Mtb H37Rv is deficient in LOS as it only contains a third of the genes in the LOS 

biosynthetic cluster of M. marinum (102). FadD25 is required to provide activated acyl-

adenylates for the further extension with methylmalonyl- CoA by Pks5 resulting in a 

polymethyl-branched fatty acid product (103–106). PapA4 esterifies the polymethyl-branched 

fatty acid on to a sugar group creating the glycan backbone of LOS production (106), which is 

further extended and modified by several methyltransferases and glycosyltransferases to 

produce classes of LOS (53,55).  

 

Figure 1-3: Acyl trehalose esters. Di- and penta-acyltrehaloses (DAT/PAT), sulfolipids (SL) 
and lipooligosaccharides (LOS). [Adapted: (60)].  
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1.5.3 Phthiocerol family  

Phthiocerol dimycocerosates (PDIM), phthiocerol diphthioceranates (PDIP) and 

phenolphthiocerol dimycocerosates or phenolic glycolipids (PGL) are constituents of this 

family of lipids with a highly hydrophobic core of β-diols or phthiocerol as in Figure 1-4 

(53,55,60,107). Phthiocerol is elongated with two units of long-chain multi-methyl fatty acids 

that exist in two forms, dimycocerosates (PDIM) or diphthioceranates (PDIP). PDIM is 

associated with strains in the Mtb complex, while PDIP is only in M. ulcerans and M. marinum 

(53,55,60,107).  

The PDIM locus spanning over ~73 Kbp, encodes genes dedicated to PDIM and PGL 

biosynthesis and translocation to the outer membrane (39,40). In this locus, biosynthetic 

enzymes include Pks enzymes (PpsA, PpsB, PpsC, PpsD, PpsE, Mas, Pks15/1), reductases 

(Rv2951, Rv2953), methyltransferases (Rv2952), Amp ligases (FadD26, FadD28, FadD22 and 

FadD29), an acyltransferase (PapA5) and a thioesterase (TesA). Briefly, for PDIM synthesis, 

FadD26 and FadD28 activate short, or monomethyl branched fatty acid chains as acyl 

adenylates (103) added onto Pks enzymes, PpsA-E (108) and Mas (109,110) for phthiodiolone 

and mycocerosic acid production. Phthiodiolone is further processed by a keto-reductase 

(Rv2951) and a methyltransferase (Rv2952) to form phthiotriol and phthiocerol that are 

esterified to dimycocerosates by PapA5 to generate phthiodiolone dimycocerosates (DIM B), 

phthiotriol  dimycocerosates and phthiocerol dimycocerosates (PDIM or DIM A) (111–116).  

PGL is only present in certain strains of Mtb/ Mtb complex, like ‘canettii’ and a few of the 

Beijing strains, also in M. bovis, M. bovis BCG, M. microti, Mycobacterium pinnipeddii (M. 

pinnipeddii) and M. africanum, M. kansasii and M. gastri, M. marinum and M. ulcerans 

(117,118). The precursor of the phenolic moiety of PGL is p-hydroxybenzoic (p-HBAD) acid 

produced from chorismate by a lyase (Rv2949c) (119) that is activated by FadD22 and, for 
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strains with an intact pks15/1, extended to form a glycosylated long fatty acid chain with 

methylmalonyl CoA (120,121). FadD29 then activates this chain and loads it onto PpsA (120–

124).  

The extension of the glycosylated long fatty acid chain by PpsA-E and downstream processes 

to form PGL carried out exactly as described for PDIM synthesis and as such these lipids share 

a common lipidic core (120–124). In both processes, TesA (125) is required to cleave off PDIM 

and PGL from PpsE where PapA5 (112) is needed to complete the last step of PDIM and PGL 

production. Since Mtb has a 7 bp deletion in pks15/1, resulting in a frame-shift mutation 

(117,126), extension of p-HBAD critical for PGL biosynthesis does not occur (120–124). 

Instead, saccharide units can be added to p-HBAD by glycosyltransferases and 

methyltransferases and p-HBAD and its glycosylated forms can be found in the culture filtrate 

(127,128). The number of saccharide units in p-HBAD is species-specific with M. kansasii 

containing four saccharides, ‘M. canettii’/Mtb Beijing has three saccharides, and M. bovis has 

only one saccharide unit (Figure 1-4) (60).  
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Figure 1-4: Phthiocerol derived lipids. A) PDIM and PGL showing differences in glycosyl 
units B) Basic representation of the shared lipid core between PDIM/PGL. [Adapted: (60)]. 
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1.5.4 Phosphatidylinositol-derived lipoglycans (PI) 

This group of phospholipids are conserved in all mycobacteria and have a common structural 

core consisting of phosphatidylinositol (PI) as in Figure 1-5 that is integral for generating 

mannosyl- phosphatidyl-myo-inositol (PIM) (55,129). PIM can accommodate up to four acyl 

chains, and the consecutive addition of two mannosyl units results in PIM2, a precursor of PIM4 

(with four mannosyl units) and PIM6 (with six mannosyl units), of which only PIM2 and PIM6 

are predominant (53,55). The successive addition of mannosyl units to PIM6 produces more 

complex structures known as lipomannan (LM) and with an added arabinan group, 

lipoarabinomannan (LAM) that can be mannosylated (ManLAM) at the non-reducing ends of 

arabinan (60,130). Variations of ManLAM represent species-specific heterogeneity among 

mycobacterial species (53,55,60,130). Specifically for the Mtb complex, ManLAM can exhibit 

one, or two or three mannoside caps with novel sugars such as xylose (53,55,60,130).  
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Figure 1-5: Phosphatidylinositol mannosides (PIM) derived lipids. [Adapted: (60)].  
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1.6. Role of outer membrane lipids  

It is no coincidence that PDIM, SL, polyacylated trehalose glycolipids are restricted to 

pathogenic mycobacteria (108,126). As surface extractable lipids, they play multiple roles in 

cell wall permeability, pathogenesis and cell survival as shown in reviews from (53,55,60,131). 

Collectively, these multi-methyl branched glycolipids are significant virulence factors that 

contribute to Mtb survival and pathogenesis (132).  

1.6.1 Maintaining cell wall permeability   

TMM, TDM and GMM preserve the integrity of the cell wall (49,50,56–58,60). Specifically, 

TDM causes the cording of mycobacteria which is a characteristic virulence phenotype and 

therefore termed, cord factor (56,57,60). TDM produced in all mycobacteria, but more 

abundantly in virulent mycobacteria (49,50,56–58,60). In the absence of agitation and cell 

surfactants, mycobacteria can spontaneously form monolayers either attached to cell surfaces 

known as biofilms or not attached at all (133,134). In this case, mycobacteria grow between 

the air and water/media interface known as pellicles (50,58,133,134). Nonetheless, both 

formations require TDM to form extremely rigid, hydrophobic, insoluble and stable structures 

in the long term (133,134).  

DAT and PAT act as intermediaries between the layers of the myco-membrane, able to interact 

with the hydrophobic cell wall and the hydrophilic capsule due to their amphiphilic nature 

(135). As such, they play an essential role in protecting the innermost and outermost layers of 

the tubercle (135). A deficiency of PDIM leads to increased cell wall permeability and 

susceptibility to damage from exposure to drugs, host immune cells and other potential threats 

(40,121,136). The absence of PDIM, SL, acyl trehaloses (DAT/TAT/PAT) diminishes the 

hydrophobic layer, exposing a fluid cell wall that can be quickly saturated with neutral red dye 

(137). Also, the total loss of these apolar lipid species contributes to a decline in Mtb virulence 
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(132). Therefore, modern-day Mtb is equipped with these lipid species (higher apolar content) 

than less evolved mycobacterial species (138).  

1.6.2 Virulence  

TMM, GMM and TDM are considered highly toxic to macrophages and have been implicated 

as a driving force in initiating dormancy, formation of the and caseation of the granuloma and 

modulation of immune cells (50,58,133,134). Explicitly, TDM and GMM are recognised by T 

cells as antigens by CD1 presentation (139–142) and stimulate T cell chemotaxis and pro-

inflammatory responses that in turn activate granuloma formation (130,143,144).  

TDM and the hypoxic conditions of the human granuloma induce host TAG accumulation as 

lipid droplets in macrophages termed foamy macrophages (145,146). Kim et al. (145) also 

showed that TDM induces foam cell formation and recruits these lipid loaded macrophages to 

the centre of the granuloma, by amplifying the pro-inflammatory response. This, in turn, results 

in the death of the foamy macrophages that release their lipid loads into the granuloma 

(145,146). The Mtb bacilli use host TAG to synthesise and accumulate their TAG, as an energy 

source in a non- replicating state (146–148). Mtb enter into dormancy, where they are drug-

tolerant, as indicated by an up-regulation of lipid metabolism and dormancy related genes 

(145–147). Besides, TDM was also associated with inducing a group of zinc 

metalloendopeptidases in caseating and liquefying the tuberculous granuloma (149).     

Phosphatidylinositol-derived glycolipids such as PIM and LAM, aid granuloma formation by 

triggering a pro-inflammatory response, as they are also recognised antigens of the CD1 

pathway (141,150). Alternatively, ManLAM triggers an anti-inflammatory response, mediated 

by a C-type lectin receptor on dendritic cells to control the downstream mechanism of acute 

infection, apoptosis and bacillus detection (151).  
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Each of the following antigenic lipids: SL, ManLAM, PDIM, PGL, TDM, block phagosome-

lysosome fusion and phagosome acidification (131,144,152). Purified SL lipids block 

monocyte and macrophage activation and inhibit INFγ mediated RNI killing (153–155).  The 

virulence properties of SL are not reflected in mouse models (87,156–158), but only 

demonstrated in human immune cells (159).  Other trehalose esters (DAT, TAT, PAT) are pro-

inflammatory mediators that inhibit cytokines responsible for the proliferation of T cells and 

pro-inflammatory responses to avoid killing by RNI (84,159–162).  

PDIM is a potent virulence factor, like TDM. “PDIM-less” Mtb strains are not able to survive 

in the mouse model (40,41,121,163,164). PDIM interferes with the normal functioning of an 

infected macrophage by disrupting its maturation, activation, acidification, killing by nitric 

oxide and more recently was found to facilitate autophagy for phagosomal escape (165,166). 

As an added advantage, PGL is associated with the modulation of infected macrophages to 

resist nitric oxide killing (167) and acts as an antioxidant, scavenging oxygen radicals due to 

its sugar phenol group (168). Even though Mtb cannot produce PGL, p-HBAD and its 

glycosylated derivates, mimic PGL immunological responses that suppress the innate immune 

response (169). Both, PDIM and PGL can avoid microbicidal macrophage killing by different 

strategies. PDIM can mask pathogen-associated molecular patterns (PAMPs) involved in 

activating the Toll-like receptor pathway that stimulates microbicidal macrophages while PGL 

activates the chemokine receptor 2 pathway that induces the recruitment of permissive 

macrophages at the site of infection (136).  

LOS biosynthesis and virulence have been most studied in M. marinum where the deficiency 

thereof, is significant (106,170,171). LOS aids in sliding motility, colony morphology, biofilm 

formation, and invasion of host macrophages (106,170,171). LOS is a virulence factor that has 

not been fully characterised yet (53,55).  
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1.6.3 Lipid Metabolism in the context of infection 

Upon entry into dormancy, Mtb lipid metabolic genes are up-regulated to utilise and break 

down host-derived fatty acids as an energy source (53,55,146,147). As a consequence, an 

increased concentration of propionyl-CoA is generated, which if further processed results in 

toxic metabolites (172,173). However, propionyl-CoA is a significant substrate in the 

production of Pks derived poly-methylmalonyl CoA lipids, relieving propionate-mediated 

stress (53,55,172,173).  

1.7. Mycobacterial membrane protein Large (MmpL) transporter family 

The building of the complex and hydrophobic outer membrane of mycobacteria, which give it 

intrinsic drug resistance, relies on an extensive repertoire of genes involved in biosynthesis and 

transport (54). A class of lipid transporters in Mtb designated MmpL, have been identified and 

associated with outer membrane lipid biosynthesis and translocation, conserved across 

mycobacteria (174–178). The number of MmpL transporters drastically varies between slow 

and fast-growing mycobacterial species, indicating that these proteins could potentially be 

transporters required for mycobacterial survival during infection (176). In the genomic context 

genes involved in lipid production are organised with lipid transport genes (175).  

Mtb encodes 13 MmpL proteins, of which only mmpL3 is essential and only the functions of 

mmpL3, mmpL4, mmpL5, mmpL7, mmpL8, mmpL10, and mmpL11 have been discovered (174–

177,179,180). As these genes encoding MmpL proteins (MmpL3, MmpL4, MmpL5, MmpL7, 

MmpL8, MmpL10, and MmpL11) have demonstrated lipid substrate specificity (Figure 1-6) 

their primary role is mainly in lipid transport, a function essential in cell wall physiology and 

virulence (174,181). There are still many MmpL proteins that have no function (175,177–179). 

According to the Chalut (175) and Viljoen et al. (176) MmpL proteins not operonic or clustered 

with biosynthetic enzymes are not considered as lipid transporters. Surprisingly, mmpL3 and 
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mmpL11 are in the same genetic cluster and are lipid transporters but do not share the same 

genetic organisation of biosynthesis coupled to transport as seen with mmpL4, mmpL5, mmpL7, 

mmpL8, mmpL10 (175–178). There is much confusion as to the exact role/s of MmpL proteins 

as mechanisms of action are yet to be determined. In this section, the roles of MmpL proteins 

characterised are discussed below with the use of several reviews from (175–177,179,180,182).  

 

Figure 1-6: MmpL proteins with known roles in lipid transport and iron acquisition with 
biosynthetic/transport partners in Mtb (H37Rv). TMM - trehalose monomycolate, TDM - 
trehalose dimycolate, PE – phosphatidylethanolamine, (c)MBT - (carboxy)mycobactin, PDIM 
- phthiocerol dimycocerosate, SL- sulfolipid, SL1278 - sulfolipid intermediate, DAT/PAT - 
di/poly- acyl trehalose, MWE - mycolate wax ester, TAG – triacylglycerol [Adapted from 
(175,177,179)].  

1.7.1 MmpL proteins and lipid transport  

Since mycolyl glycolipids TDM and TMM are essential cell wall components and conserved 

across all mycobacteria; their transporters are equally as important  (66–68). mmpL3 is an 

essential requirement for the translocation of TMM and recently discovered polar 

phosphatidylethanolamine (PE) to the outer membrane (66–68,183). M. smegmatis tolerates 

the conditional loss of mmpL3 better than in Mtb, where the bacilli are severely comprised 

(67,68).  

Coryneybacterium glutamicum (C. glutamicum) was used to demonstrate a crucial step in 

TMM transport (184). C. glutamicum equipped with two homologs of mmpL3 termed, CmpL1 



Chapter 1 General introduction  

Page 48 of 222 

 

and CmpL4, which are both required for the transport of coryne-trehalose-monomycolate 

(cTMM) (184). Before cTMM transport by CmpL1 and CmpL4 proteins, TMM had to undergo 

acetylation by an acetyltransferase (TmaT) (184). This fundamental step was also established 

in M. smegmatis (185). After that, TMM is converted to TDM and mycolates for the cell wall 

core, by mycolyltransferases encoded by proteins of the Ag85 complex as seen in Figure 1-6 

(69–73). Besides the pre- and post mmpL3 transport not much is known about the mechanism 

of transport.   

Loss of mmpL7 resulted in decreased survival and virulence in vivo and the accumulation of 

both PDIM and PGL in the cytoplasm, providing a clear role for mmpL7 in the translocation of 

phthiocerol lipids to the outer membrane as in Figure 1-6 (39,41,121,126). Similarly, the loss 

of drrC also showed the same virulence phenotype due to failure in localising PDIM to the 

outer membrane (Figure 1-6) (40). In addition, a lipoprotein LppX has also been shown to be 

involved with transporting PDIM to the outermost layer of the cell wall. LppX, like other 

members of the lipoprotein family, are secreted proteins and not membrane-bound (186,187). 

Therefore, they have been isolated from the upper parts of the cell wall and found in culture 

filtrate, but not found in the cytoplasm (186,187). The X-ray crystallographic structure of LppX 

has been shown to have a hydrophobic pocket that could fit PDIM or PGL lipids (186). Since 

this molecule is not anchored to the membrane but free in the layers of the cell wall, it suggests 

that LppX could translocate PDIM to the outer membrane from the periplasm (179,186). 

Lipoproteins, can also regulate their substrates such as LprG, that regulates LAM synthesis 

(188). It has not yet established whether LppX could regulate PDIM or PGL synthesis. Several 

serine/threonine kinase proteins such as PknB (189), PknH (190) and PknD (191) were 

proposed to coordinate PDIM synthesis and transport via phosphorylation respectively. As seen 
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with PapA5, it is not known whether phosphorylation occurs directly or indirectly with the aid 

of signalling mediating proteins (189).  

Acylated trehalose such as SL and PAT are synthesised and transported in very similar ways 

(175,177). Unlike mmpL7 that transports PDIM with no modifications before or after transport, 

mmpL8 and mmpL10 transport is reliant on acyltransferases (Chp1 and Chp2) for the 

translocation of SL and PAT to the outer membrane respectively as indicated by Figure 1-6 

(82,85,92). Abrogation of mmpL8 and mmpL10 results in the accumulation of cytosolic SL1278 

(156,157) and DAT intermediates (82). Similarly, loss of Chp1 and Chp2 result in the 

accumulation of SL1278 and DAT intermediates (82,85,92). Therefore, transport of SL and PAT 

by mmpL8 and mmpL10 are dependent on Chp1 and Chp2 and vice-versa (82,85,92). Both 

Chp1 and Chp2 are membrane-bound proteins with highly similar structure and function, but 

their catalytic domains may be organised differently from one another (82,85,92). Seeliger et 

al. (92) and Touchette et al. (116) agreed that the catalytic domains of Chp1 and Chp2 oriented 

towards the cytoplasm (92,116). However Belardinelli et al. (82) argued that although the 

catalytic domain of Chp1 was in the cytoplasm, the catalytic domain of Chp2 was in the 

periplasm.  

Besides, Chp1 and Chp2, an accessory protein designated SL associated protein (Sap) was 

found to aid mmpL8 in SL transport (92). Deficiency in Sap leads to reduced SL levels with 

higher SL1278 intermediates accumulated inside the cell (92). This result suggests that although 

mmpL8 with Chp1 activity is capable of transporting SL to the outer cell compartment 

independently, Sap is required for enhanced transport (92). Similarities displayed in synthesis 

and transport between acyltrehaloses ends here, as no accessory protein can be found in Mtb 

to aid mmpL10 in PAT transport (175,177). However, in other mycobacterial strains, a 
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homologous Sap protein termed glycopeptidolipid associated protein (Gap) was found to assist 

in glycopeptidolipid (GPL) and LOS translocation (102,192,193).  

Genes encoding MmpL3 and MmpL11 are in the same genetic cluster and assumed to have a 

similar function (175,177). mmpL3 has shown to be involved in TMM transport (30,66,67,194) 

while the loss of mmpL11 in M. smegmatis led to defective biofilm formation and an 

accumulation of mycolic acid wax ester, TAG and monomeromycolyl diacylglycerol 

(MMDAG) (195). Recently, abrogation of mmpL11 in Mtb displayed a more significant 

phenotype than in M. smegmatis, as this mutant had impaired survival in vitro and in vivo, 

shortened cell length, hypersensitivity to damage due to increased cell permeability, loss of 

biofilm formation, and the accumulation of mycolic acid wax ester and long-chain TAG 

(depicted in Figure 1-6) in the form of inclusion bodies (196). The authors associated the 

accumulation of mycolic acid wax ester and long-chain TAG to a phenotype related to 

dormancy, long term survival and drug tolerance (196).  

1.7.2 MmpL proteins and iron acquisition  

The roles of MmpL3 and MmpL11 are primarily in lipid transport; however, both proteins with 

Rv0203, have also been implicated in host iron acquisition (197,198). The X-ray 

crystallographic structure of Rv0203, indicated that this protein is a secreted heme-binding 

protein capable of acquiring exogenous heme and heme derived from haemoglobin, a primary 

source of exogenous iron in humans (197,199). However, this protein did not exhibit a high 

affinity to heme suggesting that it acquires heme and haemoglobin through another mechanism 

that has not yet been identified (199).  

Double deletion mutants in Mtb of either mmpL11 or Rv0203 with mbtB (gene required for the 

mycobactin iron acquisition pathway described below) resulted in severely reduced growth in 

media with heme or haemoglobin (197). Since mmpL3 and mmpL11 are structurally similar 
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and organised with genes in the same genomic context, this cluster has been termed the heme 

uptake region (197). As such, the entire cluster was deleted in M. smegmatis, and each gene of 

the cluster complemented to test whether all of the genes in this region were involved with 

heme uptake (197). It was noted that every gene in the mmpL3 and mmpL11 cluster could 

restore growth in this mutant and could potentially contribute to heme uptake (197). Also, 

heme-binding motifs were located on non-transmembrane domains of MmpL3 and MmpL11 

oriented towards the periplasm, enabling heme-binding (198).  Heterologous expression of one 

of the periplasmic domains of Mtb MmpL3 and MmpL11 were shown to bind heme from 

Rv0203, proving that MmpL3 and MmpL11 are indeed involved in transferring heme into the 

cell (198). The mechanism of heme transfer from one protein to another was postulated to occur 

by an energy-driven protein-protein interaction, due to the fast transfer rate rather than transfer 

across a concentration gradient by passive diffusion or heme affinity (198).  

Once heme has been transported into the inner cell by membrane transporters, MmpL3 and 

MmpL11, a mycobacterial heme utilisation degrader (MhuD) is used to degrade heme and 

release the iron therein (200,201). X-ray crystallographic structure of MhuD reveals that it is 

unlike any known heme degrading enzyme (201). Its unique properties include the formation 

of a unique mycobactin product without the release of carbon monoxide (CO), a signal used to 

trigger dormancy related genes to induce a non-replicating state, and it can hold up to two heme 

molecules (200,201). The number of heme molecules that MhuD accommodates (either one or 

two) not only changes the physical state of the protein from monomeric to dimeric but also 

switches its activity, from active to inactive (201). Unfortunately, no other genes in this cluster 

have roles associated with iron uptake (175).   

Another pair of MmpL proteins that work together to acquire iron in Mtb are mmpL4 and 

mmpL5, which are involved in by mycobactin and carboxymycobactin (MBT and cMBT) 
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siderophore recycling as described in Figure 1-6 (202,203). MBT and cMBT are siderophores 

that are produced and assembled by two Mtb loci termed mbt1 and mbt2, which are induced by 

iron limitation (204–209). These molecules have a high affinity for host heme in the form of 

transferrin and lactoferrin, which represents a minority of exogenous heme available (210). 

MBT and cMBT have a common structure consisting of a core phenyloxazolidine ring derived 

from salicylate and a hydroxylated lysine with alkyl side chains (204–208). A main 

distinguishing feature between MBT and cMBT, is the chain length of the alkyl side chains 

which determine its localisation (211,212). MBT alkyl side chains are more extended and 

hydrophobic allowing it to be associated with the cell membrane (211,212). cMBT has shorter 

alkyl side chains that are carboxylated at the ends, making this molecule hydrophilic and 

efficiently secreted in the extracellular space to access exogenous transferrin and lactoferrin 

(211,212). 

Briefly, once cMBT binds tightly to transferrin and lactoferrin in the extracellular space it can 

enter the cell via diffusion through mycobacterial family of porins (Msp), where it is loaded 

either directly or indirectly using MBT to IrtA and IrtB, an ABC iron transporter complex 

(211,212). The IrtA and IrtB complex has two roles, one as an importer of heme bound MBT 

and cMBT and the other as a reductase to dissociate heme from its captive siderophores 

(211,212). It has not been determined why both MBT and cMBT are produced if both can 

directly interact with the IrtA and IrtB complex (211,212). However, Jones et al. (203) suggests 

that since MBT and cMBT is hydrophobic and hydrophilic, respectively, each of these 

molecules are adept at sequestering iron from different environments. Unbound MBT and 

cMBT are exported from the cytoplasm by two transmembrane proteins, MmpL4 and MmpL5, 

with the help of small proteins designated as mycobacterial membrane protein small (MmpS) 

as listed in Table 1-2 that exclusively aid their respective MmpL protein (175,177). Once these 



Chapter 1 General introduction  

Page 53 of 222 

 

siderophores, MBT and cMBT, are extruded into the extracellular compartment ready for heme 

uptake, there is no need for Mtb to synthesis additional siderophores (202,203,211,212). The 

efficient recycling of siderophores provides an energy independent and inexpensive pathway, 

invaluable during nutrient starvation (202,203,211,212). 

Table 1-2: mmpS genes of Mtb (H37Rv). [Adapted from (175,177,179,182)].  

Gene Locus 
Number Aids: 

mmpS1 Rv0403c mmpL1 

mmpS2 Rv0506 mmpL2 

mmpS3 Rv2198c Unknown 

mmpS4 Rv0451c mmpL4 Siderophore mediated iron uptake 

mmpS5 Rv0677c mmpL5 Siderophore mediated iron uptake 

 

The genetic organisation of mmpL4 and mmpL5 with their respective mmpS genes (mmpS4 and 

mmpS5) are surprisingly two separate loci and not operonic, suggesting that MmpL4/MmpS4 

and MmpL5/MmpS5 represent two independent transport systems (175,212). However, the 

disruption of either mmpL4 or mmpL5 showed that both mmpL4 and mmpL5 have redundant 

roles in siderophore mediated recycling (202). Siderophore export was also inhibited due to the 

loss of either mmpS4 or mmpS5 and double deletions of mmpL4/mmpS4 or mmpL5/mmpS5 

demonstrated that mmpL4 and mmpL5 were dependent on mmpS4 and mmpS5 respectively and 

mmpL4/mmpS4 and mmpL5/mmpS5 were not two independent transport systems (202,203). 

The intracellular accumulation of siderophores is toxic and thus, double deletion mutants of 

mmpL4/mmpS4 or mmpL5/mmpS5 display a significant attenuation phenotype in vivo, 

establishing mmpL4/mmpS4 and mmpL5/mmpS5 as virulence factors (181,202,203).  
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1.7.3 MmpL proteins and drug resistance   

Mycobacteria do not only rely on their impenetrable cell wall as a barrier for intrinsic drug 

resistance but also efflux pumps (213,214). Efflux pumps are energy driven and comprise of 

membrane embedded proteins that actively transport a broad spectrum of compounds across 

the bacterial membrane (213,214). In Gram-negative bacteria, mycobacterial efflux pumps can 

be categorised into five super-families namely: ATP-binding cassette (ABC), resistance 

nodulation division (RND), major facilitator superfamily (MFS), small multidrug resistance 

(SMR) and multidrug and toxic-compound extrusion (MATE) families (213–217). These 

families of efflux pumps are differentiated by the energy source used to drive transport across 

the membrane (213–217). Since the energy used by ABC is derived from ATP, they are 

classified as primary transporters (213,214). Although, MFS, RND, SMR and MATE are 

classed as secondary transporters because their energy source is derived by hydrogen or sodium 

protons (213,214).  

In mycobacteria these five super-families exist except there are not many orthologues of RND 

exporters; instead MmpL proteins represent a subclass of the RND superfamily (174,213,214). 

The overexpression of both MmpL7 (218,219) and MmpL5 (220–222) resulted in the extrusion 

of Isoniazid and Bedaquiline, Clofazimine and Azoles. Even though these proteins have 

primary roles in lipid (40,41,121) and siderophore transport (202,203) respectively, these 

results suggest MmpL proteins can serve drug extrusion efflux pumps, although mechanisms 

of extrusion are yet to be determined.   

1.7.4 MmpL proteins and bacterial sensitivity 

Amongst membrane proteins involved in stress detoxification such as NarI and NarK2 

interestingly MmpL7 and MmpL10 were shown to interact with KdpF via bacterial two-hybrid 

in vitro assay (223,224). KdpF is in the same genetic context with genes encoding an ABC 



Chapter 1 General introduction  

Page 55 of 222 

 

transporter complex, KdpABC that is regulated by a two-component system, KdpDE involved 

with potassium transport and required for mycobacterial pathogenesis. However, KdpF does 

not facilitate transport driven by KdpABC or regulate KdpDE (224). Instead, when 

overexpressed, KdpF was shown to modulate MmpL7 activity by inducing MmpL7 

degradation through interaction (223). Under nitrosative stress, the mmpL7 gene together with 

genes responsible for PDIM synthesis were sharply down-regulated or repressed (223,225). 

PDIM offers resistance to the nitric oxide (136,163) and structural integrity of the myco-

membrane (40,132,137,163). Therefore, KdpF-MmpL7 interaction results in increased 

bacterial sensitivity to nitrosative stress in vitro (223).  

1.8. Overall study and aim  

The aim was to study lipid transport pathways in Mtb, in particular, the MmpL proteins. I used 

the attenuated M. bovis strain Bacille Calmette-Guérin Pasteur strain (BCG) as a surrogate to 

investigate three transporters in Mtb, as the genome of M. bovis only displays about 3% 

difference to Mtb and it has a doubling time similar to Mtb (226). More specific to this study 

is the diversity of lipids present in this strain (108,126). Mycolates are conserved across all 

mycobacteria (50,58,133,134) however, non-mycolate lipids are species-specific (108,126). A 

common feature in the genetic context of outer membrane non-mycolate lipids is the coupling 

of synthesis and transport mechanisms that allows one to study the lipid with its respective 

transporter (175,177). Unlike Mtb (H37Rv), BCG additionally produces PGL and provides the 

opportunity to study PDIM/PGL transport (126).  

Two decades of genetic, biochemical and immunological studies investigating MmpL proteins 

have revealed that these proteins are associated with the export of outer membrane surface-

exposed glycolipids that are integral to virulence, mycobacterial cell wall maintenance and 

survival in the host. The large size of these transmembrane proteins has made it complicated 
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to gain much structural information. Hence, very little information regarding the structure and 

mechanism of action of MmpL proteins is known as compared to their RND counterparts in 

Gram-negative bacteria. Information regarding the structure, mechanism, co-ordination and 

regulation of MmpL proteins is not yet known. In an attempt to address these questions and 

understand the mechanisms of MmpL proteins, this study focusses on three transport systems 

MmpL3, MmpL7 and DrrABC in the following manner:  

Chapter 2: Characterise the structure of MmpL3 and MmpL7 using styrene-maleic acid 

(SMA) co-polymer that directly extracts membrane proteins in their native membrane 

environment and compatible with single-particle electron microscopy, eliminating the need for 

detergent based methods that replace the native membrane and traditional X-ray 

crystallography methods that require large amounts of protein.  

Chapter 3: Probe the mechanism of mmpL7 (encoding MmpL7) in PDIM/PGL 

synthesis/transport by generating an in-silico model to identify residues for modification and 

assess the effects of these single mutations on synthesis/transport of PDIM/PGL using 

structural modelling, genetics and biochemical studies. 

Chapter 4: Determine the individual and collective roles of drrA, drrB and drrC in PDIM/PGL 

transport by generating a mutant deficient in all drrA/B/C genes in M. bovis BCG and 

characterising all and individual drr genes by complementation. 
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 Structural characterisation of MmpL3 and MmpL7 

2.1. Introduction  

Phylogenetic and topological analyses revealed a class of thirteen putative glycolipid 

transporters in Mtb known as mycobacterial membrane protein large (MmpL) proteins which, 

represent a subclass of the RND superfamily (174,227,228). MmpL proteins are key players in 

maintaining the mycobacterial cell wall, virulence and survival of the pathogen (discussed in 

detail in Chapter 1) by transporting cell wall lipids and iron across the plasma membrane 

(Figure 2-1). These proteins are exclusively group within the hydrophobe/amphiphile efflux 

(HAE) sub-family (Figure 2-1) responsible for the transport of lipids, fatty acids and drug 

molecules (229) but also share broader similarity with different RND sub-families as they 

contain several transporter domains conserved in AcrB, actinorhodin, sterol sensing and 

hopanoid biosynthesis proteins (227). Additionally, MmpL proteins provide evidence of proton 

meditated substrate transport that is the underlying mechanism of function in the RND 

superfamily with conserved motifs in transmembrane (TM) helices 4 and 10 (TM4/10) (227).  
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Figure 2-1: MmpL proteins with known functions and phylogenetic classifications. TMM - trehalose monomycolate, TDM - trehalose 
dimycolate, PE – phosphatidylethanolamine, (c)MBT - (carboxy)mycobactin, PDIM - phthiocerol dimycocerosate, SL- sulfolipid, SL1278 - 
sulfolipid intermediate, DAT/PAT - di/poly- acyl trehalose, MWE - mycolate wax ester, TAG – triacylglycerol, HAE - hydrophobe/amphiphile 
efflux, PD1/2 - periplasmic domain 1/2, D1 - docking domain 1, D3 - cytoplasmic soluble domain [Adapted from (175,228)]. 
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RND transporters are characterised as large TM proteins consisting of about twelve TM helices 

and two soluble ectodomains located in the periplasm inserted between TM1/2 and TM7/8 

based on crystal structures of RND transporters belonging to the HAE [AcrB (230), MexB 

(231) and MtrD (232)] and heavy metal efflux (HME) [CusA (233) and ZneA (234)] sub-

families.  

Previous topological analysis revealed that overall, MmpL proteins have eleven- twelve TM 

domains and two periplasmic domains (227). However, truncated MmpL proteins such as 

MmpL6 consists of five TM helices and MmpL13 split into MmpL13a, and MmpL13b contain 

four and seven TM helices respectively (227). Exceptions include MmpL10 predicted to only 

contain one periplasmic domain between TM6/7, where periplasmic domain 2 is inserted for 

MmpL3, MmpL4, MmpL5 and MmpL9 (227). MmpL proteins were further differentiated into 

two clusters according to the presence of additional motifs in periplasmic domain 2 and in the 

cytoplasm at the C terminal end as shown in Figure 2-1 (228). The molecular weight of most 

MmpL proteins is predicted to be about 100 kDa similar to their RND counterparts (174,227). 

Despite the predicted topological variations between MmpL proteins, structural information of 

these proteins depends on in silico modelling based on crystal structures of RND proteins 

(227,228). Determining the structure of membrane proteins presents major challenges as they 

are not abundant, can be problematic to purify and stabilise and are difficult to maintain in a 

stable environment for characterisation and functional assays.  

In order to tackle these problems various technologies have been developed such as: amphipols, 

bicelles, nanodiscs and styrene-maleic acid (SMA) co-polymer that all encapsulate membrane 

proteins to enhance their stability and solubility in aqueous solution while retaining their native 

lipids from the membrane, unlike detergent that replaces the membrane as depicted in 

Appendix 6 (235–239). However, amphipols, bicelles and nanodiscs, attempt to create a natural 
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membrane environment but rely on extracting the membrane protein from the lipid bilayer 

using detergent and after the membrane protein is encapsulated the detergent is removed (235–

239). The detergent presents a risk of disrupting protein-protein interaction and complex 

formation and decreases the native lipid composition maintaining membrane proteins 

(238,240). In terms of nanodiscs the proteinaceous belt can interfere with analytical UV based 

spectroscopy applications (237,238). Only SMA directly extracts the native bilayer and thus 

contains the natural biological membrane without the use of detergents (241–245). 

SMA has broad application in numerous hosts such as: murine, insect, bacteria and yeast 

expression systems (243,246–250). SMA application improved the lipidic cubic phase (LCP) 

method by producing high-quality crystals at high-resolution (251) but importantly maintains 

protein function (247,248). SMA encapsulated proteins do not interfere with analytical 

techniques that allow for biophysical characterisation (243). SMA is compatible with single-

particle electron microscopy [such as negative stain electron microscopy (NEM) and cryo-

electron microscopy (CEM)] an alternate method for determining protein structures that do not 

rely on generating highly ordered crystals as with X-ray crystallography. In this approach, a 

homogeneous low protein concentration is required for visualisation (244,252).  

Since members of the MmpL family bear structural and phylogenetic differences as they are 

evolutionary different, there is no fixed in silico model that can be assigned to any MmpL 

protein (174,227,228). Therefore, many structural aspects regarding MmpL proteins have yet 

to be determined. In our lab, already two colleagues attempted to achieve the structure of Mtb 

MmpL3 and generated the MmpL3 expressing construct and optimised the protein expression 

conditions. According to their results, the heterologous overexpression of MmpL3 was toxic, 

and hence the yield was not sufficient for X-ray crystallographic methods. Therefore, the use 

of SMA and single-particle electron microscopy presented a possible effective strategy which 
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was also readily accessible from the developer Prof. Timothy Dafforn (at the University of 

Birmingham).  

The aim of this study was to determine the structure of MmpL3 and MmpL7 using SMA 

coupled with single-particle electron microscopy as described by Parmar et al. (252) and Postis 

et al. (244).  

2.2. Material and methods 

2.2.1 Generation of expression plasmids and strains 

Briefly, MmpL7 was amplified by PCR using the primers in Table 2-1, where the resulting 

2763 bp fragment was cloned into the His-tagged expression vector pET26b at the C terminus 

using NdeI and HindIII restriction enzymes. The MmpL3 expression construct was generated 

by a previous PhD student Vijayashankar Nataraj (65). Briefly, the mmpL3 gene was codon 

optimised and synthesised by Genscript.Inc for the heterologous overexpression in E. coli and 

cloned in-frame with the C terminal His tag end of the pET28b vector (65). The recombinant 

vector (pET26b:MmpL7) was verified by DNA sequencing to be correct and together with 

pET28b:MmpL3 (65), was transformed into E. coli C41(DE3) and C41A–(DE3) to produce the 

expression strains listed in Table 2-2. One colony was grown in 25 ml LB with 50 μg/ml 

kanamycin overnight (37 ºC, 180 rpm) as a preculture that was in turn used to inoculate small- 

and large-scale cultures.  
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Table 2-1: Primers used in this study (5’-3’) for the construction of pET26b:MmpL7. All 
primer sequences are in the 5’ to 3’ direction, while F and R indicate the forward and reverse 
primers respectively. Underlined sequences indicate extra base pairs and italicised sequences 
denote the restriction sites, NdeI (CATATG) and HindIII (AAGCTT) used for cloning into 
pET26b. 

MmpL7 CHIS 

F 
GCGCATATG 
CCTAGTCCGGCTGGCCG 

R 
GATAAGCTT 
ACGCCGCCCTGGCGTGG 

2763 bp 
amplicon  

 

Table 2-2: List of plasmids and bacterial strains used and generated in this study. 

Plasmid, 
Mycobacteriophages 
and Bacterial strains 

Genetic characteristics Origin 

Plasmids 

pET26b E. coli expression vector with a six His 
tag Novagen 

pET26b:MmpL7 Full-length Mtb mmpL7 (Rv2942) 
cloned into an expression vector 
pET26b in-frame with the C-terminal 
six His tag 

This study   

pET28b:MmpL3 Full-length Mtb mmpL3 (Rv0206c) 
codon optimised for expression in E. 
coli cloned into an expression vector 
pET28b in-frame with the C-terminal 
six His tag 

(65) 

Bacterial strains 

E. coli C41(DE3) F-ompT hsdsB (rb-mb)gal dcm (DE3) Invitrogen™ 

MmpL7 C41(DE3) transformed with 
pET26b:MmpL7  This study  

MmpL3 C41(DE3) transformed with 
pET28b:MmpL3 (65) 

E. coli C41A–(DE3) E. coli ∆acrB C41(DE3)  
The kind gift from Dr. 
Vincent Postis, 
University of Leeds 
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MmpL7- A–  ∆acrB C41(DE3) transformed with 
pET26b:MmpL7 This study  

MmpL3- A–   ∆acrB C41(DE3) transformed with 
pET28b:MmpL3 This study  

Control  C41(DE3) transformed with pET26b This study  

2.2.2 Protein expression    

The protein expression of MmpL3 was optimised by a previous PhD student Vijayashankar 

Nataraj (65) and a postdoctoral researcher Dr. Cristian Varela and therefore, no small-scale 

expression tests were performed. MmpL3 expression in C41(DE3) and C41A–(DE3) strains, 

involved inoculating 10 ml of the preculture into 1 L TB with 50 μg/ml kanamycin and allowed 

to grow until OD600 ~ 0.5 then induced with 1 mM isopropyl β-D-1 thiolgalatcopyranoside 

(IPTG) and allowed to produce protein for 8 hrs at 37 ºC, 180 rpm.  

Whereas the protein expression of MmpL7 and MmpL7- A–   required small-scale protein 

expression tests to compare protein produced between these strains in TB and LB. About 50 

ml of TB/LB with 50 μg/ml kanamycin were inoculated with 0.5 ml of preculture and grown 

to OD600 ~ 0.5 then induced with 1 mM IPTG and allowed to produce protein overnight (ON) 

at 16 ºC, 180 rpm. Thereafter, large-scale cultures in TB were tested for protein expression 

between MmpL7 and MmpL7- A– under different post-induction conditions. Briefly, 10 ml of 

the preculture was inoculated into 1 L TB with 50 μg/ml kanamycin and allowed to grow until 

OD600 ~ 0.5 then induced with 1 mM IPTG and allowed to produce protein either overnight at 

16 ºC, 180 rpm or for 3 hrs at 37 ºC, 180 rpm. Cultures of small- or large-scale were harvested 

by centrifugation at 4000 rpm, 20 min, at 4 ºC. The pellets were washed with 20 ml of 1x PBS 

and centrifuged at 4000 rpm, 20 min, at 4 ºC and were stored at -20 ºC for future use or 

processed for membrane preparation thereafter. For the control strain, 10 ml of preculture was 

inoculated into 1 L TB with 50 μg/ml kanamycin and allowed to grow until OD600 ~ 0.5 then 
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induced with 1 mM IPTG and allowed to grow overnight at 16 ºC, 180 rpm. The culture was 

harvested in the same manner as MmpL3 and MmpL7.  

2.2.3 Membrane preparation 

Pellets (referring to MmpL3, MmpL7 and the control) were resuspended in lysis buffer [20 

mM Tris- HCl pH 7.9, 0.5 mM ethylenediaminetetraacetic acid (EDTA), 1 protease inhibitor 

cocktail tablet EDTA free (Roche) at a ratio of 4:1, buffer to pellet] and lysed using sonication 

(15 s on, 45 s off, 10 cycles) or high-pressure cell rupture (20,000 psi, 3 cycles) and centrifuged 

at 10000 rpm, 15 min, at 4 ºC. The pellet was discarded, and the supernatant was further 

centrifuged at high speed 40000 rpm, 1 hr, at 4 ºC to sediment the membrane that was 

resuspended with 20 ml of 20 mM Tris-HCl pH 7.9 (4 °C) and centrifuged at high speed 40000 

rpm, 1 hr, at 4 ºC. This washing step was repeated, and the membrane was weighed and either 

stored at -80 ºC for future use or solubilised thereafter.  

2.2.4 Solubilisation using Styrene-co- Maleic Acid (SMA) and n-Dodecyl-β-D-Maltoside 

(DDM)   

Membranes (referring to MmpL3, MmpL7 and the control) were resuspended in buffer [50 

mM Tris- HCl pH 7.9, 500 mM NaCl, 10% glycerol, 1 protease inhibitor cocktail tablet EDTA 

free (Roche)] to a final concentration of 40 mg/ml or in some cases 80 mg/ml, homogenised 

and either 2.5% (w/v) styrene-co- maleic acid polymer (SMA) or 1% (w/v) n-dodecyl-β-d-

maltoside detergent (DDM, Thermo ScientificTM). The SMA used in this work was SMA2000-

P prepared at a ratio of 2:1 (styrene: maleic acid) by and obtained from members of Prof. 

Dafforn’s group (University of Birmingham). For SMA solubilisation the mixture was allowed 

to roll for 2 hrs at RT, and in the case of solubilisation using DDM, the mixture was allowed 

to roll for 1.5 hr at 4 ºC. After solubilisation the mixtures were centrifuged at 40000 rpm, 1 hr, 

at 4 ºC, separating the supernatant containing encapsulated membrane proteins (soluble 
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fraction) with SMA from the pellet (insoluble fraction). The soluble fraction was filtered before 

adding to pre-washed and equilibrated nickel charged resin, while the insoluble fraction was 

mixed with 1 ml PBS to be used as a control before being discarded.   

2.2.5 Protein purification 

2.2.5.1 Immobilised metal affinity chromatography (IMAC)  

IMAC is a commonly used method of protein isolation and purification, based on the affinity 

between the tag engineered to the protein of interest and the metal ion that has been chelated 

to an insoluble matrix. In this study, IMAC was always the first step to isolate MmpL3 and 

MmpL7 His tagged proteins by gravity flow using the nickel charged resin from Qiagen (Ni-

NTA agarose). About 2 - 4 ml of Ni-NTA agarose were washed twice with 50 ml distilled 

water and then equilibrated with 50 ml buffer [50 mM Tris- HCl pH 7.9, 500 mM NaCl, 10% 

glycerol] and packed into empty columns designed for gravity-flow purifications (Thermo 

ScientificTM). Briefly, the filtered solubilised supernatant was added to the column with washed 

and pre-equilibrated Ni-NTA agarose, and the resulting flow-through (FT) was collected. 

About 15 ml of buffer (50 mM Tris- HCl pH 7.9, 500 mM NaCl, 10% glycerol) was used to 

wash the column and this fraction was collected and recorded as wash (W). Then 5 ml of buffer 

(50 mM Tris-HCl pH 7.9, 500 mM NaCl, 10% glycerol) with imidazole concentrations (mM) 

from 10 - 300, and 100 mM EDTA solution to strip the column. The fractions were collected 

and analysed by SDS-PAGE/ Western blot. This procedure was used for SMA and DDM, but 

the buffers used for DDM purifications included 0.05% DDM (w/v) in the equilibration, elution 

and 100 mM EDTA solutions.  

2.2.5.2 Dialysis and concentration  

Fractions containing the protein of interest were pooled and dialysed to remove imidazole for 

further purification and concentration; against 50 mM Tris-HCl, 500 mM NaCl, 10% glycerol 
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(pH 7.9) for 3 - 4 hrs and replacing the buffer twice at 4 ºC. Thereafter the pooled sample was 

added to an Amicon® ultra 15 ml centrifugal filter concentrator (Merck Millipore) and 

concentrated to 1 mg/ml measured using the Nanodrop and analysed on SDS-PAGE/ Western 

blot. Both the dialysis tubing and the concentrator had a 10 kDa cut off.   

2.2.5.3 Gel filtration chromatography 

Gel filtration chromatography is another method used to separate proteins based on their size 

(preparative) and can be used to assess the different states a protein can form (analytical), e.g., 

monomer, dimer, trimer, oligomer etc. The Superdex-200 10/300GL (GE healthcare) column 

was equilibrated with 50 mM Tris-HCl pH 7.9, 500 mM NaCl, 10% glycerol and the 

concentrated protein sample/s were loaded after that and eluted 30 fractions with 1 ml each 

using buffer (50 mM Tris-HCl pH 7.9, 500 mM NaCl, 10% glycerol). Fractions of interest were 

analysed by SDS-PAGE/ Western blot. 

2.2.6 Protein analysis 

2.2.6.1 SDS-PAGE (Sodium Dodecyl Sulphate- Polyacrylamide Gel Electrophoresis)  

Protein samples were mixed with loading dye (62.5 mM Tris-HCl pH 6.8, 0.002% 

bromophenol blue, 10% glycerol) and loaded on precast 4 - 20% PAGE (supplied from Biorad) 

and electrophoresed with 1 x Tris-Glycine-SDS buffer (10 x stock pH 8.0 from National 

Diagnostics) with an electric field of 200 V, 35- 45 mA, in vertical units (Bio-Rad). SDS is an 

ionic detergent that disrupts non-covalent bonds (hydrogen-bonding, hydrophobic and ionic 

bonds) resulting in linear proteins with a net uniform negative charge. Therefore, proteins are 

separated primarily on their molecular mass when the voltage is applied. Protein molecular 

weight marker (Thermo scientific) in Appendix 4 was used to assess fragment sizes of samples 

in kDa. Two SDS-PAGE gels were loaded with the same samples and electrophoresed 

simultaneously producing two identical gels, where one gel was stained with instant blue to 
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show the total protein, while the other identical gel was used for Western blotting analysis to 

detect specific His-tagged proteins only. The pair of gels were used together to identify targeted 

tagged protein and assess the purity of the sample/s containing the desired protein.  

2.2.6.2 Non-denaturing or Native PAGE (Polyacrylamide Gel Electrophoresis) 

Protein samples were mixed with loading dye (62.5 mM Tris-HCl pH 6.8, 0.002% 

bromophenol blue, 10% glycerol) and loaded on precast 4 - 20% PAGE (supplied from Biorad) 

and electrophoresed with native buffer (25 mM Tris-HCl pH 8.3, 192 mM glycine) with an 

electric field of 200 V, 35 - 45 mA, in vertical units (Bio-Rad). Since proteins are in their native 

conformation, this application is generally used to detect changes in conformation, degradation, 

aggregation and protein interactions. Thus, the mobility of native PAGE depends on the 

protein's innate charge, the pH of the buffer and its molecular mass when voltage is applied. 

Protein molecular weight marker (Thermo scientific) in Appendix 4 was used to assess 

fragment sizes of samples in kDa. Similar to the procedure in SDS-PAGE analysis, two native 

PAGE gels were loaded with the same samples and electrophoresed simultaneously producing 

two identical gels, where one gel was stained with instant blue to show the total protein, while 

the other identical gel was used for Western blotting analysis to detect specific His-tagged 

proteins only. The pair of gels were used together to identify targeted tagged protein and assess 

the purity of the sample/s containing the desired protein.  

2.2.6.3 Western blot analysis 

From the pair of either SDS-PAGE or native PAGE gels as explained above, one of the gels 

the was transferred onto a nitrocellulose membrane (Pierce, Thermo scientific) by packing the 

gel with the membrane closely together in a cassette, submerged in vertical units (Bio-Rad) 

with transfer buffer (25 mM Tris-HCl pH 8.3, 192 mM glycine and 20% methanol) at an 

electric field of 30 V, 300 mA for 3 hrs. The membrane was incubated in 5 % blocking solution 
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(milk powder) to prevent non-specific binding of antibodies to the membrane for 1 hr at RT 

then washed with TBST (20 mM Tris-HCl pH 7.6, 150 mM NaCl, 0.1% Tween 20) three times 

and incubated (ON, with gentle shaking, at 4 ̊C) with 1:2000 primary antibody (mouse IgG 

anti-Penta-His from Qiagen. After the primary antibody incubation, the membrane was washed 

with TBST (20 mM Tris-HCl pH 7.6, 150 mM NaCl, 0.1% Tween 20) three times and 

incubated with 1:20000 secondary antibody Anti IgG conjugated to alkaline phosphatase, 

Sigma with for 1 hr, with gentle shaking at RT. Then washed twice with TBST (20 mM Tris-

HCl pH 7.6, 150 mM NaCl, 0.1% Tween 20) and twice with TBS (20 mM Tris-HCl pH 7.6, 

150 mM NaCl) before visualising the proteins using a chromogenic substrate SIGMA FAST™ 

NBT/BCIP (nitro-blue tetrazolium/ 5-bromo-4-chloro-3’-Indolyphosphate, Sigma Aldrich) 

dissolved in water.  

2.3. Results  

To avoid AcrB (~120 kDa) co-expression and co-purification with MmpL3 (~101 kDa) and 

MmpL7 (~95 kDa), the use of an acrB C41(DE3) mutant strain was used (Table 2-2). The 

protein expression of MmpL3 and MmpL7 was compared between acrB functional and 

deficient C41(DE3) strains.  

2.3.1 MmpL3 expression in acrB functional and deficient C41(DE3) strains 

The protein expression of MmpL3 (~ 101 kDa) was optimised by two previous colleagues and 

MmpL3 was abundantly expressed in the acrB functional strain in 1 L (Appendix 7A) and 3 L 

(Figure 2-2). Lower amounts of MmpL3 were observed in the acrB deficient strain as 

determined by Western blot (Figure 2-2) despite using three times the concentrated membrane 

material.  



Chapter 2 Structural characterisation of MmpL3 and MmpL7 

Page 70 of 222 

 

 

Figure 2-2: MmpL3 expression in membranes of C41(DE3) strains with and without the 
acrB gene. Membranes were prepared from 3 L cultures pooled. Left panel represents the total 
protein on SDS-PAGE while the right panel shows His-tagged proteins on the Western blot. L 
represents the protein ladder.  

2.3.2 MmpL7 expression in acrB functional and deficient C41(DE3) strains 

Small-scale protein expression testing of MmpL7 determined that terrific broth (TB) produced 

higher levels of MmpL7 (~95 kDa) observed in the Western blot (Figure 2-3) but no definitive 

band corresponding to MmpL7 in the acrB deficient strain. The same results were observed for 

assessing MmpL7 expression under two post-induction conditions in 1 L cultures of acrB 

deficient strains as compared to MmpL7 expressed in the acrB functional strain at one post-

induction condition (Figure 2-4).  
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Figure 2-3: Small-scale testing MmpL7 expression comparing two different media in 
membranes of C41(DE3) strains with and without the acrB gene. Membranes were 
prepared from 50 ml cultures. Left panel represents the total protein on SDS-PAGE while the 
right panel shows His-tagged proteins on the Western blot. L represents the protein ladder; TB 
is terrific broth and LB is Luria-Bertani broth. 
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Figure 2-4: Testing MmpL7 expression in C41(DE3) and ∆acrB C41(DE3) strains in TB 
media. A) C41(DE3) strain with the acrB gene at 16 ºC, ON post-induction condition and B) 
C41(DE3) without the acrB gene at different post-induction conditions. Membranes were 
prepared from 1 L cultures. Left panels represents the total protein on SDS-PAGE while the 
right panels show His-tagged proteins on the Western blot. L represents the protein ladder and 
TB is terrific broth. 
 

Unfortunately, both MmpL3 and MmpL7 protein expression were undetectable in the acrB 

C41(DE3) mutant strain regardless of the media or post-induction conditions. It has been noted 

previously that the acrB mutant affects the growth of Gram-negative bacteria that in turn 

resulted in low MmpL3 and MmpL7 production (from our collaborators at the University of 
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Leeds). Therefore, experiments were carried out in the C41(DE3) strain with the functional 

acrB gene, as MmpL3 and MmpL7 expression were abundant in 1 L cultures.  

2.3.3 Purification of the Control using SMA 

To overcome any concerns regarding contamination of RND proteins that possibly could be 

co-expressed and co-purified with MmpL3 and MmpL7, a vector only (i.e. no protein-

expressing) C41(DE3) strain (Table 2-2) was included in this work. This control strain was 

induced, prepared, solubilised using SMA and purified alongside MmpL3 and MmpL7 strains 

to avoid technical error (Appendix 7). The membrane fraction of the control strain showed 

similar amounts of total protein as compared to membrane fractions of MmpL3 and MmpL7 

on SDS-PAGE (Appendix 7). The absence of non-specific proteins in the Western blot analysis 

validated the specificity of this technique in detecting MmpL3 and MmpL7 (Appendix 7).  

2.3.4 Purification of MmpL3 using SMA 

Initially, for IMAC purifications, the membrane prepared from 1 L cultures were sufficient for 

NEM imaging as low protein concentrations were favoured. Very little to no total protein was 

observed in the purification of MmpL3 (Figure 2-5A) using SMA. Therefore, another attempt 

was made to analyse the samples by loading double the sample volume (Figure 2-5B). 

Surprisingly, no MmpL3 was detected in both the SDS-PAGE/ Western blot after a day of 

performing the IMAC purification (Figure 2-5B). After that, two low concentration imidazole 

eluates from purifications of MmpL3 and MmpL7 were concentrated from 5 ml to 200 μl and 

analysed on SDS-PAGE (Figure 2-6).  
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Figure 2-5: MmpL3 IMAC purification with varying imidazole concentrations showing 
protein degradation over 2 days. A) day 1, B) day 2. Membrane used was from 1 L culture. 
Left panels represents the total protein on SDS-PAGE while the right panels shows His-tagged 
proteins on the Western blot. Imidazole concentrations (mM) are shown as 10, 20, 40, 80, 100, 
150, 200, 250 and 300. L represents the protein ladder; FT is the flow through; W is the wash 
and EDTA represents the ‘strip’ of the column.  
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Figure 2-6: SDS-PAGE analysis comparing concentrated IMAC eluates of MmpL3 and 
MmpL7 at day 2. Membranes used were from 1 L cultures and eluates were concentrated to 
200 μl of which 20 μl was loaded. Imidazole concentrations (mM) are shown as 10 and 20. L 
represents the protein ladder. 
 

It was expected that by concentrating the eluates, total protein would be evident as seen in the 

MmpL7 purification, but this was not the case for the MmpL3 purification (Figure 2-6). While 

protein degradation is known to occur over time, it was strange that the eluates collected from 

the MmpL3 purification were completely degraded by day two. As SDS is a denaturing agent 

that could contribute to the degradation of MmpL3, this motivated analysis under non-

denaturing conditions. Another purification was performed using the same conditions/ 

parameters as before but eluates collected were concentrated and analysed by native PAGE/ 

Western blot over three days (Appendix 8). Native PAGE/ Western blot analysis showed less 

protein at day 3 that indicated overall protein degradation at a slower rate (Appendix 8). 

Since membrane prepared from 1 L cultures resulted in undetectable total protein analysed on 

both SDS- and native PAGE, it was expected that using three times more membrane material 

would improve the MmpL3 purification using SMA (Figure 2-7). Evidently MmpL3 was 

observed in the insoluble fraction, FT and in two eluates as confirmed by Western blot (Figure 
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2-7A). All IMAC eluates were concentrated and dialysed for further purification by gel 

filtration chromatography. The resulting chromatogram in Figure 2-7B only indicated a single 

peak at elutions 13 – 18 ml representing the absorbance 220 nm that were collected and 

analysed by SDS-PAGE/ Western blot. Unexpectedly, there were no traces of any protein, 

including MmpL3 in these fractions analysed by SDS-PAGE/ Western blot (Figure 2-7B).  
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Figure 2-7: SDS-PAGE/ Western blot analysis of MmpL3 two-step purification. A) IMAC 
with varying imidazole concentrations (mM) are shown as 10, 20, 40, 80, 150, and 250. B) Gel 
filtration showing a single peak in red corresponding to the 13-18 ml eluates which were 
collected and analysed. Membrane used was from 3 L cultures. Black arrow indicates MmpL3. 
Left panels represents the total protein on SDS-PAGE while the right panels show His-tagged 
proteins on the Western blot. L represents the protein ladder; FT is the flow through; W is the 
wash and EDTA represents the ‘strip’ of the column. 
 

Possibly during gel filtration, the low protein concentration was diluted to the point of no 

detection on a Western blot. Interestingly, a quarter of the insoluble sample was loaded as 
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compared to the other samples in Figure 2-7A yet higher yields of protein including MmpL3 

were observed. This indicated that SMA did not effectively solubilise the membrane. Indeed, 

the FT was also another indicator that depicted poor SMA solubilisation as in this sample, there 

was very little to no protein background.  

2.3.5 Purification of MmpL7 using SMA 

Poor membrane solubilisation was also observed in the MmpL7 purification using SMA 

(Appendix 9). When three times more membrane was used for solubilisation with SMA there 

was more total protein in the FT including MmpL7 that was also detected in the wash step with 

no imidazole and eluates with low imidazole concentrations as verified by Western blot 

analysis (Figure 2-8). Analysing fractions before solubilisation (i.e. the membrane) and after 

solubilisation (i.e. soluble and insoluble) were included in determining the efficiency of SMA 

solubilisation (Figure 2-8). Notably, the insoluble fraction contained more MmpL7 than the 

soluble fraction as indicated by the Western blot.  
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Figure 2-8: MmpL7 IMAC purification with one imidazole concentration using SMA 
including fractions before and after SMA solubilisation. The membrane represents the 
fraction before SMA solubilisation, while soluble and insoluble represent fractions after SMA 
solubilisation. Equal amounts of the membrane, soluble and insoluble fractions were loaded 
and were from 3 L cultures. Left panels represents the total protein on SDS-PAGE while the 
right panels show His-tagged proteins on the Western blot. L represents the protein ladder; FT 
is the flow through and W is the wash. Red arrow indicates MmpL7. 
 

Collectively very little to no total protein was observed in purifications of the control strain 

(Appendix 7B), MmpL3 (Figure 2-5) and MmpL7 (Figure 2-8) using SMA resulting in 

unsuccessful purification attempts because the membranes were not being solubilised by SMA 

effectively. Besides, MmpL3 and MmpL7 were eluted in washes with no and low 

concentrations of imidazole (referred to as “leaky”), indicating weak affinity between the His-

tag and the charged nickel resin (Ni-NTA agarose). One possible cause of weak interactions 

could be the SMA polymer blocking the tag from the nickel resin.  
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2.3.6 Purification of MmpL7 using DDM 

To determine if solubilisation using SMA was ineffective and if SMA was hindering the 

affinity between His tagged MmpL3 and MmpL7 proteins and the charged nickel resin, 

solubilisation and downstream purifications were performed using n-dodecyl-β-d-maltoside 

(DDM) detergent. Undeniably, solubilisation of the membrane was markedly improved using 

DDM as indicated by the total protein in the FT in Figure 2-9. In Figure 2-9A, the majority of 

MmpL7 was eluted in the FT and continued to “leak” throughout the purification. However, in 

Figure 2-9B, MmpL7 was mainly detected in the FT and EDTA fraction suggesting that not all 

the protein passed through the column. Surprisingly these results indicated that the 

concentration of membrane material extracted with DDM was crucial and required further 

consideration. Although there was an improvement in membrane extraction using DDM, there 

was no enrichment for MmpL7, indicating that there was another reason for the weak affinity 

between tagged proteins and the nickel resin.  
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Figure 2-9: MmpL7 IMAC purification with one imidazole concentration using DDM. 
Membrane material of: A) 40 mg/ml and B) 80 mg/ml. Left panels represents the total protein 
on SDS-PAGE while the right panels show His-tagged proteins on the Western blot. L 
represents the protein ladder; FT is the flow through; W is the wash and EDTA represents the 
‘strip’ of the column. Red arrow indicates MmpL7.  
 

According to the predicted solvent accessibility calculated by the I-TASSER server (253) of 

MmpL3 and MmpL7 including their respective six His tag at the C terminal ends, revealed that 

five of six His residues in these proteins were buried explaining the weak interaction (Appendix 

10). Therefore, primers to generate a longer C terminal His tag (up to twelve His) and a TEV 
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site (Tobacco Etch Virus sequence-specific protease) to cleave off the His-tag were created to 

improve MmpL7 IMAC purification (Appendix 11). However, due to time constraints, the 

improved version of the MmpL7 protein expression construct was not generated, and protein 

expression and purification experiments were not performed.  

2.4. Discussion 

MmpL proteins are significant contributors to Mtb survival and pathogenesis by building the 

cell wall with virulence-related lipids, acquiring iron acquisition through different methods and 

serving as drug efflux pumps when overexpressed. In an attempt to determine the structure of 

two MmpL proteins, MmpL3 and MmpL7, the objective was to use the styrene-maleic acid 

(SMA) co-polymer coupled with single-particle electron microscopy (NEM/CEM) over 

detergent-based and X-ray crystallography methods (244,252).   

Indeed, the first hurdle of expressing proteins was overcome. MmpL3 and MmpL7 were 

produced in commonly used E. coli expressing vectors and strains observed in small- and large-

scale cultures. The expression of MmpL3, together with the construction of the expression 

vector was the previous work of a PhD student (65) and postdoctoral colleague. They found 

the overexpression of MmpL3 produced a lethal effect and therefore, the post-induction period 

was restricted. The overexpression of MmpL7 was not toxic and hence, the post-induction 

period was longer and set to facilitate correct protein folding. To avoid AcrB contamination, 

an expressing strain without the acrB gene was used for the heterologous overexpression of 

MmpL3 and MmpL7. Both proteins were not confidently identified in the acrB deficient strain 

despite changing the growth media, post-induction conditions and volumes of cultures. To 

verify the presence of RND proteins after purification and NEM/CEM imaging a no protein 

control or negative control was included in membrane preparation and purification.  
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SMA membrane extraction or solubilisation was the chosen method as it has been shown to 

directly extract membrane proteins and keep them in their the native lipid bilayer that provides 

protein stability and preserves protein function, it is economical and straightforward to use, it 

is compatible with analytical techniques and single-particle electron microscopy that requires 

lower levels of protein for structural determination (243,244,247,248,252). For the 

solubilisation of MmpL3 and MmpL7, SMA was used but resulted in ineffective membrane 

extraction as higher levels of total protein including MmpL3 and MmpL7 were detected in the 

insoluble fraction after SMA solubilisation, regardless of the amount of membrane used. Also, 

the unsuccessful MmpL3 and MmpL7 purifications were a result of weak binding affinity.  

However, SMA has limitations such as in the presence of divalent cations the SMA polymer 

precipitates (254) and is rendered insoluble at an acidic pH (255). Divalent cations could have 

been present as MmpL3/11 are known to acquire heme aside from lipid transport that is a 

divalent cation (197,198). As MmpL3 is a heme associated protein, it could also interact with 

other divalent cations to promote conformational changes and for its function (256). These 

reasons could be applied to MmpL7 explaining the equally poor solubilisation with SMA but 

has not been determined whether this protein interacts with divalent cations for its activity. 

Besides, the lysis buffer in this work included EDTA that chelates divalent cations. The EDTA 

containing buffer was only used at the lysis step and washed thereafter with Tris-based buffers 

containing no EDTA to avoid interference with the IMAC purification. The pH of the buffer 

was monitored before and after SMA solubilisation and before IMAC purification with and 

without imidazole. Thus, all buffers and mixtures were maintained at pH 7.9 - 8.0.  

DDM was used to determine whether the SMA was blocking the His-tag and hindering affinity 

during purification and to compare the efficiency of SMA solubilisation. DDM significantly 

improved solubilisation of the membrane suggests that the high protein levels found in the 
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insoluble fraction were not due to protein contained in inclusion bodies (also referred to as 

insoluble) as detergents are ineffective in extracting protein from these structures. The 

improved membrane extraction with DDM did not improve the IMAC purification. With the 

use of I-TASSER the predicted solvent accessibility of the six His tag at the C terminal ends 

of MmpL3 and MmpL7 were found to be mostly buried explaining the weak affinity between 

the tag and the charged nickel resin resulting in poor IMAC purifications. The results of I-

TASSER were surprising for MmpL3 as the C terminus follows the soluble cytoplasmic 

domain (D3) and was expected to be exposed. Collectively, these analyses revealed the most 

prominent problems impeding successful isolation and purification of MmpL3 and MmpL7 

were at the solubilisation step using SMA and the almost buried His tag of MmpL3 and MmpL7 

expression constructs. 

Some unexpected findings were also presented in this work, such as protein degradation unique 

to MmpL3 evident in denaturing and non-denaturing analyses despite using protease inhibitors 

and autoclaving buffers (in addition to filtering). In 2019, two publications  have determined 

the structure of MmpL3 (32,183), significant contributions to the understanding of MmpL 

proteins and achievement in membrane protein structural biology. Interestingly, these 

independent findings reported the cytoplasmic soluble D3 domain of MmpL3 caused 

interference in the structural determination process as it was subject to proteolytic cleavage 

resulting into truncated versions of MmpL3 all without D3, that validated our observations of 

protein degradation associated with MmpL3 (32,183).  

Notably, DDM was used in the structural determination of MmpL3 and its homolog CmpL1 in 

Corynebacterium glutamicum (C. glutamicum) by conventional X-ray crystallography 

(32,183) and single-particle electron microscopy (185) indicating that detergents remain the 

method of choice despite the widespread use and success of SMA. In contrast to these studies, 
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difficulties in isolating MmpL7 were experienced when solubilising higher concentrations of 

membrane material using DDM suggesting that optimisation was required. Since the molecular 

weight of the DDM corona (65- 70 kDa) and MmpL3 and MmpL7 (~ 101/95 kDa) were similar 

another consideration of using DDM was effectively removing excess detergent without losing 

protein and drastically changing the critical micelle concentration (cmc) that could result in 

destabilization and denaturation (240). As single-particle electron microscopy was the route 

preferred in this study, NEM would have been performed first to verify the integrity of the 

protein sample then CEM. However, the presence of DDM micelles with/without protein 

would have been difficult to distinguish with NEM. Further considerations of DDM application 

in addition to the buffer used in this study composed of high concentrations of salt and glycerol, 

producing artefacts that can be misinterpreted in NEM (257).  

Even though the structure of MmpL3 has now been solved (32,183), there remain twelve 

MmpL proteins that await structural determination. From our failed attempts in achieving the 

structure of MmpL3 and MmpL7 many lessons were learnt and could be used to improve 

experimental design and execution. Future work involves the modification of the MmpL7 

expressing vector to enhance the IMAC purification, preparation of membrane from at least 6 

L of culture and to optimise the use of DDM for extracting membrane proteins coupled with 

traditional X-ray crystallography methods as in (32,183). While SMA could be used for 

protein-lipid assays and protein-protein interactions that are of relevance in understanding the 

mechanisms of MmpL proteins.  
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 Determining the mechanism of MmpL7 

3.1. Introduction  

A class of lipid transporters termed mycobacterial membrane protein large (MmpL) have been 

identified and required for mycobacterial survival, as discussed in detail in Chapter 1. The 

genome of Mycobacterium tuberculosis (Mtb) encodes thirteen MmpL proteins (54) of which 

only seven have known functions as dedicated lipid transporters that contribute to cell wall 

permeability and virulence, but also involved in drug efflux and heme acquisition 

(175,177,179) as discussed in detail in Chapter 1. Except for mmpL3, the other mmpL genes 

are not required for the growth of Mtb in vitro, but disruption of several mmpL genes result in 

drastic consequences in vivo (156,174,181).  

The mmpL gene, mmpL7 is contained within a locus that spans over ~73 Kbp long, encodes 

genes dedicated to phthiocerol dimycocerosates (PDIM) and glycosylated phenolphthiocerol 

dimycocerosates (PGL) biosynthesis and translocation to the outer membrane (Figure 3-1) 

(39,40). PDIM constitutes a diol backbone (phthiocerol), esterified to two methyl-branched 

fatty acyl moieties (dimycocerosates) (Figure 3-1A) (258). Briefly, the PDIM cluster 

constitutes a set of five Type-I polyketide synthases, PpsA-E integral for the synthesis of 

phthiocerol while a Type-I fatty acid synthase termed mycocerosic acid synthase (Mas) 

produces mycocerosic acid (Figure 3-1B) (258). PGL shares this common lipidic core, but is 

further expanded by a phenolic group, and glycosylation, introduced by a polyketide synthase 

encoded by pks1-15 and numerous glycosyltransferases (Figure 3-1) (117,127,258). 

Interestingly a biochemical interaction between MmpL7 and the last polyketide synthase PpsE 

in the production of phthiocerol was demonstrated, linking PDIM synthesis and transport (259). 

mmpL7 transports PDIM and PGL but other transport genes are also required for PDIM 

transport to the outer membrane (40,126,186).  
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Figure 3-1: The structure and genetic context of PDIM/PGL. A) Simplified structure and 
B) the PDIM cluster. The * indicates an intact pks15/1 gene is required for PGL production. 
[Adapted from (60,111)]. 

 
MmpL proteins are classified as part of the resistance-nodulation-cell division (RND) permease 

superfamily (174,227) based on phylogenetic analyses and structurally similarities (228). The 

principle mechanism of RND substrate translocation is based on the proton relay pathway and 

depends on critical residues that facilitate proton transfer and coordinate substrate translocation 

(230,260–262). In RND permeases these key residues are conserved and situated in 

transmembrane (TM) helices TM4 and TM10 (230,260–262). The characterised Gram-

negative multidrug RND transporter AcrB forms a trimer for complete function, and 

protonmotive force (PMF) residues form salt bridges that maintain the structure of the protein 

(230,260–262). Upon protonation these salt bridges are disrupted leading to conformational 
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changes in the tripartite efflux pump and after deprotonation are re-formed or paired restoring 

the tertiary structure of the protein (230,260–262). RND mediated export is the result of 

consecutive cycles of protonation and deprotonation of the PMF network (230,260–262).  

Recently the mechanism of PMF has also been described in MmpL proteins. In-depth analyses 

by Bernut et al. (263) has highlighted the role of conserved Asp/Tyr pairs in PMF amongst 

MmpL proteins situated in TM4/10 aligned with crucial residues of proton relay in AcrB. 

Single mutations to Asp residue in TM4 and Asp/Tyr pair in TM10 in MmpL3 were found to 

be essential for mycobacterial viability (263). Two protein structures of MmpL3, albeit without 

its cytoplasmic domain, corroborate the involvement of these Asp/Tyr pairs in proton 

translocation (32,183). Indeed four promising drugs (SQ109, AU1235, ICA38 and rimonabant) 

some of which were already recognised as PMF inhibitors (194) were shown to directly bind 

to the proton translocation channel defined by TM4/10 disrupting PMF (32).  

Furthermore, Bernut and colleagues reported (175,179,180,263) that MmpL7 was the only 

member of the MmpL family that does not possess these conserved Asp/Tyr residues at 

TM4/10. However, mmpL7 is classified as an RND member (174,227) and has a function in 

PDIM synthesis/transport (39–41,259). Thus, the aim of the study described in this chapter was 

to determine the mechanism of mmpL7 (encoding MmpL7) in PDIM synthesis/transport by 

generating an in-silico model to identify residues for modification using site-directed 

mutagenesis (SDM) and assessing the effects of these single mutations on synthesis/transport 

of PDIM/PGL.  

3.2. Methods and materials 

3.2.1 MmpL7 homology model and identification of residues for investigation  

I-TASSER (253) was used to generate an in-silico model of MmpL7 based on previously 

solved structures of AcrB (PDB: 4DX5) and MmpL3 (PDB: 6OR2) and viewed and edited 
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with Pymol (264). Using the MmpL7 homology model and the guidance of a postdoctoral 

researcher Dr. Robert Marshall at the University of Birmingham, we identified several residues 

that could possibly contribute to PDIM/PGL synthesis/transport as listed in Table 3-1 based on 

structural alignments with previously solved structures of AcrB (PDB: 4DX5) and MmpL3 

(PDB: 6OR2), molecular analyses of the thirteen MmpL proteins and MmpL7 homologs and 

the extensive PMF network outlined by (185,194,228). All bioinformatics analyses in this study 

were performed using web-based tools listed in Chapter 6. 

Table 3-1: Amino acid residues in MmpL7 targeted for site-directed mutagenesis with 
modifications to the nucleotide sequence.  
Native 
amino acid  

Amino 
acid 
position 

Modification Strain Reasons 

Ala- GCA 287 Ser- AGC A287S Aligned to MmpL3 TM4 PMF 

Ala- GCC 288 Thr- ACC A288T Aligned to MmpL3 TM4 PMF 

Ala- GCC 292 Gly- GGC A292G TM4 region  

Asp- GAC 524 Leu- CTG  D524L Conserved in MmpL7 homologs 

Arg- CGC 610 Asp- GAC R610D Conserved in MmpL7 homologs  

Iso- ATC 611 Arg- CGG  
 

I611R Conserved in MmpL7 homologs  
Required for PpsE binding to MmpL7 
periplasmic domain 2 (PD2) (259) 

Asp- GAT 670 Arg- CGG D670R Conserved amongst MmpL proteins 
and MmpL7 homologs  
Aligned to AcrB PD2 

Asp- GAT 673 Ala- GCC D673A Aligned to AcrB PD2 

Glu- GAG 676 Ala- GCC E676A Aligned to AcrB PD2 

Pro- CCG 836 Asp- GAC P836D Aligned to AcrB TM10 PMF 

Tyr- TAT 837 Phe- TTC  Y837F Aligned to AcrB TM10 PMF 
Conserved in MmpL proteins and 
MmpL7 homologs 

Arg- CGT 846 Ala- GCC R846A Conserved in MmpL proteins 
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3.2.2 ∆mmpL7 mutant generation in BCG 

Since the mmpL7 genes of Mtb (H37Rv) and M. bovis are identical, genetic and phenotypic 

characterisation of mmpL7 Mtb (H37Rv) could be performed in the biosafety level two 

microorganism, M. bovis BCG (BCG). Briefly 1 Kbp PCR fragments upstream and 

downstream using primers in Appendix 5A of the mmpL7 gene from H37Rv genomic DNA 

was cloned into p0004S, flanking a hygromycin resistance cassette and verified by DNA 

sequencing. This construct was packaged into the temperature-sensitive mycobacteriophage 

required for transduction of wild type BCG with phΔmmpL7 as described in detail in Chapter 

6. All hygromycin resistant transductants were selected and verified by Southern blot analysis 

that was used to identify a mutant; confirm that no re-arrangements have occurred and ascertain 

the integrity of the upstream and downstream regions of the mmpL7 deletion. Only one 

transductant was selected and designated ΔmmpL7 used for further studies.  

3.2.3 Generation of twelve site-directed mutagenized strains in BCG 

The complemented mmpL7 construct was created by cloning full-length mmpL7 (using primers 

indicated in Appendix 5B) into the replicating vector, pMV261 under the GroEL (Hsp) 

promoter (265) and verified by DNA sequencing. This vector was used as a template for 

constructing the twelve site-directed mutagenized strains of MmpL7 with the aid of the site-

directed mutagenesis kit explained in Chapter 6. The NEB base changer website 

(http://nebasechanger.neb.com/) was used to design primers for site-specific modification 

(Appendix 5C), and details of the Q5 site-directed mutagenesis process were followed, as 

indicated in Chapter 6. The resulting mutagenized plasmids containing individual site-specific 

modifications were verified by DNA sequence analysis.  

The native mmpL7 complementation vector with the twelve mutagenized vectors were 

electroporated into the ΔmmpL7 mutant, and after recovery and incubation, kanamycin and 
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hygromycin resistant transformants were selected and confirmed by PCR. The positive 

transformants were subject to another round of DNA sequencing analysis to verify the 

modifications made in the mmpL7 gene. After that, all strains in Table 3-2 together with the 

wild type BCG strain were analysed for mmpL7 expression by reverse transcriptase- PCR using 

primer pairs in Appendix 5E and by general and specific lipid analysis, as described in detail 

in Chapter 6.  

3.2.4 Plasmids and strains  

Table 3-2 below provides a list of the plasmids, bacterial strains and recombinant 

mycobacteriophages only generated in this study, while the reference plasmids, bacterial strains 

and recombinant mycobacteriophages described in Chapter 6, Table 6-1.  

Table 3-2: A list of plasmids, mycobacteriophages and bacterial strains generated in this 
study. 
 Genetic characteristics 

Plasmids 

pΔmmpL7  
Derivative of p0004s cosmid 
obtained by cloning upstream and downstream flanks of Mtb mmpL7 
(Rv2942) 

pMV261:mmpL7 
A copy of Mtb mmpL7 (Rv2942) cloned into pMV261 E. 
coli/mycobacterial shuttle vector, in frame with the GroEL (Hsp) 
promoter 

pMV261_A287S mmpL7 complement vector with a codon modification at residue 287 

pMV261_A288T mmpL7 complement vector with a codon modification at residue 288 

pMV261_A292G mmpL7 complement vector with a codon modification at residue 292 

pMV261_D524L mmpL7 complement vector with a codon modification at residue 524 

pMV261_R610D mmpL7 complement vector with a codon modification at residue 610 

pMV261_I611R mmpL7 complement vector with a codon modification at residue 611 

pMV261_D670R mmpL7 complement vector with a codon modification at residue 670 
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pMV261_D673A mmpL7 complement vector with a codon modification at residue 673 

pMV261_E676A mmpL7 complement vector with a codon modification at residue 676 

pMV261_P836D mmpL7 complement vector with a codon modification at residue 836 

pMV261_Y837F mmpL7 complement vector with a codon modification at residue 837 

pMV261_R846A mmpL7 complement vector with a codon modification at residue 846 

pMV306::mmpL7 A copy of Mtb mmpL7 (Rv2942) cloned into pMV306 E. 
coli/mycobacterial shuttle vector, in frame with 400bp upstream of the 
native promoter region and 200bp downstream of mmpL7  

Mycobacteriophages 

phΔmmpL7  Derivative of phAE159 obtained by cloning pΔmmpL7 at the PacI site  

Bacterial strains 

ΔmmpL7 BCG strain with Mtb mmpL7 (Rv2942) replaced with hyg-sacB cassette 

mmpL7-C ΔmmpL7 BCG strain that contains pMV261:mmpL7 

A287S ΔmmpL7 BCG strain that contains pMV261_A287S 

A288T ΔmmpL7 BCG strain that contains pMV261_A288T 

A292G ΔmmpL7 BCG strain that contains pMV261_A292G 

D524L ΔmmpL7 BCG strain that contains pMV261_D524L 

R610D ΔmmpL7 BCG strain that contains pMV261_R610D 

I611R ΔmmpL7 BCG strain that contains pMV261_I611R 

D670R ΔmmpL7 BCG strain that contains pMV261_D670R 

D673A ΔmmpL7 BCG strain that contains pMV261_D673A 

E676A ΔmmpL7 BCG strain that contains pMV261_E676A 

P836D ΔmmpL7 BCG strain that contains pMV261_P836D 

Y837F ΔmmpL7 BCG strain that contains pMV261_Y837F 

R846A ΔmmpL7 BCG strain that contains pMV261_R846A 

mmpL7- NC ΔmmpL7 BCG strain that contains pMV306::mmpL7 
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3.3. Results 

3.3.1 Identifying residues in transmembrane (TM) domain in MmpL7  

A homology model of MmpL7 was generated using the I-TASSER server based on 

characterised RND transporters, AcrB in E. coli and MmpL3 in M. smegmatis (Figure 3-2). 

While the MmpL7 model shared all the structural features of RND transporters (Figure 3-2), 

superimpositions at conserved PMF sites revealed Ala residues at TM4 (positions 287/288) 

and at TM10, Pro836 and Tyr837 amino acids (Figure 3-2) in line with previous observations 

(175,179,263). 

 

 

Figure 3-2: MmpL7 homology model highlighting the lack of PMF associated residues. 
The top panel indicates the overall protein topology of the MmpL7 model as compared with 
solved structures of AcrB (PDB: 4DX5) and MmpL3 (PDB: 6OR2). Transmembrane regions 
(TM) involved in proton relay are coloured in blue (TM4), magenta (TM6), orange (TM10) 
and green (TM11). The bottom panel highlights the known residues involved in PMF in AcrB 
and MmpL3 and the corresponding amino acids in MmpL7. [Presented as in (263)]. 
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A proton translocation channel constitutes an extensive network of residues involved in proton 

relay distributed in the TM domain. In AcrB, residues located TM6/11 are also crucial for PMF 

as shown in Figure 3-2 (230,260,261,266). Thus, by examining the literature in AcrB, 

(230,260,261,266), SecDF (267), CusA (233) and MmpL3 (32,183,185,194,228) we found an 

extensive list of residues distributed in the TM domain required for PMF. This list was mapped 

onto the amino acid sequence of MmpL7 to see the potential corresponding residues (Figure 

3A) and compared with the other MmpL members (Figure 3-3A) and the MmpL7 homologs 

amongst PDIM producing mycobacteria (Figure 3-3B) by multiple sequence alignments 

(MSA).  

Strangely, upon inspection of the amino sequence of MmpL7 there were no Asp-Tyr pairs in 

the entire protein sequence in Mtb (data not shown). Even though MmpL13 and MmpL6 are 

truncated members of the MmpL family, one Asp- Tyr pair remains conserved (Figure 3-3A). 

Already, we have shown that MmpL7 is deficient in Asp-Tyr pairs in TM4/10 except for the 

widely conserved Tyr837 in TM10 amongst MmpL members and MmpL7 homologs (Figure 

3-3). In the same TM unit, another conserved residue across MmpL proteins, Arg846 (Figure 

3-3A) not mentioned in previous works, was found. Analysis of MmpL7 homologs of PDIM 

producing mycobacteria revealed conservation of Ala287 in TM4 and Pro836 in TM10 (Figure 

3-3B). From these results, most residues outlined in the literature to form a proton relay 

network distributed throughout the TM domain in other RND members were not found in 

MmpL7. Nonetheless, residues in TM4/10 were selected to probe whether they contributed to 

MmpL7 activity (Figure 3-3).  
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Figure 3-3: Multiple sequence alignment (MSA) emphasising residues involved in PMF. A) MmpL proteins in Mtb and B) MmpL7 homologs 
in PDIM producing mycobacteria.TM4, TM6, TM10 and TM11 are coloured in blue, magenta, orange and green respectively. A list of residues 
involved in PMF are indicated by arrows, while the red asterisks and arrows labelled with the corresponding MmpL7 residue position denotes 
amino acid residues investigated in this study.  
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3.3.2 Identifying residues in periplasmic domain 2 (PD2) MmpL7  

The periplasmic domains of RND transporters are vital components of the protein that enable 

substrate binding and dictate specificity and with regards to AcrB, also interact with adaptor 

and outer membrane proteins to form functional multi efflux pumps (268,269). Interestingly, 

Jain and Cox (259) revealed a biochemical interaction between the PD2 region of MmpL7 with 

PpsE, the last polyketide synthase to produce phthiodiolone in PDIM.  

The majority of MmpL proteins have an additional structural motif in PD2 that is similar to 

AcrB (228). Therefore, the MmpL7 model was superimposed with RND members AcrB and 

MmpL3 to examine the structural features of PD2 further. The alignment with MmpL3 

highlighted the additional structural motif in PD2 (Figure 3-4A). Superimposition with AcrB 

revealed that while there was a similar organisation of the porter and docking domains, there 

were also significant structural differences between the docking domains of AcrB and MmpL7 

(Figure 3-4A). This observation suggested that PD2 of MmpL7 and other MmpL proteins alike 

is unique to the MmpL family.  

Molecular analysis revealed a list of conserved residues between MmpL7 homologs and AcrB. 

Interestingly, Asp524, Arg610 and Ile611 residues were highly conserved in PDIM producing 

mycobacteria, and two Asp residues at positions 670 and 673 were conserved with AcrB 

(Figure 3-4B). Only Asp670 was strictly conserved amongst MmpL7 homologs and found in 

other MmpL proteins (Appendix 12), but Asp673 and Glu676 were mainly found within 

MmpL7 homologs (Figure 3-4B). Both Ile611 and Asp673 resulted in the abrogation of 

MmpL7-PpsE binding (259). Since the PD2 region of MmpL7 is vast with the aid of the Jain 

and Cox (259) findings, structural and sequence analyses we were able to select several 

residues in the docking domain of PD2. 
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Figure 3-4: Structural and sequence analyses of MmpL7 periplasmic domain 2 (PD2). A) 
Superimposed structures of MmpL7 with AcrB and MmpL3 emphasising MmpL7 PD2 and B) 
MSA of MmpL7 homologs with AcrB focussing on the PD2 region. Alignments of MmpL7 
indicated in deep salmon with solved structures of AcrB (PDB: 4DX5) depicted in light blue 
and MmpL3 (PDB: 6OR2) coloured in pale green, generated by I-TASSER specifically 
highlighting MmpL7 periplasmic domain 2 (PD2) in red. Amino acids investigated in this study 
were indicated by an arrow with the residue position.  
 

3.3.3 Generation of the mmpL7 mutant, mmpL7 complemented and twelve mmpL7 

mutagenized strains 

To investigate whether the residues identified in this study located in the TM domain and PD2 

were involved in MmpL7 function, conservative modifications to these residues were made (as 

shown in Appendix 13), using the pMV261-7C vector as a template that resulted in twelve 

mutagenized vectors. Also, the mmpL7 mutant was constructed and verified by Southern blot 
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in Figure 3-5 for complementation with the pMV261-7C vector and the twelve mutagenized 

vectors resulting in twelve mutagenized mmpL7 strains and the mmpL7- C strain. Each of the 

strains was tested for mmpL7 expression by reverse transcriptase- PCR (Appendix 14).  

 

Figure 3-5: Southern blot verification of the ∆mmpL7 mutant in BCG. A) Genetic context 
of mmpL7 in wild type (Wt) BCG and the mutant. (B) Genomic DNA from the Wt BCG strain 
and four transductants were digested with PstI and probed with the upstream PCR amplicon 
(941 bp). The expected fragment sizes for Wt BCG was 5572 bp and for the ΔmmpL7 mutant 
was 7409 bp outlined by the red box evident for transductants 1, 3 and 4. Only transductant 4 
was used for further experiments indicated by the red asterisk and designated ΔmmpL7. The 
probe is indicated as the purple arrow and where hyg, hygromycin resistance gene from 
Streptomyces hygroscopicus; sacB, sucrose counter selectable gene from Bacillus subtilis. 
 

3.3.4 Lipid analysis  

For selectively detecting PDIM/PGL, [14C]-propionate a radioactive metabolic label was used 

as in previous reports (39–41,120). Apolar lipids were extracted from the culture filtrate that 

represented the outside apolar lipids and from the bacterial cells that represented the inside 

apolar lipids, respectively. Outside and inside apolar lipids were separated by one-dimensional/ 

two-dimensional thin-layer chromatography (1D/2D TLC) to resolve PDIM/PGL.  

In addition, all the strains were labelled with [14C]-acetate a radioactive metabolic label 

incorporated in all lipids to verify that the deletion/restoration of the mmpL7 gene was specific 

to PDIM/PGL. Total apolar and polar lipids were extracted from bacterial cells (as described 

in Chapter 6) and separated on 1D/2D TLC to generate a general lipid profile (Appendix 15). 
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The extractable total apolar and polar lipids of the mycobacterial cell wall were not affected by 

the genetic manipulations of mmpL7 (Appendix 15C/D). Only PDIM/PGL transport was 

affected by the deletion of mmpL7 (Appendix 15A/B) as expected. 

3.3.5 PDIM analysis  

PDIM was present in both the outside and inside fractions of the wild type strain, indicating 

that PDIM is synthesised and transported as expected (Figure 3-6). The mmpL7 mutant 

demonstrates that PDIM was only present in the inside fraction, whereas, the complemented 

strain mmpL7- C mimics the wild type and restores PDIM transport (Figure 3-6). Evidently 

substitutions to the triad of Ala residues in TM4 or the Pro836 at TM10 did not result in failed 

PDIM production or transport (Figure 3-6). Similarly, mutations to D524 and I611 did not 

affect MmpL7 activity as PDIM was observed both inside and outside of cells (Figure 3-6). 

However, an accumulation of PDIM inside the cells was observed with single mutations to 

R846 at TM10 and D673 in PD2 (Figure 3-6). Both I611 and D673 were reported to abrogate 

the MmpL7 PD2 and PpsE interaction (259), and yet PDIM synthesis was unaffected in both 

mutant plasmid transformed strains (Figure 3-6). Consistent with the findings of Jain and Cox 

(259), a mutation to I611 did not affect MmpL7 activity (Figure 3-6). Unexpectedly, 

modification to the highly conserved Tyr837 residue and substitution of charged residues 

Asp670 and Glu676 at PD2 resulted in a loss of PDIM synthesis and transport (Figure 3-6). 
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Figure 3-6: PDIM analysis of mmpL7 SDM mutants. TLC autoradiography of [14C]-
propionate labelled lipids from Wild type (Wt), ∆mmpL7 mutant and thirteen mmpL7 
complemented strains. Apolar lipid extracts from the culture filtrate (Out) and intracellular 
lipids (In) were separated using petroleum ether: diethyl ether (9:1 v/v). An arrow shows the 
PDIM species.   
 

To rule out the possibility that these results occurred due to random mutations in the PDIM 

cluster (164,270), genomic DNA of Tyr837, Asp670 and Glu676 mutagenized strains were 

analysed by whole-genome sequencing. The whole-genome sequencing analysis revealed that 

there were no mutations in the PDIM cluster (data not shown). Also, from the reverse 
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transcriptase- PCR data, the mmpL7 gene was expressed in all strains except the mmpL7 mutant 

as expected (Appendix 14).  

3.3.6 PGL analysis  

Since PDIM and PGL share a common lipidic core and are transported by mmpL7 (126), it was 

expected that PGL would also reflect the same results seen in Figure 3-6. PGL was evident in 

wild type BCG and inside cells for the mmpL7 mutant as expected (Figure 3-7). However, PGL 

was not observed in the complemented strain or any of the mutagenized strains (Figure 3-7). 

The same results were observed when using a different metabolic label [14C]-acetate (Appendix 

15B).  
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Figure 3-7: PGL analysis of mmpL7 SDM mutants. TLC autoradiography of [14C]-
propionate labelled lipids from Wild type (Wt), ∆mmpL7 mutant and thirteen mmpL7 
complemented strains. Apolar lipid extracts from the culture filtrate (Out) and intracellular 
lipids (In) were separated using chloroform: methanol (19:1 v/v). The arrow points to PGL.  
 

To account for the possibility that the overexpression of mmpL7 abrogated PGL synthesis or 

transport, mmpL7 was cloned into an integrative vector (pMV306) under its native promoter 

and introduced into the mmpL7 mutant to generate the mmpL7- NC strain. This strain together 

with wild type, the mmpL7 mutant and mmpL7- C strains were labelled with [14C]-propionate, 
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extracted and resolved by 2D TLC in the same manner as described earlier. PDIM/PGL were 

synthesised/transported in wild type, but PDIM/PGL was only synthesised and accumulated in 

the mmpL7 mutant as expected (Figure 3-8). In both the over- and constitutively expressing 

mmpL7 strains, only PDIM was present inside and outside of cells indicating the function of 

mmpL7 was restored. Whereas, PGL was not detectable in either mmpL7 expressing strains 

(Figure 3-8). Therefore, whole genome sequencing analysis was performed on the genomic 

DNA of the mmpL7-C strain and fadD22 gene mutations were found (data not shown).  

 

Figure 3-8: Functional analysis of over-and constitutively expressed mmpL7. A) PDIM 
and B) PGL. 2D TLC autoradiography of [14C]-propionate labelled lipids from Wild type (Wt), 
∆mmpL7 mutant and two mmpL7 complemented strains. Apolar lipid extracts from the culture 
filtrate (Out) and intracellular lipids (In) were separated using System A/C. The three-pointed 
bracket shows the PDIM species, while the arrow depicts PGL.  
 

3.4. Discussion  

MmpL proteins are responsible for transporting mycobacterial lipids and depositing these into 

the outer membrane for the protection, viability and pathogenesis of Mtb (175–177,179). 

MmpL proteins are a subclass of the RND superfamily that depends on protonmotive force 

(PMF) for substrate extrusion. Known residues responsible for proton relay in transmembrane 
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(TM) helices TM4 /10 create a proton translocation channel observed in characterised RND 

transporters such as AcrB (230), CusA (233), SecDF (267) and MexB (231). Similarly, in 

MmpL proteins the Asp-Tyr pairs residues at TM4/10 were found to play a key role in PMF 

(32,183,185,194,228,263). These PMF residues are conserved amongst MmpL proteins except 

for MmpL7, that has a role in PDIM/PGL transport (39–41,126), linked to PDIM synthesis 

(259) and in isoniazid efflux when the mmpL7 gene is overexpressed (218,219). In this chapter, 

we attempted to understand how mmpL7 executes these activities in mycobacteria by using in-

silico analysis, genetics, in vivo complementation and biochemical studies.  

Besides molecular analysis in select TM helices, there are no pieces of evidence demonstrating 

whether PMF mediates MmpL7 transport or not. The mechanism of PMF relies on a network 

of residues distributed throughout the TM domain creating a proton translocation channel that 

guides the substrate via proton transfer. Therefore, compiling a list of residues involved in PMF 

from previous works in other RND members allowed for a broader search of PMF residues in 

the TM domain of MmpL7, structural and sequence analysis and comparisons. From these 

results, a shorter list of residues was selected for genetic modification and PDIM/PGL 

assessment. Altogether these results demonstrated that MmpL7 does not support the 

mechanism of PMF mediated transport as i) from structural modelling the Ala/Pro residues in 

TM4/10 do not form ion pairs, ii) PMF residues distributed in other TM helices were not 

spatially conserved and not found, iii) genetic modifications to the Ala/Pro residues in TM4/10 

did not have any effect on PDIM synthesis/transport, representative of MmpL7 function.  

In support of our findings, it is known that mmpL7 is not solely responsible for the transport of 

PDIM to the periplasm as it is dependent on drrC (encodes a subunit in an ATP-binding cassette 

transporter) to carry out this function (40). Pasca et al. (219) demonstrated the existence of an 

energetics-based mechanism driving mmpL7 function. However, several reports hypothesise 
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the energy is derived from drrC and not mmpL7 (175,179,263) as this gene is operonic with 

drrA/B genes known to operate as an ATP-binding cassette (ABC) multi-drug exporter in 

mycobacteria (271). The role of drrA/B/C genes in PDIM/PGL transport has been investigated 

in Chapter 4. 

However, MmpL7 did contain the widely conserved Tyr837 PMF residue in TM10, and from 

our analysis, we found another conserved residue amongst MmpL members in the same region, 

Arg846. Interestingly, genetic modification of Arg846 to Ala846, resulted in defective PDIM 

transport yet PDIM synthesis was unaffected. While the subtle change of Tyr837 to Phe837 

lead to the disruption in PDIM synthesis in our work, the same single mutation was 

synonymous with defective glycopeptidolipid (GPL) synthesis reported by Bernut et al. (263). 

This result was surprising as PDIM and GPL are unrelated lipids that are synthesized and 

transported by independent enzymes encoded by genes clustered on different chromosomal 

contexts (39–41,192).  

MmpL periplasmic domains were shown to facilitate heme uptake (197,198) and more recently 

by structural advances in MmpL3 involved in substrate binding, specificity and extrusion 

(32,183). Considering the importance of these domains in MmpL function and the majority of 

MmpL members including MmpL7 that contain an additional structural motif in periplasmic 

domain 2 (PD2) classified as cluster I proteins (228), very little information regarding the 

structure/function of PD2 in cluster I MmpL proteins is available.  

Indeed Jain and Cox (259) demonstrated a direct interaction between PD2 of MmpL7 with 

PpsE, the last enzyme required for phthiodiolone/phenolphthiodiolone synthesis (a significant 

component of PDIM/PGL). This domain was also the preferred phosphorylation site by 

serine/threonine kinase protein PknD that potentially could regulate PDIM/PGL transport if 

exact mechanisms of phosphorylation events were known (191). To further understand the 



Chapter 3 Determining the mechanism of MmpL7 

Page 107 of 222 

 

contribution of PD2 in MmpL7 function, structural and molecular methods were used as 

described before to identify select residues for genetic and biochemical assessment.   

Structural analysis of the MmpL7 homology model highlighted that PD2 is distinct from the 

AcrB periplasmic domains, that made it challenging to identify residues for investigation. 

Nonetheless, charged residues in the docking domain of PD2 were identified using the 

homology model, and from molecular analysis these select residues were not conserved with 

other MmpL members, suggesting that this sub-domain in cluster I MmpL proteins may 

perform specific activities. Except for residue Asp670 conserved across cluster I MmpL 

members and Asp673 conserved in AcrB.  

Unexpectedly, complementation analysis showed that substitutions to residues Asp670 and 

Glu676 produced a severe phenotype that abrogated PDIM synthesis while modifications to 

Arg610 and Asp673 resulted in defective PDIM transport alone. Coherent with the results of 

Jain and Cox (259), regardless of the alterations to Ile611 no inhibition of MmpL7 activity was 

observed. Strangely, Ile611 and Asp673 were identified by Jain and Cox (259) to be involved 

with the MmpL7-PpsE interaction. However, modifications to these residues did not abrogate 

PDIM synthesis. Collectively, it is clear that PD2 in cluster I proteins is unique to the MmpL 

family and its residues are integral to MmpL7 function.  

Independent studies have shown that PDIM/PGL synthesis is not dependent on mmpL7 as the 

null mmpL7 mutant does not perturb PDIM/PGL synthesis (40,41,126), in agreement with our 

results. It was unexpected that single mutations to Tyr837, Asp670 and Glu676 resulted in a 

phenotype more severe than displayed by the mmpL7 mutant. The mmpL7 gene was expressed 

in all mutagenized strains as verified by reverse transcriptase- PCR and whole-genome 

sequencing results confirmed that no mutations existed in PDIM and PGL synthesis genes in 
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Tyr837, Asp670 and Glu676 strains. Therefore, the phenotype associated with these strains is 

not due to disruptions in the backbone of MmpL7 but are valid indicators of MmpL7 function.  

These three residues in the TM domain and PD2 could be crucial in facilitating the MmpL7-

PpsE interaction explaining the significant phenotype when modified. Indeed MmpL7 was 

modulated by the MmpL7-KdpF interaction during nitrosative stress (223) suggesting protein 

modulation of MmpL7 or PpsE or both proteins, due to the MmpL7-PpsE interaction. The 

finding that the MmpL7-KdpF interaction occurred at the TM domain (224) supports the 

conclusions of this chapter and emphasises that the TM domain is potentially involved in 

protein-protein interaction whereas, previously it was assumed that only the soluble 

periplasmic domains were suited for protein-protein interactions.  

Despite our attempts to study the effect of these single mutations on PGL synthesis/transport, 

we were not successful as it was difficult to ascertain whether PGL was produced in the 

complemented strains. In order to investigate the confusing PGL results only the 

overexpressing mmpL7 (mmpL7- C) strain was sent for whole-genome sequencing analysis that 

revealed mutations in the fadD22 gene, which is exclusively required for PGL synthesis but 

does not affect PDIM synthesis (124). Due to time constraints the mmpL7- NC and the nine-

remaining site-directed mutagenized strains were not analysed by whole-genome sequencing 

to identify any mutations inhibiting PGL biosynthesis. Therefore, the reason/s for impaired 

PGL synthesis remains unknown for the mmpL7- NC and the nine-remaining site-directed 

mutagenized strains. Future work involves generating more transformants of all fourteen 

strains and screening for PDIM/PGL synthesis and whole-genome sequencing analysis.  

The overall analysis of MmpL7 has provided a unique challenge as we identified only a few 

conserved residues present in TM and PD2 domains across characterised RND transporters, 

AcrB and MmpL3 already suggesting that MmpL7 operates differently. In support of this, 
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bioinformatics analysis revealed that the network of residues in the TM domain required for 

the formation of a proton translocation channel or pore present in RND transporters was not 

found in MmpL7 strongly suggesting that MmpL7 is not capable of promoting PMF also 

verified by genetics and biochemical analysis. Structural analysis of MmpL7 in silico model 

revealed that PD2 was distinct from other RND transporters.  

Previously, the TM and PD2 domains were studied separately where the TM domain was 

associated with PMF mediated transport only while PD2 was related to protein-protein 

interactions. Instead, the work in this chapter has demonstrated that residues in the TM domain 

and PD2 were involved in both PDIM synthesis and transport. As MmpL7 does not 

independently export PDIM across the membrane, the entire protein likely serves as a scaffold 

in facilitating interactions between lipid synthesis and transport proteins. This study was a 

small step into understanding the mechanism of MmpL7 activity as MmpL proteins have adept 

mechanisms for their function that we are only beginning to understand.  

Future work involves investigating the other conserved residues amongst the MmpL family 

that we identified in this study and assessing whether there are other protein partners of MmpL7 

besides PpsE (259) using protein-protein interaction in vitro assays as such findings aid in our 

understanding of the mode of action of MmpL proteins.  
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 The role of drrABC genes in PDIM/PGL transport 

4.1. Introduction 

ATP binding cassette (ABC) transporters are integral membrane proteins that constitute four 

functional units with two nucleotide-binding domains (NBD) and two transmembrane domains 

(TMD) assembled in various combinations (272). The characteristic feature of ABC 

transporters in eukaryotes is the single polypeptide that contains all four functional units. 

Exceptions in some members include a polypeptide that contains only two functional units 

organised as either identical (homo-) or different (hetero-) dimers (272).  

Prokaryotic ABC transporters display more flexibility in their assemblies with combinations of 

individual functional units or two functional units generating either homo- or hetero-dimers 

(272). The NBD subunit/s represents the hallmark of the ABC transporter family recognised by 

conserved motifs within the ATP-binding cassette. Unsurprisingly the tertiary structure and 

mechanism of coupling ATP-binding/hydrolysis to transport are strictly conserved. The NBD 

uses energy to drive conformational changes in the TMD subunits required for transport (272). 

The transmembrane (TM) units of the TMD are organised in a manner that they create the 

transmembrane pore either facing inwards or outwards and the substrate-binding 

site/pocket/cavity lined with either definitive residues for binding specific substrates or 

overlapping drug-binding residues for multiple binding substrates simultaneously (272).  

In Mtb ABC transporters represent one of the largest transmembrane protein families that play 

a critical role in maintaining Mtb survival and pathogenesis (273). ABC transporters have been 

identified in extruding antigenic-related lipids of the outer membrane namely: phthiocerol 

dimycocerosates (PDIM), galactans, lipoarabinomannan (LAM) and (phosphatidyl-myo-

inositol mannosides) PIMs (273–276). In particular PDIM and its phenolic-glycosylated 
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derivative phenolphthiocerol dimycocerosates (PGL) are well characterised virulence factors 

that promote long term survival in the host (121,126,136,163–167,277).  

Genes encoding biosynthetic and transport machinery of PDIM/PGL are clustered on the 

mycobacterial chromosome and referred to as the PDIM cluster. Both PDIM and structurally 

related PGL are complex lipids containing long methyl-branched fatty acids produced as a 

consequence of repeated cycles of extension and modification catalysed by numerous enzymes, 

as described in Figure 4-1. The PDIM cluster also reveals genes (mmpL7, lppX and drrC) 

encoding proteins belonging to different transporter families (Figure 4-1). Indeed mmpL7, 

encodes a member of the RND superfamily and mutants of this gene showed an accumulation 

of PDIM and PGL in the cytoplasm indicating that both glycolipids were made in the 

cytoplasm, and mmpL7 was integral for PDIM/PGL transport across the membrane (39–

41,126). The null mutant of lppX, encoding a lipoprotein, displayed an accumulation of PDIM 

in the periplasm representing that this gene was responsible for PDIM export to the outer 

membrane surface (186). Further inspection of the PDIM cluster proved that mmpL7 was not 

solely responsible for PDIM transport across the membrane as transposon insertions in drrC 

also resulted in the accumulation of PDIM in the cytoplasm (40). The intracellular PDIM 

accumulation by mutants of mmpL7, lppX and drrC were attenuated in animal models of 

infection indicating the requirement of extracellular PDIM for virulence (39–41,174,186,258). 

These findings suggest that the transport of PDIM may be a complicated process that involves 

at least mmpL7, lppX and drrC (Figure 4-1C). 
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Figure 4-1: The structure, genetic context and transport of PDIM/PGL. A) Simplified 
structure, B) the PDIM cluster and C) transport. MD represents multiple drugs. The * indicates 
an intact pks15/1 gene for PGL production. [Adapted from (60,111,175)]. 

 

Intriguingly, the drr genes in the PDIM cluster are similar to the cluster of genes responsible 

for daunorubicin/ doxorubicin (dnr/dox) biosynthesis/resistance annotated as ‘drr’ in 

Streptomyces peucetius (Sp) (278). Sp has developed several self-defence mechanisms to 

protect itself from the toxic effects of its products, dnr/dox. One such mechanism involves the 

active extrusion of drugs by the DrrA2B2 pump encoded by drrA/B genes (279). 
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Correspondingly, biochemical characterisation of DrrA/B encoded by drrA/B genes in Mtb also 

resulted in the formation of a similar complex for multi-drug extrusion (271). Genetic 

arrangement of the PDIM cluster clearly shows that drrA/B genes are operonic with drrC, in 

addition to polyketide synthase genes. 

Consequently, it has been assumed that drrA/B/C genes function together in either antibiotic 

transport or PDIM transport. However, genetic and biochemical analyses have investigated 

these drr genes separately and thus have assigned separate functions to drrA/B and drrC 

(40,271). Therefore, it remains unclear whether drrA and drrB play a critical role in PDIM 

transport and whether these drrA/B/C genes form a complex or operate individually to carry out 

this function. Furthermore, as PGL shares a common lipidic core with PDIM, it still unknown 

whether the two lipids also share a common transport pathway. 

In this study we investigated the individual roles of drrA, drrB and drrC in PDIM and PGL 

transport, to explore any redundant functions therein, by generating a mutant in Mycobacterium 

bovis BCG (BCG) deficient in all drrA/B/C genes and characterising all and individual drr 

genes by complementation.  

4.2. Methods and materials 

4.2.1 Plasmids and strains  

Table 4-1 provides a list of the plasmids, bacterial strains and recombinant mycobacteriophages 

only generated in this study, while the reference plasmids, bacterial strains and recombinant 

mycobacteriophages described in Chapter 6 (Table 6-1). This study involves the analysis of 

two positive transformants designated as C/C2 referring to two bacterial strains in Table 4-1.  
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Table 4-1: A list of plasmids, mycobacteriophages and bacterial strains generated in this 
study. 
 Genetic characteristics  

Plasmids  

pΔdrrABC 
 

Derivative of p0004s cosmid obtained by cloning upstream and 
downstream flanks of Mtb drrA and drrC (Rv2936 and Rv2938) 

pMV306::drrABC 

A copy of Mtb drrA, drrB and drrC (Rv2936, Rv2937 and Rv2938) 
cloned into pMV306 E. coli/mycobacterial shuttle vector in frame with 
400bp upstream of the native promoter region of Rv2936 and 200bp 
downstream of Rv2938 

pMV306::drrAB 
A copy of Mtb drrA and drrB (Rv2936 and Rv2937) cloned into pMV306 
E. coli/mycobacterial shuttle vector in frame with 400bp upstream of the 
native promoter region of Rv2936 and 200bp downstream of Rv2938 

pMV306::drrBC 
A copy of Mtb drrB and drrC (Rv2937 and Rv2938) cloned into pMV306 
E. coli/mycobacterial shuttle vector in frame with 400bp upstream of the 
native promoter region of Rv2936 and 200bp downstream of Rv2938 

pMV306::drrAC 
A copy of Mtb drrA and drrC (Rv2936 and Rv2938) cloned into pMV306 
E. coli/mycobacterial shuttle vector in frame with 400bp upstream of the 
native promoter region of Rv2936 and 200bp downstream of Rv2938 

Mycobacteriophages 

phΔdrrABC  Derivative of phAE159 obtained by cloning pΔdrrABC at the PacI site  

Bacterial strains 

ΔdrrABC BCG strain with Mtb drrA, drrB and drrC (Rv2936, Rv2937 and Rv2938) 
replaced with hyg-sacB cassette  

drrABC- C/C2 ΔdrrABC strain transformed with pMV306::drrABC 

drrBC- C/C2 ΔdrrABC strain transformed with pMV306::drrBC 

drrAC- C/C2 ΔdrrABC strain transformed with pMV306::drrAC 

drrAB- C/C2 ΔdrrABC strain transformed with pMV306::drrAB 
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4.2.2 ∆drrABC mutant generation in BCG 

The drr operon of Mycobacterium bovis BCG (BCG) containing genes drrA, drrB and drrC 

was disrupted by replacing these genes with a hygromycin resistance gene using specialised 

transduction by (280,281) as described in Chapter 6. Briefly, an allelic exchange substrate 

(AES) construct was created by cloning in-frame 0.8- 1 Kbp PCR fragments upstream of drrA 

and downstream of drrC using primers in Appendix 5A from H37Rv genomic DNA, into 

p0004S, flanking a hygromycin resistance cassette and verified by DNA sequencing. The AES 

construct was packaged into the temperature-sensitive mycobacteriophage phAE159 resulting 

in phΔdrrABC, which was used to transduce wild type BCG. Hygromycin resistant 

transductants were selected and screened by PCR, but only one transductant was verified by 

whole genome sequencing to be correct and was designated ΔdrrABC mutant used for all 

further studies (Appendix 16). 

4.2.3 Functional complementation  

The ∆drrABC mutant was complemented with wild type genes drrABC amplified from H37Rv 

genomic DNA using the drrABC- C primer pair (Appendix 5B). This fragment was cloned into 

pMV306 using XbaI and HindIII to create pMV306::drrABC which was then verified by DNA 

sequencing. The recombinant plasmid pMV306::drrABC was introduced to the drrABC mutant 

by electroporation, and then kanamycin and hygromycin resistant transformants were selected 

and screened by PCR. Two positive transformants were used for further analyses termed 

drrABC- C/C2 (Table 4-1). The drrABC mutant was also used to generate strains by 

complementation that had a loss of individual genes (drrA, drrB and drrC as in Appendix 17) 

in two ways: three-way cloning and site-directed mutagenesis (SDM).  

Three-way cloning was only successful in generating the pMV306::drrAB plasmid. Two 

fragments were amplified using the primer pairs, as stated in Appendix 5B and simultaneously 
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cloned into pMV306. The SDM kit from NEB was used to construct pMV306::drrBC and 

pMV306::drrAC where the sequence-verified recombinant plasmid pMV306::drrABC served 

as a template for selective amplification using primer pairs in Appendix 5D (designed using the 

website: http://nebasechanger.neb.com/). All the complementation plasmids- pMV306::drrBC, 

pMV306::drrAC and pMV306::drrAB, were sequence-verified and electroporated into the 

∆drrABC mutant strain and then kanamycin and hygromycin resistant transformants were 

selected and screened by PCR. Two positive transformants of each strain were used in this work 

and designated as drrBC- C/C2, drrAC- C/C2 drrAB- C/C2 (Table 4-1).  

After that, all strains in Table 4-1 together with the wild type BCG strain were analysed for 

expression of each drr gene by reverse transcriptase- PCR using primer pairs in Appendix 5E 

and by general and specific lipid analysis, as described in detail in Chapter 6. 

4.3. Results 

4.3.1 Bioinformatics analyses 

The drrA/B/C genes of Mtb (H37Rv) is part of the PDIM cluster encompassing polyketide 

PDIM synthase and transport genes such as mmpL7 and lppX (Figure 4-2). Interestingly, with 

the use of SyntTax (282) and KEGG servers (283) all three drrA/B/C genes occur in the same 

genetic milieu as other mycobacterial PDIM producing species together with mmpL7 and lppX 

including Mycobacterium leprae (M. leprae) an efficient pathogen with a minimal genome 

(Figure 4-2).  

http://nebasechanger.neb.com/
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Figure 4-2: Conservation of drrA/B/C genes in PDIM producing Mycobacteria. 
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Since the drr genes in Sp are orthologous to those in Mtb, we compared the genetic contexts of 

drr genes from these micro-organisms that are both from the same taxonomic order 

Actinomycetales using the KEGG server (283) and findings from Madduri and Hutchinson 

(284) (Figure 4-3). The results revealed that they both contain large genetic clusters of 

numerous genes dedicated to the biosynthesis/transport of PDIM and dnr/dox and drrA/B 

remain operonic (Figure 4-3). Exceptions include that drrC is operonic with Mtb drrA/B, but 

drrD is operonic with drrA/B in Sp, and additional transport genes such mmpL7 and lppX are 

required for PDIM translocation to the outer membrane in Mtb, but Sp solely relies on drrA/B 

for drug extrusion (Figure 4-3). Despite these differences, the Drr cluster in Sp has been well 

characterised as compared to the little information regarding the Mtb drr genes. Thus, in this 

study, the genetic and biochemical findings of Drr proteins in Sp were used as a reference.  

 

Figure 4-3: Genomic comparisons between Mtb and Sp showing part of their respective 
PDIM and daunorubicin clusters. [Adapted from (284)]. 
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In Mtb Braibant et al. (273) has identified that DrrA contained the ATP or nucleotide-binding 

domain (NBD) and both DrrB/C each represented the transmembrane domain (TMD). To 

highlight the ATP binding region that contains motifs essential for ATP dependent transport, a 

multiple sequence alignment was performed with close and distantly related homologs of DrrA 

Mtb (Figure 4-4). The motifs in the N terminal domain (NTD) region outlined in Figure 4-4 

show sequence conservation among the homologs of Mtb DrrA but with varying degrees of 

sequence similarity in the C terminal domain (CTD) except between DrrA of Mtb and Sp. 

Interestingly, other sequences in the CTD were found in ModC and Wzt. Overall the sequences 

of DrrA Mtb and Sp share a 45.65% sequence similarity (Figure 4-4). Surprisingly the sequence 

similarity between DrrB Sp and mycobacterial DrrB and DrrC was less than 30% (Appendix 

18). The only known motif characterised in DrrB Sp is the EAA motif (285) that was not evident 

in mycobacterial DrrB/C also reported by Braibant et al. (273) (Appendix 18).  
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Figure 4-4: DrrA Mtb sequence analysis using Drr Sp as a reference. A) A schematic 
representation of the ABC transporter motifs of DrrA at N/C terminal domains (NTD/CTD) 
adapted from (286). B) Multiple amino acid sequence alignment of DrrA with close and distant 
homologs of DrrA Mtb. C) Percent identity matrix between DrrA from Mtb and Sp. Uniprot 
accession number of each protein is: DrrA_Mtb (P9WQL9), DrrA_Sp (P32010), Escherichia 
coli (E. coli) Maltose/maltodextrin importer MalK (P68187), Pseudomonas aeruginosa 
lipopolysaccharide transporter LptB (Q9HVV6), Aquifex aeolicus Wzt O-antigen 
polysaccharide ABC-transporter (O67181), Salmonella typhimurium MsbA Lipid A exporter 
(P63359), E. coli Vitamin B12 importer BtuD (P06611), Archaeoglobus fulgidus ModC 
Molybdate/tungstate transporter (O30144), Homo sapiens ABCA1 cholesterol transporter 
(O95477) and P-glycoprotein multidrug exporter (P08183).  
 

To gain insight into the mycobacterial DrrB/C that both represent the TMD, homology models 

using I-TASSER (253) were generated as there are no established structures of DrrA, DrrB or 
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DrrC at present (Figure 4-5). Interestingly, both models of DrrB/C look identical as they each 

contained seven large and three smaller helices organised similarly (Figure 4-5). Besides, both 

had a distinct N terminus tail, or extension also highlighted in a previous in silico model of 

DrrB in Sp (287).  

 

Figure 4-5: Homology models of Mtb DrrB (blue) and DrrC (green) generated by I-
TASSER. The N terminals tails highlighted in red in both modelled proteins.  
 

Additionally, structural information obtained from I-TASSER indicated that 7 threading 

programs of 10 had a significant alignment between DrrB and DrrC from Mtb with the O-

antigen polysaccharide ABC-transporter also referred to as Wzm (PDB: 6OIH) as seen in 

Figure 4-6. All the defining features and functional characteristics of Wzm were aligned with 

the DrrB model (Figure 4-6B). The same result was observed between Wzm and the DrrC 

model (Figure 4-6C). This information gives valuable insight into the overall topology of 

mycobacterial DrrB and DrrC and provides a possible mechanism of complex lipid export.  
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Figure 4-6: Superimposition of the O-antigen polysaccharide ABC-transporter Wzm 
with mycobacterial DrrB/C. A) Structural features and architecture of Wzm (PDB: 6OIH) 
superimposed with models of mycobacterial B) DrrB and C) DrrC. The Wzm structure with 
one monomer coloured in pale green, while the other monomer is coloured a rainbow spectrum 
starting from the N terminus (blue) to the C terminus (red) corresponding to its architecture. 
For the alignments with DrrB/C, the monomers coloured pale green and light blue, and for all 
structures, the Wzt (NBD) coloured wheat and light pink. The periplasmic gate helices and 
coupling helix are coloured in magenta and yellow domains. Mycobacterial DrrB and DrrC are 
coloured blue and green respectively, and both the N terminals tails highlighted in red.  
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Other alignments included eukaryotic lipids/multidrug exporters such as the ATP-binding 

cassette sub-family A member 1 (ABCA1) and members of the ATP-binding cassette sub-

family G (ABCG2, ABCG5 and ABCG8) and LptB2FG a lipopolysaccharide (LPS) exporter in 

prokaryotes. Superimpositions of ABCG2 multidrug exporter (PDB: 5NJ3) and LptB2FG 

(PDB: 5X5Y) with homology models of mycobacterial DrrB/C were included to compare with 

the alignments between Wzm and models of DrrB/C (Appendix 19). Collectively, all 

alignments with Wzm, ABCG2 and LptB2FG revealed that in silico models of mycobacterial 

DrrB and DrrC had six TM helices each and an interface or connecting helix (Figure 4-6; 

Appendix 19) parallel to the membrane extending into the cytoplasm. The second similarity 

was that there were no extracellular loops like EL3 of ABCG2 or periplasmic β-jellyroll-like 

domains of LptB2FG present in the homology models of mycobacterial DrrB/C (Appendix 19). 

Thirdly, none of the solved structures had N terminus tail-like structures extending into the 

cytoplasm as found in DrrB/C models (Figure 4-6; Appendix 19). The sequence similarity of 

mycobacterial DrrB and DrrC are low and yet models of DrrB and DrrC aligned to the same 

monomer but not with LptB2FG. LptB2FG is the only transporter where the TMD is not formed 

by dimerisation and contains two TMDs represented by LptF and LptG. Models of DrrB and 

DrrC aligned to LptG and LptF respectively providing insight into the potential domain 

organisation of DrrB and DrrC (Appendix 19).  

4.3.2 Generation of the ΔdrrABC mutant and complemented strains in BCG 

It has been presumed that mycobacterial drrA/B/C genes are all required for PDIM transport 

but to date, only drrC has been reported to contribute to PDIM transport together with mmpL7 

(40). To determine if the drr genes were required for PDIM transport, the mycobacterial 

drrA/B/C genes were all deleted using specialised transduction explained in Chapter 6. These 

three genes were replaced with a hygromycin resistance cassette (hyg) to generate the triple 



Chapter 4 The role of drrABC genes in PDIM/PGL transport 

Page 125 of 222 

 

mutant strain ΔdrrABC in BCG (Appendix 16). This strain was transformed with an integrative 

plasmid containing drrABC with the associated native promoter, or with versions of this 

plasmid containing combinations of drrA, drrB or drrC as depicted in Appendix 17. These 

complementing plasmids were introduced into the ΔdrrABC mutant producing BCG strains 

with all drrA/B/C genes and strains with inactive drrA, drrB or drrC (Appendix 17). The 

expression of individual drrA/B/C genes of the recombinant strains were confirmed by reverse 

transcriptase- PCR (Appendix 20). 

4.3.3 Lipid analysis   

In this study two metabolic labels, namely [14C]-acetate and [14C]-propionate were used to 

assesses all synthesised lipids and specific methyl branched fatty acid lipids such as PDIM and 

PGL. The BCG strains listed in Table 4-1 including the wild type BCG strain, were labelled 

with the [14C] metabolic labels and apolar lipids associated with the culture supernatant and 

cells were extracted from the culture filtrate that represented outside and inside apolar lipids 

respectively, that were resolved by one-dimensional/ two-dimensional thin-layer 

chromatography (1D/2D TLC). Also, to verify that outer membrane lipids were not affected 

by the genetic modifications of the drrABC genes total apolar and polar lipids labelled with 

[14C]-acetate were extracted and resolved by TLC (Appendix 21). All other mycobacterial 

lipids were present in all strains comparable with wild type BCG and as expected, only 

PDIM/PGL were affected (Appendix 21). 

4.3.4 PDIM analysis  

As expected PDIM was observed in both the inside and outside fractions of the wild type and 

the complemented strain containing all drrA/B/C genes indicating PDIM synthesis/transport, 

while PDIM was absent only in the outside fraction of the null mutant denoting failed PDIM 

transport (Figure 4-7). All strains with a loss of drrA, drrB or drrC resembled the mutant strain 
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indicating no PDIM restoration (Figure 4-7). Importantly, PDIM was present intracellularly for 

all strains verifying a defect in transport instead of a loss in biosynthesis (Figure 4-7). There 

were no differences in lipids labelled with [14C]-acetate and [14C]-propionate observed 

(Appendix 21A; Figure 4-7) and therefore, we could make a confident assessment that all 

drrA/B/C genes are required for PDIM export.  

 

Figure 4-7: PDIM analysis of the drr complemented strains. 2D TLC autoradiography of 
[14C]-propionate labelled lipids from Wild type (Wt), ∆drrABC mutant and four drr 
complemented strains. Apolar lipid extracts from the culture filtrate (Out) and intracellular 
lipids (In) were separated using System A. The three-pointed bracket shows the PDIM species, 
while the arrow depicts the presence of PDIM.  
 

4.3.5 PGL analysis  

Unlike the Mtb H37Rv strain that has a pks1 frameshift mutation, M. bovis BCG (BCG) has a 

functional pks1 gene that synthesises PGL, and thus, PGL transport could be assessed (117). 

Additionally, there is a co-dependency between drrC and mmpL7 in executing PDIM transport 

(40) and mmpL7 has also been implicated in PGL transport (126). Thus, we evaluated the 

potential role of the drrABC genes in PGL transport in the same manner as performed for PDIM 



Chapter 4 The role of drrABC genes in PDIM/PGL transport 

Page 127 of 222 

 

analysis. PGL was evident in the outside fraction of all strains except the mutant, that showed 

an accumulation of PGL inside as expected (Figure 4-8). Some of the various complemented 

strains did not show detectable levels of PGL for the inside fraction (Figure 4-8). From 

Appendix 21B depicting [14C]-acetate incorporated lipids, PGL was synthesised in the wild 

type and mutant strains but not in the various complemented strains.  

 

Figure 4-8: PGL analysis of the drr complemented strains. 2D TLC autoradiography of 
[14C]-propionate labelled lipids from Wild type (Wt), ∆drrABC mutant and four drr 
complemented strains. Apolar lipid extracts from the culture filtrate (Out) and intracellular 
lipids (In) were separated using System C. The arrow depicts the presence of PGL. 
 

Therefore, to verify these findings, another set of complemented strains were labelled with 

[14C]-propionate and the PDIM/PGL analysis repeated (Appendix 22). The same results were 

observed that displayed PDIM production but defective PDIM transport in strains with a loss 

in drrA, drrB or drrC (Appendix 22A). Unfortunately, the second set of transformants did not 

demonstrate PGL synthesis either but did show more PGL in the outside fraction, including the 

mutant strain (Appendix 22B). Therefore, it was not clear whether strains with a loss in drrA, 

drrB or drrC were defective in PGL synthesis/transport. Altogether these results indicated that 
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the drrA/B/C genes were all required for PGL transport as evident by the PGL accumulation in 

the mutant strain. The fully complemented strains presented clearly PGL synthesis/transport 

but only in [14C]-propionate (Figure 4-8/Appendix 21B). Unexpectedly, only strains inactive 

in drrA/B/C exhibited either undetectable levels of or no PGL synthesis as compared to the 

wild type and mutant for reasons undetermined due to time restrictions.  

4.4. Discussion:  

Strict conservation of the PDIM cluster in PDIM producing mycobacteria emphasises that all 

the genes contained in the cluster are critical for PDIM synthesis/transport. Indeed, the PDIM 

cluster was also conserved in Mycobacterium leprae (M. leprae) with all three drr genes in a 

transcriptional unit with polyketide PDIM synthase genes that highlight the significance of 

these genes in an efficient pathogen with a minimal genome, contributing to survival and 

pathogenesis.  

The designation drr was first assigned to the daunorubicin and doxorubicin (dnr/dox) cluster 

in Streptomyces peucetius (Sp) that produces and transports two well-known antitumor 

antibiotics dnr/dox as a self-protective mechanism (278). To gain a clearer understanding of 

the drr genes many similarities/differences were drawn from comparing genetic clusters 

containing drr genes of Sp and Mtb. Intriguingly, common to both Actinomycetales were the 

large chromosomal clusters with genes dedicated to the biosynthesis/transport of PDIM and 

dnr/dox respectively, of which were operonic drrA/B genes. Genes in the drr cluster of Sp have 

been well characterised, and only drrA/B encode and DrrAB proteins that form the ATP 

dependent multi-drug resistant pump (288). Even though drrD is operonic with drrA/B it is not 

involved with any DrrAB transport activities as it encodes a protein that inactivates dnr/dxr to 

a non-toxic form (289). While the drrC genes of Sp in a different locus encodes a protein that 
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scans DNA intercalated with DNR/DXR like a UvrA protein of the excision repair system that 

also depends on ATP for its function and releases the antibiotics from the DNA (290–292).  

However, the analysis of Braibant et al. (273) revealed that all drrA/B/C encode ABC transport 

proteins as DrrA contained the ATP or nucleotide-binding domain (NBD) and both DrrB/C 

each represented the transmembrane domain (TMD). As expected, the ATP binding region of 

DrrA contained all the characteristic motifs essential for ATP dependent transport conserved 

across close and distantly related homologs of DrrA particularly in the N terminal domain 

(NTD) region. The C terminal domain (CTD) was highly variable between homologs due to 

recent discoveries that is an independent domain that includes additional sequences associated 

with specialised functions (286,293). Particularly other sequences were observed in the CTDs 

of molybdate/tungstate transporter ModC (of ModBC), and the O-antigen polysaccharide 

transporter Wzt (of Wzt/Wzm) as these sites are integral for substrate binding (294,295). Both 

DrrA orthologs in Mtb and Sp lacked additional residues in their CTD required for specialised 

functions. Nevertheless, these orthologs displayed high sequence similarity and contained all 

characteristic ABC transport motifs emphasising a conserved mechanism of energy coupling. 

Therefore, this work has shown evidence that DrrA in mycobacteria is an ATP binding protein 

equipped for ATP binding and hydrolysis and functions in the same manner as its ortholog in 

Sp.  

At present there are no solved DrrA, DrrB or DrrC structures available to gain structural insight 

thus, I-TASSER homology models of mycobacterial DrrB/C were generated and depicted an 

identical structure in DrrB/C despite the low sequence similarity shared. Typically TMD 

proteins display no significant sequence conservation but share a similar topology (272). 

Unique to models of DrrB and DrrC were the long N terminal tails extending into the cytoplasm 

that was previously discovered by Gandlur et al. (287) that suggested this structure was 
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involved in interacting with DrrA. Indeed, three motifs [LDEVFL (DEF) and C-terminal 

regulatory Glu (E)-rich motif (CREEM), Glycine-loop And Transducer Element (GATE)] 

contained in the CTD of DrrA were found to interact with this N terminal tail structure to 

facilitate assembly and interaction of DrrA and DrrB crucial for catalytic function of the DrrAB 

complex in Sp (286,293). Furthermore, a novel motif previously restricted to ABC importers 

termed as the EAA motif was exposed in the cytoplasmic N tail of DrrB in Sp to interact with 

DrrA for the function of the DrrAB pump (285). However, in the sequence analyses of 

mycobacterial DrrB and DrrC, the EAA motif was not found, and Braibant et al. (273) 

supported these results. This cytoplasmic N tail may have more interaction interfaces other 

than the EAA motif that suggests there are more contact points to be discovered in this unique 

structure (285).  

All the defining features and functional characteristics of Wzm were aligned with both models 

of DrrB and DrrC, providing valuable insight into the overall topology of mycobacterial 

DrrB/C. Wzm is the TMD component of the ABC transporter Wzt/Wzm where Wzt is the NBD 

(296). This transporter is formed by dimerisation and exports the O-antigen polysaccharide 

produced in the cytoplasm as an undecaprenyl diphosphate (UND- PP)-linked intermediate to 

the periplasm (296). It was found that the cytoplasmic and periplasmic helices were necessary 

for substrate binding, the coupling of TMD (Wzm) with NBD (Wzt) and facilitated substrate 

entry and exit (296). While TM1/5 were involved in forming the channel spanning the entire 

membrane required for substrate extrusion (296). The Wzt/Wzm transporter has suggested a 

mechanism of exporting complex lipids such as PDIM/PGL that are also synthesised in the 

cytoplasm and in the case of PGL that has a phenolic-sugar moiety attached to a PDIM lipid 

core.  
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The O-antigen polysaccharide exported via Wzt/Wzm is a crucial component for 

lipopolysaccharide (LPS) formation that is transported by LptB2FG that was also considered 

as a template for the DrrB/C homology models but to a lesser extent. The LptB2FG plays a 

crucial role in survival, pathogenesis and drug resistance in LPS abundant Gram-negative 

bacteria (297). This LPS ABC exporter is a three-component system equipped with two NBDs, 

LptB and two different TMDs, LptF and LptG (297). This transporter does not export across 

the inner membrane; instead, it adopted a mechanism for LPS extraction from the inner 

membrane (297). Critical features of LptB2FG were not aligned with models of DrrB or DrrC 

suggesting that DrrA/B/C does not function in the same manner. Importantly the 

superimposition provided understanding into the organisation of DrrA/B/C that could not be 

achieved with the Wzt/Wzm dimer.  

Interestingly mycobacterial DrrB/C were also similar to eukaryotic lipid transporters belonging 

to ABCA and ABCG families exporting various lipophilic molecules and anti-tumour drugs 

from cells (298–302). Braibant et al. (273) reported that mycobacterial DrrA/B/C proteins were 

categorised as antibiotic transporters  and Choudhuri et al. (271) corroborated those findings 

by showing that DrrAB of Mtb served as a multi-drug pump as in Sp. These findings suggest 

that DrrABC serves as a poly-substrate transporter. Indeed, multi-drug binding pockets are 

equipped to accommodate multiple substrates with bulky hydrophobic and aromatic residues 

as described in ABCG2 and DrrB Sp respectively (302,303).  

Given that the drrA/B/C genes are in the PDIM cluster operonic with polyketide synthase genes 

and drrC has already been linked to PDIM export (40), it has been assumed these genes are 

involved in PDIM transport but not established as contributors to PDIM and PGL export. This 

study determined the contribution of drrA/B/C in PDIM/PGL transport using two metabolic 

radioactive labels to verify the presence of mycobacterial lipids, particularly, PDIM/PGL. With 
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certainty, all drrA/B/C genes were required in PDIM transport as a loss in all or any one drr 

gene abrogated export indicating a non-redundant role for these drr genes in PDIM export. 

These results contradicted the findings of Choudhuri et al. (271) that showed that only proteins 

encoding drrA/B were required for drug extrusion. In this study drr genes were not 

overexpressed as in Choudhuri et al. (271) but each of the strains were tested for expression of 

individual drr genes. Presumably overexpressed drrA/B or drrA/C generates two subunits of 

each protein required for a functional ABC transporter.   

From the PGL analysis of the wild type and mutant strain deficient in all drrA/B/C genes, it 

was evident that drrA/B/C genes were all critical for PGL transport as seen with PDIM 

transport. Therefore, we expected that PGL transport would be defective as a result of the loss 

of individual drr genes as observed with PDIM transport. However, assessing PGL transport 

in the complemented strains to confirm this expectation was difficult as it was challenging to 

identify PGL synthesis/ transport confidently.  

Two sets of complemented strains were analysed, and both displayed undetectable levels of 

PGL synthesis while PGL appeared on the outside, suggesting transport only when [14C]-

propionate was used. As explained in the previous chapter, propionate is a toxic metabolite in 

mycobacteria (172,173) resulting in bacterial cell lysis that leads to an over-representation of 

radioactively labelled methyl-branched lipids in the outside fraction. Additionally, we could 

not verify if PGL was synthesised/transported or not as PGL was not identified for 

complemented strains when labelled with the non-toxic [14C]-acetate. All other critical 

mycobacterial apolar and polar lipids were synthesised in all strains proving that genetic 

manipulations of drrA/B/C genes only had a specific effect on PDIM/PGL as expected. If time 

permitted the issue regarding PGL synthesis in the complemented strains could have been 

further investigated by whole genome sequencing that would allow identification of mutations 
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in PGL synthesis genes. Also, larger volumes of cultures could be labelled with [14C]-acetate 

and [14C]-propionate and the experiment repeated with concentrated labelled lipids to detect 

the presence of PGL and confirmed by mass spectroscopy. 

The work in this chapter provided evidence that all drrABC genes are required for PDIM 

transport, highlighted how each of the subunits is equipped to form a functional ABC 

transporter and proposed a potential mechanism of complex lipid transport. Future work 

involves investigating if all the drrABC genes are required for multidrug efflux as observed 

when drrAB genes are overexpressed (271). It is well known that mmpL7 and drrABC have 

redundant roles in PDIM transport and from previous reports in agreement with our findings it 

has been suggested that the DrrABC transporter is the driving force mediating lipid or drug 

efflux but the mechanism between MmpL7 and DrrABC has not been identified. With the use 

of protein-protein interaction assays we can determine whether DrrABC can interact with 

MmpL7 or vice versa, expanding to our understanding of lipid transport.  
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 General discussion  

The mycobacterial membrane protein large (MmpL) proteins of Mtb are significant 

contributors in the physiology of the mycobacterial cell wall as well as the survival of the 

pathogen (discussed in detail in Chapter 1). Mtb (specifically the H37Rv strain) encodes 

thirteen MmpL proteins primarily involved in transporting virulent cell wall lipids and iron 

across the plasma membrane (Chapter 2). mmpL3 is the only essential gene (66,174,197) 

encoding MmpL3 responsible for the translocation of trehalose monomycolate (TMM) 

(30,66,304). While mmpL7 and mmpL8 (encodes MmpL7 and MmpL8) transport methyl 

branched fatty acid-derived lipids such as phthiocerol dimycocerosate (PDIM) and sulfolipid-

1 (SL), respectively (39–41,92,156), mmpL11 (encodes MmpL11) exports mycolate ester wax 

(MWE) and long-chain triacylglycerol (TAG) (195,196). Both mmpL4 and mmpL5 (encodes 

MmpL4 and MmpL5) display redundant roles in iron acquisition via siderophore mycobactin/ 

carboxymycobactin (MBT/cMBT) recycling (202). Additionally, MmpL3 and MmpL11 can 

acquire iron via interaction with a heme carrier protein (197,305). Indeed, MmpL proteins are 

potent virulence factors as MmpL4, MmpL5, MmpL7, MmpL8 and MmpL11 enable long term 

survival in the host while MmpL4 and MmpL7 are also required for pathogenesis (174,181). 

Potential other roles of MmpL proteins in drug efflux (218–220) and nitrosative stress 

adaptation (223,224).  

How MmpL proteins function as dedicated lipid transporters remains mostly unknown. Since 

they are phylogenetically and structurally classified as RND members in Gram-negative 

bacteria, MmpL proteins are also thought to adopt dimer/trimer formation and a three-

component system involving interactions with periplasmic adaptor and outer membrane 

proteins for complete function (269,306). This discussion focuses on the strategies used to 

determine the structure of MmpL3 and MmpL7, the molecular modelling and analyses of 
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MmpL7 highlighting critical residues and regions integral for protein activity, and lastly the 

contribution of drr genes in PDIM export.  

The structures of membrane proteins are notoriously difficult to characterise as these large 

proteins are embedded in the membrane requiring extraction, are not produced in large 

quantities and overexpression can be fatal, leading to lower protein yields. Before working on 

this project, two preceding colleagues attempted to achieve the structure of MmpL3 and 

generated the MmpL3 expressing construct and optimised the protein expression conditions. 

According to their results, the overexpression of MmpL3 was toxic, and hence the yield was 

not sufficient for crystallography. As SMA with single-particle electron microscopy offered a 

fast and straightforward way of achieving membrane protein structures while requiring 

microliter quantities of protein (244), these methods were adopted. Indeed, SMA has been 

widely used to characterise the structure of numerous membrane proteins as it offers many 

advantages over detergents such as n-dodecyl-β-d-maltoside (DDM) and other lipid mimetics 

discussed in detail in Chapter 2 and was also readily accessible from Prof. Timothy Dafforn 

the developer of this technology situated at the University of Birmingham. Therefore, this work 

was aimed at generating structures of MmpL3 and MmpL7 using these novel techniques to 

gain insight into the mechanism of these proteins. 

As no attempts were made previously for MmpL7 similar strategies developed for MmpL3 

were followed. One of the main hurdles in the structural determination of proteins is protein 

expression. Both proteins were expressed in the C41 DE3 expressing strain (E. coli) but not in 

the same strain deficient in acrB, which was used to avoid AcrB contamination throughout the 

preparative process. MmpL7 was expressed regardless of media, post-induction conditions or 

volume of cultures used as its overexpression was not lethal, unlike MmpL3. Nonetheless, the 

quantities of protein produced from 1 L cultures were enough for structural determination using 
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single-particle electron microscopy. Then a vector with no protein was constructed to serve as 

a negative control to provide insight into the homogeneity of the sample after purification and 

any artefacts that could lead to misinterpretation of results using single-particle electron 

microscopy.  

With the use of two solubilisation agents, SMA and DDM, and analyses of fractions before and 

after solubilisation revealed that SMA solubilisation was ineffective at membrane extraction 

even though EDTA was used to chelate divalent cations and pH 7.9 was maintained throughout 

the experimental procedures. Despite DDM resulting in better membrane extraction, it was not 

able to improve the binding affinity between the His-tag on the C terminal of MmpL3 and 

MmpL7 and the charged nickel resin. Structural analyses of MmpL3 and MmpL7 presented 

that the C terminal His-tag was mostly buried explaining the weak interaction. Since we chose 

to image proteins using single-particle electron microscopy specific concerns with using DDM 

arose such as problems in distinguishing DDM [DDM corona (65- 70 kDa) from MmpL3 and 

MmpL7 (~ 101/95 kDa)] and artefacts produced from DDM and high concentrations of salt 

and glycerol that can be misinterpreted (257). Strangely, we noticed that MmpL3 was subject 

to degradation even though efforts to minimise this were followed. Recently two groups 

reported the solved structure of MmpL3 by removing the cytoplasmic C terminal domain as it 

was responsible for proteolysis (32,183) and not required for function (185). These research 

groups used detergent-based and crystallographic methods (32,183) indicating that SMA with 

single-particle electron microscopy offers a novel approach but future work to optimise the 

expression constructs and solubilisation is required to make any advancement in structural 

biology and the field of MmpL proteins.  

With the aid of structural modelling the homology model of Mtb MmpL7 based on solved 

structures AcrB (E. coli) and MmpL3 of Mycobacterium smegmatis (M. smegmatis) was 
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generated, an alternate approach to understanding the mechanism of MmpL proteins. The 

MmpL7 model denoted all the characteristic features of RND transporters depicting the twelve 

transmembrane (TM) helices with two soluble ectodomains located in the periplasm (referred 

to as periplasmic domains) between TM 1/2 and TM7/8 as shown in Chapter 2/3. 

Superimpositions with MmpL3 and AcrB emphasised the large periplasmic domain 2 (PD2) 

of the MmpL7 model is a structural motif distinct to MmpL proteins (Chapter 2/3). Recently 

discovered the structure of MmpL3 periplasmic domains are not similar to Gram-negative 

RND transporters and are thought to be unique to the MmpL family (32,183). These domains 

are integral for substrate specificity, binding and extrusion (32,183) and were also found to 

play a role in heme uptake (197,305). MmpL7 serves as a scaffold in facilitating interactions 

between lipid synthesis and transport proteins (259), similar to the periplasmic domains in 

AcrB that are integral for establishing interactions with AcrA (adaptor protein) and TolC 

(channel protein) to form a three-component transporter for multidrug extrusion (268,269). 

Considering that the majority of MmpL members contain a structural motif similar to PD2 

domain (228) and the importance of these domains in MmpL activity/ies, it is surprising that 

very little information regarding them is available.  

While Jain and Cox (259) were the first to discover that the PD2 in MmpL7 directly interacted 

with PpsE, the result of single mutations to select residues in PD2 did not abrogate PDIM 

synthesis as expected. Therefore, this motivated further investigation into MmpL7 PD2. The 

MmpL7 homology model outlined six charged residues lining the docking domain within PD2, 

of which two residues were previously investigated (259). Surprisingly, of the six residues, 

only one was conserved between MmpL members bearing the PD2 motif, indicating that PD2 

may be an exclusive feature used to perform specific activity/ies. Unexpectedly, single 

modifications to four of these residues resulted in defective PDIM synthesis/ transport, 
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corroborating the link between MmpL7 and PpsE and emphasising the importance of this 

domain in MmpL7 activity.   

Previous analysis showed that MmpL7 was the only member of the MmpL group that did not 

consist of conserved Asp/Tyr pairs in TM4/10 required for protonmotive force (PMF) mediated 

transport (263). Further genetic and biochemical studies performed in our work revealed that 

MmpL7 is not equipped to drive substrates across the membrane via PMF. In fact, did not only 

the entire MmpL7 amino acid sequence lack these paired PMF residues but also residues 

identified by Chim et al. (228), Belardinelli et al. (185) and Li et al. (194) via structural 

modelling of MmpL3 were not found in MmpL7. Except, MmpL7 had the conserved PMF 

residue Tyr837 in transmembrane (TM) 10 and in the same region, Arg846 conserved amongst 

all MmpL members. Single mutations to Tyr837 and Arg846 resulted in defective PDIM 

synthesis/ transport respectively. This was synonymous with the results of Bernut et al. (263) 

that showed an abrogation of glycopeptidolipid (GPL) synthesis/transport due to the subtle 

modification of the conserved Tyr residue in TM10. These results were unexpected as PDIM 

and GPL are unrelated lipids that are independently synthesised/transported (39–41,192). 

Altogether these results emphasised that MmpL7 is not equipped with a network of residues 

that form the proton translocation channel required for substrate translocation mediated by 

proton transfer. Residues in the TM domain and PD2 were involved in both PDIM 

synthesis/transport suggesting that the entire MmpL7 protein acts as a scaffold linking lipid 

production and transport instead of an independent transporter. Structural differences between 

the periplasmic domains of AcrB and MmpL7 have highlighted that PD2 of MmpL7 is unique, 

a feature present in the majority of MmpL proteins classified as cluster one proteins that 

warrant further investigation.  
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Despite MmpL7 being characterised as an RND member, its transport is not mediated via PMF, 

and it is not solely responsible for the transport of PDIM across the membrane either. Camacho 

et al. (40) displayed that the co-dependent relationship between mmpL7 (encodes MmpL7) and 

drrC (encodes DrrC) in PDIM transport. It has been suggested that MmpL7 uses another energy 

mechanism presumably from DrrC, a component of an ATP-binding cassette (ABC) 

transporter. Commonly found genetically and functionally associated with MmpL proteins are 

smaller membrane proteins that aid transport across the membrane such as the 

Mycobacteria Membrane Protein Small (MmpS) and the Gap/Sap family (175,182). Similarly, 

drrA/B/C genes are genetically associated with genes encoding PDIM synthesis/transport and 

as shown in this work are strictly conserved amongst PDIM producing mycobacteria. However, 

only drrC is functionally related to mmpL7 (40). Whereas, the overexpression of drrAB acts as 

a multidrug efflux pump (271) synonymous to drrAB orthologs in Streptomyces peucetius (Sp). 

The roles of these drr genes have been investigated individually; however, it is presumed that 

they form an ABC transporter (due to their genetic organisation) to drive PDIM transport 

together with MmpL7, which was the next question we addressed.  

Generally, a functional ABC transporter constitutes two subunits of the nucleotide-binding 

domain (NBD) and two subunits of the transmembrane domain (TMD) where the 

organisation/assembly of these domains in prokaryotes are highly variable (272). In our work, 

we showed that the Mtb DrrA represented the NBD as it consisted of all the characteristic ATP 

binding/hydrolysis motifs and was highly similar to its ortholog in Sp supporting a common 

mechanism. In Mtb there were two TMD represented by DrrB and DrrC forming a three-

component system, unlike in Sp where there was only DrrB. As there are no solved structures 

for DrrA/B/C, so two homology models, each of DrrB/C were generated and were found to 

resemble each other. As such both models were matched/threaded with the O-antigen 
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polysaccharide ABC transporter that plays a crucial role in transporting a core constituent in 

lipopolysaccharide (LPS) that is essential for survival and pathogenesis in Gram-negative 

bacteria. This transporter operates in an unusual manner where the TMD protomers create a 

channel spanning the entire membrane to allow substrate entry and extrusion; however the 

openings on either end are controlled by the NBD subunits (297).  

Since MmpL7 cannot form a proton translocation channel as presented in our work, the 

potential mechanism of the DrrABC transporter based on the channel forming O-antigen 

polysaccharide ABC transporter may explain how complex lipids such as PDIM and PGL (has 

a phenolic-sugar moiety attached to a PDIM lipid core) traverses the membrane. Interestingly, 

templates with lesser matches were lipid/multi-drug transporters, and superimpositions 

revealed that the Mtb DrrABC transporter is a three-component system forming a heterodimer. 

Corroborating the structural data, biochemical analyses proved that all three drrABC genes are 

required for PDIM transport and are non-redundant verified by two radioactive metabolic 

labels.  

Based on phylogenetic and structural predictions, MmpL proteins are highly comparable to 

members of the RND superfamily (174,227,228). Together with our work and recent structural 

advances in the field are beginning to distinguish MmpL proteins from their RND counterparts 

in Gram-negative bacteria. Novel approaches in preserving protein integrity were preferred, to 

determine the structures of MmpL3 and MmpL7 that required further optimisation, providing 

the opportunity also to probe function and protein-protein interaction. From our structural 

modelling, we have shown that MmpL7 consists of distinct structural features with emphasis 

on the PD2. Genetics and biochemical studies revealed that conserved residues in the 

transmembrane region and residues in PD2 directly affected MmpL7 activity in PDIM 

transport and synthesis. Additionally, all drrA/B/C genes form a heterologous DrrABC 
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transporter for PDIM translocation across the membrane. While evidence in this work proves 

MmpL7 does not act as an independent PMF mediated transporter, it may serve as a scaffold 

connecting proteins in lipid synthesis and transport providing and efficient service in Mtb.  

The emergence and incidence of drug-resistant Tb strains and co-infected HIV-Tb individuals 

renders the current chemotherapy ineffective. Already anti-Tb drugs approved and in late 

stages of clinical trials are aimed at inhibiting the synthesis of mycolic acids (i.e. the hallmark 

of the mycobacterial cell wall) and the transport of mycolate esters by MmpL3, essential for 

mycobacterial survival. Collectively we have demonstrated the importance of MmpL proteins 

in mycobacterial survival and pathogenesis and attempted to understand the mechanism of 

MmpL7. For the future, determining the structure of MmpL7 and the remaining eleven MmpL 

proteins and identifying interacting protein partners of MmpL7 using protein-protein 

interaction in vitro assays and possibly SMA pull down assays will greatly contribute to our 

understanding of the mechanism of MmpL proteins, as this knowledge is vital for the 

development of effective new anti-Tb drugs.  

 



143 

 

 

 

 

 

 

 

 

Chapter 6: General methods and 
materials  

 



Chapter 6 General methods and materials 

Page 144 of 222 

 

 General methods and materials 
 

6.1. Bioinformatics analyses 

Routine DNA or protein sequence analyses were performed using the nucleotide or protein 

Basic Local Alignment Tool (https://blast.ncbi.nlm.nih.gov/Blast.cgi). In this study, all genetic 

and proteomic information in Mtb H37Rv was retrieved from the Mycobrowser database 

(https://mycobrowser.epfl.ch/)(307). I-TASSER (http://zhanglab.ccmb.med.umich.edu/I-

TASSER/) was used to generate homology models and alignments (253) while Pymol (264) 

was used to view and edit these models as well as solved protein structures retrieved from the 

protein data bank (PDB). The SyntTax (https://archaea.i2bc.paris-saclay.fr/synttax/) (307) and 

Kyoto Encyclopaedia of Genes and Genomes (KEGG) servers (https://www.genome.jp/kegg/) 

were used to visualise the genomic context of mycobacterial genes and identify orthologs 

(283). The T-coffee web tool (https://www.ebi.ac.uk/Tools/services/web_tcoffee/toolform.ebi) 

with default parameters (308) was used to perform standard multiple sequence alignments 

(MSA) and the percentage identity matrix followed by the Espript server 

(http://espript.ibcp.fr/ESPript/cgi-bin/ESPript.cgi) that was used to achieve high-resolution 

output with added protein structural information (309).  

6.2. Maintenance of bacterial strains  

The media used for the routine culturing of bacteria in this study described in Appendix 1. 

Briefly, all E. coli strains were cultured in Luria-Bertani broth (LB) overnight, at 37 °C shaking 

(at 180 rpm) and where necessary, supplemented with antibiotics as listed in Appendix 2. 

Liquid cultures of E. coli were spread on Luria-Bertani agar plates (LA) for isolation of single 

colonies and were appropriate, contained antibiotics (listed in Appendix 2) and incubated at 37 

°C. M. smegmatis and Mycobacterium bovis BCG (BCG) strains were cultured on Middlebrook 

7H10 agar (with 10% OADC) for the isolation of single colonies at 37 °C and in liquid culture 

https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://mycobrowser.epfl.ch/
http://zhanglab.ccmb.med.umich.edu/I-TASSER/
http://zhanglab.ccmb.med.umich.edu/I-TASSER/
https://archaea.i2bc.paris-saclay.fr/synttax/
https://www.genome.jp/kegg/
https://www.ebi.ac.uk/Tools/services/web_tcoffee/toolform.ebi
http://espript.ibcp.fr/ESPript/cgi-bin/ESPript.cgi
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using 7H9 broth with 10% OADC at 37 °C shaking at 180 rpm. For mycobacterial strains, 

antibiotics were added to the media according to Appendix 2, where required.  

All bacterial strains and plasmids used in this study were stored at -80 °C and -20 °C, 

respectively. All E. coli strains were stored in 25% glycerol (v/v), while all mycobacterial 

strains were stored in 12.5% glycerol (v/v). 

6.3. General plasmid, mycobacteriophages and bacterial strains used in this study  

Table 6-1: A list of commonly used plasmid, mycobacteriophages and bacterial strains 
used in this work. 

Plasmid, 
Mycobacteriophages 
and Bacterial strains 

Genetic characteristics Origin 

Plasmids 

p0004S Cosmid vector containing Hyg-sacB 
cassette (280) 

pMV261 KanR, E.coli-mycobacterial shuttle vector 
with the GroEL (Hsp) promoter of Mtb (265) 

pMV306 
KanR; E.coli-mycobacterial shuttle vector 
that integrates a single copy at the attB site 
of mycobacterial chromosomes 

(265) 

Mycobacteriophages 

phAE159 
Temperature sensitive, conditionally 
replicating shuttle phasmid derived from 
lytic mycobacteriophage TM4 

(280) 

Bacterial strains 

E. coli Top10 

F– mcrA Δ(mrr-hsdRMS-mcrBC) 
Φ80lacZΔM15 

ΔlacX74 recA1 araD139 Δ(ara leu) 7697 
galU galK rpsL (StrR) endA1 nupG 

For general cloning  

Invitrogen™ 

E. coli HB101 
E.coli K-12 F- mcrB mrr-hsdS20(rB

- mB
-) 

recA13 leuB6 ara-14 proA2 lacY1 galK2 
xyl-5 mtl-1 rpsL20(SmR) glnV44 λ- 

Stratagene 
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For generating phasmids  

M. smegmatis 
mc2155, Wild type strain  

(ept-1 mutant of M. smegmatis strain 
mc26) 

(310) 

BCG Wild type strain of Mycobacterium bovis 
BCG var Pasteur  

 

6.4. DNA extraction  

6.4.1 Mycobacterial genomic DNA extraction   

The following method was modified from the DNA extraction protocol described by (311). 10- 

20 ml of mycobacterial fully-grown cultures were centrifuged at 4000 rpm for 15 min and the 

pellet was resuspended in 1.8 ml TE buffer (50 mM Tris-HCl pH 8.0, 10 mM EDTA) and lysed 

with 50 μl lysozyme (10 mg/ml) overnight (ON) at 37 °C. After that, the suspension was further 

treated with 50 μl of proteinase K (20mg/ml) and 100 μl SDS (10%) for 30 min at 55 °C. Then, 

100 μl of NaCl (5M) was added to the mixture and allowed to incubate for 15 min at 65 °C and 

400 μl of chloroform was added and vortexed until the mixture turned white. Thereafter, the 

mixture was centrifuged at 13000 rpm for 10 min and the upper layer was transferred to a clean 

Eppendorf tube. To precipitate the DNA, 0.7 volumes of isopropanol was added, mixed gently 

and stored at -20 °C for 20 min. Thereafter, the mixture was centrifuged at 13000 rpm for 10 

min and discarded. The pellet was washed with 500 μl of ice-cold 70% ethanol and left at room 

temperature to evaporate. Finally, the dried pellet was resuspended in 45 μl of EB buffer (10 

mM Tris-HCl, pH 8.5) with 5 μl of RNase (10 mg/ml) and incubated at 37 °C for 1 hr.  

6.4.2 E. coli plasmid extraction  

1- 3 ml of E. coli cultures were grown overnight and were harvested by centrifugation at 13000 

rpm for 10 min, RT. DNA was extracted using QIAprep spin miniprep kit (Qiagen) per 

manufacturer’s instructions.  
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6.5. DNA manipulation  

In the construction of all the plasmids/constructs/vectors generated in this study, DNA 

manipulations, such as enzymatic reactions used for DNA- amplification, cloning and analysis, 

were performed according to the molecular protocols of Sambrook and Russell (312) and 

Parish and Brown (313). Besides, E. coli Top10 was the host strain used for the cloning and 

propagation of all plasmids in this study.  

6.5.1 DNA amplification using Polymerase Chain Reaction (PCR)  

6.5.1.1 Oligonucleotide or Primer preparation:  

All primers were ordered and received as lyophilised pellets from Eurofinn, Germany, and 

resuspended in EB buffer (10 mM Tris-HCl, pH 8.5) to 10 µM for the reaction.    

6.5.1.2 PCR reagents and program:  

The Q5® High-Fidelity DNA Polymerase kit was used for PCR and reactions were prepared 

according to the manufacturer’s instructions. A no-template control or negative control (NC) 

that lacks DNA in the PCR reaction was included in every reaction to exclude the possibility 

of DNA contamination in the reagents. The reactions were then put into a thermocycler and 

programmed according to Table 6-2, as per manufacturer’s instructions. The annealing 

temperature of all primers in this study were calculated using the following website: 

http://tmcalculator.neb.com/#!/. Once the programme was completed the PCR products or 

fragments were analysed by agarose electrophoresis.  

Table 6-2: Thermocycler programme 

Number of 
cycles:  Stages: Temperature (°C) Time 

(Minutes : Seconds) 
1 Initial Denaturation 98 10:00 

35  
Denaturation 98 00:40 
Annealing Depends on primers 00:40 
Elongation 72  00:45 (30-40s/1 Kbp) 

1 Final elongation 72 10:00 

http://tmcalculator.neb.com/#!/
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1 Hold 16 Infinity 

6.6. Cloning 

To obtain single fragments free from chemicals that may hinder or alter the cloning process, 

all fragments were purified before and after every enzymatic reaction.   

6.6.1 DNA purification  

6.6.1.1 DNA purification from agarose gel 

After DNA fragments required for cloning were verified to be correct by DNA analysis, the 

fragments were excised from the gel and put into clean Eppendorf tubes. The QIAquick® gel 

extraction kit (Qiagen) was used to purify the DNA fragment as per the manufacturer’s 

instructions. Briefly, the excised gel slices were melted and solubilised at 55 °C with the QG 

buffer (5.5 M guanidine thiocyanate, 20 mM Tris-HCl pH 6.6) and the suspensions were loaded 

onto DNA binding columns. The columns were then washed with PE buffer (20 mM Tris-HCl 

pH 7.5, 80% ethanol) before the DNA fragment was eluted with 30 μl of EB buffer (10 mM 

Tris-HCl, pH 8.5).  

6.6.1.2 DNA purification of PCR products  

QIAquick® PCR purification kit (Qiagen) was used to purify the PCR fragments after 

restriction endonuclease reactions as per the manufacturer’s instructions. In summary, PB 

binding buffer (5.0 M guanidine thiocyanate, 30% isopropanol) was added to PCR fragments 

and loaded onto DNA binding columns, which were then washed with PE buffer (20 mM Tris-

HCl pH 7.5, 80% ethanol) and eluted with 30 μl of EB buffer (10 mM Tris-HCl, pH 8.5).  

6.6.2 Restriction endonuclease digestion 

Restriction endonuclease digestion was used to digest genomic DNA in the Southern blot 

technique (also described in this section), to verify plasmids by restriction mapping and 
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generate compatible ends of DNA fragments for cloning purposes. Restriction endonucleases 

or enzymes were supplied with the specified buffers from Thermo scientific or NEB. All 

enzymatic reactions were performed as per manufacturers’ instructions in a total volume of 20 

μl (unless otherwise stated). Generally, for plasmid restriction mapping, DNA was digested for 

1 hr at 37 °C, but PCR fragments (required for cloning) were digested up to 4 hrs at 37 °C, 

while genomic DNA (required for Southern blot analysis) was digested overnight at 37 °C. 

Where two restriction endonucleases were needed, they were added consecutively for full 

efficiency with the compatible buffer and before the addition of the second enzyme, the first 

reaction was heat-inactivated. 

6.6.3 DNA ligation  

Purified plasmid and DNA fragments with compatible ends were ligated with T4 DNA ligase 

(NEB) according to the manufacturer’s instructions. The reaction was incubated ON at room 

temperature (RT) and then heat denatured at 65 °C for 5-10 min. To optimise cloning events, 

50 ng of plasmid was used for all ligation reactions and plasmid to DNA fragment ratios of 1:1, 

1:2 or 1:3 were calculated as follows: 

 

The ligation reactions were transformed into chemically competent E. coli Top10 cells.  

6.7. DNA/RNA analysis  

6.7.1 Agarose gel electrophoresis 

DNA/RNA/PCR/Restriction digested products were analysed by separation using agarose gel 

electrophoresis. Agarose gels were made by dissolving and melting molecular biology grade 

For 50 (ng) of plasmid: 
 

The mass of DNA fragment = [50 ng x DNA fragment (bp)] ÷ plasmid size (bp) 
                                              = X (ng) of DNA fragment  
The volume (µl) of DNA fragment = X (ng) of DNA fragment ÷ concentration of DNA fragment (ng/µl) 
                                                         = Y (µl) of DNA fragment   
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agarose (Bioline) in 1x- Tris-acetate EDTA (TAE) buffer and 5 μl of Midori Green, UV 

fluorescent dye, added per 100 ml agarose.  The percentage of agarose varied from 0.8 to 2.0% 

depending on the molecular weight of the DNA/RNA fragments analysed. 1% agarose gels 

were prepared for low molecular weight DNA fragments of less than 1 Kbp, while 0.8% 

agarose gels were used for DNA fragments more than 1 Kbp. DNA/RNA fragments were 

separated with an electric field of 100-140 V, 400 mA in horizontal submarine units (Bio-Rad). 

Gels were visualised by a UV-light imaging system (Bio-Rad Gel Doc systems); with image 

acquisition software. Lambda DNA molecular weight markers (NEB) in Appendix 3 was used 

to assess fragment sizes of samples. 

6.7.2 Spectrophotometry  

The integrity of extracted or purified, DNA/RNA and plasmids were evaluated using 

NanoDrop ND-1000 Spectrophotometer (NanoDrop Technologies) used in conjunction with 

software (Coleman Technologies) the with a UV absorbance at 260 nm. The measures 

determined from the NanoDrop were used to estimate the approximate concentrations of DNA 

and plasmids required for cloning.  

6.7.3 DNA Sequencing  

Plasmids generated in this study were sent to Eurofinns, Germany, for sequencing to verify the 

integrity of the cloned fragment/s. Sequencing primers were designed using Clone manager 

and SnapGene software, and the sequencing data was analysed using SnapGene software.  

6.8. RNA extraction, cDNA synthesis and Reverse transcriptase- PCR 

RNA was extracted from pellets of 50 ml liquid cultures at mid logarithmic phase (OD600nm 

0.8-1.0) as described by (314,315). The pellets were resuspended in 600 μl of lysozyme 

solution [5 mg/ml prepared in Tris (pH 8.0)] and 7 μl/ml β-mercaptoethanol was added to the 

mixture that was kept on ice and subjected to mechanical lysis by homogenisation for 1 min 
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(at 400 speed). Then, to the mixture 60 μl of 10% sodium dodecyl sulfate (SDS) was added 

and homogenised for 2 min (kept on ice). To this, 60 μl of 3M sodium acetate pH 5.2 was 

added together with 726 μl of acid phenol pH 4.2 (i.e. phenol solution saturated with 0.1 M 

citrate buffer, Sigma) and tubes were mixed well by inversion and incubated at 65 °C for 5 min 

(mixing every 30 s by inversion). Samples were centrifuged at 13000 rpm for 5 min, and the 

upper aqueous phase was transferred to a new tube. An equal volume of acid phenol pH 4.2 

was added, vortexed and incubated at 65 °C for 2 min (mixing every 30 s by inversion). Again, 

the mixtures were centrifuged at 13000 rpm for 5 min and the upper aqueous phase was 

transferred to a new tube. To this 550 μl of chloroform: isoamyl alcohol (24:1) mix was added, 

and the mixture was inverted several times and centrifuged at 13000 rpm for 5 min. The upper 

aqueous phase was transferred to a new tube, and 1/10 volume of 3M sodium acetate pH 5.2 

and 3 volumes of 100% ethanol were added, incubated at -20 °C for one hr and centrifuged at 

13000 rpm for 10 min. The ethanol was discarded, and the pellet was washed with 500 μl of 

70% ethanol, centrifuged at 13000 rpm for 10 min, the ethanol removed, the pellet left to air 

dry and resuspended in 50 μl of water (free from DNA/RNA). The integrity of RNA extracted 

was verified on a 2% agarose gel and evaluated using NanoDrop ND-1000 Spectrophotometer. 

About 10 μg of RNA was treated with DNase (using Turbo DNA free kit, Invitrogen™) to 

remove any traces of residual DNA that was confirmed by a 2% agarose gel and by NanoDrop. 

Then, 2 ug of treated/purified RNA was converted to cDNA using random hexamers 

(Invitrogen™) and reverse transcriptase (contained in the SuperScript™ III Reverse 

Transcriptase kit from Invitrogen™) as indicated by the manufacturer’s protocol. To ensure 

that the RNA post-DNase treatment was, in fact, free of DNA, a set of no reverse transcriptase 

reactions were used as controls. Primers were designed to target specific genes in this study 

(Appendix 5E) and sigA a housekeeping gene constitutively expressed served as a positive 
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control. The cDNA synthesised from reactions with RT and RNA from reactions without RT 

were used as templates in a standard PCR reaction amplified by the specific primer pairs to 

assess if particular genes were expressed in the strains under investigation using the reagents 

in the Q5 polymerase kit (NEB). PCR cycling conditions were set at 35 cycles and transcripts 

(20 µl each) were analysed on a 2% agarose gel. 

6.9. Transformation of chemically competent E. coli Top10 cells 

6.9.1 Preparation of chemically competent cells  

An overnight culture of E. coli Top10 cells were prepared from inoculating 5 ml of LB with a 

single colony, which was used to inoculate 100 ml of LB supplemented with 20 mM 

magnesium sulphate. This culture was allowed to grow to mid-log phase (an OD600nm to 

approximately 0.40- 0.60), and then the culture was placed in ice for 15- 30 min before 

harvesting the cells by centrifugation at 3500 rpm for 10 min, at 4 °C. The bacterial pellet was 

resuspended in 0.4 volume of TFBI (15% v/v glycerol, 30 mM potassium acetate, 100 mM 

rubidium chloride, 10 mM calcium chloride, 50 mM manganese chloride) and kept on ice for 

15 min. The cells were pelleted again by centrifugation at 3500 rpm for 10 min, at 4 °C and the 

pellet was re-suspended in 0.04 volume TFBII (10 mM 3-(N-morpholino) propanesulfonic acid 

[MOPS], 75 mM calcium chloride) and chilled in ice for 60- 90 min. 200 μl aliquots were flash-

frozen and stored at -80 °C for future use. 

6.9.2 Transformation of chemically competent cells  

Chemically competent cells were thawed on ice and 100-200 μl of cells were gently mixed 

with each ligation reaction and kept on ice for 15 min. No DNA or negative control (NC) was 

included to verify that the competent cells were not contaminated. The mixture was heat-

shocked at 42 °C for 90 s to allow for DNA uptake and placed on ice for a further 10-15 min. 

900 µl of LB was added and incubated at 37 °C for 1 hr, for recovery of the cells. After that, 
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for the selection of transformants, the cells were spread on LA plates containing the appropriate 

antibiotics and incubated overnight to allow for colony growth.  

6.10. Electroporation of electro-competent mycobacterial cells 

The following procedures were adapted from the protocol described by (316).   

6.10.1 Preparation of electro-competent mycobacterial cells 

A fully-grown culture of mycobacterial BCG cells was prepared from inoculating 10 ml of 7H9 

with a single colony. This preculture was used to inoculate 100 ml of 7H9 broth (with the 

appropriate antibiotics and supplements where required) and allowed to grow to mid-log phase 

(OD600nm 0.40- 0.70). Thereafter, the culture was centrifuged at 4000 rpm for 15 min, at RT or 

at 37 °C. The pellet was resuspended in 40 ml prewarmed 10% glycerol and centrifuged as 

above. Then, the pellet was resuspended in 20 ml prewarmed 10% glycerol, centrifuged again 

as above and finally resuspended in 2 ml prewarmed 10% glycerol. The cell suspension was 

kept at RT or at 37 °C and used immediately.  

6.10.2 Electroporation 

200 μl of electro-competent mycobacterial cells were distributed into 2 mm electroporation 

cuvettes (Gene pulser; Bio-Rad) at RT, and gently mixed with 1-2 μg of plasmid DNA. No 

DNA or negative control (NC) was included to verify that the electro-competent cells were not 

contaminated. Then, the cuvettes were placed in the shock pod of the Eppendorf Electroporator 

(model No. 2510) and electroporated at 2500 V. Immediately after electroporation, 900 μl 7H9 

for BCG was added for recovery and replication and incubated overnight at 37 °C. For the 

selection of transformants, cells were spread on 7H10 agar (supplemented with 10% OADC) 

containing appropriate antibiotics and incubated at 37 °C for 3- 4 weeks.  
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6.11. Generation of null mutants by specialised phage transduction 

The generation of knockout mutants using specialised transduction involves the following 

processes: construction of knockout phage’s, amplification of phage to high titres and 

transduction of BCG, all explained by (280,281). 

6.11.1 Construction of knockout phage 

For the construction of all allelic exchange substrate plasmids, 0.8- 1 Kbp each of homologous 

upstream and downstream regions of the genes (including about 100 bp of the genes) were 

cloned into the plasmid, p0004S. The upstream and downstream regions on either side of (i.e. 

flanking) the hyg cassette of p0004S were sequence verified. Then, all allelic exchange 

substrate plasmids were ligated into phAE159 at the PacI site and packaged into temperature-

sensitive mycobacteriophages (λ-phage heads), resulting in phasmids, which were transduced 

into E. coli HB101 cells. The phasmids were extracted from the transformants and 

electroporated into M. smegmatis (mc2155) and allowed to recover with 1 ml of TSB at 30 °C, 

overnight. After that, the cells were divided into 200 μl and 800 μl and diluted with 100 μl each 

of log phase (actively growing) M. smegmatis. Each of the dilutions were mixed with 4 ml of 

7H9 top agar (pre-warmed to 55 °C) and overlaid on 7H9 basal plates and incubated at 30°C 

for 2-3 days for plaques to be formed. The plates were soaked in 4 ml of mycobacteriophage 

(MP) buffer (50 mM Tris pH 7.5, 150 mM NaCl, 10mM MgSO4, 2mM CaCl2) for 3-4 hrs, 

which was recovered and filtered and stored at 4 °C.  

6.11.2 High titre phage 

Briefly, the titre of the phage lysate recovered from the plaques is estimated by serial dilutions 

of phage lysate that are spotted onto 7H9 basal plates overlaid with 400 μl of log phase (actively 

growing) M. smegmatis and incubated at 30 °C. After that, 100 μl of the dilution of phage lysate 

required to generate 1000 plaques was mixed with 100 μl of log phase (actively growing) M. 
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smegmatis and 4 ml of 7H9 top agar (pre-warmed to 55 °C) and overlaid on 7H9 basal plates, 

incubated at 30°C for 2-3 days. The plates were soaked in 4 ml of MP buffer for 3-4 hrs, which 

was recovered, filtered and stored at 4 °C. The titre of this phage lysate was determined as 

explained above and the entire procedure was repeated until the phage titre was 108 – 1010.  

6.11.3 Specialised transduction of BCG 

BCG was grown to an OD600nm of 0.60 and harvested by centrifugation at 4000 rpm, 15 min, 

RT. The pellet was washed with 50 ml of MP buffer, pelleted by centrifugation as above and 

washed again with 50 ml of MP buffer and then centrifuged again. Finally, the pellet was 

resuspended in 5 ml of MP buffer and 1 ml of the cell suspension was mixed with 1 ml of high 

titre (108-1010) phage lysate. A negative control (NC) containing 1 ml of MP buffer mixed with 

1 ml of cells was included to verify that the cells were not contaminated. The transductions 

were incubated at 37 °C overnight, harvested by centrifugation at 4000 rpm, 15 min, RT and 

recovered in 7H9 and incubated at 37 °C, overnight. Thereafter, the cells were centrifuged at 

4000 rpm, 15 min, RT and resuspended in 400 μl of 7H9 of which, aliquots of 100 μl were 

plated on 7H10 agar with 100 μg/ml hygromycin and incubated at 37 °C. After, 3-4 weeks of 

incubation, hygromycin resistant colonies are selected and inoculated into 10 ml of 7H9 for 

genomic DNA extraction. The exchange of each full-length gene with the allelic exchange 

substrate (i.e. the 1 Kbp upstream and downstream regions of the target gene flanking the 

hygromycin cassette of p0004S) was either verified by PCR or Southern blot analysis.  

6.12. Southern blot analysis 

Southern blot analysis is used to genetically verify that a targeted gene has been successfully 

disrupted as compared to the full-length gene in the wild type. This technique involves- 

restriction mapping and digests of genomic DNA of wild type and potential mutants or 

transductants, blotting, probe labelling and hybridisation and detection. Firstly, genomic DNA 
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was digested with restriction enzyme/s that distinctly differentiates the mutant from the wild 

type, and fragments of the digest are separated by gel electrophoresis on 0.7% agarose gel. An 

image of the gel was captured alongside a ruler using the GelDoc viewing system to verify the sizes 

of the fragments later. For the transfer of DNA, the double-stranded DNA on the gel needs to be 

denatured into single strands, accomplished by washing the gel with the following buffers: 

depurination (0.25 M HCl), denaturation (1.5 M NaCl, 0.5 M NaOH) and neutralising (0.5 M 

Tris-HCl pH 7.2, 1 M NaCl).  

Blotting uses a high salt solution (20X SSC, 3 M NaCl, 0.3 M sodium citrate, pH 7.0) to transfer 

denatured DNA fragments from the gel onto a positively charged nylon membrane (No. 

11209299001, Roche) by capillary action. The blot was fixed by cross linking the DNA bound 

to the nylon membrane under UV light. The labelling of probes, hybridisation and 

immunological chemiluminescence detection uses a digoxygenin based system as described by 

protocols of the DIG High Prime Labelling and Detection Starter Kit II, (No.11555614910, 

Roche). A random-priming method was used to incorporate the Digoxigenin-11-dUTP into the 

probe sequence. After hybridisation with DIG labelled probes, the membrane was visualised 

using an antibody against digoxigenin with an alkaline phosphatase label by adding a 

chemiluminescent alkaline phosphatase substrate (CSPD). The enzymatic reaction of the 

alkaline phosphatase with the CSPD results in luminescence that was visualised by exposing 

the membrane to an X-ray film.  

6.13.  Site-Directed Mutagenesis (SDM) 

The Q5 SDM kit and protocol from NEB was used generate amino acid substitutions as 

described in Chapter 3 and complementation strains with a loss of individual drrA/B/C genes 

as explained in Chapter 4. The fundamental step of SDM is the design of custom primers to 

generate the specific modification. As previously mentioned, custom primers were designed 
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using the NEB base changer website (http://nebasechanger.neb.com/) and were used in a 

standard PCR with the DNA template and PCR reagents provided in the kit. As per 

manufacturer’s instructions the PCR amplicon was treated with the Kinase-Ligase-Dpn1 

(KLD) mixture, to rapidly circularise and enrich the modified plasmid by digesting the template 

DNA. Thereafter, the modified product was transformed in E. coli Top10 competent cells and, 

plated on selection media. Then single colonies were cultured for plasmid extraction to verify 

the modification by DNA sequencing analysis.  

6.14. Biochemical lipid analysis 

The biochemical analysis of lipids includes radiolabelling of lipids, lipid extraction and 

analysis by separation on TLC silica gel plates using various solvent systems. 

6.14.1 Radioactive labelling of lipids using carbon 14 [14C]-acetate 

Log phase cultures of Mycobacteria were used to inoculate 10 ml of 7H9 (with 10% OADC 

and 0.05% tween) at an OD600nm of 0.03 and then labelled with 1 μCi/ml of [14C]-acetate Perkin 

Elmer, 45-60 mCi). The labelled culture was allowed to grow to log phase. After that, the 

cultures were allotted into glass tubes for lipid extraction labelled Tube 1 and centrifuged at 

3500 rpm for 10 min at RT to separate the spent culture from pellets. The spent culture was 

passed through a 0.22µm filter to exclude debris into an empty tube (labelled Tube 2) while 

the pellets (Tube 1) were washed with 1x PBS before freeze-drying. 

6.14.2 Radioactive labelling of lipids using carbon 14 [14C]-propionate 

Log phase cultures of Mycobacteria were used to inoculate 10 ml of 7H9 (with 10% OADC 

and 0.05% tween) at an OD600nm of 0.70- 0.80 and then labelled with 0.2 μCi/ml of [14C]-acetate 

American Radiolabelled Chemicals, specific activity 50-60 mCi. The labelled culture was 

allowed to grow to overnight. Thereafter, the cultures were allotted into glass tubes for lipid 

extraction labelled Tube 1 and centrifuged at 3500 rpm for 10 min at RT to separate the spent 

http://nebasechanger.neb.com/
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culture from pellets. The spent culture was passed through a 0.22 µm filter to exclude debris 

into an empty tube (labelled Tube 2) while the pellets (Tube 1) were washed with 1x PBS 

before freeze-drying. 

6.14.3 Lipid extraction 

Generally, methods describing lipid extraction were followed according to Besra (317). To 

account for all the surface extractable apolar lipids we analysed apolar lipids from the spent 

media as well the pellets. As a consequence of using the detergent Tween-80 in the media and 

shaking the cultures, surface extractable lipids such as PDIM are sloughed off from the outer 

membrane and found in the spent culture (40,41). Lipids from the spent culture were extracted 

by adding equal amounts of petroleum ether (60- 80 °C) in Tube 2 and mixing on a rotator for 

30 min, then centrifuged at 4000 rpm for 10 min. The upper layer was transferred to another 

tube (labelled Tube 3) and the process repeated. The accumulated lipid extracts in Tube 3 were 

dried on a heating block (at 50 oC) under nitrogen and represented the outside fraction.  

Total apolar lipids were extracted from the pellets in Tube 1 with 2 ml methanolic saline 

[methanol: 0.3% NaCl (10:1, v/v)] and 2 ml petroleum ether (60- 80 °C) mixed on a rotator for 

15 min and centrifuged at 3500 rpm for 5 min. The upper layer was transferred to another tube 

(labelled Tube 4). To extract the remaining total apolar lipids, another 2 ml of petroleum ether 

(60- 80 °C) was added to Tube 1, allowed to mix on a rotator for 15 min, and centrifuged at 

3500 rpm for 5 min. The upper layer was transferred to Tube 4, and the accumulated extracts 

were dried on a heating block (at 50 oC) under nitrogen that represented the total apolar lipids 

associated with the cells (i.e. inside fraction).  

Tube 1 was further processed to extract polar lipids, by adding 2.3 ml of chloroform: methanol: 

0.3% NaCl (9:10:3, v/v/v) and allowing this to mix for 60 min on a rotator, then centrifuged at 

3500 rpm for 15 min. The supernatant was removed to another tube (labelled Tube 5). The 
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pellet in Tube 1 was resuspended with 0.75 ml of chloroform: methanol: 0.3% NaCl (5:10:4, 

v/v/v) and mixed for 30 min, centrifuged at 3500 rpm for 15 min, and the supernatant was 

transferred to Tube 5 and the process repeated. 1.3 ml of chloroform and 1.3 ml of 0.3% NaCl 

was added to the pooled extracts in Tube 5, mixed for 10 min on a rotator, centrifuged at 3500 

rpm for 5 min. This time, the lower layer was transferred to another tube (labelled Tube 6) and 

dried on a heating block (at 50 oC) under nitrogen.  

All dried lipid extracts in Tube 3, Tube 4 and Tube 6 were resuspended in 200 μl of chloroform: 

methanol (2:1) and stored at RT for thin-layer chromatography (TLC) analysis. To load equal 

amounts of [14C] radioactively labelled samples, the amount of radioactivity was quantified by 

spotting 5 μl of each radioactively labelled extract in a scintillation vial and allowing it to dry 

before mixing with 10 ml scintillation fluid where the measurements were in counts per minute.  

6.14.4 Thin-layer Chromatography (TLC) analysis of lipids 

In general, equivalent amounts of radioactively labelled samples about 15, 000- 20, 000 counts 

per minute (cpm) were spotted on TLC plates (5554 silica gel 60F524; Merck) and resolved 

using the systems described below. [14C]-acetate and [14C]-propionate labelled lipids were 

visualised after 72 and 24 hrs exposure to Kodak X-Omat AR film respectively and developed 

by autoradiography.  

6.14.4.1 Solvent systems for TLC analysis of apolar and polar lipids  

Both one- and two-dimensional TLC (1D/2D TLC) were used to separate apolar and polar 

lipids. For the separation of PDIM and its species on TLC, petroleum ether: diethyl ether (9:1) 

was used (40,120) and on a 2D TLC system A as described by Besra (317) in Table 6-3. 

Similarly, to analyse PGL on TLC, chloroform: methanol (19:1) was used and on a 2D TLC, 

system C (as described in Table 6-3) was used (317). TLC was used to resolve other relevant 

apolar and polar lipids using chloroform: methanol: distilled water (80:20:2) and chloroform: 



Chapter 6 General methods and materials 

Page 160 of 222 

 

methanol: ammonium hydroxide: distilled water (65:25:3.6:0.5). In all cases, TLC plates were 

well dried before loading of the samples and after every solvent system. 

Table 6-3: Solvent systems used to separate apolar and polar lipids for 2D TLC analysis. 
[Adapted from (317)].   

Solvent 
systems Direction 1 Direction 2 

A 

Petroleum ether (60- 80 °C): ethyl 
acetate 
95:2 (v/v) 
Repeat 3 times 

Petroleum ether (60- 80 °C): acetone 92:8 
(v/v) 
 
Once 

C 
Chloroform: methanol 
96:4 (v/v) 
Once 

Toluene: acetone 
80:20 (v/v) 
Once 
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Appendix 1  

Media used routinely:  

Luria-Bertani broth (LB): 
10 g tryptone, 10 g sodium chloride, 5 g yeast.  

Luria-Bertani agar plates (LA): 
10 g tryptone, 10 g sodium chloride, 5 g yeast extract, 15 g agar/ litre.  

Tryptic soy broth (TSB):  
30 g TSB powder and 2 ml glycerol. Supplemented with 0.05% Tween80. 

Tryptic soy broth (TSB) agar:  
30 g TSB powder, 2 ml glycerol and 15 g agar/ L.  

Terrific broth (TB): 
47.6 g of TB granules and 4 ml glycerol. 

Middlebrook 7H9: 
4.7 g 7H9 powder and 2 ml glycerol. Supplemented with 0.05% Tween80 and 100 ml OADC 
per L.  
 

Middlebrook 7H10: 
19 g 7H10 powder and 5 ml glycerol. Supplemented with 100 ml OADC per L.  

7H9 Top Agar:  
4.7 g 7H9 powder, 2 ml glycerol and 7.5 g agar/ L. 

7H9 Basal Agar:  
4.7 g 7H9 powder, 2 ml glycerol and 15 g agar/ L. 

 

Media were sterilised by autoclaving at 121°C for 15 min and only when cooled were the 
specified supplements added. 
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Appendix 2 

 

Concentrations of antibiotic selection markers used:  

Antibiotics (stock 
concentrations) E. coli M. smegmatis BCG 

Kanamycin (50 mg/ml) 100 (μg/ml) 50 (μg/ml) 25 (μg/ml) 

Hygromycin (50 mg/ml) 150 (μg/ml) 150 (μg/ml) 50 (μg/ml) 
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Appendix 3 

 

DNA ladders  

 

 

DNA ladders from NEB used to determine the sizes of DNA fragments in agarose gels and 
Southern blots. A) 1 Kbp ladder and B) 100 bp ladder. (https://www.neb.com/ accessed 23/06/2019).  
 

https://www.neb.com/
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Protein ladders 

 

 

Protein ladders PageRuler™ Prestained Protein Ladder (Thermo scientific) A) and B) were used 
to determine the sizes of proteins in SDS-PAGE and Western blots 
(https://www.thermofisher.com/uk/en/home.html accessed 23/06/2019). 

 

A                                B

https://www.thermofisher.com/uk/en/home.html%20accessed%2023/06/2019
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All primers in this study involved in A) gene knockouts of mmpL7 and drrABC, B) 
restoring mmpL7, drrAB and drrABC genes, C) generating site-specific substitutions in 
the mmpL7 gene, D) generating site-specific deletions in the pMV306::drrABC plasmid 
and E) reverse transcriptase- PCR.  

A) Primers (5’-3’) involved in the gene knockout construction of mmpL7 and drrABC in 
Mycobacterium bovis BCG. The primer pairs forward (F) and reverse (R) amplify only 
upstream (Us) and downstream (Ds) regions of the genes. The underlined sequences represent 
extra bases and italicised sequences indicate endonuclease restriction sites mandatory for 
cloning purposes while the bold sequences denote overhangs. 

ΔmmpL7 Restriction 
enzyme  

Amplicon 
size (bp) 

Us 
F 

TTTTTTTTCACAAAG
TG 
GAACGGGCGACTCA
GGTTTC 

Us 
R 

TTTTTTTTCACTTCG
TG 
TCGAGGGATTCGGC
AGCTTG DraIII 

(CACAGGG
TG) 

941 

Ds 
F 

TTTTTTTTCACAGAG
TG 
TGGGTGTGCTGGCCT
CTTAC 

Ds 
R 

TTTTTTTTCACCTTG
TG 
TTCACGTGCCGTCGA
CAAAC 

936 

ΔdrrABC Restriction 
enzyme  

Amplicon 
size (bp) 

Us 
F 

TTTTTTTTCACAAAG
TG 
GCCCTTCCCAACGC
GCATACC 

Us 
R 

TTTTTTTTCACTTCG
TG 
GCGGCGCACCTTGA
AACTCAC DraIII 

(CACAGG
GTG) 

901 

Ds 
F 

TTTTTTTTCACAGA
GTG 
GTCCTCTCTCCGAT
GATCGGG 

Ds 
R 

TTTTTTTTCACCTTG
TG 
CTGCCACTCGGTCA
GCAGGAT 

901 

 

B) Primer pairs (5’-3’) forward (F) and reverse (R) involved in the restoring of gene 
function of mutants generated in this study. Italicised sequences indicate endonuclease 
restriction sites and underlined sequences denote extra bases mandatory for cloning purposes. 

mmpL7- C Restriction enzyme Amplicon size 
(bp) 

F GATAGATCT 
AATGCCTAGTCCGGCTGGCCG BglII (AGATCT) 

2763 
R GATAAGCTT 

TCAACGCCGCCCTGGCGTGG  HindIII (AAGCTT) 

drrABC- C Restriction enzymes 
Amplicon size 

(bp) 
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F 
CATGCATGTCTAGA  
AAGTCCGTTCCGCACTACGGA XbaI (TCTAGA) 

3316 
R CATGCATGAAGCTT 

CTGGGTGGGTTTCCAAGAGGG 
HindIII (AAGCTT) 

drrAB- C Restriction enzymes Amplicon size 
(bp) 

F1 CATGCATGTCTAGA  
AAGTCCGTTCCGCACTACGGA XbaI (TCTAGA) 

2558 
R1 CATGCATGGAATTC 

AATGCTGTAGAGCCCGCTGTC EcoRI (GAATTC) 

F2 
CATGCATGGAATTC 
TGGATTCAGCCGTTCGTCGCC EcoRI (GAATTC) 

385 
R2 CATGCATGAAGCTT 

CTGGGTGGGTTTCCAAGAGGG 
HindIII (AAGCTT) 

 

C) Primer pairs (5’-3’) forward (F) and reverse (R) to generate site-specific substitutions 
in the mmpL7 gene. The small lettered and bold sequences denote the modification. Primers 
were designed using the website: http://nebasechanger.neb.com/.  

287S 670R 

F AACCATCACCagcGCCACCATGCT
GGCC F TCTCAGCGCCcggTTCGCCGATAC 

R CCGATCGTCAGGACCGCG R TTCTTCAGCATCGCCGAC 

288T 673A 

F CATCACCGCAaccACCATGCTGG F CGATTTCGCCgccACCGGTGAGG 

R GTTCCGATCGTCAGGACCG R GCGCTGAGATTCTTCAGC 

292G 676A 

F CACCATGCTGggcGCGCGGCTCG F CGATACCGGTgccGGCGGCTTCC 

R GCTGCGGTGATGGTTCCGATCGT
CAGG R GCGAAATCGGCGCTGAGA 

524L 836D 

F CGGCGCGGTCctgCAACTGGACA F GTGCGGCGTCgacTATCTCGTTGCCG
GC 

R CTCATCTGTTCGATTATGGAC R GAAGCGAGGACGGCGAAC 

610D 837F 

http://nebasechanger.neb.com/
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F TGGCGCCGACgacATCTCCGCGA F CGGCGTCCCGttcCTCGTTGCCG 

R GTGGACAGCTCGTTCATGC R CACGAAGCGAGGACGGCG 

611R 846A 

F CGCCGACCGCcggTCCGCGATATC F CAAAGCCGGTgccATCGCCGACG 

R CCAGTGGACAGCTCGTTC R ATGCCGGCAACGAGATAC 

 

D) Primer pairs (5’-3’) forward (F) and reverse (R) to generate site-specific deletions in 
the pMV306::drrABC plasmid for the construction of pMV306::drrBC and 
pMV306::drrAC plasmids. Primers were designed using the website: 
http://nebasechanger.neb.com/. 

pMV306::drrBC 

F GAATTCGACTCAGACCGCATTACGATGCCG 

R CGGTTCGGAAACAACATCGTAGCC 

pMV306::drrAC 

F GAATTCAAGCTGTTTCCGCACTGGATCCAT 

R CACCGTGGTGAGTACTTCACCGTT 

 

E) Primer pairs (5’-3’) forward (F) and reverse (R) used for reverse transcriptase- PCR. 

Gene F R 

sigA TTCGCGCCTACCTCAAACAG AGGTTGGCTTCCAGCAGATG 
mmpL7 ACCACCGAACTGTCGGAATAC AACGCGCTCATTGTCTGTGTC 

drrA GCTGGCTACGATGTTGTTTCC GGCATGTACGAGGCTGAATTG 

drrB ACAGATGTGGGTGCTCTATCG GGCGTGATGTATTGCCCTAAG 

drrC GAGCTTGCACCCACACGTTTG AATGCTGTAGAGCCCGCTGTC 
 

 

http://nebasechanger.neb.com/
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Artificial membrane bilayer mimetics. Detergents replace the native lipid bilayer and form 
micelle structures while bicelles are mixtures of detergent and phospholipids. Amphipols 
represent amphiphilic polymers that trap and stabilise membrane proteins, and nanodiscs 
consist of helical proteins/peptides that encapsulate membrane proteins forming disc-shaped 
particles extracted with detergent. Styrene-maleic acid (SMA) co-polymers insert into the 
membrane and scaffold the membrane protein in its native lipid bilayer also forming disc-
shaped particles [Adapted from (239)]. 
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The control strain showing: A) Protein expression of the membrane fraction as compared 
to MmpL3 and MmpL7 and B) IMAC purification with varying imidazole 
concentrations. Membrane material was from 1 L cultures. Left panels represents the total 
protein on SDS-PAGE while the right panels show His-tagged proteins on the Western blot. 
Imidazole concentrations (mM) are shown as 10, 20, 40, 80, 100, 150, 200, 250 and 300. L 
represents the protein ladder; FT is the flow through; W is the wash and EDTA represents the 
‘strip’ of the column.  
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MmpL3 IMAC purification analysed by Native-PAGE/ Western blots over 3 days. A) day 
2, B) day 3. Membrane used was from 1 L culture. Red arrow indicates MmpL3. Membrane 
used was from 1 L culture. Left panels represents the total protein on Native-PAGE while the 
right panels shows His-tagged proteins on the Western blot. Imidazole concentrations (mM) 
are shown as 10, 20, 40, 80, 100, 150. L represents the protein ladder; FT is the flow through; 
W is the wash and EDTA represents the ‘strip’ of the column. Concentrated indicates that all 
imidazole eluates were pooled together and concentrated.  
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MmpL7 IMAC purification using SMA. Membrane used was from 1 L culture. Left panels 
represents the total protein on SDS-PAGE while the right panels shows His-tagged proteins on 
the Western blot. Imidazole concentrations (mM) are shown as 10, 20, 40, 80, 100, 150, 200 
and 300. L represents the protein ladder; FT is the flow through; W is the wash and EDTA 
represents the ‘strip’ of the column. Red arrow indicates MmpL7.  
 

 



 Appendix 10 

Page 206 of 222 

 

Appendix 10 

 

 

Predicted solvent accessibility of MmpL3 and MmpL7 models. Calculated by the I-
TASSER server (253) only showing the N and C terminals, where 0 indicates a buried residue 
and 9 denotes a highly exposed residue and the His tag is highlighted in red with the 
corresponding scores.  
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A pair of primers (5’-3’) forward (F) and reverse (R) to extend the C terminal His tag to 
twelve His residues and include a TEV site in pET26b:MmpL7. The small lettered and bold 
sequences denote the modification. These primers were designed by the NEBaseChanger tool 
(http://nebasechanger.neb.com/).  

MmpL7 12HIS/TEV 

F 

CACCACCACCACCACCACcac
caccaccaccaccacTGAGATCCGG
CTGCCTAAcaaagcccgaaaggaag
ctg 

R 

GGATTGGAAGTACAAGTTCT
CCTCGAGTGCGGCCGCAAGC
TTACGCCGCCCCTGGCGTGG
TCGGAAGC 

8065 bp 
amplicon 

 

http://nebasechanger.neb.com/
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Multiple sequence alignment (MSA) comparing the MmpL7 periplasmic domain 2 (PD2) 
with other MmpL proteins in Mtb. The arrow and the amino acid indicated MmpL7 residues 
investigated in this study. 
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The site-specific modification of single residues in MmpL7. A) MmpL7 homology model 
highlighting the TM and PD2 regions probed in this study. B) Individual residues in TM4/10 
targeted for modification. C) Individual residues in PD2 targeted for modification. The model 
in ribbons coloured in grey, and only features of interest such as TM4/10 and PD2 were 
depicted in cartoon and coloured blue/orange and deep salmon respectively. All the modified 
residues are coloured.  
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Reverse transcriptase- PCR analysis to confirm mmpL7 expression. The upper panel 
illustrates the approach used in this study performed, as described in Chapter 6. The lower 
panel indicates the expression of the mmpL7 gene in the wild type (Wt) BCG, the ΔmmpL7 
mutant and the thirteen mmpL7 complemented strains as compared to the expression of the 
housekeeping gene sigA as a positive control. Two negative controls were used to detect DNA 
contamination, no reverse transcriptase samples and a no template control. [Presented as in 
(318)]. 
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[14C]-acetate analysis of mmpL7 SDM mutants. A) PDIM, B) PGL, C) Total apolar and D) Polar lipids. Autoradiography of [14C]-acetate labelled 
lipids from Wild type (Wt), ∆mmpL7 Mutant and the 13 mmpL7 complemented strains. Apolar and polar lipids were extracted from the culture 
filtrate (Out) and intracellular lipids (In). For PDIM/PGL analysis, apolar lipids were separated using Systems A/C on 2D TLC. Intracellular total 
apolar and polar lipids were separated using chloroform: methanol: water (80:20:2 v/v) and chloroform: methanol: water: ammonium hydroxide 
(65:25:3.6:0.5 v/v) respectively on TLC (1D). The three-pointed bracket shows the PDIM species and PGL, TDM, TMM and phospholipids are 
all depicted by an arrow. TAG, triacylglycerol; MMG (monomycolylglycerol); TMM, trehalose monomycolate, TDM, trehalose dimycolate; PE, 
phosphatidylethanolamine; PG, phosphatidylglycerol; PI, phosphatidylinositol; PIM (phosphatidyl-myo-inositol-mannosides); AcxPIMx, acylated 
PIM. 
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PCR verification of the ∆drrABC mutant in BCG. A) Genetic context of drrABC in wild 
type (Wt) BCG and the mutant strains. B) PCR amplification of genomic DNA from the Wt 
BCG strain and one transductant using C) upstream and downstream primers. No PCR products 
were expected for Wt BCG and the no DNA template (negative control). Upstream PCR 
amplicons for the ΔdrrABC mutant was about 1592 bp and downstream was about 1703 bp as 
outlined by green and blue boxes.  
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Diagrammatic representation of the A) genetic arrangement of the strains generated in this study with a B) tabularized summary of 
drrA/B/C genes present/ absent in all strains used in Chapter 4. 
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Sequence analysis of mycobacterial DrrB/C with DrrB Sp. A) Percent identity matrix 
between DrrB/C from Mtb and DrrB from Sp. B) Multiple sequence alignment indicating the 
EAA motif. Uniprot accession number of each protein, DrrB_Mtb (P9WG23), DrrC_Mtb 
(P9WG21) and DrrB_Sp (P32011).  



      Appendix 19 

Page 218 of 222 

 

Appendix 19 
 

 

Structural alignments of in silico models of DrrB and DrrC each with A) eukaryotic ABCG2 multidrug exporter (5NJ3) and B) prokaryotic 
lipopolysaccharide transporter LptB2FG (5X5Y). One half of ABCG2 is coloured in rainbow spectrum starting from the N terminus (blue) to 
the C terminus (red) that corresponds to the ABCG2 topology. ABCG2 monomers and LptF and LptG are coloured pale green and light blue 
respectively. LptB that represents the NBD coloured wheat and light pink. The extracellular domains are coloured magenta in ABCG2 and 
LptB2FG. The black dots in EL3 represent three cysteine residues. Mycobacterial DrrB and DrrC are coloured blue and green respectively, and 
both the N terminals tails highlighted in red.  
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Reverse transcriptase- PCR analysis to confirm drrA, drrB and drrC expression. The upper 
panel illustrates the approach used in this study performed, as described in Chapter 6. The 
lower panel indicates the expression of individual drr genes in the wild type (Wt) BCG, the 
ΔdrrABC mutant and the four complemented strains as compared to the expression of the 
housekeeping gene sigA as a positive control. Two negative controls were used to detect DNA 
contamination, no reverse transcriptase samples and a no template control. [Presented as in 
(318)]. 
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[14C]-acetate analysis of the various drr complemented strains. A) PDIM, B) PGL, C) Total 
apolar and D) Polar lipids. Autoradiography of [14C]-acetate labelled lipids from Wild type 
(Wt), ∆drrABC mutant and the four drr complemented strains. Apolar and polar lipids were 
extracted from the culture filtrate (Out) and intracellular lipids (In). For PDIM/PGL analysis, 
apolar lipids were separated using Systems A/C on 2D TLC. Intracellular total apolar and polar 
lipids were separated using chloroform: methanol: water (80:20:2 v/v) and chloroform: 
methanol: water: ammonium hydroxide (65:25:3.6:0.5 v/v) respectively on TLC (1D). The 
three-pointed bracket shows the PDIM species and PGL, TDM, TMM and phospholipids are 
all depicted by an arrow. TAG, triacylglycerol; MMG (monomycolylglycerol); TMM, 
trehalose monomycolate, TDM, trehalose dimycolate; PE, phosphatidylethanolamine; PG, 
phosphatidylglycerol; PI, phosphatidylinositol; PIM (phosphatidyl-myo-inositol-mannosides); 
AcxPIMx, acylated PIM. 
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Functional analysis of another set of drr complemented strains. A) PDIM and B) PGL. 2D 
TLC autoradiography of [14C]-propionate labelled lipids from Wild type (Wt), ∆drrABC 
mutant and another set of 4 complemented strains (C2). Apolar lipid extracts from the culture 
filtrate (Out) and intracellular lipids (In) were separated using System A/C. The three-pointed 
bracket shows the PDIM species while the arrow depicts the presence of PGL. 
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