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SUMMARY 

 
 
 

Tuberculosis (TB) is a disease caused by the infection of Mycobacterium tuberculosis, 

which is progressively becoming multi-drug resistant (MDR). Understanding the 

mechanism by which the organism interacts with host lipids, infect macrophages and how 

components redistribute within the host could open the investigation of new ways of 

inhibiting and eradicating the infection suffered by patients world wide. Flow 

fluorometry of liposomes containing mycolic acids, which are β-hydroxy fatty acids with 

a long α-alkyl side chain of mycobacteria, may be useful to determine the dynamics of 

interaction of these lipids with the host membrane lipids and with cholesterol. This will 

increase the understanding about the structure-function relationship of mycolic acids in 

M.tb. It was shown in this thesis that natural mycolic acids had a unique property, it could 

exchange rapidly between liposomes in the presence and absence of cholesterol even at 

low temperatures. Rapid exchange of mycolic acids within the host could be the 

mechanism by which trafficking of mycobacterial lipids comes about, ultimately leading 

to immune response modulation beyond the infected cell. It also provides direction for 

future investigation to bring about new serodiagnostic tests based on lipid antigens. 

Although flow fluorometry as a modern technique was unable to resolve the exchange of 

mycolic acids in relation with other lipids, a unique property of mycolic acids was 

demonstrated for the first time, that of rapid exchange. 

 
 
 



 1

CHAPTER 1: Introduction 
 

 

 

1. Epidemiology of Tuberculosis 

 

Tuberculosis (TB) is a disease caused by the infection of Mycobacterium tuberculosis. It 

is estimated by the World Health organization (WHO) that 1,6 million deaths occurred in 

2005 due to TB (WHO report, 2007). There were an estimated 8.8 million new TB cases 

in 2005, of which 7.4 million was recorded in Asia and sub-Saharan Africa collectively. 

The highest infection rate (Figure 1.1 A) is found in sub-Saharan Africa and is mainly 

due to the high incidence of HIV co-infection (Figure 1.1 B) and multi-drug resistance to 

tuberculosis.  

 

Multi-drug resistance (MDR) in TB is increasing and is a serious public health concern 

(Dye et al., 2002). It is especially relevant in TB due to the duration of therapy that 

typically extends well over a sixth month period (Ramaswamy and Musser, 1998). The 

first-line of chemotherapeutic drugs in the treatment of TB includes isoniazid (INH), 

rifampicin, pyrazinamide (PRZ), ethambutol and streptomycin (Singh et al., 2004). INH 

and rifampicin are the most potent first-line anti-TB chemotherapy and INH specifically 

inhibit the synthesis of mycolic acid (MA) to alter membrane permeability (Winder and 

Collins, 1970). Alternative medication is required when first-line therapy is rendered 

ineffective by MDR causing a poor outcome (Espinal, 2003). These alternative drugs 

include fluoroquinolones that inhibit DNA topo-isomerase II (Ramaswamy and Musser, 

1998). Most of the new drugs that are designed for use in MDR are targeted to the 

inhibition of MA synthesis and fatty acid synthesis (Phetsuksiri et al., 1999; Parrish et al., 

2001). In a recent study by Post et al. (2004), a heterogeneous population of MDR 

bacillus was identified in patients. Both drug-susceptible and drug-resistant genotypes 

were observed in a single patient. This indicates that during the treatment of patients with 

MDR, it may be necessary to use drugs that target both resistant and susceptible M.tb 

phenotypes, thereby increasing the cost of therapy and risk of drug toxicity to the patient. 
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A 

 

B 

 
Figure 1.1: A representation of (A) the notified incidence rates (per 100 000 people) and (B) HIV 

prevalence in tuberculosis cases in 2005 as estimated by the WHO (Adopted from WHO report, 

2007). 
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Tuberculosis is the only infectious disease known that requires such a long and complex 

therapy regimen. This may be due to the pathogen’s peculiar method of survival within 

the host macrophage cells, in which it applies its unique cell wall composition to enter the 

macrophage, resist the normal bactericidal effects that macrophages bestow on 

phagocytosed material and convert to a resting state during which cell wall renewal is 

hardly evident.  

 

This dissertation is aimed at learning more of the dynamics of pathogen-host lipid 

interaction in tuberculosis by the application of flow fluorometry. Focus will be directed 

on MA, the major lipid cell wall component of M.tb, due to the importance of MA in the 

virulence, survival and infection within the host. 

 

2. The pathogen 

2.1. The unique cell wall envelope of Mycolata in comparison to Gram negative and 
Gram positive bacteria 

 

Gram-positive (gr+) and gram-negative (gr-) bacteria are distinguished by their 

fundamentally different cell wall features that respond to Gram staining in a unique way. 

Christian Gram developed this staining method for light microscopy in 1884. The cell 

wall of gr+ bacteria prevents the removal of crystal violet during the staining technique 

and the bacteria acquire a purple colour (Salton, 1963). The gr- bacteria are coloured red 

by the secondary stain (carbol fuchsin or saffranin) due to the decolourising step, which 

removes crystal violet from the membrane.  

 

The cell walls of gr- bacteria have certain structural components that are found in every 

species. They have an outer membrane situated above a thin peptidoglycan layer together 

with a plasma membrane (Figure 1.2). The periplasm, a gel-like matrix, is found in the 

periplasmic space (Beveridge, 1995; Beveridge and Graham, 1991) that is situated 

between the outer membrane and the plasma membrane. The plasma membrane and the 

cell wall that is composed of the outer membrane, peptidoglycan layer, and periplasm, 
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form the gr- cell envelope. 

 

 
 

Figure 1.2: Electron micrograph of a thin section of the cell envelope of gram-negative E. coli K-12.  

The peptidoglycan layer (PG), outer membrane (OM), and plasma membrane (PM) can be seen. 

Bar = 100 nm. (From Beveridge, 1999). 

 

Gr+ bacteria have a single cytoplasmic membrane together with a cell wall that is species 

specific. The peptidoglycan layer (PG) on the extracellular side of the membrane can be 

attached to different molecules including teichoic acids (Hancock, 1997) and glycan 

strings. The glycan strings (Figure 1.3.A) vary in length between species and are usually 

composed of repeating disaccharide units of N-acetylmuramic acid- (β1-4)-N-

acetylglucosamine (MurNAc-GlcNAc) (Navarre and Schneewind, 1999). In most 

bacteria the glycan string is linked to the peptides in the peptidoglycan layer through the 

binding of the D-lactyl moiety of each MurNAc. Teichoic acids in turn can be attached to 

the glycan string trough the binding to a linker unit (Figure 1.3.B).  

 

Some organisms that fall into the gr+ family have very unique envelope structures 

containing MA and are grouped in the taxon Mycolata. This includes Mycobacteria, 

Rhodococcus, Corynebacterium and Nocardia. Various research groups characterized 

this major component of the cell wall of M.tb in the 1950s and 1960s. It represents 40-

60% of the dry weight in M.tb, but these lipids have species-specific chain lengths and 

types/stereochemistry of the functional groups in the other Mycolata species. 

 

Beyond the membrane of the Mycolata like M.tb, lies the lower segment of the cell 

envelope (Brennan, 2003). The MA are attached to arabinogalactan (AG), which in turn 

are covalently attached to peptidoglycan (PG). This complex is termed the cell wall core 
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(mycolyl arabinogalactan–peptidoglycan (mAGP)). The biosynthesis of the cell wall core 

of M.tb is summarized in Figure 1.4. The glycan components of the mycobacterial cell 

wall are synthesized by the sequential addition of sugars to a growing poly-isoprenoid 

phosphate (Pol-P) lipid-linked chain. A series of glycosyltransferases uses activated sugar 

donors, either sugar nucleotides or Pol-P monosaccharides, to transfer the growing lipids 

from simple fatty acid synthesis to the full-length MA species. 
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Figure 1.3: A diagrammatic representation of the cell wall peptidoglycan structure and cell wall teichoic 

acids from S. aureus. (A) The glycan string is formed by repeating disaccharides units, which are 

linked to the peptides through the lactyl moiety of MurNAc. (B) Cell wall teichoic acids from S. 

aureus are bonded to MurNAc in the peptidoglycan layer through a linkage unit. (Adapted from 

Navarre and Schneewind, 1999) 

 
There is a notable difference in the arrangement of the cell wall core structures between 

the Mycolata species (Figure 1.5), due to the species-specific lipid structures that are 

formed with the enzymes involved in the synthesis of the components. All the enzymes 

are not present in every species.  
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Figure 1.4: A summary of the steps involved in the biosynthesis and assembly of the M. tuberculosis  

cell wall core components. Fatty acid biosynthesis towards the final mycolate structure is given in 

the blue pane where FAS-1 and FAS-2 are the two systems that are involved. Various enzymes are 

active in this process of elongation, which include enoyl ACP reductase (InhA), β-keto acyl 

synthases (KasAB) and reductases (mtFabH). The carrier protein in the FAS systems is called 

AcpM (depicted as a purple oval). The glycan string is attached to the key isoprenoid carrier lipid 

(DMP, depicted in the green panel) during the synthesis of the glycan components of the cell wall 

core. The GlfT enzyme facilitates the addition of activated sugar moieties like arabinan (Araf) and 

galactanfuranose (Galf) during glycan deposition before the complete structure of the cell wall 

core is produced. (Adopted from Dover et al., 2004) 
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Figure 1.5: A comparison of the different cell wall envelopes of two mycolata species, M. tuberculosis (A) 

and C. diphtheriae (B). Each envelope is unique due to the arrangement of the components, like the 

MA within the cell wall core. The M. tuberculosis wall possesses a higher proportion of covalently 

attached long mycolic acid residues (black) than the shorter corynomycolic acid in C. diphtheriae. 

The outer segment in both species is completed by intercalating TMM and TDM glycolipids (green) 

and other free lipids (orange). (Adapted from Dover et al., 2004). 

 

Free lipids and lipids conjugated to trehalose (Figure 1.6) are abundant and are also 

species-specific. These trehalose lipids have been used for the typing of different 

mycobacterial strains (Gautier et al., 1992). The most widespread important trehalose 

lipids are the mono- (TMM) and di- (TDM) trehalose mycolates that make up the upper 

segment of the cell wall, whilst other components are located in between the upper lipid 

segment and lower PG segment. The other components include the cell-wall proteins, 

phosphatidylinositol mannosides (PIM’s), phthiocerol containing lipids, lipomannan 

(LM) and lipoarabinomannan (LAM). 

 

The cell wall composition of Mycobacteria is distinctive in that it lacks repeating 

disaccharide units that are found in other gr+ bacteria and mycolata species. The PG does 

not contain alternating units of N-acetylglucosamine (GlcNAc) and have a modified 

muramic acid (Mur) which is N-acylated with glycolic acid (MurNGly). These units 

include an alternative cross-link unit in the structure of the peptide side chain of PG. Both 

the sugars that bind to PG, arabinogalactan and galactan, are in the furanose form in the 

mycobacterial cell wall.  

 

 

A B 
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Figure 1.6: Trehalose-containing lipids from mycobacterial species. Cord factor (trehalose dimycolate) 

from M. smegmatis (A); acylated glycolipid from M. tuberculosis (B); tetrasaccharide core of species 

specific lipo-oligosaccharides from M. kansasii (C); sulfolipid-1 from M. tuberculosis (D). (Adopted 

from Woodruff et al., 2004) 

2.2. Mycolic acid structure of the mycolic acid-containing genera 

 

Mycolic acids are β-hydroxy fatty acids with a long α-alkyl side chain (Asselineau and 

Lederer, 1950). The alpha-alkyl side chain (α-branch) and meromycolate chain 

(meroaldehyde) of MA can be formed through the thermally induced cleavage of the β-

hydroxy fatty acids (Figure 1.7).  

 

The majority of the MA is not present as free lipids within the cell envelope but it is 

esterified and bonded in a specific manner to arabinogalactan (McNeil et al., 1991) in the 

different microbial species (Figure 1.8). Some mycobacterial species like Corynebacteria 

diphtheriae, lack α-(1,3) arabinosyltransferase and are unable to produce the branched 

motif binding of MA to arabinogalactan as is found in M. tuberculosis.  
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Figure 1.7: Formation of the alpha-alkyl side chain (α-branch) and meromycolate chain (meroaldehyde) of 

MA through the thermally induced cleavage of the β-hydroxy fatty acids (Adapted from Barry et al., 

1998). 

 

The MA of M.tb (80-90 carbons) are very long in comparison to those of the other 

mycolata genera like corynebacterium (Figure 1.8; Table 1.1) that only contains 30–36 

carbon atoms (Puech et al., 2001; Figure 1.9). Rhodococcus MA range from 34 to 48 

carbons and Nocardia from 46 to 60 (Goodfellow, 1992).  
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Figure 1.8: The branched motif binding of mycolic acid to arabinogalactan found in M. tuberculosis (A) in 

comparison to the unbranched binding of corynemycolic acid in C. diphtheriae (B). (Adapted from 

Dover et al., 2004) 
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Table 1.1: A comparison of the size variation of the length of mycolic acid in different 

Mycolata genera (Adapted from Barry et al., 1998) 

Genus Total number of 
carbons 

Number of double 
bonds 

α-Branch length released after 
pyrolysis 

Mycobacteria 60-90 2 20-26 
Corynebacteria 22-36 0-2 14-18 
Rhodococcus 34-48 0-4 12-18 

Nocardia 44-60 0-3 12-18 
Gordona 48-66 1-4 16-18 

Tsukumurella 64-78 1-6 20-22 

 
 

O COOH OH COOH OH COOH

OMe

OH COOH

O
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Methoxy

Trans
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A B

 
Figure 1.9: Structure comparison of the (A) corynomycolic acid from C. diphtheriae that only contain 30 to 

36 carbon atoms with (B) the long chain mycolic acid from M. tuberculosis that contain 80 to 90 

carbon atoms. (Adapted from Dover et al., 2004) 

2.3. The differences of mycolic acid subclasses and their stereochemistry between 
mycobacterium species 

 

The meroaldehyde chain of Mycobacteria consists of 42 to 51 carbon atoms whilst the 

alpha chain contains 21 or 23 carbon atoms (Watanabe et al., 2002). The three major 

subclasses (α-, methoxy- and keto-) of MA in Mycobacteria are determined by the 

chemical composition of the meroaldehyde chains (Figure 1.10). 

  

All the subclasses of MA are not present in every species but methoxy- and keto- MA are 

less abundant than alpha MA in most organisms (Davidson et al., 1982). M. tuberculosis 

(Minnikin and Polgar, 1967), M. bovis BCG strain Moreau (Minnikin et al., 1983), M. 
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microti (Davidson et al., 1982), M. marinum, M. ulcerans (Daffe and Draper, 1998), M. 

asiaticum, M. gastri, M gordonae, M. kansasii, M. szulgai and M. africanum (Minnikin et 

al., 1984; Kaneda et al., 1986) are the only mycobacterial species that do contain 

methoxy MA. 

CH3 (CH2)l (X) (CH2)m (Y) (CH2)n OH

H

COOH(CH2)kCH3

CH

CH3

O

CH

CH3

OMe

C23 or C25 (k=21, 23)

mero group

alpha:
          X: cis-cyclopropyl              Y: cis-cyclopropyl

keto:
          X:

methoxy:
          
          X:

 Y: cis/trans-cyclopropyl

 Y: cis/trans-cyclopropyl

 
Figure 1.10: A schematic representation of the structure of MA subclasses in different mycobacterial 

species. The meroaldehyde chain (l, m, and n) and the α-chain (k) differ in length among the 

mycobacterial species. The three subclasses of mycolic acid are defined by the type of the functional 

group at X and can further vary in respect of the stereochemistry around both X and Y. (Adopted 

from Hasegawa and Leblanc, 2003) 

 

The ratios of the different MA subclasses in the cell wall are dependent on the specific 

growth phases of the organisms (Davidson et al., 1982). During the exponential growth 

phase of M. microti, the production of keto MA is twice as much as the amount produced 

during the stationary phase of growth of the organism. The organisms can therefore 

control the production of the various MA depending on the requirement of the different 

MA species during growth.  

 

Expression of the MA synthesis enzymes (Figure 1.11; Barry et al., 1998), also 

determines the ratios and chemical nature or stereochemistry of the individual subclasses 

of MA.  
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Figure 1.11: The production of the various stereochemical groups in the different subclasses of mycolic 

acid through the action of specific enzymes on a common cationic intermediate. A cyclopropane ring 

(step B) or a trans olefin (step C) with an adjacent methyl branch can be formed via deprotonation of 

a carbonium ion that is generated by the addition of a methyl group from SAM (step A) of the 

cationic precursor. Oxygenated mycolates from M. tuberculosis contain a trans cyclopropane ring 

that can be formed from the trans-olefin through a second SAM dependent methylation step (step D). 

Keto- and methoxy mycolic acid are formed from a hydroxymethyl precursor (step E). (Adapted from 

Barry et al., 1998) 

 

Methyl branched hydroxy-MA are the precursors of oxygenated MA and are produced by 

MMAS-4. Inactivation of the mmaA4 gene in M.tb leads to the production of only α-MA 

in the organism (Dinadayala et al., 2003). Over expression of the mmaA4 gene in M. 

smegmatis caused the synthesis of keto- and hydroxymycolates where M. smegmatis are 

usually not able to produce these MA. MMAS-3 forms methoxy MA from the precursor 

molecule produced by MMAS-4. M. bovis BCG Pasteur cannot produce methoxy MA. 

Only after recombination of the organism with the mmaA3 gene that produces the 
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MMAS-3 enzyme, could methoxy MA be synthesized (Yuan et al., 1998). The BCG 

Pasteur strains from the Pasteur Institute were produced during the 1920’s to use as 

attenuated vaccines. Behr et al. (2000) were able to show that between 1927 and 1931, a 

single nucleotide polymorphism occurred in the mmaA3 gene that produces the MMAS-3 

enzyme. Only after that period was BCG unable to produce methoxy MA and may be 

directly related to the ability of these strains to grow in macrophages. 

 

3. Structure function relationship of mycolic acid 

3.1. Role of cord factor in cording and virulence of bacteria 

 

After a petroleum ether extraction of M.tb, a glycolipid was obtained that was called cord 

factor (CF; Noll et al., 1956). CF is a component of the cell wall of Mycobacteria, 

Nocardia, Rhodococcus and Corynebacterium. This glycolipid is necessary for the 

formation of the very unique filaments or cording of these bacteria. Two molecules of 

MA, the type of which is unique for the particular bacterial species, are esterified to a 

trehalose sugar to form the α,α-trehalose 6,6-dimycolate (CF) also known as TDM. 

 

A model of the arrangement of CF (Figure 1.12) was made possible after styrene 

divinylbenzene beads were coated with a monolayer film of TDM (Behling et al., 1993 

a). These coated beads had the capability to form cords like in bacteria. Taking in 

consideration the dimensions of the TDM molecule, including the size of the trehalose 

head group and the length of the hydrophobic chains, they proposed that TDM follows a 

simple alignment of the long hydrocarbon chains spread to either side of the sugar 

headgroup. This was in accordance with the work of Retzinger et al. (1981) that provided 

measurements of the equilibrium spreading area occupied per molecule of TDM on a 

monolayer, which was equal to 172Å.  
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Figure 1.12: A proposed model for the arrangement of a TDM monolayer on beads. (A) Space-filling 

model of a TDM molecule. (B) A schematic drawing representing a TDM molecule. (C) schematic 

model of a TDM monolayer on the surface of a hydrophobic styrene divinylbenzene bead.(Adopted 

from Behling et al., 1993 a) 

  

Indrigo et al. (2002) did a study, which characterized the response of macrophages to 

M.tb. The bacteria were subjected to a petroleum ether extraction, which specifically 

removed the surface TDM. Viability of the bacteria was decreased in C57BL/6-derived 

bone marrow macrophages in comparison to native organisms. The production of pro-

inflammatory cytokines was also significantly reduced in macrophages infected with 

delipidated M.tb. Recovery of normal levels of bacterial survival and cellular cytokine 

production was achieved through the reconstitution of delipidated organisms with pure 

TDM. These results emphasize the important role of CF in the viability of M.tb and the 

production of cytokines during infection. When macrophages were incubated with beads 

coated with a synthetic analogue of TDM called TDB, the inflammatory response was 

decreased. This emphasized the importance of the specific structure of TDM since the 

synthetic TDB contained shorter fatty acid chains in the mycolic acid attached to 

trehalose. 

 

C 
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Other aspects of natural M.tb infection can also be mimicked in mice by the immune 

response elicited by purified TDM. This includes the production of a range of pro-

inflammatory cytokines (IL-1b, IL-6 and TNF-a), development of granulomas, increased 

pro-coagulant activity and decreased presence of serum cortisol (Behling et al., 1993 b; 

Perez et al., 1994, 2000; Actor et al., 2000). 

 

3.2. Role of MA in innate immunity of host 

 

The strength and type of the innate immune response against M.tb infection are 

determined by specific products of the mycobacterium that can include cell wall envelope 

substituents like LAM and lipopeptides (Means et al., 1999 a and b).  

 

A study by Korf et al. (2005) was done to determine whether purified MA could mimic 

an immune response elicited by M.tb in murine macrophages. After the uptake of MA 

containing liposomes in both peritoneal and alveolar MØ, foamy MØ were produced that 

accumulated cholesterol and other neutral lipids. Cholesterol was previously shown to 

accumulate at the site of entry of other Mycobacteria into MØ (Gatfield and Pieters, 

2000). TDM and whole heat-killed M.tb could also elicit foamy MØ. The lipid 

accumulation could be a mechanism of active collection of lipids that can serve as 

nutrients for the pathogen within the phagosome. Fatty acids are preferentially used as a 

carbon and energy source in infected tissue MØ (Wheeler and Ratledge, 1988) and genes 

involved in lipid metabolism are upregulated in certain Mycobacteria after infection of 

MØ. Acute neutrophilic airway infiltration with the production of inflammatory 

cytokines, especially IL-12, was also induced by MA administered directly in the airway 

of mice. The T helper cell-1 response is favoured by the production of IL-12 and IFN-γ 

during the MA induced immune response and this promotes both the cellular innate and 

adaptive immune defences (Trinchieri, 2003). Production of the inhibitory cytokine, IL-

10, was suppressed.  

  

Korf et al. (2005) came to the conclusion that exposure to MA caused lipid accumulation 

in macrophages that could favour the growth of the organism while it simultaneously 
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activated the innate inflammatory immune response to prime the body for defending the 

host against the bacterial infection. The multiple effects that MA was shown to induce in 

animals could be due to all, a few or only one of the MA subtypes. Pan et al. (1999) 

indicated that antigenicity of MA from M.tb mainly resided with the methoxy MA. It 

remains to be determined which of the subtypes are responsible for the various innate 

responses of the host. 

 

3.3. Effect of MA composition on virulence and survival 

 

The mycolic acid chemical structure within the cell wall envelope of Mycobacteria plays 

an important role in the virulence and survival of these organisms. M. bovis BCG Pasteur 

is a strain that cannot produce methoxy MA, but it does produce alpha MA and keto MA 

(Yuan et al., 1998). Amino acid defects in one specific enzyme called O-

methyltransferase MMAS-3 is involved in this phenomenon. When a recombinant strain 

of BCG with the MMAS-3 gene was produced, methoxy MA totally replaced the keto 

MA in the organism. This mycolic acid replacement was also observed when 

recombinant MMAS-3 was over-expressed in M.tb, causing a decrease in the uptake of 

glucose without affecting glycine transport. The dominance of methoxy MA made the 

bacteria hypersensitive to the more hydrophilic antibiotics like ampicillin and rifampicin 

and reduced their ability to grow within macrophages. From this it is clear that the 

structure and relative abundance of MA can affect the virulence and survival of the 

pathogenic Mycobacteria.    

 

 3.4. MA and cell wall permeability 

 

M.tb is impermeable due to the structure of the cell envelope. Jackson et al. (1999) 

isolated a mutant strain of M.tb from an ordered transposon mutagenesis library. They 

inactivated the 85C gene that encodes for a dominant secreted protein involved in the 

assembly of the cell wall components and binding to the complement receptor 3 

(Velasco-Velázquez et al., 2003). The mutant strain contained 40% less cell wall 
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mycolates but the MA species was not different from the normal strain when the ratios 

and nature of the MA were determined. Two different probes, chenodeoxylate and 

glycerol, were used to determine the effect on permeability of the 85C mutant strain. The 

rate of accumulation of both the negatively charged hydrophobic chenodeoxylate and the 

hydrophilic compound glycerol were significantly increased. This implied that not only 

the assembly of different types of MA, but also the amount of MA are factors that 

influence the permeability to both hydrophobic and hydrophilic compounds. 

 

Another study by Gao et al. (2003) showed that the chemical structure of MA is 

important in the permeability and survival of M.tb. A mutant strain of Mycobacteria was 

produced that had transposon insertions within the β-ketoacyl carrier protein synthase B 

gene (kasB). The mutant strain produced MA that were 2-4 carbons shorter in length than 

the wild type. These mutants produced less keto-mycolates with a concurrent increase in 

the other mycolate species. The minuscule change in the length of the chains had a 

significant influence on the permeability of the Mycobacteria. Not only was an increase 

in permeability and susceptibility to lipophillic antibiotics observed, but a host of 

antimicrobials could also enter the organism with greater ease.  

 

3.5. Mycolic acid and their influence on the transition temperature of the cell wall of 
mycobacterium 

 

Mycolic acid, like phospholipids, can undergo phase transitions from a rigid to a more 

fluid phase, thus determining the fluidity of the mycobacterial cell wall (Liu et al., 1996). 

The phase transition of the meromycolate chains of Mycobacteria is analogous to the 

partial melting of the acyl chains of phospholipids (Koyama et al., 2000). In the more 

fluid phase, the chains of the lipids become more mobile within the hydrophobic region 

of the membrane. Differential scanning calorimetry (DSC) is used to determine the 

midpoint of phase transition over a temperature range (Figure 1.13) that is called the 

transition point (Tm) by measuring the heat capacity of a sample relative to a reference 

sample. In pure phospholipid samples, two peaks are observed of which the smaller peak 

is called the pre-transition peak. This peak corresponds to the rearrangement of the 
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individual lipids within the membrane whilst the bigger curve corresponds to the gel-to-

liquid transition. 

 

 
Figure 1.13: The typical DSC curves observed when a pure phospholipid vesicle is scanned over a 

temperature range. (Adapted from Koyama et al., 2000) 

 

Brennan and Nikaido (1995) determined the Tm of Mycobacterium tuberculosis cell 

walls. The cell wall fraction of M.tb H37Rv was obtained free from the cytoplasmic 

membrane by sonication of the mycobacterial cells and separation by centrifugation in a 

sucrose gradient step. After trypsin digestion of the purified cell walls, DSC was 

performed over a temperature range to show two distinct thermal transitions at 31°C and 

63°C. The highest temperature could only be attributed to the MA in the cell wall 

fraction since it makes up 60% of the total fraction. This was supported by Liu et al. 

(1996). 

 

Features of MA that determine the transition temperature (Tm) profiles are the chain 

length and number and stereochemistry of the cyclopropanes and double bonds in the 

meromycolate chains (Liu et al., 1996). The longer the chain length of the MA, the 

higher is the Tm. The effects of the cyclopropane and double bonds are more complex. A 

trans double bond or trans-cyclopropane group in one of the MA chain branches will not 

disturb or alter the lateral packing (e.a. fluidity) of the hydrocarbon chains as much as 

cis-stereochemistry. An increase in the Tm of M. chelonae vs. M. aurum by 2C was 

observed in a study by Liu et al. (1996), even though their effective chain length 

Increase in temperature

Increase 
in  
heat 
capacity 

Pretranssition 
curve 

Transition point, Tm 
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appeared to be identical. The increase can be attributed to the trans stereochemistry of the 

trans proximal double bond in M. chelonae. 

 

By comparing the Tm of M. smegmatis with that of M.tb, Liu et al. (1996) observed that 

a cyclopropane group in the proximal position of the meromycolate in the M.tb. also 

decreased the cell wall fluidity with an increase in the transition temperature. This 

observation was confirmed when the cma2 gene from M.tb that catalyzes the introduction 

of a cyclopropane at the proximal position in the MA chain (George et al., 1995) was 

cloned and subsequently expressed in M. smegmatis, causing the proximal double bond to 

become cyclopropanated and the melting temperature of purified MA methyl esters to 

increase by 3C. Each mycobacterium species should have its own transition temperature 

profile of the cell wall lipids that is specific for each organism. The specificity is 

dependent on species-specific MA chain length and the presence and stereochemistry of 

the proximal double bond or cyclopropane group. 

 

4. Pathogen-host interaction 

4.1. Role of cholesterol and receptors in mycobacterial entry into macrophages 

 

Cholesterol is a sterol that is found in many eukaryotic organisms. It plays a vital role in 

the membrane of these organisms including hormonal and other signaling pathways. The 

majority of prokaryotic organisms does not contain sterols like cholesterol in their 

membrane but rather use it as an energy and carbon source. Av-Gay and Sobouti (2000) 

showed that slow-growing pathogenic bacteria like M.tb and BCG could accumulate 

cholesterol, but that the organisms apparently do not metabolize it. Recent studies suggest 

that cholesterol metabolism is however essential to the ability of the M.tb for survival 

within the macrophage (Van Der Geize et al., 2007) and cholesterol modifying enzymes 

like cholesterol oxidase is significant in the pathogenesis during mice infection 

experiments (Brzostek et al., 2007). The accumulated non-metabolized cholesterol may 

be of use to affect host cell signaling by interacting with and modifying signaling proteins 

(Porter et al., 1996). 
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The efficiency of M.tb infection also relies on the interaction between the organism and 

the host macrophage (M, Figure 1.14). Host cell receptors that have been identified in 

the process include the mannose-, complement- and Toll-like receptors (Collins and 

Kaufman, 2001). Virulent M.tb but not the avirulent H37Ra strain is internalized via 

mannose receptors (Schlesinger, 1993) possibly through the binding of LAM. The role 

for these receptors in binding and phagocytosis of M.tb was demonstrated through 

competitive inhibition, down-regulation of mannose receptors and through the blocking 

of the receptors with a polyclonal anti-mannose receptor antibody. 

 

The interaction of M.tb with complement receptors, especially CR3, is predominantly via 

a C3bi independent mechanism, whilst other isolates only bind to CR3 after opsonization 

with C3bi. After mild mechanical extraction of capsular polysaccharides or treatment 

with amyloglucosidase, nonopsonic binding of the organisms was observed. This implies 

that the bacterial ligand for the binding of CR3 are peripherally located capsular 

carbohydrate residues located on specific mycobacterial strains, which determine the 

interaction of each strain with the complement receptors.  

 

The Scavenger receptor A (SRA), a trimeric integral membrane glycoprotein (Febbraio 

and Abumbrad, 1999), was also recently identified as being quantitatively important for 

the interaction of M.tb with the host macrophage and that it accounted for a significant 

amount of the total binding of receptors to M.tb (Zimmerli et al., 1996). When the 

complement and mannose receptors were blocked, specific ligands for the SRA showed a 

concentration dependent inhibition of the binding of M.tb with macrophages. None of the 

other receptors indicated above could be singly blocked to the same extent to prevent 

docking of M.tb, making SRA the most important receptor for M.tb infection. The ligand 

for the binding to the SRA on the mycobacterial cell wall envelope is as yet unknown. 

The MØ scavenger receptors usually bind to polyanionic macromolecules including 

lipopolysaccharides from gr- negative bacteria (Hampton et al., 2000) and lipoteichoic 

acid of gr+ bacteria (Dunne et al., 1994; Krieger et al., 1993). Oxidized LDL causes the 

formation of foam cells after the binding to SRA (Febbraio and Abumbrad, 1999). Foam 

cells can also be formed after the uptake of MA by MØ (Stoltz, 2002; Korf et al., 2005) 
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and it can be hypothesized that MA is recognized by SRA as the possible ligand on the 

mycobacterium surface.  

 

The accumulation of cholesterol (Gatfield and Pieters, 2000; Korf et al., 2005) at the site 

of entry into the MØ could increase the affinity of the organism to specific receptors like 

SRA thus determining the outcome of the host immune response. 

 
Figure 1.14: M. tuberculosis binding with the phagocytic cell through the interaction of various ligands 

and receptors. The glycosylated portion of mycobacterial lipoglycan lipoarabinomannan (LAM) can 

bind to the mannose receptor or to the lipopolysacharide receptor (CD14).  LAM can also bind to the 

complement receptor 3 (CR3) through the lectin site on the C-terminal portion of its a-chain. 

Association of CR3 with GPI-linked proteins such as the Fcg receptor IIIB (FcgRIIIB) can indirectly 

bind to antigens in the mycobacterium through antibodies (IgG). CD14 and Toll-like receptor 4 

(TLR-4) can form a tri-molecular interaction with LAM. Lipomannan (LM) and phosphatidylinositol 

mannosides (PIM) can interact with other Toll-like receptors like TLR-2. CR3 expression can be 

down regulated by the release of phosphatidylinositol (PI). (Adopted from Velasco-Velázques et al., 

2003) 
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4.2. The effect of cholesterol and TACO on survival of M.tb. 

 

M.tb halts phagosome maturation during the infection of macrophages, due to the 

recruitment of tryptophane aspartate-containing coat protein, TACO (Gatfield and 

Pieters, 2000). Accumulation of cholesterol at the site of mycobacterium entry of 

macrophages was also observed. When the macrophage membrane cholesterol was 

depleted, infection with M.tb was significantly decreased. This decrease was only 

observed for M.tb whilst other organisms like E. coli could still be internalized. The 

association of TACO with the mycobacterial phagolysosome was also influenced by 

cholesterol. This shows that cholesterol is important in mycobacterial infection of the 

macrophage and plays an important role in the survival of the organism within the host 

by indirectly halting phagosome maturation through the recruitment of TACO.  

4.3. Cholesterol-MA mimicry 

 

Siko G. (2002) proposed that mimicry exists between cholesterol and MA. He used a 

resonant mirror biosensor to determine the binding properties of serum antibodies to MA, 

but observed cross-reactivity of the TB patient serum sample with cholesterol and MA. 

To illustrate how MA could mimic cholesterol, the chemical structure of the 

meromycolate chains of methoxy MA was folded in a proposed model of structural 

relatedness by arranging the oxygenated groups together. A hairpin bend had to be 

introduced in the chain at the precise location where a cis-stereochemical orientation of 

the proximal cyclopropane group could make such a bend feasible. 

 

The model of folding and unfolding of MA under molecular stress has been proposed by 

another study performed by Hasegawa et al. (2003). They proposed that the 

meromycolate group of MA is folded when the surface pressure of the bacterial 

membrane is low (Figure 1.15.a). External pressure can cause the MA to unfold (Figure 

1.15.b) depending on the strength of the bonds between the chains in the folded 

configuration.  
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Figure 1.15: A proposed model for the configuration of mycolic acid depending on the molecular stress 

and compression applied to the molecule. (a) The folded triple chain structure of MA under low 

surface area stress where the short chain interacts with the mero group. (b) The extended 

meroaldehyde chain under high surface area stress. (Adopted from Hasegawa et al. 2003) 

 

Both the substituted group in position X, as indicated in Figure 1.15, and the chain length 

of the short chain of the MA, will influence the unfolding process. They therefore 

proposed that the α-MA from M.tb and M. bovis BCG will be able to unfold and extend 

easier than α-MA from bacteria like M. avium intracellulare complex (MAC) and M. 

kansii. The reason for that is because the α-MA from M.tb contains 25 carbon atoms in 

the short chain in comparison to only 23 carbon atoms in the other bacteria. During the 

unfolding process, the shorter chain of bacteria like MAC prevents the extension of the 

MA but due to the absence of substituted groups in the chain of α-MA, unfolding will 

occur at a high enough pressure due to lower molecular friction. They also suggested that 

MA that has a keto-group have a triple-chain form possibly caused by molecular folding 

of the mero-group. 

  

5. Hypothesis 

 

Flow fluorometry of mycolic acid-containing liposomes may be useful to determine the 

dynamics of interaction of MA with the host membrane lipids and with cholesterol, thus 

increasing the understanding about the structure-function relationship of MA in M.tb. 

X X 
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CHAPTER 2: Flow fluorometric analysis of the interaction of natural 
mycolic acid with cholesterol in liposomes 

 
 

2.1. INTRODUCTION 

 

2.1.1. Cholesterol interaction with lipids in a membrane 

 

The interaction of cholesterol (sterol) and phospholipid plays a major role in the fluidity 

of membranes, which form the physical barrier between an organelle and its 

environment. The phospholipid head group, hydrocarbon chain length and the number of 

double bonds influence the Tm of a membrane. The stereochemistry of the double bonds 

is also important. Unsaturation (Ladbrooke et al., 1968), shorter fatty acid acyl chains 

and cis isomer conformation all decrease the Tm (Chapman et al., 1966).  

 

It has been shown that above the Tm of pure phospholipid, cholesterol decreases the 

fluidity of phosholipids whilst increasing the fluidity below the Tm, as measured by 

proton high resolution nuclear magnetic resonance (Stockton et al., 1976), electron spin 

resonance (Bhattacharya and Halder, 2000), Raman spectroscopy and Fourier transform 

infrared (Umemura et al., 1980). By its role in manipulation of the fluidity of the cell 

membrane, cholesterol indirectly determines membrane permeability. This was illustrated 

by its effect on the permeability of lecithin liposomes to glycerol (De Gier et al., 1968) 

and the rate of carboxyfluorescein (CF) efflux from phospholipid vesicles (Bhattacharya 

and Halder, 2000). Like cholesterol, MA also determines the permeability of 

Mycobacteria (Liu et al., 1996).  

 

Temperature-induced phase transition of membranes or liposomes between the 

disordered and liquid crystal states becomes difficult to observe when cholesterol 

concentration approximates the molar concentration of the phospholipid in the membrane 

or liposome. The apparent loss of such a transition was observed at equimolar or higher 

concentrations of cholesterol in phosphatidylcholine in a membrane (Cullis et al., 1976).  
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Other studies support the notion that a 1:1 molar ratio of aqueous dispersions of 

cholesterol: dipalmitoyl-PC broadens rather than eliminates the gel to liquid transition of 

the membrane (Lippert and Peticolas, 1971), as measured over a temperature range with 

differential scanning colorimetry.  

 

2.1.2. Cholesterol and mycolic acid interaction 

 

Cholesterol and MA both influence fluidity of membranes substantially. The chemical 

structures of these molecules may also be related. Siko G. (2002) proposed that such 

mimicry might exist. He used a resonant mirror biosensor to determine the binding 

properties of tuberculosis patient serum antibodies to MA and observed cross-reactivity 

of the TB patient antiserum with cholesterol and MA. To illustrate how MA could mimic 

cholesterol, the chemical structure of the meromycolate chains of methoxy MA was 

folded in a proposed model of structural relatedness by arranging the oxygenated groups 

together (Ten Bokum A., personal communication). A hairpin bend had to be introduced 

in the chain at the precise location where a cis-stereochemical orientation of the proximal 

cyclopropane group could make such a bend feasible. The possible structural similarities 

then become apparent. According to this model, both dimensional fit and hydrophobic 

interaction between cholesterol and MA will play a role in the strength of interaction 

between these two molecules. 

 

Another observation by Siko G. (2002) was the attraction that MA exhibited for 

cholesterol. When MA was immobilised on a biosensor surface and contacted with a 

suspension of cholesterol containing liposomes, a net accumulation of cholesterol onto 

the solid phase occurred. The accumulation of cholesterol into the mycobacterium cell 

wall may be crucial for the ability of the mycobacterium to enter and survive in the host 

macrophage target cell (Gatfield and Pieters, 2000). The development and assessment of 

tools to study the interaction between cholesterol and MA both qualitatively and 

quantitatively may therefore contribute to a better understanding of how M. tuberculosis 

causes TB in the mammalian host. 
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2.1.3. Flow fluorometry to determine the interaction of cholesterol and mycolic acid 
in liposomes 

 
Fluorescent lipid analogues have been applied to determine the arrangement of lipids 

within membranes of mammalian and other cells (Hoekstra and Kok, 1992). The 

naturally occurring fatty acids of a cell membrane or artificial vesicle, is replaced with a 

short-chain fluorescent fatty acids. After integration by spontaneous lipid transfer from an 

exogenous source like liposomes, the intracellular distribution of the labeled molecules 

can be determined using fluorescence microscopy.  

 

The rates of spontaneous transfer of the lipid analogues between artificial membranes 

(Nichols and Pagano, 1981), as well as studies of their ability (or inability) to undergo 

transbilayer movement or flip-flop (Pagano and Longmuir, 1985), have been studied 

intensively by using fluorescent microscopy and fluorometry. An assay was developed by 

Bai and Pagano (1997) to study both the transbilayer movement (flip-flop) and 

spontaneous transfer of lipid analogues labeled with such a fluorescent fatty acid. Large 

unilamellar lipid vesicles were prepared containing only 1-palmitoyl-2-oleoyl 

phosphatidylcholine (POPC) and a fluorescent analogue labeled with 5-(5,7-dimethyl 

BODIPY)-1-pentanoic acid (C5-DMB-lipid). Donor vesicles containing the C5-DMB-

lipid were mixed with a non-fluorescent acceptor vesicle and the concentration-dependent 

changes in fluorescence intensity that occurred were measured with fluorometry (Figure 

2.1).  

 

The half times for interbilayer transfer of the lipids between vesicles ranged from twenty-

one seconds for C5-DMB- sphingomyelin to four hundred seconds for C5-DMB-

ceramide whereas the rapid spontaneous transbilayer movement or flip-flop was t1/2 

=3.3hours and t1/2=22 ms respectively for C5-DMB- sphingomyelin and C5-DMB-

ceramide. A kinetic model was then developed and a mathematical solution was obtained. 

Using such a bulky fluorophore in this study to label MA would not be feasible, since it 

could interfere with the folding and interaction of the mycobacterial lipids within the 

liposomal membrane.   

 

 
 
 



 27

Donor Acceptor

C5-DMB-lipid

A A

C

BB

 
Figure 2.1: A diagrammatical representation of the exchange of a fluorescently labeled lipid (C5-DMB-

lipid) between a donor and acceptor phosphatidylcholine vesicle. Transbilayer movement or flip-flop 

(A) of monomers can occur in a coupled reaction with interbilayer (B and C) movement (Adapted 

from Bai and Pagano, 1997).   

 

In a study by Korlach et al. (1999), two other techniques were employed to determine the 

distribution of fluorescent-labeled lipids with a high resolution on the surface of 

liposomes. Confocal microscope imaging of giant unilamellar liposomes (GUV) was 

used to reveal the morphology of coexisting phase domains on the surface of these 

liposomes with full two-dimensional resolution (Figure 2.2). The different partition of the 

fluorescent probes 1,19-dieicosanyl-3,3,39,39-tetramethylindocarbocyanine perchlorate 

(DiI-C20) and 2-(4,4-difluoro-5,7-dimethyl-4-bora-3a,4a-diaza-sindacene-3-pentanoyl)-

1-hexadecanoyl-sn-glycero-3-phosphocholine (Bodipy-PC) were used to visualize both 

the fluid and ordered membrane phases induced by dilauroyl phosphatidylcholine (1,2-

dilauroylsn-glycero-3-phosphocholine, DLPC) and dipalmitoyl phosphatidylcholine (1,2-

dipalmitoyl-sn-glycero-3-phosphocholine, DPPC). The ordered membrane phase is 

favored by DiI-C20, which is induced by DPPC. In contrast, the fluid membrane phase is 

favored by Bodipy-PC. The two membrane phases are indicated in Figure 2.2 A and B 

where the fluid phase is visualized as red bands and the ordered phase as green patches. 

The fluorescence of both the probes was uniformly distributed (orange color) over the 

GUV surface (Figure 2.2 C) at cholesterol concentrations higher than 10 mol % 

indicating that either a single phase was present, or domains much smaller than the 

optical resolution of the confocal microscope were formed. Confocal imaging of free 

bilayers utilizing Laurdan fluorescence (Parasassi et al., 1997) and wide-field 

fluorescence microscopy (Haverstick and Glaser, 1987), exhibited relatively low 
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resolution in other studies. Using fluorescence correlation spectroscopy (FCS), the group 

was also able to distinguish between the membrane phases in the bilayers of the same 

liposome system as shown by the different values of the translational diffusion 

coefficient, also called DT. DT depends on the type of phase being either fluid or ordered 

together with the exact phospholipid and cholesterol composition of that phase. These 

techniques would not be able to indicate lipid exchange between liposomes within a large 

sample population size. Both techniques are quite sensitive but visualization will only be 

possible on singular liposomes. 

   

 
Figure 2.2: Visualization of confocal images showing the two-phase separation induced in the binary lipid 

mixture of dilauroyl phosphatidylcholine (DLPC)/ dipalmitoyl phosphatidylcholine (DPPC) in a 

ratio of 0.50/0.50. The phase separation was visible in the liposomes as red bands formed in the 

ordered DPPC phase due to partitioning of DiI-C20 with the fluid phase visualized as green, when 

the liposomes were prepared with a cholesterol concentration of 0 (A) and 5 mol % (B). Bodipy-PC 

partitioned in the fluid phase induced by DLPC as visualized by the green fluorescent patches. (C) At 

cholesterol molar concentrations of ≥ 10%, a single disordered phase with even distribution of the 

fluorescent probes is visualized by the orange color. Only singular liposomes could be visualized. 

(Adapted from Korlach et al., 1999) 

 

A B 

C 
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In this study, flow fluorometry was applied to determine the fluorescence intensity and 

distribution of fluorescent lipids among free singular liposomes with varying sizes and 

compositions. The various microscopic methods all lack the capability of providing 

accurate and reliable statistics, not being able to measure thousands of events per second. 

The term flow fluorometry is used, since the more generally used term flow cytometry, is 

in actual fact concerned with the detection of cells only. 

 
In a flow cytometer/fluorometry system, both the cell/liposome stream and the laser beam 

are focused into a small volume within a tiny quartz flow chamber. A photomultiplier 

tube detects a flash of scattered light as a single event that passed through the laser beam. 

Fluorescence at various wavelengths is collected through different appropriate filters 

together with the forward scatter, which gives an indication of the size of the particle. 

Because the mycobacterial lipids are neither fixed nor bound to a supported surface, the 

natural free interaction of these lipids could be determined (Seul et al., 1985). Exchange 

of the fluorescent lipids will be evident in the fluorescence distribution among the 

liposomes within the whole sample population, while forward scatter will report the 

changes in liposome size. All measurements can be performed over a time range and at 

various temperatures.  

 

Although flow fluorometry is more often used for detecting cells, it was used successfully 

in this study with liposomes. It is important to keep in mind the restrictions of this 

method of detection. Liposomes are often too small and their refractive index too similar 

to that of water to scatter light significantly above the background signal of the 

suspension fluid. Meaningful data collection was made possible by the increased size of 

the liposomes prepared by the method used and also due to the incorporation of 

fluorescent mycobacterial lipids. The background signal of phosphate buffered saline 

(PBS) was compensated for to reduce background noise. To measure the liposomes, the 

system had to be set on the detection limits. Fluorescence intensity change and size 

distribution was used to test postulates on how the lipids within the liposomes interacted 

with each other. 
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2.2. AIMS AND OBJECTIVES 
 

This chapter investigates flow fluorometry as a tool to determine the mobility and 

interaction of MA with cholesterol in liposomes.  

 

It was determined how the size and fluorescence of liposomes were influenced by an 

increase in the concentration of cholesterol in MA liposomes. The effect was also 

determined when varying amounts of 5-BMF-MA were added into cholesterol containing 

liposomes. Then the transfer or exchange of 5-BMF-MA was determined between 

populations of liposomes in the presence and absence of cholesterol. The exchange or 

transfer of cholesterol to a liposome that contained 5-BMF-MA, but was void of 

cholesterol, was also determined. The effect of an excess amount of cholesterol on 

liposome size was also determined. Liposomes obtained from egg-yolk 

phosphatidylcholine (PC) were characterized by electron microscopy to confirm 

lamellarity of the liposome membranes obtained by the method employed.
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2.3. MATERIALS AND METHODS 
 

2.3.1. Materials 

 
5-Bromomethylfluorescein (5-BMF) from Molecular Probes (Leiden, Netherlands) 

Amber vials (4 ml) with screw cap neck vial from Separations (Gauteng, RSA)  

Aqueous osmium tetroxide at 0,25% (Sigma company, St Louis, MO, USA) 

Aqueous uranyl acetate at 4% (Sigma company, St Louis, MO, USA) 

Beckman Coulter Epics Profile II, Ultra Flowcytometer (Coulter, Miami, Florida,  

USA) 

Branson Cell Disrupter B-30 Sonifier (Instrulab, RSA) 

Chloroform, Acetone and Methanol were of analytical grade (Saarchem,  

Halfwayhouse, Gauteng, RSA) 

Flow-Check Fluorospheres Beckman Coulter 10 µm (Coulter, Miami, Florida, VSA) 

Flowset Fluorospheres Beckman Coulter 3.6 µm (Coulter, Miami, Florida, VSA) 

Phosphatidylcholine and cholesterol (Sigma company, St Louis, MO, USA) 

Reagents for the preparation of 5 g resin for transmission electron microscopy: 

Quetol (1,94 g), methyl nadic anhydride (MNA; 2,23 g), dodecenyl succinic 

anhydride (DDSA; 0,83 g) and 1,4-butanediol diglycidyl ether (RD2; 0,1 g) was 

weighed and mixed thoroughly, after which dimethylaminoethanol (S1; 0,05 g) 

was added and mixed for at least 5 minutes (all reagents from Agar Scientific, 

England). 

Reagents prepared for re-saponification and fluorescent labelling of MA: 

Reagent A: Potassium Hydroxide was dissolved in Methanol-Water (1:1) to a  

concentration of 25% in a Teflon™ bottle by dissolving KOH (62,5 g) in 

125 ml ddH2O and adding 125 ml methanol. 

Reagent B: Concentrated HCl was diluted 1:1 with water in a Teflon™ bottle  

in the chemical fume hood.  

Reagent C: Potassium Bicarbonate [2% in methanol-water (1:1)] was made up  

by dissolving KHCO3 (10 g) in 250 ml ddH2O and adding 250 ml  

MeOH while swirling. It was stored in a Teflon™ bottle. 

Reagent D: Reagent B (250 ml) was mixed 1:1 with MeOH in a Teflon™  
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bottle.  

Electronic balance (Mettler AE 163, Microsep, RSA) 

Philips EM301 transmission electron microspcope (Eindhoven, Netherlands) 

 

2.3.2. Methods 

 

2.3.2.1. Labeling of MA with 5-BMF 

 

S. van Wyngaardt performed the labelling of MA according to the method of Stoltz, A. 

(2002): 

 

MA was re-saponified as follows: Reagent A was added to a vial of MA (1 ml per mg) 

and heated at 90ºC for 60 minutes. The samples were cooled down to room temperature 

and transferred into test tubes. Reagent B (0,75 ml to 1 ml MA solution) was added and 

the pH was tested (pH=1) after which each vial was rinsed with Reagent B. Chloroform 

was used (3 x 3 ml) to extract MA. The test tubes were vortexed well and the lower 

phases were transferred into clean vials. The chloroform was evaporated with nitrogen 

gas. Reagent C was added (0,1 ml/ 2 ml reagent A added in initial step) to the dried MA 

and evaporated on the heat block at 90ºC.  

 

A ratio of 1:3 (5-BMF:MA) was used for the labelling method. DMF (1000 ul) was used 

to dissolve 5-BMF (5.5 mg) for the labelling of MA. The dissolved 5-BMF was added to 

the dried MA and vortexed well. Chloroform was used to dissolve 18-crown-6-ether 

(0.211 ml/ mg). Each sample of MA (2,0 mg) received crown ether reagent (2,4 mg) and 

was vortexed well. The samples were heated to 90ºC for one hour on a heat block and 

then cooled down to room temperature. Additional chloroform (1 ml) was added and 

incubated at room temperature overnight. 

 

Wash steps followed after overnight incubation. The samples were washed 12 times with 

1 ml reagent D, vortexed and allowed to separate whilst ensuring that the chloroform in 
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the lower phase is kept at 1 ml by the addition of chloroform if needed. All upper phase 

washes were pooled but volumes of each rinse (100 μl) were transferred into 96 well 

plates to be monitored at 450 nm with 690 nm as reference filter on the Multiscan. The 

lower phases were aliquoted (according to the mass needed in each experiment) into pre-

dried amber vials and made up to 2,5 ml with chloroform. The aliquoted samples were 

then dried on a heat block at 90ºC using nitrogen gas and were weighed. These dried 

samples were stored at 4˚C. 

 

2.3.2.2. Preparation of liposomes containing various concentrations of cholesterol, 

phosphatidylcholine, labeled- and unlabelled MA 

 
The original methods of Bangham et al. (1980) were used for the preparation of 

liposomes. This involved the deposition of a thin lipid film from an organic solvent on 

the walls of a glass vial, followed by agitation with an aqueous solution of the material to 

be encapsulated. Stock solutions of phosphatidylcholine (PC) and cholesterol were made 

up to a concentration of 100 mg/ml in chloroform and solutions of MA and 5-BMF-MA 

were also prepared in chloroform, both with a concentration of 250 µg/ml. A mixture of 

the different lipid components was added together in the appropriate concentration, 

vortexed for 1 minute and then the solutions were dried on a heat block with nitrogen gas 

for 20 minutes to evaporate all the chloroform. PBS (1 ml) was added to the white 

residue and dissolved on a heat block for 60 minutes after which each vial was vortexed 

for 1 minute. A liposome stock suspension was obtained by sonicating the heated (80C) 

mixture with a Branson Sonifier B30 Cell Disrupter at 20% duty cycle and output control 

of 2. 

 

The various concentrations of the different components are indicated in Table 2.1, Table 

2.2 and Table 2.3. 
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Table 2.1: Liposome compositions with various concentrations of cholesterol (low 

range) 

PC (μl from stock) 90 90 90 90 90 

Cholesterol (μl from stock) 0 5.63 11.25 22.5 45 

5-BMF-MA 125 μg 125 μg 125 μg 125 μg 125 μg 

Unlabeled MA 125 μg 125 μg 125 μg 125 μg 125 μg 

 

Table 2.2: Liposome compositions with various concentrations of 5-BMF-MA  

PC (μl from stock) 90 90 90 90 

Cholesterol (μl from stock) 45 45 45 45 

% 5-BMF-MA 75 50 25 12.5 

5-BMF-MA 187.5 μg 125 μg 62.5 μg 31.25 μg 

Unlabeled MA 62.5 μg 125 μg 187.5 μg 218.75 μg 

 

Table 2.3: Liposome compositions with various concentrations of the lipid components 

 PC/Chol PC/Chol/ 

50% 5-BMF-MA 

PC/Chol/

MA 

PC/ 

5-BMF-MA 

PC/ 

MA 

PC (μl from stock) 90 90 90 90 90 

Cholesterol (μl from stock) 45 45 45   

5-BMF-MA  125 μg  250 μg  

Unlabeled MA  125 μg 250 μg  250 μg 

 

Table 2.4: Liposome compositions with various concentrations of cholesterol (full range) 

% Cholesterol 0 10 20 30 40 50 60 70 80 

PC (mg from stock) 9 9 9 9 9 9 9 7 5 

Cholesterol (mg from stock) 0 1 2 4 6 9 13 16 20 
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2.3.2.3. Data acquisition of liposomes with flow fluorometry 

 

Both the size distribution (forward scatter, FS) and the fluorescence (FL 1) of the 

liposomes were measured on a Beckman Coulter Epics Ultra Flowcytometer. For the 

analysis, a ten times dilution of the stock liposomes was prepared using PBS in a plastic 

analyzing tube covered with foil to prevent the decay of the fluorescent marker. When 

two different populations of liposomes were mixed, they were added in a 1:1 ratio in a 

tube. The samples were mixed continuously during the measurement on the 

flowcytometer. The tubes were kept in a water bath for the experiments that were 

performed (37°C). Several measurements were taken from each sample at different time 

intervals to determine the interaction between the liposome populations over time.  

 

One gate was set on the analyzer to exclude all events that had a FS log value below 101. 

The gate thus excluded background signals and debris. A constant number of 50 000 

events were counted per measurement. Flow-Check (10 μm) and Flowset (3,6 μm) 

fluorospheres measured with each experiment was used to correlate the relative size of 

the liposomes to that of the beads when varying amounts of 5-BMF-MA were added to a 

constant amount of cholesterol and PC. 

 

2.3.2.4. Data analysis of flow fluorometry  

 
Data was acquired and saved in the LMD file format. Mean size and fluorescent values 

were used to produce Microsoft Office Excel graphs to compare the control liposome 

population with that of the mixed population and to calculate the standard deviations for 

n-values for each experimental set-up. The student t-test was used to determine 

significance. 

 

2.3.2.5. Preparation of liposomes for TEM 

 
Stock solutions of phosphatidylcholine (PC) and cholesterol were made up to a 

concentration of 100mg/ml in chloroform. Liposomes were prepared like the method 

above (2.3.2.2), by combining 9 mg of PC and 4,5 mg of cholesterol stock solution in 1x 
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phosphate buffer (PBS). The liposome solutions were centrifuged in Eppendorf tubes to 

pellet the liposomes and were prepared as follows for TEM ultra thin sections: The 

liposome pellet was fixed in a 0,25% aqueous osmium tetroxide solution and rinsed with 

distilled water in a fume hood. The mixture was dehydrated with ethanol in sequential 

concentrations of 10%, 25%, 50%, 90% and three times in 100%. Infiltration of the 

mixture was achieved with 30% Quetol in ethanol for 1 hour, 60% Quetol in ethanol for 1 

hour and pure Quetol for 4 hours or longer. Polymerization was allowed at 65˚C for 24-

36 hours after which the liposomes within the resin were cut into ultra-thin sections with 

a microtome and placed on carbon-coated grids. The liposomes were contrasted by 

submerging the grids first in 4% aqueous uranyl acetate for 10 minutes and then in 

Reynolds’ lead acetate for 2 minutes, with water rinses after each step. From the electron 

microscope analysis, negative photographs were taken of relevant liposome sections, 

which were then developed. 
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2.4. RESULTS 

 

2.4.1. The effect of cholesterol concentration on the size and fluorescence of 5-BMF-
MA containing liposomes  

 

Liposomes containing a constant amount of PC and 50% 5-BMF-MA with varying 

amounts of cholesterol were prepared (refer to Table 2.1). Both the size distribution and 

the fluorescence of the liposomes were measured.  

 

With a change in the cholesterol concentration, the size distribution of the liposomes 

changed accordingly. From Figure 2.3, it is clear that cholesterol content correlated 

positively with the size of the liposomes. Two different liposome states (probably the 

liquid crystal and the disordered phase) could be identified. At the two highest 

concentrations of cholesterol added, the liposomes were 2 log units bigger than the 

liposomes that contained none or the lowest concentration of cholesterol. The liposomes 

obtained with the addition of 11,25 μl of cholesterol stock gave an intermittent size of 

liposomes in between that of the two states. 

 

With an increase in the cholesterol concentration and liposome size, the liposomes also 

showed an analogous increase of 2 log units in the amount of fluorescence (Figure 2.4) 

that was emitted.  

 

The results imply that cholesterol content determines two states of liposomes, where 

higher concentrations of cholesterol induce the disordered state of the bilayer in 

liposomes that increase their size 100-fold.  
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Figure 2.3: The size distribution of liposomes containing various amounts of cholesterol as determined 

with flow fluorometry. Flowset beads (3,6 µm) were used as a marker for the size distribution of the 

liposomes. Background noise is detected and indicated by the peak between 101 and 102. 

 

 

 
 

Figure 2.4: The fluorescence distribution of liposomes containing various amounts of cholesterol as 

measured by flow fluorometry. 
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2.4.2. Determining the size and fluorescence distribution of liposomes when varying 
amounts of 5-BMF-MA are added 

 

Liposomes containing a constant amount of PC and cholesterol were prepared with 

varying amounts of 5-BMF-MA (refer to Table 2.2). Both the size distribution and the 

fluorescence of the liposomes were measured.  

 

The liposome sizes were independent of the percentage of 5-BMF-MA (Figure 2.5) that 

was present in the liposomes. In comparison to the Flowcheck beads with a size of 10 

μm, these liposomes were five times smaller with a size of approximately 2 μm.  
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Figure 2.5: The mean size distribution of liposomes containing various amounts of 5-BMF-MA (75% , 

50%, 25%  and 12.5%) at constant PC and cholesterol concentrations as measured by flow 

fluorometry compared to the size of the Flow-Check Fluorospheres (10μm). The size of the liposomes 

at 75% 5-BMF-MA is the reference size (equal to 1) for all the liposomes. The coloured bars 

illustrate the mean of two measured values as indicated with the bullets ( , ). 

 

In Figure 2.6, the change in fluorescence can be seen when the percentage of 5-BMF-MA 

was varied. Fluorescence decreased linearly by 50% at 5-BMF-MA concentrations of 

50% or less. At higher concentrations of 5-BMF-MA, the fluorescence measurements 

became unreliable. 
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Figure 2.6: The percentage fluorescence intensity of liposomes when various amounts of 5-BMF-MA (75%, 

50%, 25% and 12.5%) were added to a constant amount of PC and cholesterol as measured by flow 

fluorometry. The coloured bullets represent the average of two measured values. The linear 

correlation of the change in fluorescence is indicated by the individual R2 values when the 75% 5-

BMF-MA is included (A) or excluded (B). 

 

2.4.3. Exchange of MA among cholesterol containing liposomes  

 

To determine if MA from M. tuberculosis can exchange among liposomes when 

cholesterol is present at a high concentration, two populations of liposomes that both 

contained equal amounts of cholesterol were mixed together. The one population (labeled 

liposomes) contained PC/Chol/50% 5-BMF-MA and the other (unlabeled liposomes) 

contained PC/Chol/MA (refer to Table 2.3). If the MA were mobile among different lipid 
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carriers, an even distribution in fluorescence of a liposome population would be detected 

in a flow fluorometer after the mixing of the two populations. Both the size distribution 

and the fluorescence of the liposomes were measured. 

 

The labeled and unlabeled liposome populations contained the same amount of PC, 

cholesterol and total amount (on a mass/volume ratio) of MA. The mixed liposome 

population was obtained by the 1:1 mixing of labeled and unlabeled liposomes at 37°C. 

The size distribution of the labeled and unlabelled MA containing liposome populations 

fell within the same order of magnitude (Figure 2.7) before and after mixing of the 

parental fluorescent liposomes. The sizes of the parent and mixed populations remained 

stable already from five minutes.  
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Figure 2.7: The relative size distribution of MA and cholesterol containing liposomes. The original  

labeled MA (  ) and unlabeled MA (  ) populations were added together in a ratio of 1:1 at 

37˚C after which the size of the mixed population (  ) was determined after 20 minutes  

(n = 7). 

 

The fluorescence of the mixed liposome population decreased to 48.35 ± 8.39% at 37˚C 

(Figure 2.8.A) within 5 minutes and stayed constant. 

 

The requirement for cholesterol to facilitate this apparent exchange of 5-BMF-MA was 

explored next.  
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Figure 2.8: Flow fluorometry data of the mean percentage fluorescence distribution of liposomes at 37°C, 

before and after five minutes of mixing equal numbers of labeled and unlabeled MA in cholesterol 

containing liposomes. The original labeled MA (  ) and unlabeled MA (  ) populations were 

added together in a ratio of 1:1. The fluorescence in the mixed population (  ) reached 

homogeneity within 5 minutes and stayed constant even after 20 minutes. All liposomes contained the 

same amount of PC (90 µl) and cholesterol (45 µl). The value of the mixed population is a mean 

value for 7 measurements with SD 8.39%. 

 

2.4.4. Independence from cholesterol of 5-BMF-MA exchange between liposomes 

 

To determine if MA from M.tb can exchange among liposomes in the absence of 

cholesterol, two populations of liposomes that were void of cholesterol, were mixed 

together in a 1:1 ratio. The one population (labeled liposomes) contained PC and 50 % 5-

BMF-MA and the other (unlabeled liposomes) contained PC and unlabeled MA. If the 

MA were mobile among different lipid carriers without cholesterol being present, the 5-

BMF-MA would distribute between the liposome populations after the mixing of the 

populations. Both the size distribution and the fluorescence of the liposomes were 

measured. 

 

The relative size distribution of the MA containing liposome populations without 

cholesterol fell within the same order of magnitude both before and after mixing (Figure 

2.9) of the parent populations, although the 17% increase in size of the mixed population 

was significant. 
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Figure 2.9: The relative size distribution of MA liposomes without cholesterol at 37C before and after  

mixing of equal numbers of the labeled and unlabeled MA populations. Triplicate measurements 

were taken of the labeled MA liposomes ( , SD 6.0%) and the unlabelled  liposomes ( , SD 

5.22%) before mixing of the two populations. After mixing of the two liposome populations in a1:1 

ratio, a new stable population ( , SD 8.21%) appeared within five minutes and the relative value 

for 5 measurements were taken. 
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Figure 2.10: Flow fluorometry data of the mean fluorescence distribution of liposomes at 37°C before and 

5 minutes after mixing of equal numbers of labeled and unlabeled MA liposomes containing no 

cholesterol. The original labeled (  ) and unlabeled (  ) populations were added together in a 

ratio of 1:1.  The fluorescence in the mixed population (  ) reached homogeneity within 5 minutes 

and stayed constant even after 20 minutes. All liposomes contained the same amount of PC (90 µl). 

The value of the mixed population is a mean value for 5 measurements with SD 10.46%. 
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The mean percentage of the liposome fluorescence (Figure 2.10) in the mixed liposome 

population decreased to approximately 56.38 ± 10.46% of the original fluorescence of the 

parent population within five minutes and stayed constant even after 20 minutes. A 

fluorescence value slightly higher than 50% for the mixed population was expected, due 

to the slight increase in liposome size that was observed in that sample population. The 

results show that cholesterol is not a determining factor in the exchange of MA among 

phosphatidylcholine liposomes. 

 

2.4.5. Lipid interaction of PC/Cholesterol liposomes with PC/MA/5-BMF-MA 

liposomes 

 

Two liposome subsets were prepared of which one liposome population contained PC 

and cholesterol with no added MA and a second liposome population contained PC and 

50% 5-BMF-MA with no added cholesterol. Both populations were mixed in a 1:1 ratio 

and the size distribution and the fluorescence of the liposomes were measured.  

 

Before mixing, the liposomes that contained PC and cholesterol with no added MA were 

almost three times bigger than the liposomes containing PC/MA/5-BMF-MA (Figure 

2.11) with no added cholesterol. After the mixing of the two populations in a 1:1 ratio, 

the size distribution of the 5-BMF-MA containing liposomes measured after 5 minutes 

increased to almost twice their original size.  

 

The fluorescence of the liposome populations was also determined before and after 

mixing of the two different liposome populations. The unlabeled liposomes containing 

PC and cholesterol showed a negligible amount of fluorescence whereas the labelled 

liposomes with PC and MA had high fluorescence before the mixing of the two different 

liposome populations (Figure 2.12). After mixing, the mean percentage fluorescence of 

the mixed liposome population (Figure 2.12) decreased to approximately 40 ± 17.76% of 

the original fluorescence of the parent population within five minutes, despite the 

doubling in size of the liposomes.  
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Figure 2.11: The relative size distribution before and after mixing of cholesterol and 5-BMF-MA 

containing PC liposomes at 37C. Triplicate measurements were taken of the MA  liposomes ( , SD 

1.64%) and the PC/cholesterol liposomes ( , SD 4.37%) before mixing of the two populations. After 

mixing of the two liposome populations in a 1:1 ratio, a new stable population ( , SD 4.58%) 

appeared within five minutes and the average value for three measurements were taken. 
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Figure 2.12: The mean fluorescence distribution of cholesterol containing PC liposomes and 5-BMF-MA 

PC liposomes at 37°C. Measurements were taken of the 5-BMF-MA population (  ) and the 

cholesterol/PC liposomes (  ) before mixing the two populations. After five minutes of mixing the 

two liposome populations in a 1:1 ratio, the new population (  ) had a mean fluorescence of 40 ± 

17.76% (n=3). 

 

These results show that a homogeneous mixed population was formed and might indicate 

that cholesterol is distributed between the liposomes since the size distribution of the 

mixed liposome was intermediate between the two parent populations of liposomes. The 

5-BMF-MA was distributed between the entire liposome population as indicated by a 

 
 
 



 46

decrease in the intensity of the fluorescence in the mixed liposome population. The 

results implied a free distribution of labelled MA among the liposomes, without 

indicating a mechanism on how this comes about.   

 

2.4.5. The effect of an excess amount of cholesterol on liposome size 

 

To determine how an increase of cholesterol above the molar concentration used in the 

exchange experiments would influence liposome size and stability, liposomes were 

prepared with an increasing concentration of cholesterol from 0% to 80%. The liposomes 

mean size was determined in duplicate at various time intervals. It was determined 

(Figure 2.13) that the stability of the liposomes was compromised at molar concentrations 

of cholesterol exceeding 60% in relation to the PC. In conclusion, the increase of 

cholesterol concentration brings about liposomes with an increased size until it reaches a 

maximum at 40% to 50% mol cholesterol. A further increase in the cholesterol 

concentration brings about liposomes with a smaller size. 
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Figure 2.13: The size distribution of cholesterol containing PC liposomes at room temperature. Duplicate 

measurements ( ,   ) were taken of the cholesterol  population at various (0, 10, 20, 30, 40, 50, 

60, 70 & 80 mol %)  cholesterol concentrations at (A) 0, (B) 20, (C) 30 and (D) 40 minutes. 
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2.4.6. Determination of lamellarity of simple PC and cholesterol liposomes using 

TEM 

 

To determine the lamellarity of the liposomes that were prepared by the method that was 

used in this study, ultra thin sections of epoxy resin embedded PC and cholesterol 

liposomes in a 1:1 molar ratio were visualised by TEM (Figure 2.14). The membranes of 

the liposomes were found to be distinctively multilamellar. This is important in the 

consideration of how these lipids exchange between vesicles. 

 

 
Figure 2.14: TEM visualization of the multi-lamellar membranes of PC and cholesterol liposomes in  

an epoxy resin.  
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2.5 DISCUSSION 
 

The major component of the M.tb cell envelope, MA, plays an important role in the 

permeability of the mycobacterium (Jackson et al., 1999; Gao et al., 2003), the fluidity of 

the membrane (Liu et al., 1996) and virulence of the organism (Glickman et al., 2000). 

M.tb is not degraded in the phagosome of the MØ after phagocytosis due to the 

prevention of phagosome maturation when TACO proteins accumulate on its surface in 

the presence of cholesterol. Cholesterol also accumulates at the site of entry of the 

bacterium during infection (Gatfield and Pieters, 2000). Structural mimicry between 

cholesterol and MA was proposed by Siko G. (2002), based on the cross-reactivity of TB 

patient antibody binding and the affinity of binding that MA exhibited for cholesterol on 

a resonant mirror biosensor. This interaction was investigated in this study in an attempt 

to achieve a better understanding of how the bacterium utilizes the lipids of the host 

during infection.  

 

Flow fluorometry was used to determine certain aspects of the lipid interactions after 

incorporation into simple egg-yolk phosphatidylcholine liposomes. The effect of the 

interaction between these lipids on liposome size and exchange of fluorescent labeled 

MA was determined.  

 

It was concluded that an increased concentration of cholesterol in the liposomes prepared 

with fluorescently labeled MA, increased the mean size and fluorescence intensity of the 

liposomes. The varying levels of cholesterol determine the rigidity of membranes. The 

molecular order parameter is one feature used to define the physical states in lipid 

vesicles (Auseneac et al., 2003; Marsan et al., 1999). A membrane that consists of 

molecules that have a very low order parameter (approximating the value of 0) has little 

internal cohesion, it is thus almost liquid. In comparison, a membrane that has an 

elevated molecular order parameter (approximating the value of 1) is organized. At 

concentrations below 10 mol% of cholesterol in phosphatidylcholine vesicles, an ordered 

gel phase becomes progressively disordered with increased cholesterol concentration at a 

constant temperature below the Tm of such vesicles. With the addition of cholesterol 
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above 22 mol % in fluid vesicles, the membranes become more ordered with a molecular 

order approximating 1. This state is referred to as liquid-ordered (lo) and occurs in high 

content cholesterol membranes when the membrane comes to share properties of both the 

fluid and gel-phases. Thus, increased cholesterol concentrations abolish the phase 

separation measured over a temperature range (Vist et al., 1990). For instance, in a 

membrane consisting of dimyristoylphosphatidylcholine, a 30 mol % of cholesterol has 

been shown to lead to an order parameter (as reported by the phospholipid or the 

cholesterol) near 1, at ambient temperatures. In these excess cholesterol conditions, the 

membrane reaches its maximum thickness with a direct relationship to the increase in 

membrane ordering (Douliez et al., 1996; Seelig and Seelig, 1977). In this study, all 

further experiments were performed at cholesterol concentrations of 50 mol %. It has 

been shown in similar binary lipid systems that a “solid phase” of the membrane was 

obtained for a system made of a (1/1) molar ratio of sterol and unsaturated 

phosphatidylcholine (Brzustowicz et al., 2002). Maximum fluorescence was measured in 

my experimental liposomes under these conditions. In addition, an increase of 5-BMF-

MA concentrations correlated linearly with the concentration of labelled MA below 50% 

5-BMF-MA. All subsequent experiments were performed at a 50% 5-BMF-MA 

concentration of the total MA added to the liposomes to remain within the linear range of 

emitted fluorescence.  

 

It was determined here that MA could exchange rapidly among liposomes. This process 

did not depend on the presence of cholesterol in the liposomes. The exchange equilibrium 

was reached within 5 minutes after mixing of the labelled and unlabelled MA liposome 

populations with or without cholesterol.    

 

Exchange of MA could not be determined by the resonant biosensor under the same 

experimental conditions, as a bi-directional movement of the same lipids would not lead 

to a measurable difference of the mass accumulated and removed from the cuvette 

surface. Siko G. (2002) could only report the net accumulation of cholesterol from 

suspended PC liposomes into the immobilised MA liposome coat of the biosensor. Other 

techniques such as confocal microscopy, allow the detection of lipid exchange 
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qualitatively, but would not be able to give a statistical account of the data distribution. 

 

5-BMF-MA thus showed rapid exchange at a rate comparable to that of other, much 

smaller, labelled lipids (Bai and Pagano, 1997) in vesicles that do not have transfer or 

carrier proteins to facilitate lipid exchange (Berk, 1996).  

 

The mechanism of rapid exchange of 5-BMF-MA could possibly be explained by the 

rapid fusion and dissociation of the liposomes. Others have shown that fusion of 

liposomes starts with a focal-point in the presence of very small fusion intermediates, or 

lipidic particles, as revealed by electron microscopy in model and natural membranes 

(Verkleij et al., 1979). Formation of an initial transient pore in the stalk model of fusion 

(Figure 2.15; Markin et al., 1984) could come about via the formation of a multi-meric 

protein complex, a mixed protein-lipid or an entirely lipidic structure (Monck and 

Fernandez, 1996; Lindau and Almers, 1995). A definitive answer is still eluding 

membrane scientists.  

 
Figure 2.15: A figure illustrating the theoretical stalk model for the intermediate stages during membrane 

fusion with the hydrophobic interstices (shaded). The successive steps of (A) adhesion, (B) semifusion 

and (C) pore-formation, is followed. During “semifusion”, a stalk is formed (B-1) and it develops 

into a trans monolayer contact (B-2) (Adopted from Markin et al., 1984). 
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 It is possible that proteins are not a prerequisite for membrane fusion and that lipid 

interaction alone can produce the necessary structures. Pure lipid model membranes can 

be induced with Ca2+-ions or other means to fuse in the absence of proteins (Morris et al., 

1985). Another characteristic of membrane fusion is capacitance flickering that is also 

observed in pure lipid models (Lee and Lentz, 1998). Capacitance flickering (reversible 

opening and closure of the initial fusion pore before irreversible expansion) is usually 

observed during patch-clamp analysis of membrane fusion where proteins are involved. 

The activation energies of the molecular rearrangements involved in pore formation 

appear to be very similar between pure lipid model and natural membranes. We can 

therefore speculate that MA together with phosphatidylcholine play a role in local lipid 

arrangement of the liposome membrane, during the rapid fusion and dissociation process 

between liposomes to effect 5-BMF-MA exchange.  

 

Siko (2002), using a resonant mirror biosensor to resolve the MA and cholesterol 

interaction, observed that cholesterol accumulated on a cuvette surface of the biosensor 

that was coated by MA containing liposomes. This suggested a unidirectional attraction 

of cholesterol to MA. The flow fluorometry results did not directly support an exclusive 

unidirectional movement of cholesterol to MA. In this study, there seemed to be a full 

exchange of content between the cholesterol and MA containing liposomes as measured 

by the intermediate size distribution of the mixed liposome population compared to the 

enlarged cholesterol and miniscule MA-containing parental liposomes. It is not excluded 

though, that a unidirectional movement of cholesterol into the MA-liposomes could have 

taken place, with concominant swelling of the liposome and eventual breaking up into 

smaller liposomes leaving the impression of equal mutual exchange of the MA and 

cholesterol. This is supported by the fact that the size of PC liposomes seemed to 

decrease and become unstable at cholesterol concentrations above 50%. Thus, an increase 

in the cholesterol concentration in the MA liposomes due to the unidirectional movement 

of cholesterol could lead to liposomes of a smaller size after breaking up of the enlarged 

liposomes.  

 

 

 
 
 



 52

Which molecular interactions influence the effect of cholesterol on lipids in membranes 

and liposomes? It was first suggested that hydrogen bonding was the major contributor to 

the interaction of cholesterol with the phospholipid acyl chains (De Kruyff, 1976). 

Hydrophobic interaction due to dimensional fit was the alternative possibility. A study by 

Bhattacharya and Haldar (2000) established that the cholesterol-induced changes on 

membrane properties such as lipid order and consequently permeation rates do not 

depend on the ability of lipids to participate in the hydrogen bonding interactions 

between the lipid chain-backbone linkage region or headgroup region with the 3β-OH of 

cholesterol in model membranes. The group determined this by measuring the trans-

membrane permeation leakage rates of OH- ions into cholesterol-doped cationic vesicles. 

Fluorescence intensity of riboflavin bound and entrapped inside the vesicles was 

measured at 514 nm with an excitation wavelength of 375 nm. As the pH of the lipid 

samples was raised from 6.4 to 10.2 at 25˚C (temperature below the Tm), the emission 

decreased to 60,3% of the original fluorescence intensity. Rapid fluorescence loss was 

due to the deprotonation of the riboflavin molecules adhering to the vesicles. Further loss 

of fluorescence was time-dependent due to the trans-membrane permeation of OH- ions 

across the vesicles under the imposed pH gradient. Incorporation of cholesterol into 

different cationic lipid vesicles reduced the rates of OH- ion permeation irrespective of 

the specific molecular structure of the cationic lipids. Neither the functional group nor the 

chain backbone of the cationic lipids was able to participate in the hydrogen-bonding 

interaction with the 3β-OH of cholesterol. This might imply that the interaction between 

cholesterol and MA might be strictly hydrophobic, facilitated by the molecular folded 

structure of MA (Hasegawa and Leblanc, 2003) within the liposomes lamellas. 

Bhattacharya and Haldar (2000) also showed that the interaction of cholesterol and the 

effect thereof on membrane bilayer thickness was independent of the structure of the 

lipids. This was determined by examining the X-ray diffractions of the cast films from 

the aqueous suspensions of the various cationic and PC lipid model membranes where a 

decrease in membrane thickness was observed for all model membranes at cholesterol 

concentrations above 10 mol %.  
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2.6 CONCLUSION 

 

Assuming the mechanistic model of cholesterol moving unidirectionally into MA-

containing liposomes, the subsequent swelling of the liposomes and breaking up into 

smaller liposomes with lower fluorescence than that of the labeled parental liposomes, 

the data presented in this chapter supports the initial observation of Siko (2002) that MA 

could rapidly attract cholesterol. Based on this he hypothesised that MA in the cell wall 

of the Mycobacterium tuberculosis bacillus attracts cholesterol in the membrane of the 

target host macrophage to provide its port of entry into and means of survival within the 

macrophage. The apparent exchange of MA in the absence of cholesterol could indicate 

the possible mechanism for cell-to-cell spread of the components of the mycobacterium 

to uninfected cells. Thus, modulation of the immune response is extended beyond the 

extent of infected cells by means of MA trafficking. Such trafficking and release of 

mycobacterial lipids from infected macrophages has been described by Beatty et al. 

(2000).   

 

In addition, inhibition of phagosomal maturation that is achieved by living virulent M.tb 

to prevent the degradation of the bacterium (Crowle et al., 1991) could be facilitated if 

MA attracted cholesterol in the phagosomal membrane. A subsequent “sequestration” of 

host cholesterol via hydrophobic bonding and attraction of TACO protein to the 

cholesterol-rich phagosome would prevent the fusion with the lysosome that would be 

fatal for the pathogen.  

 

The specific contribution that the evidence in this chapter provides to the hypothesis 

stated above is that the dynamic interaction and very rapid exchange of MA could 

facilitate the swift infection within the host due to the trafficking of the lipids from 

infected macrophage membranes to potentially the lipoprotein components in the host.
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CHAPTER 3: 
Flow fluorometric analysis of the specificity of lipid interaction 

 
 

 

3.1. INTRODUCTION 

 

3.1.1. Structural differences and locations of functional groups between MA in 
mycobacterial species  

 

The precise structures of MA subspecies and the locations of the functional groups within 

these lipids (Figure 3.1) were determined by Watanabe et al. (2002). The MA originated 

from various organisms to allow a comparison between their structures. Pyrolysis was 

used to prepare meroMA from methylated mycolate fractions and after silver oxide 

oxidation, the fractions were analyzed by fast atom bombardment mass spectrometry 

(FAB-MS). The differences in the MA structures are related to the different biosynthetic 

enzymes that are expressed by the various organisms (Barry et al., 1998).  

 

Watanabe et al. (2002) found that the MA from the M. tuberculosis complex (M. 

tuberculosis, M. bovis, M. microti, M. avium and M. africanum) were very similar in 

structure. This provided support for the hypothesis that in the mycobacterial cell wall, the 

composition of various MA configurations determines the pathogenicity or ability to 

grow and proliferate within the host organism (Yuan et al., 1998).  All the organisms in 

the complex are pathogenic but M.tb together with M. bovis, are the main organisms that 

can invade and cause disease in humans. M. avium, although considered less pathogenic, 

also causes disease in people with immune disorders like AIDS (Horsburgh et al., 1994) 

and those with pre-existing lung conditions like chronic obstructive pulmonary disease 

(Falkinham, 1996). It was also shown that although the alpha-, keto- and methoxy MA of 

the avirulent M. tuberculosis H37Ra existed in the same ratio as the MA from M. 

tuberculosis H37Rv and other pathogenic mycobacterial organisms, the precise locations 

of the functional groups were different.  

 
 
 



 55

 

 
Figure 3.1: The detailed structures of various types of MA from different species of the genus 

Mycobacterium as determined by fast atom bombardment mass spectrometry. Main chain component 

values are expressed as l-m-n-p or l-m-n-n’-p according to the length of the chain situated between 

the various functional groups (Adopted from Watanabe et al. 2002). 

 

Another important observation was that the chain structures of the oxygenated meroMA 

are almost identical between the virulent M. kansasii and M. tuberculosis, but their a-

mycolates, which constitute about half of the total mycolates, differed in their 

meromycolic acid chain lengths. Virulence thus seems to depend indirectly, on one hand, 

on the chain length of the main meromycolate acid structure and the effect thereof on the 

membrane. M. Bovis BCG and M. microti, both considered not to be human pathogens, 

are known to have similar mycolate compositions with regards to the main component n-

m-l systems or chain lengths (Watanabe et al., 2001). This would imply that virulence is 

also determined not only by the presence and chain lengths of the major meromycolate 

that is found within the membrane but that the oxygenated meroMA, also play a role. It is 
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the functional group stereochemistry and location on the oxygenated MA that is also 

important as this is different between the non-pathogenic and pathogenic species of 

bacteria. This is supported by the studies of Glickman et al. (2000) that showed that the 

integrity of the cell wall of M. tuberculosis and protection from oxidative stress of 

hydrogen peroxide (Yuan et al., 1995) were attributed to the presence and 

stereochemistry of cyclopropane rings in the mycolic acid structure.  

 

The production of oxygenated MA species, which include the methoxy- and keto-

mycolates, was also shown to be a key factor in the permeability of the cell wall of M. tb. 

Dubnau et al. (2000) constructed a mutant strain of M. tb H37Rv by the disruption of the 

hma gene (formerly mma4 or cmaA), which caused the loss of production of the 

oxygenated MA species. The ability of the mutant strain to enter the macrophage was 

diminished in the macrophage like cell line (mouse T-helper-1, THP-1) model of 

infection and showed decreased permeability to both hydrophilic and hydrophobic 

substances. Yuan et al. (1998) also found that the growth of M. tuberculosis and M. bovis 

BCG that lacked ketoMA were severely compromised in the THP-1 model. This was due 

to the overproduction of O-methyltransferase MMAS-3, which completely replaces 

ketoMA with methoxy MA. Labelling of the MA in vivo also showed that intracellularly 

growing bacteria of the H37Rv strain showed an increase in the production of both keto- 

and alpha-MA in comparison to the H37Ra strain. In conclusion, it can be speculated that 

it is the oxygenated MA that plays a role in both virulence and permeability of the 

membrane but other factors would also have a distinctive effect. 

 

3.1.2. Molecular forces and bonding interactions between cholesterol and lipids 
within a membrane  

 
Incorporation of cholesterol in both model and natural membranes induce severe changes 

in the properties of the membranes. This is due to the interaction between cholesterol and 

other lipids within the membranes. De Kruyff (1975) suggested that hydrogen bonding 

was the major contributor to the interaction of cholesterol with the phospholipid acyl 

chains but this has been disputed by recent studies (Bhattacharya and Haldar, 2000; 
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Bicknell-Brown and Brown, 1980; Bittman et al., 1984). This could imply that the 

interaction between cholesterol and MA might be strictly hydrophobic without any 

hydrogen bonding being present between the carboxylic group of MA and the hydroxyl 

group of cholesterol. Therefore, the rapid exchange of fluorescent MA as demonstrated in 

Chapter 2, could be due to the hydrophobic “binding” between the MA and cholesterol 

that is included in the liposomal formulation.  

 

Whether the carboxylic group of MA functions as a stabilizer of the hydrophobic binding 

between MA and cholesterol through possible hydrogen bonding, or if it is indeed a 

requirement for the interaction, will be investigated in this chapter. Methylation of the 

carboxylic group of MA will make it possible to determine if there is a significant 

difference in the interaction between unmethylated and methylated MA and cholesterol 

containing liposomes.  

 

Specificity of the exchange of long chain lipids in comparison to short chain lipids will 

also be investigated to determine if flow fluorometry is a technique that can assist in 

elucidating the interaction of the lipids from M. tb and host lipids. 
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3.2. AIMS AND OBJECTIVES 
 

This chapter explores whether the specificity and the dynamics and kinetics of exchange 

of MA and other lipids between phospholipid vesicles can be demonstrated and explored 

by means of flow fluorometry.  

 

5-BMF-MA, non-methylated MA, methylated MA (metMA) and stearic acid (SA) were 

incorporated into cholesterol free PC-liposomes. The change in liposome size induced by 

cholesterol accumulation was measured by flow fluorometry to determine the specificity 

of exchange or accumulation of cholesterol among the various derivatives of MA or a 

short chain fatty acid. Exchange of 5-BMF-MA was also determined in the presence of 

cholesterol at 2°C to determine if the process could be arrested at low temperatures, to 

give better opportunity to investigate the mechanism of exchange or accumulation with 

flow fluorometry.  
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3.3. MATERIALS AND METHODS 
 

3.3.1. Materials 

 

5-Bromomethylfluorescein MA (5-BMF-MA) (Refer to Chapter 2, 2.3.2.1) 

Amber vials (4 ml) with screw cap neck from Separations (Gauteng, RSA)  

Beckman Coulter Epics Profile II, Ultra Flowcytometer (Coulter, Miami, Florida, USA) 

Branson Cell Disrupter B-30 Sonifier (Instrulab, RSA) 

Chloroform, toluene and methanol was of analytical grade (Saarchem, Halfwayhouse,  

Gauteng, RSA) 

Phosphatidylcholine and cholesterol from Sigma Chemical Co (St. Louis, MO, USA).  

Reagents for resaponification of MA (Refer to materials Chapter 2, 2.3.2.1.) 

Electronic balance (Mettler AE 163, Microsep, RSA) 

Trimethylsilyldiazomethane (Fluka, Gauteng, RSA) 

 

 
3.3.2. Methods 
 

3.3.2.1. Methylation of MA 

 
MA (~0.1 mmol) were dissolved in a mixture of toluene:methanol (5:1, 18 ml) with the 

addition of 2 M solution trimethylsilyldiazomethane (TDM, 0.4 mmol). This was 

followed by a further 4 additions of TDM (0.2 mmol) in intervals of 45 minutes. The 

mixture was then stirred for 72 hours, quenched by evaporation after which the residue 

was dissolved in dichloromethane (15 ml). Water (10 ml) was added and the two layers 

were separated. The water layer was extracted with dichloromethane (2 x 10 ml). The 

combined organic layers were dried and the solvent evaporated to give the desired 

methylated MA (refer to method and optimisation in M. Deysel Ph.D. thesis, 2007). 

NMR was performed to confirm that the spectra correlated to that reported previously in 

literature.  
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3.3.2.2. Preparation of a phosphatidylcholine liposomes containing various 

concentrations of cholesterol, 5-BMF-MA, unlabelled MA, methylated MA and 

stearic acid 

 

Stock solutions of phosphatidylcholine (PC) and cholesterol were made up to a 

concentration of 100 mg/ml in chloroform. A mixture of the different lipid components 

were added together in the appropriate concentrations as indicated in Table 3.1, into 4 ml 

new sterile amber glass vials. The general method for the preparation was performed 

according to the method in Chapter 2, 2.3.2.3. 

 
Table 3.1: Liposome compositions with various concentrations of the lipid components 

PC (μl from stock) 90 90 90 90 90 

Cholesterol 

(μl from stock) 
45     

Labelled MA 

(5-BMF- MA) 
 125 μg    

Unlabeled MA  125 μg 250 μg   

Methylated MA    250 μg  

Stearic acid (SA)     250 μg 

 

Table 3.2: Liposome compositions with various concentrations of the lipid components 

PC (μl from stock) 90 90 

Cholesterol  

(μl from stock) 

45 45 

Labelled MA (5-BMF- 

MA) 

125 μg  

Unlabeled MA 125 μg 250 μg 

 

3.3.2.3. Analysis of liposomes with flow fluorometry 

 

The size distribution (forward scatter, FS) of the liposomes was measured on a Beckman 

Coulter Epics Ultra Flowcytometer. For the analysis, a ten times dilution of the liposomes 
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was prepared using PBS in a plastic analyzing tube. When two different populations of 

liposomes were mixed, they were added in a 1:1 ratio in a tube. The samples were mixed 

continuously during the measurement and were kept in a water bath (37°C) and an icebox 

(2°C). Flow fluorometry data were accrued from each sample at five minutes to 

determine the interaction between the liposome populations (refer to methods Chapter 2, 

2.3.2.4.). 
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3.4. RESULTS 
 

3.4.1. Measuring specific exchange of long chain lipids with fluorometry 

 

To determine if fluorometry can measure the specific exchange of long chain lipids 

between liposomes with varying composition, two different liposome populations were 

prepared. Cholesterol PC liposomes were incubated with PC liposomes containing 

various lipids which included 50% 5-BMF-MA, unlabelled MA, SA and methylated MA 

(refer to Table 3.1). After these populations were mixed together in a 1:1 ratio, the size 

distribution of the resultant new population was determined (Figure 3.3). 
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Figure 3.3: The relative size distribution of different liposome populations before and after co-incubation 

at 37˚C in a 1:1 ratio at 5 minutes, measured by flow fluorometry. The PC liposome population that 

contained cholesterol (  ) was incubated with various cholesterol-free liposomes containing either 

50% 5-BMF-MA ( ; SD 0.016 ), unlabelled MA( ; SD 0.045 ), Stearic acid ( ; SD 0.118) or 

metMA. ( ; 0.008 ) After mixing of the liposome populations in a 1:1 ratio, the size of the new 

population (either with 50% 5-BMF-MA , SD 0.035; unlabelled MA , SD 0.44; SA , SD 0.017; 

or metMA. , SD 0.031) was measured within the same range. All liposomes contained the same 

amount of PC (90 µl). The value of each population is a mean value for 3 repeated measurements 

with SD indicated respectively. 

 
There was no statistical difference in the measured relative size distribution of the 

cholesterol-free liposomes with varying compositions before and after mixing of the 
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populations with cholesterol containing PC liposomes. At sight value, this would suggest 

that there is no specificity involved in the exchange or attraction of MA amongst one 

another or with cholesterol. 

 

3.4.2. Exchange of MA among cholesterol containing liposomes at 2°C  

 

To determine if MA from M. tuberculosis can exchange at 2°C among liposomes when 

cholesterol is present, two populations of liposomes that both contained equal amounts of 

cholesterol were mixed together. The one population (labeled liposomes) contained 

PC/Chol/50% 5-BMF-MA and the other (unlabeled liposomes) contained PC/Chol/MA 

(refer to Table 3.2). If the MA were mobile among different lipid carriers at low 

temperatures, an even distribution in fluorescence of a liposome population would be 

detected in a flow fluorometer after the mixing of the two populations. Both the size 

distribution and the fluorescence of the liposomes were measured. 

 

The labeled and unlabeled liposome populations contained the same amount of PC, 

cholesterol and total amount (on a mass/volume ratio) of MA. The mixed liposome 

population was obtained by the 1:1 mixing of labeled and unlabeled liposomes at 2°C. 

The size distribution of the labeled and unlabelled MA containing liposome populations 

fell within the same order of magnitude (Figure 3.4) before and after mixing of the 

parental fluorescent liposomes. The sizes of the parent and mixed populations remained 

stable already after five minutes.  

 

The fluorescence of the mixed liposome population decreased to 52.75 ± 6.17% (Figure 

3.5) at 2˚C within 5 minutes and stayed constant over time. 

 

Exchange of 5-BMF-MA could thus not be arrested at 2°C in the presence of cholesterol, 

arguing against a particular specificity of interactions among MA and MA and 

cholesterol. 
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Figure 3.4: The relative size distribution of MA and cholesterol containing liposomes. The original  

labeled MA (  ) and unlabeled MA (  ) populations were added together in a ratio of 1:1  

at 2˚C after which the size of the mixed population (  ) was determined after 20 minutes  

(n = 3). 
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Figure 3.5: Flow fluorometry data of the mean percentage fluorescence distribution of liposomes at 2˚C, 

before and after five minutes of mixing equal numbers of labeled and unlabeled MA in cholesterol 

containing liposomes. The original labeled MA (  ) and unlabeled MA (  ) populations were 

added together in a ratio of 1:1. The fluorescence in the mixed population (  ) reached homogeneity 

within 5 minutes and stayed constant even after 20 minutes. All liposomes contained the same 

amount of PC (90 µl) and cholesterol (45 µl). The value of the mixed population is a mean value for 

3 measurements with SD 6.17%. 
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3.5 DISCUSSION 
 
The structure and function of the mycolate layer of the mycobacterium cell wall needs to 

be well understood as it plays a most important role in the success of the bacteria to 

survive within the host. The composition of the mycolate layer in various mycolic acid 

containing organisms may determine their pathogenicity due to structural properties of 

the meromycolate chain and its functional groups. Characterizing the interaction of MA 

with host lipids could provide information that may become useful to prevent the 

infection of the host. 

 

The hypothesis that the exchange of MA in liposomes is a specific process between MA 

and cholesterol containing liposomes could not be supported by the results generated 

using flow fluorometry. Flow fluorometry indicated that there was no statistical 

difference in the measured relative size distribution of the cholesterol free liposomes 

containing either MA or SA, before and after mixing of the populations with cholesterol 

containing PC liposomes. One would have expected bigger liposomes in the mixed 

population of cholesterol and MA containing liposomes, if there was a preference of 

attraction between MA and cholesterol, in comparison to SA and cholesterol. In contrast, 

long chain lipids like MA formed a mixed liposome population of similar size to that of 

short chain fatty acids like SA.  

 

There are two possible explanations for how and why the intermediately sized liposomes 

came about after mixing MA- or SA- with cholesterol-containing liposomes: One 

mechanism could be the fusion of liposomes from the parent populations. Due to the 

anticipated instability of very large liposomes, the breaking up into intermediate size 

liposomes would then follow. Another mechanism could be that there is a net movement 

of cholesterol to the initially cholesterol-free MA containing liposomes, causing them to 

grow in size until they reach break-point and split into smaller liposomes of intermediate 

size. These explanations are born from the finding in Chapter 2 that fluorescence is 

distributed uniformly in the mixed population when cholesterol PC liposomes were 

mixed with 5-BMF-MA PC liposomes, and the apparent affinity of mycobacterial MA 

for host cholesterol. The latter has been illustrated in a different way by Siko (2000). 
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Accumulation of cholesterol into immobilised MA liposomes was shown using a 

resonant mirror biosensor. Should these mechanisms be valid, then one may have 

expected the mixed population between MA- and cholesterol-containing liposomes to be 

bigger than that obtained by SA and cholesterol liposomes, if MA has a preference for 

cholesterol attraction. This expectation derives from the results in Chapter 2, which 

showed that liposomes swell out in size upon absorption of cholesterol. On the other 

hand, if break-point is already achieved by the non-specific redistribution of cholesterol 

among liposomes after mixing, then a preferred attraction of cholesterol to MA would 

simply have made these liposomes to break up sooner than is the case with SA liposomes, 

rather than resulting in larger liposomes. Thus, preferred movement of cholesterol to MA 

containing liposomes, in comparison to SA containing liposomes would then not be 

distinguishable with flow fluorometry at 37˚C.  

 

It was then hypothesized that if the exchange of MA could be slowed down by working at 

low temperatures, one would be allowed to distinguish between the rate of swelling of 

liposomes containing either MA or SA when mixed with cholesterol liposomes. This 

however, did not happen and similar results were obtained at both 2°C and 37˚C.  

 

With the inclusion of cholesterol at a 1:1 molar ratio in the PC liposome formulation, the 

mixed populations of MA liposomes were probably in the lo state (Brzustowics et al., 

2002) after fusion of the liposomes or exchange of lipids as discussed. It could well be 

that the lo state is energetically favoured and that swelling of the fatty acid containing 

liposomes by cholesterol accumulation reaches its limit at the stage where the lo state 

reaches its saturation point with cholesterol, before having to convert into the 

energetically less favoured disordered state. If this holds true, then it will be impossible to 

demonstrate the preferred attraction of cholesterol to MA with the approaches attempted 

in this chapter. 

 

What is the role of the carboxylic group within the MA structure? The hypothesis was 

that the carboxylic group might play a role in the interaction of MA with cholesterol in 

liposomes. The data showed that there was no difference in the degree of lipid exchange 
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between natural MA and methylated MA. In conclusion, the data here showed that the 

free carboxylic group did not influence the exchange of lipids as methylation of the MA 

apparently did not inhibit the process. The role of the carboxylic group in antibody 

binding was elucidated by Pan et al. (1999). They coated an ELISA plate with separated 

methylester MA species. A trehalose 6,6’-dimycolate IgG could still recognize and bind 

specifically to the methoxy MA. This indicated that the carboxylic group did not play a 

role in the antigenicity of MA when binding to antibodies. Deysel (Ph.D. thesis, 2007) 

however, showed that cholesterol could accumulate on a biosensor cuvet surface coated 

with MA, but not to surface coated with methylated MA. These results corroborated the 

hypothesis of Siko (2000) that a structural mimicry exists between cholesterol and MA, 

and added the importance of the free carboxylic acid of MA to manifest this property. 

The free carboxylic group of MA may stabilize its folding in a W-shape by hydrogen 

bonding to the methoxy group in the merochain, in order to assume a cholesteroid 

conformation that is recognized by cholesterol. If antigenicity of MA is related to its 

folding into a cholesteroid conformation, then the results of Pan et al. (1999) on the 

antigenicity of the methylated methoxy MA contradict this. Other members of the TB 

research team in this laboratory could not, however, repeat the experiments of Pan et al. 

with the same results and the issue remains controversial. 
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3.6 CONCLUSION 
 
Even though MA has been shown to attract cholesterol as determined by the solid phase 

interaction of lipids on the biosensor (Siko et al., in press), the data presented here rather 

suggest a bi-directional exchange of lipids between liposomes in the flow fluorometry 

experiments. The experimental conditions for the biosensor approach and the flow 

cytometry are very different, however, and explanations were provided whereby a 

preferred directional binding of cholesterol to MA may still be the underlying mechanism 

to obtain the results found with flow cytometry. The role of the carboxylic group of MA 

to determine its cholesteroid nature and ability to attract cholesterol could also not be 

demonstrated by flow cytometry, as was done by the biosensor approach, due to the lack 

of resolve between the positive (MA) and negative (SA) controls for the measurement of 

cholesterol binding with flow cytometry. 
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CHAPTER 4: Concluding Discussion 
 

 
 
Tuberculosis (TB) is a disease caused by the infection of Mycobacterium tuberculosis, 

which is progressively becoming multi-drug resistant (MDR), increasing the concern of 

public health (Dye et al., 2002). Understanding the mechanism by which the organism 

interacts with host lipids, infect macrophages and how components redistribute within the 

host could open the investigation of new ways of inhibiting and eradicating the infection 

suffered by patients world wide. The results generated in this thesis show that MA, the 

major component of the cell wall of M.tb, can exchange rapidly between liposomes, a 

process that could not be arrested at low temperatures. These high molecular mass 2-alkyl 

branched, 3-hydroxy fatty acids have a general conserved structure, although the 

functional groups vary in the meromycolate chain within and between species (Watanabe 

et al., 2001; Watanabe et al., 2002).  

 

Immune response modulation is one factor influenced by the cell wall constituents of 

Mycobacteria and is necessary for the survival of the organism during tuberculosis 

infection of the host. Beatty et al. (2000), in an attempt to determine if lipid components 

can redistribute to effect modulation of the immune response, indicated that the lipid 

constituents from BCG infected bone marrow macrophages can be involved in this 

process following various ways of cell wall constituent trafficking. They determined that 

the mycobacterial lipids entered the endocytic and Golgi network of the host 

macrophages and were also found in multi-lamellar vesicles after infection. Five bacterial 

lipids from BCG were isolated as possible components involved in this process although 

they were not identified. Assuming that mycobacterial lipids of M.tb follow the same 

routes of distribution after infection of host lung macrophages, it could be that MA is one 

of the candidate molecules. This is supported by the results in Chapter 2, which showed 

that MA could exchange rapidly between multi-lamellar vesicles both in the presence and 

absence of cholesterol. How the structurally different MA species influence exchange of 

the lipids and thus the ability to be transported through the host membraneous networks 

still need to be determined. 
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Even though lipid exchange was believed to be effected by specific proteins, a study by 

Fugler et al. (1984) provided a rationale for the exchange of cholesterol between 

liposomal membranes in the absence of proteins. In the context of this thesis, Fugler’s 

rationale might be extrapolated to the interaction of lipids in the mycobacterium with the 

host. They showed that cholesterol exchange was only affected by liposomal size of the 

cholesterol donor vesicles in the absence of proteins and not the cholesterol-free acceptor 

vesicles when the liposomes were composed of similar lipid components. Small 

unilamellar vesicle (SUV) donors exchanged cholesterol at higher rates when compared 

to large unilamellar vesicles (LUV) donors. They postulated that the cholesterol in the 

highly curved regions of the SUV might be attributed to looser packing of PC fatty acyl 

chains, which leads to an increase in the rate of cholesterol exchange. From this, one 

could argue that rapid MA exchange from the mycobacterium or interaction with host 

membrane cholesterol, could be facilitated without the necessity of proteins by the more 

highly curved regions at either ends of the bacilli. 

 

After ingestion of the mycobacterium but before redistribution of cell wall components to 

regulate the immune response, microbicidal mechanisms within the host are diminished 

to ensure survival of the organism. Phagocytic vesicles that contain foreign bacteria fuse 

with lysosomes within the host macrophage and that leads to the degradation of the 

internalized organism. The phagosomes of M. tuberculosis do not mature into 

phagolysosomes (Deretic et al., 1999) and the organism thus survives intraphagosomally 

(Clemens and Horwitz, 1995). This was determined by the fact that the phagosome has a 

diminished capacity to acidify due to low H+ ATPase activity (Sturgill-Koszycki et al., 

1994; Crowle et al., 1991) in addition to the presence of early phagosomal proteins like 

coronin (Ferrari et al., 1999). It was further found that a specialized protein called TACO 

is recruited to the mycobacterial phagosome. Gatfield and Pieters (2000) then provided 

evidence that the association of TACO was cholesterol mediated. Macrophages depleted 

of cholesterol had no TACO association with the membrane fraction. Consequently, 

cholesterol depleted macrophages showed a reduction in the infection rates. Cholesterol 

both relocated to and accumulated at the site of entry of the bacterium. All these data 

support the notion that there is a critical interaction between host cholesterol and the 
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mycobacterium, which could be MA, based on molecular mimicry suggested by Siko 

(2002). Flowfluorometry could not exclusively determine the unidirectional movement of 

cholesterol to the MA containing liposomes as determined by the biosensor studies (Siko, 

2002) even though it could be the underlying mechanism behind the results as discussed 

previously, thus ensuring survival of the organism.  

 

Assuming that MA is indeed the molecule that attracts cholesterol, the membrane 

stability and fluidity after accumulation of cholesterol would determine subsequent lipid 

trafficking events. The data generated in Chapter 3 indicate that at a high cholesterol 

concentration, MA is still able to exchange at 2°C due to the liposome fluidity possibly 

being dependent on the cholesterol content. The concentrations of cholesterol used in the 

liposomes for these experiments do correlate to cholesterol content in the plasma 

membranes (30–50 mol %) of mammalian cells (Gennis, 1989). This allows one to 

extrapolate to the situation of the infected macrophage within the host. The importance of 

cholesterol and cholesterol-rich domains as determinants of membrane structure was 

demonstrated by Hao et al. (2001). They suggested that instead of having a few rafts of 

ordered lipids in the mammalian membrane it might be more correct to describe the 

membrane as consisting mostly of rafts with small intercalated regions of fluid lipids. 

From this point of view, the MA interaction with lipid rafts need not necessarily 

influence TACO’s association with them, but this remains to be determined by other 

techniques. One such a technique is differential scanning calorimetry (DSC). This 

technique measures the difference in the change of the heat flow rate in an experimental 

sample as well as a reference sample. Both are subjected to a controlled temperature 

program. The change in the heat flow rate is due to the properties of components induced 

by structural differences in for instance a liposome population. A significant change in 

the measured heat flow rates from reference liposomes containing no MA, in comparison 

to MA containing liposomes, would indicate a change in the structural composition of the 

liposomes, which determines fluidity of the membranes. 

 

The importance of the interaction between MA and other membrane constituents within 

the mycobacterium was elucidated to some extent by the study of Spargo et al. (1991). 
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They determined that intact cord factor was necessary for the inhibition of fusion of PC 

vesicles. Even though the results in this thesis using flow fluorometry indicated exchange 

of lipids, the affect thereof on the inhibition of fusion would still be inconclusive in the 

absence of other membrane constituents like the trehalose-bound MA. It still remains to 

be seen whether MA or TDM could be found in the membrane of the phagosome in vivo 

but results here indicate that at least the free MA might occur, in the light of the ease of 

their exchange between membranes. 

 

The movement or exchange of MA among lipid membranes became an issue during the 

development of a possible serodiagnostic assay for TB using anti-MA antibodies as 

surrogate markers of the disease. Gomes (MSc. thesis, 2007), trapped patients’ antibodies 

(Ab) with Sepharose Protein A (SPA). The specificity of the Abs was then probed with 

liposomes containing fluorescently labeled MA, after which excess fluorescence was 

washed away. The test relied on the assumption that in TB positive patients, antibodies 

would be available to bind to MA after being trapped on the SPA beads. Fluorescence of 

the bound antigen, MA, was determined after the release of the captured Ab (Figure 4.1) 

as an indication of the presence or not of anti-MA antibodies.  

 

The test could not reliably distinguish between TB negative and TB positive patient sera. 

Specificity of the bound antibodies were then sought to be demonstrated by the 

displacement or inhibition of the bound fluorescent MA Abs by probing the SPA column 

with PC, PC-Cholesterol and PC-MA liposomes (Figure 4.2). 

 

It was found that all the different compositions of liposomes displaced the same amount 

of fluorescent MA. This result was not expected but might be explained by the results 

found in Chapter 2. If MA can exchange between liposomes, even in the absence of 

cholesterol, bound fluorescent MA could have been exchanged to the same extent 

between the bound and competing liposomes that were used in this experimental setup. 

Thus, free exchange of mycobacterial lipids between liposomes would have masked the 

measurement of true displacement of fluorescent MA. 
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Figure 4.1: Outline of the method used in the Sepharose protein A assay to detect anti-MA antibodies in 

patient sera as surrogate marker of active TB. Antibodies (IgG) were captured by Sepharose protein 

A, probed by fluorescently labeled MA containing liposomes and subsequently released and assessed 

for fluorescence. Fluorescence would be an indication of the amount of antibody directed to MA 

(Gomes, 2007). 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 4.2: Outline of the method used in the Sepharose Protein A displacement/inhibition assay. 

Antibodies (IgG) are bound to Sepharose protein A and probed with fluorescently labeled MA 

containing liposomes. The antibodies are subsequently released after being probed a second time 

with liposomes with other constituents. A final fluorescence reading would be an indication of the 

antibody bound MA to determine the amount of displacement or inhibition (Gomes, 2007). 
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Another novel approach towards TB serodiagnosis was then attempted by Gomes (MSc. 

thesis, 2007) that aimed at exploiting the exchange of MA for the indirect detection of the 

lipid antigen MA in the circulation. This would indicate the presence of active TB based 

on the presence of the antigen in the circulation. Indirect detection would be anticipated 

due to the presumed unique properties of interaction of MA with fluorescent MA. After 

the immobilization of fluorescent MA liposomes on a solid glass surface, fluorescent MA 

would be released by means of the attraction or interaction with MA in test liposomes, as 

an experimental model for TB patient serum. The test liposomes or TB serum was to 

remove fluorescent MA from the glass surface whilst non-TB serum was not supposed to 

do so. The final measurement would thus be the fluorescence still remaining on the solid 

glass surface and that would be inversely proportional to the severity (antigen load) of TB 

in the patient. The concept appeared to work with the experimental model at very high 

dilutions of patient and control sera, but needs to be confirmed with many more patient 

sera after optimization of the procedure. It was determined that cholesterol containing test 

liposomes and serum could remove fluorescent MA from the surface when applied at 

high concentrations. This phenomenon may be explained by the fact that cholesterol is 

accumulated into immobilized MA at high concentrations, leading to disintegration into 

liposomes of smaller size, according to one of the possible interpretations of the results in 

Chapter 2. If cholesterol is accumulated by unlabeled MA into the immobilised 

liposomes, then fluorescent MA will also be lost in this test due to the eventual 

fragmentation of the enlarged liposomes on the glass coat. With very high serum 

dilutions, better resolution was obtained between control and TB patient serum. This 

implies that the test may be very sensitive, but is affected by interference of lipoproteins 

and other lipid components that carry cholesterol in serum. It is due to the results of this 

dissertation that a rationale can be provided to explain the observations of Gomes and 

provide the direction for future investigation to bring about new diagnostic tests based on 

serum analysis to accurately distinguish between control and TB patient samples based 

on lipid antigens. 

 

It could not be determined in Chapter 3 whether the carboxylic group of MA plays a role 

in the exchange of lipids. This was due to the lack of resolve between the positive (MA) 
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and negative (SA) controls, which also rendered the results of the methylated MA 

inconclusive. Some indication was recently found when the work of Deysel (2007) 

showed that the specific interaction of MA with cholesterol was abrogated when natural 

MA was methylated on the carboxylic group. The role of the availability of the 

carboxylic group for antigen recognition was indicated by Grant et al. (2002). MA were 

methylated via an ester linkage to the carboxylic acid function on the lipid, which 

destroys the negative charge. When the methylester of MA was presented on the CD1b 

protein by an antigen-presenting cell, the T cell antigen receptor was unable to recognise 

the lipid. This would suggest that the hydrophilic domains within MA could form a 

combinatorial epitope, determined by the folding of the lipids as previously described by 

Hasegawa and Leblanc (2003). This need not directly apply as well to antigenicity in 

respect of antibody binding: (Pan et al., 1999) reported that the methyl esters of MA 

retained antigenicity. The function and role of the carboxylic function with regards to 

antigenicity thus still remain controversial.  

 

In conclusion, it was shown that natural MA could exchange rapidly between liposomes 

even at low temperatures. This unique property of MA gives a new insight into the 

possible interaction of the mycobacterium with the host. Rapid exchange of MA within 

the host could be the mechanism by which trafficking of mycobacterial lipids comes 

about, ultimately leading to immune response modulation beyond the infected cell. 

Chemical synthesis of MA would allow further studies to elucidate the effect of the fine 

specificity of MA on exchange or accumulation of lipids. The chemical synthesis is 

currently being performed and the methods of synthesis are being optimised by various 

authors (Al-Dulayymi et al., 2000; Al-Dulayymi et al., 2005). Also, the rapid exchange 

of MA became significant in interpreting the results generated by Gomes (MSc. Thesis, 

2007) which showed conclusively that any diagnostic technique based on MA as an 

antigen or marker of the diseased patient, will be affected by this property. Flow 

fluorometry as a new technique was unable to resolve the exchange of MA in relation 

with other lipids, but a unique property of MA was demonstrated for the first time, that of 

rapid exchange. 
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