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Summary 

 

Literature highlights the effects of mycolic acid (MA) fine-structure on biological 

activity, pathogenicity, virulence and cell wall structure and permeability.  Knowledge 

on MA-structure and how their conformations are dependent on their precise 

molecular composition becomes essential in exploiting these properties in drug-design 

and in advancing our understanding of the disease.  In our group evidence for a 

structural or functional relationship between cholesterol and MAs have been 

discovered.  The aim of the experimental part of this work was to study this 

relationship further by attempting to quantify the interaction between cholesterol and 

MAs in liposomes on an evanescent field biosensor.  The binding profiles that were 

obtained could not be evaluated with kinetic software and the interaction between 

cholesterol and MAs was not linearly dependant on the concentration of cholesterol.  

However, novel insight into the interaction was gained when it was observed that 

cholesterol only accumulated on MA liposomes when cholesterol liposomes 

containing concentrations of cholesterol resulting in a suspected liquid ordered phase, 

were used.  This is significant since it implies that cholesterol in membrane rafts of 

the host cell that exist in a liquid ordered phase would be able to interact with MAs 

under physiological conditions.  The theoretical part of this work represents the first 

molecular modeling study in which MAs are allowed to fold with no conformational 

restrictions.  It is proposed that MAs fold as a function of their functional groups, 

stereochemistry, and various chain lengths.  It was also investigated whether 

methylation of the acid group changes conformational preferences.  The effect of 

chain length on cyclopropane structure and the viability of systematic conformational 

searching in MAs were shown using quantum mechanics.  Replicate molecular 

dynamics simulations were done for 4 ns in vacuo on alpha-; methoxy-; methoxy 

methyl ester- and keto-MAs.  MAs had an open starting conformation without 

conformational restrictions.  Results were analysed using eight distances characteristic 

of the conformational fold.  Using these distances, W-, U- and Z-shaped folds were 

identified.  Principal component analysis (PCA) and self-organising maps (SOMs) 

were used to evaluate differences and trends in MA-conformations.  Quantum 

chemical results showed that chain length did not affect cyclopropane structure and 

that the systematic plotting of potential energy surfaces is an effective tool to analyse 

 
 
 



 xvi 

effects of changes in geometry on the energy of the molecule and to predict favoured 

conformations.  Remarkably, single MAs assumed W-, U- and Z-folds in vacuo 

during molecular dynamics simulations that have previously been observed in 

monolayers.  PCA and SOM plots showed that keto-MA folded faster than other 

MAs.  Alpha-MA showed the highest frequency of W-, U- and Z-folds.  Methoxy-

MA did not readily fold at its cis-cyclopropane group.  Methylation of the acid group 

of methoxy-MA did not show remarkable differences in the conformations assumed, 

but almost doubled the frequency of WUZ-structures obtained as compared to non-

esterified methoxy-MA.  The inherent structural differences between MA-subclasses 

clearly affect the trends in structural folds that they assume.  Molecular modeling of 

MAs proved to be a versatile tool for resolving structure-function relationships at the 

molecular level. 
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1 Chapter 1: General Introduction 

 

 

 

1.1 Introduction 

 

In Africa, tuberculosis (TB) has already caused higher mortality in 2002 than ever 

registered before for this disease.  This is largely due to the high occurrence of human 

immunodeficiency virus (HIV) [1], which increases both the incidence of TB 

infection, as well as the risk of dying from TB, because HIV weakens the immune 

system dramatically [2].  People without HIV will have a smaller chance of getting 

sick when infected with TB, because their immune system is strong enough [2].  If 

control over TB is not improved drastically, it is estimated that between the year 2000 

and 2020, 1 billion new infections will occur,  200 million people will develop 

tuberculosis and 35 million people will die from the disease [3].    

 

After infection, the TB bacilli normally go dormant in a person for months, that may 

extend into years, and reactivation to cause active tuberculosis is typically the result 

of an existing state of immunosuppression [3, 4].  A minimum of six months of 

antibiotic treatment is needed to clear the body of the dormant mycobacteria [3, 5].  

TB patients who do not comply to the treatment regime over this period, during which 

a combination of drugs have to be taken regularly, are a major cause of the 

mycobacteria becoming drug resistant [3].  A very dangerous form of drug-resistant 

TB is extremely-drug-resistant TB (XDR-TB) that has now become prevalent in 

South Africa [1].  This occurs when the mycobacteria are resistant to the two most 

important first-line drugs (isoniazid and rifampicin as in MDR-TB), and also to a 

fluoroquinolone and at least one second-line injectable agent [1].  XDR-TB therefore 

describes a  pattern of resistance in mycobacteria for which patients have a much 

smaller chance of being successfully treated with existing second-line drugs [1].  

Treatment results for the year 2004 reflected the effects of HIV and inadequate patient 

support in African countries, which spurred the World Health Organisation (WHO) to 
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emphasize the necessity of improving collaborative TB/HIV programs and the 

management of drug-resistance [1].  It is therefore evident that the management of TB 

is a multi-facetted challenge that needs the best of modern science to stem its tide. 

 

TB is the most frequent cause of rapid death in HIV-infected individuals, especially in 

sub-Saharan Africa where HIV infection abounds [6].  There is a very big risk for 

patients, co-infected with TB and HIV, to develop immune reconstitution disease 

(IRD) if they start antiretroviral treatment within two months of antituberculosis 

treatment [7].  IRD presents as worsening symptoms of TB or other opportunistic 

infections in HIV-infected patients and is directly attributable to their improved 

immune responses when they start antiretroviral therapy [7].  The rapidity with which 

antiretroviral treatment reverses the impact of HIV in the host response to TB, 

possibly combined with a lack of immunoregulatory mechanisms, may lead to the 

life-threatening, uncontrolled tissue-damaging responses that characterise IRD [7].  

Therefore it is imperative that HIV-positive patients co-infected with TB are 

diagnosed quickly and placed on an anti-TB treatment regime in order to bring the 

TB-infection under control before antiretroviral therapy is started.  Early TB-

diagnosis in such patients may make antiretroviral roll-out safer and curb mortality 

due to AIDS and TB dramatically. 

  

The classical methods for reliable diagnosis of TB since the 1890s, including the 

tuberculin skin test, smear positive microscopy, sputum culture and radiology are all 

less sensitive in HIV-co-infected individuals [8].  An ideal diagnostic for TB in HIV 

populations would not depend on immunological surrogate markers that were 

impaired by HIV infection.  It also needs to be fast, providing results within 24 hours 

after sampling, because it has been shown that 70% of HIV patients co-infected with 

XDR-TB died within 30 days after a sputum sample was collected from them [9].  

This demonstrates the need for a quick and accurate diagnosis in patients with the 

lethal combination of HIV and TB. 

 

Although not a single serodiagnostic assay for TB has been developed to live up to 

the required sensitivity and specificity in HIV burdened test populations to date, an 

opportunity did arise in our research group with a test to detect antibodies to mycolic 

acid (MA) antigens occurring in the cell wall of Mycobacterium tuberculosis [10]. 
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The antibody response to MAs appeared not to be affected by the severity of AIDS in 

the patient, but the test was still not adequate for reliable diagnosis.  Our group 

focussed on improving antibody detection technology as well as learning more about 

the immunobiology of MAs in order to implement the application of this discovery in 

diagnostic and other means to control the TB epidemic in Africa.  

 

This dissertation emanates from the vision of our research group to understand the 

role of MAs in tuberculosis that may lead to new scientific approaches to manage the 

epidemic. 

 

1.2 Mycolic acids in the mycobacterial cell wall 

 

The mycobacterial cell wall is exceptionally rich in lipids, which constitute about 

60% of its weight [11].  MAs are among these lipids, which are the major components 

of the mycobacterial cell envelope, and are exposed to the external environment.  The 

lipids in the envelope will most likely make first contact with the host cells, and 

therefore are of special interest in the molecular knowledge of TB. 

 

 
Figure 1.1 Schematic representation of the arrangement of components in the cell wall of 

mycobacteria.  CM, cytoplasmic membrane; PG, peptidoglycan; AG, arabinogalactan; MA, mycolic 

acid; FL  free lipids (various species indicated by different symbols).  The cell wall contains proteins 

indicated by shaded areas, and lipoarabinomannan, possibly linked to the membrane by a 

phosphatidylinositol lipid.  Modified from [12].  
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As shown in Figure 1.1 the inner leaflet of the mycobacterial cell wall consists of 

peptidoglycan linked to arabinogalactan, (both orientated perpendicularly to the cell 

membrane), and MAs covalently linked to arabinogalactan.  This allows MAs to 

arrange into an ordered monolayer, contributing to the impermeability of the cell wall.  

The outer leaflet composed of complex free lipids interacts hydrophobically with the 

MAs, to produce a lipid bilayer [13]. 

 

MAs are high-molecular-weight 2-alkyl, 3-hydroxy fatty acids occurring mostly 

covalently bound to arabinogalactan. Some can also be found as trehalose 

monomycolates (TMM) and trehalose dimycolates (TDM, also known as cord factor, 

CF) [14].   

MAs consist of two characteristic parts: 

1. a saturated carboxylic acid part containing the mycolic motif, and 

2. a long fatty alcohol part, the meromycolate chain (Figure 1.2) 

 

 
 

Figure 1.2 Mycolic acid structure (1), trehalose monomycolate (2) (R = MA, R’ = H) and trehalose 

dimycolate (2) (R, R’ = MA). 

 

On the basis of the nature of the functional groups present in the meromycolate chain, 

MAs from M. tb are organized into three subclasses: 

• �-MA with no oxygen-containing group, 

• methoxy-MA (MeO-MA) with a methoxy group in the distal position and 

• keto-MA, characterized by a carbonyl group in the distal position. 

Mycolic motifMeromycolate moiety

1

OH
HO

R'O
O O

OH
OH

OH

OR

O
OH

where R, R' = Mycolic Acids

2
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Mycobacteria and related genera possess many unique characteristics which are 

directly attributed to the presence of MAs in their cell wall, including resistance to 

chemical injury, low permeability to hydrophobic antibiotic substances, resistance to 

dehydration and the ability to persist within the environment of the host macrophage 

[15].  MA-containing bacteria occur in the genera Mycobacterium, Nocardia, 

Rhodococcus and Corynebacterium [16].  The distribution of MA-types varies within 

species.  For example in the genus Mycobacterium, M. tb and M. bovis contain �-, 

MeO- and keto-MA subclasses while in M. avium, M. intracellulare and M. phlei 

MeO-MA is replaced by wax ester mycolates [16].  MAs also show variation in size.  

Mycobacteria have very long MAs with 60-90 carbon atoms, Nocardia have 46-60, 

Rhodococcus have 34-64 and Corynebacterium have short MAs ranging from 22-38 

carbon atoms [16].  While the alpha-chain of MAs from M. tb is 24-carbons in length, 

other species such as M. avium, M. leprae and M. phlei have a 22-carbon alpha-chain 

[16]. 

 

The chain lengths and stereochemistry of MAs determine their preferred 

conformations and will therefore affect the way they fold and pack in the cell wall.  

From Langmuir monolayer studies, it was suggested that keto-MA facilitates a W-

conformation in which all four alkyl chains are parallel to each other when it bends 

back onto itself at each functional group [17, 18].  Less compactly folded structures, 

such as those which only fold at one or none of its functional groups in the mero-

chain, can then be described as Z-, or U-folds, respectively (personal communication 

with Prof. D.E. Minnikin, University of Birmingham, UK, June 2006). 

 

 

1.3 Mycobacterium tuberculosis in the host 

 

1.3.1 Entry into host cell: phagocytosis 

 

Cells take up particles and solutes by pinocytosis, receptor-mediated endocytosis and 

phagocytosis.  Pinocytosis is usually the uptake of fluids and solutes while receptor-
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mediated endocytosis is the specific process through which macromolecules, viruses 

and small particles enter cells.  Both pinocytosis and receptor-mediated endocytosis 

use a clathrin-based mechanism that is usually independent of actin polymerisation.  

In contrast, phagocytosis is the uptake of large particles into cells and its mechanism 

is usually independent of clathrin, but actin-dependent.  Monocytes, macrophages and 

neutrophils are referred to as professional phagocytes because they are very effective 

at engulfing particles.  Phagocytosis by macrophages is critical for the uptake of 

infectious agents and it participates in the immune response and inflammation [19].  

Due to the main route of entry of mycobacteria being through the respiratory track, 

the macrophages in the lung are primarily involved in the initial uptake of 

mycobacteria. 

 

Phagocytosis of M. tb makes use of different receptors on the phagocytic cell [20].  

Complement receptors (CR) and complement opsonisation of mycobacteria play the 

most important roles in mediating phagocytosis [21].  Schlesinger et al. have shown 

that CR1, CR3 and complement component C3 account for the majority of adherence 

and uptake of M. tb to monocytes [22].  Blocking of CR1 and/or CR3 by monoclonal 

antibodies inhibits adherence of M. tb to monocytes by up to 81% and blocking of 

complement component C3 by 71%.  Another way that mycobacteria enter 

macrophages was shown to occur by a mycobacteria-associated C2a cleavage of C3, 

resulting in C3b opsonisation of the mycobacteria and recognition by macrophages 

[23].  CR3 has also been shown to bind to M. tb that is not opsonised [24].  This 

nonopsonic binding was shown to be mediated by outer capsular polysaccharides of 

the mycobacteria and that it is likely to occur at the �-glucan site of CR3 [25]. 

 

Although CR3 can bind to nonopsonised mycobacteria, the mannose receptor (MR) is 

the major contributer to nonopsonic phagocytosis of M. tb [21].  MRs recognise and 

bind to the terminal mannosyl units of lipoarabinomannan (LAM) [26].  It has been 

shown that unlike CRs, MRs are only utilised by virulent strains of M. tb in 

macrophage phagocytosis [21] and it was suggested that there may be other subtle 

structural differences in LAM among strains because they all had terminal 

dimannosyl units [27].  Other receptors that are involved in phagocytosis of M. tb to 

lesser degrees are scavenger receptors, Fc-receptors and pattern recognition molecules 

such as CD14 and toll-like receptors [20, 28, 29]. 
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Cholesterol also plays an important role in the entry of mycobacteria into host cells.  

Gatfield and Pieters [30] showed that a decrease in cholesterol levels of 60-70% in 

macrophages caused a reduction of M. tb uptake of ~85% and the percentage of 

phagocytosing cells was reduced to ~15%.  Macrophages depleted of cholesterol were 

still able to internalise various other microorganisms, indicating that the reduction in 

uptake by cholesterol depletion was specific for mycobacteria.  Cholesterol is 

involved in the regulation of membrane fluidity, and therefore it is possible that its 

depletion may affect other cellular functions.  However, the cholesterol depleted cells 

only showed a slight increase in motility (consistent with cholesterol’s role of 

providing rigidity to the cell membrane) and no other abnormalities.  The state of 

receptors located in cholesterol rafts in the cell membrane may also affect uptake of 

mycobacteria, but it was shown that CR3-mediated uptake of Lactobacillus casei was 

not affected in cholesterol-depleted cells.  The authors suggested that the apparent 

cholesterol-dependence of M. tb may be explained by the requirement of cholesterol 

to produce a stable physical interaction of the mycobacteria with the membrane, 

because mycobacteria showed a higher cholesterol binding capacity than other 

microorganisms.   

 

In contrast to Gatfield and Pieters [30], another group [31] demonstrated that the 

resistance of cholesterol-depleted cells to phagocytose mycobacteria was due to an 

effect on receptor signalling, rather than direct binding to cholesterol.  They showed 

that for the internalisation of M. kansasii by neutrophils to occur, CR3 needs to 

associate with proteins that are anchored in the membrane by 

glycosylphosphatidylinositol (GPI) in cholesterol-rich domains.  In contrast, zymogen 

(glucan and mannan particles from the wall of Saccharomyces cerevisiae), opsonised 

or nonopsonised, could be phagocytosed by CR3 that is not associated with GPI-

linked protein when it is outside of cholesterol-rich domains. 

 

1.3.2 Prevention of endosomal fusion 

 

It is characteristic of all pathogenic Mycobacterium species to survive in their host 

phagocytes [32].  The inhibition of phagosome maturation may secure the survival of 
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mycobacteria by limiting the hydrolytic capacity of the phagosome [33, 34], ensuring 

access to nutrients [35] and preventing contact with the antigen-presenting machinery 

of the host cell [36].  As shown in Figure 1.3, Ferrari et al. have postulated that live 

mycobacteria prevent phagosome-lysosome fusion by retaining TACO (for 

tryptophan aspartate-containing coat protein), preventing their degradation, whereas 

dead bacteria released TACO and were degraded [37]. 

 

 
Figure 1.3 Model of the role of TACO in the survival of intracellular mycobacteria.  TACO (yellow) is 

recruited to the phagosome by phagocytosis of mycobacteria.  TACO is actively retained at the 

phagosome with live (violet) mycobacteria but is rapidly released from phagosomes containing dead 

(black) mycobacteria, followed by lysosomal delivery of the bacilli [37]. 

 

Recent studies have also examined the proposed role of TACO, and a number of 

findings oppose the role of TACO to stay associated to phagosomes in order to inhibit 

phagosome-lysosome fusion and to ensure the survival of mycobacteria in the host 

cell: 

 

• Schüller et al. [36] found that TACO (also called coronin) was gathered at the  site 

of entry of mycobacteria but was released from the phagosomal membrane shortly 

after internalisation of the mycobacteria.  Therefore, it was shown that coronin is 

not responsible for the inhibition of phagosome maturation.  This was consistent 

in both human and mouse macrophages where mycobacteria were taken up as 

isolated bacilli.  Interestingly, coronin was retained only when phagosomes 

contained clumps of mycobacteria.  It is possible that the theory of Ferrari et al. 

[37] was based on a similar observation in mouse macrophages (Figure 1.3). 
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• While mycobacteria in the phagosome of macrophage cells are able to grow and 

access recycling endosomes that may contain nutrients, mycobacteria in 

phagosomes of dendritic cells (DC) had reduced communication with the host cell 

recycling pathways and did not grow - even though they were not killed.  Coronin 

was also present in DC phagosomes, and therefore coronin cannot be the molecule 

that ensures intracellular survival of mycobacteria as it did not protect it from 

bacteriostatic action in the DC [38]. 

• As a model for mycobacterial diseases, Solomon et al. [39] used Mycobacterium 

marinum (causing tuberculosis-like infections in fish and amphibians) to infect 

Dictyostelium discoideum amoeba cells which are highly phagocytic and that 

showed growth that resembled the growth of M. marinum in macrophages.  They 

concluded that the coronin isoform of D. discoideum cannot mediate the 

establishment or maintenance of a replication vacuole for M. marinum because on 

the contrary, coronin mutants showed enhanced intracellular growth of 

mycobaceria.  This could be a result of increased uptake of the bacteria or 

enhanced survival after phagocytosis by coronin mutant cells. 

• Virulent mycobacteria were shown to disrupt the actin filament network in 

macrophages one day after infection by forming large patches instead of the small 

filaments that are normally found [40].  Since coronin is known to be an actin 

binding protein, the ability of virulent mycobacteria to disrupt the actin network 

does not support the continued association of coronin at the phagosome.  The 

disruption of actin is also not involved in inhibiting maturation of phagosomes, 

since the authors showed that latex beads that did not disrupt actin also inhibited 

phagosome maturation. 

 

Current knowledge points to the important role that Ca2+ plays in phagosome-

lysosome fusion [33, 34].  Malik et al. have shown that infection of human 

macrophages with M. tb inhibits Ca2+-mediated signal transduction [33].  They also 

determined that the inhibition of a cytosolic increase in Ca2+ depended on the viability 

of mycobacteria and on CR-mediated phagocytosis.  Dead mycobacteria and the 

redirection of phagocytosis by opsonisation with antibodies resulted in increased 

cytosolic Ca2+ levels and increased phagosome-lysosome fusion.  Later, they also 
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demonstrated the mechanism for the inhibition in Ca2+-signaling [41] and determined 

the role of down-stream Ca2+-dependent effector molecules [34]. 

 

Several studies show that mycobacterial components such as CF and LAM play a role 

in mediating phagosomal maturation arrest, but the increased phagosomal maturation 

seen with dead mycobacteria suggests that other factors are also involved [33].  CF 

has been shown to be very effective at inhibiting Ca2+-induced fusion between 

phospholipid vesicles in vitro [42] although its molecular components, trehalose and 

MAs showed no effect.  There was also no synergism between the separate MA and 

trehalose components, but only the covalently bound MA and trehalose, CF, showed 

inhibition.  A more recent study [43] also proposed that CF plays an important role in 

intracellular trafficking and survival of mycobacteria.  It was shown that the removal 

of surface lipids (including CF) led to enhanced trafficking of organisms to acidic 

compartments and decreased bacterial survival.  Reconstitution with the crude extract 

of lipids or pure CF reversed these responses.  Polystyrene beads coated with CF 

showed similar intracellular trafficking to normal mycobacteria and decreased fusion 

of phagosomes with lysosomes.  Mannose-capped LAM (ManLAM, found in cell 

walls of virulent mycobacteria) also decreased maturation of phagosomes when 

coated onto latex beads and did not recruit EEA1 (early endosomal autoantigen 1) that 

bridges membranes for fusion [44, 45]. 

 

1.3.3 Mycolic acids: lipid antigens 

 

1.3.3.1 Lipid antigen presentation 

 

Here, a brief discussion on how protein antigens are produced, presented and 

recognized by antibodies is done in order to clarify the aspects that will be discussed 

next, regarding the presentation of MAs as lipid antigens and their recognition by 

antibodies. 

 

The immune system makes use of MHC (major histocompatibility complex) class I 

and class II molecules to present antigens on the surface of APCs to T-cells [46].  
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MHC class I molecules bind to and display endogenous antigens that were 

synthesized inside the cell.  MHC class II molecules recognize and display antigens 

that are foreign to the body, from an exogenous source.  The MHC-antigen complex is 

recognized by a T-cell receptor (TCR).  T-cells that recognize antigen displayed on 

MHC class I molecules display a CD8 surface marker and are cytotoxic T-cells.  The 

T-cells that recognize antigen on MHC class II molecules normally help or induce 

immune responses and are called T-helper cells.  They have a CD4 surface marker.  

MAs are lipid antigens and unlike protein antigens they are displayed by CD1 

molecules and not on MHC molecules.  The CD1-antigen complex is in turn 

recognised by T-cells without CD4 and CD8 surface markers. 

 

When an exogenous source of antigen, for example a microorganism is phagocytosed, 

the phagosome fuses with the lysosome where the proteins are partially digested by 

enzymes [46].  MHC class II molecules are also localized to these compartments 

where they are loaded with a peptide from the microorganism into their antigen-

presenting groove.  The MHC-antigen complex is transported to the cell’s surface 

where it is recognized by CD4+-restricted T-cells.  The clustering of TCRs during this 

interaction causes activation of intracellular cascades resulting in an activated T-cell. 

 

B-cells are activated to produce antibodies by two main interactions [46].  The first is 

similar to T-cells and occurs by the recognition of soluble antigen by immunoglobulin 

on the B-cell’s surface that leads to clustering of the receptors and activation of 

downstream intracellular cascades.  The B-cell, being an APC, internalizes and 

degrades the microorganism to produce antigens that are in turn displayed on MHC 

class II on the B-cell’s surface.  The second interaction that activates B-cells involves 

binding of the activated T-cells to their respective antigen-MHC-II complex that is 

displayed on the B-cell’s surface.  Other cell-surface molecules and cytokines 

secreted by the CD4+ T-cells further stimulate the B-cells to produce antibodies. 

 

1.3.3.2 Extraction of mycolic acids 

 

It is known that mycobacterial lipids are presented to T-cells on CD1 molecules [47].  

However, it was unknown how these large hydrophobic lipids such as MAs were 
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loaded onto CD1 molecules that are exposed to a hydrophilic environment until 2004 

when the mediator at this interface, Saposin C, was discovered [48].  

 

Saposins A-D are derived from proteolytic cleavage of their common precursor, 

prosaposin, and are found mainly in lysosomes where they assist in the catabolism of 

glycosphingolipids by binding directly to the enzymes or the lipid substrates [49].  

Saposin C was known to act as cofactor of the enzyme �-glucosidase which degrades 

glucosylceramide, by binding directly to the enzyme [50]. 

 

 

 
Figure 1.4 Model of the action of Saposins in loading glycolipids onto CD1 molecules.  The Saposins 

extract lipids or glycolipids from inner lysosomal membranes and transfer them to immunoreceptors of 

the CD1 family on the perimeter of the membrane.  The loaded CD1 molecules then travel to the 

plasma membrane where they activate lipid-antigen specific T-cells.  Modified from reference [51]. 

 

Winau and co-workers used Saposin-deficient and normal fibroblasts both transfected 

with the human gene encoding CD1b to show the involvement of Saposins in antigen 

presentation [48].  It was shown that Saposin-deficient fibroblasts could not stimulate 

CD1b-restricted T-cells with LAM, GMM or MA.  When the Saposin-deficient 

fibroblasts were reconstituted with soluble Saposins, it was found that only Saposin C 

restored T-cell activation to the M. tb-derived antigens.  They also showed that 

mycobacterial lipids, CD1 molecules and Saposin C co-localised in lysosomes, and 

therefore it is likely that the antigens are loaded onto CD1b molecules in these acidic 

compartments [52].  Further they showed that Saposin C made lipid antigens 

accessible for loading onto CD1 molecules when it extracted LAM form liposomes 

and also that Saposin C specifically bound to CD1b.  A model for the proposed action 

of Saposin in loading molecules onto CD1 is shown in Figure 1.4. 
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1.3.3.3 Presentation of mycolic acid antigens on CD1b 

 

CD1 molecules are structurally related to MHC class I molecules, but differ from 

MHC in that they do not have structural variability.  They occur on APCs, including 

B-cells.  The CD1 genes consist of five closely linked genes of which four are 

expressed, encoding group 1 (CD1a, CD1b, CD1c) and group 2 molecules (CD1d).  

Group 1 molecules have a function similar to MHC class II molecules because they 

present lipid and glycoplipid antigens that are foreign to the host, while most CD1d 

molecules present self antigens, although they also present lipids from parasites [46].  

Cd1b ligands include the mycobacterial lipids; MAs, GMM, LAM, PIM 

(phosphatidyl-inositol mannosides) and sulfoglycolipids [47]. 

 

Porcelli’s research group has done numerous studies on the structural requirements of 

GMM (Figure 1.5) as lipid antigen for recognition by CD1b-restricted T-cells [52-54].  

These studies assist in plotting the way in which antigens are presented on CD1b by 

determining which parts of the antigens are recognised by the T-cell receptor (TCR).  

This group have determined numerous structural requirements for the recognition of 

GMM by CD1b-restricted T-cells, as summarised in Figure 1.5.  They hypothesised 

that this antigen may be restricted to mycobacteria that have parasitized host cells 

efficiently, since the GMM molecule is comprised of host glucose and mycobacterial 

MA [54].   

 

The recognition of GMM by T-cells was not specific to the hydrophobic part of MAs.  

GMM isolated from different species (differing in acyl chain length, meromycolate 

functional groups, double bonds and cyclopropane rings) as well as a synthetic GMM 

with a short 32-carbon MA all produced good T-cell responses [53].  T-cell responses 

were, however, sensitive to the MA structure adjacent to glucose.  T-cells did not 

respond to non-mycolyl glycolipids and neither to a GMM analog that lacked an 

alpha-chain, nor to GMM with removed or derivatised �-hydroxyl group [53].  The 

linkage of MA at carbon-6 of glucose and the R,R-stereochemistry at carbon 2 and 3 

in the MA was also crucial for a T-cell response [54].   
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The carbohydrate moiety showed very specific recognition; neither free MA nor MA 

glycosylated with glycerol, trehalose, arabinose, or phospholipids elicited a T-cell 

response [53, 54].  Sensitivity for the carbohydrate group was so high, that T-cells 

were able to discriminate between stereoisomers of glucose (mannose and galactose) 

varying only in the orientation of a hydroxyl group on the pyranose ring [53].  It is 

suggested that the lipid antigens are not chemically or enzymatically cleaved in APCs, 

since APCs were not able to cleave TDM (CF) into GMM and it did not elicit a T-cell 

response [52]. 

 

 
Figure 1.5 A summary of the antigenic determinants of the TCR-response to natural GMM [54].  

Analogs lacking the specific chemical element (red) and stereochemistry (green) were not recognised 

by the specific TCR but analogs lacking the distal elements of the mycolate alkyl chains (grey) were 

recognised.  Substituting the anomeric carbon (blue) with glucose (to form TMM) or GMM (to form 

TDM) abolished recognition. 

 

The converse was also shown when a T-cell line that specifically recognised free 

MAs did not recognise GMM or TDM [55].  The recognition of free MAs indicated 

that an oxygenated function in the mero-chain is necessary for recognition of the 

CD1b-MA complex by the specific T-cell line.  The free carboxyl group was also 

important in T-cell stimulation and the MA-methyl esters did not stimulate T-cells.  

From these findings the authors proposed that in oxygenated MAs, the two 
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hydrophilic groups form a combinatorial epitope by folding of the alkyl chain when 

bound to CD1b, as demonstrated schematically in Figure 1.6.  This hydrophilic 

combinatorial epitope is exposed for recognition by the TCR while the long alkyl 

chains are hidden inside the CD1b molecule [55]. 

 

 
Figure 1.6 A hypothetical model for the formation of a combinatorial epitope in keto-MA.  The polar 

functional groups are brought together when the alkyl chains are bound by CD1b [54]. 

 

The crystal structure of CD1b complexed with GMM showed that the binding groove 

is partitioned into deep hydrophobic channels where the long alkyl chains fit, leaving 

the polar moieties accessible at the surface for recognition by T-cell receptors (Figure 

1.7) [56].  The GMM used for the determination of this crystal structure, isolated from 

Nocardia farcinica, had an 8-carbon alpha chain and a 58-carbon mero-chain, 

containing two cis-double bonds.  Once the model had been obtained, the authors 

wanted to examine how CD1b was able to accommodate lipids containing many 

different functional groups at variable positions in the mero-chain.  Using computer 

models the lipids were inserted into the binding groove and their functional groups 

were at various points in the channels, but there were no stereochemical clashes.  This 

model is in agreement with the experimental data discussed previously, except that it 

could not provide any mechanism by which different functional groups in the mero-

chain would influence TCR recognition as reported by Grant et al. [55]. 
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Figure 1.7 The top and side views of the crystal structure of human CD1b loaded with the 

mycobacterial lipid antigen glucose monomycolate. The CD1 and �2m polypeptide chains are shown in 

green and blue, respectively. The lipid is shown with carbons drawn in white, oxygens in red and 

nitrogens in blue. A) Side view. CD1 and �2m chains are shown as ribbons. The lipid antigen is shown 

as a ball and stick model. B) Side view, shown as a space-filling model of the van der Waals surfaces. 

C) Top view of the ribbon model (i.e. looking down onto the �-helices from the presumed perspective of 

the T-cell receptor). D) Top view, shown as a space-filling model [56, 57]. 

 

1.3.3.4 Recognition of mycolic acids by antibodies 

 

For a long time it was believed that the immune response against M. tb was only a cell 

mediated response, since it was thought that intracellular pathogens mainly elicited 

cell-mediated immunity and they were not accessible to antibodies.  Even more 

unexpected than finding that antibodies against M. tb protein antigens existed, was 

finding antibodies to glycolipids and lypoglycans [58].  It is likely that the 

presentation of lipid-antigens on CD1-molecules aid in the formation of antibodies 

against such antigens, but the mechanism is still unknown. 
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MAs are extremely hydrophobic molecules in comparison to hydrophilic antigens 

such as proteins or carbohydrates.  Yet, it has been shown that anti-MA- and anti-cord 

factor antibodies come about in TB-positive (TBpos) patients  [10, 59].  The epitopes 

of these antigens that are recognised by antibodies present useful hints in unravelling 

structural folds of the antigens.   

 

Pan et al. [59] have shown that the antibodies produced in TB-infected patients not 

only recognised CF exceptionally well, but that they alsorecognised MA-subclasses.  

This was demonstrated by the higher reactivity of TBpos patient serum to M. tb CF 

and its lower reactivity to M. avium CF.  The only difference between CF from these 

two species is in the fine structure of their MAs.  M. tb possesses �-, MeO- and keto--

MAs whereas M. avium possesses �-, keto- and diester-MA subclasses.  The free MA 

methyl esters (ME) isolated from M. tb were also recognised by TBpos patient sera, 

and here it was seen that MeO-ME reacted most prominently out of the three sub-

types.  From the species-specific recognition of CF and the difference seen between 

subclasses of methyl esters, it seems likely that the distal functional group in the 

mero-chain of MA at least forms part of the epitope that was recognised by 

antibodies. 

 

From our research group, Deysel [60] confirmed the recognition of CF, the natural 

heterogeneous pool of MAs and the separated �- and MeO-MAs by TBpos patient 

sera.  However, no binding to MA-MEs occurred.  Her work also showed for the first 

time which synthetic MAs are antigenic.  This is significant because these compounds 

are chemically pure, which cannot be obtained from natural MAs in terms of their 

alkyl chain lengths and stereochemistries.  Antibody recognition of the synthetic MAs 

showed that the mycolic motif as well as the mero-chain plays a role in the 

antigenicity of MAs.  With regards to the mycolic motif, a protected �-MA 

methylated at its acid hydroxyl group and acetylated at its �-hydroxyl group was not 

antigenic.  From the oxygenated MAs tested, namely keto-, MeO-, and hydroxy-MAs, 

MeO-MA was the most active.  The diastereomer with an S,S stereochemistry at the 

distal methoxy-methyl group and an S,R stereochemistry at the proximal cis-

cyclopropane, showed the highest activity and was proposed to be one of the antigenic 
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components of natural MAs.  It will also serve as an excellent antigen in the 

serodiagnosis of TB.  

 

Deysel [60] made another discovery regarding the antibody responses of TBpos and 

TB-negative (TBneg) patient sera to M. tb lipids.  TBpos patient serum reacts with 

both MA and CF in ELISA, while TBneg patient serum also reacts with MA, but 

shows no reactivity with CF.  The reactivity seen against MA in TBneg patients was 

explained by a cross-reactivity of antibody binding between MA and cholesterol.  All 

humans have antibodies against cholesterol [61], and HIV patients have elevated anti-

cholesterol antibody levels [62].  Therefore, if MA folded in such a way as to become 

recognised by anti-cholesterol antibodies in TBneg patients, then the cross-reactivity 

is explained and the knowledge is gained that MAs in CF fold differently to free MAs.  

MAs in CF have lost their sterol-fold, since there is no recognition of CF by TBneg 

patient serum.  Therefore, the antibodies which bind to CF are different, and have a 

different epitope (probably containing trehalose) than those which bind to MA. 

 

Other observations made in earlier experimental work by our research group have also 

lead to a structural or functional relationship between cholesterol and MAs.  In 

summary, biosensor experiments showed that MA attracted cholesterol, but this 

attraction was abrogated when MA-MEs were used.  Furthermore, Amphotericin B 

(AmB) which binds to sterols such as cholesterol also bound to MAs [63]. 

 

If we apply the knowledge from viral protein antigens [64] to MAs, we can state that 

the epitope that anti-MA antibodies bind to disappears, or is hidden when MA is 

bound to trehalose in CF.  It is therefore a cryptotope of MA that is recognized by 

anti-MA antibodies and anti-cholesterol antibodies.  In CF, a new epitope, or neotope 

forms which is only recognized by anti-CF antibodies and not by anti-MA- or anti-

cholesterol antibodies anymore (as was shown by the lack of reactivity against CF by 

TBneg patient serum). 

 

The sizes of epitopes on protein antigens that are recognised by antibodies vary 

greatly.  They have been shown to have an approximate surface area ranging from 70-

200 nm2 [65-67].  In Langmuir-Blodgett studies the surface area of a MA is between 

0.48-0.8 nm2 in the upright position assumed on a hydrophilic surface, with variations 
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in the MA-type and surface pressure of the experiment [17, 68, 69].  Therefore, a MA 

is much smaller than a single protein epitope.  Even with a trehalose added and the 

molecule’s carbon chains maximally extended, it seems unlikely that an antibody will 

bind to one MA alone, regardless of which face of the molecule served as epitope.  

Most likely, a cluster of MA molecules are recognized by a single anti-MA antibody, 

such that the packing of MAs together will influence the antibody binding. It is 

reasonable to assume that the fine structure of the MA will determine how the MAs 

pack to constitute an antigenic determinant and that a combination of different MAs 

will make up a different epitope to that which can be composed from a homogeneous 

MA population. 

 

The size difference between proteins and MAs poses the question of how appropriate 

the terms used for protein epitopes are for lipid epitopes, since several lipid molecules 

will be necessary to compare to the size of a single protein epitope.  It may therefore 

be more correct to refer to the different forms, or shapes of the total structure of lipid 

antigens, rather than trying to single out epitopes.  Perhaps the structure of MA 

recognized by anti-MA and anti-cholesterol antibodies could better be referred to as 

the steroid, or more specifically cholesteroid morphology (with –oid indicating a 

particular shape, form or resemblance) of a cluster of MAs constituting an antigenic 

determinant.  In the body, MAs can certainly be expected to be presented in context of 

a phospholipid complex, such as in a membrane or in a lipoprotein, which further 

complicates the interpretation of ELISA results where MAs are recognised as 

precipitates on polystyrene. 

 

1.4 Responses to free mycolic acids 

 

The mycobacterial lipids GMM and free MA presented on CD1b stimulated Cd1b-

restricted T-cells to secrete perforin (which lyse the APC) and granulysin (which has 

direct antimicrobial activity).  It also stimulates them to secrete IFN-� and TNF-� 

which activate the anti-microbial functions of macrophages (Figure 1.8) [70]. 
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Figure 1.8 CD1a-, CD1b-, and CD1c-restricted T cells in antimicrobial immunity. Dendritic cells that 

are infected with intracellular bacteria present foreign bacterial lipid antigens on the cell surface 

bound to CD1 molecules. CD1-restricted T cells that are specific for the foreign microbial lipids are 

stimulated to carry out effector functions, including the secretion of cytolytic granules containing 

perforin and granulysin, and the production of IFN-� and TNF-� [70]. 

 

Korf et al. [71] showed that MAs are able to express certain features of an M. tb 

infection.  Administration of MAs in liposome carriers into the mouse lung or 

peritoneum induced a macrophage morphotype similar to the foamy macrophage 

derivatives observed in tuberculous granulomas. This induced foam cell morphotype 

showed an increased cell size accompanied by multiple vacuoles, intracellular 

accumulation of lipids (including cholesterol), and entry into mitosis.  Unlike an M. tb 

infection, the MA liposomes did not interfere with phagosome maturation and 

acidification.  These observations were seen in both peritoneal macrophages and 

alveolar macrophages – the natural targets of the mycobacteria in the host.  

Liposomes containing CF and whole heat-killed M. tb bacilli also induced the 

formation of foam cells, indicating that the MAs, which are common to all these 

systems, are the most likely candidates that contribute to this characteristic cellular 

response. 

 

M. tb infection also recruits inflammatory cells, neutrophils, monocytes and 

lymphocytes, which accumulate around the site of infection in the lungs due to the 

production of inflammatory cytokines TNF-�, IL-12 and IFN-�.  MAs were able to 

induce a similar neutrophilic airway inflammation, with IL-12 production.  MA also 

conditioned macrophages to produce IFN-� on exposure to a secondary innate 

stimulus, such as LPS.  The MA-induced IL-12 production and macrophage-derived 

IFN-� promote the cellular and innate defenses.  Even at high concentrations, MA was 
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unable to induce TNF-� production, whereas CF (which was less effective in inducing 

airway inflammation with neutrophillic inflammation and IL-6 and IL-12 production) 

was very effective in this unique property.  MA-induced foamy macrophages were 

also able to produce MPO, an abundant heme enzyme that generates reactive 

oxidants, implicated in mycobacterial killing, when they were exposed to heat-killed 

M. tb.  This confirms that MAs condition macrophages for enhanced cellular defenses 

[71]. 

 

Immune inflammatory disorders, such as allergic disorders, are driven by IL-4 and 

IL-13 cytokines, which have the opposite regulatory activities of IL-12 and IFN-� 

cytokines which are induced by MAs.  Realising the relevance of MAs to such 

disorders led to the testing of MA stimulatory functions in an experimental model of 

asthma in mice [72].  The initial response of MA inserted into the lungs of mice was 

to produce an influx of neutrophills.  Only later, after the neutrophillic inflammatory 

response was cleared, did the MA tolerogenic function become apparent.  It was 

shown that a single intratracheal insertion of MA in mice that were sensitized to the 

model allergen OVA, prevented an allergic airway inflammation from developing 

when the mice were exposed to both a primary and secondary set of nebulized OVA 

airway exposures.  When MA-conditioned peritoneal macrophages were 

intratracheally instilled into allergen-sensitized mice and the protective activity was 

once again seen, it became clear that the protection against allergen-induced 

eosinophilia was not coupled to neutrophillic inflammation, and is a direct result of 

the MA-conditioned macrophages.  The delayed appearance of the tolerogenic 

function, which coincides with the formation of foamy macrophages, also suggests 

that these cells are involved in generating the tolerant condition in airways.  It was, 

however, shown that it is not the mere formation of foamy macrophages that promote 

the differentiation of dendritic cells into tolerogenic cells, since the MHC haplotypes 

of transferred macrophages had to match for the tolerogenic function to manifest.  

This indicates that it is the presentation of antigen by the macrophages that is directly 

responsible for the tolerogenic effect. 
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1.5 Folding of mycolic acids 

 

In order to understand the role of MAs in the outer cell wall, their interaction with one 

another was explored by means of monolayer films.  Hasegawa and co-workers have 

done successive studies on the monolayer properties of MAs in a Langmuir-Blodgett 

chamber.  In these experiments an insoluble, single layer of MAs are formed on an 

aqueous surface, which can be compressed by applying lateral pressure to examine 

how the ordering and packing of the molecules change.  They started by looking at 

monolayers of only �-MA (from M. avium-M. intracellulare complex) in 2000 [68], 

and they showed that the conformation of the �-MA molecule in its monolayer 

changed greatly when the surface pressure changed.  The thickness changes of the 

monolayer were directly detected by atomic force microscopy (AFM), which verified 

the changes of the molecular cross-section measurements by the surface pressure-area 

isotherm.  AFM measurements were done on Langmuir-Blodgett films, in which the 

monolayer is transferred onto a solid film. 

 

A proposed schematic representation of �-MA conformations based on monolayer 

thickness profiles by AFM at different surface pressures is shown in Figure 1.9.  In 

Figure 1.9a an image of the molecule with alkyl chains lying flat on the mica surface 

at low surface pressures is shown.  Figure 1.9b shows a partly upright conformation in 

which the longer alkyl chain is folded at least once.  Its larger portion is mostly in a 

disordered state where the carbons in the acyl chain cannot be in the lowest energy 

trans-conformation but instead the chains will have more gauche conformations with 

additional conformational stress in the molecule (see Appendix A on alkyl chain 

conformations).  Nonetheless, the lower part of the longer chain is ordered and 

parallel to the shorter alkyl chain, since this arrangement provides a more stable form 

that owes to the hydrophobic interaction with the shorter alkyl chain.   

 

The schematic pictures illustrated in Figure 1.9c and d are the possible molecular 

models in the liquid-expanded state monolayer. In these models, the second 

cyclopropyl group situated further away from the carboxyl group forms a turning 

point to make the longer alkyl chain folded.  They differ slightly: in Figure 1.9c, the 

cyclopropyl group is located at the turning point, while the second carbon in the 
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cyclopropyl group is the folding point in Figure 1.9d.  In both cases, the terminal end 

of the folded longer chain is in the vicinity of the terminal end of the shorter chain, so 

that most parts of the chains take a parallel arrangement with the aid of hydrophobic 

interactions. 

 

 
Figure 1.9 Schematic drawings of the �-MA molecule in its monolayer at different surface pressures.  

(a) 0.5, (b) 5.0, and (c) 18.0  mNm-1 [68]. 

 

 Upon further compression of the monolayer, the turning point (kink) of the longer 

alkyl chain where the chain folding takes place moves further away toward the tail 

and then a new stable conformation is formed (Figure 1.9e).  In the new 

conformation, the longer chain has no folding.  Of particular note is that a half or a 

larger part of the extended longer chain is not supported by the parallel-juxtaposed 

shorter alkyl chain.  Therefore, the portion of the longer alkyl chain above the top end 

of the shorter alkyl chain may be loosely packed in the double chain space.  

Consequently, the longer chain is likely to be rich in gauche conformations above the 

first cyclopropyl group.  Figure 1.9e follows in which the total chain length of the 

molecule is longer than that in Figure 1.9d by 1.1-1.2 nm.  

 

These suggested structures are supported by the surface area per molecule found at 

the different surface pressures.  At low surface pressures, the molecular area was 

approximately 1.0 nm2.molecule-1, representing the unfolded state of the gas-phase.  

Upon compression, the surface area is reduced to 0.7 nm2.molecule-1 and at the 

highest pressure where the solid phase was formed, the surface area was 
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0.48 nm2molecule-1.  This is between the area which is expected for a double and 

triple chain (0.4 and 0.6 nm2.molecule-1, respectively), suggesting a transition 

between the triple and double-chain folds at this pressure.  Therefore, the fully 

extended �-MA molecule is possible only when the molecule is laterally compressed 

by high pressure, which makes the monolayer take a solid state.  The authors suggest 

that the position and stereochemistry of the cyclopropyl groups in the longer chain 

and also the hydrophobic interaction between the parallel sections of short and long 

chains are the crucial factors that determine the various possible conformations [68]. 

 

In a follow-up study, Hasegawa and colleagues revealed the difference in 

conformational states between �-MA and keto-MA from M. tb in their model [69].  

The keto-MA molecule differs from �-MA structure only at the distal functional 

group in the meromycolate chain.  With this group being a carbonyl group, it is 

expected that the keto group has a large dipole moment, and is definitely more 

hydrophilic than �-MA.  Combined with infrared reflection-absorption (RA) 

spectrometry in this study it was shown that keto-MA molecules have a different 

response of conformational changes during the monolayer compression from that of 

�-MA in the Langmuir-Blodgett technique.   

 

It was found that the long hydrocarbon chain in the keto-MA molecule remains 

folded, even under high surface pressure, and never unfolds as observed with �-MA 

[69].  The keto-MA formed an extremely stable monolayer and had a very large 

limiting molecular area of 0.77 nm2.molecule-1 which the authors related to a triple 

chain fold in which the mero-chain is doubly folded, as in Figure 1.9b and c.  

However, in the conformation of a three-chain fold the hydrophilic carbonyl group 

which is likely to be drawn to the hydrophilic surface, is on the opposite end of the 

mycolic motif.  It may be that this surface area represents a more favourable four-

chain (or W) conformation where the carbonyl group is in close proximity to the 

mycolic motif at the hydrophilic surface, as suggested by Villeneuve [17, 18]. 

 

Analysis of the RA-spectra at low and high pressures of �-MA monolayers showed 

that the acyl-chains are more ordered (with a high trans-conformer percentage) at 

higher surface pressures when hydrocarbon chains are extended fully.  In contrast, the 

folded keto-MA had large conformational stresses (a high percentage of gauche 
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conformers).  This was explained by the observation that keto-MA never fully 

extended and stayed in a folded conformation.  It also showed that the high surface 

pressure caused large molecular stress in the molecule, especially where it folded.  

These results demonstrate that a small difference in the structure between �-MA and 

keto-MA causes great differences in their conformational changes in response to 

changes in the external pressure. 

 

In a subsequent study [73], the combination of surface-enhanced Fourier transform 

Raman spectroscopy (SERS) and Mass Spectrometry (MS), were used to determine at 

which points in the chains MAs are likely to fold or ‘kink’.  The good correlation 

between SERS and MS results indicate that the folding is present at the exact position 

of the cyclopropane and/or keto groups in �- and keto-MAs from M. tb and 

M. kansasii.  Because certain vibrational modes specific for an all-trans conformation 

in acyl-chains were seen in their SERS experiments, it was concluded that the alkyl 

chains in the molecules have an ordered conformation. 

 

In a study where the monolayer films of MA from five different species (M. tb, M. tb 

Canetti, M. bovis BCG Tokyo, M. avium intracellulare complex (MAC), and 

M. kansasii) were compared, the trends in limiting molecular areas held across the 

different strains in relation to the composition of their different subclasses of MA 

were realised [74].  It was found that MeO-MA had a limiting molecular area between 

that of �- and keto-MA.  The authors stated that keto-MA had an area corresponding 

to a triple-chain folded conformation, and �-MA a double-chain.  These differences 

can mainly be attributed to their particular functional groups in the mero-chains.  

Within the group of �-MAs tested, MAC was the only species with a shorter 23-

carbon alpha-chain, where the others had a 25-carbon chain.  MAC also had two 

different types of �-MA; one that had a cyclopropane group in its mero-chain 

(MAC1) as in �-MAs of other mycobacterial species, and another which had a double 

bond in a ratio of 4 : 1 for trans : cis conformations (MAC 2).  MAC 1 gave the 

unexpected results of having a larger limiting area than the other �-MAs.  With the 

only difference being the shorter alpha-chain, it was deduced that the extension of the 

mero-chain is governed by the intramolecular interaction through the alpha chain, and 

that the 23-carbon chain does not have enough molecular aggregation control to 

support the extension of the mero-chain at low pressures.  MAC 2 also showed a 
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higher surface area, which is most likely due to the disorder that its double bond in the 

mero-chain causes. 

 

These results allowed Hasegawa and Leblanc to formulate a useful model to describe 

the isotherm behaviours of MAs by considering two parts of the molecules [74].   

They propose that at low surface pressures the mero-chain in all MAs is folded and 

that the unfolding process is influenced by two major factors when an external 

pressure is applied to the monolayer.  Firstly, unfolding is dependent and dominated 

by the functional groups in the distal part of the mero chain.  They say that the 

molecular unfolding of keto-MA would be inhibited by the strong molecular 

interactive force, represented as a molecular friction, by its polar carbonyl group.  The 

other factor which becomes prominent in �-MAs without a polar group in the mero-

chain is the length of the alpha-chain of MA.  A slight difference in length (C23 to 

C25) largely influences the aggregation properties, and would also influence the 

stabilization of the unfolded mero-chain. 

 

This theory explains why the keto group with its large dipole (high molecular friction) 

does not unfold.  �-MA represents the opposite, being the most hydrophobic MA.  

Therefore, MeO-MA with an intermediate polarity may perhaps take a combination of 

double- and triple-chain conformations. 

 

In all the studies by Hasegawa and co-workers mentioned above, experiments were 

done at 25 °C.  In 2005, the group of Villeneuve et al. [17] examined the temperature 

effect on Langmuir monolayer packing of �-, MeO-, and keto-MA from M. tb in the 

10-46 °C temperature range.  In doing this, they were able to obtain the phase 

diagrams of the MAs shown in Figure 1.10. 

 

The phase diagrams of the different MAs are very different from one another.  The �-

MA film has a wide liquid condensed phase.  MeO-MA produces a liquid condensed 

phase, together with a multi-phase region over a wide range of surface pressures and 

temperatures.  Keto-MA forms the most stable monolayer.  It is the only MA in which 

a solid condensed phase is seen, and it did not show any liquid expanded or multi-

phase regions.  The exceptional rigidity of keto-MA in monolayers over a wide 

temperature range suggests that its keto group is also in contact with the hydrophilic 
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surface, and gives the molecule a four-chained W-conformation.  In the biological 

environment of MAs, the keto group could be in interaction with the arabinogalactan 

layer or with the 3-hydroxy group of MAs (inter- or intramolecularly). 

 

 
Figure 1.10 Phase diagrams of Langmuir monolayers of �-, MeO- and keto-MA (C) The diagrams, (A) 

�-, (B) MeO- and (C) keto-MA, were prepared by plotting phase-transition pressures (points on the 

solid lines) and film collapse pressures (points on the dotted-dashed lines) of each Langmuir 

monolayer isotherm against temperature.  The vertical dotted lines represent the temperatures at which 

phase transitions took place.  LC: liquid condensed state, LE: liquid expanded state, SC: solid 

condensed state, MP: multi-phase [17].  

 

The group of Villeneuve et al. also did a combined Langmuir and molecular dynamics 

study [18] on MeO-, keto-, and deoxo-MA (derived by reducing keto-MA) from the 

non-pathogenic mycobacteria M. bovis BCG.  This study was also done at a range of 

temperatures for each MA-subclass.  Phase diagrams, similar to the previous ones 

were obtained.  The deoxo-MA film was very unstable and collapsed easily.  In 

agreement with the work of Hasegawa et al. [68, 69, 73, 74] all the MAs were in a 

folded conformation at low pressures and on compression the MeO- and deoxo-MAs 

took on an extended conformation.  Keto-MA was proposed to stay in a four-chain 

folded W-conformation.  The oxygenated MAs from M. bovis BCG have much less 

trans-cyclopropanes than those of M. tb.  The ratio between cis- and trans-

cyclopropane contents are 1 : 1.03 and 1 : 0.22 in MeO-MA from M. bovis BCG and 

M. tb respectively, and 1 : 0.33 and 1 : 2.7 for Keto-MA from M. bovis BCG and 
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M. tb, respectively.  There does not seem to be any difference in the folding by cis- 

and trans-cyclopropanes, but the enthalpy values of MeO-MA for changing from a 

four-chain conformation into an extended one, was mostly smaller for M. tb than for 

M. bovis BCG MeO-MA.  Therefore it does seem that the higher ratio of trans-

isomers stabilised the four-chain conformation.  Their results were confirmed by the 

molecular dynamics study, which will be discussed separately in the next section. 

 

The significance of these monolayer studies to the knowledge and understanding of 

MA structure is considerable.  The only disadvantage in these studies has been the 

fact that all of the MAs are isolated from the mycobacteria and are therefore 

heterogeneous and not chemically pure substances. 

 

It is at this point where we recognize the value of the chemical synthesis of MAs.  The 

stereo-controlled synthesis of such large and unsoluble molecules is not trivial, but the 

benefit we have of using chemically pure substances in experiments, is essential.  

Combined with this, theoretical chemistry, such as computer models, sheds light on 

the molecular aspects of the system, which can help to elucidate experimental 

observations. 

 

1.6 Modeling of mycolic acid folding 

 

Until very recently, no in-depth molecular modeling studies have been done on MAs.  

Some studies have been done on the structure of the cell wall of M. tb [75, 76] and its 

permeability [77], but in these studies MAs are represented only by a generalized 

structure, and no assumptions on their individual conformations can be made. 

 

To date, the one and only molecular dynamics study that has been done on a detailed 

level of MA structure was published in April 2007, performed in conjunction with a 

Langmuir monolayer study of the oxygenated MAs of M. bovis BCG, mentioned 

above [18]. 

 

In this study it was seen that the �-, keto-, and deoxo-MAs showed differences in their 

likelihood of unfolding, or remaining in a compact, four-chain folded starting  
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conformation when subjected to 20 ps of molecular dynamics (MD).  Keto-MA 

normally stayed in its original four-chain conformation, while MeO-MA often gave 

stretched-out structures.  These results correlate well with the experimental 

observations.  Even though deoxo-MA assumed stretched-out conformations, like 

MeO-MA in monolayer studies, it mostly stayed in the four-chain conformation 

during MD simulations. 

 

The authors give a possible explanation for these results in terms of the bulkiness of 

the distal functional group in the mero-chain, and the lengths of the alkyl chains in the 

molecule that favour or oppose MAs to stay in a compactly folded four-chain 

conformation.  The type of information that we can obtain at the molecular level to 

help explain the experimentally observed trends is what adds value to such theoretical 

studies of MAs.  Being at the dawn of exploration in this new field, the challenge is to 

create virtual systems which can relate to experimental observations. 
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2 Chapter 2: Biosensor measurement of the interaction 

between mycolic acids and cholesterol 

 

 

2.1 Introduction  

 

In our group, several pieces of evidence for a structural or functional relationship 

between cholesterol and MAs have been discovered.  As discussed in section 1.3.3.4, 

antigenic cross-reactivity between MAs and cholesterol was observed.  It was shown 

that free MAs which may fold into a sterol-fold may be recognised by anti-cholesterol 

antibodies in TBneg patients and that MAs in CF fold differently and are not 

recognised [60, 78].   A methyl ester of a synthetic �-MA that is also acetylated at the 

�-hydroxy group was not recognised.  It was also shown that MAs and cholesterol 

interact with one another [78].   Liposomes containing MAs accumulated cholesterol 

on an IASYS affinity biosensor.  The synthetic, protected �-MA could not accumulate 

cholesterol. 

 

More support for the structural or functional relationship between cholesterol and 

MAs was indicated in our group when it was shown that AmB (an antifungal 

macrolide which binds to sterols such as cholesterol and ergosterol) also binds to 

MAs in liposomes [78].  The interaction of MA and AmB was shown to be specific, 

because there was no binding to empty liposomes, and also no binding to the 

protected �-MA.  When AmB was modified at its amino group, binding to MA was 

abrogated.  This modification also led to cholesterol not being recognised by AmB 

anymore.  This was taken to suggest that at least part of MAs fold in such a way as to 

mimic cholesterol’s sterol fold. 

 

The current work aims to study the relation between cholesterol and MAs further by 

attempting to quantify the interaction between cholesterol and MAs in liposomes on 

an evanescent field biosensor. 
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2.1.1 Cholesterol in tuberculosis 

 

2.1.1.1 Cholesterol is essential for the uptake of mycobacteria 

 

As discussed in chapter 1 (section 1.3.1), cholesterol plays an important role in the 

uptake of mycobacteria in host cells.  Peyron et al. [31] showed that opsonised 

mycobacteria were phagocytosed unaffected by cholesterol-depleted cells, but the 

non-opsonic uptake was dependent on cholesterol, as was the case in the work of 

Gatfield and Pieters [30].  Gatfield and Pieters proposed that the decreased uptake of 

mycobacteria by cholesterol-depleted cells was due to a direct interaction with 

cholesterol, demonstrated by the high cholesterol-binding capacity of mycobacteria.  

On the other hand, Peyron et al. [31] believed that this decreased uptake was due to 

the inability of CR3 to associate with GPI-receptors that are known to occur in 

cholesterol-rich domains in the membrane.  This was supported by their observations 

that cholesterol depletion, the removal of GPI-anchored proteins, as well as the 

disruption of the interaction between CR3 and GPI-anchored proteins decreased the 

uptake of mycobacteria. 

 

In 1993, a protein was discovered that also played an important role in the uptake of 

mycobacteria in host cells [79].  Mammalian cell entry protein 1A (Mce1A) has 

conferred E. coli and polystyrene beads coated with the protein with the ability to 

invade non-phagocytic mammalian cells [79, 80].  The uptake of mycobacteria by 

non-phagocytic cells is suggested to be correlated with the pathogenicity of the 

organism since the uptake is mediated by the organism itself and promotes invasion of 

host cells.  Similarly, the uptake of coated polystyrene beads into cells is correlated 

with the pathogenicity of the material that the bead was coated with.  Mce2A, the 

homolog of Mce1A with the highest identity (67%) is not able to promote uptake of 

Mce2A-coated polystyrene beads into mammalian cells [80]. 

 

The reason for the mammalian cell invasion phenotype associated with Mce1A has 

been suggested to be associated with its structure [81].  The predicted molecular 

structure of Mce1A showed that it was similar in structure to Colicin N [81].  Colicin 

N is a bacterial toxin that acts by forming a pore in the lipid bilayer, allegedly binding 
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at cholesterol-rich lipid rafts, like other bacterial toxins [82].  Therefore, due to 

Mce1A having a similar structure to Colicin N, Mce1A may have the ability to bind to 

cholesterol or raft associated molecules and form pores for the transport of solutes 

[81].  Lipid rafts have been implicated as pathogen portals, providing an ideal 

clustering mechanism that could trigger cell-signaling events that are required in host-

pathogen interactions [83].   

 

This suggested mechanism is also in agreement with another study by Joshi et al. [84] 

where it was suggested that Mce proteins may play a role in transmembrane transport 

due to their similarity in sequence and predicted secondary structure with the 

transmembrane permease subunits of ABC (ATP-binding cassette) transporters.  The 

ABC superfamily of ATP-powered membrane transporters is diverse, including 

several hundred different transport proteins found in organisms ranging from bacteria 

to humans [85].  Each ABC transporter is specific for a single substrate or group of 

related substrates that could be ions, sugars, amino acids, peptides, proteins, 

phospholipids, cholesterol or other molecules [85].  Mce3A and Mce4A homologs of 

Mce1A are relatively similar to each other and their partial molecular structures were 

indicated to have lipid bound conformations [81].  This conformation implies that 

Mce3A and Mce4A may be involved in the transport of lipids across membranes [84].  

The direction of transport and the substrates are not known, but possibilities include 

the export of virulence factors such as CF, MA and LAM or the import of cholesterol 

and fatty acids as a source of nutrition for the Mycobacterium.   

 

2.1.1.2 Cholesterol accumulates in macrophages: foam cells 

 

At sites where bacilli have lodged in the lungs, activated macrophages collect around 

the bacteria and some macrophages fuse together to form large multinucleated giant 

cells.  Lymphocytes and macrophages then collect around the giant cells to wall off 

the infected area from the surrounding tissue.  This localised collection of 

inflammatory cells is called a granuloma, or tubercle [86].  Foam cells (macrophages 

that have accumulated neutral lipids of which a major component is cholesterol [71])  

occupy the outer layer of the granuloma.  Foam cells are thought to get their 

morphology from scavenging dead host cells and bacilli [87]. 
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Korf et al. [71] showed that MAs administered intraperitoneally or into the airways of 

mice induced a foam cell morphotype in macrophages.  This observation indicates an 

active involvement of MAs in inducing the foam cell morphotype.  The cells were 

filled with lipid droplets of which a major component was cholesterol.  Similar 

responses were seen when CF or killed M. tb were administered.  By speculation of 

the functional significance of this mycobacterial-induced host response, the authors 

suggested that the active lipid import into macrophages may be due to metabolic 

needs of the mycobacteria in a nutrient-poor phagosome.  This proposition is 

supported by the fact that 51 genes that were specifically expressed by a Rhodococcus 

species grown on cholesterol, and that were shown to function in the catabolism of 

cholesterol, were conserved in M. tb [88]. 

 

2.1.2 Cholesterol effects on a lipid bilayer 

 

Lipid composition in a bilayer or membrane affects its rigidity.  Lipids with a low Tm 

(melting temperature or gel-to-liquid transition temperature) are normally unsaturated 

phosphatidylcholines (PC).  The double bonds in their chains prevent them from 

packing very tightly and rigidly.  Saturated PC and sphingolipids are able to pack 

tightly and will only transform into the liquid phase at higher temperatures, therefore 

they have a high Tm [85]. 

 

Figure 2.1 is a theoretical diagram showing the phase changes of a lipid bilayer at 

different temperatures and different concentrations of cholesterol.  Below 40 °C, low 

concentrations of cholesterol result in a solid ordered (so) state in a lipid bilayer, 

where the lipids are locked into lattice positions for long times [89].  At a 

physiological temperature the more cholesterol is added, the less ordered the system 

becomes.  Moving from left to right below 40 °C in Figure 2.1 the phases start at so 

for low cholesterol concentrations to a combination of so and liquid ordered (lo) as 

the cholesterol concentration gets higher.  It is significant that above ~38 mol% of 

cholesterol (corresponding to ~26% by mass), only the lo phase exists at any 

temperature.  In this phase, the acyl chains of lipids are orientationally ordered (as 
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opposed to the liquid disordered phase) while the lipids can still diffuse in the plane of 

the membrane and rotate around the axis perpendicular to the membrane [89].   

 

 
Figure 2.1 Theoretical phase diagram for DPPC:cholesterol.  Lines represent phase boundaries.   

Cholesterol concentrations are expressed as mol%.  Phases are: ld, liquid disordered; so, solid 

ordered; lo, liquid ordered [89, 90]. 

 

2.1.2.1 Phase separations in cell membranes 

 

It was generally accepted that lipids in cell membranes exist in a ld phase because of 

the phospholipids in the membrane with low Tm.  However, membranes are not 

composed entirely of phospholipids, but also of sphingolipids with high Tm and 

cholesterol that also affect the membrane phase.  A number of studies have now 

shown that different phases coexist in lipid monolayers, bilayers, liposomes and 

eukaryotic cell membranes [91, 92]. 

 

In cell membranes lateral organisation is brought about by the clustering of specific 

lipids and proteins such as sphingolipids, cholesterol and 

glycosylphosphatidylinositol-linked proteins with an affinity for an ordered 

environment,  forming condensed domains referred to as rafts [92, 93].  These rafts 

have been characterised experimentally as being resistant to solubilisation by non-

ionic detergents [93].  Gaus et al. showed the existence of phase separations in 

macrophage membranes using Laurdan, a fluorescent probe in the membrane that 

undergoes a 50 nm red shift as membranes undergo a phase transition from the gel to 

fluid phase [92].  In both human and mouse macrophages lo and ld phases coexisted. 
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The filopodia and cell-to-cell contacts were abundant in the condensed, possibly raft-

like domains in the lo phase.  The authors also showed that these condensed domains 

corresponded with detergent insoluble rafts by examining the segregation of raft 

markers and comparing the fluorescence of Laurdan in the rafts to that of extracted 

rafts.  The phases in macrophage membranes are also affected by cholesterol content 

and temperature, becoming more fluid as the cholesterol concentration decreases and 

temperature increases.   

 

2.1.3 The ESPRIT biosensor 

 

A biosensor in general, is an analytical device that brings an immobilised biological 

sensing material together with a transducer in order to produce a measurable signal 

that is proportional to the amount of analyte.  The three main parts of a biosensor 

include [94, 95]: 

 

1. A biorecognition element that recognises and binds the analyte of interest. 

2. A transducer which converts the interactions between biomolecules into a 

quantifiable signal. 

3. A readout system with which the interaction output can easily be displayed 

and stored.   

 

The Autolab ESPRIT biosensor that was used here is an optical biosensor that 

measures biomolecular interactions in real-time and its transducer is based on surface 

plasmon resonance (SPR).  SPR is a physical process that occurs when light hits a 

metal under a special angle position during total internal reflection conditions (Figure 

2.2).  In the SPR-setup there is a thin layer of gold on a glass disk which is on top of 

the hemi-cylinder.  Between the hemi-cylinder and the disk is a thin layer of oil.  The 

hemi-cylinder, oil, and glass disk have all got the same refractive index, so that the 

laser light will not bend on passing these layers before it reaches the gold layer.  

When there is a medium with a higher dielectric constant than gold on top of the gold 

(the sample) and the photons hit the gold layer, the free electrons in the gold will 

fluctuate.  This electron fluctuation gives charge fluctuations in the metal.  Since the 

metal layer is very thin, the charge fluctuations occur only at the surface where they 
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cause an electromagnetic surface wave, called surface plasma oscillations.  SPR 

occurs when the incoming light is monochromatic and p-polarised (the electric vector 

component is parallel to the plane of incidence).   

 

 
Figure 2.2 The SPR setup.  The hemi-cylinder, oil and glass disk have the same refractive index so that 

the light beam is not bent during its total internal reflection when it reaches the gold surface.  The 

evanescent field decreases exponentially away from the gold surface [96]. 

 

SPR is detected by measuring the intensity of reflected light.  When SPR occurs, there 

will be almost no reflected light to detect by the detector, giving a sharp ‘dip’ in the 

light intensity when plotting reflectivity against angle of incidence at the specific SPR 

angle (Figure 2.2).  The position of the SPR angle depends on the refractive index of 

the substance with a low refractive index at the sensing surface.  The refractive index 

of the sensor surface changes upon binding of macromolecules to the surface, and 

therefore the SPR wave will change, and the angle will change accordingly.  There is 

a linear relationship between the amount of bound material and the shift in SPR angle, 

and therefore the SPR shift in millidegrees is used as a response unit to quantify the 

binding of macromolecules to the surface.  The penetration depth of the evanescent 

wave is 300-400 nm and therefore determines the size of macromolecules that can be 

studied.  For particles larger than 400 nm, it will only be possible to study the binding 

qualitatively because the whole particle cannot be measured totally and therefore its 

signal is not linearly related to the amount of bound particles [95]. 

 

The advantages of evanescent field optical biosensors are that they can measure the 

interaction between biomolecules in real-time, without them being fluorescently 
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labelled and requiring only small amounts of sample.  The ESPRIT has a modular 

setup (Figure 2.3) including an autosampler, for flexible design of experiments and 

rapid analysis of the interaction plots by the kinetic evaluation software. 

 

 
Figure 2.3 A schematic representation of the ESPRIT configuration.  Taken from [95]. 

 

The dissociation equilibrium constant, KD, which gives a measure of the affinity of 

the ligand for the ligate can be obtained from kinetic evaluation of interaction plots.  

The response of the biosensor is related to the mass of bound ligate and is given by 

the following equation: 

 

00 )1)(( ReRRR tk
eqt

on +--= -
 

 

Where Rt = response at time t 

R0 = initial response 

Req = the response at equilibrium / maximum 

kon = pseudo first-order rate constant 

 

The responses are determined experimentally, which only leaves kon to be determined 

for each concentration.  When kon for each concentration has been obtained and 

plotted against the concentration of ligate as in Figure 2.4, the dissociation constant 
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(kdiss) can be obtained from the y-axis, and the association constant, (kass) from the 

slope of the line.  KD can then be determined from kass and kdiss by KD = kdiss/kass. 

 

 
Figure 2.4 Plot of kon at different ligate concentrations from which kass and kdiss can be determined.   

kdiss can be read from the y-intercept and kass from the slope of the line. 
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2.2 Hypothesis 

 

If the interaction between cholesterol and MA can be observed on the ESPRIT 

biosensor, it will be possible to measure the interaction quantitatively with different 

concentrations of cholesterol liposomes in order to derive a dissociation equilibrium 

constant (KD) for the MA-cholesterol interaction. 

 

2.3 Aims: 

 

1) To transfer technology from IASYS to ESPRIT (show qualitative interaction 

between MA and cholesterol on the ESPRIT biosensor as has previously been 

shown on the IASYS biosensor). 

2) To do quantitative experiments to analyse data with the kinetic evaluation 

software in order to derive an equilibrium constant for the MA-cholesterol 

interaction. 
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2.4 Materials 

 

2.4.1 Consumables 

 

Acetic acid    Saarchem, Gauteng, SA 

Amber vials    Separations Pty Ltd, Randburg, RSA 

Chloroform    Merck, Darmstadt, Germany  

Cholesterol    Sigma Chemical Co., St Louis, USA 

Ethanol    BDH, Gauteng, RSA, Analytical grade  

Gold disks    Metrohm, Gauten, SA 

Isopropanol    Saarchem, Gauteng, SA 

Membrane filters: 

0.22 mm, hydrophilic   Sartorius AG, Goettingen, Germany 

Multi-well plates   Bibby Sterilin Ltd, Stone, UK 

Mycolic acids Mycobacterial mycolic acids were isolated from 

a culture of M. tuberculosis H37Rv (American 

Type Culture Collection 27294) as described by 

Goodrum et al. (2001). 

Octadecanethiol (ODT)  Sigma, St. Louis, USA 

Phosphatidyl choline   Sigma Chemical Co., St Louis, USA, (99%  

     pure)  

Potassium chloride (KCl)  Merck, Darmstadt, Germany 

Potassium dihydrogen phosphate  

(KH2PO4)    Merck, Darmstadt, Germany 

Sodium azide    Sigma Chemical Co., St Louis, USA  

Sodium bicarbonate (NaHCO3) Saarchem, Gauten, SA 

Sodium chloride (NaCl)  Saarchem, Gauteng, RSA  

Sodium dodecyl sulfate (SDS) Merck, Gauteng, SA 

di-Sodium hydrogen phosphate 

(Na2HPO4)    Merck, Darmstadt, Germany 

Sodium hydroxide (NaOH)  Saarchem, Gauteng, SA 

Ethylene diamine tetra acetic acid 
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(EDTA)    Merck, Darmstadt, Germany  

Urea     Sigma-Aldrich, St. Louis, USA 

 

2.4.2 Buffers and solutions 

 

PBS-Azide EDTA buffer (PBS/AE): 8.0 g NaCl, 0.2 g KCl, 0.2 g KH2PO4, 1.05 g 

Na2HPO4, 0.38 g EDTA and 0.25 g sodium azide per 1 � double distilled, deionized 

water, adjusted to pH 7.4.  The buffer was degassed by allowing helium gas to flow 

through it before it was used in an experiment. 

 

Isopropanol/NaOH solution: Isopropanol and 1 M or 50 mM aqueous NaOH mixed 

together in a 2:3 (v/v) ratio. 

 

0.9% Saline: 0.9 g NaCl in 100 m� double distilled deionised water. 

 

0.5% SDS: 5 g SDS in 1 � double distilled deionised water. 

 

6 M Urea: 108.11 g urea in 300 m� double distilled deionised water. 

 

1% Acetic acid: 10 m� Acetic acid (18 mol/�) to 990 m� double distilled deionised 

water. 

 

0.2 M NaHCO3: 16.802 g NaHCO3 in 1 � double distilled deionised water. 

 

1 M NaOH: 40.00 g NaOH pellets in 1 � double distilled deionised water. 

 

2.4.3 Instrumentation 

 

The measurement of the binding properties between MA and cholesterol was done on 

an Autolab ESPRIT instrument, supplied by Eco Chemie B.V. (Utrecht, The 

Netherlands). 

 

 
 
 



Chapter 2: Biosensor measurement of the interaction between MA and cholesterol 

 42 

For preparation of liposomes a Branson sonifier, model B30 (Branson Sonic Power 

Co., USA) was used. 

 

2.5 Methods: 

 

2.5.1 Preparation of liposomes containing mycolic acids or cholesterol 

 

For the preparation of MA containing liposomes, phosphatidyl choline (PC) stock 

solution (90 µl, 100 mg/m� chloroform) was added to an amber glass vial containing 

MA (1 mg). The sample was dried under a stream of N2 gas at 85 ºC. Saline (2 m�) 

was then added and the sample was heated on a heatblock for 20 min. at 85 ºC, with 

vortexing every 5 min. The sample was then sonified (30 cycles, output 4 or 5 for 

2 min.), aliquoted into 0.2 m� per vial, lyophilized and stored at -70 ºC until use. For 

the preparation of cholesterol containing liposomes, a concentration range was made 

by varying the ratio of PC:Cholesterol, and keeping the total lipid content 9 mg.  PC 

stock solution (amount as indicated in Table 2.1, 100 mg/m� chloroform) was added 

to an amber glass vial containing cholesterol (amount as indicated in Table 2.1, 

50 mg/m� chloroform). The sample was dried, suspended in 2 m� saline, sonified and 

stored, as was done for the MA containing liposomes. The “empty” liposomes were 

prepared similarly, but containing PC (90 µl, 100 mg/m� chloroform) only. Before 

use, all liposomes were reconstituted with PBS/AE (2 m�). The liposomes were 

placed on a heatblock for 20 min. at 85 ºC, vortexed every 5 min., and sonified as 

above. New liposomes were prepared for each day’s experiments. 

 
Table 2.1 Liposome compositions with various cholesterol concentrations. 

%Cholesterol 
liposomes

Cholesterol 
stock (�l)

PC              
stock (�l)

10% 18 81
17.78% 32 74
25.56% 46 67
33.33% 60 60
41.11% 74 53  
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2.5.2 Measuring cholesterol accumulation 

 

The gold disk was prepared by incubating it in a solution of octadecanethiol (0.143 g) 

in absolute ethanol (50 m�) overnight.  The needles were washed before experiments 

to avoid contamination with other students’ work which involved serum samples.  

This was done in a sequential way with 0.5% sodium dodecylsulfate (SDS), 6 M urea, 

1% acetic acid, 0.2 M sodium hydrogen carbonate (NaHCO3) and double distilled, 

deionised water, with a short sequence which only washed the needles.  Before each 

set of experiments, regeneration was done with an isopropanol/NaOH solution (2:3 

v/v) and absolute ethanol.  Between experiments regeneration with absolute ethanol 

was done to dehydrate the surface.  The regeneration steps are followed by buffer 

washes so that the ethanol is removed gradually, and the surface remains degassed for 

the start of an experiment.  The sequence that was designed (by T.S. Thanyani) to 

measure the MA-cholesterol interaction, was made to resemble previous work where 

this interaction was shown on an IASYS Affinity biosensor.  All samples were added 

by the needles from a pre-programmed position on a multi-well plate.  The samples 

were added to the multi-well plate manually by pipette in a slight excess to avoid air 

bubbles coming into the system when the needles aspirate the sample from the well. 

The sequence started by adjusting the baseline to zero and then MAs were added and 

immobilised for 20 minutes, after which the excess was removed by buffer washes.  

Cholesterol liposomes of a specific concentration were then added and allowed to 

associate for 10 minutes.  Once again the excess was removed by buffer washes, 

followed by a 5 minute pause to observe dissociation.  Regeneration was then done by 

isopropanol/NaOH (1 M or 50 mM, as stated) solution followed by absolute ethanol.  

The amount of cholesterol accumulated was measured by subtracting the binding 

signal (measured in millidegrees) after the buffer washes following MA 

immobilisation from the signal after 5 minutes of dissociation of the cholesterol 

liposomes. 

 

2.5.3 Statistics 

 

The Student’s t-test was done using the Analysis ToolPak in Microsoft Excel.    If the 

calculated t-value was less than the tabulated value at a 95 % confidence level, it was 
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assumed that there was no difference between the two samples.  To determine 

whether the test assuming equal or unequal variances should be used, the larger 

variance was divided by the smaller variance, and the ratio was compared to the value 

of the F-distribution corresponding to the numerator (degrees of freedom between the 

groups, always two groups, therefore df = 2 – 1 = 1) and denominator (degrees of 

freedom for all the samples, ie. df = n1 + n2 -2).  If the calculated variance-ratio is less 

than the tabulated value, there was assumed to be no difference between the two 

variances and the t-test assuming equal variances was applied to the data.  Outliers 

were determined with the Grubb’s test, where G was calculated with the suspect value 

included in the mean and standard deviation, and compared to tabulated critical values 

for G.  If the calculated G-value was larger than the tabulated value, the datum point 

could be rejected [97]. 
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2.6 Results 

 

2.6.1 Transfer of technology from IASYS to ESPRIT 

 

The interaction between MA and cholesterol had only been demonstrated on the 

IASYS affinity biosensor in a qualitative way, and therefore it was necessary to first 

determine whether it is possible to also show cholesterol accumulation onto MA 

liposomes using the ESPRIT biosensor before attempting any quantitative 

measurements. 

 

 
Figure 2.5 A representative profile for the sequence of events of the experiment designed to show MA-

cholesterol interaction on the ESPRIT biosensor.  The red and green lines represent the response of the 

two cells of the cuvette.  After adjusting the baseline to zero (3, 4), MA liposomes were immobilised for 

20 minutes (5, 6), and the excess washed away by buffer washes (7, 8).  Then cholesterol liposomes 

were added (9, 10), allowed to accumulate for 10 minutes and the excess washed away with buffer 

washes (11, 12).  This was followed by a 5 minute pause in order to observe dissociation.  

Regeneration was done with isopropanol and NaOH (1 M or 50 mM, as stated) in a 2:3 (v/v) solution 

(13, 14) followed by buffer washes (15, 16).  Then regeneration was done with absolute EtOH (17, 18) 

followed by buffer washes (19, 20).  The amount of cholesterol accumulated was measured by 

subtracting the binding signal after removal of excess MA liposomes (line running into 9, 10, circled in 

blue) from the binding signal after 5 minutes of dissociation of the cholesterol liposomes (line running 

into 13, 14, circled in blue). 

 

A representative profile of such an experiment is shown in Figure 2.5.  Duplicate 

experiments are run in the two cells of the cuvette and their responses are represented 
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by the red and green lines.  After cholesterol liposomes have been allowed to bind to 

the immobilised MA liposomes, the amount of cholesterol that accumulated was 

measured by the difference in response (measured in millidegrees) after MA liposome 

immobilisation (circled in blue at 9, 10) and after cholesterol binding (circled in blue 

at 13, 14). 

 

In order to compare the binding of the liposomes with those of a more experienced 

student, two different sets of liposomes were used in the first set of experiments. 
 

Table 2.2 Accumulation of cholesterol liposomes on MA liposomes.  Transfer of technology from the 

IASYS biosensor to the ESPRIT biosensor. 

Liposomes MA immobilisation Chol binding (angle m°)
PhD student This study Red Green Red Green Red Green

1.1 x 254.86 239.76 127.47 81.57 NA NA
1.2 x 277.36 284.92 156.38 133.84 NA NA
1.3 x 232.26 221.95 146.06 100.89 NA NA
2.1 x 319.94 310.17 NA NA 54.3 53.73
2.2 x 290.18 301.17 NA NA 63.36 40.83
2.3 x 218.7 221.26 NA NA 21.83 24.82

Exp
PC binding (angle m°)
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Figure 2.6 The difference between accumulation from cholesterol containing liposomes (33 % 

cholesterol in PC) and empty (only PC) liposomes on the ESPRIT biosensor.  Error bars show 

standard deviation (includes variation in liposomes prepared by different people, different PC batches 

and variation between the two cells of the biosensor). n = 6 for each set. 

 

MA liposomes were shown to accumulate cholesterol on the ESPRIT biosensor, as 

was shown previously on the IASYS biosensor (Table 2.2).  The difference in 

accumulation between cholesterol liposomes and empty liposomes was significantly 

different at the 95% confidence level (Figure 2.6).  The binding of my own liposomes 
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compared well to those prepared by the PhD student (Simon Thanyani, University of 

Pretoria, South Africa).  

 

2.6.2 Optimisation for quantitative measuments 

 

Knowing that it was possible to detect the accumulation of cholesterol on MA 

liposomes qualitatively, the next step was to investigate the quantitative measurement 

of this interaction.  To do this, experiments had to be done at different concentrations 

of cholesterol to show that the response is dependent on the concentration (refer back 

to Figure 2.4).  It is known that the lipids in membranes and bilayers can show phases 

in which the lipids can be in an ordered, or less ordered state.  This is influenced by 

the lipid composition as well as the temperature and cholesterol content (section 

2.1.2). It was uncertain what the effects of these different states would have on the 

quantitative measurement of the interaction between MA and cholesterol in 

liposomes.   

 

The cholesterol liposomes that were used previously contained 33.33% cholesterol; 

that is a 1:2 ratio of cholesterol to PC by mass.  A range of cholesterol concentrations 

below and above this was used.  Cholesterol above ~40-60% (depending on the lipids 

in the system) is not miscible and starts to form cholesterol crystals.  Therefore very 

high concentrations of cholesterol should be avoided.  The lower limit should be as 

low as possible, but ensuring that the aliquots can still be made with good accuracy.  

Therefore, the range was made up from 10-41.11% cholesterol.  This range covered 

both the ordered and less ordered phases of liposomes. 

 

It was noted that there was a percentage of residual ethanol in the cuvette at the start 

of the experiment, which may have affected the whole experiment.  Just prior to an 

experiment, regeneration with absolute ethanol was done in order to dehydrate the 

surface of the disk for the experiment to follow.  This was followed by buffer washes 

so that there was 50 µl buffer in the cuvette at the start of an experiment.  In order to 

keep the surface from being exposed to gas (air), half of the ethanol (50 µl) was 

removed by the needles and replaced by 50 µl buffer.  The regeneration sequence 

consisted of five ethanol washes followed by five buffer washes.  Therefore, the first 
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buffer wash diluted the ethanol to 50%, the second to 25%, the third to 12.5%, the 

fourth to 6.25%, and the last to 3.125% which is diluted to 1.56% at the start of the 

experiment by the addition of another 50 µl of buffer. 

 

Since the interaction between MA and cholesterol is already compounded by the use 

of liposomes, it will be favourable to reduce the effect of another factor, namely 

ethanol.  To do this, the sequence for regeneration done before each experiment, was 

changed to include eight buffer washes which decreased the ethanol concentration to 

0.4% after regeneration, and to 0.2% at the start of the experiment.  The lower 

percentage of ethanol led to lower responses on the biosensor (compare response at 

33.33% cholesterol, Table 2.3 to the response in Table 2.2 and Figure 2.6).  The first 

set of results with a range of cholesterol concentrations was obtained with this slight 

modification in the sequence and the results are shown in Table 2.3 and Figure 2.7.   

 

From this set of results a region of high (33.33% and 41.11%) and low (10.0%, 

17.78% and 25.56%) cholesterol accumulation could be seen (Figure 2.7).  Results of 

statistical analysis in Table 2.4 confirm this.  It shows that there were no significant 

differences between the accumulation of the three possible pairs of concentrations in 

the low cholesterol accumulating group.  In the group of high cholesterol 

accumulation the accumulation at 33.33% and 41.11% also did not differ significantly 

from wach other.  However, all six combinations of percentage pairs between the 

‘low’ and ‘high’ cholesterol accumulation regions showed statistically significant 

differences in their responses. 

 
Table 2.3 A quantitative determination of cholesterol that accumulated on MA liposomes. 

 
 

 
 
 



Chapter 2: Biosensor measurement of the interaction between MA and cholesterol 

 49 

0

10

20

30

40

50

60

70

80

90

100

0 5 10 15 20 25 30 35 40 45

% Cholesterol

C
ho

le
st

er
ol

 A
cc

um
ul

at
io

n
(m

°)

 
Figure 2.7 The average cholesterol accumulation is shown for different concentrations of cholesterol 

liposomes accumulating on MA-liposomes.  Liposomes were prepared at the start of the day and were 

sonified at 30 cycles and an output of 4%.  Regeneration with the NaOH/isopropanol solution was 

made with 1 M NaOH.  Error bars show standard deviation (includes variation in pipetting during 

aliquoting, liposomes prepared and experiments conducted on different days and variation between the 

two cells of the biosensor). For 25.56% and 41.11% n=6 and for 10.00%, 17.78% and 33.33% n=5. 

 

 
Table 2.4 Statistical calculations done on the quantitative data obtained for cholesterol accumulation. 

 
The results for the student’s t-tests are shown, with the two data sets that are being compared in each 

instance represented by the respective column and row in which the result appears.  The result “x” 

represents no statistically significant difference and “Ö” represents a statistically significant difference 

between the two data sets at the 95% confidence level. 

 

 

Sometimes it was observed that the order of the experiments had an effect on the 

amount of accumulation that was seen.  For one particular set of these results, the 

apparent order-dependence of responses was seen to be due to a constant decrease in 

the amount of MA liposomes immobilized on the surface (Figure 2.8).  Clearly, with a 

decrease in MA immobilization parallel to a decrease in cholesterol concentration 

(experiments were done from high to low cholesterol concentrations) in these 
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experiments, it will not be possible to discern whether a lower response was due to 

less cholesterol, or less MA present. 

  

As shown in Figure 2.8, MA immobilisation was below 100 millidegrees at the sixth 

experiment.  The seventh experiment was done after the disk was taken out and wiped 

with lens paper in order to remove any residue that may have been left on the surface 

from previous experiments.  It was seen that the MA immobilisation increased from 

experiment six to seven, but it had not resumed to where it started in experiment 1.  

Therefore, MA immobilisation decreased due to some lipids that are not removed 

from the surface in a preceding experiment, but it may also be that the 1 M NaOH 

used during regeneration removed the ODT layer from the disk, enabling less 

liposomes to immobilize on the hydrophobic surface.  The electrochemistry results of 

another member of our research group (Nsovo Mathebula, University of Pretoria) 

confirmed that this was likely. 

 

0

50

100

150

200

250

300

0 1 2 3 4 5 6 7 8

Experiment number

M
A

 im
m

ob
ili

se
d 

( m
ill

id
eg

re
es

)

0

20

40

60

80

100

120

0 1 2 3 4 5 6 7 8

Experiment number

C
ho

le
st

er
ol

 A
cc

u
m

ul
at

io
n

 
(m

ill
id

eg
re

es
)

 
Figure 2.8 The decline in MA liposome immobilisation in repeated cycles of measuring cholesterol 

binding to MA.  For the seventh experiment, the disk was removed, wiped with lens-paper and 

replaced.  The insert shows that the cholesterol binding response also decreased with successive 

repititions at the same cholesterol concentration (33.33%) for experiments 1, 3 and 7. 
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Figure 2.9 Reliability of MA immobilisation on the ESPRIT biosensor with successive experiments.  

50 mM NaOH was used for regeneration and the surface was wiped with lense paper after each cycle.  

The insert shows that the cholesterol binding response showed a general increasing trend with an 

increase in cholesterol concentration. 

 

From this point on, 50 mM aqueous NaOH was used for regeneration, together with 

isopropanol.  The gold disk was also wiped with lens-paper before each experiment in 

order to remove any lipids that were left after regeneration.  This proved to provide a 

more reliable level of MA immobilisation in successive experiments, as shown in 

Figure 2.9. 

 

A new set of liposomes were prepared in order to repeat the range of cholesterol 

concentrations interacting with MA with the same, optimised method each time, in 

order to have data that can be analysed quantitatively.  The disk was wiped before 

each experiment, except the first which follows directly after isopropanol/NaOH 

(50 mM) and ethanol regeneration.  The liposomes were sonified at a higher output 

(5%) because this was the method used for doing experiments on the ESPRIT 

biosensor by other students, while the 4% output was the optimised method used to 

prepare liposomes for the cholesterol-MA interaction on the IASYS Affinity 

biosensor.  Since it has been found that MA liposomes are more stable than 

cholesterol liposomes, the cholesterol liposomes were prepared just prior to an 

experiment.  In this way they were used within an hour after they were prepared, 

whereas previously the cholesterol liposomes used in the last experiment may have 

been used up to six or more hours after its preparation.  The order of experiments was 

done from the lowest to the highest cholesterol percentage.  
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When the next set of experiments was started with the modifications as stated above, 

it was noted that the MA immobilization was significantly slower.  The very first set 

of experiments was repeated to find out whether the difference between accumulation 

of cholesterol liposomes and empty liposomes would still be evident.  There was a 

notable difference in response between the graph in Figure 2.10 and Figure 2.6, where 

the method still included a higher ethanol concentration to initiate the liposome 

immobilisation step.  However, the results in Figure 2.10 show that there is still a 

statistically significant difference between cholesterol accumulation and PC 

accumulation despite lower responses. 
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Figure 2.10 The difference between cholesterol accumulation and PC accumulation on the ESPRIT 

biosensor for the adjusted protocol for liposome preparation and surface regeneration.  For the 

cholesterol data n=6, and for the PC data n=5.  Error bars show standard deviation (includes 

variation from the two cells of the biosensor).   

 

The next set of results with a range of cholesterol concentrations with optimised 

conditions is shown in Table 2.5 and Figure 2.11.   
 

Table 2.5 Quantitative binding data of cholesterol to immobilised MA on ESPRIT biosensor after 

optimisation of conditions. 

Response (millidegrees)
Set 1 Set 2 Set 3 Set 4 Set 5 Set 6

10.00 32.59 24.87 1.24 5.20 11.43 17.31 15.44 11.91
17.78 66.02 69.96 -2.62 -4.46 18.33 20.03 29.45 36.33
25.56 33.09 27.65 7.37 12.74 20.20 25.12 21.03 9.61
33.33 164.98 153.29 42.12 50.23 58.63 55.82 87.51 55.89
41.11 180.45 204.09 51.77 57.16 78.63 84.76 109.48 65.75

% Chol Average
Standard 
deviation
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Figure 2.11 The average cholesterol accumulation shown for different concentrations of cholesterol 

liposomes accumulating on MA-liposomes.  The adjusted protocol for liposome preparation and 

surface regeneration was used.  Error bars show standard deviation (includes variation in pipetting 

during aliquoting, liposomes prepared and experiments conducted on different days and variation 

between the two cells of the biosensor). n = 6 for each cholesterol concentration. 

 

Statistical analysis (Table 2.6) once again confirmed the high and low cholesterol 

accumulating regions that differ significantly from each other in response, as seen in 

Figure 2.11, just as in the previous set of results. 
 

Table 2.6 Statistical calculations done on the quantitative data obtained from the optimised 

experimental method for cholesterol accumulation. 

10% 17.78% 25.56% 33.33%
17.78% x
25.56% x x
33.33% � � �
41.11% � � � x  

The results for the student’s t-tests are shown, with the two data sets that are being compared in each 

instance represented by the respective column and row in which the result appears.  The result “x” 

represents no statistically significant difference and “Ö” represents a statistically significant difference 

between the two data sets at the 95% confidence level. 

 

The profiles obtained from quantitative experiments could not be fitted to monophasic 

or biphasic association and dissociation curves.  The distribution of points around the 

x-axis of the residual plot was not random, indicating that the monophasic and 

biphasic models did not fit the data correctly.  Therefore no kinetic rate constants 

could be calculated in order to obtain the dissociation equilibrium constant for the 
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interaction between MA and cholesterol.  For this reason the data could not be 

analysed by the kinetic evaluation software. 

 

2.7 Discussion 

 

Initial attempts to immobilise MA liposomes on the ESPRIT biosensor surface in 

order to measure the attraction of cholesterol to MA demonstrated that a number of 

issues would first need to be resolved which were not relevant to the protocol 

previously used by other authors [98, 99] on the IASYS biosensor.  One of these 

issues was the residual ethanol present after the regeneration protocol, which was 

unique to the ESPRIT biosensor.  It was favourable to eliminate or reduce the amount 

of residual ethanol in order to have a better quantification of the interaction between 

MAs and cholesterol.  Once the ethanol concentration at the start of an experiment 

was reduced from 1.56% to 0.2% the average response at a cholesterol concentration 

of 33% decreased from 124.37 to 59.00 and 87.51 millidegrees (Figure 2.6, Table 2.3 

and Table 2.5, respectively). 

 

Ethanol is a very small amphiphilic molecule.  It has been suggested to interact 

strongly with PC headgroups in MD studies of bilayers with a preference for 

occupying the area close to the bilayer interface with the aqueous layer [100].  One 

such MD study [100] showed that the addition of ethanol to the system caused 

disruption of the regular parallel alignment of the PC headgroups in the bilayer due to 

strong interaction between the polar ethanol molecules and the lipid phosphate 

groups.   Therefore, the lipid headgroups are likely to have an orientation toward the 

aqueous layer in the presence of ethanol.  This behaviour was noted at both high (1:1) 

and low (1:8 molar ratio of ethanol:lipid) concentrations of ethanol.  This is an 

important result which suggests that ethanol is likely to influence interfacial dynamics 

of a bilayer.  A molecular explanation given for faster dynamics at the hydration layer 

of water molecules in the presence of ethanol was the easy exchange of phosphate-

water hydrogen bonds by energetically equivalent phosphate-ethanol bonds.  Another 

study by these authors [101] showed that the rigid hydration layer of a lipid bilayer is 

decreased in the presence of ethanol due to this easy exchange of hydrogen bonds.  

The dynamics of lipid molecules showed an increase in mobility both in the plane of 
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the bilayer and out of the plane of the bilayer in the presence of ethanol.  This resulted 

from the increase in the volume of the simulation cell and the increased probability 

for the headgroups to be orientated towards the aqueous layer [100].   

 

In an experimental design to test the effect that ethanol has on lipid bilayer 

mechanical properties and lipid bilayer surface area, a micropipette aspiration 

approach was used on unilamellar vesicles [102].  This is an accurate and direct video 

microscopy technique where vesicles were mechanically stressed by micropipette 

aspiration.  The bilayers of vesicles were seen to laterally expand upon exposure to 

aqueous streams containing ethanol, so that the area per molecule was 9% larger in 

20% (v/v) water/ethanol solution than in water.  This is estimated to be accompanied 

by an 8% decrease in bilayer thickness.  Significant changes in mechanical properties 

were observed when the vesicles were exposed to an ethanol-containing solution.  The 

authors concluded that ethanol is able to alter mechanical and structural properties of 

a bilayer. 

 

From these literature examples, it is therefore expected that liposomes exposed to 

ethanol in biosensor experiments would also show altered mechanical and structural 

properties.  From the experimental and theoretical findings discussed, it can be 

inferred that the liposomes exposed to ethanol would increase in size and decrease in 

thickness.  The parallel arrangement of the lipid head groups will also be disrupted 

and be orientated toward the aqueous layer, with the lipids having more mobility.  The 

presence of ethanol may therefore lead to slightly amplified signals during an 

experiment on the ESPRIT biosensor with MA- and cholesterol liposomes by a) 

exposing more of the MA due to the decreased thickness of the lipid layer and the 

increased size of the liposomes and b) by increasing the dynamics at the aqueous 

interface to increase the overall contact between MA and cholesterol in order for 

accumulation to occur. 

 

For the quantitative experiments, a range of cholesterol concentrations were chosen so 

that cholesterol would still be soluble at the highest concentration and the lower limit 

would stretch to the lowest concentration possible to prepare the liposomes with good 

accuracy.  The range went from 10.0% to 41.11% cholesterol by mass.  The 41.11% 

liposomes had a more visible white suspension in the PBS/AE buffer on preparation, 
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but after sonification the solution was clear, indicating that the cholesterol did not 

form crystals and was still soluble at this concentration. 

 

The final quantitative data obtained by using the optimised method is shown in  

Table 2.5 and Figure 2.11.  In Figure 2.11 a region of low cholesterol accumulation 

(10 to 25.56% cholesterol) and a region of high cholesterol accumulation (33.33 and 

41.11% cholesterol) can be distinguished despite the large deviations in biosensor 

responses.  Large deviations have also been observed by other students working on 

the ESPRIT biosensor, and work is continuing to further improve the transfer of 

technology from the IASYS to the ESPRIT biosensor, in order to obtain more reliable 

results with smaller variations.   

 

When referring back to the theoretical phase diagrams for DPPC:cholesterol in Figure 

2.1 [89, 90], the high and low regions of cholesterol accumulation can be correlated to 

the phases of the liposomes due to their cholesterol concentrations.  The biosensor 

experiments were done at ~23 °C.  When the bilayer phases are followed at this 

temperature on Figure 2.1, it can be seen that at very low cholesterol concentrations 

the bilayer is in the so phase that changes to a combination of so and lo phases, after 

which only the lo phase exists, as the cholesterol concentration is increased.  The 

~25 mol% at which the lo state starts corresponds to ~16% cholesterol by mass, and 

the point at which only the lo phase exists at all temperatures at ~38 mol% 

corresponds to ~26% cholesterol by mass.  The phase boundary is not drawn in at the 

experimental temperature of interest, but by extrapolating from the higher 

temperatures it is possible to estimate that it would be between 16 an 26% cholesterol 

(by mass), and most likely closer to 26% at the end of the graph if the phase transition 

line continues down into the right-hand corner.  This coincides with the separation 

between the low and high regions of cholesterol accumulation.  The liposomes that 

showed low cholesterol accumulation had less than 26% cholesterol while the 

liposomes that showed higher cholesterol accumulation had more than 26% 

cholesterol and were therefore likely to be in the lo phase (see Figure 2.1).  Therefore, 

the liposome lipids need to be in the lo state for cholesterol to interact with MA.   

 

The concentration of cholesterol in a red blood cell membrane is ~16% by mass (26 

mol%) [85], but it is important to keep in mind that lipids in eukaryotic cells tend to 
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separate into different phases through the clustering of lipids that have a high affinity 

for an ordered state, forming rafts.  The rafts, rich in cholesterol and sphingolipids, 

have a lo phase that is in coexistence with the ld phase in the rest of the membrane.  

This is insightful, since it implies that cholesterol in membrane rafts would be able to 

interact with MAs under physiological conditions.  As mentioned before (section 

2.1.1.1), lipid rafts act as pathogen portals that provide an ideal clustering mechanism 

that could trigger cell-signaling events that are required in host-pathogen interactions 

[83]. 

 

Kinetic evaluation could not be performed on the data to calculate a dissociation 

equilibrium constant, KD, for the interaction between MA and cholesterol.  Although 

the response between MA and cholesterol was not linearly dependent on cholesterol 

concentration, it has given novel insight into the circumstances under which the 

interaction will occur.   

 

The transfer of technology from the IASYS to the ESPRIT biosensor was successful, 

and a clear difference in the accumulation seen from adding empty liposomes or 

cholesterol liposomes to MA liposomes was established.  This was the first biosensor 

study to attempt to quantitatively measure the interaction between MA and 

cholesterol.  The lipid environment in these experiments did have a significant effect 

on the measurement of the interaction.  Apart from the fact that the kinetic constants 

derived from such experiments would be influenced by the lipid environment, the 

phases of the lipids also changed during the course of increasing the cholesterol 

concentrations in the liposomes with significant consequences.  Nevertheless, in the 

biosensor approach this interaction could only be measured on account of the lipid 

environment which suspended the cholesterol and MA molecules.   

 

Langmuir monolayer and Langmuir Blodgett studies have an experimental design in 

which the lipids are observed as an insoluble monolayer.  Thus, in these experiments 

there is an opportunity to work with pure MA and cholesterol with no added ‘solvent’ 

molecules to add complexity to the lipid layer.  The effect of cholesterol on the 

packing of MA could be analysed in a quantitative way in these monolayers by 

increasing the ratio of cholesterol in the monolayer and observing changes in the area 

per molecules at different surface pressures and temperatures.  From these studies it is 
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possible to obtain the different phases of the system as the temperature, cholesterol 

concentrations and surface pressure are varied.  However, the attraction between the 

two molecules cannot be measured in monolayer experiments. 

 

Although the lipidic system has added some unprecedented findings during the 

attempt to quantitatively measure the MA-cholesterol interaction, it has certainly also 

added value to the study.  It has been determined that the interaction between MA and 

cholesterol occurred when the lipids surrounding cholesterol are in the lo phase and 

that it is therefore plausible for MAs to interact with host cholesterol in the membrane 

rafts of host cells.  This may be of significance in mycobacterial cell entry. 
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3 Chapter 3: Computer modeling of mycolic acids 

 

 

 

3.1 Introduction 

 

To discover the biological potential contained in the fine-structure and assembly of 

MAs that constitute the M. tb cell wall, the best of investigative biology, organic and 

analytical chemistry and computational technology is required. From our research 

group, Stoltz, Korf and co-workers [71, 72] discovered novel biological effects of free 

MAs on the cells and physiology of experimental animals in a collaboration with 

University of Gent.  Siko [98], Vrey [103] and Thanyani et al. [99] exploited wave 

guide biosensor technology, a most modern tool of analytical chemistry, to reveal the 

potential of MAs as antigens in serodiagnosis in collaboration with Erasmus Medical 

Centre, Rotterdam in The Netherlands.  Deysel [60] explored the stereo-controlled 

chemical synthesis of MAs of various types in her collaboration with University of 

Bangor, UK and contributed one of several synthetic MeO-MAs that was tested for 

biological activity as an antigen against sera of TB patients.  An important discovery 

by Benadie et al. [78] demonstrated the cholesteroid nature of MA.  The implication 

of a cholesteroid nature of MA is so vast in terms of its potential to unravel the 

infectious strategy of M. tb and manage the MA antigen better in its application as an 

antigen in TB serodiagnosis (chapter 1), that it was followed up in this dissertation to 

attempt to provide a quantitative understanding of the phenomenon (chapter 2).  This 

chapter continues to incorporate advanced cyber-technology to develop a tool to assist 

in the analysis of structure-function relationships of MAs in tuberculosis.  MAs are 

known to contribute to the impermeablility of the mycobacterial cell wall by forming 

an ordered monolayer.  The W-, U- and Z-folds that have been proposed for MAs in 

such monolayers in Langmuir monolayer experiments are therefore of special interest, 

and will be investigated further here (section 1.2). 
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3.1.1 Computational chemistry 

 

Theoretical chemistry is the science where mathematical methods are combined with 

the fundamental laws of physics to study processes of chemical relevance.  

Computational chemistry is a branch of theoretical chemistry which is focused on 

obtaining results relevant to chemical problems by using theoretical chemistry  [104].  

Different models for calculating molecular structure and energetics have been 

developed.  They fall into two main categories namely quantum mechanical (QM) 

models and molecular mechanics (MM) models [105]. 

 

3.1.1.1 Quantum mechanical models 

 

The underlying mathematical model that is used in QM treats molecules as a 

collection of nuclei and electrons.  The equations that are used ultimately stem from 

the Schrödinger equation, shown in its simplest form as: 

 

H� = E� 

 

where H represents the Hamiltonian operator, which operates on a mathematical 

function - the wave function �, and E represents the energy of the system [105, 106].  

When solutions of this equation are generated without reference to experimental data, 

the methods are called ab initio (meaning ‘from the beginning’ in Latin) in contrast to 

semi-empirical models [104]. 

 

In reality, the Schrödinger equation has only been solved for the hydrogen atom, a 

one-electron system, and for any system larger than this, approximations to the 

Schrödinger equation need to be made [105].  Different QM models differ in these 

approximations, and therefore different models have different capability, reliability, 

and cost in terms of computational time and power [105]. 

 

Because the nuclei move slowly in comparison to electrons, the first approximation to 

be made to the Schrödinger equation is to assume that the nuclei do not move.  This is 

known as the Born-Oppenheimer approximation, and the result is the electronic 
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Schrödinger equation.  Further, the Hartree-Fock approximation assumes that 

electrons move independently of each other and this leads to a set of coupled 

differential equations, the Hartree-Fock equations.  The Linear Combination of 

Atomic Orbitals (LCAO) approximation transforms these differential equations into 

algebraic equations.  These approximations lead to a set of equations called the 

Roothaan-Hall equations and the methods resulting from the Roothaan-Hall equations 

are the Hartree-Fock (HF) models.  HF models are ab initio models that attempt to 

solve the Schrödinger equation without any empirical information. 

  

Semi-empirical calculations follow directly from HF-models, with further 

simplification, such as only treating valence electrons and treating the inner electrons 

as part of the nucleus.  Further approximations are introduced to simplify the 

calculation more and to incorporate empirical parameters.  Parametrization involves 

adjusting the constants used in these methods so that the result of the HF calculation 

fits experimental data as closely as possible [105].  This can be seen as an advantage 

of semi-empirical calculations, since the HF results lack electron correlation, and 

therefore cannot reproduce the experimental results that do require them.  In this way, 

electron correlation has been implicitly taken into account in the parametrization.  

Semi-empirical calculations will give the best performance for systems for which 

much experimental information is already available.  On the contrary, they cannot 

predict unknown and new compound types [104]. 

 

3.1.1.2 Molecular mechanics models 

 

MM models are typically used in molecular dynamics (MD) simulations.  The 

fundamental difference between QM and MM models is that in MM calculations, the 

underlying mathematical model that is used describes molecules in terms of atoms 

and bonds, whereas the mathematical QM models make no explicit reference to 

bonding [104].  The core principle in MM models is that molecules are composed of 

units that are structurally similar and behave similarly in different molecules.  This 

principle is implemented into the force field which treats atoms as certain types, 

depending on their atomic number and the type of bonding they are involved in.  The 

force field describes the potential energy surface of entire classes of molecules with 
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reasonable accuracy.  MM methods are therefore often referred to as force field 

methods.  The force field energy (EFF) is written as a sum of terms: 

 

crosselvdwtorsbendstrFF EEEEEEE +++++=  

 

where Estr  is the energy function for stretching  a bond between two atoms, Ebend is 

the energy required for bending an angle, Etors is the torsional energy for rotation 

around a bond, Evdw (van der Waals) and Eel (electrostatic) describe the non-bonded 

interactions, and Ecross is the cross term which describes the coupling between the first 

three terms [104].  Each term describes the energy required for distorting a molecule 

from some idealized form (ideal bond lengths and angles etc.) and reflects the strain 

inherent to a real molecule, compared to an idealised form [105]. 

 

The main advantage of MM methods is the increased speed at which calculations can 

be performed, which as a result allows large systems to be modeled.  Parametrization 

encourages the development of models which reproduce known experimental data 

accurately.  As is the case with semi-empirical methods, MM methods also perform 

well for classes of molecules for which plenty of empirical data exists, but not for 

unusual molecules [104].  A variety of force fields exist.  Class I force fields are those 

that were designed primarily for the use with large systems, such as proteins and DNA 

and were kept as simple as possible with no cross-terms.  Class II force fields aim to 

reproduce small to medium-sized molecules to a high degree of accuracy and they 

will use more complex terms as well as a number of cross terms [104]. 

 

3.1.1.3 Conformational searching 

 

Conformational searching methods fall into three main areas [105]: 

• Systematic methods which involve systematic rotation around bonds 

• Monte Carlo and MD techniques, which randomly sample conformational 

space, and 
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• Genetic algorithms which randomly mutate populations of conformers in 

search of survivors (the chemically and structurally legitimate 

conformers). 

 

A systematic search on a molecule with N single bonds and a ‘step size’ of 360°/M, 

would need to examine MN conformers.  For a molecule with three single bonds and a 

step size of 120° (M = 3), this leads to 27 conformers, and for a molecule of eight 

single bonds it becomes over 6500 conformers that need to be considered.  It is 

therefore only practical to use systematic methods for systems with a few degrees of 

freedom [105].  Being a very thorough method for conformational searching, it would 

be desirable to apply it to MAs, especially since there is limited information on the 

conformations of MAs on the theoretical level.  In this chapter a way in which this 

approach may be made more practical for large systems such as MAs will briefly be 

introduced, as proof of principle. 

 

MD offers sufficiently rapid calculations for molecules containing 100-200 or more 

atoms.  This makes it possible to do conformational searching of larger molecules.  It 

may be the only option to survey the full conformational energy surface for larger 

systems.  Conformational analysis is definitely one of the most important applications 

of MD [105].   

 

In this work the bioinformatics approach of using algorithms to mutate conformers in 

search of survivors has not been used, but bioinformatics approaches were applied in 

the statistical analyses as explained below. 

 

3.1.2 Statistical analyses 

 

To identify trends in large data sets, statistical methods are often employed.  The field 

of bioinformatics has recently expanded to allow the analyses of large amounts of data 

resulting from microarray experiments.  Microarray experiments characteristically 

produce very large data sets.  Therefore, the programs (such as GeneSight) and 

analyses used for these data sets are capable of handling large amounts of data.  

Principal Component Analysis (PCA) and Self-Organised Maps (SOMs) are two such 

 
 
 



Chapter 3: Computer modeling of MAs 

 64 

tools that have been applied in analysing the large amounts of data.  These methods 

are also suitable to identify trends in the folding of MAs since a large quantity of data 

needs to be analysed.   

 

3.1.2.1 3Principal Component Analysis (PCA): 

 

Microarray data will often contain information from thousands of genes and/or 

samples.  In mathematical terms, it is highly dimensional.  We can only observe up to 

three dimensions, and therefore the dimensionality of the data needs to be reduced in 

order to visualise it and more readily interpret the patterns underlying the data.  The 

purpose of PCA is to project a high-dimensional space onto a lower dimensional 

space.  The reduction of dimensionality can be imagined as the projection that will be 

seen on a piece of paper when this piece of paper is placed behind a cloud of points in 

3D-space.  The three-dimensional groups of points have now been projected onto a 

two-dimensional space.  The angle at which the high-dimensionality of space is 

viewed at can be chosen so that as much of the variability of the original data is 

captured in the lower dimensional projection of it [107]. 

 

 
Figure 3.1  Principal component analysis of a pen.  (a)  An end-on view, (b) a sideways view with the 

clip hidden and (c) a sideways view showing the clip [106]. 

 

As an example of the principal component analysis of a pen in Figure 3.1, the 

different ways of constructing a two-dimensional view of a pen that exists in three 

dimensions is shown.  In (a) the shape is not recognisable as a pen when an end-on 

view is taken, and therefore no principal components have been resolved.  In (b) the 

pen is seen from the side, but with the clip still hidden.  In this view, the first principal 
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component has been determined by finding the angle from which the most variability 

is seen in the shape of the pen; it is a long object, and it is wider at one end.  Finally in 

(c) when the clip can be seen, the object is recognisable as a pen.  Here, the second 

principal component has been resolved from an angle that is perpendicular to the first 

axis, and contains the most of the remaining variability.  Clearly, some information is 

lost; for example, we cannot see whether the pen is a round or a square one [107]. 

 

In PCA of microarray data, firstly a variance-covariance matrix is constructed in 

which the variability of each gene is captured, as well as its co-variation with every 

other gene.  This array is used to identify a new variable, a vector that is a linear 

combination of the genes and contains the maximum amount of variance.  This is the 

choice of the projection line or the first principal component, and is called an 

eigenvector.  For an n x n matrix, n eigenvectors with their corresponding eigenvalues 

exist.  Next, the eigenvector that is orthogonal to the first, and that maximises the 

remaining variability, is found.  This is the second principal component.  This process 

can be repeated to find as many principal components as are of interest [107, 108].   

 

In this work numerical data that has been collected from certain distances in a MA 

molecule was used.  These distances were descriptive of the entire molecular 

conformation and could be relevantly applied in this work.  Nevertheless, one 

drawback is that the distances are 2-dimensional and their directions (the third 

dimension) could not be taken into account.  Molecular modeling software can 

perform PCA analysis on 3-dimensional structures using the coordinates of atoms in 

the molecule.  This would be the ultimate progress in future analysis of this data and 

the 3-dimensional results can be compared to the present 2-dimensional results. 

 

Because PCA involves the reduction of dimensionality, information will be lost (as 

explained above).  Therefore it is important to check how well the variance of the data 

is presented on the 2D axis.  This can be done by: 

• Checking that the analysis makes biological sense, i.e. neighbouring time 

points are close to each other.   
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• Check how much of the total variance is accounted for in the projection by 

summing up the percentages of variance accounted for by each of the 

eigenvectors in a 2D plot [107]. 

 

3.1.2.2 3Self-Organised Maps (SOMs) 

 

SOM is one of the clustering techniques that implement an unsupervised competitive 

learning algorithm.  In this type of machine-learning, the training is entirely data-

driven and needs no further information [109].  It only requires the number of clusters 

to be chosen in advance by the user and then organises the clusters so that they relate 

to each other in a spatial topology on a square grid.  The training is done by one 

sample vector being chosen randomly from the input data set and the most similar 

vector to it is then moved closer to the input vector together with its neighbours.  This 

process is repeated for the whole dataset.  One of the disadvantages of SOM is that 

slightly different results may be obtained every time it is repeated, since the genes are 

first allocated to clusters randomly [107]. 

 

Choosing the size of the grid or the number of clusters may require some prior testing.  

If there is a natural number of clusters, this size can be used.  To check, the profiles 

should be similar within a cluster and different between clusters.  As with PCA, the 

clustering should show biological relevance [107]. 

 

3.1.3 Modeling of mycolic acids 

 

The first ever detailed molecular dynamics (MD) study of MAs by Villeneuve et al. 

[18] reinforced the results obtained experimentally in Langmuir monolayer studies, 

namely that keto-MA has a preference for staying in a W-fold, while MeO-MA 

unfolded most of the time.  Additionally, it was possible to make some inferences 

from the MD as to why and how these findings are established in the experiments on a 

molecular level.  This is a good example of the application and value that theoretical 

studies can lend us in terms of exploring and discovering the structural features of 

MAs. 
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In the MD study on MAs [18], their approach was to give the MAs a four-chain 

folded starting conformation.  This was accomplished by arranging the molecule into 

the proposed fold and restraining the carbons in the long chains and certain torsions 

around the acid group to keep them in this conformation during MC calculations.  It 

was then determined whether each MA had a preference for staying in this compact 

conformation, or for unfolding into a stretched-out conformation by running a 20 ps 

MD simulation with only the restrictions for the torsions and hydrogen-bonding 

around the acid group remaining (Figure 3.2).  This was done with various isomers of 

keto- and MeO-MA from Mycobacterium bovis BCG, as well as with a deoxo-MA, 

derived from the reduction of keto-MAs.   

 

20 ps MD

 
Figure 3.2 Molecular dynamics of MeO-MA.  A four-chain structure (left) maintains a four-chain fold 

(top right), or becomes stretched out (bottom right) after 20ps molecular dynamics [18]. 

 

The potential energy surface was explored for a comparatively short period in MD of 

20 ps.  The incorporation of differences in torsions around the carboxyl group, 

multiple starting structures generated from MC calculations, and even structures taken 

from different stages of the minimisation afforded more variation in starting structures 

in order to ensure a reasonable sampling of the PES.  The force field that was used in 
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MD, MMFF94, is a second generation force field developed by Merck, to be 

applicable to a broad range of molecules. 

 

In the Villeneuve MD study on MAs [18] the experimental observation that keto-MA 

is very stable in the four-chain fold was supported.  The molecular detail available in 

computer models of MAs has brought to light that the bulkiness of the distal 

functional group in the mero-chain and the hydrocarbon chain lengths may have 

significant effects on the ways in which MAs fold. 

 

In the current study of MA structure, a different approach to the previous study has 

been taken by giving an unrestricted, non-specific starting structure to each MA 

subjected to MD.  This was an extended, open structure, in contrast to the compactly 

folded four-chain starting structure in the study of Villeneuve et al.  Then, during the 

4 ns MD run, it was determined what folds the MAs take on.  In this way, the possible 

conformations of an isolated molecule were explored and information obtained on the 

molecular flexibility and conformational fluctuations. 

 

It was significant that the MAs did display two-, three- and four-chain folding, as has 

been described in the literature [13], without any structural predisposition or 

restrictions to their structures, and without any surrounding molecules or pressure in 

the system.  To ensure that the potential energy surface (PES) was sampled well, a 

comparatively long (4 ns) MD run was performed and replicated 20 times for each 

MA-type.  The same starting structure was used in all the replicates of a certain MA, 

with random velocities from the Boltzmann distribution for starting velocities to 

ensure that different areas of the PES were sampled.  Calculations were done at room 

temperature (25 °C) with the Compass force field.  Although this force field did not 

treat the cyclopropane carbons differently, the MD study was combined with QM 

calculations to both verify that the force field that most accurately represents the 

cyclopropane was used, and look in more detail at the effect of chain length on 

cyclopropane structure.  Systematic calculations were done to create a PES for 

dimethyl cyclopropane as proof of the principle that this extremely powerful 

technique may be viable for MAs, despite their numerous degrees of freedom.  The 

further implementation of this technique carries the potential to describe the complete 

PES of a MA molecule with a mathematical function, providing a means of accurately 
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describing the effect of every torsion angle in the molecule and therefore predicting 

conformations under certain conditions. 
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3.2 Hypothesis 

 

The way in which MAs fold is dependent on their composition in terms of: 

a) The type of oxygenated group in the distal position in the meromycolate chain 

(keto, MeO, or none) 

b) The presence of a cyclopropane ring (cis or trans) 

c) The state of the carboxylic acid group 

d) The various chain lengths 

 

3.3 Aims 

 

1) Quantum Mechanics: 

• To explore the effect of methylene chain lengths on cis- and trans-

cyclopropane ring structure. 

• To systematically calculate the different conformations of dimethyl 

cis-cyclopropane and to plot its PES. 

 

2) Molecular Dynamics: 

To run 4 ns of MD in vacuo with: 

• �-MA 

• MeO-MA 

• MeO methyl ester (MeO-ME) and 

• Keto-MA 

doing 20 replicates of each MA type, in order to analyse the folding of the 

molecules by Principal Component Analysis, Cluster Analysis (Self Organising 

Maps) and to determine if W, U or Z-folds do occur and if so, any preferences 

that might exist.  
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3.4 Methods 

 

3.4.1 Quantum mechanics 

 

For QM calculations, Spartan ’02 version 1.0.8 was used.  An equilibrium geometry 

calculation at the ground state was run with semi-empirical PM3 level of theory on 

cis- and trans-cyclopropanes.  Angles and bond lengths were measured as the 

methylene chain lengths were extended. 

 

For the PES calculations of dimethyl cis-cyclopropane, shell-scripts were used to 

construct the input files for points at 30 degree intervals starting from D14,D15 = 0,0 

to generate points on the PES.  At each point, D14 and D15 were restrained to their 

associated values, while relaxing all other 3N-6 degrees of intramolecular freedom.  

The calculations were run in Gaussian [110] at the B3LYP/6-31G(d,p) level of theory, 

in vacuum.  By systematically going through all the combinations of D14 and D15 in 

the 0 – 90 degree range (0, 30, 60 and 90 degrees), a 4 x 4 = 16 point surface was 

created.  Since the molecule was symmetrical, every successive 90 degree rotation 

was degenerate to the first set of combinations.  Therefore the first 16 point surface 

was replicated to create a 13 x 13 = 169 point surface from 0 - 360 degrees for D14 

and D15.  The energies were converted to relative energies in kJ/mol.  The potential 

energy plot was created in Axum 5.0 by plotting the energy of the molecule as a 

function of D14 and D15.   

 

3.4.2 Molecular dynamics 

 

The MAs that were modeled were �-, MeO-, and keto-MA as well as the methyl-ester 

of MeO-MA.  The MAs had the specific chain lengths and stereocentres as shown in 

Figure 3.3 below [17, 111-113]. These MAs have been shown to be representative of 

the components of the natural MAs [111-113].  Each of these MAs have been, or are 

in the process of being chemically synthesised by the group of Professor M.S. Baird at 

the University of Bangor, UK [111-113]. 
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Figure 3.3 Structures and specific stereochemistry of the MAs that were modeled.  The fourth structure 

was the methyl-ester of MeO-MA [17, 111-113]. 

 

A library of virtual fragments was first built, from which the MAs were constructed.  

The fragments contained the functional groups with their required stereochemistry 

and hydrocarbon chains of various lengths.  Once a MA was built from the fragments, 

the torsion angles were changed to 180° where the different fragments were linked.   

 

MAs were then minimised using the Discover module of the Accelrys Materials 

Studio 4.1 software package.  The potential energy hyper-surface (PEHS) is a multi-

dimensional surface which describes the energy as a function of all the degrees of 

freedom in a molecule.  The minima (valleys) represent an arrangement of the atoms 

which result in a stable structure, where the first derivative of the energy (or the slope) 

is zero.  The minimisation was done using the Smart Minimizer method at the ultra-

fine convergence level with a maximum of 20,000 iterations. In this setup the 

calculation starts with a steepest descent method with a convergence criterion (slope) 

of 1000 kcal/mol/Å, and then moves on to a Conjugate Gradient method using the 

Fletcher-Reeves algorithm with a convergence criterion of 10.0 kcal/mol/Å.  The last 

method usually used is the Newton method with a convergence criterion of 

0.0001 kcal/mol/Å, but because the maximum number of atoms able to be treated 

Alpha

Methoxy
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easily by this method was 200, it was never applied to the minimisation of the MAs.  

None of the four minimisations ever converged to a minimum after 20,000 iterations, 

but the highest maximum derivative was only 0.023 kcal/mol/Å (�-MA).  Since the 

maximum derivative was close to zero and it was not expected that the open starting 

structures will be an energy minimum, the 20,000 steps of minimisation were 

considered sufficient.   

 

The minimised structures were placed into the centre of a 100 x 100 x 100 Å vacuum 

cube.  This is large enough to ensure that the MAs will not interact with another MA 

when periodic boundary conditions are applied.  From this, 20 replicate MD runs were 

then set up for each MA using an NVT ensemble (number of molecules, volume and 

temperature stay constant) at room temperature (298K), with the initial velocities 

being random velocities generated from the Boltzmann distribution.  The MD time 

was 4 ns with a 1.0 fs time-step, resulting in 4,000,000 steps calculated with the 

velocity verlet method.  The frame output was saved for every 10,000th step, resulting 

in 400 frames per MD simulation.  The Compass force field was used in all 

calculations.  For non-bonded energies the van der Waals energies were calculated 

with an atom-based method using a cut-off of 12.50 Å and Coulomb energies were 

calculated using the Ewald method.  By using a cutoff of ±7.9 for the first derivative 

of the Pressure-Potential Energy Fluctuation plot, it was determined that from the 

150th frame (1.5 ns), every MD run had equilibrated satisfactorily.  For the analyses, 

the Length Distribution module from the Structural Discover Analysis suite was used.   

 

Five points (a-e) were used to analyse the fold of the molecule [18].  As shown in 

Figure 3.4, (a) was the last carbon in the 2-alkyl chain, (b) was the carbon on which 

the carboxyl group was, (c) was the distal carbon of the cyclopropane ring, (d) was the 

carbon on which the keto- or methoxy group were and in the case of �-MA it was the 

distal carbon of the cyclopropane ring, and (e) was the end carbon of the 

meromycolate chain.  Eight distances (ab, bc, cd, de, ac, ae, ce, bd) were used to 

describe the MA fold [18].  The first four are the chain lengths of the four 

hydrocarbon chains in the MA molecule separated by functional groups, and the last 

four are distances between functional groups and/or the ends of the molecule.   In 

order to retrieve these distances from the MD runs, Perl scripts (coded by Dr. 

Alexandra Simperler, Accelrys) were used to find the atom numbers, and then to 
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output the distance between two of the atoms for every frame.  These distances were 

used in three types of analyses.   

 

 

 
Figure 3.4 The five points used in the analysis of MA-structures shown on a keto-MA. a = last carbon 

in the 2-alkyl chain, b = carbon on which the carboxyl group occurs, c = distal carbon of the 

cyclopropane ring, d = carbon on which the keto- or methoxy group (for keto- and MeO-MA, 

respectively) occurs, or the distal carbon of the cyclopropane group (�-MA), and e = end carbon of the 

meromycolate chain [18]. 

 

MA key distances were used to define the seven possible W, U and Z- folds that are 

shown schematically in Figure 3.5.  The parameters by which these folds were defined 

originated from the W-fold description, as defined by Villeneuve et al. [18], whereby 

each of the four chains are stretched to 70% or more of their fully elongated length, 

and have a b-d distance of 18 Å.  The other parameters used by Villeneuve et al. [18] 

could not be used, since they were derived from folded starting structures.  The 

parameters were then customised so that a W-shape would have a closer b-d distance 

of 10 Å so that the chains are close enough to allow inter-chain interaction.  The 

remainder of the parameters for the W, U, and Z-folds shown schematically in Figure 

3.5 were completed as shown in Table 3.1 below.  To include conformations that still 

represented the W, U, or Z-folds distinctly, but did not have all of their chain lengths 

elongated enough to fall into the first class, the two end chains (ab and de), were 

allowed to be 50% or more of their original stretched-out length.  For each MD run, 

all 400 frames were labelled as one of these seven folds if they met the criteria for that 

fold.  This was done with a Python script (coded by Jurgens de Bruin, University of 

Pretoria). 
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Figure 3.5 A schematic representation of the seven possible W, U and Z folds. 

 

 
Table 3.1 The parameters for the eight selected distances in a MA molecule for the different types of W, 

U and Z folds. 

 
 

The distances were also subjected to Principal Component Analysis (PCA) that was 

done on:   

i. All 8000 available frames for each MA type (400 frames from each run of 

which there are 20 replicates) 

ii. 5020 frames for each MA type (the last 251 frames of each MD run 

representing the equilibrated part of the run). 

 

Finally, the distances were clustered into groups using Self Organising Maps (SOMs).  

The 400 frames of each run were grouped into a maximum of 16 groups, and groups 

(i) and (ii) described above for each MA type were also grouped into a maximum of 

49 and 25 groups respectively.  Both PCA and SOM were done using GeneSight4.1. 
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3.5 Results 

 

3.5.1 Quantum mechanics 

 

In order to study the effect of the chain lengths on the cyclopropane ring, semi-

empirical calculations were done with lengthening of the hydrocarbon chains, with the 

bond lengths and angles shown in Figure 3.6 measured in each case. 

 

 
Figure 3.6 The bond lengths and angles of the cyclopropane molecules that were measured. 

 
Table 3.2 The stabilised bond lengths and angles measured as the chain length was increased in a 

symmetrical way for cis- and trans-cyclopropane. 

 
*the energies refer to the cyclopropane with a total of 18 carbons in its chains because from 20 carbons 

trans-cyclopropane had a negative frequency (refer to Appendix B). 

 

Cis-cyclopropane was unaffected by the chain length from a symmetrical short 2-

carbon chain until a long 16-carbon chain on each side.  The bond lengths and angles 

stabilised to those shown in Table 3.2 for both cis- and trans-cyclopropanes with a 9-

carbon methylene chain on either side.  From a chain of 10-carbons and longer on 

each side, symmetrical trans-cyclopropane always had one negative frequency.  

Equilibrium structures are characterised by having only positive (real) frequencies, 

while transition states are characterised by having one negative (imaginary) frequency 

[105].  However, the imaginary frequency had a very small magnitude (-24 cm-1), 
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which usually corresponds to torsional or related motions, and therefore this structure 

may represent a  very low energy transition structure [105].   

 

These results show that the lowest energy conformation is not always directly 

accessible in these semi-empirical calculations.  An equilibrium conformation 

calculation which randomly changes the conformation in order to find the lowest 

energy conformer was performed on trans-cyclopropane with two 4-carbon chains 

(Figure 3.7B).  The results of the calculation afforded a conformation in which the 

hydrocarbon chains move towards each other to a position where they could possibly 

interact (Figure 3.7B).  The animation of the negative frequency in the symmetrical 

trans-cyclopropanes with longer chains is a rotation of the chains, as indicated by the 

arrows in Figure 3.7A (as was expected from a low frequency).  The small rotation of 

the chains towards each other suggests that it may be likely for the chains to interact 

in a more stable conformation, with no imaginary frequencies. 

 

 
Figure 3.7 A schematic representation of the rotation seen at an imaginary frequency for disubstituted 

trans-cyclopropane.  This was seen at a frequency of -24 cm-1 in (1R, 2R)-1,2-didecylcyclopropane (A).  

The equilibrium conformer result of (1R, 2R)-1,2-dibutylcyclopropane, showing possible inter-chain 

interaction (B). 

 

In order to find the low-energy conformations, a systematic approach is necessary.  As 

mentioned before, it is not practical to do systematic conformational searches on large 

molecules such as MAs with numerous degrees of freedom.  However, the use of an 

automated numerical approach may make this task more efficient.  As a proof of this 

principle, a PES of dimethyl cis-cyclopropane was systematically calculated by 
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rotating the methyl groups by 30°.  The atoms were numbered in a systematic way 

[114], as shown in Figure 3.8, in order to allow automation in future work when the 

hydrocarbon chains will be extended.  The PES was calculated as a function of two 

dihedral angles, D14 and D15.  When considering four atoms connected in the order 

A-X-Y-B, the torsion angle or dihedral angle is the angle between the A-X and B-Y 

bonds, viewed along the X-Y bond.  D14 was defined by atoms 14, 7, 3 and 2 and 

D15 by 15, 9, 4 and 3 (Figure 3.8). 
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Figure 3.8 Dimethyl cis-cyclopropane showing the numbering system that was used in the PES 

calculations for this molecule.  D14 defined by atoms 14, 7, 3 and 2 and D15 by 15, 9, 4 and 3. 

 

 
Figure 3.9 A PES calculated for dimethyl cis-cyclopropan.  (A) 30° rotations in dihedral angles D14 

and D15. The low (B) and high (C) energy conformations that correlate to the high and low areas of 

the PES.  (For raw data and calculations refer to Appendix C.) 

 

In Figure 3.9 the energy is plotted as a function of D14 and D15, resulting in a 3-

dimensional PES.  The energy minima (valleys) occur where both D14 and D15 are 
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equal to 90°, 210° and 330° (corresponding to structure B), and the energy maxima 

(peaks) where both D14 and D15 are equal to 30°, 150° and 270° (corresponding to 

structure C).  

 

This work can be extended to PEHSs involving four dihedral angles (when chain 

length is 2 carbons), six dihedral angles (when chain length is 3 carbons) and so on, 

until the limit of current computational resources is reached. When this limit is 

reached, further in-depth analyses of the extensive data-sets will provide insight as to 

the reasons for the exact chain lengths and associated interactions between them.  

What can be done with confidence is to use the qualitative representations of these 

highly dimensional systems to generate trends and predict where conformational 

minima will lie on the PEHSs of these systems. Effectively these serve as a means to 

provide an idea of what the preferred conformations are as well as some information 

of the energetics and dynamics associated with interchange between conformers. 

 
Table 3.3 The stabilised bond lengths and angles measured as the chain length was increased in a 

symmetrical way for R- and S  diastereomers of �-methyl trans-cyclopropane 

 
* The energies refer to the cyclopropane with a total of 32 carbons in its chains (refer to Appendix B). 

 

Equilibrium geometries were also calculated for trans-cyclopropane with an �-methyl 

group in the S or R stereochemistry with increasing hydrocarbon chain lengths (Table 

3.3).  In nature, trans-cyclopropane is always accompanied by an �-methyl group.  

With an �-methyl group, all trans-cyclopropane calculations did not have any 

imaginary frequencies anymore, in contrast to the structures of the trans-

cyclopropanes without the �-methyl group with a carbon-chain of 10 or more on each 

side.  It was seen that between the two diastereomers S was slightly more stable than 

R.  The S-diastereomer is believed to be that found in nature [115].  Similar to cis-

cyclopropane (Table 3.2), it was seen that the key structural parameters obtained for 

�-methyl trans-cyclopropane (S or R) are unaffected by the chain length. 
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In summary of the findings for cis- and trans-cyclopropanes (Table 3.2 and Table 

3.3), it was found that the key structural parameters of the cyclopropane rings are not 

affected by the lengths of the carbon chains attached to the ring.  This is 

understandable, since the angle of the chains with the cyclopropane rings (Figure 3.6 

A4 and A5) did not change very much (Table 3.2 and Table 3.3).  For trans-

cyclopropane, the �-methyl group stabilsed the symmetric structure so that there were 

no more negative frequencies, as was seen without the �-methyl group.  The �-methyl 

trans-cyclopropanes (S or R) were slightly more stable than corresponding cis-

cyclopropane, and cis-cyclopropane had a slightly longer L1 bond length, with 

correspondingly wider A1 angle opposite to it.  This is thought to be due to steric 

reasons with the two bulky methyl-groups next to each other in cis-cyclopropane.  

Finally, PES/Hs are an effective tool to analyse the effect of changes in the geometry 

on the energy of the molecule and to predict what the favoured conformations will be. 

 

3.5.2 Molecular dynamics 

 

3.5.2.1 Selection of force field 

 

The cyclopropane group with its strained ring calls for careful consideration, as this is 

also a point where folding is likely to occur in the molecule.  Most commonly used 

force fields do not include parameters for such infrequently used groups.  From four 

available force fields in the Materials Studio software (Table 3.4), each force field 

was applied to a cis- and trans-cyclopropane with two 16-carbon chains, where the 

bond lengths and angles have stabilized to constant values in the semi-empirical 

calculations (Table 3.2).  The same bond lengths and angles of the cyclopropane ring 

(Figure 3.6) were measured after each force field was applied. The square of the 

difference between these values and the semi-empirically-obtained values were 

calculated in order to find the force field that resulted in the cyclopropane bond 

lengths and angles closest to those obtained in the semi-empirical calculations.  

Therefore, the angle and bond length squared difference average closest to zero 

represents the structure which has bond lengths and angles with the least variation 

compared with the semi-empirical values (Table 3.4).  It was found that the Compass 
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force field had the closest fit for both cis- and trans-cyclopropanes and was 

subsequently used in all MD calculations. 

 
Table 3.4 The square of the differences of the bond lengths and angles as calculated for cis- and trans-

cyclopropane with two 16-carbon chains, with the respective force fields. 

�� �� �� �� �� ��

Compass trans 0.591 0.151 0.151 0.043 0.178 0.178 0.215
Compass cis 0.005 0.004 0.031 0.256 0.205 0.149 0.108

PCFF trans 0.101 0.009 0.050 0.691 0.260 0.186 0.216
PCFF cis 0.023 0.050 0.009 0.398 0.186 0.260 0.155
CVFF trans 0.201 0.051 0.051 2.899 4.180 4.180 1.927
CVFF cis 0.036 0.000 0.000 3.376 3.965 3.965 1.891
Amber trans 0.537 0.137 0.137 1.548 3.421 3.421 1.533
Amber cis 0.188 0.018 0.018 2.099 3.186 3.186 1.449

Forcefield 
used

cis/ 
trans

Bond length (Angstroms)Internal Angle (degrees)
Average†

 
†The average represents the average of square differences of angles and bond lengths. 

 

 

 

3.5.2.2 Equilibration of the system 

 

In order to see if the 4 ns MD runs had reached convergence, a Pressure-Potential 

Energy Fluctuation graph was plotted.  From this it was evident that the MD runs 

needed approximately 1.5 ns to equilibrate.  A cut-off value of ±7.938 was assigned 

for the first derivative of the Pressure-Potential Energy function Figure 3.10.  This led 

to the last 2.51 ns of the MD simulation to be used as the equilibrated part of the run 

(frames 150-400). 
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Figure 3.10 The first derivative of Pressure-Potential Energy plots of MAs.  Twenty replicates of �-MA 

(A), MeO-MA (B), MeO-ME (C) and Keto-MA (D) were plotted with the ±7.9 cut-off shown as dashed 

lines. 

 

3.5.2.3 Principal Component Analysis 

 

It is believed that the PES was explored well for each MA-type.  Figure 3.11 (A) 

shows the PCA plot of one representative �-MA run of the 20 replicates that were 

performed.  The plot makes chemical sense because related structures are close to 

each other in time sequence (frame order) and therefore the ‘path’ taken by the time 

series through the principal component space can be traced as conformational 

rearrangement takes place.  This path starts at the right-hand side and moves to the 

left where the time-points are densely populated.  A representation of the variation 

and different pathways included by the random starting velocities from the 

Boltzmann-distribution in the simulations can be seen in the comparison of the PCA 

plot for one representative �-MA (A) to that of all 20 replicates for that class (B) in 

Figure 3.11.  The variance of the data in both plots is a good representation since 

88.67% and 80.60% of the total variance for (A) and (B) respectively is displayed on 

the 2D-projection of the data. 
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A

B

 
Figure 3.11 The PCA plots for �-MA. (A) one representative MD simulation of �-MA and (B) all of the 

20 replicate MD simulations for �-MA.  Each of the plots includes all 400 frames of the simulations.  In 

(A) 88.67% (80.35% + 8.32%) and in (B) 80.60% (69.62% + 10.98%) of the total variance is 

accounted for by the two principal components.  Original PCA reports can be found in Supplementary 

Data\PCA_reports. 
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Figure 3.12 PCA plots of �-MA, MeO-MA, MeO-ME and Keto-MA.  For all 20 replicates of each MA 

all 400 frames (left) and the last 251 equilibrated frames (right) were used to draw up the plots.  The 

percentage of the total variance accounted for in each plot is 80.60% (69.62% + 10.98%, Alpha, left), 

73.94% (60.82% + 13.12%, Alpha, right), 75.93% (64,58% + 11.35%, MeO, left), 56.99% (38.62% + 

18.37%, MeO, right), 79.34% (69.94% + 9.29%, MeO-ME, left), 67.93% (55.23% + 12.69%, MeO-

ME, right), 66.51% (56.94% + 9.58%, Keto, left), 41.20% (22.00% + 19.20%, Keto, right).  Original 

PCA reports can be found in Supplementary Data\PCA_reports. 

 

 
 
 














































































































