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Mycolic acids are structural components of the mycobacterial cell wall that have been implicated in the
pathogenicity and drug resistance of certain mycobacterial species. They also offer potential in areas
such as rapid serodiagnosis of human and animal tuberculosis. It is increasingly recognized that con-
formational behavior of mycolic acids is very important in understanding all aspects of their function.
Atomistic molecular dynamics simulations, in vacuo, of stereochemically defined Mycobacterium tuber-
culosis mycolic acids show that they fold spontaneously into reproducible conformational groupings.
One of the three characteristic mycolate types, the keto-mycolic acids, behaves very differently from
either a.-mycolic acids or methoxy-mycolic acids, suggesting a distinct biological role. However, subtle
conformational behavioral differences between all the three mycolic acid types indicate that cooperative
interplay of individual mycolic acids may be important in the biophysical properties of the mycobacterial
cell envelope and therefore in pathogenicity.

© 2013 The Authors. Published by Elsevier Ireland Ltd. All rights reserved.
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1. Introduction

Tuberculosis (TB) is the most frequent cause of death in individ-
uals infected with human immunodeficiency virus (HIV), especially
in Sub-Saharan Africa. Mycobacterium tuberculosis, the causative
agent of TB, has a cell wall that is exceptionally rich in lipids, of
which mycolic acids (MAs) are the major components (Minnikin,
1982; Minnikin et al., 2002).

MAs are high molecular weight 2-alkyl-3-hydroxy fatty acids,
principally covalently bound to arabinogalactan in the cell wall.
They are also found as trehalose mono- and- dimycolates (Minnikin
et al., 2002; Verschoor et al.,, 2012) and as free hydroxy acids.
MAs from M. tuberculosis are found in three main classes, a-
(1), methoxy- (2) and keto-MA (3), whose main components are
shown in Fig. 1. The methoxy- and keto-MAs both have sub-
classes, characterized by the presence of cis-cyclopropane rings or
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trans-cyclopropane groups with an adjacent methyl branch, the
former predominating in methoxy-MAs (2) and the latter in keto-
MAs (3) (Watanabe et al., 2001, 2002). The specified absolute
stereochemistries of these mycolic acids have been probed by total
syntheses and comparison with natural material (Al Dulayymietal.,
2003, 2005, 20064a,b, 2007; Koza and Baird, 2007; Verschoor et al.,
2012).

These and other MA types are present in varying proportions in
different species of mycobacteria, affording each a specific MA pro-
file, which can be used to differentiate subspecies of these bacteria
(Minnikin and Goodfellow, 1980; Butler and Guthertz, 2001; Song
et al., 2009). The existence of specific MA profiles in different con-
texts (Yuanetal.,, 1998) suggests that the physical properties of, and
thus the biological roles of, both MA derivatives and free MAs may
be directed by their underlying chemical make-up. This premise
is supported by various studies on the genes that encode for
the enzymes involved in synthesising the different MA-functional
groups that have highlighted the importance of the different
functionalities present in the mycobacteria. Lacking a proximal cis-
cyclopropane group in a-MA, M. bovis BCG mutants were not able
to establish a lethal infection, in comparison with the wild type
(Glickman et al., 2000). Trans-cyclopropanation of oxygenated MAs
suppressed M. tuberculosis-induced inflammation and virulence
(Rao etal., 2006). Cyclopropanation and cyclopropane stereochem-
istry are, therefore, not to be overlooked in the importance of MA
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Fig. 1. Structures of the main components of the MAs from M. tuberculosis, «-MA 1,
methoxy-MA 2 and keto-MA 3.

structure-function relations. Keto-MA was more prevalent when
the bacteria grew in macrophages and, in the absence of keto-MA,
successful entry and replication inside a macrophage-like cell-line
was reduced (Yuan et al., 1998), suggesting that keto-MA plays a
keyrolein macrophage infection. Oxygenated MAs may be essential
for pathogenicity in mice (Dubnau et al., 2000) and have recently
been suggested to play a major role in host lipid accumulation and
foam cell formation at the site of infection and so possibly facilitate
long-term persistence in the host (Peyron et al., 2008).

Additionally, natural mixtures of MAs are good antigens for
serodiagnosis of TB (Pan et al., 1999; Schleicher et al., 2002),
even in populations with high HIV prevalence, such as Africa
(Mathebula et al., 2009; Schleicher et al., 2002; Thanyani et al.,
2008). Since antibody recognition relies on macrostructural con-
formation, knowledge of the typically adopted structures of MA
subclasses will aid in the design of serodiagnostic methods with
improved specificity. With this in mind, we have examined a
selection of commonly occurring MAs to establish whether their
functional differences innately induce variation in MA folding.

The impact of chemical structure on the microscopic proper-
ties of MAs can be effectively visualized using molecular dynamics
(MD) methods, which are suitable for handling species of this size
and flexibility. In particular, atomistic MD simulation, whilst being
substantially more computing intensive than, for example, coarse-
grain methods typically used for membrane work (Voth, 2009), can
provide atom-level information of the sort required for adequate
modeling of structures with unusual functional groups, such as the
cyclopropane units of MAs. This approach is also desirable as it
allows stereochemistry to be explicitly addressed.

Computational studies have been done on the structure of the
cell wall of M. tuberculosis and its permeability (Dmitriev et al.,
2000; Hong and Hopfinger, 2004a,b). In these studies MAs are
only represented by a generalized structure, therefore no assump-
tions on their individual conformations can be made. Numerous
Langmuir monolayer experiments (Hasegawa et al., 2000, 2003;
Villeneuve et al., 2005, 2007, 2010, 2013; Villeneuve, 2012) have
shown that MA conformations change under varying lateral pres-
sure. a-MAs tended to become fully extended, while keto-MAs
stayed folded under high lateral pressure. It has been suggested
that this unfolding process is influenced by the mero-functional
group and the length of the carbon chains (Villeneuve et al., 2005,
2007,2010,2013). A principal outcome of these investigations was
that most MAs can adopt a 4-chain folded conformation that can
be visualized as a W-shape in two dimensions with the molecules
folding at all their functional groups. These W-shapes appear to be

the preferred conformations for keto-MAs, but they are less favored
for a-MAs and methoxy-MAs (Villeneuve et al., 2005, 2007, 2010,
2013). Recently it has been shown that oxygenated MAs with a-
methyl trans-cyclopropane groups fold more readily than those
with cis-cyclopropane units (Villeneuve et al., 2013). It has also
been suggested that the long MAs may need to fold into condensed
conformations to be able to fit into the outer membrane of the
mycobacterial cell wall (Zuber et al., 2008).

The propensity for model keto- and methoxy-MAs, from the
TB-related species Mycobacterium bovis, to remain in a pre-set
W-conformation was examined by MD (Villeneuve et al., 2007).
Simulations of 20 ps MD with a restricted conformation about the
hydroxyacid group were performed and then, using five points (at
the ends of the chains and at functional groups) and the distances
between them, it was determined either whether each MA had a
preference for staying in this compact conformation or whether
it unfolded. The results reinforced findings from Langmuir mono-
layer studies, namely that keto-MA has a preference for staying in a
W-fold, while MeO-MA unfolded most of the time. They also simu-
lated various a-MAs (Villeneuve et al., 2010) and found that a-MAs
with one cyclopropane group and a double bond stayed in the W-
fold longer than those a-MAs with two cyclopropane groups and
that this may be due to a more energetically stable W-conformation
in a-MAs containing a double bond. A relationship between chain
length and unfolding was observed: more similar chain lengths
between functional groups unfolded more slowly, supposedly due
to a more tightly-packed W-shape. Energy level calculations of cis-
or a-methyl trans-cyclopropane-containing model molecules and
computer simulation studies confirmed the superior folding prop-
erties of the latter functional unit (Villeneuve et al., 2013).

Previous studies, therefore, have established that MAs from
M. tuberculosis can articulate at all the functional group discon-
tinuities, namely the hydroxy-acid, methoxy- and keto- units
and the cyclopropane rings (Fig. 1). In particular, a fully folded
“W-conformation” is very characteristic for keto-MAs, but more
extended, partially-folded conformations are common in the a-
MAs and methoxy-MAs. The present work aims to define a range of
postulated unconstrained folds that stereochemically precise MAs
from M. tuberculosis may adopt. The properties and possibilities
of such hypothetical conformations were investigated by applying
atomistic MD simulation over a significantly extended timeframe,
relative to previous studies, to allow improved sampling of the
potential energy surface. The results were then evaluated with
principal component analysis (PCA) and self organized mapping
(SOM). The folding information thus obtained illustrates clearly
the importance of underlying molecular structure in directing the
macromolecular 3-D conformations of representative MAs.

2. Methods

2.1. Selection of MA key reference points and working
conformations

For analysis, five reference points were defined (Fig. 2) to iden-
tify the chain termini (a/e) and the specific atoms in the linking
functional groups (b-d) (Villeneuve et al., 2007). Eight key dis-
tances (ab, bc, cd, de, ac, ae, ce and bd) can then be used to describe
each MA fold. The distances were used in three types of analyses:
principal component analysis (PCA), self organized mapping (SOM)
and the identification of “W” and the alternative folds presented
in Fig. 3. The idealized conformational arrangements displayed in
Fig. 3 were selected to explore the properties of the various hydro-
carbon chains interacting essentially in parallel. Scrutiny of these
folding models shows that they can be assigned to three gen-
eral types comprising “W”, “U” and “Z” overall shapes, collectively
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Fig. 2. Specified reference points in M. tuberculosis MAs drawn in the same orienta-
tion as in Fig. 1. Thus the five points indicate (a) the last carbon in the 2-alkyl chain,
(b) the carbon bearing the carboxyl group, (c) the distal carbon of the proximal cyclo-
propane ring, (d) the carbon bearing either the keto- or the methoxy-group and the
distal carbon of the distal cyclopropane ring for «-MA and (e) the end carbon of the
meromycolate chain. Absolute stereochemistry is not defined.

summarized as “WUZ”. Within the U-conformation category, “aU”
and “eU” have “a” and “e” terminating the extended chains, respec-
tively; “sU” is symmetrical. Similarly, “sZ” has symmetry and “aZ”
and “eZ” have extended chains terminated by “a” and “e”, respec-
tively (Fig. 3).

2.2. Atomistic molecular dynamics simulations

Starting structures for the MD runs were constructed using
the Accelrys Materials Studio GUI, according to the stereochemi-
cally defined structures presented in Fig. 1. These structures were
prepared to represent the unfolded form of the MAs. To ensure
adequate structural sampling, replicate MD runs were carried out
at 298K for each of the MAs 1-3 (Fig. 1) using the Compass force-
field. This forcefield was selected from those available as it provided
the most consistent representation of the structural parameters
of the cyclopropane groups, relative to those calculated at the
semi-empirical PM3 level of theory (data not shown). Each run
started from an open structure and was 4ns in duration with
1.0 fs timesteps, sampling at 10 ps intervals to generate 400 frames.
Twenty replicates were done for each MA-type. The simulations
were considered to have equilibrated after 1.5 ns, at which point the
pressure-potential energy plots were seen to level off (not shown).
Separate analyses were performed on this portion of each run in
addition to those performed on the full simulation dataset.

2.3. Principal component analysis (PCA)

PCA was used to follow the conformational changes of the
molecule in the 400 frames of each simulation, frame-by-frame.
GeneSight™ software (version 4.1, Biodiscovery, CA), developed
for the statistical analysis of large sets of microarray data, was used
to carry out PCA analyses. The distances between the structure ref-
erence points (a—e) were extracted from simulation trajectories at
each frame, and used as the basis for the PCA source data.

I G
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2.4. Self organized mapping (SOM) analysis

Each of the 400 frames for each simulation were analysed by
SOM using GeneSight™ software, utilising the same distance data
as for the PCA. The structures were clustered onto plots with 49
groups for the full datasets and 25 groups for the equilibrated
datasets, presenting a large variety of conformations (see supple-
mentary information).

3. Results

Atomistic Molecular Dynamics simulations, whilst time inten-
sive, offer the opportunity to explore the structural impact of
atom-level molecular changes and are an ideal methodology for
using with MAs, where the underlying chemical changes either
affect only a small part of the molecule, or are directed through
subtle changes in stereochemistry. We present the data obtained
through gas phase simulation here, because this approach offers
practical advantages; namely each run is reasonably fast and is able
to sample a large portion of the potential surface. This rapidity and
coverage is important if meaningful statistics are to be obtained
from a number of replicate runs. The simulations are orders of
magnitude faster than those in explicit solvent, and these systems
highlight the same generalized underlying patterns resulting from
the direct influence of the chemical functionality (data not shown).
Being solvent free, they also provide a framework from which to
understand the details of solvent effects at a later date.

3.1. Principal component analysis (PCA)

In PCA, a variance-covariance matrix is constructed in which the
variability of each distance is captured, as well as its co-variation
with every other distance. This array is used to identify a new vari-
able, a vector that is a linear combination of the distances and
contains the maximum amount of variance. This is the choice of
the projection line or the first principal component, an eigenvec-
tor. For an n x n matrix, n eigenvectors with their corresponding
eigenvalues exist. Next, the eigenvector that is orthogonal to the
first, and that maximizes the remaining variability, is found. This is
the second principal component.

PCA has been successfully applied to defining structural group-
ings within proteins (Papaleo et al., 2009; Tama et al., 2000), but its
application to typical lipid structures, due to their chemical nature
and smaller size is less apparent. Because mycobacterial MAs are
much larger than standard lipids, with around a 60-90 carbon back-
bone, PCA lends itself well to the analysis of the folding of these
molecules.

From the PCA results of a single representative simulation
(Fig. 4) the molecular path can be followed from the open starting
structures on the right-hand side to the more folded conformations
on the left. Each point represents a successive frame, starting from
point 1 in the top right hand side of the diagram, which represents
the initial extended conformation.
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Fig. 3. Proposed mycolic acid W-, U- and Z-shaped (“WUZ") folding model conformations with interacting parallel chains.
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Fig. 4. A principal component analysis plot representing a single MD trajectory.
Certain frame numbers have been enlarged in order to show that unfolded starting
conformations occur on the right-hand side of the plot, and folded conformations
that occur in later timeframes, on the left-hand side.

The results of these individual calculations were then combined
for all replicates (Fig. 5a-c). From these combined PCA results with
the full datasets (Fig. 5), it is seen that the extended starting con-
formations progressed over the course of the simulation to folded
ones, primarily driven by interactions of the chains. This indicates
that, in vacuo, the weak van der Waals interactions play a major
role in directing folding, as might be expected. For MAs 1 and
2, this folding occurred through distinct folding pathways, seen
as loosely defined bands of structures between apparent clusters
(Fig. 5a and b), defining low energy pathways along the potential
surface between structural minima. The intensity of these bands,
reflecting the population of structures on the energy surface, varied
for each MA class. For MA 3, the pattern was quite different, show-
ing a more diffuse and less populated unfolded region (Fig. 5c).
This data indicated a sampling of the potential energy surface with
no apparent preferred conformational pathways and revealed that
MA 3 spent less time in open conformations, demonstrating more
rapid folding than observed for MAs 1 and 2 (note that the sec-
ond principal co-ordinate scale is less extended than those for MAs
1 and 2). These results predict that keto-MA has the potential to
show significantly different physico-chemical, and thus biological,
behavior.

3.2. Self organized mapping (SOM) analysis

To better clarify the groupings observed by PCA, SOM was
utilized to generate structural clusters using an artificial neural net-
work (Stekel, 2003; Sturn, 2000). The results could be classified into
three very general types; those with a number of large distances
corresponding to open forms (0), those with intermediate distances
(I) and highly folded structures in which all distances between the
key functional groups were very small (F). These results are sum-
marized in Fig. 6a, and show that the bulk of structures for all three
MAs were completely folded, but that significant numbers in each
case were partly folded. When this analysis was carried out on the
equilibrated datasets, complete folding was even more predomi-
nant (Fig. 6b). Here too, it is shown that keto-MA folded quickly
since it had fewer groups of structures with open conformations.

3.3. Searching for W- and related conformations

By using the model of the W-fold (Villeneuve et al., 2005,
2007,2010,2013) and further considering structures whereby fold-
ing occurs specifically at the functional groups of the MAs, three
general conformations, termed W, U and Z folds, can be defined

Principle component #2
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Principle component #2
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Fig. 5. Principal component analysis of combined MD trajectories for all the simu-
lation data over the 4 ns timeframe for (a) a-; (b) methoxy- and (c) keto-MAs.

(Fig. 7). These conformations reflect the four-, two- and three-chain
descriptions, respectively, found in monolayer studies (Villeneuve
et al., 2005, 2007, 2010, 2013). Altogether, seven “WUZ” subsets
could be assigned. Prefixes “a” (aU, aZ) and “e” (eU, eZ) are used
to describe conformations when a- and e-terminated chains are
unfolded, while ‘symmetrical’ conformations have “s” as prefix (sU,
SZ).

Each frame was analysed for the seven W-, U- and Z-folds by
extracting the distance data into Excel sheets with Perl scripts and
analysing them with a Python script. The folds were identified
according to a set of parameters described in the supplementary
data(Table S1).Idealized conformers obtained from the simulations
for each WUZ-fold for a-MA 1 are presented in Fig. 7. Minimization
and energy calculations of selected structures from all the sub-
classes indicated that, on average, the lowest energy structure is
the W-fold (Table S2).
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Fig. 6. Percentage of frames in open (0O), intermediately folded (I) and folded (F) conformations (with ac, ae, ce and bd: >40A, >20A and <20 A, respectively) for (a) full

simulation data and (b) the equilibrated region.

Analysing the equilibrated datasets showed that a-MA had the
highest frequency of WUZ-folds (7.93% of structures, see supple-
mentary data, Table S3, for a detailed breakdown). The remaining
MAs had lower frequencies of WUZ-folds, namely 1.35% (MeO-MA)
and 3.01% (Keto-MA). The large relative difference in WUZ-fold fre-
quencies for a-MA 1 demarcates this structure as having potentially
unique properties. Thus, the difference in frequencies of specific
WUZ-folds of MA, infers that the three MA structures 1-3 exam-
ined can be clearly differentiated based on their folding subtypes
and thus that the functional group changes would have a significant
impact on the macrostructure.

Comparison of WUZ-data with the SOM analysis of individual
simulations showed that W, U and Z structures were separated
into different SOM clusters, but it is evident that there are many
more conformational groups that can still be defined. Given the
lack of restrictions and external pressure applied to the simulation,
and that no packing effects from additional surrounding molecules
contribute, these results also demonstrate that the 2, 3 and 4-chain
folds described for monolayers are both present and accessible
without the restrictions imposed by membrane structure.

4. Discussion

A particular achievement of the present approach is the demon-
stration that the inherent structural properties of MA molecules
validly predict their conformational behavior. This is particularly
clear for the keto-MAs that favor W-conformations in in vacuo sim-
ulations but also in experimental monolayers on a Langmuir trough
(Villeneuve et al., 2005, 2007, 2013). It was previously considered
that the monolayer W-folding of keto-MAs might be dependent,
to some extent, on hydrophilic interactions of the keto-group with
the aqueous subphase but it now appears that the folding of these
MAs does not necessarily depend on such interactions. Similarly,

Fig. 7. Representative ‘WUZ’ folds for a-MA 1. Pdb files for each structure are avail-
able as supplementary data files P1-7.

the conformational flexibility and potential versatility of M. tuber-
culosis a-MAs, demonstrated in Langmuir monolayers (Villeneuve
et al., 2005, 2010), is confirmed in the present study where a-MAs
were found to have the capability of accessing the widest range
of stylized conformations. Again, the distinct monolayer behavior
of methoxy-MAs, whose folding properties are rather intermediate
between those of a-MAs and keto-MAs, is echoed by its preference
for limited, but distinct, in vacuo folding pathways. A full under-
standing of the influence of the specific architecture of all mycolic
acids will require extended combinations of experimental physical
studies, linked with focussed calculations on individual MAs and
combinations thereof. In addition to the behavior of free mycolic
acids, it is important to attempt to simulate the behavior of MAs
in cell envelope mycoloyl arabinogalactan and trehalose mon- and
dimycolates (TDM, “cord factors”). The latter TDMs are important
intermediates in the transfer of MAs into the mycobacterial cell
wall (Minnikin et al., 2002) but they also have potent biological
activity. Cord factors should be studied in parallel with free MAs,
both in computational and physical studies, but to date only limited
monolayer studies (e.g. Durand et al., 1979; Almog and Mannella,
1996) have been performed.

Current literature supports the notion that the balance of MA
classes in mycobacteria affects biological activity, pathogenicity,
virulence and cell wall permeability (Dubnau et al., 2000; Fujita
et al,, 2007; Glickman et al., 2000; Peyron et al., 2008; Rao et al.,
2006; Yuan et al., 1998) despite what may be considered as rel-
atively small changes in the chemical functionality. Free MAs are
known to express certain features of an M. tuberculosis infection
such as macrophage foam cell formation at the site of infec-
tion and can even cure experimental asthma in mice (Korf et al.,
2006). With the advent of the total synthesis of individual MAs
(Al Dulayymi et al., 2005, 2006a, 2007; Koza and Baird, 2007), it
has been possible to collect data on the immune activity of dif-
ferent classes of MAs. Recent results distinguish specific immune
activities based on the class of MA, and show specific delineation
of the activities with differing oxygenated moieties and cis versus
trans-methyl cyclopropanation (Beukes et al., 2010; Vander Beken
et al., 2011). Primarily, a-MA, which shows the highest level of
WUZ-conformers and also spends more time in open conformers
compared to methoxy- and keto-MAs, is the least immune active.
It induced no airway inflammation (Vander Beken et al., 2011) and
exhibited the lowest antibody antigenicity in human TB patient
sera (Beukes et al., 2010). a-MA, with no oxygenated functional
group, has the greater flexibility compared to the oxygenated MAs,
being the only MA that folded into all of the seven possible WUZ-
folds within its full datasets. Its capability of accessing different
conformations with ease was also seen by Villeneuve et al. (2007,
2010) and may be useful to modulate a changing cell wall com-
position in mycobacteria. Methoxy-MA showed folding via distinct
pathways, but the lowest percentage of WUZ-folds. Methoxy-MA
is the most antigenic of the three classes, with trans-cyclopropane
stereochemistry being more antigenic than the cis stereochemistry
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used here (Beukes et al., 2010). The cis isomer elicited a pronounced
inflammatory response in mice, whereas the trans isomer partially
lost this activity. Keto-MA was found to prefer more compactly
folded conformations even as a single molecule, as was corrobo-
rated by monolayer packing (Villeneuve et al., 2005, 2007, 2013).
Its presence in the cell wall seems key in the mycobacterial inter-
action with the host on entering macrophages and growing in
them successfully (Yuan et al., 1998). The trans isomer studied
here showed higher antigenicity than the cis isomer (Beukes et al.,
2010), whereas the cis isomer elicited the stronger inflammatory
response in mice. In contrast, the trans keto-MA isomer showed
anti-inflammatory activity (Vander Beken et al., 2011). Oxygenated
MAs have been shown to induce foam-cell formation (Korf et al.,
2005), creating an environment for a dormant state of the bacteria
that is rich in nutrients and possibly aids in the long-term persis-
tence of TB infection (Peyron et al., 2008).

Although most of the mycolic acids from mycobacterial ori-
gin are covalently linked to arabinogalactan, some free mycolic
acids are exported and found in mycobacterial biofilms, apparently
being required for biofilm maturation in the drug-tolerant, per-
sistent stage of the bacilli (Ojha et al., 2008). It has recently been
shown that keto-MA is required in pellicle biofilm growth of M.
tuberculosis, which is essential in conferring drug tolerance to the
bacteria (Sambandan et al., 2013). Structure and conformation of
free MAs may therefore be expected to be of biological significance
in the development of TB in an infected patient and is an area that
can be further investigated in the light of the current results. This
warrants research in a better understanding of the stage specific
expression of MA subtypes as such or in combination with one
another.

The mycobacterial outer membrane has been visualized for the
first time by cryo-electron spectroscopy (Hoffmann et al., 2008;
Zuber et al., 2008). The propensity of MAs to fold at their func-
tional groups-even in the absence of packing effects or lateral
pressure-supports the model of Zuber et al. (2008) in which MAs
will fold in order to fit into the 70-80 A thick outer membrane of
the cell wall. In the model that they propose for the outer mem-
brane bilayer the MAs are folded into W-conformations, with the
ends of long chains intercalating to compactly fit into the 70-80 A
outer membrane layer. The credibility of this model is supported
by the results of this study, which show that all three classes of
M. tuberculosis. MAs are able to fold into the W-conformation, the
most stable conformer of the WUZ-defined folds. Within this set of
data, W-folds have been found to be approximately 18-30A long,
which will comfortably fit into one of the outer membrane leaflets.
More stretched out conformations such as the Z-defined folds can
also fit into this space, stretching up to approximately 40 A. With
an attachment at the acid group to arabinogalactan in the inner
layer, the W and sZ-folds are most easily accommodated in this
cell envelope space. The longer U-folds, reaching over 50A, can
still be included in the overall 70-80 A space and their extension
beyond the outer membrane mid-point may be important in facil-
itating hydrophobic interactions with the characteristic free lipids
(Minnikin et al., 2002) of M. tuberculosis. This study indicates that
a-MAs are most likely to access U-folds and as a-MAs constitute
about half of the total MAs in M. tuberculosis, this may be a signif-
icant factor in constituting the cell envelope in this pathogen. It is
also apparent that other compact conformations that have not yet
been classified, and that are consistent with these size constraints,
may exist.

This preliminary study has indicated that MAs can assume a
wide range of conformations when modeled as single molecules,
with distinctive patterns of folding for each MA-type. Clearly
detailed folding behavior needs to be explored with a greater range
of mycolic acids in a systematic fashion to properly unpick the
roles of each functional group in directing folding. In addition,

whilst in vacuo calculations have provided valuable preliminary
insights, especially revealing the flexibility of MAs and the same 2-,
3- and 4-chain folds proposed from monolayer studies, atomistic
simulations with explicit hydration and within membrane mod-
els will no doubt reveal how more restricted environments modify
the number and type of accessible conformations. Such studies
may contribute towards new diagnostics and therapies against TB,
which are direly needed, especially where the TB epidemic is out
of control, driven by its fatal combination with HIV.

5. Conclusions

The present study is the first to explore the significance of the
particular functional groups and chain lengths of the main com-
ponents of the three major classes of MAs from M. tuberculosis,
using clearly defined absolute stereochemistry (Fig. 1). These initial
results from molecular dynamics simulations indicate that there
are clear conformational differences between MA subclasses, which
may be able to account for at least a part of the observed biological
differences.

Conformations of three mycolic acid classes representative of
those found in M. tuberculosis, simulated using atomistic MD cal-
culations, have been statistically analysed based on eight distances
between the ends of chains and functional groups. By using princi-
pal component analyses, it was shown that MAs 1, 2 and 3 assumed
folded, compact conformations from open starting structures with
different folding pathways preferred for each MA. Keto-MA 3 folded
most quickly. From SOM it was seen that all MAs tend towards
highly folded forms with small, defined distances in these simula-
tions. MAs spent significant periods in W, U and Z conformations
that both are folded at or around the functional groups. The innate
ability of MAs to fold spontaneously into WUZ-conformations, even
as single molecules in vacuum, is supportive of findings from mono-
layer studies (Villeneuve et al., 2005, 2007, 2010, 2013; Villeneuve,
2012), where the molecules are packed tightly together under lat-
eral pressure. a-MA adopted all the WUZ-folds most frequently.
Grouping by SOM also separated W, U and Z conformations. How-
ever, from the relatively low frequencies it is evident that many
other conformers, in addition to the stylized WUZ folds (Fig. 3), are
both accessible and important for biological functions such as anti-
genic response and their conformations in the cell wall. It is clear
from this study that the range of conformations, the pathways and
the speed at which these conformers are accessed, are distinct for
each MA subclass examined.

The value of applying a portfolio of computational methods
to the exploration of the conformational possibilities of MAs has
been demonstrated only for the main components of the three
MA subclasses from M. tuberculosis (Fig. 1). However, the natural
methoxy- and keto-MAs from M. tuberculosis include homologous
series based on either cis- or a-methyl trans-cyclopropane units
at the proximal position in the meromycolate chain (Minnikin,
1982; Verschoor et al., 2012). There has not been a clear under-
standing about why such oxygenated MAs should be comprised of
two parallel series, but the recent demonstration that MA folding is
facilitated by a-methyl trans-cyclopropane groups rather than cis-
cyclopropane units (Villeneuve et al., 2013) has provided a partial
explanation. Additional understanding of the importance of hav-
ing parallel series of oxygenated MAs would be gained from the
application of computational studies to a selected range of MAs,
varying in chain lengths and functional group content. In particular,
it would be most informative to study the developing portfolio of
synthetic MAs, with known absolute stereochemistry (Al Dulayymi
et al., 2003, 2005, 2006a,b, 2007; Koza and Baird, 2007; Verschoor
et al., 2012) both by computational methods and direct physical
approaches, such as Langmuir monolayers.
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