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Abstract

Purpose: Mycolic acids, which render unique qualities to mycobac-
teria, are known to be important for mycobacterial growth, survival and
pathogenicity. It is of interest to understand the evolutionary origins of
the mycolic acid pathway (MAP), as well as the common minimum princi-
ples critical for generating the capability of mycolic acid biosynthesis. The
recent curation of a comprehensive model of the MAP in Mycobacterium
tuberculosis and the availability of a large number of genome sequences
make it feasible to carry out detailed sequence and phylogenetic analyses,
to address these questions.

Methods: A comprehensive phylogenetic pathway profile analysis was
carried out for 318 fully sequenced bacterial genomes, for each of the pro-
teins present in the MAP. The organisms were clustered based on the co-
occurrence of the MAP proteins in their proteome, while the proteins were
clustered based on their phylogenetic profiles. The MAP proteins were also
searched against the non-redundant sequence database, to identify similar
proteins from other phyla.

Principal Findings: The pathway profiles indicate that four proteins
and certain protein domains stand out as more characteristic to mycolate
producing organisms. Further analysis leads to the identification of the
desaturases DesA1 and DesA2 and certain domains of Fas and Pks13 as
hallmarks of the pathway. The roles of these proteins in some other organ-
isms, as well as the distribution of these proteins across all known genome
sequences are also briefly discussed. The clustering of organisms, carried
out to group organisms with similar profiles, provides a means of obtain-
ing finer classification as compared to the standard taxonomic method. The
results indicate that the MAP and hence the capacity of mycolic acid pro-
duction in mycobacteria is an example of an emergent property that has
come about by recruiting enzymes from unrelated pathways in plants, pre-
sumably through lateral gene transfer. The understanding of the hallmarks
of mycolic acid biosynthesis will also find application in evaluating drug
targets.

1 Introduction

Mycolic acids have been one of the defining features of bacteria such as Mycobac-
terium tuberculosis and Mycobacterium leprae, belonging to the Actinomycetales
order [1]. Chemically, they are long chain high molecular weight α-alkyl-β-
hydroxy fatty acids consisting of an α-meromycolate moiety, with carbon chain
lengths of up to C56 and a long saturated α-branch of C20 to C24. The mycolic
acids of the pathogenic mycobacteria differ from those of other related genera
such as Corynebacterium, Nocardia and Rhodococcus, in that they are the largest
(C70 to C90) [2]. These compounds, which form the principal components of
mycobacterial envelopes, confer unique properties to these organisms, such
as unusually low permeability and consequent resistance to common antibi-
otics [2]. They are also known to exhibit adjuvant immunological properties [1].
It comes as no surprise therefore, that mycolic acids have been a subject of sev-
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eral investigations [1,3,4], not only because of their unique chemical nature but
also because the enzymes involved in their biosynthesis form excellent targets
for the design of anti-tubercular drugs. In fact, it turns out that the existing
front-line anti-tubercular drugs such as isoniazid [5] and ethionamide [6] owe
their therapeutic properties to the inhibition of one or the other proteins in the
mycolic acid biosynthesis pathway.

The components of the mycolic acid pathway (MAP) have been identified
by a number of groups; the components have been curated into a compre-
hensive pathway model in [7], comprising 197 metabolites participating in 219
biochemical reactions catalysed by 28 proteins. Figure S1 shows a schematic
representation of the MAP.

The MAP can be considered to be made of four sub-pathways: (A) produc-
tion of malonyl CoA, (B) FAS-I pathway, (C) FAS-II pathway and (D) condensa-
tion of FAS-II and FAS-I products into α- (D1), methoxy- (D2) and keto-mycolic
acids (D3), as illustrated in Figure S1. Much of the early part of the pathway
utilises the general pathways of fatty acid biosynthesis seen in most organisms.
Fatty acid synthases (FAS) are of two types: (a) FAS-I, present predominantly in
eukaryotes, which contain the various catalytic activities as discrete functional
domains, either on a single polypeptide chain or, in some cases, on two dif-
ferent multi-functional proteins of comparable size and (b) the FAS-II, seen in
bacteria, which consists of independent proteins encoded by a series of separate
genes [8]. Mycolic acid biosynthesis in mycobacteria requires both FAS-I, capa-
ble of de novo fatty acid synthesis and FAS-II, which only elongates the products
of FAS-I [1]. The production of malonyl-CoA in (A) is crucial for FAS-I and
FAS-II ((B) and (C) sub-pathways) as it adds on two carbons to the elongating
acyl-chain. The products of (B) and (C) are then condensed and processed into
different mycolic acids in (D).

During analysis of the sequences of the MAP proteins, close sequence ho-
mologues for most of them were observed in many other organisms, besides
mycobacteria. This observation immediately begs a question as to what are the
determinants of mycolic acid biosynthesis, given that very few organisms are
known to be capable of it. Here, we seek to address this question and iden-
tify determining features of the mycolic acid biosynthesis, through a genome
sequence analysis and a phylogenetic study. We also explore a possible molec-
ular taxonomic classification of prokaryotes, based on the profiling of the MAP
proteins.

2 Results

Sequence analyses were carried out to identify homologues for each of the
26 proteins of the MAP across all available genome sequences. Close homo-
logues were observed for all the 26 proteins of M. tuberculosis H37Rv in all the
other available tuberculosis related genomes such as M. tuberculosis CDC1551,
M. avium paratuberculosis and M. bovis, thus leading to identical pathway land-
scapes in these organisms. Close homologues for some of the proteins were
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also observed in many other organisms, besides mycobacteria.
Two of the proteins in the pathway, Fas and Pks13 happen to be very large,

having 3069 and 1733 amino acids respectively. Both are made up of several
domains. In order to account for the presence of smaller proteins corresponding
to individual domains across the genomes, we felt it necessary to analyse each
of the domains in these two proteins separately, as if they were individual
proteins themselves. The phylogenetic profiles discussed in the subsequent
sections are all based on domain-wise analysis for these two proteins, along
with the profiles of the entire proteins for the rest of the pathway. Table I shows
the domains of Pks13 and Fas and their locations in the respective sequences.

2.1 Description of the pathway profile

Figure 1A illustrates the profile of the MAP, composed of the phylogenetic
profiles of all the individual proteins/domains. The clustering here is based on
the patterns of occurrence and the extents of similarities of individual proteins
across all 318 genomes. It must be noted that close homologues of the MAP
proteins have been removed and only a ‘non-redundant’ subset of the MAP
proteins have been used in clustering. The clustering is more clearly seen in
Figure 1B.

Two distinct clusters can be discerned from the Figure 1B. The second cluster
contains those proteins which exhibit similar profiles, indicating that these
proteins by and large coexist. The proteins in the first cluster on the other hand,
are more ubiquitous as they are seen in most of the 318 organisms studied here.
Thus, the second cluster is of direct interest to this study. Strong similarities in
profiles are observed in the sets {DesA2, Pks13 1}, {Fas 6, Fas 7} and {Fas 2/3,
DesA2/3} strongly suggestive of functional linkages with each other. Functional
linkages in general could indicate the possibility of the corresponding proteins:
(a) interacting with each other forming structural complexes, or (b) catalysing
sequential reactions in a pathway, or at least (c) catalysing reactions that are
dependent on one another directly or indirectly, through shared metabolites or
regulatory linkages. Given our understanding of the components of the MAP
and the sequence of the reactions therein, the linkages observed here appear
to belong mainly to the third type. This further implies that if the products
of the individual reactions are made in the same organism, they are strongly
suggestive of the existence of a functional pathway.
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Although most of the individual domains of Fas have grouped together into
the second cluster, two domains (Fas 5 and Fas 8) show very different profiles
and are therefore a part of the first cluster. Similarly, Pks13 2 and Pks13 3
exhibit very different patterns from that of Pks13 1 and Pks13 5, the latter
two, clustering into distinct sub-clusters. The profiles in Figure 1A indicate
that proteins in Cluster 2 are much more sparsely distributed across bacterial
genomes, as compared to those in Cluster 1. Figure 2, which illustrates a
uniqueness plot of the MAP proteins/domains indicates that three proteins —
AcpS and the desaturases DesA2 (also DesA1) and DesA3 — and many domains
of Fas and the Phosphopantetheine attachment site of Pks13 stand out as absent
in majority of the genomes. Further, domains of Fas, viz. Fas 1, Fas 2, Fas 3,
Fas 6, Fas 7 and Pks13, viz. Pks13 1 are also found to be more characteristic to
mycobacteria and closely related Actinomycetales, that are capable of making
mycolic acids. The uniqueness plot thus provides a ready first list of candidate
proteins that are hallmarks of the pathway.

2.2 Clustering of organisms based on pathway profiles

Information obtained from the profiling of the MAP proteins across 318 genomes
also helps us to cluster the organisms, as illustrated in Figure 3. The organ-
isms present in the same sub-cluster as M. tuberculosis (marked as •, coloured
navy) have homologues for many (or all) of the proteins of the MAP. These
organisms are inevitably the mycobacteria (M. tuberculosis H37Rv, M. tubercu-
losis CDC1551, M. avium paratuberculosis, M. bovis and M. leprae), as well as
the closely related Streptomyces and Nocardia species. M. leprae has most of
the proteins, but lacks even a distant homologue for DesA3 and hence clusters
in a different sub-cluster from the rest of the mycobacteria. Organisms from
the Corynebacterium species also cluster close to mycobacteria (indicated by _,
coloured maroon), but they do not contain homologues for FabH, FabD and
DesA2. The organisms in the cluster marked by H (coloured gray) do not have
any of the MAP proteins — they are mainly the Mycoplasma and a few archaea.
All organisms belonging to the Actinomycetales class have been indicated in
bold and underlined; those occurring outside the coloured sub-clusters have
also been marked with a�. This tree provides a systematic functionally oriented
basis for classification of organisms, in the phylogenetic space focussed around
the mycobacteria, given that a pathway is a fundamental unit of the functional
capabilities of an organism. This kind of molecular taxonomy of the organisms
is also readily useful in understanding the evolutionary trace of the pathway
being considered. For example, sub-clusters closest to those of the mycobacte-
ria such as the one containing the Corynebacteria have most but not all of the
proteins of MAP, indicating an intermediate step in the evolution of the path-
way. Similarly, bacteria such as Propionibacterium acnes, which have clustered
reasonably away from the mycobacteria have few but not most of the proteins
of the MAP. A conventional taxonomic classification places many of these into
a common class of Actinomycetales. On the other hand, Bifidobacterium longum,
which is not an Actinomycetales, but belonging to Actinobacteridae, clusters
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Figure 1B: Clustering of the MAP proteins/domains, based on the similarity
of their profiles across the genomes.
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Figure 2: A uniqueness plot of the MAP proteins/domains across different
genomes. The bars show the percentage of organisms in which a particular
protein/domain of the MAP was present. Profile scores < 0.1 were taken as
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close to the mycobacteria. While the two systems of classification agree by and
large, significant differences in finer classification can be clearly discerned from
this analysis.

2.3 Analysis of the putative determining features of MAP

The proteins determined from the analysis of profiles and uniqueness have
been further analysed in terms of their individual functional roles to obtain
a final list of determinant proteins. The functional annotations for all of the
proteins of the MAP are shown in Table S2. The broad functional roles of AcpS
and the desaturases, as well as some of the domains of Fas and Pks13, which
were more characteristic of the mycolate producers are elaborated below:

DesA1 and DesA2: These are homologous to the plant stearoyl-ACP desat-
urase which introduce the first double bond in the saturated fatty acids, C16

and C18, the products of fatty acid biosynthesis. These fatty acids are then
incorporated in the membrane glycerolipids, cuticular lipids and oilseeds of
plants [10]. Involvement of these proteins in mycolic acid synthesis has been
suggested based on sequence annotations [1, 7, 11] and structural characterisa-
tion [12]. However, experimental evidence regarding their functional roles are
not presently available.

DesA3: DesA3, annotated as a linoleoyl-CoA desaturase (∆6-desaturase),
is found across different phyla and is essential for the synthesis of nutri-
tionally important γ-linolenic acid and stearidonic acid. ∆6-desaturases in-
troduce ∆6-double bonds, usually converting linoleic acid (∆9,12C18:2) and α-
linolenic acid (∆9,12,15C18:3) into γ-linolenic acid (∆6,9,12C18:3) and stearidonic
acid (∆6,9,12,15C18:4), respectively [13].

AcpS: Acyl-carrier-protein synthase (AcpS) is an essential enzyme in the
biosynthesis of fatty acids in all bacteria. AcpS catalyzes the transfer of 4’-
phosphopantetheine from coenzyme A (CoA) to apo-ACP, thus converting
apo-ACP to holo-ACP that serves as an acyl carrier for the biosynthesis of fatty
acids and lipids. However, the homology of other bacterial AcpS proteins with
M. tuberculosis AcpS is quite poor.

Pks13 1/4 Phosphopantetheine attachment site: A 4’-phosphopantetheine pros-
thetic group is attached to the protein through a serine. This prosthetic group
acts as a ‘swinging arm’ for the attachment of activated fatty acid and amino-
acid groups. This domain forms a four helix bundle. Fas 1 Acyl transferase
domain I: This is associated with the transferase activity of the enzyme. It is
present in enzymes such as bacterial malonyl CoA-acyl carrier protein transacy-
lase and eukaryotic fatty acid synthase that are involved in fatty acid biosyn-
thesis [14]. Fas 2 Enoyl reductase domain: Enoyl reductase domain of yeast-type
FAS-I, which is equivalent to InhA of the FAS-II Cycle, which reduces the
β-enoyl intermediate, to yield a four carbon acyl substrate for further cyclic
elongation. Fas 3 2-Nitropropane dioxygenase domain: Members of this family
catalyse the denitrification of a number of nitroalkanes using either FAD or
FMN as a cofactor. Fas 6 3-oxoacyl-[acyl-carrier-protein]: The reaction cycle of
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Figure 3: A circular view of the phylogenetic tree of the organisms, based on
the profiles of MAP proteins. The significance of the highlighted sub-clusters
are explained in the text. The figure was generated using MEGA3 [9].
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FAS is initiated by the transfer of the acyl moiety of the starter substrate acetyl-
CoA to the acyl carrier protein. Fas 7 Dehydrogenases with different specificities:
This domain, related to short-chain alcohol dehydrogenases, is equivalent to
FabG of the FAS-II cycle, involved in the production of β-hydroxyacyl-ACP
from a ketoacyl intermediate.

3 Discussion

While single proteins have been regularly profiled across organisms [15], it
has now become possible to profile an entire pathway across organisms, to
yield insights into the interaction between the pathway proteins, as well as the
critical components of a pathway in various organisms. Given that specific
interactions between proteins ultimately give rise to specific phenotypes, it is
important to consider the properties of all the pathway components simulta-
neously. Analysing the patterns of co-occurrence of the proteins as shown in
Figure 1A also provide insights about possible functional linkages. Phyloge-
netic profiles have been used extensively to infer possible interactions among
pairs/groups of proteins [15–17].

It must be noted, however, that a limitation of sequence based phyloge-
netic analysis is the inability to identify functional analogues whose sequences
have diverged substantially beyond recognition by standard sequence anal-
ysis methods. The accuracy of the annotations of hypothetical proteins also
influences the level of confidence in the interpretations. Nevertheless, given
that most protein families exhibit characteristic sequence signatures, sequence-
based analyses have proved to be invaluable in obtaining hypotheses that can
be verified by biochemical and other experimental studies.

3.1 Hallmarks of mycolic acid synthesis and the emergence of
mycolic acid synthesis capability

Mapping of the profiles of the proteins that stand out in Figure 1 to the sub-
clusters containing the corresponding organisms (Figure 3) indicates the pre-
dominant absence of four proteins, viz. DesA2 (hence DesA1 also), DesA3
and AcpS in all except the sub-cluster belonging to the mycobacteria (coloured
navy, marked • in Figure 3). The profiles of these four proteins appear to be
characteristic of the mycobacteria that produce mycolic acids, leading to their
consideration as putative determining features of mycolic acid pathway.

A closer examination of the individual sequence alignments indicates that
close homologues of Fas and Pks13 over their entire lengths are present only
in other mycolate-producing organisms such as M. leprae, C. glutamicum and
Nocardia farcinica. This suggests that, possibly, the Fas system is also a char-
acteristic feature of mycolic acid synthesis among bacteria. However, close
homologues for some of the domains are present in many bacteria (Figure 1),
whereas certain domains of Fas, viz. Acyl transferase domain 1 (Fas 1), Enoylre-
ductase domain (Fas 2), 2-nitropropane dioxygenase (Fas 3), 3-oxoacyl-[acyl-
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carrier-protein] (Fas 6) and Dehydrogenases (Fas 7), as well as the Phospho-
pantetheine attachment sites (Pks13 1/4) of Pks13 are relatively unique to the
mycobacteria.

To further analyse the validity of these proteins as the characteristic features
of the pathway, the functional annotations for all of the proteins of the MAP
were examined. AcpS appears to have functional counterparts, which are
sequence homologues at lower levels of similarity in some organisms. This
is not surprising given that AcpS is involved in the initial steps of fatty acid
synthesis in most organisms and hence caters to a broader requirement than that
of mycolic acid biosynthesis. AcpS cannot be classified as an ideal hallmark
of mycolic acid synthesis. The desaturases, on the other hand, do not have
identifiable homologues in most bacteria, even with relaxed similarity criteria.
The involvement of DesA3 in mycolic acid synthesis is also not clear [3], but it
has been shown to be involved in oleic acid synthesis, a component believed
to be an essential constituent of mycobacterial membrane phospholipids and
triglycerides [18, 19]. Moreover, M. leprae, which is known to make mycolic
acids, does not have a close sequence homologue for DesA3, again questioning
the role of DesA3 in the pathway. This leaves DesA1 and DesA2 and domains of
Fas and the Pks13 1 domain, which can be thus considered as hallmarks of the
pathway, or in other words, indicative of mycolic acid production capability.

It is perhaps logical for desaturases to be regarded as hallmarks of mycolic
acid biosynthesis, considering the nature of the biochemical reactions that they
catalyse. The requirement for the introduction of a double bond, catalysed by
DesA1/2 is not as widespread as compared to the other biochemical reactions
such as acylation, elongation, biotinylation and condensation, that are required
in many other metabolic pathways. Besides the desaturases, it appears that fully
functional Pks13 and Fas proteins are required for the production of mycolates.
Although proteins moderately homologous to the domains of Fas are present in
the FAS-II cycle (MAP (C), Figure S1), it is possible that the divergence in their
finer structures and hence their specificities, are significant enough to account
for the capabilities for mycolate production.

Further, it may be noted that the genes encoding DesA1/2, Pks13 and Fas
have been classified as essential genes for mycobacterial survival [20], whereas
those encoding AcpS and DesA3 are not. Given that mycolic acid synthesis
is characteristic of mycobacteria and essential for its survival, the presence of
the desaturases and AcpS can be readily correlated with such a biochemical
capability. A recent study of the pathway by flux balance analysis [7] by us
also indicated the proteins DesA1/2, Fas, Pks13 to be among the 16 proteins
identified as essential for mycolic acid production. These four proteins/domain
components also happen to be characteristic features or determinants of the
pathway as discussed in this report.

The distinction between essentiality and the determinant/hallmark of a path-
way must be highlighted here. Essentiality of a protein for a pathway does not
necessarily imply that it is a determinant of the pathway. This is because
homologues of many proteins may be present in the same organism or other
organisms, as part of different biochemical pathways. For example, AccA3 is
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an essential protein for the pathway, but not a determinant.

3.1.1 Functional roles of MAP components in different organisms

Classification of desaturases as determining features is further strengthened
when the pathway profile in Corynebacterium and Nocardia species are consid-
ered. Corynebacteria produce smaller mycolic acids, which are short chain
(C22 – C36) fatty acids. However, they lack the FAS-II enzymes, desaturases
and MmaAs and hence are not capable of production of larger mycolates such
as α-mycolate, a principal component of M. tuberculosis. The corynomycolic
acid pathway would correspond to reactions in subpathways (A), (B) and the
final steps catalysed by Pks13, Rv2509 (Figure S1), thus bypassing the FAS-II
cycle and several steps in the final modifications. N. farcinica, on the other
hand, make other mycolates, which are longer than the corynomycolates, per-
haps more comparable to α-mycolates, though slightly shorter [21], and has
identifiable desaturases.

Figure 4 shows a brief overview of the various pathways existing in the
organisms, in comparison to M. tuberculosis. It indicates the routes of normal
fatty acid synthesis as well as mycolic acid synthesis in the various organisms.
Further modifications that happen to the fatty acids in the cell are also indicated.
The (A) part of the MAP (see Figure S1) appears to be universal and is common
to all bacteria. Most bacteria, including E. coli and S. coelicolor have the (A) and
(C) portions of the MAP, as it exists in M. tuberculosis. Possibly because the fatty
acid intermediates are not routed through (B), the final products do not have
very long chains. In C. glutamicum as well, the chain extension is not significant.
Also, there is no desaturation or cyclopropanation. It is only in M. tuberculosis
and N. farcinica where all the steps — of desaturatation, cyclopropanation and
condensation — take place, to yield long chain mycolic acids. It can also be
clearly seen that the fatty acid intermediates are recruited to various other
pathways in the cell.

Other interesting profiles pertain to Streptomyces species, which have almost
all the components, except a few domains of Fas. Although these species have
very close lineage to M. tuberculosis, there is no explicit evidence in literature
about their ability to make mycolic acids. These organisms have genes encod-
ing for polyketide synthases, which participate in entirely different pathways,
synthesising a range of antibiotics. Thus, the role of the polyketide synthase
enzymes in these genomes appears to be in the production of secondary metabo-
lites and not in the modification of fatty acids to produce mycolic acids. A close
synteny for the entire M. tuberculosis genome with the core of the Streptomyces
genome has been reported and it is suggested that the two organisms may
have had a common ancestor [22, 23]. In fact, it is possible that an important
outcome/driving factor for the divergence of the two species from a common
ancestor may have been the mycolic acid production and the special features
it imparts to M. tuberculosis. A detailed sequence and structural analysis of all
the components may provide insights into possible evolution of new ligand
specificities that may have led to such an altered function.
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Figure 4: An overview of the larger roles of fatty acid intermediates and
hence of the proteins that synthesise them, in various organisms. The end
products of the intermediates in different organisms are indicated in appropri-
ately labelled boxes. While M. tuberculosis and N. farcinica have mycolic acids
as end products of the pathway, other organisms can be seen to utilise the in-
termediates for other purposes.
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The profiles suggest that the presence of elongation machine followed by
condensation and desaturation (e.g. Fas-II, Pks13) is sufficient to produce
simple mycolic acids and hence can be regarded as the minimum principles
of the MAP. Other enzymes such as Fas and the desaturases appear to be
important for the production of longer mycolates such as α-, methoxy- and
keto-mycolates. The roles of each of these variants is becoming clearer and it
appears that a combination of these as in M. tuberculosis is nature’s insurance
for the bacteria against attack on any one component of the pathway. In fact,
this is corroborated by experimental data, which show that the mutant bacilli
can grow and survive for limited periods by producing a significant excess of
keto-mycolate, to compensate for the absence of α-mycolate [24].

A BLAST [25] search against the non-redundant sequence database indi-
cated the presence of desaturases primarily in plants. The functional roles for
many of these are also known, which includes a diverse range such as from
the synthesis of plant cell membrane components to linoleic acid and other
secondary metabolites, again all unique requirements in plants. It appears that
the desaturases have been recruited into the system from the plant genomes
through horizontal gene transfer. The suggestions of mycobacteria originating
as soil organisms are in line with that observation [26].

It has been shown several times before that most parasitic lineages derive
from non-parasitic ancestors with diverse mechanisms employed during the
course of evolution [27]. This is particularly striking in parasites, which have to
evolve to resist host defences, through mechanisms such as antigenic variation
or hiding in ‘safe’ compartments in the host cell. Many examples illustrate how
intracellular parasites have mastered this game of manipulating the structure
and pathways of the host cell in order to create a more hospitable environment
for themselves. The biosynthesis of mycolic acids is one such clever strategy
by the mycobacteria, giving rise to a thick waxy coat, impenetrable to most
drugs and natural defence proteins, allowing absorption of required nutrients
from the host cell. This has been achieved by utilising the near-ubiquitous
fatty acid synthesis pathway to start with and rendered unique by the addition
of condensation, elongation, desaturation and cyclopropanation steps. The
pathway is a beautiful example illustrating the emergence of new properties
by pooling together components from different reaction systems.

3.2 Finer taxonomic insights from pathway profiling

The clustering of organisms also provides a means for achieving a molecular
taxonomic classification. In this study, the clustering has been based on the
profiles of the MAP proteins. It is observed that most of the Actinomycetales
have grouped together, which correlates in general with the conventional taxo-
nomic classification. However, differences in finer details, such as the grouping
of S. avermitilis and S. coelicolor into separate clusters, explained by the extent
of conservation of the MAP proteins, serves to demonstrate the utility of us-
ing pathways for obtaining finer taxonomic insights in the phylogenetic space
focussed around the organism of interest.
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Taxonomic insights may also be obtained by profiling entire genomes. How-
ever, the information in such profiles could be a combination of ubiquitous pro-
teins as well as those of specialised pathways. Given the lack of mechanisms
to provide weighting schemes for different sets of proteins and hence leading
to difficulties in identifying the signal from noise, analysing pathway profiles
confer a specific advantage for comparing organisms. A pathway also has an
advantage, compared to individual proteins because the actual constraint dur-
ing evolution is a functional biochemical process, which is generally achieved
by the pathway as a whole. Hence, a properly identified pathway captures the
required amount of detail that will help us discriminate between organisms
with different functional capabilities.

4 Conclusions

This paper presents an extensive phylogenetic analysis of the MAP in M. tu-
berculosis. Simultaneous phylogenetic profiling of the entire pathway across
organisms has led to the identification of proteins that are heavily linked to
mycolic acid synthesis and hence classified as hallmarks of the pathway.

Knowledge of these factors help not only in understanding what renders
mycolic acid synthesis capabilities in a cell, but also helps enormously in a
variety of applications. For instance, desaturases could be specific drug targets
for M. tuberculosis. Further, desaturases, given their uniqueness to mycobacte-
ria could also be used for the identification/definite diagnosis of mycobacteria.
Phylogenetic profiling and clustering can help in deriving molecular taxonomic
relationships and provide an insight into evolution of the species. The study
has also led to the derivation of the minimal components required to synthe-
sise mycolates. Knowledge of the hallmarks of the pathway will also be highly
useful (a) in rendering the drug target validation process more comprehensive,
(b) understanding the evolutionary features leading to the genesis of the path-
way and perhaps even for (c) the design of a laboratory system for obtaining
mycolic acids, from a synthetic biology perspective.

5 Methods

5.1 Genome information and Sequence analysis

318 complete genomes, listed at http://www.ncbi.nlm.nih.gov/genomes/lproks.
cgi (list of organisms given in Table S3) were downloaded from the NCBI
website. Starting from our recent landscape for mycolic acid synthesis in M. tu-
berculosis (see Figure S1), sequence comparisons from the available genome
sequences were carried out to obtain the required information, for other organ-
isms, as appropriate. Figure 5 indicates a flowchart illustrating the methodol-
ogy of the study.
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Sequence analysis
(BLAST) of pathway proteins

Elimination of Homologues
within pathway

Decompose large proteins 
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or determining features

Analyse functional annotations
and essentiality data

Identify putative list of
determining features/hallmarks

Figure 5: Progression of various experiments in this study.

Of the 28 proteins identified to constitute the pathway, only 26 of them
could be annotated from the genome. The other two are known to be in-
volved in the pathway through biochemical studies for catalysing the dehy-
dration of hydroxy-acyl-ACP [1] and the formation of the cis and trans forms
of keto-meroacyl-ACP [3], respectively. However, they have not been linked
to any particular sequence in the mycobacterial proteome and hence remain as
unidentified proteins in terms of their sequences. Therefore, only 26 proteins
of this pathway could be used for all subsequent analysis. Further, few of these
26 proteins have homologues within the pathway itself. From each set of ho-
mologues, the protein with least length was taken for profiling and subsequent
clustering (Table II). Two of the large proteins in the pathway, Fas and Pks13,
are made up of several domains. The domains in Fas and Pks13 were taken
from the NCBI Sequence Viewer entry for the corresponding protein. Regions
are indicated in the sequence, along with a cross reference to the Conserved
Domains Database [28]. Table I lists the domains of Pks13 and Fas. It can be
seen that some of the domains listed have similar descriptions/CDD IDs. How-
ever, no significant similarity was detected between any pair of Fas 1, Pks13 3,
Fas 5. We have therefore included all three of them in the study. However,
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Pks13 1 and Pks13 4 share sufficient similarity and hence, only Pks13 1 (the
smaller of the two) has been considered for profiling. Thus, it has been ensured
that there is no redundancy in the set of proteins/domains chosen for profiling.

The standalone version of the BLAST program (version 2.2.13) was used
for sequence comparisons and the results parsed to obtain the required pa-
rameters using home-grown scripts. Stringent criteria were used in detecting
homologues. Hits exhibiting greater than 50% similarity with BLOSUM62 ma-
trix at E-values less than 0.1, for lengths greater than 70% of that of the query
protein were considered as homologues of that query protein.

Functional annotations were obtained from databases such as the Swis-
sPROT (http://www.expasy.ch/), NCBI Protein database, QuickGO and Inter-
Pro at EBI. A literature study to confirm the role of some of the proteins was
also carried out. Functional annotations for the domains were obtained from
the Conserved Domains Database/PFam [29] databases.

5.2 Phylogenetic Analysis

For phylogenetic analysis, Python scripts, based on BioPython (http://www.
biopython.org/) were written to parse the BLAST outputs to obtain the E-
value of the best hit for each sequence. The E-values thus obtained were
converted to scores between 0 and 1, with 0 representing a strong match and 1
representing a weak match. The score was calculated is −1/ log(E). Hits with
E > e−4 were all neglected and given a score of 1.0. This is identical to the
scoring scheme of the on-line service, Protein Link EXplorer (PLEX) [30], which
however currently considers only 89 genomes. For all proteins in the mycolic
acid pathway, BLAST searches conducted against each of the 318 genomes
were used to generate profile strings comprising scores for the hits of MAP
proteins. Each profile string thus, encodes the presence or absence of each of
the 16 proteins and where present, the extent of similarity to the corresponding
one in M. tuberculosis H37Rv. A pathway profile matrix was correspondingly
constructed, based on these profiles, with each organism corresponding to a
row and each protein, to a column. The profile matrix thus obtained was of
size 318 ×16. For the domain analysis, the profile matrix was of size 318 ×26.
The profile matrix is given in Supplementary File S4.

5.3 Clustering

Cluster 3.0 (http://bonsai.ims.u-tokyo.ac.jp/∼mdehoon/software/cluster/software.
htm) was used for clustering the profile data. A hierarchical clustering was
done, using the Average Link algorithm provided by Cluster. The Unweighted
Pair Group Method with Arithmetic Mean (UPGMA) method was used for
computing a hierarchical cluster tree, from the profile matrix. The clustering of
both organisms and the proteins (including domains) was done in this fashion.

Pairwise Euclidean distances were also computed for the profiles and the
organisms were clustered based on the pairwise distances between them, using
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MEGA [9]. The cluster figures were generated using the open-source software
jTreeView (http://jtreeview.sourceforge.net/).
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[25] Altschul SF, Madden TL, Schäffer AA, Zhang J, Zhang Z, Miller W, Lipman
DJ. Gapped BLAST and PSI-BLAST: a new generation of protein database
search programs. Nucleic Acids Res 1997;25:3389–3402.

[26] Cole ST. Comparative and functional genomics of the Mycobacterium tu-
berculosis complex. Microbiology 2002;148:2919–2928.

[27] Beverley S M. Hijacking the cell: parasites in the driver’s seat. Cell 1996;
87:787–789.

[28] Marchler-Bauer A, Anderson J B, Cherukuri P F, DeWeese-Scott C, Geer
L Y, Gwadz M, He S, Hurwitz D I, Jackson J D, Ke Z, Lanczycki C J,
Liebert C A, Liu C, F Lu, Marchler G H, Mullokandov M, Shoemaker
B A, Simonyan V, Song J S, Thiessen P A, Yamashita R A, Yin J J, Zhang D,
Bryant S H. CDD: a Conserved Domain Database for protein classification.
Nucleic Acids Res 2005;33:D192–D196.

[29] Bateman A, Coin L, Durbin R, Finn R D, Hollich V, Griffiths-Jones S,
Khanna A, Marshall M, Moxon S, Sonnhammer E L, Studholme D J, Yeats
C, Eddy S R. The Pfam protein families database. Nucleic Acids Res 2004;
32:138–141.

[30] Date SV, Marcotte EM. Protein function prediction using the protein link
explorer (PLEX). Bioinformatics 2005;21:2558–2559.

20



Tables

Table I – Domains of Pks13 and Fas

Pks13 Domains

Location Name Description CDD ID

25..91 Pks13 1 Phosphopantetheine attachment site CDD:40636
118..536 Pks13 2 Polyketide synthases (PKSs) CDD:29420
713..1036 Pks13 3 Acyl transferase domain CDD:40779
1236..1304 Pks13 4 Phosphopantetheine attachment site CDD:40636
1470..1561 Pks13 5 Thioesterase domain CDD:41048
Fas Domains

Location Name Description CDD ID

86..254 Fas 1 Acyl transferase domain CDD:40779
384..1090 Fas 2 Enoyl reductase domain of yeast-type FAS1 CDD:34586
510..662 Fas 3 2-nitropropane dioxygenase CDD:42994
1199..1321 Fas 4 MaoC dehydratase like domain CDD:48042
1333..1530 Fas 5 Acyl transferase domain CDD:40779
1788..2585 Fas 6 3-oxoacyl-[acyl-carrier protein] CDD:34587
2116..2373 Fas 7 Dehydrogenases with different specificities CDD:31231
2553..2988 Fas 8 Elongating condensing enzymes CDD:29415

Table II – Homologues of proteins within the MAP

Rv Identifier Protein Homologues Length

Rv0533c FabH — 335
Rv0645c MmaA1 CmaA2, MmaA2, MmaA3, MmaA4, PcaA 286
Rv0904c AccD3 — 495
Rv1094 DesA2 DesA1 275
Rv1483 FabG1 FabG2, FabG4 247
Rv1484 InhA — 269
Rv2243 FabD — 302
Rv2245 KasA KasB 416
Rv2523c AcpS — 130
Rv2524c Fas — 3069
Rv3229c DesA3 — 427
Rv3279c BirA — 266
Rv3285 AccA3 — 600
Rv3799c AccD4 AccD5 518
Rv3800c Pks13 — 1733
Rv3801c FadD32 — 637
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Supporting Information

Figure S1 — Mycolic Acid Pathway in M. tuberculosis

Schematic diagram of the Mycolic acid pathway (MAP) in M. tuberculosis. This
is a revised version of Figure 1 from Raman K, Rajagopalan P, Chandra N (2005)
Flux Balance Analysis of Mycolic Acid Pathway: Targets for Anti-Tubercular
Drugs. PLoS Comput Biol 1(5): e46

Table S2 — Known functional roles of MAP proteins

The known functional roles of the MAP proteins in different organisms are
indicated in this table.

Table S3 — List of 318 genomes used in this analysis

The list of 318 genomes used for the analysis is indicated here.

Supplementary File S4 — Data used for clustering

This excel file provides the names of the organisms and the proteins, as well as
the score matrix used for clustering.

22


	Introduction
	Results
	Description of the pathway profile
	Clustering of organisms based on pathway profiles
	Analysis of the putative determining features of MAP

	Discussion
	Hallmarks of mycolic acid synthesis and the emergence of mycolic acid synthesis capability
	Functional roles of MAP components in different organisms

	Finer taxonomic insights from pathway profiling

	Conclusions
	Methods
	Genome information and Sequence analysis
	Phylogenetic Analysis
	Clustering

	Acknowledgments

