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Abstract | Mycobacterium tuberculosis (Mtb) cell wall houses some of the 
most diverse lipids known. This enormous diversity is a product of interest-
ing evolutionary redesigning of common folds. In this review, we present 
three examples of changes at increasing levels of complexity in common 
folds to generate diversity in biochemical and biological function. PKS18, a 
type-III polyketide synthase, exhibits specificity for longer acyl chains due 
to subtle psi angle changes in a canonical thiolase fold. A small insertion in 
a common acetyl-CoA synthetase fold redirects transfer of activated acyl 
chains to polyketide biosynthesis, whereas the counterparts transfer them 
to Coenzyme-A for degradation. Evolution of a large hydrophobic platform 
in the C-terminal domain of a short-chain dehydrogenase family member 
and adapting reduction as a release strategy enhances the diversity of lip-
ids manifolds. These three examples underline a general theme of divergent 
evolution leading to plurality of functions with different levels of changes to 
the existing folds in the context of complex virulent lipid synthesis in Mtb.

1 Introduction
In the “omics” era, comparative analysis of 
sequences and structures has become a general 
norm in understanding not only the spatial and 
temporal biological functions but also the evo-
lution of life. This is feasible because the genetic 
information contained in DNA, RNA and pro-
tein sequences is vast1 and structural information 
adds a totally new dimension to that understand-
ing. The technological advancements along with 
developments in computational methods have 
aided in this explosion of biological sequence 
information. This information can be consoli-
dated and extended to biomolecules, whose func-
tions have not been identified, by means of the 
most fundamental relationship called homology. 
Comparison of three-dimensional structures in 
conjunction with sequence information leads 
to a deeper understanding of evolutionary rela-
tionships between proteins, particularly of those 
sequences exhibiting identities in the twilight zone 
(20–30%).2 The evolutionary relationships in pro-
teins might be constrained to support a similar 
catalytic chemistry, called divergent evolution,3,4 

or convergent evolution,5,6 where similar chemis-
try is reinvented in completely unrelated systems. 
These evolutionary processes act to seek an effec-
tive solution to a biochemical problem faced by 
an organism. The current review describes three 
examples of divergent evolution where these 
pro cesses have resulted in generating enormous 
diversity in the lipid repertoire of Mycobacterium 
tuberculosis (Mtb).

2  Mycobacterium tuberculosis-Diversity 
of Lipids

Tuberculosis, an airborne infectious disease, is 
caused by rod-shaped bacillus Mtb. This epidemic 
has reached alarming proportions, accounting for 
~9 million new cases and 1.4 million TB deaths 
in 2011.7 Its deadly nexus with human immu-
nodeficiency virus (HIV) along with poor drug 
compliance leading to multidrug-resistant tuber-
culosis (MDR-TB; resistant to at least, isoniazid 
and rifampicin) and extensively drug-resistant TB 
(XDR-TB; MDR-TB plus resistant to fluoroqui-
nolone and amikacin, kanamycin or capreomy-
cin) have worsened the situation.
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A major factor making Mtb a successful 
pathogen is its unique cell envelope composition, 
consisting of a plethora of chemically and struc-
turally diverse lipids (Fig 1) like lipomannan 
(LM), lipoarabinomannan (LAM), mycolyl arabi-
nogalactan (MAG), trehalose dimycolate (TDM), 
sulfolipids (SL), polyacyl trehaloses (PAT), phthi-
ocerol dimycocerosate (DIM) to name a few.9,10 
These lipids are instrumental in establishing the 
infection and tide over the hostile host immune 
responses.11,12 The efforts over last two decades 
have shown that multiple paralogs of enzyme 
systems like Polyketide synthases (PKSs), fatty 
acid degradation enzymes (FadDs, FadEs, FadBs, 
FadAs etc) are at the heart of redesigning the lipid 
metabolic network in Mtb. These multiple para-
logs present interesting cases of enzyme evolution 
which ultimately dictates the fate of the common 
lipid pool in Mtb.

3  Phi-Psi Switch and Novel  
Metabolites in Mtb

Polyketide synthases (PKSs) constitute a group 
of enzyme systems known for their role in the 
biosynthesis of an extensive range of secondary 

metabolites such as rapamycin, erythromycin, 
tetracycline, lovastatin, resveratrol, to name a few. 
There are three types of PKSs based on domain 
architecture and enzymology. Type-I and Type-II 
PKSs are giant modular multifunctional proteins 
that utilize the 4’-phosphopantetheine moiety on 
acyl carrier protein (ACP) to funnel acyl groups 
as substrates to the growing polyketide inter-
mediates. Type-III PKSs are simpler and smaller 
enzyme systems that employ acyl-CoA thioesters 
as substrates to make polyketides. Despite the 
differences, all these enzymes utilize a common 
strategy of repetitive decarboxylative Claisen con-
densation of simple acyl-CoA thioesters to pro-
duce broad range of structurally and chemically 
diverse polyketide products.13–15

The sequencing of Mtb genome led to the dis-
covery of PKSs,16 which were later demonstrated 
as key players in the biosynthesis of virulent lipids 
of Mtb cell wall. The type-III polyketide synthases 
(PKSs), belonging to chalcone synthase (CHS) 
superfamily of enzymes have been extensively 
studied from plants.17,18 Mycobacterial type-III 
PKSs such as PKS18 (MtbPKS18) and PKS11 dis-
play a remarkable specificity to accept long-chain  

Figure 1: Schematic representation of M. tuberculosis cell envelope. [Adapted representation8].
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acyl-CoA thioesters (C12 to C20) as starter sub-
strates for biosynthesis of linear polyketides, 
which eventually cyclize to produce long-chain 
tri- and tetraketide α-pyrones.19,20

The high resolution crystal structure of PKS18 
(PDB ID: 1TED) is one of the first known among 
the bacterial type III PKSs (Fig 2a). The canoni-
cal features of thiolase fold enzymes like the over-
all architecture, the extensive dimeric interface, 

catalytic triad of Cys-His-Asn and the invariant 
phenylalanine (role in the decarboxylation reac-
tion) have been found to be conserved.21 Detailed 
structural analyses unveiled subtle differences in 
the vicinity of the substrate binding region of 
Medicago sativa CHS (msCHS; PDB ID: 1CGZ) 
and MtbPKS18. These changes were achieved 
by subtle manipulation of the ψ–torsion angles  
(Fig 2b; Table 1) resulting in the opening of a huge 
tunnel (∼20 Å) in the molecule distal to the dimeric 
interface. Conserved inter-subunit interactions 
forming the base of the active-site cavity in CHS 
family of enzymes are missing in MtbPKS18. Thus, 
the tunnel in MtbPKS18 is unique in its location 
and disposition with respect to the catalytic site 
as compared to the related thiolase-fold enzymes. 
The 20 Å long novel tunnel was observed in PKS18 
extending from the active site to the surface, which 
was hypothesized to be involved in acyl-chain 
accommodation of varying chain lengths.

The side chains of the amino acid residues 
T144, C205, and A209 seem to be crucial deter-
minants of the tunnel length in PKS18. A C205F 
mutant displayed altered enzyme specificity where 
it could accept only short acyl chains due to the 
block in the tunnel created by the bulkier phenyl 
side chain. The side-chains lining cavity at the 
active-site and the tunnel confer the preferred 
geometry to facilitate a favorable cavity size and 
tunnel length for incorporation of longer-chain 

Figure 2a: The cartoon representation of the 
canonical thiolase fold in MtbPKS18.

Figure 2b: Stereo diagram showing the subtle modulations in psi angle of residues lining the substrate-
binding tunnel in MtbPKS18 (Green) as compared to MsCHS (Blue) for accommodation of long acyl 
chains.
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acyl-CoA substrates unlike the plant type-III PKSs. 
These cyclic ketides have not yet been detected in 
extracts from Mtb cultures. However, it is well 
established that mycobacterial PKSs generate 
linear polyketide products like mycocerosic acid, 
phthiocerol, mycoceranic acid, mycoketide, phe-
nolphthiocerol, and mycolipenic acid. Mycobacte-
rial PKSs employ thioesterase or acyl transferases 
to release these linear products; cyclization may be 
used as another alternate release pathway in some 
of the PKSs. Further investigation is required to 
completely decipher the biology surrounding 
these unusual metabolites in Mtb.

4  Novel Tunnel Making Key Metabolites 
in Other Organisms

The type-III PKS from the filamentous fungi 
Neurospora crassa (NcPKSIII) produces resorcinolic 
products by using long-chain starter substrates 
accommodated in the long substrate-binding tun-
nel, very similar to that of PKS18.22 Structure-based 
mutational studies to block the tunnel not only 
altered the fatty acyl chain specificity in vitro, but 
also resulted in change of cyclization pattern affect-
ing the product profile. The expression of NcPK-
SIII protein could be found during all three stages 
of the fungi-mycelia, conidia and ascospores. There 
is a possible functional importance of these resorci-
nolic lipids in N. crassa which is yet to be identified. 
Interestingly, in the case of Azotobacter vinelandii it 
has been suggested that the type-III PKS synthe-
sizes resorcinolic lipids responsible for cyst forma-
tion using a similar tunnel as observed in PKS18. 
Thus, the evolution of this long substrate-binding 
tunnel in the common thiolase fold contributes 
towards the promiscuity in the starter substrates of 
type-III PKS, and hence the enormous diversity in 
the products they produce.23

5  Insertion in Acetyl-CoA  
Synthetase Fold and Fate  
of Mycobacterial Lipids

Free fatty acids are converted to acyl-CoA in a 
two-step process by a common acetyl-CoA syn-
thetase (ANL) family of enzymes. The fatty acids 
are first activated as acyl-adenylates using adeno-
sine triphosphate (ATP) molecule and then to 
acyl-CoA molecule through thioesterification 
to a Coenzyme-A molecule.24–26 These acyl-CoA 
molecules then participate in β-oxidation path-
ways for energy generation and also in other cel-
lular processes like signal transduction, protein 
acylation etc. The ANL superfamily (Acyl-CoA 
synthetases, NRPS adenylation domains and Luci-
ferase enzymes) of enzymes encompass different 
proteins that perform similar chemical reaction 
employing different acyl chains like fatty acids, 
amino acids, coumarins, luciferins etc. Despite 
differences in the substrates, all these enzymes 
perform activation of acyl chains using ATP and 
then couple them with nucleophiles like thiol 
groups or molecular oxygen. The active site is at 
the interface of a large N-terminal domain, and a 
small C-terminal domain and residues from both 
these domains participate in the reaction. The 
most remarkable feature of the members of ANL 
superfamily is that they undergo large conforma-
tional change referred to as ‘domain alternation’.27 
This remarkable conformational change results 
in reorganization of the residues at the interface 
allowing the two steps of the reaction to occur 
with the first feeding into the second. The pre-
cise molecular events resulting in these domain 
motions are yet to be uncovered and have been 
reviewed elsewhere.28–30 The consensus emerging 
from these studies indicate that the hydrolysis of 
ATP and release of pyrophosphate (PPi) result 

Table 1: Comparison of dihedral angles of various thiolase fold members showing psi-angle similar to 
PKS18-like tunnel as compared to Medicago sativa CHS (MsCHS).

1CGZ  
Ms  
CHS

φ  
ψ

1TED  
Mtb  
PKS18

φ  
ψ

4JAR  
Mtb  
PKS11

φ  
ψ

3E1H  
Nc  
PKSIII

φ  
ψ

1U0M  
Sc  
THNS

φ  
ψ

V193 −136, 
121

L204 −121,  
81

L167 −112,  
79

V185 −138,  
101

F167 −120,  
73

T194 −76,  
−4

C205 −69,  
−44

C168 −60,  
−40

S186 −118,  
−8

C168 −59,  
25

A195 −54,  
−31

S206 −51, 
−29

S169 −45,  
−39

T187 −67,  
−27

S169 −65,  
21

V196 −80,  
−22

V207 −70,  
−16

L170 −78,  
−2

T188 −66,  
−8

L170 −76,  
−7

T197 −102,  
−17

N208 −107,  
14

T171 −86,  
4

M189 −100,  
16

C171 −109,  
21
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in dramatic change in electrostatic charge at the 
interface which triggers the domain rotation.

Sequence analysis of Mtb genome revealed 
that there are 36 paralogs of FadD, which catalyze 
the conversion of free fatty acids to acyl-CoA mol-
ecules. It was then demonstrated biochemically 
that 12 of these paralogs, called Fatty acyl-AMP 
ligases (FAALs), were able to catalyse the first ade-
nylation step, while others, called Fatty acyl-CoA 
ligases (FACLs) were able to convert the fatty acids 
to acyl-CoA molecules.31

The three-dimensional structure determina-
tion of a representative FAAL, FAAL28, led to 
the identification of an insertion at a strategic 
location in Acetyl-CoA synthetase fold (Fig 3). 
The deletion of this insertion resulted in ‘gain of 
function’ in FAALs while incorporation of this 
insertion in FACLs resulted in ‘loss of function’.32 
The insertion can thus be attributed to the inabil-
ity of FAALs to react with CoA. Mechanistically, 
FAALs present an interesting naturally occurring 

variant to the domain rotation paradigm of ANL 
superfamily of enzymes. Evolution of insertion 
in FAALs is perplexing given the conservation 
of residues involved in CoA-binding. It has been 
observed that FAALs are neighbors to PKS genes 
in the genome, while FACLs are randomly distrib-
uted in the genome. The conservation of residues 
involved in CoA-binding in FAALs, presence of 
CoA derived pantetheine arm in acyl carrier pro-
tein (ACP) domain of PKS and proximity of FAAL 
and PKS prompted the hypothesis of FAALs act-
ing as agents diverting activated fatty acids to PKS 
for biosynthesis. The biochemical demonstration 
of FAALs ability to transfer activated fatty acids to 
PKS led to a new paradigm in lipid metabolism 
of Mycobacterium tuberculosis. The evolution of 
an insertion in a common acetyl CoA-synthetase 
fold resulted in two enzyme systems, FAALs and 
FACLs, where FAALs divert the common lipid 
pool towards biosynthesis while FACLs divert it to 
other metabolic process like β-oxidation.

Figure 3: Structural alignment of FAALs showing FAAL-like insertion (Mtb: FAAL28-Green, E.coli: EcFAAL-
Yellow and L.pneumophila: LpFAAL-Blue) as compared to FACLs (Mtb: FACL13-Brown).
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6  The Rigidity of Insertion and FAALs  
in Other Organisms

The insertion of FAALs is present in the highly 
variable sub-domain-C of the N-terminal domain 
(Fig 4a). The insertion is anchored in the N-ter-
minal domain by non-polar contacts and even a 

slight perturbation that destabilizes this anchor-
age leads to ‘gain-of-function’ in FAALs. The non-
polar residues in N-terminal domain of FAALs 
are replaced by polar ones in other members of 
acetyl-CoA synthetase superfamily (Fig 4b). The 
presence of insertion in the sub-domain-C and 

Figure 4a: Structure-based sequence alignment showing presence of FAAL-like insertion in many 
organisms.

Figure 4b: The FAAL-specific insertion and its non-polar interaction network with N-terminal domain 
(through residues represented as sticks) in FAAL28 (Mtb; Green), EcFAAL (E.coli; Yellow) and LpFAAL 
(L.pneumophila; Blue).
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assays demonstrated that the R-domain would 
perform nonprocessive [2 + 2]e− reduction form-
ing both aldehyde and alcohol. This process essen-
tially would involve extrusion of the intermediate 
aldehyde allowing cofactor recycling facilitated 
by conformational changes. These conforma-
tional changes were established in both Mtb and 

its anchorage through non-polar contacts were 
used for in silico identification of FAALs in vari-
ous organisms.33

The FAAL-like proteins identified by this 
search were later characterized structurally and 
biochemically by independent groups.34,35 The 
rigidity of insertion is the reason why FAALs fail 
to perform the thioesterification reaction. How-
ever, it is also intriguing how ACP would be able 
to overcome this rigid insertion enabling domain 
motions and the thioesterification reaction to hap-
pen. The most interesting finding of this in silico 
analysis was identification of FAAL-like proteins in 
higher eukaryotic organisms. For instance, DIP2, 
a conserved protein from C.elegans to H.sapiens, 
thought to be involved in development,36,37 has the 
insertion and non-polar contacts for anchorage. It 
will be interesting to explore why insertion-based 
mechanism has been adapted in higher eukaryotes 
where PKSs and NRPSs are absent.

7  Conformational Changes and  
Cofactor Recycling for Reductive 
Release of Lipids

Multimodular megasynthetases, NRPSs and 
PKSs produce complex metabolites using a thio-
template based assembly-line enzymology. These 
products are offloaded by thioesterase domain 
(TE) using hydrolysis or a lesser known Short-
chain dehydrogenases/reductases (SDR) family 
member, the reductase domain (R), releasing the 
4’-Phosphopantetheine arm tethered substrate by 
reduction as an aldehyde or an alcohol.38,39 Sub-
sequently, specific modifications of this hydroxyl 
moiety allow myriad variations in the products 
otherwise not possible with hydrolysis carried out 
by a TE domain. In mycobacterial species, NRPSs 
are known to be involved in myxochelin and 
glycopeptidolipid biosynthesis. Genome mining 
in Mycobacterium species led to the identification 
of several multifunctional proteins that possess 
R domains at their C-terminus which may fol-
low similar nature of catalysis for offloading the 
products.

The crystal structure of R
NRP

 (R-domain of nrp; 
Rv0101) from Mtb (Fig 5a) revealed interesting 
facets of evolutionary patchwork in the canonical 
architecture of SDR family, apart from providing 
insights into the mechanistic basis of R-domain 
mediated catalysis in context of NRPSs.40 The R

NRP
 

shows the canonical features of SDR family such as 
the two-domain architecture, the catalytic triad of 
Thr/Ser-Tyr-Lys and the well conserved Rossmann 
fold. Interestingly, the NAD(P)H-binding pocket 
was occupied by a loop between β5 of the Ross-
mann fold and the following α–helix. Biochemical 

Figure 5a: Structure of RNRP showing residues 
of the hydrophobic region in C-terminal domain 
(Yellow).

Figure 5b: Ab initio envelopes of open and 
closed conformation of RNRP obtained from SAXS 
studies along with a table showing corresponding 
comparative changes in Radius of gyration (Rg) 
and Maximum dimension (Dmax).
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Mycobacterium smegmatis (M.smeg) using exten-
sive small-angle x-ray scattering studies that show 
significant changes in the radius of gyration (R

g
) 

and maximum particle size (D
max

) during the 
binding process (Fig 5b).

8  Unique Hydrophobic Pocket and 
Expanding Substrate Repertoire  
of SDR Family

An interesting feature with the R-domain is the 
presence of a large C-terminal substrate-binding 
domain with a unique hydrophobic pocket, atypi -
cal of SDR family of enzymes. The evolution of such 
a hydrophobic pocket in substrate-binding domain 
allows the capture of long acyl chain usually found 
in the complex lipidic metabolites made by NRPS 
and PKS of mycobacterial species. The remarkable 
structural similarity of the central β-sheet archi-
tecture of Rossmann-fold with the α/β hydrolase 
fold of the TE domain provides an insight into the 
replacement of TE domain with R-domain as the 
offloading domain during the course of evolution. 
The release of acyl chains by reduction also allows 
additional modifications such as glycosylations as 
in the case of glycopeptidolipids (GPL) in M.smeg 
and hence enhancing the diversity of metabo-
lites made by these assembly-line multifunctional 
biosynthetic enzymes like NRPS and PKS. The 
functional analysis of R-domain from M.smeg 
indicates that the formation of a terminal alcohol 
is crucial for the subsequent glycosylation in GPL 
biosynthesis.41,42 Although it very clear that R

NRP
 

can reduce acyl chains to alcohols, the implications 
of the formation of such a lipophilic peptide con-
taining a terminal alcoholic group in Mtb biology 
needs to be addressed.

9 Discussion
Mtb is a storehouse of a plethora of lipids. These 
structurally and chemically diverse lipids are 
products of interplay between fatty acid biosyn-
thesis machinery and polyketide synthases. Inter-
esting themes of evolution have been unraveled 
on the path towards understanding the metabo-
lism of these unique lipids in Mtb. These evo-
lutionary events have resulted in a remarkable 
diversity in cell lipids, and such themes were also 
found to be adapted in other organisms for differ-
ent functions. The first theme was subtle changes 
in dihedral angles of residues lining the susbtrate-
binding tunnel resulting in remarkable substrate 
specificity of a type-III PKS, PKS18. This novel 
tunnel allows accommodation of a wide range of 
fatty acids increasing the repertoire of metabo-
lites, a common thiolase fold could generate. The 
second theme was a small insertion mutation in 

a common acetyl-CoA synthetase fold which 
shunts the common lipid pool towards biosyn-
thesis. Fatty-acyl AMP ligases transfer the acti-
vated fatty acids to pantetheine arm of acyl carrier 
protein unlike other members of the superfamily 
that transfer the acyl-adenylates to pantetheine of 
CoA. These activated fatty acids shunted towards 
biosynthesis are used to generate the enormously 
diverse lipids of Mtb. This specificity results from 
the insertion which hampers the domain motions 
which is then relieved only by ACP. However, the 
precise role of insertion-based mechanism in 
effecting domain motions is still not understood. 
In the third theme, evolution of an R-domain in 
multi-modular biosynthetic enzymes likes NRPS 
and PKS allowed reductive release of complex 
metabolites. This was also accompanied by evolu-
tion of a novel hydrophobic pocket in SDR family 
of enzymes resulting in broad substrate tolerance 
and accommodation of longer chains usually 
present in mycobacterial lipids. In addition to 
broad substrate tolerance, the free hydroxyl group 
produced by reductive release allows a platform 
for glycosylation tremendously increasing the 
diversity in the lipids being produced. In conclu-
sion, these three examples present three differ-
ent evolutionary themes resulting in remarkable 
diversity in biochemical functions using minimal 
changes to the existing folds, which in case of Mtb 
resulted in diversity of lipids of its cell wall.
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