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Abstract

The reported incidences of 10.6 million tuberculosis cases worldwide with 1.6 million deaths in 2021 indicate that this disease, caused
by Mycobacterium tuberculosis pathogen is difficult to treat and requires exploring newer possible therapeutic interventions. To identify novel
drug targets, it is important to understand the basic physiological processes of each pathogen in detail. Cell division is the fundamental
physiological process which maintains the replicative state of bacteria. This process requires remodelling of the cell wall, which is performed
by two spatio-temporal organized complexes, elongasome and divisome. These two complexes, elongasome and divisome function in
synthesis of peptidoglycan (PG) at poles or septum of the cell, respectively. This review article is focused on illustrating differential features and
composition of mycobacterial elongasome complex. This sort of understanding would allow identification of new drug targets and design of

Mycobacterium specific drugs.
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Tuberculosis- A Threat to the Human Host

The transfer of tuberculosis disease from infectious to
healthy individuals happens upon uptake of Mycobacterium
tuberculosis (Mtb) containing aerosol droplets, where it
reaches the lung alveoli and enters macrophage cell. In an
immunocompromised state of an individual, bacilli replicate
continuously by preventing the process of phagolysosomal
fusion. As soon as this contained disease gets converted into
an active form, the hematogenous spread of lesions starts
from the pulmonary region to many vital organs like kidney,
uterus, bones, eyes, brain (miliary tuberculosis) and causes
detrimental forms of disease. The reported rise in tuberculosis
cases worldwide in sequential years from 2019 to 2020 to 2021
indicate the intensity of this threat (Figure 1). Moreover, the
data showing increase in rifampicin resistant TB cases from
2020 to 2021 in WHO tuberculosis report 2022 further suggest
the need of intensified efforts to target physiological switches
of causative organism, Mtb inside hosts.

Cell Division- the Regulatory, Physiological Switch of
Mycobacterium Pathogenesis

Pathogen, Mycobacterium is documented to exist in two
states: replicative and dormant state. The switch between
these two states is determined by factors such as socio-
economic factors, host nutritional and immunity status. These
determinants regulate this regulatory switch via modifying
the functionalities of many cell division proteins; mainly
categorised in two macromolecular complexes as elongasome
and divisome. While the elongasome functions in mediating
the peripheral peptidoglycan (PG) synthesis and duplicating
the cell size, the function of the divisome is reported to carry
out the septal PG synthesis and in dividing the cell mass.
These two complexes are present in every bacterial species;
however, their composition varies between species. One
of the reasons for the presence of variable features in these
two macromolecular complexes of mycobacterium could
be their differential mode of growth and regulation. While
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Tuberculosis incidences per year

Figure 1 illustrates the rate of increase in tuberculosis incidences worldwide as the year progresses from 2019 to 2020 to 2021.

most of the bacterial species incorporate PG along the
lateral wall in patches, Mycobacterium grows asymmetrically
from their poles and eventually generates a heterogeneous
population upon cell division. This heterogeneous population
exhibits differential antibiotic susceptibilities and disparate
physiological niches in the human host [1].

Mutations in most of the cell division proteins of different
bacterium species including Mycobacterium results in either
loss of normal cell shape/size or gain of differential antibiotic
susceptibilities [2]. The loss of normal cell shape/size happens
because of failure in the mechanism, which ensures the
occurrence of correct pattern of cell division within a given
time frame. Among the different patterns of cell division,
binary fission is the most common form adopted by bacterial
kingdoms. The simple binary fission mode of reproduction
involves doubling of cell mass, initiating, and terminating one
round of chromosome replication, decatenate or segregating
replicated chromosomes, localization of division machinery at
mid cell and finally, cytokinesis. Completion of this complex
proposition within a defined time requires presence of
overlapping events, which are categorized in B, C, and D
periods and assembly of elongasome and divisome at a precise
position. B period is the phase between cell birth and DNA
replication initiation, C, the time of chromosome replication
and D, the phase between termination of replication and
beginning of division [3].

Many of the cell division proteins, belonging to elongasome,
divisome, and chromosome segregation units, are registered
as potential drug targets. MreB protein, which is the part of
the Rod system of the elongasome unit, is reported to be the
target of A22 analogs in Escherichia coli (E. coli) [4]. Another

MreB inhibitor, TXH11106 have been identified which is broad
spectrum and reported to be bactericidal against many gram-
negative pathogens, Ecoli, Klebsiellapneumoniae, Acinetobacter
baumannii, and Pseudomonas aeruginosa [5]. Comparative
analysis has demonstrated superiority of TXH11106 over
A22 analogs [5]. Similarly, many of the penicillin binding
proteins (PBPs) of the elongosome unit have been identified
to be targeted by B lactam antibiotics [6]. Although these
reports have suggested the elongasome unit of different
bacterial species as potential drug targets, reports building
the understanding of mycobacterial elongasome as the unit
of potential drug targets is limited. Moreover, it is important
to identify differential features of elongasome units, which
can be readily targeted by drugs. This review article is focused
on understanding the elongasome unit of Mycobacterium
and presenting its comparative analysis with other bacterial
species. This sort of analysis will allow the identification of
newer Mycobacterium specific drug targets and design of the
future therapeutic regimen.

Elongation Complex/Elongasome in the Bacterial
Kingdom

The function of elongation complex during cell division
is to double the size of a cell, which is considered a trigger
for manifestation of chromosome segregation and division
events [7]. This complex is known to localize and regulate
incorporation of nascent cell wall components at a specific
position of the cell. While in E. coliand Bacillus subtilis (B. subtilis),
the PG precursors are integrated along the wall; it assembles
at poles in Streptomyces coelicolor and Mycobacterium [8-11].
What determines the specific localization of this complex
in different organisms is still a question, some insights have
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been brought into the role of cytoskeletal like proteins in
this process. One of the known cytoskeletal proteins, MreBEc
(E. coli)/Bs (B. subtilis)/Cc (Caulobacter crescentus) is an actin
like protein, which tends to form filaments by continuously
undergoing polymerization - depolymerization [12-14].
This continuous recycling of MreB protein is thought to be
governed by the rate of PG synthesis. Depletion of specific
elongation class B transpeptidase (PBP2) abolishes MreBEc
mediated insertion of PG along the lateral cell wall in the
absence of functional FtsZ [15]. Additionally, MreBEc is known
to interact with conserved inner membrane proteins MreC,
MreD, and RodZ (transmembrane protein) as well as lipid |l
synthesis enzymes indicating crucial role of MreBEc (actin
like filaments) in organization of elongation complex [16-19].
Moreover, presence of three actin homologs (MreB, Mbl and
MreBH) in B. subtilis and CreS in C. crescentus advocates the
importance of cytoskeletal like proteins in maintaining cell
shape [20-22]. The elongation complex is roughly composed
of PG remodelling modules, carrying functions of its synthesis
and hydrolysis. Though various synthetases and hydrolases
are functionally redundant, some of them show a major
impact over others in regulating the rate of PG turnover.
Interestingly, their ability to switch between elongasome
and divisome to provide harmonious coordination between
events has been observed [23]. The main functional
activities of PG synthetases are transglycosylation (TG)
and transpeptidation (TP). Based on these activities, the
synthetases are classified into three functional categories
in E. coli. First category includes bifunctional class A PBPs-
GTase-TPases (PBP1A, PBP1B and PBP1C) which harbors
both transglycosylation and transpeptidation activities
[24]. While transglycosylation activity is independent from
transpeptidation, transpeptidation requires efficient ongoing
transglycosylation activity indicating transpeptidation activity
is required after transglycosylation within a cell [25,26].
Though one between PBP1A and PBP 1B is required for viability
[27], PBP1C is essential in the host [28]. The other categories
include monofunctional transpeptidases PBP2 or PBP3 and
monofunctional transglycosylase MgtA [29,30]. Furthermore,
PBP1A and PBP1B are thought to participate in two different
complexes of elongation and division by their ability to
interact with monofunctional transpeptidases PBP2 and
PBP3, respectively [31]. While precursors for transpeptidation
and transglycosylation reactions i.e. lipid Il are synthesized
in the cytoplasmic region, its insertion to the PG sacculus
occurs in the periplasmic region. Consecutive actions of
various Mur ligases generate lipid 1l (UDP-GIcNAc-MurNAc-
pentapeptide anchored to undecaprenyl phosphate carrying
lipid membrane) in the cytoplasmic region, which is flipped
outside by MurJ/RodA/FtsW and crosslinked with existing
PG by PBPs [32]. Mur ligases are cytosolic and comprise an
N-terminus UDP-MurNAc binding domain, connected to
a C-terminus domain via central ATP binding domain. The
function of C-terminus of Mur enzymes is to attach aminoacid
to stem pentapeptide [33]. Enzymatic activities of MurA-MurF

lead to the generation of UDP-MurNAc-pentapeptide, which
is a substrate for MraY. MraY ligates it to an undecaprenyl
phosphate carrying lipid generating membrane and results
in membrane linked UDP-MurNAc pentapeptide (lipid I).
Finally, MurG catalyzes transfer of GIcNAc molecules from
UDP-GIcNACc to lipid I, generates lipid Il, a substrate for action
of RodA (flippase) and PBPs [34,35]. Importance of RodA and
PBP2/PBP1A/PBP1B is demonstrated in E. coli when mutants
lacking such genes have been found to grow as spherical
cells [36]. Similarly, in B. subtilis, mutation in RodA or PBPs
such as in PBP2a or PbpH leads to conversion of rod shape
cells into spherical cells [37,38]. Mutants of Streptococcus
thermophilus lacking homologues of PBP2 or RodA have
been shown to adopt spherical morphology rather than
ovococci [39]. Importance of PBP1BEc is demonstrated by its
ability to interact with M1tA through MipA (outer membrane
protein), indicating the existence of a proper channel to
transfer signal from cytoplasm to periplasm [40]. Additional
known elongasome component, RodZEc/Bs/Cc is known to
communicate signals from cytoplasm to periplasmic region
[41]. While N-terminus cytoplasmic region of RodZEc/Cc has
been shown to interact with MreB, C-terminus periplasmic
region interacts with MreC, which associates with MreD,
Class A (PBP1A /PBP1B) and Class B PBPs (PBP2) indicating
the role of RodZ as an adaptor molecule [41]. Additionally,
MreBEc/Cc interaction with MurG or MraY is demonstrated,
indicating the presence of complex morphogenetic
apparatus, which establishes signal-transducing network to
communicate signals between two distinct cytoplasmic and
periplasmic components and targets PG intermediates to a
specific position of a cell [42,43]. Another component of PG
remodeler, coined as hydrolases, is abundant in number (13
in E. coli) and is functionally redundant [44]. Deletion of one
or two hydrolases does not impair the growth and survival.
The functionality of hydrolases is classified into glycosidases,
amidases, lytic transglycosylases and endopeptidases. As a
result of their actions, soluble fragments from the existing
sacculus are generated, which is reused via an efficient
peptidoglycan-recycling pathway. E. coli is known to have 5
amidases (AmiA, AmiB, AmiC, AmpD, MepA) and are redundant
in function [45,46]. Two amidase activators EnvC and NlpD
have been identified which causes conformational change
upon interaction with amidases [47]. In B. subtilis, four cell wall
amidases CwlID, LytC, CwlC, and CwIB have been identified
and found to play a crucial role in the process of sporulation
[48,49].Once PGis synthesized, it undergoes minor changes for
e.g., newly synthesized pentapeptide enriched PG in E. coli is
characterized by the presence of glycan chains with an average
of 50-60 disaccharide units. While DD-carboxypeptidases are
known to convert pentapeptides into tetrapeptides enriched
peptidoglycan, LD- carboxypeptidases trims tetrapeptides
into tripeptides. In addition, lytic transglycosylases are known
to modify glycan chains of peptidoglycan. There are 6 DD-
carboxypeptidases reported in E. coli in which PBP5 (DacA)
is highly active, supported by an observation of altered
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morphology and aberrant cell shape when PBP5 was removed
with additional PBPs [50,51]. Increased expression of DD-
carboxypeptidase PBP6 during the stationary phase has been
found to result in shorter cell length [52]. On the other hand,
in C. crescentus, the role of DD carboxypeptidase is very less
because pentapeptide enriched PG is the primary component
of sacculus growth [53]. Conclusively, the elongasome unit of
a typical bacterial cell comprises cytoskeletal like proteins, PG
synthetic, PG hydrolytic, and PG modifiers modules (Figure 2).

Elongation Complex/Elongasome in Mycobacterium

Thefunctionality of the elongation complexin Mycobacterium
is equivalent to other bacterial kingdoms. However, PG
precursors are incorporated at subpolar regions. To achieve

the aim of subpolar growth, which requires positioning of
an elongation complex at poles, the elongation complex is
equipped with a protein known as polar growth determinant
(Wag31) [54]. The addition of polar growth determining
protein is considered as one of the compensatory mechanisms
for absence of cytoskeletal elements in Mycobacterium whose
function is thought to be in localization of elongation complex
in other bacterial species.Wag31 positioning at subpolar space
requires recognition of concave membrane curvature, which
is mediated through presence of hydrophobic and positively
charged residues. Additionally, deletion or overexpression
of Cell Wall Synthesis protein A (CwsA) has been shown to
cause differential localization of Wag31, indicating accurate
localization of Wag31 is dependent upon CwsA [55]. Another
cell wall synthesis regulatory module, MviN-FhaA complex
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Figure 2 presents the components of the elongasome unit of a typical bacterial cell. The main components identified are cytoskeletal like
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has been identified. MviN is an essential pseudokinase protein
and known to recruit FhaA (forkhead associated) protein
upon phosphorylation in pseudokinase domain. Depletion of
MviN has been found to accumulate solvent extractable PG
precursors, indicating its importance in precursor assimilation
to existing sacculus [56]. Basic enzymes of PG remodeling,
Mur complexes (MurA-MurG) have been found functionally
conserved in Mycobacterium. These enzymes synthesize
lipid Il, which gets flipped in periplasm and gets cross-linked
by conserved PBPs. While Mtb has two HMM class-A PBPs
i.e, PonA1l and PonA2, Mycobacterium smegmatis (non-
pathogenic mycobacterium, Msmeg) is characterized by the
presence of three Class A penicillin binding proteins PonA1,
PonA2, and PonA3 [57]. PonA1l interaction with Wag31
demonstrates its functionality during elongation [58]. Its
localization at both septum and poles in Msmeg emphasizes
its importance during both elongation and division phases of
bacterial growth. Additionally, PonA1 has been demonstrated
to decrease hydrolytic activity by binding with the C-terminus
endopeptidase domain of RipA (hydrolase) [58]. PonA1 is
important for maintenance of correct cell lengths in both Mtb
/ Msmeg and required for establishing successful infection
in hosts. Mutants of PonA1 and PonA2 showed an unusual
hypersensitivity towards B-lactam antibiotics. While PonA2
deletion impacts morphology and shows higher susceptibility
towards antibiotics in the stationary phase, PonA3 deletion
does not show such kind of defects under standard laboratory
conditions. Moreover, PonA3 can partially substitute for
PonA2 indicating the crucial role of these two proteins in
stationary phase or non-replication stage [57]. Other than
class A PBPs, Mtb has two HMM class-B PBPs PbpA/PBP3 and
six PBPs in LMM class-C (carboxypeptidases and [3-lactamases)
category. While PbpA is a homolog of PBP2 (elongation
complex component), it is known to be involved in division
rather than elongation in Mycobacterium. Absence of PbpA at
an elongation site is probably compensated by the presence
of non-canonical transpeptidases (LdtA or LdtB) [59]. PBP3 is
known to form ternary complexes with FtsZ and FtsW, which
constitutes an important component of divisome. The roles of
LMM class C proteins need further investigation to understand
the complete mechanism of PG synthesis and regulation.
RipA, RipB, and RipD, hydrolases in Mpycobacterium are
categorized into NIpC type PG hydrolases [60]. However, RipD
presents an example of non-catalytic PG binding function
[61]. These proteins are individually dispensable in Msmeg
[62]. Interestingly, RipA is produced as a zymogen, which
requires proteolytic processing for its activation and presents
a wonderful example of self-inhibitory protein [63]. In vitro
evidence nullifies the importance of the N-terminal region in
this auto inhibition of RipA, as removal of N-terminus does not
change the activity of either RipA or RipB [60]. Moreover, RipA s
known to bind RpfB and RpfE resuscitation promoting factors,
which is known to reactivate dormant bacteria. The observed
colocalization of RipA with RpfB at septum indicates the
concerted or coordinated action of hydrolases in cell division

[65]. Mtb possesses five resuscitation promoting factors
starting from RpfA to E with all are found to be dispensable
for mycobacterial growth. The observed interaction between
RipA and PonA1 indicates the coordinated action of synthases
and hydrolases in PG remodeling [58]. Conclusively, the
elongasome unit of Mycobacterium comprises polarelongation
complex, PG biosynthetic and PG hydrolytic modules (Figure
3). Unlike other model bacterial species, the composition
of PG biosynthetic and hydrolytic modules has been found
different. The identification of PG modifiers in Mycobacterium
is under investigation.

Conclusions

Like every other bacterial species, the function of
Mycobacterium elongasome is reported to carry out the
peripheral PG synthesis and double the cell size. However,
its composition differs and is reported to possess differential
proteins with unique properties. For e.g., the subcomplexes,
Wag31-CwsA- CrgA and MviN-FhaA are registered as unique
proteins in Mycobacterium elongasome and have a role to play
in the polar growth of the cell. Few non canonical proteins i.e.,
Ldts, Rips, and Rpfs have been found present in mycobacteria,
suggesting their potential as drug targets. The presence of
these unique proteins could be either the compensation of
the absence of similar functional proteins or evolve to perform
some alternative function as per requirement of the cell.
The absence of PG modifiers in mycobacterial elongasome
indicates that the PG layer is synthesized as needed in this
pathogen. However, we could not nullify the point that
PG modifiers may remain undiscovered in Mycobacterium.
In short, this review article has enlisted components of
mycobacterial elongasome complex, some of which are either
similar or dissimilar to other bacterial species.

Future Perspectives

The rise in tuberculosis cases drives the urgency to identify
novel drug targets and drugs. Not only it is important to
identify drug targets belonging to the basic physiological
processes, but also there is an urge to identify multiple drug
targets for a single drug. Identification of multiple targets for
a single drug allows targeting multiple proteins of same or
different macromolecular complexes at the same time. Thus,
research regarding identification of those drug- drug targets
pair is of special interest.

Identification of drug targets belonging to the cell division
process is relatively difficult. Most of the cell division proteins
do not show any activities which can be assayed in vitro.
Moreover, most of the cell division proteins are essential.
Thus, the only approach available to study the gene effect
is to create conditional knockouts. Most of the approaches,
which can be used for generating conditional knockouts in
Mycobacterium, generate a loosely controlled system, which
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Figure 3 presents the components of the elongasome unit of a typical mycobacterial cell. The main components identified are polar

do not allow the study of complete effects of gene knockouts.
Moreover, knockouts of cell division genes result in cells with
disturbed size and shape, which is difficult to grow under
standard laboratory conditions.

Despite these challenges, researchers are constantly
engaged in discovering novel drug targets of macromolecular
complexes of the cell division processes in mycobacterium.
Elongasome and divisome, the two macromolecular
complexes, are known to be therapeutically targeted. Based
on reports, the elongasome macromolecular complex of
Mycobacterium may have many potential drug candidates,
which needs to be explored and investigated. This review
article is a step towards achieving this aim and is focused on
dissecting differential features of the elongasome complex
of Mycobacterium. This study is expected to reveal the newer
possible drug targets for future therapeutics. Moreover, the

identified differential proteins of elongasome complexes can
be investigated further for studying their functional domains.
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