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Abstract Drug resistance is a major concern due to the
evolution and emergence of pathogenic bacterial strains
with novel strategies to resist the antibiotics in use. Myco-
bacterium tuberculosis (Mtb) is one of such pathogens with
reported strains, which are not treatable with any of the
available anti-TB drugs. This scenario has led to the need
to look for some novel drug targets in Mtb, which may be
exploited to design effective treatment strategies against
the infection. The goal of this review is to discuss one such
class of emerging drug targets in Mtb. MmpL (mycobacte-
rial membrane protein large) proteins from Mtb are reported
to be involved in multi-substrate transport including drug
efflux and considered as one of the contributing factors for
the emergence of multidrug-resistant strains. MmpL pro-
teins belong to resistance nodulation division permeases
superfamily of membrane transporters, which are viably
and pathogenetically important and their inhibition could
be lethal for the bacteria.
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Introduction

Mycobacterium genera have many non-pathogenic and
opportunistic pathogenic species. Its pathogenic members
also include human pathogens Mycobacterium tuberculosis
(Mtb) and Mycobacterium leprae (M. leprae), the causa-
tive agent of two deadly infectious diseases, tuberculosis
(TB) and leprosy, respectively (Forrellad et al. 2013). At
present, tuberculosis is the leading cause of death due to
bacterial infection in spite of the various available efficient
treatment strategies. According to the World Health Organi-
zation (WHO) tuberculosis report 2016, 9.6 million peo-
ple are infected with tuberculosis and 1.5 million died in
2014, out of which 0.4 million deaths were caused by HIV
co-infection (WHO 2014, 2016). The failure of available
treatments in use and emergence of drug-resistant strains is
posing threat to the human population. The drug-resistant
TB involves multidrug-resistant (MDR) strains, resistant
to the first line of anti-TB drugs, namely, isoniazid (INH)
and rifampicin (RMP) (Frieden et al. 1993), with the exten-
sively drug-resistant (XDR) strains showing resistance to the
second line of anti-TB drugs such as fluoroquinolones and
injectable drugs, i.e., capreomycin, kanamycin and amikacin
(Alexander and De 2007). The total drug-resistant (TDR)
strains of Mtb were reported in 2009; these strains are not
treatable with any of the available anti-TB drugs (Velayati
et al. 2009). This development of drug resistance is a major
obstruction in the global TB control programs (Parida et al.
2015) (Fig. 1).
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Fig. 1 Evolution of drug resistance in TB: Mtb has been evolving
with various strains having different extents of resistance to avail-
able anti-TB drugs. In the earlier times, the TB was drug susceptible
and treatable with the first-line anti-TB drugs. Later on, in the 1990s,
cases of MDR-TB were reported with resistance to the first-line anti-
TB drugs, RMP and INH (Frieden et al. 1993). In the year 2006, the

Multiple mechanisms operating exclusively or/and in
combination may cause the evolution of highly pathogenic
drug-resistant mycobacterial strains. The major mechanism
behind the drug-resistant strains of bacteria is the muta-
tion in the drug targets, the evolution of drug-degrading
enzymes, modification of drug molecules by drug-inacti-
vating enzymes and expulsion of drug from the bacterial cell
by the drug efflux pump (Fig. 2) (Nikaido 1998).

The thick waxy cell wall of mycobacteria is constituted
by mycolic acid which forms an insoluble cell envelope and
acts as a primary defense apparatus against the host immune
system. It also restricts entry of hydrophilic drugs inside the
bacteria, thus making them ineffective and thereby reducing
the permeability of the cell wall. Mycolic acid is synthesized
by the associated and sequential action of enzymes fatty acid
synthase I (FAS-I), fatty acid synthase II (FAS-II) and a
polyketide synthase (Pks13) on very long-chain a-alkyl,
B-hydroxy fatty acids. These components are also essential
for the viability and virulence of the pathogen (Marrakchi
et al. 2014).

Efflux pumps are the membrane transporters and linked
to the drug resistance in bacteria. Some transporters, such
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XDR-TB term was defined for TB strains resistant to second-line anti-
TB drugs, fluoroquinolone and injectable anti-TB drugs (Alexander
and De 2007). In the year 2009, TDR-TB strains were reported with
complete resistance against the first- and second-line anti-TB drugs
(Velayati et al. 2009)

as the tetracycline efflux proteins, are dedicated systems
which mediate extrusion of a single drug or class of drugs.
In contrast to these specific drug transporters, some multi-
drug efflux pumps may transport a diverse variety of struc-
turally unrelated compounds. These multidrug transporters
are divided into two major categories, i.e., primary multi-
drug transporters containing ATP-binding cassette known
as ABC type, which uses the energy generated from ATP
hydrolysis to pump drugs out of the cells, and secondary
multidrug transporters, which utilize the protons or sodium
ions-generated electrochemical gradient to drive the drug
extrusion from the cells. The secondary multidrug transport-
ers have four known major families, namely, major facilita-
tor superfamily (MFS), multidrug and toxic efflux (MATE),
resistance nodulation division (RND) and small multidrug
resistant (SMR). RND is a ubiquitous family of efflux pumps
and has known members from bacteria, archaea and eukary-
otes. RND family transporters are widespread, especially
among Gram-negative bacteria, and catalyze the proton-
motive force (PMF)-driven active efflux of many antibiot-
ics and chemotherapeutic agents. Some well-known RND
proteins from Gram-negative bacteria exhibit similar but
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Fig. 2 Drug-resistance mechanism of bacterial pathogens: bacterial cells have four main known mechanisms for drug resistance (a) target alter-
ation, (b) drug degradation, (c) drug inactivation and (d) drug efflux to inactivate the antibiotic molecules or to reduce its efficacy

unusual topological features (Saier et al. 1994). These have
12 putative a-transmembrane helices (TMHs) and two large
hydrophilic extra-periplasmic loops between TMH 1 and
2 and TMH 7 and 8 (Saier et al. 1994; Lange and Steck
1998). Transporters from the RND family are energized by
the PMF similar to all other secondary drug transporters,
with proton translocation occurring across the TM domain
(Paulsen et al. 1996).

The efflux pumps of the RND family may contribute to
the resistance to the widest range of antibacterial agents
(Nikaido 1998; Schweizer 2003) and are also the major
reported cause behind the multidrug-resistance phenome-
non of many Gram-negative pathogenic bacteria, including
Pseudomonas aeruginosa, Escherichia coli, Burkholderia
pseudomallei, Neisseria meningitides, Haemophilus influ-
enzae, Neisseria gonorrhoeae, Salmonella typhimurium,
Stenotrophomonas maltophilia and Vibrio cholerae (Moore
et al. 1999; Helms et al. 2002). The identification of 14 RND
genes in the genome of Burkholderia cenocepacia suggests
that active efflux could be a major mechanism underlying
antimicrobial resistance of this pathogen (Guglierame et al.
2006).

The Mtb genome was reported to have 14 mmpL genes
which translate into putative integral membrane proteins and
lipid transporters. In some cases, they were reported to be
responsible for drug efflux. These proteins were designated
as MmpL (mycobacterial membrane protein large) on the
basis of their large size and TM localization. When their
topologies were studied, most of them were found to possess
10-12 TMHs, a characteristic feature of RND efflux pro-
teins (Tekaia et al. 1999; Sandhu and Akhter 2015). MmpL
proteins have been reported to transport lipid derivative

molecules. Many mmpL genes were reported to be associ-
ated with the clusters of genes responsible for the biosynthe-
sis of cell wall-associated glycolipids like glycopeptidolipids
(GPL), lipooligosaccharides, sulfolipids, polyacylated treha-
lose and other lipid derivatives like phthiocerol dimycocero-
sate (PDIM) (Converse et al. 2003; Pasca et al. 2005). These
are pathogenetically and physiologically essential proteins
of the Mtb (Domenech et al. 2005), but are less studied and
there is scarce information available about their structure
and functional mechanism.

The goal of this review is to discuss the role of MmpL
proteins as potent drug targets in light of their contribution
in the pathogenicity of mycobacterial species, drug resist-
ance and the evolutionary context of these proteins in com-
parison to other members of the RND superfamily owing
to their diverse and crucial transport functions, which helps
the pathogen in adaptation according to the varying stressful
environment presented by the host.

Role of MmpL proteins in pathogenicity

RND efflux pumps have been reported to be associated with
the export of virulence factors (Piddock 2006). MexAB-
OprM efflux pump was reported to enhance the virulence of
P. aeruginosa. This pump was observed to facilitate expul-
sion of compound furanone C-30, which is a quorum sensing
inhibitor and interacts with the LasR, a transcription regu-
lator protein from quorum sensing-related las operon and
thus attenuates the virulence of this pathogen (Beceiro et al.
2013). RND proteins in Erwinia chrysanthemi 3937 were
reported to be essential for the virulence of the pathogen,
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as encoding gene knockout mutants of this bacteria were
observed to be less virulent and more susceptible toward
the toxic substances. The efflux of plant antimicrobial pep-
tide thionin was also observed to be carried out by two Acr
transporter systems (Valecillos et al. 2006). Mycobacte-
rial RND proteins, MmpL, are generally designated to be
related to lipid transport and with the reported drug efflux
of several anti-TB drugs (Camacho et al. 1999; Bailo et al.
2015). Some of the mmpL genes were also reported to be
essential for Mtb virulence in mice when analyzed by inser-
tional mutation analysis (Domenech et al. 2005). The role of
MmpL proteins in the pathogenicity of Mtb has been sum-
marized in the following subsections.

MmpL proteins involved in the export of virulent
molecules

The cell wall-associated and surface-exposed polyketides
have been reported to play an important role in Mzb patho-
genesis. These lipids provide a first barrier from the attack
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Fig. 3 MmpL proteins involved in the transport of drugs and lipid
derivatives across the cell membrane: MmpL3 protein is reported to
be involved in the import of heme and export of TMM (Tullius et al.
2011; Grzegorzewicz et al. 2012); MmpL4 protein is reported to
be responsible for the efflux of MBT and GPL (Wells et al. 2013);
MmpL5 protein is reported to carry out efflux of MBT, cMBT and
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of the host immune system, and the genes related to the
biosynthesis and export of these lipids are also indispensa-
ble for the survival and virulence of the bacteria (Camacho
et al. 1999; Domenech et al. 2005). These surface-exposed
lipids are synthesized in the cytoplasm and then transferred
to the outer leaflet of the cell wall by some unknown mecha-
nism and then aid in the interaction between the host and the
microbial pathogen (Goren et al. 1974; Brennan and Nikaido
1995). The transport of these molecules is mediated by sev-
eral membrane transporters. However, very little informa-
tion is available on the transport of polyketides, but MmpL
proteins were reported to be associated with the transport
of these compounds. MmpL7 along with the DrrC proteins
were reported to be essential for the transport of PDIM, a
polyketide compound reported to be important for the patho-
genicity of Mtb (Cox et al. 1999) (Fig. 3). MmpL7 was also
observed to interact with biosynthetic enzyme PpsE in vivo
and this activity was found to be essential for PDIM biosyn-
thesis (Fig. 3) (Jain and Cox 2005). Further, MmpL8 has
been also reported to aid sulfolipid-1 (SL-1) biosynthesis
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econazole (Milano et al. 2009; Wells et al. 2013); MmpL7 protein is
reported to cause efflux of PDIM and INH (Jain and Cox 2005; Pasca
et al. 2005); MmpL38 protein is reported to be responsible for the
efflux of SL-1; and MmpL11 protein is reported to be responsible for
the import of heme and efflux of mycolate wax ester (Tullius et al.
2011; Pacheco et al. 2013)
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by transporting SL-1 precursor SL,,¢ across the membrane
(Converse et al. 2003; Jain and Cox 2005) (Fig. 3). These
types of coupling of synthesis and transport as shown by
MmpL7 and MmpL8 with the respective lipid biosynthesis-
associated proteins may be favorable for providing specific-
ity and directionality in lipid transport processes (Jain and
Cox 2005). MmpL proteins were reported to be responsible
for the pleiotropic actions of mycobacteria. The effect was
unveiled using the missense mutation in one of the essen-
tial tyrosine residue Tyr842 related to GPL transport and
is common in all of the MmpL proteins. Replacement of
this tyrosine with histidine residue in MmpL4a and with
phenylalanine in MmpL3 leads to impairment of smooth-
to-rough bacterial transition in M. bolletii and Mtb, respec-
tively, as well as reduced virulence. The Tyr842 residue was
also observed to be critical for proton influx in pairing with
Asp841 in MmpL4a (Bernut et al. 2016; Szekely and Cole
2016).

mmpL genes are essential for the viability
of the pathogen inside the host cell

MmpL proteins have been reported to be essential for the
viability of bacterial pathogen inside the mice lung (Lamich-
hane et al. 2005; Wells et al. 2013). The results were derived
from the mmpL mutant strains in which the mmpL genes
were replaced by hygromycin-resistant cassette (Domenech
et al. 2005). From the survival time analysis of Mtb-infected
mice, it was observed that mmpL4 and mmpL7 mutants of
Mib were impaired in growth after 49 days and infected mice
survived after 490 days of infection, whereas those infected
with the wild-type strain of Mrb H37Rv did not survive.
Further, mmpL8 and mmpLI 1 knockout mutants-infected
mice showed considerably longer survival period than
the wild-type with Mtb infection (Domenech et al. 2005).
Furthermore, results from a separate study suggested that
MmpL5 and MmpL 10 proteins are required for Mtb survival
in mouse lungs. However, the requirement of mmpL genes
for the viability of Mtb in two different organs was observed
to be not identical, as the mmpL7 gene was reported to be
essential for growth in mouse lungs, but was not required for
the survival of the pathogen in spleen or in the liver (Lam-
ichhane et al. 2005). These reports indicate the essentiality
and important role of mmpL genes in the survival of Mtb
pathogen inside the host.

Molecular evolution of mmplL genes
across the mycobacterial genomes

Evolution is an important mechanism in all living organ-
isms to adapt themselves to the changing surrounding
environment. The emergence of the antibiotic era has come

with novel and advanced therapies against various infec-
tious agents, which in turn has resulted in the evolution
of drug-resistant strains of the bacterial pathogens as an
adaptation strategy to survive inside the host. This has led
to the failure of current antibiotic strategies and thus leav-
ing many bacterial infections untreatable (Nikaido 2009).
From the available data on various drug transporter protein
structures, the phenomenon of conserved structural archi-
tecture and inverted repeat topology or duplication were
deduced (Crisman et al. 2009; Khafizov et al. 2010). All
these events describe the evolution of membrane trans-
porters with time (Keller et al. 2014). MmpL transporters
exist in varying numbers in different mycobacterial spe-
cies. These proteins were also observed to exhibit patterns
of internal gene duplication and pseudogenization as ana-
lyzed from their sequence analysis (Sandhu and Akhter
2015). These evolutionary events in mmpL genes have
been discussed in detail in the next subsections.

Distribution of mmpL genes in pathogenic
and non-pathogenic species

MmpL proteins have been reported to be in abundance
in rapid growing mycobacteria than slow growing myco-
bacterial species (Viljoen et al. 2017). The comparison of
mmpL genes across the different pathogenic and non-path-
ogenic strains of mycobacteria shows that their distribu-
tion varies among the pathogenic strains ranging from the
highest number in M. bovis to the lowest in the case of M.
leprae (Table 1). In the case of non-pathogenic Mycobac-
terium smegmatis (M. smegmatis), the number of mmpL
genes is limited to only three (Table 1), which is fewer
as compared to its homologs in pathogenic mycobacte-
ria. However, the number of mmpL genes is also fewer
exceptionally in M. leprae, which is highly pathogenic in
nature but possesses a special status among mycobacte-
rial pathogens. It has followed a reductive type of evolu-
tion and shredded off most of its non-essential genes not
required for its metabolism inside host cell, leading to the
smallest genome size among the mycobacterial species
(Akhter et al. 2008). mmpL5, which has been reported as a
siderophore exporter in Mtb, is absent in M. leprae (Wells
et al. 2013; Sandhu and Akhter 2017). The possible reason
behind the absence of this gene is the lack of complete
siderophore anabolism pathway in the M. leprae (Cole
et al. 2001), which might have also led to the deletion of
siderophore export-related genes from the bacteria. Mtb
clinical strain CDC1551, on the other hand, has an addi-
tional mmpL gene named mmpL14 (MTI1802), absent in
Mtb H37Rv. This mmpLI4 gene was found to be confined
to the deleted segment RvD2 of M. tuberculosis H37Rv
(Gordon et al. 1999).
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Table 1 Varying distribution of mmpL genes across the mycobacterial genera

S.no. Mitb H37Rv M. bovis (BAA-935) M. africanum M. marinum M. canettii M. leprae (TN) M. smegmatis Mtb CDCI1551
1. mmpL1 mmpLla mmpL1 mmpL1 mmpL1 MT0412
mmpL1b mmpL1_1
mmpL2 mmpL?2 mmpL2 mmpL?2 mmpL?2 MT0528
3. mmpL3 mmpL3 mmpL3 mmpL3 mmpL3 mmpL3 MTO0216
mmpL4 mmpLA4 mmpL4 mmpL4 mmpLA4 mmpL4 mmpL4a MT0466
mmpL4_1 mmpL4b
mmpL4_5
5. mmpLS mmpL5 mmpLS mmpL5 MT0705
mmpLS5_1
mmpL5_2
mmpLS5_3
mmpL5_4
mmpL5_5
6. mmpL6 mmpL6 mmpL6 mmpL6 MTI1608
7. mmpL7 mmpL7 mmpL7 mmpL7 mmpL7 mmpL7 MT3012
8. mmpL8 mmpL8 mmpL8 mmpL8 MT3931
9. mmpL9 mmpL9a mmpL9 mmpL9 MT2402
mmpL9b
10. mmpL10 mmpL10 mmpL10 mmpL10 mmpL10 MTI1220
11. mmpL11 mmpL11 mmpL11 mmpL11 mmpL11 mmpL11 mmpL11 (MT0212)
12. mmpL12 mmpL12 mmpL12 MTI1573
13. mmpL13a mmpL13 mmpL13a mmpL13 mmpL13 mmpL13a mmpL13b
mmpL13b mmpL13b mmpL13_1 mmpL13b
14. mmpL14 MTI1802

The information has been obtained from the Tuberculist, Leprosy, SmegmaList, MarinoList, TB database and UniProt databases

Duplication and pseudogenization events in mmpL
transporter genes with global genome evolution

Internal gene duplication brings the versatility in genes
by assigning them novel functions or by enhancing their
already established functions (Chen et al. 2007). The
internal gene duplication and fusion events lead to the
evolution of internal symmetries in a-helical TMHs con-
taining transporter proteins, needed for conformational
changes to occur during performance of their attributed
function (Hennerdal et al. 2010). The internal gene dupli-
cation event is common during molecular evolution and
may be detected and analyzed by internal homology in
the sequences. MmpL proteins have also been shown to
be evolved by the events of internal duplication, resulting
in a double number of TM helices than the primordial
helices. However, the internal duplication patterns was
mostly observed in MmpL proteins with a number of TM
helices ranging from 10 to 12 (Sandhu and Akhter 2016).
The duplicated forms may also result due to a fusion event
as reported in other bacteria for the SecDF protein with
12 ™™ helices from Brucella and Staphylococcus aureus
which was found to be evolved from the fusion of inde-
pendent gene units secD and secF (Hennerdal et al. 2010).
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The comparison of MmpL family members among
the mycobacterial species from the Mtb complex and the
non-pathogenic species M. smegmatis clearly indicates
that the numbers of mmpL genes are more in the case of
highly pathogenic species (Table 1). It was also observed
that some MmpL proteins encoding genes like mmpLI3a
and mmpL13b are present in Mtb, and M. leprae genomes
seem to undergo gene splitting event as part of continued
pseudogenization, while the gene is intact and expresses
a single protein product MmpL13 in the case of ances-
tral strains of Mtb complex such as M. bovis (Sandhu and
Akhter 2015). These gene splitting events result in inter-
rupted coding sequences (ICDSs) which may break or
shift the reading frame and result in shorter ORFs with
changed function or loss of function in the overall context
of genome pseudogenization. This is similar to the case
with the mmpL13 gene. This member from MmpL family
has two functional units, mmpL13a and mmpL13b in Mtb,
and two similar units in M. leprae with lost functional-
ity due to the absence of the start codon from the ORFs.
The splitting of the gene resulted in the loss of internal
symmetry required for the trimer generation and transport
function. In addition to mmpL13, mmpL9 in M. bovis was
also reported to be an example of ICDS. The analysis of
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ICDSs and the corresponding promoter regions indicated
that loss of function in ICDSs is not the result of mutations
in the promoter regions, but is brought about by additional
secondary mutations within these ICDSs following split-
ting events, which finally led to the loss of function of par-
ticular genes (Deshayes et al. 2008). These reported events
indicate the evolution of mmpL genes among the differ-
ent strains of mycobacteria, depending on their metabolic
requirements and physiological conditions inside the host.

Transport functions of MmpL proteins

Mycobacterial cells have a lipid-rich coat of mycolic acid.
Mycolic acid derivatives are synthesized in the cytoplasm
and then transferred to the cell exterior via the cell mem-
brane and periplasm. In mycobacteria, many proteins have
dedicated roles for the lipid biosynthesis and its transport.
Drug efflux pumps of the MmpL family of proteins have
been also reported to have major roles in the export of
mycolic acid derivatives (Table 2) (Pacheco et al. 2013).
We have summarized the reported multi-substrate trans-
port functions of MmpL proteins in the next subsections.

MmpL proteins in the transport of mycolic acid
derivatives

For MmpL proteins, there are many documented evidences
which suggest their role in the biosynthesis and transport
of cell wall lipid constituents. Diversification in the bio-
film formation was also observed for mmpLI 1 mutants of
M. smegmatis as compared to the wild-type strains of M.
smegmatis and similar results were also observed in Mtb
bacteria (Pacheco et al. 2013; Wright et al. 2017). These var-
iations in the lipid constituent of biofilm were reported due
to impairment of their extracellular export of the mycolic
acid-containing lipids, mycolate ester wax as evident from
the cell wall lipidomics results and intracellular accumula-
tion of mycolylphospholipid (MycPL) which is a precur-
sor of mycolic acid (Pacheco et al. 2013) (Fig. 3). mmpL4a
(tmtpB), mmpL4b (tmtpC) and mmpS4 mutants of M. smeg-
matis were also observed to lack GPL in their biofilm lipid
constituent, resulting in the reduction in the sliding motility
of the bacteria (Recht et al. 2000; Deshayes et al. 2010).
MmpL3 protein from Mtb has been also reported to be
involved in the transport of TMM across the cell membrane.
This was evident from the inhibitory action of a urea deriva-
tive, AU1235 [1-(2-adamantyl)-3-(2,3,4-trifluorophenyl)

Table 2 Reported gene expression analyses of mmpL family from mycobacterial species

S.no. Name of gene Function predicted

Experimental bacterial strain References

mmpL2, mmpl4, mmpL7

mmpLl1, mmpL2, mmpL3, mmpL4, m
mpL5, mmpL6, mmpL7, mmpLS8, m
mpL9, mmpL10, mmpL11, mmpLI2

Virulence gene cluster

Role in virulence

3. mmpL3 (MSMEGO0250) Mycolic acid metabolism

4. mmpL3 PIPD1 resistance

5. mmpL3 Effect on Mtb gene expression

6. mmpL3 Cellular target of the antitubercular
pyrrole derivative BM212

7. mmpL3 Target of AU1235 inhibitors

8 mmpL3, mmpLl1 Involvement in heme acquisition

mmpLA4, mmpLS5, mmpL7, mmpLS8, Severely compromised the ability of
mmpL10 and mmpL11 the mutants to multiply in mouse

lungs

10. mmpL4 and mmpL7 Gene expression analysis in drug-
resistant and clinical isolates

11. mmplL4a Smooth to rough transition

12. mmpL5 Impaired siderophore export

13. mmpL5 Responsible for azole resistance

14. mmpL5 Clofazimine and bedaquiline resist-
ance

15. mmpL7 Export of virulence lipids

16. mmpL7 Overexpression leads to isoniazid
efflux

17. mmpL8 Sulfatide biogenesis and virulence

18. mmpL11 Essentiality for biofilm generation

Mtb MT103
Mtb

M. smegmatis

M. abscessus

Mtb 2D3

Mtb, M. smegmatis

MtbH37Rv, MtbH37Ra
Mtb
Mtb

Clinical Mtb strains

M. bollettii

Mtb H37Rv, Mth mc*6230
Mtb, M. bovis BCG

Mtb

M. smegmatis

M. smegmatis

Mtb
Mtb

Camacho et al. (1999)
Domenech et al. (2005)

Varela et al. (2012)
Dupont et al. (2016)
Degiacomi et al. (2017)
La Rosa et al. (2012)

Grzegorzewicz et al. (2012)
Tullius et al. (2011)
Lamichhane et al. (2005)

Calgin et al. (2013)

Bernut et al. (2016)
Wells et al. (2013)
Milano et al. (2009)
Hartkoorn et al. (2014)

Jain and Cox (2005)
Pasca et al. (2005)

Converse et al. (2003)
Wright et al. (2017)
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urea], against MDR-Mtb, M. bovis BCG, M. smegmatis
and Mycobacterium fortuitum, which is generally inactive
against Gram-negative and Gram-positive bacteria. This
compound has been shown to disturb the distribution of
trehalose monomycolate (TMM) owing to the inhibition of
the MmpL3 protein (Grzegorzewicz et al. 2012) (Fig. 3).
MmpL3 has been reported to transport mycolic acids across
the cell membrane by its flippase action (Xu et al. 2017).
MmpL10 has been recently reported to export acylated tre-
halose to the cell surface in association with unknown peri-
plasmic and outer membrane proteins from Mtb (Belardinelli
et al. 2014). All these reports indicate the essential role of
MmpL proteins in the transport of mycolic acid derivatives
present in the cell envelope (Table 2).

Contribution of MmpL proteins in mycobacterial drug
resistance

Whole genome sequencing of mycobacterial strains revealed
that they encode several putative drug efflux proteins (Cole
et al. 1998), only a few of which have been characterized
yet. There has been compelling evidence suggesting that
these active efflux systems extrude drugs in mycobacteria
(Table 2) (Louw et al. 2009). Some of these efflux pumps
are specialized only for antibiotics, while others extrude
diverse compounds which are structurally and functionally
related and are involved in the housekeeping metabolism
of the bacteria (Lomovskaya et al. 2001; Marquez 2005).
The MmpL7 protein was reported to efflux INH in M. smeg-
matis (Fig. 3) after the intracellular accumulation of drug
was observed to reach up to a threshold value (Pasca et al.
2005). Azole-resistant mutant strains of Mtb and M. bovis
BCG were reported to exhibit increased efflux of econazole
(Fig. 3) along with the higher transcription rate of mmpL5
and mmpS5 genes (Milano et al. 2009). Clofazimine-resist-
ant Mtb strains with the mutation in Rv0678 protein were
reported to have enhanced expression of mmpL5 efflux pump
encoding genes with additional resistance to novel antitu-
berculosis drug bedaquiline (Hartkoorn et al. 2014). The
resistance of M. abscessus strains to thiacetazone (TAC)
derivatives was also reported due to overexpression of
mmpL5/mmpS5 efflux apparatus, due to mutations in a TetR
repressor protein MAB_4384 indicating the role of MmpL5/
MmpS5 assembly in the efflux of TAC derivatives D6, D15
and D17 (Halloum et al. 2017). MmpL5 protein from Mtb
was also reported to capture linezolid and pyrazinamide
drugs from the cytoplasm and release them in the periplasm
as observed from protein-ligand binding and MD simulation
analysis. This has further strengthened the putative role of
MmpLS5 in the transport and efflux of anti-TB drugs across
the cell membrane and thereby indicating its contribution to
the evolution of drug resistance (Sandhu and Akhter 2016;
Briffotaux et al. 2017).
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Evolution of structural fitness in RND
transporters of Mtb

RND multidrug efflux pumps are common among the patho-
genic bacteria. They provide a second-line barrier against
the antibiotics. They consist of a tripartite assembly across
the bacterial cell envelope with an inner membrane span-
ning transporter protein, a periplasmic adaptor protein and
an outer membrane efflux protein (Daury et al. 2016). All
three components help to extrude the substrate directly to
the extracellular environment through the water-filled chan-
nel created by the three-component assembly of RND efflux
pumps (Nikaido 2011). However, none of the full-length
MmpL proteins has been characterized yet, while the pre-
diction of their secondary structure topologies and homol-
ogy-modeled tertiary structures offered their comparative
analysis with well-studied RND pumps (Sandhu and Akhter
2015). Structural evolution leading to their specialized func-
tion in MmpL proteins has been summarized in the follow-
ing subsections.

Unusual periplasmic topology facilitating diverse
transport functions

Periplasmic porter sub-domains PN1 and PN2 of AcrB
efflux pump from E. coli were reported to interact with
the periplasmic accessory protein AcrA, and docking sub-
domains, DC and DN were reported to interact with the
outer membrane efflux protein TolC (Symmons et al. 2009).
In the MmpL protein family from Mtb, none of the members
posses DN sub-domain as observed from their topological
representations (Chim et al. 2015). According to the phylo-
genetic classification of these proteins, ten proteins of this
family, MmpL1, MmpL2, MmpL4-MmpL10 and MmpL12,
constitute cluster-1 with single PN1 sub-domain and two
PC1 and PC2 sub-domains along with an additional D3 sub-
domain extended in the cytoplasm. This shows that cluster-I
proteins have structural similarity to the well-known RND
proteins at the C-terminal, but they differ structurally at
the N-terminal due to the absence of the PN2 sub-domain
(Chalut 2016). Cluster-II constitutes the MmpL.3, MmpL.11
and MmpL 13 proteins. These proteins possess more struc-
tural variation and unique periplasmic topology, as they lack
both of the docking sub-domains, DC and DN, at the C- and
N-terminal, respectively (Chim et al. 2015). In recent studies
using cryo-electron microscopy on the MmpL3 protein of
M1b and its orthologous protein CmpL1 from Corynebacte-
rium, the PN porter domain was reported to interact with the
adjacent monomer units to form an oligomer, while in other
RND proteins like AcrB, the PN1 sub-domain was observed
to be responsible for the interaction with periplasmic efflux
proteins and form the periplasmic pore region (Belardinelli
et al. 2016). Unusual topologies of these proteins due to
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partial loss of porter and docking sub-domains containing
part of the protein, constituted by the additional periplas-
mic loop regions, may be an indication of their evolutionary
adaptation.

The shortening of the loop regions may increase the
overall thermodynamic stability of the proteins by reduc-
ing the energy required for the folding process and making
them relatively more stable at higher ambient temperatures.
These kinds of adaptations are more beneficial for the Mrb,
an intracellular pathogen parasite of warm-blooded hosts
like humans (Sandhu and Akhter 2015). This kind of unique
periplasmic topology may also facilitate accommodation of
the diverse interacting partners other than the usual periplas-
mic counterparts of the RND proteins (Wells et al. 2013).

Therapeutic interventions against the RND efflux
pumps

Efflux pumps have been reported to play a major role in
drug-resistance mechanisms of bacteria. Many studies have
been carried out in recent years to control the multidrug
resistance in bacteria by targeting efflux pumps (Askoura
et al. 2011; Opperman and Nguyen 2015). One of such
pyranopyridine-based efflux pump inhibitor was reported
to bind with the soluble periplasmic part of the AcrB efflux
pump from the RND superfamily from E. coli with high
potency and thereby compete with the actual substrates of
the protein (Sjuts et al. 2016). The therapeutic inventions
against the MmpL proteins in terms of small molecule inhib-
itors have been already reviewed recently (Rayasam 2014;
Bailo et al. 2015; Poce et al. 2016). In the last few years,
some of the inhibitors have been found to block the activity
of the MmpL3 protein (Fig. 4). MmpL3 has been reported
to play an essential role in viability and normal growth of
M1b. Tts conditional deletion has shown an adverse effect on
the cell wall biosynthesis and cell replication, which estab-
lished it as a crucial drug target (Degiacomi et al. 2017). It
was reported that the MmpL3 protein could be inhibited by
an ethambutol derivative SQ109. This compound is a broad-
range antituberculosis agent. SQ109-treated Mtb showed
increased intracellular concentrations of TMM and altered
cell wall generation due to unavailability of this mycolic acid
component, which resulted due to disrupted MmpL3 func-
tion (Tahlan et al. 2012). Adamantyl urea inhibitor AU1235
was also observed to inhibit MmpL3 activity resulting in
the intracellular accumulation of the TMM. AU1235-resist-
ant Mtb mutants were found to posses G253E mutation in a
TM helix (Grzegorzewicz et al. 2012). MmpL3 efflux activ-
ity was also reported to be inhibited by indolcarboxamide
(Rao et al. 2013), BM212 (La Rosa et al. 2012), benzimi-
dazole (Stanley et al. 2012), tetrahydropyrazolo pyrimidine
(THPP) and spiro analogs (Remuifian et al. 2013) (Fig. 4).

AU1235

sSQ109
BM212 1

Indal h i I TMM I— PlPD
Spiro

THPP / Mycobacterium
& abscessus )
Mtb }

Fig. 4 Inhibitors for MmpL3 efflux protein of mycobacterial patho-
genic strains: showing different inhibitor compounds reported to be
effective against the MmpL3 protein from Mtb and M. abscessus.
These compounds have been found to inhibit the trehalose monomy-
colate transport and disrupt the proton-motive force, thereby disrupt-
ing the normal efflux activity of the protein

Many compounds out of these known inhibitors like BM212,
SQ109 and the THPPs disrupt the electrochemical gradient
and may be effective against the other MmpL protein tar-
gets (Bailo et al. 2015). PIPDI1, a derivative of piperidinol,
was shown to inhibit the MmpL3 efflux activity (Fig. 4),
thereby affecting mycolic acid transport in Mycobacterium
abscessus, whereas the PIPD1-resistant strains of the bac-
terium were reported to have a mutated MmpL3 encoding
gene MAB_4508 (Dupont et al. 2016). The inhibitors have
been designed against the MmpL3 protein only; however,
MmpL5 and MmpL11 proteins have also been reported to
be involved in the crucial physiological processes. Thus,
these kinds of studies should be extended to other impor-
tant MmpL proteins.

Concluding remarks and future directions

Membrane proteins have a crucial role in fulfilling the phys-
iological requirements of the cells. Their types and func-
tions differ according to the physiology and habitat of the
organism. The MmpL protein family is one of such viably
essential group of RND transporters in Mzb. Their role
in lipid transport and drug efflux has been established by
intracellular accumulation of some known drug candidates
in mmpL gene knockout mutants (Table 2). They also have
been reported to carry out essential roles in the virulence
of mycobacteria. All these functions suggest their contribu-
tion in the overall pathogenesis of the Mtb. However, only
a few in vitro studies have been performed to ascertain the
biochemical functional mechanism of MmpL proteins. No
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full-length structures of these proteins have been determined
till date.

MmpL proteins are involved in various important physi-
ological processes such as the export of virulence factors,
iron acquisition, and export of cell wall lipid derivatives,
which are crucial for the survival of the bacterium. To target
Mz1b, these processes may be selectively blocked. In this way,
MmpL proteins may serve as novel drug discovery hot spots
for the inhibitor designing against the Mtb (Fig. 5). In recent
years, inhibitors against the MmpL3 has been identified also
affecting the viability of the Mtb bacteria and in some cases
reducing the extent of resistance to particular drugs. How-
ever, many new findings have come across in recent years for
this family of proteins in Mtb, but only a few members have
been explored in terms of their function and essentiality. The
family constitutes 14 members in total, but the major focus
has been upon MmpL3, MmpL4, MmpL5, MmpL7, MmpL.8
and MmpL11. Eight members still need to be explored more
to prove their worth as drug targets. There are still several
questions remaining to be answered about the regulation of
MmpL transporters gene expression in Mtb. It was reported
that sigma factor, SigF, regulates the differential expression
of 14 mmpL genes (Williams et al. 2007). Although the regu-
latory regions of mmpL genes have been reported to contain
binding sites for many transcription regulators, there are
only a few experimentally characterized transcription factors
reported so far. Two of the transcription factors, Rv3249c
and Rv1816, were recently reported to regulate their gene
expressions (Delmar et al. 2015). It was documented that
PknD, a serine/threonine protein kinase, is involved in the
phosphorylation of the MmpL7 protein. This may have reg-
ulatory roles in its transport function (Perez et al. 2006).

Fig. 5 Three crucial transport processes carried out by MmpL pro-
teins could be targeted against Mtb: MmpL proteins have been
reported to be involved in iron acquisition from the host cells, efflux
of mycolic acid (lipid) derivatives and drug efflux across the cell
membrane. These processes are important for the viability and sur-
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Lipid transport

Iron

acquisition

Post-translational modifications are also reported to regulate
the transport functions of ABC multidrug transporters. How-
ever for RND proteins, there are not many reports available
about such regulatory modifications; therefore, future stud-
ies should be focussed on this aspect of research (Perego
et al. 2010; Stolarczyk et al. 2011). Some of the MmpL pro-
teins like MmpL3 and MmpL5 have been shown to perform
multiple functions simultaneously (Table 2) (Sandhu and
Akhter 2016, 2017), but we need more of such future studies
to discover further the novel pleiotropic functions of other
members of this family of transporters in Mtb physiology.
Nowadays RND efflux pumps have been established as
one of the major contributing causes of drug resistance in
bacteria and much experimentations are going on to inhibit
their function, but none of the RND efflux pump inhibi-
tors has been successfully tested clinically till date. The
main reason behind this is very less structural and func-
tional information available about RND proteins required
for designing inhibitors. This may be due to the large fail-
ure rates of in vitro techniques for isolation and purifica-
tion of integral membrane proteins. Isolation and purifica-
tion of membrane proteins involve treatment of cells with
harsh chemicals to dissolve the lipid bilayer components,
which may sometimes lead to the mixing of cellular con-
stituents. This becomes more difficult, especially in the case
of mycobacteria where the cell envelope has lipid content
much more than other Gram-positive and Gram-negative
bacteria. This may be the major reason behind only a few
well-characterized membrane proteins known to researchers
out of the total mycobacterial proteome. However, there have
been landmark advancements in the field of recombinant
expression and purification, making it easy to obtain a target

Death of
bacterium

vival of the bacteria and could be inhibited to subjugate the Mrb bac-
teria. The quaternary structure of MmpL5 protein modeled on tem-
plate protein CusA (PDB ID: 3K07) from E. coli is shown (Kelley
et al. 2015)
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protein at a larger scale and expression of a large pool of
genes in surrogate homologous hosts to analyze their func-
tion at genome levels. For instance, M. smegmatis has been
recently used as an optimum surrogate heterologous host
for efficiently expressing and analyzing the physiological
functions of Mtb proteins (Singhal et al. 2015). Heterologous
expression of integral membrane proteins is still difficult
because when they are expressed in the heterologous host
they have been shown to be toxic to the host cells, expressed
in very low quantities or acquire insoluble misfolded or
unfolded structural conformations due to the presence of
hydrophobic helices, which may remain biochemically inac-
tive (Bernaudat et al. 2011).

Hence, much more information is required about this
important family of proteins, which are emerging as a bat-
tery of novel drug targets. This may help the community
to devise therapeutic intervention against these strains
also, which may ultimately help to overcome the global TB
burden.
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