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ABSTRACT Mycobacteria, including the infamous pathogen
Mycobacterium tuberculosis, are high-GC Gram-positive
bacteria with a distinctive cell envelope. Although there is a
typical inner membrane, the mycobacterial cell envelope is
unusual in having its peptidoglycan layer connected to a polymer
of arabinogalactan, which in turn is covalently attached to
long-chain mycolic acids that help form a highly impermeable
mycobacterial outermembrane. This complex double-membrane,
or diderm, cell envelope imparts mycobacteria with unique
requirements for protein export into and across the cell envelope
for secretion into the extracellular environment. In this article,
we review the four protein export pathways known to exist in
mycobacteria: two conserved systems that exist in all types of
bacteria (the Sec and Tat pathways) and two specialized systems
that exist in mycobacteria, corynebacteria, and a subset of
low-GCGram-positive bacteria (the SecA2 and type VII secretion
pathways). We describe the progress made over the past 15 years
in understanding each of these mycobacterial export pathways,
and we highlight the need for research to understand the
specific steps of protein export across the mycobacterial
outer membrane.

INTRODUCTION
Mycobacteria are Actinobacteria, which is a phylum of
high-GC Gram-positive bacteria. Among the wide range
ofMycobacterium spp. are several important pathogens.
Most notable of these is Mycobacterium tuberculosis,
the causative agent of tuberculosis (TB). Although the
number of TB cases and deaths show a declining trend in
the past decade, the World Health Organization recently
warned that “current actions and investments in research

are falling far short” (http://www.who.int/mediacentre
/news/releases/2016/tuberculosis-investments-short/en/).
Over 1.3 million deaths and up to 10.0 million new
infections were attributed to M. tuberculosis in 2017,
which makes M. tuberculosis the most deadly infectious
agent in the world, surpassing HIV and the malaria
parasite (1). One issue facing efforts to control TB is
that the live attenuated bacillus Calmette-Guérin (BCG)
vaccine strain is not able to provide lifelong protec-
tion against M. tuberculosis (2). Another problem is the
increased incidence of infections caused by multidrug-
resistant M. tuberculosis strains. Consequently, major
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research efforts focus on understanding M. tuberculosis
pathogenesis and physiology to advance the develop-
ment of new anti-TB vaccines and antibiotics.

M. tuberculosis is a member of the order Coryne-
bacteriales, which is an order that is characterized by
its resistance to many classic antibiotics and its ability to
withstand highly stressful environments, such as oxida-
tive stress, desiccants, and common disinfectants (3, 4).
These features can be explained by the presence of a
unique cell envelope, which differs from that of both
typical Gram-positive (low-GC), bacteria also called
Firmicutes, and Gram-negative bacteria. While members
of the Corynebacteriales have a traditional inner mem-
brane, their peptidoglycan layer is connected to an
additional polymer of arabinose and galactose (i.e.,
an arabinogalactan layer), which in turn is linked to
mycolic acids, unusually long fatty acids that can con-
tain up to 90 carbon atoms (Fig. 1) (5–8). It is now
widely accepted that these mycolic acids are the main
constituents of a second (outer) membrane, which also
contains noncovalently linked (free) lipids such as
phthiocerol dimycocerosates and phenolic glycolipids.
Finally, mycobacteria have a more loosely attached
capsular layer, which mainly consists of polysaccharides
and proteins (9). Although the presence of an outer
membrane in mycobacteria was initially proposed in
1982 (10), its existence was not confirmed until 2008 by
electron microscopy (EM) imaging (7, 11). Thus, al-
though the order Corynebacteriales belongs to the
group of high-GC Gram-positive bacteria, their double-
membrane, or diderm, cell envelope is physically more
similar to the inner and outer membrane-containing cell
envelope of Gram-negative bacteria, because EM images
of the two reveal a resemblance. However, despite the
resemblance, the mycolic acid outer membrane of
Corynebacteriales differs dramatically from the Gram-
negative outer membrane, the latter being composed of
phospholipids and lipopolysaccharides.

The firm bond of the long mycolic acids to the un-
derlying arabinogalactan and peptidoglycan structures
results in very low fluidity of the outer membrane, which
contributes to the high impermeability of the Coryne-
bacteriales cell envelope (5). Although this characteristic
provides excellent protection from extreme environmen-
tal conditions, it also requires Corynebacteriales species
to have pathways to import and export molecules. In
line with the notion that the mycolic acid-containing
membrane is functionally comparable to the outer
membrane of Gram-negative bacteria, both mycobacteria
and corynebacteria possess outer membrane porins for
importing hydrophilic nutrients through the outer mem-

brane (12–14). At the same time, the unique cell envelope
of Corynebacteriales necessitates the existence of special
pathways for secreting proteins into the environment.

In this article, we will review the different pathways
mycobacteria use to export proteins from the cytoplasm
into the cell envelope or beyond into the extracellular
environment (i.e., to secrete them across the outer
membrane) (Fig. 1). Four types of protein export
pathways are currently known in mycobacteria: two
highly conserved systems that exist across Gram-positive
and Gram-negative bacteria (the Sec and Tat pathways)
and two specialized systems that exist in mycobacteria,
corynebacteria, and a subset of low-GC Gram-positive
bacteria (the SecA2 and type VII secretion [T7S]
pathways). The Sec, Tat, and SecA2 pathways serve to
transport proteins across the inner membrane, and
whether an exported protein remains in the putative
periplasmic space between the two membranes or
reaches the capsule or extracellular environment is de-
termined by currently unknown secondary mechanisms.
T7S pathways differ in that, so far, periplasmic locali-
zation of substrates has not been observed, suggesting
that this pathway may secrete proteins beyond the outer
membrane. However, here too, the mechanism for
crossing the outer membrane remains a mystery.

THE MYCOBACTERIAL SEC PATHWAY
Bacteria export a large proportion of their proteome to
the cell envelope or extracellular environment (∼20 to
35%) (15, 16). In all bacteria, the majority of this pro-
tein export is carried out by the general Sec pathway
(16). Mycobacteria have∼1,000 predicted Sec-exported
proteins (this number includes proteins exported across
as well as into the inner membrane), many of which have
been experimentally demonstrated to be exported (17,
18). Among the many proteins exported by the Sec
pathway are proteins with essential functions in the cell
envelope (i.e., nutrient acquisition, cell wall biogenesis);
consequently, in all bacteria the Sec pathway is essential
for viability (19). Further, there are Sec-exported pro-
teins with critical roles in host-pathogen interactions,
making the Sec pathway critical for bacterial patho-
genesis as well (17, 18, 20). The Sec pathway is highly
conserved in bacteria, and most of our understanding
of this pathway comes from studies of the Escherichia
coli system (for recent reviews of the Sec system see
references 21 and 22). Mycobacteria possess conserved
orthologues of all the critical Sec pathway components,
and as expected, these Sec orthologues are either proven
or predicted by saturating mutagenesis transposon-site
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FIGURE 1 Model of the mycobacterial cell envelope and export systems. Although the mycobacterial cell envelope contains a
traditional cytosolic (inner) membrane, the peptidoglycan layer is covalently linked to an arabinogalactan layer consisting of
arabinose and galactose, which in turn is covalently linked to mycolic acids. These unusually long fatty acids (up to 90 carbon
atoms) are one of the main components of the outer membrane, which also contains noncovalently bound (free) lipids. The final
layer of the cell envelope is the capsule, mainly consisting of polysaccharides and proteins. The cell envelope is highly imper-
meable and unique to other Gram-positive bacteria. To export proteins into and across the cell envelope, mycobacteria have four
systems, Sec, SecA2, Tat, and type VII secretion (T7S). The Sec pathway exports unfolded proteins across the inner membrane,
and the substrates bind to an ATPase, SecA1, which targets the substrates to the translocation channel consisting of SecYEG and
provides energy for translocation. The additional membrane components SecD, SecF, and YajC increase the efficiency of export.
Upon translocation across the inner membrane, the N-terminal signal peptide (depicted in gray) is removed by a signal peptidase
(SP). Less is known about the SecA2 pathway. Substrates are dependent on the ATPase SecA2; however, studies show that they
also utilize the SecYEG channel and possibly SecA1, as well. The list of SecA2-dependent exported proteins includes examples
with and without a signal peptide. The third export system, the Tat pathway, exports folded proteins. The Tat substrates,
containing an N-terminal signal peptide, with a pair of arginine residues, is targeted to the membrane components TatBC, which
then recruit homo-oligomers of TatA for subsequent transportation across the membrane. Similar to Sec, the signal peptide is
removed by a signal peptidase. The T7S system consists of five conserved membrane components, of which EccBCDE form the
secretion complex. EccC is the ATPase, providing the required energy for the secretion process. Although the mycosin protease
(MycP) is not an integral component of the secretion complex, it associates with the complex and is essential for successful
secretion. The substrates (Esx and PE-PPE) are secreted as heterodimers and are targeted to the secretion complex by a
conserved secretion signal that includes a YxxxD/E motif (depicted in red), whereas the cytosolic chaperone EspG is required for
directing the PE-PPE pairs to their specific T7S. The role of the second conserved cytosolic component, EccA, remains uncertain.
It is currently unknown how Sec, SecA2, Tat, and T7S substrates are secreted across the outer membrane into the capsular layer or
culture supernatant. IM, inner membrane; PG, peptidoglycan layer; AG, arabinogalactan layer; MA, mycolic acids; NL,
noncovalently bound lipids; OM, outer membrane.
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hybridization or transposon insertion sequencing studies
to be essential (23). While only a few mycobacterial Sec
proteins have been directly studied, the results so far
indicate that the Sec pathway of mycobacteria functions
similarly to the Sec pathways of other bacteria.

The Sec pathway transports proteins across the inner
membrane. Sec-exported proteins can remain in the cell
envelope or through subsequent mechanisms transit
across the additional cell envelope layers and be fully
secreted. Sec-exported proteins travel across the inner
membrane through a channel composed of the integral
membrane proteins SecY, SecE, and SecG (Fig. 1), in
which SecY forms the central core (24). Sec-exported
proteins are in an unfolded state during their transloca-
tion through the channel (25). SecY and SecE are suffi-
cient to achieve translocation, while SecG improves the
efficiency of export (26–28). There are also additional
membrane components that improve Sec export effi-
ciency: SecD, SecF, and YajC (29). The SecA ATPase
provides energy for protein translocation (30, 31). SecA
bindstoSec-exportedproteinsinthecytoplasm,targetsthem
to SecYEG in the membrane, and harnesses energy from
repeated rounds of ATP binding and hydrolysis to drive
stepwise export of unfolded proteins through the SecYEG
channel in the inner membrane (32). For mycobacteria, the
second step a Sec-exported protein may take to cross the
outer membrane remains completely unknown.

While the majority of bacteria have a single essential
SecA, mycobacteria and a subset of other Gram-positive
bacteria have two SecA proteins (named SecA1 and
SecA2) (33–35). As demonstrated in mycobacteria, the
two SecAs have unique functions. SecA1 functions in the
general Sec pathway, as described above. SecA2 is a
specialized SecA and is discussed later in the article.
Consistent with SecA1 being the SecA of the essential
general Sec pathway, SecA1 of Mycobacterium smeg-
matis and M. tuberculosis is essential for viability (33,
36; L. Rank and M. Braunstein, unpublished). SecA1
exports proteins with Sec signal peptides (introduced
below) (36) and has ATPase activity, as expected for it
being the canonical SecA (37).

Sec export is a posttranslational process. Following
protein synthesis, Sec-exported proteins exist in the cy-
toplasm as unfolded preproteins with N-terminal signal
peptides that are ∼25 to 30 amino acids long (38). The
Sec signal peptide is composed of a positively charged N-
terminus, a hydrophobic central domain, and an un-
charged polar C-terminus containing a signal peptidase
cleavage site (39). For lipoproteins exported by the Sec
pathway, there is also a lipobox motif at the C-terminus
of the signal peptide with an invariant cysteine that

serves as the site of lipid attachment and anchoring of
the protein to the cell envelope postexport (40). In as-
sociation with export, the signal peptide is removed
from the preprotein by one of two signal peptidases
(LepB for the majority of Sec preproteins and LspA for
lipoprotein preproteins specifically), which serves to
produce the cleaved, mature protein species on the
extracytoplasmic side of the membrane (39). As is the
case in all other bacteria studied to date, LepB of
M. tuberculosis is essential (41). On the other hand,
LspA of M. tuberculosis is not essential, although it is
important for pathogenesis (42, 43). The dispensability
of LspA is also the case for Gram-positive Firmicutes,
while in Gram-negative bacteria, LspA is essential (44).

The general principles of signal peptides established
for other bacteria also apply to mycobacterial proteins
exported by the Sec pathway, as shown by in silico
prediction programs for Sec signal peptides being good
predictors ofM. tuberculosis-exported proteins (18) and
by comparing in silico predictions to experimentally
determined N-terminal signal peptides of M. tuberculo-
sis (45).

In addition to possessing a signal peptide, another
required feature of Sec-exported proteins is that they
must be unfolded to be exported (25, 46, 47). Cytosolic
chaperones can help preproteins maintain an unfolded
and translocation-competent state, and the SecA-SecYEG
translocase may also play a role (48, 49). Gram-negative
bacteria have a SecB chaperone that maintains a subset of
preproteins in an unfolded state compatible with trans-
port through SecYEG (49, 50). SecB also has a role in
delivering preproteins to SecA (51). However, SecB is not
present in Gram-positive bacteria. In M. tuberculosis,
there is a SecB-like protein (Rv1957); however, Rv1957 is
not conserved across mycobacteria, and the available data
indicate that Rv1957 is a chaperone for the HigBA toxin-
antitoxin system and not a protein export chaperone (52).

In addition to the above described posttranslational
export of proteins across the inner membrane, the
Sec pathway also participates in cotranslational export
of transmembrane domain (TMD)-containing integral
membrane proteins into the membrane (53). With
membrane proteins, once the TMD emerges from the
ribosome, the nascent polypeptide is recognized by the
signal recognition particle (SRP), (comprising the Ffh
protein and the 4.5S RNA), which then delivers the
ribosome-mRNA-nascent protein complex to the SRP
receptor FtsY (54). The SRP receptor in turn delivers the
nascent protein to the SecYEG channel for translocation.
For integral membrane proteins, there is a lateral gate in
SecY that allows TMDs to transfer out of the channel
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and integrate into the inner membrane through a process
that is facilitated by the integral membrane YidC protein
(55). Specifically, for membrane proteins with large
periplasmic domains, SecA may assist in exporting these
domains across the membrane (56). Both Ffh and FtsY
are GTPases, and GTP hydrolysis is required for mem-
brane protein delivery (57). Using purified proteins, M.
tuberculosis Ffh and FtsY are shown to possess functions
of theirE. coli counterparts; they possess GTPase activity
and interact with one another and with the 4.5S RNA of
M. tuberculosis (58, 59). Working with a conditional
yidC depletion strain of M. tuberculosis, YidC was
demonstrated to be required for growth and membrane
protein localization, as expected for a YidC ortholog
(60). However, in the fast-growing M. smegmatis, yidC
depletion has no effect on growth (60).

THE MYCOBACTERIAL Tat PATHWAY
The twin-arginine translocase (Tat) pathway is another
conserved export system of bacteria. Again, our under-
standing of the Tat pathway comes largely from studies
of the E. coli system (for a recent review see reference
61). Similar to the Sec pathway, after transport from the
cytoplasm, Tat-exported proteins can either remain in
the cell envelope or be fully secreted via a subsequent
mechanism. Here too, the pathway for crossing the outer
membrane remains a mystery. Proteins exported by the
Tat pathway are synthesized as preproteins with cleav-
able N-terminal signal peptides. However, as the name
of the pathway reflects, Tat signal peptides are distin-
guished from Sec signal peptides by a Tat motif con-
taining a pair of twin arginine residues (see below) (62).
Compared to the Sec pathway, fewer total proteins are
exported by the Tat pathway. Some Streptomyces strains
are estimated to have∼150 proteins exported by the Tat
pathway, and M. tuberculosis may have as many as 95
proteins (63), whereas other bacteria have far fewer or
lack a Tat pathway completely (64, 65). Most notably,
the Tat pathway is fundamentally different from the Sec
pathway in that folded, rather than unfolded, proteins
are exported (66). The studies conducted so far of the
mechanism of Tat export in mycobacteria indicate that
the Tat system of mycobacteria functions similarly to the
Tat pathways of other bacteria.

Like in E. coli, in high-GC Gram-positive actino-
bacteria, including mycobacteria, the Tat pathway is
made up of three integral membrane proteins: TatA,
TatB, and TatC (Fig. 1) (67–69). TatA and TatB are
small homologous membrane proteins, each containing
a single TMD. TatC is a larger integral membrane pro-

tein (70). In Firmicutes, however, the Tat pathway is a
streamlined system with only TatA and TatC (65).

Tat preproteins are recognized by a complex of TatB
and TatC, with TatC recognizing the twin arginine sig-
nal peptide (71, 72). Once a preprotein is bound to
TatBC, homo-oligomers of TatA are recruited to the
complex (71) and the Tat preprotein is transported
across the membrane. Tat export is a posttranslational
process, and the energy required to drive Tat transport
comes from the proton motive force (73, 74). The
mechanism of transit across the membrane remains a
significant unknown. Some models propose that TatA
oligomers form a substrate-fitted protein-conducting
channel (75) that accommodates folded proteins of dif-
ferent sizes and shapes. An alternative model proposes
that TatA multimers lead to destabilization of the
membrane in the vicinity of the TatBC-substrate com-
plex and thereby allow TatC-driven translocation of the
substrate without the need of a channel (76). Following
export, Tat preproteins undergo signal peptide cleavage
by the same signal peptidases that work with the Sec
pathway: LepB or LspA (77, 78).

Tat signal peptides resemble Sec signal peptides in
having a positively charged N-terminus, a hydrophobic
central domain, and an uncharged polar C-terminus
containing a cleavage site. However, Tat signal peptides
are distinguished from Sec signal peptides by the presence
of a Tat motif with twin arginines (R-R-X-Φ-Φ [Φ =
hydrophobic]) (62). Substitution of the twin arginines with
other residues prevents export of most Tat-dependent
proteins, but there are a few examples of Tat-exported
proteins with only one arginine (79–81). Inmycobacteria,
Tat signal peptides appear to follow the same rules
established in other bacteria. So far, 18 M. tuberculosis
proteins are confirmed as having functional Tat signal
peptides (for a list see reference 23). Working with the
endogenous β-lactamase ofM. tuberculosis (BlaC), which
is a Tat-exported protein, the requirement of the twin RR
pair for mycobacterial Tat export was confirmed (63,
67). Since β-lactamases must be exported to protect
bacteria against β-lactam antibiotics, the requirement of
the Tat pathway for BlaC export contributes to the nat-
ural resistance of M. tuberculosis to β-lactams.

In addition to a Tat signal peptide, the second re-
quired feature of Tat-dependent proteins is that they are
folded prior to export. Unfolded or misfolded proteins
are generally unacceptable for export, suggesting that
the Tat export system has a “proofreading” ability that
restricts export to properly folded proteins (66, 82).

In addition to fully exporting proteins across the
membrane, the Tat pathway plays a role in the delivery
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of a small subset of integral membrane proteins into the
inner membrane. These cases either involve a protein
with a Tat signal peptide and a C-terminal TMD, with
the latter becoming integrated into the membrane
during translocation, or a protein with a noncleavable
N-terminal Tat signal peptide that remains anchored in
the membrane (65, 83, 84). Most recently, examples of
integral membrane proteins that require both the Sec
and Tat pathways to deliver and transport across the
membrane multiple periplasmic domains were identi-
fied. The role of the Tat pathway in this interesting
subset of proteins is to translocate periplasmic domains
that, similar to many soluble Tat substrates, must bind a
cofactor in the cytoplasm and, therefore, fold prior to
export. An internal Tat motif is present in such Tat-
dependent periplasmic domains. The first example of a
dual Sec- and Tat-dependent membrane protein was the
Streptomyces Rieske iron-sulfur binding protein, which
is a subunit of the cytochrome bc1 complex (85).

In general, the Tat pathway is not essential for bacte-
rial viability, and tat mutants are viable, at least in stan-
dard laboratory media (65). This is not the case, however,
for M. tuberculosis, which provides one of the few
examples of a bacterium with an essential Tat pathway
(69). In fact, even in the fast-growing and nonpathogenic
mycobacterium M. smegmatis, the Tat system is not
essential, although tatA, tatB, and tatC deletion mutants
have in vitro growth defects (67, 68). A possible expla-
nation for the essentiality of the M. tuberculosis Tat
pathway is that, like the case in Streptomyces, the my-
cobacterial Tat pathway may be required for export of
the iron-sulfur-bound periplasmic domain of the Rieske
membrane protein (i.e., QcrA) subunit of cytochrome bc1
since in M. tuberculosis the cytochrome bc1 complex is
essential (86). In support of this possibility, the iron-
sulfur binding domain of M. tuberculosis QcrA has an
internal Tat motif (RRKLI).

THE MYCOBACTERIAL SecA2 PATHWAY
Mycobacteria are unusual in having two SecA
homologues, but they are not the only bacteria with two
SecAs. Along with other Actinobacteria (e.g., coryne-
bacteria) (87), there is a subset of Firmicutes, including
Listeria (88), Clostridioides (89), Staphylococcus (90),
some Streptococci (91–93), and some Bacilli (94) with
two SecAs. In all these cases, SecA1 is the name given to
the canonical and essential SecA ATPase of the general
Sec pathway, and SecA2 refers to a specialized SecA that
promotes export of a relatively small set of proteins. It is
important to note that not all SecA2 systems are similar

or evolutionarily conserved (35, 95). SecA2 systems can
be divided into at least two groups: mycobacteria,
Listeria monocytogenes, and Clostridioides difficile
provide examples of SecA2 systems in which SecA2
appears to work with the canonical SecYEG channel of
the general Sec pathway to export a small but diverse
set of proteins (89, 96, 97). These systems are called
multisubstrate SecA2 systems or SecA2-only systems,
the latter name referring to their lack of a second SecY
(SecY2) in the system. Staphylococcus and Streptococci
are examples of bacteria with SecA2 systems that include
an accessory SecY (SecY2) and additional accessory Sec
proteins (98). These latter systems export a single large
glycosylated substrate, and they are called accessory Sec
(aSec) or SecA2-SecY2 systems and will not be discussed
further here.

Composition of the Mycobacterial SecA2
Pathway
The SecA2 pathway exists in all mycobacteria. In con-
trast to SecA1 of the general Sec pathway, the role of
SecA2 in mycobacterial protein export is limited to a
smaller set of proteins, and SecA2 is not essential for
mycobacterial growth in vitro (99–102). In pathogenic
mycobacteria, SecA2 is required for pathogenesis (99–
101). Early studies of the SecAs of mycobacteria dem-
onstrated that SecA2 and SecA1 are functionally distinct
proteins. Even if SecA2 is overexpressed, it cannot re-
place the requirement for SecA1, and if SecA1 is
overexpressed, it cannot carry out the function of SecA2
(33). The functional differences between SecA1 and
SecA2 remain a big unknown. Both SecAs have ATPase
activity (37), and the crystal structures of M. tubercu-
losis SecA1 and SecA2 reveal a surprisingly high level of
structural similarity, with both SecAs possessing the
functional domains of canonical SecAs (103).

As shown with SecA2 variants harboring amino acid
substitutions in the ATP binding site of M. smegmatis
SecA2 (K129R) orM. tuberculosis SecA2 (K115R), ATP
binding is required for SecA2 to carry out its function in
protein export and pathogenesis (37, 104). Interestingly,
secA2 K129R inM. smegmatis is dominant negative and
associated with more severe phenotypes than a secA2
null mutant. Moreover, SecA2 K129R is associated with
reduced levels of the sole SecY of mycobacteria, and
suppressors of the severe secA2 K129R phenotypes map
to secY (96). These results support a model whereby the
severe phenotypes of SecA2 K129R result from a detri-
mental interaction with the canonical SecYEG channel
of the general Sec pathway. By extension, these effects of
SecA2 K129R argue for SecA2 exporting proteins
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through the same SecYEG channel that is used by SecA1
(Fig. 1). Data from L. monocytogenes and C. difficile are
consistent with SecA2 working with the canonical
SecYEG channel in these other multisubstrate SecA2-
only systems as well (89, 97).

Along with SecY, SecA1 may also be important for
mycobacterial SecA2-dependent export. SecA proteins
are known to dimerize, and a recent study demonstrated
heterodimer (as well as homodimer) formation in vitro
with M. tuberculosis SecA1 and SecA2 proteins purified
fromE. coli (105).While it remains to be demonstrated if
SecA1-SecA2 heterodimers are biologically relevant,
another finding in support of a role of SecA1 in the SecA2
pathway is that export of SecA2-dependent substrates in
M. smegmatis is compromised when SecA1 is depleted.
However, it is also possible that this latter result reflects a
role for SecA1 in delivering components of the SecYEG
channel to their membrane location (104).

The convergence of SecA1 and SecA2 on the same
translocation channel raises the question of what dis-
tinguishes the SecA2 pathway from the general Sec
pathway. We expect there are distinctive features of
SecA2 substrates and additional components of the SecA2
pathway that distinguish it from the general Sec pathway.

The Multisubstrates of the Mycobacterial
SecA2 Pathway
Through a combination of discovery proteomics and
direct testing of candidates, proteins that are exported by
the SecA2 pathway have been identified in M. tubercu-
losis, Mycobacterium marinum, and M. smegmatis (99,

101, 102, 106). Across these species, there are currently
15 validated examples of proteins that are exported in a
SecA2-dependent manner (Table 1). Some of these
proteins localize to the cell envelope, and others are fully
secreted. From proteomics experiments, there are addi-
tional candidates for SecA2-dependent proteins that
remain to be validated. The current list of SecA2-
dependent proteins includes examples of proteins with
or without predicted N-terminal signal peptides or
TMDs. In the SecA2-only system of L. monocytogenes,
the list of proteins identified as SecA2 dependent also
includes examples with or without signal peptides (107).
The list of proteins exported by the mycobacterial SecA2
pathway reveals functional themes.

Solute binding proteins (SBPs), a category of trans-
porter proteins, are exported by the SecA2 pathways of
M. tuberculosis, M. marinum, and M. smegmatis (99,
101, 102, 106). SBPs are exported into the cell envelope
to carry out functions in delivering solutes to membrane-
localized ABC (ATP-binding cassette) transporters for
import into the cell. The first SBPs identified as exported
by the SecA2 pathway are the M. smegmatis
Msmeg1704 and Msmeg1712 proteins (106), which are
predicted to function in sugar import. SBPs are also
identified as being exported by the SecA2 pathways of
M. tuberculosis andM.marinum (101, 102). Of 15 SBPs
identified by quantitative proteomics ofM. tuberculosis,
13 are detected as being exported in a SecA2-dependent
manner (102). SBPs are also on the list of SecA2-
exported proteins for the L. monocytogenes SecA2-only
system (107). It is worth noting that SBPs exist across

TABLE 1 Validated examples of SecA2-dependent exported proteins of mycobacteria

Protein
Signal peptide/
transmembranea Species Function Reference

Ms1704 SP M. smegmatis SBP 106
Ms1712 SP M. smegmatis SBP 106
PhoS1 (Rv0928) SP M. tuberculosis SBP 102
DppA (Mmar_5154) SP M. marinum SBP 101

Mce1A (Rv0169) TM M. tuberculosis Mce transporter component 102
Mce1C (Rv0171) SP M. tuberculosis Mce transporter component 102
Mce1E (Rv0173) SP M. tuberculosis Mce transporter component 102
Mce1F (Rv0174) TM M. tuberculosis Mce transporter component 102
SapM (Rv3310) SP M. tuberculosis Phosphatase effector 111
PknG (Rv0410c) None M. tuberculosis

M. marinum
Kinase effector 101, 102

LipO (Rv1426c) SP M. tuberculosis Predicted esterase (possible effector) 102

SodA (Rv3846) None M. tuberculosis Superoxide dismutase 99, 293, 294
KatG (Rv1908c) None M. tuberculosis Catalase-peroxidase 99
LipA (Mmar_2284) SP M. marinum Cell wall hydrolase 99
MMAR_3060 SP M. marinum Conserved hypothetical 101

aSP, Signal peptide; TM, transmembrane.
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bacteria (i.e., they are not always exported by SecA2
systems). The SecA2-dependent SBPs of mycobacteria
possess recognizable N-terminal signal peptides
containing a lipobox motif, with the majority having
predicted Sec signal peptides. However, 4 of the 13
SecA2-dependent SBPs of M. tuberculosis are predicted
to have Tat signal peptides (102).

Mce proteins, another category of transporter proteins,
are also exported in a SecA2-dependent manner in
mycobacteria (101, 102). Comparative proteomics of cell
envelope fractions of wild-type versus secA2 mutant
M. tuberculosis and M. marinum strains identified nu-
merous components of cell envelope-localized Mce
transporters as SecA2-dependent; Mce components are
also SecA2-dependent in M. smegmatis (L. Rank and M.
Braunstein, unpublished). These exported Mce com-
ponents possess either a signal peptide or transmembrane
domain. Mce transporters are thought to function simi-
larly to ABC transporters in that they recognize an
extracytoplasmic solute (in this case, a lipid) and deliver it
to a membrane complex that imports it across the mem-
brane using ATP hydrolysis (108). In an interesting simi-
larity to SecA2-dependent SBPs, each Mce transporter
(M. tuberculosis has four Mce transporters) includes six
exported Mce proteins that are thought to function like
SBPs. It remains to be resolved if SecA2 is required for
export of numerous individual components of Mce
transporter complexes or if the role of SecA2 is to export
one or a small number ofMce proteins that are required to
stabilize the entireMce complex in the cell envelope. In the
latter scenario, a defect in the export of a single Mce
protein may account for the observed reduction in abun-
dance of numerous Mce components in a secA2 mutant.

Effectors of phagosome maturation arrest are another
category of protein exported by the SecA2 pathway. A
hallmark of pathogenic mycobacteria that survive in
macrophages, such asM. tuberculosis andM. marinum,
is their ability to arrest the phagosomes in which they
reside from maturing and fusing with degradative
lysosomes (109). As a result, pathogenic mycobacteria
are in a phagosomal environment that is permissive for
replication and sequestered from antigen-presenting
compartments that drive immune responses. Phagosome
maturation arrest is a complex process involving nu-
merous M. tuberculosis proteins (i.e., effectors) that
must be exported to reach their site of action at the host-
pathogen interface. InM. tuberculosis andM. marinum,
the SecA2 pathway is required for phagosome matura-
tion arrest (101, 110), and SapM and PknG are two
SecA2-dependent effectors of this process (101, 111).
SapM is a secreted phosphatase that dephosphorylates

phosphatidyl inositol-3-phosphate and thereby limits
phagosomal recruitment of host factors that drive
downstream phagosome fusion and maturation events
(112). PknG is a eukaryotic-like serine threonine kinase
that is found in both the cytoplasm and cell envelope
of pathogenic mycobacteria (113). From its exported
location, PknG has a poorly defined role in phagosome
maturation arrest (114), and from its cytoplasmic loca-
tion it has better-characterized roles in metabolism and
redox homeostasis (113, 115, 116). Through experi-
ments in which wild-type levels of exported SapM and/
or PknG were restored to the secA2 mutant of M. tu-
berculosis orM.marinum, the role of the SecA2 pathway
in exporting these proteins was proven to be required for
phagosome maturation arrest (101, 111). However,
since the combined effect of restored SapM and PknG
export is not sufficient to fully restore phagosome mat-
uration arrest to the secA2 mutant, additional SecA2-
dependent effectors must exist. A candidate for an
additional factor is theM. tuberculosis lipoprotein LipO,
which was identified in a screen for phagosome matu-
ration arrest effectors of M. tuberculosis (117). LipO,
which was initially detected as being SecA2 dependent
by comparative proteomics (102), was recently vali-
dated as being exported in a SecA2-dependent manner
(K. Zulauf and M. Braunstein, unpublished). Although
there is a clear role for the SecA2 pathway in exporting
effectors of phagosome maturation arrest, it is important
to note that not all effectors of this process are exported
by the SecA2 pathway.

Proteins lacking signal peptides are another category
of SecA2-dependent protein. PknG, SodA (superoxide
dismutase), and KatG (catalase-peroxidase) make up
this subset of SecA2-dependent proteins (99, 101, 102).
Although there are multiple reports of all three of
these proteins being exported by mycobacteria (i.e.,
localized to the cell envelope or secreted fractions),
they lack any obvious signal peptide or TMD, which
makes them unconventional exported proteins (113,
114, 118–120). At the same time, these proteins are
also known to reside in the mycobacterial cytoplasm,
where they have physiological functions (113, 115, 116,
118, 121). Interestingly, the SecA2-only pathway of
L. monocytogenes is also reported to export a SodA
protein lacking a signal peptide (122). However, nothing
is known about the recognition of proteins lacking signal
peptides by the SecA2 pathway, and it remains possible
that the effect of SecA2 on their export is indirect. For
example, there may be signal peptide-containing pro-
teins exported by SecA2 that are themselves responsible
for export of these unconventional proteins.
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The Defining Features of SecA2 Substrates
While there are exceptions, the majority of SecA2-
exported proteins possess N-terminal signal peptides.
The role of the signal peptide in export of SecA2 sub-
strates was evaluated with Msmeg1704, Msmeg1712
(123), and SapM (K. Zulauf and M. Braunstein,
unpublished). As is the case for proteins exported by the
general Sec pathway, the signal peptide on these SecA2
substrates is necessary for protein export to occur, and
the signal peptide is cleaved in association with export to
release the mature protein (106). Experiments in which
the signal peptide of a SecA2-dependent and SecA1-
dependent substrate are swapped demonstrate that the
signal peptide does not determine whether a protein is
exported by the SecA2 pathway (123). Rather, the ma-
ture domains of SecA2-exported proteins impart the
requirement for SecA2 in their export.

The defining feature of the mature domain that
dictates the need for SecA2 in export may be a propen-
sity to fold in the cytoplasm prior to export. In support
of this idea, when the Sec signal peptide of Msmeg1704
is exchanged for a signal peptide that directs preproteins
for export through the Tat pathway, Msmeg1704 is
exported by the Tat pathway (123). Since the Tat
pathway requires preproteins to be folded prior to ex-
port, this suggests that the mature domain of a SecA2
substrate can fold in the cytoplasm prior to export.

Since there is no SecB protein export chaperone in
mycobacteria, one possibility is that the SecA2 pathway
is adapted to facilitate export through the SecYEG
channel of problematic substrates that can fold in the
cytoplasm. Along these lines, a mycobacterial protein
export chaperone named SatS was recently identified
as playing a role in the SecA2 pathway (124). SatS
stabilizes and prevents aggregation of a subset of SecA2
substrates. Thus, SatS may serve to keep SecA2 sub-
strates in an unfolded state compatible with transport
through SecYEG and thereby help the SecA2 pathway
export proteins that have the potential for folding in
the cytoplasm.

MYCOBACTERIAL T7S PATHWAYS
Substrates of the T7S pathway are among the most
abundantly secreted proteins, indicating their ability to
efficiently cross the mycobacterial outer membrane
(125). Although conserved throughout the phylum
Actinobacteria (see below), this secretion pathway was
first described in mycobacteria, and in earlier literature
T7S was referred to by multiple names, such as ESAT-6
secretion system (Ess), WXG100 secretion system (Wss),

and Snm (secretion in mycobacteria) system (126, 127).
However, with the visualization of the diderm cell
envelope and the observation that T7S substrates are
efficiently secreted into the extracellular environment
and therefore need to pass two membranes, the term
T7S, in line with the specialized secretion systems found
in Gram-negative bacteria, became the accepted stan-
dard name (128, 129). Mycobacteria can contain up to
five T7S systems, named ESX-1 through ESX-5 (125,
130). Of these five systems, the ESX-1 system was the
first one to be discovered, being responsible for the se-
cretion of the EsxA and EsxB proteins, also known as
ESAT-6 and CFP-10, respectively, in M. tuberculosis
(131, 132). The importance of the ESX-1 system for the
virulence of M. tuberculosis is clearly demonstrated by
the observation that deletion of a large portion of the
esx-1 gene cluster, resulting in a nonfunctional system, is
the decisive determinant for attenuation of the vaccine
strain Mycobacterium bovis BCG (133–135). Further
studies, in both M. tuberculosis and the closely related
fish pathogen M. marinum, showed that the ESX-1
system is crucial for intracellular survival in macro-
phages by mediating lysis of the phagosomal membrane
(136). This membrane permeabilization has been linked
to phagosomal escape (137, 138). Additionally, phago-
some permeabilization by the ESX-1 system is likely
required for the delivery of secreted effectors from the
phagosomal lumen to the host cell cytosol, including
effectors secreted from mycobacteria by other ESX
systems, SecA, SecA2, or Tat. Although this perme-
abilization has been mainly attributed to the ESX-1-
secreted protein EsxA, different studies provide
conflicting results (138–142). Further research is there-
fore required to pinpoint the ESX-1 substrate that is
responsible for the phagosomal membrane rupture
(138–142). Besides its pivotal role in the virulence of
pathogenic mycobacteria, ESX-1 is also present and
functional in nonpathogenic mycobacteria such as the
fast-growing M. smegmatis. Intriguingly, the ESX-1
system of M. smegmatis seems to have a very different
role, of promoting DNA conjugation, which will be
discussed later (143). The diverse roles of ESX-1 are
probably caused by a difference in the ESX-1 substrates
that are secreted by different species. Indeed, M.
smegmatis lacks several ESX-1 substrates that are pres-
ent in M. tuberculosis and M. marinum and have been
linked to virulence (136).

The role of the ESX-1 system in virulence and path-
ogenicity has been a major focus of TB-related research
for more than a decade. The function and importance
of several of the other ESX systems have only been
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described in the past few years. Strikingly, while the
ESX-1 system is dispensable for growth in culture, both
the ESX-3 and ESX-5 systems are necessary for bacterial
viability inM. tuberculosis. The essentiality of the ESX-3
system is due to its role in iron and zinc uptake (144,
145). Possibly linked to its role in iron acquisition,
ESX-3 is one of the most conserved ESX systems, being
present in all mycobacterial species, of which genome
sequences are available. In addition to this, the ESX-3
substrates EsxH, PE15, and PPE20 also play a role in
immunemodulation, e.g., EsxH is required for inhibition
of phagosome maturation (146, 147). The ESX-5 sys-
tem, on the other hand, is only present in the subgroup
of so-called slow-growing mycobacteria, which contains
most pathogenic species, such as M. tuberculosis,
Mycobacterium leprae, and M. marinum (148). Al-
though it is still unknownwhat the exact role of the ESX-
5 system is, its essentiality for growth has been linked to
outer membrane permeability and nutrient uptake in
M. marinum (149). Furthermore, the ESX-5 system has
been shown to be involved in immune modulation of
the host as well (150–154). The characterization of the
exact roles of the ESX-5 system is complicated by the
large number (>100) of substrates that it secretes.

The roles of the ESX-2 and ESX-4 systems and the
substrates they secrete remain unknown. Several studies
have shown that these systems are not essential for vir-
ulence or in vitro growth of M. tuberculosis (155, 156),
although a transposon insertion sequencing study found
that mutations in the ESX-2 and ESX-4 systems resulted
in a reduced fitness in dendritic cells (157). In contrast to
this, a recent study by Laencina et al. showed that the
ESX-4 system of the opportunistic pathogen Mycobac-
terium abscessus is not only functional but even plays a
critical role in virulence (158), because ESX-4 transpo-
son and deletion mutants showed reduced survival both
in amoeba and murine cells. This phenotype was
suggested to be the result of impaired phagosomal rup-
ture, a feature generally attributed to the ESX-1 system
in M. tuberculosis and M. marinum. Because M. abs-
cessus lacks the ESX-1 system, ESX-4 may carry out its
role in this species. Finally, in M. smegmatis, ESX-4
seems to be, together with ESX-1, involved in DNA
conjugation as well (see below) (159, 160).

In addition to these five ESX systems that are
genomically encoded, many other esx loci have been
identified that are located on plasmids (161–163). In
addition, homologous esx gene clusters are present
throughout the phylum Actinobacteria, not only in
species with a diderm cell envelope similar to that in
mycobacteria, such as in corynebacteria and nocardia,

but also in species that lack a mycolic acid-containing
outer membrane (130, 164, 165). Lastly, more distantly
related systems are present and functional in a subset of
Firmicutes, such as Staphylococcus aureus, Streptococ-
cus intermedius, and Bacillus subtilis. Because most T7S
components present in Actinobacteria are not conserved
in the Firmicutes systems, Firmicutes systems are re-
ferred to as type VIIb secretion systems, opposed to the
type VIIa systems of Actinobacteria (130, 166, 167).

Composition and Mechanism of Mycobacterial
ESX Systems
The ESX systems of mycobacteria contain a set of con-
served components. During the early years of T7S-related
research, genome annotation numbers were often used to
refer to these components. To avoid confusion, re-
searchers in the T7S field proposed a systematic no-
menclature based on the genetic composition of the
systems, which is now the accepted standard (128). Based
on this nomenclature, genes that are conserved in at least
four of the mycobacterial ESX systems are defined as ecc,
for esx conserved component. The system-specific genes,
in most cases encoding secreted substrates, are designated
esp, for esx-specific protein. There are two exceptions
to this rule, mycP and espG. Although the mycosin
proteases (MycP) are conserved in all ESX-systems, the
term “mycosin” was already an established name and
was therefore not altered. For the second exception,
EspG was originally not identified as a conserved com-
ponent due to low homology between the different espG
genes. However, the EspG proteins, present in four of the
ESX systems, have now been shown to be functional
homologues (168, 169). For the major substrate groups,
the previously defined terms were kept. The first of these
groups are called the Esx proteins, because “EsxA”
(ESAT-6) and “EsxB” (CFP-10) were already frequently
used terms for two members of this group. The second,
larger group contains the so-called PE and PPE proteins,
referring to the presence of a proline-glutamic acid (PE)
or proline-proline-glutamic acid (PPE) N-terminal amino
acid motif (128, 130, 154, 170).

ESX substrates
All mycobacterial ESX systems are encoded by genes
that are clustered in distinctive genomic loci. In the
middle of these gene clusters is always a pair of esx
genes. These esx genes, which are cotranscribed, encode
small proteins of the WXG100 family, named after the
conservation of a tryptophan and glycine residue sepa-
rated by a random amino acid and their length of
roughly 100 amino acids (166, 171). The esx genes are
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not limited to the ESX loci; additional esx gene pairs can
be found throughout the genome sequence (130, 148).
The two Esx proteins that are encoded from the
bicistronic transcript form heterodimers in the cytosol
and are codependent on each other for secretion (Fig. 1)
(172). For example, the ESX-1 system contains the well-
described protein pair EsxA-EsxB, which are believed to
be secreted as a dimer (173, 174). However, whereas
EsxA has been shown to play a major role in virulence,
this has not been shown for EsxB (138, 175). From this
observation, it is postulated that EsxB is the chaperone
for EsxA and that their interaction is required for suc-
cessful secretion. Because their interaction is required for
successful secretion, an esxB mutant shows a similar
phenotype as an esxA mutant (139, 176). The hetero-
dimer EsxA-EsxB is the first Esx pair for which a high-
resolution structure has been solved (174). The structure
shows the presence of a helix-turn-helix motif in both
proteins, where the turn contains the WXG motif and
the double helices interact in an antiparallel orientation
with the double helices of the partner. Furthermore, it
shows that the N- and C-terminal tails are flexible.
Predicted structural similarities suggest that the EsxA-
EsxB structure can serve as a model for the other Esx
proteins, which was confirmed by the crystal structures
of the ESX-3-associated heterodimeric substrates EsxG-
EsxH and EsxR-EsxS (177, 178).

Genes encoding the second substrate group, the PE
and PPE proteins, are also present in four of the esx loci;
only the ESX-4 gene cluster does not contain any pe or
ppe genes. However, most pe and ppe genes are not
associated with these loci (130, 148, 154, 179). In fact,
pathogenic mycobacteria contain up to 99 pe and 69 ppe
genes and, e.g., in M. tuberculosis approximately 10%
of the encoding genome belongs to pe and ppe genes.
While the ESX-1 and ESX-3 systems are responsible for
the secretion of some PE and PPE proteins (147, 154,
180), the majority of the PE and PPE proteins are se-
creted through the ESX-5 system (150). Similar to the
Esx proteins, several pe and ppe genes are clustered in a
bicistronic operon, consisting of one pe and one ppe
gene, and at least some of the corresponding proteins
form heterodimers (169, 181). These heterodimers are
often dependent on each other for stability and solubility
(Fig. 1) (169, 181, 182).

Substrates belonging to the PE/PPE protein group are
often bound to the cell surface, which is in contrast to
the Esx proteins that are mainly secreted into the cul-
ture medium (183, 184). These substrates consist of a
distinctive N- and C-terminal domain: whereas the
N-terminal PE and PPE domains, with a length of ∼110

and 180 amino acids, respectively, are highly conserved
and are involved in the secretion process, the C-terminal
domains are less conserved and are thought to be in-
volved in protein-specific functions. The resolved crystal
structures of PE25-PPE41 and PE18-PPE15 reveal struc-
tural similarities between Esx and PE-PPE heterodimers
(182, 185). While the PE domain only consists of two
alpha helices, the PPE domain contains five alpha-helices,
of which helices α2 and α3 mediate dimerization with the
PE partner, forming a four-helix bundle similar to Esx
pairs. Unlike Esx dimers, only the PPE protein contains a
WXG motif in the turn between these two helices. The
fourth and fifth alpha helices of the PPE domain form an
extending hydrophobic tip that is recognized by the EspG
component, which will be discussed below (169, 180,
181, 185). The size of the more variable C-terminal
domains of PE and PPE proteins can be large; for exam-
ple, the subgroup of PE_PGRS (polymorphic GC-rich
repetitive sequence) proteins can have C-terminal
domains of over 1,400 amino acids (148). Only a mi-
nority of these C-termini contain predicted functional
domains, e.g., executing predicted lipase activity. Conse-
quently, a function has been described for only a few PE-
PPE proteins (186, 187).

The final group of substrates, the Esp proteins, are
specific for the ESX-1 system (188–191). Although less is
currently known about the secretion of these substrates,
EspA and EspC are cotranscribed and have been shown
to be codependent on each other for secretion and in-
teract to form a heterodimer (188, 192), similar to what
is likely the case for EspE and EspF (184, 188, 193). In
contrast to this, another ESX-1 substrate, EspB, has a
PE-PPE dimer-like fold, forming a double helix-turn-
helix by itself, suggesting that it is secreted as a monomer
(194, 195). Whether the final Esp substrates, EspK and
EspJ, are secreted as monomers or heterodimers remains
unknown (190, 191).

An intriguing feature of ESX-1 substrates is that there
are some cases of unpaired substrates being codependent
on each other for secretion; i.e., the secretion of EspA-
EspC is affected by mutations in esxA-esxB, and vice
versa (176, 188, 196). This codependence of ESX-1
substrates complicates the understanding of the mecha-
nism of secretion by the ESX-1 system, because a mu-
tation in, e.g., specific chaperones, will also affect the
secretion of ESX-1 substrates that do not interact with
this chaperone. Furthermore, it makes it difficult to
pinpoint specific functions for individual ESX-1 sub-
strates (132, 176, 197). Some level of codependence of
substrates for secretion has also been reported for ESX-3
and ESX-5 substrates. For ESX-3, deletion of esxH has
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been shown to abolish secretion of ESX-3-dependent
PE-PPE proteins, although this does not happen the
other way around (147). The ESX-5 substrate, PPE38, is
required for secretion of the two largest ESX-5 substrate
groups, PPE_MPTR and PE_PGRS (198). Although the
mechanism for this dependency on PPE38 is currently
unknown, PPE38 appears to be of great importance
because the emerging M. tuberculosis Beijing isolates
share a polymorphism in the ppe38 locus (198). In
addition, the ESX-5 substrate PPE10 affects the integrity
of the capsular layer of mycobacteria (see below) (199),
indirectly affecting the proper localization of other
substrates, not only of ESX-5 but also of the ESX-1
system (199).

ESX secretion signal and the cytosolic
chaperone EspG
Unlike Sec or Tat substrates, the ESX substrates do not
contain an N-terminal signal peptide; instead, the Esx,
PE, and Esp substrates have a C-terminal secretion signal
directly downstream of a helix-turn-helix. In the case of
the Esx and PE-PPE heterodimers, only one of the
proteins has this secretion signal: EsxB of the EsxA-EsxB
pair (172) and the PE protein in the case of the PE-PPE
pairs (195). Two elements of the secretion signal have
been identified. One is a conserved motif, consisting of a
tyrosine residue and a residue with a negative charge
separated by three random amino acids (YxxxD/E). This
motif is required for secretion of T7S substrates (195).
The other element is downstream of the YxxxD/E motif
at the extreme C-terminus of the protein. These ap-
proximately seven amino acids, which include addi-
tional hydrophobic residues, are also required for
secretion (172). In addition, these C-terminal seven
amino acids interact with the C-terminal domain of the
ESX-1 component EccCb1 of M. tuberculosis, as dem-
onstrated by yeast two-hybrid analysis and immuno-
precipitation (172). Structural studies demonstrate a
similar interaction between a peptide containing the last
23 residues of EsxB and EccC of the T7S system of
Thermomonospora curvata (200). It is noteworthy that
only the last seven amino acids of this peptide were
visible in the structure. The YxxxD/E motif was disor-
dered in the structure, suggesting that the motif is not
involved in the binding of this peptide to EccC (200).
However, it remains unclear how the entire signal
interacts with EccC in the context of the full substrate
and the complete secretion system. Sequence alignments
across the wider array of WXG100 subfamilies also
identify a C-terminal consensus sequence, aligned to the
side of alpha helix 2, consisting of a conserved HxxxD/E

motif (like that of YxxxD/E) and hydrophobic residues
downstream of this motif (201). Swapping the C-terminal
15 amino acids, including the YxxxD/E secretion motif of
two PE substrates, secreted by ESX-1 or ESX-5 did not
affect their secretion or by which system they were
transported (195). This shows that, although the C-
terminal secretion signal is essential for secretion, it is not
involved in system specificity. Instead, a recent study by
Phan et al. showed that the fourth and fifth helix of the
PPE domain, recognized by the EspG chaperone, contains
the signal for system-specific recognition (180).

Although EspG was at first considered an ESX-1-
specific protein, it has now been established to be a
conserved component; in fact, only the ESX-4 system
does not contain an espG gene. Although the EspG
proteins share a low amino acid conservation, the solved
tertiary structures of EspG1, EspG3, and EspG5 are very
similar (169, 181, 202). Previous studies illustrated the
importance of EspG5 in the general secretion process,
because it is required for the secretion of several ESX-5
substrates in M. marinum (151). More information
about its role in the secretion process was obtained by
the observation that the deletion of espG1 decreases the
stability of PPE68 in M. tuberculosis (203), which indi-
cated that the EspG proteins might function as a chap-
erone. Importantly, the chaperone of the ESX-5 system,
EspG5, only interacts with PE-PPE pairs secreted by the
ESX-5 system in M. marinum (169). Similar to this,
EspG1 was shown to only bind to an ESX-1 dependent
PE-PPE heterodimer and not to PE-PPE pairs secreted by
the ESX-5 system (168). This is in line with the obser-
vation that EspG1 and EspG5 increase the solubility of
their cognate PE-PPE substrates in vitro (181). Because
EspG is strictly cytoplasmic, it was hypothesized that
EspG is required for the recruitment of the PE-PPE pairs
to the membrane-embedded secretion complex, after
which it dissociates from these substrates (Fig. 1) (168).

The regions involved in the interaction of EspG and
PE-PPE dimers were shown by the crystal structure of
EspG5 in complex with the PE25-PPE41 dimer (169,
181). The structure showed that EspG5 only binds to the
hydrophobic tip of helices α4 and α5 of the PPE domain
of PPE41 and does not interact with the PE protein,
including the general secretion signal. This corresponds
with an earlier study showing that the YxxxD/E motif of
the PE protein is not required for binding of the PE-PPE
pair to EspG (195). The observation that binding of
EspG5 does not introduce conformational changes to the
PE-PPE dimer, but increases the solubility of the protein
pair (181), suggests that EspG prevents self-aggregation
via the hydrophobic tip of the PPE protein (169, 181).
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Because EspG proteins specifically interact with PE-
PPE pairs of their respective system, it was already
postulated that EspG might direct system specificity of
these substrates (169). To confirm this, Phan et al. in-
vestigated the role of the region involved in EspG1

binding, hereafter called the EspG1 binding domain, of
the ESX-1 substrate PE35-PPE68_1 in M. marinum
(180). Indeed, PE35-PPE68_1 could be rerouted to the
ESX-5 system by replacing the EspG1 binding domain of
PPE68_1 with the equivalent EspG5 binding domain of
the ESX-5 substrate PPE18. This domain replacement
makes the PE35-PPE68_1 protein pair independent of
both EspG1 and the ESX-1 membrane complex but, in-
stead, dependent on EspG5 and the ESX-5 complex for
secretion. These findings show not only that EspG is
required for the solubility of PE-PPE complexes, but also
that it specifically directs these protein pairs to their re-
spective ESX system. The additional observation in
several studies that EspG1 is also required for the se-
cretion of Esx and Esp proteins in M. marinum is
probably an indirect effect of the substrate codepen-
dence, because Esx pairs lack an EspG binding domain
(180, 204). Finally, recent findings show that the ESX-1
substrate EspE interacts with EspH, a small ESX-1-
associated protein that is not secreted, in the cytosol of
M. marinum, which is required for the stable expression
and secretion of EspE-EspF (204). Interestingly, several
ESX-1-associated proteins show homology and con-
served predicted structural features to EspH (i.e., EspD
and EspL), indicating that these Esp proteins might serve
as specific chaperones for specific Esp substrates.

EccA
The second ESX conserved cytosolic component is EccA,
belonging to the family of AAA+ (ATPases associated
with diverse cellular activities) proteins. AAA+ ATPases
have been linked to a wide range of mechanisms, such
as protein homeostasis, signaling pathways, and the as-
sembly and disassembly of protein complexes (205, 206).
A distinctive feature of AAA+ proteins is that they usually
form hexameric rings with an opening in the center.
Although not a common feature of prokaryotic secretion
systems, the type VI secretion system also contains an
AAA+ ATPase, which is involved in the disassembly of
the secretion apparatus (205). EccA is absent in the ESX-
4 system, similar to the cytosolic chaperone EspG. All
EccA homologs have an identical composition, consisting
of distinctive N- and C-terminal domains separated by a
linker region. The C-terminal domain contains the typi-
cal AAA+ ATPase characteristics, such as the walker and
oligomerization motifs, whereas the N-terminal domain

contains 12 antiparallel α helices arranged into 6 tandem
tetratricopeptide repeat motifs, known for their in-
volvement in protein-protein interactions (207–209).
Full-length EccA1 indeed has been shown to form
hexamers, although it has (relatively low) ATPase activ-
ity in vitro (207). Furthermore, it was confirmed that
oligomerization and ATPase activity are mediated by
the C-terminal domain. Because expression of only the
C-terminal domain results in higher ATPase activity
than full-length EccA1, it is thought that the N-terminal
domain plays a regulatory role in this activity (207).

The role of EccA in secretion remains unclear. Early
studies, showing that EccA1 is essential for secretion of
EsxA and EsxB in M. tuberculosis and M. marinum,
suggested that EccA proteins might play a role as a
chaperone in the ESX secretion process (140, 210).
Similarly, EccA5 was also found to be required for the
secretion of ESX-5 substrates inM.marinum (153, 211).
However, other studies ofM. tuberculosis,M. marinum,
and M. smegmatis showed that EccA1 and EccA5 are
dispensable for ESX-1- and ESX-5-mediated secretion,
respectively, suggesting that the involvement of this
component varies between different strains and/or
growth conditions (127, 212). The latter notion is
supported by the recent finding that the importance of
EccA1 for secretion of EsxA inM. marinum is dependent
on the growth condition (204). Although yeast two-
hybrid experiments indicated that a peptide corre-
sponding to the C-terminus of EsxB interacts with EccA1

(213), this interaction could not be observed with full-
length EsxB, nor does EccA1 affect the conformation or
solubility of EsxB (207). On the other hand, both yeast
two-hybrid assays and in vivo protein pull-downs in
M. marinum showed that EccA1 is able to interact with
EspC (188). This interaction can be blocked by the re-
moval of the C-terminus of EspC, which also blocks
the secretion of EspC. However, EccA1 could not be
shown to interact with EsxA or EsxB in this same study.
Although this could mean that EccA1 exclusively
interacts with the Esp proteins and targets them to the
membrane-embedded secretion machinery, the role of
the EccA component in the other ESX systems that do
not secrete Esp substrates remains unknown.

ESX membrane components, complex
formation, and structure
The ESX systems of mycobacteria contain five conserved
membrane components, EccB, EccC, EccD, EccE, and
MycP, which are expected to be involved in the trans-
port of ESX substrates across the cell envelope. All these
components have been shown to be essential for secre-
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tion for ESX-1 (132, 214, 215), ESX-3 (216), and ESX-5
(149, 153, 212, 217). EccD is the most hydrophobic of
these five components, predicted to have up to 11
TMDs, whereas the other components have only one or
two TMDs and contain relatively large N- or C-terminal
hydrophilic domains. EccD is postulated to be the core
membrane pore of the secretion machinery due to its
hydrophobicity. The structure of the ∼110-amino acid
N-terminal soluble domain of EccD1 has been solved
and shows a ubiquitin-like fold with a negatively
charged groove, suggesting a role in the recruitment of
other components of the secretion complex or possibly
as a gating element of the secretion channel (218). The
structure of the C-terminal soluble domain of EccB1

shows an elongated shape with a hydrophobic core,
suggesting a more structural role of this protein that
likely forms a hexamer (218, 219). In addition to this,
the C-terminal domain of EccB1 was shown to have
ATPase activity in vitro, although it is uncertain whether
this has functional relevance because this domain is
predicted to be located in the periplasm, where ATP is
absent (219). There is no crystal structure available for
EccE; however, it is predicted to have two TMDs and a
C-terminal soluble domain of unclear localization.

EccC is the most conserved of all T7S components,
because it is the only component that is also found in the
type VIIb secretion systems in Firmicutes (see below)
(220). EccC contains three predicted functional do-
mains, which all show homology to the family of FtsK-
SpoIIIE ATPases (221), named after the two best-studied
members, FtsK and SpoIIIE (222), both mediating DNA
transport. Another notable protein of this family is the
type IV coupling protein, involved in the recognition of
substrates and protein transport in type IV secretion
systems (223). Just like the AAA+ ATPases, a major part
of the FtsK-SpoIIIE ATPases also forms ring-like hexa-
mers. However, because EccC contains three nucleotide
binding domains (NBDs), opposed to one, it might have
different structural features.

Although EccC has been proposed to be the motor of
the secretion complex, energizing the translocation of
substrates across the cell envelope, its function remains
unclear. Of the different EccC proteins, EccC1 has been
most extensively investigated. In contrast to other EccC
proteins, which are encoded by a single gene, EccC1 has
the unusual feature that it is encoded by two genes,
eccCa1 and eccCb1. However, both yeast two-hybrid
experiments and protein pull-downs showed that it most
likely functions as a single unit (132, 212, 224). EccCb1
has been shown by the Cox lab to interact with the
C-terminus of EsxB that contains the general secretion

motif (188). This suggests that it could play a similar role
as the type IV coupling protein in mediating substrate
recognition and subsequent transport. The same group
subsequently solved the crystal structure of the cyto-
plasmic domain of EccC from the actinobacterium
T. curvata (200). The structure revealed that NBD2
andNBD3 were both bound to ATP, while NBD1 was in
a nucleotide-free state, indicating a low ATPase activity
of NBD2 and NBD3. They additionally produced a
cocrystal of a truncated version of EccC with a peptide
representing the last 23 amino acids of the C-terminus
of EsxB bound to NBD3. The ATPase activity of EccC,
shown to be held in an auto-inhibited state of NBD1 by
interactions with NBD2, could not be induced by bind-
ing of the C-terminus of EsxB, suggesting that other
substrates or components are required for this (200).
Interestingly, they did find that EsxB binding resulted in
the multimerization of EccC in both dimers and higher-
order oligomers. From these findings the authors pro-
posed a working model in which binding of multiple
substrates induces EccC multimerization and subsequent
activation of NBD1. The suggestion that NBD1 is the
main domain responsible for energizing protein translo-
cation is supported by another study that found that ATP
binding to NBD1 of EccC5 ofM.marinum is essential for
secretion, while mutations in the ATP pocket of NBD2
and NBD3 only reduced secretion efficiency (149).

Evidence that the conserved membrane components
form a large membrane-embedded secretion complex
was first provided for the ESX-5 system of both M.
marinum and M. bovis BCG (212). First, the five
components with predicted TMDs were indeed shown
to be localized to the cell envelope, of which four, EccB5,
EccC5, EccD5, and EccE5, were shown to be part of a
1.5-MDa membrane-embedded complex, postulated to
form the ESX-5 membrane channel (Fig. 1). Subsequent
antibody pull-downs on EccB5 confirmed that these four
proteins are the main constituents of this complex, with
a notable absence of the fifth membrane component,
MycP5. Finally, limited proteolytic digests indicated
that the N-terminal part of EccE5 and the middle and
C-terminal part of EccC5 are the most exposed domains
of the complex. Additional studies using protein pull-
downs of Strep-tagged EccCb1 and EccC5 of M.
marinum showed that the composition of the ESX-1
complex is comparable to that of the ESX-5 complex,
also forming a complex of approximately 1.5 MDa
(224). Mass spectrometry analysis confirmed the pres-
ence of the four Ecc components in both ESX complexes.
Although MycP1 and MycP5 were present in the ESX-1
and ESX-5 complexes, respectively, they were both
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below the set threshold levels, indicating that the MycP
proteins are not integral components of these assemblies.

More recently, the first image of a mycobacterial T7S
system was published, determined by negative-stain
single-particle analysis (225). For this, the ESX-5 system
of the slightly thermophilic and slow-growing Myco-
bacterium xenopi was overproduced in and purified
fromM. smegmatis, which does not naturally contain an
ESX-5 system. The overproduction in M. smegmatis
resulted in a relatively stable and functional system with
a similar composition and size as the complexes that
were previously isolated for M. bovis BCG and M.
marinum (212, 224). Furthermore, the reconstituted
system in M. smegmatis allowed the investigation of the
minimal requirements for complex formation. This
showed that the ESX-5 complex assembles indepen-
dently of the presence of ESX-5 substrates, opposed to
the previously proposed mechanism of EsxB-dependent
multimerization of EccC (200).

The EM images of negatively stained purified
complexes and subsequent three-dimensional reconstruc-
tion resulted in a 13-Å structure, revealing a 6-fold sym-
metry and a size of 28 (width) × 16 (height) nm, with a
5-nm-wide central pore. Interestingly, based on previously
solved crystal structures of Esx and PE-PPE heterodimers,
the central pore is wide enough to allow the secretion of
folded, dimeric ESX-substrates (201). The combination of
the observed symmetry with mass spectrometry-based
stoichiometry determination suggests that the four indi-
vidual components are each present in 6 copies, resulting
in a 24-subunit complex with a mass of 1.8 MDa, op-
posed to the previously estimated 1.5 MDa (212, 224).

The raw EM images of single particles showed “beads-
on-a-string-like” densities extending from the main body
of the complex. These extrusions have a similar shape as
that previously shown for the cytosolic portion of EccC
of T. curvata (200), and specific gold labeling confirmed
them to be the EccC subunits. The seemingly random
orientation of these EccC extrusions suggests that they
are flexible, which was also observed by small-angle X-
ray analysis, resulting in their absence in averaged
complexes. Segmentation analysis in combination with
the available crystal structure of the soluble domain of
EccB1 allowed for the fitting of EccB5 at the periplasmic
side of the complex, while gold-labeling showed that
the C-terminal domain of EccE5 is also periplasmic and
located at the periphery of the complex (218, 225).

A distinct and interesting feature is that the
dimensions of the ESX-5 complex dictate that it can only
span the inner membrane of mycobacteria, because it is
not tall enough to span both the inner and mycobacterial

outer membrane (184). This is in contrast to the
complexes of type I, II, III, IV, and VI secretion systems
in Gram-negative bacteria, which span both the inner
and outer membrane. It therefore remains unknown
how T7S substrates can cross the outer membrane of
mycobacteria. However, several possibilities have been
proposed, which will be discussed below.

The fifth membrane component, the mycosin prote-
ase, or MycP, is not an integral part of the core ESX
secretion complex, as shown by protein pull-down
analysis (212, 224, 225). However, it is highly conserved
in T7S systems throughout the phylum Actinobacteria
(4), indicating that it does play an important role within
T7S. Mycosins are subtilisin-like serine proteases, which
had been identified and indicated to be cell envelope
associated for M. tuberculosis before T7S was discov-
ered (226, 227). Because mycosins have a predicted N-
terminal signal sequence and a C-terminal TMD, the
protease domain is most likely located in the periplasm.

Crystal structures of MycP1 from Mycobacterium
thermoresistible and M. smegmatis and a structure of
MycP3 from M. smegmatis all show a similar subtilisin-
like alpha/beta structure, consisting of a seven-stranded
beta sheet surrounded by eight alpha helices (228, 229).
The active site, consisting of an aspartic acid, histidine,
and serine residue, is in the active conformation in all
mycosin structures (228). One interesting feature is the
presence of an atypical N-terminal extension. Subtilisins
usually contain an N-terminal propeptide that blocks
the active site of the protease and is cleaved and de-
graded upon protein maturation (230). In contrast, the
“propeptide” of mycosins does not block the active site
of the protease, but it is instead tightly wrapped around
the protease domain. In vivo data furthermore showed
that the N-terminal domain remains attached to the
protease without blocking protease activity (228), while
in vitro analysis showed that the N-terminal extension is
most likely involved in protein stability (231, 232).
Additional unique features of mycosins are the presence
of three extended loops in the protease domain, sur-
rounding the active site and extending the active site
pocket (228, 229). Finally, the substrate binding grooves
of MycP1 and MycP3 show significant differences to
each other, in both the surface hydrophobicity and the
depth of interacting sites, which is also influenced by
differences in the three extended loops of the protease
domain (228). These differences are probably the basis
for substrate specificity of the mycosins.

Although the catalytic site is conserved in mycosins,
as is their predicted active conformation, only one
mycosin substrate has so far been identified: MycP1 has
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been shown to process the ESX-1 substrate EspB near its
C-terminus, both in vitro and in vivo, in M. marinum
and M. tuberculosis (214, 224, 228). Interestingly, the
proteolytic inactive mutant showed an increased secre-
tion of ESX-1 substrates, indicating that although
MycP1 is required for secretion, its proteolytic activity is
not (214, 224). In line with this observation, while
MycP1 is crucial for intracellular growth and virulence, a
proteolytic inactive mutant of MycP1 resulted in only a
slight attenuated phenotype in a mouse infection model
(214). This disparity suggests that mycosins have an
additional role in ESX systems, besides being involved
in the processing of substrates. This second role has
been identified to be in the stabilization of the core
membrane-embedded ESX-secretion complex, because
in the absence of MycP, its respective ESX complex is
highly unstable (224). Furthermore, it was shown that
although mycosins are not a stable component of the
ESX complex, they do loosely associate with it (Fig. 1). It
is currently unknown whether this decreased stability is
the only way that mycosins directly affect secretion;
hopefully, additional interaction studies between the
ESX complex and MycP can shed more light on this.
Although proteolytic activity is not required for secre-
tion, the decreased virulence of an active site mutant of
MycP1 could potentially be of interest for the develop-
ment of novel drugs that block protease activity (233).

Outer membrane translocation of substrates
Because the EM structure of the isolated ESX-5 mem-
brane complex indicates that this core secretion channel
only spans the inner membrane (225), the outer mem-
brane channel in T7S remains unknown. While these
findings suggest that T7S is a two-step process in
mycobacteria, i.e., mediated by two separate membrane
channels, one in the cytoplasmicmembrane and one in the
mycobacterial outer membrane, a one-step mechanism
for T7S, i.e., a single membrane channel that mediates
protein export across the complete cell envelope, is still
possible, because outer membrane components could be
lost during the complex purifications. However, the five
conserved membrane components EccB, EccC, EccD,
EccE, and MycP are most likely not involved in outer
membrane translocation, because all these components
can also be widely found in T7S systems ofActinobacteria
that lack mycolic acids, the major constituent of the
mycobacterial outer membrane. Therefore, in both sce-
narios, a one-step and a two-step mechanism, the proteins
mediating outer membrane translocation remain un-
known. Notably, there is no conserved component within
the different esx clusters that could be involved in this

second translocation step, with the exception of the PE
and PPE proteins, which are present in most ESX systems
and have only been found in Corynebacteriales.

The identification of outer membrane proteins in-
volved in T7S secretion is complicated by the fact that
very little is known about mycobacterial outer membrane
proteins in general (234). In fact, for mycobacteria, only
the outer membrane porin MspA of M. smegmatis,
which is not present in slow-growing species, has been
properly characterized and its crystal structure solved
(12, 235). The 96-Å-tall MspA porin is an octamer,
showing an 8-fold rotational symmetry with a central
pore (12). The individual subunits contain a 134-amino
acid domain forming the bulk of the porin. This globular
domain consists of two 4-stranded antiparallel beta
sheets connected by a 50-residue loop at the base of the
structure, forming two 16-stranded beta-barrels. While
four highly homologousMsp porins,MspA, B, C, andD,
are critical for the sufficient uptake of nutrients such as
glucose and phosphate in M. smegmatis, no such porins
are present in M. tuberculosis. In M. tuberculosis, CpnT
and SpmT are the best candidates for outer membrane
proteins, because they have been shown to be involved in
nutrient and metabolite uptake (236–240) and possibly
form a channel or porin (241, 242). However, thus
far, the structures of these channels remain unknown.
Most attention has been given to the identification of
mycobacterial outer membrane proteins that form a
beta-barrel, analogous to the Gram-negative bacteria.
However, research on PorB, one of the porins present in
Corynebacterium glutamicum (243–245), shows a very
different structure for an outer membrane porin (14).
The core of this protein consists of 70 residues forming 4
alpha helices connected by disulfide bridges, showing
that mycolic acid-embedded proteins do not necessarily
need to form beta-barrel-like structures.

None of the mycobacterial outer membrane proteins
identified so far have been linked to protein export;
however, there are indications that specific ESX sub-
strates may be involved in the outer membrane trans-
location step. For ESX-1, there are currently two
substrates suggested to be involved in this second se-
cretion step: EspB and EspC. Both EspB and EspC have
been shown to be required for secretion of EsxA/EsxB in
pathogenic mycobacteria (246, 247), whereas EspB is
still secreted in the absence of EspA-EspC or when EsxA-
EsxB is not secreted (188, 246).

As already mentioned, EspB has the specific feature
that it forms a PE-PPE-like fold by itself and is therefore
probably secreted as a monomer (194, 248). Interest-
ingly, this substrate has been shown to multimerize upon
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secretion and to form heptameric tubular-shaped
particles after overexpression in E. coli, as visualized by
negative-stain EM (248). Modeling the solved crystal
structure of monomeric EspB without the C-terminal
portion that is cleaved off by MycP1 results in an ar-
rangement where the hydrophobic helical tips of EspB
are tightly packed, possibly allowing membrane-
embedding activity. This has led to the hypothesis that
EspB might be within the (outer) membrane and in-
volved in the secretion of ESX substrates. The cleaved off
C-terminal fragment of EspB was shown to be dispens-
able for the formation of these ring-shaped oligomers.
By direct comparison of structures with and without this
region, the C-terminus was visualized as an appendage
protruding from the top of the ring (248). A model was
subsequently proposed in which the C-terminal cleavage
of EspB by MycP1 has a regulatory function for passage
through this potential channel, which could help to ex-
plain the increased secretion of ESX-1 substrates in an
active site mutant of mycP1 (214, 224).

EspC is the second ESX-1 substrate proposed to be
involved in the outer membrane translocation. EspC,
which is secreted as a heterodimer together with EspA,
has been shown to localize to the cell surface of M. tu-
berculosis and forms filamentous structures when over-
produced in E. coli (192). Based on these findings, EspC
was postulated to form filaments that have a role anal-
ogous to the type III injectisome needle proteins, medi-
ating contact-dependent phagosomal lysis (142, 249).
However, while EspC is required for the secretion of
EsxA and EsxB in M. tuberculosis (188), EspC is absent
in M. smegmatis, while this species does secrete EsxA-
EsxB. Possibly another unknown protein could replace
the function of EspC in M. smegmatis.

It still needs to be seen whether EspB and/or EspC are
involved in the outer membrane translocation step within
T7S. In any case, this would only provide a model for the
secretion of ESX-1 proteins, because EspB is not required
for secretion of ESX-5 substrates (250). This would
suggest that each ESX system has its own specific outer
membrane components. The only current hypothesis for
the outer membrane channels of ESX-3 and ESX-5 is that
this role is performed bymembers of the PE/PPE families.
This hypothesis is supported by their localization to the
cell envelope and the notion that they are not widely
found outside mycolic acid-containing species.

Role of Mycobacterial ESX Systems
in Conjugation and Cell Physiology
While the mycobacterial ESX systems are known to play
critical roles in virulence, e.g., in immune modulation

(ESX-3 and ESX-5) and phagosomal escape (ESX-1),
more recently, several crucial roles in cell physiology and
nutrient uptake have been additionally found and de-
scribed. Here, we will discuss several of those roles and
the involved ESX systems (Fig. 2).

One of the first nonvirulent roles attributed to an
ESX-system was the role of the ESX-1 system in hori-
zontal gene transfer in M. smegmatis (143). The DNA
transfer is unidirectional, chromosomally encoded, and
allows for the transfer of large genomic fragments.
This form of conjugation is called distributive conjugal
transfer and has so far not been described for other
mycobacteria, including M. tuberculosis (159). An in-
teresting observation is that, while recipient strains are
dependent on the ESX-1 system for DNA uptake (143),
esx-1mutants in the donor strains are hyper-conjugative
(251). In addition to the ESX-1 system, the ESX-4 sys-
tem is also required for receiving DNA by the recipient,
because a deletion of eccC4 or eccD4 blocked conjuga-
tion (159). The presence of ESX-4 was only required for
the recipient strain, because the same genes could be
deleted in the donor strain without affecting DNA
transfer. A more recent study showed that SigM, the
regulator of ESX-4, is highly upregulated in the recipient
when in contact with a donor cell, suggesting that ESX-4
is specifically induced upon cell-cell contact (160). The
exact role of ESX-1 and ESX-4 in conjugation by M.
smegmatis remains unclear. The fact that conjugation
takes place in a contact-dependent manner (159) might
indicate that putative surface-localized ESX-1 and ESX-
4 substrates might be required for initial donor-acceptor
engagement and/or communication.

More recently, a conjugative plasmid has been de-
scribed forM. marinum, the pRAW plasmid (161). This
plasmid contains not only an esx gene cluster, designated
esx-P1, but also genes predicted to encode type IV se-
cretion-like proteins, known to be involved in DNA
conjugation in Gram-negative and Gram-positive bac-
teria (161, 252, 253). The pRAW plasmid could be
transferred very efficiently, but only between different
slow-growing species, whereas no transfer was observed
to fast-growing mycobacteria, such as M. smegmatis
(161). Conjugation of the pRAW plasmid was shown to
depend on the presence of an intact esx-P1 cluster and
on the type IV-like genes (161). Interestingly, since then,
similar esx gene cluster-containing plasmids have been
found in various nontuberculous mycobacteria, both
pathogenic and nonpathogenic (161, 254, 255). The
wide distribution of these esx-containing plasmids has
been linked to a possible role of plasmids in the evolu-
tion and distribution of esx gene clusters within myco-
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bacteria (162, 256). Because ESX-P1 is most closely re-
lated to the ESX-5 system, pRAW-like plasmids might
have been involved in acquiring the ESX-5 system in
slow-growing mycobacteria.

DNA exchange and/or cell-to-cell contact is not the
only function assigned to ESX systems. Another critical

role of these systems is in the uptake of nutrients. In fact,
both the ESX-3 and ESX-5 systems are involved in this,
explaining why these systems are required for bacterial
viability in slow-growing species (149, 155, 217, 257).
The ESX-3 system is transcriptionally controlled by the
iron-dependent transcriptional repressor (IdeR), and in

FIGURE 2 Roles of ESX systems in DNA transfer, and cell physiology and nutrient uptake.
(A) The pRAW plasmid-encoded ESX-P1 system, present in certain strains of M. marinum,
is involved in DNA conjugation, allowing the transfer of the plasmid to other slow-growing
mycobacteria (161). Similar plasmids are found in other mycobacteria, and they have been
linked to the evolution and distribution of esx gene clusters within mycobacteria (162,
256). In addition, the ESX-1 and ESX-4 systems ofM. smegmatis are involved in distributive
conjugal transfer, allowing the horizontal gene transfer of random large genomic
fragments (143, 159). (B) A second major role of the ESX-systems is in cell physiology.
While the ESX-1 system has been linked to the integrity of the cell envelope and the
biosynthesis of mycolic acids (196, 210, 264), the ESX-3 and ESX-5 systems are involved in
the uptake of metabolites and nutrients, respectively. The ESX-3 system and two of its
substrate pairs (EsxG-EsxH and PE5-PPE4) have been specifically linked to the uptake of
iron and zinc (144, 145, 147), while the ESX-5 system has been linked to the utilization of
fatty acids and possibly other nutrients (149) Finally, the ESX-5 system secretes a substrate
(PPE10) that is required for the integrity of the capsular layer (199). IM, inner membrane;
OM, outer membrane.
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M. tuberculosis, additionally by the zinc uptake repres-
sor (Zur), indicating that the ESX-3 system is linked to
the uptake of metal ions (258, 259). Indeed, the ESX-3
system is upregulated at low iron levels (145, 257, 260),
and more recent work confirmed that the ESX-3 system
is actively involved in the uptake of iron and, in the case
ofM. tuberculosis, also of zinc (144). The ESX-3 system
was additionally shown to be essential for growth of
M. tuberculosis, not only in low-iron or -zinc conditions,
but also for optimal growth in high-iron and -zinc con-
centrations (144). For M. tuberculosis, six substrates of
the ESX-3 system have been identified: EsxG-EsxH,
PE5-PPE4, and PE15-PPE20. Interestingly, only EsxG-
EsxH and PE5-PPE4 appear to be involved in iron
uptake, while PE15-PPE20 is involved in immune
modulation (147). In contrast to M. tuberculosis, the
deletion of the ESX-3 system of M. smegmatis only
affected bacterial growth when fxbA was also deleted.
FxbA is an enzyme required for the biosynthesis of the
high-affinity iron chelator or siderophore exochelin,
which is not produced by M. tuberculosis (144, 145,
216). Importantly, the production of a second sidero-
phore, mycobactin, only affected growth in this fxbA
mutant, linking the function of ESX-3 to iron uptake
through mycobactin (147). Later, it was shown that the
addition of hemin rescues the growth of an esx-3mutant
in M. tuberculosis (144), supporting the hypothesis that
ESX-3 is involved in iron uptake (145).

Both directed knockout experiments and transposon
insertion sequencing experiments have shown that the
central components of the ESX-5 system are required for
growth of M. marinum and M. tuberculosis (149, 217).
Using a modified screen, transposon mutants could be
identified that allowed the deletion of ESX-5 (149).
These mutants contained a transposon in either the mas
or ppsD gene, both involved in the synthesis of the
phthiocerol dimycocerosates and phenolic glycolipids.
The absence of these outer membrane lipids results in a
more permeable cell envelope (149). To test whether a
more permeable outer membrane was responsible for
the observed difference in esx-5 essentiality, an inde-
pendent mechanism was devised. Indeed, heterologous
expression of the outer membrane porin MspA from
M. smegmatis in M. marinum also allowed the genera-
tion of esx-5 mutants (149). Because the ESX-5 system
is only present in slow-growing mycobacteria, while
MspA-like outer membrane porins are only present in
fast-growing species, it was proposed that the ESX-5
system is able to substitute the function of these porins in
nutrient uptake (149). Growth assays utilizing different
carbon sources showed a difference in the growth rate of

wild-typeM. marinum compared to an esx-5mutant for
Tween-80, suggesting that the ESX-5 system is involved
in the utilization of fatty acids (149). ESX-5 mutants
were subsequently shown to be unable to internalize
fluorescently labeled fatty acids (149). In addition to its
role in uptake, the ESX-5 system could additionally be
involved in the processing of Tween-80, releasing the
oleic acid, as one of its substrates, LipY, degrades long-
chain triacylglycerols (261). The role of the ESX-5 sys-
tem in nutrient uptake is further substantiated by its
upregulation under phosphate-limiting conditions by the
Pst-SenX3-RegX3 system (262). This would also mean
that specific ESX-3 and ESX-5 substrates might form the
outer membrane channels that mediate the uptake of
specific nutrients.

The ESX-5 system has a second physiological role,
because it is required for the integrity of the capsule of
M. marinum via its substrate PPE10 (199). Mutations
in the esx-5 system components or in ppe10 resulted
in a reduced capsular layer and, subsequently, reduced
amounts of glycolipids and surface-localized proteins,
such as EspE and PE_PGRS proteins (199). As a result
of these morphological differences, a ppe10 mutant
showed a reduced hemolytic activity and reduced ubi-
quitin binding during infection of host cells, indicative
of phagosomal rupture and cytosolic translocation, re-
spectively, as read-outs for ESX-1 functionality (199). A
study also found a link between the ESX-1 system and
cell envelope integrity, because esx-1 mutants in M. tu-
berculosis have been shown to have an increased sus-
ceptibility to detergents (196), although another study
showed that ESX-1 mutations did not impact cell enve-
lope integrity (263). Finally, studies ofM. marinum have
suggested a link between the ESX-1 system and mycolic
acid biosynthesis (210, 264). In addition to these physi-
ological roles, substrates of ESX-5, mainly the PE_PGRS
proteins, have been implicated in host-pathogen inter-
actions by various groups, although some of these results
are still ambiguous (265).

T7S in Other Species
As already mentioned, T7S is also found outside of the
mycobacterial family, not only throughout the phylum
of Actinobacteria, including corynebacteria, nocardia,
and Streptomyces species, but also in more distantly
related systems that can be found in the Firmicutes. The
T7S systems found in Actinobacteria are highly similar
to the ESX systems of mycobacteria, all containing an
Esx protein pair and four of the five conserved mem-
brane components, EccB, EccC, EccD, and MycP; the
membrane component EccE is only present in some T7S
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systems. In many cases pe/ppe gene pairs can also be
identified (4). Interestingly, although EccE has been
shown to be an integral component of both the ESX-1
and ESX-5 membrane complexes, the structure of the
ESX-5 complex of M. xenopi showed that EccE5 is
present at the periphery of this complex, and in the ab-
sence of EccE5, complexes could still successfully be
purified (225). This makes it reasonable that secretion
complexes can be functional without the EccE compo-
nent in some T7S systems of Actinobacteria. The strong
conservation of MycP is also rather unexpected, because
MycP is not an integral component of the core secretion
complex in mycobacterial ESX systems of (212, 224,
225). However, because MycP is required for a stable
ESX complex and successful secretion in mycobacteria
(214, 224), it is possible that this is a conserved feature
in all Actinobacteria. In addition to this, the association
of MycP to the core complex might be stronger in the
T7S systems of other Actinobacteria. This hypothesis is
supported by the T7S gene cluster found in Bifido-
bacterium dentium, where there are two mycP copies,
one of which is part of a chimeric gene together with a
complete homologue of eccB. This gene potentially
produces a chimeric protein, in which the periplasmic
domain of EccB is fused to the protease domain of
MycP (4).

Within the Actinobacteria, T7S is not limited to spe-
cies containing mycolic acids, i.e., to species with a
diderm cell envelope, because it is also present, for in-
stance, in Streptomyces species such as S. coelicolor.
These mycolic acid-lacking bacteria can also contain the
five conserved membrane components (164), supporting
the model of the ESX membrane complex mediating
secretion across the inner membrane only (225). Con-
sequently, components, or substrates, that mediate se-
cretion across the mycobacterial outer membrane should
not be present in these monoderm species.

The T7S systems found in the Firmicutes show a
lower similarity to the ESX systems of mycobacteria. In
fact, only the FtsK-SpoIIIE ATPase and (potential)
substrates belonging to the WXG100 protein family are
conserved (128, 129, 166). In addition to these con-
served features, the Firmicutes systems contain a set of
unique genes, encoding either substrates or system-specific
(functional) components. The T7S systems within different
Firmicutes species also show relatively high variation
among each other, both in substrates and in (predicted)
structural components.

While functional systems have been confirmed for
L. monocytogenes, Streptococcus agalactiae, S. inter-
medius, Bacillus anthracis, and B. subtilis (166, 220,

266–269), most information on T7S in Firmicutes has
been obtained for the T7S system of S. aureus, also
called Ess (ESAT-6 secretion system) (220). The Ess
system contains five structural components, conserved
throughout different S. aureus strains (270), i.e., EssA,
EssB, EssC, EsaA (Esa, ESAT-6 secretion accessory), and
EsaB. Whereas EsaB is cytoplasmic, the other four
components are membrane proteins (270), with EssC
being the conserved FtsK-SpoIIIE ATPase. Interestingly,
the C-terminal ATPase domain of EssC shows four
variants within different S. aureus strains that cluster
with genes encoding different potential substrates. It was
recently shown that this domain is indeed involved in
specific substrate recognition (270, 271). The role of
EsaB is uncertain, because it is not required for Ess se-
cretion in all S. aureus strains. An interesting feature of
EsaB is the ubiquitin-like fold, resembling the soluble
domain of EccD of mycobacteria (218, 272, 273).
However, it is unknown how and if these proteins share
a comparable function.

Recently, several papers were published describing the
first structural data on the Ess secretion complex.
Whereas one study only found homo-oligomers of EsaA,
EssB, and EssC (274), other studies showed a complex
consisting of EssC, EsaA, EssB, and EssA (275, 276). It is
possible that both the heteromeric and homo-oligomeric
complexes are present in S. aureus, because Ess secretion
in S. aureus is highly variable both in different strains and
at different growth phases (272). In addition, a flotillin-
like protein has been found to catalyze the heteromeric
oligomerization of the Ess complex (275). This opens the
possibility that scaffold proteins are involved in complex
assembly upon their specific upregulation during, e.g.,
different growth phases or during infection (272, 277).
Based on these three studies, the Ess complex seems less
stable than the ESX-complexes found in mycobacteria,
as for instance, shown by the strong effect of different
mild detergents on the oligomerization state (274). This
considerably complicates the isolation and character-
ization of the Ess secretion complex.

The Ess system of S. aureus contains two proteins of
the WXG100 family, EsxA and EsxB, which are, unlike
the homologous proteins in mycobacteria, not produced
from bicistronic transcripts and not cosecreted as a
heterodimer (278). Interestingly, EsxA is reported to
either self-interact or interact with the substrate EsxC,
and EsxB interacts with EsxD (279, 280). All four of
these secreted proteins have been linked to the patho-
genicity of S. aureus (272, 273, 279). Inactivation of the
Ess system results in a less persistent infection and re-
duced bacterial survival (220, 272, 273); more specifi-
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cally, Ess-mediated secretion of EsxA and EsxB is re-
quired for the formation of staphylococcal abscesses and
the blocking of apoptosis, indicating a role in intracel-
lular survival (220, 273, 281, 282). Unlike the ESX-3
and ESX-5 systems of mycobacteria, which are required
for bacterial viability, the Ess system of S. aureus is
dispensable for in vitro growth (220, 273).

The B. subtilis T7S system (also known in the litera-
ture as the YukE-Yue system) resembles the Ess system
of S. aureus. The notable difference is that it only seems
to secrete a single substrate, theWXG100 protein YukE,
which forms a homodimer (167, 283, 284). Similar to
the Ess system, the YukE-Yue system also contains five
functional components, the membrane proteins YukC,
YukBA, YueB, and YueC and the cytoplasmic YukD,
the latter resembling EsaB of S. aureus (167, 283, 285).
YukBA is the FtsK/SpoIIIE ATPase of the system. A
yueB mutant shows reduced conjugative DNA transfer,
similar to the ESX-1 system M. smegmatis (286).
WXG100 genes have also been found in the pathogenic
strains Bacillus cereus, Bacillus thuringiensis, and B.
anthracis, and at least several of their protein products
are actively secreted (167, 267, 283). For example, B.
anthracis contains six WXG100 genes, of which the
gene products EsxB and EsxW are secreted during in
vitro growth, while the other genes might only be
expressed during infection (267).

One distinguishing feature of the T7S systems of
Firmicutes compared to the ESX systems of myco-
bacteria is their involvement in bacterial competition by
mediating the secretion of toxins. This intriguingly
shows that Firmicutes use T7S systems in bacterial
warfare similarly to how Gram-negative bacteria use
type VI secretion systems. For example, S. aureus sec-
retes a fifth substrate, EsaD, which functions as an
antibacterial DNase (287). The toxic effects of EsaD
are blocked by EsaG, an antitoxin produced also by
S. aureus strains lacking EsaD (287). A T7S system in
S. intermedius secretes so-called LXG proteins, with
N-termini homologous to WXG100 proteins, that
function as antibacterial toxins in a contact-dependent
manner (266). LXG toxins with RNase activity have
also been found in B. subtilis (288) and shown to
have antibacterial properties when produced in E. coli.
Although they contain a typical N-terminal WXG100
motif, it is not known whether these proteins are de-
pendent on the YukE-Yue system for secretion (288). A
genomic study found that predicted T7S substrate genes
with putative toxin activities are present in a range of
different species, indicating that T7S systems might be
widely used by Firmicutes in bacterial competition (289).

OUTLOOK
In the past 15 years, considerable effort has been made
to understand the different export pathways of
mycobacteria. A major focus of research in this area has
been the identification of substrates of the different
systems and their roles in mycobacterial physiology and
virulence. In parallel, we are steadily obtaining insight
into the components of these systems and their
mechanisms of substrate recognition and transport.
However, a major topic that needs to be addressed is the
issue of how proteins transit the specific mycolic acid-
containing second membrane for release into the extra-
cellular environment. While T7S substrates are among
the most abundant proteins found in culture super-
natants, there are also signal peptide-containing proteins
that are efficiently secreted into the extracellular envi-
ronment (17, 18, 63, 120, 290–292), emphasizing the
importance of an outer membrane translocation step.
Protein transport across this highly impermeable outer
membrane should be tightly regulated to maintain the
permeability barrier, because this is crucial for patho-
genic mycobacteria to withstand the harsh conditions of
their intracellular niche. As discussed in this article, for
T7S, some specific substrates might be involved in the
second membrane transport event; however, the mech-
anism of outer membrane transport for the Sec, Tat,
and SecA2 substrates is a complete mystery. Research
focused on identifying and characterizing the proteins
that are localized to this special mycobacterial outer
membrane is urgently needed to gain insight into these
processes.
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