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1. Introduction
Once classified as acid-fast Gram-
positive bacteria, mycobacteria have been 
long been considered to be enveloped 
by a single membrane. However, the 
mycobacterial cell envelope is in fact 
even more impermeable for hydrophilic 
compounds than the cell envelope 
of Gram-negative bacteria [65]. This 
characteristic has been attributed to the 
presence of a “waxy coat”, composed of 
unique mycobacterial (glyco)lipids. Only 
recently it has been unambiguously shown 
by cryo-electron tomography that the 
waxy coat actually consists of an atypical 
outer membrane surrounded by a loosely 
associated capsule [60, 112, 139]. The inner 
leaflet of this mycolate outer membrane 
is mainly formed by mycolic acids, long 
acyl chains that are covalently linked to an 
arabinogalactan-peptidoglycan polymer. 
The outer leaflet contains different unusual 
(glyco)lipids, including again mycolic acids 
that are now linked to the disaccharide 
trehalose to form trehalose dimycolate 
(TDM or cord factor). At the surface of the 
bacterium is a capsule layer composed of 
α-glucan, glycolipids and proteins [112]. 
Together, the cell envelope represents a 
thick hydrophobic barrier, which is a major 
contributor to the high antibiotic resistance 
of Mycobacterium tuberculosis. The fact that 

their cell envelope comprises two cellular 
membranes also means that mycobacteria 
have a periplasm-like compartment. To 
transport proteins to the different locations 
in the cell envelope or into the supernatant, 
mycobacteria have developed dedicated 
protein secretion pathways, which will be 
discussed in this chapter. 

Protein secretion studies started 
with extensive (proteomic) analyses 
to identify proteins of immunological 
relevance in culture filtrates of M. 
tuberculosis [81, 89, 109, 121]. Among the 
most abundant culture filtrate proteins are 
Mpt64, the Antigen 85 complex proteins 
(Ag85ABC), 19kDa protein, SodA, EsxA 
and EsxB. A number of these proteins are 
produced with signal sequences and are 
transferred across the inner membrane via 
the Sec and the Tat translocation systems. 
These two systems are omnipresent in 
the bacterial kingdom and mycobacteria 
are no exception. The fact that several 
Sec and Tat substrates have been detected 
in the culture filtrate, implies that they 
also cross the special outer membrane. In 
Gram-negative bacteria the Sec and Tat 
pathways are often coupled to a secondary 
secretion mechanism to accomplish outer 
membrane transport, such as the type II 
or type V secretion systems. However, 
since mycobacteria do not possess any of 
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Protein secretion is an essential determinant of mycobacterial virulence. Mycobacterium 
tuberculosis has a unique cell envelope consisting of two lipid bilayers, which requires 
dedicated protein secretion pathways. The conserved general Sec and Tat translocation 
systems are responsible for protein transport across the inner membrane and are both 
essential. Additionally, the accessory Sec pathway specifically contributes to virulence. 
How transport of Sec/Tat substrates across the outer membrane is accomplished is 
currently an enigma. In addition to these pathways, M. tuberculosis also developed 
specialized secretion systems for protein transport across both membranes, the type 
VII or ESX secretion systems. Here, we discuss our current knowledge about the 
mechanisms and substrates of these different protein translocation systems and their 
role in mycobacterial physiology and virulence.
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these secretion systems, transport across 
the outer membrane must be organized 
differently. In addition to the signal-
sequence-dependent proteins, some 
proteins also seem to be secreted without 
N-terminal processing. These proteins are 
secreted by a novel pathway, which has 
been termed ESX or type VII secretion 
(T7S). M. tuberculosis has five of these T7S 
systems, which seem to have different 
functions. Each of the protein transport 
pathways mentioned above has a specific 
role in mycobacterial physiology and 
virulence and will be discussed in the 
following sections. 

2. Translocation across the inner 
membrane
The ubiquitous Sec and Tat pathways 
translocate proteins across the inner 
membrane. These pathways have 
been extensively studied in a number 
of bacterial species, most notably 
Escherichia coli. Although a large number 
of mycobacterial Sec and Tat substrates 
have been identified, studies dedicated 
specifically to the working of these 
translocation systems in mycobacteria are 
limited, with the exception of the accessory 
Sec system described in section 2.2-2.3. The 
description of the Sec and Tat secretion 
systems hereafter will therefore be largely 
based on their conservation and similarity 
to the systems of other species. 

2.1 Sec translocation machinery
The Sec pathway is the major pathway 
for transport over the cytoplasmic 
membrane as well as for insertion of 
integral membrane proteins. Most of our 
knowledge of this translocation system 
stems from studies in E. coli, but the 
system is conserved in all bacteria and a 
homologous system functions for protein 
import in the endoplasmic reticulum of 
eukaryotes (recently reviewed by [43, 75, 
96]. In bacteria, the core components of 
this system are three integral membrane 

proteins SecY, SecE and SecG, which 
together form a trimeric protein complex: 
the Sec translocon. Different structure 
solutions of the Sec translocon show that 
the protein-conducting channel is formed 
by the ten transmembrane regions of 
SecY. Together they form an hour-glass 
shaped pore, which is enwrapped and 
stabilized by SecE with SecG associated 
more peripherally [23, 134]. While SecY 
and SecE are essential for growth, SecG 
only increases the transport efficiency and 
is not essential for translocation per se. An 
additional auxiliary membrane complex 
is formed by SecDFYajC, which associates 
with the translocon. The large periplasmic 
loops of SecD and SecF are required for 
efficient protein translocation, but the 
underlying mechanism is unknown [90]. 
This auxiliary complex is not absolutely 
required for Sec transport, but deletion 
greatly affects bacterial viability. None of 
the subunits of the Sec translocon have 
been studied specifically for mycobacteria, 
but they are expected to function in a 
similar fashion (Fig. 1). High-density 
transposon mutagenesis in M. tuberculosis 
indicated that all three subunits of the 
translocon are required for in vitro growth 
[57], suggesting a difference between 
mycobacteria and E. coli with respect to 
the role of SecG. The requirement for the 
auxiliary complex is comparable; SecD and 
SecF were also scored as essential, whereas 
YajC appeared non-essential. 

The cytosolic ATPase SecA is 
involved in delivery of preproteins to the 
translocon and also acts as a motor protein, 
providing energy for the translocation 
process. SecA is present in tenfold excess as 
compared to the other Sec proteins. It has 
been found to interact with a multitude of 
molecules, including itself, the ribosome, 
nascent substrate peptide chain, full 
length precursor substrate protein, SecB 
(discussed below), SecY and different 
phospholipids. Consequently, SecA is 
found both in the cytosol and associated 
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proteins via the Sec system is co-
translational and involves the ribosome 
docking to the SecYEG complex via the 
signal recognition particle (SRP) targeting 
pathway. Most bacterial SRP’s consist of 
the 4.5S RNA molecule and the GTPase Ffh, 
which are both conserved in mycobacteria 
[93]. The SRP binds to ribosomal proteins 
near the nascent chain exit site and scans 
nascent chains for the presence of a 
signal anchor sequence. The complex of 
ribosome, SRP and nascent membrane 
protein is then targeted to the SRP receptor 
FtsY that provides the connection with the 
Sec translocon to mediate co-translational 
membrane insertion (Fig. 1). During the 
insertion process, the Sec translocon 
opens laterally to allow partitioning of 
transmembrane segments into the lipid 
bilayer. The membrane protein YidC has 
been found to assist the Sec translocon 
in this process. Furthermore, SecA is 
required for the translocation of sizeable 
periplasmic loops of membrane proteins. 
Of note, a small number of integral inner 
membrane proteins require only YidC 
for membrane insertion in a process that 
is apparently completely independent of 
the Sec translocon [75]. Mycobacteria also 
have a homologue of the YidC protein, 
which is essential for growth, but it is 
unknown whether it has similar functions 
in membrane protein insertion.

Posttranslational transport 
of secreted substrates is facilitated by 
chaperones that keep the preprotein in an 
unfolded state. In Gram-negative bacteria, 
this function is usually performed by 
SecB, which also targets the preprotein 
to SecA. A SecB-like protein, encoded by 
rv1957 in M. tuberculosis, can substitute for 
SecB functions in E. coli and thus seems 
to have a similar chaperone function. 
Interestingly, this SecB is not generally 
present in other mycobacteria and is 
transcribed as part of a toxin-antitoxin 
operon that is induced under various stress 

with the inner membrane. Interestingly, 
mycobacteria contain two homologues 
of SecA. Only one of these copies is 
essential for growth and is considered the 
‘housekeeping’ SecA1. Overexpression 
of SecA2 does not complement this 
defect, indicating each SecA performs 
a specific role in transport [20]. SecA2 
is not essential, but is required for full 
virulence and will be discussed separately 
in section 2.2. SecA1 has been crystallized 
as a dimer and the individual subunit 
structure is similar to other bacterial SecA 
structures [115]. Two nucleotide binding 
domains (2-221 and 360-587 aa) form the 
motor domain, hydrolyzing ATP. The 
translocation domain is composed of a 
substrate specificity domain (residues 222-
359), which binds the preprotein, and a 
C-terminal helical core domain. Full length 
M. tuberculosis SecA1 does not complement 
SecA deficiency in E. coli, but a chimera 
with only the N-terminal motor domain of 
M. tuberculosis SecA1 does. This indicates 
that the substrate specificity domain differs 
significantly between these species [92].  
SecA has been detected both in monomeric 
and dimeric form and there is a controversy 
which conformation is functional. Soluble 
SecA is usually detected as a homo-dimer, 
but there is great diversity in dimerization 
states between different species [69]. The 
interaction interface of the dimer structures 
is sometimes, e.g. for M. tuberculosis 
SecA1, overlapping with the SecA-SecYEG 
binding region, suggesting that a dimeric 
form does not reflect the functional state 
of SecA. Perhaps SecA functions as a 
monomer during translocation, although 
lack of definite proof for this mechanism 
fuels ongoing discussions. 

Proteins that are transported via 
the Sec translocon are synthesized with 
an N-terminal signal sequence that is 
removed upon transport. Furthermore, 
transport through the Sec translocon 
mainly proceeds in an unfolded state and 
transport is usually posttranslational. In 
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conditions. The unusual SecB was shown 
to be important for stabilization of the 
antitoxin protein, thereby neutralizing the 
toxin [18]. Whether this SecB protein has a 
more general role in the mycobacterial Sec 
pathway still needs to be determined. 

Substrates translocated via the Sec 
machinery are commonly characterized 
by a tripartite N-terminal signal sequence, 
which is cleaved upon transport. The signal 

sequence consists of a positively charged 
N terminus followed by a hydrophobic 
helical region and a polar region containing 
the cleavage site (including the consensus 
sequence Ala-X-Ala). Lipoproteins, which 
are in general also transported by the Sec 
translocon, contain an additional lipobox 
motif including a cysteine at the +1 position 
that is lipid modified prior to cleavage 
by a specific signal peptidase. Several 

Fig. 1. Model for the general and accessory Sec pathway. Genetic representation and schematic model of the Sec 
translocation system which targets and transports unfolded preproteins with an N-terminal signal sequence (in 
black). Efficient posttranslational transport through the SecYEG translocon depends on the ATPase SecA1 and 
the accessory membrane complex SecDFYajC. SecB, which binds to antitoxin (A) neutralizing toxin (T), might 
also function as a general chaperone to prevent premature folding of the preprotein. Co-translational targeting 
of nascent integral inner membrane proteins involves interaction with the SRP that is located near the exit site 
of the ribosomal tunnel, and FtsY located at the Sec-translocon. The role of SecA1 in co-translational targeting 
is unclear but it is probably required to energize the insertion of membrane proteins with large translocated 
domains. YidC is thought to assist in the lateral transfer of transmembrane segments from the Sec translocon 
into the lipid bilayer. In addition, YidC probably functions as an independent insertase for a subset of (small) 
membrane proteins. Secretion of proteins dependent on SecA2 might occur through the canonical SecYEG 
or an unknown translocon (in dark purple). The machinery and mechanism of translocation across the outer 
membrane (OM) is currently completely unclear.
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programs have been developed, but none 
of them seem to be ideal for mycobacteria 
[72]. Experimental approaches using 
(putative) signal sequences fused to 
β-lactamase or alkaline phostatase 
reporter proteins (see also section 2.4) 
have indicated a large number of proteins 
with functional signal sequences [54, 85]. 
However, these methods currently are not 
specific for Sec substrates and will also 
identify Tat signal sequences. 

2.2 The accessory Sec pathway 
The mycobacterial genome contains 
a second copy of SecA [33]. This 
SecA2 shares 50% similarity with the 
‘housekeeping’ SecA1, and is important 
for mycobacterial virulence [21], which 
suggests it is responsible for the secretion 
of a specific set of substrates involved in 
virulence. This secretion route, known as 
the accessory Sec pathway, is also present in 
other mycolic-acid containing bacteria and 
in many Gram-positive bacteria. Two basic 
types of accessory Sec systems have been 
described: the SecA2/SecY2 system and the 
SecA2 only system. The first type, described 
for Streptococcus sp. and Staphylococcus sp., 
consists not only of SecA2 and SecY2, but 
also of other proteins specifically involved 
in protein transport and glycosylation that 
are all encoded in the same operon [10, 
117]. The complete system is involved in 
transport of a serine-rich glycoprotein 
that is encoded within the SecA2/SecY2 
cluster. This substrate protein, which is 
secreted independent of the canonical Sec 
pathway, contains a specific motif behind 
its relatively long signal sequence that is 
believed to target it to the accessory Sec 
pathway [11]. Interestingly, this complete 
accessory system can also be functionally 
expressed in E. coli [12]. In contrast, 
substrates of the SecA2 only systems are 
proposed to co-depend on the general Sec 
pathway. SecA2 only systems are found in 
different species of mycolates and Gram-

positive bacteria, including Listeria sp.
How SecA2 functions is still 

largely unknown. First of all, (how) does 
SecA2 work in conjunction with the general 
secretion pathway? SecA2 is roughly 
15kDa smaller than SecA1 and misses large 
parts of the C terminus that are important 
for binding to SecB and phospholipids [20, 
22, 44]. Localization of SecA1 and SecA2 
also appears to be different, as shown by 
studies using Mycobacterium smegmatis. 
Whereas SecA1 is distributed evenly 
between cell envelope and cytosol, SecA2 
localizes primarily in the soluble fraction 
[104]. Similar to generic SecA, the ATPase 
activity of SecA2 appears important for 
its function [61, 104]. Disruption of ATP 
binding even leads to a dominant negative 
phenotype, demonstrating the importance 
of ATP hydrolysis for SecA2 function. 
Interestingly, the ATPase-dead mutant 
of SecA2 is also affected in localization 
and is found to be mostly cell envelope-
associated [104]. As stated before, 
SecA1 and SecA2 are not functionally 
redundant. However, depletion of SecA1 
in M. smegmatis also negatively affected 
SecA2-mediated secretion, indicating a 
functional link between the two SecA 
homologues [104]. It therefore seems likely 
that SecA2 functions in conjunction with 
the general Sec pathway, and perhaps 
also communicates with SecA1, possibly 
through dimerization. Alternatively, a 
different, currently unidentified translocon 
is involved in the accessory Sec pathway 
(Fig. 1). In depth interaction studies might 
elucidate the mechanism by which SecA2 
aids in secretion of specific substrate 
proteins. 

2.3 The role of SecA2 in virulence
Deletion of secA2 in M. tuberculosis results 
in attenuated growth in both cultured 
macrophages and in murine infection 
models [21, 68]. However, knowledge 
about mycobacterial SecA2 substrates is 
limited. In contrast to the secA2 mutant 
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[68]. A specific defect of the secA2 mutant 
in phagosome acidification suggests that 
the accessory Sec pathway also transports 
effector proteins involved in phagosome 
maturation arrest [127]. Further proteomic 
analysis should identify the SecA2 
substrates that define its role in virulence.

Another unsolved question is how 
substrates are targeted to the accessory 
pathway. Especially SodA presents an 
enigma, due to its lack of a recognizable 
signal sequence. Interestingly, also in L. 
monocytogenes several SecA2 substrates, 
including a homologue of SodA, were 
shown to lack a signal sequence [7, 71]. 
Although it is currently unknown whether 
the SecA2-dependency for SodA transport 
is direct or indirect, increasing evidence 
indicates that SodA is secreted via the 
Sec pathway. In Rhizobium leguminosarum 
bv. viciae 3841 targeting of SodA to the 
Sec system was demonstrated to depend 
on its ten N-terminal amino acids [67]. 
Perhaps this region contains a specific 
pattern that is sufficient for interaction 
with/targeting to SecA(2), instead of a 
classical signal sequence. Because the M. 
tuberculosis secA2 mutant is attenuated 
and defective in apoptosis inhibition, this 
mutant, combined with an auxotrophic 
mutation, has been recently tested for 
vaccine development [66].

2.4 The Tat pathway: transport of folded 
substrates
Many bacteria, including mycobacteria, 
use the twin-arginine translocation (Tat) 
system to transport proteins across the 
inner membrane. The major feature of 
the Tat system is that it allows secretion 
of (partially) folded proteins and even 
oligomers. Like the Sec pathway, the Tat 
system is best studied in E. coli, which 
was recently reviewed [95]. It consists of 
three major inner membrane components, 
TatA, TatB and TatC, which are expressed 
from an operon in E. coli. This operon 
is also coding for TatD, a cytoplasmic 

of Listeria monocytogenes, which lacks a 
significant amount of its secreted and 
surface proteins [70, 71], only minor 
differences were found in the culture 
filtrate of a secA2 mutant in M. tuberculosis. 
Comparative proteomic analysis identified 
Superoxide dismutase A (SodA) as SecA2-
dependent [21]. Curiously, this putative 
substrate lacks a signal sequence and is also 
abundant in the cytosol. Determination of 
SecA2-dependent substrates in the non-
pathogenic species M. smegmatis did reveal 
two specific substrates, both of which 
contain a predicted N-terminal lipoprotein 
sequence, Msmeg1704 and Msmeg1712. 
When cultured in low glucose and glycerol 
conditions, these homologous lipoproteins 
were detected in the cell wall, but only when 
SecA2 and their signal sequences were not 
perturbed [53]. No homologues of these 
lipoproteins are present in M. tuberculosis, 
although heterologous expression of 
Msmeg1704 in M. tuberculosis does show 
moderate SecA2-dependency [53]. Of 
note, although M. smegmatis contains two 
homologues of SodA, it is unclear whether 
these are dependent on SecA2.

The function of SodA is to 
neutralize radical oxygen species, which 
protects intracellular bacteria during 
oxidative burst in macrophages. Therefore, 
the secretion defect of SodA could be 
responsible for the observed reduction in 
virulence of the secA2 mutant. To test this, 
SodA was fused to an N-terminal signal 
sequence, which restored release of SodA 
into the culture filtrate of the secA2 mutant, 
suggesting rerouting to the general Sec 
system [59]. Although rerouting SodA 
suppresses the pro-apoptotic phenotype 
of the secA2 mutant, it did not restore 
intracellular growth in macrophages [59, 
127]. In addition, the secA2 mutant is 
still defective in intracellular growth of 
oxidative-burst deficient macrophages, 
further indicating that the absence of 
SodA secretion is not (solely) responsible 
for the attenuation of the secA2 mutant 
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protein is not essential for Tat-mediated 
transport, it does play a role in turnover 
of misfolded substrates and thereby 
contributes to optimal transport [84, 138]. 
In contrast, most Gram-positive bacteria 
only have the TatA and TatC component 
with TatA functionally replacing TatB, 
and some bacteria have multiple copies 
of these proteins [42]. Mycobacteria have 
a tatAC operon, whereas tatB and tatD 
are both separately located elsewhere 
in the genome (Fig. 2) [86, 97]. TatA and 
TatB are small proteins that share limited 
sequence homology. Both contain an 
N-terminal transmembrane domain and 
an amphipathic α-helix. In contrast, TatC 
has six transmembrane domains and is 
the most conserved Tat component. In 
M. tuberculosis tatA, tatB and tatC are 
essential for growth in contrast to tatD [57, 
110]. Deletion of tatA, tatB or tatC in M. 
smegmatis is possible, but results in severe 
growth defects [86, 97].

The exact mechanism of 
translocation via the Tat pathway is 
unknown. Tat components have been 
found to form two different membrane 
complexes. One complex consists mainly of 
TatC and TatB, whereas the other complex 
is an oligomer of variable size that primarily 
consists of TatA subunits [16, 82]. A low 
resolution structure of the TatBC complex 
was obtained by electron microscopy and 
likely consists of 6-8 copies of each protein 
[131]. The TatBC complex, and especially 
TatC, has been shown to recognize the Tat 
signal sequence discussed below [32, 131]. 
Upon substrate binding, TatA oligomers 
are recruited, which probably form the 
translocation channel (Fig. 2). Tat-mediated 
translocation is energized by the proton-
motive force. The reversible association of 
the Tat subcomplexes allows the system to 
be modified and activated according to its 
specific substrates.

Similar to the Sec pathway, Tat 
substrates are recognized via an N-terminal 

tripartite signal sequence. The Tat signal 
sequence is distinguished from the Sec 
signal sequence by a consensus motif of 
(S/T)-R-R-x-F-L-K (or, more generally, R-R-
x-φ-φ with φφ representing an uncharged 
residue) between the positively charged 
N terminus and the central hydrophobic 
domain. The signature arginine pair 
(twin-arginine) gave rise to the name of 
the pathway. The two arginine residues 
are crucial for Tat-mediated transport; 
mutation of these residues into lysines 
usually aborts secretion. In addition 
to the twin-arginine motif, Tat signal 
sequences have a central domain of lower 
hydrophobicity and sometimes contain a 
basic residue in the polar C-terminal region, 
which was proposed to function as a “Sec-

Fig. 2. Tat pathway Genetic representation and 
schematic model of the Tat translocation system. 
Folded substrate (in black) binds to TatBC depending 
on an N-terminal signal sequence with a twin-
arginine motif (RR). Subsequently, TatA subunits are 
recruited to form a fitting pore for translocation of the 
preprotein across the inner membrane (IM). The role 
of TatD is unknown. An unidentified outer membrane 
(OM) channel is hypothesized for complete secretion 
into the extracellular environment. 
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avoidance” motif. Several bioinformatic 
programs are available to predict Tat 
substrates based on their signal sequences, 
including TatP, Tatfind and TatPred [9, 107, 
132]. A number of these programs have 
also been used to predict Tat substrates in 
M. tuberculosis, but the overlap in substrate 
identification using these programs was 
limited and the programs also suffered 
from false positive hits [87, 97]. Therefore,  
mycobacterial Tat substrates will need to 
be validated experimentally. 

Substrates of the Tat pathway 
in E. coli are often proteins that bind 
cofactor molecules in the cytoplasm, and 
thus need to be folded prior to export. 
Using the possibility to create viable 
tat deletion mutants in M. smegmatis, 
several mycobacterial Tat substrates have 
been identified, including two major 
β-lactamases, BlaS and BlaC. Consequently, 
these tat mutants are much more sensitive 
to β-lactam antibiotics [86, 97]. As for 
all known Tat substrates, export of BlaC 
was abrogated if the Tat signal sequence 
was removed or the RR motif mutated. 
Interestingly, although BlaC does not 
seem to be associated with a co-factor, its 
signal sequence could not be functionally 
replaced by a Sec signal sequence [86], 
indicating that this protein has to be 
partially folded in the cytosol. Using 
truncated BlaC and β-lactam resistance 
as a reporter for Tat export, a screening 
method was employed to experimentally 
identify novel Tat substrates by screening 
random genomic fusion constructs. This 
study resulted in 13 novel Tat substrates 
in M. tuberculosis, including four different 
phospholipases C [87]. Additional Tat 
substrates, including secreted antigenic 
proteins Apa and Ag85A, were identified in 
a similar screening method using alkaline 
phosphatase (PhoA) fusion technology in 
E. coli [83]. One of the identified substrates, 
phospholipase Rv2525c, was affected in 
growth rate and β-lactam susceptibility 
in vitro, but showed enhanced virulence 

in infection models [110]. Interestingly, a 
different phospholipase, PlcB, was shown 
to be Tat-dependent in M. tuberculosis, but 
was not secreted in M. smegmatis. This 
suggests that M. tuberculosis could have an 
additional, yet unidentified chaperone that 
assist in Tat-mediated translocation [87]. 

Although the currently described 
Tat substrates have been shown to influence 
mycobacterial growth and virulence, 
none of these Tat substrates are essential 
for viability. Since the Tat system itself 
is essential in M. tuberculosis, this means 
that either additional indispensable Tat 
substrates remain to be identified or that 
several Tat substrates have an overlapping 
but essential function. 

3. Type VII secretion
Between 1908-1919 at the Institut Pasteur 
in Lille, Calmette and Guérin cultured 
a virulent M. bovis strain by 230 serial 
passages on glycerinated bile potato 
medium until it lost its virulence potential. 
This attenuation of M. bovis resulted in a 
strain that could be used as a vaccine for 
tuberculosis, the bacille Calmette-Guérin 
(BCG). The distribution of this strain to 
several countries during the 1920s and 
subsequent subculturing resulted in a 
number of different BCG vaccine strains. 
Compared to the original M. bovis strain, 
all BCG vaccine strains consistently lacked 
one common genomic locus, known 
as ‘region of difference 1’(RD1) [8, 80]. 
Deletion of the RD1 locus is one of the 
main events causing attenuation of the M. 
bovis BCG strain. [73, 98]. The RD1 locus 
comprises 9 genes, including the genes 
coding for two small secreted proteins, 
EsxA and EsxB (also known as ESAT-6 and 
CFP-10, respectively) [13, 58, 122]. These 
small secreted proteins are co-transcribed 
and lack an apparent signal sequence [13]. 

Completion of the M. tuberculosis 
H37Rv genome sequence revealed the 
presence of 23 homologues of the esxAB 
genes in 11 different loci [33], which were 
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proteins are generally characterized by a 
length of ~100 aa and a central WXG motif, 
and therefore also referred to as WXG100 
family proteins [94]. Inspection of the genes 
flanking the esx gene couples, showed a 
specific functional genomic organization 
for five duplications, which were proposed 
to form a dedicated secretion apparatus 
[51, 133]. This theory was proven in an 
elegant approach, in which different parts 
of the RD1 locus were re-introduced in M. 
bovis BCG. Indeed, only the complete RD1 
locus was sufficient to restore functional 
secretion of EsxAB [99]. This RD1-encoded 
dedicated secretion system, together with 
the other four homologous regions were 
renamed ESX- or type VII secretion (T7S) 
systems [2]. 

3.1 Type VII secretion components
The five T7S or ESX systems of M. 
tuberculosis are likely derived from gene 
duplication events, in the order ESX-4, ESX-
1, ESX-3, ESX-2 and finally ESX-5 (Fig. 3D) 
[51]. Until now, only the ESX-1, ESX-3 and 
ESX-5 clusters have been experimentally 
shown to encode functional secretion 
systems. Although activity of the ancestral 
ESX-4 system remains to be shown, it is 
part of the SigM regulon, which suggests it 
has a function in vivo [101]. Also the ESX-2 
system does not seem to be expressed under 
laboratory conditions, but is specifically 
upregulated during infection [130]. Each 
ESX system appears to have a different 
role in mycobacterial virulence, but the 
genetic composition and organization of 
the five ESX clusters is similar (Fig. 3D). 
The ESX clusters each contain two esx 
genes surrounded by genes encoding ESX 
conserved components EccA to EccE and 
MycP [14], although some of two of these 
components (EccA and EccE) are lacking 
in the ancestral ESX-4.

Five ESX components are predicted 
to be associated with the inner membrane. 
The first membrane component is EccB, 

which has one predicted transmembrane 
domain and a large periplasmic domain. 
EccC contains 3 GTP/ATP binding sites and 
2 N-terminal transmembrane domains. 
This protein belongs to the family of 
FtsK/SpoIIIE ATPases and resembles the 
DNA-coupling protein VirD4, an essential 
component of the type IV secretion 
pathway. In some ESX systems eccC is 
split in two different genes (Fig. 3D). The 
integral membrane protein EccD contains 
up to twelve transmembrane domains 
and has been proposed to form the 
transport channel. EccE has two predicted 
N-terminal membrane domains and is not 
found in the ancestral ESX-4 system, which 
indicates it is the most recent addition to 
the machinery. Finally, the mycosin (MycP) 
is a membrane-anchored protease. The 
catalytic triad domain of MycP, typical for 
a subtilisin-like serine protease, is located 
between an N-terminal signal sequence 
and a C-terminal domain resembling a 
transmembrane domain, which suggests 
the active site is located to the periplasm 
[25, 38]. Interestingly, a mutation in the 
catalytic domain of MycP1 resulted in an 
attenuated strain but actually enhanced 
secretion of EsxA [91]. 

Although studies of the ESX-1 
secretion system have demonstrated that 
these membrane-associated components 
are each essential for translocation [29, 
34, 91, 123] it is still unknown how 
they interact to form a translocation 
machinery. Preliminary studies of the ESX-
5 system have shown that the EccBCDE 
components form a large multimeric 
complex of >1000kDa, which does not 
include MycP [63]. This indicates that a 
large translocon is formed by multiple 
copies of each component, which is likely 
energized by EccC (Fig. 3A). Whether this 
large translocon is sufficient to accomplish 
transport across both membranes of 
the mycobacterial cell envelope or an 
additional (unknown) outer membrane 
component is required (Fig. 3A), remains 
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to be determined. 
The ESX systems, except again for 

ESX-4, also contain the cytosolic ATPase 
EccA, which belongs to the AAA+ class. 
Studies of heterologous EccA1 have shown 
that it forms a hexameric complex with 
ATPase activity [76]. A similar complex was 
observed for the AAA+ ATPases of the type 
VI secretion pathway, which are crucial for 
the assembly of system machinery [17]. 
Disruption of the eccA gene of the ESX-1 
and ESX-5 systems affects their respective 
secretion pathways [4, 19, 48]. Yeast-2-
hybrid interaction studies suggest that 
the EccA1 ATPase interacts with some, 
but not all, ESX-1 substrates [41]. This 
substrate specificity also correlates with 
the observed instability of specific ESX-1 
substrates upon disruption of eccA1 [24, 
27, 88]. 

Although T7S is best studied in 
mycobacteria, it is not restricted to this 
genus. In fact, it is found among a large 
number of Gram-positive bacteria [94], in 
which it frequently has a role in virulence 
[2, 26]. Many GC-rich Gram positive 
bacteria, such as Corynebacterium diphteriae 
and Streptomyces coelicolor, contain a T7S 
cluster homologous to the mycobacterial 
ESX-4 cluster, which suggests that these 
are derived from a common ancestor 
[51]. T7S-like systems of low-GC Gram 
positives are evolutionary more distant 
from those in mycobacteria and in fact 
only contain as conserved components the 
WXG100 family proteins and a homologue 
of the FtsK/SpoIII ATPase EccC. A growing 
number of these type VII secretion systems 
have been demonstrated to function in 
transport of their respective Esx proteins 
[6, 26, 50]. 

3.2 Esx proteins and other substrates
The Esx proteins are the most recognizable 
T7S substrates. Most of the 23 members of 
this protein family found in M. tuberculosis 
H37Rv, are either encoded as a pair 
inside one of the esx clusters, or are direct 

duplications of one of these pairs [51]. 
EsxA and EsxB, substrates of the ESX-1 
system, are the best studied Esx proteins. 
These proteins form a tight 1:1 heterodimer 
[103]. The complex consists of two 
antiparallel positioned proteins forming 
a four helical bundle, both attaining a 
similar helix-turn-helix structure with the 
WXG motif producing the crucial turn. 
The unstructured C- and N-terminal tails 
of these proteins are presented as flexible 
loops (Fig. 3B) [102]. The formation of 
a heterodimeric complex is a common 
feature for all Esx pairs, since EsxG/H 
and EsxR/S were also found to form a 1:1 
complex, although of slightly different 
structure [64, 74]. Interestingly, the small 
WXG100 proteins of both Staphylococcus 
aureus and Streptococcus agalactiae 
also form helical-bundle structures, 
comparable to those of M. tuberculosis, but 
they do so as homodimers  [116, 128]. The 
main difference with the mycobacterial 
structures is that one of the long α-helices 
has a kink, which is probably required for 
homodimerisation. The available evidence 
(see also below) indicates that EsxA and 
EsxB are secreted as a dimer, which would 
implicate that T7S facilitates the export of 
(partially) folded proteins.  

Although Esx proteins are the best 
studied T7S substrates, these proteins are 
certainly not the only T7S substrates. In 
recent years, thorough analysis of ESX-
1 and ESX-5 has shown that each ESX 
system secretes a specific set of additional 
substrates. The ESX-1 secretion system is 
responsible for secretion of a number of so-
called ESX-1 secretion-associated proteins 
(Esp), most of which are encoded within 
the ESX-1 cluster (Fig. 3A/D)[14, 27, 46, 77, 
88, 112]. Intriguingly, some secreted Esp’s, 
including EspACD and EspB, are essential 
for EsxA/B secretion, and vice versa [31, 
46, 77, 88, 125]. The cause of this mutual 
interdependence is currently unknown, 
but it might reflect an interaction between 
these proteins before transport.
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Also PE and PPE proteins were 
found to be T7S substrates [4, 5, 19, 37, 46]. 
A number of PE/PPEs is encoded within 
the ESX clusters (Fig. 3D), but the majority 
is found at different locations. The large, 
mycolate-specific families of pe and ppe 
genes were one of the major surprises 
in the M. tuberculosis H37Rv genome 
sequence with their 99 and 69 members, 
respectively [33]. The names of PE and 
PPEs are derived from an N-terminal 
signature motif, which consists of Proline 
(P) and Glutamic acid (E). The relatively 
conserved N termini, referred to as PE 
and PPE domains, are ~110 and ~180 aa in 
length. Conversely, the variable C-terminal 
domains of these protein families are the 
basis of division into several subfamilies, 
of which the PE_PGRS (with polymorphic 
GC-rich sequence) is the largest. The ESX-5 
system is the major secretion pathway for 
PE/PPEs, but some have also been found 
to be secreted via ESX-1 [4, 5, 19, 36, 37, 46, 
112]. Interestingly, disruption of specific 
pe and ppe genes can also affect the ESX 
secretion pathways [19]. Similar to Esx 
proteins, PE/PPE proteins are believed 
to specifically interact with their cognate 
partner [105]. One PE/PPE pair, consisting 
of the small PE/PPE-domain-only PPE41 
and PE25, has been crystallized and 
forms a heterodimeric complex of helix-
turn-helix structure similar to the EsxA/B 
complex (Fig. 3C)[126]. Most PPE proteins 
also have a WXG motif producing a turn 
between the two α-helices pairing with the 
PE protein [37]. 

In depth analysis of the secretion 

requirements for the PPE41/PE25 complex 
has identified a short specific secretion 
motif at the C terminus of the PE protein: 
YxxxD/E. Mutation of the tyrosine or the 
negatively charged residue, or changing 
the spacing between these two residues 
completely disrupts secretion of both 
PPE41 and PE25. Significantly, this 
secretion motif is conserved at the end of all 
PE domains and is essential for secretion, 
irrespective of the secretion system that the 
PE protein is targeted to. A similar YxxxD/E 
secretion motif is also detected on EsxB, 
EspB and various other Esp proteins (Fig. 
3A/B) and is also important for secretion 
via ESX-1 for these different classes of 
substrates [37]. The secretion motif partly 
corresponds to the specific C-terminal 
secretion sequence that was previously 
described to be important for secretion of 
EsxB [30]. Exchange of this motif between 
different substrates resulted in functional 
secretion, but did not alter the secretion 
route to a different ESX system [37]. 
Therefore, YxxxD/E is a general T7S motif, 
which does not provide system specificity. 
Likely, an additional signal is necessary 
for targeting to a specific ESX system. 
The identification of a general T7S motif 
greatly contributes to the identification 
of novel T7S substrates. Bioinformatic 
analysis of the coding sequence of M. 
tuberculosis for the secretion motif has 
already indicated a number of novel ESX 
substrates [37]. Further experiments are 
required to establish how extensive the set 
of T7S substrates really is.

Fig. 3. Mycobacterial type VII secretion systems. (A) Tentative model for type VII secretion, including conserved 
cytosolic and membrane components, and a number of ESX-1 and ESX-5-secreted substrates, modified from 
[14, 63].  The secretion motif YxxxD/E is indicated with a red box, if present. Plausible interactions between 
substrates and components are indicated by arrows. Oligomerization of inner membrane (IM) components is as 
described in text; Channel present in the outer membrane (OM) represents a possible unidentified component. 
(B) Solution structure of the EsxA/B complex [102]. The WXG loop is marked in magenta and the C-terminal 
type VII secretion motif YxxxD is marked in red. (C) Solution structure of the PPE41/PE25 complex [126]. PE/
PPE residues are marked in blue. Unstructured C and N termini, including the YxxxE motif present on PE25, are 
indicated but lacking in this structure. Structures were prepared using RCSB Protein Workshop. (D) Genomic 
organization of the five ESX clusters.
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23.3 ESX-1: an interplay between substrates 
essential for virulence
Since the deletion of RD1 was shown to 
greatly affect mycobacterial virulence, 
the associated secretion system ESX-1 
has been the object of many studies. A 
number of studies now indicate that the 
ESX-1 secretion system is associated with 
membrane damage/rupture. For example, 
wildtype Mycobacterium marinum bacteria, 
but not ESX-1 mutants, can cause lysis 
of red blood cells upon interaction [48]. 
Moreover, a functional ESX-1 system is 
essential for escape of both M. tuberculosis 
and M. marinum from the phagosome to 
the cytosol [48, 119, 120, 135]. This escape 
is likely facilitated by rupture of the 
phagosomal membrane by one of the ESX-
1 substrates. EsxA has been postulated 
to be responsible for this, since purified 
EsxA was shown to destabilize artificial 
lipid membranes [39, 120]. However this 
theory is not undisputed, because several 
(non-pathogenic) mycobacterial species 
do secrete EsxA, but do not escape the 
phagolysosomal compartment [62]. A 
complicating factor is that any EsxA/B 
secretion defect in mycobacteria always 
coincides with impaired secretion of 
Esp’s, so observed effects could also be 
indirect. It has been shown that abrogation 
of EspA secretion specifically without 
affecting EsxAB secretion results in serious 
attenuation in macrophage infections 
[49]. It is thus well possible that the 
phagosomal membrane rupture associated 
with ESX-1 secretion is actually caused 
by one of the Esp’s or a combination of 
ESX-1 substrates. Further research should 
identify the true ESX-1 substrate necessary 
for phagolysosomal escape.

Interestingly, in M. smegmatis ESX-
1 is additionally involved in a completely 
different process, i.e. specific conjugal 
DNA transfer mechanism. Disruption 
of ESX-1 in the donor strain resulted in 
hyperconjugative mutants [45], whereas 
in the recipient strain a functional ESX-1 

system seems to be crucial for conjugation 
[35]. Whether specific ESX-1 substrates 
are involved in this process remains to be 
determined.
Since ESX-1 secretion was shown to be 
crucial in a specific step of the mycobacterial 
infection pathway, it is no surprise that 
expression of this system seems to be 
strictly regulated. One important ESX-1 
regulator is the two-component system 
PhoP/R. This two component systems 
regulates directly the espACD operon 
[136]. As EspA secretion is essential for 
ESX-1 functioning, PhoP/R therefore also 
indirectly regulate EsxAB secretion [47, 
55].

The espACD operon is also 
regulated by the repressor Lsr2 [56] and 
activated by Rv3849. Since this latter 
protein was suspected to be a secreted 
substrate of ESX-1, it was named EspR 
[100]. However, it has been shown recently 
that EspR is not secreted and actually binds 
and regulates a large number of genomic 
loci. A consensus binding motif of EspR 
was determined, which also corresponds 
to the region upstream of the espACD 
operon [15]. It therefore seems likely that 
EspR is a nucleoid-associated protein that 
performs a more general role in regulation.

3.4 ESX-3: a role in iron uptake
The ESX-3 system is essential for in vitro 
growth in M. tuberculosis, as shown 
by whole genome transposon screens 
[57]. This suggests that ESX-3 has an 
important physiological role. A role in 
metal metabolism was suspected, since 
the complete ESX-3 cluster is regulated 
by zinc uptake regulator Zur, as well as 
iron-dependent transcriptional repressor 
IdeR [78, 79, 106]. This link to iron and 
zinc was further established by studies 
with conditional ESX-3 mutants in M. 
tuberculosis. Although these mutations 
are lethal in normal culture conditions, 
the supplemental addition of either iron 
or zinc to the culture medium allowed 
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ESX-3 mutations [114]. Remarkably, 
ESX-3 mutations are well-tolerated in 
M. smegmatis, although not under iron-
limiting conditions [118]. Currently, the 
only known substrates of this system are its 
encoded WXG100 family proteins EsxG/H 
[108, 118]. Structure solution of the EsxG/H 
complex revealed a Zinc binding site [64], 
which could suggest that this substrate 
has a role in zinc uptake. Iron uptake 
in M. tuberculosis is facilitated by the 
siderophore mycobactin, which suggests 
that a substrate of the ESX-3 system is 
involved in the acquisition and utilization 
of iron bound to the secreted siderophore 
mycobactin [118]. Whether this unknown 
ESX-3 substrate is a secreted mycobactin-
binding protein or an iron-uptake system 
in the cell wall, remains to be determined. 

3.5 ESX-5: major pathway for PE/PPE 
proteins
The most recently evolved type VII 
secretion system, ESX-5, is restricted 
to the genomes of the slow-growing 
mycobacterial species, including all the 
major pathogens [51]. This could imply 
that ESX-5 contributes to either the slow-
growing phenotype and/or mycobacterial 
virulence. Interestingly, the introduction 
of the genome cluster encoding ESX-5 
precedes the large expansion of pe and ppe 
genes [52]. In line with this observation, 
the ESX-5 system was demonstrated to be 
the major secretion pathway for the PE and 
PPE proteins, including the PE_PGRSs [4, 
5, 19]. Several studies have shown that the 
PE and PPE domains of these proteins are 
essential for their secretion [28, 36], which 
can also be explained by the presence 
of the T7S motif on the PE domain as 
described above [37]. The function of PE/
PPE proteins is largely unknown, although 
a number have been shown to be involved 
in different steps of mycobacterial 
virulence (recently reviewed by [111]). For 
instance, LipY, a PE protein containing a 
C-terminal lipase, has an important role in 

hydrolyzing triacylglycerols upon nutrient 
starvation [40]. LipY was also shown to be 
secreted via ESX-5 [36].

Infection studies with several 
ESX-5 mutants of both M. tuberculosis 
and M. marinum have shown that they 
are attenuated in macrophage infection 
experiments, although this effect is not 
observed for every gene disruption 
of the ESX-5 cluster [1, 4, 19]. Similar 
to ESX-1 mutants, mutations in ESX-5 
affect macrophage cell death, but for this 
secretion system the escape of the bacteria 
from the phagolysosome into the cytosol is 
not affected [1, 3]. In striking contrast with 
these macrophage infection experiments, 
the same M. marinum ESX-5 mutant showed 
a marked hypervirulence phenotype 
in adult zebrafish, which appeared 
independent of the adaptive immune 
system. This ESX-5 mutant has a specific 
growth advantage in adult zebrafish, which 
indicates that ESX-5 substrates might be 
involved in establishing a moderate and 
persistent infection in its natural host 
[137]. For M. tuberculosis removal of eccD5 
or the five pe/ppe genes of the ESX-5 cluster 
resulted in an attenuated phenotype in 
both immunocompetent and SCID mice 
[19, 113]. Interestingly, this last mutant 
also showed vaccine potential [113]. The 
inconsistency in virulence defects observed 
for M. tuberculosis and M. marinum ESX-5 
mutants might be explained by differences 
in ESX-5 substrates, since the M. marinum 
genome contains many more pe/ppe genes, 
especially pe_pgrs, as compared to M. 
tuberculosis [124]. Future experiments 
will have to show the exact role of ESX-5 
secreted proteins. 

4. Conclusion
Protein secretion pathways are essential 
elements of mycobacterial virulence. 
Similar to other bacteria, the Sec and 
the Tat pathway play a central role in 
translocation across the inner membrane 
and insertion of proteins into the inner 
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2membrane. In addition to these systems, 
mycobacteria also use the accessory SecA2 
protein to participate in the transport 
of specific virulence factors. Both the 
mechanism of routing via SecA2 and the 
subset of virulence factors that depend on 
this pathway for efficient transport, need 
to be examined in more detail. Similarly, 
the substrate specificity of the Tat pathway 
needs to be analyzed to explain why this 
pathway is essential for growth in M. 
tuberculosis unlike the situation in E. coli.

Of note, a number of proteins 
that contain a signal sequence, e.g. Apa, 
Mpt64 and the antigen 85 proteins are 
cell surface exposed or secreted into the 
extracellular environment. While the Sec 
and Tat translocons are likely responsible 
for translocation of these proteins across 
the inner membrane, the mechanism and 
machinery for translocation across the 
outer membrane is completely unknown. 
Given the unique chemical composition 
of this membrane and the absence of 
obvious homologues of other secretion 
systems active in Gram negative bacteria, 
a yet undiscovered protein conducting 
channel likely exists. Future studies 
in this direction would benefit from 
the elucidation of the proteome of this 
intriguing mycomembrane.

In contrast, the recently 
discovered mycobacterial T7S systems are 
hypothesized to transport proteins that 
lack a classical signal peptide across both 
membranes. The key players of this system 
are currently pieced together but defining 
the molecular basis for protein transfer will 
prove a challenging task. At present, it is 
not even clear whether translocation across 
the inner membrane and mycomembrane 
occurs in one synchronised mechanism 
or in two consecutive steps. The five 
different T7S systems of M. tuberculosis 
each could be responsible for secretion of 
different virulence factors and therefore 
also play a role in different steps of the 
tuberculosis infection cycle. Interestingly, 

disruption of either of the ESX-1, ESX-3 or 
ESX-5 system leads to serious attenuation 
and even results in strains that could 
potentially be used as (novel) vaccines 
for tuberculosis [113, 129]. Many of the 
effector proteins involved have been 
identified. Future challenges include the 
identification of novel T7S substrates and 
their role in virulence, the composition and 
the structure of the secretion machinery 
in both the inner membrane and the 
mycomembrane and the role of this system 
in other bacteria.
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