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Tuberculosis – the most lethal infectious disease worldwide

Tuberculosis (TB) is an infectious disease that is currently the leading cause of death from a single
infectious agent (WHO annual report, 2017). Although it has been mistakenly considered to be
under control by many, especially in the developed countries, the disease is still responsible for 1.6
million deaths worldwide (WHO annual report, 2017). TB is caused by the bacillus Mycobacterium
tuberculosis, which typically affects the lungs (pulmonary TB) but can also infect other sites of the
body. The disease is spread when people who are sick with pulmonary TB expel bacteria into the air,
for example by coughing. The probability of developing TB disease is much higher among people
infected with HIV, and also higher among people affected by risk factors such as malnutrition,
diabetes, smoking and alcohol consumption.
Infection takes place by the delivery of small aerosol droplets containing M. tuberculosis to the lower
lung [1], where the pathogen is engulfed by alveolar macrophages (Fig. 1A) [1,2]. Subsequently,
infected macrophages transport M. tuberculosis to deeper tissue where granulomas are formed [1].
Fundamentally, a granuloma is an organized aggregate of macrophages and other immune cells, in
which the macrophage membranes become interdigitated like those of epithelial cells (Fig. 1B). For
a long time, the tuberculosis granuloma has been considered to be an essential structure in which
diverse host cells wall off bacteria, protecting the host from bacterial spreading [1,3]. However,
emerging evidence suggests that M. tuberculosis exploits granuloma formation for their survival
and their local expansion by stimulating bacteria-contained macrophage cell death, recruitment
of new macrophages and re-phagocytosis [1] [1,3,4].
Upon engulfment by macrophages M. tuberculosis bacteria reside in a phagosomal compartment
where they face unfavorable conditions such as limited nutrient sources, the threat of being
killed by phagolysosome maturation. Pathogenic mycobacteria employ various mechanisms for
their intracellular survival, such as preventing phagosome-lysosome fusion [5] and escaping the
phagosome to allow entry into the cytosol [6,7]. In both these processes extracellular proteins
secreted by the pathogen play central roles. To facilitate the export of these important virulence
factors, M. tuberculosis employs special secretion machineries known as the type VII secretion
systems (T7SSs). Of these systems, named ESX-1 to ESX-5, at least three are crucial for the
mycobacterial virulence and/or physiology [8]. The best-studied system is ESX-1, which is essential
for phagosomal rupture and mycobacterial escape to the cytosol, subsequently leading to bacterial
multiplication in the cytosol and ultimately cell death ([7,8]; see below). Because of its crucial role in
intracellular survival, the ESX-1 system is strongly associated with the macrophage infection cycle,
granuloma formation and dissemination of disease [9–11].
Tuberculosis is an ancient disease

M. tuberculosis belongs to the Mycobacterium tuberculosis complex (MTB complex) which refers
to a group of genetically very closely related species, which also includes Mycobacterium canettii,
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Fig. 1. A. Pathogenic life cycle of M. tuberculosis. An individual with active tuberculosis can infect others by releasing
fine aerosol particles during coughing. Fine aerosols containing M. tuberculosis is deposited in the lower lungs of a new
host. Macrophages recruited to the surface of the lung where the bacteria reside become infected. The macrophages
then transport the bacteria across the lung epithelium to deeper tissues. A new round of macrophages is recruited
to the original infected macrophages and a granuloma, an organized aggregate of differentiated macrophages
and other immune cells, is formed. In the early stage of granuloma expansion, the bacterium replicates within
macrophages, escape and spread to new macrophages. The granulomas can restrict bacterial growth as adaptive
immunity develops. However, it is often observed, especially under immuno-compromised conditions, that the
infected macrophages within granulomas can undergo necrosis, which in turn supports bacterial growth, bacterial
release and transmission to the next host. Figure is copied from [1]. (Continues on the next page)
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Mycobacterium africanum, Mycobacterium microti, Mycobacterium bovis, Mycobacterium caprae
and Mycobacterium pinnipedii [12]. The species of the M. tuberculosis complex are characterized
by 99.9% similarity at the nucleotide level and identical 16S rRNA sequences, but differ in terms of
their host tropisms, phenotypes, and pathogenicity [13]. M. canettii and M. africanum cause, just
like M. tuberculosis, human TB but are usually only isolated from African patients or patient with
African ancestry. While these species are strict human pathogens, M. bovis displays the broadest
spectrum of host infection, affecting humans, domestic or wild bovines and goats. M. microti
causes tuberculosis in voles and other mammals, including cats and new world camelids such as
llamas [13]. Interestingly, M. microti has lost ESX-1 functioning due to a genomic deletion.
While the earliest evidence of human TB is found in bone samples dated 9,000 years ago [14], TB
is thought to have been present in the human population even much earlier. Based on genome
comparisons and analyses of mutation rates, it has been proposed that the modern MTB complex
might have originated from a common ancestor present in East-Africa 20,000-15,000 years ago
[13,15]. TB was first described in written documents from India and China about 3,300 to 2,300
years ago, respectively [16]. While the disease was widespread in Europe for a long time, TB formed
a large epidemic in the 18th and 19th century, with a mortality rate as high as 900 deaths per 100,000
inhabitants per year.
In 1882 the successful isolation and cultivation of the tubercle bacillus was described by the
famous Robert Koch, who paved the way for the development of tools to detect and combat
TB [17]. The current vaccine against TB is a live attenuated bacterium called Bacillus CalmetteGuerin (BCG), which was developed by Calmette and Guerin in Lille (France) almost 100 years
ago. They cultivated a virulent M. bovis strain in the lab for about 10 years, during which genetic
mutations had occurred and accumulated, resulting in the attenuation of the strain. The strain,
although it lost its ability to cause disease in humans, can still survive for a considerable period in
the human body and induce immune responses that help protecting the vaccinated individuals.
The BCG vaccine shows effective protection in vaccinated children, although it is unable to prevent
effectively reactivation of disease and transmission of M. tuberculosis in adults. The reason for this
is unclear, but could likely be due to the fact that BCG may have lost too many virulence traits to
induce adequate protective immunity [18].
Next to the MTB complex, more than 100 other mycobacterial species have been identified
[19], which can be divided into two groups based on phylogenicity, growth rate and their
pathogenicity: the slow-growing group, which contains most pathogenic mycobacteria, and the

B. Organization of the tuberculosis granuloma. The tuberculous granuloma is a compact, organized aggregate
of different immune cells, including macrophages that have undergone a specialized transformation. A typical
granuloma consists of three layers. At the centre is the inner necrotic core containing dead and dying macrophages
and neutrophils. Bacteria are most commonly present in this central necrotic area. The central necrotic area is
surrounded by an epithelioid-macrophage rich area which include epithelioid macrophages, multi-nucleated giant
cells, foamy macrophages and neutrophils. The outer layer contains T and B-lymphocytes and sometime fibroblasts.
Figure is copied from [3].
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fast-growing group that mainly include non-pathogenic species [20]. The first group includes,
besides the MTB complex, Mycobacterium leprae, the causative agent of leprosy, Mycobacterium
ulcerans, the etiological agent of Buruli ulcer, Mycobacterium avium, the agent of bird tuberculosis,
and Mycobacterium marinum, an aquatic organism that causes tuberculosis-like in fish and skin
infections in humans [21]. M. marinum has been increasingly used in the lab as a research model
for M. tuberculosis because of several advantages. First, M. marinum is one of the closest relatives
of M. tuberculosis outside of the M. tuberculosis complex. Second, the species, which grows at a
faster rate, shows only mild pathogenicity to humans. The animal models of M. marinum include
the leopard frog (Rana pipiens) and zebrafish (Danio rerio). Interestingly, for the zebrafish infection
model both adult fish and larvae can be used. In the first model the role of the innate and adaptive
immune system can be studied, whereas the immunity in larvae is only dependent on the innate
immunity [10,22].
Type VII secretion systems

Mycobacteria belong to the order of Corynebacteriales of the phylum Actinobacteriae (also called
high GC Gram positive bacteria). A specific characteristic of Corynebacteriales species is that
they produce large amounts of mycolic acids, long chain fatty acids, that localize to the bacterial
cell envelope. In mycobacteria, many of these mycolic acids are covalently linked to a specific
saccharide polymer called arabinogalactan, which in turn is attached to a peptidoglycan layer.
Cryo-electron microscopy (EM) analysis revealed that the mycolic acids form a second lipid bilayer
structure within the mycobacterial cell envelope that is analogous to the outer membrane of
Gram-negative bacteria, although it is completely different in organization and lipid composition.
As mycolic acids are the main constituents of this second membrane, this lipid bilayer was named
mycolic acid-containing outer membrane or mycomembrane [23,24]. The complex organization
and high impermeability of the mycomembrane efficiently protect mycobacteria from toxic
compounds and harsh conditions such as osmotic shock, drought and low pH [25]. However, this
rigid cell envelope also limits diffusion of nutrients and export of large molecules and effector
proteins.
The virulence of bacterial pathogens depends largely on the bacterial ability to deliver virulence
effectors to the bacterial surface, external environment or directly into host cells [26]. Transport
across the barriers of the bacterial cell envelope is mediated by multiple protein secretion systems.
In Gram-positive bacteria containing a single lipid bilayer, the ubiquitous general secretion (Sec)
pathway and twin-arginine translocation (Tat) system are employed to export proteins across
the cytoplasmic membrane. These secretion systems recognize their substrate through a specific
N-terminal signal sequence that is removed upon translocation [27]. Similarly, mycobacteria and
Gram-negative bacteria also employ these two pathways for protein transport across the inner
membrane [28]. Mycobacteria additionally use the SecA2 pathway to secrete a subset group of
proteins [29,30]. Gram-negative bacteria have evolved a number of additional dedicated secretion
systems for protein transport across their double membrane or diderm cell envelope. Such
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systems include the type I to type VI, type VIII and IX secretion pathways [31]. Interestingly, these
systems are not found in mycobacteria, which also contain a specific diderm cell envelope. In
fact, mycobacteria have evolved T7SSs for the export of a large number of proteins [32,33]. T7SSs
are however not unique to mycobacteria but are widely conserved in Actinobacteriae, also in
species that do not produce mycolic acids and therefore most likely lack an outer membrane
structure. What the role of these other actinobacterial T7SSs systems is still has to be uncovered,
but intriguingly there seems to be a link between type VII substrates and sporulation [34]. Finally,
more distantly related T7SSs are present and functional in several Firmicute (low GC Gram positive
bacteria) species, such as Staphylococcus aureus and Bacillus subtilis [35].
As already mentioned, three of the mycobacterial T7SSs, i.e. ESX-1, ESX-3 and ESX-5, have been
reported to be required for viability or full virulence [36–39]. This means that the specific effector
proteins are virulence factors or household proteins. To date, four different classes of T7SSs substrates
have been found: Esx, PE, PPE and Esp proteins (Fig. 2). Interestingly, most of them belong to the
Pfam protein superfamily called the EsxAB clan (Pfam Cl0352) [40]. The Esx proteins are the most
conserved and best-studied T7SS substrates. The best-studied members of this protein family are
the early secretory antigenic target of 6 kDa (ESAT-6) and culture filtrate protein of 10 kDa (CFP10),
which were later renamed EsxA and EsxB, respectively, and are both secreted by the ESX-1 system

Fig. 2. Genetic organization of the five ESX clusters in M. tuberculosis.
The genes that encode the ESX-1 substrates EspA and EspC and their putative chaperone EspD are located upstream
of the esx-1 cluster and show homology to EspE/EspF and EspH, respectively, of the esx-1 locus. ecc stands for ESX
conserved component and esp for ESX-1 specific proteins. Figure is modified from [47].

15

1

CHAPTER 1

[41–43]. Members of the Esx family have been described in a number of species, mostly in the
phyla of Actinobacteriae and Firmicute, but also in Verucomicrobia, Lentisphaerae, Chloroflexi and
Planctomycetes [33]. Most of the 23 members of this protein family present in M. tuberculosis are
encoded by paired genes, either located within one of the esx clusters, or direct copies of these
pairs [44]. All the paired genes that have been studied in detail produce Esx proteins that form
stable heterodimers in the mycobacterial cytosol, where dimerization is mediated by a pair of two
alpha helixes arranged in an anti-parallel manner [45] (see also chapter 2). It is generally accepted
that these heterodimers are also secreted together through the T7SS systems. The PE and PPE
proteins are two other major classes of the T7SS substrates. They are named after their conserved
proline-glutamic acid (PE) and proline-proline-glutamic acid (PPE) motifs in the N terminus [40].
Interestingly, PE and PPE proteins can also form stable heterodimers, similar to the mycobacterial Esx
proteins (see chapter 2). The PE proteins contain a conserved N-terminal domain of approximately
100 amino acids that is important for secretion and mediates dimerization with its PPE partner. This
PE domain is often fused to a large and highly variable C-terminal domain that is not involved in
the secretion process. A number of the pe genes contain polymorphic GC-rich sequences (PGRS),
encoding glycine-rich repeats in these C-terminal extensions. Recent studies have suggested that
the PE-PGRS proteins play an important role in the modulation of the immune response, as M.
tuberculosis strains that do not produce these proteins due to a spontaneous deletion of the ppe38
locus are hypervirulent [46]. The PPE proteins are also defined by a conserved N-terminal domain,
but for these proteins this conserved domain is, with about 180 amino acids, slightly bigger. This
conserved domain forms the interaction site with the PE partner and is essential for secretion.
Similar to the PE proteins, the PPE domain can be fused to various large variable C terminal
domains. A subgroup of PPE proteins, named PPE-MPTR proteins, have multiple tandem repeats
of glycine-rich motifs (MPTR) in these variable domains [40]. These PPE-MPTR proteins also require
the ppe38 locus for secretion [44]. The majority of PE/PPE substrates, including the recently evolved
PE-PGRS and PPE-MPTR proteins, are secreted via the ESX-5 system [32]. While a number of these
PE/PPE substrates are secreted into the supernatant, others are mainly found on the bacterial cell
surface and the mycobacterial capsule [32,72]. The last group of the T7SS substrates are the Esp
(ESX-1 specific proteins), which are as the name already suggests, specific substrates of the ESX-1
system [47]. The only unfortunate exception to this rule is EspG, which is neither a secreted protein
nor specific for the ESX-1 system. EspG variants are present in multiple ESX systems, although with
low sequence identity. Several of these Esp proteins form heterodimers and are predicted to form
similar structures of PE/PPE dimers. In M. marinum, several of these Esp substrates are among the
most abundant capsular proteins [48]. A special Esp protein seems to be EspB, which does not
form a heterodimer, but whose structure resembles that of a heterodimer [49,50]. Importantly, Esx,
PE/PPE and Esp substrates all contain a conserved secretion motif (YxxxD/E) C-terminally from the
double helix structure of one of the partner proteins, which is required for secretion (see chapter 2).
Interestingly, although the different T7SS substrates share a number of structural similarities, they
are specifically secreted by a single ESX system. The system specific recognition of the different
substrate groups will be extensively discussed in the chapter 2 of this thesis.
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T7SS functions in mycobacterial viability and virulence

1

ESX-1 system

ESX-1 was the first identified T7SS by different comparative and functional genomic studies of M.
tuberculosis and the attenuated vaccine strain M. bovis BCG and Mycobacterium microti, a member
of the MTB complex [51,52]. Both latter strains contain different deletions of the esx-1 locus which
are known as the region of difference 1 (RD1). As a result, the two strains are unable to secrete ESX1 substrates, which has been considered as a reason of the vaccine inefficacy in protection against
TB [41]. There have been a number of studies confirming the importance of ESX-1 in virulence
[42,53,54]. Mycobacterial pathogens lacking a functional ESX-1 system show attenuated virulence
and decreased intracellular replication compared to wild-type strains [55]. Furthermore, as
shown in M. tuberculosis, M. leprae and M. marinum, ESX-1 is required for phagosomal rupture and
mycobacterial translocation into the cytosol of infected phagocytes [6,7]. Although the importance
of the ESX-1 system in virulence is evident, studying the functions of individual ESX-1 substrates
has been a challenge due to the secretion co-dependency among different ESX-1 substrates [54]
(see chapter 2). Nevertheless, EsxA, an ESX-1 substrate, has been considered as a primary factor that
facilitates the phagosomal rupture by its ability to disrupt membranes in vitro [45,56]. However, this
notion has been disputed by a recent study showing that concentrated supernatants, containing
large amount of EsxA, of mycobacterial cultures does not lyse erythrocytes. In fact, while EsxA is
mainly secreted in culture supernatants, the lytic activity of mycobacteria has been shown to be
facilitated by a functional ESX-1 system in a contact dependent manner, suggesting cell surface
molecules are involved [57]. Recently, some of the Esp proteins, which often remain cell surface
attached, have been indicated to be important for haemolytic activity ([58], chapter 6 of this thesis).
Other substrates of the ESX-1 system have been reported to be involved in the mycobacterial
interactions with the host as well. For example, EspB can affect membrane-mediated innate
immune mechanisms through binding to the host lipids phosphatidic acid and phosphatidylserine
[59,60]. Two recent structural studies showed that purified EspB forms an oligomeric structure with
a central pore [49,50]. Because EspB is able to interact with membranes in vitro, it was speculated
that the oligomeric EspB can form a membrane pore that facilitates phagosome permeabilization
within infected macrophages [49].
ESX-3 system

The ESX-3 system was shown by directed and saturated transposon mutagenesis to be essential
for the growth of M. tuberculosis [61,62]. ESX-3 plays an important role in metal homeostasis.
This notion was based on the observation that the esx-3 gene cluster of M. tuberculosis is
transcriptionally de-repressed in response to iron and zinc starvation [63]. Later research showed
that the ESX-3 system plays a crucial role in acquiring iron bound to the siderophores mycobactin
and carboxymycobactin in both the nonpathogenic Mycobacterium smegmatis and M. tuberculosis
[38,63]. The ESX-3 system is not involved in all iron acquisition pathways, uptake of heme and the
siderophore exochelin of fast-growing mycobacteria are ESX-3 independent [64]. Especially in the
context of host infection, the capability to efficiently take up iron is of critical importance to nearly
17
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all bacterial pathogens [65,66]. The role of iron acquisition has been linked to the function of the
ESX-3 substrates PE5/PPE4, as deletion of the corresponding genes results in iron-related growth
defects similarly as seen in the mutant of the entire esx-3 locus [39]. Another ESX-3 substrate pair
EsxG/EsxH may be required for iron utilization because of its role of mediating PE5-PPE4 secretion
[67]. Additional functions of ESX-3 not related to iron uptake but directly linked to M. tuberculosis
virulence have also been described. For example, EsxH has been shown to interact with the
mammalian ESCRT machinery that plays pivotal roles in membrane trafficking, therefore impairing
phagosomal maturation and inhibiting ESCRT-dependent CD4+ T-cell activation [68,69]. In
addition, PE15/PPE20, although encoded outside of the esx-3 cluster, has been found to be a ESX-3
dependent substrate pair that might be involved in immune modulation [39]. The observation that
the introduction of the M. tuberculosis esx-3 locus in the non-pathogenic M. smegmatis lacking the
endogenous esx-3 locus induces altered cytokine responses also suggests that the ESX-3 region
has a role in the modulation of host immune responses [38]. This modified M. smegmatis strain
has shown improved protection against a subsequent challenge with M. tuberculosis in mice [70].
However, it is still unclear how the ESX-3 substrates can promote iron uptake and how specific ESX3 effectors are required for virulence.
ESX-5 system

The ESX-5 system is the most recently evolved T7SS and is only present in slow-growing species,
which include most pathogenic mycobacteria [44]. It has recently been shown that the ESX-5
system is essential for in vitro growth [37]. Interestingly, this essentiality can be circumvented by the
introduction of MspA, an outer membrane porin only found in fast-growing mycobacteria. Fastgrowing mycobacteria utilize MspA-like porins to facilitate nutrient uptake [64,71], suggesting ESX-5
might take over this role in slow-growing species that lack such porins. Indeed, ESX-5 was shown to
mediate the uptake of hydrophobic carbon sources [37]. Point mutations in the crucial membrane
ATPase EccC5 that disabled ESX-5-mediated secretion but not ESX-5 membrane complex assembly
are deadly to M. marinum, suggesting that the essential role of ESX-5 in nutrient uptake is likely
mediated not by the transport system itself but by its substrates [37]. In addition, the ESX-5 system
has been suggested to be involved in regulating mycobacterial virulence. In M. marinum, the ESX5 system is essential for reducing pro-inflammatory cytokine secretion by macrophages [72] and
to activate the host cell inflammasome and consequently IL-1 beta secretion [72,73]. Pathogenic
mycobacteria also require the ESX-5 system to induce cell death in a caspase-independent manner
in macrophages upon bacterial phagosomal escape, therefore promoting the bacteria to exit the
host cells and infect neighbouring cells [73]. There are indications that a number of the PPE-MPTR
substrates are involved in modulating the host immune responses by interacting with host immune
receptors such as Toll-like receptors [74]. More evidence for the importance of ESX-5 substrates in
mycobacterial virulence has recently been revealed in two studies by Ates et al. [46,75]. In one
study, they showed that the ESX-5 substrate PPE10 is required for maintaining capsule integrity of
M. marinum and deletion of ppe10 or a crucial ESX-5 component of M. marinum resulted in reduced
amount of surface localized ESX-1 substrates [75], consequently reducing mycobacterial virulence.
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The second study by Ates et al. showed that mutations of another ESX-5 substrate PPE38 blocked
the secretion of the ESX-5 substrate group, the PE_PGRS proteins, which resulted increased M.
tuberculosis virulence [46]. The observed deletion of ppe38 in the modern M. tuberculosis Beijing
linage may be the major cause of the global outbreak and success of this sublinage [46].
The type VII secretion components

The T7SS components that are encoded by the esx loci can be divided in three groups: the first
group are the secreted substrates, which are discussed above, the second protein group makes
up the actual secretion machinery in the cell envelope and the third cytosolic protein group is
(probably) involved in regulation of secretion and substrate recognition (Fig. 2) [8]. The ESX
membrane complexes are composed of five conserved T7S membrane proteins, EccB, EccC,
EccD, EccE and MycP, which have been shown to be essential for protein secretion by ESX-1
[43,53,76], ESX-3 system [38,63] and ESX-5 [76,77]. The MycP protein is a subtilisin-like protease that,
although not part of the core complex itself, loosely associates with the complex and is required
for complex stability and functionality [77]. A recent structural study has solved the EccBCDE5
complex structure of the ESX-5 system from M. xenopi at 13 Å resolution, revealing a globular 1.8
MDa assembly with six-fold symmetry and a size of 28nm x 16nm (Fig. 3) [78]. The size of the
complex suggests that the complex is embedded only in the inner membrane with a central pore
extending through the complex. Ratio measurements and the observed symmetry suggest that
the complex is made up of 6 copies of each of the four components. The EccB component has a
single transmembrane domain and a relatively large C-terminal soluble domain that is predicted to
localize to the periplasm [7]. Structural modeling using the crystal structure of the soluble domain
of EccB1 indicates that the C-terminal domain of EccB5 forms a collar-like structure around the pore
at the periplasmic face of the complex. The EccC component is an integral membrane ATPase that
is inserted in the membrane by its N-terminal double-pass transmembrane domain [76,78]. The
EccC C-terminal domain contains three cytosolic ATPase domains that are considered important
for substrate recognition and transport through the complex [79]. Interestingly, the N-terminal
transmembrane domains and the C-terminal ATPase domains are separated by an unclassified
domain of unknown function (DUF), that for EccC5 has been shown to be flexible, resulting in
EccC5 adopting multiple conformations in the context of the membrane complex [78]. Because
of the flexibility of the C-terminal domain, EccC5 is not visible in the averaged structure [78]. EccD
is the most hydrophobic component with 11 predicted transmembrane domains and a small
N-terminal soluble domain that is predicted to localize to the cytosol [76]. It remains unclear where
this component is localized in the ESX-5 membrane complex structure. EccE has two N-terminal
domains and a C-terminal soluble domain with an unclear predicted localization [47]. Immunogold
labeling indicates that the soluble domain of EccE5 is located at the periplasmic and peripheral side
of the complex [76,78]. The complex central pore is about 5 nm wide, which is considered spacious
enough to mediate the translocation of dimeric substrates in a folded state (see chapter 2, [78]).
However, because the complex is likely located only in the inner membrane, other proteins are
probably involved in translocating ESX substrates across the mycobacterial outer membrane.
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Fig. 3. Structure and model of the ESX complex
A. Three-dimensional reconstruction of the ESX-5 complex of Mycobacterium xenopi.
The four core proteins of the M. xenopi ESX-5 complex EccB5, EccC5, EccD5 and EccE5 assemble with equimolar
stoichiometry into a 24 subunits assembly that displays six-fold symmetry. Top, side and bottom views of the
reconstructed three-dimensional map are illustrated, showing a structure of 28 x 16 nm with a central channel of 5
nm in diameter. Figure is copied from [78]. Notably, the flexible cytosolic domain of EccC5 is not visible in the averaged
structure.
B. Model of the ESX-5 complex embedded in the mycobacterial inner membrane. EccC5 contains an extended
cytosolic domain with three FtsK-like ATPase domains, which interact with secretion effectors. The extended domain
is highly flexible, suggesting a yet unseen mode of substrate interaction. Figure is copied from [78,80].

The cytosolic T7SS components are also called accessory proteins, i.e. proteins that are neither
substrates nor structural components but are found to be essential for the T7SS functioning, such
as EspG and EccA proteins. These proteins have been suggested to function as a chaperone and
ATPase protein, respectively, in the T7SSs. Details on the role of these cytosolic components in the
specific selection and targeting of the different substrate groups for secretion will be extensively
described in chapter 2.
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SCOPE OF THIS THESIS
The aim of the study described in this thesis was to investigate how the different substrate classes
secreted by the different type VII secretion systems are specifically recognized and targeted for
secretion.
In chapter 2, we review our current knowledge of type VII secretion systems with a focus on the
roles of T7SS chaperones.
In chapter 3, we describe the crystal structure of the M. tuberculosis chaperone EspG5 in complex
with its cognate substrate pair PE25/PPE41. The structure shows that EspG5 specifically interacts
and shields the hydrophobic tip of PPE41. In addition, we show that disruption of the PPE41-EspG5
interaction by point mutations abolished the solubility and secretion of PE/PPE substrates.
In chapter 4, we describe a determinant factor in the system specific recognition and secretion of
PE/PPE substrates in M. marinum. By replacing the EspG binding domain of an ESX-1 substrate pair
with the equivalent domain of an ESX-5 substrate, we were able to change the secretion specificity
of PPE68_1. We conclude that the EspG binding domain plays an important role in determining
system specificity of PE/PPE substrates.
In chapter 5, we describe the factors that determine the system-specific secretion of Esx
heterodimers, which do not interact with the EspG chaperone. We found that the secretion of an
ESX-1-dependent Esx pair depends on the expression and secretion of an ESX-1-dependent PE/
PPE pair that is encoded by the same operon in M. marinum. Surprisingly, redirecting this PE/PPE
pair by exchanging the EspG binding domain resulted also in redirection of the Esx pair. This shows
that PE/PPE substrates determine the system specificity of Esx proteins.
In chapter 6, we describe the detailed analysis of M. marinum mutants in different ESX-1 cytosolic
components, which allowed us to discover a novel chaperone for Esp substrates, EspH, and to
analyze the role of the different ESX-1 substrate classes in virulence. We show that EspH functions
as a specific chaperone and is required for the secretion of EspE/EspF. Interestingly, infection
experiments in zebrafish embryos showed that EspH is a hypervirulence factor of the ESX-1 system
in M. marinum.
In chapter 7, we summarize and reflect the results obtained in this thesis and discuss the remaining
challenges in addressing the mechanism of substrate recognition in T7SS.
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CHAPTER 2

ABSTRACT
Chaperones are central players in maintaining the proteostasis in all living cells. Besides highly
conserved generic chaperones that assist protein folding and assembly in the cytosol, additional
more specific chaperones have evolved to ensure the successful trafficking of proteins with
extra-cytoplasmic locations. Associated with the distinctive secretion systems present in bacteria,
different dedicated chaperones have been described that not only keep secretory proteins in a
translocation competent state, but often are also involved in substrate targeting to the specific
translocation channel. Recently, a new class of such chaperones has been identified that are
involved in the specific recognition of substrates transported via the type VII secretion pathway
in mycobacteria. In this minireview, we provide an overview of the different bacterial chaperones
with a focus on their roles in protein secretion and will discuss in detail the roles of mycobacterial
type VII secretion chaperones in substrate recognition and targeting.
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INTRODUCTION
Chaperones are an important group of proteins that play key roles in cellular homeostasis by assisting
in protein folding, multimeric protein assembly, protein trafficking and protein degradation. In
prokaryotes, three highly conserved generic chaperones, i.e. DnaK, GroEL and trigger factor (TF),
are mainly responsible for preventing misfolding, premature folding and non-native interactions of
cytoplasmic proteins upon their synthesis in the highly crowded environment of the cytosol [1]. TF,
whose most dominant substrates have been shown to be beta-barrel outer membrane proteins in
Escherichia coli [2], assists the folding of newly synthesized polypeptides by preferentially interacting
with short omnipresent motifs enriched in aromatic and basic residues [3]. Both DnaK and GroEL
are ATP-dependent chaperones that recognize short extended hydrophobic sequences, exposed
during de novo protein folding, during stress and during protein translocation across membranes
[4,5]. While DnaK has been shown to be involved in the biogenesis of some proteins with extracytoplasmic destinations as well [6], additional chaperones dedicated to the route of export are
required to keep these proteins in a translocation competent state, which is often a (semi-)unfolded
conformation. To export proteins out of the cytosolic compartment, bacteria have evolved distinct
protein secretion systems [7]. While several are present in almost all bacteria and transport a wide
range of protein substrates across the cytoplasmic membrane, i.e. the Sec and the twin-arginine
translocation (Tat) system, others are only present in a more selected group of bacterial species
and only secrete a limited number of proteins. These specialized secretion systems include the
type I to type VI secretion (T1 to T6S) systems that are present in Gram-negative bacteria, where
they are critical for bacterial pathogenesis by secreting key virulence factors. Secretion across the
Gram-negative diderm cell envelope occurs either in a one-step mechanism by a translocation
channel that spans both the inner and outer membrane (i.e. in T1S, T3S, T4S and T6S), or a two-step
mechanism, where the Sec and Tat system mediates transport across the inner membrane, while a
separate channel mediates outer membrane transport (i.e. in T2S and T5S).
Type VII secretion (T7S) systems are related specialized secretion systems present in mycobacteria.
This specific group of bacteria contains highly relevant pathogens, most notable Mycobacterium
tuberculosis, the causative agent of tuberculosis. Mycobacteria belong to the order of
Corynebacteriales, which, in turn, is part of the large phylum of Actinobacteria, also called high
GC Gram-positive bacteria. A characteristic feature of this order is the presence of a unique cell
envelope that contains mycolic acids, unusually long fatty acids that can contain up to 100 carbon
atoms. It is now widely accepted, amongst others based on cryo-electron microscopy (EM)
imaging [8,9], that the mycolic acids are the main constituents of a second (outer) membrane. This
outer membrane is highly hydrophobic and serves as an efficient permeability barrier, important
for the intracellular life cycle of pathogenic mycobacteria. Nevertheless, just like other bacterial
pathogens, pathogenic mycobacteria also strictly rely on extracellular proteins for their virulence.
It is now clear that T7S is the major export route of these extracellular proteins in mycobacteria
[10]. On the other hand, homologous T7S gene clusters can also be found in Actinobacteria that
lack mycolic acids and more distantly related systems are present in a subset of low GC Gram-
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positive bacteria. Pathogenic mycobacteria can have up to five homologous T7S systems, called
ESX-1 to ESX-5, that share a set of conserved components, of which four are assembled into a
large, 24 subunit membrane complex (see Fig. 3) [11,12]. The dimensions of the ESX-5 membrane
channel, as observed by negative stain EM imaging [12] dictates that the complex can only
span the mycobacterial inner membrane. The mechanism of T7S substrate transport across the
mycobacterial outer membrane therefore remains unknown.
An intriguing feature of T7S in mycobacteria is that the five ESX secretion systems that can be
present in a single mycobacterial species each secrete their own subset of substrates that belong
to several protein families. This raises the question how these related substrates are specifically
recognized and targeted to the cognate secretion machinery. In recent years, it has become clear
that a set of novel dedicated chaperones play crucial roles in the secretion of a specific subset of
substrates via the different ESX systems [13–15]. Not only are these chaperones probably involved
in preventing substrate aggregation, we recently showed that they are furthermore involved in
determining system specificity [16].
In this review, we will provide an overview of generic and specific bacterial chaperones, focusing
on their mode of substrate recognition and their roles in substrate targeting to the various export
machineries. Subsequently, the (potential) roles of chaperones in the recognition and targeting of
the different T7S substrate families in mycobacteria will be discussed in detail.

GENERIC SECRETION CHAPERONES
Most secretory proteins are exported either in an unfolded state via the Sec pathway or in a folded
state via the Tat pathway, both mediating transport across the cytoplasmic membrane. Both Sec
and Tat substrates possess and N-terminal, mildly hydrophobic, signal sequence that is cleaved
upon membrane transport. Tat substrates are distinguished from Sec substrates by the presence
of a conserved twin-arginine motif within their signal sequence, which mediates post-translational
targeting to the Tat translocon [17]. Many Tat substrates contain a co-factor in their mature
structure, which is incorporated during the folding process in the cytosol. Folding and assembly
of these Tat substrates are assisted both by the three generic molecular chaperones DnaK, GroEL
and TF, and by substrate specific cytosolic chaperones, so called redox enzyme maturation proteins
(REMPs) [18]. REMPs are additionally involved in the subsequent targeting of Tat substrates to the
Tat translocon [18].
All three generic chaperones are also involved in preventing folding of the secretory proteins that
are exported via the Sec pathway [1]. However, most Proteobacteria possess an additional generic
chaperone, called SecB, that interacts with the Sec machinery to facilitate protein export [1]. SecB
is a homotetrameric chaperone that binds co- and/or post-translationally to newly synthesized
proteins, maintaining them in a translocation competent state for transfer through the narrow
Sec translocon [19]. Crystal structures of tetrameric SecB reveals multiple binding grooves each
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potentially allowing the binding of ~20 amino acids-long extended polypeptides [1]. SecB does
not specifically recognize signal sequences [20] and portions of the mature part of substrates
are probably wrapped around the chaperone tetramer [21,22]. It is considered a promiscuous
chaperone, recognizing short sequences enriched in aromatic and basic residues [23], and is
therefore postulated to be involved in folding of cytosolic proteins as well [24]. SecB is involved
in targeting of secretory proteins to the Sec translocon via its specific interaction with SecA, the
ATPase and motor protein of the system [25]. The observation that the interaction sites of SecB with
the substrate and with SecA significantly overlap hints towards a mechanism of substrate transfer
from SecB to the Sec translocon [26].
In addition to the transport of secretory proteins, the Sec translocon is, together with the insertase
YidC, involved in membrane insertion of inner membrane proteins [27]. As membrane proteins
have the high tendency to aggregate due to their hydrophobic nature, they are targeted in a cotranslation fashion by the ribosome associated and highly conserved Signal Recognition Particle
(SRP), consisting of both protein and RNA [28]. SRP binds to sufficiently hydrophobic sequences as
soon as they emerge from the ribosome and targets the ribosome-nascent chain complexes to the
Sec translocon, through the interaction with its membrane receptor, the GTPase FtsY.

SPECIFIC SECRETION CHAPERONES
In contrast to the generic chaperones that are able to bind a wide range of substrates, highly
specific chaperones usually interact with substrates that are secreted by the specialized secretion
systems. The best-described examples of these specific chaperones are those found in T3S that
mediate the direct injection of proteins, referred to as the effector proteins, into host cells. The
translocation of T3S substrates across both the bacterial cell envelope and the host membrane is
mediated in a one-step mechanism using large, needle-like nanomachines [29].
T3S mediates the export of three distinctive protein groups in a highly sequential manner: first
the needle subunits (early substrates) are exported, followed by the pore-forming subunits that
puncture the host membrane (intermediate substrates), after which the actual effector proteins
(late substrates) are translocated. Each substrate group depends on specific chaperones for
successful export. Needle subunits interact with a structurally conserved chaperone pair to prevent
premature self-assembly through their amphipathic C-terminal helix [30]. Also the hydrophobic
pore-forming substrates strictly depend on conserved homodimeric chaperones, classified as Class
II chaperones, to prevent their premature assembly and degradation [31]. The Class II chaperonesubstrate interface is conserved and consists of a scaffold containing tetratricopeptide repeat (TPR)
motifs, known for their involvement in protein–protein interactions, and an N-terminal hydrophilic
chaperone binding domain (CBD) [32]. However, most information on the mode of substrate
binding and, in particular, the role of T3S chaperones in substrate targeting to the transport
machinery has been obtained for the effector chaperones, referred to as the Class I chaperones.
The majority of these chaperones (the Class IA chaperones) are highly specific, serving a single
31

2

CHAPTER 2

substrate. They are small, usually dimeric, and share very low sequence identity of ~20%, but show
striking structural similarities.
T3S effector substrates typically contain non-cleavable, 15–20 residue long secretion signals at their
N termini, although no clear consensus sequence for these regions has yet been identified [33].
C-terminal from this secretion signal lies the CBD that encompasses 50–100 amino acids. While the
N-terminal secretion signal is sufficient for protein secretion [34], the CBD directs substrates to the
cognate needle complex [35–36]. T3S chaperones probably interact with this CBD via extended
hydrophobic surface areas [37]. Crystallography analysis of different chaperone-substrate
complexes shows that not only the fold of chaperones, but also the binding of the CBDs, wrapped
around the chaperone dimer, follows a conserved principle [38–40]. The functional significance
of the conserved chaperone-CBD structure is not clear. The chaperone SycO of Yersinia has been
shown to keep its substrate YopO in a translocation competent state, as it is prone to aggregate,
due to its hydrophobic domain that is essential for its proper localization after translocation into
host cells [41]. However, nuclear magnetic resonance analysis of the structural and dynamic
changes in the Yersinia effector YopE upon binding of its chaperone SycE revealed that rather than
maintaining an unfolded state in the effector, the secretion chaperone promotes structuring of the
CBD [42]. This supports the hypothesis that the CBD together with the chaperone constitutes a
three-dimensional targeting signal [39].

MYCOBACTERIAL T7S CHAPERONES
T7S substrates

All T7S substrates secreted by the five homologous T7S systems in mycobacteria can be divided into
three protein families, the Esx, the PE/PPE and the Esp proteins. Esx genes are conserved in a wide
range of bacteria and are also substrates of the T7S-like systems in low GC Gram-positive bacteria.
In contrast, pe/ppe genes are mainly found in mycolic acid containing bacteria and Esp proteins are
specific for mycobacteria [43]. Interestingly, in mycobacteria different secretion systems are able to
transport members of the Esx and PE/PPE proteins, while Esp proteins are specifically associated
with the ESX-1 system. The Esx substrates all have a size of ~100 amino acids, whereas the Esp
and especially the PE/PPE proteins greatly vary in length. All Esx proteins and some PE/PPE and
Esp substrates are translated from a bicistronic transcript [44,45]. These co-transcribed substrates
form heterodimers in the cytosol and are thought to be secreted as (partially) folded heterodimers,
as they are co-dependent on each other for secretion. Examples of heterodimeric substrates are
the ESX-1 dependent heterodimers EsxA/EsxB [46] and EspA/EspC [47], and the ESX-5 dependent
PE25/PPE41 [48]. Although belonging to different protein families both Esx and PE/PPE pairs show
a striking structural resemblance (Fig. 1) [43]. Solved structures of different Esx pairs show a highly
conserved fold, in which dimerization is mediated by a helix-turn-helix motif of both proteins,
oriented in an antiparallel manner (Fig. 1) [46,52,53]. The double helix structures cover almost the
complete protein sequences, excluding short flexible N- and C-termini. This is different for the PE
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and PPE proteins, which are named referring to the presence of a conserved proline-glutamic acid
(PE) and proline-proline-glutamic acid (PPE) motif. For these proteins, only the N-terminal ~110
and ~180 amino acids long PE and PPE domains, respectively, are highly conserved on sequence
and structural level (Fig. 1) [48,54]. For the more variable C-terminal domains [45] no structural
information is currently available. While the PE domain consists of two alpha helices, the PPE
domain contains five alpha-helices, of which helix α2 and α3 mediate dimerization with the PE
partner, forming the four-helix bundle similar to Esx pairs [48,54]. The fourth and fifth alpha helix
of the PPE domain form an extending hydrophobic tip. Of the final group of substrates, the ESX-1
specific Esp proteins, only structural information is available for monomeric EspB (Fig. 1) [15,50].
Interestingly, the EspB structure shows a PE/PPE-dimer like fold, suggesting this protein is secreted
as a monomer. In addition, structural predictions by Phyre2 [55] and SWISS-MODEL of dimeric Esp
substrates, such as EspA/EspC and EspE/EspF, indicate similar alpha-helical folds as PE/PPE proteins,
suggesting this is a conserved structural feature of all T7S substrate families.

Fig. 1. Crystal structures of representative T7S substrates showing conserved folds and the EspG binding site.
Ribbon representations of EsxA/EsxB of M. tuberculosis (PDB 3FAV) [49], PE25-PPE41 in complex with their chaperone
EspG5 of M. tuberculosis (PDB 4KXR) [15], and EspB from Mycobacterium smegmatis (4WJ1) [50]. Notably, the C-terminal
11, 12, 8, and 20 residues of EsxA, EsxB, PE25, and PPE41, respectively, and the N-terminal 6 amino acids of PE25 are
disordered in the structures. The structure of EspB lacks a C-terminal domain of 233 residues. Secretion signal motifs
YxxxD/E [51] are shown in red.
N, N-terminus; C, C-terminus.
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The Esx, PE and Esp substrates all have a conserved secretion motif, containing a tyrosine residue
and a negatively charged residue separated by 3 random amino acids (YxxxD/E), which is essential
for secretion. This motif is positioned directly C-terminal to the helix-turn-helix of one of the partner
proteins, for example, in EsxB for EsxA/EsxB, EspC for EspA/EspC and always in the PE proteins for
PE/PPE dimers (Fig. 1) [51]. The secretion signal is possibly longer than the YxxxD/E motif, consisting
of additional hydrophobic residues that together with the conserved Y and D/E residues are
aligned at one side of the C-terminal part of alpha helix 2 [49]. Accordingly, the most C-terminal
amino acids of EsxB, C-terminal to the YxxxD/E motif, are required for secretion [56] and are able
to interact with the membrane complex associated ATPase EccC, involved in substrate recognition
and transport (see Fig. 3) [57]. Swapping the C-terminal region containing the secretion signal of
two PE substrates of different ESX systems does not affect their secretion nor system specificity in
the model organism Mycobacterium marinum, suggesting this motif is a general secretion signal
in T7S [51].
Possible chaperone roles of specific substrates

While it is still unclear to what extent heterodimeric substrates remain intact after secretion is
completed, it is possible that one of the proteins, for example, the protein containing the general
secretion motif, acts as the chaperone to facilitate the secretion of the partner protein. Indeed,
whereas for EsxA a distinctive role in virulence has been described, this is not the case for EsxB,
the protein that contains the general secretion motif [58,59]. EsxA and EsxB have an extensive
hydrophobic contact surface and form a tight (Kd ≤ 11 nM) soluble complex when co-expressed
[46,60]. Interestingly, while monomeric EsxB is soluble and relatively unstructured when expressed
in Escherichia coli in the absence of EsxA, monomeric EsxA is highly insoluble when expressed
without EsxB [60], supporting the hypothesis that EsxB prevents aggregation of EsxA. The unusual
feature of these potential chaperones that they are co-secreted with their specific substrates could
be explained by the hypothesis that they are additionally required to translocate the substrates
across the mycobacterial outer membrane.
Another intriguing feature of T7S substrates, particularly of the ESX-1 system, is that not only
paired but also unpaired substrates are co-dependent on each other for secretion, for example,
the secretion of EspA/EspC in M. tuberculosis is affected by mutations in esxA/esxB and vice versa
[61,62]. Although most extensively documented for ESX-1, also some level of co-dependency has
been observed for other ESX systems [63–65]. In particular, a four-gene region, duplicated from
the esx-5 gene locus and encoding two Esx, a PE and a PPE protein, but also the ESX-5 substrate
PPE38 have been shown to be crucial for the ESX-5 dependent secretion of the major subgroup
of PE substrates, the so-called PE_PGRS proteins [63,65]. While the extend of this co-dependency
is still not clear, the general notion emerges that the Esx substrates are strictly required for the
secretion of the other substrates of the same system. Together with the fact that the Esx proteins
are amongst the most conserved T7S proteins, this raises the possibility that Esx pairs are involved
in facilitating the secretion of the other substrate families, perhaps by a chaperone-like activity. As
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there is still no clear insight into the mechanism of and hierarchy in substrate co-dependency, it
complicates not only the analysis of the role of individual substrates, but also the mechanism of
T7S, as a mutation in, for example, specific chaperones will also affect the secretion of substrates
that do not interact with this chaperone.
EspG, a dedicated chaperone for PE/PPE substrates

Unlike Esx pairs that are usually soluble when co-expressed in E. coli, most PE/PPE pairs are insoluble
when co-expressed under similar conditions, also when their variably C-terminal domains are deleted
[48]. Evidence is accumulating that a dedicated chaperone, called EspG, is keeping members of this
substrate family in a translocation competent state. Notably, the name Esp (ESX-1 specific protein)
was given to all proteins, secreted and non-secreted, that were thought to be specific for the ESX-1
system [66]. While EspG was initially also considered an Esp, we now know that four of the five ESX
systems contain an EspG protein, albeit with very low amino acid conservation. As also seen for,
for example, T3S effector chaperones, these EspG proteins are despite this low conservation highly
similar in structure (Fig. 2) [14,15]. While initial studies already illustrated the importance of EspG5 in
the secretion of several ESX-5 substrates in the model organism M. marinum [70], the observation
that the deletion of espG1 decreases the stability of the ESX-1 substrate PPE68 in M. tuberculosis [71]
was the first hint of a specific chaperone-like activity. Subsequently, EspG chaperones were shown
to specifically interact with PE/PPE pairs that are secreted by the respective secretion system in M.
marinum [13]. In addition, co-expression of EspG-PE/PPE sets in E. coli were shown to increase the
solubility of the cognate PE/PPE substrates [15]. Based on these data, together with the observation
that EspG is strictly cytoplasmic, it was hypothesized that EspG is required for the recruitment of the
PE/PPE pairs to the cognate membrane embedded secretion complex, after which it dissociates
from these substrates [13]. The crystal structure of EspG5 in complex with the PE25/PPE41 dimer
subsequently revealed that the chaperone exclusively binds to the hydrophobic tip of helices α4
and α5 of the PPE domain of PPE41 (Fig. 1) [14,15]. The observation that binding of EspG5 does not
introduce conformational changes to the PE/PPE dimer, but increases the solubility of the protein
pair [15], suggests that EspG prevents self-aggregation via the hydrophobic tip of the PPE protein.
This potential function of EspG chaperones is similar to that of the T3S effector chaperone SycE that
prevents aggregation of its substrate YopO [41].
Based on the observation that EspG proteins specifically interact with PE/PPE pairs of their
respective system, EspG was hypothesized to be involved in determining system specificity of these
substrates. Indeed, we recently showed that the ESX-1 dependent substrate pair PE35/PPE68_1
could be rerouted to the ESX-5 system of M. marinum by replacing the EspG1 binding domain of
PPE68_1 with the equivalent EspG5 binding domain of the ESX-5 substrate PPE18 [16]. This domain
replacement makes the PE35/PPE68_1 protein pair independent of both EspG1 and the ESX-1
membrane complex but instead dependent on EspG5 and the ESX-5 complex for secretion. These
findings indicate that EspG not only is required for the solubility of PE/PPE complexes, but also that
it specifically directs these protein pairs to their respective ESX-system. A similar role in determining
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Fig. 2. Structures of (potential) T7S chaperones. Ribbon representations of the solved crystal structures of EspG5 of
M. tuberculosis (selected from PDB 4KXR) [15], EspG3 of M. tuberculosis (4W4I) [14], and YbaB from H. influenzae (PDB
1J8B) [67], and predicted homologous models to YbaB of EspL (coverage of by 81% by residue 10-109; produced by
SWISS-MODEL) [68], EspD (coverage of 38% by residue 65-134; produced by Phyre2) and EspH (coverage of 39% by
residue 66-137; produced by Phyre2) of M. tuberculosis. Notably, although YbaB and EspL are able to form homodimers
[67,68], this has not been observed for EspH [69]. We therefore only show the monomeric structures for these proteins
to emphasize the structural resemblance. N, N-terminus; C, C-terminus.

system specificity has been observed for the CBD of T3S effectors [36]. The question remains
how the other substrate groups, especially the Esx proteins that lack a hydrophobic helical tip,
are specifically recognized. While their C-terminal secretion signal could still be involved, another
possibility is that Esx proteins are guided to the cognate secretion machinery by other substrates
of the same system (see Fig. 3).
EccA

The second ESX conserved cytosolic component, which could potentially execute a chaperonelike activity, is EccA, an ATPase belonging to the AAA+ (ATPases Associated with diverse cellular
Activities) protein family. All EccA homologs consist of two domains with the C-terminal domain
containing the typical AAA+ ATPase characteristics, such as the walker and oligomerization motifs,
and the N-terminal domain containing 6 tandem TPR motifs [73]. Similar to other AAA+ ATPases,
the ATPase domain of EccA1 has been shown to mediate homohexamerization [74]. The role of
EccA in secretion remains unclear. While some studies showed that EccA1 and EccA5 are required
for the secretion of different ESX-1 and ESX-5 substrates, respectively [75–78], other studies
showed that they are dispensable for secretion [11,79]. This discrepancy could be explained by
our recent observation that the importance of EccA1 for ESX-1 mediated secretion in M. marinum
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Fig. 3. Working model for substrate
recognition and targeting in type VII
secretion. The three T7S substrate
families, the Esp, Esx, and PE/PPE
proteins, are generally exported as
heterodimers by the T7S secretion
machinery. While dimerization occurs
via a conserved four-helix bundle fold,
Esp, and PE/PPE proteins additionally
contain highly variable C-terminal
domains. Substrate recognition occurs
via a C-terminal secretion motif on one
of the dimer subunits (indicated by a red
box). The cytosolic component EspG
specifically recognizes a conserved
hydrophobic helical tip in PPE proteins
and possibly mediates targeting of PE/
PPE substrates to the cognate
membrane channel. Esp substrates also
require
binding
of
dedicated
chaperones, possibly to a similar helical
tip structure, to prevent their premature
self-assembly. While the core membrane
channel consists of the conserved
membrane components EccB, EccC,
EccD, and EccE [11,12], the fifth
conserved membrane component, the
protease MycP, while essential for
secretion, is not an integral part of this
complex [72]. The three nucleotide
binding domains of EccC are likely
involved in energizing translocation of substrates through this channel. In this model, the T7S membrane complex
mediates transport only across the inner membrane, while a so far unidentified separate channel mediates
translocation across the outer membrane. The observed interaction between the secretion signal of an Esx pair with
EccC in vitro [56,57] is indicated by an arrow. Arrows with question marks indicate the potential interactions between
the different substrate families, of the other substrates with EccC and of the postulated specific interaction of PE/PPE
pairs with the cytosolic ATPase EccA. IM, inner membrane; OM, mycobacterial outer membrane.

varies between different growth media [69]. In line with the central role of an AAA+ ATPase in the
disassembly the T6S secretion apparatus [80], a role of EccA in the disassembly of the EspG-PE/PPE
complex upon targeting to the T7S membrane complex has been proposed [14]. This hypothesis
is supported by the observation that EccA proteins are encoded only in ESX gene clusters that also
encode PE and PPE proteins [43].
Specific chaperones for Esp substrates

As already mentioned, the structure of monomeric EspB shows striking structural resemblance to
PE/PPE pairs, including the presence of a two-helical hydrophobic tip (Fig. 1) [50,81]. Interestingly,
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EspB has been shown to multimerize upon secretion and forms heptameric ring-shaped particles
upon overexpression in E. coli, as visualized by negative stain EM [50,81]. Modeling the solved
crystal structure of monomeric EspB within these EM images produces an arrangement where
the hydrophobic helical tips of EspB are tightly packed. From this finding, it was postulated that
a specific chaperone is required to prevent premature self-assembly via this hydrophobic tip,
similarly as EspG for PE/PPE substrates. In this respect, the putative chaperone for EspB could have
a comparable function as the chaperones of T3S pore-forming substrates (see above).
While a dedicated chaperone for EspB has not been identified yet, stable expression of the substrate
pair EspA/EspC in M. tuberculosis is dependent on the presence of another ESX-1 associated protein
EspD, that is co-transcribed with the substrate pair [82]. This indicates that EspD is a dedicated
chaperone for EspA/EspC. EspD shows 55% sequence identity with another small protein, EspH,
encoded from a gene sharing an operon structure with espG1 and eccA1. Our recent analysis of an
espH deletion mutant in M. marinum shows an abolished expression and secretion of EspE/EspF and
we could furthermore show that EspH remains in the mycobacterial cytosol, where it specifically
interacts with EspE [69]. Using Phyre2 [55], we discovered that EspH and EspD are predicted to
share structural similarity to YbaB of Haemophilus influenza and E. coli, a widely-distributed DNAbinding protein involved in regulation of gene expression (Fig. 2) [67,83]. However, more recent
studies, showing that YbaB of E. coli interacts and is a target of ClpYQ proteases [84] and enhances
heterologous membrane protein production [85], indicate a more complex function. Interestingly,
a structural study of the ESX-1 associated EspL also revealed a high resemblance to YbaB (Fig. 2)
[68], making it tempting to speculate that EspL also functions as a chaperone. It is still unclear
though why these Esp proteins might have a similar fold as a DNA-binding protein. While YbaB and
EspL form homodimers when expressed in E. coli, we were unable to detect dimerization of EspH
upon heterologous expression in M. marinum (Phan and Houben, unpublished results). It therefore
remains uncertain whether these potential structurally conserved Esp chaperones function as
dimers or as monomers.

CONCLUSIONS
Chaperones, in general, interact with their substrates either to ensure their proper folding or
to prevent premature folding and/or assembly to maintain their competence for translocation.
However, while the generic chaperones TF, DnaK, GroEL and SecB are highly promiscuous in
substrate recognition and bind a wide range of proteins, the chaperones involved in specialized
secretion systems are usually more specific for a substrate subgroup or even a single protein. This
difference could be linked to the observation that secretion via specialized secretion systems often
occurs in a highly regulated fashion, requiring specific triggers such as target cell contact, and
that different substrate classes are secreted in a more hierarchical fashion. Dedicated chaperones
could play a central role in both these processes, by regulating the targeting of different substrate
classes to the translocation machinery. For T7S in mycobacteria, the mechanism of substrate
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recognition and targeting seems to be highly complex (Fig. 3). Not only are different substrate
families dependent on each other for secretion, they furthermore rely on dedicated chaperones
for successful export by the cognate secretion machinery. The elucidation of the roles of the
different chaperones in system specific substrate recognition and targeting will be instrumental to
understand the mechanism of T7S across the specific mycobacterial cell envelope.
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ABSTRACT
The growth or virulence of Mycobacterium tuberculosis bacilli depends on homologous type VII
secretion systems, ESX-1, ESX-3 and ESX-5, which export a number of protein effectors across
membranes to the bacterial surface and environment. PE and PPE proteins represent two large
families of highly polymorphic proteins that are secreted by these ESX systems. Recently, it was
shown that these proteins require system-specific cytoplasmic chaperones for secretion. Here, we
report the crystal structure of M. tuberculosis ESX-5-secreted PE25–PPE41 heterodimer in complex
with the cytoplasmic chaperone EspG5. EspG5 represents a novel fold that is unrelated to previously
characterized secretion chaperones. Functional analysis of the EspG5-binding region uncovered
a hydrophobic patch on PPE41 that promotes dimer aggregation, and the chaperone effectively
abolishes this process. We show that PPE41 contains a characteristic chaperone-binding sequence,
the hh motif, which is highly conserved among ESX-1-, ESX-3- and ESX-5-specific PPE proteins.
Disrupting the interaction between EspG5 and three different PPE target proteins by introducing
different point mutations generally affected protein secretion. We further demonstrate that the
EspG5 chaperone plays an important role in the ESX secretion mechanism by keeping aggregationprone PE–PPE proteins in their soluble state.
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INTRODUCTION
Mycobacteria, such as the aetiological agent of human tuberculosis, Mycobacterium tuberculosis, are
a group of unusual Gram-positive bacteria that have remarkably complex cell envelopes. Similar to
protein secretion of Gram-negative bacteria, protein transport across mycobacterial membranes
requires a specialized export machinery known as the type VII secretion or ESX system [1]. The
genome of M. tuberculosis encodes 5 paralogous ESX systems, named ESX-1 to ESX-5. The ESX-1
secretion system is critical for virulence of M. tuberculosis [2,3] and Mycobacterium marinum [4,5]
and is required for bacterial replication in macrophages and phagosomal escape into the cytosol
[6–8]. The ESX-3 locus is involved in iron acquisition and is essential in a number of mycobacterial
species [9–11]. Additionally, the ESX-3 system is implicated in disruption of the Endosomal Sorting
Complex Required for Transport (ESCRT) machinery and arrest of phagosome maturation [12].
In M. tuberculosis and M. marinum the ESX-5 system is associated with virulence mechanisms by
modulating host immune responses to the mycobacteria [13,14]. The functions of the ESX-2 and
the ESX-4 systems in mycobacteria are not yet understood. Each ESX system consists of ATPases,
membrane proteins, a protease, accessory proteins, and transports secreted substrates that lack
classical signal sequences [1].
The most numerous ESX substrates, common to all mycobacterial ESX systems except ancestral
ESX-4, are the PE and PPE proteins. These secreted proteins are named after several highly conserved
residues in their characteristic N-terminal motifs: proline-glutamic acid (PE) and proline-prolineglutamic acid (PPE) [15]. The C-terminal domains of both PE and PPE proteins can be extremely
long and some carry functional domains such as lipase [16–18], aspartic protease [19] and serine
hydrolase [20,21] domains. Although the precise function of these proteins is largely unknown, it
has been demonstrated that various PE/PPE proteins are associated with virulence and persistence
in the host [22]. They are highly abundant in pathogenic mycobacteria, with 100 pe and 69 ppe
genes in M. tuberculosis H37Rv [23]. Based on the phylogenetic analysis of PE and PPE families and
experimental data, it has been suggested that the majority of these proteins are secreted through
the ESX-5 system [24].
Pe/ppe genes are usually organized in bicistronic operons, although this is not universal for all PE/
PPE homologues. It has been shown that M. tuberculosis PE25 and PPE41 form a heterodimer [25].
In the structure these two proteins interact via a hydrophobic interface forming a four-helix bundle
with two α-helices contributed by both PE25 and PPE41 [25]. PE25–PPE41 heterodimer is secreted
by the ESX-5 system of M. tuberculosis [13]. While M. tuberculosis PE25–PPE41 proteins do not have
close homologues in M. marinum [26], when this protein pair has been expressed in M. marinum, it
is also secreted through the ESX-5 system. Based on the fact that ESX-1 and ESX-5 systems secrete
a specific subset of PE/PPE proteins, it has been suggested that PE/PPE proteins encode a secretion
signal, which is recognized by their cognate ESX machinery for export [27,28]. A highly conserved
YxxxD/E motif has been identified in ESX-secreted proteins, including PE proteins [27]. This motif
is required for ESX-specific secretion; however, it does not by itself determine through which ESX
system the PE–PPE pair is transported [27].
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Recently, the ESX-5-encoded EspG protein (EspG5) was found to form a 1:1:1 complex with PE25
and PPE41 [28]. In contrast, EspG5 does not interact with the non-cognate PE–PPE pair secreted
via the ESX-1 translocon [28]. Reciprocally, ESX-1-encoded EspG1 recognizes only its cognate
PE35–PPE68_1 heterodimer (encoded by mmar_0185-mmar_0186 locus). It has been proposed
that EspG functions as a secretion chaperone by binding of the PE–PPE pair and directing it to its
cognate ESX translocation machinery [28].
To gain insight into the functional role of EspG5 in the ESX-5 secretory mechanism, we have solved
the structure of the heterotrimeric complex of EspG5–PE25–PPE41. This novel structure provides
the first snapshot of interactions between one of the key components of the ESX machinery and
ESX secreted proteins. Furthermore, a structure-guided mutational analysis allowed us to identify
a sequence motif in the PPE protein family that is targeted by EspG5. Finally, we show that the
chaperone plays an important role in preventing aggregation of PE–PPE dimers.

RESULTS
Overall structure of PE25–PPE41–EspG5 complex

To understand how PE and PPE proteins are recognized by their cognate EspG chaperones in
molecular details we determined the crystal structures of a PE25–PPE41 dimer in complex with
EspG5. The constructs of full-length M. tuberculosis EspG5 and PE25–PPE41 were expressed in
Escherichia coli and purified. The ternary complex yielded crystals that diffracted to 2.6 Å resolution
(Table 1). The structure of the complex was solved by molecular replacement using the structure
of PE25–PPE41 heterodimer [25] as a search model. We found that EspG5 interacts exclusively with
the PPE41 protein at one end of the elongated PE25–PPE41 heterodimer (Fig. 1). The comparison
of the PE25–PPE41 dimer bound to EspG5 with the previously reported PE25–PPE41 structure (PDB
2G38) showed that the structures are very similar, with an r.m.s.d. of 0.7 Å (PE25) and 1.2 Å (PPE41)
between the dimer and the ternary complex structures. Thus, the binding of EspG5 chaperone
does not cause conformational changes in the PE25–PPE41 dimer. EspG5 binds the PE25–PPE41
dimer at a location that is distal from the C-terminal regions of both PE25 and PPE41, which leaves
the signature ESX secretory motif YxxxD/E of PE25 protein [27] completely accessible for putative
interactions with the secretory machinery. This structural information is in line with the observation
that these regions are not required for binding of EspG [28]. In contrast with PE25–PPE41
heterodimer structure where the YxxxD/E motif (residues 87–91) is disordered, in our structure the
YxxxD/E motif adopts a helical conformation at the C-terminal end of α2 helix of PE25. This helical
conformation of YxxxD/E motif is reminiscent of recently reported crystal structures of ESX-secreted
proteins: M. tuberculosis EsxO–EsxP (PDB 4GZR) and EsxA–EsxB (PDB 3FAV), and M. smegmatis EsxG–
EsxH (PDB 3Q4H) where YxxxD/E motifs also form helical structures [32,33]. Therefore, the helical
conformation of the YxxxD/E motif may be a general feature of proteins secreted by ESX systems.
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Fig. 1. Crystal structure of the M. tuberculosis PE25–PPE41–EspG5 complex. Ribbon representation of the complex
in two views related by ~180° rotation. EspG5 interacts with PPE protein on the opposite side from the conserved
YxxxD/E and WxG motifs of PE25–PPE41 dimer.
Table 1. Data collection and refinement statistics
PE25–PPE41–EspG5 (PDB 4KXR)
Data collection
Wavelength (Å)

0.9790

Space group

P6122

Cell dimensions:
a, b, c (Å)
α, β, γ (°)

139.10, 139.10, 171.01
90, 90, 120

Resolution (Å)

49.24–2.60 (2.67–2.60)a

Rsym

0.120 (1.535)

CC1/2b

99.8 (66.4)

I/σI

15.8 (1.8)

Completeness (%)

99.9 (99.2)

Multiplicity

10.9 (10.9)

Refinement
Resolution (Å)

49.24–2.60

No. reflections (total/free)

30602/1553

Rwork/Rfree

0.194/0.244
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PE25–PPE41–EspG5 (PDB 4KXR)
Number of atoms:
Protein
Ligand/ion
Water

4135
0
109

B-factors:
PE25
PPE41
EspG5
Water
All atoms
Wilson B

65.6
50.1
74.9
47.8
64.6
60.3

R.m.s. deviations:
Bond lengths (Å)
Bond angles (°)

0.009
1.266

Ramachandran distributionc (%):
Favoured
Outliers

96.57
0.19

Values in parentheses are for the highest-resolution shell.
CC1/2 correlation coefficient as defined in [29] and calculated by XSCALE [30].
c
Calculated using the MolProbity server (http://molprobity.biochem.duke.edu) [31].
a

b

Structure of EspG5 reveals a novel fold

The structure of EspG5 consists of two halves, or subdomains, that are related by a pseudo twofold
symmetry (Fig. 2 and Fig. S1) and can be superimposed with an r.m.s.d. of 3.8 Å and 13% sequence
identity between 88 aligned residues (Fig. 2B), indicating that the EspG family of proteins probably
evolved by intergenic duplication event. The central continuous anti-parallel β-sheet is composed
of β-strands β1 and β4–β7 from the N-terminal half and β8–β13 from the C-terminal half. Two
helical bundles are located on the opposite sides of the front surface of the central β-sheet. The
N-terminal helical bundle contains α-helices α1–α3, a 310-helix η1 and a β-hairpin β2–β3. The
C-terminal helical bundle is composed of α-helices α5–α7 and a 310-helix η2. The α-helices α4
and α8 are packed against the back surface of the central β-sheet. A search using the Dali [34] and
PDBeFold [35] servers did not reveal any close structural homologues of EspG5.
Analysis of EspG5–PPE41 interface

The interface between EspG5 and PPE41 buries 2,880 Å2 of solvent-accessible surface area as
calculated by the PISA server [36]. Overall, 45 residues from EspG5 and 34 residues from PPE41 are
engaged in multiple hydrophobic interactions, a number of hydrogen bonds and 3 salt bridges
(Fig. 3). The ‘tip’ of PPE41 composed of helices α4 and α5 is inserted in a deep hydrophobic groove
formed by the central β-sheet and the C-terminal α-helical bundle of EspG5. Additional interactions
form between helix α5 of PPE41 and the N-terminal α-helical bundle of EspG5, and between the
N-terminal ‘hook’ of PPE41 and the long β4–β5 loop strands of EspG5. Notably, the β4–β5 loop of
EspG5 projects away from PPE41 forming a cleft between the two proteins. Additional interactions
between the β4–β5 loop of EspG5 and PPE41 may occur in solution, because the observed ‘outward’
orientation of β4–β5 loop is stabilized by crystal contacts.
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Fig. 2. Structure of EspG5 represents a novel fold with quasi twofold symmetry.
A. Ribbon representation is coloured in rainbow colours from N-terminus (blue) to C-terminus (red). Secondary
structure elements are labelled α1–α8 and β1–β13. The disordered loops are indicated as dashed lines. The two
views are related by ~90° rotation.
B. Stereo view of the structural superposition of the N-terminal (blue) and the C-terminal (orange) subdomains of
EspG5.

In the ‘lower’ part of the interface, the loop between helices α4 and α5 of PPE41 is almost
completely shielded by interactions with EspG5. Interestingly, the conformation of the α4–α5 loop
of PPE41 is preserved both in the apo- and EspG5-bound structures. This conformation is stabilized
by a hydrogen-bond network between the side-chains of N123 and T129, carbonyl of G126, and
the main chain N of F128 of PPE41 (Fig. 3C). In addition, another hydrogen-bond network is formed
in the PPE41–EspG5 complex, which involves the main chain carbonyl of L125PPE41 and the sidechain of Q127PPE41, and the main chain N and carbonyl of V241EspG5 and the side-chain of Q256EspG5
(Fig. 3C). While the interactions in the ‘lower’ part of PPE41–EspG5 interface are hydrophobic, the
‘upper’ part of the interface displays complementary charged areas, with 3 salt bridges formed
by D134PPE41–K235EspG5, D140PPE41–R109EspG5, and D144PPE41–R27EspG5 (Fig. 3A). Therefore, hydrophobic
interactions, as well as hydrogen bonds, shape, and electrostatic complementarity, all contribute
to stabilization of the PPE41–EspG5 complex.
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Fig. 3. The interface between EspG5 and PPE41.
A. An ‘open book’ view of the PPE41–EspG5 complex.
Contact residues in the interface are coloured in light
blue (PPE41) and purple (EspG5). Atoms participating in
intermolecular salt bridges are coloured in red and blue.
B. EspG5 and PPE41 are shown in the same orientation
as in panel (A). The surface is coloured according to
electrostatic surface potential contoured at ± 5 kT e−1,
with red corresponding to a negative and blue to a
positive potential. The contact areas are indicated by
black lines.
C. EspG5 is shown in surface representation as in
panel (B), PPE41 is shown in ribbon representation
(blue). Residues in α4–α5 loop are shown in stick
representation. Hydrogen bonds are shown as black
dashed lines.
D. SDS-PAGE analysis of co-purification of EspG5 and
PE25–PPE41 mutant variant dimers. Proteins were
purified by affinity chromatography from the lysate of
E. coli strain expressing N-terminally His-tagged PE25,
PPE41 and EspG5. Note that PPE41L125E has an altered
mobility on SDS-PAGE.

Fig. 4. Isothermal calorimetry of PE25–PPE41 with
EspG5. EspG5 (100 μM) was injected into a solution of
PE25–PPE41 (10 μM) containing the same buffer. The
resulting isotherm data were fit to a single-site model,
which gave an average dissociation constant of 48.1 nM.
One representative data set is shown here.
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Substitutions in EspG5–PPE41 interface disrupt complex formation

To confirm that the interface between EspG5 and PPE41 is physiologically relevant, we introduced
L125E, L125R and T129D/A130R amino acid substitutions in PPE41. L125, T129 and A130 are
located in the loop between helices α4 and α5 of PPE41 and are involved in interactions with EspG
(Fig. 3C). The mutant variants of PE25–PPE41 and EspG5 were expressed in E. coli and employed
for pull-down experiments (Fig. 3D). Using CD spectroscopy we confirmed that the introduced
mutations did not alter the secondary and tertiary structural features of PE–PPE heterodimers
(Fig. S3). However, our pull-down experiments confirmed that, although the structure and dimer
formation was similar, these mutations abolished EspG5 binding to PE25–PPE41. In addition, we
analysed EspG5 binding to PE25–PPE41 using isothermal titration calorimetry (ITC). We found that
the chaperone binds to PE25–PPE41 with high affinity with a dissociation constant of 48 nM (Fig. 4
and Table S1). However, we did not detect any EspG5 binding to the PE25–PPE41 variants with the
mutations in the interface. Therefore, the interface we identified in our crystal structure is relevant
for complex formation in vitro.
Analysis of the EspG-binding region on PPE proteins

It has been shown that EspG5 does not interact with the M. marinum PE35–PPE68_1 dimer
secreted via the ESX-1 system [28]. We found that when PE35–PPE68_1 is coexpressed with EspG5,
the heterodimer is insoluble and does not bind the chaperone. However when it is coexpressed
with EspG1, the heterodimer is soluble and binds the chaperone (Fig. S4). We further extended
this observation and analysed coexpression of the ESX-3-specific PE–PPE pair, PE5–PPE4, either
with EspG3 or with EspG5 chaperones. Similar to the ESX-1-specific heterodimer, PE5–PPE4 does
not recognize EspG5, but binds the cognate chaperone (Fig. S5). These data suggest that EspG5
interacts exclusively with the ESX-5 secreted PE–PPE proteins.
We hypothesized that each ESX-specific family of PPE proteins could contain a specific sequence,
possibly the chaperone binding region, recognized by their cognate chaperone. Based on
phylogenetic analysis of the PPE proteins encoded by the M. tuberculosis genome it has been
predicted that ESX-3 and ESX-5 clusters may secrete nine and more than 46 PPE proteins,
respectively, whereas the ESX-1 cluster is predicted to be involved in the secretion of a single PPE68
protein in M. tuberculosis [23]. Using our EspG5–PPE41 structure as a guide and considering the
sequences of the ESX-5-specific PPE proteins, we analysed the EspG5 binding region in the PPE
proteins. This region comprises 25 amino acid residues of PPE41 (Fig. 5 and Fig. S2).
Next, the identified region was searched in the aligned sequences of the PPE proteins that
belong to the ESX-3- and ESX-1-specific PPE subfamilies. Because PPE68 is the only ESX-1-specific
PPE protein in M. tuberculosis, we extended our analysis by including the ESX-1-specific PPE
homologues from other mycobacteria (Fig. S6). To understand the mechanism of PPE proteins
recognition by EspG5, we looked for PPE residues in the identified region that distinguish ESX5 secreted proteins from all other PPE proteins in mycobacteria. Surprisingly, we found that this
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Fig. 5. EspG5-binding region of PPE41. The sequence conservation of the EspG5 binding site is displayed as a
sequence logo (http://weblogo.berkeley.edu) [37] based on the sequence alignments of ESX-5- and ESX-3-specific
PPE proteins of M. tuberculosis H37Rv and ESX-1-specific PPE68 homologues from mycobacteria (Figs S2, S6 and S7).
Secondary structure elements of PPE41 are shown at the top. Black diamonds indicate residues that were subjected
to mutational analysis (Table and Fig. 3C, Figs S8, S9 and S10).

region is highly conserved among PPE proteins of ESX-3 and ESX-1 families, except three residues,
127, 130 and 131 (numbering corresponds to PPE41 sequence), that are located in the α4–α5 loop
of PPE41 (Fig. 5, Figs S6 and S7). Q127 is present in 41 PPE proteins out of 46 analysed ESX-5-specific
family members. The majority of analysed ESX-3 and ESX-1-specific PPE proteins have isoleucine
in this position. The position 130 is occupied by small non-polar amino acids such as alanine or
proline, and rarely by serine or glycine in the ESX-5-specific PPE proteins. In contrast, the majority
of the ESX-3- and ESX-1-specific PPE proteins have isoleucine in this position. Finally, alanine most
frequently occupies position 131 in the ESX-5-specific PPE proteins, whereas PPE41 has glutamine
in this position. However, all ESX-3-specific PPE proteins and the majority of ESX-1-specific PPE
proteins (17 out of 22 PPE proteins) have proline in this position.
To examine whether Q127I, A130I and Q131P amino acid substitutions disrupt EspG5 recognition
of PPE41, we introduced single, double or triple amino acid substitutions in PPE41 (Table 2 and
Fig. S8). These PE25–PPE41 mutant variants were coexpressed with EspG5 in E. coli, and analysed
by pull-down experiments. Remarkably, we found that all PPE41 mutant variants bind to EspG5.
Moreover, even multiple substitutions in PPE41 that matched the ESX-1/ESX-3 PPE sequence
region did not disrupt the interaction with EspG5 (Table 2 and Fig. S8).
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Table 2. Analysis of PE25–PPE41–EspG5 interactions in vitro

Therefore, our data indicate that EspG5–PPE
interactions are characterized by a striking
structural plasticity that allows contact
points of PPE to adapt multiple amino
acid substitutions. This propensity of the

PPE41 variant

Interaction

WT a

+

L125E

–

L125R

–

T129D/A130R

–

EspG5–PPE interactions is likely to facilitate

Q127I

+

Q127I/F128N

+

A130I

+

Q127I/A130I

+

EspG5-specific recognition of multiple PPE
members of ESX-5 family. Furthermore we
found that the sequence variability in the

Q127I/F128N/Q131P

+

Q127I/F128N/A130I/Q131P

+

A124F/L125F/Q127I/F128N

+

A124F/L125F/Q127I/F128N/A130I/Q131P

+

EspG5-binding region of PPE proteins does
not determine the specificity of recognition
by the chaperone. This observation suggests

that EspG5-binding domain is not a linear
sequence,
but rather a conformational
A124L
+
motif recognized by the chaperone. The
A124L/L125F
+
α4–α5 region of PPE proteins of ESX-1 and
A124F/L125F
+
ESX-3 families is likely to have the distinct
A124W/L125F
+
conformational topology that is determined
Interactions of PE25–PPE41 with EspG5 were analysed using
pulldown experiments presented in Fig. 3C, Figs S8, S9 and S10.
by PE–PPE sequence differences located
a
WT: wild type.
outside of this region. The differences in the
3D shape of the binding domain might preclude the accessibility of this region for non-cognate
chaperone recognition.
EspG5 protects PE–PPE from self-aggregation

PE25–PPE41 heterodimer can be expressed independently of EspG5 in E. coli and purified in soluble
form [25]. However, we observed that other PE–PPE family proteins required coexpression of their
cognate EspG chaperones for soluble expression. For example, coexpression of the ESX-1-specific
M. marinum PE35–PPE68_1 heterodimer in the absence of its cognate chaperone in E. coli resulted
mainly in the production of insoluble proteins. When PE35–PPE68_1 pair was coexpressed with
EspG1, we obtained a highly soluble and stable heterotrimer (Fig. S4). These observations suggest
that EspG promotes PE–PPE heterodimer folding/stability. Interestingly, analysis of the EspG5binding region in 46 ESX-5-specific PPE family members revealed that PPE41 is unique among
PPE proteins. All members of the PPE family, except PPE41, are characterized by large non-polar
residues in positions 124 and 125 located in the loop between helices α4 and α5 of PPE41 (Fig. 5
and Fig. S2). In addition, the hydrophobic residues are also present in equivalent positions in the
ESX-1- and ESX-3-specific members of PPE family (Fig. 5, Figs S6 and S7). This observation led us to
hypothesize that PPE proteins are unstable without the chaperone because of this hydrophobic
motif, which we designated as the hh motif, where h is an aliphatic or aromatic amino acid. It is
possible that EspG binding to PPE shields this hydrophobic patch thus preventing self-association
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and non-productive inter-molecular interactions
in the mycobacterial cytoplasm. To test this
hypothesis, we replaced PPE41 A124 and L125 with
large non-polar amino acid residues that are more
frequently present in other members of the ESX-5specific PPE family. His-tagged mutant variants of
PE25–PPE41 complexes with A124L, A124L/L125F,
A124F/L125F or A124W/L125F substitutions were
expressed in E. coli in the presence or absence of
EspG5 and purified by affinity chromatography. We
found that coexpression of the PE25–PPE41 mutant

Table 3. Hydrophobic substitutions in the hh
motif reduce solubility of PE25–PPE41
PPE41 variant

Protein yield (mg × g−1)

WT

3.6

a

A124L

2.9

A124L/L125F

1.0

A124W/L124F

0.9

The PE25–PPE41 variants were purified under identical
conditions and the total protein yield was calculated
(Fig. S9).
a
WT: wild type.

variants with increased hydrophobicity in the α4–α5 loop of PPE41 with EspG5 yielded soluble
PE41–PPE25–EspG5 heterotrimers (Fig. S9). In contrast, expression of PE25–PPE41 mutant variants
in the absence of EspG5 resulted in accumulation of significant amounts of insoluble PE25–PPE41
proteins and progressively decreasing yield of soluble heterodimer (Table 3 and Fig. S9). Moreover,
examination of the soluble PE25–PPE41A124L mutant complex by size-exclusion chromatography
revealed the presence of large molecular weight protein aggregates that eluted near the column’s
void volume (Fig. 6). In contrast, PE25–PPE41 WT complex did not aggregate at the same protein
concentration (Fig. 6). These experiments indicate that the hh motif promotes aggregation and,
by increasing hydrophobicity of the hh motif, the heterodimer becomes more dependent on the
EspG chaperone for folding/stability.
As a further test, we examined whether purified EspG5 is capable of rescuing the PE25–PPE41A124L
aggregates. EspG5 was incubated with PE25–PPE41A124L aggregates and the sample was analysed
by size-exclusion chromatography (Fig. 6). We found that incubation with EspG5 resulted in PE25–
PPE41 disaggregation and formation of a PE25–PPE41–EspG5 complex (Fig. 6). This experiment
provides further evidence that EspG5 acts as a molecular chaperone for PE–PPE dimers by binding
and protecting the aggregation-prone hh motif on PPE proteins, thereby keeping the dimers in a
secretion-competent state.
Effect of mutations in the PPE41 interface on PE25–PPE41 secretion

It has been reported that EspG5 is dispensable for PE25–PPE41 secretion via ESX-5 in M. tuberculosis
[13]. However, we have previously demonstrated that expression of PE25 and PPE41 proteins in
non-native host M. marinum resulted in their secretion via the ESX-5 system [26] and EspG5mm is
required for this process [24]. To determine the role of EspG5 in PE25–PPE41 secretion and the
function of the hh motif we analysed the secretion of PPE41 interface mutants in M. marinum.
First, we confirmed that M. marinum EspG5 functions similarly in the in vitro binding assays with
M. tuberculosis PE25–PPE41. EspG5 of M. tuberculosis is 97% identical at the amino acid level to the
M. marinum EspG5 (EspG5mma). The analysis of the EspG5–PPE41 interface indicates that EspG5mma
has a single amino acid substitution in the interface – M176, which is unlikely to have an effect on
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EspG5 binding. To confirm that L125E, L125R and
T129D/A130R amino acid substitutions in PPE41
also disrupt the binding of EspG5mma, pull-down
experiments were conducted with the mutant
variants (Fig. S10). This analysis showed that
EspG5mma very likely uses the same interface as M.
tuberculosis EspG5 to bind PE25–PPE41.
Second, we expressed PE25–PPE41 interface
mutants on a plasmid in a WT strain of M. marinum.
The immunoblot analysis of the culture filtrates
and bacterial pellets demonstrated that PE25–
PPE41 variant with L125R substitution was not
secreted, but accumulated in the bacterial pellet
(Fig. 7A). However, the PE25–PPE41 proteins with
L125E or T129D/A130R mutations were detected
in normal amounts in the supernatant, indicating
that these mutations do not impair PE25–PPE41
secretion.

Fig. 6. EspG5 binding to PE25–PPE41A124L mutant
complex induces dis-aggregation of the
heterodimer.
A. Size-exclusion chromatography of PE25–PPE41,
PE25–PPE41A124L mutant, EspG5 incubated with PE25–
PPE41A124L mutant and EspG5.

Because this finding was surprising we also
examined whether the L125E and T129D/A130R
PPE41 mutants still require EspG5 for export. We
analysed the secretion of these PE25–PPE41
interface mutants in the M. marinum EspG5
mutant strain [26]. We found that none of the
PE25–PPE41 mutant variants are secreted in
the espG5 mutant strain (Fig. 7A), indicating that
L125E and T129D/A130R mutations do not seem
to uncouple the dependence of the heterodimer
on EspG5 presence in mycobacteria for its export.
Taking together our results show that the loss of
EspG5 binding to PE25–PPE41 does not necessarily
impair the heterodimer secretion, indicating that
these interactions are not essential for PE25–
PPE41 secretion. Nevertheless, our observation
that PPE L125R mutation completely disrupts the
heterodimer export indicates that the hh motif is
critical for processes of secretion.

B. SDS-PAGE analysis of the peak fractions indicated
(1–4) from the size-exclusion chromatography.
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Fig. 7. Effect of the substitutions in the PPE41 interface on PE25–PPE41 secretion in M. marinum.
A. Immunoblot analysis of PPE41 in culture supernatant and cell pellet fractions of M. marinum WT (left panel) and its
EspG5 transposon mutant (right panel). Equivalent amounts of protein were loaded. GroEL2 and EsxA were used as a
cytoplasmic and secreted fraction controls respectively.
B and C. Analysis of LipY (panel B) and PPE18 (panel C) in culture supernatant and cell pellet fractions of M. marinum
WT. Cell-surface localized LipY was furthermore extracted using the mild detergent Genapol X-080 [18].
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EspG5-binding domain is critical for secretion of other ESX-5-specific substrates

The observation that the interaction between EspG5 and PE25–PPE41 is not strictly required for
ESX-5-dependent secretion is rather unexpected. However, PE25–PPE41 is an unusual substrate,
first of all it is heterologous substrate that is not normally present in M. marinum and in addition
these proteins form a soluble complex in E. coli in the absence of the EspG5 chaperone [25,this
study]. We therefore examined whether EspG5-binding domain is important for secretion of other
PPE proteins that are native substrates of the ESX-5 system in M. marinum. For our analysis we
selected LipYmm (mmar_1547) that has an N-terminal PPE domain and PE31–PPE18 protein pair
(mmar_4241-mmar_4240). LipYmm has previously been shown to be transported to the surface of
M. marinum in an ESX-5-dependent manner. This protein is processed upon secretion to release
the active C-terminal lipase domain [18]. PPE18 is a probable ESX-5 substrate based on proteomic
analysis (L.S. Ates and E.N.G. Houben, submitted).
First, using co-purification analysis of the wild-type PE31–PPE18 and EspG5mm we confirmed
that the chaperone binds this heterodimer and is required for production of soluble complex in
vitro (Fig. S11). In addition, we confirmed that the PPE18 EspG5-binding domain is essential for
the interactions in vitro. We found that PPE18 variants with L125E, L125R or T129D/A130R amino
acid substitutions were produced in the insoluble forms when they were coexpressed with the
chaperone (Fig. S11). These data are consistent with our observation that the chaperone is required
for folding/stability of PE/PPE heterodimers. We did not analyse the binding of EspG5 to LipYmm in
vitro, because the putative PE partner of LipYmm is currently unknown. Then, we analysed the effect
of the substitutions in the hh motif (LipYmmF126E, LipYmmF126R, PPE18L125E, PPE18L125R) and EspG5 binding
site (LipYmmP130D/A131R, PPE18T129D/A130R) on secretion of both LipYmm and PE31–PPE18 (Fig. 7B and C).
Importantly, all substitutions in both substrates completely abolished secretion (Fig. 7B and C).
Therefore, these data show that homologous ESX-5 substrates LipY and PE31–PPE18 are strongly
dependent on EspG5 binding for secretion.

DISCUSSION
During infection pathogenic mycobacteria depend upon several related secretion pathways,
ESX-1, ESX-3, and ESX-5, that are involved in translocation of multiple protein substrates across
their complex cell envelope. A majority of ESX secreted effectors identified so far are members of
either the WXG100 or PE/PPE protein superfamilies that share a similar structural fold and possess
a signature YxxxD/E motif required for secretion [27]. These protein families have similar folding
characteristics and both belong to the so-called EsxAB clan (http://pfam.xfam.org/clan/EsxAB). PE
and PPE proteins represent two highly polymorphic protein families that are widely distributed in
pathogenic mycobacteria, comprising nearly 10% of the coding capacity of M. tuberculosis and
M. marinum genomes [15,38]. The ESX-5 pathway has been implicated in the export of a majority
of PE and PPE proteins [13,24]. Furthermore, the genes encoding PE/PPE are often located next
to the gene encoding the cytoplasmic protein EspG. Recent work in the field has identified EspG
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as a binding partner of PE–PPE dimers [28]. In contrast, EspG does not interact with the secreted
substrates that belong to WXG100 family [28].
In this study we report the crystal structure of the ESX-5-specific PE25–PPE41 heterodimer in
complex with EspG5. A notable feature of the chaperone is a novel EspG fold with the unexpected
internal quasi twofold symmetry. Importantly, the EspG fold is unrelated to the structures of
chaperones from other bacterial secretion systems. The structure of the heterotrimer reveals that
EspG5 binds PE25–PPE41 at the tip of the complex, interacting solely with PPE41. The conserved
ESX secretory signal YxxxD/E is located on the opposite part of the PE25–PPE41 complex and is not
obstructed by EspG5.
Structural data together with PPE41 mutant and sequence analyses of PPE proteins from different
ESX clusters allowed us to identify a specific region within the ESX-5-specific PPE proteins
recognized by EspG5 chaperone. Surprisingly, we found that this region is well conserved among
the ESX-1, ESX-3 and ESX-5-specific PPE proteins. No amino acid residue in the region was found to
define the specificity of EspG5 recognition of ESX-5-encoded PPE proteins. Nevertheless, no crossinteractions were observed between non-cognate EspG5 and PPE proteins encoded by ESX-1 and
ESX-3 clusters. These data indicate that structural elements outside the binding region differentiate
ESX-5-specific PPE proteins from ESX-1- and ESX-3-encoded homologues for EspG5 binding. Thus,
the mechanism of substrate recognition by EspG5 may incorporate two unique features: the
conservative binding region within PE–PPE dimer that is in the direct contact with the chaperone
and the PE–PPE scaffold that does not contact the chaperone, but presents this region for
chaperone binding and determines the specificity of recognition. The conserved nature of EspG5binding region suggests that it may be an important determinant of ESX secretion mechanism.
What is the function of the chaperone during ESX mediated secretion? Of significance for EspG5
functioning is the fact that it binds PE25–PPE41 tightly in the nanomolar range of the affinities
as determined by our ITC analysis, strongly indication that these interactions occur in vivo, an
observation which is also confirmed by previous pull-down experiments [28]. Based on the fact
that EspG is strictly located in the cytosol and interacts only with cognate PE–PPE complexes, it
seems likely that EspG acts as a chaperone to escort PE–PPE dimers to their cognate ESX secretion
machinery where the membrane complex recognizes YxxxD/E secretory signal and releases EspG
from the heterotrimer, possibly with the help of the ESX-associated ATPases. Subsequently, the
PE–PPE dimer would be exported through the membrane and EspG recycled for the next round
of binding. It has been suggested that EspG might provide PE–PPE with an additional secretion
signal, which specifies the proper ESX pathway for export. If this hypothesis is correct, the
chaperone interactions with PE–PPE should be indispensable for the dimer secretion via cognate
ESX system. Our in vivo analysis indicates that EspG5 binding is required for secretion of ESX-5specific substrates, LipY and PE31–PPE18, but is in fact not essential for PE25–PPE41 secretion in
M. marinum. These data suggest that either the chaperone does not direct PE25–PPE41 dimer
to the ESX-5 secretion machinery or this putative chaperone function is redundant. This finding
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is in line with a previous study showing that EspG5 is not essential for PE25–PPE41 secretion in
M. tuberculosis [13]. Surprisingly, we found that secretion of PE25–PPE41 uncoupled from EspG5
remains dependent on EspG5 presence in M. marinum. This observation indicates that lack of PE25–
PPE41 export in the EspG5 deletion mutant is likely due to a general defect in ESX-5 secretion
mechanism. This notion is supported by the previous finding that not only the secretion of many
PE and PPE proteins was affected in this mutant, but also the secretion of EsxN [24], which is not
recognized by EspG5.
In M. tuberculosis deletion of the ESX-1-specific chaperone EspG1 resulted in substantially lower
amounts of the ESX-1-encoded PPE, PPE68, in their cell lysates [39], indicating that EspG1 is
necessary for PPE68 folding or stability. Consistent with this notion, our in vitro data show that EspG1
is essential for folding/stability of the ESX-1-specific PE–PPE dimer. Moreover, we observed that
EspG5 is necessary for production of soluble ESX-5-specific dimer, PE31–PPE18, in vitro. By contrast,
the complex of PE25–PPE41 is highly soluble and does not require EspG5 for stability. Mapping of
PE25–PPE41 surface hydrophobicity revealed a hydrophobic patch, the hh motif, representing a
part of the EspG5binding region. Intriguingly, sequence analysis of ESX-1-, ESX-3- and ESX-5-specific
PPE proteins indicated that the majority of PPE proteins contain more hydrophobic residues in the
hh motif than PPE41 does. Substitution of PPE41 hh motif residues to these more hydrophobic
amino acids resulted in PE25–PPE41 self-association which could be rescued by EspG5. Apparently,
the primary function of EspG is to shield this aggregation-prone hh motif on PPE proteins. Thus,
PPE41 is probably an exception within the PPE family that has lost dependence on EspG5 binding
for folding/stability and secretion. This observation is in agreement with a previous study showing
that most PE/PPE proteins cannot be expressed as soluble proteins in E. coli [25].
Based on phylogenetic analysis it is predicted that pe/ppe genes encoded within ESX-1 and ESX-3
clusters are the most ancestral representatives of the families [23]. The ESX-5 pathway denotes the
most recently evolved ESX system from which a large number of pe/ppe genes have expanded to
the rest of the mycobacterial genome [23]. It is plausible that during duplication/recombination
events some PPE proteins lost a requirement for the chaperone binding. Given the high abundance
of ESX-5-dependent PPE proteins in pathogenic mycobacteria, inadequate concentrations of
EspG5 chaperone might result in the build-up of large quantities of protein aggregates in the
mycobacterial cytoplasm. Perhaps, uncoupling EspG5 from this essential function drove the
extensive expansion of pe/ppe genes from the ESX-5 cluster to the rest of the genome.
In other bacterial protein secretion systems, different classes of energy-independent chaperones
participate in secretory processes including Sec [40] and chaperone/usher [41] pathways, type
III secretion system [42] and related flagellar export system [43], and type IV secretion system
[44]. These chaperones play multiple functions in secretion processes such as stabilizing the
hydrophobic translocon-forming proteins, preventing premature self-polymerization of flagellar
and fimbrial proteins, directing substrates through the correct secretion system, and regulating
a hierarchy in secretion. All of these functions ultimately serve to keep secreted substrates in a
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secretion-competent state before their export. Intriguingly, although structurally different, EspG
chaperones have a function in the secretory mechanism that is similar to SycE and SycO, the
chaperones of type III secretion system in Yersinia [45,46]. SycE and SycO chaperones mask the
aggregation-prone regions of secreted effectors, YopE and YopO respectively. The aggregationprone regions of YopE and YopO represent the hydrophobic membrane domains that are essential
for proper localization of the effectors in the host cell [45,46]. It is possible that the hydrophobic
hh motif in PPE proteins also has a functional role in the ESX secretory mechanism. In line with
this hypothesis we identified one mutation in the hh motif of PPE41 that completely blocks the
heterodimer secretion. Further experiments are required to decipher conclusively the function of
the motif.
In conclusion, the current study presents the first picture of the ESX secretion system’s chaperone in
complex with secreted substrates. This structure reveals the molecular determinants of chaperone
binding specificity and provides evidence for the importance of chaperone function in the ESX
secretory mechanism. The structure of the PE25–PPE41–EspG5 complex provides an important
tool for future investigations into the architecture, assembly, and secretory mechanism of this
sophisticated mycobacterial secretion system. It could also serve as a basis for the development
of therapeutic compounds designed to disrupt the chaperone binding to PE–PPE, which in turn
could prevent PE–PPE secretion and diminish mycobacterial pathogenicity.

EXPERIMENTAL PROCEDURES
Bacterial strains and growth conditions

Mycobacterium marinum strain E11 [47] and the EspG5 deletion mutant [24] were grown at 30°C
with shaking at 90 r.p.m., in Middlebrook 7H9 medium (Difco-BD Biosciences), supplemented
with Middlebrook ADC and 0.05% Tween-80 (Sigma-Aldrich). Electroporation of M. marinum
was performed as described [18] and transformants were selected on Middlebrook 7H10 agar
supplemented with Middlebrook OADC and appropriate antibiotics.
Escherichia coli strains including TOP10, DH5α, BL21 (DE3) and Rosetta (DE3) were grown in
Luria–Bertani (LB) medium or on LB agar at 37°C. When required, antibiotics were included at
the following concentrations: ampicillin at 100 μg ml−1 for E. coli; chloramphenicol at 10 μg ml−1
for E. coli; streptomycin at 50 μg ml−1 for E. coli; kanamycin at 50 μg ml−1 for E. coli; hygromycin at
100 μg ml−1 for E. coli and 50 μg ml−1 for M. marinum.
Expression of EspG5, EspG1 and EspG3

The EspG5 expression plasmid for crystallization experiments was constructed as follows. The espG5
gene was PCR-amplified from M. tuberculosis H37Rv genomic DNA and cloned into a modified
pRSF-Duet1 vector (EMD Millipore). EspG5, EspG1 and EspG3 expression plasmids for pull-down
experiments were constructed based on a modified pCDF-Duet1 vector (EMD Millipore), creating
pCDF-Duet1-EspG5, pCDF-Duet1-EspG1 and pCDF-Duet1-EspG3 respectively.
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EspG5 was expressed with N-terminal His6 and SUMO3 tags for ITC experiments.
EspG5 gene was amplified from M. tuberculosis genomic DNA using primers AP-324
(5'-ATATATACCGGTGGAATGGATCAACAGAGTACCCG-3') and AP-325 (5'-ATATATATGCGGCCGCTCATA
CTCTGCTGTGTGTTTTCC-3'). The PCR product was digested and ligated in pETM11-SUMO3GFP
(obtained from Dr Hüseyin Besir). The resultant pETHIS6SUMO3-EspG5 plasmid was transferred into
competent E. coli BL21(DE3) cells (Novagen).
Expression of PE25–PPE41, PE35–PPE68_1 and PE5–PPE4 heterodimers

To construct a plasmid for coexpression of PE25 and PPE41 proteins in E. coli, the DNA fragments
corresponding to pe25 and ppe41 were PCR-amplified from M. tuberculosis genomic DNA and
cloned separately into a modified pET-28b vector (EMD Millipore) creating a bi-cistronic operon
under control of the T7 promoter with an N-terminal His6-tag followed by a tobacco etch virus
(TEV) protease cleavage site. The resulting pET-PE25-PPE41 plasmid was used as a template for
generating mutated variants of PPE41.
The PE35 and PPE68_1 proteins were expressed using a previously described pET29b(+)::PE35PPE68_1-His vector [28], which contains the M. marinum PE35/PPE68 homologues, mmar_0185
and mmar_0186. The construct was modified to remove the C-terminal HA-tag from PE35.
In order to coexpress M. smegmatis PE5 and PPE41–180, an optimized DNA sequence corresponding
to the protein sequences of PE5 and PPE4 were obtained from Invitrogen. The resulting plasmid
was designated pET-PE5-PPE4.
For coexpression of EspG5, PE25, and PPE41 proteins, E. coli Rosetta (DE3) cells were co-transformed
with pCDF-Duet1-EspG5 and pET-PE25-PPE41 plasmids. Similarly, for coexpression of EspG1, PE35,
and PPE68_1 proteins, E. coli Rosetta (DE3) was co-transformed with pCDF-Duet1-EspG1 and pETPE35-PPE68_1 plasmids. For coexpression of EspG3, PE5 and PPE4 proteins, E. coli Rosetta (DE3) was
co-transformed with pCDF-Duet1-EspG3 and pET-PE5-PPE4 plasmids.
Plasmids for M. marinum expression of PE25–PPE41, LipYmm-HA and PE31-PPE18-HA variants were
derived from the pSMT3::PE25-HA-PPE41 vector [27] and pSMT3::LipYmm-HA [18]. pSMT3::PE31PPE18-HA was produced by replacing the lipY gene in pSMT3-LipY-HA by PE31–PPE18 (mmar_4241–
mmar_4240) using SpeI and BamHI (the reverse primer contained an HA sequence). These vectors
were subsequently used as a template for generating mutated versions of PE25–PPE41.
Expression and purification of EspG, PE–PPE and EspG–PE–PPE

The proteins were expressed in E. coli Rosetta (DE3) or (EspG5, PE25–PPE41, PE35–PPE68_1, PE5–
PPE4, EspG1–PE35–PPE68_1 and EspG3–PE5–PPE41–180) or in E. coli BL21(DE3) (His6-SUMO3EspG5) cells by induction with 0.5 mM IPTG for 4 h at 18°C (EspG5, PE25–PPE41, PE35–PPE68_1,
PE5–PPE41–180, EspG1–PE35–PPE68_1 and EspG3–PE5–PPE41–180) or for 4 h at 24°C (PE25–PPE41 and
EspG5–PPE25–PPE41) or 20 h at 28°C (His6-SUMO3-EspG5). Cells were harvested by centrifugation.
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His6-SUMO3-EspG5 protein for ITC experiments was purified as follows: Cells were resuspended
in lysis buffer A [20 mM HEPES, 300 mM NaCl, 10 mM imidazole, 0.25 mM tris(2-carboxyethyl)
phosphine (TCEP), 10% (w/v) glycerol (pH 7.5)] containing 1/100 protease inhibitor mix HP
(Serva) and disrupted by lysozyme treatment followed by sonication. The protein was purified via
Ni-NTA (Qiagen) affinity chromotography. Following the cleavage of His6-SUMO3 tag by SenP2
protease, the protein was further purified on a Phenyl Sepharose HP column (GE Biosciences), then
concentrated and injected into a Superdex 200 16/60 size-exclusion chromatography column (GE
Biosciences) pre-equilibrated 20 mM HEPES, 300 mM NaCl, 0.25 mM TCEP, 10% (w/v) glycerol (pH
7.5) for removal of aggregated protein.
The complex of EspG5, PE25 and PPE41 for crystallization was purified as follows: Cells expressing
EspG5 were mixed with cells expressing PE25–PPE41 and resuspended in lysis buffer B (20 mM
Tris-HCl pH 8.4, 300 mM NaCl, and 20 mM imidazole). The resuspended cells were lysed using an
EmulsiFlex-C5 homogenizer (Avestin) and proteins were purified via Ni-NTA. Following the cleavage
of His6-tag by TEV protease, proteins were purified via size-exclusion on a Superdex 200 column (GE
Biosciences) in buffer containing 20 mM HEPES pH 7.5 and 100 mM NaCl.
To isolate EspG–PE–PPE complexes for pull-down experiments, cells that have coexpressed EspG,
PE, PPE proteins were lysed with lysozyme (0.25 mg ml−1) in BugBuster buffer (EMD Millipore)
supplemented with Benzonase Nuclease (EMD Millipore). The proteins were purified via a Ni-NTA
column (Qiagen).
Crystallization, data collection and structure solution

The initial crystallization conditions were identified using JCSG Suites I–IV screens (Qiagen).
The optimized hexagonal rod-shaped crystals were obtained by the vapour diffusion method
using 0.1 M Tris-HCl pH 8.6, 0.2 M NaCl, 8% PEG8000 as precipitant. Crystals were transferred to
crystallization solution supplemented with 20% ethylene glycol and flash-cooled in liquid N2
prior to data collection. Data were collected at Southeast Regional Collaborative Access Team
(SER-CAT) 22-ID beamline at the Advanced Photon Source, Argonne National Laboratory. Data
were processed and scaled using XDS and XSCALE [30]. The structure was solved by molecular
replacement using Phaser [48] and the structure of PE25–PPE41 [PDB 2G38] [25] as a search
model. The electron density modification was performed using Parrot [49] and the initial model
was built using Buccaneer [50]. The initial model was improved by iterative cycles of refinement
and rebuilding using REFMAC5 and Coot [51,52]. The final structure was refined with REFMAC5
using translation, libration and screw-rotation (TLS) groups identified by the TLSMD server [53].
Data collection and refinement statistics are listed in Table 1. The quality of the final model was
assessed using Coot and the MolProbity server [31]. The structural figures were generated using
PyMol (http://www.pymol.org).
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Expression and secretion of ESX-5 substrates in M. marinum

Secretion of PPE41, LipY-HA and PPE18-HA proteins was carried out as previously described
[27]. Briefly, M. marinum strains were grown to mid-logarithmic phase in Middlebrook 7H9
supplemented with 0.2% glycerol, 0.2% dextrose and 0.05% Tween, at which bacteria were
pelleted by centrifugation. Secreted proteins were precipitated with 10% trichloroacetic acid (wt/
vol) added to the supernatant. Cell-surface proteins were additionally extracted using Genapol
X-080 as previously described [18]. Cells were lysed by sonication. Proteins were separated on
10–16% SDS-PAGE gel, transferred to nitrocellulose membrane, and immunostained with rabbit
polyclonal sera recognizing PPE41.
Sequence analysis of PPE proteins

The sequence alignments were done using clustalw [54] and rendered using the ESPript server
[55].
Isothermal titration calorimetry (ITC) analysis

All measurements were conducted at 30°C on a MicroCal VP-ITC calorimeter with a reference cell
filled with MilliQ water. 100 μM EspG5 was injected into the sample cell containing 10 μM PE25–
PPE41. Experiments were performed in triplicate and corrected for dilution enthalpy. Raw data were
analysed with MicroCal Origin 7.0. Data were fit with a single-site binding model. The experiments
were performed in triplicate.
CD spectroscopy

Circular dichroism spectra were recorded using 7–9.5 μM protein in ITC buffer on a Chirascan
spectrometer (Applied Photophysics) with a 0.5 mm cuvette. The CD signal was converted to the
mean residue ellipticity using the protein concentration determined by absorbance measurements
and the calculated molar extinction coefficient at 280 nm. All CD data presented are the averages
of at least three measurements.
Accession numbers

The co-ordinates and structure factors were deposited to the Protein Data Bank with accession
code 4KXR.
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SUPPLEMENTARY DATA
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Fig. S1. Sequence alignment of the EspG5 family members. Sequences with >98% identity were excluded from the
alignment. Identical residues are highlighted in red. Blue triangles at the top of the alignments indicate residues that
are in contact with PPE41 in the M. tuberculosis PE25–PPE41–EspG5 complex. The secondary structure elements of M.
tuberculosis EspG5 are shown at the top of the alignment. Black dashed lines indicate disordered residues.
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Fig. S2. Sequence alignment of the ESX-5-specific PPE proteins from M. tuberculosis H37Rv. Only the core PPE
domain sequences (~180 residues) are aligned. Identical residues are highlighted in red. The PPE and WxG motifs
are highlighted in blue. Residues that are in contact with EspG5 and PE25 in the M. tuberculosis PE25–PPE41–EspG5
complex are labeled by purple and cyan triangles, respectively. Purple stars indicate two hydropobhic residues in the
α4–α5 loop of PPE proteins that comprise the hh motif. The secondary structure elements of PPE41 are shown at the
top of the alignment.
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Fig. S3. Circular dichroism analysis of the wild-type and mutant PE25–PPE41 complexes. Spectra between
wavelengths 200 nm and 260 nm are plotted against mean residue ellipticity. The mutant complexes exhibit a similar
secondary structure content as the wild-type PE25–PPE41.
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Fig. S4. The ESX-1-specific PE35–PPE68_1 dimer interacts with EspG1 but not with EspG5.
A. M. marinum PE35, PPE_68-His and EspG1 were co-expressed in E. coli and purified using immobilized Ni2+ affinity
and size-exclusion chromatography. Total cell lysate (T), soluble fraction (S), insoluble fraction (I), flow-through
fraction (FT), wash fraction (W), eluted proteins (E) and peak fraction from size-exclusion chromatography (SEC) were
analyzed by SDS-PAGE.
B. M. marinum PE35, PPE_68-His and EspG5 were co-expressed in E. coli and purified using immobilized Ni2+ affinity
chromatography. Fractions were analyzed by SDS-PAGE and immunoblotting with anti-His tag antibodies. PPE_68His was found in the insoluble fraction.

Fig. S5. The ESX-3-specific PE5–PPE4 dimer interacts with EspG3 but not with EspG5.
A. M. smegmatis PE5-His, the core domain of PPE4 (residues 1–180) and EspG3 were co-expressed in E. coli and purified
using immobilized Ni2+ affinity chromatography. Total cell lysate (T), soluble fraction (S), insoluble fraction (I), flowthrough fraction (FT), wash fraction (W) and eluted proteins (E) were analyzed by SDS-PAGE.
B. M. smegmatis PE5-His, PPE41–180 and M. marinum EspG5 were co-expressed in E. coli and purified using immobilized
Ni2+ affinity chromatography. While PE5–PPE41–180 dimer could be purified, it is unstable and precipitates in the
absence of cognate EspG3 chaperone.
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Fig. S6. Sequence alignment of PPE68 homologs from Mycobacteria. Only the core PPE domain sequences (~180
residues) are aligned. The PPE and WxG motifs are highlighted in blue. The predicted secondary structure elements
are shown at the top of the alignments. Purple stars indicate the hh motif. The majority of mycobacterial genomes
contain a single PPE68 homolog, whereas M. marinum and M. kansasii have several PPE68 homologs.
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Fig. S7. Sequence alignment of the ESX-3-specific PPE proteins from M. tuberculosis H37Rv. Only the core PPE
domain sequences (~180 residues) are aligned. The PPE and WxG motifs are highlighted in blue. The predicted
secondary structure elements are shown at the top. The hh motif is indicated by purple stars.
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Fig. S8. Co-purification of EspG5 and PE25–PPE41 mutant variant dimers. PE25–PPE41 dimers were co-expressed
in E. coli with either M. tuberculosis EspG5 (EspG5mtu) or M. marinum EspG5 (EspG5mma). Proteins were purified using
immobilized Ni2+ affinity chromatography. Notably, the excess of EspG5mma chaperone leads to complete solubility of
PE25–PPE41 with no dimer present in the insoluble fraction.
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Fig. S9. Effect of increased hydrophobicity in the hh motif of PPE41 on protein solubility. PE25–PPE41 dimers were
expressed in E. coli in the absence of chaperone or co-expressed with M. marinum EspG5 (EspG5mma). Proteins were
purified using immobilized Ni2+ affinity chromatography. Total cell lysate (T), soluble fraction (S), insoluble fraction (I),
flow-through fraction (FT), wash fraction (W) and eluted proteins (E) were analyzed by SDS-PAGE. Notably, the excess
of EspG5mma chaperone leads to complete solubility of PE25–PPE41 with no dimer present in the insoluble fraction.

Fig. S10. Effect of disruptive mutations in the PPE41 interface on the binding of PE25–PPE41 heterodimer to M.
marinum EspG5. PE25–PPE41 variants were co-expressed with EspG5mma and purified via immobilized Ni2+ affinity
chromatography. The results are comparable with M. tuberculosis EspG5 binding (Fig. 3D).
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Fig. S11. Effect of disruptive mutations in the PPE18 on the binding of PE31–PPE18 heterodimer to M.
marinum EspG5. PE31–PPE18 variants were co-expressed with EspG5mma and purified via immobilized Ni2+ affinity
chromatography.

Table S1. Summary of isothermal calorimetry data
Complex

Kd (nM)

ΔH (kcal mol-1)

TΔS (kcal mol-1)

ΔG (kcal mol-1)

n

EspG5-PE25-PPE41

48.1±31

-3.4±02

6.8±07

-10.3±0.05

1.08±0.05

EspG5-PE25-PPE41L125E

No binding detectable

EspG5-PE25-PPE41L125R

No binding detectable

EspG5-PE25-PPE41

No binding detectable

T129D/A130R
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ABSTRACT
Type VII secretion (T7S) systems are specialized machineries used by mycobacterial pathogens
to transport important virulence factors across their highly hydrophobic cell envelope. There are
up to five mycobacterial T7S systems, named ESX-1 to ESX-5, at least three of which specifically
secrete a different subset of substrates. The T7S substrates or substrate complexes are defined by
the general secretion motif YxxxD/E. However this motif does not determine system specificity.
Here, we show that the substrate domain recognized by the EspG chaperone is the determinant
factor for this specificity. We first show that the introduction of point mutations into the EspG1binding domain of the ESX-1 substrate pair PE35/PPE68_1 affects their secretion. Subsequently,
we demonstrate that replacing this domain by the EspG5-binding domain of the ESX-5 substrate
PPE18 resulted in EspG5 dependence and exclusive rerouting to the ESX-5 system. This rerouting
of PE35/PPE68_1 to the ESX-5 system had a negative effect on the secretion of endogenous ESX-5
substrates.
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INTRODUCTION
Mycobacterium tuberculosis, the causative agent of tuberculosis, is an ancient, but still one of the
deadliest human pathogens [1]. A highly distinctive feature of mycobacteria is the presence of a
specific and highly impermeable outer membrane formed by mycolic acids and other unusual
(glyco)lipids. To export virulence factors and other proteins across this special cell envelope,
mycobacteria use specialized secretion systems known as type VII secretion (T7S) or ESX systems
[2]. There are up to five paralogous esx loci present on the genome of pathogenic mycobacteria,
named esx-1 to esx-5 [3]. The ESX-1 system, the first discovered T7S system in M. tuberculosis,
plays a pivotal role in virulence and in completing the intracellular infection cycle of pathogenic
mycobacteria by mediating phagosomal escape of the bacterium [4]. The ESX-5 system is the
most-recently evolved system and is only present in slow-growing species of Mycobacteria, which
include most pathogens, such as M. tuberculosis, Mycobacterium leprae, Mycobacterium ulcerans
and Mycobacterium marinum [5]. We recently showed that ESX-5 is essential for in vitro growth
of M. marinum and Mycobacterium bovis BCG and its functionality is linked to outer membrane
permeabilization and nutrient uptake [6].
The substrates of the different T7S systems can be divided in four subclasses, the Esx, PE, PPE and
Esp proteins. The ESX-5 system is responsible for the secretion of most members of the large PE
and PPE protein families [7,8]. Interestingly, the Esx proteins and at least some PE/PPE proteins are
secreted as heterodimers [9–12], forming a four-helix bundle. One of the partners in this heterodimer
contains a general secretion motif, i.e. YxxxD/E, directly after the second α-helix [9,11,12]. However,
this general secretion motif does not define system specificity [13], as the C-terminal 15 amino
acids of an ESX-5 substrate containing this motif could be replaced by the homologous sequence
of an ESX-1 substrate, and vice versa, without changing system specificity [13]. It therefore remains
unknown which signals define system specificity.
In other studies, we demonstrated that the cytosolic component EspG functions as a specific
chaperone of PE/PPE proteins [11,14]. EspG5, the chaperone encoded by the esx-5 locus, specifically
interacts with PE/PPE proteins secreted via ESX-5, but not with an ESX-1 PE/PPE substrate pair [14].
The resolved structure of EspG5 in complex with PE25/PPE41 revealed that this chaperone binds to
the hydrophobic tip of PPE41 [11,12]. Heterologous co-expression of espG5 improved the solubility
of the ESX-5 substrate pair PE31/PPE18, indicating that this protein acts as a classical chaperone by
preventing protein aggregation [11]. Similarly, EspG1, the chaperone encoded by the esx-1 locus,
has been shown to bind only to its cognate substrate pair PE35/PPE68_1 and this component is
essential for the solubility of the ESX-1 PE/PPE pair [14]. As EspG chaperones specifically recognize
their cognate T7S substrates, they might be involved in determining system specificity.
In this study, we have elucidated the role of the EspG-binding domain of PPE proteins in system
specificity in M. marinum, by replacing the EspG1 binding domain of the ESX-1 substrates PE35/
PP68_1 with the EspG5 binding domain of the ESX-5 substrate PPE18.
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RESULTS
The EspG1 binding domain of PPE68_1 is important for secretion in M. marinum

In earlier studies, it was shown that the ESX-5 chaperone EspG5 binds to a conserved hydrophobic
patch in the extended domain of PPE proteins [11,12]. Point mutations that changed this
hydrophobic patch of the M. marinum ESX-5 substrates PPE18, which is secreted as a heterodimer
together with PE31, and LipY abolished EspG5 binding and affected their secretion via the ESX-5
system [11]. This EspG binding region is relatively well conserved among PPE proteins of different
ESX systems [11], which allows the prediction of the EspG-binding motif of these proteins (Fig. S1).
To investigate the role of the EspG-binding domains in system specificity, we first tested whether
similar substitutions in the M. marinum ESX-1 substrate pair PE35/PPE68_1 had a similar effect on
secretion. We created two point mutations in PPE68_1, i.e. L125E and L125A, and also modified
the gene by adding a sequence coding for a C-terminal HA tag. Immunoblot analysis of bacterial
pellets and culture filtrates using an anti-HA antibody showed that HA-tagged PPE68_1 (WT) was
secreted as expected. The secreted protein had a slightly higher molecular weight than expected
and appeared as a diffuse band (Fig. 1, lane 2). This behavior is seen for more ESX substrates and
might be indicative of post-translational modifications. Variants with L125E and L125A substitutions
were, in contrast to the WT control protein, produced but not secreted in the M. marinum WT
strain (Fig. 1, lane 3, 4 and lane 5,6, respectively). This observation shows that, also for the ESX-1
substrate PE35/PPE68_1, this residue is crucial for secretion, presumably because of its importance
for binding of the chaperone EspG1.
PPE68_1 containing the EspG5-binding domain of PPE18 is secreted independent of ESX-1

The observation that the ESX-1 and ESX-5 system possess their own EspG chaperone that
specifically binds to cognate PE/PPE substrates suggests that these chaperones might be involved

Fig. 1. Effect of substitutions in the predicted EspG1 binding
domain of PPE68_1 on the secretion of PE35/PPE68_1.
Immunoblot analysis of bacterial pellets (P) and culture filtrates
(S) of WT PPE68_1_HA and its variants L125E and L125A in the
WT M. marinum, detected with an HA antibody. Intracellular
GroEL2 and supernatant protein EsxA were detected as controls.
Equivalent OD units were loaded; 0.2 OD for pellet and 0.5 OD for
supernatant fractions.
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in determining system specificity. We therefore tested whether it was possible to reroute an ESX-1
substrate to the ESX-5 system and vice versa by manipulating the cognate EspG-binding domains.
We designed chimeric genes where the regions coding for 34 amino acids of PPE18 and PPE68_1,
covering the entire predicted EspG5- and EspG1-binding domain (Fig. S1), respectively, were
exchanged between the two ppe genes. Initial secretion analysis showed that PPE18 containing
the EspG1-binding domain of PPE68_1 was not secreted in the WT M. marinum strain, although
it was stably expressed (Fig. S2B). We therefore focused on the rerouting of PPE68_1. This ESX-1
substrate modified with the EspG5-binding domain of PPE18, was named PE35 WT/PPE68_1 SWAP
(Fig. 2B and C). To additionally evaluate the role of the general secretion signal for determining
system specificity of PPE68_1, the region encoding the C-terminal 15 amino acids, containing the
YxxxD secretion motif, of the ESX-1 substrate PE35 was replaced by the similar region of ESX-5
substrate PE31 (Fig. S2 and Fig. 2B). This construct was designated PE35 SWAP/PPE68_1 WT. The
hybrid protein pair, in which both the C-terminal secretion signal of PE31 and the predicted
EspG5-binding domain of PPE18 were introduced, was named PE35 SWAP/PPE68_1 SWAP. These
constructs were electroporated into the WT and various ESX-1 and ESX-5 mutant strains of M.
marinum and the secretion profiles were assessed. Detection of cytosolic chaperone GroEL2 was
included as a loading and lysis control.
In the WT M. marinum strain, PPE68 WT was produced and secreted as a full length protein with an
apparent molecular weight of ~40 kDa (Fig. 3A, lanes 1 and 2, respectively). Interestingly, PPE68_1
SWAP containing the EspG5-binding domain of PPE18, which runs slightly higher as compared to
the original protein, was also secreted and the secretion efficiency was even substantially higher
in comparison to that of PPE68_1 WT (Fig. 3A, lane 3 and lane 4, respectively). Moreover, PPE68_1
SWAP was detected in two secreted forms of about 17 kDa, which likely represents processed
forms. An unexpected result was observed when we examined the single swap of the C-terminal
secretion signal in PE35. This alteration did abolish the secretion of its partner protein PPE68_1 WT
(Fig. 3A, lane 6). This phenotype was unexpected as a previous study showed that the C-terminal 15
amino acids of the ESX-1 and ESX-5 substrates are interchangeable without affecting the secretion
of their PPE partners [13]. Possibly, the C-terminal secretion signals are not as interchangeable as
previously reported. The same C-terminal replacement did not have any effect on secretion of the
PPE partner, when the PE35 hybrid was expressed in combination with PPE68_1 SWAP (Fig. 3A,
lane 8). This combination showed a similar phenotype as PE35 WT/PPE68_1 SWAP, suggesting that
exchanging the secretion motif did not affect the secretion capability of the PPE68_1 containing
the EspG5 binding domain. Together, these results show that PPE68_1 containing the EspG5-binding
domain of PPE18 is efficiently secreted in the M. marinum WT strain, both with the presence of the
ESX-1 or ESX-5 general secretion motif.
Interestingly, expression of PE35/PPE68_1 containing the single swap of the C-terminal secretion
signal in PE35 abolished the secretion of another ESX-1 substrate EsxA (ESAT-6), as it was not
detected in the culture supernatant nor in the pellet fraction. To address whether the lack
of the EsxA signal was due to abolished esxA transcription, total mRNA was extracted from M.
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Fig. 2. Model for substrate targeting and translocation in type VII secretion and a schematic representation of the
different constructs used in this study.
A. The current model for substrate targeting in type VII secretion. The mycobacterial cell envelope is composed of
an inner membrane and an outer mycolic acid-containing membrane. EspG chaperones specifically recognize their
cognate PE/PPE substrates. The general YxxxD/E secretion signal at the C-terminus of PE proteins is exposed for
interaction with the secretion machineries. EccC is one of T7S membrane components containing three ATP binding
domains and is probably involved in substrate recognition by the systems.
B. Schematic representation of the WT M. marinum ESX-5 substrates PE31/PPE18 WT (in cyan), the WT M. marinum
ESX-1 substrates PE35/PPE68_1 (in pink) and derivatives used in this research. The colors indicate the origin of the
different domains and the HA-tag is shown in red.
C. A representation of the structure of EspG5 (in blue) bound to the ESX-5 substrate PE25/PPE4111. The corresponding
EspG binding region that is replaced in this study is indicated in cyan, while the remained parts of the PE/PPE
substrates are highlighted in pink.

marinum strain WT, an eccCb1 mutant (MVU, see below) and WT strains containing the four different
constructs of PE35/PPE68_1. qRT-PCR was performed using three sets of primers which allowed
for the specific detection of esxA cDNA. In the presence of PE35 SWAP, the expression level of
esxA was still detected at a comparable level to that in the strains containing the other hybrid
constructs (Fig. S3), showing that the loss of the EsxA signal was not due to altered transcription of
the corresponding gene. We postulate that the PE35 SWAP construct frustrates ESX-1 functioning
altogether, resulting in the degradation of EsxA.
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Fig. 3. PPE68_1 containing the EspG5-binding domain is secreted in an ESX-1 independent manner. Immunoblot
analysis visualizing the secretion of different PE35/PPE68_1 variants containing an HA-tag at the C-terminus of
PPE68_1, using cell pellets (P) and culture supernatant (S) of WT M. marinum (A), eccCb1 mutant (B) and ∆espG1 (C)
strains. GroEL2 and EsxA were used as loading controls. Equivalent OD units were loaded; 0.2 OD for pellet and 0.5
OD for supernatant fractions.

Next, we determined which system was responsible for the secretion of PPE68_1 SWAP. Secretion
was first analyzed in a M. marinum MVU mutant strain, known to be deficient in ESX-1 secretion
by a frameshift mutation in the eccCb1 gene [7]. EccCb1 is part of the EccC ATPase that is crucial
for substrate recognition and transport [15]. We have previously shown that the secretion of the
ESX-1 substrates EsxA and PPE68_1 was abolished in this mutant [13], which is confirmed by the
results shown in Fig. 3B, lane 2. In contrast to PPE68_1 WT, the PPE68_1 SWAP chimeric protein was
produced and still efficiently secreted in this mutant (Fig. 3B, lanes 3 and 4, respectively). Also in this
strain, the replacement of the C-terminal secretion signal of PE35 with the homologous sequence
of the ESX-5 substrate PE31 did not affect the secretion of its partner, PPE68_1 SWAP (Fig. 3B, lanes
8). These data show that disruption of EccCb1 did not have an effect on the secretion of PPE68_1
SWAP. We subsequently investigated the involvement of the EspG1 chaperone in the secretion of
PPE68_1 SWAP. For this, a targeted knockout strain of espG1 was made in a M. marinum WT (MUSA)
strain and we first examined the overall secretion defects of this new mutant. In contrast to the
previously observed effect of knocking out espG1 in M. tuberculosis [16], the deletion of espG1 in
M. marinum had a profound effect on the secretion of ESX-1 substrates. Both EsxA and PPE68_1
WT were found in the pellet, but not secreted into the culture filtrate (Fig. 3C, lanes 1 and land 2,
respectively), while the secretion of EspE, an ESX-1 cell surface localized substrate accumulating
in the Genapol-X080 cell-surface extractable fraction [17], was also blocked (Fig. S4, lane 6). The
secretion of all these ESX-1 substrates was restored in the complemented espG1 knockout strain (Fig.
S4, lane 7 and 8). When PPE68_1 SWAP was introduced into this strain, secretion was still efficient,
as a full length form (~40 kDa) and two processed forms (~17 kDa) were observed regardless of the
presence of an ESX-1 or ESX-5 C-terminal secretion signal (Fig. 3C, lane 4 and lane 8). These data
show that PPE68_1 SWAP does not require the EspG1 chaperone for its secretion. In conclusion, the
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introduction of the EspG5-binding domain of PPE18 in the ESX-1 substrate PPE68_1 results in the
ESX-1 independent secretion of this substrate.
PPE68_1 containing the EspG5-binding domain is rerouted to the ESX-5 system

The above observations suggest that PPE68_1 SWAP now relies on the ESX-5 system for its
secretion. To test this, the secretion of this hybrid protein was investigated in several ESX-5 mutant
strains. First, the involvement of EccC5 in the secretion of the SWAP construct was assessed. For
this, we used the previously characterized double mutant strain of M. marinum that contains the
frameshift mutation of eccCb1, the MVU strain, and a targeted deletion of eccC5 [18]. This double
mutant has previously been shown to be defective in the secretion of the ESX-5 substrates EsxN
and the PE_PGRS proteins [18]. Similarly as observed in the eccCb1 mutant strain, although PPE68_1
WT was detected in the pellet, the protein was not secreted in the eccCb1/eccC5 double mutant
strain (Fig. 4A, lanes 5 and 6). Interestingly, PPE68_1 SWAP, while being efficiently secreted in the
eccCb1 mutant (Fig. 4A, lane 4), was found in the pellet fraction and no longer in the culture filtrate
(Fig. 4A, lanes 7 and 8). These data suggest that the SWAP construct is secreted via the ESX-5
membrane channel.
To investigate the role of the EspG5 chaperone in the secretion of PE35/PPE68_1 SWAP, we used
a mutant in which espG5 was disrupted by a transposon insertion (espG5::tn) in the eccCb1 mutant
(MVU) background. The secretion of PE_PGRS proteins has been shown earlier to be abolished in this

Fig. 4. PPE68_1 carrying the EspG5-binding domain is rerouted to the ESX-5 system. Immunoblot analysis
visualizing the secretion of the PE35/PPE68_1 variants using cell pellets (P) and culture supernatants (S) of the M.
marinum eccCb1 mut/∆eccC5 (A) and the eccCb1 mut/espG5::tn (B) double mutant strains. The WT and mutated variants
of PE35/PPE68_1_HA were detected with an HA antibody. GroEL2 was included as cytosolic control. Equivalent OD
units were loaded; 0.2 OD for pellet and 0.5 OD for supernatant fractions.
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double mutant strain [6], which was restored by introduction of a complementation construct (Fig.
S5). As expected, PPE68_1 WT was not secreted in this strain (Fig. 4B, lane 2). Importantly, also the
secretion of PPE68_1 SWAP was blocked in this strain, as it was only detected in the pellet fraction
(Fig. 4B, lanes 3 and 4). This result shows that EspG5 is essential for the secretion of the chimeric
PPE68_1 SWAP. Together, we conclude that PPE68_1 containing the EspG5 binding domain is fully
dependent on the ESX-5 system for secretion.
PE35/PPE68_1 SWAP affects the secretion of endogenous ESX-5 substrates

Finally, we examined whether the rerouting of PPE68_1 SWAP to the ESX-5 system had any influence
on the secretion of endogenous ESX-5 substrates, the PE_PGRS proteins. For this, the secretion of
ESX-5 dependent PE_PGRS proteins was analyzed in M. marinum WT, ∆espG1 and eccCb1 mutant
strains expressing the four different constructs of PE35/PPE68_1. Interestingly, in the WT strain,
where PPE68_1 SWAP is rerouted to the ESX-5 system, a significant decrease in PE_PGRS signal
was observed in both the cell pellet and the cell surface-enriched fraction (Fig. 5A, lanes 5, 6 and
lane 9, 10). Similar phenotypes were also observed in the ∆espG1 and eccCb1 mutant strains (Fig.
5B,C, lanes 5, 6 and lane 9, 10). In contrast, the overexpression of the ESX-1 dependent substrates
PPE68 WT had no effect on the intracellular level and secretion of PE_PGRS proteins (Fig. 5A,B and
C, lane 3, 4 and lane 7, 8). These results suggest that there is a competitive correlation between the
secretion of the rerouted substrates PE35/PPE68_1 SWAP and native substrates of ESX-5 system,
the PE_PGRS proteins.

DISCUSSION
Mycobacteria possess multiple ESX system, each of which secretes a specific subset of Esx and PE/
PPE substrates. This dictates that T7S substrates should possess system-specific recognition signals
[14]. Previously, it was observed that exchanging the general YxxxD/E secretion motif between an
ESX-1 and ESX-5 PE/PPE substrate pair did not affect system specificity [13], showing that these
substrates should contain an additional recognition signal that determines through which ESX
system they are transported. In this study, we demonstrate that, by replacing the putative EspG1binding domain of the ESX-1 substrate PPE68_1 with the analogous domain of the ESX-5 substrate
PPE18, this substrate is redirected to the ESX-5 system in M. marinum. This shows that this domain
is a crucial determinant for defining system specificity.
Interestingly, the redirected PE35/PPE68_1 chimeric protein pair is even more efficiently secreted
via the ESX-5 system as compared to secretion of the original heterodimer via the ESX-1 system.
Possibly, ESX-5 is more active in M. marinum as compared to ESX-1, which is in line with previously
obtained proteomic data that ESX-5 components are more abundantly present in the cell envelope
of this species [6]. The efficient secretion of the hybrid substrate pair resulted in less intracellular
production and secretion of certain endogenous ESX-5-dependent substrates, suggesting that
the exogenous protein pair efficiently competes with endogenous substrates for recognition and
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Fig. 5. The rerouting of PE35/PPE68_1 SWAP to the ESX-5 system affects the secretion of endogenous ESX-5
substrates. Surface localization of the ESX-5 dependent PE_PGRS substrates in the WT M. marinum (A), ∆espG1
strain (B) and the eccCb1 mutant strain (C) carrying various PE35/PPE68_1 variants was analyzed by immunoblotting.
Bacterial cell pellets (P) were treated with Genapol X-080 to enrich for capsular proteins (S). Equivalent OD units were
loaded; 0.2 OD for pellet and 0.5 OD for Genapol X-080 treated surface fractions. GroEL2 was included as loading
control.

export. Our data support the model in which EspG not only functions as a chaperone that keeps
PE/PPE substrates in a translocation competent state, but that this protein also targets substrates
to the cognate translocation machinery. This is not unique, as chaperones of other bacterial protein
secretion systems have been shown to play multiple roles. For example, SycE and SycO of the type
III secretion system are required for both substrate stabilization and targeting of the substrate to the
transport recognition site [19,20]. A role in substrate stabilization and targeting towards the secretion
channel was also shown for FimC and PapD chaperones in the chaperon-usher pathway [21].
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Previously, it has been proposed that there may be cross-talk between different ESX systems and
that T7S substrates are not strictly dependent on the cognate EspG chaperone for secretion [12].
Here, we show that secretion of PE/PPE protein pairs by ESX-1 and ESX-5 is strongly affected in the
absence of the cognate EspG chaperone, showing that for these substrates there is no redundancy
in EspG functioning. We additionally observed a defect in EsxA secretion in the espG1 mutant in M.
marinum, which is similar as the previously observed secretion defects of the ESX-5 dependent
EsxN in M. marinum espG5 mutant strains [7]. These results show that EspG chaperones are not only
involved in secretion of PE/PPE proteins, but also in the secretion of Esx substrates in M. marinum.
Because Esx proteins do not have a typical EspG binding domain, this effect is probably indirect.
Indeed, ESX-1 substrates are well known for being interdependent for secretion [22]. Previous
research indicated that in M. tuberculosis, EsxA was still secreted after deletion of espG1 [16]. The
role of EspG in the secretion of Esx proteins might therefore vary between different mycobacterial
species or that there is redundancy in EspG functioning in M. tuberculosis. In the same study,
expression of PPE68, which is not secreted but remains cell envelope associated in M. tuberculosis,
appeared to be reduced in the absence of EspG1, which might be indicative of the role of this
chaperone in the proper cell envelope localization of this PPE protein in this species.
An unexpected observation was that when the ESX-1 substrate PE35 carried the secretion motif
of the ESX-5 substrate PE31, PPE68_1 WT was not secreted anymore. Strikingly, the presence of
this hybrid protein pair also completely abolished the presence of endogenous EsxA in the culture
filtrate and bacterial pellet fractions, suggesting that the general functioning of the ESX-1 system
is blocked. Because the transcript levels of esxA in this strain was comparable to that in other
conditions, we reasoned that the absence of EsxA is likely triggered by incompatibility of secretion
signals on EsxA/B and PE35 SWAP/PPE68_1. Recently, a study by Rosenberg et al. showed that EsxB
binding was required for multimerization and activation of EccC [15]. A model was subsequently
proposed in which simultaneous binding of multiple substrates to the ATPase ensures coordinated
interdependent secretion of these substrates. Therefore, dual binding of EsxB and PE35 SWAP to
EccCab1 could block proper activation and functioning of the ESX-1 system. Importantly, the
secretion block of PPE68_1, caused by the introduction of the PE31 secretion signal, was overcome
by the introduction of EspG5-binding domain in PPE68_1, resulting in secretion via the ESX-5
system. The secretion of this double-swap construct via ESX-5 was as efficient as the construct only
containing the EspG binding domain swap. The origin of the general secretion signal is possibly
less important for proper recognition and secretion via ESX-5 compared to ESX-1. Related to this
is the observation that introduction of the predicted EspG1 binding domain of PPE68_1 into the
ESX-5 substrate PPE18 abrogated secretion of this hybrid protein in WT M. marinum. Although
this hybrid protein could be misfolded, hindering its secretion, another cause could be that the
ESX-1 system is less flexible in accommodating various substrates. We postulate that the flexibility
in substrate recognition by ESX-5 is required to recognize and transport the large number of
highly variable ESX-5 dependent PE/PPE substrates, while the ESX-1 system only secretes a limited
number of these proteins.
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The co-dependent secretion of many ESX-1 substrates [22] makes it highly complicated to study
their individual role during infection. The successful rerouting of an ESX-1 substrate pair to the
ESX-5 system in this study provides a promising method to investigate these different roles. In this
study, we have applied this approach to study the functional role of PE35/PPE68_1 in the ability
of mycobacteria to lyse erythrocytes, for which a functional ESX-1 system is required [23,24]. While
WT M. marinum showed a clear contact-dependent lysis of erythrocytes in a hemolysis assay (Fig.
S6), the eccCb1 mutant showed hardly any hemolytic activity. The ESX-5 dependent secretion of
PPE68_1 SWAP could not induce any hemolytic activity in this mutant strain. We could therefore
conclude that this protein has no membrane lysing abilities. Finally, the current live BCG vaccine
strain is attenuated mainly due to deletion of a large part of the ESX-1 secretion system and is
thus unable to secrete any ESX-1 substrates [25]. The loss of the ESX-1 system and the subsequent
inability to survive in macrophages probably resulted in over-attenuation of this strain to be an
effective vaccine. The rerouting approach in this study could be used to improve the vaccine strain,
by redirecting specific ESX-1 substrates that induce a strong immune response and/or enhance
intracellular survival.

MATERIALS AND METHODS
Bacterial strains and cultural conditions

M. marinum wild-type strain MUSA and mutant derivatives were cultured at 30 °C in Middlebrook
7H9 liquid medium or Middlebrook 7H10 agar supplemented with 10% Middlebrook ADC and
0.05% Tween 80. E. coli TOP10F’ strain was grown at 37 °C in LB medium and was used for cloning
experiments and generating plasmid DNA. When needed, antibiotics were added to the cultures
at the following concentrations: kanamycin, 25 μg/ml, streptomycin, 30 μg/ml, hygromycin, 50 μg/
ml for mycobacteria and 100 μg/ml for E. coli.
Plasmid construction

All DNA manipulations were carried out according to standard procedures. In short, PCR
amplifications of target genes were performed using Phusion® High-Fidelity DNA Polymerase
(Finnzymes) with chromosomal DNA from M. marinum MUSA or plasmid DNA as templates. The
pSMT3 E. coli-mycobacterial shuttle vector was used as a recipient plasmid for PE35-PPE68_1 and
PE31-PPE18. Anchored primers designed to contain a HA-tag at the C-terminus of the genes were
used to amplify the targeted genes from chromosomal DNA of M. marinum MUSA as a template
using Phusion® High-Fidelity DNA Polymerase (Finnzymes). Amplicons were cloned as NheIBamHI fragments (pe35/ppeE68_1) or SpeI_BamHI (pe31/ppe18) into NheI-BamHI digested pSMT3,
resulting in pSMT3::pe35/ppe68_1_HA and pSMT3::pe31/ppe18_HA. The swap constructs and
point mutations were synthesized by nested PCR with appropriate primers. To clone the desired
genes into a derivative of pMV361 [26], the EcoRI-HindIII digested fragments of pe35/ppe68_1 WT
and pe35/ppe68_1 SWAP were ligated to the EcoRI-HindIII digested pMV, resulting in pMV::pe35/
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ppe68_1 WT and pMV::pe35/ppe68_1 SWAP. To create a version of the obtained plasmids containing
a streptomycin resistance cassette, the kanamycin resistance cassette was exchanged by a
streptomycin resistance cassette by digesting HindIII-PciI. All constructs were confirmed by DNA
sequencing and introduced into M. marinum strains by electroporation. All plasmids are described
in Table S2 and primers are listed in the Table S3.

4

Generating an espG1 knock-out in M. marinum

To create the espG1 knock-out in M. marinum, the previously described approach was followed
[27]. For deletion of espG1, PCR was performed to synthesize fragments bearing the 1398 and
1083 bps of flanking regions of endogenous espG1 of M. marinum, resulting in a deletion of 92% of
the gene (primer set EspG1 KO LF and EspG1 KO LR for the 5’ region and primer set EspG1 KO RF and
EspG1 KO RR for the 3’ flanking region). Amplicons corresponding to upstream and downstream
flanking regions were digested with Van91I and cloned into the Van91I digested p0004s plasmid
that contains a hygromycin resistance cassette and the sacB gene to be able to select for sucrose
sensitivity. This allelic exchange substrate was introduced into the PacI site of phasmid phAE159
and electroporated into M. smegmatis mc2155 to obtain high titers of phage pHAE159 [28].
Subsequently, the M. marinum wild-type strain was incubated with high titers of corresponding
phage to create espG1 knockouts. Colonies that had deleted the endogenous espG1 were selected
on hygromycin plates and verified for sucrose sensitivity. The deletion was confirmed by PCR
analysis and sequencing. To remove the resistance gene, a temperature sensitive phage encoding
the γδ-resolvase (TnpR) (a kind gift from Apoorva Bhatt, University of Birmingham, UK) was used,
generating an unmarked deletion mutation. To complement the knockout strain of espG1, the PacIHindIII digested fragment of MMAR_5441/MMAR_5442 /MMAR_5443 was ligated to the compatibly
digested pMV, resulting in pMV::MMAR_5441/MMAR_5442 /MMAR_5443 (KmR).
Protein secretion and immunoblotting

The analysis of M. marinum protein secretion was carried out as previously described [13]. For
immunblot analysis, the membranes were stained with mouse monoclonal antibodies against the
influenza hemagglutinin epitope (HA.11, Covance), anti-GroEL2 (CS44, John Belisle, NIH, Bethesda,
MD, USA), anti-ESAT6 (Hyb 76-8; Statens Serum Institut, Copenhagen, Denmark) and mouse antiPE_PGRS (7C4.1F7 [7]). The secondary horseradish peroxidase conjugated antibodies included
goat anti-mouse IgGs (A106PS, American Qualex) or goat anti-rabbit IgDs (611-1302, Rockland),
which were detected with chemiluminescence (Pierce).
Hemolysis

Hemolysis experiments were performed in the M. marinum WT, eccCb1 mutant and eccCb1 mutant
overexpressed PE35/PPE68_1 SWAP as previously described [18,29].
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RNA isolation and quantitative RT-PCR

RNA was purified from bacterial cultures grown to an OD600 of 1. Bacteria were lysed by beadbeating in the presence of TRIzol Reagent (Invitrogen), and RNA was isolated using Mackery-Nagel
NucleoSpin RNA isolation kit. RNA samples were eluted in water with Ribolock (Thermoscientific).
cDNA was synthesized from 400 ng total RNA with the SuperScript VILO cDNA synthesis kit
(Invitrogen), according to the protocol supplied by the manufacturer. cDNA was diluted 1:10 in
water prior to use in subsequent PCR reactions. Reactions were set up using EXPRESS SYBR GreenER
qPCR SuperMix Universal (Invitrogen), including the addition of ROX dye reference. Quantitative
RT-PCR was performed with the ABI 7500 Real-Time PCR System (Applied Biosystems). At the end
of amplification, PCR product specificity was verified by dissociating curve analysis and agarose gel
electrophoresis. The threshold cycle (Ct) values are normalized with Ct of sigA.
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SUPPLEMENTARY DATA
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Fig. S1. Sequence alignments of PPE and PE proteins used in this study. The conserved PPE and WxG motifs in PPE
proteins and PE and secretion signal YxxxD/E motifs in PE proteins are depicted in bold. In the PPE sequence
alignment, blue regions are the predicted EspG binding domains that were swapped in this study. The residue L125
of PPE68_1 is bolded and indicated in purple. In the PE sequence alignment, the blue regions indicate the C-terminal
15 amino acids, containing the YxxxD/E motifs that were swapped between ESX-1 and ESX-5 PE substrates in this
study.
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Fig. S2. PPE18 containing the predicted EspG1 binding domain of PPE68_1 is not secreted in the M. marinum WT
strain.
A. Schematic representation of the WT M. marinum ESX-5 substrates PE31/PPE18 WT (in cyan), the WT M. marinum
ESX-1 substrates PE35/PPE68_1 (in pink). The predicted EspG1 binding region of PPE68_1 (P108-W145) was introduced
into the corresponding region of PPE18 (A108-W144), resulting in PPE18 SWAP.
B. Immunoblot analysis of PPE18 WT and PPE18_SWAP secretion by overexpression of ppe18 and ppe18 swap on the
episomal plasmid pSMT3 under the control of the hsp60 promoter. P=bacterial pellet, S=culture filtrate.
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Fig. S3. Effect of different PE35/PPE68_1 hybrid constructs on the transcript level of esxA. Total RNA was isolated
from WT M. marinum MUSA, eccCb1 mutant strain, and MUSA strains exogenously expressing PE35 WT/PPE68_1 WT, PE35
WT/PPE68_1 SWAP, PE35 SWAP/PPE68_1 WT, PE35 SWAP/PPE68_1 SWAP. Three different sets of primers, including
esxA1, esxA2 and esxA3, were used to amplify esxA cDNA. Ct values were normalized for Ct values of the household
gene sigA and compared to Ct values of esxA obtained from WT MUSA.

Fig. S4. Effect of espG1 knockout and its
complementation on the secretion of ESX-1
substrates. Secretion analysis in the ∆espG1
strain and corresponding complemented
variant harboring the complete region of
espH-espG1-eccA1 on an integrative plasmid
pMV under the control of the hsp60 promoter.
P=bacterial cell lysates, S=culture filtrate.
Surface localization of the secreted EspE was
restored upon an introduction of espG1 as it
was found in the Genapol X-080 cell extraction,
whereas EsxA was re-secreted into the cultural
supernatant. GroEL2 was included as the
cytosolic and supernatant control. 0.2 OD unit
of Genapol pellet and 0.5 OD unit of Genapol
and culture supernatant were loaded.
P=bacterial cell lysates, S=culture filtrate.
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Fig. S5. Restoration of PE_PGRS protein
secretion by complementing the espG5
transposon mutant strain. eccCb1 mut/espG5::tn
was complemented with the integrative pMV
plasmid containing the esxM-esxN-espG5 gene
cluster and a streptomycin resistance gene.
Fractions enriched for cell-surface proteins of
MUSA, eccCb1 mut/espG5::tn and complemented
variant were isolated by the Genapol X-080
extraction and analyzed by western blot analysis.
PE_PGRS signals were found in the pellet of
espG5::tn strain upon the complementation of
espG5 and its cell-surface localization was
restored. GroEL2 was included as loading
control. 0.2 OD unit of Genapol pellet and 0.5 OD
unit of Genapol supernatant were loaded.

Fig. S6. PPE68_1 SWAP has no hemolytic activity. M. marinum MUSA wild-type, eccCb1 mutant and eccCb1 mutant
secreting PPE68_1 SWAP were grown in the presence or absence of Tween 80. Subsequently, washed bacterial cells
were used for the hemolysis assay.
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Table S1. Strains used in this study
Strains

Characteristics

References

F’ [lacIq, Tn10(TetR)] mcrA (mrr-hsdRMS-mcrBC) ɸ80lacZΔM15 ΔlacX74 recA1 araD139 Δ (ara
leu) 7697 galU galK rpsL (StrR) endA1 nupG; TcR

Invitrogen

MUSA

Wild-type strain

[30]

MVU

MUSA with single base insertion in eccCb1 (MMAR_5446)

[7]

M / ΔeccC5

MVU with unmarked eccC5 (MMAR_2665) deletion. The strain additionally contains the
plasmid pSMT3::mspA for viability

[27]

ΔespG1

MUSA with the unmarked espG1 (MMAR_5441) deletion

This study

LA1

MVU with mariner transposon inserted in espG5 (MMAR_2676). The strain additionally
contains the plasmid pSMT3::mspA for viability

[27]

E. coli
TOP10F’

4

M. marinum

VU
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Table S2. Plasmids used in this study
Plasmids

Characteristics

References

pSMT3::PE31/PPE18_HA

pSMT3 carrying in SpeI-BamHI a 1.56-Kb PCR fragment containing
PE31 (MMAR_4241) and PPE18 (MMAR_4240) genes with HA-tagged C
terminus, HygR

This study

pSMT3::PE35/PPE68_1_HA

pSMT3 carrying in NheI-BamHI a 1.49-Kb PCR fragment containing
PE35 (MMAR_0185) and PPE68_1 (MMAR_0186) genes with HA-tagged
C-terminus, HygR

This study

pSMT3::PE31/PPE18 SWAP_HA

pSMT3 carrying in SpeI-BamHI a 1.6-Kb PCR fragment containing PE31
(MMAR_4241) gene and C-terminally tagged PPE18 (MMAR_4240) with
a region of P107_W145 being replaced by PPE68_1 L106_W144, HygR

This study

pSMT3::PE35/PPE68_1 SWAP_HA

pSMT3 carrying in NheI-BamHI a 1.49-Kb PCR fragment containing PE35
(MMAR_0185) gene and C-terminally tagged PPE68_1 (MMAR_0186)
with a region of P107_W144 being replaced by PPE18 A108_W144,
HygR

This study

pSMT3::PE35 SWAP/PPE68_1_HA

pSMT3 carrying in NheI-BamHI a 1.49-Kb PCR fragment containing PE35
with a region of 15 amino acid PE31 C-terminal secretion signal and
C-terminally HA-tagged PPE68_1, HygR

This study

pSMT3::PE35 SWAP/PPE68_1 SWAP_HA

pSMT3 carrying in NheI-BamHI a 1.49-Kb PCR fragment containing PE35
swapped with a region of 15 amino acid PE31 C-terminal secretion
signal and C-terminally tagged PPE68_1 with a region of P107_W144
being replaced by PPE18 A108_W144, HygR

This study

pMV::PE35/PPE68_1_HA (KanR)

pMV carrying EcoRI-HindIII a 1.49-Kb PCR fragment containing PE35
(MMAR_0185) and PPE68_1 (MMAR_0186) genes with HA-tagged
C-terminus, KanR

This study

pMV::PE35/PPE68_1 SWAP_HA (KanR)

pMV carrying EcoRI-HindIII a 1.49-Kb PCR fragment containing PE35
(MMAR_0185) and a C-terminally HA-tagged PPE68_1 (MMAR_0186)
genes with a region of P107_W144 being replaced by PPE18 A108_
W144, KanR

This study

pMV::PE35/PPE68_1_HA (StrepR)

pMV carrying PE35 (MMAR_0185) and PPE68_1 (MMAR_0186) genes
with HA-tagged C-terminus, StrepR

This study

pMV::PE35/PPE68_1 SWAP_HA (StrepR)

pMV carrying PE35 (MMAR_0185) and PPE68_1 (MMAR_0186) genes
with HA-tagged C-terminus with a region of P107_W144 being
replaced by PPE18 A108_W144, StrepR

This study

pSMT3::PE35/PPE68_1 L125E

pSMT3::PE35/PPE68_1 in which leucine-125 has been mutated into a
glutamine, HygR

This study

pSMT3::PE35/PPE68_1 L125A

pSMT3::PE35/PPE68_1 in which leucine-125 has been mutated into an
alanine, HygR

This study

pMV::espG1/espH/eccA1 (KanR)

pMV carrying PacI-HindIII an espG1/espH/eccA1 (MMAR_5441/
MMAR_5442 /MMAR_5443), KanR

This study

pMV::esxM/esxN/espG5 (StrepR)

pMV carrying XmnI-HindII an M. marinum esxM/esxN/espG5, StrepR

This study
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PPE68_1 L125R-F
PPE68_1 L125R-R

PPE68_1 125A-F
PPE68_1 125A-R

PPE18 A108_W144_ Fw
PPE18 A108_W144_Rv
PPE68_L106_Rv
PPE68 N145_Fw

PE35_PE31(15C) ss_Fw
PE35_PE31(15C) ss_Rv

PE35_EcoRI_F
PPE68_1_HA_HindIII_R

PPE68 P107_W144_Fw PPE68
P107_W144_Rv
PPE18_M1_P106_Rv
PPE18_A146_Fw

pSMT3::PE35/PPE68_1 L125R_HA

pSMT3::PE35/PPE68_1 L125A_HA

pSMT3::PE35/PPE68_1 SWAP_HA

pSMT3::PE35 SWAP/PPE68_1_HA

pMV::PE35/PPE68_1_HA
pMV::PE35_PPE68_1 SWAP_HA

pSMT3::PE31/PPE18 SWAP PPE68_HA

Primer sequence

GGGGGGTTAATTAAATGACCGGTCCGCTCG
GGGGGGAAGCTTTCACTCTCTCATATTGAGGTGTG
GACTGAAAGAATTCCATATGACTGCACGCTTTATGACC
GACTAAGCTTTCAAACTCTGCTATGCGTTTTC

Fw_PacI_EspG1
Rv_ EccA1_HindIII

EsxMmar_XmnI_F
EspG5mar_HindIII_R

pMV::esxM-esxN-espG5

TTTTTTTTCCATAAATTGGTTCGAATCAGGCCGAATATG
TTTTTTTTCCATTTCTTGGATCAGCCAAAAATCTTGTC
TTTTTTTTCCATAGATTGGAGTCTGCTCGAACTACTTCC
TTTTTTTTCCATCTTTTGGTTGAGCCACGACACCAGATG

ACGGTGCCCCCG CCCGAGATCGCCG GGCGTCCTGGGCCCACATTCGGATGAAATA
GTC CGGCGATCTCGGGCGGGGGCACCGT
GACTATTTCATCCGAATGTGGGCCCAGGACGCC

GGGGGGAATTCATGCGATCCATGTCTTTTG
GGGGGGAAGCTTTCACGCGTAGTCCGGC

GAAACCGCCAACGCCGTGGCATCTCAA TAGTCGGCCTGCCAAC
TTGAGATGCCACGGCGTTGGCGGTTTCGGTGCTCAGGTACGAGGCCGCGATCTGCCGC

CCTTGGCGATGACGCCGTCGCTGGCGTTGATCCTCGAAAACC
CATCGCGCTGGCGGCCTGGTTCCACATCTCGCCGTACTCAG
GGATCAACGCCAGCGACGGCGTCATC
CGAGATGTGGAACCAGGCCGCCAGC

GACCAATTTCCGCCGCATCAACAC
GTGTTGATGCGGCGGAAATTGGTC

GACCAATTTCCGAGGCATCAACA
TGTTGATGCCTCGGAAATTGGTC

CCCGCTACG ATGCGATCCATGTCTTTTGA
CCCGGATCCTCACGCGTAGTCCGGCACGTCGTACGGGTA CCAGTCGTCGTCGTCATCC

CCCACTAGTGTGTCTTCTGTTACGGCTC
CCCGGATCCTCACGCGTAGTCCGGCACGTCGTACGGGTA TCCCGCGGCTGGAGGG

pMV::espG1/espH/eccA1

EspG1 KO LF
EspG1 KO LR
EspG1 KO RF
EspG1 KO RR

PE35-NHEI-F
PPE68_1-HA-BAMHI-R

pSMT3::PE35/PPE68_1_HA

∆espG1

Primer name

PE31-SPEI-F
PPE18-HA-BAMHI-R

Plasmids

pSMT3::PE31/PPE18_HA

Table S3. Primers used in this study
Restriction site

XmnI
HindIII

PacI
HindIII

EcoRI
HindIII

NheI
BamHI

NheI
BamHI

NheI
BamHI

SpeI
BamHI
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Primer name

SigA-Fw
SigA-Rv
esxA1_Fw
esxA1_Rv
esxA2 qPCR F
esxA2 qPCR R
esxA3 qPCR F
esxA3 qPCR R

Plasmids

Quantitative PCR

102
Primer sequence
GAAAAACCACCTGCTGGAAG
CGCGTAGGTGGAGAACTTGT
CACCAGCATTCATTCCCTTC
AGGTTCTGCAGCGAGTTGTT
ATTCGGCCTTCTGCTTGTTGG
TTCGGCCTTCTGCTTGTTGG
GCATCCAGCGCAATTCAGGG
GCGAGTTGTTGAGCTCCTGC

Restriction site
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ABSTRACT
Type VII secretion systems (T7SSs) of pathogenic mycobacteria secrete a wide range of extracellular
proteins, which play important roles in the host-pathogen interactions and in bacterial viability.
There are four different classes of T7SS substrates, the Esx, PE, PPE and Esp proteins, some of which
are secreted as heterodimers. Each T7SS mediates the secretion of specific members of the Esx, PE
and PPE protein families, which raises the question how system specificity is determined. PE/PPE
heterodimers interact specifically with their cognate EspG chaperones, which recently has been
shown to determine their destined secretion pathway. As both structural and pulldown analysis
suggest that EspG is unable to interact with Esx proteins, the determining factor for system specificity
of these substrates remains unknown. In this study, we have investigated the secretion specificity
of the ESX-1 substrate pair EsxB_1/EsxA_1 (MMAR_0187/MMAR_0188) in Mycobacterium marinum.
While this substrate pair was hardly secreted when heterologously expressed, secretion was
observed when EsxB_1/EsxA_1 was co-expressed with PE35/PP68_1 (MMAR_0185/MMAR_0186),
which are produced from the same operon. Surprisingly, co-expressing EsxB_1/EsxA_1 with PE35/
PPE68_1 carrying the EspG5 chaperone binding domain to redirect this substrate pair to the ESX5 system resulted in the co-secretion of EsxB_1/EsxA_1 via ESX-5. Our data therefore suggest a
secretion model in which PE35/PPE68_1 play as a determinant factor in the system specific
secretion of EsxB_1/EsxA_1.
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INTRODUCTION
Mycobacteria possess a unique hydrophobic cell envelope that protects them from various
harmful compounds and contributes to the resilience of pathogenic mycobacteria during
infection. To secrete proteins across these physical barriers, mycobacterium employ specialized
machineries, which are called type VII secretion systems (T7SS) or ESX secretion systems [1,2]. M.
tuberculosis possesses five T7SSs are named ESX-1 to ESX-5 [1,2]. Each system plays different roles in
the mycobacterial life cycle, such as endothelial cell entry and phagosomal rupture/escape (ESX-1)
[3–7], iron uptake (ESX-3) [8,9], and nutrition acquisition (ESX-5) [10]. Several classes of substrates
are secreted by the ESX secretion systems: Esx, PE, PPE and Esp proteins, all of them belonging to
the so-called EsxAB clan protein superfamily (Pfam CL0352) [11]. Although each system secretes
their own subset of Esx substrates, the majority of the PE and PPE proteins are substrates of the
ESX-5 system [12,13] and most of the Esp (ESX-1 specific proteins) proteins are specific substrates
of ESX-1 [2].
The T7SS substrates share several similarities. First, some of these substrates have been shown to
form heterodimers in the cytosol and are therefore thought to be secreted as (partially) folded
dimers [14–18]. Protein structures have been solved for at least one model protein of each class.
The heterodimers formed by different Esx proteins [19,20] as well as the heterodimers formed
by PE and PPE proteins, form two pairs of antiparallel alpha helices [17,18,21]. Interestingly, the
structure of the only known Esp substrate, i.e. EspB, revealed that this monomeric protein itself can
form a four-alpha-helical bundle similar to the ESX and PE/PPE substrates [14,16]. Similarly, some
other Esp proteins have been shown to be secreted as heterodimers and are predicted to possess
alpha-helical folds as PE/PPE dimers [22]. Another common feature of the T7SS substrates is that
at least one of the partners contains a conserved secretion signal, YxxxD/E, located directly after
the helix-turn-helix structure. Although this signal is required for secretion [23,24], it is functionally
exchangeable among substrates of different ESX pathways and therefore does not define system
specificity [23]. Interestingly, although the T7SS substrates share a number of common features,
they are secreted in a strictly system-specific manner [25]. Thus, it is important to understand what
the determinant factors of system specificity are for each substrate class.
Previous studies have shown that PE/PPE pairs specifically interact with their cognate cytosolic
chaperone, called EspG, which is required for their secretion [25]. Each ESX system, except for ESX4, has its own PE/PPE substrate and its own EspG chaperone. Further structural analysis showed
that PPE protein substrates have a relatively hydrophobic helical tip domain that extends from the
dimerization domain [17,18]. This helical tip domain is recognized by EspG [17,18]. Importantly, this
recognition is specific, as only the cognate EspG chaperone is able to bind, suggesting that this
chaperone might determine through which system these substrates are transported. Indeed, we
could previously establish the redirection of the ESX-1 substrate pair PE35/PPE68_1 to the ESX-5
system by replacing the EspG1 chaperone binding domain with the equivalent domain of the ESX5 substrate PPE18 [26]. Interestingly, the expression and secretion of several Esp proteins, i.e. EspA/
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EspC and EspE/EspF is also dependent on specific chaperones, i.e. on EspD and EspH, respectively
[27,28]. This raises the question how the Esx substrate pairs, which lack an extended tip domain, are
specifically recognized and targeted for their designated systems.
EsxA (ESAT-6) is by far the most studied T7SS substrate and this ESX-1 substrate is co-secreted with
EsxB (CFP-10). A complicating factor in studying EsxA secretion is that different ESX-1 substrate
classes have been shown to be interdependent on each other for secretion [29,30], e.g. loss of EspA
or PPE68 secretion led to secretion defects of EsxA and vice versa [26,29]. Therefore, determining
the roles of individual ESX-1 substrates in virulence has been a major challenge.
Here, we investigated the signals that determine system specificity of Esx substrates in M. marinum,
using the ESX-1 substrates EsxB_1/EsxA_1. In M. marinum part of the ESX-1 locus, encompassing
MMAR_5447/ppe68/esxB/esxA, is duplicated and lies downstream of the original locus [31]. These
duplicated genes are known as esxB_1/esxA_1 (MMAR_0187/MMAR_0188) and pe35/ppe68_1
(MMAR_0185/MMAR_0186). We found that EsxB_1/EsxA_1 secretion via the ESX-1 system is
severely enhanced by the co-expression and secretion of PE35/PP68_1. Surprisingly, we were able
to reroute the EsxB_1/EsxA_1 pair to the ESX-5 system by solely exchanging the EspG-binding
domain of PPE68_1. The redirection of EsxB_1/EsxA_1 to the ESX-5 system subsequently allowed
us to investigate functions of these substrates in mycobacterial virulence.

RESULTS
EsxB_1/EsxA_1 require co-expression of PE35/PPE68_1 for efficient ESX-1 dependent secretion

To investigate the determinant factors for the system specific secretion of Esx substrates, we
investigated the secretion of EsxB_1/EsxA_1 in M. marinum (Fig. 1A). We introduced a multicopy
pSMT3 plasmid, containing the esxB_1/esxA_1 expressed under the constitutive hsp60 promoter,
in WT M. marinum MUSA [13]. We also tested the pe35/ppe68_1 genes as an ESX-1 substrate control.
Secretion was analyzed by immunoblotting using the introduced HA and FLAG epitopes at the
C-terminus of EsxA_1 and PPE68_1, respectively (Fig. 2A). The cytosolic protein GroEL2 was not
detected in the culture supernatant fractions of all analyzed cultures, confirming the integrity of
the bacterial cells. Consistent with published data [23,26], PPE68_1 was detected in the culture
supernatant fraction of the WT strain as a faint smeary band of about 40 kDa (Fig. 2A, lane 11-12).
In contrast, while EsxA_1-HA was well expressed, as judged from the HA signals detected in pellet
(Fig. 2A, lane 4-5), this protein was poorly secreted by the WT strain. We also analyzed the samples
with an anti-EsxA antibody, which probably detects both EsxA_1-HA and endogenous EsxA.
Surprisingly, the total secretion of EsxA was severely affected by EsxB_1/EsxA_1 overexpression
(Fig. 2A, lane 13-14), indicating that ESX-1 functioning was affected.
As several T7SS substrates, in particular those of the ESX-1 system, have been shown to be dependent
on each other for secretion [26,29,32], we hypothesized that the secretion of heterologous
EsxB_1/EsxA_1 could require co-overexpression of the PE35/PPE68_1 pair. To address this, we co110
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Fig. 1. Schematic illustration of esx-1 locus and type VII secretion systems
A. Genetic organization of the esx-1 locus and pe35/ppe68_1/esxB_1/esxA_1 upstream of the esx-1 locus. Genes are
color-coded according to the localization of their encoded proteins—see key.
B. Current model of substrate recognition by the ESX-1 and ESX-5 secretion systems. EspG homologues recognize
cognate PE/PPE but not Esx proteins in the cytosol, independently of the general secretion signal located in the C
terminus of the PE proteins. This recognition is required for secretion via the cognate secretion machinery located in
the mycobacterial inner membrane. The mechanism of translocation across the outer membrane remains unknown
and is indicated by a question mark. IM, inner membrane; OM, mycobacterial outer membrane.

electroporated the integrative pMV361::pe35/ppe68_1-flag plasmid and pSMT3::esxB_1/esxA_1-ha
in WT M. marinum. Secretion analysis followed by immunoblotting showed that the co-expression
of EsxB_1/EsxA_1 did not seem to affect the expression and secretion of PPE68_1 (Fig. 2A, lane 6-7
and lane 15-16). In contrast, EsxA_1 was efficiently detected as a smeary band of about 15 kDa in
the supernatant of the WT strain (Fig. 2A, lane 15-16). Furthermore, under these conditions, the
EsxA levels in the supernatant fractions were comparable to that of the WT strain (Fig. 2, lane 1516). This data indicate that the efficient secretion of EsxA_1 by the ESX-1 secretion system relies on
the co-expression of PE35/PPE68_1.
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A. Heterologous EsxA_1 secretion requires a co-expression of PE35/PPE68_1. A schematic representation of the
different constructs used are shown on the left. The four genes encoding the M. marinum ESX-1 substrates PE35/
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Because the integrative pMV361 plasmid and the multi-copy pSMT3 plasmid differ in their copy
numbers, we also introduced the intact pe35/ppe68_1/esxB_1/esxA_1 locus into the pSMT3 plasmid
with a FLAG tag and an HA tag fused to the C termini of PPE68_1 and EsxA_1, respectively. We
observed that the expression of EsxA_1-HA by the plasmid containing the intact pe35/ppe68_1/
esxB_1/esxA_1 locus seemed unaltered compared to when EsxA_1 was expressed, while the cellular
level of PPE68_1-FLAG was increased, probably due to its expression from a multi-copy plasmid
(Fig. 2A, lane 8-9). Furthermore, we observed that the secretion of EsxA_1-HA was similar to when
the two substrate pairs were independently expressed (Fig. 2A, lane 17-18). Taken together, our
data strongly indicates that the co-expression of PE35/PPE68_1 increases the secretion of EsxB_1/
EsxA_1 via the ESX-1 system and this does not depend on their co-expression from the same gene
locus.
We next investigated whether the secretion of EsxA_1 requires not only co-expression but also cosecretion of PPE68_1. To test this, we analyzed the effect of individual deletions of the C-terminal
domains containing the general YxxxD/E secretion motif of PE35 and EsxB_1 on secretion of
PPE68_1 and EsxA_1 in the WT and an eccCb1 mutant strain (MVU), previously described as a nonfunctional esx-1 mutant [12] (Fig. 2B). In all tested cultures, the supernatant fractions did not contain
detectable amounts of GroEL2, indicating the integrity of the cells (Fig. 2B). Immunoblot analysis
showed that the deletion of either the PE35 or the EsxB_1 secretion motif significantly disrupted
the secretion of both PPE68_1 and EsxA_1 in WT M. marinum (Fig. 2B, lane 13-14). Only some
minor secretion of PPE68_1 was observed in the WT but not the eccCb1 mutant strain when the
secretion motif in EsxB_1 was deleted (Fig. 2B, lane 18 and 19). When the secretion motif of PE35
was removed, a minor amount of EsxA_1-HA secretion was detected (Fig. 2B, lane 13-14). However,
similar amounts were also seen in the eccCb1 mutant (Fig. 2B, lane 12 and lane 14-15), thus we
considered this as background levels.
Surprisingly, when the secretion motif of either PE35 or EsxB_1 was deleted, the secretion of the
endogenous EsxA, as detected by the anti-EsxA antibodies, was also completely blocked in the WT
strain (Fig. 2B, lane 13-14 and 17-18). To check whether this block in secretion was also seen for other
endogenous ESX-1 substrates, the surface localization of the ESX-1 substrate EspE was examined.
Interestingly, we found that EspE was localized on the bacterial surface in normal amounts, as
examined by the extraction of surface protein using the mild detergent Genapol X-080 (Fig. 2C,
lane 13-14 and 17-18). As expected, no EspE was detected in the Genapol extracted material of
B. Both secretion signals of PE35 and EsxB_1 are required for secretion of EsxA_1 and PPE68_1. A schematic
representation of the different constructs used, where deletions are indicated by a cross, are shown on the left.
Immunoblot analysis using the same antibodies as under A to analyze secretion by WT and the eccCb1 mutant.
C. Secretion of the endogenous ESX-1 substrate EspE was unaffected by the presence of PE35 and EsxB_1 without
secretion signals. Immunoblot analysis of WT and the eccCb1 mutant cell pellets treated with Genapol X-080 and the
concomitant supernatant fractions using the anti-EspE antibodies.
In all shown blots, equivalent OD units were loaded; 0.2 OD for pellet or Genapol pellet and 0.5 OD for supernatant or
Genapol supernatant. Numbers indicate two independent M. marinum colonies carrying the same construct.
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thethe eccCb1 mutant (Fig. 2C, lane 15-16 and 19-20). This suggests that the ESX-1 machinery is still
operational, but that the lack of the secretion motifs of either exogenous PE35 or EsxB_1 specifically
frustrates the recognition and/or transport of endogenous EsxA. We therefore conclude that the
presence of both the PE35 and EsxB_1 secretion signals is required for the secretion EsxB_1/
EsxA_1 and the efficient secretion of PE35/PPE68_1. This indicates that both substrate pairs are
co-dependently secreted via the ESX-1 system.
WT EsxB_1/EsxA_1 is rerouted to the ESX-5 system by introducing the EspG5 binding domain in
PPE68_1

While the YxxxD/E motif in PE substrates of different ESX systems can in general be exchanged
without changing their predetermined secretion route [23], we have shown previously that we
were able to redirect PPE68_1 to the ESX-5 system by exchanging its EspG1 chaperone binding
domain with the equivalent domain of the ESX-5 substrate PPE18 [26]. Here, we tested which
signals are required to establish rerouting of EsxA_1 to the ESX-5 system. For this, we constructed
pe35/ppe68_1/esxB_1/esxA_1 in which ppe68_1 was engineered to carry the EspG5 binding domain
of PPE18 protein, as previously described [26]. This construct was named SINGLE SWAP (Fig. 3A) and
the modified PPE68_1 protein was named PPE68_1 SWAP. To additionally investigate the role of the
EsxB_1 secretion signal, the C-terminal domain EsxB_1 containing the YxxxD/E motif was replaced
by the equivalent region of the ESX-5 substrate EsxM (Fig. 3B). This construct, also containing
PPE68_1 SWAP was designated DOUBLE SWAP (Fig. 3A). Finally, we also replaced the 15 amino-acid
C-terminal domain of the PE35 by the corresponding region of the ESX-5 substrate PE31, resulting
in the construct of TRIPLE SWAP (Fig. 3A). The four constructs, i.e. WT, SINGLE, DOUBLE and TRIPLE
SWAP, were introduced and secretion was analyzed in the WT and different mutant strains. We
observed that the presence of the SINGLE, DOUBLE and TRIPLE SWAP constructs seemed to cause
some minor lysis of WT M. marinum cells, as GroEL2 was consistently detected in the supernatants
of these cultures (Fig. 3C). Nevertheless, the detected amount of GroEL2 was comparable among
the strains expressing the different constructs, allowing further analysis. As observed before, the
WT construct resulted in expression and secretion of both the PPE68_1 and the EsxA_1 (Fig. 3C,
lane 1-2 and 9-10). Anti-EsxA antibodies were included to confirm the total EsxA expression and
secretion (Fig. 3C, lane 1-2 and 9-10). As seen previously for the SINGLE SWAP construct [26], we
observed that PPE68_1 SWAP was expressed and efficiently secreted in the WT strain (Fig. 3C, lane
11-12). Notably, while secretion of PPE68_1 SWAP was more efficient than PPE68_1 WT [26], the
amount of EsxA_1 was also higher in the supernatant fractions, as judged by an increased intensity
of both HA and EsxA signals (Fig. 3C, lane 11-12). The presence of the ESX-5 secretion signal of EsxM
in the DOUBLE SWAP construct did not affect the secretion of both PPE68_1 SWAP and EsxA_1 as
similar intensities of the detected signals were observed (Fig. 3C, lane 13-14). However, when ESX‑5
secretion signals were introduced in both PE35 and EsxB_1, the secretion of both the PPE68_1
SWAP and EsxA_1 seemed to reach the highest efficiency.
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Fig. 3. EsxA_1 is co-rerouted to ESX-5 by introducing the EspG5 binding domain of ESX-5 substrate PPE18 into PPE68_1
A. Schematic representation of the different constructs used in the secretion analysis. The introduced sequences of
the ESX-5 substrates PE31/PPE18 are in grey. The FLAG (on PPE68_1) and HA-tag (on EsxA_1) are shown in red.
B. Alignment of the swapped sequences containing the C terminal secretion motifs of the ESX-5 substrates PE31 and
EsxM with ESX-1 substrates PE35 and EsxB_1, respectively. The conserved residues of Y and D/E of the secretion motif
of YxxxD/E are in bold.
C–E. Rerouting of EsxA_1 substrate to the ESX-5 system is induced by the redirection of PPE68_1 containing an EspG5
chaperone binding domain. Immunoblot analysis of EsxA_1 as detected with the HA antibody, PPE68_1 as probed
with the FLAG antibody, endogenous and exogenous EsxA paralogues using an EsxA antibody and intracellular
GroEL2 in pellet and supernatant fractions. Different derivations of PE35/PPE68_1/EsxB_1/EsxA_1 were tested in WT
M. marinum (MUSA; C), an ESX-1 eccCb1 mutant (also known as MVU; D), and an eccC5 knockout strain (E). Equivalent
OD units of cell pellets (0.2 OD unit) and culture supernatants (0.5 OD unit) are shown. Numbers indicate two
independent M. marinum colonies carrying the same construct.
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We subsequently addressed if secretion was still dependent on ESX-1 by introducing the different
constructs in the eccCb1 mutant strain. In contrast to WT cells, GroEL2 was not detected in the
supernatant fractions of this strain, indicating the integrity of the cells in the presence of the
constructs (Fig. 3D). As observed in the previous experiment, secretion of both PPE68_1 and
EsxA_1 was blocked (Fig. 3D, lane 9-10). In contrast, the PPE68_1 SWAP protein was still secreted
(Fig. 3D, lane 3-4 and 11-12), confirming our previous observation that the PPE68_1 SWAP was
secreted independently from the ESX-1 system [26]. Importantly, we also still detected EsxA_1 in
the supernatant using both anti-HA and anti-EsxA antibodies (Fig. 3D, lane 11-12), suggesting that
this ESX-1 substrate is now secreted in an ESX-1 independent manner. This is unexpected, as both
EsxA_1 and EsxB_1 are unmodified in the SINGLE SWAP construct. Similar as for the WT bacteria,
the DOUBLE SWAP construct showed comparable levels of EsxA_1 secretion as the SINGLE SWAP
constructs (Fig. 3D, lane 13-14), while the secretion of EsxA_1 seemed most efficient in the presence
of both the ESX-5 secretion signals in the TRIPLE SWAP (Fig. 3D, lane 15-16). Together, these data
showed that co-expression with PPE68_1 SWAP resulted in the ESX-1 independent secretion of
EsxA_1.
To check whether PPE68_1 SWAP and EsxA_1 are secreted by the ESX-5 system, we introduced the
constructs in an ∆eccC5 strain. EccC5 is an essential component of the ESX-5 machinery [33,34] and
deletion of this component blocks ESX-5 dependent secretion [10]. In this strain, the presence of all
tested constructs consistently caused some bacterial lysis, as GroEL2 was found in all supernatant
fractions (Fig. 3E). As a similar phenotype was observed for the SINGLE, DOUBLE and TRIPLE SWAP
constructs in WT cells but not in the ESX-1 mutant strain, this bacterial leakage induced upon
expression of these heterologous proteins therefore seemed to be linked to a functional ESX-1
system. With the WT construct, we detected both PPE68_1 WT and EsxA_1 in the supernatant
fractions by using anti-FLAG and anti-HA antibodies, respectively (Fig. 3E, lane 13-14). The PPE68_1
SWAP and EsxA_1 of the SINGLE SWAP were detected in moderate amounts in the supernatant (Fig.
3E, lane 15-16), whereas they were no longer detected in the supernatants of bacteria containing
either the DOUBLE or the TRIPLE SWAP (Fig. 3E, lane 17-20). In the two latter cases, the signals using
the EsxA antibody were detected at comparable levels (Fig. 3E, lane 17-20) and were similar to that
of the empty ∆eccC5 strain (Fig. 3E, lane 3). Thus, our data show that the secretion of both proteins
became mostly dependent on the ESX-5 system when the EspG5 binding domain was introduced.
The observed residual secretion of PPE68_1-FLAG and EsxA_1-HA with the SINGLE SWAP construct
indicates that a small amount of these substrate pairs is still secreted via ESX-1. Interestingly, we
previously showed that secretion of PPE68_1 was completely blocked in the same ESX-5 mutant in
the absence of heterologously expressed EsxB_1/EsxA_1 [26]. This indicates that this Esx substrate
pair might be able to direct some PPE68_1 SWAP molecules to the ESX-1 system.
Previously [26], we observed a competitive correlation between the secretion of the rerouted
substrates PE35/PPE68_1 SWAP and native substrates of the ESX-5 system, the PE_PGRS proteins.
The same phenomenon was observed in this study when we analyzed the secretion of PE_PGRS
proteins in the M. marinum WT and eccCb1 mutant strains expressing the four different constructs
(Fig. S1).
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In summary, introducing the EspG5 binding domain in PPE68_1 resulted in the rerouting of both
this PPE substrate and EsxA_1 to the ESX-5 system, further confirming that these proteins are cosecreted. Introduction of two ESX-5 secretion motifs optimized the secretion efficiency via ESX-5,
showing that these signals have system specific functionality to some extent.
Rerouted EsxA_1 does not lyse red blood cells

M. marinum shows hemolytic activity in vitro and this function has been linked to ESX-1 activity
[4,35,36]. The retouring of EsxB_1/EsxA_1 substrates to the ESX-5 secretion system offers a unique
opportunity to study the role of these substrates in this process. We set out to determine if the
ESX-5 dependent secretion of EsxA_1 could cause any lysis of red blood cells. First, we confirmed
that the WT strain was able to show hemolysis and the eccCb1 mutant strain lost this ability (Fig.
4), which is in line with the previous well-published data [26,35]. Interestingly, eccCb1 mutants
containing the SINGLE construct that secrete EsxA_1 via the ESX-5 system were non-hemolytic,
similar to the ESX-1 mutant (Fig. 4). Thus, we concluded that EsxB_1/EsxA_1 is probably not directly
involved in the hemolytic activity of M. marinum.

Fig. 4. Redirected EsxA_1 exhibits no hemolytic activity
Contact-dependent hemolysis of red blood cells (RBCs)
by various M. marinum strains grown in the presence
of Tween-80. Hemolysis was quantified by determining
the OD405 absorption of the released hemoglobin. Three
independent colonies of the eccCb1 mutant expressing
pSMT3::pe35/ppe68_1/esxB_1/esxA_1 SINGLE SWAP were
included. Ctrl = PBS; **** = p < 0.0001.

DISCUSSION
The observation that different mycobacterial T7SSs secrete their own subset of Esx, PE and
PPE proteins that are similar on a sequence and structural level raises the question how these
substrates are specifically recognized. Recently, we showed that the system specificity of the PE/
PPE substrates is determined by the EspG chaperone binding domain on the PPE protein [26].
However, this mechanism does not seem to apply for the Esx heterodimers as they lack an EspG
binding domain and do not interact with the EspG chaperone [25]. In this study, we show that the
PE35/PPE68_1 substrates define the system specific secretion of EsxB_1/EsxA_1 in M. marinum.
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We show that the ESX-1 dependent secretion of exogenous EsxB_1/EsxA_1 is severely enhanced
when PE35/PPE68_1 is co-expressed. Co-expression of PE35/PPE68_1 from the same promoter was
not required for EsxA_1 secretion, suggesting that this dependency is not transcriptionally linked.
Our previous observation that deletion of espG1 leads to abortion of not only PE/PPE secretion,
but also of EsxB/EsxA and other ESX-1 substrates in M. marinum [26,28] already hints towards
the dependency of EsxB/EsxA secretion on PE/PPE substrates. Interestingly, in M. tuberculosis the
dependency of EsxA secretion on PPE68 seems less strict, as similar espG1 deletion in this species
did not affect EsxA secretion [4,32]. As there is only a single copy of esxA in the genome of M.
tuberculosis, while M. marinum has four highly homologous esxA copies, it could be possible that
the two pathogens employ distinct mechanisms to govern the secretion of EsxA. Alternatively,
there might be redundancy of different PE/PPE proteins in M. tuberculosis.
We also examined the role of the C-terminal secretion motifs of PE35 and EsxB_1 and established
that they are required for the secretion of the corresponding heterodimer, consistent with previous
publication [23]. Our novel finding is that these two secretion motifs are required for the secretion
of both heterodimers, which means that the secretion of EsxA_1 is not only dependent on the
expression but also on the secretion of PE35/PPE66_1. This supports a previously proposed model
in which dual binding of different substrates is required to activate the EccC ATPase component
of the ESX-1 machinery [37]. Interestingly, the lack of either the PE35 or the EsxB_1 secretion signal
abolished the secretion of endogenous EsxA as well, which is similar to our previous observation
that the introduction of an ESX-5 secretion signal in PE35 results in a secretion block of not only
PPE68_1 but also of endogenous EsxA [26]. This interference seems specific for EsxA, as another
ESX-1 substrate, EspE, was secreted normally under these conditions. This suggests that the ESX-1
secretion machinery is still operational, but that recognition of EsxA is frustrated. In line with these
data we observed that the secretion of endogenous EsxA was nearly abolished in WT M. marinum
in the presence of the overexpressed EsxA_1/EsxB_1. Finally, we also observed a reciprocal effect,
as the secretion of PPE68_1 was diminished when EsxB_1/EsxA_1 without the secretion signal was
co-expressed. Possibly, a cytosolic factor that is required for this recognition, such as EspG1 or an
unknown component, is titrated away by the secretion signal lacking substrates.
The finding that WT EsxB_1/EsxA_1 could be rerouted to the ESX-5 system in M. marinum, by
solely manipulating the EspG binding domain of PE35/PPE68_1, is unexpected. The fact that
WT EsxB_1/EsxA_1 could be rerouted in this manner further confirms the strict dependency of
EsxB_1/EsxA_1 secretion on PE35/PPE68_1. In addition, the observation that secretion of both
exogenous PPE68_1 WT via ESX-1 and PPE68_1 SWAP via ESX-5 does not seem to be enhanced
upon co-expression of EsxB_1/EsxA_1 (Figure 2A) shows that there is hierarchy in secretion, where
the PE/PPE pair controls and might regulate secretion of EsxB_1/EsxA_1. Possibly, PE35/PPE68_1
serves as a secretion partner assisting the secretion of EsxB_1/EsxA_1. However, we were unable
to demonstrate an interaction of the two substrate pairs by pulldown experiments. The fact that
rerouting of endogenous EsxA by the over-expression of PE35/PPE68_1 SWAP was previously
not observed [26] suggests that expression levels of endogenous Esx and PE/PPE pairs are well
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balanced. Interestingly, the ability of the ESX-5 system to secrete the two substrate pairs while
they still carry both ESX-1 secretion motifs again reflects its flexibility in secreting a wide range
of substrates, as discussed in other studies [12,17,18]. Nevertheless, rerouting was most efficient
when both PE35 and the EsxB_1 carried the ESX-5 C-termini secretion signals of PE31 and EsxM,
respectively. This suggests that the secretion signals of PE31 and EsxM are exchangeable with other
signals, but that they are more optimal for the recognition and secretion by the ESX-5 machinery.
Studying functions of individual ESX-1 substrates during the mycobacterial infection cycle has
been challenging due to the secretion interdependency. The observation that the WT EsxA_1 can
be directed to the ESX-5 system provided a unique opportunity to investigate exact roles of this
protein in host-pathogen interactions. The redirection EsxA_1 to the ESX-5 system did not result in
restored hemolytic activity of an M. marinum ESX-1 mutant, indicating that EsxA_1 is not involved
in this process. While protein sequences of EsxB and EsxB_1 are 100% identical, EsxA_1 shares 92%
protein sequence identity with EsxA. Given the high similarity, it has been suggested that EsxB_1/
EsxA_1 have an equivalent functionality as EsxB/EsxA [31]. Although these small changes could
affect functionality and we also cannot exclude that the introduced C-terminal HA-tag interferes
with EsxA_1 functioning, our results further indicate that EsxA is not the factor that mediates the
observed ESX-1 dependent membrane lysis activity [28, 38]. Current research is focusing on the
redirection of EsxB/EsxA to be able to directly assess the membrane lysis activity of this substrate
pair.

MATERIALS AND METHODS
Bacterial strains and growth cultures

All mycobacterial strains were grown on Middlebrook 7H10 plates (Difco) containing OADC
supplement (oleic acid, albumin, dextrose and catalase; BD Biosciences) or liquid 7H9 medium
containing ADC supplement (BD Biosciences) and the appropriate antibiotics (see below). M.
marinum strains were grown at 30°C by shaking at 90 rpm. All mycobacterial strains and mutants
are listed in Table S1. Escherichia coli strain DH5α was used for cloning procedures and plasmid
accumulation, and was grown on lysogeny broth (LB) plates or liquid broth at 37°C by shaking
at 200 rpm. Growth media was supplemented with the appropriate antibiotics at the following
concentrations: kanamycin (Roche) 25 µg/ml; hygromycin (Sigma) 50 µg/ml.
Plasmid construction

All PCRs were carried out with the Phusion High-Fidelity DNA polymerase (Finnzymes) using
primers listed in supplemental Table S2. The restriction sites used for cloning are also indicated in
this table. All constructs were checked by sequencing.
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Protein secretion and immunoblot analysis

M. marinum strains were grown in 7H9 liquid medium supplemented with ADC, 0.05% Tween
80, and appropriate antibiotics until mid-logarithmic phase, after which the cells were washed
and inoculated in 7H9 medium with 0.2% dextrose–0.05% Tween 80 at an optical density at 600
nm (OD600) of 0.4 and grown for another 16 h. The cells (Pellet) were spun down for 10 min at
6,000 g, washed with phosphate buffered saline (PBS), and resuspended in SDS loading buffer
(containing 100mM DTT and 2% SDS). Supernatants were passed through 0.2 µm-pore-size filter
units, proteins were precipitated with trichloroacetic acid (TCA) and resuspended in SDS loading
buffer. Alternatively, the cells were resuspended in 0.5% Genapol X-080 and incubated for 1 h at
room temperature. Samples were spun down and pellets were resuspended in SDS sample loading
buffer (Genapol Pellet), while 5x SDS sample buffer was added to the supernatant containing
Genapol X-080 (Genapol Supernatant) to obtain a final concentration of 1x SDS buffer. Proteins
were separated on SDS-PAGE gels and transferred to a nitrocellulose membrane, and membranes
were stained with anti-GroEL2 (monoclonal antibody Cs44; John Belisle, NIH, Bethesda, MD, USA),
anti-PE_PGRS (7C4.1F7) [12], anti-ESAT-6 (monoclonal antibody [MAb] Hyb76-8), anti-HA (HA.11;
Covance) [39], anti-EspE (polyclonal rabbit antibody; Eric Brown; Genentech), anti-Flag (M2
monoclonal antibody produced in mouse, Sigma).
Generation of the knockout strains

An eccC5 knockout was produced in M. marinum MUSA by allelic exchange using a specialized
transducing mycobacteriophage as previously described [28]. Subsequently, the M. marinum wildtype strain was incubated with the corresponding phage to create eccC5 knockouts. Colonies that
had deleted the endogenous eccC5 were selected on hygromycin plates and tested for sucrose
sensitivity, induced by the presence of the sacB gene. The deletion was confirmed by PCR analysis
and sequencing. To remove the resistance and sacB gene, a temperature sensitive phage encoding
the γδ-resolvase (TnpR) (a kind gift from Apoorva Bhatt, University of Birmingham, UK) was used,
generating an unmarked deletion mutation.
Haemolytic analysis

M. marinum strains were grown in 7H9 medium supplemented with ADC and 0.05% Tween-80 till
the mid-logarithmic phase. All strains were washed once with PBS and inoculated in 7H9 medium
with Tween-80 at OD600 0.35 and inoculated for 20 hours. Bacteria were pelleted by centrifugation,
washed once in PBS and resuspended in fresh DMEM medium without phenol red (Gibco, Life
technologies). Bacteria were quantified by absorbance measurement at OD600 with an estimation
of 2.5*108 bacteria in 1 ml of 1.0 OD600. At the same time, defibrinated sheep erythrocytes (OxoidThermo Fisher, the Netherlands) were washed five times and diluted in the same fresh DMEM
medium. 4.2*107 erythrocytes and 1*108 bacteria were added for one reaction of 100 µl in a roundbottom 96 well-plate, gently centrifuged for 5 minutes and incubated at 32°C. After 3 hours of
incubation, cells were mixed, centrifuged and 80 µl of supernatants were transferred to a flatbottom 96-wells plate and measured at an absorbance of 405 nm to quantify hemoglobin release.
120

A PE/PPE PAIR DETERMINES THE SYSTEM SPECIFIC SECRETION OF ESXB_1/ESXA_1

ACKNOWLEDGMENTS
We thank Joen Luirink for valuable discussions. This work was funded by a VIDI grant (864.12.006;
to support THP and ENGH) and an ALW Open grant (ALWOP.319; to support MPD) both from the
Netherlands Organization of Scientific Research (NWO). The funders had no role in study design,
data collection and analysis, decision to publish, or preparation of the manuscript.

5

Contributions

Conceived and designed the experiments: T.H.P., M.P.D, W.B., E.N.G.H. Performed the experiments:
T.H.P, M.P.D, A.R.C, R.U. Analysed the data: T.H.P., M.P.D, W.B., E.N.G.H. Wrote the initial draft T.H.P.
Manuscript finalization: T.H.P, M.P.D, W.B., E.N.G.H.
Competing interests: the authors declare no competing financial interests.

121

CHAPTER 5

SUPPLEMENTARY DATA

Fig. S1. Rerouted PP68_1 and EsxA_1 compete with endogenous ESX-5 substrates for secretion
Immunoblot analysis of the surface-localized ESX-5 dependent PE_PGRS substrates in the the eccCb1 mutant strain
overexpressing PE35/PPE68_1/EsxB_1/EsxA_1 variants. The fractions of enriched cell surface proteins (Genapol
supernatant) were collected from the bacterial cell pellets (Genapol pellet) treated with Genapol X-080. Equivalent
OD units were loaded; 0.2 OD for pellet and 0.5 OD for Genapol X-080 treated surface fractions.

Table S1. Strains used in this study
Strains
WT M. marinum M

References
USA

[13]

eccCb1 mutant (MVU)

[12]

eccC5 mutant

This study, complete deletion of eccC5 in the genome of M. marinum MUSA background strain

Table S2. Plasmids used in this study
Plasmids

Characteristics

Gene origin

References

pSMT3::esxB_1/esxA_1 WT.HA

hsp60 promoter, hygroR

M. marinum M

This study

pMV::pe35/ppe68_1-WT.Flag

hsp60 promoter, KanR, integrative

M. marinum MUSA

This study

pSMT3::pe35/ppe68_1-Flag/esxB_1/
esxA_1.HA WT

hsp60 promoter, hygroR, all four genes are
WT

USA

M. marinum M

This study

pSMT3::pe35/ppe68_1-Flag/esxB_1/esxA_1.HA
SINGLE SWAP

hsp60 promoter, hygroR, ppe68_1 carried
espG5 chaperone binding domain of ppe31

M. marinum MUSA

This study

pSMT3::pe35/ppe68_1-Flag/esxB_1/esxA_1.HA
DOUBLE SWAP

similar to previous plasmid, esxB_1 carries
secretion signal of esxM

M. marinum MUSA

This study

pSMT3::pe35/ppe68_1-Flag/esxB_1/esxA_1.HA
TRIPLE SWAP

similar to previous plasmid, plus pe35 carries
secretion signal of pe31

M. marinum MUSA

This study
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USA

Purpose of use
cloning pe35/ppe68 mmar into pSMT3
to clone the cluster pe35/ppe68_1/esxB_1/EsxA_1 into pSMT3
to clone the cluster pe35/ppe68_1/esxB_1/EsxA_1 into pSMT3
to clone the cluster pe35/ppe68_1/esxB_1/EsxA_1 into pSMT3
to clone pe35/ppe68_1 with FLAG tag into pMV
to clone pe35/ppe68_1 with FLAG tag into pMV
to clone the secretion signal of pe31 into pe35_1
to clone the secretion signal of pe31 into pe35_1
exchange 15 aa of secretion signal of esxB into esxM
exchange 15 aa of secretion signal of esxM into esxB
to clone pe35/ppe68_1 with FLAG tag into pMV
to clone pe35/ppe68_1 with FLAG tag into pMV
to clone esxB_1/esxA_1 into pSMT3

Sequence

CCCGCTAGCATGCGATCCATGTCTTTTGA

TCACTTGTCGTCATCGTCTTTGTAGTCCCAGTCGTCGTCGTCATC

GACTACAAAGACGATGACGACAAGTGAGAGTCGTTGCTAAAAAGGACTTTC

CCCCCGGATCCTTAAGCTAAGCATAATCAGGAACATCATACGGATAGCCGAACATCCCCG

CCCCCAAGCTTTCACTTGTCGTCATCGTCTTTGTAGTCCCAGTCGTCGTCGTCATC

CCCCCGAATTCATGCGATCCATGTCTTTTGACCCCG

CGTTGGCGGTTTCGGTGCTCAGGTACGAGGCCGCGATCTGCCGC

CACCGAAACCGCCAACGCCGTGGCATCTCAATAGTCGGCCTGCCAAC

GTCCTCGCAAATGGGCTTCTGACGCGCAAAGCCAC

CTAGCCGCGGAGGACCTGCTGGGAAGCCTGCTCTTGCTGCTCGTAGTTGTTACCGGCCTGACGG

CCCCCAAGCTTTCACTTGTCGTCATCGTCTTTGTAGTCCCAGTCGTCGTCGTCATC

CCCCCGAATTCATGCGATCCATGTCTTTTGACCCCG

CCCCCGCTAGCATGGCAGAGATGAAGACCGATGC

Primer name

pe35-NheI-Fw

ppe68_Flag Rv

Flag_esxB Fw

esxA HA tag BamHI Rv

ppe68_1 Flag_HindIII RV

pe35 EcoRI FW

pe35_1 SWAP pe31 ss Rv

pe31 ss flank ppe68_1 FW

esxB Fw esxN

esxB Rv esxM

ppe68_1 Flag_HindIII RV

pe35 EcoRI FW

esxB NheI Fw

Table S3. Primers used in this study
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CHAPTER 6

ABSTRACT
The pathogen Mycobacterium tuberculosis employs a range of ESX-1 substrates to manipulate the
host and build a successful infection. Although the importance of ESX-1 secretion in virulence
is well established, the characterization of its individual components and the role of individual
substrates is far from complete. Here, we describe the functional characterization of the
Mycobacterium marinum accessory ESX-1 proteins EccA1, EspG1 and EspH, i.e. proteins that are
neither substrates nor structural components. Proteomic analysis revealed that EspG1 is crucial
for ESX-1 secretion, since all detectable ESX-1 substrates were absent from the cell surface and
culture supernatant in an espG1 mutant. Deletion of eccA1 resulted in minor secretion defects, but
interestingly, the severity of these secretion defects was dependent on the culture conditions.
Finally, espH deletion showed a partial secretion defect; whereas several ESX-1 substrates were
secreted in normal amounts, secretion of EsxA and EsxB was diminished and secretion of EspE
and EspF was fully blocked. Interaction studies showed that EspH binds EspE and therefore could
function as a specific chaperone for this substrate. Despite the observed differences in secretion,
hemolytic activity was lost in all M. marinum mutants, implying that hemolytic activity is not strictly
correlated with EsxA secretion. Surprisingly, while EspH is essential for successful infection of
phagocytic host cells, deletion of espH resulted in a significantly increased virulence phenotype in
zebrafish larvae, linked to poor granuloma formation and extracellular outgrowth. Together, these
data show that different sets of ESX-1 substrates play different roles at various steps of the infection
cycle of M. marinum.

AUTHOR SUMMARY
M. tuberculosis is a facultative intracellular pathogen that has an intimate relationship with host
macrophages. Proteins secreted by the ESX-1 secretion system play an important role in this
interaction, for instance by orchestrating the escape from the phagosome into the cytosol of the
macrophage. However, the exact role of the ESX-1 substrates is unknown, due to their complicated
interdependency for secretion. Here, we study the function of ESX-1 accessory proteins EccA1, EspG1
and EspH in ESX-1 secretion in Mycobacterium marinum, the causative agent of fish tuberculosis.
We found that these proteins affect the secretion of different substrate classes, which offers an
approach to study the roles of these substrate groups. An espG1 deletion broadly aborts ESX-1
secretion and thus resulted in severe attenuation in a zebrafish model for tuberculosis, whereas
EccA1 is only crucial under specific growth conditions. The most surprising results were obtained
for EspH. This protein seems to function as a molecular chaperone for EspE and is as such involved
in the secretion of a small subset of ESX-1 substrates. Disruption of espH showed a dual character:
whereas this gene is essential for the successful infection of macrophages, deletion of espH resulted
in significantly increased virulence in zebrafish larvae. These data convincingly show that different
subsets of ESX-1 substrates play different roles at various steps in the mycobacterial infection cycle.
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INTRODUCTION
Mycobacterium tuberculosis, the etiological agent for the disease tuberculosis (TB), is still one of the
most dangerous pathogens for global health [1]. Successful infection requires secretion of multiple
virulence factors, facilitated by type VII secretion systems (T7SS). Pathogenic mycobacteria have
up to five T7SS, called ESX-1 to ESX-5 [2], of which at least three are essential for growth and/
or virulence [3,4]. The ESX-1 locus was the first T7SS to be identified. The loss of ESX-1 function
in Mycobacterium bovis BCG is considered a decisive factor of attenuation of this vaccine strain
[5]. Mouse infection experiments utilizing M. tuberculosis with a partial deletion in ESX-1 showed
reduced granuloma formation, the characteristic pathological hallmark of mycobacterial disease
[6,7]. Similarly, efficient granuloma formation, dissemination of disease and invasion of endothelial
cells in the fish-pathogen Mycobacterium marinum is dependent on a functional ESX-1 secretion
system [8–10]. More detailed analysis showed that ESX-1 substrates are required for phagosomal
membrane rupture [11,12].
Thus far, about a dozen different proteins have been identified to be secreted through ESX-1, which
can be divided in three subgroups, the Esx proteins, the PE/PPE proteins and the Esp proteins. Of
these substrates, the Esp proteins are ESX-1 specific [13]. The ESX-1 substrates EsxA (ESAT-6) and
EsxB (CFP-10) are secreted as an antiparallel heterodimer [14]. Interestingly, the limited structural
data available for PE and PPE proteins also show that these proteins form a heterodimer [15–17].
These heterodimers form a four-helix bundle and contain a YxxxD/E secretion motif directly after
the helix-turn-helix on one of the Esx proteins and on the PE protein [15,18]. The ESX-1 substrate
EspB forms a similar four helix bundle with the conserved secretion motif at the same position in
the structure and therefore does not seem to require a partner protein [17,19]. EsxA and EsxB are
most intensively investigated of the different ESX-1 substrates [11,20–22] and EsxA is thought to be
responsible for ESX-1 related virulence determinants [11,21–24]. EspA and EspB have additionally
been implicated to be important for virulence [25,26]. However, studying the exact role of each
substrate is complicated, as deletion of esxA/esxB abolishes secretion of all different Esp proteins
[8,27], while espA and espB deletion mutants are unable to secrete EsxA/EsxB [25,27].
The ESX-1 secretion system consists of a membrane complex composed of the ESX conserved
components (Ecc) EccB1, EccCab1, EccD1 and EccE1 [28,29], which is stabilized by the MycP1 protein
[29]. The ESX-1 secretion system additionally contains the cytosolic accessory components EspG1
and EccA1. EspG functions as a specific chaperone of cognate PE/PPE substrates [30,31] and
deletion of espG1 leads to a block in the secretion of PE35/PPE68_1 in M. marinum [31]. Loss of
EspG1 in M. tuberculosis caused severe attenuation, both in cell infection and in mice [32]. EccA1 is
a cytosolic AAA+ ATPase (ATPases Associated with diverse cellular Activities), which is essential for
the EsxA secretion in both M. tuberculosis and M. marinum [33,34]. The M. marinum eccA1-null strain
has been shown to be attenuated in zebrafish larvae [34]. However, its exact function is not further
characterized.
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In the M. marinum, the genes espG1 (MMAR_5441) and eccA1 (MMAR_5443) are separated in the
esx-1 locus by espH (MMAR_5442). EspH-like proteins are unique for the ESX-1 system. EspD is a
homologue of EspH, sharing 55% sequence identity in M. tuberculosis. EspD is encoded by the
espACD locus, located more than 260 kb upstream of the ESX-1 gene cluster. Interestingly, M.
tuberculosis EspD has a role in stabilizing the intracellular levels of the secreted substrate dimer
EspA/EspC [35]. These observations suggest that EspH might function as a molecular chaperone.
Here, we study the role of three accessory proteins EspG1, EccA1 and EspH in M. marinum and could
show that mutants in the corresponding genes displayed distinctive and contrasting virulence
phenotypes, demonstrating that ESX-1 substrates play different roles in virulence. We additionally
identified several potential new ESX-1 substrates.

RESULTS
Individual ESX-1 components EspG1, EspH and EccA1, display distinctive effects on the secretion of
ESX-1 dependent substrates

To study the role of accessory ESX-1 proteins EspG1, EccA1, and EspH in secretion, we created
targeted knocked-out strains for espH and eccA1 and used the previously described espG1 knockout
in M. marinum [31]. Deletion of the individual genes had no effect on bacterial growth in 7H9
medium (Fig. S1A). However, colonies of the eccA1 mutant appeared dry with a rough-surface, while
no phenotypic change was observed for the ΔespG1 and ΔespH colonies. In addition, qRT-PCR on
total RNA extractions showed that the different deletions had no polar effect on the transcription
of neighboring genes (Fig. S1B).
Next, secretion analysis was performed using immunoblotting and a set of antibodies directed
against known ESX-1 substrates. GroEL2 was included as a loading and lysis control. As a known
ESX-1 negative mutant we included the MVU strain, which has a frameshift mutation in eccCb1 [4,36]
(Fig. 1B, lane 6 and lane 7, respectively). Our analysis showed that EsxA was no longer secreted in
the ΔespG1 strain (Fig. 1B, lane 9), similarly as observed in a previous study from our group [31],
but in contrast to the results obtained in M. tuberculosis [33]. Interestingly, the deletion of espH
also resulted in a dramatic decrease in the secretion of EsxA (Fig. 1B, lane 10). Surprisingly, and in
contrast to what has been published previously [8,34], we observed that secretion of EsxA was
reduced in the eccA1 mutant, but not completely aborted (Fig. 1B, lane 8).
Next, we analyzed another ESX-1 substrate EspE (MMAR_5439), a highly abundant cell surface
protein of M. marinum, which can be extracted from the cell surface using the mild detergent
Genapol X-080 [37]. The surface localization of the ESX-5 dependent PE_PGRS proteins was
included as controls. In the WT strain, EspE was secreted in two forms: a full-length protein of ~40
kDa and a putatively processed form of ~25 kDa (Fig. 1C, lane 6). Surface localization of EspE was
abolished in all the mutant strains (Fig. 1C, lane 7 to lane 10). Notably, while EspE accumulated in
the cell pellet of all non-secreting strains, this protein was not detected in the pellet fraction of the
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Fig. 1. Mutants affected in the ESX-1 accessory proteins EspG1, EspH and EccA1 differently affect the ESX-1 secretome.
A. Genetic organization of espG1-espH-eccA1 in the esx-1 locus. Genes are color-coded according to the localization
of their proteins—see key.
B and C. Secretion analysis of EsxA and EspE substrates reveals that single deletion of espG1, espH and eccA1 affects
secretion at different levels. Immunoblot analysis using protein preparations of wild-type M. marinum and the
indicated mutants. In B we analyzed cell pellets not treated with detergent Genapol X-080 and culture supernatant
fractions. In C we analyzed cell pellets treated with Genapol X-080 and the concomitant supernatant fractions.
D and E. Complementation of the mutant strains fully restores ESX-1 secretion. In D the secretion of EsxA was analyzed
and in E the secretion of EspE. In both experiments, GroEL2 was used as loading control and PE_PGRS as cell-surface
control fraction. Equivalent OD units were loaded; 0.2 OD for pellet or Genapol pellet and 0.5 OD for supernatant or
Genapol supernatant fractions.
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espH mutant (Fig. 1C, lane 5), indicating that secretion of EspE was blocked at a different stage as
compared to the other mutants.
To confirm that the observed secretion defects were caused by the targeted mutations,
complementation plasmids were constructed. Two different complementation plasmids were
used: the first one includes the genomic region from espF (MMAR_5440) to eccA1 (MMAR_5443),
whereas in the second plasmid only the espG1-espH-eccA1 locus was present. Complementing the
knockout strains with either of these plasmids fully restored the secretion of EsxA and EspE in all of
the mutants (Fig. 1D and 1E).
The absence of eccA1 causes a loss of EsxA secretion under specific growth conditions

A major discrepancy with previous publications was our finding that EccA1 has a limited effect
on EsxA secretion. Previously, Gao et al. showed, using the same M. marinum background strain,
that EccA1 is crucial for ESX-1 secretion [8,34]. We realized that there is a difference in the growth
conditions between the two studies; we used 7H9 medium whereas Gao et al. used Sauton
medium [8,34]. To test whether the observed differences could be linked to a difference in growth
condition, secretion analysis was performed on cultures grown in Sauton medium. Interestingly,
whereas the results for ΔespG1 and ΔespH were identical (Fig. 2, lane 9 and lane 10, respectively),
EsxA was no longer secreted in the eccA1 mutant strain (Fig. 2, lane 8), which shows that the role of
EccA1 in EsxA secretion is dependent on the growth condition.
Fig. 2. Secretion of EsxA by the eccA1 mutant is growthmedium dependent.
Secretion analysis of the WT M. marinum MUSA, the eccCb1
mutant and the knockout strains espG1, espH and eccA1 grown
in Sauton’s defined medium. Immunoblot analysis with antiEsxA confirmed a requirement of EccA1 for a full secretion of
EsxA when cells were grown in this medium. Anti-GroEL2
was used as a loading and lysis control for all samples. AntiPGRS antibodies, staining the ESX-5 dependent substrates
PE_PGRS proteins, were used as a supernatant control for all
samples. Equivalent OD units were loaded; 0.3 OD for pellet
and 0.6 OD for supernatant or supernatant fractions.

Secretome analysis of accessory ESX-1 protein mutants by LC-MS/MS

The proteome of a number of ESX-1 targeted knockout strains of M. marinum has been determined
previously [38]. However, this study did not include an espH mutant and the cell surface proteome
was not analyzed. In order to obtain a comprehensive and detailed view, the complete secretomes
of our mutant strains, the corresponding complemented strains and both the WT and ESX1 secretion mutant eccCb1 were analyzed by mass spectrometry. As some ESX-1 substrates are
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efficiently secreted into the culture supernatant, while others mainly remain attached to the cell
surface [37], cells were grown with or without Tween 80 to study secreted proteins in the medium
or the cell surface proteins, respectively. The cell surface proteins were extracted from the bacterial
cells using Genapol X-080.
For the ESX-1 secretion (eccCb1) mutant, a massive reduction in the secretion of all known ESX-1
substrates, i.e. EsxA (MMAR_5449), EsxB (MMAR_5450), EspB (MMAR_5457), EspC (MMAR_4167),
EspE (MMAR_5439), EspF (MMAR_5440), EspJ (MMAR_5453), EspK (MMAR_5455) and PPE68
(MMAR_5448), was observed, both in the cell surface-enriched fractions (Fig. 3A) and the culture
supernatants (Fig. 4A). These results are in line with published data [38]. Also the secretion of
several other proteins, including the PE protein MMAR_2894 and PPE protein MMAR_5417, was
blocked, suggesting they are novel ESX-1 substrates. This notion is strengthened by the fact that
these two proteins are homologous to the PE and PPE protein encoded by the esx-1 locus. For the
other proteins that showed reduced spectral counts in the cell surface fractions it is more difficult
to draw any conclusion. First of all, the difference in secretion levels are smaller as compared to the
known ESX-1 substrates (Fig. 3), but furthermore they lack known characteristics of T7SS substrates,
such as the YxxxD/E secretion motif preceded by a predicted helix-turn-helix structure. The espG1
mutant showed similar secretion profiles as the eccCb1 mutant (Fig. 3B and Fig. 4B), although
the secretion of EspB, EspK and EspE seemed to be slightly less severely affected. This suggests
that EspG1 is not only required as a chaperone for its cognate PE/PPE substrates, but plays a more
central role in the secretion of all ESX-1 substrates. The secretion of all ESX-1 substrates returned
to WT levels in the espG1 mutant carrying the pMV361::espF-eccA1 complementation plasmid (Fig.
S2A and S2B).
The secretome profiles of the eccA1 mutant in 7H9 medium showed only a mild reduction of ESX-1
substrates in both cell surface and supernatant fractions (Fig. 3D and Fig. 4D). For instance, EsxA
and EsxB secretion was five and two-fold decreased, respectively, while in the eccCb1 mutant the
reduction of both was 10 fold (Fig. 4D). The substrates EspE, EspF, EspJ and EspK are more affected
by the eccA1 mutation than the other substrates in both protein fractions. In concordance with the
data obtained by immunoblotting, the complementation of the eccA1 mutant with pMV361::espFeccA1 plasmid restored the secretion of all ESX-1 substrates (Fig. S2A and S2B).
Deletion of espH resulted in a severe reduction of EspE and EspF (Fig. 3C), in line with our immunoblot
analysis. This reduction was in fact almost complete, both in the fraction of the surface proteins
(determined LC-MS/MS) and in the bacterial pellet (determined by immunoblotting), which again
suggests instability of intracellular EspE/EspF in the absence of EspH. This effect was restored when
the complementation plasmid was introduced (Fig. S2A and S2B). Interestingly, the effects of the
espH deletion on secretion of EsxA and EsxB was only mild as compared to the eccCb1 mutant,
while the effects on other ESX-1 substrates, such as EspB, EspK and EspJ were also only minor (Fig.
4C). This indicates that ΔespH has a specific secretion defect for a subset of ESX-1 substrates and
there is no substrate dependency between EspE/EspF and other Esp proteins.
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Fig. 3. Quantitative proteomics analysis of the Genapol-enriched fractions of different M. marinum ESX-1 mutant
strains. Volcano plots representing the statistical significance of changes of cell-surface enriched proteins between
the WT M. marinum and each ESX-1 mutant. The vertical lines depict p value on the–log base 10 scale. The horizontal
lines denote fold change on the log base 2 scale. Only proteins with an accumulative number of more than 10
spectral counts are shown. Each dot corresponds to a single identified protein and the size of the dots correlates to
the accumulative spectral counts of the protein of the WT and the corresponding mutant. Proteins with a spectral
count difference of more than eight folds were set to eight. In blue: proteins that showed more than 4 folds of
change, otherwise in red. Only putative ESX-1 substrates, SecA2 and Mak are annotated.
A. WT versus the eccCb1 mutant.
C. WT versus the ΔespH mutant.

B. WT versus the ΔespG1 mutant.

D. WT versus the ΔeccA1 mutant.

Surprisingly, we also identified some proteins that were present in significantly increased amounts
in the cell surface enriched fractions of various mutants. One of these proteins is SecA2, a cytosolic
component of the Sec transport system and proposed to contribute to the virulence of M. tuberculosis
and M. marinum [39,40]. SecA2 was present in higher amounts in all mutants except the ΔespH,
suggesting a link with intracellular accumulation of EspE/EspF. Another intriguing observation is
an increase of Mak in the ΔespG1, ΔespH and the ΔeccA1 (Fig. 3B, 3C and 3D, respectively). Mak is a
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Fig. 4. Quantitative proteomics analysis of the supernatant of different M. marinum ESX-1 mutant strains. Volcano
plots representing the statistical significance of changes of the secreted proteins in the supernatant between the WT
M. marinum and each ESX-1 mutant. The same quantitative method was used as in Fig. 3 for the Genapol-enriched
fractions.
A. WT versus the eccCb1 mutant.
C. WT versus the ΔespH mutant.

B. WT versus the ΔespG1 mutant.

D. WT versus the ΔeccA1 mutant.

mycobacterial maltokinase whose function is involved in the glycan synthesis from trehalose [41]
and considered to be essential for the growth of M. tuberculosis [42]. This could suggest that there
is an indirect effect of ESX-1 secretion on the synthesis of the mycobacterial capsule.
EspE specifically interacts with EspH in M. marinum

The observation that EspH mainly affects the secretion of EspE/EspF and that EspE could not be
detected in the espH mutant pellet fraction raised the hypothesis that EspH could either regulate
the transcription of espE/espF or stabilize EspE/EspF at the protein level. To get more information on
the putative function of EspH we used the protein structure prediction program Phyre2 [43]. This
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analysis showed that part of EspH (region between amino acid 65 and 135) is predicted to share
structural similarity to YbaB proteins of Escherichia coli and Haemophilus influenza. Although the
sequence identity with these proteins is low (15%) the confidence of the structural homology is
very high (97%). Because YbaB is reported to be a small DNA-binding protein that plays a regulatory
role [44], an effect on transcription regulation could be possible. Therefore, we measured the effect
of espH deletion on espE and espF mRNA levels. Because the EsxA secretion was reduced in the
espH mutant, esxA mRNA level was checked as well. Total mRNA was extracted from the WT MUSA,
eccCb1 mutant and the ΔespH strain, and qRT-PCR was performed using primer sets for espE, espF
and esxA. The results showed that the mRNA levels of all three genes were comparable to those
of the eccCb1 mutant strain analyzed (Fig. S3A). Thus, we could disprove the possibility that EspH
regulates espE at the transcriptional level.
Next, we studied a direct interaction of EspH with EspE and/or EspF. Based on the high homology
of EspE with EspA and EspF with EspC, we speculated that, similarly to EspC/EspA [45], EspF might
be secreted together with EspE. We therefore constructed a plasmid containing espE/espF in which
espE was modified to express a C-terminal Strep tag. We also introduced a His tag at the C terminus
of EspH in the espG1/espH/eccA1 complementation plasmid. Introduction of both plasmids in the
WT and ΔespH mutant resulted in surface localized EspE, as judged by immunoblot analysis of the
cell surface extracted protein preparations (Fig. S3B). These results show that the addition of the
Strep tag to the C terminus of EspE and the His-tag to EspH did not affect the functionality of these
proteins in the secretion process.
To study the interaction of EspE and EspH, we overexpressed EspE-Strep/EspF and EspH-His in the
eccCb1 mutant strain. The ESX-1 secretion system is defective in this strain and therefore EspE and
EspH accumulate in the cytosol, which allows their analysis and co-purification. The subcellular
localization of EspE and EspH was examined by a subcellular fractionation procedure, showing that
EspE-Strep was partially soluble while EspH-His was exclusively present in the soluble fraction (Fig.
S3C). Next, we used StrepTactin beads to purify Strep-tagged EspE from these soluble fractions.
Immunoblot analysis showed that EspE-Strep was efficiently purified. Importantly, EspH-His,
appearing as a ~25 kDa band, was only present in the elution fractions when expressed in the
presence of EspE-Strep (Fig. 5A). In contrast, the ESX-1 substrates PPE68 and EsxA were not copurified and both remained in the flow-through fraction.
To confirm this EspE-EspH interaction, a reciprocal pull-down assay was performed using Ni-NTA
beads and lysates of the eccCb1 mutant containing EspE-strep/EspF only or EspE-strep/EspF and
EspH-His. Immunoblot analysis confirmed the efficient purification of EspH-His (Fig. 5B). Using
anti-EspE on these samples showed co-elution of endogenous EspE only in the presence of the
His-tagged EspH (Fig. 5B). Again, PPE68 and EsxA were only found in the flow-through fraction,
indicating that they do not bind EspH. In conclusion, these data confirmed that EspH specifically
interacts with EspE in the cytosol of M. marinum and this interaction is probably required for EspE
secretion.
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Fig. 5. EspH specifically interacts with EspE in M. marinum.
A. Immunoblots of pulldown assays using Strep-tactin agarose. EspE-Strep was purified from soluble lysates of the
eccCb1 mutant expressing only EspE-Strep/EspF or EspE-Strep/EspF together with EspH-His. A strain containing
empty plasmids was included as negative control. Total input material (I), unbound proteins (FT), the final washing
step (W), three fractions of eluted proteins (E1, E2, E3) and boiled beads fractions were separated by SDS-PAGE and
further immunoblotted using antisera directed against the Strep- or His-tag. The elution fractions were loaded 10
times more compared to the other fractions. Endogenous EspE, PPE68 and EsxA substrates were detected using antiEspE, anti-PPE68 and anti-EsxA, respectively.
B. Immunoblots of pulldown assays using Ni-NTA beads. EspH-His proteins were purified from soluble lysates of the
eccCb1 strain carrying a plasmid expressing EspH-His or the corresponding empty plasmid. Total input material (I),
unbound proteins (FT), the last washing step (W), proteins eluted with 50 mM (E1), 100 mM (E2), and 200 mM (E3)
imidazole and boiled bead fraction were separated by SDS-PAGE and probed with His-specific antiserum. The elution
fractions were loaded 10 times more compared to the other fractions. Endogenous EspE, PPE68 and EsxA proteins
were detected using anti-EspE, anti-PPE68 and anti-EsxA, respectively.

The espH mutant is attenuated in phagocytic cells and shows strongly reduced hemolysis

ESX-1 functioning in M. marinum has been associated with lysis of red blood cells [8]. Because
of this, the hemolysis assay has been employed as a model for the ESX-1-dependent lysis of
(phagosomal) membranes [8]. Prior work suggested that the ESX-1 associated membrane lytic
activity was mediated by EsxA through its pore-forming activity [21,46]. Because the deletion
of espG1, espH and eccA1 differently affected the secretion of EsxA, we examined to what extend
these mutant strains were able to disrupt erythrocytes. While we confirmed that our WT strain
showed hemolysis (Fig. 6A), both the eccCb1 and ΔespG1 mutant strain lost this ability, in line with
the absence of ESX-1 substrates in the culture supernatant (Fig. 6A). Interestingly, the ΔespH and
ΔeccA1 strains were also non-hemolytic, although these strains were still able to secrete EsxA to
significant levels (Fig. 6A). The defects in hemolysis by the knockout strains were restored when the
complemented plasmids were introduced into these mutant strains (Fig. 6B). As in the ΔespH and
ΔeccA1 mutants mainly the secretion of different Esp proteins are specifically affected, our findings
indicate that not a single ESX-1 substrate, such as EsxA, but a combination of different Esp proteins,
are responsible for the hemolytic phenotype.
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Fig. 6. ESX-1 mutant strains have lost hemolytic activity. Contact-dependent hemolysis of red blood cells (RBCs) by
various M. marinum strains grown in the presence of Tween-80. Hemolysis was quantified by determining the OD405
absorption of the released hemoglobin. The data shown here is generated from two independent experiments, each
time in triplicates. In A, the ESX-1 mutants and in B the complemented strains with restored hemolytic activity are
shown. Significance is indicated, **** < 0.0001. Ctrl = control sample with PBS.

To further characterize the function of the different ESX-1 substrate subsets, we used different
phagocytic cells to study the ability of the mutant strains to survive and replicate within these
cells. Phagocytic cells from mice (RAW macrophage cell line) and the protozoa Acanthamoeba
castellanii were infected with green fluorescent protein (GFP)-expressing mycobacteria and
infection levels were quantified by flow cytometry at different time points. As shown before, the
eccCb1 mutant was strongly attenuated in both A. castellanii and RAW cells (Fig. 7; [47]), showing
a 2-fold reduction in the number of infected cells after 24 h. As expected, based on the proteome
profiles, the ΔespG1 strain showed an attenuated phenotype similar to the eccCb1 mutant. For the
ΔespH mutant, the proportion of infected A. castellanii cells did not change over time (Fig. 7B),
while in RAW macrophages a slight reduction of infected cells at 24 hpi could be observed (Fig. 7C,
p = ns). Infection with the ΔeccA1 mutant resulted in an increase of infected cells over time, for both
A. castellanii and RAW cells, and was therefore less attenuated as compared to the other mutants
(Fig. 7B and 7D). Although this strain was able to infect A. castellanii to the same extend as the WT
strain, infection with this mutant was not as successful as WT infection in RAW macrophages (Fig.
7A, ns; Fig. 7C, p < 0.001).
Taken together, our data show the importance of espG1 in achieving successful infection of
phagocytic cells, while the loss of eccA1 only marginally affects the ability of M. marinum to survive
and replicate in a phagocytic host cell. These findings are in line with the proteomic analysis, i.e. the
espG1 mutation has a strong effect on secretion of all ESX-1 substrates, while deleting eccA1 only
results in a mild secretion defect. EspH, which seems to mainly influence EspE and EspF secretion,
is also important for infecting phagocytes, but to a lesser extent than EspG1.
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Fig. 7. Intracellular growth of ΔeccA1, ΔespG1 and ΔespH in different hosts.
A. Flow cytometry experiment showing percentage of infected A. castellanii at 4 hours post infection (hpi) versus 24
hpi, graph shows pooled data from two independent experiments.
B. Graph shows fold change in percentage infected A. castellanii presented in A.
C. Similar flow cytometry experiment with infected RAW macrophages when comparing percentage infected cells at
3hpi and 24 hpi, graph shows representative data of 1 out of 3 biological replicates.
D. Graph shows fold change in percentage infected RAW macrophages presented in C.
**** = p<0.001, ns = non-significant.

In vivo virulence phenotype of eccA1 and espG1 mutant strains is similar to their in vitro phenotype

To study whether the individual ESX-1 proteins play a role during infection in vivo, we used
the zebrafish larva-M. marinum infection model. Larvae were systemically infected with the
fluorescently labeled mutant, complemented and WT strains and infection was analyzed 4-days
post infection (dpi) by fluorescence microscopy. In addition, L-plastin staining was performed
to visualize phagocytic cells in order to study the formation of early granulomas by confocal
microscopy.
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Infection of zebrafish larvae with the ΔespG1 and ΔeccA1 mutant strains resulted in infection levels
as expected from the previous experiments, i.e. the ΔespG1 showed a similar level of attenuation as
the eccCb1 mutant, while the ΔeccA1 mutant infections were similar to wildtype infection (Fig. 8A,
8D and 8H for ΔeccA1; Fig. 8B, 8F and 8J for ΔespG1). Higher magnification of individual infection
loci in ΔeccA1 infected larvae revealed recruitment of phagocytic cells and formation of early
granulomas comparable to infection with WT (Fig. 8E for WT, n = 12 larvae; Fig. 8I for ΔeccA1, n =
8 larvae). In contrast, confocal imaging of ΔespG1 infected fish showed a predominance of single
infected macrophages and formation of very small clusters of these infected macrophages similar
to infection with the eccCb1 mutant (Fig. 8G for eccCb1 mutant, n = 10 larvae; Fig. 8K for ΔespG1, n
= 7 larvae).
Together, this shows that espG1, but not eccA1, plays a major role in early stages of infection in vivo.
Moreover, since these strains show a comparable behavior during in vitro and in vivo infections, this
indicates functional similarities for these genes in protozoa, mouse macrophages and zebrafish
larvae.
The absence of espH results in a hypervirulent phenotype in zebrafish larvae

In contrast to the ΔespG1 and ΔeccA1 strain, the behavior of ΔespH in zebrafish larvae was completely
different from its attenuated phenotype in vitro. Systemic infection of zebrafish larvae resulted in
an increased bacterial load as compared to WT infection (Fig. 8C; p < 0.05). Large bacterial clusters
and a phenotype known as cording were seen in fluorescence images (Fig. 8L, arrow), especially at
higher magnification of individual clusters (Fig. 8L, closed arrow, n = 15 larvae). Cording in zebrafish
has been associated with extracellular growth [48]. In addition, very limited numbers of intact
phagocytic cells and the presence of fluorescent spots suggestive for phagocytic cell debris were
observed (Fig. 8L, open arrow).
These observations raised the question whether this phenotype is still preceded by granuloma
formation or if this mutant strain is preventing early granuloma formation by inducing rapidly
host cell death. Therefore, larvae were systemically infected with either ΔespH or WT M. marinum
as control and monitored daily for 4 consecutive days (Fig. 9). Mycobacteria were phagocytosed
by L-plastin positive phagocytic cells at 1 dpi in both groups (Fig. 9A and 9D). Subsequently,
phagocytic cells were recruited and early granulomas started to form (Fig. 9B and 9E). However, at
4 dpi, in larvae infected with the ΔespH strain a strong decrease in phagocytic cells and increase in
bacterial growth was observed (Fig. 9C and 9F). In the absence of phagocytic cells bacteria were
able to show cording in both blood vessels (Fig. 9F, closed arrow) and tissue (Fig. 9F, open arrow).
Taken together, the ΔespH mutant seems to have a host-specific or in vivo-specific effect, illustrated
by a hypervirulent phenotype seen in zebrafish larvae, but not in cell infections in vitro. Therefore,
our data indicates that EspH is not required for initial phagocytosis, recruitment of cells and primary
establishment of early granulomas, but this protein, and therefore a subset of ESX-1 substrates,
seems to be essential for the maintenance of a stable granuloma.
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Fig. 8. In vivo effect of ΔeccA1, ΔespG1 and ΔespH in zebrafish larvae.
Graphs A-C show relative levels of infection as determined by automated pixel count software for infection of zebrafish
larvae. The larvae were infected with ~75–150 CFU red fluorescent M. marinum mutant strains and analyzed at 4
dpi. Graphs show combined data of three independent biological replicates per mutant strain, each dot represents
one larva. Bars represent mean and standard error of the mean. A. Systemic infection of zebrafish larvae with M.
marinum ΔeccA1, B. M. marinum ΔespG1 and C. M. marinum ΔespH, * = <0.05, **** <0.001. Representative bright field
and corresponding fluorescent images are depicted in: D. WT infection, F. eccCb1 mutant infection, H. M. marinum
ΔeccA1, J. M. marinum ΔespG1, L. M. marinum ΔespH. Confocal imaging of a single cluster of infected L-plastin labeled
phagocytic cells (cyan) in the tail of infected larvae confirmed the phenotype seen in fluorescent imaging: E. WT
infection, G. eccCb1 mutant infection, I. M. marinum ΔeccA1, K. M. marinum ΔespG1, M. M. marinum ΔespH, depicting a
cording phenotype (closed arrows) and intense fluorescent spots suggestive for phagocytic cell debris (open arrows).
Scale bar E, G, I, K, M = 50 μm.
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Fig 9. EspH-mutant strain is hypervirulent in zebrafish larvae.
A-C. Systemic M. marinum WT infection (red) of Tg(fli:GFP) larvae with green fluorescent blood vessels was followed
over time, representative images are shown in A. 1dpi, B. 2dpi, C. 4dpi. Larvae were stained with anti-L-plastin to label
phagocytic cells (cyan). D-F. Representative images of systemic infection with M. marinum ΔespH over time in D. 1dpi,
E. 2dpi, F. 4dpi. Scale bar = 50 μm.

DISCUSSION
A number of studies have shown that the mycobacterial ESX-1 system plays a pivotal role in
mycobacterial pathogenesis [6,21,27,33]. The system affects virulence through secretion of protein
effectors with host-modulatory effects. Here, we show that EccA1 is not strictly required for the
secretion of ESX-1 substrates. The finding that EccA1 is important for secretion is in line with
previous reports [8,34], but the fact that the role of EccA1 is depending on the growth medium
is entirely surprising. This difference could also explain the variable results described for the role
of EccA1 in EsxA secretion by M. tuberculosis [49]. Of all ESX-1 substrates, EspE, EspF, EspJ and EspK
secretion was mostly affected in our eccA1 mutant strain, while secretion of EspB, EsxA/EsxB and
PE/PPE was hardly altered. An interesting observation here is the discrepancy between the active
secretion of EsxA in the ΔeccA1 strain and at the same time loss of hemolytic activity. Although this
observation has been described before, this was always linked to a reduced secretion of EsxA in
these strains [8,34]. In a recent study, the importance of EsxA in lysing membranes was questioned
[50]. Our results also supports an alternative mechanism: we find a strong correlation between ESX1 functionality and hemolysis, but this correlation is not seen for EsxA secretion. Our finding is in
line with several other recent studies, who showed that both EsxA and the cell-surface lipid PDIM
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are important for phagosomal rupture and escape by M. tuberculosis [51–53]. We propose that it is
not the loss of secreted EsxA, but the loss of (multiple) surface-exposed Esp proteins that results in
hemolytic deficiency.
Even though the ΔeccA1 strain lost its ability to induce membrane lysis, virulence in isolated
phagocytes and in zebrafish larvae was only mildly affected in our study. This is in contrast with
other studies, who described an attenuated phenotype for similar mutants in M. tuberculosis and
M. marinum in murine macrophages and zebrafish [8,34]. The latter observations were made after a
longer incubation time, which might explain the discrepancy with our study. Distinct phenotypes
of the eccA1 mutant in different host cells have also been reported in a genome-wide transposon
mutagenesis study [47]. Here, transposon insertions in M. marinum E11 eccA1 led to severe
attenuation in mammalian phagocytic cells but these mutants were hypervirulent in protozoan
cells [47]. This suggests that M. marinum can employ host-specific virulence mechanisms to adapt
to different intracellular environments and that EccA1 might be essential for secretion and virulence
under specific circumstances or in a subset of specific hosts.
The role of EspG as a specific chaperone for the recognition and secretion of cognate PE/PPE
proteins has been well established in M. marinum [30,31]. Our extracellular proteomic study not
only confirms the loss of PE/PPE substrate secretion in the M. marinum ΔespG1 strain, but also
reveals the secretion block of other ESX-1 dependent substrates, including EsxA/EsxB. This effect
on EsxA/EsxB secretion however was not observed in an M. tuberculosis espG1 knock-out strain [33].
EspG proteins bind specifically to the extended helices of the PPE protein, which are absent in Esx
proteins. Therefore, the strong effect of espG1 deletion on Esx (and also Esp) protein secretion in M.
marinum is likely indirect due to a mutual dependency in secretion among the ESX-1 substrates
[27,31,35]. This co-dependency of PE/PPE and other ESX-1 substrates for secretion is possibly less
strict in M. tuberculosis, explaining that mutating espG1 had no effect on EsxA/EsxB secretion in this
species. Because of the severe secretion defect of all detectable ESX-1 substrates, the M. marinum
espG1 mutant is non-hemolytic and strongly attenuated in macrophage and amoeba, which is
in good agreement with previous reports [8]. Furthermore, the loss of espG1 resulted in a strong
attenuation in zebrafish, to the same extend as the eccCb1 mutant.
Our most significant and surprising results were obtained for EspH. EspH is specific for the ESX-1
secretion system and is highly conserved among pathogenic mycobacterial species, including M.
tuberculosis and M. leprae. The latter species has been streamlined into a minimal genome by a
process of extensive genome decay. In our study, deletion of this gene abolishes the expression
and secretion of two specific ESX-1 substrates EspE and EspF. Furthermore, we could show that
EspH specifically interacts with EspE in the cytosol, indicative of chaperone activity. However, the
Phyre2 structural prediction program [43] indicated that EspH is shares similarity to YbaB. The first
structural study on YbaB strongly indicated that this protein binds DNA as a dimer [44]. However,
recent studies indicated that the function of YbaB might be more diverse. One study showed that
YbaB is associated with and a target of ClpYQ proteases in E. coli [54], while another study indicated
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that overexpression of YbaB enhanced the production of heterologous membrane proteins [55].
Based on the direct interaction of EspH with EspE and that the EspH-like protein EspD stabilizes
intracellular EspA/EspC substrates [35], we propose that these YbaB-like proteins encoded by the
esx-1 cluster of pathogenic mycobacteria function as dedicated chaperones for specific ESX-1
substrates. Recently, a study of M. tuberculosis EspL also predicted a high resemblance to YbaB
[56], making it tempting to speculate that EspL may as well function as a dedicated chaperone,
for instance the ESX-1 substrates encoded by the adjacent genes EspK or EspB. It becomes clear
that multiple chaperones, such as EspG1, EspD and EspH, are responsible for stabilizing their
cognate substrates PE35/PPE68, EspC/EspA and EspF/EspE, respectively. Interestingly, secretion of
other substrates of the ESX-1 system, such as EspB, EspK and EspJ, did not seem to be affected by
disruption of the espH gene. A similar phenotype was observed previously in an espA::tn mutant of
M. tuberculosis [26], where secretion of EsxA/EsxB but not EspB was aborted. These results show that
interdependence in ESX-1 secretion is not a general feature. Deletion of espH did result in reduced
secretion of EsxA/EsxB, which was not due to differences in mRNA levels. This hints towards a
possible regulation mechanism between the secretion of the central components EsxA/EsxB and
the individual Esp substrate (pairs) but not among the Esp proteins themselves.
The espH mutant strain showed a loss of hemolytic activity and a reduction of intracellular growth
in phagocytic host cells in our study. Strikingly, zebrafish larvae were heavily infected with this
mutant strain and showed even hypervirulence at later time points, even though EsxA/EsxB
secretion was reduced in this mutant. More detailed analysis showed that initial phagocytosis and
primary establishment of an early granuloma was not affected in this mutant. Eventually, a stable
cluster of immune cells could not be maintained in larvae infected with the espH mutant, with
subsequent extracellular bacterial outgrowth and apparent phagocyte death. The discrepancy
between in vitro and in vivo results indicate an essential role for a, yet unknown, host factor involved.
It is tempting to speculate that EspE/EspF, the two proteins that are most severely affected by the
espH deletion, interact with this host factor in order to induce the homeostatic balance between
host and pathogen in developing granulomas. Furthermore, because EsxA and EsxB secretion was
diminished, other ESX-1 substrates in addition to these central substrates might be involved in the
infection process. A candidate might be EspB, whose secretion was not affected in espH mutant
strain, and was shown to be able to facilitate M. tuberculosis virulence in vitro and in vivo in an EsxAindependent way [26].
In summary, this study highlights the complexity of the ESX-1 secretion machinery. We unravel
valuable information about the functions of the individual ESX-1 components EccA1, EspG1 and
EspH, all having their unique role in secretion of the different substrate classes. We can conclude
that ESX-1 has several different sets of substrates that are involved in distinctive processes required
for virulence.
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MATERIALS AND METHODS
Bacterial strains and cell cultures

All M. marinum strains used in this study were derived from the wild-type strain MUSA [57]. The
eccCb1 (MVU) strain was previously identified as an ESX-1 secretion mutant with a spontaneous out
of frame mutation in eccCb1 [36] and also the knock-out strain espG1 was described before [31].
The knockout strains of eccA1 and espH were generated using the mycobacteriophage approach
(see below). All strains were routinely cultured on Middlebrook 7H10 plates or in Middlebrook 7H9
medium (Difco) containing ADC supplement or on Sauton medium [58] supplemented with 2%
glycerol and 0.015% Tween-80. When required, 0.05% Tween-80 and the appropriate antibiotics
were added (25 μg/ml kanamycin (Sigma) and/ or 50 μg/ml hygromycin (Roche). M. marinum
cultures and plates were incubated at 30°C. E. coli TOP10F’ was used for cloning experiments to
generate the complemented plasmids and was grown at 37°C on LB plates and in LB medium.
Different antibiotics were added to the cultures or plates when necessary at similar concentrations
as for M. marinum cultures.
DNA manipulation and plasmid construction

All DNA manipulation procedures followed standard molecular biology protocols. Primers were
synthesized and purified by Sigma. Phusion polymerase, restriction enzymes and T4 DNA ligase
were obtained from New England Biolabs (NEB). Macrogen performed DNA sequencing.
RNA extraction and RT-PCR analysis

Bacterial RNA was extracted from various M. marinum strains as described previously [31] and
cDNA was synthesized using SuperScript VILO cDNA Synthesis kit (Thermoscientific) according to
manufacturer protocol. For the PCR mix the SYBR GreenER qPCR SuperMix (Thermoscientific) was
used according to manufacturer instructions, including the addition of ROX dye reference. qRT-PCR
was performed in Applied Biosystems 7500 Fast system. The primer sequences used for qRT-PCR
are listed in Table S3. Controls without reverse transcriptase were done on each RNA sample to rule
out DNA contamination. The sigA gene was used as an internal control.
Generation of the knockout strains

An eccA1 and espH knockout was produced in M. marinum MUSA by allelic exchange using a
specialized transducing mycobacteriophage as previously described [59]. High phage titers were
prepared following the previously described protocol [31]. Subsequently, the M. marinum wildtype strain was incubated with the corresponding phage to create eccA1 and espH knockouts.
Colonies that had deleted the endogenous eccA1 and espH were selected on hygromycin plates
and tested for sucrose sensitivity, induced by the presence of the sacB gene. The deletion was
confirmed by PCR analysis and sequencing. To remove the resistance and sacB gene, a temperature
sensitive phage encoding the γδ-resolvase (TnpR) (a kind gift from Apoorva Bhatt, University of
Birmingham, UK) was used, generating an unmarked deletion mutation.
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M. marinum secretion analysis and immunoblotting

M. marinum cultures were grown in 7H9 medium supplemented with ADC and 0.05% Tween 80 to
mid-logarithmic phase. Bacteria were washed two times and set to OD600 of 0.35 in 7H9 medium
containing 0.2% glycerol, 0.2% dextrose and 0.05% Tween 80 for overnight growth. Supernatants
were filtered using 0.2 μm filter, concentrated by trichloric acid (TCA) precipitation, washed with
acetone and the supernatant pellets were resuspended in solubilisation/denaturation (S/D) buffer
(containing 100mM DTT and 2% SDS). Bacteria were washed once with PBS. Aliquots were taken
for the whole cell lysate preparations and for Genapol X-080 extraction of cell-surface-attached
proteins. Bacteria were incubated with 0.5% Genapol X-080 in PBS for 30 minutes with head-overhead rotation at room temperature. Genapol extracted supernatants were denatured in S/D buffer.
The bacterial pellet and Genapol extracted cells were lysed by bead beating for 1 minute two times
after which S/D buffer was added. All samples were boiled for 10 minutes at 95°C before loading
on SDS-PAGE.
Pulldown assays

For His-tag pulldown, mycobacterial cultures grown to an OD600 of 1.0 were incubated for 1 h with
100 g/ml ciprofloxacin (Sigma), pelleted, washed twice with PBS, and subsequently resuspended in
PBS supplemented with Complete protease inhibitor mixture (Roche Applied Science), 1 mM EDTA,
and 10 mM imidazole. Cells were broken by two-times passage through a One-Shot cell disrupter
(Constant Systems) at 0.83 kbar. Unbroken cells were spun down by repeated centrifugation at 3000
g, and subsequently the cell envelope and soluble fractions were separated by ultracentrifugation
at 100,000 g for 1hr. Membrane-cleared lysates of M. marinum expressing proteins of interest were
incubated with Ni-NTA agarose beads (Qiagen) for 1 h at room temperature with head-over-head
rotation. After washing the beads five times with phosphate buffer containing 50 mM NaH2PO4 and
300 mM NaCl, (pH 8.0), supplemented with 20 mM imidazole, bound proteins were eluted three
times by incubation with phosphate buffer containing 400 mM imidazole. Immunoprecipitation
of strep-tagged proteins was performed using the Strep-Tactin Sepharose kit (IBA), following the
manufacturers protocol.
SDS-PAGE, immunoblotting, and sera

Proteins were separated by SDS-PAGE and stained with Coomassie Brilliant Blue G-250 (CBB; BioRad), or transferred to nitrocellulose membranes by Western blotting. The membranes were then
incubated with different antibodies followed by enhanced chemiluminescence. Primary antibodies
used in this study include: anti- GroEL2 (CS44, Colorado state university), anti-PE_PGRS antibody
(7C4.1F7) [36], anti-EsxA (Hyb76-8) [60], polyclonal anti-EspE and anti-PPE68 [61,62].
LC-MS/MS

To investigate the cell-surface attached proteome, samples for LC-MS/MS analysis were prepared
using the mild detergent Genapol X-080 as previously described [63]. To prepare the secreted
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material, the M. marinum MUSA wild-type and the studied ESX-1 mutant and complemented strains
were grown to stationary phase in 7H9 medium supplemented with ADC, 0.2% glycerol and 0.05%
Tween 80. The supernatant fractions containing secreted proteins were collected and spun at 2500
× g for an additional 20 min at 4°C and subsequently filtered through a 0.2 μm pore size membrane
to remove residual cells and cell debris. The filtered supernatants were 20 times concentrated
using Amicon Ultra-15 Centrifugal 3 kDa molecular weight cut off membrane at 4°C. The retained
proteins were TCA precipitated, pelleted, washed in acetone, dried and resuspended in S/D sample
buffer to the corresponding OD of 200 units/ml. All samples were analyzed with SDS-PAGE and CBB
staining. Total protein lanes of cell surface and culture supernatant proteins were excised in 3 or 1
fragment(s) per lane, respectively, and analyzed by LC-MS/MS as described before [63]. The mass
spectrometry proteomics data have been deposited to the ProteomeXchange Consortium via the
PRIDE partner repository with the dataset identifier PXD008905.
Hemolysis assay

M. marinum strains were grown in 7H9 medium supplemented with ADC and 0.05% Tween-80 till
the mid-logarithmic phase. All strains were washed once with PBS and inoculated in 7H9 medium
with or without Tween-80 at 0.35 OD600/ml and inoculated for 20 hours. Bacteria were collected
by centrifugation, washed once in PBS and diluted in fresh DMEM medium without phenol
red (Gibco, Life technologies). Bacteria were quantified by absorbance measurement at OD600
with an estimation of 2.5*108 bacteria in 1 ml of 1.0 OD600. At the same time, defibrinated sheep
erythrocytes (Oxoid-Thermo Fisher, the Netherlands) were washed five times and diluted in the
same fresh DMEM medium. 4.2*107 erythrocytes and 1*108 bacteria were added for one reaction
of 100 μl in a round-bottom 96 well-plate, gently centrifuged for 5 minutes and incubated at 32°C.
After an incubation of 3 hours, cells were resuspended, centrifuged and 80 μl of supernatants were
transferred to a flat-bottom 96-wells plate and measured at an absorbance of 405 nm to quantify
hemoglobin release.
Host cell growth conditions

The mouse macrophage line RAW264.7 (American Type Culture Collection) was cultured in RPMI
1640 with Glutamax-1 (Gibco) supplemented with 10% fetal bovine serum (FBS; Gibco), 100 U of
penicillin/ml, 100 μg of streptomycin/ml at 37°C, 5% CO2. A total of 3*107 cells was seeded in T175
flasks (Corning). Acanthamoeba castellanii was seeded in T175 flasks and grown in PYG medium,
which is 0.4M MgSO4.7H2O, 0.05M CaCl2, 0.1M Sodium citrate.2H2O, 0.05M Fe(NH4)2(SO4)2. 6H2O,
0.25M Na2HPO4.7H2O, 0.25M KH2PO4 in distilled water with 2% proteose peptone (W/V, BD 211684)
and 0.01% yeast extract. After pH adjustment to 6.5, 2M glucose was added.
Host cell infection procedure

All bacterial strains were grown until the exponential growth phase, washed with 0.05% Tween
80, spun down and resuspended in RPMI medium. RAW macrophages were infected with a MOI
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of 5 for 3 hours and incubated at 30°C, 5% CO2. Cells were washed in RPMI to remove extracellular
mycobacteria and either analyzed immediately or incubated for another 21 hours at 30°C, 5%
CO2. A. castellanii (ATCC 30234) infection was performed with a MOI of 1, 3, 9, 27, 54, and 108 to
determine optimum MOI, for the remaining experiments MOI 3 was chosen. Incubation for 3 hours
or 24 hours was done at 30°C, 5% CO2.
Flow cytometry

Uptake of strains in host cells was quantified for all cell lines with a BD Accuri C6 flow cytometer
(BD Biosciences) with a 488-nm laser and 585/40-nm filter to detect mEos3.1. A minimum of
5000-gated events was collected per sample per time point, percentage of living cells, percentage
of infected cells and median fluorescent intensity per cell was analyzed using BD CFlow software.
Injection stocks for zebrafish infection

Injection stocks were prepared by growing bacteria until the logarithmic phase (OD600 of 0.7–1).
Bacteria were spun down at low speed for 1 min to remove the largest clumps, washed with 0.3%
Tween-80 in phosphate buffered saline (PBS) and sonicated shortly for declumping. Bacteria were
than resuspended in PBS with 20% glycerol and 2% PVP and stored at −80°C. Before use, bacteria
were resuspended in PBS containing 0.17% (V/V) phenol red (Sigma) to aid visualization of the
injection process.
Zebrafish infection procedure

Transparent casper zebrafish larvae [64] were removed from their chorion with tweezers and
infected at 1 day post fertilization (dpf ) via the caudal vein with bacterial suspension containing 50–
200 CFU. Injection was performed as described previously [65]. To determine the exact number of
bacteria injected, the injection volume was plated on 7H10 plates containing the proper antibiotic
selection. At 4 days post infection (dpi) larvae were analyzed with a Leica MZ16FA fluorescence
microscope. Bright field and fluorescence images were generated with a Leica DFC420C camera.
Infection levels were quantified with a custom-made fluorescent pixel counting software. The
software is in house developed and freely available under MIT license. Following analysis, larvae
were fixed overnight in 0.4% (V/V) paraformaldehyde (EMS, 100122) in PBS, washed and stored in
PBS for immunohistochemistry.
Ethics statement

All procedures involving Danio rerio (zebrafish) larvae were performed in compliance with local
animal welfare laws and maintained according to standard protocols (zfin.org). The breeding of adult
fish was approved by the institutional animal welfare committee (Animal Experimental licensing
Committee, DEC) of the VU University medical center. All protocols adhered to the international
guidelines specified by the EU Animal Protection Directive 86/609/EEC, which allows zebrafish
larvae to be used up to the moment of free-living (approximately 5–7 days after fertilization). In the
current study, zebrafish larvae were used between 1 and 5 days post fertilization.
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Immunohistochemical stain

Larvae were rinsed with 1% PBTx, (1% Triton X-100 in PBS), permeated in 0.24% trypsin in PBS and
blocked for 3 hours in block buffer (10% normal goat serum (NGS) in 1% PBTx). Samples were
incubated with anti-L-plastin [1:500 (V/V) dilution] in antibody buffer (PBTx containing 1% (V/V)
NGS and 1% (W/V) BSA) overnight at RT. Samples were washed with PBTx, incubated for 1 hour
in block buffer and stained with an Alexa-Fluor-647 goat-anti-rabbit antibody (Invitrogen A21070,
1:400), overnight at 4°C.
Confocal microscopy

Confocal analysis was performed on larvae, embedded in 1% low melting-point agarose (Boehringer
Mannheim, 12841221–01) in an 8-well microscopy μ-slide (ibidi), Analysis was performed with a
confocal laser scanning microscope (Leica TCS SP8 X Confocal Microscope). Leica Application Suite
X software and ImageJ software were used to adjust brightness and contrast and to create overlay
images and 3D models.
Graphs and statistical analysis

Graphs were made using Graph Pad Prism 6.0. Pixel counts were logarithmic transformed; error
bars represent mean and standard error of the mean. A one-way ANOVA was performed followed
by a Bonferroni’s multiple comparison test to analyze statistical significance. Graphs with results
of RAW264.7 and A. castellanii infection experiments show percentage-infected cells of total cells;
error bars represent mean and standard error of the mean. Data representing the fold change
between 3 and 24 hpi was logarithmic transformed. A two-way ANOVA followed by a Sidak’s
multiple comparison test was performed for statistical significance.
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SUPPLEMENTARY DATA

Fig.. S1. ESX-1 mutant strains show similar growth phenotype and no polar effects caused by the gene deletion.
A. The deletion of each ESX-1 component had no effect on the growth of the mutant strains. The WT M. marinum
and studied ESX-1 knockout strains were grown in 7H9 medium supplemented with ADC and 0.05% Tween 80. The
optical densities of the cultures were measured at a wavelength 600nm. Each color denotes each strain.
B. No polar effects caused by the deletion of each ESX-1 component to its adjacent genes. Total RNA was isolated
from WT M. marinum MUSA and the studied ESX-1 mutant strains. Specific primer sets were used to amplified espG1,
espH and eccA1 cDNA. Ct values were normalized for Ct values of the household gene sigA and compared to Ct values
of the examined genes obtained from WT MUSA.
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Fig.. S2. Complementation of the mutants restored ESX-1 secretion. The heat map showing that the secretion
defects in the ΔespG1, ΔespH and ΔeccA1 mutants were restored by overexpressing the complementing plasmid
pMV361::espF-eccA1.
A. Genapol-enriched fractions.
B. Supernatant fractions.
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Fig.. S3. Deletion of espH had no effect at the transcription level but protein level of espE.
A. The deletion of espH had no effect on the transcription levels of espE, espF and esxA. Total RNA was isolated from WT
M. marinum MUSA, eccCb1 mutant strain and the ΔespH strain. Specific primer sets were used to amplified espF and espE
cDNA. Also, three different sets of primers of esxA, including esxA_1, esxA_2 and esxA_3, were used for esxA cDNA. Ct
values were normalized for Ct values of the household gene sigA and compared to Ct values of the examined genes
obtained from WT MUSA.
B. The C-terminally Strep-tagged EspE was secreted in the WT MUSA and the ΔespH complemented strain. Immunoblots
of whole cells treated with Genapol (Genapol pellet) and 2-fold excess of Genapol supernatant from M. marinum WT
strain MUSA, the eccCb1 mutant, the ΔespH mutant and the ΔespH complemented with the pMV361::espG1-eccA1 in
which espH was C-terminally labeled with a 6xHis tag, all expressing EspE-Strep/EspF, were probed with antibodies
against Strep, PE_PGRS and the lysis control GroEL2.
C. EspE and EspH are soluble in the M. marinum eccCb1 mutant. Immunoblot analysis of total (T), soluble (S), and cell
envelope (CE) fractions of the eccCb1 mut expressing EspH-His and EspE-Strep/EspF. EspH was detected using mAb
directed against the His6 epitope, and EspE was checked using antibodies against both Strep and EspE.
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Fig.. S4. Summary of the ESX-1 secreted proteins discussed in this paper.
EsxB, PE35, EspC, EspF, EspJ and EspB, coloured in orange, carry the secretion motif YxxxD/E indicated in red triangle.
The WxG conserved motif, highlighted by the blue triangle, is present in EsxA, PPE68, EspA, EspE, EspK (in green) and
also in EspB. The variable C terminal domains (CTD) of some ESX-1 substrates are illustrated by the grey box.
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Table S1. Strains used in this study
Strains

Characteristics

References

MUSA

WT strain of M. marinum

(1)

eccCb1 mut (MVU)

M. marinum MUSA background strain containing the frame-shift mutation in eccCb1

∆espG1

Complete deletion of espG1 in the genome of M. marinum M

∆espH

Complete deletion of espH in the genome of M. marinum MUSA background strain

This study

∆eccA1

Complete deletion of eccA1 in the genome of M. marinum MUSA background strain

This study

USA

(2)

background strain

(3)

(1) Abdallah AM, Verboom T, Hannes F, Safi M, Strong M, Eisenberg D, et al. A specific secretion system mediates PPE41 transport in
pathogenic mycobacteria. Mol Microbiol. 2006; 62(3):667–79.
(2). Abdallah AM, Verboom T, Weerdenburg EM, Gey Van Pittius NC, Mahasha PW, Jiménez C, et al. PPE and PE-PGRS proteins of
Mycobacterium marinum are transported via the type VII secretion system ESX-5. Mol Microbiol. 2009; 73(3):329–40.
(3). Phan TH, Ummels R, Bitter W, Houben ENG. Identification of a substrate domain that determines system specificity in mycobacterial
type VII secretion systems. Sci Rep. 2017; 7(February):42704.

Table S2. Plasmids used in this study
Plasmids

Characteristics

References

pMV::espF/espG1/espH/eccA1

hsp60 promoter, pMV361 backbone plasmid containing a region of
espF/espG1/espH/eccA1

This study

pMV::espG1/espH/eccA1

hsp60 promoter, pMV361 backbone plasmid containing a region of
espG1/espH/eccA1

(1)

pSMT3::espE-Strep/espF

hsp60 promoter, pSMT3 backbone plasmid containing espE/espF in
wich espE is C-terminally tagged with Strep

This study

pSMT3::meoS 3.1

hsp60 promoter, pSMT3 backbone containing mEos3.1

Van Leeuwen et al. –
submitted
(2,3)

pMV361 empty

hsp60 promoter, pMV361 empty plasmid

(1) Phan TH, Ummels R, Bitter W, Houben ENG. Identification of a substrate domain that determines system specificity in mycobacterial
type VII secretion systems. Sci Rep. 2017; 7(February):42704.
(2) Meijer AH, van der Sar AM, Cunha C, Lamers GEM, Laplante M a, Kikuta H, et al. Identification and real-time imaging of a mycexpressing neutrophil population involved in inflammation and mycobacterial granuloma formation in zebrafish. Dev Comp
Immunol. 2008 Jan; 32(1):36–49.
(3) Zhang M, Chang H, Zhang Y, Yu J, Wu L, Ji W, et al. Rational design of true monomeric and bright photoactivatable fluorescent
proteins. Nat Methods. 2012; 9(7):727–9.
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Table S3. Primers used in this study
Purposes

Primer name

Sequence

∆espH
generation

espH KO LF
espH KO LR
espH KO RF
espH KO RR

TTTTTTTTCACAAAGTGGCCAAACCCATAGCGAGTAG
TTTTTTTTCACTTCGTGTGTGGCGTCCCTTTCTGAAC
TTTTTTTTCACAGAGTGGCGGCCGAAGCCGAGGTATT
TTTTTTTTCACCTTGTGCTAGTCCGGCGAGCATGTTG

∆eccA1
generation

eccA1 KO LF
eccA1 KO LR
eccA1 KO RF
eccA1 KO RR

TTTTTTTTCACAAAGTGACATCCCGCAAGAGGATCTG
TTTTTTTTCACTTCGTGGTATCACCGTTCGTTGTAAC
TTTTTTTTCACAGAGTGGGAAACCAACGAGGGTCTAC
TTTTTTTTCACCTTGTGGCTCCCATTCCCAACACAAG

espG1 qPCR

espG1 qPCR FW
espG1 qPCR RV

AACTGTACGGCAGCTTCCTC
ATTAAGTCAACCTCGGGCGG

espH qPCR

espH qPCR FW
espH qPCR RV

GATGCACTTCACGGGCTGAC
CATGTTCGCAGCCTTGTCGG

eccA1 qPCR

eccA1 qPCR FW
eccA1 qPCR RV

TGGCCGAAGCCCAAGAAGAA
CTGACTGGCCCTCGTACTCG

espF qPCR

espF qPCR FW
espF qPCR RV

GCGGCCGAGATCAGATTGTT
ACCCACGGCTCATTCACCT

espE qPCR

espE qPCR FW
espE qPCR RV

AGGAATCGCCGACAAGATGG
ATCAGGTTGCCGGTCAGATA

esxB qPCR

esxB qPCR FW
esxB qPCR RV

ATCTCCGGTGACCTGAAGAC
TTCGGCCTTCTGCTTGTTGG

esxA qPCR

esxA qPCR FW
esxA qPCR RV

GGCAGCATCCAGCGCAATTC
AGCTTGTGCAGCGACTGCTT

sigA qPCR

sigA_ FW
sigA_ RV

TCGAGGTGATCAACAAGCTG
ATTTCTTTGGCCAGCTCCTC

pMV::
espF/espG1
/espH/eccA1

F_PacI_espF
R_EccA1_HindIII

TCTCTTAATTAACGGCTCACTGGCCTACCAAA
GGGGGGAAGCTTTCACTCTCTCATATTGAGGTGTG

pMV::
espG1
/espH.His
/eccA1

Fw_PacI_EspG1
Rv_EspH_His
Rv_ EccA1_HindIII
Fw_His tag_EccA1

GGGGGGTTAATTAAATGACCGGTCCGCTCG
TCAATGGTGGTGGTGATGATGCCGTTCGTTGTAACGAGAGGTG
GGGGGGAAGCTTTCACTCTCTCATATTGAGGTGTG
CATCATCACCACCACCATTGATACATGACTGATCGCCTGGCC

pSMT3::
espE.Strep
/espF

EspF Fw
EspF_Rv
espE_strep Rv
Strep_espF Fw
Fw EspE NheI

GAGGAAAGGTCTACCCCCATGTATCCGTATGATGTTCCTGATTATGCTACAGGACTACTGAACGTCGTG
AGCATAATCAGGAACATCATACGGATACATGGGGGTAGACCTTTCCTC
CTACTTCTCGAACTGCGGATGCGACCAGAGGAGGGTCCCCTCG
CGAGGGGACCCTCCTCTGGTCGCATCCGCAGTTCGAGAAGTAGTCCGGGCAACCG
CCCCCGCTAGCATGGTGCCAAAGGGAAG
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5.90

36.16

1.65

7.92

10.09

18.00

222.43

159.62

0.00

0.00

EspL

EsxB

PPE68

Mak

SecA2

EsxA

2.92

23.86

252.01

EspF

0.42

31.91

547.23

EspB

27.50

15.36

431.19

EspE

278.19

18.57

325.52

EspK

0.00

EspJ

0.00

5417 (PPE)

6.27

0.42

17.82

14.83

34.07

54.55

3570 (PE-PGRS)

EspC

1.46

40.93

EspA

5.42

31.37

Average
spectral
counts
MVU eccCb1
mut

2894 (PE)

Average
spectral
counts
WT

2704 (PE)

Gene names

10000.00

10000.00

-96.84

-6.15

-3.05

-95.18

-64.74

-10.56

-17.15

-28.07

-17.53

-10000.00

-10000.00

-41.94

-1.60

-28.01

-5.79

Fold change
max

0.007788

0.001398

0.000083

0.000043

0.038882

0.000002

0.000447

0.000890

0.000036

0.000488

0.000002

0.001680

0.002785

0.016291

0.011470

0.000139

0.001196

p-value

56.02
11.35
1.30
18.33

222.43
0.00
159.62
0.00

PPE68
SecA2

0.00

38.08

9.18

14.02

1.75

0.88

2.17

16.63

15.32

9.21

27.54

7.02

0.00

22.23

0.43

6.99

Average
normalized
counts
espG1 KO

Mak

3.93

252.01

18.00

278.19

27.50

3.87

10.33

547.23

325.52

14.83

431.19

6.27

17.82

54.55

40.93

31.37

Average
normalized
counts
WT

EsxB

EsxA

EsxA

EspL

EspK

EspJ

EspH

EspG1

EspF

EspE

EspC

EspB

EspA

5417 (PPE)

3570 (PE-PGRS)

2894 (PE)

2704 (PE)

Gene names

5.21

88.70

8.36

142.90

0.54

282.85

10.77

195.66

19.16

3.06

7.29

373.15

247.91

8.21

213.85

8.18

10.80

38.30

16.51

23.60

Average
normalized
counts
espG1 KO
complemented

10000.00

122.53

10000.00

3.97

10000.00

7.43

1.96

19.84

15.71

4.41

4.76

32.91

21.25

1.81

15.66

1.30

10000.00

2.45

94.26

4.49

Fold change
max

0.000071

0.000113

0.000206

0.002181

0.010888

0.000634

0.241774

0.000034

0.000170

0.212205

0.022740

0.000014

0.000005

0.322481

0.000141

0.601564

0.002127

0.004515

0.000069

0.030345

p-value

Table S4. Spectral counts of ESX-1 dependent surface proteins and other proteins of M. marinum and the secretion changes in different ESX-1 mutants in this study. The spectral
counts presented here are avarage normalized counts from two biological replicates. (Continues on the next page)
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EsxA

EsxA_1

EsxB_1

Mak

8.03

1.60

3.93

EspL

0.00

1.60

181.64

18.00

252.01

EspK

SecA2

157.63

278.19

EspJ

104.08

9.98

27.50

EspH

159.62

0.00

3.87

EspG1

PPE68

4.28

10.33

EspF

96.12

2.68

547.23

EspE

10.37

2.45

325.52

EspC

0.00

29.01

14.83

222.43

305.49

431.19

EspB

5417 (PPE)

37.61

3570 (PE-PGRS)

29.64

54.55

2894 (PE)

6.27

25.66

40.93

17.82

7.30

33.57

31.37

2704 (PE)

EspA

Average
normalized
counts
espH KO

Average
normalized
counts
WT

Gene names

7.02

72.37

6.34

95.62

1.26

225.75

5.60

166.05

14.14

0.99

10.32

293.09

181.08

10.26

220.09

9.74

7.75

29.80

15.81

13.77

Average
normalized
counts
espH KO
complemented

10000.00

2.21

10000.00

2.33

3.13

1.39

11.28

1.76

2.76

10000.00

2.42

204.19

132.80

2.83

1.96

5.99

3.82

2.13

2.59

4.30

Fold
change
max

0.028696

0.026144

0.001189

0.000096

0.355286

0.326200

0.028754

0.000078

0.006833

0.017311

0.050152

0.000001

0.000000

0.065405

0.018591

0.135613

0.044456

0.003217

0.004811

0.031689

p-value

SecA2

PPE68

Mak

EsxB_1

EsxA_1

EsxA

EspL

EspK

EspJ

EspH

EspG1

EspF

EspE

EspC

EspB

EspA

5417 (PPE)

3570 (PE-PGRS)

2894 (PE)

2704 (PE)

Gene names

0.00

159.62

0.00

222.43

3.93

252.01

18.00

278.19

27.50

3.87

10.33

547.23

325.52

14.83

431.19

6.27

17.82

54.55

40.93

31.37

Average
normalized
counts
WT

16.09

38.53

12.31

91.75

3.52

184.40

9.06

28.50

0.44

0.00

3.87

54.69

41.17

30.25

142.33

29.02

5.19

16.10

20.15

11.61

Average
normalized
counts
eccA1 KO

0.006096

4.14
10000.00

6.20

8.04

0.49

129.02

1.41

2.42

2.06

8.75
178.44

10000.00

0.073709

9.76

252.35

9.31

0.000000

62.45

130.28

0.012630

10000.00

2.55
21.33

0.000403

0.000770

0.000178

0.000274

0.051251

0.095454

0.000046

0.000012

0.000000

0.022306

0.006555

3.55

8.53

0.000373

3.57

3.03

364.43

0.029150

13.82

4.63

7.02

7.91

4.25

22.08

0.000329

10.01

3.39

44.57

0.018207

0.086638

437.06

2.03

p-value

309.29

2.70

22.30

Fold
change
max

16.79

Average
normalized
counts
eccA1 KO
complemented
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157

158

2.18

0.00

3.97

0.00

0.00

16.46

0.00

2.87

1.34

37.94

28.92

6.35

0.45

1.54

3.41

9.08

3.97

0.00

2.28

221.36

2.84

16.97

14.18

334.88

299.37

2.26

10.20

0.57

3570 (PE-PGRS)

5417 (PPE)

EspA

EspB

EspC

EspE

EspF

EsxA

EsxB

Mak

PPE68

SecA2

Average
spectral
counts
MVU eccCb1 mut

2894 (PE)

Average
spectral
counts
WT

2704 (PE)

Gene names

2.69

-22.89

2.80

-10.35

-8.83

-10.61

-5.90

-10000.00

-13.45

-10000.00

1.00

-1.00

-10000.00

-1.56

Fold change
max

0.342604

0.004330

0.057896

0.000033

0.000004

0.002875

0.125039

0.009708

0.000005

0.023062

1.000000

0.909466

0.000852

0.455125

p-value

7.41
0.00
3.24

0.57

SecA2

EsxB

2.26

20.91

299.37

10.20

16.34

334.88

EsxA

PPE68

6.49

Mak

1.82

25.56
106.69

EspK

2.46

14.18

EspF
EspJ

1.30

12.18

221.36

EspB
1.16

0.39

2.28

EspA
2.84

0.00

0.00

5417 (PPE)

16.97

3.89

3.97

3570 (PE-PGRS)

EspE

0.00

9.08

2894 (PE)

EspC

2.73

Average
normalized
counts
espG1 KO

3.41

Average
normalized
counts
WT

2704 (PE)

Gene names

2.21

4.99

3.31

208.69

240.26

104.20

22.70

9.98

13.31

1.11

193.88

0.55

0.56

4.44

4.98

2.76

Average
normalized
counts
espG1 KO
complemented

5.67

10000.00

3.27

14.32

20.49

16.45

14.05

5.77

13.08

2.56

18.17

5.88

10000.00

1.14

10000.00

1.25

Fold change
max

0.155638

0.000875

0.092458

0.000001

0.000000

0.000197

0.000041

0.011102

0.064685

0.422549

0.000008

0.187570

0.310722

0.972363

0.000280

0.905728

p-value

Table S5. Spectral counts of ESX-1 dependent supernatant proteins and other proteins of M. marinum and the secretion changes in different ESX-1 mutants in this study. The
counts presented here are avarage normalized counts from two biological replicates. (Continues on the next page)
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0.00

20.06

43.67

55.52

98.37

14.18

25.56

106.69

334.88

299.37

EspE

EspF

EspJ

EspK

EsxA

EsxB

1.71

0.00

16.97

EspC

0.57

2.74

2.84

EspB

SecA2

176.53

221.36

EspA

6.32

5.14

2.28

5417 (PPE)

6.07

0.43

0.00

3570 (PE-PGRS)

2.26

3.94

3.97

2894 (PE)

10.20

4.97

9.08

PPE68

1.63

3.41

2704 (PE)

Mak

Average
normalized
counts
espH KO

Average
normalized
counts
WT

Gene names

0.90

4.01

6.79

167.87

164.34

78.28

21.35

4.99

7.49

2.41

169.27

0.98

0.00

3.48

5.81

2.94

Average
normalized
counts
espH KO
complemented

2.99

2.54

3.00

3.04

6.03

2.44

1.27

10000.00

10000.00

1.18

1.31

5.24

10000.00

1.14

1.83

2.09

Fold
change
max

0.607141

0.207441

0.080992

0.000293

0.000011

0.001882

0.399761

0.000171

0.005948

0.941203

0.014998

0.048865

0.344285

0.943416

0.288050

0.455414

p-value

SecA2

PPE68

Mak

EsxB

EsxA

EspK

EspJ

EspF
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Pathogenic mycobacteria secrete a large number of virulence-related proteins, especially via the
specialized type VII secretion systems (T7SSs). Although the first T7SS was discovered about 15
years ago, our knowledge of how these systems secrete their substrates is still far from complete. A
currently well-accepted model is that T7SS substrates are secreted as folded heterodimers, where
one of the partners is carrying the general secretion signal YxxxD/E [1]. However, this secretion
motif does not determine system specificity of the T7SSs. In addition, the PE/PPE heterodimeric
substrates are maintained in secretion-competent state by the dedicated molecular chaperone
EspG [2–4]. An intriguing feature of the T7SSs is that the T7SS substrates are secreted in a codependent manner [5], making it challenging to study the secretion mechanism and functions
of individual substrates. Numerous questions on substrate recognition and functioning therefore
remain unanswered. How are the different classes of substrates specifically recognized and
targeted to the secretion machinery for translocation? As EspG functions as a specific chaperone
for PE/PPE substrates [3,4], the next question is what are the roles of other chaperones in the ESX
systems? What is the mechanism of the observed substrate co-dependency for secretion and how
do different substrates interact before and after secretion? What are the roles of T7SS substrates
during the mycobacterial infection of host cells? The work described in this thesis provided us
important insight into how the different T7SSs distinguish their substrates for secretion, into the
mechanism of substrate co-dependence for secretion and into the role of different substrate
classes in virulence.
EspG chaperones determine system specificity of their cognate PE/PPE substrates

As the EspG proteins were found to function as specific chaperones for the T7SS PE/PPE substrates,
different research groups have independently solved crystal structures of different EspG proteins,
either as a single protein, or in a substrate-bound state. The chaperones EspG1, EspG3 and EspG5 share
the lowest level of sequence homology among the core components of the T7SSs [6]. Surprisingly,
despite this low conservation these three proteins share high structural similarities, which probably
reflects their functional similarity as chaperones in the T7SSs [4]. This notion has also been seen
for chaperones of other bacterial secretion systems. In type III secretion systems, chaperones have
been classified into three different classes, based on whether they bind to early, intermediate or
late substrates [7, 8]. Class I chaperones, although binding to diverse substrates, share the same
overall dimeric structure [8]. Similarly, class II and class III chaperones interact with a wide range
of different molecules but have a remarkable structural resemblance [8]. The essentiality of EspG
chaperones for the T7SSs in M. marinum has been shown in several studies [2,9]. The availability
of structural information on EspG binding to its substrates has improved our knowledge on how
the T7SS chaperones are engaged in secretion. We now know that EspG5, for example, interacts
solely with the hydrophobic tip of the PPE proteins [3,4], thereby maintaining the substrates in a
soluble state. Introduction of point mutations that abolishes the EspG-PPE interaction results in
an accumulation of the PPE substrates in a more insoluble state and consequently in its secretion
failure [3]. It has been shown for other bacterial secretion systems that chaperones also function
to keep their substrates in a secretion-competent state. In T3SS, the substrates of the class IA
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chaperones are prone for degradation, which is prevented by the interaction with their cognate
chaperones [8]. In type VI secretion systems, three DUF (domain-of-unknown-function) families of
adaptors, i.e. DUF4123, DUF1795 and DUF2169, have been found to be required for the secretion of
their cognate effectors [10]. The crystal structure of the DUF1795 member EagT6 of Pseudomonas
aeruginosa revealed that the chaperone binds to the hydrophobic transmembrane domain of its
effector Tse6, thereby preventing the effector from aggregation during the translocation to the
target cell [11].
Interestingly, we have shown that the EspG chaperones are involved in secretion specificity of
T7SS [12]. As presented in chapter 3, by replacing the EspG5 chaperone binding domain of the
ESX-5 substrate PPE18 into the corresponding region of ESX-1 dependent PPE68_1, we were able
to reroute PPE68_1 to the ESX-5 system [12]. These data clearly suggest that the PPE chaperone
binding domain defines system specificity of the T7SSs. Surprisingly, although this chimeric
protein is rerouted to the ESX-5 system, the PPE68_1 SWAP substrate containing the EspG5 binding
domain still binds specifically to its original EspG1 chaperone, as observed in in vitro and in vivo
pulldown assays (Phan et al., unpublished data). Thus, the modification of PPE68_1 SWAP likely did
not include all the PPE68_1 residues that are involved in the specific interaction of the PPE68_1
WT with its cognate EspG1 chaperone. But furthermore, this result also indicates that it is not the
chaperone that determines system specificity, but the PPE domains that binds the chaperone. We
were unable to pinpoint the exact residues in the PPE substrates that determine system specificity.
Sequence analysis of the predicted chaperone binding domains of different T7SS PPE substrates
revealed that the region is highly conserved among the ESX-1, ESX-3 and ESX-5 PPE substrates
and changing single and multiple residues in the ESX-5 dependent PPE41 did not influence the
binding of its cognate chaperone EspG5 [3,4]. Unfortunately, hybrid PPE68_1 proteins, in which
different portions of the PPE68_1 hydrophobic tip, i.e. the α4, α5 and the linker of the α4 and the
α5 domain were individually replaced by equivalent regions of the ESX-5 PPE18 substrate, were
not secreted by the WT M. marinum strain (Phan et al., unpublished data). Possibly, the system
specificity of PE/PPE secretion is not determined by a single or a group of conserved residues in
this region, but rather by the entire hydrophobic domains of the PPE substrates that are specifically
recognized by its cognate chaperone.
Our attempt to reroute the ESX-5 PE31/PPE18 substrates to the ESX-1 system by using a similar
approach failed, which could be explained by two possibilities. First, EspG1 might bind to its
substrate differently and therefore the replaced region did not cover the exact EspG1 chaperone
binding domain of PPE68_1. Recently, the structures of the EspG1 chaperones from different
mycobacterial species have been solved, showing that EspG1 could multimerize at a high
concentration in solution, suggesting that the EspG1 may adopt a different mode of substrate
recognition than EspG5 [5]. Therefore, solving the crystal structure of EspG1 in a bound state with its
cognate substrate pair would provide valuable insights that would allow us to understand the exact
domain of the ESX-1 PPE substrates involved in specifying their secretion pathway. Secondly, it is
possible that the selection of ESX-1 PE/PPE substrates for secretion might be controlled in a stricter
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manner. As the ESX-1 system secretes only a few pairs of PE/PPE substrates in M. marinum, while
a large number of PE/PPE substrates are secreted via the ESX-5 system, it has been proposed that
the ESX-5 system is likely more flexible in substrates recognition and transport [4,14]. Moreover, it
has been hypothesized that the signals determining system specificity may be carried by the EspG
chaperones as well [5]. In support of this hypothesis, a recent structural study has suggested that
distinctive differences within the β2-β3 loop of EspG chaperones of different systems contributing
to their interaction with cognate PE/PPE substrates may play a differentiation factor between the
EspG chaperones of orthologous ESX secretion systems [5].
PE/PPE substrates determine the system specific secretion of Esx proteins

Although it is becoming clear how system specificity is defined for the PE/PPE substrates, our
knowledge of how Esx proteins are specifically selected for their cognate secretion system is still
limited. Esx proteins share several similarities to the PE/PPE proteins. First, both substrate classes
are secreted as heterodimers, in which one protein of the dimer carries the general secretion
motif YxxxD/E. Second, like PE/PPE proteins, Esx proteins are secreted in a system specific manner.
However, structures of different Esx pairs show that these heterodimers do not possess an EspG
chaperone binding domain [15]. Biochemical work also proved that EspG chaperones do not
bind to Esx substrates [2]. Our results presented in chapter 5 showed that the EsxA_1/EsxB_1 pair,
which are duplicates of EsxA/EsxB, requires PE35/PPE68_1 for efficient secretion by M. marinum,
suggesting that PE/PPE substrates dictates secretion of Esx proteins. This is a highly unexpected
finding as several observations suggest that Esx proteins are the core substrates within T7SSs:
First, Esx proteins, but not PE/PPE proteins, are present in the ESX-4 system, the most ancient
mycobacterial T7SS [7]. Similarly, every T7SS gene cluster identified so far, also the more distantly
related systems in Firmicutes, carries esx genes, while pe/ppe genes are almost exclusively found
in mycolic acid containing Actinobacteria. In addition, Mycobacterium leprae, which has a minimal
genome that has undergone extensive gene loss during evolution, has lost pe35 but maintained
esxA/esxB in the esx-1 system gene locus. The question therefore remains how Esx substrates are
directed to the target systems that do not secrete PE/PPE substrates, such as the ESX-4 system.
The PE35/PPE68_1 assistance during EsxA_1/EsxB_1 secretion might occur at several steps. As
proposed before [16], the dual recognition of both PE35/PPE68_1 and EsxA_1/EsxB_1 by the
membrane bound ATPase EccCab1, could be required for the activation of the ESX-1 machinery.
In support of this hypothesis, removal of the secretion signal of either EsxB_1 or PPE68_1, that are
probably recognized by the EccC ATPase [17], significantly affected the secretion of both substrate
pairs. Moreover, our data presented in chapter 5 showing that deletion of espG1 in M. marinum
caused a loss in secretion of not only its direct PE/PPE substrates, but also of EsxA/EsxB and all other
ESX-1 substrates, also suggests that both PE/PPE and Esx heterodimers may play critical roles in
activating the secretion system [18]. PE35/PP68_1 may assist EsxA_1/EsxB_1 also at a later step in
secretion. Perhaps PPE68_1 could engage in translocating EsxA_1/EsxB_1 across the mycobacterial
outer membrane by forming an outer membrane transport channel. Although PPE68_1 does not
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have predicted transmembrane domains, the protein could perhaps multimerize via the PPE
hydrophobic tips to form such a channel. The possibility that a T7SS substrate can self-assemble
upon secretion to form a pore-like structure via the extended tip has been indicated for the ESX-1
substrate EspB [19]. Thus, to further our understanding, it is of priority to solve the crystal structure
of the PE35/PP68_1 pair.
Another question that remains is how specific the co-dependency of EsxB_1/EsxA_1 secretion on
PE35/PPE68_1 is, e.g. can EsxA/EsxB also be co-secreted by this PE/PPE pair? Since EsxB and EsxB_1
are identical and EsxA and EsxA_1 share 92% sequence identity, the first approach to investigate
this is by replacing esxA_1 in the pe35/ppe68_1/esxB_1/esxA_1 operon by esxA. In addition, it is
tempting to speculate that EsxA/EsxB secretion might be regulated by MMAR_5447/PPE68 in a
similar fashion. Furthermore, it would be interesting to investigate if Esx substrates of other T7SSs
depend on specific PE/PPE pairs for secretion in the same fashion. EsxG/EsxH and EsxM/EsxN are
secreted by the ESX-3 and ESX-5 system, respectively, in a specific manner [20,21]. Interestingly,
the corresponding esx genes are also located in an operon with pe/ppe genes. In the case of the
ESX-3 system, PPE4 is a surface-localized protein which is required for iron acquisition [22]. The
protein carries two predicted transmembrane domains, which supports the hypothesis that PPE4
may form cell envelope pores upon secretion. Therefore, it is possible that PPE4 may facilitate the
secretion of EsxG/EsxH in the ESX-3 system.
EspH functions as a specific substrate of EspE/EspF

Next to PE/PPE and Esx proteins, the ESX-1 system also transports a unique class of substrates known
as Esp proteins. Some of these Esp proteins, such as EspA/EspC, have been reported to interact and
therefore to be secreted as heterodimers as well [23]. Interestingly, EspB itself can form a structure
composed of alpha helixes oriented in an antiparallel manner similarly as seen for PE/PPE and Esx
proteins [19,24]. Our study described in chapter 6 indicates that ESX-1 substrates EspE and EspF are
likely secreted as a heterodimer. Furthermore, we also revealed that EspH probably functions as a
specific chaperone of EspE/EspF and is required for EspE/EspF secretion [18]. Earlier, it was shown
that EspD may function as a cognate chaperone required for the secretion of EspA/EspC in M.
tuberculosis [23]. Interestingly, structural predictions suggest that EspD and EspH share significant
resemblance with YbaB, a DNA-binding protein in E. coli [25]. Moreover, another small Esp protein,
EspL, of M. tuberculosis also shares a high resemblance with YbaB, as shown in a recent study [26].
While YbaB binds DNA [25], another study showed that this protein improves the heterologous
production of membrane proteins [27], indicating it may also function as a chaperone. Thus,
EspL may work as another T7SS specific chaperone. A potential substrate of EspL is EspB, whose
encoding gene shares the same operon with espL. From these findings, the notion emerges that
the secretion of ESX-1 specific Esp substrates is assisted by specific ESX-1 chaperones. Since the Esp
chaperones are required for expression and secretion of their substrates [18,23], it is likely that these
chaperones may help their substrates in folding and/or maintaining a secretion-competent state.
Further structural studies are required to elucidate EspH/D/L chaperone structures and to reveal
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how these chaperones bind to their cognate substrates. Finally, it is also important to address the
factors that determine the hierarchy in ESX-1 secretion. In the T3SS, it has been proposed that
various binding affinities of chaperones to their substrates are the determinant factor that controls
the order of secretion by the system [9]. Thus, it is helpful to understand the binding affinity of
different ESX-1 chaperones to their cognate substrates and whether these differences could
contribute to the order of substrate secretion via ESX-1.
Differential roles of different groups of substrates during mycobacterial infection

Since the discovery of the ESX-1 secretion system about 15 years ago, many studies have shown
it is crucial and required for the virulence of pathogenic mycobacteria. However, little is known
about the exact roles of individual ESX-1 substrates due to their secretion interdependency. The
most well-studied substrate by far is EsxA, which is thought to be pivotal for phagosomal rupture
[15,28–30]. Both mutant screening analysis combined with infection assays [10] and biochemical
studies [29] have supported the notion that EsxA can lyse lipid membranes, a crucial step that
mediates the mycobacterial escape from the phagosome in host macrophages. However, with our
current understanding of the substrate interdependency for secretion, the effect caused by esxA
deletions is likely a result of the secretion loss of other ESX-1 substrates as well. Therefore, studies
using deletion mutants in genes encoding ESX-1 substrates is not a suitable approach to study
the roles of individual ESX-1 substrates. In a recent study, the role of EsxA in lysing phagosomal
membranes has been disputed, as incubations of concentrated supernatants from mycobacterial
cultures secreting EsxA did not lyse erythrocytes and lysis was shown to occur in a strict cell-contact
dependent manner [31]. In line with this notion, our data presented in chapter 6 also showed that
the presence of secreted EsxA is not always correlated with mycobacterial hemolytic activity [18].
For example, the ∆eccA1 strain, although it was able to secrete EsxA, failed to lyse erythrocytes. It
is more likely that the hemolytic activity of mycobacteria is mediated by other ESX-1 substrates
such as Esp proteins, of which the secretion is less affected by the eccA1 deletion and furthermore
remain predominantly surface-associated.
Our studies described in chapter 4 and chapter 5 present a new approach to study ESX-1 substrate
functioning. The ESX-1 PE/PPE and Esx substrates were shown to be rerouted to the ESX-5
system, providing a unique model to characterize substrate functions independently from their
original secretion system (Fig. 1). By employing this method, we have shown that both rerouted
PE35/PPE68_1 and EsxA_1/EsxB_1 were not able to lyse erythrocytes. Possibly, the introduced
modifications that enable the rerouting and detection of the PE35/PPE68_1 and EsxA_1/EsxB_1 to
the ESX-5 system, i.e. the chaperone binding domain of the PPE68_1 substrate and small C-terminal
HA and FLAG-tags, may interfere with substrate functioning. However, it has been postulated that
the specific functions of PPE proteins are mediated by their variable C terminal domains, which
would mean that the introduced modifications in the chaperone binding domain of PPE proteins
probably would not affect the substrate activities. Removing the C-terminal tags should address
whether these tags interfere with substrate functioning.
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Fig. 1. Working model for substrate recognition and export in type VII secretion.
The Esp, Esx and PE/PPE substrates of the T7SSs are generally exported as heterodimers by the T7SS secretion
machineries. While for the Esx proteins, the almost full protein sequences are involved in dimerization, the Esp and
PE/PPE proteins additionally have a highly conserved hydrophobic helical tip structure and contain highly variable
C-terminal domains. All T7SS substrate pairs carry a conserved secretion motif C-terminally from the dimerization
domain of one Esx and Esp of the dimer subunits, and of the PE protein of the PE/PPE pairs. The cytosolic component
EspG specifically recognizes the conserved hydrophobic helical tip in PPE proteins, preventing the substrates from
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In chapter 6, we addressed the roles of the ESX-1 accessory components EspG1, EccA1 and EspH
in secretion. We have determined that EspG1, initially found as a chaperone of its cognate PE35/
PPE68_1 substrates, has a broad effect on ESX-1-mediated secretion as deletion of espG1 led to a
secretion block of all ESX-1 substrates. Consequently, the espG1 mutant lost its hemolytic activity
and was attenuated in phagocytic cells and in zebrafish larvae, similarly as a mutant in one of
the ESX-1 core genes. It is possible that EspG1 not only functions as a specific chaperone for PE/
PPE substrates, but is also involved in ESX-1 functionality. This is in line with the already discussed
scenario, in which recruitment of PE/PPE substrates by EspG1 to the ESX-1 machinery and their
subsequent recognition together with an Esx pair by the EccC ATPase would activate the secretion
activity. Another scenario is that specific PE/PPE substrates of EspG1 play an important role in ESX-1
functioning; thus the effect of espG1 deletion could be indirect.
Deletion of espH mainly affected the secretion of its substrates EspE/EspF, which enabled us to
study the specific roles of EspH and its substrates EspE/EspF during the mycobacterial infection
cycle. The espH mutant was attenuated in the examined phagocytic cells. However, by probing
ubiquitin to detect cytosolic exposed bacteria we observed that the espH mutant was able to
localize to the cytosol in the same phagocytic cells at a similar rate as the WT strain at 24 hpi (Phan
et al., unpublished data). While this is not in line with our observation that this mutant is unable
to lyse erythrocytes, this suggests that the strain was able to escape the phagosome, but that it
perhaps was less able to invade these host cells. Surprisingly, the espH mutant was hypervirulent
in zebrafish larvae. The initial granuloma formation was normal in the zebrafish infected with the
espH mutant at 2 dpi. However, this was followed by mycobacterial outgrowth and phagocytic cell
death at 4 dpi, suggesting a loss of a stable interaction between bacteria and the host. Possibly,
such interaction is mediated by EspE/EspF and a yet unknown host factor. Thus the loss of EspE/
EspF secretion interfered with the homeostatic balance between the host and the pathogen
during granuloma maintenance, resulting in a hypervirulent phenotype of the M. marinum espH
mutant in zebrafish embryos. Further studies are required to identify the involved host factors and
to characterize how such interactions could mediate granuloma stability. Moreover, as EspH is a
conserved component of the ESX-1 system among different pathogenic mycobacteria, including
aggregation and possibly mediating targeting of PE/PPE substrates to the cognate membrane channel, as indicated
by 1. The PE/PPE substrates furthermore mediate the secretion of the Esx pair, although the exact mechanism for
this remains elusive. Esp substrates also require binding of dedicated chaperones, possibly via the similar helical tip
structure, to prevent their premature self-assembly. Subsequent translocation of substrates through the membrane
channel is likely energized by the three nucleotide binding domains of EccC, which might be activated by a dual
binding of Esx and PE/PPE pair, as indicated by 2. In this model, the T7SS membrane complex mediates transport
only across the inner membrane. Substrate translocation across the outer membrane is likely mediated by a so far
unidentified separate channel. Possibly, PE/PPE and/or Esp substrates could multimerize upon their secretion and
consequently form a transport channel inserted in the outer membrane, as indicated by 3. However, this hypothesis
needs to be elucidated experimentally. Some of the ESX-1 substrates are secreted and remain associated with the
cell surface, while others are secreted into the environment. Arrows with question marks indicate the mechanism
of targeting of Esp substrates and the involved of other substrates in this process that remain undefined. IM, inner
membrane; OM, mycobacterial outer membrane.
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M. leprae and M. tuberculosis, it is highly interesting to study if espH mutants in other mycobacterial
strains have a similar hypervirulent phenotype in other hosts.
Concluding remarks

The research presented in this thesis has provided new insight in the mechanism of system specific
selection of substrates in T7SSs, especially concerning the recognition of different ESX-1 substrates
in pathogenic mycobacteria. The ESX-1 system governs phagosomal rupture and cytosolic pattern
recognition of the pathogen, key intracellular phenotypes linked to increased immune signaling.
The partial deletion of the esx-1 locus is the decisive mutation of the insufficient M. bovis BCG strain.
There have been a number of studies aiming to improve protective efficacy of the BCG vaccine by
employing different approaches. For example, an approach to heterologously express esx-1 from
M. tuberculosis in the M. bovis BCG vaccine strain produced mixed results. Although vaccine efficacy
was found to be improved [31], increased virulence was also found as a side effect [31]. Therefore,
this recombinant BCG strain is likely too virulent to be used for vaccine applications. A more
recent study has reported that a recombinant BCG vaccine strain heterologously expressesing the
esx-1 locus of M. marinum induced selected innate and adaptive immune responses, increased
protection and minimal increase in virulence, thus appearing as a promising TB vaccine candidate
[32]. The successful rerouting of several ESX-1 substrates to the ESX-5 system should be further
studied as it could potentially provide an additional powerful tool to improve the current BCG
vaccine (chapter 4 and chapter 5). If this approach can be applied for any of the ESX-1 substrates,
it would allow us to design and selectively control secretion of the ESX-1 substrates to the ESX-5
system, thus presenting a method to modulate the immune responses of the host caused by the
secretion of individual ESX-1 substrates.
The identification of several specific ESX-1 chaperones and their roles in secretion once again
emphasizes the complex mechanism of secretion of the different substrate classes via the same
T7SS (chapter 6). Continued efforts to elucidate the mechanism of the substrate co-dependence for
secretion, but also to identify the outer membrane pores involved in transporting substrates across
the outer membrane are required. Since the roles of the ESX-1 system is pivotal to pathogenic
mycobacteria, finding such outer membrane pores involved in ESX-1 export could potentially
be helpful for designing, screening and discovering new drugs that can target and inhibit ESX-1
secretion and functioning.
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De bacterie Mycobacterium tuberculosis is een oude vijand van de mensheid die nog steeds een
belangrijke rol speelt in onze samenleving. Naar schatting draagt een derde van de wereldbevolking
deze veroorzaker van tuberculose, ook wel TBC genoemd, bij zich. TBC wordt in westerse landen
nog wel eens gezien als een probleem van vroeger, maar M. tuberculosis is wereldwijd nog steeds
de meest dodelijke bacteriële ziekteverwekker. Ieder jaar worden er wereldwijd ongeveer negen
miljoen nieuwe gevallen van tuberculose gerapporteerd en sterven er 1.5 miljoen mensen aan
deze ziekte.
Tuberculose wordt overgedragen via aerosolen in de lucht en kan zich op deze manier snel door de
populatie verspreiden. M. tuberculosis groeit zelf echter langzaam en kan zelfs tijdens infectie in een
staat van metabole inactiviteit geraken. Dit wordt ook wel latente tuberculose genoemd. Dit klinkt
wellicht als een nadeel voor de ziekteverwekker, maar het stelt de bacterie in staat om jarenlang
een onopgemerkt in het menselijk lichaam te verblijven. Op het moment dat het immuunsysteem
van de patiënt achteruitgaat, bijvoorbeeld bij HIV patiënten, kan de bacterie gereactiveerd worden,
waardoor zogenaamd open tuberculose met duidelijke symptomen ontstaat. Een antibioticumkuur
tegen M. tuberculosis bestaat uit een cocktail van minstens 4 verschillende medicijnen die meerdere
maanden ingenomen moeten worden. Het is dan ook moeilijk voor patiënten, met name in
ontwikkelingslanden, om deze behandeling af te maken. Hierdoor zijn in de afgelopen decennia
steeds meer antibioticumresistente M. tuberculosis stammen gaan circuleren.
Tuberculose is niet de enige ziekte die wordt veroorzaakt door mycobacteriën. Ook bijvoorbeeld
lepra, veroorzaakt door Mycobacterium leprae is nog steeds een problem in meerdere landen.
Mycobacterium marinum veroorzaakt een tuberculose-achtige ziekte in vissen en koudbloedige
amfibieën zoals kikkers, maar kan ook in mensen een zogenaamd aquarium-granuloom veroorzaken.
M. marinum is een belangrijk model organisme voor het onderzoek naar M. tuberculosis en is ook
in mijn studies veelvuldig gebruikt.
Mycobacteriën onderscheiden zich van andere bacteriën onder andere door hun unieke
celenvelop. Deze bestaat uit een binnenmembraan dat vergelijkbaar is met die van andere
bacteriën, maar ook uit een unieke buitenmembraan. Deze buitenmembraan bestaat uit lange
vetzuren die de bacterie beschermd tegen extreme factoren uit de omgeving. Wanneer ons
lichaam via de longen wordt geïnfecteerd door M. tuberculosis, zal de bacterie herkend worden
door macrofagen in de longen. Zij nemen de bacterie op in een zogenaamde fagosoom, een
subcompartiment van macrofagen. Het fagosoom kan fuseren met een ander subcompartiment
van de macrofaag, het lysosoom. Dit onderdeel is gevuld met zuren en andere stoffen die bacteriën
normaalgesproken doden en afbreken. Voor de meeste bacteriën zou dit het einde betekenen
van hun avontuur in ons lichaam. M. tuberculosis scheidt, net als andere pathogene bacteriën,
eiwitten uit, die belangrijk zijn voor het infectieproces. Een aantal van deze uitgescheiden eiwitten
zijn zogenaamde virulentiefactoren, die een belangrijke rol spelen in het onderdrukken van het
immuunsysteem, om zodoende bij te dragen aan het overleven verspreiden van de bacterie.
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Recent is in mycobacteriën een groep van unieke secretiesystemen ontdekt, genaamd type VII
secretie (T7S) systemen. M. tuberculosis heeft vijf verschillende T7S systemen die ESX-1 tot en
met ESX-5 genoemd worden. Deze systemen scheiden ieder een specifieke groep eiwitten uit
en spelen verschillende rollen in het ziekteproces. Het ESX-1 systeem is één van de belangrijkste
virulentiefactoren van mycobacteriën. Er zijn een aantal onderzoeken geweest waarin het belang
van ESX-1 bij virulentie werd bevestigd. Mycobacteriële ziekteverwekkers zonder een functioneel
ESX-1 systeem vertonen sterk verminderde virulentie en kunnen zich niet vermenigvuldigen in
macrofagen in vergelijking met stammen met een functioneel systeem. Verder is, zoals aangetoond
voor M. tuberculosis, M. leprae en M. marinum, ESX-1 nodig voor het breken van de fagosomale
membraan, waardoor de bacterie toegang krijgt tot het cytosol van geïnfecteerde fagocyten. Meer
dan tien eiwitten worden uitgescheiden door het ESX-1 systeem. Echter is nog niet duidelijk welk
van deze eiwitten verantwoordelijk is voor het doorbreken van de fagosomale membraan. ESX-3
speelt een hele andere rol: dit systeem is belangrijk voor de opname van de belangrijke metalen
zink en ijzer door de bacterie. Het ESX-5 systeem is de meest recent ontwikkelde T7S systeem
en is alleen aanwezig in zogenaamde langzaam-groeiende soorten, waaronder de meeste ziekteveroorzakende mycobacteriën. Onlangs is aangetoond dat het ESX-5 systeem essentieel is voor de
groei van de bacterie doordat het een rol speelt in nutriënt opname. Bovendien is gesuggereerd
dat dit systeem betrokken is bij het reguleren van mycobacteriële virulentie.
Zoals reeds vermeldt, zijn drie van de mycobacteriële T7S systemen vereist voor de levensvatbaarheid
en volledige virulentie van ziekteverwekkende mycobacteriën. Dit betekent dat een aantal van de
eiwitten die uitgescheiden worden door deze systemen, ook wel substraten genoemd, belangrijke
virulentiefactoren en huishoudeiwitten zijn. Tot op heden zijn vier verschillende klassen van T7S
substraten gevonden: de zogenaamde Esx-, PE-, PPE- en Esp-eiwitten. Terwijl de T7S systemen elk
hun eigenlijk subset van Esx-, PE- en PPE-eiwitten uitscheiden, zijn de Esp (ESX-1 specifieke eiwitten),
zoals de naam al aangeeft, specifieke substraten van het ESX-1 systeem. Waarschijnlijk hebben
alle T7S substraten een vergelijkbare structuur, bestaande uit een zogenaamd helix-turn-helix
configuratie met daaropvolgend een secretie-motief (YxxxD/E). Terwijl dit motief wel belangrijk is
voor de uitscheiding van deze eiwitten, bepaalt het niet door wel secretiesysteem de substraten
getransporteerd worden. Daarnaast is het waarschijnlijk dat de meeste substraten als koppels,
heterodimeren genoemd, uit de bacteriecel geёxporteerd worden. De Esx-eiwitten zijn de meest
geconserveerde T7S eiwitten. De meest bestudeerde leden van deze eiwitfamilie zijn ESAT-6 en
CFP10 (later hernoemd tot respectievelijk EsxA en EsxB), die samen als een heterodimeer worden
uitgescheiden door het ESX-1 systeem. PE- en PPE-eiwitten zijn twee andere hoofdklassen van
de T7S eiwitten. Interessant is dat een PE-eiwit samen met een PPE-eiwit stabiele heterodimeren
kunnen vormen, vergelijkbaar met de mycobacteriële Esx-eiwitten.
Het doel van de studies beschreven in dit proefschrift was om te onderzoeken hoe de verschillende
substraatklassen die worden uitgescheiden door de verschillende T7S systemen specifiek worden
herkend voor hun secretie.
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In hoofdstuk 2 bespreken we onze huidige kennis van T7S systemen met een focus op de rollen
van T7S chaperones in substraatherkenning.
In hoofdstuk 3 beschrijven we de kristalstructuur van de M. tuberculosis chaperone EspG5 in complex
met zijn verwante substraatpaar PE25/PPE41. De structuur laat zien dat EspG5 door een specifieke
interactie met de hydrofobe tip van PPE41 dit eiwitdeel afschermt. Bovendien laten we door
middel van puntmutaties zien dat de PPE41-EspG5 interactie essentieel is voor de oplosbaarheid
en uitscheiding van de PE/PPE-substraten.
In hoofdstuk 4 beschrijven we een bepalende factor in de systeem-specifieke herkenning en
uitscheiding van PE/PPE substraten in M. marinum. Door het EspG-bindingsdeel van een ESX-1
PE/PPE-paar te vervangen door het equivalente deel van een ESX-5 eiwit, waren we in staat dit
eiwitpaar om te leiden van het ESX-1 systeem naar het ESX-5 systeem. We concluderen hieruit dat
het EspG-bindende domein een belangrijke rol speelt bij het bepalen van de systeemspecificiteit
van PE/PPE-eiwitten.
In hoofdstuk 5 beschrijven we de factoren die de systeem-specifieke uitscheiding van Esxheterodimeren bepalen, die geen interactie hebben met de EspG-chaperone. We vonden dat de
uitscheiding van een ESX-1-afhankelijk Esx-paar afhankelijk is van de expressie en uitscheiding van
een ESX-1-afhankelijk PE/PPE-paar dat wordt afgeschreven door hetzelfde operon in M. marinum.
Verrassend resulteerde het omleiden van dit PE/PPE-paar naar het ESX-5 systeem door het
uitwisselen van het EspG-bindende domein ook in het omleiden van het Esx-paar naar ESX-5. Dit
toont aan dat PE/PPE-substraten de systeemspecificiteit van ESX-eiwitten bepalen.
In hoofdstuk 6 beschrijven we de gedetailleerde analyse van M. marinum-mutanten in
verschillende cytosolische ESX-1 systeemcomponenten, waardoor we een nieuwe chaperone
voor Esp-substraten, EspH, hebben ontdekt en een begin hebben gemaakt met het ontrafelen van
de rollen van de verschillende ESX-1 substraatklassen in virulentie. We laten zien dat EspH als een
specifieke chaperone fungeert en vereist is voor de uitscheiding van het substraatpaar EspE/EspF.
Interessant is dat infectie-experimenten in zebravis-embryo’s hebben aangetoond dat EspH een
hypervirulentiefactor van het ESX-1-systeem is in M. marinum. Dit betekent dat wellicht EspE/EspF
een rol speelt bij immuunmodulatie tijdens infectie.
In hoofdstuk 7 geven we een samenvatting, reflecteren we de resultaten die in dit proefschrift zijn
verkregen en bespreken we de resterende uitdagingen bij het ophelderen van het mechanisme
van substraatherkenning in T7S.
Met het werk dat in dit proefschrift is beschreven is deels opgehelderd hoe de type VII
secretiesystemen van ziekteverwekkende mycobacteriёn substraten herkent. De geslaagde
omleiding van verschillende ESX-1 substraten naar het ESX-5 systeem beschreven in dit
proefschrift zou een interessant middel kunnen zijn om de rollen van individuele ESX-1 eiwitten te
bestuderen in de gecompliceerde interactie van M. tuberculosis met de gastheer. Bovendien kan
deze substraatomleiding ook een manier zijn om het huidige ontoereikende vaccin, de levende
avirulente stam BCG, te verbeteren door modulatie van zijn repertoire aan antigenen.
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Now is the time for the party!
Thank you everyone! Dankjewel! Cảm ơn mọi người!

187

ADDENDA

CURRICULUM VITAE
Trang Huong Phan was born on 1st September 1988 in Haiphong, Vietnam. She attended in Tran
Phu high school for gifted students with a specialization in Biology. During the second and last year
of her high school, she attended in and won second prize at the National Biology Olympiad twice,
which allowed her to choose any university to study further in Vietnam. Following her passion of
biology, she continued studying Biological Sciences at the National University of Vietnam in Hanoi.
Upon graduation, she worked as Associate Scientist in the Immunology lab at the National Institute
of Health and Epidemiology for a year. During this time, she took part in a large-scale screening of
human sera against influenza A viruses and started to develop her interest in infectious diseases.
In 2011, she was awarded the Huygens Scholarship by the Dutch ministry of Education to pursue
her master degree in Biomedical Sciences at Utrecht University. She performed a one-year
internship in the lab of Prof. Frank Holstege at the Utrecht University Medical Center. During this
time, she studied the role of the long non-coding RNAs in regulating protein-coding genes in
yeast Saccharomyces cerevisiae. For the second internship, she investigated on the regulation of
the proteolysis of a ubiquitinated substrate TBC1D4 in mamalian cell in the Guardavaccaro lab at
Hubrecht Institute in Utrecht. In the beginning 2014, Trang started her PhD with focus on studying
type VII secretion system of pathogenic mycobacteria under the supervision of dr. Edith Houben
and Prof. Wilbert Bitter at the Vrije Universiteit Amsterdam. The results of her PhD research are
presented in this book. Upon finishing her PhD thesis, in the end of 2018 Trang started working as
a postdoc scientist in the Luibrink lab at the VU Amsterdam.

188

CURRICULUM VITAE / PUBLICATIONS

PUBLICATIONS
Phan TH, Houben ENG. Bacterial secretion chaperones: The mycobacterial type VII case. FEMS
Microbiology Letters 2018, 365(18): 1–8.
Phan TH, van Leeuwen LM, Kuijl C, Ummels R, van Stempvoort G, Rubio-Canalejas A, Piersma SR,
Jiménez CR, van der Sar AM, Houben ENG, Bitter W. EspH is a hypervirulence factor for Mycobacterium
marinum and essential for the secretion of the ESX-1 substrates EspE and EspF. Plos Pathogens 2018,
14(8): 1–26.
Phan TH, Ummels R, Bitter W, Houben ENG. Identification of a substrate domain that determines
system specificity in mycobacterial type VII secretion systems. Scientific Reports 2017, 7: 42704.
Korotkova N, Freire D, Phan TH, Ummels R, Creekmore CC, Evans TJ, Wilmanns M, Bitter W, Parret
AHA, Houben ENG, Korotkov KV. Structure of the Mycobacterium tuberculosis type VII secretion
system chaperone EspG5 in complex with PE25–PPE41 dimer. Molecular Microbiology 2014, 94(2):
367–382.

189

&

