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Type VIl secretion systems: structure,
functions and transport models

Angel Rivera-Calzada

and Sebastian Geibel®?%3X

Many bacteria rely on highly specialized macromole-
cular nanomachines embedded in their cell envelopes
to inject effector proteins into eukaryotic or prokary-
otic cells, or to release them into the extracellular
environment'. These nanomachines were initially
described in bacterial pathogens that were able to trans-
fer effector proteins to target cells and modulate cellular
functions in the host>™*. The secreted proteins mediate
a variety of functions, including scavenging, adhesion,
modulation of symbiotic, intraspecific and interspecific
interactions, and bacterial fitness'.

Nine secretion system types have been identified
to date (I to IX), with distinct structures and secretion
mechanisms™*. Moreover, a recent study suggests the
existence of a type X secretion system’. Substrates can
be translocated across one, two or three membranes
in the case of secretion systems that release substrates
into the host cytoplasm. Depending on the architec-
ture of the secretion system, substrates are transferred
in a one-step process directly from the bacterial cyto-
sol to its target location or in a two-step mechanism, in
which substrates are first transferred to the periplasm,
followed by a second transfer step across the outer
membrane by specialized nanomachines. Substrates
can be translocated across the secretion system in their
native conformation, partially folded or unfolded, by
energy-dependent transport mechanisms that rely on
diverse energy sources, including ATP, entropy gradi-
ents of the protein substrates or ion gradients across the
bacterial inner membrane’.

% Njkolaos Famelis

23 Oscar Llorca®'

Abstract | Type VIl secretion systems (T7SSs) have a key role in the secretion of effector proteins in
non-pathogenic mycobacteria and pathogenic mycobacteria such as Mycobacterium tuberculosis,
the main causative agent of tuberculosis. Tuberculosis-causing mycobacteria, still accounting

for 1.4 million deaths annually, rely on paralogous T7SSs to survive in the host and efficiently

evade itsimmune response. Although it is still unknown how effector proteins of T7SSs cross the
outer membrane of the diderm mycobacterial cell envelope, recent advances in the structural
characterization of these secretion systems have revealed the intricate network of interactions

of conserved components in the plasma membrane. This structuralinformation, added to recent
advances in the molecular biology and regulation of mycobacterial T7SSs as well as progress in our
understanding of their secreted effector proteins, is shedding light on the inner working of the T7SS
machinery. In this Review, we highlight the implications of these studies and the derived transport
models, which provide new scenarios for targeting the deathly human pathogen M. tuberculosis.

Several secretion systems can coexist in the same
bacterium, and their presence often correlates with
pathogenicity, which makes them candidate targets for
novel therapeutic approaches®. Secretion systems can
be organized as gene clusters or operons in genomes or
plasmids. The genetic organization often reveals the ori-
gin of these nanomachines, and how nature has assigned
new functions to ancestral machineries like the type III
secretion system, which also constitute the core of flagel-
lar motility machines, or the type VI secretion system,
which contains a phage-like injection apparatus™'’.

Structural analysis of these complex nanomachines
has proved difficult over the years because they are flex-
ible multiprotein complexes, are difficult to overexpress
and they need to be purified from the bacterial cell enve-
lope in native conditions. Advances in cryogenic elec-
tron microscopy (cryo-EM) are helping in surpassing
these limitations'', and are revealing at unprecedented
detail the complexity and molecular mechanisms of
these highly specialized macromolecular complexes®.

The first type VII secretion system (T7SS) was dis-
covered during study of the pathogen Mycobacterium
tuberculosis, the main causative agent of tuberculosis.
Tuberculosis is the infectious disease that has killed most
people throughout history'?, and it is still one of the top
ten causes of death worldwide. In 1995, P. Andersen
and colleagues identified a novel antigen secreted by
M. tuberculosis into culture filtrates: the 6-kDa early
secretory antigenic target (ESAT-6)’. Analyses of the
M. tuberculosis genome showed that ESAT-6 and its
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Arabinogalactan layer

An essential constituent of

the mycobacterial cell wall.
Peptidoglycan is covalently
attached to the heteropolysac-
charide arabinogalactan, which
is in turn linked to the mycolic
acid layer.

Capsule

The mycobacterial capsule

is the outermost layer of the
bacterial cell and consists
mainly of a glycogen-like
a-glucan with lower amounts
of arabinomannan and
mannan, proteins and lipids.
This layer mediates key
interactions with host cells
during initial stages of infection
and favours bacterial survival.

Diderm

A term to describe the
presence of an inner
membrane and an outer
membrane in the cell envelope
such as in Gram-negative
bacteria and mycobacteria.

co-secreted partner 10-kDa culture filtrate protein
(CFP-10)", later renamed EsxA and EsxB, respectively,
lack canonical cleavable signal peptides at their amino
termini (N termini) characteristic of the Sec or Tat
secretion pathways'’. The esxA-esxB operon and those
of homologous genes were found to localize within five
gene clusters, each harbouring a membrane-associated
ATPase and other putative components of secretion sys-
tems, indicating the existence of five distinct paralogous
secretion systems' ‘™.

Subtractive hybridization studies revealed that the
tuberculosis vaccine strain Mycobacterium bovis bacil-
lus Calmette-Guérin (BCG) lacks the esxA and esxB
genes owing to the loss of the genetic region of differ-
ence 1 (RD1)"*", which was later shown to be mainly
responsible for its attenuation®-*2.

It was subsequently demonstrated that the genes sur-
rounding esxA and esxB encode an alternative secretion
system, which has been given different names: ESAT-6,
ESX (ESAT-6 secretion), SNM (secretion in mycobac-
teria)** and Wss (WXG100 secretion system)®. Later, the
more generic term ‘type VII secretion system’ (T7SS)
was coined, referring to all homologous ESX systems in
high-G+C Actinobacteria®.

The five paralogous esx loci (esx-1 to esx-5) are
widespread among fast-growing and slow-growing
mycobacteria, whereas the numbers of encoded ESX
systems differ between mycobacterial strains”. In addi-
tion, plasmid-encoded ESX secretion systems were
discovered in fast-growing mycobacteria®*.

Tuberculosis-causing mycobacteria encode all five
esx loci, whereas pathogens such as Mycobacterium
leprae (esx-1 to esx-3 and esx-5) and Mycobacterium
abscessus (esx-3 and esx-4) as well as the non-pathogenic
Mycobacterium smegmatis (esx-1 to esx-4) do not encode
all esx loci (FIG. 1a).

Conserved genes corresponding to members of
the WXG100 protein family (BOX 1) and a membrane-
anchored ATPase of the FtsK-SpolIIE protein family
have been identified in low-G+C Firmicutes, leading to
the discovery of a new secretion system in the human
opportunistic pathogen Staphylococcus aureus, which
was initially termed the ‘ESAT-6 like secretion sys-
tem’ (Ess). Owing to the limited genetic conservation
between the T7SSs in Actinobacteria and Firmicutes,
they were classified as T7SS and T7SSb, respectively*.
The aforementioned signature genes were also found in
several Gram-negative phyla, including Cyanobacteria
and Proteobacteria (for example, Helicobacter pylori),
but it is unclear whether they represent active secretion
systems™>*.

Protein transport across the prototypical ESX secre-
tion machines is powered by one or more substrate-
specific ATPases. EccC is the membrane-anchored
FtsK-SpollIE family ATPase, powering substrate secre-
tion and also acting as the coupling protein, binding
substrates before translocation. EccC and the three
conserved membrane proteins EccB, EccD and EccE
form the stable core of the secretion machine in the
inner membrane of the mycobacterial cell envelope
whereas MycP, a membrane-anchored protease, is not
tightly associated with the core complex™" (FIG. 1b).

The cytosolic ATPase EccA is required for secretion of
a specific subset of substrates and may be recruited to
the ESX secretion machine upon substrate binding**-*.
Roles of EccA as an instigator of secretion or as an
ATP-dependent dissociase for chaperone-substrate
complexes have been proposed’’. Recent progress has
revealed the molecular organization of ESX-3 and ESX-5
secretion complexes at atomic resolution’”**-**. These
structures suggest plausible mechanisms for secre-
tion and are discussed in the sections entitled “T7SS
architecture’ and “Transport models.

Interestingly, current structural knowledge indicates
that the T7SS core complex does not reach the outer
mycomembrane. M. tuberculosis together with other
species in the order Corynebacteriales exhibits a com-
plex cell wall featuring an inner mycomembrane and a
unique outer mycomembrane 7-8 nm in thickness in
mycobacteria’*®. The inner leaflet of the mycomem-
brane consists mostly of long-chain mycolic acids
(C4—Cy)s acting as a potent hydrophobic barrier, and is
covalently bound to an arabinogalactan layer that anchors
the mycomembrane to the peptidoglycan layer”. The
outer leaflet of the mycomembrane consists of lipids
not covalently bound to the cell, proteins and lipopol-
ysaccharides, and is surrounded by a weakly attached
capsule, which consists mainly of exopolysaccharides,
proteins and a small amount of lipids*. According to
the mycobacterial diderm cell envelope structure, addi-
tional progress is needed to clarify how T7SS substrates
are transported across the periplasm and the outer
mycomembrane (see the section entitled “Transport
across the outer mycobacterial membrane’).

The actual secretion process is poorly understood, but
common properties described in BOX 1 are shared among
T7SS substrates, suggesting the existence of a conserved
secretion mechanism for the diverse T7SSs. T7SS sub-
strates carry signal sequences required for transport,
and typically form dimers that share a characteristic

Fig. 1| Genetic and functional organization of
mycobacterial type VIl secretion systems. a| Gene
clusters of the five ESX secretion systems in Mycobacterium
tuberculosis. The region of difference 1 (RD1) is a genetic
deletion found in the vaccine strain Mycobacterium bovis
bacillus Calmette-Guérin (BCG) that is primarily
responsible for its attenuation. The espACD operon is
located upstream of the esx-1 gene cluster and the
expressed substrates are transported through ESX-1.

b | Functional organization of type VIl secretion systems.
The conserved membrane components EccB, EccC, EccD,
EccE and MycP assemble a secretion machine in the
plasma membrane of the mycobacterial cell envelope.
The intracellular chaperone EspG prevents aggregation
of substrates belonging to the PE-PPE protein family and
dissociates before secretion. The cytoplasmic ATPase EccA
is required for the secretion of a subset of proteins and has
been hypothesized to provide the energy for dissociating
EspG from PE-PPE proteins or for instigating secretion of
Esx substrates. Some PPE proteins of the PE-PPE protein
family mediate the uptake of nutrients. Members of the
PE-PPE protein family are therefore potential candidates
to form the substrate secretion pore. DUF, domain of
unknown function.
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Box 1| Secreted effector proteins of mycobacterial T7SSs and T7SSb

Type Vll secretion system (T7SS) substrates are defined by a conserved
YXXXD/E motif or a WXG motif'”®. The two motifs are required to form
a bipartite secretion signal in spatial proximity for transport. Native
substrates lacking either of the two signatures or not having them in
proximity are translocated as part of a heterodimeric complex with
proteins that contain such motifs. In T7SSb, the YXXXD/E motif is present
in the form of HXXXD/EXXhXXXH, in which ‘H’ and ‘h’ correspond to
highly conserved or less conserved hydrophobic residues'®’, respectively,
and with the WXG motif forms the bipartite secretion signal'®'. T7SS
substrates are characterized by a helix-turn-helix structure, in which the
WXG motif is present between the two a-helices. Homodimerization or
heterodimerization results in the typical four-helix bundle structure
that has been observed for all substrate proteins so far*’ and is ~22 A in
diameter, suggestive of the maximal diameter of the transport pore.
Mycobacterial T7SS substrates have traditionally been classified into
three different protein families: Esp (ESX-1 secretion-associated proteins),
Esx and PE-PPE (Pro-Glu (PE) and Pro-Pro-Glu (PPE)). Esp substrates are
secreted through ESX-1. The Esp family contains heterodimers such as
EspA-EspC as well as the monomeric substrate EspB, which exhibits the
four-helix bundle fold in a single protein'**'®, Esx substrates belong to
the WXG100 protein family, which are typically ~100 amino acids in
length'®. The best-studied representatives of this class are EsxA and
EsxB from Mycobacterium tuberculosis. The NMR structure of EsxA-EsxB
shows the prototypical four-helix bundle structure in which EsxB carries
a WXG motif, a YXXXD motif and a short carboxy-terminal (C-terminal)
peptide without apparent sequence conservation*. The EccC ATPase
recognizes hydrophobic residues in this peptide, which is crucial for
secretion®®?*1%* EsxA contains the WXG motif, which forms the bipartite

VXXXDXXLXXXF
(

F YX

XXD
% f' ‘kC WXG
\() b
f; EsxB
>}
)

EsxA-EsxB (ESX-1

EsxA-EsxA (Ess)

secretion signal together with the YXXXD motif of EsxB. PE and PPE
substrates consist of heterodimers formed by the PE protein and its
cognate PPE partner'®. Their conserved amino-terminal (N-terminal)
domains carry a PE motif and a PPE motif, respectively, and show the
characteristic helix-turn-helix motifs and form a four-helix bundle
structure upon dimerization. PE proteins comprise an N-terminal domain
of ~100 amino acids and carry the YXXXD/E secretion signal at the

C terminus. PPE proteins comprise an N-terminal domain of ~180 amino
acids and bind to cognate chaperones, including EspG, through a
conserved hydrophobic patch in the extended helical tip'?**°. PE and
PPE proteins are extremely variable in length owing to their diverse
C-terminal domains, which allow further classification into different
subfamilies'® 7,

In the figure, representative structures of the three different T7SS
substrate classes are shown. WXG100 substrates: EsxA-EsxB (ESX-1) from
Mycobacterium bovis (Protein Data Bank (PDB) ID 1WA8) and EsxA-EsxA
(Ess/T7SSb) from Staphylococcus aureus (PDB ID 2VS0). PE-PPE substrates
bound by cytosolic chaperones: hybrid structure of PE5-PPE4 from
M. tuberculosis bound to the chaperone EspG from Mycobacterium
marinum (ESX-3; PDB ID 6UUJ) and PE25-PPE41 (ESX-5) from
M. tuberculosis determined in the absence of the chaperone EspG (PDB ID
4W4K). Esp substrates: monomeric EspB (ESX-1) from M. tuberculosis
(PDB ID 4XY3). The bipartite T7SS secretion signal consists of the WXG
motif (blue) and either a YXXXD/E motif (light blue) or a similar HXXXD/
EXXhXXXH motif (turquoise). Additional hydrophobic residues (purple)
found at the EsxB C terminus are crucial for interaction with EccC
motor ATPase and secretion, and are also present in other substrates
(for example, EspB).

PE25
Helical tip
domain
Helical tip
domain

(; EspB (ESX-1)

(
PE25-PPE41 (ESX-5)

PE5-PPE4-EspG3 (ESX-3)

helix—turn-helix structure®. In the case of M. tubercu-
losis, substrates of the T7SS have a key role as virulence
factors allowing pathogenic mycobacteria to adapt and
survive in the different environments encountered at
multiple stages of infection. Therefore, T7SS expression
and activity have to be tightly regulated, topics that we
introduce in the following section. In addition, T7SS sub-
strates also have key roles in bacterial fitness and sur-
vival, including DNA transfer and bacterial competition,

and these roles together with the contribution of tuber-
culosis substrates to the infectious process are outlined in
the section entitled ‘Functions of effector proteins.

In this Review, we provide an overview of different
aspects of the T7SSs taking into account the key struc-
tural and functional information provided by the ESX-3
structure from M. smegmatis’”** and the preliminary
hexameric structures of ESX-5 from M. tuberculosis and

Mycobacterium xenopi*>*.
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T7SS transcriptional regulation

In M. tuberculosis ESX-1, ESX-3 and ESX-5 are required
for full virulence and viability. ESX-5, the most recently
evolved ESX system, is involved in nutrient uptake and
is essential for growth®, is responsible for the secre-
tion of immunomodulatory effector proteins® and is
exclusive to slow-growing species, which include most
pathogenic species such as M. tuberculosis, M. leprae
and Mycobacterium marinum®. ESX-3 is involved in
metal ion acquisition in response to iron-limiting and
zinc-limiting conditions and is essential for growth
under these conditions™*, and has additional func-
tions in interfering with the cellular immune system™->*.
ESX-1 is crucial for intracellular survival and has key
roles in phagosomal rupture as well as host cell lysis
enabling translocation into the cytosol and release of
M. tuberculosis into the extracellular environment™=2,

ESX-4 is considered the ancestral ESX secretion
system from which ESX systems might have evolved"
and is essential for intracellular growth of M. abscessus
in human phagocytes®**“. esx-4 loci contain a smaller
number of genes when compared with other esx loci.
Interestingly, esx-4 loci lack the conserved espG, eccA
and eccE (with exception of M. abscessus) as well as the
pe-ppe (Pro-Glu (PE) and Pro-Pro-Glu (PPE)) substrate
family genes (BOX 1; FIG. 1a), which might have impli-
cations for function. In non-pathogenic M. smegmatis,
ESX-1 and ESX-4 mediate a special form of interbac-
terial DNA transfer®. The different ESX systems have
different roles in bacterial fitness and pathogenicity,
and therefore their expression and activity have to be
specifically regulated.

The esx-1 locus is subjected to a multilayered tran-
scriptional regulation®>®’. Changes in the environmen-
tal conditions are sensed using two-component signal
transduction systems (T'CSs). These consist of a sensor
kinase located in the cytoplasmic membrane that, upon
specific stimuli, autophosphorylates and subsequently
phosphorylates the cognate response regulator, which
becomes active as a transcription factor®. In the TCS
PhoPR, the sensor kinase PhoR detects environmen-
tal changes following phagocytosis of M. tuberculosis,
such as the acidic pH in the phagosome (reviewed in
REF%’), and the response regulator PhoP upregulates the
espACD operon upstream of the esx-1 locus’”' required
for secretion of ESX-1 substrates’>”* and promotion
of the mycobacterial escape from the phagosome®-°'.
A second TCS, MprAB, regulates the espACD operon
in response to cell envelope stress’*. Additional regu-
latory factors of the espACD operon include EspR,
CRP and Lsr2 (REFS"%). The transcriptional regulation
of the espACD operon indirectly affects the secretion of
proteins encoded in the ESX-1 gene cluster because
the secretion of Esp and ESX-1 proteins is mutually
dependent’”. It is noteworthy that regulatory sequences
of EspR, PhoP and MpraA lie in the espACD promotor
region’"’*’%, which overlaps with the region of difference
8 (RD8), explaining why ESX-1 secretion is deregulated
in some linages of tuberculosis-causing mycobacteria
lacking RD8 (REFS™%).

A second layer of regulation is a negative-feedback
autoregulatory mechanism that adjusts ESX-1 substrate

REVIEWS

levels to the presence or absence of the ESX-1 membrane
complex®®®'. This regulation prevents substrate accu-
mulation in the cytoplasm when the ESX-1 membrane
complex is not secretion competent and could be bene-
ficial if substrates exhibit a certain degree of toxicity. The
presence of the ESX-1 secretion complex in the mem-
brane induces the expression of the transcription factor
WhiB6, which in turn induces the expression of ESX-1
substrates. If the ESX-1 secretion complex is absent from
the membrane, there is no WhiB6, and ESX-1 substrate
expression is reduced®*®. Additional transcription
factors could contribute to this process®”*.

The esx-3 locus is expressed in response to iron-
limiting and zinc-limiting conditions in M. tuberculosis,
whereas its regulation is independent of zinc in
M. smegmatis®™*. In M. tuberculosis, esx-3 locus tran-
scription, together with that of genes involved in iron
uptake, is negatively regulated by iron-dependent IdeR,
a global regulator of iron homeostasis, and in addition
by the zinc-dependent Zur repressor’**. One study
suggests that esx-5 locus transcription is upregulated by
the Pst/SenX3-RegX3 system in response to phosphate
starvation, in line with the role of ESX-5 in nutrient
uptake®**,

T7SS architecture

The negative-stain electron microscopy structure of the
ESX-5 membrane-embedded core complex from M. xenopi
(EccB-EccC-EccD-EccE) revealed six repeating pro-
tomers forming a 5-nm central pore, which is suffi-
ciently wide to allow passage of substrate dimers in their
folded state® (FIC. 2a). The ESX-5 hexameric complex has
dimensions of 28 nm x 16 nm, and it localizes to the inner
mycobacterial membrane. Flexible parts were averaged
out owing to the symmetry imposed during data pro-
cessing and are therefore not visible. However, single
particles of the ESX-5 core complex showed that strings
of the coupling protein protrude from the stable core,
which led to the proposal of a tentacle-like configuration
of EccC.

The cryo-EM structure of ESX-3 from M. smegmatis
resolved the architecture of the membrane core com-
plex in its dimeric state, consisting of two identical pro-
tomers, each comprising EccB, EccC, EccD and EccE in
a 1:1:2:1 stoichiometry”* (FIG. 2b). The two ESX-3 pro-
tomers are connected by EccB, which dimerizes into a
fork-like structure in the periplasm. Four of the five peri-
plasmic domains in EccB show a putative peptidoglycan
binding fold, suggesting that it can potentially anchor
the secretion machine in the peptidoglycan layer® .
The unstructured N terminus of one EccB in the dimer
forms an intricate network of interactions with both
protomers in the cytosol. The N terminus of the second
EccB remains free to interact with the next protomer
supporting the oligomerization of dimers into hexamers.

At the centre of each protomer, two EccDs dimerize
to provide the central scaffold for EccB, EccC and EccE
(FIG. 2¢). EccD membrane domains form an antiparallel
dimer and enclose a large hydrophobic cavity that has
been proposed as a possible route for substrate pas-
sage, while EccD ubiquitin-like domains anchor the
cytosolic EccC and EccE domains™***. EccE contains
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<« Fig. 2| Structural model of the membrane-embedded type VIl secretion system core
complex. a| The negative-stain electron microscopy map of the ESX-5 complex from
Mycobacterium xenopi at 13-A resolution (light grey: Electron Microscopy Data Bank
(EMDB) entry EMD-3596) reveals the hexameric organization of a type VIl secretion
system (T7SS) and a central pore. Three ESX-3 dimers obtained by cryogenic electron
microscopy (EMDB entry EMD-10186, Protein Data Bank (PDB) ID 6SGW) fit into the
ESX-5 map and reveal six additional smaller pores in the protomers. b | The cryogenic
electron microscopy structure of the ESX-3 dimer reveals the architecture of the T7SS
core complex at 3.7-A resolution and shows additional flexible cytosolic and periplasmic
proteins. A fork-like structure formed by dimeric EccB (green) is crucial to hold the two
protomers together. The unresolved flexible elements are the EccC domains D2 and
D3 (grey). c| The EccD dimer (orange and red) acts as central scaffold of the protomer.
A small stretch of linker 2 connecting domains D1 and D2 in EccC that is critical for
specificity and secretion of PE-PPE substrates is shown as pink spheres. d | Structural
model of the complete T7SS core complex based on ESX-3 (PDB IDs 6SGW and 6SGY)
and the ESX-5 negative-stain map (EMDB entry EMD-3596). e | Hexameric model of the
D3 ATPase ring bound to signal peptides from EsxB (EsxB—Pep). The modelis based on
the crystal structure of the EccC D3 monomeric domain (ESX-1) from Mycobacterium
tuberculosis (PDB ID 6)19)°*“ superimposed onto the FtsK motor hexameric domain
(PDB ID 2IUU)""8, C-terminal, carboxy-terminal; DUF, domain of unknown function;
Mon, monomer; NTH, amino-terminal a-helix; TMH, transmembrane a-helix; Ubl,

ubiquitin-like domain.

two transmembrane a-helices (TMHs), and its cytosolic
domain has structural homology to glycosyltransferases
but lacks key catalytic residues to perform their function.
EccE is required for protomer stability and is essential
for secretion”. Interestingly, EccE is missing in most
ESX-4 systems, except in M. abscessus®™. This raises the
question of whether ESX-4 core complexes differ in their
protomer architecture. Several conformations of EccC
were observed, which could be related to the dynam-
ics required as a motor of substrate transport. EccC
contains two TMHs followed by a stalk domain con-
necting a flexible array of four ATPase domains (DUF
(domain of unknown function), D1, D2 and D3) to the
membrane. The crystal structure of an EccC cytosolic
segment from Thermomonospora curvata showed that
D1-D3 are connected through linker-pocket inter-
actions that resemble the interaction of the substrate’s
signal peptide with the D3 pocket, suggesting that D1
and D2 could also participate in substrate binding upon
linker displacement®.

Higher molecular weight species of ESX-3 were
observed in mycobacterial lysates but could not be
extracted stably, suggesting that the dimer is a stable
building block”. Structural superimposition of the ESX-3
dimer with the negative-stain ESX-5 hexamer structure
indicates that T7SSs are trimers of dimers and provided
the first molecular model of a T7SS*”* (FIG. 2a,d). In this
hexameric model, three EccB forks flexibly attached
to the membrane region assemble into a tight trian-
gular structure that blocks the exit of the membrane
pore in the periplasm, while six EccC ATPases form a
vestibule-like structure in the cytoplasm comprising
24 ATPase domains (DUF and D1-D3) (FIG. 2d).

A recent preprint presents the cryo-EM structure of
the complete inner membrane ESX-5 assembly from
M. tuberculosis, including all membrane components
(EccB-EccE and MycP)*. This structure confirms the
stoichiometry of the ESX-3 protomers (1:1:2:1 EccB-
EccC-EccD-EccE) and the proposed structural organiza-
tion of T7SSs as trimers of dimers, and in addition reveals
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a central periplasmic dome-like compartment above the
central membrane pore consisting of three fork-like EccB
dimers stabilized by three MycP molecules.

A second preprint presenting the cryo-EM structure
of the ESX-5 core complex from M. xenopi (EccB-EccE
without MycP)* shows a different organization as a sym-
metrical hexamer, and in the absence of MycP a different
elongated keel-like arrangement of EccB with pseudo C2
symmetry, which is strikingly different from the peri-
plasmic dome-like structure formed by EccB and MycP
in ESX-5 from M. tuberculosis. In both ESX-5 structures
the interior of the central membrane pore is occluded
by the bundles of EccC TMHs, which differ from each
other in their structural arrangement with respect to the
surrounding EccB TMHs.

In their hexameric state T7SS core complexes com-
prise 24 ATPase domains (DUF and D1-D3). In ESX-5
from M. tuberculosis, ATPase domains D1, D2 and
D3 of EccC adopt two characteristic conformations:
extended and contracted. In the extended conforma-
tion, D1-D3 runs parallel to the membrane, emerging
radially from the membrane complex. The contracted
conformation correlates with the ESX-3 vestibule struc-
ture, in which D1-D3 from all six protomers converges
in the cytoplasm (FIG. 2d). Transport through the cent-
ral pore would require the rearrangement of the cen-
tral TMH bundle observed in both ESX-5 structures.
How this rearrangement would occur is currently
unknown but could be induced by the rearrangement
of the ATPase domains from EccC. As the open state of
the membrane pore is unknown, it remains elusive
whether substrates are transported in their folded
or unfolded state across the T7SS membrane pore.
However, the current model for the cytoplasmic ATPase
barrel suggests the transport of folded substrates (see
the next paragraph).

EccC belongs to the FtsK-HerA and AAA+ ATPase
superfamilies”, which are versatile motor proteins and
work as hexameric rings in which two adjacent subunits
form the active site’”. In the active T7SS, EccC ATPase
domains could therefore form a four-tier barrel struc-
ture with an internal diameter of 25-30 A (REFS?>*). As
the diameter of all known substrate structures is ~22 A,
this model would be compatible with the transport of
substrates in their folded state (BOX 1).

ATPase domains D1, D2 and D3 perform different
functions. ATPase activity of D1 is crucial for secretion.
Linker 2, connecting D2 to D1, inhibits ATPase activ-
ity of D1, and therefore this should be uncoupled for
activation™ (FIG. 2c¢,d). By contrast, the function of D2
and D3 is to modulate D1 ATPase activity rather than
to contribute to the overall ATPase activity of EccC. The
carboxy-terminal (C-terminal) D3 domain forms
the cytosolic entry to the ATPase barrel and has addi-
tional functions in substrate targeting® (FIC. 2¢). DUF
has been unnoticed as an ATPase domain owing to the
lack of canonical Walker A and Walker B motifs. Recent
work indicated that DUF is a functional ATPase with an
essential function in secretion’”. DUF is connected to
the EccC stalk domain, which makes electrostatic inter-
actions with the cytosolic a-helix and the TMH of EccB.
These interactions suggest that conformational changes
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in the EccC stalk domain triggered by DUF ATPase
activity or DUF displacement during substrate transport
could be coupled to the aperture of the periplasmic exit
pore formed by EccB and MycP*"*.

In addition to providing energy to the system,
EccC acts as a coupling protein, targeting substrates
in the cytosol before translocation. Substrate inter-
action is thought to stabilize the vestibule and induce
the transformation into a hexameric barrel, turning the
ESX membrane complex into a secretion-competent
machine, which creates the mechanical motion for sub-
strate transport by cycling through conformational states
of ATP binding and hydrolysis”.

Structural and mechanistic relationships between
T78Ss and T78Sb. T7SSb is predominantly found
in low-G+C Firmicutes and is best characterized in
S. aureus, Streptococcus intermedius and Bacillus subti-
lis, and has been associated with bacterial infection (for
example, abscess formation in S. aureus infection), the
development of colon tumours and intoxification of
bacterial competitors®*>*.

Unlike in diderm mycobacteria, secreted proteins
pass a monoderm cell wall in Firmicutes, indicating
a different overall architecture of T7SSs and T7SSb.
Both systems share substrates of the WXG100 protein
superfamily and a motor ATPase of the FtsK-SpolIIE
ATPase family, suggesting a conserved transport mecha-
nism across the cytoplasmic membrane for these sub-
strates. A distinguishing feature of T7SSb compared
with T7SSs is the presence of antibacterial toxins of the
polymorphic (F/L)XG family”~'®.

The T7SSb core machinery comprises four mem-
brane proteins, EssA, EssB, EssC and EsaA, constituting
the core secretion machine in the bacterial cell envel-
ope, one cytosolic component, EsaB, and one secreted
substrate, EsxA (to use the T7SSb nomenclature from
S. aureus)'"'"'"* (FIG. 3a,b). Although the core machinery
is conserved, there is high variability in the number and
composition of secreted effector proteins across different
species and strains'*>',

Structural information on the components EssB,
EssC and EsaA indicates a distinct T7SSb architecture
with limited similarity to the mycobacterial T7SS%'%7-'%
(FIG. 3c). EsaB interacts with the T7SSb membrane com-
plex and shows a ubiquitin-like fold like the EccD cyto-
solic domain of T7SS, pointing to a possible role as a
scaffold protein™**'' (FIC. 3d).

EssC features two N-terminal FHA domains (FIC. 3e)
and shares a conserved C-terminal architecture with
T7SS motor proteins comprising two TMHs, a stalk
domain and a linear array of four potential P-loop
ATPase domains (DUF, D1, D2 and D3)°*!'"!2, The
nucleotide-binding motifs of DUF are degenerate, and
its function remains elusive. Unlike its T7SS counter-
part, EssC forms hexamers in the absence of other
core components and substrates''>'"*, suggesting that
substrate-induced oligomerization is not a requirement
for T7SSb activation. The conservation of amino acids
mediating the inhibitory interaction between the D1
pocket and linker 2 suggests a mechanism for inhibition
and allosteric activation of D1 similar to that in T7SSs.

The T7SSb secretion machine uses two substrate
recruitment sites. In S. aureus, substrates EsxB and EsxC
are targeted to a segment encompassing D2 and D3 that
forms the entry to the ATPase barrel''>. Analogously to
T7SSs, a hydrophobic pocket on D3 is crucial for secre-
tion and probably interacts with the signal peptide of the
substrate''” (FIC. 3f). By contrast, the secreted core com-
ponent EsxA does not interact with the D2-D3 segment
in S. aureus'*. Preliminary research in B. subtilis showed
that EsxA and the antibacterial toxin YxiD interact with
the EssB pseudokinase domain, which is connected via
two FHA domains to the motor ATPase”. This suggests
a function of the FHA domains in coupling substrate
targeting and transport. EssB and the FHA domains as
well as EsaA are unique structural features of T7SSb.

EsaA is the only cell envelope-spanning component
of the system'". A recent preprint showed that the EsaA
tip domain from S. aureus has similarity to bacterial lec-
tins, suggesting a function in cell adhesion during host
infection or targeting of prey bacteria''’. The same study
revealed that a proteolysis-resistant extracellular frag-
ment of EsaA has bactericidal activity and lyses phos-
pholipid membranes in vitro''®, and therefore could
facilitate the delivery of effector proteins into prokary-
otic or eukaryotic target cells analogously to secretion
systems of types L, II, Il and V1.

Fig. 3 | Organization of T7SSb and structural
comparison with mycobacterial T7SSs. a| Type VII
secretion system b (T7SSb) gene clusters of Ess from
Staphylococcus aureus USA300 and Yuk from Bacillus
subtilis. b | Functional organization of T7SSb. The
membrane proteins EssA, EssB, EssC and EsaA as well

as the cytoplasmic protein EsaB assemble the secretion
machine in the cell envelope (Ess nomenclature). The EsxA
homodimer and the toxin—antitoxin complex YxiD-YxxD
are recruited via EssB to the secretion complex, whereas
other effector proteins (EsxB, EsxC, EsxD and EsaD)

are targeted to EssC. ¢ | Crystal structures of the EssB
extracellular domain of Ess from Geobacillus thermodenitri-
ficans (Protein Data Bank (PDB) ID 2YNQ) and the EssB
cytosolic domain of Ess from S. aureus (PDB ID 4ANN).
EssBis probably involved in substrate targeting and is
aunique structural feature of T7SSb. d | The structural
comparison between ubiquitin-like domain (Ubl) dimers

of YukD from B. subtilis (PDB ID 2BPS)"° and EccD of
ESX-3/T7SS from Mycobacterium smegmatis (PDB ID 6SGX)
shows a different monomer—-monomer interface. The
implications for T7SSb assembly and transport are unclear.
e Crystal structure of the amino-terminal EssC twin FHA
domains of Ess from S. aureus (PDB ID 1WV3). The twin
FHA domains probably couple targeting and transport

of a subset of substrates in T7SSb and are a unique
structural feature of the T7SSb. f| Structural comparison
of the surface-exposed pocket of EssC D3 domain of
Essfrom S. aureus (PDBID 6TV1) and EccC D3 of ESX-
1/T7SS from Mycobacterium tuberculosis (PDB ID 6)19). The
pocket exhibits hydrophobicity in both systems but little
conservation of the amino acid composition. The depicted
amino acids (yellow) in the D3 structure of Ess are essential
for secretion in S. aureus. In D3 of ESX-1 from M. tuberculosis,
the amino acids participating in the signal peptide—pocket
interaction are shown in red and yellow, respectively.

C, carboxy terminus; DUF, domain of unknown function;

N, amino terminus.
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Transport models

In the context of the mycobacterial cell wall, substrate
proteins must cross the cytoplasmic membrane and an
additional mycolate membrane before they are released
into the extracellular environment or are inserted into
the cell envelope. The secretion mechanism for T7SS
substrates is therefore likely to be unique to those mem-
bers of Corynebacteriales that possess an outer memb-
rane, including mycobacteria. Substrates could be first
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transported across the cytoplasmic membrane by the
T7SS core complex into the periplasmic space and then
further secreted into the extracellular environment by a
yet unknown T7SS component or independent secre-
tion system. Alternatively, substrates could be secreted
in one step from the cytosol directly across both the
cytoplasmic membrane and the outer membrane into
the extracellular environment. Current structural infor-
mation shows that the T7SS core complex resides in

Extracellular
helical domain

Cytosolic
pseudokinase
domain

EccC D3 (ESX-1)
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the cytoplasmic mycobacterial membrane, thus leav-  on the basis of the available structural information. In
ing unresolved how proteins are transported across the  the central pore model, all substrates are transported one
periplasmic space and the outer membrane. after the other in their folded state across a central pore.

Two different transport mechanisms are conceivable  In the protomer pore model, substrates with the PE-PPE
for substrate transport across the cytoplasmic membrane  signature are transported across smaller pores within
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<« Fig. 4| Transport models of mycobacterial type VIl secretion systems. Two different
models for substrate transport across the inner mycobacterial membrane are presented.
The common key aspect is the activation of the motor ATPase EccC (blue) by specific
substrate interactions inducing oligomerization and abolishing autoinhibition. The
cytosolic EccA ATPase is presented as a factor dissociating PE-PPE complexes from their
cognate EspG chaperones before transport. In both models, proteins of the PE-PPE family
are proposed to form the outer membrane conduit. a | In the central pore model, all
substrates are targeted to the D3 layer of the motor ATPase and are then secreted through
the central ATPase barrel across the membrane pore. Inactive state of the secretion machine
(stage 1). Specific substrate interactions activate the motor ATPase (stages 2 and 3).
EsxB homodimers trigger oligomerization (stage 2) and binding of PE-PPE substrates
to the outside of the ATPase barrel abolishes autoinhibiton of D1 (stage 3). The arginine
finger crucial for D1 ATPase activity is indicated with a red asterisk. Only when both
substrates, EsxB homodimer and PE-PPE, are bound to the ATPase can transport be
initiated. Subsequently, substrates of the WXG100 family (for example, the indicated
EsxA—-EsxB heterodimer) or the PE-PPE family are targeted to the D3 layer. This step
is indicated only for PE-PPE substrates in the figure (stage 3). PE-PPE substrates are
dissociated from their chaperone EspG (yellow) by the cytosolic EccA ATPase (grey).
Formation of the ATPase barrel and ATP hydrolysis opens the membrane and exit pore,
enabling transport across the inner membrane (stage 4). When substrate levels in the
cytoplasm are decreasing, substrates dissociate from the barrel and the motor ATPase
returns to its inactive tentacle-like state (stage 5). b | In the protomer pore model,
PE-PPE substrates are translocated through hydrophobic pores in the protomers, while
WXG100 substrates are transported across the central pore. Inactive state of the secretion
machine (stage 1). Loading of the EsxB homodimer to D3 triggers oligomerization of the
motor ATPase (stage 2). PE-PPE-EspG complexes are loaded to linker 2. EccA dissociates
PE-PPE complexes from the chaperone EspG during loading. PE-PPE substrates are inserted
with their hydrophobic tip into the EccD pore, while WXG100 substrates (for example,
EsxA-EsxB as indicated in the figure) enter the ATPase barrel (stage 3). The movement
of DUF (domain of unknown function) or D1 could push PE-PPE substrates through the
EccD pore (stages 4 and 5). ¢ | The cross section and coulombic surface colouring of
the EccD dimer shown in isolation illuminates the hydrophobic interior of the EccD pore.
Grey indicates near neutral or hydrophobic potential', blue indicates electropositive
potential and red indicates electronegative potential. Arrows indicate possible routes
for entering the EccD pore. MD, membrane domain; Ubl, ubiquitin-like domain.

antagonize EccC oligomerization™. These findings sug-
gest that substrate-controlled oligomerization could reg-
ulate EccC activity. In M. tuberculosis, EsxA and EsxB
homodimers have not been described but it is known
that low pH and post-transcriptional acetylation of EsxA
can disrupt the EsxA-EsxB heterodimer and perhaps
initiate homodimerization''®'".

A second putative binding site was recently discov-
ered on linker 2 of EccC (FIG. 2¢,d). A small stretch on
linker 2 is required for species-specific secretion of
PE-PPE substrates, indicating interaction with these
substrates or with the chaperone EspG, which targets
PE-PPE to the secretion machine'"”. Substrate or chaper-
one binding could lead to the displacement of linker 2
from the D1 pocket and thus allosterically activate D1.

Linker 2 localizes outside the vestibule structure.
It is conceivable that a portion of the cytosolic PE-PPE-
EspG population must interact with linker 2 outside the
vestibule to activate the secretion machine before sub-
strate transport across the central pore can occur. There
is also a possibility that substrate binding to linker 2
precludes PE-PPE transport across the central pore and
requires an alternative transport model (see the section
entitled ‘Protomer pore model’). During activation, the
motor ATPase probably undergoes a transformation
from the extended configuration via a vestibule-like
intermediate structure into the active ATPase barrel,
which requires large structural rearrangements of D1
and DUE The displacement of DUF from its positions
next to the Ubl anchoring platform in combination
with its ATPase activity could trigger the opening of the
membrane pore as DUF and the EccC TMH are con-
nected through a stalk domain and permit substrate

each protomer, whereas substrates of the WXG100 fam-
ily are transported through the central pore. Transport
through the protomer pore requires the dissociation
of substrate dimers or even their partial unfolding and
allows the simultaneous transport of substrates by dif-
ferent protomers in the hexameric assembly. These mod-
els are currently hypothetical, and further work will be
needed to improve our understanding of T7SS transport.

Central pore model. The activation of the coupling pro-
tein likely requires the loading of two disparate substrate-
binding sites to abolish autoinhibition and promote
oligomerization®'"”. This requirement could explain
the phenomenon of codependent secretion of effector
protein complexes, in which the absence of one substrate
pair abolishes secretion of another substrate pair (FIC. 4a).

The first binding site is a hydrophobic pocket
on D3 that interacts with hydrophobic residues on
the C-terminal signal peptide of EsxB, but not with the
YXXXD/E motif”®” (FIG. 2¢). In vitro experiments on
EccC from T. curvata have shown that an EsxB homo-
dimer is able to promote EccC oligomerization but is
not sufficient to trigger its ATPase activity, and that
ATPase activity requires an additional allosteric activa-
tion event”. The requirement for oligomerization can
be explained by the presence of an arginine finger on
neighbouring D1 protomers that is thought to complete
the nucleotide-binding pockets of the ATPase domain
in the oligomeric state. By contrast, EsxA homodimers

transport across the inner membrane. Transport would
be terminated when decreasing substrate concentrations
cause the dissociation of substrates from their binding
sites on linker 2 or D3 in the cytoplasm, resetting the
motor ATPase to its tentacle-like configuration.

The cryo-EM structure of ESX-5 from M. tuberculosis
shows that substrates that are translocated through
the central membrane pore must also pass through the
EccB-MycP dome®. The subtilisin-like serine pro-
tease MycP active sites face the inside of the dome-like
structure, suggesting that MycP selectively processes
substrates that contain a MycP cleavage site*>*!2012!,
However, the proteolytic activity of MycP is not essen-
tial for secretion, and only a single processed ESX-1
secreted protein, EspB, has been identified so far as a
substrate'*>'”’. Thus, the primary role of MycP is to act
as an allosteric driver for EccB hexamerization, as evi-
denced in the recent cryo-EM structure of ESX-5 from
M. tuberculosis, thus further stabilizing the hexameric
state of the ESX membrane complex*>'**.

The interaction of the accessory components EspG
and EccA with the membrane-embedded secretion
machine is not understood. The cytosolic chaperone
EspG shows a mixed a-p-fold and binds the hydro-
phobic tip of the PPE protein, preventing aggregation
of the PE-PPE pair'*'*°. Therefore EspG chaperones have
a crucial role in targeting substrate dimers with a PE-PPE
signature to their cognate secretion machine'*>'”".
Although EspG does not interact with Esx substrates,
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arecent in vivo study showed that EspG also determines
the system specificity of the Esx substrate family in a
manner that is not yet understood'?*. Comparison of
PE-PPE-EspG structures indicates that shape comple-
mentarity between EspG and PPE enables EspG to dis-
criminate between cognate and non-cognate substrates'”’.
Unloading of PE-PPE to the targeting site could be facili-
tated by transitioning between two known EspG confor-
mations and aided by the cytosolic ATPase EccA'”, which
is required for secretion of a specific subset of substrates
and may be recruited to the ESX secretion machine
upon substrate binding®. Six EccA tandem tetratrico-
peptide repeat domains could mediate the known inter-
actions with EspG and PPE, while the C-terminal AAA+
ATPase domain could provide the energy for dissociating
PE-PPE from EspG**'*>1*.

Instigator model. The instigator transport model is a vari-
ant of the central pore model, in which EccA acts as an
instigator of secretion*'. As ATP hydrolysis of D2 and D3
in EccC has probably a minor contribution to the overall
secretion activity, it raises the question of how substrates
pass to the more active D1 ATPase ring layer. It has been
speculated that the EccA tetratricopeptide repeat domain
is loaded with Esx substrates and the ATPase activity of
EccA provides the energy for ‘pushing’ the loaded Esx
substrates into the ATPase barrel. Finally, EccA hexam-
ers and the D3 hexameric model are predicted to have
compatible dimensions. Binding of EccA could stabilize
the active hexameric conformation of D3 and thereby
increase secretion activity. However, it is important to note
that not all secreted substrates require EccA for transport
and that the impact of EccA on transport appears to be
regulated by specific environmental conditions™*.

Protomer pore model. In an alternative secretion model,
the EccD dimers are proposed to serve as secretion pores
in all six protomers* (FIC. 4b). The elliptical shape of the
EccD pore would require dissociation of substrate dimers
along with partial unfolding or a major conformational
change of the EccD pore. The interior of the EccD pore is
almost entirely hydrophobic and plugged with lipids, vis-
ible as disordered density inside the pore of the cryo-EM
maps, which makes it unlikely that substrates with a
hydrophilic surface could pass through (FIC. 4¢). PPE
substrates could be inserted with their hydrophobic tip
into the EccD cavity but would need to expel the lipids
inside the pore. The insertion of substrates could prime
the EccD pore for transport by inducing conformational
changes. The putative binding site for PE-PPE complexes
on linker 2 localizes near the cytosolic entry site of the
EccD pore (FIGS 2¢,d,40), and the EccC DUF domain or
D1 domain could create a motion in the direction of the
EccD pore (FIG. 4b). In this model, the transport of six
PE-PPE complexes occurs simultaneously with one Esx
substrate pair transported across the central pore.

Transport across the outer membrane. Current structural
knowledge indicates that ESX membrane core complexes
do not reach the mycomembrane. Thus, this could imply
a two-step transport mechanism, first transport into
the periplasm and then secretion into the extracellular

environment by a hitherto unidentified outer membrane
pore. Alternatively, additional periplasmic components
could span the periplasm, allowing substrate secre-
tion from the cytosol in one step into the extracellular
environment.

Although the outer membrane pore for T7SS protein
export is unknown, a recent study showed that a subset
of PE-PPE proteins form porins in the outer membrane
and enable the selective uptake of small molecules such
as cations (magnesium; PE20-PPE31), anions (phos-
phate; PE32-PPE65) or carbon sources (that is, glucose;
PE19-PPE51)"". Given the large number of PE and PPE
proteins (169 orthologues) and their frequent association
with the mycomembrane, these proteins are candidates
for assembling substrate pores in the mycomembrane.

The protein EspC, although not initially identified as a
PE protein, was later shown to contain a PE motif and was
proposed to act as an outer membrane conduit because it
polymerizes into a needle-like structure'*. A needle could
transport substrates through a lumen. Further research is
needed to show whether EspC spans the mycomembrane
and whether the needle contains a lumen for transport.
EspB has been discussed as an outer membrane pore
on the basis of a low-resolution structure of the EspB
heptamer'*’. However, recent high-resolution cryo-EM
structures revealed a large (45 A), unplugged pore with
an electronegative exterior, precluding insertion into the
hydrophobic outer membrane'**'**. Instead, the EspB
heptamer could be connected to the periplasmic exit site
of the core complex to enable directed transport across
the periplasm, or it could be docked to an unknown
outer membrane pore to mediate transition through the
capsule™*'**, An electropositive patch in the barrel lumen
of the heptameric EspB is consistent with the reported
binding of phospholipids and with its essential function
in DNA uptake by the recipient strain (in M. smegmatis),
and supports suggested roles of EspB in scavenging
important signalling lipids or in DNA transport across
the capsule'**"*%, EspC and EspB are specific substrates of
ESX-1. Homologues with analogous properties have not
been identified yet in other ESX systems.

Flexibility. The available structures of T7SSs reveal that
flexibility is an inherent property of this secretion sys-
tem. EccC is inherently flexible, as first revealed in the
negative-stain electron microscopy structure of ESX-5
from M. xenopi and by small-angle X-ray scattering
analysis of monomeric EccC¥. The recent cryo-EM
structures of ESX-3 from M. smegmatis provided further
evidence of intrinsic flexibility at two key regions of the
T7SS core complex: the distal region in EccC involved
in substrate recognition and EccB. Recent cryo-EM
structures of ESX-5 from M. tuberculosis and M. xenopi
further confirm this flexibility*>**. Both EccB and EccC
have key roles in the central pore model of secretion, in
which conformational changes in EccC upon substrate
binding are propagated along EccC, including the stalk
domain, which contacts the cytoplasmic tail of EccB,
allowing the rearrangement of the EccC TMH bundle
and opening of the membrane pore. The fork-like struc-
ture formed by the EccB dimer is symmetrical and rigid,
and holds two protomers together, but its attachment
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3D variability analysis

Atool to analyse the
heterogeneity in single-particle
cryogenic electron microscopy
data sets revealing the different
3D conformations that appear
in the sample. It can be used to
characterize the conformational
space and the amount of
flexibility present in a molecule.

Pyroptosis

Type of programmed cell death
different from apoptosis and
necroptosis that promotes
lytic cell death, causing the
release of the cellular content
and inducing inflammatory
responses in the organism.

to the cytoplasmic membrane exhibits a high degree of
flexibility, allowing EccB dimers to adopt different con-
figurations in the hexameric assembly, as revealed by the
recent cryo-EM structures of ESX-5 (REFS*>*).

To characterize in greater detail the flexibility of
ESX-3, we performed a 3D variability analysis (3DVA)"*"1%
of ESX-3 cryo-EM images”. This analysis resolved a num-
ber of discrete subsets of cryo-EM images corresponding
to molecules with different conformations coexisting in
samples. The results reveal the extraordinary flexibility
in the distal regions of EccC and suggest that periplas-
mic flexibility of the EccB dimer exerts major forces
on the inner membrane complex, triggering a tweezer-
like motion of the two ESX protomers (Supplementary
Video 1). This intradimeric angular variation observed
among the ESX-3 resolved states now extends to the
cryo-EM structure of hexameric ESX-5, where increased
intradimeric and interdimeric angle heterogeneity
for particles that lack a MycP-stabilizing effect was
noted*>*’. Furthermore, variability analysis performed
on the cryo-EM images of ESX-3 also suggested a certain
degree of correlation between the conformations of EccB
and EccC (Supplementary Videos 1,2). This agrees with
the central pore model of secretion, which relies on the
direct communication between EccB and EccC.

In summary, two main transport mechanisms are dis-
cussed for the transport of substrates across the cytoplas-
mic membrane; however, substrate export across the outer
membrane is not understood. It has become clear that
some secreted proteins of the PE-PPE class can form por-
ins in the outer membrane for nutrient uptake. We specu-
late that the same protein class could form a secretion pore
for substrate proteins in the outer membrane. The pro-
tomer pore model proposes the simultaneous transport of
the PE-PPE substrate class across the six protomers and
of WXG100 substrates across the central pore.

Functions of effector proteins

T7SSs are conserved across diverse phyla, which under-
lines their role in bacterial fitness and survival, and
are involved in diverse biological processes, among
which pathogenicity stands out. Indeed, the contribu-
tion of ESX systems to key aspects of M. tuberculosis
pathogenicity (for example, host cell modulation and
phagosome rupture) is well established'*.

Defining the specific contribution of the different
effectors to biological functions is hampered owing to
the codependent nature of T7SS substrate secretion. The
phenomenon of codependency is evident in pairs of sub-
strates that are secreted as heterodimers (BOX 1), but it
also extends to pairs of substrates that require different
pair of substrates for their secretion.

Pathogenesis, evasion of immunity, nutrient uptake and
host interactions. Progression of mycobacterial infection
leading to tuberculosis is enabled by virulence factors
secreted by the T7SS machineries, which are involved at
all stages of infection, from host colonization to persis-
tence (FIC. 5). M. tuberculosis is commonly spread through
respiratory aerosols. The inhaled bacilli are engulfed by
macrophages in the alveoli or invade the airway mucosa
aided by ESX-1 (REF'*). Inside the macrophage, ESX-1 has
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a crucial role in the survival of M. tuberculosis by ena-
bling the escape from the phagosome'*"'*>, ESX-1 causes
damage to the phagosomal membrane, which increases as
infection progresses, allowing delivery of effectors to the
cytosol, access to cytosolic nutrients and eventually trans-
location to the cytosol, favouring bacterial replication'*.
An initially suggested membrane-disruption role of the
secreted ESX-1 substrate EsxA has been questioned''*'*+*>.
Instead, contact-dependent cell lysis has been reported'*,
and the cell surface-associated lipid phthiocerol was
found to act in concert with ESX-1 to induce phagosomal
rupture®'*. The ESX-1 membrane-damaging activity is
not restricted to the phagosome, and damage to the host
cytoplasmic membrane during M. tuberculosis infection
can trigger pyroptosis and facilitate the dissemination of
bacteria into the environment®.

The membranolytic activity of ESX-1 leads to the
recruitment of the endosomal sorting complex required
for transport (ESCRT) machinery to phagosomes con-
taining M. tuberculosis®®. The ESCRT machinery is
involved in membrane remodelling functions such as the
repair of damaged endolysosomes'”’. The ESX-3 substrate
EsxH antagonizes membrane repair through binding to
the HGS (also known as HRS) component of the ESCRT
machinery™. Further consequences of ESCRT targeting
by EsxH include impairment of phagosome maturation
and fusion with the lysosomes and suboptimal antigen
processing, which compromises MHC class II anti-
gen presentation by macrophages and dendritic cells
and consequently interferes with the activation of CD4*
T helper cells”.

It has been proposed that ESX-1-mediated phago-
somal escape into the cytosol causes leakage of bacterial
DNA into the host cell cytosol'*. The exogenous DNA
is sensed by cyclic GMP-AMP (cGAMP) synthase
(cGAS)"*>1%-151 Second-messenger cGAMP signalling
activates the stimulator of interferon genes (STING)
pathway in the host cell as well as in neighbouring cells,
leading to production of type I interferons, which is
accompanied by increased host cell necrosis and tis-
sue damage promoting dissemination of mycobacteria
into the host environment. This working model has
recently been challenged, and it has been proposed
that DNA (both nuclear and mitochondprial) in the host
cell activates the cGAS-STING pathway instead of the
mycobacterial DNA, while a separate ESX-1 function is
responsible for releasing host DNA'*.

ESX-1 also has an important role in triggering a multi-
cellular immune response resulting in the formation of
granulomas, clusters of immune cells that surround
infected cells. Granulomas can be exploited by M. tuber-
culosis as replication niches or for long-term persistence
until reactivation causes outbreak and dissemination to
other organs'**-">¢,

Throughout the infection, T7SS proteins are involved
in nutrient uptake. A subset of PE-PPE proteins form
porins in the mycomembrane for the selective uptake of
small molecules™"". Indeed ESX-3-mediated and ESX-
5-mediated nutrient uptake is essential for mycobacterial
viability”»****, and ESX-3 is specifically involved in the
acquisition of Fe?* and haem®**>'*". Although macro-
phages are rich iron sources due to their function in
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Fig. 5| Roles of mycobacterial type VIl secretion systems in the pathogenesis of tuberculosis. The infection route
for the most prevalent pulmonary form of tuberculosis is depicted and the roles of type VIl secretion systems are indicated.
Upon entry into the lung, Mycobacterium tuberculosis is engulfed by macrophages in the alveoli (ESX-1), and its survival
depends on the successful interference with phagocytosis. M. tuberculosis delays the fusion of the phagosome to the
lysosome (ESX-3), preventing the formation of phagolysosomes, which would degrade M. tuberculosis. The various
processes that contribute to the harsh environment found in the phagolysosomes are indicated. Type VIl secretion
systems are key in promoting phagosome rupture (ESX-1) but also in preventing phagosome membrane damage repair
(ESX-3). Phagosome lysis enables escape into the cytoplasm, resulting in the gaining of access to a nutrient-rich growth
environment and favouring bacterial replication. Nutrient uptake is mediated by ESX-3 and ESX-5. M. tuberculosis
infection activates the cyclic GMP-AMP (cGAMP) synthase (cGAS)-stimulator of interferon genes (STING) pathway,
which promotes host cell necrosis and tissue damage and favours the spread of the pathogen in the host.

recycling iron from proteins and haem, the availability of
free iron in the cytosol is restricted by ferritin iron storage
cages'*. Outside the macrophage, iron or haem iron is
primarily bound by iron-binding or haem-binding pro-
teins (for example, lactoferrin, transferrin, haptoglobin,
haemopexin and albumin)'**. To counter iron restriction,
M. tuberculosis uses two iron-scavenging siderophores,
mycomembrane-associated mycobactin and soluble
carboxymycobactin'*®. The ESX-3 protein PPE4 trans-
locates to the mycomembrane, where it mediates uptake
of ferric carboxymycobactin in an unknown manner™.
ESX-5 mediates the uptake of fatty acids and other
nutrients®. The PE substrate LipY is a triacylglycerol
lipase with a central role in triacylglycerol metabolism
involved in the degradation of extracellular and intra-
cellular lipids upon carbon deprivation'”. LipY plays
an important role in exiting the dormancy stage in the
granuloma environment, in which M. tuberculosis relies

on free fatty acids as a carbon source'™".

DNA transfer. DNA exchange is a major driving force for
evolution and diversification in bacteria. Chromosomal
DNA transfer among strains of Mycobacterium canettii,
a tuberculosis-causing mycobacterium closely related to
M. tuberculosis, has been described'*’. The mechanism
underlying the genomic exchange is currently unknown,
but it is responsible for the mosaic arrangement

in M. canettii genomes, a feature also observed in
M. smegmatis genomes'”. Indeed, M. smegmatis is able
to perform genomic exchange between different strains
in an ESX-1-dependent and ESX-4-dependent man-
ner in a process called ‘distributive conjugal transfer’
(DCT)%¢1-1%5, Both systems are required for DCT in the
recipient cell, whereas in the donor strain, esx-1 mutants
exhibit a hyperconjugative phenotype and esx-4 muta-
nts perform DCT normally*>'**. During DCT, a donor
strain is detected by the recipient cell, which induces
esx-4 expression in an ESX-1-dependent manner in the
recipient strain, enabling the acquisition of donor DNA.
ESX-1 is proposed to mediate the secretion of mating
identity (mid) proteins that determine mating identity,
which is consistent with the presence of the mid locus
in esx-1 (REF'®). The role of ESX-4 in DCT is less well
defined, and it was suggested to mediate cell wall remod-
elling to favour DNA transfer, or even secrete structural
components that could assemble the channel through
which DNA is internalized. DCT, therefore, relies on the
unexpected cooperativity of two different ESX systems'®.

DNA transfer is not mediated exclusively by ESX-1
and ESX-4 in M. smegmatis. ESX-P1 is a newly identi-
fied T7SS present in the conjugative plasmid pRAW from
M. marinum and is essential for the conjugal transfer of
this plasmid*. ESX-P1 exhibits closest homology with
the ESX-5 system'®, and the ESX-P1 locus includes two
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distinctive genes encoding peptidoglycan-associated gly-
coside hydrolases®. Interestingly, the pRAW plasmid also
contains genes homologous to components of the type IV
secretion system (T4SS), including the ATPase VirB4 and
relaxase. Indeed, the conjugal transfer of pPRAW depends
on components from both types of secretion system, the
ESX-P1 system and the T4SS-like system™.

Cell envelope. ESX substrates have been found to be
localized to the mycobacterial cell surface and associ-
ated with the capsule'®’. ESX-1 and ESX-5 effectors have
profound effects on cell wall properties. ESX-1 activity
affects mycobacterial colony morphology”* and cell wall
stability in a way that is yet to be understood'*, and
ESX-5 activity affects the permeability of the cell envel-
ope, in line with the described porin function of some of
its PE-PPE substrates®'"*. The ESX-5 substrate PPE10
is required for capsule integrity and virulence'®, and
many PE-PPE proteins transported by ESX-5 remain
in the cell envelope, where they are perfectly placed
to mediate host-pathogen interactions or to perform
immunomodulatory functions™.

Bacterial competition, spore formation and develop-
ment and phage infection (T78Sb). T7SS effectors do
not only target eukaryotic hosts. Recent research shows
that the Firmicutes members S. aureus, B. subtilis and
Streptococcus intermedius have the ability to kill bacte-
rial competitors in a T7SSb-dependent manner. Several
secreted proteins were identified that belong to the poly-
morphic (F/L)XG toxin family”~'?’. For example, EsaD
is a nuclease toxin secreted by the staphylococcal T7SSb
into the extracellular environment'®. The toxin TspA
is widespread across S. aureus strains and Listeria and
Enterococcus species. TspA associates with the cell envel-
ope of S. aureus and exhibits a membrane-depolarizing
activity that it exerts on prey bacteria”. A recent pre-
liminary study indicates that the cell envelope-spanning
T7SSb secretion apparatus itself has bactericidal activity
and exhibits membranolytic activity''®.

T7SSb effectors have also been implicated in spore
formation and development in Streptomyces coelicolor'”.
Interestingly, these effectors act intracellularly, probably
affecting developmental programmes, although the
detailed mode of action is currently unknown.

A recent study found that T7SSb genes are activated in
response to phage infection in Enterococcus faecalis''">.
This activation could be part of the stress response as
a result of the cell membrane damage induced by the
phage infection similar to the role of T7SSb in S. aureus
membrane homeostasis'”.

Conclusions and perspectives

The rise in multidrug-resistant tuberculosis cases neces-
sitates the development of novel antibacterial strategies.
Bacterial virulence factors such as protein secretion
systems have only recently been explored as potential
antibacterial drug targets'’*'"°.

Two chemical classes, benzothiophenes and ben-
zyloxy benzylidene hydrazines, were found to inhibit
ESX-1 secretion and significantly increase survival of
lung fibroblast in vitro'””. ESX-1 is primarily responsible
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for the attenuation of the vaccine strain M. bovis BCG
and has key functions in phagolysosomal escape and
in host cell lysis, promoting pathogen spreading inside
the host. Compromising ESX-1 function could therefore
control infection or create a window of opportunity for
the immune system to clear the pathogen. ESX-3 and
ESX-5 may also become important drug targets as both
systems have functions in nutrient uptake that are crucial
for mycobacterial growth. Therefore, inhibiting ESX-3
and ESX-5 might have a bacteriostatic effect, preventing
the spread of infection. Such tailored treatment is likely
to cause less collateral damage to the human microbiota
than conventional antibiotics that non-specifically
inhibit essential biological functions (protein translation,
transcription or cell wall biogenesis).

In recent years, important progress has been
made towards a mechanistic understanding of T7SSs.
Investigations into the interplay of substrates with the
T7SS secretion machine have provided the first insights
into the substrate specificity of T7SSs and revealed
essential requirements for transport. The elucidation of
the negative-stain electron microscopy structure of the
ESX-5 core complex hexamer and the cryo-EM structure
of the ESX-3 core complex in the dimeric state enabled
the generation of the first structural model of the T7SS.
This structural model has been confirmed by recent
cryo-EM structures of ESX-5 from M. tuberculosis and
M. xenopi, revealing the versatility of the periplasmic
region and the detailed configuration of the central pore.
It has become apparent that the inherent flexibility of
these machines is functionally relevant to the substrate
transport mechanism and poses a great challenge for
future structural studies that aim to provide a deeper
mechanistic understanding of T7SSs, at best in different
transport states (inactive, closed and active, open).

Recent structural data have revealed two possible
transport mechanisms across the cytoplasmic mem-
brane that need to be tested and validated. An unre-
solved question is how accessory components and
substrates are involved in the secretion process: how
do they activate the secretion machine? Is the cytosolic
ATPase EccA an instigator of secretion or a factor in
dissociating chaperones from substrates before trans-
port? How do chaperone-substrate complexes recognize
their cognate secretion machine? How is the proteolytic
activity of MycP synchronized with substrate transport?

The localization of the core complex in the myco-
bacterial inner membrane raises the question of how
effector proteins are exported through the periplasm
and the outer mycobacterial membrane. The answer to
this question has implications for the transport mecha-
nism: a cell envelope-spanning structure would enable
substrate transport into the extracellular environment
in one step, which could be fuelled by ATP in the cyto-
plasm. A distinct organization of the T7SS in an inner
membrane and an outer membrane complex would
result in a two-step mechanism with substrate release
into the periplasm, requiring a different energy source
for transport across the outer membrane because ATP
is not available in the periplasm.
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