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ABSTRACT

The EspB protein of Mycobacterium tuberculosis is a 60 kDa virulence factor, implicated in conjugation and exported by the ESX-1 system of which it may also be a
component. Previous attempts to obtain high-resolution maps of EspB by cryo-electron microscopic examination of single particles have been thwarted by severe
orientation bias of the particles. This was overcome by using detergent as a surfactant thereby allowing reconstruction of the EspB structure at 3.37 A resolution. The
final structure revealed the N-terminal domain of EspB to be organized as a cylindrical heptamer with dimensions of 90 A x 90 A and a central channel of 45 A
diameter whereas the C-terminal domain was unstructured. New atomic insight was obtained into the helical packing required for protomer interactions and the
overall electrostatic potential. The external surface is electronegatively charged while the channel is lined with electropositive patches. EspB thus has many features
of a pore-like transport protein that might allow the passage of an ESX-1 substrate such as the 35 A diameter EsxA-EsxB heterodimer or B-form DNA consistent with

its proposed role in DNA uptake.

1. Introduction

Mycobacterium tuberculosis is a major human pathogen, which has
the ability to live in and escape from macrophages thanks to the critical
role of its protein secretion systems in virulence and pathogenesis. In
addition to the general secretory pathway (SEC system) and the twin-
arginine transporter (TAT) system, five highly related type VII secretion
systems (T7SS) are encoded in the M. tuberculosis genome (Bitter et al.,
2009; Cole et al., 1998; Simeone et al., 2009). ESX-1 is the prototype
T7SS and is responsible for secretion of virulence factors and its loss
accounts for the attenuation of the vaccine strain Mycobacterium bovis
BCG due to partial deletion of the esx-1 locus (from gene rv3871 to gene
rv3879c), the so-called region of difference 1 or RD1 (Wong, 2017).
Two of the substrates of ESX-1, namely EsxA and EsxB, are the main
virulence factors of M. tuberculosis and also potent T-cell antigens
(Renshaw et al., 2002; Simeone et al., 2009; Wards et al., 2000; Wong,
2017). EsxA and EsxB are secreted as a heterodimer that dissociates at
low pH thus facilitating interaction of EsxA with the membranes in the
acidic environment of the phagosome. This results in phagosomal es-
cape and intra- and intercellular spread of M. tuberculosis (de Jonge
et al., 2007; De Leon et al., 2012; Simeone et al., 2009; Simeone et al.,

2012; Smith et al., 2008).

The ESX-1 secretion system machinery is most likely composed of
five conserved proteins - EccB;, EccCa;, EccCb,, EccD; and EccE, -
which together form the membrane core through which substrates are
thought to pass. This assembly is stabilized by the MycP; protease and
organized into an oligomer with six-fold symmetry (Beckham et al.,
2017; Houben et al., 2012; Ohol et al., 2010; van Winden et al., 2016).
Recently, the ESX-3 membrane complex structure has been solved at
high resolution showing that the pore is actually formed by trimerisa-
tion of a dimeric-building block comprising 2EccE, 4EccD, 4EccB and
2EccC monomers (Famelis et al., 2019; Poweleit et al., 2019). In ad-
dition to the Esx substrates and the core component, ESX-1 encodes
ESX-secretion associated proteins or Esp proteins. The role of each Esp
protein in pathogenicity is still questioned. Are they structural elements
directly implicated in the EsxA-EsxB secretion processes, virulence
factors acting independently of EsxA-EsxB or both? M. tuberculosis
possesses an outer membrane called the mycomembrane, similar to
those found in Gram-negative bacteria. However, the mycomembrane is
distinguished from other outer membranes by its unique thick structure
that confers very low permeability to nutrients and hydrophilic mole-
cules. At present, it is unclear how the substrates cross the cell wall and
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the thick mycomembrane, although the ESX-1 associated protein EspC
has been proposed to act as a channel for EsxA and EsxB secretion (Lou
et al., 2017). It is now accepted that, like the Esx proteins, Esp proteins
are secreted as heterodimers with a composite bipartite secretion signal
(YxxxD/E and WxG motifs) (Daleke et al., 2012; Solomonson et al.,
2015). It has been proposed that EspA-EspC, EspE-EspF, and EspJ-EspK
are co-secreted. Interestingly, the EspB protein seemingly arose from a
gene fusion, as it harbours both secretion signals, and appears to be
secreted independently to other ESX-1 substrates (Solomonson et al.,
2015).

The espB gene (rv3881c) is located in the esx-1 locus but not in the
RD1 region (Cole et al., 1998). The gene is present in all mycobacteria
encoding an ESX-1 secretion system, except in M. leprae (Cole et al.,
2001). EspB was found to be essential for cytotoxicity in the macro-
phage and for intracellular growth of M. marinum (Gao et al., 2004;
McLaughlin et al., 2007; Xu et al., 2007). Deletion of espB in this species
leads to complete attenuation in the zebrafish model (Gao et al., 2004)
whereas an essential role in DNA conjugation was reported in the sa-
prophyte M. smegmatis (Coros et al., 2008). EspB binds anionic phos-
pholipids PA (Phosphatidyl Acid) and PS (Phosphatidyl Serine) (Chen
et al., 2013) in vitro and is required for EsxA export (Gao et al., 2004;
McLaughlin et al., 2007; Xu et al., 2007), possibly suggesting a struc-
tural role in the ESX-1 apparatus. However, other studies demonstrated
an EsxA-independent toxic role of EspB (Chen et al., 2013; Huang and
Bao, 2016). EspB is a 60 kDa protein organized in two domains: an N-
terminus composed of a PE and a PPE domain and a glycine-rich C-
terminal part, predicted to be disorganized (Korotkova et al., 2015;
Solomonson et al., 2015). During translocation, the C-terminal domain
of the protein is cleaved by the ESX-1 associated protease MycP1 both
in M. marinum (Xu et al., 2007; McLaughlin et al., 2007; van Winden
et al., 2016) and in the M. tuberculosis Erdman strain (Chen et al., 2013;
Ohol et al., 2010). The function of this C-terminal processing is still
poorly understood but a role in the regulation of EsxA secretion was
postulated because strains carrying proteolytically inactive MycP1
showed increased ESX-1 activity (Ohol et al., 2010; van Winden et al.,
2016).

The crystal structure of the N-terminal domain of M. tuberculosis
EspB has been solved (Korotkova et al., 2015). The protein is organized
as a non-globular, helical structure of roughly 100 A x 20 A and, in
solution, EspB forms a 350 kDa heptameric complex with a donut-like
ring shape (Korotkova et al., 2015; Solomonson et al., 2015). A model
of this heptamer has been proposed, based on a low resolution map
obtained from negatively-stained protein visualized by Transmission
Electron Microscopy (TEM), combined with cross-linking data and
modeling (Solomonson et al., 2015). The resolution of the structure was
limited by the preferential orientation of the samples along the long-
itudinal axis on the carbon grid or on ice (Solomonson et al., 2015).

In this study, we have overcome the problem of the preferred or-
ientation of the EspB particles and obtained a high-resolution Cryo-
Electron Microscopy (cryoEM) reconstruction of the heptameric as-
sembly of EspB at 3.37 A. This structure revealed a donut-like shape
with an electronegative patch of amino acids inside the ring.

2. Materials and methods
2.1. Protein purification

The coding sequence of full-length EspB protein was cloned into the
vector pHis9gw (Korotkova et al., 2015). The resulting plasmid, al-
lowing expression of EspB with an N-terminal His-tag, was transformed
into E. coli BL21 (DE3) cells. Protein expression was induced at
ODgoo = 0.6 with 0.5 mM IPTG overnight at 16 °C. The culture was
harvested, cells pelleted, and frozen until further use. Frozen cells were
resuspended in 20 mM Tris pH 8.5, 300 mM NacCl, 10 mM imidazole at
4 °C. The suspension was passed three times through a cell disrupter
and the lysate centrifuged for 45 min at 15,000g. The resultant
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suspension was applied to a 5-mL Ni-NTA column pre-equilibrated with
the lysis buffer. The resin was then washed with 20 mM Tris pH 8.5,
300 mM NaCl, 20 mM imidazole and EspB was eluted in a gradient with
a buffer containing 250 mM imidazole. Fractions were analyzed by
SDS-PAGE, and those containing EspB pooled, concentrated to 10 mg/
mL and dialysed overnight at 4 °C in 20 mM Tris pH 7.5, 300 mM NaCl
and thrombin protease. The solution containing the cleaved protein was
injected on a size-exclusion chromatography column Superdex 200 16/
30 pre-equilibrated with 20 mM Tris pH 7.5, 150 mM NaCl. Two peaks
containing pure EspB were obtained. Fractions corresponding to the
oligomer of EspB (apparent molecular weight 400 kDa) were isolated
and pooled, and protein was concentrated to 15 mg/mL. Protein purity
was verified and estimated to be > 95%.

2.2. Single particle cryo-electron microscopy

EspB protein was diluted to 5 mg ml~* in a buffer containing 20 mM
Tris-HCI pH 8, 150 mM NaCl and 0.05% fluorinated octylmaltoside and
immediately applied to a freshly glow-discharged holey carbon grid
(Quantifoil Au R1.2/1.3, 300 mesh). Excess liquid was blotted for 2.3 s
using an FEI Vitrobot Mark IV and the sample was plunge frozen in
liquid ethane. Screening steps were performed at EPFL on a Tecnai F20
equipped with a Falcon III camera to give the first maps. TEM grids
were transferred into a Titan Krios 300 keV microscope at the Stanford-
SLAC CryoEM facility, equipped with a K2 direct-electron detector and
a GIF-quantum energy filter. Zero-loss images were recorded using the
serialEM software. Images were collected at a pixel size of 1.058 A and
a defocus range of —1.5 to —3.0 um. A total of 2655 movie images
were collected with 24 frames dose-fractionated over 18 s, in super-
resolution counting mode.

2.3. Image processing

All image processing was performed using RELION 3.0 (Scheres,
2012) and cryosparc V2 (Punjani et al., 2017). Beam induced motion
was corrected using MotionCor2 (Zheng et al., 2017) and dose-
weighted sums were used for subsequent processing, except for CTF
correction, which was performed using ctffind4 (Rohou and Grigorieff,
2015). References for template-based particle picking were obtained
from two-dimensional (2D) classes obtained from manually picked
particles from a subset of micrographs. Picking was performed with
Gautomatch (http://www.mrc-lmb.cam.ac.uk/kzhang/Gautomatch/)
using an average from 2D classes as templates. The initial run of tem-
plate-based algorithm picked 292 964 particles from all 2600 images.
Three rounds of 2D classification (50 classes) were applied to the full
extracted data set, resulting in a subset of 191 404 particles. Selected
particles were transferred in cryoSPARC pipeline (Punjani et al., 2017).
A first model was calculated ab initio and a round of 3D classification
was performed without applying symmetry. Finally, 143 350 particles
were chosen for a final 3D refinement using C1 or C7 symmetry pro-
ducing maps at 3.7 A and 3.37 A (FSC = 0.143) resolution, respec-
tively.

2.4. Model refinement and structure analysis

The map was then used for manual model docking and building in
Coot (Emsley and Cowtan, 2004) using the previously published EspB
structure (PDB id: 4XXX, Korotkova et al., 2015) as a starting model.
Refinement was performed with the Phenix suite (Adams et al., 2010;
Afonine et al., 2018) and the stereochemical properties of the final
model analyzed with the Molprobity server (Davis et al., 2004). Elec-
trostatic potentials were calculated with APBS after the initial pre-
paration of files on the PDB2PQR server (Unni et al., 2011). Images
were prepared with the open source version of PyMol (https://
sourceforge.net/projects/pymol/) and ChIMERA (Pettersen et al.,
2004).


http://www.mrc-lmb.cam.ac.uk/kzhang/Gautomatch/
https://sourceforge.net/projects/pymol/
https://sourceforge.net/projects/pymol/

J. Piton, et al.

2.5. Data availability

Atomic coordinates and the corresponding electron microscopy
density map are deposited in the Protein Data Bank and the Electron
Microscopy Data Bank under accession numbers 6XZC and EMD-10658,
respectively.

3. Results

Full length EspB protein (1-460) was overproduced by heterologous
expression in E. coli and purified as described earlier (Korotkova et al.,
2015). EspB behaved as a very stable soluble protein and protein de-
gradation was not detected during the purification process. As antici-
pated, EspB elutes on gel filtration purification mainly in the high
molecular weight range corresponding to the oligomeric state of EspB
(350 kDa) (Korotkova et al., 2015; Solomonson et al., 2015). This
fraction was isolated and concentrated to 5 mg/mL for CryoEM studies.

First attempts to obtain the three-dimensional (3D) EspB structure
by single particle CryoEM analysis failed due to strong preferential
orientation of EspB particles along the longitudinal axis in vitrified ice
(Fig. 1A). To promote a more homogenous distribution of the particles,
0.05% fluorinated octylmaltoside was added to purified EspB protein in
solution as a surfactant before plunge freezing (Fig. 1B and C). This
yielded particles with equally distributed orientations thereby allowing
the reconstruction of an atomic structure from CryoEM data. Particle
classification and 3D reconstruction revealed EspB to be organized
exclusively as a heptamer (Fig. 1C). Indeed, no hexameric or octameric
classes were found in extensive 2D classification processes. Finally,
168,565 particles were selected to refine the structure of the oligomeric
form to an overall resolution of 3.7 A in C1 symmetry and 3.37 A ap-
plying C7 symmetry during the reconstruction (Fig. 2A, Table S1, Fig.
S1).

3.1. N-terminal Domain of EspB is organized in a pore-like structure

The final structure is organized as a cylindrical heptamer with di-
mensions of 90 A x 90 A and a central hole of 45 A diameter (Fig. 2A).
This structure corresponds to the oligomerization of seven N-terminal
domains of EspB. Indeed, for each monomer, the atomic model was
accurately built from amino acids 8 to 85 corresponding to the PE
domain, and from 127 to 290, corresponding to the PPE domain
(Fig. 2B), thanks to a high quality density map at medium-resolution
(Fig. S1). The linker (86 to 126) and the C-terminal (291 to 460) do-
mains were not visible in the final map and consequently, the atomic
reconstruction was not possible for those domains. However, weak-
density at the periphery of the ring was identified to correspond to the
linker region (Fig. S2A). The flexible structure of the linker has been
modeled using the residual density, notably for further investigation
such as surface-exposed amino acid analysis.

The structure of the monomer of the N-terminal domain of EspB
solved by CryoEM is similar to the X-ray structure previously published

~200A
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with an RMSD (Root Mean Square Deviation) of 0.66 A on 207 Ca
atoms (Korotkova et al.,, 2015). The main difference between the
CryoEM and the X-ray models is the conformation of the linker between
the PE and the PPE domains, spanning residues G82 to M131. In the
different structures of the EspB protein from M. tuberculosis or M.
smegmatis (Korotkova et al., 2015; Solomonson et al., 2015), the linker
is located against helix h2. Depending on the structure, the linker is
either stabilized or not in the crystal packing. To form the heptamer, the
linker has to move to allow one monomer to contact the adjacent
monomer. This conformational change is essential to generate the
heptameric assembly (Fig. S2B). This new position indicates that the
linker is mobile and not stabilized on the outside surface of the donut
(Fig. S2A).

While the overall organization of the EspB heptamer is similar to
that of the low resolution model obtained from negative staining data
(Solomonson et al., 2015), the high resolution structure revealed im-
portant differences in the organization and interaction, more specifi-
cally in the orientation of each subunit (Fig. 3A). Firstly, the CryoEM
structure is thinner (90 x 90 A with a central hole of 45 /o\) compared to
the low-resolution structure (100 X 100 A with a hole of 50 10\)
(Fig. 3A). Secondly, while the low resolution model predicted an in-
terface between two subunits, i.e. between the linker of the first
monomer and helices 2 and 4 of the second monomer (Solomonson
et al., 2015), the high resolution CryoEM structure showed an inter-
action between helices 2 and 7 of the first monomer and helices 4 and 5
of the adjacent one (Fig. 3B-D). Consequently, this study enabled the
identification of residues at the interfaces between subunits and re-
sidues located inside the pore or on the outside of the heptameric as-
sembly.

After identification of the residues present at the interface between
two subunits, sequence alignments were performed with orthologous
EspB proteins to determine if the heptameric complex is a conserved
feature. Examination of the interfaces between monomers demon-
strated that regions located there are mostly conserved in secondary
structure and amino acid identity among mycobacteria (Fig. S3), sug-
gesting that other mycobacterial EspB proteins should also form hep-
tamers.

Atomic description of EspB allowed calculation of the electrostatic
potential of the assembly. To evaluate the correct potential, the linker
was modeled and docked in the weak density around the N-terminal
domain (Fig. S2B). Calculation with the PROPKA and APBS software
revealed a difference of electrostatic potential between the interior and
the external surface of the pore. While the exterior harbored an elec-
tronegative charged surface, the interior is more contrasted with neu-
tral and electropositive patches in the middle of the pore (Fig. 4A).

The amino acid distribution at the surface could also provide in-
formation about the function of EspB and, notably, if the EspB heptamer
could be an external membrane protein such as mycobacterial MspA
and CpnT (Danilchanka et al., 2014; Faller et al., 2004). Examination of
the amino acid distribution on the surface of the heptamer revealed that
hydrophobic amino acids are not localized in specific regions to form

Fig. 1. EspB particle orientation is critical
for cryoEM reconstruction. A) CryoEM mi-
crograph of purified EspB (0.5 mg/mL)
showing only EspB top views. B) CryoEM
micrographs of purified EspB (5 mg/mL)
supplemented with 0.05% fluorinated octyl
maltoside showing different orientations of
EspB suitable for cryoEM reconstruction. C)
Top 2D classes obtained after the first round
of 2D classification showing the different
orientations obtained in the presence of a
low detergent concentration.
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Fig. 2. High-resolution structure of M. tu-
berculosis heptameric form of EspB. A) Side
and top views of the final cryoEM map using
C7 symmetry at 3.37 A resolution colored by
monomer. B) Representations of side and
top views of the final atomic model of EspB
built into the cryoEM map colored by do-
main (PE in blue, linker in dark green, PPE
in green, C-terminal domain in red). The
secretion motifs YxxxD and WxG are colored
in yellow. Limits of domains are indicated,
and regions not reconstructed in the final
model are represented by cross-hatching.
(For interpretation of the references to
colour in this figure legend, the reader is
referred to the web version of this article.)

Fig. 3. Structural comparison between the
high-resolution M. tuberculosis EspB cryoEM
structure and the previously published
Rosetta model of M. tuberculosis EspB based
on negative staining data (3 J83). A)
Superimposition of the two heptamers on
chain A in top and side views. B) Interfaces
between two subunits in the cryoEM struc-
ture. C) Interfaces between two subunits in
the Rosetta model based on negative
staining data. D) Comparison of the inter-
faces between monomers in the two struc-
tures. High resolution structure allows to
identify residues present at the interface.

hydrophobic domains, which excluded the possibility that EspB could WxG motif and the oxygen atom of tyrosine Y81 of the YxxxD motif
be embedded in a lipid bilayer or the mycomembrane. (Fig. 5). Since the monomers are oriented parallel to each other in the

As in the crystal structure, the CryoEM structure revealed a hy- heptamer, the seven bipartite secretion signals are located on the same
drogen bond between the nitrogen atom of tryptophan W176 of the side and form the bottom of the ring.

A Exterior surface Interior surface B Exterior surface Interior surface

.

: _ s Il Negatively charged residus (D, E)
N:r?;tl\gz'y 10 0 +10 i%i:'vs(;y M Positively charged residus (K, R)
rfg . - rfg M Polarresidus (H, N, Q, S, T)
surface in KBT/e surrace Hydrophobic residues (A, I, F, L, V)
[ Others (C, G, M, P, W, Y)

Ile, Phe, Leu, Val) in yellow and others (Cys, Gly, Met, Pro, Trp, Tyr) in grey. The surface of the exterior (left) and the interior (right) are represented. (For
interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Fig. 4. Electrostatic surface potential and
amino acid distribution at the surface of the
EspB hepmateric structure. A) Electrostatic
surface potential of heptameric EspB. The
exterior of the heptamer and interior of the
pore calculated at pH 7.5 with PROPKA and
APBS (+/—10 KgT/e). Electronegative and
electropositive surface areas are colored in
red and blue, respectively. B) Amino acid
distribution at the surface of heptameric
EspB. Amino acids are colored by type with
positively charged amino-acids (Arg and
Lys) in blue; negatively charged (Glu and
Asp) in red; polar amino-acids in purple
(His, Asn, Gln, Ser, Thr); hydrophobic (Ala,
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Fig. 5. The two motifs forming the bipartite
secretion signal are in direct interaction in

PE | Link[] PPE C-terminal domain
YxxxDIll WxG 1

the cryoEM structure. A. Representations of
side and top views of the final atomic model
of EspB built into the cryoEM map colored
by domain as in Fig. 1 (PE in blue, linker in
dark green, PPE in green, C-terminal do-
main in red). The YxxxD and WxG motifs
are colored in yellow and indicated by ar-
rows. The seven bipartite secretion signals
are located on the same side of the hep-
tamer. B. Closed view of the interaction

N-terminal

3.2. C-terminal domain is disordered

During the refinement, extra density connected to the cylinder was
observed when no symmetry was applied and this appeared to corre-
spond to the C-terminal domain (Fig. 6). This extra density disappeared
using C7 symmetry (Fig. 2B). Neither 3D classification, local re-
construction or particle subtraction strategies applied to the C1 struc-
ture have been fruitful in improving density for model building. The
predicted, unfolded EspB C-terminal domain, spanning residues 291 to
460, appeared to be disordered in the absence of partners in the hep-
tameric complex. This extra density is not an artifact of map re-
construction as it is evident that there is fuzzy extra density visible in
several 2D classes located close to the cylinder in multiple orientations.
Comparison with the 3D model in the same orientations confirmed that
this extra density corresponds to the C-terminal domain.

Sequence alignment revealed that the last 25 amino acid residues of
the C-terminal part of EspB are strongly conserved among myco-
bacterial species whereas the rest of the C-terminal domain (280 to

between the YxxxD and WxG motifs in the
cryoEM structure. Interaction between the
two motifs is stabilized by a hydrogen bond
between Y81 and W176. (For interpretation
of the references to colour in this figure le-
gend, the reader is referred to the web
version of this article.)

435) is poorly conserved in sequence and length (Fig. S2). However,
BLAST comparison against the non-redundant protein sequence data-
base showed that this conserved segment was restricted to EspB and not
found in other proteins.

4. Discussion

In the present investigation, the orientation problem encountered
previously in obtaining single particles of EspB has been overcome by
using detergent as a surfactant to generate multiple, unbiased orienta-
tions in ice (Fig. 1) thereby allowing the structure of M. tuberculosis
EspB to be solved by CryoEM at 3.37 A. In solution, EspB is organized as
a ring-shaped heptamer, similar to a channel or a pore (Fig. 2), com-
prising seven N-terminal domains. In contrast, the seven C-terminal
domains are not visible and none of the refinement strategies was
successful in improving the density (Fig. 6). The organization of the
oligomeric assembly is different from the 15 A low-resolution model
recently published (Solomonson et al., 2015), notably with respect to

Fig. 6. C1 reconstruction shows residual extra-density corresponding to the C-terminal domain. A. CryoEM map of EspB when no symmetry operations are applied
during reconstruction (C1 symmetry). The residual extra density is represented in red and corresponds to the C-terminal domain. B. Example of classes of projection
obtained during the 2D classification shown in parallel with the corresponding orientation of the 3D map. Blurry density (white arrows) was identified close to the
heptamer on projection with a 2D class orientation. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this

article.)
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the orientation of the monomers, and this helped to identify key regions
present in the interfaces and on the surface (Fig. 3). Oligomerization of
EspB clearly has an important functional role as evidenced by the se-
quence conservation at the interfaces between the monomers among
different mycobacteria (Fig. S3).

The EspB structure evokes a possible role as a transporter. However,
the negative surface charge, lack of hydrophobicity and the electronic
potential exclude the possibility that EspB is embedded in the plasma
membrane or even the mycomembrane unless it forms a complex with
other membrane proteins. This seems unlikely given the highly water
soluble behavior observed during the purification process.
Alternatively, EspB might localize to a hydrophilic layer of the myco-
bacterial cell wall such as the alpha-glucan-enriched capsule. Indeed,
EspB has been frequently described as a secreted protein due to its
presence in the culture filtrate of mycobacteria (Chen et al., 2013;
McLaughlin et al., 2007; Xu et al., 2007) although this localization may
be an artifact due to its extraction from the capsule by the Triton de-
tergent used to prevent cell clumping in broth cultures (Conrad et al.,
2017; Lou et al., 2017; Raffetseder et al., 2019).

The large size (45 A) of the putative channel in EspB tends to ex-
clude a role as a potential porin. While information about myco-
bacterial porins remains limited, the MspA porin from M. smegmatis has
a pore of only 12 A (Danilchanka et al., 2014). Drug efflux pumps have
somewhat larger channels, for example, the AcrABC transporter from
Escherichia coli has a 21 A channel (Wang et al., 2017). This is none-
theless less than half that of EspB at 45 A and the recently published
ESX-5 membrane complex at 50 A (Beckham, et al. 2017). However, the
size of the channel in the N-terminal domain is compatible with a role
for EspB in secretion of ESX-1 substrates (Fig. 1) such as the EsxA-EsxB
heterodimer, which has a diameter of 35 A (Renshaw, et al. 2002).
Heptameric EspB could therefore be part of the secretion system, po-
sitioned above the ESX machinery, to allow the transit of EsxA-EsxB and
other ESX-1 substrates. Another possible substrate is DNA, which has a
diameter of 20 A in the B-form (Drew et al., 1981). Indeed, EspB has
been shown to have a crucial role in conjugal transfer in M. smegmatis,
notably in the transfer of DNA via ESX-1 (Coros et al., 2008). It has been
also suggested that EspB can act as a virulence factor itself as it binds
phospholipids essential for cell signaling (Chen et al., 2013). Consistent
with this proposal is the presence of an electropositive patch of amino
acids inside the EspB ring (Fig. 1D), which could facilitate the transport
of single phospholipids (PA and PS) across the hydrophilic layers.

In contrast to the N-terminal domain, it was not possible to build a
model for the bipartite C-terminal domain. The first part (281-435) is
Proline and Glycine rich and poorly conserved among mycobacterial
paralogs in terms of both length and sequence identity (S2 Fig). MycP1
cleavage occurs in this disordered, low complexity region (McLaughlin
et al., 2007; Solomonson et al., 2015; Wagner et al., 2013). Strikingly,
the second part (436 to 460) is highly conserved and corresponds to the
C-terminus of EspB but no insight as to a potential function could be
gleaned from bioinformatics. The organization of EspB is reminiscent of
that of another M. tuberculosis protein, CpnT (Rv3903c), encoded by a
gene immediately adjacent to espB and the ESX-1 locus. CpnT is an
outer membrane channel that functions both in the uptake of nutrients
and induction of host cell death (Danilchanka et al., 2015; Danilchanka
et al., 2014). It has an N-terminal domain that forms an outer mem-
brane channel for nutrient uptake and a toxic C-terminal domain (TNT),
which is cleaved and secreted after translocation across the plasma
membrane. TNT hydrolyzes the essential coenzyme NAD (+) in the
cytosol of infected macrophages, leading to necrotic host cell death.
Both functions are required for the survival, replication and cytotoxicity
of M. tuberculosis in macrophages.

In conclusion, the structure obtained by cryo-electron microscopy
presented here provides finer details of the domain organization of the
entire EspB protein and generates hypotheses that can be tested in order
to uncover the precise role of this ring-shaped heptamer in the biology
of mycobacteria in general and M. tuberculosis in particular.
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