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Abstract

Mycobacterium tuberculosis secretes multiple virulence factors during infection via the general
Sec and Tat pathways, and via specialized ESX secretion systems, also referred to as type VII
secretion systems. The ESX-1 secretion system is an important virulence determinant because
deletion of ESX-1 leads to attenuation of M. tuberculosis. ESX-1 secreted protein B (EspB)
contains putative PE (Pro-Glu) and PPE (Pro-Pro-Glu) domains, and a C-terminal domain, which
is processed by MycP4 protease during secretion. We determined the crystal structure of PE-PPE
domains of EspB, which represents an all-helical, elongated molecule closely resembling the
structure of the PE25—-PPE41 heterodimer despite limited sequence similarity. Also, we
determined the structure of full-length EspB, which does not have interpretable electron density
for the C-terminal domain confirming that it is largely disordered. Comparative analysis of EspB
in cell lysate and culture filtrates of M. tuberculosis revealed that mature secreted EspB forms
oligomers. Electron microscopy analysis showed that the N-terminal fragment of EspB forms
donut-shaped particles. These data provide a rationale for the future investigation of EspB's role in
M. tuberculosis pathogenesis.
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1. Introduction

Mycobacterium tuberculosis is the causative agent of tuberculosis, one of the most
devastating bacterial infectious diseases worldwide. The growth and virulence of M.
tuberculosis depends on homologous ESX secretion systems, also known as type VII
secretion systems, which export a number of protein effectors across membranes to the
bacterial surface and environment. M. tuberculosis encodes five esx loci, ESX-1 to ESX-5
(Cole et al., 1998), and three systems (ESX-1, ESX-3 and ESX-5) have been shown to be
active in secretion (Houben et al., 2014). The number of ESX clusters varies among
mycobacteria and some strains have an additional plasmid-encoded ESX-1P system
(Ummels et al., 2014). The ESX-1 secretion system is critical for virulence of M.
tuberculosis and is required for bacterial replication in macrophages, phagosomal escape
into the cytosol, cellular inflammation, host-cell death, and subsequent bacterial
dissemination (Guinn et al., 2004; Majlessi et al., 2005; van der Wel et al., 2007; Houben et
al., 2012; Simeone et al., 2012). The ESX-3 and ESX-5 systems have been shown to be
essential for M. tuberculosis growth (Serafini et al., 2009; Bottai et al., 2012). The ESX-3
locus is involved in zinc and iron uptake (Serafini et al., 2009; Siegrist et al., 2009; Siegrist
et al., 2014). The ESX-5 system is associated with virulence mechanisms by modulating
host immune responses to the mycobacteria (Abdallah et al., 2011; Bottai et al., 2012).

Two highly immunogenic proteins, EsxA (ESAT-6) and EsxB (CFP-10), are the most
studied virulence factors secreted by the ESX-1 system (Stanley et al., 2003). They belong
to the WxG100 family of small helical proteins that lack a canonical Sec or Tat secretion
signals and form heterodimers comprised of two chains about 100 residues long (Pallen,
2002). Members of this family of secreted proteins are encoded within all known ESX gene
clusters. The WxG100 family is structurally similar to two other families of ESX secreted
proteins known as PE and PPE proteins. PE and PPE proteins also form a heterodimer that is
likely secreted in a folded conformation (Strong et al., 2006). The majority of PE and PPE
proteins contain relatively conserved N-terminal domains and C-terminal segments of
variable length and sequence (Cole et al., 1998; Gey van Pittius et al., 2006). The function of
PE and PPE C-terminal domains is largely unknown, although some of the PE and PPE
proteins carry functional lipase and protease domains (Mishra et al., 2008; Daleke et al.,
2011; Sultana et al., 2011; Sultana et al., 2013). The conserved structure of the PE-PPE N-
terminal domains is important for PE-PPE heterodimer folding (Strong et al., 2006). In the
structure of M. tuberculosis PE25-PPE41 — a heterodimer that lacks the C-terminal
domains — the proteins interact via a hydrophobic interface forming a four-helix bundle
with two a-helices contributed by both PE25 and PPE41 (Strong et al., 2006). Secretion of
PE-PPE proteins is mediated by EspG chaperones (Daleke et al., 2012c). The structure of
the PE25-PPE41-EspGs complex revealed that the EspG chaperone interacts with a
relatively conserved motif on the PPE41 protein (Korotkova et al., 2014; Ekiert and Cox,
2014).
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In addition to EsxA, EsxB, PE35 and PPE68, the ESX-1 system encodes Esp secreted
proteins: ESpA, EspB, EspC, EspE, EspJ, EspK (McLaughlin et al., 2007; Xu et al., 2007,
Carlsson et al., 2009; Champion et al., 2009). The mechanism of secretion of WxG100, PE-
PPE, and Esp proteins by ESX-1 secretion system is not well understood. Some Esp proteins
share the highly conserved Y xxxD/E secretion motif that has been identified in WxG100
and PE proteins (Daleke et al., 2012a). While this motif is required for secretion, it does not
by itself determine through which ESX system the proteins are transported.

EspB, the most studied of the secreted Esp proteins, is required for host-cell death and lack
of EspB secretion is associated with delays in extrapulmonary dissemination of M.
tuberculosisin mice (Ohol et al., 2010). During translocation, a full-length 60 kDa EspB
protein is cleaved within the relatively unstructured C-terminal region by MycP, protease to
yield a mature 50 kDa isoform (Ohol et al., 2010). In vitro analysis identified residues A358
and A386 of EspB as specific cleavage sites (Wagner et al., 2013; Solomonson et al., 2013).
Intriguingly, the mature EspB isoform has been predicted to include both PE- and PPE-like
regions organized into a single protein chain within its N-terminal domains (Wagner et al.,
2013). In contrast, the C-terminal region of EspB is glycine-rich and lacks secondary
structure (Wagner et al., 2013). This observation raises two questions: (i) what is the
function of the EspB mature isoform, and (ii) how does the unprocessed C-terminus affect
this function.

It has been shown that EspB is required for secretion of two major ESX-1 secreted
substrates, EsxA and EsxB proteins (Xu et al., 2007). Moreover, EsxA and EsxB are
necessary for secretion of EspB. Thus, secretion of EspB and these WxG100 proteins is co-
dependent, which suggests that EspB may interact with the EsxA and EsxB proteins.
Interestingly, the C-terminal domain of EspB is necessary for co-dependent secretion
suggesting that this region is involved in WxG100 protein binding (Xu et al., 2007).

Apart from EspB function in the translocation of EsxA and EsxB, secreted EspB may be
involved in subversion of phospholipid-mediated host-cell signaling pathways (Chen et al.,
2013). Purified mature EspB has been shown to recognize two biologically important
phospholipids, phosphatidic acid and phosphatidylserine (Chen et al., 2013).

We have carried out studies to better understand the role of EspB in virulence and the
mechanism for EspB secretion through the ESX secretion systems. Here, we show that
mature EspB oligomerizes in the culture filtrate and forms donut-shaped ring. Our structural
analysis of the full-length EspB demonstrates that the N-terminal region represents a fusion
of PE and PPE proteins into a single protein with most of the hallmarks of a PE-PPE
heterodimer, but lacking an EspG-binding site. The C-terminal domain of EspB is
disordered in our crystal structure. Taken together, our work provides insight into the
evolution of PE, PPE and EspB protein families, and their possible roles in virulence factor
co-secretion.

J Struct Biol. Author manuscript; available in PMC 2016 August 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Korotkova et al.

Page 4

2. Materials and methods

2.1. Culture supernatant and cell lysate preparation, and immunoblotting analysis of EspB

M. tuberculosis Erdman strain espA::Tn-pMDespACD was grown in 7H9 complete broth to
late-logarithmic phase (ODggg ~0.8-1) of growth (Chen et al., 2012). These cells were
subcultured into Sauton’s liquid medium, supplemented with 0.05% Tween-80, at starting
ODgqg of 0.05. Cells were grown to mid-logarithmic phase of growth (ODggq of 0.6-0.7),
centrifuged, washed twice with PBS, resuspended in Sauton’s medium without Tween-80
and incubated further for several more days. Cultures were harvested by centrifugation to
yield the cell pellet and culture supernatant. The culture supernatant was filtered sequentially
through 0.2 and 0.4 micron filters and concentrated in Vivaspin columns with 5-kDa
molecular weight cut-off membranes (Sartorius Stedim Biotech GmbH, Goettingen,
Germany) prior to analyses. Cell lysates were prepared by resuspending cell pellets in lysis
buffer (Phosphate Buffered Saline with 0.1% Triton X-100, 10% glycerol and Roche
protease inhibitor cocktail tablets), bead beating with 100 micron glass beads, and clarifying
by centrifugation. Total protein concentration in all preparations was determined using BCA
assays with bovine serum albumin as the standard.

For immunoblot analysis, 5 pg, 10 pg or 15 pg of total protein from concentrated culture
supernatants or cell lysates were resolved on a NUPAGE 4 to 12% Bis-Tris gel and
transferred onto a nitrocellulose membrane. The membrane was blocked with TBS-Milk (20
mM Tris-HCI, pH 7.5, 500 mM NaCl and 5% non-fat milk powder) and incubated overnight
with anti-EspB rat polyclonal antibody diluted in TNT-BSA (20 mM Tris-HCI, pH 7.5, 500
mM NacCl, 0.05% Tween-20 and 1% BSA fraction V) at 4°C (Chen et al., 2013). The
membrane was washed with TNT, incubated with appropriate secondary antibody in TNT-
BSA for 30 min at room temperature and developed using Lumi-Light Plus
chemiluminescence reagent (Roche, Mannheim, Germany).

2.2. Cloning, expression and purification of EspB

The full-length protein EspB4_460 Was purified as described (Wagner et al., 2013). For
crystallization studies, a shorter construct was designed to encompass PE and PPE domains
of EspB (residues 7-278) and cloned into a modified pET-28b vector (EMD Millipore) with
an N-terminal Hisg-tag and a TEV protease cleavage site. A 600-mL culture (LB) of
Escherichia coli strain Rosetta2(DE3) carrying EspB7.o7g-encoding plasmid was grown to
an ODgqg of 0.6 at 37°C and EspB7._,7g expression was induced by the addition of 0.5 mM
isopropylthio-p-galactoside (IPTG) at 24°C. The culture was harvested after 4 h, pelleted,
and frozen at —80 °C until further use. The pull-down experiments with EspB and EspG;
were performed as described (Korotkova et al., 2014).

The frozen cells were resuspended in 20 mM Tris pH 8.5, 300 mM NaCl, 10 mM imidazole
at 4 °C. The suspension was passed five times through a cell disrupter and the lysate
centrifuged for 45 min at 17,000 x g. The resultant 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 EspB7.,7g was eluted in a gradient with a
buffer containing 250 mM imidazole. Fractions were analyzed by SDS-PAGE, and fractions
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with EspB,7g were pooled, concentrated around 10 mg/mL and dialyssed overnight at 4°C
in 20 MM HEPES pH 7.5, 300 mM NaCl and TEV protease. Cleaved protein solution was
injected on a size-exclusion chromatography column Superdex200 16/30 pre-equilibrated
with 20 mM HEPES pH 7.5, 100 mM NacCl. Fractions containing EspB7.o7g were isolated
and pooled, and protein was concentrated to 10 mg/mL. Protein purity was verified and
estimated at >90%.

For the electron microscopy analysis, the N-terminal EspB fragment (residues 1-338) was
cloned into pHis9gw vector (O'Maille et al., 2004). The resulting plasmid, allowing
expression of an EspB N-terminal fusion with a His-tag, was transformed into E. coli BL21
(DE3) cells. Protein expression was induced at ODggp=0.6 with 0.5 mM IPTG overnight at
16°C. Hisg-tagged protein was purified with a Ni-NTA column similar to EspB7.57s.

2.3. Crystallization and data collection

Crystals of full-length EspB1.46¢ Were obtained by hanging drop vapor diffusion using 0.1M
CAPSO pH 10.8, 0.2M sodium chloride, 1.5M ammonium sulfate. Crystals of EspB7.,7g
were grown by hanging drop vapor diffusion in 0.2M calcium acetate, 0.1M Tris-HCI, 20%
PEG3000 (space group C2221) and 0.2M sodium chloride, 0.1M CAPS pH 10.5, 1.26M
ammonium sulfate (space group 1222). Data were collected at Southeast Regional
Collaborative Access Team (SER-CAT) 22-1D beamline at the Advanced Photon Source,
Argonne National Laboratory. All data were processed and scaled using XDSand XSCALE
(Kabsch, 2010).

To obtain the crystal structure of ESpB7.,7g in complex with phospholipids, preliminary
crystallization trials were performed at 291° K by sitting drop vapor diffusion and manually
optimized by vapor diffusion in hanging drops containing 1 pL of reservoir solution and 1
pL of protein. EspBy.p7g crystallized at 10 mg/mL in multiple conditions and the best
crystals of EspB7.o7g were grown in 0.2 M potassium dihydrogen phosphate, 20% w/v
PEG3350 with 1 mM L-a-phosphatidylserine (Avanti Polar Lipids, Inc) as an additive in the
mixed drop. Crystals were cryoprotected in reservoir mother liquor supplemented with 25%
glycerol and directly flash cooled in liquid nitrogen. Diffraction data were collected on
PXII1 of the Swiss Light Source (SLS, PSI, Villigen, Switzerland). All data were integrated
with the program XDS (Kabsch, 2010) and processed using the CCP4 program suite
(Collaborative Computational Project, 1994).

2.5. Structure determination and refinement

The structure of EspB7.o7g in space group C222; was solved by molecular replacement
using Phaser (McCoy et al., 2007) and the structure of PE25-PPE41 heterodimer (PDB:
2G38) (Strong et al., 2006) converted to a poly-Ala search model. After electron density
modification using Parrot (Zhang et al., 1997), a preliminary model was built using
Buccaneer (Cowtan, 2006). The model was corrected in Coot (Emsley et al., 2010) and
expanded using ARP/WARP (Langer et al., 2008). The structure was refined to 1.82 A
resolution with Ryyork 0.199 and Rgree 0.234 using REFMACS (Murshudov et al., 2011). The
final model (PDB: 4XWP) includes residues 7-278 of EspB with the loop residues 86-115
and 125-130 missing due to disorder.

J Struct Biol. Author manuscript; available in PMC 2016 August 01.



1duosnuen Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Korotkova et al.

Page 6

The structure of EspB7.o7g in space group 1222 was solved by molecular replacement using
Phaser and structure of EspB7_,7g in space group C2221 (PDB: 4XWP). The structure was
corrected in Coot and refined to 2.14 A resolution with Rygrk 0.204 and Ryee 0.251 using
REFMACS. The loop residues 82—114 are missing in this structure.

The best crystal of EspB7.o7g grown in the presence of phosphatidylserine diffracted to 1.5
A and belonged to the same C222; space group as the original apo-EspB7.,7g. This model
was subjected to iterative rounds of re-building and refinement in Coot and REFMACS. The
structure was refined to 1.5 A resolution with Ryyork 0.194 and Reyee 0.218 using REFMACS
and applying seven translation, libration and screw-rotation displacement (TLS) groups
determined by the TLSMD server (Painter and Merritt, 2006). No electron density that could
be attributed to phosphatidylserine was found. This structure has less disordered segments
than the isomorphous EspB7.p7g structure (PDB: 4XWP) with only residues 90-114 missing,
and there are some differences in crystal contacts due to the distinctive composition of
crystallization solutions.

Structure of EspB1.469 Was solved by molecular replacement using Phaser and EspB7.o7g
structure (PDB: 4XXN). The model was re-built and extended in Coot and refined with
phenix.refine (Afonine et al., 2012) and REFMACS. The final model was refined to 3.04 A
resolution with Ryyork 0.220 and Ryree 0.266 The C-terminal domain is disordered in this
structure and only 5 additional C-terminal residues 279-283 were added to the model
compared to the truncated EspB7_p7g structure. The quality of structures was assessed using
Coot and the MolProbity server (Chen et al., 2010). The structural figures were generated
using PyMol (www.pymol.org).

2.6. Negative staining electron microscopy

3. Results

Proteins samples (15 pl at 0.01 mg/mL, in 25 mM Tris-HCI pH 7.5 and 150 mM NaCl) were
pipetted on the carbon-coated grid (400 mesh copper Grids, Canemco-Marivac) for 3 min,
the grid was washed with distilled water, and further treated with uranyl acetate aqueous
solution (15 L, 2% (w/v) for 30 s. Grids were imaged on a Tecnai Spirit microscope at 80
kV.

3.1. Secreted EspB forms oligomers

EspB is expressed by M. tuberculosis as a full-length 60 kDa precursor protein and secreted
by the ESX-1 secretion system after the cleavage of the C-terminal domain, by the serine
protease MycP1, as a mature 50 kDa isoform (Fig. 1A). It has been reported that EspB is
predominantly present as the 50 kDa isoform in M. tuberculosis culture filtrate (McLaughlin
etal., 2007; Ohol et al., 2010). In order to analyze the oligomeric state of EspB, we
performed immunoblotting experiments on proteins from cell lysate and culture filtrate after
electrophoresis on a native gel. Intriguingly, we observed that EspB is in a higher oligomeric
state in the culture filtrate than in the cell lysate (Fig. 2B). Despite several efforts we were
not able to increase the resolution on the native gel to determine the size of the complex by
this method, nor could we further analysis the identities of the bands by mass spectrometry
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methods due to low material level. In order to examine further the oligomeric state of EspB,
we overexpressed in E. coli and purified the N-terminal domain of EspB, EspB;.33g (Chen et
al., 2013; Ohol et al., 2010). Size exclusion chromatography revealed a mix between two
species, a monomeric EspB state, and a higher oligomeric state. This observation was
confirmed by the immunoblotting experiments on the native gel (Fig. 1B).

In order to determine if this oligomer was organized in a specific structure, negative staining
electron microscopy was performed on a sample corresponding to the top of the peak of the
oligomer form of EspBj.33g (Fig. 1C). Surprisingly, we observed a homogeneous sample
with small particles of an approximate size of 10 x 10 pm with a donut ring shape (Fig. 1D).
Unfortunately, only one preferential orientation of the particle was observed that did not
allow a high-resolution structural study.

3.2. Structure of EspB

In order to gain insight into the EspB structure we expressed in E. coli and purified a full-
length protein, EspB1.460. Crystals of the full-length protein were obtained but diffracted to
a limited resolution ~3.0 A and experimental phasing was unsuccessful thus precluding
structure determination. Therefore, we expressed and purified a shorter EspB construct for
structural studies, EspB7_,7g, that contains only the predicted PE-PPE domains and lacks the
C-terminal disordered region. EspB7.o7g crystallized in multiple conditions in two different
crystal forms (Table 1). The best 1.5 A resolution dataset was obtained from crystals
belonging to the space group C222; that were grown in the presence of phosphatidylserine
but no lipid was found in the structure. The structure EspB7_o7g was solved by molecular
replacement using the structure of the PE25-PPE41 heterodimer (PDB: 2G38) as a search
model (Strong et al., 2006). There is one monomer per asymmetric unit in both crystal
forms. Structures of EspB+.,7g superimpose with r.m.s.d. of 0.33-1.12 A between Ca atoms
with the largest differences found in the loop regions (Fig. 2). Next, the structure of full-
length EspBj_460 Was solved using our EspB7.o7g structure as a search model. However, the
C-terminal region of EspB1_4gg Was disordered in the structure. Analyzing the crystal
content of those different high-resolution structures of EspB, did not indicate any donut
shape ring oligomers in the way the molecules are packing, as observed in the EM studies
described above.

3.3. Comparison of EspB and PE25-PPE41 heterodimer structure

EspB structures showed that the N-terminal domain of EspB contains alpha helical elements
arranged in a paperclip-like structure very similar to that observed for the PE25-PPE41
heterodimer (Fig. 3A). Indeed, EspB is structurally similar to the PE25-PPE41 heterodimer
and is superimposable with an r.m.s.d. of 1.9 A over 249 Ca atoms and 17% sequence
identity (Fig. 3B). EspB contains 7 alpha helices in its N-terminal domain. The first two
helices (residues 10-21 and residues 39-89, respectively) correspond to helices al and a2
of PE25 and adopt an antiparallel hairpin. Helix al of EspB is significantly shorter than
helix al of PE25, 11 versus 30 residues. As a result, the al-a2 loop of EspB is longer and
adopts an extended conformation. Proline residues P28, P29, P33 and P36 act as ‘knobs-in-
the-holes’ in the groove between helices a2 and a4. This al-a2 loop is not conserved in
mycobacterial EspB homologs (Supplementary Fig. S1).
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Residues 90-132 of EspB comprise a partially unstructured linker region that is absent in
PE-PPE heterodimers. The linker serves to connect helix a2 of PE domain of EspB to helix
a3 of the PPE domain of EspB, which corresponds to helix al of PPE4L. This linker region
does not associate tightly with the rest of the protein and residues 89-115 are disordered in
all crystal forms. Residues 116-124 contact helix a2 and helix a7 and are well ordered (Fig.
2C and 2D). The loop residues 125-130 display flexibility and are either disordered or adopt
different conformations (Fig. 2C and 2D). The WxG motif of EspB (residues 176-178) is
positioned at the beginning of helix a5 where W176 contributes to a tight interface between
helices a2 and a5 (Fig. 3A). This is analogous to the interaction mediated by W56 of
PPE41. However, the position of the indol moieties of W176g¢pg and W56ppg4; differs in
the EspB and PE25-PPE41 structures. While W56ppg41 makes van der Waals contacts with
Y87pgps in the PE25-PPE41 structure, W176gspg is positioned deeper, between helices a2
and a5, and the Ne atom of W176g¢pg forms a hydrogen bond with the hydroxyl group of
Y8lgspp (Figs 3A and 4A). The PE and PPE sequence motifs are not conserved in EspB and
residues QQ (11-12) and DLK (132-134) replace PE and PPE, respectively (Fig. 3B).
Interestingly, EspB is missing about 9 residues compared to the a4—a5 loop region of
PPE41. This means that EspB is about 11A shorter than PE25-PPE41 at one end and it lacks
many of the key residues involved in the PPE41-EspGs interface including residues D121—
T129 that contain the characteristic hh motif of PPE proteins (Fig. 3A and Supplementary
Fig. S2). Furthermore, while the length and sequence of the a4—a5 loop of PPE proteins are
conserved (Korotkova et al., 2014; Ekiert and Cox, 2014), the corresponding region in the
EspB homologs displays both length and sequence variability (Supplementary Fig. S1). To
confirm that EspB does not recognize the ESX-1-specific chaperone EspG;, M. tuberculosis
EspGy was expressed in E. coli and employed for pull-down experiments with both full-
length and mature isoforms of EspB. The analysis did not detect EspB binding to EspG;.
Thus, EspB has evolved as a fusion of PE and PPE proteins, which seemingly lost its
requirement of EspG for folding/stability.

Although full-length EspB1.460 (PDB: 4XY3) was crystallized, residues in the C-terminal
region beyond K283 could not be modeled. The remaining 177 residues are presumably
present in an unstructured form extending from the top of the groove formed by helices al
and ab.

3.3. Secretion motif YxxxD/E of EspB is in a helical conformation

The conserved YxxxD/E secretion motif has been identified in a subset of secreted ESX
substrates, including EsxB homologs, PE proteins and several Esp proteins (Daleke et al.,
2012a). Subsequent analysis of the WxG100 protein family revealed an extended sequence
pattern HxxxD/ExxhxxxH, where H is a highly conserved hydrophobic residue and h is a
less conserved hydrophobic residue (Poulsen et al., 2014). In EspB structures the YxxxD/E
sequence (residues 81-85) is located adjacent to the partially disordered PE-PPE loop.
However, this segment clearly adopts a helical conformation in the high-resolution structure
of EspB7.o7g (Fig. 4A). While this C-terminal segment is flexible in the NMR structures of
WxG100 proteins (Renshaw et al., 2005; llghari et al., 2011), it adopts a helical
conformation in a number of crystal structures, including M. smegmatis EsxG-EsxH (PDB:
3Q4H), M. tuberculosis EsxO—-EsxP (PDB: 30GI and 4GZR) and M. tuberculosis EsxA—
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EsxB (PDB: 3FAV) (Arbing et al., 2013; Poulsen et al., 2014). Likewise, the YxxxD/E
motif of PE25 is in a helical conformation in the PE25-PP41-EspGg structures (PDB:
4KXR and 4W4L) (Korotkova et al., 2014; Ekiert and Cox, 2014), although it is partially
disordered in the structures of the PE25-PPE41 heterodimer (PDB: 2G38 and 4W4K)
(Strong et al., 2006; Ekiert and Cox, 2014). What role the apparent helical nature of
YxxxD/E motif in ESX substrates plays in the ESX secretion mechanism is yet to be
established.

3.4. Putative lipid-binding sites of EspB

Although we have not yet been able to obtain a structure of EspB in complex with
phosphatidylserine, an inspection of the EspB structure revealed the presence of several
hydrophobic grooves with adjacent positive charges that may represent the lipid-binding
sites (Fig. 4B). The first hydrophobic groove is located between helices al and a2 with
residues L60, F159, L163 lining the bottom of the groove. The volume of this groove is 395
A3 as calculated by CAVER software (Chovancova et al., 2012). The second hydrophobic
groove (53 A3) is located at the “tip’ of EspB structure between helices a6 and a7. Here
L232 and 1246 are located at the bottom, and Y236 and Y250 at the rim of the groove. The
rest of EspB surface has a mixed distribution of positively and negatively charged patches
(Fig. 4B), which functions remain to be determined.

4. Discussion

EspB is an essential component of the ESX-1 secretion system of M. tuberculosis but of
poorly defined function. In this work we provide a detailed structural characterization of
EspB. We show that the mature isoform of EspB is a fusion of PE and PPE N-terminal
regions. Thus, all ESX secreted substrates that have been identified so far have a similar
structural fold. Remarkably, the EspB protein structure lacks a chaperone-binding domain,
which is conserved in PPE proteins (Korotkova et al., 2014; Ekiert and Cox, 2014).
Moreover, EspB does not bind the ESX-1-specific chaperone, EspG;. EspG chaperones
have been implicated in the folding/stability of PE-PPE heterodimers and targeting to the
cognate ESX machinery (Daleke et al., 2012c; Korotkova et al., 2014). It is unclear as to
how EspB is recognized and secreted via the ESX-1 system. However, EspB has been
shown to interact with EspK, which in turn interacts directly with the large, membrane-
associated ATPase EccCy,—EccCqp (McLaughlin et al., 2007).

The C-terminal domain of EspB is not structured in our crystal forms. Analysis of the
unprocessed full-length and mature forms of EspB demonstrated that mature EspB is an
oligomer in M. tuberculosis culture filtrate. In contrast, the full-length protein detected in the
cell lysate does not oligomerize. These data suggest that the unfolded C-terminal domain of
EspB could be implicated in preventing the self-association of EspB in the cytosol. Further
studies should be envisaged to understand the role of the C-terminal domain in the
prevention of the oligomerization of EspB. Intriguingly, like EspB, PE-PPE heterodimers
are prone to oligomerization, but EspG chaperones protect the hydrophobic region on PPE
thus preventing PE-PPE heterodimers from self-polymerization (Korotkova et al., 2014). It
is possible that after being exported, the aggregation-prone PE—PPE proteins are stabilized
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by interacting with other PE-PPE dimers similar to EspB. Further experiments are required
to test this hypothesis.

MycP, protease is involved in the processing of EspB in vivo and in vitro (Ohol et al., 2010;
Wagner et al., 2013; Solomonson et al., 2013). The cleavage sites are located within the
unstructured C-terminal domain of EspB. MycP; belongs to the mycosin family of
membrane-anchored serine proteases. MycP paralogs are present in all ESX clusters and this
enzyme is essential for the ESX-1, ESX-3 and ESX-5 secretory processes. This raises the
question as to what other secreted proteins might be substrates for other MycP paralogs
because ESX-2, ESX-3, ESX-4 and ESX-5 clusters do not encode an obvious EspB
homolog. However, all ESX clusters except ESX-4 encode pe and ppe genes. It is possible
that the other MycP proteases target C-terminal domains of PE-PPE proteins. Additional
studies to address this hypothesis are warranted. In conclusion, this study provides a better
understanding of ESX-specific substrates and lays the groundwork for characterization of
EspB and MycP4 functions in the context of ESX secretion. While this manuscript was
under review, Solomonson et al. reported crystal structure of Mycobacterium smegmatis
EspB homolog (Solomonson et al., 2015). The structures of M. tuberculosisand M.
smegmatis EspB display the same fold (2.1-2.3 A r.m.s.d. and 28% sequence identity) but
deviate in the conformation of a6—a7 helical ‘tip” and other details.
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Fig. 1.

Oligomeric state of EspB.

A. EspB secretion model. The full-length protein (460 amino acids) is organized in two
domains. The N-terminal domain belongs to the PE-PPE family and the C-terminal domain
is predicted to be intrinsically disordered. The N-terminal fragment of EspB is secreted in
the culture filtrate as the mature form after the cleavage by the serine protease MycP,
(McLaughlin et al., 2007; Xu et al., 2007; Ohol et al., 2010).

B. Immuno-blotting of a native gel with different concentrations of cell lysate, culture
filtrate of M. tuberculosis and purified EspBj_33g. Positions of molecular weight markers
(kDa) are indicated.

C. Size exclusion chromatography profile of purified EspB1.33g in 20mM Tris pH 8.5, 150
mM NacCl. Insert shows an SDS-PAGE of the peak fractions. The approximate size of
oligomers (1) and monomers (2) were calculated by linear extrapolation.

D. Electron microscopy image of negative-stained EspB1_33s.
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loop loop

125-130

Fig. 2.

Structure of M. tuberculosis EspB.

A. A stereo view of EspB7.,7g structure (PDB: 4XXX) in cartoon representation colored in
rainbow colors from the N-terminus (blue) to the C-terminus (red). The loop between
helices a2 and a3 that connects PE and PPE domains of EspB is partially disordered
(residues 90-114).

B. A stereo view of superposition of available EspB structures in ribbon representation.
Cyan: EspB7.,7g in space group C222; (PDB: 4XWP); green: high-resolution structure of
EspB7.7g in space group C222; (PDB: 4XXX); magenta: EspB7.,7g in space group 1222
(PDB: 4XXN); yellow: EspB1_450 (PDB: 4XY3). The C-terminal domain of full-length
EspB1.440 is disordered. All structures are similar with the largest deviations found in the
PE-PPE loop (residues 125-130). Structures were aligned using least-squares (LSQ)
superposition in Coot (Emsley et al., 2010).

C and D. Stereo views of PE-PPE loop in EspB7.,7g structure in space group C2224 (PDB:
4XXX) - (C) and in EspB7_»7g structure in space group 1222 (PDB: 4XXN) — (D). Residues
115-132 are shown in stick representation with cA-weighted 2Fq-F¢ electron density map
contoured at 1o0. The rest of protein is shown as grey surface.
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A. Structural superposition of EspB7.o7g (PDB: 4XXX) and PE25-PPE41 dimer (PDB:
4KXR). PE domain of EspB is in yellow; PPE domain of EspB is in orange; PE25 is in
cyan; PPE41 is in light blue. The disordered region of PE-PPE linker of EspB is indicated

by a dashed line. The secondary structure elements of EspB are labeled. The hh motif
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residues of PPE41, and the YxxxD/E motif residues of EspB and PE25 are shown in stick
representation. Structures were superimposed using Secondary Structure Matching (SSM)

(Krissinel and Henrick, 2004) as implemented in Coot (Emsley et al., 2010).

B. Structure-based sequence alignment of EspB and PE25-PPE41 based on superposition in
(A). Secondary structure elements of EspB7_p7g and PE25-PPE41 are displayed above and

below sequences, respectively. The characteristic sequence motifs of EspB and PE25-

PPE41 are highlighted in blue. The alignment figure was generated using the ESPript 3.0

server (http://espript.ibcp.fr/ESPript/ESPript/) (Robert and Gouet, 2014).
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al-a2 )
groove

Fig. 4.
The YxxxD/E secretion motif and surface features of EspB.

A. Stereo views of YxxxD/E motif of EspB7.o7g (PDB: 4XXX). Residues 76-89 and W176
are shown in stick representation with sA-weighted 2Fq-F¢ electron density map contoured
at 1o. The rest of protein is shown in cartoon representation.

B. Representation of surface charge distribution of EspB7.7g generated using PyMol. The
putative lipid-binding sites of EspB are indicated.
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Table 1
Data collection and refinement statistics.
EspBg7.278 EspBz7.278 EspB7.278 EspBi.460
(PDB: 4XWP)  (PDB: 4XXX) (PDB: 4XXN)  (PDB: 4XY3)
Data collection
Space group C222; C222; 1222 C222;
Cell dimensions OO
a b, c(h) 66.24, 69.51, 67.34,69.58,119.60 73.12, 93.07, 72.11, 146.49,
119.14 142.94 94.22
ad BT (°) 90, 90, 90 90, 90, 90 90, 90, 90 90, 90, 90
Resolution (&) 50.6-1.82 (1.92—  59.8-1.50 (1.58— 715-2.14 (2.26-  47.11-3.04 (3.20-
2.00)1 1.50) 2.14) 3.04)
Rym 0.060 (0.945) 0.047 (0.747) 0.092 (0.873) 0.135 (0.917)
CC1/22 99.9 (86.3) 100.0 (88.4) 99.7 (54.1)
1ol 17.8 (2.4) 18.6 (2.0) 13.8 (2.83) 9.0 (1.73)
Completeness (%) 100.0 (100.0) 99.7 (98.3) 97.8(98.7) 95.7 (97.5)
Multiplicity 6.9 (7.0) 5.4 (5.1) 5.4 (5.5) 5.1 (5.1)
Refinement
Resolution (A) 59.6-1.82 59.8-1.50 71.5-2.14 47.11-3.04
No. reflections (total / 25047 / 1264 44892 /2191 26733/1385 9490/ 491
free)
Ryork / Reree 0.199/0.234 0.194/0.218 0.204/0.251 0.220/ 0.266
No. atoms
Protein 1863 1972 1875 1903
Ligand/ion 1 13 2 0
Water 159 263 174 0
B-factors
Protein 37.6 27.2 45.6 82.5
Ligand/ion 56.8 36.0 50.8
Water 43.4 36.5 46.6
Wilson B 37.2 27.6 40.8 63.0
R.m.s. deviations
Bond lengths (&)  0.009 0.014 0.010 0.008
Bond angles (°) 1.228 1518 1.312 1.220
Ramachandran
distribution (%)°
Favored 100.0 100.0 98.7 94.6
Outliers 0.0 0.0 0.0 0.8

1Values in parentheses are for the highest-resolution shell.

2Half-set correlation coefficient CC1/2 as defined in Karplus and Diederichs (Karplus and Diederichs, 2012) and calculated using XSCALE
(Kabsch, 2010) or Scala (Evans, 2006).

3Calculated using the MolProbity server (http://molprobity.biochem.duke.edu) (Chen et al., 2010).
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