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Summary

The growth or virulence of Mycobacterium tuberculosis bacilli depends on homologous type VII

secretion systems, ESX-1, ESX-3 and ESX-5, which export a number of protein effectors across

membranes to the bacterial surface and environment. PE and PPE proteins represent two large

families of highly polymorphic proteins that are secreted by these ESX systems. Recently, it was

shown that these proteins require system-specific cytoplasmic chaperones for secretion. Here, we

report the crystal structure of M. tuberculosis ESX-5-secreted PE25–PPE41 heterodimer in

complex with the cytoplasmic chaperone EspG5. EspG5 represents a novel fold that is unrelated to

previously characterized secretion chaperones. Functional analysis of the EspG5-binding region

uncovered a hydrophobic patch on PPE41 that promotes dimer aggregation, and the chaperone

effectively abolishes this process. We show that PPE41 contains a characteristic chaperone-

binding sequence, the hh motif, which is highly conserved among ESX-1-, ESX-3- and ESX-5-

specific PPE proteins. Disrupting the interaction between EspG5 and three different PPE target

proteins by introducing different point mutations generally affected protein secretion. We further

demonstrate that the EspG5 chaperone plays an important role in the ESX secretion mechanism by

keeping aggregation-prone PE–PPE proteins in their soluble state.
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Introduction

Mycobacteria, such as the etiological agent of human tuberculosis, Mycobacterium

tuberculosis, are a group of unusual Gram-positive bacteria that have remarkably complex

cell envelopes. Similar to protein secretion of Gram-negative bacteria, protein transport

across mycobacterial membranes requires a specialized export machinery known as the type

VII secretion or ESX system (Houben et al., 2014). The genome of M. tuberculosis encodes

5 paralogous ESX systems, named ESX-1 to ESX-5. The ESX-1 secretion system is critical

for virulence of M. tuberculosis (Stanley et al., 2003, Guinn et al., 2004) and

Mycobacterium marinum (Gao et al., 2004, Tan et al., 2006) and is required for bacterial

replication in macrophages and phagosomal escape into the cytosol (van der Wel et al.,

2007, Smith et al., 2008, Simeone et al., 2012). The ESX-3 locus is involved in iron

acquisition and is essential in a number of mycobacterial species (Serafini et al., 2009,

Siegrist et al., 2009, Siegrist et al., 2014). Additionally, the ESX-3 system is implicated in

disruption of the Endosomal Sorting Complex Required for Transport (ESCRT) machinery

and arrest of phagosome maturation (Mehra et al., 2013). In M. tuberculosis and M.

marinum the ESX-5 system is associated with virulence mechanisms by modulating host

immune responses to the mycobacteria (Bottai et al., 2012, Weerdenburg et al., 2012). The

functions of the ESX-2 and the ESX-4 systems in mycobacteria are not yet understood. Each

ESX system consists of ATPases, membrane proteins, a protease, accessory proteins, and

transports secreted substrates that lack classical signal sequences (Houben et al., 2014).

The most numerous ESX substrates, common to all mycobacterial ESX systems except

ancestral ESX-4, are the PE and PPE proteins. These secreted proteins are named after

several highly conserved residues in their characteristic N-terminal motifs: proline-glutamic

acid (PE) and proline-proline-glutamic acid (PPE) (Cole et al., 1998). The C-terminal

domains of both PE and PPE proteins can be extremely long and some carry functional

domains such as lipase (Deb et al., 2006, Mishra et al., 2008, Daleke et al., 2011), aspartic

protease (Barathy & Suguna, 2013) and serine hydrolase (Sultana et al., 2011, Sultana et al.,

2013) domains. Although the precise function of these proteins is largely unknown, it has

been demonstrated that various PE/PPE proteins are associated with virulence and

persistence in the host (Sampson, 2011). They are highly abundant in pathogenic

mycobacteria, with 100 pe and 69 ppe genes in M. tuberculosis H37Rv (Gey van Pittius et

al., 2006). Based on the phylogenetic analysis of PE and PPE families and experimental

data, it has been suggested that the majority of these proteins are secreted through the ESX-5

system (Abdallah et al., 2009).

Pe/ppe genes are usually organized in bicistronic operons, although this is not universal for

all PE/PPE homologs. It has been shown that M. tuberculosis PE25 and PPE41 form a

heterodimer (Strong et al., 2006). In the structure these two proteins interact via a

hydrophobic interface forming a four-helix bundle with two α-helices contributed by both

PE25 and PPE41 (Strong et al., 2006). PE25–PPE41 heterodimer is secreted by the ESX-5

system of M. tuberculosis (Bottai et al., 2012). While M. tuberculosis PE25–PPE41 proteins

do not have close homologs in M. marinum (Abdallah et al., 2006), when this protein pair

has been expressed in M. marinum, it is also secreted through the ESX-5 system. Based on
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the fact that ESX-1 and ESX-5 systems secrete a specific subset of PE/PPE proteins, it has

been suggested that PE/PPE proteins encode a secretion signal, which is recognized by their

cognate ESX machinery for export (Daleke et al., 2012b, Daleke et al., 2012a). A highly

conserved YxxxD/E motif has been identified in ESX-secreted proteins, including PE

proteins (Daleke et al., 2012a). This motif is required for ESX-specific secretion, however it

does not by itself determine through which ESX system the PE–PPE pair is transported

(Daleke et al., 2012a).

Recently, the ESX-5 encoded EspG protein (EspG5) was found to form a 1:1:1 complex

with PE25 and PPE41 (Daleke et al., 2012b). In contrast, EspG5 does not interact with the

non-cognate PE–PPE pair secreted via the ESX-1 translocon (Daleke et al., 2012b).

Reciprocally, ESX-1-encoded EspG1 recognizes only its cognate PE35–PPE68_1

heterodimer (encoded by mmar_0185-mmar_0186 locus). It has been proposed that EspG

functions as a secretion chaperone by binding of the PE–PPE pair and directing it to its

cognate ESX translocation machinery (Daleke et al., 2012b).

To gain insight into the functional role of EspG5 in the ESX-5 secretory mechanism, we

have solved the structure of the heterotrimeric complex of EspG5–PE25–PPE41. This novel

structure provides the first snapshot of interactions between one of the key components of

the ESX machinery and ESX secreted proteins. Furthermore, a structure-guided mutational

analysis allowed us to identify a sequence motif in the PPE protein family that is targeted by

EspG5. Finally, we show that the chaperone plays an important role in preventing

aggregation of PE–PPE dimers.

Results

Overall structure of PE25–PPE41–EspG5 complex

To understand how PE and PPE proteins are recognized by their cognate EspG chaperones

in molecular details we determined the crystal structures of a PE25–PPE41 dimer in

complex with EspG5. The constructs of full-length M. tuberculosis EspG5 and PE25–PPE41

were expressed in Escherichia coli and purified. The ternary complex yielded crystals that

diffracted to 2.6 Å resolution (Table 1). The structure of the complex was solved by

molecular replacement using the structure of PE25–PPE41 heterodimer (Strong et al., 2006)

as a search model. We found that EspG5 interacts exclusively with the PPE41 protein at one

end of the elongated PE25–PPE41 heterodimer (Fig. 1). The comparison of the PE25–

PPE41 dimer bound to EspG5 with the previously reported PE25–PPE41 structure (PDB

2G38) showed that the structures are very similar, with an r.m.s.d. of 0.7 Å (PE25) and 1.2

Å (PPE41) between the dimer and the ternary complex structures. Thus, the binding of

EspG5 chaperone does not cause conformational changes in the PE25–PPE41 dimer. EspG5

binds the PE25–PPE41 dimer at a location that is distal from the C-terminal regions of both

PE25 and PPE41, which leaves the signature ESX secretory motif YxxxD/E of PE25 protein

(Daleke et al., 2012a) completely accessible for putative interactions with the secretory

machinery. This structural information is in line with the observation that these regions are

not required for binding of EspG (Daleke et al., 2012b). In contrast with PE25–PPE41

heterodimer structure where the YxxxD/E motif (residues 87–91) is disordered, in our

structure the YxxxD/E motif adopts a helical conformation at the C-terminal end of α2 helix
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of PE25. This helical conformation of YxxxD/E motif is reminiscent of recently reported

crystal structures of ESX-secreted proteins: M. tuberculosis EsxO–EsxP (PDB 4GZR) and

EsxA–EsxB (PDB 3FAV), and M. smegmatis EsxG–EsxH (PDB 3Q4H) where YxxxD/E

motifs also form helical structures (Arbing et al., 2010, Poulsen et al., 2014). Therefore, the

helical conformation of the YxxxD/E motif may be a general feature of proteins secreted by

ESX systems.

Structure of EspG5 reveals a novel fold

The structure of EspG5 consists of two halves, or sub-domains, that are related by a pseudo

2-fold symmetry (Fig. 2 and Fig. S1) and can be superimposed with an r.m.s.d of 3.8 Å and

13% sequence identity between 88 aligned residues (Fig. 2B), indicating that the EspG

family of proteins probably evolved by intergenic duplication event. The central continuous

anti-parallel β-sheet is composed of β-strands β1 and β4–β7 from the N-terminal half and

β8–β13 from the C-terminal half. Two helical bundles are located on the opposite sides of

the front surface of the central β-sheet. The N-terminal helical bundle contains α-helices α1–

α3, a 310-helix η1 and a β-hairpin β2–β3. The C-terminal helical bundle is composed of α-

helices α5–α7 and a 310-helix η2. The α-helices α4 and α8 are packed against the back

surface of the central β-sheet. A search using the Dali (Holm & Rosenstrom, 2010) and

PDBeFold (Krissinel & Henrick, 2004) servers did not reveal any close structural homologs

of EspG5.

Analysis of EspG5–PPE41 interface

The interface between EspG5 and PPE41 buries 2,880 Å2 of solvent-accessible surface area

as calculated by the PISA server (Krissinel & Henrick, 2007). Overall, 45 residues from

EspG5 and 34 residues from PPE41 are engaged in multiple hydrophobic interactions, a

number of hydrogen bonds and 3 salt bridges (Fig. 3). The ‘tip’ of PPE41 composed of

helices α4 and α5 is inserted in a deep hydrophobic groove formed by the central β-sheet

and the C-terminal α-helical bundle of EspG5. Additional interactions form between helix

α5 of PPE41 and the N-terminal α-helical bundle of EspG5, and between the N-terminal

‘hook’ of PPE41 and the long β4–β5 loop strands of EspG5. Notably, the β4–β5 loop of

EspG5 projects away from PPE41 forming a cleft between the two proteins. Additional

interactions between the β4–β5 loop of EspG5 and PPE41 may occur in solution, because the

observed ‘outward’ orientation of β4–β5 loop is stabilized by crystal contacts.

In the ‘lower’ part of the interface, the loop between helices α4 and α5 of PPE41 is almost

completely shielded by interactions with EspG5. Interestingly, the conformation of the α4–

α5 loop of PPE41 is preserved both in the apo– and EspG5–bound structures. This

conformation is stabilized by a hydrogen-bond network between the side-chains of N123

and T129, carbonyl of G126, and the main chain N of F128 of PPE41 (Fig. 3C). In addition,

another hydrogen-bond network is formed in the PPE41–EspG5 complex, which involves

the main chain carbonyl of L125PPE41 and the side chain of Q127PPE41, and the main chain

N and carbonyl of V241EspG5 and the side chain of Q256EspG5 (Fig. 3C). While the

interactions in the ‘lower’ part of PPE41–EspG5 interface are hydrophobic, the ‘upper’ part

of the interface displays complementary charged areas, with 3 salt bridges formed by

D134PPE41–K235EspG5, D140PPE41–R109EspG5, and D144PPE41–R27EspG5 (Fig. 3A).
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Therefore, hydrophobic interactions, as well as hydrogen bonds, shape, and electrostatic

complementarity, all contribute to stabilization of the PPE41–EspG5 complex.

Substitutions in EspG5–PPE41 interface disrupt complex formation

To confirm that the interface between EspG5 and PPE41 is physiologically relevant, we

introduced L125E, L125R and T129D/A130R amino acid substitutions in PPE41. L125,

T129 and A130 are located in the loop between helices α4 and α5 of PPE41 and are

involved in interactions with EspG (Fig. 3C). The mutant variants of PE25–PPE41 and

EspG5 were expressed in E. coli and employed for pull-down experiments (Fig. 3D). Using

CD spectroscopy we confirmed that the introduced mutations did not alter the secondary and

tertiary structural features of PE–PPE heterodimers (Fig. S3). However, our pull-down

experiments confirmed that, although the structure and dimer formation was similar, these

mutations abolished EspG5 binding to PE25–PPE41. In addition, we analyzed EspG5

binding to PE25–PPE41 using isothermal titration calorimetry (ITC). We found that the

chaperone binds to PE25–PPE41 with high affinity with a dissociation constant of 48 nM

(Fig. 4 and Table S1). However we did not detect any EspG5 binding to the PE25–PPE41

variants with the mutations in the interface. Therefore, the interface we identified in our

crystal structure is relevant for complex formation in vitro.

Analysis of the EspG-binding region on PPE proteins

It has been shown that EspG5 does not interact with the M. marinum PE35–PPE68_1 dimer

secreted via the ESX-1 system (Daleke et al., 2012b). We found that when PE35–PPE68_1

is co-expressed with EspG5, the heterodimer is insoluble and does not bind the chaperone.

However when it is co-expressed with EspG1, the heterodimer is soluble and binds the

chaperone (Fig. S4). We further extended this observation and analyzed co-expression of the

ESX-3-specific PE–PPE pair, PE5–PPE4, either with EspG3 or with EspG5 chaperones.

Similar to the ESX-1 specific heterodimer, PE5–PPE4 does not recognize EspG5, but binds

the cognate chaperone (Fig. S5). These data suggest that EspG5 interacts exclusively with

the ESX-5 secreted PE–PPE proteins.

We hypothesized that each ESX-specific family of PPE proteins could contain a specific

sequence, possibly the chaperone binding region, recognized by their cognate chaperone.

Based on phylogenetic analysis of the PPE proteins encoded by the M. tuberculosis genome

it has been predicted that ESX-3 and ESX-5 clusters may secrete 9 and more than 46 PPE

proteins, respectively, whereas the ESX-1 cluster is predicted to be involved in the secretion

of a single PPE68 protein in M. tuberculosis (Gey van Pittius et al., 2006). Using our

EspG5–PPE41 structure as a guide and considering the sequences of the ESX-5 specific PPE

proteins, we analyzed the EspG5 binding region in the PPE proteins. This region comprises

25 amino acid residues of PPE41 (Fig. 5 and Fig. S2).

Next, the identified region was searched in the aligned sequences of the PPE proteins that

belong to the ESX-3- and ESX-1-specific PPE subfamilies. Because PPE68 is the only

ESX-1-specific PPE protein in M. tuberculosis, we extended our analysis by including the

ESX-1-specific PPE homologues from other mycobacteria (Fig. S6). To understand the

mechanism of PPE proteins recognition by EspG5, we looked for PPE residues in the
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identified region that distinguish ESX-5 secreted proteins from all other PPE proteins in

mycobacteria. Surprisingly, we found that this region is highly conserved among PPE

proteins of ESX-3 and ESX-1 families, except three residues, 127, 130 and 131 (numbering

corresponds to PPE41 sequence), that are located in the α4-α5 loop of PPE41 (Fig. 5, S6

and S7). Q127 is present in 41 PPE proteins out of 46 analyzed ESX-5 specific family

members. The majority of analyzed ESX-3 and ESX-1 specific PPE proteins have isoleucine

in this position. The position 130 is occupied by small non-polar amino acids such as alanine

or proline, and rarely by serine or glycine in the ESX-5 specific PPE proteins. In contrast,

the majority of the ESX-3- and ESX-1-specific PPE proteins have isoleucine in this position.

Finally, alanine most frequently occupies position 131 in the ESX-5 specific PPE proteins,

whereas PPE41 has glutamine in this position. However, all ESX-3 specific PPE proteins

and the majority of ESX-1 specific PPE proteins (17 out of 22 PPE proteins) have proline in

this position.

To examine whether Q127I, A130I and Q131P amino acid substitutions disrupt EspG5

recognition of PPE41, we introduced single, double or triple amino acid substitutions in

PPE41 (Table 2 and Fig. S8). These PE25–PPE41 mutant variants were co-expressed with

EspG5 in E. coli, and analyzed by pull-down experiments. Remarkably, we found that all

PPE41 mutant variants bind to EspG5. Moreover, even multiple substitutions in PPE41 that

matched the ESX-1/ESX-3 PPE sequence region did not disrupt the interaction with EspG5

(Table 2 and Fig. S8).

Therefore, our data indicate that EspG5 - PPE interactions are characterized by a striking

structural plasticity that allows contact points of PPE to adapt multiple amino acid

substitutions. This propensity of the EspG5 – PPE interactions is likely to facilitate EspG5

specific recognition of multiple PPE members of ESX-5 family. Furthermore we found that

the sequence variability in the EspG5-binding region of PPE proteins does not determine the

specificity of recognition by the chaperone. This observation suggests that EspG5-binding

domain is not a linear sequence, but rather a conformational motif recognized by the

chaperone. The α4–α5 region of PPE proteins of ESX-1 and ESX-3 families is likely to

have the distinct conformational topology that is determined by PE–PPE sequence

differences located outside of this region. The differences in the 3D shape of the binding

domain might preclude the accessibility of this region for non-cognate chaperone

recognition.

EspG5 protects PE–PPE from self-aggregation

PE25–PPE41 heterodimer can be expressed independently of EspG5 in E. coli and purified

in soluble form (Strong et al., 2006). However, we observed that other PE–PPE family

proteins required co-expression of their cognate EspG chaperones for soluble expression.

For example, co-expression of the ESX-1-specific M. marinum PE35–PPE68_1 heterodimer

in the absence of its cognate chaperone in E. coli resulted mainly in the production of

insoluble proteins. When PE35–PPE68_1 pair was co-expressed with EspG1, we obtained a

highly soluble and stable heterotrimer (Fig. S4). These observations suggest that EspG

promotes PE–PPE heterodimer folding/stability. Interestingly, analysis of the EspG5-binding

region in 46 ESX-5-specific PPE family members revealed that PPE41 is unique among PPE
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proteins. All members of the PPE family, except PPE41, are characterized by large non-

polar residues in positions 124 and 125 located in the loop between helices α4 and α5 of

PPE41 (Fig. 5 and Fig. S2). In addition, the hydrophobic residues are also present in

equivalent positions in the ESX-1- and ESX-3-specific members of PPE family (Fig. 5, S6

and S7). This observation led us to hypothesize that PPE proteins are unstable without the

chaperone because of this hydrophobic motif, which we designated as the hh motif, where h

is an aliphatic or aromatic amino acid. It is possible that EspG binding to PPE shields this

hydrophobic patch thus preventing self-association and non-productive inter-molecular

interactions in the mycobacterial cytoplasm. To test this hypothesis, we replaced PPE41

A124 and L125 with large non-polar amino acid residues that are more frequently present in

other members of the ESX-5-specific PPE family. His-tagged mutant variants of PE25–

PPE41 complexes with A124L, A124L/L125F, A124F/L125F or A124W/L125F

substitutions were expressed in E. coli in the presence or absence of EspG5 and purified by

affinity chromatography. We found that co-expression of the PE25–PPE41 mutant variants

with increased hydrophobicity in the α4-α5 loop of PPE41 with EspG5 yielded soluble

PE41–PPE25–EspG5 heterotrimers (Fig. S9). In contrast, expression of PE25–PPE41 mutant

variants in the absence of EspG5 resulted in accumulation of significant amounts of

insoluble PE25–PPE41 proteins and progressively decreasing yield of soluble heterodimer

(Table 3 and Fig. S9). Moreover, examination of the soluble PE25–PPE41A124L mutant

complex by size-exclusion chromatography revealed the presence of large molecular weight

protein aggregates that eluted near the column’s void volume (Fig. 6). In contrast, PE25–

PPE41 WT complex did not aggregate at the same protein concentration (Fig. 6). These

experiments indicate that the hh motif promotes aggregation and, by increasing

hydrophobicity of the hh motif, the heterodimer becomes more dependent on the EspG

chaperone for folding/stability.

As a further test, we examined whether purified EspG5 is capable of rescuing the PE25–

PPE41A124L aggregates. EspG5 was incubated with PE25–PPE41A124L aggregates and the

sample was analyzed by size-exclusion chromatography (Fig. 6). We found that incubation

with EspG5 resulted in PE25–PPE41 disaggregation and formation of a PE25–PPE41–

EspG5 complex (Fig. 6). This experiment provides further evidence that EspG5 acts as a

molecular chaperone for PE–PPE dimers by binding and protecting the aggregation-prone

hh motif on PPE proteins, thereby keeping the dimers in a secretion-competent state.

Effect of mutations in the PPE41 interface on PE25–PPE41 secretion

It has been reported that EspG5 is dispensable for PE25–PPE41 secretion via ESX-5 in M.

tuberculosis (Bottai et al., 2012). However, we have previously demonstrated that

expression of PE25 and PPE41 proteins in non-native host M. marinum resulted in their

secretion via the ESX-5 system (Abdallah et al., 2006) and EspG5mm is required for this

process (Abdallah et al., 2009). To determine the role of EspG5 in PE25-PPE41 secretion

and the function of the hh motif we analyzed the secretion of PPE41 interface mutants in M.

marinum. First, we confirmed that M. marinum EspG5 functions similarly in the in vitro

binding assays with M. tuberculosis PE25–PPE41. EspG5 of M. tuberculosis is 97%

identical at the amino acid level to the M. marinum EspG5 (EspG5mma). The analysis of the

EspG5–PPE41 interface indicates that EspG5mma has a single amino acid substitution in the
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interface — M176, which is unlikely to have an effect on EspG5 binding. To confirm that

L125E, L125R and T129D/A130R amino acid substitutions in PPE41 also disrupt the

binding of EspG5mma, pull-down experiments were conducted with the mutant variants (Fig.

S10). This analysis showed that EspG5mma very likely uses the same interface as M.

tuberculosis EspG5 to bind PE25–PPE41.

Second, we expressed PE25–PPE41 interface mutants on a plasmid in a WT strain of M.

marinum. The immunoblot analysis of the culture filtrates and bacterial pellets demonstrated

that PE25–PPE41 variant with L125R substitution was not secreted, but accumulated in the

bacterial pellet (Fig. 7A). However, the PE25–PPE41 proteins with L125E or T129D/

A130R mutations were detected in normal amounts in the supernatant, indicating that these

mutations do not impair PE25–PPE41 secretion.

Because this finding was surprising we also examined whether the L125E and T129D/

A130R PPE41 mutants still require EspG5 for export. We analyzed the secretion of these

PE25–PPE41 interface mutants in the M. marinum EspG5 mutant strain (Abdallah et al.,

2006). We found that none of the PE25–PPE41 mutant variants are secreted in the espG5

mutant strain (Fig. 7A), indicating that L125E and T129D/A130R mutations do not seem to

uncouple the dependence of the heterodimer on EspG5 presence in mycobacteria for its

export. Taking together our results show that the loss of EspG5 binding to PE25–PPE41

does not necessarily impair the heterodimer secretion, indicating that these interactions are

not essential for PE25–PPE41 secretion. Nevertheless, our observation that PPE L125R

mutation completely disrupts the heterodimer export indicates that the hh motif is critical for

processes of secretion.

EspG5-binding domain is critical for secretion of other ESX-5 specific substrates

The observation that the interaction between EspG5 and PE25–PPE41 is not strictly required

for ESX-5 dependent secretion is rather unexpected. However, PE25–PPE41 is an unusual

substrate, first of all it is heterologous substrate that is not normally present in M. marinum

and in addition these proteins form a soluble complex in E. coli in the absence of the EspG5

chaperone ((Strong et al., 2006); this study). We therefore examined whether EspG5-binding

domain is important for secretion of other PPE proteins that are native substrates of the

ESX-5 system in M. marinum. For our analysis we selected LipYmm (mmar_1547) that has

an N-terminal PPE domain and PE31–PPE18 protein pair (mmar_4241-mmar_4240).

LipYmm has previously been shown to be transported to the surface of M. marinum in an

ESX-5 dependent manner. This protein is processed upon secretion to release the active C-

terminal lipase domain (Daleke et al., 2011). PPE18 is a probable ESX-5 substrate based on

proteomic analysis (Ates and Houben, submitted).

Firstly, using co-purification analysis of the wild-type PE31–PPE18 and EspG5mm we

confirmed that the chaperone binds this heterodimer and is required for production of

soluble complex in vitro (Fig. S11). In addition, we confirmed that the PPE18 EspG5-

binding domain is essential for the interactions in vitro. We found that PPE18 variants with

L125E, L125R or T129D/A130R amino acid substitutions were produced in the insoluble

forms when they were co-expressed with the chaperone (Fig. S11). These data are consistent

with our observation that the chaperone is required for folding/stability of PE/PPE
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heterodimers. We did not analyze the binding of EspG5 to LipYmm in vitro, because the

putative PE partner of LipYmm is currently unknown. Then, we analyzed the effect of the

substitutions in the hh motif (LipYmm
F126E, LipYmm

F126R, PPE18L125E, PPE18L125R) and

EspG5-binding site (LipYmm
P130D/A131R, PPE18T129D/A130R) on secretion of both LipYmm

and PE31–PPE18 (Fig. 7B and 7C). Importantly, all substitutions in both substrates

completely abolished secretion (Fig. 7B and 7C). Therefore, these data show that

homologous ESX-5 substrates LipY and PE31–PPE18 are strongly dependent on EspG5

binding for secretion.

Discussion

During infection pathogenic mycobacteria depend upon several related secretion pathways,

ESX-1, ESX-3, and ESX-5, that are involved in translocation of multiple protein substrates

across their complex cell envelope. A majority of ESX secreted effectors identified so far

are members of either the WXG100 or PE/PPE protein superfamilies that share a similar

structural fold and possess a signature YxxxD/E motif required for secretion (Daleke et al.,

2012a). These protein families have similar folding characteristics and both belong to the so-

called EsxAB clan (http://pfam.xfam.org/clan/EsxAB). PE and PPE proteins represent two

highly polymorphic protein families that are widely distributed in pathogenic mycobacteria,

comprising nearly 10% of the coding capacity of M. tuberculosis and M. marinum genomes

(Cole et al., 1998, Stinear et al., 2008). The ESX-5 pathway has been implicated in the

export of a majority of PE and PPE proteins (Abdallah et al., 2009, Bottai et al., 2012).

Furthermore, the genes encoding PE/PPE are often located next to the gene encoding the

cytoplasmic protein EspG. Recent work in the field has identified EspG as a binding partner

of PE–PPE dimers (Daleke et al., 2012b). In contrast, EspG does not interact with the

secreted substrates that belong to WXG100 family (Daleke et al., 2012b).

In this study we report the crystal structure of the ESX-5 specific PE25–PPE41 heterodimer

in complex with EspG5. A notable feature of the chaperone is a novel EspG fold with the

unexpected internal quasi 2-fold symmetry. Importantly, the EspG fold is unrelated to the

structures of chaperones from other bacterial secretion systems. The structure of the

heterotrimer reveals that EspG5 binds PE25–PPE41 at the tip of the complex, interacting

solely with PPE41. The conserved ESX secretory signal YxxxD/E is located on the opposite

part of the PE25–PPE41 complex and is not obstructed by EspG5.

Structural data together with PPE41 mutant and sequence analyses of PPE proteins from

different ESX clusters allowed us to identify a specific region within the ESX-5-specific

PPE proteins recognized by EspG5 chaperone. Surprisingly, we found that this region is well

conserved among the ESX-1, ESX-3 and ESX-5-specific PPE proteins. No amino acid

residue in the region was found to define the specificity of EspG5 recognition of ESX-5-

encoded PPE proteins. Nevertheless, no cross-interactions were observed between non-

cognate EspG5 and PPE proteins encoded by ESX-1 and ESX-3 clusters. These data indicate

that structural elements outside the binding region differentiate ESX-5-specific PPE proteins

from ESX-1 and ESX-3 encoded homologs for EspG5 binding. Thus, the mechanism of

substrate recognition by EspG5 may incorporate two unique features: the conservative

binding region within PE–PPE dimer that is in the direct contact with the chaperone and the
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PE–PPE scaffold that does not contact the chaperone, but presents this region for chaperone

binding and determines the specificity of recognition. The conserved nature of EspG5-

binding region suggests that it may be an important determinant of ESX secretion

mechanism.

What is the function of the chaperone during ESX mediated secretion? Of significance for

EspG5 functioning is the fact that it binds PE25–PPE41 tightly in the nanomolar range of the

affinities as determined by our ITC analysis, strongly indication that these interactions occur

in vivo, an observation which is also confirmed by previous pull-down experiments (Daleke

et al., 2012b). Based on the fact that EspG is strictly located in the cytosol and interacts only

with cognate PE–PPE complexes, it seems likely that EspG acts as a chaperone to escort

PE–PPE dimers to their cognate ESX secretion machinery where the membrane complex

recognizes YxxxD/E secretory signal and releases EspG from the heterotrimer, possibly

with the help of the ESX-associated ATPases. Subsequently, the PE–PPE dimer would be

exported through the membrane and EspG recycled for the next round of binding. It has

been suggested that EspG might provide PE–PPE with an additional secretion signal, which

specifies the proper ESX pathway for export. If this hypothesis is correct, the chaperone

interactions with PE–PPE should be indispensable for the dimer secretion via cognate ESX

system. Our in vivo analysis indicates that EspG5 binding is required for secretion of ESX-5

specific substrates, LipY and PE31–PPE18, but is in fact not essential for PE25–PPE41

secretion in M. marinum. These data suggest that either the chaperone does not direct PE25–

PPE41 dimer to the ESX-5 secretion machinery or this putative chaperone function is

redundant. This finding is in line with a previous study showing that EspG5 is not essential

for PE25–PPE41 secretion in M. tuberculosis (Bottai et al., 2012). Surprisingly, we found

that secretion of PE25–PPE41 uncoupled from EspG5 remains dependent on EspG5

presence in M. marinum. This observation indicates that lack of PE25–PPE41 export in the

EspG5 deletion mutant is likely due to a general defect in ESX-5 secretion mechanism. This

notion is supported by the previous finding that not only the secretion of many PE and PPE

proteins was affected in this mutant, but also the secretion of EsxN (Abdallah et al., 2009),

which is not recognized by EspG5.

In M. tuberculosis deletion of the ESX-1-specific chaperone EspG1 resulted in substantially

lower amounts of the ESX-1 encoded PPE, PPE68, in their cell lysates (Bottai et al., 2011),

indicating that EspG1 is necessary for PPE68 folding or stability. Consistent with this

notion, our in vitro data show that EspG1 is essential for folding/stability of the ESX-1-

specific PE–PPE dimer. Moreover, we observed that EspG5 is necessary for production of

soluble ESX-5 specific dimer, PE31–PPE18, in vitro. By contrast, the complex of PE25–

PPE41 is highly soluble and does not require EspG5 for stability. Mapping of PE25–PPE41

surface hydrophobicity revealed a hydrophobic patch, the hh motif, representing a part of the

EspG5 binding region. Intriguingly, sequence analysis of ESX-1-, ESX-3- and ESX-5-

specific PPE proteins indicated that the majority of PPE proteins contain more hydrophobic

residues in the hh motif than PPE41 does. Substitution of PPE41 hh motif residues to these

more hydrophobic amino acids resulted in PE25–PPE41 self-association which could be

rescued by EspG5. Apparently, the primary function of EspG is to shield this aggregation-

prone hh motif on PPE proteins. Thus, PPE41 is probably an exception within the PPE
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family that has lost dependence on EspG5 binding for folding/stability and secretion. This

observation is in agreement with a previous study showing that most PE/PPE proteins

cannot be expressed as soluble proteins in E. coli (Strong et al., 2006).

Based on phylogenetic analysis it is predicted that pe/ppe genes encoded within ESX-1 and

ESX-3 clusters are the most ancestral representatives of the families (Gey van Pittius et al.,

2006). The ESX-5 pathway denotes the most recently evolved ESX system from which a

large number of pe/ppe genes have expanded to the rest of the mycobacterial genome (Gey

van Pittius et al., 2006). It is plausible that during duplication/recombination events some

PPE proteins lost a requirement for the chaperone binding. Given the high abundance of

ESX-5-dependent PPE proteins in pathogenic mycobacteria, inadequate concentrations of

EspG5 chaperone might result in the build-up of large quantities of protein aggregates in the

mycobacterial cytoplasm. Perhaps, uncoupling EspG5 from this essential function drove the

extensive expansion of pe/ppe genes from the ESX-5 cluster to the rest of the genome.

In other bacterial protein secretion systems, different classes of energy-independent

chaperones participate in secretory processes including Sec (Castanie-Cornet et al., 2014)

and chaperone/usher (Geibel & Waksman, 2014) pathways, type III secretion system (Izore

et al., 2011) and related flagellar export system (Minamino, 2014), and type IV secretion

system (Christie et al., 2014). These chaperones play multiple functions in secretion

processes such as stabilizing the hydrophobic translocon-forming proteins, preventing

premature self-polymerization of flagellar and fimbrial proteins, directing substrates through

the correct secretion system, and regulating a hierarchy in secretion. All of these functions

ultimately serve to keep secreted substrates in a secretion-competent state before their

export. Intriguingly, although structurally different, EspG chaperones have a function in the

secretory mechanism that is similar to SycE and SycO, the chaperones of type III secretion

system in Yersinia (Birtalan et al., 2002, Letzelter et al., 2006). SycE and SycO chaperones

mask the aggregation-prone regions of secreted effectors, YopE and YopO, respectively.

The aggregation-prone regions of YopE and YopO represent the hydrophobic membrane

domains that are essential for proper localization of the effectors in the host cell (Birtalan et

al., 2002, Letzelter et al., 2006). It is possible that the hydrophobic hh motif in PPE proteins

also has a functional role in the ESX secretory mechanism. In line with this hypothesis we

identified one mutation in the hh motif of PPE41 that completely blocks the heterodimer

secretion. Further experiments are required to decipher conclusively the function of the

motif.

In conclusion, the current study presents the first picture of the ESX secretion system’s

chaperone in complex with secreted substrates. This structure reveals the molecular

determinants of chaperone binding specificity and provides evidence for the importance of

chaperone function in the ESX secretory mechanism. The structure of the PE25–PPE41–

EspG5 complex provides an important tool for future investigations into the architecture,

assembly, and secretory mechanism of this sophisticated mycobacterial secretion system. It

could also serve as a basis for the development of therapeutic compounds designed to

disrupt the chaperone binding to PE–PPE, which in turn could prevent PE–PPE secretion

and diminish mycobacterial pathogenicity.
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Experimental Procedures

Bacterial strains and growth conditions

M. marinum strain E11 (Puttinaowarat et al., 2000) and the EspG5 deletion mutant

(Abdallah et al., 2009) were grown at 30 °C with shaking at 90 rpm, in Middlebrook 7H9

medium (Difco-BD Biosciences), supplemented with Middlebrook ADC and 0.05%

Tween-80 (Sigma-Aldrich). Electroporation of M. marinum was performed as described

(Daleke et al., 2011) and transformants were selected on Middlebrook 7H10 agar

supplemented with Middlebrook OADC and appropriate antibiotics.

E. coli strains including TOP10, DH5α, BL21(DE3) and Rosetta (DE3) were grown in

Luria-Bertani (LB) medium or on LB agar at 37 °C. When required, antibiotics were

included at the following concentrations: ampicillin at 100 μg ml−1 for E. coli;

chloramphenicol at 10 μg ml−1 for E. coli; streptomycin at 50 μg ml−1 for E. coli; kanamycin

at 50 μg ml−1 for E. coli; hygromycin at 100 μg ml−1 for E. coli and 50 μg ml−1 for M.

marinum.

Expression of EspG5, EspG1 and EspG3

The EspG5 expression plasmid for crystallization experiments was constructed as follows.

The espG5 gene was PCR-amplified from M. tuberculosis H37Rv genomic DNA and cloned

into a modified pRSF-Duet1 vector (EMD Millipore). EspG5, EspG1 and EspG3 expression

plasmids for pull-down experiments were constructed based on a modified pCDF-Duet1

vector (EMD Millipore), creating pCDF-Duet1-EspG5, pCDF-Duet1-EspG1 and pCDF-

Duet1-EspG3, respectively.

EspG5 was expressed with N-terminal His6 and SUMO3 tags for ITC experiments. EspG5

gene was amplified from M. tuberculosis genomic DNA using primers AP-324 (5′-

ATATATACCGGTGGAATGGATCAACAGAGTACCCG-3′) and AP-325 (5′

ATATATATGCGGCCGCTCATACTCTGCTGTGTGTTTTCC-3′). The PCR product was

digested and ligated in pETM11-SUMO3GFP (obtained from Dr. Hüseyin Besir). The

resultant pETHIS6SUMO3-EspG5 plasmid was transferred into competent E. coli

BL21(DE3) cells (Novagen).

Expression of PE25–PPE41, PE35–PPE68_1 and PE5–PPE4 heterodimers

To construct a plasmid for co-expression of PE25 and PPE41 proteins in E. coli, the DNA

fragments corresponding to pe25 and ppe41 were PCR-amplified from M. tuberculosis

genomic DNA and cloned separately into a modified pET-28b vector (EMD Millipore)

creating a bi-cistronic operon under control of the T7 promoter with an N-terminal His6-tag

followed by a tobacco etch virus (TEV) protease cleavage site. The resulting pET-PE25-

PPE41 plasmid was used as a template for generating mutated variants of PPE41.

The PE35 and PPE68_1 proteins were expressed using a previously described

pET29b(+)::PE35-PPE68_1-His vector (Daleke et al., 2012b), which contains the M.

marinum PE35/PPE68 homologs, mmar_0185 and mmar_0186. The construct was modified

to remove the C-terminal HA-tag from PE35.
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In order to co-express M. smegmatis PE5 and PPE41–180, an optimized DNA sequence

corresponding to the protein sequences of PE5 and PPE4 were obtained from Invitrogen.

The resulting plasmid was designated pET-PE5-PPE4.

For co-expression of EspG5, PE25, and PPE41 proteins, E.coli Rosetta(DE3) cells were co-

transformed with pCDF-Duet1-EspG5 and pET-PE25-PPE41 plasmids. Similarly, for co-

expression of EspG1, PE35, and PPE68_1 proteins, E.coli Rosetta(DE3) was co-transformed

with pCDF-Duet1-EspG1 and pET-PE35-PPE68_1 plasmids. For co-expression of EspG3,

PE5 and PPE4 proteins, E.coli Rosetta (DE3) was co-transformed with pCDF-Duet1-EspG3

and pET-PE5-PPE4 plasmids.

Plasmids for M. marinum expression of PE25-PPE41were derived from the pSMT3::PE25-

HA-PPE41 vector (Daleke et al., 2012a) which encodes PE25 modified with a C-terminal

HA epitope as well as PPE41. This vector was used as a template for generating mutated

versions of PE25–PPE41.

Expression and purification of EspG, PE–PPE and EspG–PE–PPE

The proteins were expressed in E.coli Rosetta(DE3) or (EspG5, PE25–PPE41, PE35–

PPE68_1, PE5–PPE4, EspG1–PE35–PPE68_1 and EspG3–PE5–PPE41–180) or in E. coli

BL21(DE3) (His6-SUMO3-EspG5) cells by induction with 0.5 mM IPTG for 4 h at 18 °C

(EspG5, PE25–PPE41, PE35–PPE68_1, PE5–PPE41–180, EspG1–PE35–PPE68_1 and

EspG3–PE5–PPE41–180) or for 4 h at 24 °C (PE25–PPE41 and EspG5–PPE25–PPE41) or 20

h at 28 °C (His6-SUMO3-EspG5). Cells were harvested by centrifugation.

His6-SUMO3-EspG5 protein for ITC experiments was purified as follows: Cells were

resuspended in lysis buffer A [20 mM HEPES, 300 mM NaCl, 10mM imidazole, 0.25mM

tris(2-carboxyethyl)phosphine (TCEP), 10% (w/v) glycerol (pH 7.5)] containing 1/100

protease inihibitor mix HP (Serva) and disrupted by lysozyme treatment followed by

sonication. The protein was purified via Ni-NTA (Qiagen) affinity chromotography.

Following the cleavage of His6-SUMO3 tag by SenP2 protease, the protein was further

purified on a Phenyl Sepharose HP column (GE Biosciences), then concentrated and

injected into a Superdex200 16/60 size-exclusion chromatography column (GE Biosciences)

pre-equilibrated 20 mM HEPES, 300 mM NaCl, 0.25mM TCEP, 10% (w/v) glycerol (pH

7.5) for removal of aggregated protein.

The complex of EspG5, PE25 and PPE41 for crystallization was purified as follows: Cells

expressing EspG5 were mixed with cells expressing PE25–PPE41 and resuspended in lysis

buffer B (20 mM Tris-HCl pH 8.4, 300 mM NaCl, and 20 mM imidazole). The resuspended

cells were lysed using an EmulsiFlex-C5 homogenizer (Avestin) and proteins were purified

via Ni-NTA. Following the cleavage of His6-tag by TEV protease, proteins were purified via

size-exclusion on a Superdex200 column (GE Biosciences) in buffer containing 20 mM

Hepes pH 7.5 and 100 mM NaCl.

To isolate EspG–PE–PPE complexes for pull-down experiments, cells that have co-

expressed EspG, PE, PPE proteins were lysed with lysozyme (0.25 mg/ml) in BugBuster
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buffer (EMD Millipore) supplemented with Benzonase Nuclease (EMD Millipore). The

proteins were purified via a Ni-NTA column (Qiagen).

Crystallization, data collection and structure solution

The initial crystallization conditions were identified using JCSG Suites I–IV screens

(Qiagen). The optimized hexagonal rod-shaped crystals were obtained by the vapor

diffusion method using 0.1 M Tris-HCl pH 8.6, 0.2 M NaCl, 8 % PEG8000 as precipitant.

Crystals were transferred to crystallization solution supplemented with 20 % ethylene glycol

and flash-cooled in liquid N2 prior to data collection. Data were collected at Southeast

Regional Collaborative Access Team (SER-CAT) 22-ID beamline at the Advanced Photon

Source, Argonne National Laboratory. Data were processed and scaled using XDS and

XSCALE (Kabsch, 2010). The structure was solved by molecular replacement using Phaser

(McCoy et al., 2007) and the structure of PE25–PPE41 (PDB 2G38 (Strong et al., 2006)) as

a search model. The electron density modification was performed using Parrot (Cowtan,

2010) and the initial model was built using Buccaneer (Cowtan, 2006). The initial model

was improved by iterative cycles of refinement and rebuilding using REFMAC5 and Coot

(Murshudov et al., 2011, Emsley et al., 2010). The final structure was refined with

REFMAC5 using translation, libration and screw-rotation (TLS) groups identified by the

TLSMD server (Painter & Merritt, 2006). Data collection and refinement statistics are listed

in Table 1. The quality of the final model was assessed using Coot and the MolProbity

server (Chen et al., 2010). The structural figures were generated using PyMol

(www.pymol.org).

Expression and secretion of PE25–PPE41 proteins in M. marinum

Secretion of PPE41 proteins was carried out as previously described (Daleke et al., 2012a).

Briefly, M. marinum strains were grown to mid-logarithmic phase in Middlebrook 7H9

supplemented with 0.2% glycerol, 0.2% dextrose and 0.05% Tween, at which bacteria were

pelleted by centrifugation. Secreted proteins were precipitated with 10% trichloroacetic acid

(wt/vol) added to the supernatant. Cells were lysed by sonication. Proteins were separated on

10–16% SDS-PAGE gel, transferred to nitrocellulose membrane, and immunostained with

rabbit polyclonal sera recognizing PPE41.

Sequence analysis of PPE proteins

The sequence alignments were done using ClustalW (Larkin et al., 2007) and rendered using

the ESPript server (Gouet et al., 2003).

Isothermal titration calorimetry (ITC) analysis

All measurements were conducted at 30 °C on a MicroCal VP-ITC calorimeter with a

reference cell filled with MilliQ water. 100 μM EspG5 was injected into the sample cell

containing 10 μM PE25–PPE41. Experiments were performed in triplicate and corrected for

dilution enthalpy. Raw data were analyzed with MicroCal Origin 7.0. Data were fit with a

single-site binding model. The experiments were performed in triplicate.
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CD spectroscopy

Circular dichroism spectra were recorded using 7–9.5 μM protein in ITC buffer on a

Chirascan spectrometer (Applied Photophysics) with a 0.5 mm cuvette. The CD signal was

converted to the mean residue ellipticity using the protein concentration determined by

absorbance measurements and the calculated molar extinction coefficient at 280 nm. All CD

data presented are the averages of at least three measurements.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Fig. 1. Crystal structure of the M. tuberculosis PE25–PPE41–EspG5 complex
Ribbon representation of the complex in two views related by ~180° rotation. EspG5

interacts with PPE protein on the opposite side from the conserved YxxxD/E and WxG

motifs of PE25–PPE41 dimer.
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Fig. 2. Structure of EspG5 represents a novel fold with quasi 2-fold symmetry
A. Ribbon representation is colored in rainbow colors from N-terminus (blue) to C-terminus

(red). Secondary structure elements are labeled α1–α8 and β1–β13. The disordered loops are

indicated as dashed lines. The two views are related by ~90° rotation.

B. Stereo view of the structural superposition of the N-terminal (blue) and the C-terminal

(orange) sub-domains of EspG5.
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Fig. 3. The interface between EspG5 and PPE41
A. An ‘open book’ view of the PPE41–EspG5 complex. Contact residues in the interface are

colored in light blue (PPE41) and purple (EspG5). Atoms participating in intermolecular salt

bridges are colored in red and blue.

B. EspG5 and PPE41 are shown in the same orientation as in panel (A). The surface is

colored according to electrostatic surface potential contoured at ±5 kT e−1, with red

corresponding to a negative and blue to a positive potential. The contact areas are indicated

by black lines.

C. EspG5 is shown in surface representation as in panel (B), PPE41 is shown in ribbon

representation (blue). Residues in α4-α5 loop are shown in stick representation. Hydrogen

bonds are shown as black dashed lines.

D. SDS-PAGE analysis of co-purification of EspG5 and PE25–PPE41 mutant variant

dimers. Proteins were purified by affinity chromatography from the lysate of E. coli strain

expressing N-terminally His-tagged PE25, PPE41 and EspG5. Note that PPE41L125E has an

altered mobility on SDS-PAGE.
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Fig. 4. Isothermal calorimetry of PE25–PPE41 with EspG5
EspG5 (100 μM) was injected into a solution of PE25–PPE41 (10 μM) containing the same

buffer. The resulting isotherm data were fit to a single-site model, which gave an average

dissociation constant of 48.1 nM. One representative data set is shown here.

Korotkova et al. Page 22

Mol Microbiol. Author manuscript; available in PMC 2015 October 01.

N
IH

-P
A

 A
uthor M

anuscript
N

IH
-P

A
 A

uthor M
anuscript

N
IH

-P
A

 A
uthor M

anuscript



Fig. 5. EspG5-binding region of PPE41
The sequence conservation of the EspG5-binding site is displayed as a sequence logo (http://

weblogo.berkeley.edu) (Crooks et al., 2004) based on the sequence alignments of ESX-5-

and ESX-3-specific PPE proteins of M. tuberculosis H37Rv and ESX-1-specific PPE68

homologs from mycobacteria (Fig. S2, S6 and S7). Secondary structure elements of PPE41

are shown at the top. Black diamonds indicate residues that were subjected to mutational

analysis (Table 2 and Fig. 3C, S8, S9 and S10).
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Fig. 6. EspG5 binding to PE25–PPE41A124L mutant complex induces dis-aggregation of the
heterodimer
A. Size-exclusion chromatography of PE25–PPE41, PE25–PPE41A124L mutant, EspG5

incubated with PE25–PPE41A124L mutant and EspG5.

B. SDS-PAGE analysis of the peak fractions indicated (1–4) from the size-exclusion

chromatography.
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Fig. 7. Effect of the substitutions in the PPE41 interface on PE25–PPE41 secretion in M.
marinum
A. Immunoblot analysis of PPE41 in culture supernatant and cell pellet fractions of M.

marinum WT (left panel) and its EspG5 transposon mutant (right panel). Equivalent amounts

of protein were loaded. GroEL and EsxA were used as a cytoplasmic and secreted fraction

controls, respectively. Analysis of LipY (panel B) and PPE18 (panel C) in culture

supernatant and cell pellet fractions of M. marinum WT.
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Table 1

Data collection and refinement statistics.

PE25–PPE41–EspG5 (PDB 4KXR)

Data collection

Wavelength (Å) 0.9790

Space group P6122

Cell dimensions:

a, b, c (Å) 139.10, 139.10, 171.01

α, β, γ (°) 90, 90, 120

Resolution (Å) 49.24–2.60 (2.67–2.60)a

Rsym 0.120 (1.535)

CC½
b 99.8 (66.4)

I / σI 15.8 (1.8)

Completeness (%) 99.9 (99.2)

Multiplicity 10.9 (10.9)

Refinement

Resolution (Å) 49.24–2.60

No. reflections (total / free) 30602 / 1553

Rwork / Rfree 0.194 / 0.244

Number of atoms:

Protein 4135

Ligand/ion 0

Water 109

B-factors:

PE25 65.6

PPE41 50.1

EspG5 74.9

Water 47.8

All atoms 64.6

Wilson B 60.3

R.m.s. deviations:

Bond lengths (Å) 0.009

Bond angles (°) 1.266

Ramachandran distributionc (%):

Favored 96.57

Outliers 0.19

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

b
CC1/2 correlation coefficient as defined in Karplus & Diederichs (Karplus & Diederichs, 2012) and calculated by XSCALE (Kabsch, 2010).

c
Calculated using the MolProbity server (http://molprobity.biochem.duke.edu) (Chen et al., 2010).
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Table 2

Analysis of PE25–PPE41–EspG5 interactions in vitro.

PPE41 variant Interaction

WTa +

L125E −

L125R −

T129D/A130R −

Q127I +

Q127I/F128N +

A130I +

Q127I/A130I +

Q127I/F128N/Q131P +

Q127I/F128N/A130I/Q131P +

A124F/L125F/Q127I/F128N +

A124F/L125F/Q127I/F128N/A130I/Q131P +

A124L +

A124L/L125F +

A124F/L125F +

A124W/L125F +

Interactions of PE25–PPE41 with EspG5 were analyzed using pull-down experiments presented in Fig. 3C, S8, S9 and S10.

a
WT — wild type.
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Table 3

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

PPE41 variant Protein yield (mg×g−1)

WTa 3.6

A124L 2.9

A124L/L125F 1.0

A124F/L124F 0.9

A124W/L124F 1.1

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

a
WT — wild type.
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