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The TTSS is used by Salmonella and many bacterial pathogens to inject virulence factors directly into the cyto-
plasm of target eukaryotic cells. Once translocated these so-called effector proteins hijack a vast array of crucial
cellular functions to the benefit of the bacteria. In the bacterial cytoplasm, some effectors are stabilized and
maintained in a secretion competent state by interaction with specific type III chaperones. In this work we stud-
ied the conformation of the Chaperone Binding Domain of the effector named Salmonella Outer protein B (SopB)
alone and in complexwith its cognate chaperone SigE by a combination of biochemical, biophysical and structur-
al approaches. Our results show that the N-terminus part of SopB is mainly composed byα-helices and unfolded
regions whose organization/stabilization depends on their interaction with the different partners. This suggests
that the partially unfolded state of this N-terminal region, which confers the adaptability of the effector to bind
very different partners during the infection cycle, allows the bacteria to modulate numerous host cells functions
limiting the number of translocated effectors.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Salmonella tiphimurium is a facultative intracellular pathogen that
causes several diseases ranging from self-limiting enteritis to typhoid
fever. Virulence factors are introduced in human cells by a specialized
injection system,which is conserved in other gramnegative pathogenic
species. This system, named type three secretion system (TTSS), allows

pathogenic gram-negative bacteria to deliver into the host cell a set of
effector proteins (virulence factors) [1,2] in a contact-dependent man-
ner. Substrates of TTSS are different enzymes that once inside the host
cell can influence the signalling cascades [2,3]. These virulence factors
allow the survival of pathogens under very specific conditions and
represent attractive targets for antibacterial therapies.

Effector proteins can either be secreted by the bacteria to the culture
supernatant or directly translocated into a eukaryotic host cell cyto-
plasm following induction by a host cell contact [4–8]. Most of these
translocation processes require the presence in the bacterial cytosol of
specific TTSS chaperones [9,10]. Proteins are thought to move into the
TTSS apparatus in an unfolded state and their binding to specific cyto-
plasmic TSS chaperones is essential in the correct secretion [1].

The N-termini of the chaperone-dependent effector proteins har-
bour two different domains: the N-terminal secretion signal (NSS) and
the Chaperone Binding Domain (CBD) [11–13]. The NSS is 20 amino
acids long, and mediates secretion but is insufficient for translocation
[14].Whether the nature of this signal is due to themRNA or the protein
sequence of the effector is still amatter of discussion and to date no con-
sensus sequence in the protein or the mRNA has been identified [10].
The translocation process of effectors relies on the binding of specific
TTSS chaperone proteins on a small 50–100 amino acid domain next
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to the NSS and called Chaperone Binding Domain (CBD) [11–13]. It has
been proposed that the Chaperone/CBD complex might have multiple
roles, such as stabilization of the effectors by themaintenance in a secre-
tion competent state, or targeting of effectors to the TTSS apparatus and
regulating the type III gene expression [9,15–18]. After secretion, the
chaperones release their cognate substrates and remain within the bac-
terial cytoplasm. Recent results showed that the chaperone alone or in
complex with the secreted effector is recognized by InvC an ATPase as-
sociated with the TTSS of Salmonella and this interaction plays a critical
role in the substrate recognition by the TTSS machinery [19].

Class I chaperones are specific to one (class IA) or more (class IB)
type III effectors [9]. Despite a lack of sequence similarity, TTSS chaper-
ones share some features: a molecular mass around 15 kDa, an acidic
isoelectric point, high specificity and affinity for their cognate effectors
and they form highly stable dimers in solution [10]. Several structures
of class IA chaperones [20,21] have been solved by X-ray crystallogra-
phy and revealing that these proteins share a common structural fold
and are structurally homologous despite a low sequence identity [20].
They all adopt a conserved heart-shaped-dimeric structure with a
mixed α/β fold. This conserved fold binds and maintains the CBD of
the cognate effector in an extended partially unfolded state [17].

To date several structures of effector CBDs in complex with their
cognate chaperone have been solved. The SptP CBD (residue 35–139)
surrounds both monomers of its chaperone SicP and is maintained
mostly in an extended conformation [22]. The YopE CBD (residue 15–
75) is bound to its specific chaperone SycE, similar to SptP, suggesting
a universal binding mode between CBDs and chaperones even in the
absence of a sequence conservation between these proteins [23]. The
structure of the CBD of SipA (residues 48–264) has been solved alone
and complexed with its chaperone InvB [24]. Unbound CBD is mainly
composed by α-helices and presents a protrusion containing the first
helix whereas the first 48 residues are disordered. Its interaction with
InvB is different from what was observed for all known structure of
CBD/chaperone complexes and occurs only with one protomer of the
dimeric chaperone. Only a small part of the chain (residues 23–46) is
maintained in an extended conformation and the global fold of the
CBD is similar to the unbound CBD and behaves as a globular domain
in contact with InvB by the first three helices. The presence of both dis-
ordered and globular domains are required for the interaction with the
chaperone [24]. Structural alignment of these structures revealed a
common structural β-motif both in the CBD of effectors of several spe-
cies whose disruption leads to destabilization of chaperone–substrate
complex and in chaperone structures [24]. The conserved effector β-
strand interacts with the conserved first β-strand of the chaperone's
β-sheet to formprotein–protein interaction, namely β-sheet augmenta-
tion, that have been already described in many metabolic pathways
[25].

The object of this study, SopB (also called SigD), a SPI-1-TTSS-
translocated Salmonella effector, with a C-terminal phosphatidylinositol
phosphatase domain that acts on host cell membrane phospholipids
taking part to many cellular processes such as preventing apoptosis
[26].

In the Salmonella cytoplasm, SopB is maintained in a secretion com-
petent state by the interactionwith its cognate chaperone SigE [27]. SigE
is a class IA chaperone whose structure has been solved by X-ray
crystallography and displays the conserved fold described for class IA
chaperones [20,21]. SigE is essential for the stability, secretion and
translocation of SopB. The SigE/SopB complex formation requires the
dimeric state of SigE as well as the presence of conserved hydrophobic
β motif described for class IA chaperone [21,24]. In this chaperone–
effector complex the C-terminal active domain of SopB remains fully
active [23].

In eukaryotic cells the biological phosphoinositide phosphatase ac-
tivity of SopB is required in many processes affecting the bacterial
entry and persistence into non-phagocytic cells [26,28–30]. After trans-
location, together with effectors SopE and SopE2, SopB interferes with

cellular functions by activating the host Rho GTPase Cdc42 [31]. Cdc42
is an essential Rho GTPase that regulates cytoskeleton organization and
membrane trafficking during cell motility, proliferation, and cytokinesis
in eukaryotes [32]. Functional studies revealed that the N-terminal re-
gion of SopB binds specifically Cdc42 and that this interaction is impor-
tant for translocation of SopB to the SCV [33,34]. The structure of the
N-terminal domain of SopB (residues 29–181) in complex with Cdc42
has recently been solved [35]. Analysis of this structure shows no elec-
tronic density for residues from 29 to 45 and 171 to 181 suggesting
that these fragments don't have a stable conformation in the complex.
However the 46–171 domain of SopB behaves completely folded in a
globular domain composed by an N-terminal unique β-strand (β1)
followed by fiveα-helices (α1–5). The interactionwith Cdc42 ismediat-
ed by β-augmentation of the β-sheet of Cdc42 by addition of β1 of SopB.
This region of the complex closely resembles interactions betweenCdc42
and eukaryotic effector proteins that contain a CRIB motif thus mimick-
ing the eukaryotic regulators of small GTPases [35]. In the host cell,
SopB is membrane-associated through residues 117–167 that are essen-
tial for membrane targeting [36] and undergoes several ubiquitinations
after translocation that regulates its enzymatic activity as well as its in-
tracellular localization. Most of these ubiquitination sites are localized
at the N-terminus of the protein [36,37].

In this work we defined the size of the CDB of SopB, we analyzed its
structure by SAXS, alone as well as in complex with its cognate chaper-
one SigE andwe compared it with the known structure of SopB in com-
plex with Cdc42. Our results show that CBD alone is mainly unfolded
and probably undergoes induced folding by interaction with the differ-
ent partners encountered during virulence cycle and that the ability of
this region to interact withmany different partners is probably promot-
ed by its intrinsically disordered state.

2. Material & methods

2.1. Protein cloning, production and purification

The Escherichia coli strains XL1 and BL21(DE3) were used for con-
struction of the plasmids and gene expression, respectively. SigE and
all the constructs of SopB were amplified from S. tiphimurium genomic
DNA and cloned in the petDuet vector (Novagen) which allows co-
expression of multiple target genes in E. coli with restriction sites
BlgII-XhoI and BamH1/NotI respectively inserting an N-terminal His6-
tag on each SigD constructs. All versions of SopB, object of this study,
were deleted in the first N-terminal 29 amino acids, as it was previously
shown that the truncated form of SopB was still active and also able to
bind SigE in a secretion competent complex [36]. Cells were grown in
an LB broth supplemented with ampicillin (100 μg/ml) and induced
for protein production with IPTG 0.5 mM at OD600 nm 0.6 for 3 h at
37 °C.

The SopB/SigE complex harvested cells were re-suspended in
lysis buffer 1 PBS buffer added with 0.5 M NaCl, 5 μg/ml Desoxy-
ribonuclease (DNase) and complete protease inhibitor cocktail EDTA
free tablets (One tablet per Liter of culture), lysed by sonication and
centrifuged at 12,000 g for 60 min at 4 °C. Soluble protein extract was
purified using a Nickel chelating resin (GE Healthcare Life Sciences)
followed by a gel filtration step using a HiLoad 16/60 Superdex 200
(GE Healthcare Life Sciences) pre-equilibrated in PBS, NaCl 150 mM,
glycerol 10%, and Dithiothreitol (DTT) 2 mM.

The constructs of SopB described in Table 1 were co-expressed with
SigE as described above. Complex formation with SigE was checked by
co-purification trials on a Nickel chelatin resin (GE Healthcare life
science).

CBD/SigE complex harvested cells were re-suspended in lysis buffer 2
(TRIS 100 mM pH 7.2) added with 5 μg/ml DNase and complete prote-
ase inhibitor cocktail tablets (Roche), lysed by sonication and centrifuged
at 12,000 g for 60 min at 4 °C. Contrary to the SopB/SigE complex, the
soluble protein extract couldn't bind to a Nickel chelating resin and
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