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Summary

Salmonella invasion protein A (SipA) is translocated
into host cells by a type III secretion system (T3SS)

and comprises two regions: one domain binds its cog-
nate type III secretion chaperone, InvB, in the bacte-

rium to facilitate translocation, while a second domain
functions in the host cell, contributing to bacterial up-

take by polymerizing actin. We present here the crystal
structures of the SipA chaperone binding domain (CBD)

alone and in complex with InvB. The SipA CBD is

found to consist of a nonglobular polypeptide as well
as a large globular domain, both of which are neces-

sary for binding to InvB. We also identify a structural
motif that may direct virulence factors to their cognate

chaperones in a diverse range of pathogenic bacteria.
Disruption of this structural motif leads to a destabili-

zation of several chaperone-substrate complexes from
different species, as well as an impairment of secre-

tion in Salmonella.

Introduction

Type III secretion systems (T3SS) are central to the viru-
lence of a wide variety of animal and plant pathogens
and commensals, including such human scourges as ty-
phoid fever, the plague, and bacillary dysentery (Galan
and Collmer, 1999). T3SS are used to translocate bacte-
rial proteins into host cells (Cornelis, 2000; Galan, 2001;
Galan and Collmer, 1999; Hueck, 1998; Zaharik et al.,
2002). The virulence factor substrates of T3SS are bio-
chemically diverse, manipulating host cell biological sys-
tems such as cytoskeletal structure, signal transduction,
cell cycle progression, and programmed cell death, al-
lowing bacteria to precisely modulate host tissues and
systems for the benefit of the pathogen (Barbieri et al.,
2002; Lerm et al., 2000; Schiavo and van der Goot,
2001; Stebbins and Galan, 2001b).

The pathogenic T3SS substrates are multidomain pro-
teins that are typically subdivided into two distinct re-
gions: an N-terminal domain that contains secretion
and translocation signals that function within the bacte-
rium, and one or more C-terminal domains that harbor
the host cell effector activities (Ghosh, 2004; Parsot
et al., 2003). The first 15–20 amino acids are known to
be required for secretion, although controversy exists
concerning their nature as a peptide and/or mRNA signal
(Ghosh, 2004; Ramamurthi and Schneewind, 2003). Fol-
lowing the secretion signal is a small 50–100 amino acid
domain that is responsible for binding secretion chaper-
ones in the bacterium and targeting the virulence factors
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to the pathogenic secretion system (Lee and Galan,
2004).

Biochemically, the T3SS chaperones are small acidic
proteins, show no ATP binding or hydrolytic activity,
possess no easily detectable sequence similarity to
other proteins or other T3SS chaperones, and form
highly stable dimers in solution (Ghosh, 2004; Parsot
et al., 2003; Stebbins and Galan, 2003; Wattiau et al.,
1996). Cocrystal structures of chaperone-virulence fac-
tor complexes have revealed that the N-terminal chaper-
one binding domains (CBD) interact with their chaper-
ones in a highly unusual manner, forming extended,
nonglobular polypeptides that wrap around both chap-
erones in the dimer through interactions with large hy-
drophobic patches (Birtalan et al., 2002; Phan et al.,
2004; Schubot et al., 2005; Stebbins and Galan, 2001a).
These cocrystal structures and the structures of several
T3SS chaperones alone have shown that, despite the
lack of detectable sequence identity, the chaperones
comprise a related family of molecules, sharing similar
folds and surface hydrophobic elements for binding to
their substrates (Luo et al., 2001; Phan et al., 2004;
Singer et al., 2004; van Eerde et al., 2004).

Gram-negative bacteria possessing T3SS express
thousands of proteins, and yet only a handful are se-
creted through these systems. Despite the high degree
of structural and functional conservation in the chaper-
ones, there has been little progress toward synthesizing
a unified view of how these substrates are targeted to
their chaperones or to the pathogenic T3SS. In particu-
lar, no common amino acid motifs have been identified
to play such roles, although, in the context of the chap-
erone-CBD complexes, generalized similarities in the
hydrophobic interactions between chaperones and their
substrates have been discussed (Ghosh, 2004; Stebbins
and Galan, 2003).

Although most T3SS chaperones bind a single sub-
strate, InvB of Salmonella and Spa15 of Shigella are dra-
matic exceptions (Parsot et al., 2003). InvB binds to at
least four invasion proteins of Salmonella: SopA(SipF),
SopE, SopE2, and SipA(SspA) (Bronstein et al., 2000;
Ehrbar et al., 2003, 2004; Lee and Galan, 2003). There-
fore, a structural analysis of InvB in complex with one
of its substrates has the potential to reveal commonali-
ties in the nature of its binding interaction with four
molecules.

Results

A Structural Domain in SipA that Overlaps the CBD
SipA, or Salmonella invasion protein A, contributes to
cytoskeletal rearrangements by enhancing actin poly-
merization through its C-terminal domain (McGhie
et al., 2001; Zhou et al., 1999). The C-terminal, actin bind-
ing domain of SipA spans residues 497–669 (Lilic et al.,
2003), and the CBD of SipA has been shown to roughly
correspond to residues 1–158 by yeast two-hybrid anal-
ysis (Bronstein et al., 2000). We found that it is possible
to subdivide SipA into three regions: residues 48–264,
which form a highly soluble, proteolytically stable

mailto:stebbins@rockefeller.edu


Molecular Cell
654
Figure 1. An N-Terminal Structural Domain in

Salmonella Invasion Protein A

(A) Proteolytic digestion of SipA1–270 (Experi-

mental Procedures). The asterisk indicates

the band identified as SipA48–264 by NH2-ter-

minal sequencing and mass spectroscopy.

(B) The overall fold of SipA48–264 drawn as

a ribbon diagram with secondary structure el-

ements and NH2-terminal protrusion labeled.

Regions disordered in the crystal structure

are shown as dotted lines connecting the ap-

propriate regions of secondary structure. N,

NH2 terminus; C, COOH terminus.

(C) Molecular surface illustration of SipA48–264

in two orientations in which hydrophobic re-

gions are colored yellow and polar regions

gray.

(D) A ribbon diagram of SipA48–264 in which

yellow highlights a portion of region (48–

158) of the peptide identified by yeast two-

hybrid analysis (1–158) as being sufficient in

that assay to bind to the InvB chaperone.
domain (Figure 1A); a region spanning residues 270–400,
which renders all constructs that contain it insoluble
(data not shown); and the actin binding C-terminal do-
main, again a highly stable and soluble construct (Lilic
et al., 2003).

The crystal structure of the N-terminal domain of SipA
(residues 48–264, henceforth SipA48–264) was deter-
mined by single anomalous diffraction from selenome-
thionine substituted protein and refined to 2.0 angstrom
resolution (Experimental Procedures and Table 1).
SipA48–264 possesses an all-helical fold consisting of
eight helices arranged so that six long, amphipathic he-
lices form a compact fold that surrounds a final, predom-
inantly hydrophobic helix in the middle of the molecule
(Figure 1B, stereoimages in Figure S1, in the Supple-
mental Data available with this article online). Two N-ter-
minal helices pack more loosely against this core fold,
forming a small subdomain that extends into solution
Table 1. Crystallographic Data

SipA(48–264) Native SipA-InvB Native SipA(48–264) SeMet SipA-InvB SeMet

Data Collection

Space group P3221 P6522 P3221 P6522

Cell dimensions

a, b, c (Å) 70.6, 70.6, 95.4 146.5, 146.5, 156.7 71.1, 71.1, 95.4 146.3, 146.3, 156.6

a, b, g (º) 90, 90, 120 90, 90, 120 90, 90, 120 90, 90, 120

Wavelength 0.979 0.979 0.979 0.979

Resolution (Å) 99.0–2.0 99.0–2.2 50.0–2.8 50.0–2.4

Rsym 3.1 (35.7) 6.4 (59.2) 15.6 (42.2) 7.1 (57.9)

I/sI 38.3 (3.1) 29.3 (4.8) 22.3 (7.6) 29.3 (3.8)

Completeness (%) 99.0 (99.9) 99.3 (99.2) 99.5 (100.0) 100.0 (100.0)

Refinement

Resolution (Å) 50.0–2.0 99.0–2.2

No. reflections 18184 47001

Rwork/Rfree 20.2/25.5 19.8/24.0

No. atoms

Protein 1633 3693

Water 89 613

Mean B factor 45.37 30.0

Rms deviations

Bond lengths (Å) 0.021 0.015

Bond angles (º) 1.780 1.400

Rsym =
P

h
P

i j Ih,i 2 Ih j /
P

h
P

i Ih,i, for the intensity (I) of i observations of reflection h. Values in parentheses are for the high-resolution shell.

R =
P
j FP 2 Fcalc j /

P
FP ; Fcalc = model structure factor and 5% data omitted for Rfree. Bond and angle deviations are from ideal values.
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Figure 2. Delineation of the InvB Binding Do-

main of SipA

(A) Gel filtration chromatographic results (Ex-

perimental Procedures) showing stable com-

plex formation between SipA(1–270) and

InvB.

(B) Proteolytic digestion of the InvB-SipA(1–

270) complex (see Experimental Procedures).

The asterisk indicates those bands of SipA

protected by InvB from digestion in which

the NH2 termini correspond to residues 44

and 48.

(C) Gel filtration chromatographic results (Ex-

perimental Procedures) showing that a stable

complex does not form between SipA(48–

264) and InvB.

(D) List of constructs of SipA and their ability

to bind InvB as assayed by gel filtration chro-

matography.
(protrusion) with the last ten amino acids as a random
coil that is characterized by partial disorder and high
temperature factors (Figure 1B).

The molecular surface is characterized by several
large hydrophobic patches that are mostly clustered to
one side of the molecule, highlighting potential surfaces
for protein-protein interactions (Figure 1C). In addition,
the N-terminal protrusion is extensively hydrophobic, in-
dicating a region very likely to be involved in binding
other proteins.

Yeast two-hybrid analysis has shown that residues
1–158 are sufficient for an interaction with the chaperone
InvB (Bronstein et al., 2000). Residues 48–158 corre-
spond predominantly to one half of the structural do-
main, including the N-terminal protrusion, and the first
five helices of the fold (Figure 1D). Should SipA bind its
chaperone as a nonglobular polypeptide using this re-
gion, it would require a substantial unfolding of the
observed structure. However, there are 47 amino acids
N-terminal to this region that could serve as a nonglobu-
lar peptide for chaperone interaction. This region is
proteolytically sensitive, perhaps indicating that it is
unstructured in the absence of InvB (Figure 1A).

This structure raises several interesting questions. At
the forefront is the seeming overlap of the InvB binding
domain with a substantial portion of the stably folded
SipA48–264. We therefore turned to characterizing the
InvB-SipA interaction, to ascertain if there was a non-
globular interaction as seen in all previous T3SS chaper-
one complexes, and, if so, whether this domain unfolded
to provide the peptide for such an interaction.

Structure of a SipA-InvB Complex

SipA1–270 can be expressed either independently of InvB
or coexpressed with InvB in E. coli and in both cases
forms a highly soluble and stable complex with its
chaperone (Figure 2A). Limited proteolysis of the InvB-
SipA1–270 complex revealed that the chaperone and
a stable subdomain identical with our SipA48–264 com-
plex were resistant to digestion (Figure 2B). However,
SipA48–264 was not able to form a stable complex with
InvB, suggesting that residues N-terminal to 48 were
necessary for a strong interaction (Figure 2C). A series
of N-terminal deletions (Figure 2D) revealed that the first
21 amino acids were dispensable for InvB binding but
that deletion beyond amino acid Leu27 significantly
destabilized the SipA-InvB association. Fragments of
SipA spanning residues 22–84 and 22–134 were also
unable to bind to InvB. Surprisingly, these studies sug-
gest that the integrity of the folded SipA48–264 domain
is required for stable InvB binding.

The crystal structure of the SipA(22–264)-InvB com-
plex is remarkable for its similarities with, and important
differences from, previous chaperone-virulence factor
complexes in type III pathogenesis. The mode of interac-
tion between SipA and InvB preserves the nonglobular
character of the virulence factor CBD, but, intriguingly,
this interaction occurs with only one of the InvB mole-
cules in the chaperone homodimer (Figures 3A and 3B,
stereoimages in Figures S1 and S2, and Table 1). This
is in contrast to the interactions of Salmonella SptP
with SicP, Yersinia YopE with SycE, and Yersinia YopN
with the SycN/YscB heterodimeric chaperone, all of
which involve a nonglobular polypeptide of the virulence
factor that wraps around both molecules in the chaper-
one dimer. Central to those interactions is the use of
the same hydrophobic surface patches on each chaper-
one to bind different regions of the nonglobular virulence
factor peptide. For SipA, the nonglobular region instead
interacts with the conserved hydrophobic patches
of only one InvB molecule, leaving the other patches
on the second InvB molecule exposed to solvent,
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Figure 3. Crystal Structure of a SipA-InvB Complex

(A) Overall structure of the complex of InvB with SipA22–264 depicted as a ribbon diagram. The two monomers of InvB are colored blue and yellow,

whereas SipA is colored red. Regions disordered in the crystal structure are shown as dotted lines connecting the appropriate regions of sec-

ondary structure.

(B) A rotated view of (A) in which the InvB binding region of SipA is shown in green.

(C) Alignment of the globular domain of SipA from the SipA48–264 structure and from the SipA-InvB complex.
contributing slightly more than one half (2300 Å2) of the
total 4000 Å2 of surface area buried upon complex for-
mation (Figures 4A–4C). For comparison, the complexes
of SptP-SicP, YopE-SycE, and YopN with SycN-YscB
bury approximately 6200 Å2, 4600 Å2, and 3600 Å2,
respectively.

The nonglobular contacts occur over hydrophobic
tracks along the surface of one of the chaperones. Res-
idues 45–51, which are disordered, are proximal to the
second chaperone molecule (Figures 3A and 3B). Resi-
dues 36–47 extend over the ‘‘front’’ of the chaperone,
and the side chains of Arg35, Glu36, and Ser43 make hy-
drogen bond contacts to InvB side chains Asp36, Ser29,
Gln94, respectively (Figures 4A and 4C). Van der Waals
contacts occur between InvB hydrophobic regions and
SipA residue Leu42. In addition, a large number of side
chain to main chain and main chain to main chain con-
tacts occur over this stretch of SipA amino acids. The
peptide then angles around the side of an InvB molecule,
and residues 30–36 of SipA insert into a hydrophobic
pocket forming an intermolecular b sheet with the chap-
erone, with residues Leu31 and Val34 binding in the
pocket, whereas Asn30 and Arg35 make hydrogen
bond contacts with InvB residues Tyr123 and Asp36, re-
spectively (Figures 4A and 4C). Finally, the nonglobular
domain begins with a short helix (residues 25–29) on
the opposite face of the chaperone (Figure 4A), making
both hydrophobic (Leu27 and Ala28) and hydrogen
bond contacts (Thr25 to InvB Asn120).

The SipA48–264 domain is not unfolded by the chaper-
one but interacts through its N-terminal, hydrophobic
protrusion and through proximal helices via globular
protein-protein contacts with both molecules of InvB.
Roughly 30 amino acids from the N terminus are non-
globular, and residues 44–51, containing the site of pro-
tease cleavage (Figure 2B), are disordered. The remain-
der of the domain adopts a fold nearly identical to free
SipA48–264, aligning with a root-mean-square deviation
in Ca positions of 1.1 Å (Figure 3C). The globular pro-
tein-protein interactions bury a respectable 1700 Å2 of
surface area and involve a more polar interface than
that with the CBD (Figures 4B and 4C). Our binding anal-
ysis of deletion mutants (Figure 2D) and the large inter-
face between the globular domain and InvB indicate
that the nonglobular CBD of SipA is necessary, but not
sufficient, for InvB association.

The observation that the nonglobular peptide of the
SipA CBD did not bind the conserved hydrophobic
patches on one of the InvB molecules suggested the
possibility that the InvB homodimer could bind two ef-
fector molecules simultaneously. Simple modeling by
aligning the chaperone and nonglobular peptide of
SipA to the unbound InvB chaperone reveals that the
globular domains clash severely, so that SipA is incapa-
ble of forming such a complex, consistent with our bio-
chemical and crystallographic data. In addition, bio-
chemical experiments show that with no combination
of virulence factors can a stable ternary complex be
formed (Figures S3A and S3B).

A Common Targeting Motif in Type III Secretion

When the known chaperone-substrate cocrystal struc-
tures are compared, the polypeptide chains of the sub-
strates superimpose very closely at one region of the
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Figure 4. Globular and Nonglobular Interactions

(A) Nonglobular protein-protein interactions are shown with SipA drawn as a ribbon diagram with side chains and InvB depicted as a molecular

surface colored such that hydrophobic residues are yellow, acidic residues are red, basic residues are blue, and all other polar residues are cyan.

(B) Globular interactions are shown with coloring as in (A), except that all polar residues in the chaperone are shown in gray. For clarity, some

residues making contacts have been omitted (see [C]).

(C) Schematic of contacts between SipA and InvB. The SipA polypeptide chain is drawn with the Ca position of residues shown as a red sphere

and the residues labeled in red. Van der Waals contacts to InvB residues are shown in blue and hydrogen bonds in black. The nonglobular domain

is above the globular domain, and they are separated by the dashed line in black.
chaperone molecule (Figure 5A). At this region, the poly-
peptide invariably forms an intermolecular b sheet with
the chaperone, binding in a large hydrophobic crevice,
into which it inserts several hydrophobic residues (Fig-
ures 5A and 5B). Although the remainder of the CBDs
have related features in their interaction with other con-
served hydrophobic patches, there is much more diver-
gence in both the conformation of the backbone poly-
peptide as well as in the specifics of the interactions
observed in these other regions (Figure 5A). Therefore,
the formation of the intermolecular b sheet between
chaperone and CBD and, in particular, the general simi-
larities in the insertion of hydrophobic residues into this
region prompted us to more closely examine this aspect
of complex formation.

Beginning with SipA-InvB, there are three key resi-
dues making contacts in this region: Leu27, Leu31, and
Val34, all of which insert into the hydrophobic patch of
InvB (Figures 4A and 5B). When one compares the
CBDs of the other InvB substrates—SopE, SopE2, and
SopA—a striking pattern emerges (Figure 5D). Begin-
ning with Leu27 near the start of the b strand, there is
a high conservation of hydrophobic residues at posi-
tions 1, 5, and 8 (corresponding to Leu27, Leu31, and
Val34 in SipA). These similarities strongly suggest that
each of the substrates for InvB is targeted to this region
of the chaperone by a similar motif.
This b strand motif is distributed much more broadly in
T3SS substrates, however, which becomes clear upon
extending this analysis beyond the InvB substrate fam-
ily. A superposition of the b strand insertions from four
known structures of CBDs bound to a T3SS chaperone
reveals that, in three-dimensional space, the CBDs of
YopE, SptP, YopN, and SipA possess very similar resi-
dues at these same positions (Figure 5C). Although at
times the sequence positioning is different due to inser-
tions or deletions, these alterations are absorbed in the
tertiary structure, and the structural positioning is the
same. The first two residues are always hydrophobic,
whereas the third is very often hydrophobic with several
exceptions (Figure 5D). However, in the known cocrystal
structures, when the third residue is not hydrophobic,
in many cases this residue contacts the chaperone in
part through hydrophobic, van der Waals interactions.
Therefore, the characterized chaperone-substrate inter-
actions are each linked by a common binding motif.

Using this motif as a guide, we extended our analysis
very broadly to a large set of virulence factor substrates
of T3SS from diverse animal pathogens. To our surprise,
this short b strand motif can be found in the N-terminal
domains of a widespread group of virulence factors
that are T3SS substrates (Figure 5D): peptides with this
motif in the CBDs of translocated proteins can be identi-
fied in Yersinia, Salmonella (in both the SPI-1 and SPI-2
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Figure 5. A Conserved Chaperone Binding Motif

(A) Superposition of the nonglobular polypeptides from the several cocrystal structures of T3SS chaperones and substrates. The b motif is in-

dicated, as are the variable regions. In this illustration, the chaperone dimer would occupy the space on the inside of the virulence factor peptide

path and is schematically shown in gray. ‘‘N’’ and ‘‘C’’ refer to the approximate termini of the CBDs. The asterisk indicates where in the CBD of

SipA the polypeptide transitions from the nonglobular to the globular region.

(B) Illustration of the conserved interaction between a chaperone and the b motif, using SipA-InvB as an example. InvB is shown in blue for main

chain, with the conserved pocket residues in cyan. SipA is shown with a red main chain and salmon side chain for the b motif. The chaperone

secondary structural elements that present the interacting residues of the pocket are indicated.

(C) Superposition of the b motif from several cocrystal structures. The backbone polypeptide for each of the chains is shown in gray, whereas the

side chains are colored as indicated. For those virulence factors that bind both chaperones in the dimer via distinct b motifs, dual colors are in-

dicated. Numbers indicate the three conserved insertions into the chaperone hydrophobic pocket.

(D) Sequence alignment of T3SS substrate virulence factors from a multitude of animal and plant pathogens in which a b motif-like sequence

could be identified. The motif residues are shown in white with a red background. A yellow background indicates those CBDs for which the coc-

rystal structure with the chaperone is available, and the contacts of the b motif in those cases are underlined.
pathogenicity islands), Shigella, E. coli, and Pseudo-
monas. Although several plant sequences appeared
to harbor a similar motif, many did not, and it is likely
that there is some divergence in the effector-chaperone
interactions between animal and plant pathogens. The
presence of the motif in several plant effectors suggests,
however, that, in some cases, a similar interaction may
occur.

A Conserved Binding Site

in the Secretion Chaperones
Applying a ‘‘ligand-receptor’’ model to the T3SS sub-
strate-chaperone interaction, it would be expected that
the presence of the conserved b motif would necessitate
a conserved binding feature in the chaperones. Ten
structures currently exist of T3SS chaperones from ani-
mal and plant pathogens, and an analysis of their aligned
structures does indeed reveal a highly conserved CBD
interaction pocket. Six residues in the chaperones are
conserved in character, three-dimensional location,
and, significantly, in their propensity to bind to b motif
residues (Figures 6A and 6B). Central to the interaction
is the first b strand of the chaperone (b1) that forms an
antiparallel, intermolecular b strand pairing with the
b motif of the CBD (Figures 5B, 6A, and 6B). In this strand
are three conserved hydrophobic residues oriented to
face outwards and that interact with elements of the
b motif (e.g., Ile33, Leu35, and Leu37 of InvB, which inter-
act with SipA Leu27, Leu31, and Val34, Figures 5B, 6A,
and 6B). A highly conserved leucine (phenyalanine in
SycN, Leu14 in InvB) extends from the ‘‘top’’ into the
pocket from the first helix of the chaperone fold, and
two C-terminal hydrophobic residues from the final a3
helix (Leu119 and Tyr123 of InvB) line the ‘‘bottom’’ of
the pocket (Figures 5B, 6A, and 6B). There is some var-
iation in these pocket residues, but the nonpolar nature
predominates, and their three-dimensional positioning
is conserved. Significantly, in the known complexes
with CBDs, these residues are the only ones in this re-
gion to consistently make contacts with the b motif.
Overall, the conserved b motif is matched by an equally
well-conserved pocket in the chaperone molecules.

Examining the b Motif with Targeted Mutagenesis
We probed the biological significance of the b motif by
examining deletion and directed point mutants in bio-
chemical and bacterial secretion assays. Biochemically,
deletions at the N terminus of SipA prior to the motif res-
idues do not impair complex formation, whereas dele-
tions of the motif destabilize the SipA-InvB complex
(Figures 7A and 2D). A triple point mutant in which the
three motif residues were altered (Leu27, Leu31, and
Val34, all to glycine for a loss of contact phenotype,
henceforth called SipAbmut) leads to an aggregation of
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Figure 6. A Conserved Binding Pocket in Secretion Chaperones

(A) Structural alignment of several secretion chaperones, focusing on the conserved b motif binding pocket. The main chain is shown in gray, and

the b motif binding residues, or residues that align structurally with those residues, are colored as indicated.

(B) Structure-based sequence alignment of nine T3SS chaperones. Residues in the hydrophobic pocket that contact b motif residues, and whose

three-dimensional positioning is highly conserved, are shown in white with a red background. Secondary structure elements and the solvent

accessibility for residues of InvB are shown (gradient from white, or buried, to dark blue, or exposed). Numbering is for InvB.
the complex as judged by gel filtration chromatography
(Figure 7A). This aggregation is observed only when the
mutant SipA is mixed with InvB: the SipAbmut protein
alone is a highly stable and soluble construct that is in-
distinguishable from wild-type SipA (Figure S4). More-
over, the deletion mutants behave likewise. As predicted
from the structural data showing that this region plays
no role in the folding of SipA, this indicates that these al-
terations have not destabilized SipA. They do, however,
destabilize the SipA-InvB interaction. Therefore, the
b motif appears to be critical to chaperone-substrate
complex stability in vitro.

We also examined secretion through the SPI-1 T3SS of
Salmonella, the physiological delivery system of SipA.
Recent reports indicate that, in the absence of a chaper-
one interaction, some T3SS substrates, while not se-
creted through the pathogenic T3SS, can nonetheless
be secreted (but not translocated into the host cell)
through the evolutionarily related flagellar T3SS via an
ancestral signal (Lee and Galan, 2004). We therefore
looked at secretion of wild-type and mutant SipA in dif-
ferent strains of Salmonella, some of which were unable
to assemble a functional flagellar T3SS (Experimental
Procedures). The intracellular pools of the wild-type
SipA and SipAbmut are identical in Salmonella, indicating
that the mutations have not destabilized the construct in
vivo, consistent with the results of recombinant expres-
sion in E. coli and biochemical data discussed above
(Figure 7B). Significantly, SipAbmut was not secreted
through the pathogenic T3SS (Figure 7B). In particular,
similar to what was reported with the Salmonella effec-
tors SptP and SopE in the absence of their CBDs (Lee
and Galan, 2004), SipAbmut was found secreted in wild-
type Salmonella but not by a fliGHI null mutant strain of
Salmonella that is defective in flagellar secretion (Lock-
man and Curtiss, 1990). This indicates that, without the
b motif residues, SipA is no longer competent for secre-
tion from the pathogenic T3SS but can still be engaged
by the flagellar T3SS. In fact, merely by altering the three
b motif residues in SipA, we can recapitulate the lack of
secretion phenotype observed by wholescale deletion
of the entire CBDs of SptP and SopE (Lee and Galan,
2004). Therefore, the biochemical and secretion data
with the b motif mutants show that, for SipA, this chaper-
one binding motif is critical for the functioning of this
pathogenic protein translocation system, conferring se-
cretion pathway specificity (Lee and Galan, 2004).

To ascertain the generality of this result, we examined
the effects of mutating the b motif in the Salmonella vir-
ulence factor SptP (with cognate chaperone SicP) as
well as the virulence factors YopE and YopH from Yersi-
nia spp (with chaperones SycE and SycH, respectively).
SptP possesses two b motifs, each interacting with the
same binding site in a different molecule in the chaper-
one homodimer (Figures 5A, 5C, and 5D). Mutation of the
motif alone or both together leads to a nearly complete
destabilization of the SptP-SicP complex as assayed
by a pull-down experiment from bacterial coexpression
(GST-SicP coexpressed with SptP), on ion-exchange
chromatography, and by gel filtration chromatography
(Supplemental Experimental Procedures and Figures
S5A–S5F). Secretion assays mirror those of the b motif
mutants for SipA: mutant SptP (a single b motif mutant)
abolishes secretion from the pathogenic T3SS, although
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Figure 7. An Adaptor-Targeting Model Supported by the Biological Significance of the b Motif

(A) Deletion at the N terminus of SipA(32–264), encompassing the b strand motif, leads to destabilization of the SipA-InvB complex as assayed by

gel filtration chromatography (red graph). The loss-of-contact triple (b strand motif) mutant, SipAbmut, causes an aggregation of a SipA-InvB mix-

ture as judged by gel filtration chromatography (green graph). In contrast, stable complex formation at the appropriate molecular weight is

observed with SipA(1–270) or SipA(22–264) with InvB (in black and blue, respectively). The elution volumes are indicated by numbers above

the peaks.

(B) SipAbmut leads to a loss in secretion through the pathogenic T3SS of Salmonella. Culture supernatants and whole-cell lysates from several

strains of S. typhimurium (Experimental Procedures) expressing SipA-FLAG and SipAbmut-FLAG were separated by SDS-PAGE and examined

for the presence of the SipA protein by Western blot analysis. No secretion of SipAbmut is observed in a strain unable to assemble a functional

flagellar T3SS (fliGHI), indicating that b motif is essential for secretion through the SPI-1 pathogenic T3SS.

(C) Model showcasing an adaptor-targeting system centered on the b motif illustrated using the globular and nonglobular domains of SipA. The

ATPase and other elements of the T3SS are shown schematically in orange, the chaperones in gray, and SipA as a ribbon diagram from the crys-

tal structure. Whether the b motif itself is recognized by the T3SS is unknown.
secretion can still occur through the flagellar system
(Supplemental Experimental Procedures and Figure S6).
Mutation of both b motifs in YopE leads to a loss of pull-
down (GST-YopE coexpressed with SycE) and a lack
of complex formation as assayed by anion exchange
chromatography (Supplemental Experimental Proce-
dures and Figures S7A–S7F). Complex formation by
gel filtration chromatography is unaffected, indicating
that the b motif mutations in YopE have, relative to
SptP, less severely disrupted the interaction between
chaperone and substrate. The effects with YopH are
similar. The double mutant YopH b motif (as well as a
single mutant in second putative b motif) leads to a dis-
ruption of the YopH-SycH complex by ion exchange but
not gel filtration (Supplemental Experimental Proce-
dures and Figures S8A–S8E). Therefore, these extensive
binding interfaces (of several thousand square ang-
stroms in all cases) can be disrupted by altering three
or, at most, six residues. That this occurs for four T3SS
substrates from two different pathogens argues, we be-
lieve, for the conserved importance of the b motif in
chaperone-substrate interactions.
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Discussion

T3SSs are central to the virulence of a diverse range of
animal and plant pathogens. The binding of virulence
factor substrates to specialized chaperones in the bac-
teria is critical to the functioning of these systems. Using
the InvB chaperone of Salmonella, we have identified
through a sequence and structural analysis of many
different T3SS substrates and chaperones a common
receptor-ligand type of interaction, involving a common
binding motif present in a short peptide of the virulence
factors and a conserved hydrophobic pocket in the
chaperones.

The relative contribution to binding affinity of this motif
for a given chaperone-substrate complex is likely to
vary, as additional binding elements may contribute
significantly to chaperone-substrate interactions. For
example, a single b motif mutation in SptP was sufficient
to prevent complex formation and secretion, whereas it
required both b motifs to be altered in YopE to achieve
complex disruption. In addition, the accurate identifica-
tion of the b motif by sequence bioinformatics may prove
challenging in many cases. As we show in Figure 5D, the
amino acids in the b motif that make interactions with their
chaperone molecules (as verified by cocrystal structures)
are variableboth in residuenatureand sequenceposition-
ing (due to one or two amino acid insertions and dele-
tions). This is due to the rather ‘‘forgiving’’ nature of the
b motif binding pocket in the chaperones. For substrates
with two b motifs that interact with each pocket in the
two chaperones of the homodimer, one can observe the
same chaperone pocket to bind completely different
sequences. For example, in YopE, the corresponding
pocket insertion residues are M, V, and Q and L, I, and R
for the two b motifs. In SptP, they are L, A, and Q and F,
L, and W. Thus, even in the same chaperone, the se-
quence can vary for the b motif binding in the pocket.

The five cocrystal structures of CBDs with their chap-
erones reveal that there is significantly more variation in
these interactions than was initially appreciated, and the
b motif is the only conserved element present in all of
these complexes. Therefore, it is unlikely that the overall
three-dimensional paths of the CBDs could serve as
a conserved signal to the T3SS, as has been proposed
(Birtalan et al., 2002). Overall, the polypeptide paths
are too different for such a conserved function.

One possibility, however, is that other aspects of the
CBDs could target the bound virulence factor to the se-
cretion apparatus alone or together with the chaperone.
The strand harboring the b motif is an obvious candidate
for a CBD-based signal to the secretion apparatus, but
there is not so clear a pattern as the b motif, and, without
the knowledge of the binding interaction to the T3SS, it is
hard to test this hypothesis at present. Due to the impor-
tance of the b motif, at least in the cases of the four sub-
strates examined, mutation of residues in this region,
even those that do not contact the chaperone, may exert
an effect on chaperone binding. In that case, it would be
difficult to distinguish between a destabilization of the
CBD-chaperone interaction that prevents appropriate
secretion and a case in which such a putative signal
was disrupted. Finally, since recent data show that
T3SS chaperones alone are sufficient to bind to the
highly conserved ATPase associated with the secretion
apparatus (Gauthier and Finlay, 2003; Akeda and Galan,
2005), it is probable that an unappreciated common sur-
face feature of the chaperones serves a targeting role in-
dependently of the CBD.

For these reasons, we favor an ‘‘adaptor-targeting’’
model for the delivery of secretion substrates to the
pathogenic T3SS (Figure 7C). In this model, the b motif
of the CBD plays the role of a conserved adaptor ele-
ment that targets the virulence substrate to the chaper-
one. The chaperone alone, or in concert with the far N-
terminal signal peptide and other potential signals in
the CBD, then acts as a secondary adaptor that docks
the substrate to the secretion apparatus. Such a system
would convey an informational signal that distinguishes
the T3SS substrates from all other proteins in the bacte-
rium but also provides many avenues for the regulation
of virulence factor delivery.

Such an adaptor model for T3SS is also consistent
with other proposed roles of the chaperones, such as
that of maintaining effectors in a secretion competent
state (Stebbins and Galan, 2001a, 2003). This proposed
function hypothesizes that the highly uncommon pro-
tein-protein interaction involving an extended nonglobu-
lar polypeptide in the CBD may ‘‘prime’’ the secretion
substrate by presenting to the apparatus an extended
segment of polypeptide in the nonglobular conformation
required for traversal through the secretion system. The
associated ATPase upon engagement with the nonglob-
ular peptide would, in an energy-dependent fashion, ac-
tively pull the peptide through and unfold the remainder
of the protein. This model does not suggest that priming
is necessary for secretion, only that it would make it
more efficient, or, in the case of a regulator that could
recognize the CBD, perhaps serve as a point of negative
or positive regulation. As it was initially proposed and
elaborated (Stebbins and Galan, 2001a, 2003), this
model also does not postulate any ‘‘unfolding’’ activ-
ity on the part of the chaperone to the remainder of
the virulence factor, nor, in fact, to the CBD domain it-
self—activities clearly unlikely in such a small protein de-
void of ATPase activity. It instead serves as a platform on
which the nonglobular polypeptide of the CBD can
‘‘fold’’ and yet be maintained in a productive nonglobular
conformation.

The b motif may constitute an important component of
an ancient signal for pathogenic type III secretion, a motif
still largely present in most T3SS substrates despite the
enormous divergence in these bacteria and gene mixing
from horizontal acquisition of virulence factors. This per-
spective may allow for a greater conceptual unity in this
important virulence system and should prove useful for
probing virulence factor delivery and chaperone binding
as well as providing a target for pharmacological disrup-
tion of this conserved interaction.

Experimental Procedures

Protein Purification, Domain Delineation,

and Complex Formation

SipA1–270 was cloned as an NH2-terminal glutathione S-transferase

(GST) fusion, expressed in E. coli strain BL21 (DE3) by induction

with 1 mM IPTG for 16 hr at 20ºC, affinity purified on a glutathione-

Sepharose resin (Amersham), and cleaved from GST by site specific

proteolysis. SipA1–270 was separated from GST on a Q-Sepharose
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resin (Amersham) and further purified by gel filtration chromatogra-

phy. The purified protein (4 mg per reaction) was then subjected to

limited proteolysis with subtilisin for 30 min at 20ºC. A stable frag-

ment was identified through N-terminal sequencing and mass spec-

troscopy as SipA48–264, which was subcloned and purified following

the same procedure for SipA1–270. Selenomethionine-substituted

SipA48–264 protein was prepared by standard protocols (Doublie,

1997) and purified as SipA48–264. For the formation of the SipA-

InvB complex, InvB was cloned by PCR from Salmonella SL1344 ge-

nomic DNA with an NH2-terminal hexahistidine tag and expressed in

E. coli strain BL21 (DE3) at 20ºC by induction with 1 mM IPTG. InvB

was affinity purified on a Ni-NTA agarose resin (Qiagen), and com-

plex formation with different SipA constructs was tested by mixing

and incubation for 2 hr at +4ºC. The preparation and expression of

SipA constructs used for analyzing complex formation with InvB

was the same as above, with the exceptions of SipA22–84 and

SipA22–134 that, due to insolubility, were purified under denaturing

conditions (8 M urea, 10 mM Tris [pH 8.0], 0.1 M sodium phosphate).

In this case, SipA proteins were subsequently mixed with denatured

InvB (as a control, the refolding with SipA1–270 and SipA48–264 yield

a soluble and stable complex). Protein complex formation was as-

sayed by gel filtration chromatography (Superdex 200 from Amer-

sham equilibrated in 25 mM Tris [pH 8.0], 200 mM NaCl, and 2 mM

dithiothreitol, or DTT). For crystallization, SipA22–264-InvB was sub-

jected to reductive methylation (Rypniewski et al., 1993) followed

by a final step of gel filtration chromatography. Selenomethionine-

substituted SipA22–264 was purified and used for complex formation

with InvB, and this protein complex was also subjected to reductive

methylation. The methods for other InvB substrates, as well as SptP,

YopH, and YopE, are described in the Supplemental Experimental

Procedures.

Structural Determination

For crystallization, the purified preparation of SipA48–264 was con-

centrated to 20 mg/ml in a buffer containing 25 mM Tris (pH 8.0),

200 mM NaCl, and 2 mM DTT. Crystals of the SipA48–264 were grown

by vapor diffusion using hanging drops formed from mixing a 1:1 vol-

ume ratio of 20 mg/ml protein with an equilibration buffer consisting

of 20% PEG6000, 20% glycerol, Na citrate (pH 5.6), and 0.01 M aden-

osine-50-triphosphate disodium salt (ATP) as an additive. For cryo-

protection, crystals were transferred into 25% glycerol and frozen

immediately in a stream of gaseous nitrogen (2170ºC).

For crystallization of the SipA22–264-InvB complex, the reductively

methylated protein complex was concentrated to 27 mg/ml in

a buffer containing 25 mM Tris (pH 8.0), 200 mM NaCl, and 2 mM

DTT. Crystals of the protein complex were grown at room tempera-

ture by vapor diffusion using hanging drops formed from mixing a 1:1

volume ratio of 27 mg/ml protein with an equilibration buffer consist-

ing of 3.8 M Na formate, 0.9 M Na cacodylate (pH 5.2), and 0.09 M

guanidine-hydrochloride as an additive. For cryoprotection, crystals

were transferred into 6 M Na formate and frozen immediately in

a stream of gaseous nitrogen (2170ºC). For both SipA48–264 and

the SipA22–264-InvB complex, data were collected at Brookhaven Na-

tional Synchrotron Light Source beamline X9A at the peak energy to

maximize the anomalous signal for selenium. Data were processed

using the HKL software package (Otwinowski and Minor, 1997).

The positions of the selenium atoms for both SipA48–264 and the

SipA22–264-InvB complex, as well as the initial phases, were deter-

mined using the SHELXD and SHELXE (Schneider and Sheldrick,

2002), respectively, using the anomalous signal. The SHELXE

phases were used in ARP/wARP (Perrakis et al., 1999) to create

largely complete models and those models used with ARP/wARP

to build and refine against native data. The model generated by

ARP/wARP was then refined using REFMAC5 (Murshudov et al.,

1997) from the CCP4 suite of programs. Both restrained refinement

and refinement by TLS (Winn et al., 2001, 2003) were used. Several

cycles of model building with O and refinement with REFMAC5 pro-

duced the final models with an R/Rfree of 20.2%/25.5% and 19.6%/

23.9% for SipA48–264 and the SipA22–264-InvB complex, respectively.

The models possess good stereochemistry, with 97.2% and 95.3%

of the residues in the most favored regions of the Ramchandran

plot for SipA48–264 and the SipA22–264-InvB complex, respectively.

Difference density at three solvent-exposed cysteine residues (InvB

Cys44, and SipA Cys197 and Cys225) shows a large, nearly spherical
region around the sulfur atom. This we believe to be an artifact of the

methylation reaction, although this was not examined by chemical

analysis. The density was not modeled in the deposited coordinate

file. Cysteines buried from solvent did not have this additional den-

sity. Helix H6 of SipA undergoes a conformational change between

the monomer and chaperone complex crystals. This change consists

of a translation by one turn of the helix, leaving the hydrophobic res-

idues that pack in the core still appropriately oriented. This shift oc-

curs with a complete reordering of the loop preceding H6, and sele-

nomethionine sites for Met 224 aid in confirming this conformational

alteration. It is unclear what has triggered this conformational

change, although the presence of Cys225, with its methylation-in-

duced covalent modification, may have contributed.

Mutagenesis

The loss-of-contact triple mutant of SipA(1–270), altering the b motif

residues (denoted SipAbmut), was made by in vitro site-directed

mutagenesis using oligonucleotide primer pairs containing the

mutations Leu27Gly, Leu31Gly, and Val34Gly. The amplification of

the mutant plasmid was performed by Pfu Turbo DNA polymerase

(Stratagene) in the thermal temperature cycler, and wild-type tem-

plate plasmid was removed by digestion with DpnI before trans-

formation. The introduced mutations were verified by DNA sequenc-

ing. The deletion mutant SipA(32–264) was generated by PCR

and cloned into the same vector as previously described for

SipA(1–270). SipAbmut and all deletion mutants were expressed in

E. coli strain BL21 (DE3), and purification of the mutant proteins

and testing of their interaction with InvB was performed as previ-

ously described for the wild-type SipA protein. Mutants in SptP,

YopE, and YopH are described in the Supplemental Experimental

Procedures.

Bacterial Secretion Assay

Bacterial secretion assays were performed with wild-type SipA(1–

270) and SipAbmut with a C-terminal fusion of FLAG epitope (Asp-

Tyr-Lys-Asp-Asp-Asp-Asp-Lys). These constructs were cloned

into the low copy number vector pWKS30 (Wang and Kushner,

1991) and expressed under the control of the native promoter. Plas-

mids were introduced into a sipA mutant strain of Salmonella

(SB225), a fliGHI mutant strain of Salmonella (SB181), and fliGHI/

invG double mutant strain of Salmonella (SB763) by electroporation

(Kaniga et al., 1995; Lockman and Curtiss, 1990).

Salmonella strains harboring wild-type SipA-FLAG or SipAbmut-

FLAG were grown in L broth supplemented with 0.3 M NaCl under

the conditions that stimulate the expression of the SPI-1 T3SS. Bac-

terial secretion assays were performed as previously reported (Lee

and Galan, 2004). Briefly, whole cells and culture supernatants

were separated by centrifugation, and whole cells (0.2 ml) were re-

suspended in SDS-PAGE loading buffer. Culture supernatants (10

ml) were passed through a 0.4 mm filter and precipitated in the pres-

ence of 10% trichloroacetic acid (TCA) for 2 hr at 4ºC. Precipitated

culture supernatant pellets were washed with acetone, centrifuged,

and resuspended in SDS-PAGE loading buffer. Whole-cell lysate and

culture supernatant samples were separated on 15% SDS-PAGE,

transferred on nitrocellulose membrane, and examined by Western

blot analysis performed using a chemoluminescence detection sys-

tem (GE Healthcare). Wild-type SipA and SipAbmut were detected

with monoclonal antibodies directed to the FLAG epitope (Sigma-

Aldrich). The bacterial secretion assay of SptP wild-type and the

b mutant protein was performed similarly (see Supplemental Exper-

imental Procedures).

Supplemental Data

Supplemental Data include Supplemental Experimental Procedures

and eight figures and can be found with this article online at http://

www.molecule.org/cgi/content/full/21/5/653/DC1/.
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