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Abstract

Type 3 secretion systems are complex nanomachines used by many Gram-negative bacteria to deliver tens of proteins
(effectors) directly into host cells. Once delivered into host cells, effectors often target to specific cellular loci where they
usurp host cell processes to their advantage. Here, using the yeast model system, we identify the membrane localization
domain (MLD) of IpgB1, a stretch of 20 amino acids enriched for hydrophobic residues essential for the targeting of this
effector to the plasma membrane. Embedded within these residues are ten that define the IpgB1 chaperone-binding
domain for Spal5. As observed with dedicated class IA chaperones that mask hydrophobic MLDs, Spal5, a class IB
chaperone, promotes IpgB1 stability by binding this hydrophobic region. However, despite being stable, an IpgB1 allele that
lacks the MLD is not recognized as a secreted substrate. Similarly, deletion of the chaperone binding domains of IpgB1 and
three additional Spa15-dependent effectors result in alleles that are no longer recognized as secreted substrates despite the
presence of intact N-terminal secretion signal sequences. This is in contrast with MLD-containing effectors that bind class IA
dedicated chaperones, as deletion of the MLD of these effectors alleviates the chaperone requirement for secretion. These
observations indicate that at least for substrates of class IB chaperones, the chaperone-effector complex plays a major role
in defining type 3 secreted proteins and highlight how a single region of an effector can play important roles both within
prokaryotic and eukaryotic cells.

Citation: Costa SCP, Lesser CF (2014) A Multifunctional Region of the Shigella Type 3 Effector IpgB1 Is Important for Secretion from Bacteria and Membrane
Targeting in Eukaryotic Cells. PLoS ONE 9(4): €93461. doi:10.1371/journal.pone.0093461

Editor: Daniel E. Voth, University of Arkansas for Medical Sciences, United States of America
Received January 13, 2014; Accepted March 5, 2014; Published April 9, 2014

Copyright: © 2014 Costa, Lesser. This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits
unrestricted use, distribution, and reproduction in any medium, provided the original author and source are credited.

Funding: Work was conducted through support from the National Institutes of Health (RO1 Al064285 and R21 Al096134). The funders had no role in study
design, data collection and analysis, decision to publish, or preparation of the manuscript.

Competing Interests: The authors have declared that no competing interests exist.

* E-mail: clesser@mgh.harvard.edu

Introduction IpgBl, Spal5 binds to and mediates the secretion of eight
additional Shigella effectors [7-10]. Interestingly, these nine
effectors share a conserved amino acid sequence, the conserved
chaperone binding domain (CCBD) sequence, within their first 50
residues that mediates interactions with Spal) [11].

In this study, using the yeast Saccharomyces cerevisiae as a model
system [12,13], we have identified a twenty amino acid region of
IpgB1 responsible for its membrane localization. This region, like
that of the previously mapped membrane localization domains
(MLDs) of several other type 3 effectors, is enriched in
hydrophobic residues that likely promote membrane targeting.
Included within these twenty residues are ten that define the IpgB1
chaperone binding domain (CBD) [11]. Interestingly, although
IpgB1 is one of nine effectors that bind Spal5, the stability of only
IpgB1 is dependent on this class IB chaperone. In the absence of
Spalb, IpgBl stability is restored by the deletion of the twenty
residues that define its MLD. Thus, as previously observed with
other effectors that target host cell membranes, chaperones can act
within bacteria to mask hydrophobic MLDs. However, in contrast
to other MLD-containing effectors, which are secreted in the
absence of their cognate chaperones when their MLDs are deleted,
IpgB1 alleles that lack its MLD or just its CBD are no longer
secreted. Similarly, at least three additional Spal5-dependent

Modulation of host signaling pathways by bacterial pathogens is
critical as it enables these microorganisms to colonize and replicate
within or in the vicinity of eukaryotic host cells. To facilitate this
goal, bacteria have evolved a variety of mechanisms to deliver
proteins directly into host cells, proteins that act to usurp host cell
processes to promote bacterial survival and spread. For example,
over the course of an infection, Shigella species, the causative agents
of bacillary dysentery, utilize a type 3 secretion system (T3SS) to
directly inject at least 30 proteins, referred to as effectors, into
intestinal epithelial cells (for review see [1]).

A key step in Shigella pathogenesis is the ability of this
intracellular pathogen to mediate its own uptake of into normally
non-phagocytic epithelial cells. Several type 3 secreted effectors
including IpgB1 are involved in this process. IpgB1 is a GEF (GTP
exchange factor) [2] that localizes to host cell membranes at
bacterial entry sites where it activates the small GTPases Rac and
Cdc4?2 to induce membrane ruffling which promote the uptake of
Shigella into host cells [3—6]. Shigella strains that no longer encode
IpgB1 are impaired in invasion, produce smaller ruffles and are
attenuated in virulence [6].

The translocation (delivery) of IpgBlinto host cells is dependent
on Spal), a class IB type 3 secretion chaperone [7]. In addition to
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effectors are also no longer recognized as secreted substrates when
their CBDs are deleted, despite the presence of an intact N-
terminal secretion signal sequence. Thus, our studies demonstrate
how a single region of an effector, in this case IpgB1, can play
important roles both in defining the protein as a bacterial secreted
substrate as well as in promoting membrane localization once
delivered into mammalian cells.

Experimental Procedures

Plasmids and strains

All of the plasmids encoding wild type alleles of the Shigella effectors
have been previously described [10,11,14]. The mutant and chimeric
effector alleles were generated via overlap PCR and the Gateway
site-specific recombination system (Invitrogen). Amplified mutant
genes flank by attB sites and an upstream Shine-Dalgarno sequence
were introduced into pPDNR221 via BP reactions (Invitrogen). Each
gene introduced into an entry vector was sequence verified and
subsequently transferred via an LR reaction (Invitrogen) into a
destination expression vector. For expression in yeast, the genes
were introduced into pDYST-GFP-ccdB, a high copy number (21)
plasmid that carries the LEUZ gene and the GALI0 promoter [15].
For the bacterial expression studies, genes encoding the specified
alleles were introduced into pDSW206-ccdB-FLAG, a low copy
(ColE1 ori) ampicillin resistance plasmid that carries an impaired
pTac promoter [10]. All the Shigella studies were conducted in S.
Slexnert 24571 serotype 2a [10]. The spalb and wpgBIl Shigella
deletion strains were generated using the Ared recombination system
[16]. All oligonucleotide used in this study are described in Table S1.

Yeast fluorescence microscopy

Yeast expression plasmids were transformed into S288C using the
PEG/lithium acetate method. Yeast carrying the plasmids were grown
overnight in SC - Leu media with 2% raffinose as a carbon source.
In the morning the cultures were back diluted to an ODgg of 0.5
and incubated for an additional 2 hours (h) at which point galactose
was added (final concentration of 2%). Four hours post-induction,
yeast cells were visualized using a Nikon TE3000 microscope with
Chroma Technology filters and a 100x objective. To visualize nuclei,
yeast cells were harvested, fixed for 30 minutes (min) with paraformal-
dehyde, permeabilized with 70% ethanol for 20 min and stained
with DAPI forl0 min. Images were captured digitally using a
black-and-white Sensys charge-coupled-device (CCD) camera and
IPLAB software (Scanalytics). Color images were assembled by
separately capturing signals with each of the appropriate filter sets
and digitally pseudocoloring the images. The bars in the images
represent ~2 pm, half the length of a haploid yeast.

Bacterial protein preparations

Wild type and Aspals Shigella strains carrying the designated
pDSW206-effector-FLAG plasmids were grown overnight at 37°C
in TCS (trypticase soy) broth. Cultures were back-diluted 1:100
and grown at 37°C, to allow for expression and assembly of an
intact type 3 secretion system. When at an ODggo = 0.6, expression of
the FLAG-tagged effectors was induced by IPT'G (100puM) for 30 min.
Equivalent numbers of bacteria, based on ODgqg, were harvested
and lysed in SDS-PAGE buffer. Protein content was analyzed by
immunoblotting with anti-Flag (Sigma) and anti-IpaB antibodies.

Secretion assays

Secretion assays were carried as previously described in
Schmitz et. al.[10]. Briefly, overnight cultures of wild type
and Aspalb Shigella carrying the designated pDSW206-effector-
FLAG plasmids were back-diluted 1:100 and incubated on a
roller at 37°C until ODgyo=0.6. IPTG was added to a final
concentration of 100 pM to induce expression of proteins for

PLOS ONE | www.plosone.org

A Single Region of the T3SS Effector IpgB1 Has Dual Function

30 min. Type 3 secretion was then activated by the Congo red dye
for additional 30 min incubation. The supernatant fraction was
separated by two centrifugations at 20,000 g for 2 min and the
proteins in the supernatant of the second centrifugation were
precipitated with TCA (10%). Protein content of the supernatant
was analyzed by immunoblotting as described above.

Results

The N-terminal 50 Residues of IpgB1 are Sufficient to
Target Proteins to the Yeast Plasma Membrane

The yeast Saccharomyces cerevisiae is an established model system
for studying bacterial virulence proteins, including type 3 secreted
effectors. Many effectors exhibit conserved subcellular localization
patterns as well as activities when expressed in yeast and
mammalian cells [12,17,18]. Interestingly, as shown in Figure 1A
and in earlier published studies from our group [10,11], IpgB1 is
the only one of over 20 Shigella effectors tested that exhibits a
membrane subcellular localization pattern when expressed in
yeast. This localization reflects conserved subcellular targeting, as
IpgB1 localizes to the plasma membrane during the course of an
infection or when transiently expressed de novo in mammalian
cells [6]. Thus, given that the mechanism that mediates IpgB1
membrane localization is presumably conserved from yeast to
humans, we chose to examine this process using the genetically
tractable yeast model system.

First, given that IpgB1 is a GEF for Rac and Cdc42 [2] and that
many yeast and mammalian GEFs and the GTPases that they
bind often localize to membranes, we investigated whether IpgB1
membrane targeting is dependent on its GEF activity. To test this
possibility, we compared the yeast subcellular localization patterns
of GFP-IpgBl and GFP-IpgB1_E80A, an allele that carries a
mutation in the conserved WxxxE motif. This mutation eliminates
GEF activity and based on the solved structures of close IpgBl
homologs is predicted to disrupt the GEF domain [2,19]. As
shown in Figure 1A, wild type IpgBl and IpgB_E80A both
localize to the plasma membrane suggesting that IpgBl GEF
activity does not play a major role in mediating IpgBl membrane
targeting.

IpgBl promotes Shigella uptake and membrane ruffling by
recruiting the ELMO-Dockl180 complex to membranes [5].
Interestingly, fusion of the first 105 residues of IpgBl to ELMO
1s sufficient to generate a protein that localizes to the plasma
membrane and promotes the formation of membrane ruffles [3].
To test whether this region of IpgBl encodes a membrane
localization domain, we investigated whether fusion of the first 100
residues of IpgB1 to GFP is sufficient to redirect GFP to the yeast
plasma membrane. However, the fusion protein was unstable
when expressed in yeast and no fluorescent protein was visible
(data not shown). To circumvent this instability issue, we
investigated and developed a complementary reciprocal swap
strategy to identify the region(s) of IpgBl sufficient to confer
membrane localization to its close structural homolog Shigella
IpgB2.

IpgB2, like IpgBl, is a Rho GEF and a member of the WxxxE
effector family. The predicted secondary structures of IpgB1 and
IpgB2 are essentially identical across their GEF domains [4]. In
addition, within their first ~50 amino acids, residues upstream of
their respective GEF domains, each effector encodes a variant of
the conserved chaperone binding domain sequence, a region that
mediates the binding of each to their shared cognate Shigella
chaperone, Spal) [11] (Figure 1B). While IpgB1 activates Rac and
Cdc42, IpgB2 is a GEF for RhoA [19]. Differences in specificity
likely explain why expression of IpgBl mildly impairs yeast
growth, while expression of IpgB2 is highly toxic [14]. Due to this
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Figure 1. The N-terminal region of IpgB1 is sufficient to target proteins to the yeast plasma membrane. (A, C) Yeast that conditionally
express each of the designated fusion proteins under the control of a GALT promoter were visualized by fluorescence microscopy 4 h post-induction
of protein expression. The (-) in panel (A) represents free GFP. (B) Schematic representation of IlpgB1 and IpgB2. (C) Yeast were fixed and stained with
DAPI to visualize nuclear DNA. The images shown are representative of at least 3 independent experiments. All of the GFP positive yeast cells
visualized for each condition exhibited the subcellular localization pattern shown.

doi:10.1371/journal.pone.0093461.g001

toxicity, wild type alleles of IpgB2 fused to GFP are poorly
visualized in yeast [10]. Thus, for the reciprocal swap experiments,
we used a catalytically dead allele of IpgB2 (IpgB2_WG62A). This
allele is mutated at the conserved tryptophan of the WxxxE motif
[4] results in loss of GEF activity and completely alleviates yeast
toxicity [10]. GFP-IpgB2_WG62A, hereafter referred as IpgB2,
exhibits a nuclear subcellular localization pattern when expressed
in yeast (Iigure 1C).

Given that IpgB1 localizes to the plasma membrane indepen-
dently of its GEF activity, we next investigated whether the N-
terminal region of IpgBl is sufficient to target heterologous
proteins to the plasma membrane. Thus, we swapped the regions
of IpgB1 and IpgB2 predicted to reside upstream of the first o-
helix of their GEF domains, position 47 of IpgB1 and position 50
of IpgB2 [4]. Strikingly, as shown in Figure 1C, the N-terminal
reciprocal swaps resulted in a complete switch in the subcellular
localization patterns of the two chimeric proteins. IpgB1 with the
N-terminal residues of IpgB2 localized to the nucleus, while IpgB2
with the N-terminal residues of IpgBl localized to the plasma
membrane. Therefore, a region encoded within the first 47
residues of IpgB1 plays a major role in directing the localization of
IpgBl as well as heterologous proteins to the plasma membrane.

Residues within the Chaperone Binding Domains of
IpgB1 and IpgB2 Play Major Roles in Determining their
Eukaryotic Subcellular Localization Patterns

As outlined in Figure 2A, the N-terminal regions that define the
unique subcellular localization patterns of IpgBl and IpgB2
encompass cach their type 3 secretion signal and chaperone
binding domains sequences [11]. To test whether residues present
to either of these domains of IpgBl are sufficient to direct
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membrane targeting, we generated smaller reciprocal swaps within
the N-terminal residues of the two effectors. First we exchanged a
20 amino acid region that includes the chaperone binding domain
(CBD) of each effector plus its downstream 10 amino acids, the
residues present before the start of the predicted GEF domain of
each. As shown in Fig. 2B (chimeras A and B), the replacement of
the 20 residues of one effector with those from the other resulted in
a complete switch in their subcellular localization patterns, i.c., the
introduction of twenty residues of IpgB1 into IpgB2 resulted in an
allele of IpgB2 that localizes to the plasma membrane.

We then generated smaller reciprocal swaps to investigate
whether the introduction of the ten residues that define the CBD
of IpgBl is sufficient to direct membrane targeting when
introduced into IpgB2 (chimeras C and D). As shown in
Figure 2B, the presence of just ten residues of IpgBl1, specifically
the amino acids that define its CBD [11], is sufficient to generate
an allele of IpgB2 that localizes to the plasma membrane.
Similarly, the introduction of the ten residues that map to the
IpgB2 CBD into IpgB1 resulted in an allele of IpgB1 that localizes
to the nucleus (Figure 2B). Thus, while the conserved CBD
sequences of IpgB1 and IpgB2 perform identical functions within
Shigella, the same residues dictate distinct subcellular localizations
once the proteins are introduced into eukaryotic cells.

The CBD of IpgB1 is Located within a Membrane
Localization Domain

We next investigated whether the ten residues present within the
chaperone binding domain of IpgBl are necessary to direct its
membrane localization. As shown in Figure 3A, deletion of these
10 residues from intact wild type IpgB1 (IpgB1_A28-37) does not
abrogate IpgB1 membrane localization. However, extension of the
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Figure 2. The CBD sequences of IpgB1 and IpgB2 determine their subcellular localization patterns in yeast cells. (A) Schematic
representation of the domains located within the N-terminal regions of IpgB1 and IpgB2. (B) Yeast expressing the designated IpgB1 and IpgB2
chimeras were visualized by fluorescence microscopy 4 h post-induction of protein expression. The images shown are representative of at least 3
independent experiments. All of the GFP positive yeast cells visualized for each condition exhibited the subcellular localization pattern shown.

doi:10.1371/journal.pone.0093461.g002

region to include 10 amino acids downstream of its GBD, residues
38-47 (IpgB1_A28-47) results in an allele that like free GFP
(Figure 1B) localizes diffusely in yeast cells. Thus, we have
identified a region of 20 amino acids required for the membrane
localization of IpgBl1.

At least three general mechanisms have been described to
mediate the targeting of bacterial effectors to host cell membranes
(for review, see [20]). First, numerous membrane localized
effectors, including Salmonella SiftA, another member of the WxxxE
family of effectors, undergo lipidation modifications post-delivery
into host cells that promote membrane targeting, i.e., palmitoyla-
tion, prenylation, and myristoylation [21,22]. Second, at least in
the case of Salmonella, coiled-coiled domains of multiple effectors
assist in membrane targeting [23]. Lastly, multiple effectors encode
membrane localization domains or MLDS, regions hypothesized
to directly or indirectly promote interactions between effectors and
membranes. MLDs are currently characterized as regions of
effectors enriched in hydrophobic and charged residues that when
deleted result in loss of effector membrane targeting [20,24-27].
No specific sequence is shared.

Bioinformatic based analyses suggest that the residues required
for IpgBl membrane localization do not undergo any post-
translational lipidation modifications nor encode a coiled-coil
domain. However, similar to the regions of those effectors that
encode MLDs, the region of IpgBl required for membrane
localization is enriched for hydrophobic as well as charged amino
acids (Figure 3B). MLDs of variable lengths ranging from 20 to 90
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residues have been mapped and the deletion of each of these
regions, like residues 28-47 or IpgBl, results in loss of effector
membrane targeting [20,24-26].

Interestingly, the MLDs of Yersinia YopE, Pseudomonas ExoS and
Pseudomonas ExoT share a conserved 22 amino acid symmetrical
leucine-rich motif. In the case of ExoS substitution of the
conserved hydrophobic leucines with polar asparagines disrupts
its membrane localization [26]. While the length of the region of
IpgB1 needed for membrane targeting is similar to ExoS, ExoT
and YopE, the spacing of the leucines in the membrane targeting
region of IpgB1 differs. Nevertheless, to test whether hydrophobic
interactions also likely play a role in IpgBl membrane targeting,
we converted each of the leucines residues present within IpgB1
between amino acid 28 and 47 to asparagines. As observed with
ExoS, when all three leucines are altered, IpgB1 no longer exhibits
a membrane localization pattern (Figure 3C). Notably, all three
leucines needed to be mutated, as the conversion of only leucines
28 and 33 to asparagines does not impair IpgBlmembrane
localization pattern of IpgB1 (Figure 3C). Therefore, comparable
to ExoS, ExoT and YopLE, the hydrophobic residues of the IpgB1
likely drive effector membrane targeting. Thus, we propose that
this 20 amino acid region of IpgB1 also defines an MLD.

Spa15 Promotes IpgB1 Stability by Masking Hydrophobic
Residues within the MLD

Similar to IpgB1, the membrane localization domains of Yersinia
YopO (YpkA), YopT and YopE overlap with their chaperone
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Figure 3. The chaperone binding domain of IpgB1 is located within its membrane localization domain. (A, C) Yeast expressing the
designated IpgB1 alleles were visualized by fluorescence microscopy 4 h post-induction of protein expression. The images shown are representative
of at least 3 independent experiments. All of the GFP positive yeast cells visualized for each condition exhibited the subcellular localization pattern
shown. (B) Schematic representation of the IpgB1 MLD sequence. The hydrophobic leucines that were replaced by asparagines are indicated in bold.

doi:10.1371/journal.pone.0093461.g003

binding domains [27,28]. Given the high prevalence of hydro-
phobic residues within MLDs and their propensity to be
positioned within chaperone binding domains, Letzelter and
colleagues proposed that the major role of chaperones is to mask
hydrophobic MLDs to ensure that effectors remain soluble and
stable within bacteria prior to their delivery via the secretion
apparatus into host cells. Consistent with this hypothesis, YopO,
YopT and YopE are unstable when heterologously expressed in £.
coli in the absence of their cognate chaperones [28]. Furthermore,
deletion of the hydrophobic MLD of YopO results in a stably
expressed allele [28]. We next investigated whether this was the
case for IpgB1 and its cognate chaperone, Spalb.

All of the effectors previously identified to contain a MLD bind
class IA chaperones that are dedicated solely to their delivery into
host cells. In contrast, IpgBl is one of nine effectors that bind
Spalb, a class IB chaperone [3,7,10]. Each of these nine Spal5-
dependent effectors (OspB, OspCl, OspC2, OspC3, OspDl,
OspD2, IpaA, IpgBl and IpgB2) encodes a variant of the
conserved chaperone binding domain (CCBD) sequence within
its first 50 amino acids. Interestingly although residues within the
CCBD sequence of IpgBl are important for its membrane
localization, none of the other eight Spal5-dependent effectors
exhibits a membrane localization pattern when expressed in yeast
[10,11].

Previous studies have reported that in Shigella the stability of
IpgB1, but not IpgB2, is dependent on Spal) [3], suggesting that
Spal5 may not generally act to maintain effector stability. To
investigate this possibility, we compared the relative amount of
each of the nine Spal5-dependent effectors when expressed in wild
type and Aspal) Shigella. As shown in Figure 4A, steady-state levels
of only IpgBl is dependent on Spal5. As observed with YopO,
deletion of the MLD of IpgBl1 (IpgBIAMLD) restores protein
stability even in the absence of Spal’ (Figure 4B). Thus, while
Spal5 promotes IpgB1 stability by masking its hydrophobic MLD,
the eight other Spal5-depenent effectors do not require Spal) to
maintain stability. These observations suggest that while a major
function of dedicated class IA chaperones may be to promote
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stability of MLD-containing effectors, this is not the case for class
IB chaperones like Spal5.

The CBD Sequence of Spal5-dependent Effectors Is
Necessary to Define these Proteins as Type 3 Secreted
Substrates

Type 3 secretion chaperones have long been recognized to
promote the delivery of effectors into host cells. However, in 2006,
Letzelter and colleagues demonstrated that, at least for Yesunua,
YopO deletion of the MLD results in a stable effector that is
secreted in a chaperone-independent manner. This suggested that,
in the context of MLD-containing effectors, chaperones act to
promote effector stability but do not play a role in the recognition
of the effector as a type three substrate [28]. We next investigated
whether this is generally true and tested whether this is the case for
IpgB1. Notably, as shown in Figure 5A, although IpgB1_AMLD is
stable in both wild type and Aspalb Shigella (Figure 4B),
IpgBIAMLD is not recognized as a type 3 secreted substrate.
Thus, at least for IpgB1 interactions with its cognate chaperone
are required both to mask its hydrophobic MLD to promote
stability and for its recognition as a T3SS secreted substrate.

Given that the CBD of IpgB1 is embedded within its MLD, we
hypothesized that IpgBIAMLD is not secreted due to the absence
of the CBD. Indeed, as shown in Figure 5B, while deletion of the
ten residues of the CBD is sufficient to partially restore IpgBl
stability in the absence of Spal5, this allele, like IpgB1AMLD, is
not recognized as a secreted substrate either in the presence or
absence of Spalb. Similarly, we observe that deletion of the CBD
of additional three Spal5-dependent effectors, IpgB2, OspB and
OspD1, also results in stable alleles that are not recognized as type
3 secreted substrates (Figure 5C). With the exception of the
deleted 10 residues that define each of their CBDs, the sequence of
all four effectors is unaltered, including the N-terminal residues
that encode their type 3 secretion signal sequences. Thus, in the
case of Shigella class IB Spal5-dependent effectors, the N-terminal
secretion signal sequence seems to not be sufficient to define these
proteins as secreted substrates, rather the CBD or the chaperone-
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effector complex appears to play a major role in the recognition of
Spalb dependent effectors by the Shigella type 3 secretion
apparatus.

Discussion

Type 3 secreted effectors are multi-domain proteins optimized
not only to be recognized as bacterial secreted substrates, but also
to act within eukaryotic host cells. Generally, the N-terminal
residues of effectors are devoted to protein delivery, while the
downstream residues encode domains that target eukaryotic host
cell proteins. However, there are increasing examples of how these
two regions can overlap. For example, here we demonstrate that a
single region of IpgBl is essential both for its secretion from
bacteria as well as its targeting to eukaryotic plasma membranes.

IpgB1 is one of ~30 Shigella secreted effectors that are delivered
into host cells during the course of an infection. Notably, of the 22
who have been studied as N-terminal GFP fusion proteins in yeast,
IpgB1 is the only one that exhibits a membrane localization
pattern [10,11]. Interestingly, IpgB1 is a RhoGEF involved in the
formation of the membrane ruffles that engulf and mediate uptake
of these intracellular pathogens into host cells [3-6]. Thus, the
efficient recruitment of IpgBl to host cell membranes after the
bacteria dock onto host cells presumably plays an important role in
mediating invasion of Shigella into normally non-phagocytic
intestinal epithelial cells [6].

Here, using the yeast model system, we have identified a region
of twenty residues of IpgB1 that defines a membrane localization
domain (MLD). Multiple effectors have now been identified to
encode MLDs. While the domains of three, Pseudomonas ExoS,
ExoT and Yersinia YopE, share a high degree of homology, MLDs
can vary in terms of length and spacing of hydrophobic residues
(for review see [20]). Interestingly, the MLDs of ExoS, ExoT and
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YopE are similar in length to that of IpgB1. However, while the
hydrophobic residues of their MLDs are spaced such that they
theoretically lie on the same face of an a-helix [29], this is not the
case for IpgBl. It is unclear whether the MLDs directly bind
membranes or membrane associated proteins. However, in the
case of IpgB1, if the MLD promotes targeting by directly binding
to a host cell protein, this protein or a close homology would need
to be a conserved from yeast to mammals.

IpgB1 is one of nine Shigella effectors that bind Spal5, a class IB
chaperone. Within their N-terminal 50 residues, each of these
effectors encodes a variant of the conserved chaperone binding
domain (CCBD) sequence [l1]. The most highly conserved
residues in this consensus sequence [11], those at positions 1, 4 and
7, are hydrophobic in character, yet IpgB1 is the only one of the
nine effectors that exhibits a membrane localization pattern when
expressed in yeast. Notably, a comparison of the overall character
of the residues of the nine Spalb-dependent effectors that
encompass the CCBD plus the downstream ten residues, the
region required for the membrane localization of IpgBl,
demonstrates that the overall hydrophobicity of IpgB1 is greater
than any other effector, again supporting the hypothesis that this
region of IpgB1 drives membrane targeting.

The overlapping of the membrane localization and chaperone
binding domains of IpgB1 and multiple other effectors is perhaps
not that surprising. First, as exemplified by the conserved residues
of the GCBD sequence and observed in chaperone-effector co-
crystal structures, hydrophobic interactions play major roles in
mediating chaperone-effector binding interactions [30,31]. Fur-
thermore, for multiple MLD-containing effectors, including
IpgBl, cognate chaperones promote effector stability within
bacteria by masking the hydrophobic residues. These observations
led Letzelter and colleagues to propose that a major role of
chaperones, at least for MLD-containing effectors, is to promote

April 2014 | Volume 9 | Issue 4 | 93461



A Single Region of the T3SS Effector IpgB1 Has Dual Function

A Secreted B Intrabacterial Secreted
1
IpgB1 IpgB1 IpgB1 IpgBl1 IpgB1 IpgBl1
wt AMLD wt ACBD wt ACBD
N N N
s F s R s &
—— e s e e o —-—#
a~IpaB a-IpaB
D —— -
a~FLAG a~FLAG
C Intrabacterial Secreted
" Effector Effector | Effector Effector '
wt ACBD wt ACBD
\e) e} \e] 5
S8 o4
A &y &Y
o-IpaB | ——— e ——
- a—— - - “
OspB-FLAG
e eoee o e e
S — s -
OspD1-FLAG
a-IpaB
- — -
IpgB2-FLAG -

Figure 5. The CBDs of Spa15-dependent effectors are essential for their recognition as secreted substrates. (A, B, C) To assess levels of
secreted effectors, wild type and Aspal5 Shigella strains that conditionally express epitope-tagged alleles of the designated effectors were grown at
37°C to induce expression of the type 3 secretion apparatus. Thirty minutes post-addition of Congo red to induce type 3 secretion, culture
supernatant proteins were TCA precipitated and separated by SDS/PAGE. (B, C) To assess intrabacterial levels of effectors, wild type and Aspal5
Shigella strains that conditionally express the designated FLAG epitope-tagged alleles were grown at 37°C to an ODggo=0.4. Subsequently,
30 minutes post-induction of expression of the designated FLAG-tagged effectors, equal numbers of bacteria expressing each effector were pelleted
and lysed. Protein lysates were separated by SDS-PAGE. To determine levels of secreted and intrabacterial effectors, the SDS/PAGE gels were
immunoblotted with anti-FLAG and anti-lpaB antibodies. Anti-FLAG antibody was used to assess effector secretion while anti-lpaB antibody was used
as a control for loading and for induction of expression of the type 3 secretion apparatus. The blots shown are representative of at least 3

independent experiments.
doi:10.1371/journal.pone.0093461.9005

effector stability within bacteria rather than the targeting of the
chaperone-effector complex to the secretion apparatus [28]. While
this may prove to be the case for class IA chaperones that mediate
the play a role in the secretion of only 1-2 effectors, this does not
appear to be the case with Spal), a class IB chaperone, which
mediates the secretion of multiple effectors, including IpgB1 into
host cells. Rather our data supports the hypothesis that the
chaperone-effector complex plays a major role in identifying
proteins as secreted substrates [30,32], given that deletion of the
ten residues corresponding to the CCBD sequence of at least four
Spal5-dependent effectors results in loss of their secretion despite

from related bacteria that also bind to CCBD sequence containing
effectors [11]. Thus, given that chaperones can play a role in
determining the hierarchy of delivery of effectors into host cells, if
Spalb binds with highest affinity to IpgB1 perhaps this interaction
ensures that this effector, which plays a major role in host cell
invasion, is one of the first to be delivery into host cells.

Supporting Information

Table S1 List of oligonucleotides used to generate
fragments via PCR for cloning into Gateway entry

the presence of an intact N-terminal secretion sequence. vectors.
Lastly, it is interesting to speculate that Spald might have DOC)
originally been devoted to the delivery of IpgBl into host cells.
Spalb is a class IB type 3 secretion chaperone. In contrast to class Acknowledgments

IA chaperones that are encoded within operons alongside their
cognate 1-2 effectors, the gene encoding Spalb is located adjacent
to those for components of the secretion apparatus. Interestingly,
genes for only two effectors that bind Spal5, IpgB1 and IpaA, are
encoded in close proximity to that which encodes Spal5. And, of
these two, there is evidence that IpaA is secreted via both
chaperone-dependent and chaperone-independent pathways [7].
Furthermore, IpgBl is the only one of the 9 Spal5-dependent
effectors that doesn’t directly interact with class IB chaperones

PLOS ONE | www.plosone.org

We thank Keri Siggers for sharing unpublished data. We are also grateful
to members of the Lesser laboratory for critically reading this manuscript
and Wendy Picking for supplying anti-IpaB antibody.

Author Contributions

Conceived and designed the experiments: SC CL. Performed the
experiments: SC CL. Analyzed the data: SC CL. Contributed reagents/
materials/analysis tools: CL. Wrote the paper: SC CL.

April 2014 | Volume 9 | Issue 4 | 93461



References

1.

Schroeder GN, Hilbi H (2008) Molecular pathogenesis of Shigella spp.:
controlling host cell signaling, invasion, and death by type III secretion. Clin
Microbiol Rev 21: 134-156.

. Huang Z, Sutton S, Wallenfang AJ, Orchard RC, Wu X, et al. (2009) Structural

insights into host GTPase isoform selection by a family of bacterial GEF mimics.

Nat Struct Mol Biol 16: 853-860.

. Hachani A, Biskri L, Rossi G, Marty A, Ménard R, et al. (2008) IpgB1 and

IpgB2, two homologous effectors secreted via the Mxi-Spa type III secretion
apparatus, cooperate to mediate polarized cell invasion and inflammatory
potential of Shigella flexenri. Microbes Infect 10: 260-268.

. Alto NM, Shao F, Lazar CS, Brost RL, Chua G, et al. (2006) Identification of a

bacterial type IIT effector family with G protein mimicry functions. Cell 124:
133-145.

. Handa Y, Susuki M, Ohya K, Iwai H, Ishijima N, et al. (2007) Shigella IpgB1

promotes bacterial entry through the ELMO-Dock180 machinery. Nat Cell Biol
9: 121-128.

. Ohya K, Handa Y, Ogawa M, Suzuki M, Sasakawa C (2005) IpgB1 is a novel

Shigella effector protein involved in bacterial invasion of host cells. Its activity to
promote membrane ruffling via Racl and Cdc42 activation. J Biol Chem 280:

24022-24034.

. Page AL, Sansonetti P, Parsot C (2002) Spal5 of Shigella flexneri, a third type of

chaperone in the type III secretion pathway. Mol Microbiol 43: 1533-1542.

. Niebuhr K, Jouihri N, Allaoui A, Gounon P, Sansonetti PJ, et al. (2000) IpgD, a

protein secreted by the type III secretion machinery of Shigella flexneri, is
chaperoned by IpgE and implicated in entry focus formation. Mol Microbiol 38:
8-19.

. Ogawa M, Susuki T, Tatsuno I, Abe H, Sasakawa C (2003) IcsB, secreted via

the type III secretion system, is chaperoned by IpgA and required at the post-
invasion stage of Shigella pathogenicity. Mol Microbiol 48: 913-931.

Schmitz AM, Morrison M, Agunwamba AO, Nibert ML, Lesser CF (2009)
Protein interaction platforms: visualization of interacting proteins in yeast. Nat
Methods 6: 500-502.

. Costa SC, Schmitz SA, Jahufar FF, Boyd JD, Cho MY, et al. (2012) A new

means to identify type 3 secreted effectors: functionally interchangeable class 1B
chaperones recognize a conserved sequence. MBio 3: pii: €00243-00211.
Siggers KA, Lesser C (2008) The Yeast Saccharomyces cerevisiae: a versatile model
system for the identification and characterization of bacterial virulence proteins.
Cell Host Microbe 4: 8-15.

. Valdivia R (2004) Modeling the function of bacterial virulence factors in

Saccharomyces cerevisiae. Eukaryot Cell 3.

Slagowski NL, Kramer R, Morrison MF, LaBaer J, Lesser CF (2008) A
functional genomic yeast screen to identify pathogenic bacterial proteins. PLoS
Pathog 4: ¢9. doi:.

5. Huang J, Lesser CF, Lory S (2008) The essential role of the CopN protein in

Chlamydia pneumoniae intracellular growth. Nature 456: 112-115.

. Datsenko KA, Wanner B (2000) One-step inactivation of chromosomal genes in

Escherichia coli K-12 using PCR products. Proc Natl Acad Sci U S A 97: 6640~
6645.

PLOS ONE | www.plosone.org

20.

21.

23.

24.

28.

29.

30.

31.

32.

A Single Region of the T3SS Effector IpgB1 Has Dual Function

. Lesser CF, Miller S (2001) Expression of microbial virulence proteins in

Saccharomyces cerevisiae models mammalian infection. EMBO J 20: 1840-1849.
Sisko JL, Spaeth K, Kumar Y, Valdivia RH (2006) Multifunctional analysis of
Chlamydia-specific genes in a yeast expression system. Mol Microbiol 60: 51-66.

. Klink BU, Barden S, Heidler TV, Borchers C, Ladwein M, et al. (2010)

Structure of Shigella IpgB2 in complex with human RhoA: implications for the
mechanism of bacterial guanine nucleotide exchange factor mimicry. J Biol
Chem 285: 17197-17208.

Geissler B (2012) Bacterial toxin effector-membrane targeting: outside in, then
back again. Front Cell Infect Microbiol 2: 75.

Hicks SW, Charron G, Hang HC, Galan JE (2001) Subcellular targeting of
Salmonella virulence proteins by host-mediated S-palmitoylation. Cell Host

Microbe 10: 9-20.

. Reinicke AT, Hutchinson J, Magee Al, Mastroeni P, Trowsdale J, et al. (2005) A

Salmonella typhimurium effector protein SifA is modified by host cell
prenylation and S-acylation machinery. ] Biol Chem 280: 14620-14627.
Knodler LA, Ibarra J, Perez-Rueda E, Yip CK, Steele-Mortimer O (2011)
Coiled-coil domains enhance the membrane association of Salmonella type III
effectors. Cell Microbiol 13: 1497-1517.

Krall R, Zhang Y, Barbieri JT (2004) Intracellular membrane localization of
pseudomonas ExoS and Yersinia YopE in mammalian cells. J Biol Chem 279:
2747-2753.

. Isaksson EL, Aili M, Fahlgren A, Carlsson SE, Rosqvist R, et al. (2009) The

Membrane Localization Domain Is Required for Intracellular Localization and
Autoregulation of YopE in Yersinia pseudotuberculosis. Infect Immun 77: 4740
4749.

5. Zhang Y, Barbieri J (2005) A leucine-rich motif targets Pseudomonas aeruginosa

ExoS within mammalian cells. Infect Immun 73: 7938-7945.

. French CT, Panina E, Yeh SH, Griffith N, Arambula DG, et al. (2009) The

Bordetella type III secretion system effector BteA contains a conserved N-terminal
motif that guides bacterial virulence factors to lipid rafts. Cell Microbiol 11:
1735-1749.

Letzelter M, Sorg I, Mota L], Meyer S, Stalder ], et al. (2006) The discovery of
SycO highlights a new function for type III secretion effector chaperones.
EMBO J 25: 3223-3233.

Zhang Y, Deng Q, Barbieri JT (2007) Intracellular localization of type III-
delivered Pseudomonas ExoS with endosome vesicles. ] Biol Chem 282: 13022
13032.

Birtalan SC, Phillips R, Ghosh P (2002) Three-dimensional secretion signals in
chaperone-effector complexes of bacterial pathogens. Mol Cell 9: 971-980.
Lilic M, Vujanac M, Stebbins CE (2006) A common structural motif in the
binding of virulence factors to bacterial secretion chaperones. Mol Cell 21: 653
664.

Rodgers L, Mukerjea R, Birtalan S, Friedberg D, Ghosh P (2010) A Solvent-
Exposed Patch in Chaperone-Bound YopE Is Required for Translocation by the
Type III Secretion System. J Bacteriol 12.

April 2014 | Volume 9 | Issue 4 | 93461



