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Pathogenic Yersinia species neutralize innate immune mech-
anisms by injecting type three secretion effectors into immune
cells, altering cell signaling. Our study elucidates how one of
these effectors, YopO, blocks phagocytosis. We demonstrate
using different phagocytic models that YopO specifically blocks
Rac-dependent Fcy receptor internalization pathway but not
complement receptor 3-dependent uptake, which is controlled
by Rho activity. We show that YopO prevents Rac activation but
does not affect Rac accumulation at the phagocytic cup. In addi-
tion, we show that plasma membrane localization and the gua-
nine-nucleotide dissociation inhibitor (GDI)-like domain of
YopO cooperate for maximal anti-phagocytosis. Although
YopO has the same affinity for Racl, Rac2, and RhoA in vitro, it
selectively interacts with Rac isoforms in cells. This is due to the
differential localization of the Rho family G proteins in resting
cells; Rac isoforms partially exist as a GDI-free pool at the mem-
brane of resting cells, whereas RhoA is trapped in the cytosol by
RhoGDIa. We propose that YopO exploits this basic difference
in localization and availability to selectively inhibit Rac-depen-
dent phagocytosis.

Phagocytosis is a multistep process displayed by a variety of
cell types but is particularly efficient in professional phagocytes
(e.g. macrophages). It involves recognition, internalization, and
degradation of particulate material over 0.5 wm in diameter in a
membrane-bound compartment called the phagosome. The
first critical step during classical, zipper-like phagocytosis is the
ligation of cell surface receptors (1). The best studied receptors
are the opsono-receptors, Fcy receptor (FcyR)? and comple-
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ment receptor 3 (CR3), which bind immobilized immunoglob-
ulin and surface-deposited C3bi, respectively. Following liga-
tion, receptors are thought to cluster around the phagocytic
target and thereby initiate downstream signaling. This involves
recruitment and activation of mediators that ultimately result
in actin nucleation and polymerization, through activation of
Arp2/3, an event crucial to particle engulfment (2). Receptor-
induced actin polymerization drives the wrapping of mem-
brane around the particle in a “zipper-like” manner, generally
through the advancement of pseudopodia (3). Membrane deliv-
ery from intracellular membrane compartments is also
required for completion of internalization (4). Phagocytosis,
like most processes reliant upon actin dynamics, is controlled
through the action of Rho family small G proteins. Indeed, Rho
proteins link receptor ligation and actin polymerization in all
phagocytic events studied so far (5). However, different recep-
tors employ distinct Rho proteins; RhoA activity is essential for
internalization through CR3, whereas Racl and Cdc42 act
downstream of FcyR (6).

Rho family members act as molecular switches in eukaryotic
cells, cycling between inactive GDP-bound and active GTP-
bound states (5). Guanine nucleotide exchange factors facilitate
exchange of GDP for GTP, thereby activating small G proteins
and allowing their GTP-dependent interaction with down-
stream effectors. The intrinsically low catalytic ability of Rho
GTPases is greatly increased by interaction with GTPase-acti-
vating proteins, leading to the recycling of the G protein to its
GDP-bound inactive form. A further level of regulation comes
from the trafficking of the Rho proteins between different cel-
lular compartments. The current models assign the Rho gua-
nine dissociation inhibitors (RhoGDIs) a key function in keep-
ing the Rho proteins in an inactive cytosolic pool. Upon
activation, the G proteins are released from RhoGDI and
recruited to membranes through their prenylated C termini (7).
AllRho family members are thought to be regulated in a similar
manner. Unsurprisingly, many bacterial effectors that manipu-
late phagocytic signaling do so by deregulating the activity of
Rho GTPases (8, 9).

Gram-negative bacteria commonly subvert phagocytic
uptake through the action of protein effectors that are directly
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injected into the host cell via a needle-like multiprotein com-
plex called the type III secretion system (T3SS) (10). Yersinia
species (Yersinia pestis, Yersinia pseudotuberculosis, and
Yersinia enterocolitica) are important extracellular human
pathogens that utilize the T3SS injectosome to translocate a
number of effector proteins into phagocytic cells (macro-
phages, dendritic cells, and neutrophils), which in turn block
bacterial uptake (11, 12). The effector YopO, an 82-kDa mul-
tidomain protein, was reported to trigger apoptosis, prevent
cytokine secretion and nitric oxide production in epithelial cells
and yeasts, modulate the actin cytoskeleton (typically with loss
of actin stress fibers), and importantly inhibit phagocytosis
(13-16). Indeed, unopsonized and IgG-coated yopO Yersinia
mutants are internalized at a higher level than wild-type bacte-
ria by mouse macrophages (11, 15).

At a molecular level, YopO can be subdivided into four func-
tional domains. The N-terminal region of YopO functions
as the chaperone-binding site prior to translocation through
the T3SS and mediates plasma membrane localization after
injection into host cells (17, 18). It is flanked by a serine/threo-
nine kinase domain recently shown to phosphorylate the het-
erotrimeric G protein subunit Ga,, (19). The C-terminal region
of YopO contains a GDI-like domain able to bind Rac and Rho
in vitro, a property supported by the recently solved crystal
structure of this domain (20, 21). Finally, a short coronin
homology domain is proposed to bind G-actin and promote
kinase activity (13, 22).

Despite the extensive analysis of YopO, its mechanism of
action and the role of its individual domains remain poorly
understood. Herein, we use an in vitro model of phagocytosis to
study YopO-mediated anti-phagocytosis and the mechanism
thereof. We found that the N-terminal membrane-addressing
region in conjunction with the GDI-like domain specifically
targets the Rac-mediated phagocytic pathway. Importantly, we
found that YopO executes its anti-phagocytic activity by target-
ing pre-existing GDI-free Racl at the plasma membrane.

EXPERIMENTAL PROCEDURES

Expression Vectors—Eukaryotic plasmids encoding wild-type
YopO (pEGFP::yopO, encoding YopOwt) and N-terminal trun-
cation mutants (pEGFP::;yopOA20-77, encoding YopO A20 -
77) were described previously (18). pEGFP::yopO435-729
(encoding YopORBD) was constructed from pEGFP:yopO
using Expand Long Template PCR system (Roche Applied Sci-
ence) and primers 5'-GGGGGGCTCGAGAGGCGGATAAC-
ACCCAAG-3" and 5'-GGGGGGGAATTCTTATCACCATT-
CCCGCTCCAACCGGTTCAG-3' and cloned into pEGFP-C3
(Clontech). Similarly, pEGFP:yopOA435-720 (encoding
YopOARBD) and pEGFP::yopOD267AA435-720 (encoding
YopOKDARBD) were constructed from pEGFP:yopO and
pEGFP::yopOD267A, respectively, using primers 5'-
GGGGGGACGCGTCGACTGAACCGGTTCGAGCGGGA-
ATCG-3' and 5'-GGGGGGACGCGTCCTTACATCAGTA-
GATAATGGGCTCATTTC-3'. pGEX:yopO435-729 was
constructed using the following primers: forward, 5'-GGGGG-
GGGATCCAGGCGGATAACACCCAAG-3’, and reverse 5'-
GGGGGGGAATTCTTATCACCATTCCCGCTCCAACCG-
GTTCAG-3'. pEGFP::yopOA83-434 (encoding YopO
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Akinase) was constructed by inverse PCR from pEGFP::yopOwt
using primers 5'-GGGGGGACGCGTAGGCGGATAACAC-
CCAAGAAGCTTCG-3" and 5'-GGGGGGACGCGTGAGT-
GTCTCAGTAAGGTTACGAGC-3’ and the Expand Long
Template PCR kit according to manufacturer’s instructions. All
constructs were checked by sequencing (MWG Biotec) and
prepared for transfection using the Qiagen Endo-free maxi-
prep kit. Eukaryotic expression vectors encoding FcyRIIA and
CR3 (ay, and 3, integrin chains) have been described previ-
ously (6). pGEX plasmids encoding GST-tagged Racl, Rac2,
and RhoA, were the kind gift of K. Rittinger. pGEX plasmids
encoding GST-tagged PAK-CRIB and Rhotekin have been pre-
viously described (23). Unique domain of Lck-GFP was a kind
gift of MJ Bijlmakers (Division of Immunology, Infection, and
Inflammatory Disease, King’s College London, London, UK)
(24).

Cell Culture and Transfection—African green monkey
COS-7 fibroblast, J774A.1, and RAW?264.7 mouse macrophage
cell lines were obtained from the ATCC and maintained in Dul-
becco’s modified Eagle’s medium (Invitrogen) supplemented
with 10% heat-inactivated fetal calf serum (Sigma), penicillin
(Sigma, 100 units/ml), and streptomycin (Sigma, 0.1 mg/ml) at
37 °C, 5% CO,. COS-7 cells were transiently transfected using
Lipofectamine 2000 (Invitrogen), with a 0.8:2 DNA:Lipo-
fectamine 2000 ratio, according to the manufacturer’s instruc-
tions. RAW264.7 cells were transiently transfected using a 2:3
DNA:Lipofectamine 2000 (Invitrogen) ratio or by electropora-
tion (AMAXA, Nucleofactor V, program D-32) according to
the manufacturer’s instructions. For pulldown experiments, 9
g of DNA was used to transfect 3 X 10° COS-7 cells using the
SuperFect (Qiagen) reagent according to manufacturer’s
instructions.

For small interfering RNA transfection, COS-7 cells were
seeded at 5 X 10° cells per 10-cm dish. The following day, cells
were transfected with 5 nm luciferase or RhoGDI« duplexes
(SMARTpools, Dharmacon) using INTERFERin™ (Polyplus
transfection) according to the manufacturer’s instructions.
Cells were left for 48 h before use.

Phagocytosis Assays—Transfected COS-7 or RAW264.7 cells
were first preincubated for at least 1 h in serum-free Dulbecco’s
modified Eagle’s medium with 10 mm Hepes (Sigma). To acti-
vate the endogenous CR3 receptors, RAW?264.7 cells were pre-
treated with phorbol 12-myristate 13-acetate (150 ng/ml,
Sigma) for 15 min at 37 °C. Cells were challenged with 0.5 ul of
opsonized sheep red blood cells (sRBC, TCS Biosciences) per
13-mm coverslips for 30 min, washed with phosphate-buffered
saline to remove unbound sRBC, and fixed with 4% paraform-
aldehyde for 15 min at 4 °C. Opsonization with IgG or C3bi was
performed as described previously (6). Coverslips were then
washed and fixed as described above.

Immunofluorescence and Scoring—Binding and phagocytosis
were distinguished by differential staining of sSRBC before or
after permeabilization with 0.2% Triton X-100, using combina-
tions of Cy5-, rhodamine-, and 7-amino-4-methylcoumarin-3-
acetic acid-conjugated donkey anti-rabbit IgG (Jackson Immu-
noResearch). Coverslips were inverted onto glass slides on 5 ul
of Mowiol 4-88 (Calbiochem) and observed using Olympus
BX50 epifluorescence or LSM510 Zeiss Axiovert 100 M confo-
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cal microscopes. In total, 100 COS-7 cells (50 RAW264.7 cells)
or phagosomes (representing 10-20 cells) were counted for
each experiment. Association and phagocytic indices (AI/PI)
reflect the total number of SRBC or bacteria associated to or inter-
nalized by 100 transfected cells, respectively. % internalization cor-
responds to (AI/PI) X 100. At least three experiments were per-
formed per condition. Student’s ¢ tests for significance were
performed as indicated, and p values <0.05 are shown.

Protein Expression and GST Pulldown Assay—Expression of
YopO435-729, Racl, Rac2, and RhoA in fusion with GST was
induced in subcultures of Escherichia coli BL21 (DE3) using 0.5
mM isopropyl B-p-thiogalactopyranoside. After 4 h at 30 °C, bac-
teria were resuspended in 50 mMm Tris, pH 8, 40 mm EDTA, 25%
sucrose, 100 mm MgCl,, 0.2% Triton X-100, 1 mm phenylmethyl-
sulfonyl fluoride, and Complete Protease inhibitor mixture (Roche
Applied Science). To purify GST-Racl, -Rac2, and -RhoA, bacteria
were resuspended in lysis buffer (50 mm Tris, pH 7.5, 300 mm
NaCl, 4 mMm dithiothreitol, and EDTA-free protease inhibitors
(Roche Applied Science)) and sonicated. After lysate clearing by
ultracentrifugation, fusion proteins were affinity-purified on
glutathione-Sepharose 4B beads (Amersham Biosciences) accord-
ing to the manufacturer’s instructions.

J774A.1 or transfected COS-7 cells were lysed in ice-cold
lysis buffer (10% glycerol, 1% Nonidet P-40, 50 mm Tris, pH 7.6,
200 mm NaCl, 10 mm MgCl,, 1 mm phenylmethylsulfonyl fluo-
ride, Roche Applied Science, complete tablet). Lysates were
incubated with glutathione-Sepharose beads coupled to 25 ug
of either GST or GST-RBD for 1 h at 4 °C. Beads were washed
three times in cold lysis buffer before analysis by SDS-PAGE
and Western blotting. The following primary antibodies were
used: anti-Rac (23A8, Upstate), anti-RhoA (119, Santa Cruz
Biotechnology), anti-Myc (4A6, Upstate), and [-tubulin
(TUB2.1, Sigma). Horseradish peroxidase-conjugated anti-
mouse or anti-rabbit antibodies (Amersham Biosciences) were
used as appropriate, and bands were detected using the
enhanced chemiluminescence kit (ECL, Amersham Bio-
sciences). G protein loading was achieved by addition of GDP or
GTPvS (100 um) and EDTA (5 mm) followed by incubation at
30 °C for 10 min and addition of MgCl, (50 mm). For mass
spectrometry, bead eluates were separated by SDS-PAGE and
stained using a compatible silver nitrate protocol as described
previously (25).

Cell Fractionation—]774A.1 macrophages were seeded the
day before fractionation, washed once with cold phosphate-
buffered saline, resuspended in lysis buffer (10 mm Tris, pH 7.5,
0.5 mM dithiothreitol, 5 mM NaCl, Roche Applied Science, com-
plete inhibitor), and sonicated on ice for 30 s. Post-nuclear super-
natants were subjected to ultracentrifugation at 100,000 X g for 45
min at 4°C. The supernatant (cytosol fraction) and the pellet
(membrane fraction) were resuspended in equal volumes of lysis
buffer supplemented with 1% Triton X-100.

Mass Spectrometry (MS) Analysis—In preparation for mass
spectrometry, the desired protein band was excised, lyophi-
lized, and digested with trypsin (EC 3.4.21.4, Promega) over-
night. Peptides were extracted from gel pieces, and nano-liquid
chromatography was performed on an Ultimate 3000 using a
PepMap 10075 wm X 15-cm fused silica C18 analytical column
(LC Packings, Dionex, Sunnyvale, CA), coupled to a Probot for
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fraction collection and matrix addition with 2,5-dihydroben-
zoic acid as the matrix. Matrix-assisted laser desorption/ioni-
zation-time of flight (MALDI TOF/TOF) MS was performed
using an Applied Biosystems 4800 mass spectrometer (Foster
City, CA.) in the positive reflectron mode with delayed extrac-
tion. MS precursor acquisition was followed by interpretation
and data-dependent MS/MS acquisition with the collision-in-
duced dissociation turned on. Data interpretation was config-
ured to select a maximum of 10 precursor ions per fraction with
aminimum signal-to-noise ratio of 50. The data were processed
using GPS Explorer (Applied Biosystems, CA) against the Swiss
Protein Database. Search parameters were as follows:
enzyme = trypsin, fixed modifications = carboxymethyl; vari-
able modifications = oxidation; mass tolerance = 100 ppmy;
fragment mass tolerance = 0.3 Da; maximum missed cleav-
ages = 1; mass values = monoisotopic.

Isothermal Titration Calorimetry (ITC) Analysis—Purified
recombinant proteins produced in E. coli from pGEX expres-
sion vectors were cleaved from GST by incubation with human
thrombin (Calbiochem) and then further purified for ITC by gel
filtration on an equilibrated (50 mm Tris, pH 7.5, 100 mm NaCl)
Superdex S-75 column. Fractions containing pure protein were
pooled and concentrated before use. Purified proteins were dia-
lyzed into ITC buffer (50 mm Tris, pH 7.5, 50 mm NaCl, 2 mm
MgCl,, 2 mm dithiothreitol) overnight prior to use. Isothermal
calorimetric titrations were performed with a MicroCal Omega
VP-ITC (MicroCal Inc., Northampton, MA). Typically, 400 —
700 uM G protein was titrated into 4070 uMm opORBD. Data
were fitted by the least squares method using the evaluation
software, MicroCal Origin version 5.0. All measurements were
repeated at least two times, and the estimated error is the stand-
ard deviation between measurements.

RESULTS

YopO Is Present at Phagocytic Cups and Specifically Blocks
FcyR Phagocytosis—It is established that YopO contributes to
anti-phagocytosis mediated by Yersinia type three secretion
effectors (11). However, the molecular mechanism involved is
unknown. To address this question, we took advantage of the
existence of two well defined phagocytic pathways, triggered by
ligation of the FcyR and CR3 receptors, which are governed by
distinct signaling cascades in macrophages and receptor-trans-
fected fibroblasts (6). We expressed GFP or GFP-tagged YopO
in RAW?264.7 macrophages (Fig. 1A) and COS-7 fibroblasts co-
transfected with constructs encoding either FcyRIIA or CR3
(Fig. 1B). Cells were then challenged with IgG- or C3bi-opso-
nized RBC to selectively target one phagocytic receptor or the
other. In both cell systems, YopO had a greater inhibitory effect
on the internalization of IgG- than of C3bi-RBC. In macro-
phages, FcyR-mediated phagocytosis was reduced by 40%,
with no reduction seen for CR3-dependent uptake. In trans-
fected COS-7 cells, FcyR internalization was inhibited by
60%, whereas only a small reduction (~25%) was observed
for CR3 phagocytosis. Importantly, expression of YopO had
no effect on the level of RBC attachment (data not shown),
suggesting YopO acts on phagocytic signaling rather than on
receptor expression or availability. Of note, the selectivity of
YopO toward FcyR-dependent uptake parallels the behavior
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FIGURE 1. Preferential inhibition of FcyR-mediated phagocytosis by YopO. A, RAW264.7 mouse macrophages were transiently transfected with vectors
expressing GFP or GFP-tagged YopOwt (YopOwt) and then challenged with IgG- or C3bi-opsonized sRBC for 30 min. B, COS-7 cells were co-transfected with
FcyRIIA or CR3 vectors and either GFP or YopOwt and challenged with appropriately opsonized sRBC for 30 min. Phagocytosis assays were performed and
scored as described under “Experimental Procedures.” At least 50 GFP-expressing RAW264.7 macrophages or 100 COS-7 cells were scored per experiment.
Data represent mean = S.E. from at least three independent experiments. C, COS-7 cells were transiently transfected with FcyRIIA and either GFP or GFP-
YopOwt and then challenged with IgG-opsonized sRBC for 15 min after synchronization at 4 °C. sSRBC and F-actin were labeled and observed by confocal
microscopy. GFP enrichment at site of sSRBC binding was examined. Note the localization of YopO, but not GFP around sRBC (arrows). D, quantification of GFP
localization to phagocytic cups in cells co-expressing FcyRIIA and GFP, YopO-GFP, or unique domain of Lck-GFP (membrane-targeted GFP). E, following sRBC
challenge, cells expressing GFP or YopOwt were analyzed for F-actin enrichment at sites of sSRBC binding as described under “Experimental Procedures.”
Representative images are shown, with typical F-actin rings enlarged. F, quantification of actin cup formation. At least 100 sSRBC were scored for the presence
of F-actin-rich cups per experiment. Data represent mean = S.E. from at least three independent experiments. Scale bars, 10 um. * indicates p < 0.05 and **
indicates p < 0.01.
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FIGURE 2. YopO does not affect Rac recruitment to FcyR-phagocytic cups. A, COS-7 cells were transiently
transfected with FcyRIIA wild-type (wt) or mutant FcyRIIA (Y2F) and either GFP or GFP-YopOwt and then
challenged with IgG-opsonized sRBC for 10 min after synchronization at 4 °C. sSRBC and endogenous Rac were
labeled and observed by confocal microscopy. Rac enrichment at site of sSRBC binding was examined. Scale
bars, 10 um. B, quantification of Rac localization to phagocytic cups in cells co-expressing FcyRIIA or
FcyRIIA2YF and GFP or YopO-GFP. At least 100 sRBC were scored for the presence of Rac at sRBC cups per

experiment. Data are mean = S.E. of three independent experiments.

of yopO-deleted Y. enterocolitica, where the presence of
YopO was important for phagocytosis of IgG-opsonized bac-
teria, but loss of YopO had no effect on uptake of comple-
ment-opsonized bacteria (11).

Regardless of the receptor involved, phagocytic uptake is
subject to tight spatio-temporal control. Most of its regulators
and effectors (e.g. Rho proteins, Arp2/3 complex, and actin fila-
ments) are recruited and are functional at the site of particle
binding (9). Because YopO preferentially blocks FcyR-medi-
ated phagocytosis, we tested whether YopO could be found
underneath bound IgG-RBC. In COS-7 cells co-expressing
FcyRIIA and either GFP or GFP-tagged YopO, then challenged
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sRBC with RBC, YopO was generally
membrane-associated and clearly
enriched as a ring around 50% of the
bound RBC, unlike GFP (Fig. 1, C
and D) that showed 20% localization
to phagocytic cups. YopO also
showed significantly higher enrich-
ment than a membrane-targeted
GFP construct, where the unique
domain of the Src family kinase Lck
mediates association of GFP to the
membrane (Fig. 1D, p = 0.0339)
implying that YopO enrichment at
phagocytic cups is not solely a result
of its membrane localization
domain. Overall, these data suggest
that YopO might interfere with
phagocytic pathways downstream
of receptor ligation to prevent inter-
nalization. As it has been reported
that YopO overexpression disrupts
the actin cytoskeleton (13, 17), we
investigated the possibility that
YopO would prevent F-actin
polymerization at sites of sRBC
binding. YopO-expressing COS-7
cells had no visible defect in actin
cup formation (Fig. 1, E and F),
indicating that YopO does not dras-
tically affect the de movo actin
polymerization initiated during
phagocytosis. Interestingly, expres-
sion of either dominant negative
Rac or Cdc42 has no effect on actin
cup formation but reduces phago-
cytosis; only when both Cdc42 and
Rac are simultaneously inacti-
vated is actin cup formation abol-
ished (26). This suggests that Rac
and Cdc42 both contribute to actin
cup formation at sites of FcyR
uptake and that YopO targets one of
these Rho proteins, because YopO
expression phenocopies inactiva-
tion of one of the two Rho proteins
in this respect.

YopO Prevents Rac Activation and Not Its Localization to the
Phagocytic Cup—Because YopO does not interact with Cdc42
(21, 27) (supplemental Fig. 2), Rac is the most likely Rho
protein target downstream of FcyR signaling. We tested
whether YopO blocks FcyR phagocytosis by inhibiting Rac
recruitment to the phagocytic cup. COS-7 cells were co-trans-
fected with FcyRIIA and GFP or YopO-GFP and challenged for 10
min after synchronization with IgG-RBC. In parallel, an FcyR
mutant (FcyR2YF), which is defective in Rac recruitment (26), was
included as a negative control. Endogenous Rac was visualized by
immunofluorescence microscopy using a specific antibody, and
levels of recruitment to RBC were scored (Fig. 2A). Cells express-
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FIGURE 4. Domain analysis of YopO. The GDI-like domain (RBD) is the main contributor to anti-phagocytosis.
A, COS-7 cells were co-transfected with FcyRIIA and GFP-tagged constructs as indicated. After 24 h, cells were
challenged with IgG-opsonized sRBC for 30 min and processed for immunofluorescence as described under
“Experimental Procedures.” Total associated sRBCs for each condition were scored in at least 100 GFP-positive
cells per experiment. B, COS-7 cells were transfected as above, and phagocytosed sRBCs were scored for each
condition. Data are expressed relative to GFP control, arbitrarily set at 100%. Data represent mean = S.E. of at
least three independent experiments. C, domain organization of the constructs used above. * indicates p <

0.05.

ing GFP or YopO showed similar levels of endogenous Rac recruit-
ment to cups, and as expected the signaling mutant FcyRY2F
showed a much lower level (Fig. 2B). This suggests that the pres-
ence of YopO does not exclude Rac from the phagocytic cup.

We next investigated if YopO blocks Rac activation. To this
end, COS-7 cells co-expressing FcyR and GFP or YopO were
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(YopOARBD for Rho family G pro-
tein binding domain), a kinase-dead
and GDI-like region-deleted double
mutant (YopO kinase-dead ARBD),
and the isolated GDI-like domain
(YopORBD) were studied in parallel
(Fig. 4). No significant difference in
protein expression from the differ-
ent constructs was observed by
Western blot or during microscopic
analysis (supplemental Fig. 1), and
none of the YopO constructs signif-
icantly reduced the ability of RBC to
bind transfected COS-7 cells (Fig.
4A). The mutant lacking the kinase
domain reduced RBC uptake to a
similar extent as YopOwt, indicat-
ing that this region is not required for activity (Fig. 4B). In con-
trast, the mutant lacking the GDI-like region showed signifi-
cantly reduced anti-phagocytic activity compared with
YopOwt. The kinase-dead RBD-deleted mutant showed total
abrogation of anti-phagocytosis. Consistently, expression of
the isolated RBD alone significantly reduced uptake.
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FIGURE 5. YopO RBD shows no preference for Rac1 or RhoA in vitro. Purified recombinant Rac1 (A) and RhoA (B) were loaded with GDP or GTPyS and then
incubated at 1 or 0.1 umwith 20 ug of GST-YopO RBD immobilized on glutathione-Sepharose beads. Following 1 h of incubation, eluates were analyzed by SDS-PAGE
and Western blotting using antibodies to Rac and Rho. As a nucleotide loading control, GDP or GTPyS-bound Rac1 and RhoA were incubated with the Rac/Cdc42
binding domain of p21-activated kinase (PAK-CRIB) and the Rho binding domain of Rhotekin (Rhotekin) respectively, immobilized on glutathione-Sepharose beads,
and analyzed as above. Interactions between purified G proteins and YopO RBD were further analyzed by isothermal titration calorimetry. Representative titrations of
purified Rac1 (C) and RhoA (D) are shown. Experiments were repeated on at least two independent occasions with the same results.

GDI-like Domain of YopO Binds Racl and RhoA with
Equal Affinity in Vitro—The C-terminal half of YopO was
reported to interact with Racl and RhoA in vitro (20, 21, 27).
Furthermore, recent evidence indicates that YopO GDI-like
domain prevents guanine nucleotide exchange on both Racl
and RhoA in vitro (20). This contrasts with the selectivity
(Rac over Rho) we observed in our phagocytosis assays. To
further investigate the in vitro interactions of YopO GDI-like
region with small G proteins, we performed pulldown assays,
incubating purified recombinant Racl (Fig. 54) or RhoA
(Fig. 5B), with purified GST-YopO RBD. As the nucleotide
dependence of the YopO-small G protein interaction is
unclear, we preloaded the purified G proteins with either
GDP or GTPvS to mimic the inactive and active state of
RhoA and Racl. Nucleotide loading was confirmed by a par-
allel pulldown assay using beads coated with GST-PAK-
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CRIB or GST-Rhotekin, which interact specifically with the
active GTP-bound forms of Racl and RhoA, respectively (28,
29). Bound proteins were analyzed by SDS-PAGE, followed
by immunoblotting. When compared with the input, the lev-
els of bound G proteins were similar, suggesting that YopO
RBD binds Racl and RhoA equally well in vitro. Further-
more, in both cases, the inactive forms of the G proteins
appeared to interact more strongly than the active forms.
Additionally, we performed pulldown experiments from
lysates of COS-7 cells overexpressing Myc-tagged Cdc42,
RhoA, or Racl using GST-YopO RBD or GST alone as a
control (supplemental Fig. 2). Overexpressed Racl and
RhoA, but not Cdc42, interacted specifically and equally
with the YopO RBD beads. These results suggest that preny-
lated Racl and RhoA behave similarly to the bacterially
expressed proteins and that YopO does not bind Cdc42.
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FIGURE 6. RhoGDI and YopO RBD block both FcyR- and CR3-mediated
phagocytosis. A, J774A.1 lysates were incubated with GST-RhoGDI immobi-
lized on glutathione-Sepharose beads and resolved by SDS-PAGE and West-
ern blot, probing for Rac, RhoA, and actin. A sample of RhoGDI beads and
bead eluates was run in parallel. At least 100 GFP-expressing COS-7 cells were
scored per experiment. Results shown are representative of three experi-
ments. B, COS-7 cells were co-transfected with FcyRIIA or CR3 and a GFP-
tagged construct, either RhoGDle, YopO RBD, or GFP alone, challenged with
appropriately opsonized sRBC for 30 min and scored for sSRBC phagocytosis.
Data are expressed relative to the GFP control, arbitrarily set at 100%. Data are
mean * S.E. of at least two independent experiments. * indicates p < 0.05.

We next quantified the YopO RBD-G protein interaction
using ITC (Fig. 5, C and D). Increasing concentrations of the
small G proteins were titrated into YopO RBD, and the change
in heat evoked upon complex formation was measured. Repre-
sentative titrations of GDP-bound Racl and RhoA are shown.
Racl-GDP bound to YopO RBD with an affinity of 1.14 um and
a 1:1 stoichiometry. Similarly, RhoA-GDP formed a 1:1 com-
plex with YopO RBD with an affinity of 0.91 um. There was no
detectable difference between the respective affinities of YopO
RBD for Racl and RhoA in vitro. ITC experiments using GTP-
loaded G proteins were attempted, but there was not sufficient
interaction to measure by I'TC (data not shown), supporting the
idea that YopO RBD has a preference for inactive GDP-bound
G proteins.

Isolated YopO RBD Behaves Like RhoGDI—The paradoxical
difference between the in vitro and in cellulo results, where
Rac-dependent FcyR phagocytosis is most sensitive to YopO,
prompted us to explore further the biochemical and functional
properties of isolated YopO RBD and compare them with those
of eukaryotic RhoGDIe. First, the ability of RhoGDIa to inter-
act with Racl and RhoA was confirmed (Fig. 6A4). Macrophage
lysates were incubated with immobilized GST-RhoGDIe«, and
its interaction with RhoA and Racl was tested. As expected
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(30), RhoGDIe interacted to a similar extent with both G pro-
tein isoforms. To directly compare the anti-phagocytic capaci-
ties of YopO RBD and RhoGDIe, we co-transfected COS-7 cells
with vectors expressing GFP-tagged YopO RBD, RhoGDIe, or
GEFP alone together with either FcyR or CR3 and measured
phagocytosis of RBC (Fig. 6B). Overexpression of RhoGDI«
reduced phagocytosis through both receptors by ~50%. YopO
RBD also reduced phagocytosis through both receptors, but to
a noticeably lesser extent (by ~25%) than RhoGDIe. This dif-
ference cannot be attributed to different expression levels of
YopO RBD and RhoGDle, as shown by Western blotting (data
not shown). Our results suggest a fundamental functional dif-
ference between full-length YopO and its isolated RBD domain,
because the isolated RBD shows no anti-phagocytic preference
for a particular pathway, similar to the effect of overexpressing
RhoGDlIa.

YopO RBD Binds Preferentially to Cellular Rac—Because
full-length YopO has a selective anti-phagocytic activity on the
FcyR-mediated pathway, we decided to further investigate the
interaction of YopO RBD with Rho family proteins in a cellular
context. Lysates from ]J774A.1 macrophages (Fig. 7A) and
COS-7 fibroblasts (Fig. 7B) were incubated with GST-YopO
RBD; bound proteins were analyzed by SDS-PAGE and immu-
noblotting to reveal endogenous Racl and RhoA. In both cell
types, relative to input, YopO RBD repeatedly showed a stron-
ger interaction with Racl compared with RhoA. Further evi-
dence that YopO RBD preferentially interacts with Rac in a
cellular context comes from mass spectrometry analysis of pro-
teins pulled down with the isolated RBD domain. J774A.1
lysates were incubated with beads coated with GST-YopO
RBD, and bead-associated proteins were separated by SDS-
PAGE and visualized by silver nitrate staining. A specific YopO-
associated band of ~20-25 kDa (the apparent molecular mass
of Rho family proteins) was excised and prepared for nano-
liquid chromatography and MS-MS analysis (Fig. 7C). When
analyzed using the Swiss Protein Database, the only two signif-
icant peptide hits corresponded to mouse Rac2 and Racl, with
scores of 284 and 146, respectively. The sequence coverage of
the matched peptides was 31% of the Rac2 protein (Fig. 7D).
Importantly, no other Rho family protein, in particular RhoA or
Cdc42-related peptides, was identified. Because binding of
Rac2 to YopO has never been reported, we quantified their
interaction by ITC. The K, measured was 1 uMm, similar to that
determined for Racl and RhoA (data not shown).

YopO Targets a GDI-free Pool of Rac at the Plasma
Membrane—One possible explanation for the observed inter-
action of YopO for Rac over RhoA is that, within cells, the
former is more available to YopO than the latter, which could
be linked with the intracellular locale of the proteins involved
and/or their interaction with binding partners. It is generally
assumed that inactive Rho family proteins are confined to the
cytosol and recruited and/or activated locally at membranes,
but this has not been systematically analyzed for all Rho pro-
teins. Therefore, we investigated the intracellular localization
of RhoA and Rac by separating cells into membrane and cyto-
solic fractions. Fractions from J774A.1 macrophages (Fig. 84)
and COS-7 fibroblasts (which do not express Rac2 (31), Fig. 8B)
were first tested for the presence of transferrin receptor and
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FIGURE 8. GDI-free pool of Rac molecules exists at the plasma membrane
of resting cells. J774A.1 (A) and COS-7 (B) lysates were separated into mem-
brane (M) and cytosol (C) fractions as described under “Experimental Proce-
dures.” After SDS-PAGE, blots were probed for transferrin receptor (TfnR),
B-tubulin, Rac, Rho, and RhoGDI. C, COS-7 cells were treated with luciferase-
or RhoGDla-specific small interfering RNA duplexes, as described under
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eluates and samples of lysates were resolved by SDS-PAGE and Western blot,
probing for RhoGDI (confirming knockdown), Rac, Rho, and actin (loading
control). Data are representative of at least three independent experiments.

B-tubulin. As shown in Fig. 8, A and B, there was no significant
contamination of these proteins into the cytosolic and mem-
brane fractions, respectively. When these fractions were
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probed for Racl, Rac2, and RhoA,
the Rac isoforms distributed to the
membrane and cytosolic fractions,
whereas RhoA was only detected in
the cytosolic fraction. In macro-
phages, Rac2 was found almost
exclusively at the membrane,
whereas Racl was separated into a
membrane pool and a larger cytoso-
lic fraction. In COS-7 cells, the
majority of Racl was found at the
membrane, suggesting differences
in the localization of Racl between
different cell types. Interestingly,
endogenous RhoGDI was, like Rho,
exclusively cytosolic. This suggests
that there is a pool of RhoGDI-free
Rac at the membrane, and that
RhoA is retained in the cytosol, pos-
sibly through an interaction with
RhoGDIL. In such a scenario, YopO
RBD would interact better with Rac
than RhoA because it cannot effi-
ciently out-compete RhoGDI bind-
ing to RhoA. To test this hypothesis,
we silenced expression of RhoGDI«
in COS-7 cells and compared the
ability of YopO RBD to interact with
Racl and RhoA in pulldown assays (Fig. 8C). Upon loss of
RhoGDle, there was an increased interaction of YopO RBD
with both Rac1 and RhoA, compared with control cells (Fig. 8C
and Fig. 7A). Strikingly, where previously no interaction of
YopO RBD and RhoA could be detected, knockdown of
RhoGDla allowed an interaction suggesting that in control
cells RhoA is trapped by RhoGDI« and that loss of this interac-
tion by knockdown allows interaction with YopO RBD.

YopO localizes to the plasma membrane of transfected or
infected cells through its N-terminal region (17, 18). To test the
hypothesis that YopO localization at the plasma membrane is
required for anti-phagocytic activity, a GFP-tagged mutant of
YopO (YopOA20-77) lacking the region required for plasma
membrane localization was used. This deletion mutant was
almost exclusively cytosolic like GFP but unlike full-length
YopO. This was observed both in RAW264.7 macrophages (Fig.
9A) and in COS-7 cells (Fig. 7B) and was confirmed indepen-
dently by cell fractionation followed by Western blotting. There
was no obvious contamination of the fractions, as judged by the
separation profile of tubulin (cytosol fraction) and transferrin
receptor (membrane fraction) (data not shown). GFP alone was
primarily found in the cytosolic fraction, as expected. Con-
versely, the vast majority of GFP-tagged YopO was in the mem-
brane fraction. Importantly, overexpressed YopOA20-77 was
found in the cytosol fraction, with only a small proportion still
detectable within the membrane fraction. Next, we co-ex-
pressed the YopO localization mutant (YopOA20-77) with
FcyRIIA in COS-7 cells. Upon phagocytic challenge with IgG-
sRBC, this mutant (which still harbors an intact RBD) had sig-
nificantly reduced anti-phagocytic ability (Fig. 9D, p = 0.0489).
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type or A20-77) and challenged with IgG-sRBC, and at least 100 GFP-expressing COS-7 cells were scored for phagocytosis per experiment. Data are given as

mean = S.E. of at least three independent experiments. * indicates p < 0.05.

The remaining anti-phagocytic activity of this mutant is similar
to that observed against CR3-mediated phagocytosis (28% for
FcyR, 15% for CR3) suggesting it could be a nonspecific effect of
overexpression of a GDI-like molecule. Altogether, we con-
clude that YopO mediates specific anti-phagocytosis toward
FcyR, where activity is primarily mediated by its Rho family
binding GDI-like domain, through co-compartmentalization
with a pool of RhoGDI-free Rac at the plasma membrane of
target cells.

DISCUSSION

Herein, we demonstrate that YopO is able to specifically
block FcyR-mediated phagocytosis while having no significant
effect on CR3-dependent internalization. This is in sharp con-
trast to the T3SS effector Esp] of enteropathogenic E. coli,
which blocks both FcyR-mediated and CR3-dependent phago-
cytosis, the underlining mechanism of which is not yet known
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(32). Furthermore, we show that the N-terminal localization
domain and the GDI-like Rho family binding domain cooperate
in mediating inhibition of Rac-dependent uptake, whereas the
kinase domain of YopO is dispensable. Furthermore, this study
has revealed differential localization of RhoA, which is only
detectable in the cytosol and Rac isoforms that are present, at
least in part, as a GDI-free pool at the plasma membrane. We
propose that this membrane-associated Rac is the cellular tar-
get for YopO anti-phagocytic activity.

Our data establish cooperation between the N-terminal
localization domain and the G protein binding regions (RBD) of
YopO for anti-phagocytic function. First, we show that YopO
deletion mutants lacking only the RBD domain are significantly
reduced in their anti-phagocytic potential; this region alone is
also sufficient for activity. Second, the N-terminal mutant
(A20-77) is severely affected in anti-phagocytosis. Third, the
selective activity of the RBD toward Rac-dependent phagocy-
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tosis is only observed when the N-terminal region, responsible
for plasma membrane localization, is present. In contrast, the
kinase domain of YopO plays no role in anti-phagocytosis,
although our data could suggest a regulatory role for the full
kinase domain, because its presence but inactivity seems to
totally abrogate YopO activity.

The N-terminal region of YopO has no independent anti-
phagocytic activity of its own, because a double mutant of
YopO-lacking kinase activity and RBD domain had no effect on
FcyR-dependent phagocytosis. The YopO N-terminal region
has a dual function as a chaperone-binding site within bacteria
and, once translocated, is responsible for plasma membrane
localization in host cells (18). As yet, the mechanism by which it
mediates this localization is unknown; in particular, it does not
harbor any obvious post-translational modification sites, e.g.
for prenylation or myristoylation. Interestingly, the N-terminal
domain of YopO has a net positive charge, hinting at a possible
charge-dependent mechanism by which YopO N terminus may
be interacting with the negatively charged inner leaflet of the
plasma membrane, as proposed for several Ras family proteins
(33).

We show that YopO selectively blocks Rac-dependent
uptake pathways. YopO consistently blocked FcyR-mediated
uptake both in macrophages and in FcyR-transfected COS-7
cells. We would predict that since Yersinia uptake via Invasin is
Rac-dependent, bacterial uptake would also be blocked by
YopO. This would confirm that YopO is able to act on phago-
cytic particles of different sizes, a possibility that we have not
addressed in this study. Interestingly, the functional selectivity
of YopO for Rac-dependent pathways in cells is not paralleled
by an increased affinity of its RBD for Rac over Rho in vitro. As
was seen previously, we did not detect any interaction with
Cdc42. Importantly, by using pulldown assays followed by mass
spectrometry, we have identified Racl and Rac2 as the predom-
inant Rho family members able to interact with YopO RBD in
macrophages. This suggests that cellular Rho is not available for
interaction with YopO RBD in pulldown experiments, most
likely because of the tight interaction of RhoA and RhoGDI in
the cytosol (7).

A recent report convincingly showed that YopO RBD has a
GDI-like structure and activity, although unlike GDI YopO
RBD does not interact with the C-terminal prenyl moiety
of RhoA and Racl (20). In accordance with the idea that YopO
RBD is a GDI mimic, overexpression of either RhoGDI or YopO
RBD decreased FcyR-mediated phagocytosis. However, our
work strongly suggests that the biochemical and structural sim-
ilarities between YopO RBD and host cell RhoGDIs mask some
important functional differences. Indeed, unlike full-length
YopO, RhoGDI also blocks CR3-mediated uptake. The main
difference between RhoGDI and YopO is their subcellular
localization; RhoGDI resides mainly in the cytosol, whereas
YopO associates with the plasma membrane when overex-
pressed (this study and see Ref. 18) or when translocated fol-
lowing infection (17). All known T3SS effectors that impact on
the regulation on Rho family G proteins (e.g. SopE from Salmo-
nella typhimurium and ExoS from Pseudomonas aeruginosa)
are thought to act purely as mimics (34). Remarkably, our work
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has revealed that the mechanism of action of YopO depends
both on GDI mimicry and a specific subcellular localization.

Our data show that YopO RBD can bind Racl and Rac2 in
vitro; it targets membrane-associated Racl and Rac2 in macro-
phages but only Racl in COS-7 cells. Rac2 expression is
restricted to hematopoietic cells, and our results therefore sug-
gest that FcyR phagocytosis is reliant upon Racl in COS-7 cells,
as suggested before (6). However, our data cannot differentiate,
which is the predominant isoform required during FcyR phago-
cytosis in macrophages. Nevertheless, they provide an explana-
tion for why YopO has an effect on NADPH oxidase activation,
a process that is Rac2-dependent (35). Furthermore, our work
supports the data that suggest Yersinia target 3;-integrin-me-
diated uptake by phagocytes, a process shown to require Rac
and not Rho (36).

Interestingly, our data provide strong experimental evidence
for a differential localization of endogenous Rac and RhoA in
cells. Overexpressed RhoA was found to localize to the cytosol
even when highly overexpressed, whereas overexpressed Racl
and Rac2 were localized to membrane compartments, in agree-
ment with our results (37, 38). The localization of Rac isoforms
to the plasma membrane is thought to be due to the strong
polybasic domain of Rac. This charge-dependent membrane
association is further utilized by the cell to regulate Rac distri-
bution; when the surface potential is altered, e.g. following acti-
vation of phagocytic receptors, Rac is released from the mem-
brane of the forming phagosome (33). By contrast, RhoA has a
weak polybasic domain that does not support membrane asso-
ciation. In addition, we show that RhoGDI« helps to retain
RhoA in the cytosol, preventing its interaction with binding
partners. The functional implications of these fundamental dif-
ferences are many. The classical GTPase cycle is thought to
involve activation and localization to the membrane, followed
by inactivation and cytosolic GDI trapping. Our data show that
this is not a true representation of the activation cycle of all G
proteins. Rac is clearly already present at the membrane in rest-
ing cells, and presumably it would be locally activated upon
initiation of phagocytosis or other Rac-activating stimuli. Our
data show that binding of YopO to membrane Rac interferes
with the activation process. By contrast, Rho-dependent phago-
cytosis and other Rho-dependent processes require trafficking
of the RhoGDI-RhoA complex, or RhoA alone, to the mem-
brane. The link between function and subcellular localization of
G proteins is only just starting to be understood, and the subtle
differences in primary sequence between the different isoforms
will have important implications for their regulation and func-
tion. The fact that a bacterial virulence factor has evolved to
exploit this highlights its importance in cell signaling. Our data
also suggest that YopO could be used as a tool to specifically
target Rac-dependent pathways.
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