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The Yersinia pseudotuberculosis surface protein invasin binds to multiple 1 integrins with high affinity,
leading to misregulation of Racl activity. Upon host cell binding, alteration of Rho GTPase activity results
from the action of several Yersinia outer proteins (Yops) that are translocated into the cytoplasm. We report
here that three virulence determinants encoded by Y. pseudotuberculosis manipulate the Rho GTPase RhoG. Y.
pseudotuberculosis binding to cells caused robust recruitment of RhoG to the site of attachment, which required
high-affinity invasin-B1 integrin association. Furthermore, inactivation of RhoG significantly reduced the
efficiency of invasin-mediated bacterial internalization. To investigate the activation state of RhoG, a fluores-
cence resonance energy transfer-based activation biosensor was developed and used to show distinct spatial
activation of RhoG at the site of bacterial attachment. The biosensor was also used to show efficient RhoG
inactivation by Y. pseudotuberculosis YopE, a potent Rho GTPase activating protein. Additionally, RhoG
mislocalization by the prenylcysteine endoprotease YopT was demonstrated by two independent assays. Func-
tional bacterial uptake experiments demonstrated that RhoG activation can bypass a deficit in Racl activity.
Interestingly, increasing the size of the particle gave results more consistent with a linear pathway, in which
RhoG acts as an upstream activator of Racl, indicating that increased surface area introduces constraints on
the signaling pathways required for efficient internalization. Taken together, these data demonstrate the
misregulation of RhoG by multiple Y. pseudotuberculosis virulence determinants. Since RhoG is imperative for
proper neutrophil function, this misregulation may represent a unique mechanism by which Yersinia species

dampen the immune response.

The enteropathogens Yersinia pseudotuberculosis and Yer-
sinia enterocolitica gain access to the intestinal lymphatic sys-
tem by traversing the M-cell layer and invading Peyer’s patches
(2, 39). This infiltration requires the bacterial cell surface pro-
tein invasin (32). Y. pseudotuberculosis invasin binds to at least
five B1 integrins (cell adhesion receptors [23]) and mediates
tight interaction with host cells (25). This tight binding leads to
the activation of the receptor, generating a robust signal, which
leads to the internalization of the bacterium (13, 24). A num-
ber of signaling molecules are required for this internalization
event, including the Rho family GTPases.

The Rho GTPase family, a subclass of the Ras superfamily
of GTPases, control a diverse range of cellular processes such
as morphogenesis, migration, cell cycle progression, and cy-
toskeletal rearrangements (26). Rho family members are small
proteins (~21 to 27 kDa) that exist in active (GTP-bound) and
inactive (GDP-bound) conformations. In the active conforma-
tion, the GTPases interact with a number of downstream ef-
fector molecules (26). Regulation of GTPase activity is intri-
cately controlled on three levels. First, activation is carried out
by guanine nucleotide exchange factors (GEFs), which ex-
change GDP for GTP (6, 43). GTP-bound (active) proteins are
targeted to membranous structures via C-terminal prenyl
moieties that are added posttranslationally to the C-termi-
nal CAAX box (44, 54). The type of membranous structure to
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which the GTPase localizes is influenced by the region up-
stream of the CAAX box, commonly referred to as the poly-
basic region (PBR) (59). Second, when signaling requires ter-
mination, the GTPase is inactivated by GTPase activating
proteins (GAPs), which enhance intrinsic GTP hydrolysis (49).
Third, the GDP-bound (inactive) protein is sequestered in the
cytoplasm by guanine nucleotide dissociation inhibitor pro-
teins, which mask the hydrophobic C-terminal lipid moiety (12,
14). Pathogenic Yersinia species encode factors that interfere
with all three Rho GTPase regulatory mechanisms.

Several of these factors are encoded on the Yersinia viru-
lence plasmid, which also encodes a type III secretion system
(T3SS) to deliver Yersinia outer proteins (Yops) into the host
cell cytosol after the establishment of intimate host-pathogen
contact (33, 51). These translocated substrates act collectively
to keep the bacterium extracellular after passage through
the M-cell layer and to dampen immune responses in the
host organism (9, 45). Two translocated substrates, YopE
and YopT, directly target Rho GTPases.

YopE is a Rho GAP that inactivates Racl, Cdc42, and
RhoA (3, 57), leading to disruption of the actin cytoskeleton,
which prevents invasin-mediated internalization of the bac-
terium and eventually leads to cell rounding. YopT also
interferes with the actin cytoskeleton. YopT is a prenylcys-
teine endoprotease, which cleaves Racl, Cdc42, and RhoA
upstream of the prenylated cysteine residue of the CAAX
motif (47), thus removing the GTPases from the plasma mem-
brane. YopE and YopT seem to synergize in order to dampen
signals necessary for bacterial internalization (57), thereby
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TABLE 1. Plasmids and bacterial strains used in this study

Plasmid, protein, or strain Description Source or
reference
Plasmids and proteins
EGFP-RhoG(wt) Wild-type RhoG with N-terminal EGFP tag This study
EGFP-RhoG(G12V) GTPase-deficient (constitutively active) RhoG with N-terminal EGFP tag This study
EGFP-RhoG(T17N) Dominant-negative RhoG with N-terminal EGFP tag This study
EGFP-Racl(wt) Wild-type Racl with N-terminal EGFP tag This study
pRNAT-Scrambled KD* RNAI plasmid encoding a control (nontargeting) shRNA This study
pRNAT-RhoG KD RNAI plasmid encoding a RhoG-targeting shRNA This study
pRNAT-Racl KD RNAI plasmid encoding a Racl-targeting siRNA This study
mCFP-RhoG(wt)” Wild-type RhoG with N-terminal mCFP tag This study
mCFP-RhoG(G12V) GTPase-deficient RhoG with N-terminal mCFP tag This study
mCFP-RhoG(T17N) Dominant-negative RhoG with N-terminal mCFP tag This study
mCFP-RhoG(F37A) Effector binding mutant RhoG with N-terminal mCFP tag This study
mCFP-RhoG(Y40C) Effector binding mutant RhoG with N-terminal mCFP tag This study
ELMO-mYFP Rat ELMO2(AA1-362) with C-terminal mYFP tag This study
mCFP-Racl(wt) Wild-type Racl with N-terminal mCFP tag 57
PBD-mYFP” p21 binding domain from Pakl with C-terminal mYFP tag 57
myc-mCFP-RhoG(G12V) GTPase-deficient RhoG with N-terminal myc-mCFP tag This study
myc-mCFP-Rac1(G12V) GTPase-deficient Racl with N-terminal myc-mCFP tag This study
Arf6-HA Wild-type Arf6 with C-terminal HA tag 15
Strains

YPIII(P) Parental Y. pseudotuberculosis strain (naturally yopT and sycT deficient) 4
YPII(P™) Plasmid-cured Y. pseudotuberculosis strain 4

YPIII yopB YPIIL(P ") with in-frame yopB deletion 30

YP17 YPII(P") with in-frame yopE and yopH deletions 3
YP17/pYopE YP17 with plasmid carrying yopE under the control of an inducible promoter 3
YP17/pYopT YP17 with plasmid carrying yopT and sycT under the control of the yopH promoter 52

“ KD, knockdown.

? mCFP and mYFP, monomeric cyan and yellow fluorescent proteins, respectively.

keeping Yersinia in the relative safety of the extracellular mi-
lieu.

Potential targeting of other Rho family GTPases by Y.
pseudotuberculosis is not known. Racl, Cdc42, and RhoA are
the best-studied members of this GTPase family, but Yersinia
could also target other family members. Of these, RhoG has the
closest connections to ligation of B1 integrin receptors (27). This
connection is particularly intriguing because Y. pseudotuberculosis
invasin binds to several B1 integrins. Additionally, a previous
study has indicated that the related organism Y. enterocolitica can
modulate RhoG activity (42). Interestingly, RhoG plays a critical
role in proper neutrophil function since it has been shown to be
necessary for efficient generation of reactive oxygen species
(ROS) by neutrophils (7). Furthermore, pathogenic Yersinia
species preferentially deliver Yop effectors into neutrophils
(31) and inhibit the generation of ROS in that cell type (48).
Additionally, neutropenic mice are more susceptible to Yer-
sinia infection (8). Taken together, these data suggest that
neutrophil inactivation is critical for maintenance of infection.
If targeted by Yops, RhoG could represent a molecular target
for neutrophil inactivation by Y. pseudotuberculosis.

In this study, we performed a detailed investigation of the
manipulation of RhoG function by Y. pseudotuberculosis. Us-
ing a novel fluorescence resonance energy transfer (FRET)-
based biosensor, we show local elevation in RhoG activity in
response to invasin binding. We also show that RhoG is inac-
tivated by Y. pseudotuberculosis YopE and mislocalized by Y.
pseudotuberculosis YopT. Finally, we demonstrate that re-
quirements for RhoG signaling during phagocytosis are dic-
tated by the size of particle being ingested. These data support

a model where modulation of RhoG activity and localization
by specific Y. pseudotuberculosis virulence determinants lead to
successful establishment and maintenance of infection.

MATERIALS AND METHODS

Bacterial and mammalian cell culture. All strains used are summarized in
Table 1. Yersinia pseudotuberculosis strain YPIII (4, 18, 40) was used in all
studies. YPIII is a clinical isolate that naturally lacks yopT and its chaperone,
sycT (52). Unless otherwise indicated, uptake assays were performed with a
virulence plasmid-cured strain [YPIII(P~)]. The strains YP17 [YPIII(P™") AyopE
AyopH], YP17/pYopE (3), and YP17/pYopT (50, 52) have been described pre-
viously and were kind gifts from J. Bliska (Stony Brook University, Stony Brook,
NY). The yopB-deficient Y. pseudotuberculosis strain has been described previ-
ously (30) and was a kind gift from J. Mecsas (Tufts University School of
Medicine). The Y. pseudotuberculosis strain containing the D911A invasin allele
(invD911A) has been described previously (29). COS1 (20) and HeLa (19) cells
were obtained from ATCC and maintained in Dulbecco’s modified Eagle’s
medium supplemented with 10% heat-inactivated fetal bovine serum.

Plasmids and transfection. All plasmids used in this study are summarized in
Table 1. All mammalian cDNA clones used in this study are of human origin,
unless otherwise indicated. For fluorescence imaging, RhoG and Racl coding
sequences were cloned into pEGFP-C1 (Clontech). Plasmids carrying myc-
tagged RhoG alleles were kindly provided by H. Katoh (Kyoto University, Kyoto,
Japan). A mammalian YopT expression plasmid was constructed by cloning yopT
from Y. pseudotuberculosis 1P32953 into p3xFLAG-CMV-7.1 (Sigma). The
yopTC139S mutant was generated by site-directed mutagenesis. For immuno-
precipitation (IP) experiments, coding sequences for constitutively active RhoG
with the G12V substitution [RhoG(G12V)] and Rac1(G12V) were cloned into
pmyc-mCFP-C1 (58). The plasmid carrying hemagglutinin-tagged Arf6 (Arf6-
HA) was kindly provided by C. D’Souza-Schorey (University of Notre Dame,
South Bend, IN). Transfections were performed using Lipofectamine 2000 (In-
vitrogen) according to the manufacturer’s recommendations. Typically, cells
were transfected for 16 to 20 h, except for RNA interference (RNAI) transfec-
tions (see below for details).
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Yersinia infections and uptake assay. For uptake assays, plasmid-cured Yer-
sinia cells were grown overnight in L broth, back diluted 1:40 in fresh media, and
grown to mid-exponential phase (optical density, ~0.7). Mammalian cells, grown
on coverslips, were challenged at a multiplicity of infection (MOI) of ~10 in
serum-free media for 30 min. For strains containing the virulence plasmid,
overnight cultures were back diluted 1:40 in L broth containing 20 mM MgCl,
and 20 mM sodium oxylate for 2 h at 26°C. Cultures were then shifted to 37°C
and grown for an additional 2 h. Inducible promoter expression was triggered by
adding 0.5 to 1 mM IPTG (isopropyl-B-p-thiogalactopyranoside) for the last
hour of incubation at 37°C. Incubation with mammalian cells was carried out as
described above. The cells were fixed with 4% paraformaldehyde in phosphate-
buffered saline, and uptake was quantified using an antibody protection assay as
described previously (56, 57). Briefly, fixed samples were incubated with anti-Y.
pseudotuberculosis antibody followed by incubation with a red secondary anti-
body (Alexa 594 conjugated; Molecular Probes/Invitrogen). Cells were then
permeabilized, incubated again with anti-Y. pseudotuberculosis antibody, and
incubated with a blue secondary antibody (Cascade Blue conjugated; Molecular
Probes/Invitrogen). Uptake was quantified by counting the total (blue) and
extracellular (pink/red) bacteria per infected cell and calculating the percentage
of internalized bacteria. Partially internalized bacteria were scored as extracel-
lular. Typically, ~50 infected cells per coverslip were scored (three coverslips per
condition). For localization and FRET assays a higher MOI (~50) was used.

GTPase depletion by RNAi. RhoG and Racl were depleted by RNAI, ex-
pressed as short hairpin DNA sequences from plasmid pRNAT (GenScript).
DNA sequences used were as follows: Nontargeting control (scrambled),
AATTCTCCGAACGTGTCACGT; RhoG, AACGCTTTCCCCAAAGAG
TAC; Racl, AAGGAGATTGGTGCTGTAAAA. Multiple RhoG- and Racl-
targeting short hairpin RNAs (shRNAs) were designed and tested; sequences
are available upon request. HeLa cells were transfected with shRNA plasmids,
and depletion was measured 2 days posttransfection. Quantitative reverse
transcription-PCR (RT-PCR) was used to quantify the extent of depletion.
Oligonucleotides used for PCR are as follows: RhoG, 5'-CAATGAGGGAG
CCACAGAAT-3' and 5'-GGCACAGAGGAGCAGGTTAG-3'; Racl, 5'-G
GAAGAGAAAATGCCTGCTG-3" and 5'-GCAAAGCGTACAAAGGTTC
C-3'; GAPDH (glyceraldehyde-3-phosphate dehydrogenase), 5'-GATCATC
AGCAATGCCTCCT-3" and 5'-TGTGGTCATGAGTCCTTCCA-3'.

Development of the RhoG FRET biosensor. To develop the FRET biosensors,
the RhoG coding sequence was cloned into the pmCFP-C1 plasmid (57). The
coding sequence for the N-terminal 362 amino acids of rat ELMO2 (also a kind
gift from H. Katoh) were then cloned into pmYFP-N1 (57). This portion of
ELMO has been shown to interact specifically with RhoG in a nucleotide-
dependent manner (27). Several RhoG alleles were generated to confirm proper
interaction patterns. Specifically, G12V, T17N, F37A, and Y40C substitutions in
RhoG were generated by site-directed mutagenesis. Plasmids used in FRET
experiments are summarized in Table 1. FRET imaging was performed as de-
scribed previously (57, 58).

FRET images were quantified by analyzing the mean intensity (in arbitrary
units) of multiple regions of interest (ROIs) in yellow fluorescent protein (YFP),
cyan fluorescent protein (CFP), and FRET images. Sensitized FRET (sFRET)
was calculated by subtracting the inherent bleed-through and cross-excitation
observed in the FRET filter/cube set. Generally the amount of bleed-through was
0.18 and cross-excitation was 0.32 as described previously (58). Normalized
FRET (nFRET) represents the FRET value that is normalized to the expression
of the donor and the acceptor and was calculated using the following equation,
where I represents mean ROI intensity: nFRET = sFRET/(Icgp X Iypp)Y2

YopE translocation assay. Translocation was assayed using methods previ-
ously described (10). Wild-type [YPIII(P*)] Y. pseudotuberculosis and an iso-
genic yopB mutant were grown overnight in L broth. Cultures were back diluted
into high-calcium medium (L broth plus 5 mM CaCl,) and grown at 26°C for 2 h
and then at 37°C for 2 h. COSI cells, grown in six-well dishes, were transfected
with either a control or an enhanced green fluorescent protein (EGFP)-
RhoG(G12V) construct. Twenty-four hours posttransfection, cells were incu-
bated with wild-type or yopB bacteria at an MOI of ~20 for 45 min. Cells were
washed with cold phosphate-buffered saline and lysed with eukaryotic lysis buffer
(20 mM Tris [pH 7.5], 125 mM NaCl, 1% Nonidet P-40, and protease inhibitor
cocktail [Roche]). Lysates were centrifuged at 15,000 X g for 15 min to separate
the eukaryotic cytosol/translocated materials (supernatant) from bacterial cells
and eukaryotic cell debris (pellet). Both fractions were resuspended in sample
buffer and analyzed by Western blotting. Fractions were probed for YopE, GFP
(Invitrogen), bacterial ribosomal subunit S2, and tubulin (Sigma). Antibodies
against YopE and bacterial ribosomal subunit S2 were kind gifts from J. Mecsas
(Tufts University School of Medicine). S2 was used to detect the presence of
bacteria in the pellet fraction and to detect any contamination from bacterial
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cytosol into the host cytosol. Tubulin was used as a marker of host cytosol, and
GFP was used to detect transfected RhoG(G12V).

YopT cleavage assays. An immunofluorescence-based assay was used to assay
YopT targeting of various small GTPases as described previously (57). Briefly,
COS1 cells on glass coverslips were transfected overnight with GTPase con-
structs. Transfected cells were incubated for 30 min with either YP17 or YP17/
pYopT and fixed, and bacteria were stained as described above for uptake assays.

Triton X-114 partitioning (22) to assess YopT targeting of Rho GTPases has
been described previously (46). Briefly, 293T cells were cotransfected with
GTPases (myc-mCFP-RhoG, myc-mCFP-Racl, and Arf6-HA constructs) and
FLAG-wild-type YopT [YopT(wt)] or FLAG-YopT(C139S) plasmids. After
overnight incubation, cells were lysed in Tris-buffered saline containing 1%
Triton X-114 (Sigma) and lysates were cleared by centrifugation. Cleared lysates
were partitioned into aqueous and detergent (aliphatic) phases by incubation at
37°C for 5 min, and each phase was subjected to IP with anti-myc or anti-HA
resin. Precipitated proteins were eluted by boiling in sample buffer and analyzed
using sodium dodecyl sulfate-polyacrylamide gel electrophoresis and Western
blotting.

Statistical analysis. Data were analyzed using GraphPad Prism software, and
P values were generated using a two-tailed unpaired ¢ test.

RESULTS

RhoG localization to nascent Yersinia-containing phago-
somes requires a high-affinity invasin-f§1 integrin interac-
tion. Recruitment of RhoG to Y. pseudotuberculosis-containing
phagosomes in COS1 cells transiently transfected with EGFP-
RhoG was investigated. In order to assay RhoG recruitment to
nascent phagosomes in the absence of any interference from
Yops, a plasmid-cured Y. pseudotuberculosis strain that en-
codes no Yops [YPIII(P )] was used. This strain promotes
uptake through invasin interaction with B1 integrins (1, 57).
Efficient recruitment of both wild-type and constitutively active
RhoG to nascent phagosomes was observed (Fig. 1A, wt and
G12V). The dominant-negative form of RhoG failed to local-
ize to nascent phagosomes (Fig. 1A, T17N) in contrast to
previous observations with Racl (38).

In order to determine if high-affinity bacterial adhesion is
required for RhoG recruitment to nascent phagosomes, a mu-
tant invasin allele (invD911A) that binds B1 integrins, but with
significantly lower affinity than wild-type invasin, was used (29).
The Y. pseudotuberculosis invD911A strain was incubated with
cells expressing GFP-tagged RhoG, and localization was visu-
alized as described above, using Racl as a positive control (57).
No significant RhoG recruitment was observed after challenge
with the Y. pseudotuberculosis invD911A strain (Fig. 1B, com-
pare wt and D911A), which is similar to what was observed
with Racl (Fig. 1B), indicating that tight invasin-B1 integrin
interaction is required for efficient RhoG recruitment. Varia-
tions in expression levels as a cause for differences in localiza-
tion phenotypes were ruled out because robust expression of
both RhoG and Racl mutant forms was observed (data not
shown).

RhoG inactivation significantly reduces efficiency of inva-
sin-mediated phagocytosis. The requirement for RhoG during
invasin-mediated uptake was examined next. COSI cells tran-
siently expressing wild-type and dominant-negative RhoG [RhoG
(T17N)], were challenged with Y. pseudotuberculosis YPIII(P™),
and the uptake efficiency was determined (see Materials
and Methods). The uptake efficiency in cells expressing
RhoG(T17N) was significantly reduced to levels similar to
those observed after challenging cells expressing dominant-
negative Racl [Racl(T17N)] (1, 57) (Fig. 2A). Also, expres-
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FIG. 1. RhoG localizes to nascent Yersinia-containing phagosomes
in an invasin-dependent manner. (A) Wild-type and constitutively ac-
tive but not dominant-negative RhoG proteins localize to nascent
phagosomes. COS1 cells expressing wild-type (wt), constitutively active
(G12V), or dominant-negative (T17N) RhoG constructs (GFP fu-
sions) were incubated briefly (~20 min) with Y. pseudotuberculosis
YPIII(P™). Localization at nascent phagosomes was visualized by flu-
orescence microscopy (see Materials and Methods). Extracellular por-
tions of bacteria appear pink/red, and intracellular portions appear
blue. (B) Robust RhoG localization to nascent phagosomes is depen-
dent upon high-affinity 81 integrin ligation. COS1 cells expressing the
wild-type alleles of RhoG and Racl (GFP fusions) were incubated with
Y. pseudotuberculosis encoding either wild-type or D911A invasin
(Inv), which binds to B1 integrins at a much lower affinity than the wild
type. Localization of GFP fusions at the nascent phagosome was visu-
alized as described for panel A. Scale bars (applicable to all images
within the respective panels) = 3 pm.

sion of constitutively active RhoG or Racl had no effect, either
negative or positive, on uptake levels compared to wild-type
levels (data not shown). These data indicate that RhoG activity
is crucial for efficient bacterial uptake.

The T17N dominant-negative mutant protein in Ras super-
family GTPases functions by tightly binding to endogenous
GEFs that normally activate the GTPase (16), thus preventing
the activation of endogenous GTPase pools. If the binding
of the dominant-negative protein to GEFs is promiscuous or if
the dominant-negative protein titrates proteins that normally
act downstream of Racl activation, then the observed defect

INFECT. IMMUN.

could be unrelated to a role for RhoG signaling. To reduce the
chance of artifactual observations and to confer more specific-
ity on the observed uptake defect phenotypes, we used RNAI
to deplete RhoG and Racl. Plasmids encoding shRNAs tar-
geting RhoG and Racl, as well as a control nontargeting
shRNA, were transfected into HeLa cells. The efficiency of
transcript depletion was quantified using quantitative RT-PCR
after 48 h. This method showed that levels of RhoG and Racl
transcripts were significantly reduced after shRNA treatment
(Fig. 2B). Approximately 48 h posttransfection, cells were in-
cubated with Y. pseudotuberculosis YPIII(P ™) and uptake was
measured microscopically. Uptake in RhoG- and Racl-de-
pleted cells was significantly reduced compared with that in
mock-depleted cells (Fig. 2C). Potential “off-target” effects are
unlikely since RhoG depletion did not affect Racl transcript
levels and vice versa (Fig. 2B) and because multiple sShRNA
depleting constructs produced identical phenotypes (data not
shown). Interestingly, it appears that, at least in the case of
invasin-mediated uptake, there is no significant difference in
phenotype between dominant-negative versus RNAI inactiva-
tion of RhoG.

Development of a FRET-based biosensor to monitor RhoG
activation. To investigate whether or not the recruited RhoG is
activated, we took advantage of FRET to develop a biosensor
that detects the activation state of RhoG (Fig. 3A). No such
biosensor has been reported, as RhoG activation has been
assayed either by IP experiments (27) or by relocalization of an
effector (42). While useful for examining activity in bulk, IP
methods give no information about localized GTPase activity,
and relocalization methods do not directly measure activity.

The newly developed FRET-based biosensor described here
relies on the fact that RhoG interacts with the effector mole-
cule ELMO only when activated (27) (Fig. 3A; see Materials
and Methods for a detailed description of the biosensor con-
structs). The N-terminal 362 amino acids of ELMO have been
shown to be sufficient for this GTP-dependent interaction;
active Racl, Cdc42, and RhoA do not show any detectable
interaction with ELMO (27). The biosensor is encoded on two
plasmids and comprises RhoG fused to the C terminus of
monomeric CFP (mCFP) (mCFP-RhoG) and ELMO amino
acids 1 to 362 [ELMO(AA1-362)] fused to the N terminus of
mYFP (ELMO-mYFP). Upon GTP-dependent interaction of
RhoG with ELMO, fused CFP and YFP are brought into close
proximity whereby energy emitted by CFP could be absorbed
by YFP and subsequently generate a FRET signal (Fig. 3A).

The nucleotide dependence of the system was evaluated
first. mCFP-RhoG and ELMO-mYFP constructions were ex-
pressed in COS1 cells, and FRET was measured microscopi-
cally (see Materials and Methods). Wild-type RhoG generated
detectable levels of FRET signal (Fig. 3B; quantified in panel
E). RhoG(G12V) is insensitive to GAP inactivation and thus is
constitutively GTP associated. As expected, the FRET signal
generated by this mutant was higher than that observed with
wild-type RhoG (Fig. 3C; quantified in panel E). The domi-
nant-negative mutant RhoG(T17N), which is defective in GTP
loading, generated significantly lower FRET signals, as did the
effector binding mutants RhoG(F37A) and RhoG(Y40C) (Fig.
3D; quantified in panels E and F). These results indicate that
the RhoG-ELMO biosensor is sensitive to changes in the nu-
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FIG. 2. RhoG inactivation leads to reduced uptake. (A) Expression of dominant-negative RhoG significantly reduces bacterial uptake
efficiency. COS1 cells were transfected with either wild-type (wt) or dominant-negative (T17N) GTPase constructs overnight. Transfected cells
were then incubated with Y. pseudotuberculosis YPIII(P™), and uptake was quantified microscopically as described in Materials and Methods. P
was <0.0001 for the wt versus T17N both RhoG and Racl (B) RNAi-mediated depletion of RhoG. HeLa cells were transfected with plasmids
encoding hairpin sequences (ShRNA) targeting either RhoG or Racl. A nontargeting sShRNA (scrambled) was used as the control. Quantitative
RT-PCR was used to quantify the extent of depletion by each shRNA after 48 h. Data were first normalized to GAPDH transcript levels in each
sample and are presented here as fractions of expression relative to the control (scrambled). KD, knockdown. For RhoG and Racl expression, P
was <0.0001 (scrambled KD versus RhoG KD and scrambled KD versus Racl KD, respectively). (C) RhoG depletion leads to significantly lower
uptake efficiency. HeLa cells were depleted of the indicated GTPases for ~48 h. Cells were then incubated with Y. pseudotuberculosis YPIII(P™),
and uptake was quantified as described above. For scrambled KD versus RhoG KD and Racl KD, P was <0.0001.

cleotide binding state of RhoG and can function to report the
activation state of RhoG.

Localized RhoG activation in response to Yersinia binding to
host cells. Using the previously mentioned IP method, RhoG
activation in response to Y. enterocolitica binding has been
demonstrated (42). The FRET biosensor was used to assess if
the activation of RhoG in response to invasin-mediated
signaling was localized. This approach was similar to one
used previously to analyze localized Racl activation at the
site of bacterial attachment (57). COSI1 cells expressing the
RhoG biosensor constructs were challenged with Y. pseudotu-
berculosis YPIII(P ™), fixed, and processed for fluorescence
imaging. Elevation in FRET signal at the nascent phagosome
indicated robust RhoG activation at the site of bacterial con-
tact (Fig. 4A). Quantitation of FRET also showed a dramatic
increase in local RhoG activity at nascent phagosomes (Fig.
4B). As expected, Racl was also activated at the site of attach-
ment (Fig. 4C).

RhoG is inactivated by Y. pseudotuberculosis YopE. Y.
pseudotuberculosis translocates several proteins into the host
cell cytosol via its T3SS. One such protein, YopE, is a GAP
that has been shown to inactivate Racl, RhoA, and Cdc42 (3).
Inactivation of Rho GTPases by YopE inhibits phagocytosis,
which serves to maintain extracellular localization of the
pathogen. The RhoG FRET biosensor was used to evaluate
inactivation of RhoG by YopE. COS1 cells expressing the
FRET biosensor were challenged with YP17 (YPIII AyopE
AyopH) and YP17/pYopE for 2 h, fixed, and imaged for FRET.
Interestingly, lower FRET signals were detected in cells that
were incubated with YopE-expressing bacteria (Fig. 5SA and
B), suggesting that RhoG is inactivated by YopE. For quanti-
fication, cells were challenged briefly (~30 min) with YP17 and
YP17/pYopE and fixed and the extent of RhoG activation at
the site of bacterial attachment was quantified as described

above. The duration of bacterial challenge was minimized be-
cause prolonged exposure to YopE causes cell rounding (note
cell shape in Fig. SA and B), which may lead to significant cell
loss and microscopic images that cannot be readily quantified.
We found that the amount of RhoG-ELMO FRET at nascent
phagosomes was significantly reduced in the presence of YopE
(Fig. 5C). This result was consistent with (i) RhoG being in-
activated by the action of Y. pseudotuberculosis YopE and (ii)
previous observations of Y. enterocolitica YopE’s RhoG GAP
activity (42). Interestingly, cytoplasmic levels of RhoG-ELMO
FRET (i.e., activation at regions without bound bacteria) re-
mained relatively unchanged (Fig. 5D). This lack of cytoplas-
mic inactivation may be due to the short period of infection
used in the assay, or cytoplasmic pools of RhoG may be resis-
tant to the activity of YopE.

RhoG is mislocalized by Y. pseudotuberculosis YopT. YopT is
a prenylcysteine endoprotease that is translocated by Yersinia
into host cells (46, 51). Y. pseudotuberculosis YopT mislocalizes
Racl, Cdc42, and RhoA by cleaving the C-terminal lipid moi-
ety, thereby removing the membrane-targeting signal. We first
examined the mislocalization of GTPases at the whole-cell
level by incubating cells expressing EGFP-tagged RhoG and
Racl with YopT-expressing and control bacteria and examin-
ing changes in GTPase localization. In the absence of YopT,
RhoG was found to localize to a perinuclear focus as well as
the cytosol (Fig. 6A, —YopT). This intricate localization was
dramatically disrupted upon incubation with YopT-expressing
bacteria (Fig. 6A, +YopT). The majority of EGFP-Racl was
relocated to the nucleus in response to YopT-expressing bac-
teria (Fig. 6B), as previously described (56, 57).

We assayed targeting and cleavage of RhoG by microscopic
observation of GTPase localization to nascent phagosomes
containing bacteria with and without YopT. EGFP-RhoG-ex-
pressing cells were challenged with bacteria expressing YopT,

saueIqIi] emoy Jo Alsianiun ayl Ag ST0Z ‘6T |udy uo /Bio wserel//:dny woly papeojumod


http://iai.asm.org/

4776 MOHAMMADI AND ISBERG INFECT. IMMUN.

A RhoG E
440nm ELMO  440nm ? 200
2GTPy - 150 =
mCFP w w
T 100 K«
[TH (TR
[} [=
MYFP 50
mCFP- ELMO- 0
mYFP wt o Z
s F
F
40 0.08
o 30 io 0.06
2 [
(TR (TR
s 20 < 0.04
10 0.02
0 0.00
wtZ < O wtzZ < O
=5 =59
= w > = w >

FIG. 3. Development of a FRET-based RhoG activation biosensor. (A) Schematic of the RhoG activation biosensor. The biosensor is made from two
constructs: mCFP-RhoG and ELMO(AA1-362)-mYFP. Upon GTP loading RhoG-ELMO interaction brings the two fluorescent proteins into close proximity,
allowing transfer of energy from CFP to YFP. This energy transfer is visualized microscopically. (B to D) RhoG activation in COSI cells expressing the RhoG
FRET biosensor. COS1 cells were transfected with mCFP fusions of wild-type (wt) (B), constitutively active (G12V) (C), or dominant-negative (T17N)
(D) RhoG along with ELMO-mYFP. sFRET images were calculated as described in Materials and Methods. Scale bar (applicable to all images) = 15 pum.
(E) RhoG-ELMO FRET quantification shows a higher signal using constitutively active RhoG and a lower signal using dominant-negative RhoG. FRET was
quantified at multiple ROIs in multiple cells as described in Materials and Methods and is presented as SFRET and nFRET. For sFRET, P was <0.0001 for
wt versus RhoG(G12V) and 0.0007 for wt versus RhoG(T17N); for nNFRET, P was <0.05 for wt versus RhoG(G12V) and 0.0024 for wt versus RhoG(T17N).
(F) RhoG eftector binding mutants [RhoG(F37A) and RhoG(Y40C)] display lower FRET readouts than the wild type. Quantification was carried out as
described above. For sSFRET, P was 0.0005 for the wt versus RhoG(T17N), 0.0172 for the wt versus RhoG(F37A), and 0.0023 for the wt versus RhoG(Y40C);
for nFRET, P was <0.0001 for the wt versus RhoG(T17N) and RhoG(F37A) and 0.0002 for the wt versus RhoG(Y40C).

and nascent phagosomes were scored for GTPase localization. prenyl moiety. This targeting was specific, because a GTPase
This assay showed less RhoG localization on nascent phago- known not to be targeted by YopT, Arf6, was not removed from
somes in the presence of YopT (Fig. 7A; quantified in panel nascent phagosomes (Fig. 7A and B). Racl was included in this
B), consistent with YopT cleavage of the RhoG C-terminal assay as a known target of YopT cleavage (Fig. 7A and B).
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FIG. 4. Localized RhoG activation at nascent phagosomes. (A) Yersinia binding activates RhoG. COS1 cells expressing the RhoG FRET
biosensor were incubated with Yersinia YPIII(P™), fixed, and imaged as described for Fig. 3. Scale bar (applicable to all images except insets) =
5 wm. (B and C) Quantitative increase in FRET signal in response to bacterial binding. RhoG-ELMO- and Rac1-p21 binding domain-expressing
cells were imaged for FRET. sFRET and nFRET at ROIs with (+) or without (—) bound bacteria are presented. nFRET was calculated by
normalizing sSFRET values for donor and acceptor concentrations at each ROI. At least 12 independent ROIs were quantified in each analysis
group. RhoG sFRET, P < 0.0001; RhoG nFRET, P = 0.0185; Racl sFRET, P = 0.0004; Racl nFRET, P = 0.0014.
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FIG. 5. Y. pseudotuberculosis YopE inactivates RhoG. (A and B) YopE inactivation of cellular pools of RhoG. COS1 cells expressing the RhoG
FRET biosensor were incubated for 2 h with a Y. pseudotuberculosis strain with an inducible plasmid encoding YopE (see Materials and Methods
for details). A strain carrying the empty plasmid was used as the control. SFRET and nFRET images were calculated as described in Materials and
Methods. Scale bar (applicable to all images) = 20 wm. (C) YopE causes localized RhoG inactivation. COS1 cells expressing the RhoG FRET
biosensor were incubated briefly (~30 min) with Y. pseudotuberculosis strains as for panels A and B, and FRET was quantified at the site of
bacterial attachment. Normalized FRET figures from these sites are presented. P, 0.0053. (D) YopE-mediated RhoG inactivation is a localized
event. RhoG activation at sites without bacterial attachment (background FRET) was quantified as described above. P, 0.883.

RhoG cleavage by YopT was also assayed biochemically.
Cleared lysates from 293T cells expressing constitutively active
RhoG and YopT(wt) or YopT(C139S), a catalytically inactive
mutant (46), were fractionated into aqueous (nonprenylated)
and aliphatic (prenylated) fractions using Triton X-114 (22,
46). In order to minimize potential artifacts caused by GTPase
inactivation and subsequent Rho guanine nucleotide dissocia-
tion inhibitor (RhoGDI) association, which may interfere with

-YopT + YopT

FIG. 6. Global Rho GTPase mislocalization by Y. pseudotuberculo-
sis YopT. (A) YopT disrupts intricate subcellular localization of
RhoG. COS1 cells expressing EGFP-tagged constitutively active
RhoG were incubated with YP17 (=YopT) or YP17/pYopT (+YopT)
for 30 min, fixed, and processed for fluorescence imaging. (B) YopT
mislocalizes Rac1 to the nucleus. Scale bar (applicable to all images) =
30 pm.

YopT targeting and cleavage, constitutively active forms of
GTPases were used in this assay. In cells expressing YopT(wt),
RhoG was excluded from the detergent-associated fraction
after Triton X-114 partitioning, providing further support for
the notion that YopT cleaves RhoG (Fig. 7C, lanes wt; quan-
tified in panel D). This depletion was dependent upon the
catalytic activity of YopT, as the partitioning was unaffected in
YopT(C139S)-expressing cells (Fig. 7C and D, lanes CS). Once
again, a noncleavable GTPase (Arf6) did not display any al-
tered partitioning behavior, and the known YopT substrate
(Racl) was efficiently cleaved (Fig. 7C and D). These results
strongly suggest that YopT does indeed cleave RhoG. Further-
more, as there was no significant shift in RhoG electrophoretic
mobility in the Triton X-114 partitioning assay, it is likely that
the cleavage site in RhoG is indeed at the extreme C terminus
of the protein, as described previously for Racl, Cdc42, and
RhoA (47).

Assessment of RhoG and Racl interplay during invasin-
mediated uptake. The relationship between RhoG and Racl
signaling is unclear. Some groups have shown that RhoG ac-
tivates Racl and Cdc42 (termed linear signaling) (17, 27),
whereas others have found that RhoG signals independently of
other Rho GTPases (termed parallel signaling) (41, 55). Inva-
sin binding activates both RhoG and Racl, so we decided to
investigate if linear signaling from RhoG to Racl was required
for invasin-mediated uptake. To this end, we took advantage of
the Rho GAP activity of YopE. YopE was used to inactivate
both endogenous RhoG and Racl in the cell, leading to sig-
nificantly lower bacterial uptake efficiency (Fig. 8A, plasmid).
Constitutively active Rho GTPases are insensitive to Rho GAP
inactivation, so COS1 cells expressing either RhoG(G12V) or
Racl(G12V) were challenged with YopE-expressing bacteria
and uptake was quantified. Uptake of YopE-expressing bacte-
ria was restored when either of the constitutively active
GTPases was expressed (Fig. 8A, RhoG G12V and Racl G12V),
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FIG. 7. Y. pseudotuberculosis YopT mislocalizes RhoG. (A) YopT removes RhoG from nascent phagosomes. COS1 cells expressing EGFP-
RhoG, EGFP-Racl, and Arf6-HA were incubated with control and YopT-expressing strains of Y. pseudotuberculosis. Cells were fixed and stained
to visualize GTPases and bacteria (see Materials and Methods). Scale bar (applicable to all images) = 3 pm. (B) Quantification of phenotype
described for panel A. Fifty individual phagosomes were scored for GTPase presence in each of three independent samples. P values were
calculated by comparing conditions with and without YopT. RhoG, P < 0.0001; Racl, P = 0.0021; Arf6, P = 0.464. (C) Alteration in RhoG
prenylation in YopT-expressing cells. 293T cells, transfected with constitutively active RhoG, Racl, or Arf6 along with YopT(wt) (wt) or
YopT(C139S) (CS), were lysed using Triton X-114 and partitioned into aqueous and aliphatic (detergent) fractions. Each fraction was analyzed
for the presence of GTPase by IP and Western blotting. Input samples were analyzed for the presence of the indicated GTPases and FLAG-YopT
by blotting. (D) Quantification of Triton X-114 fractionation. Band intensities in panel C were quantified by densitometry, and the quantities of
each GTPase present in aqueous and detergent fractions were normalized to input quantities. A ratio of normalized detergent to normalized
aqueous GTPase is presented. Arf6 quantities were regraphed with an alternate y-axis scale and are presented as an inset.

indicating that either GTPase could be used to control events
associated with uptake in the absence of the other.

The suppression assay with constitutively active RhoG as-
sumes equivalent toxin delivery in the presence or absence of
constitutively active RhoG. Rho GTPase activity has been
shown to influence T3SS function (34), as Mejia et al. found
that inactivation of Rho GTPases leads to decreased Yop
translocation efficiency. However, the effect of constitutively
active RhoG expression upon toxin delivery is unknown, so we
assayed the translocation efficiency of YopE with or without
constitutively active RhoG. Transfected COS1 cells were chal-
lenged with wild-type Y. pseudotuberculosis (translocation compe-
tent) as well as an isogenic yopB mutant (translocation defective).
Eukaryotic cells were lysed, and the extent of translocation was
determined using a detergent fractionation method followed
by Western blotting (see Materials and Methods). Immunode-
tection of YopE showed that similar quantities of YopE were
translocated regardless of RhoG(G12V) expression status
(Fig. 8B), which indicates that expression of constitutively ac-

tive RhoG does not alter the efficiency of Yop delivery in Y.
pseudotuberculosis.

We used a secondary assay to test for the presence of par-
allel signaling. COS1 cells were cotransfected with either dom-
inant-negative RhoG and constitutively active Racl or consti-
tutively active RhoG and dominant-negative Racl. These cells
were challenged with YPIII(P ), and invasin-mediated uptake
was quantified. Single transfections with dominant-negative
and constitutively active GTPases were used as controls. As
expected, dominant-negative RhoG and Racl significantly re-
duced uptake whereas constitutively active RhoG and Racl
did not (Fig. 8C). Notably, expression of constitutively active
RhoG restored uptake to cells expressing dominant-negative
Racl, suggesting that RhoG signaling can occur independently
of the Racl activation state (Fig. 8C). Evidence presented here
indicates that RhoG can bypass the requirement for Racl
during invasin-mediated uptake.

Both assays used to examine the issue of dependent versus
independent signaling provide evidence for independent sig-
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FIG. 8. RhoG and Racl signal in parallel during Yersinia uptake but signal linearly during large-particle uptake. (A) Endogenous GTPase
inactivation by YopE could be suppressed by expression of constitutively active RhoG. Cells expressing constitutively active RhoG or Racl
[RhoG(G12V) or Racl(G12V)] or control cells (plasmid) were challenged with control or YopE-expressing Yersinia. Uptake was quantified as
described in Materials and Methods. In the presence of YopE, P was <0.0001 for the control cells versus cells expressing RhoG(G12V) or
Racl(G12V). (B) Expression of constitutively active RhoG does not affect efficiency of Yop translocation by Y. pseudotuberculosis. COS1 cells were
transfected with RhoG(G12V) or a control plasmid. Cells were then incubated with Y. pseudotuberculosis YPIII(P™) (wt) or the isogenic yopB
deletion mutant (AyopB). After incubation with bacteria, host cells were lysed using Nonidet P-40 and fractionated into detergent-soluble (sup)
and detergent-insoluble (pellet) fractions by centrifugation. Both fractions were analyzed by Western blotting. The percentage of translocated
YopE was calculated by performing densitometry to quantify blots. (C and D) The bacterial uptake defect due to RhoG inactivation could be
suppressed by expression of constitutively active Racl and vice versa, but large-particle uptake could not. COSI cells were transfected with
constitutively active (G12V) or dominant-negative (T17N) forms of Racl and RhoG, either individually or in combination, as indicated.
Transfected cells were then incubated with Yersinia YPIII(P™) or large (4.1-pm) invasin-coated beads, and uptake was quantified as described in
Materials and Methods. P values are as follows: wt RhoG or Racl versus T17N mutant, 0.0001 (C and D); RhoG(T17N) and Racl(T17N) versus
RhoG(G12V)/Racl(T17N) and Racl(G12V)/RhoG(T17N), <0.0001 (C); RhoG(T17N) versus RhoG(T17N)/Racl(G12V), <0.0001 (D);

Racl(T17N) versus RhoG(G12V)/Racl(T17N), 0.7235 (D).

naling during uptake, which contradicts published reports of
the role of RhoG during phagocytosis (11). deBakker et al.
found, using plastic beads as phagocytic particles, that expres-
sion of constitutively active RhoG could not suppress the up-
take defect seen with dominant-negative Racl. Invasin is suf-
ficient for phagocytic uptake, so we quantified uptake of large
(4.1-pm) latex beads coated with purified invasin. In contrast
to what was found for bacterial internalization, the defect in
the uptake of 4.1-pm beads in cells expressing dominant-neg-
ative Racl could not be suppressed by expression of constitu-
tively active RhoG (Fig. 8D). Furthermore, constitutively ac-
tive Racl could bypass the defect caused by dominant-negative
RhoG (Fig. 8D). The latter results are in accordance with
previous observations and indicate that large-particle uptake
requires a linear pathway of signaling from RhoG to Racl.
Therefore, it appears that the nature and/or surface area in-
volved in phagocytosis determines if RhoG can mediate uptake
under conditions in which there are limiting levels of func-
tional Racl.

DISCUSSION

In this work we demonstrated that the Rho GTPase RhoG
is targeted by three Yersinia pseudotuberculosis virulence fac-
tors. In the absence of Yop expression, RhoG was recruited to
the site of bacterial attachment as a result of a high-affinity
invasin-B1 integrin interaction (Fig. 1), and RhoG inactivation
resulted in reduced bacterial uptake efficiency (Fig. 2). A novel
FRET biosensor (Fig. 3) was used to observe accumulation of
activated RhoG at sites of bacterial attachment (Fig. 4). The
translocated toxins YopE (a Rho GAP) and YopT (a prenyl-
cysteine endoprotease) both targeted RhoG: YopE inactivated

RhoG and YopT cleaved and mislocalized RhoG (Fig. 5, 6,
and 7). The various methods of RhoG manipulation by Y.
pseudotuberculosis are depicted in Fig. 9.

In evaluating the effect of RhoG inactivation upon invasin-
mediated signaling, we used a dominant-negative RhoG allele
(encoding the T17N mutation) as well as RNAi-mediated de-
pletion. In our system, both inactivating approaches yielded
similar results, causing a defect in invasin-mediated uptake
(Fig. 2). In other systems dominant-negative mutants have
been shown to generate potentially artifactual findings (21, 37).
Patel and Galan (37) have shown that dominant-negative
Cdc42 interferes with Salmonella enterica-induced ruffle for-
mation, whereas Cdc42 RNAIi does not. Similarly, Hakeda-
Suzuki et al. (21) found that inactivating mutations in Drosoph-
ila melanogaster Racl do not affect the establishment of cell
polarity, whereas dominant-negative mutants do. The system
used here—invasin-B1 integrin-mediated signaling through
RhoG and Racl—seems insensitive to such confounding re-
sults.

Differences between Racl and RhoG recruitment to nascent
phagosomes are notable. Patel et al. (38) observed that Racl,
in the absence of activating signals, is recruited to nascent Fc
receptor phagosomes, concluding that Racl activation occurs
after recruitment to phagosomes. In contrast, our observations
indicate that inactive RhoG is not recruited to nascent phago-
somes (Fig. 1), suggesting that the mechanisms for recruitment
and activation may differ between the two highly similar
GTPases. It is possible that different factors mediate RhoGDI
dissociation for each GTPase, especially since each interacts
with a different RhoGDI isoform. Racl shows specificity for
RhoGDI-1, while RhoG is sequestered by RhoGDI-3 (5, 36).
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FIG. 9. Model of RhoG manipulation by Yersinia pseudotuberculosis. (A) RhoG is activated in response to invasin-mediated signaling. When
there is no expression of antiphagocytic factors, invasin binding to B1 integrin activates RhoG. Activated (GTP-bound) RhoG, liberated from
RhoGDI, localizes to membranous structures through its C-terminal prenyl moiety, where effector association occurs. Invasin-mediated Rho
GTPase activation may be somewhat redundant, as both RhoG and Racl are activated, leading to efficient internalization of the bacterium.
(B) RhoG is inactivated and mislocalized by YopE and YopT, respectively. Under conditions in which Yops are translocated into the cytosol, both
YopE and YopT misregulate RhoG. YopE, a Rho GAP, inactivates RhoG, and YopT, a prenylcysteine endoprotease, most likely cleaves RhoG,
thereby removing the C-terminal lipid moiety that mediates membrane localization. YopT cleavage leads to the accumulation of a cytosol-localized
pool that is resistant to sequestration by RhoGDI. This pool may represent a previously unappreciated signaling niche for RhoG.

Alternatively, the difference in recruitment may be due to
variations in each of the PBRs. That is, both GTPases are
liberated from their respective RhoGDIs by a similar mecha-
nism but localize differently in the absence of activation due to
differences in the number of basic residues in the PBR, since
the number of C-terminal basic residues has been shown to
influence subcellular localization (59).

The fate of YopT-cleaved RhoG is unclear. In the case of
Racl, cleavage exposes a nuclear localization signal, leading to
the accumulation of activated Racl in the nucleus (35, 57), but
no such signal exists in RhoG. Differences between YopT-
mediated RhoG and Racl mislocalization are depicted in Fig.
6. Triton X-114 fractionation of cells coexpressing RhoG and
YopT (Fig. 7) showed an increase in the aqueous form of
RhoG, which most likely localizes to the cytosol. This aber-
rantly localized pool of RhoG, which most likely lacks C-
terminal prenylation and thus cannot be sequestered by
RhoGDI, may be a new signaling niche for RhoG. Further-
more, the cleaved pool of RhoG is most likely not inactivated
by YopE, since evidence exists for cytosolic Racl not being
susceptible to YopE inactivation (57). Exposure of the cy-
tosolic compartment to active RhoG may lead to a number
of atypical outcomes, ranging from altered immune signal-
ing to altered cytoskeletal rearrangement events. Triton
X-114 fractionation shows a marked accumulation of YopT-
cleaved RhoG in the aqueous fraction, which is absent in
cleaved Racl (Fig. 7C; compare aqueous fractions in RhoG
and Racl panels). This difference is most likely due to the fact
that Triton X-114 does not disrupt the nucleus, which contains
a significant fraction of YopT-cleaved Racl (Fig. 6).

We have used RhoG-ELMO FRET to show RhoG inacti-
vation in the presence of YopE, but this does not directly
demonstrate that YopE is a RhoG GAP. Roppenser et al.,
however, have shown that purified Y. enterocolitica YopE acts
as a GAP for RhoG (42), so it is likely that the Y. pseudotu-

berculosis YopE used in this study is also a RhoG GAP, espe-
cially since Y. enterocolitica YopE and Y. pseudotuberculosis
YopE are 94% identical at the primary protein sequence level.

We have observed that Racl and RhoG are able to signal
redundantly during invasin-mediated uptake of bacteria, but
RhoG and Racl functions do not overlap. Inactivation of
RhoG by YopE or mislocalization by YopT may be a way of
expanding the targeted Rho GTPase repertoire by Y. pseudo-
tuberculosis. Inactivating Racl is crucial for antiphagocytosis,
but it may be insufficient to cripple the antibacterial activity of
immune cells such as neutrophils. By targeting RhoG, a factor
that is required for the generation of ROS by neutrophils, Y.
pseudotuberculosis drastically interferes with an important arm
of the host immune defense. Infection of RhoG-deficient mice
with Y. pseudotuberculosis may shed light on the importance of
RhoG in the context of a fully intact immune system, especially
since RhoG ™/~ mice show no apparent defects in immune
system development (53). In addition, RhoG is uniquely local-
ized compared with other Rho GTPases. The active form of
RhoG has been shown to localize to the plasma membrane as
well as to perinuclear structures that may be of Golgi or en-
doplasmic reticulum nature (5, 41). This is in contrast to active
Racl, which localizes almost exclusively to the plasma mem-
brane. By inhibiting both Rho GTPases, Y. pseudotuberculosis
also increases the range of compartments it is able to target.
YopE displays a perinuclear localization pattern when ex-
pressed in CHO cells (28), so targeting GTPases that reside in
that vicinity is entirely possible. The significance of such dif-
ferential compartment targeting is not clear but may contribute
to successful establishment and progression of disease.

We investigated the interplay between RhoG and Racl sig-
naling during phagocytic uptake (Fig. 8) and found evidence
for both linear and parallel signaling depending on the size of
the ingested particle. Both GTPases are activated in response
to bacterial binding, but inactivation of only one does not affect
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uptake efficiency in the presence of a constitutively active form
of either GTPase. In contrast, large-particle uptake efficiency is
significantly decreased when either GTPase is inactivated, but
Racl inactivation cannot be overcome by expression of consti-
tutively active RhoG, indicating that large-particle uptake re-
quires signaling from RhoG to Racl. Active Racl, on the other
hand, can bypass the loss of RhoG function in this case. Ob-
served differences between results described here and previous
work may be attributed to assays used. Most previous conclu-
sions have been based on observed changes in cell morphology
(17) and assays directly looking at GTPase activation (27, 41)
or effector/GEF interaction (55), while we investigated the
issue using a functional phagocytosis assay. This assay demon-
strates that the requirement for a particular GTPase is partly
determined by the nature of the signaling event being assayed.

Roppenser et al. recently reported that RhoG is targeted by
the related organism Yersinia enterocolitica via invasin and
YopE (42). We demonstrate here that Y. pseudotuberculosis
YopE and invasin behave similarly. In addition, we demon-
strate that Y. pseudotuberculosis YopT effectively cleaves
RhoG (Fig. 7). Roppenser et al. conclude that, in response to
bacterial attachment, Racl signaling depends on RhoG. Al-
though we believe this to be correct, we find that if the surface
of the phagocytic particle is sufficiently small, activated RhoG
can bypass a defect in Racl signaling. This may be a conse-
quence of the activation of a small pool of Racl or of the direct
replacement of Racl by RhoG and activation of downstream
effectors that may normally associate with Racl signaling.
Clearly, as the surface area of the phagosome is increased, such
bypass cannot occur.

Pathogenic Yersinia species encode sophisticated systems to
dampen the host response and proliferate successfully. Mis-
regulation of RhoG appears to be yet another clever adapta-
tion by these organisms that has not been uncovered previ-
ously, and precise ramifications of this misregulation remain to
be investigated. Our study has shed light on RhoG’s unique
nature among GTPases that are misregulated by Y. pseudotu-
berculosis. Despite a high degree of primary sequence similar-
ity to such GTPases as Racl, RhoG’s distinctive subcellular
localization and crucial role in proper neutrophil function
make it stand out as a novel target of pathogenic Yersinia.
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