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Pseudomonas aeruginosa exoenzyme S (ExoS) ADP-ribosylates multiple eukaryotic targets to promote cytopathology and bacte-
rial colonization. ADP-ribosylation of the small GTPase Rab5 has previously been shown to block fluid-phase endocytosis and
trafficking of plasma membrane receptors to the early endosomes as well as inhibit phagocytosis of the bacterium. In this study,
ExoS is shown to be capable of ADP-ribosylating 6 candidate arginine residues that are located in the effector binding region or
in the C terminus of Rab5. Two Rab5 derivatives were engineered, which contained Arg¡Ala mutations at four Arg residues
within the effector binding region (EF) or two Arg residues within the C-terminal tail (TL). Expression of Rab5(TL) does not af-
fect the ability of ExoS to modify intracellular trafficking, while expression of Rab5(EF) rescued the ability of ExoS to inhibit in-
tracellular trafficking. ADP-ribosylation of effector arginines likely uncouples Rab5 signaling to downstream effectors. This is a
different mechanism for inhibition than observed for the ADP-ribosylation of Ras by ExoS, where ADP-ribosylated Ras loses the
ability to bind guanine nucleotide exchange factor (GEF). Other experiments showed that expression of dominant negative
Rab5(Ser34Asn) does not inhibit ExoS trafficking to the perinuclear region of intoxicated cells. This study provides insight into a
mechanism for how ExoS ADP-ribosylation of Rab5 inhibits Rab5 function.

Pseudomonas aeruginosa is a Gram-negative opportunistic
pathogen, which causes disease primarily among the immu-

nocompromised, patients with cystic fibrosis, or burn patients (1).
P. aeruginosa uses a type III secretion system (T3SS) to deliver four
effector proteins, which promote an intracellular environment
favorable for bacterial survival and replication within the infected
organism (2, 3). Exoenzyme S (ExoS), ExoT, ExoU, and ExoY are
injected into the target cells, traffic to their respective cellular lo-
cations, and associate with eukaryotic protein cofactors to elicit
cytopathic effects (4). ExoU is a potent A2 phospholipase (5) and
uses ubiquitin as a host cofactor (6), while ExoY is an adenylate
cyclase with an unknown host cofactor (7). ExoS and ExoT are
bifunctional enzymes, with a Rho GTPase-activating protein do-
main (RhoGAP) (8–12) and an arginine-specific ADP-ribosyl-
transferase (ADPr) domain (13–16). The ADPr domains of ExoS
and ExoT are activated by 14-3-3 protein factor activating
ExoS (FAS) (17, 18). Although sharing 76% sequence identity,
ExoS and ExoT ADP-ribosylate different targets (19). ExoT ADP-
ribosylates CrkI and CrkII proteins, which uncouples integrin sig-
naling and results in cytoskeleton rearrangement (20, 21). ExoS
has broad substrate specificity, with targets including the ezrin,
radixin, and moesin (ERM) proteins as well as the small GTPases
Ras, Rac, Rab5, Rab7, Rab8, and Rab11. ExoS ADPr activity in-
duces cytotoxicity, cytoskeletal rearrangement, and disruption of
vesicle trafficking (22–28).

Rab proteins are members of the Ras superfamily of small
GTPases and are involved in intracellular trafficking. Like other
GTPases, Rabs cycle between inactive GDP-bound and active
GTP-bound forms (29). Rab proteins interact with downstream
effector proteins to promote trafficking, tethering, and vesicle fu-
sion mediated by the state of the bound nucleotide, as structural
rearrangements in the switch I or switch II region allow interac-
tions with downstream effectors when in the GTP-bound form
but not when in the GDP-bound form (30). Different Rab iso-
forms target cellular cargoes to specific membranes and cellular
compartments, often through differing prenylation sequences at

their carboxy termini or differing residues in the switch I/II re-
gions (31). Rab5 regulates trafficking of endocytosed cargo from
the plasma membrane, transporting clathrin-coated vesicles
(CCVs) to the early endosomal (EE) compartment, promoting
vesicle tethering and fusion through interaction with the early
endosome antigen 1 (EEA1) (32–35).

T3SS delivery of ExoS is clathrin, caveolin, and dynamin inde-
pendent. Postinjection, ExoS traffics from the plasma membrane
to a perinuclear localization to ADP-ribosylate target substrates,
utilizing a microtubule-dependent mechanism and associating
with Rab-positive vesicles (36–38). In vitro, ExoS-mediated ADP-
ribosylation of Rab5 inhibits fluid-phase uptake and blocks the
Rab5-EEA1 interaction (28). Intoxication of eukaryotic cells with
P. aeruginosa expressing a RhoGAP-deficient mutant of ExoS
[ExoS(G�A�)] also inhibits fluid-phase uptake, indicating a role
for ExoS ADP-ribosyltransferase activity in inhibition of endocy-
tosis (39). Additionally, ExoS ADPr activity blocks receptor-me-
diated trafficking by trapping plasma membrane-associated pro-
tein receptors in a clathrin-coated vesicle, as shown previously for
epithelial growth factor (EGF) receptor (EGFR) (39). EGF bind-
ing results in receptor endocytosis through a clathrin-dependent
mechanism and utilization of a Rab5- and Rab7-dependent traf-
ficking pathway through the early and late endosomes, resulting in
final degradation of the complex in the lysosome (40–42). Recent
data suggest that inhibition of Rab5 activity also inhibits macro-
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phage phagocytosis of Pseudomonas aeruginosa and that this inhi-
bition is dependent on ExoS ADPr activity (43).

In this study, the residues of Rab5 ADP-ribosylated by ExoS
have been identified, which allowed assessment of the mechanism
by which ExoS ADPr activity uncouples endocytic trafficking and
blocks phagocytosis of P. aeruginosa. This study also presents data
suggesting that ExoS does not require functional Rab5 activity to
traffic to the perinuclear region of the cell and exert cytotoxic
effects.

MATERIALS AND METHODS
Plasmid vectors and mutagenesis. Rab5, ExoS, and 14-3-3 protein-coding
sequences were cloned into the Escherichia coli pET15B expression vector for
protein purification. The wild-type Rab5 construct and mutated Rab5 deriv-
atives were subcloned into pEGFP-C1 (Clontech) for mammalian cell expres-
sion studies. The full-length ExoS gene was cloned into pEGFP-N1 (Clon-
tech), with deletions of the enhanced green fluorescent protein (EGFP) gene
such that EGFP is not expressed in pExoS. Site-directed mutagenesis of the
indicated arginine residues was performed by using Quikchange site-directed
mutagenesis (Agilent Technologies). Mutagenesis primers are as follows: 5=-
CTGCCAGAGGAGCAGGAGTAGACCTTAC-3= (positive sense) and 5=-G
TAAGGTCTACTCCTGCTCCTCTGGCAG-3= (negative sense) for R197A,
5=-GGGATACAGCTGGTCAAGAAGCATACCATAGCCTAGC-3= (posi-
tive sense) and 5=-GCTAGGCTATGGTATGCTTCTTGACCAGCTGTATC
CC-3= (negative sense) for R81A, 5=-GCACCAATGTACTACGCAGGAGC
ACAAGCAGCC-3= (positive sense) and 5=-GGCTGCTTGTGCTCCTGCG
TAGTACATTGGTGC-3= (negative sense) for R91A, 5=-GAGGAGTCCTTT
GCAGCAGCAAAAAATTGGG-3= (positive sense) and 5=-CCCAATTTTTT
GCTGCTGCAAAGGACTCCTC-3= (negative sense) for R110A, 5=-ATTGG
GTTAAAGAACTTCAGGCGCAAGCAAGTCCTAACATTG-3= (positive
sense) and 5=-CAATGTTAGGACTTGCTTGCGCCTGAAGTTCTTTAAC
CCAAT-3= (negative sense) for R120A, 5=-GGAGCAAATTCTGCCGCAGG
AGCAGGAGTAGACCTTACCG-3= (positive sense) and 5=-CGGTAAGGT
CTACTCCTGCTCCTGCGGCAGAATTTGCTCC-3= (negative sense) for
R195A, 5=-GGGATACAGCTGGTCAAGAAAAATACCATAGCCTAGC-3=
(positive sense) and 5=-GCTAGGCTATGGTATTTTTCTTGACCAGCTGT
ATCCC-3= (negative sense) for R81K, and 5=-GCACCAATGTACTACAAA
GGAGCACAAGCAGCC-3= (positive sense) and 5=-GGCTGCTTGTGCTC
CTTTGTAGTACATTGGTGC-3= (negative sense) for R91K.

Expression and purification of recombinant proteins. His6–14-3-3,
His6-ExoS(70 – 453), and His6-Rab5�CAAX proteins in pET15B were ex-
pressed in E. coli BL21(DE3) and purified as described previously (44).
Briefly, bacteria were plated overnight at 37°C with ampicillin (250 �g/
ml). Cells were added to 400 ml L broth plus ampicillin and cultured for 2
h at 30°C, when 1 mM isopropyl-�-D-thiogalactopyranoside (IPTG) was
added, and the cells were cultured for an additional 2 h at 30°C. Cells were
harvested; suspended in binding buffer (20 mM Tris-HCl [pH 7.9], 500
mM NaCl, and 5 mM imidazole) with bacterial protease inhibitor cocktail
(Sigma), RNase (20 �g/ml), and DNase (20 �g/ml); and broken in a
French pressure cell. The lysate was centrifuged (30,000 � g for 20 min),
and the soluble fraction was passed through a 0.45-�m filter. The filtrate
was subjected to Ni2� affinity resin chromatography (Qiagen). The His6

fusion proteins were eluted in binding buffer with 250 mM imidazole, and
the eluate was subjected to size-exclusion fractionation by Sephacryl S200
(Sigma) in a solution containing 10 mM Tris-HCl (pH 7.6) plus 20 mM
NaCl. Peak fractions were dialyzed into a solution containing 10 mM
Tris-HCl, 20 mM NaCl, and 40% glycerol and stored at �80°C.

In vitro ADP-ribosylation assay. Reaction mixtures contained 10
mM Tris-HCl (pH 7.6) and 20 mM NaCl with 2 �g His6-Rab5�CAAX, 20
�M ExoS, and 40 �M NAD� with or without 150 nM FAS. Reaction
mixtures were incubated at room temperature for the indicated times,
after which each reaction mixture was boiled for 5 min, followed by SDS-
PAGE and Coomassie staining. The amount of ADP-ribosylated Rab5 was
quantified by densitometry using AlphaView SA software (Cell Biosci-
ences Inc.). Briefly, the band comprising the no-FAS or 0-min time point

was boxed, indicative of the electrophoretic mobility of unmodified (non-
ADP-ribosylated) Rab5. A box with an identical size was placed in the
same location for each additional condition or time point. The percentage
of Rab5 which was no longer present due to a differing electrophoretic
mobility, as a result of ADP-ribosylation, was then compared to the total
Rab5 population. Calculations and statistical analyses were performed
with GraphPad Prism 5 software (GraphPad Software Inc.).

Cell culture. HeLa cells (ATCC CCL-2) were cultured in minimal
essential medium (MEM) (Life Technologies) supplemented with 10%
fetal calf serum, nonessential amino acids, sodium pyruvate, sodium bi-
carbonate, and penicillin-streptomycin and maintained humidified at
37°C in 5% CO2. HeLa cells (24-well plates at 70 to 80% confluence) were
transiently transfected with Lipofectamine 2000 (Life Technologies) ac-
cording to the manufacturer’s protocol.

P. aeruginosa maintenance and HeLa cell infection. PA103(�exoU
exoT::Tc)(pUCP-ExoS) was maintained and cultured as described previ-
ously (37). pUCP-ExoS(G�A�)-HA contained a hemagglutinin (HA)
epitope, and pUCP-ExoS(G�A�)-FLAG contained a 3� FLAG epitope.
Intoxication experiments were performed at a multiplicity of infection of
16:1 (bacteria to cells). Plates were centrifuged at 450 � g for 10 min at
room temperature to synchronize the infection and then incubated at
37°C for the indicated times of intoxication.

EGFR trafficking experiments. HeLa cells were mock transfected or
transfected with the indicated EGFP-Rab5 construct for 20 h. Cells were
then intoxicated by PA103(�exoU exoT::Tc)(pUCP-ExoS) for 3 h, washed
twice with phosphate-buffered saline (PBS), and then stimulated with 100
ng/ml of AlexFluor555-labeled epithelial growth factor (EGF555) (Life
Technologies) at 37°C. EGF555 binds to and stimulates the entry of the
epithelial growth factor receptor (EGFR), allowing visualization of EGF-
EGFR endocytosis and trafficking, a model for ligand-mediated endocy-
tosis (39, 41, 45). After 30 min, cells were fixed and processed for immu-
nofluorescence microscopy as described below.

ExoS trafficking experiments. HeLa cells were mock transfected or
transfected with pEGFP-ExoS(G�A�)-HA or pEGFP-Rab5(Ser34Asn)
(dominant negative Rab5) for 20 h and then infected with PA103(�exoU
exoT::Tc)[pUCP-ExoS(G�A�)-FLAG] for 60 min. Cells were then pro-
cessed for immunofluorescence as described below.

Immunofluorescence microscopy. HeLa cells were washed twice in
PBS (plus MgCl and KCl) and then fixed with 4% paraformaldehyde in
PBS for 15 min at room temperature, permeabilized with 4% formalde-
hyde plus 0.1% Triton X-100 for 15 min, and incubated with 150 mM
glycine for 15 min. Wells were blocked with PBS containing 2.5% bovine
serum albumin (BSA), 10% fetal bovine serum (FBS), 0.05% Tween 20,
and 0.1% Triton X-100 for 1 h at room temperature, followed by primary
antibody for 1 h at room temperature.

Immunofluorescence. For immunofluorescence, mouse anti-EEA1 IgG
(dilution, 1:1,000; BD Transduction Laboratories) followed by goat anti-
mouse IgG647, rabbit anti-Rab5 (1:1,000; Abcam) followed by goat anti-
rabbit IgG488, mouse anti-3� FLAG (1:10,000; Sigma) followed by goat
anti-mouse IgG568, and rat anti-HA (1:500; Roche) followed by goat anti-
rat IgG488 were used. Antibodies were diluted in PBS containing 1% BSA,
5% FBS, 0.05% Tween 20, and 0.1% Triton X-100. Alexa-labeled second-
ary antibodies were obtained from Life Technologies and used at a 1:500
final dilution. Stained cells were washed 3 times with PBS and mounted
with ProLong Gold antifade reagent (Life Technologies). Cells were
viewed with a 60� oil immersion objective, and images were taken with a
CoolSnap HQ charge-coupled-device (CCD) camera (Photometrics) us-
ing Metamorph software (Molecular Devices) and processed with ImageJ
software (NIH).

(ii) Colocalization between Rab5 and EEA1. ImageJ plug-in intensity
correlation analysis (ICA) was used (National Institutes of Health,
Bethesda, MD), according to the ImageJ instruction manual. Briefly, in-
tensity correlation quotient (ICQ) values of a user-defined region (trans-
fected cells) of the analyzed figures were calculated by ICA. Typical values
are as follows: random or independent staining, ICQ � 0; dependent
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staining, 0 	 ICQ 	 0.5; segregated staining, 0 
 ICQ 
 �0.5. At least 20
cells were scored under each condition in three independent experiments.

Mass spectroscopy. Recombinant Rab5 was ADP-ribosylated to sat-
uration and resolved by SDS-PAGE. The protein band comprising ADP-
ribosylated-Rab5 was excised and subjected to in-gel trypsinization, fol-
lowed by liquid chromatography-tandem mass spectrometry (LC-MS/
MS) on a linear ion trap-Orbitrap hybrid mass spectrometer (University
of Massachusetts—Worcester Proteomic Center). Scaffold 3 (Proteome
Software) was used to assign peptides.

RESULTS
ExoS ADP-ribosylates Rab5 at unique sites different from Ras.
Initial experiments attempted to identify the sites of ADP-ribosy-
lation on Rab5 based on previous studies which showed ExoS to
ADP-ribosylate Ras at multiple arginine residues (44). The pri-
mary ADP-ribosylation site on Ras was shown to be Arg41, the
ADP-ribosylation of which uncoupled guanine nucleotide ex-
change factor (GEF) binding, with Arg128 as a secondary site of
ADP-ribosylation (46). While ClustalW amino acid sequence
alignment showed that Rab5 contained homologous arginines at
positions 39 and 120, these residues did not structurally align with
Arg41 and Arg128 in Ras. GTP-bound H-Ras (PDB accession
number 5P21) and GTP-bound Rab5A (PDB accession number
1N6H) were used in the structural alignment.

To assess ExoS ADP-ribosylation of Rab5, an in vitro ADP-
ribosylation assay was performed, as previously utilized for Ras
(46). His6-Rab5 was expressed in E. coli and purified via immobi-
lized metal ion chromatography. ExoS(70 – 453), which lacks the
T3SS sequence and a membrane localization domain that traffics
ExoS within cells but retains RhoGAP and ADP-ribosyltransferase
activity, was used in this in vitro analysis (47). As ExoS is an argi-
nine-specific ADP-ribosyltransferase (16), alanine mutations en-
gineered into Rab5 at Arg39 or Arg120, as suggested by amino acid
sequence alignment, confirmed that neither Arg was a primary site
of ADP-ribosylation, as no alteration in the electrophoretic mo-
bility of the mutated proteins was observed (data not shown).

ExoS ADP-ribosylates multiple sites on Rab5. To locate sites
of ADP-ribosylation, Rab5 was ADP-ribosylated to saturation and
subjected to mass spectrometry analysis. The detected ADP-ribo-
sylated peptides and the candidate arginine residues are shown in
Fig. 1A. Engineering of individual alanine mutations at each of the
indicated residues through site-directed mutagenesis showed little
change in the electrophoretic mobility of ADP-ribosylated Rab5,
indicating that ExoS ADP-ribosylated Rab5 at multiple arginines.
Structural alignment identified two structural groupings of the
arginine residues that were identified as being ADP-ribosylated by
mass spectrometry data. One group contained Arg195 and Arg197
and was termed the “tail” (TL) mutations (Arg195Ala and
Arg197Ala), since these residues are located on the flexible C ter-
minus near the CAAX box prenylation site of Rab5 (Fig. 1B). The
second group was termed the “effector” (EF) mutations due to
their location proximal to the switch regions of Rab5 (Arg81Lys,
Arg91Lys, Arg110Ala, and Arg120Ala) (Fig. 1B). While distanced
in sequence location, these residues cluster in close structural
proximity on two helices within or near the switch II region of
Rab5 (Fig. 1C), which is known to directly interact with nucleotide
exchange factors, such as Rabex5, or downstream effector pro-
teins, such as EEA1 (Fig. 1D).

Initial experiments showed that the ADP-ribosylation of Rab5
required FAS (Fig. 2A). Addition of ADP-ribose imparts both an
increase in molecular mass (544 Da) and an additional �2 charge,

which reduces the electrophoretic mobility of ADP-ribosylated
Rab5 relative to that of native Rab5 (Fig. 2A). Mutation of both
residues in the TL or the four EF residues resulted in distinct
changes in electrophoretic mobility upon ADP-ribosylation by

FIG 1 Engineered Rab5 constructs. (A) Rab5 was ADP-ribosylated by ExoS to
saturation in vitro. A band comprising ADP-ribose–Rab5 was excised and sub-
jected to in-gel trypsinization and LC-MS/MS analysis. Peptides with a mass in-
crease corresponding to ADP-ribose–Arg are shown with the candidate Rab5
arginine residues and observed mass values (Da). (B) Single-amino-acid point
mutations were engineered into the wild-type (WT) Rab5 sequence based on mass
spectrometry data. Arginine residues were mutated to alanine or lysine to remove
ADP-ribosylation sites. Note that Arg81Lys and Arg91Lys mutations were used
due to cellular mislocalization of Arg81Ala- and Arg91Ala-transfected constructs.
The mutations were grouped into two locations: a group of four in the effector-
interacting region (switch II), with a second group of two at the C-terminal tail.
These constructs were designated effector mutant (EF) and tail mutant (TL), re-
spectively. A third construct with all six residues mutated was also engineered and
named 6-Arg (6�) mutant. These constructs were engineered into pET-15b for
recombinant protein production or into pEGFP-C1 for mammalian cell expres-
sion. Mutations were confirmed by DNA sequencing. (C) Crystal structure of
Rab5a showing Rab5 (blue), the switch I (orange) and switch II (pink) regions, and
the effector mutation residues (lime). GTP is shown in black. Note that the tail
mutation residues are not labeled, as the flexible C-terminal tail of Rab5 is not
amenable to crystallization (adapted from the structure reported under PDB ac-
cession number 1N6H). (D) Cocrystal structure of the Rab5-EEA1 interaction
showing Rab5 (blue), EEA1 (orange), the effector mutation residues (lime), and
EEA1 residues required for interaction with Rab5 (purple). GTP is shown in black.
ADPr of EF arginines likely inhibits EEA1-Rab5 contacts necessary for proper
vesicle tethering and fusion (adapted from the structure reported under PDB ac-
cession number 3MJH).
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ExoS relative to the ADP-ribosylation of wild-type Rab5 but did
not completely block Rab5 ADP-ribosylation (Fig. 2A). Mutation
of all six arginine residues comprising the TL and EM (termed 6�)
completely blocked ExoS ADP-ribosylation of Rab5 (Fig. 2A).
Linear velocity reactions were conducted to compare the relative
rates of ADP-ribosylation of the wild type, TL, EF, and 6� pro-
teins to assess the preferred sites of ExoS ADP-ribosylation. The
electrophoretic shift of ADP-ribosylated Rab5 was used to stan-
dardize the assay, as unmodified Rab5 derivatives display the same
electrophoretic mobility. Approximately 80% of wild-type Rab5
was ADP-ribosylated by ExoS in 60 min, while Rab5(TL) showed
a rate of ADP-ribosylation similar to that of wild-type Rab5 (Fig.
2B). In contrast, the rate of Rab5(EF) was significantly reduced
relative to that of wild-type Rab5, with �50% of Rab5(EF) being
ADP-ribosylated in the 60-min assay (Fig. 2B). Rab5(6�) was not
ADP-ribosylated by ExoS, indicating that these 6 arginines within
the EF and TL regions of Rab5 were the sites of ADP-ribosylation
by ExoS.

ExoS ADP-ribosylates Rab5(EF) at a lower rate than wild-
type Rab5 or Rab5(TL). The rates of ADP-ribosylation of Rab5
and Rab5 derivatives were compared over 120 min to further as-
sess the affinity of ExoS for the EF and TL arginines (Fig. 3A).
Rab5(TL) was ADP-ribosylated at a rate similar to that of wild-
type Rab5, with �50% and �60% of the respective proteins being
ADP-ribosylated in the first 10 min (Fig. 3B). In contrast,
Rab5(EF) showed a reduced rate of ADP-ribosylation, with �25%
of the respective proteins being ADP-ribosylated in the first 10
min. Rab5(6�) did not show any detectable ADP-ribosylation.
Over the time course, wild-type Rab5 and Rab5(TL) showed sim-
ilar reaction rates, which were higher than those of Rab5(EF)

(Fig. 3C). This indicated that arginines within the EF region were
the primary sites of ADP-ribosylation by ExoS.

Rab5(EF) rescues blockade of EGF trafficking induced by
ExoS(G�A�). To examine the cellular effects of ADP-ribosylation
at the EF and TL regions, the effects of transient transfections of
EGFP-Rab5 fusion proteins containing the TL, EF, and 6� muta-
tions were determined. Assay conditions were established such
that the expression levels of EGFP-Rab5 and mutated Rab5 deriv-
atives were each �2-fold higher than the endogenous Rab5 ex-
pression levels (not shown), to limit off-target effects of overex-
pression. To ensure the mutations did not affect Rab5 cellular
location, colocalization between endogenous Rab5, EGFP-Rab5,
or EGFP-Rab5 derivatives with the Rab5 effector and early endo-
some marker EEA1 was assessed. Endogenous Rab5 and each of
the EGFP-Rab5 fusion proteins showed similar colocalization
with EEA1 (data not shown). The Rab5-EEA1 ICQ colocalization
values were approximately 0.1 in each transfected cell, indicating
that the engineered mutations in the EGFP-Rab5 derivatives did
not disrupt Rab5 localization.

The effect of Rab5 expression on ExoS inhibition of EGFR

FIG 2 ExoS ADP-ribosylation of Rab5 and Rab5 derivatives. (A) ADP-ribo-
sylation of Rab5 and mutant derivatives. The indicated Rab5 proteins were
ADP-ribosylated by ExoS in the presence or absence of 14-3-3 (FAS). The
reactions were stopped by addition of Laemmli buffer and boiling for 5 min.
Samples were resolved by SDS-PAGE and visualized by Coomassie staining.
(B) The amount of ADP-ribosylated Rab5 was quantified as a percentage of the
total Rab5 protein by densitometry (see Materials and Methods for a detailed
description of the analysis) from each of four separate experiments. The tail
mutant shows levels of ADP-ribosylation similar to those of wild-type Rab5,
while the effector mutant displays reduced ADP-ribosylation. The 6� arginine
mutant showed no detectable ADP-ribosylation. All columns were compared
by one-way analysis of variance (��, P 	 0.01; ���, P 	 0.001; ns, not signifi-
cant).

FIG 3 Arginine residues in the Rab5 effector region are the preferred sites of
ADP-ribosylation by ExoS. (A) In vitro time course of Rab5 ADP-ribosylation
by ExoS. Rab5 and mutant derivatives were incubated with ExoS, 14-3-3, and
NAD�. Aliquots were removed at the indicated time points, and enzyme ac-
tivity was inhibited by addition of Laemmli buffer and boiling. The amount of
modified Rab5 at each time point was quantified by densitometry as the frac-
tion of ADP-ribosylated Rab5/total Rab5. (B) Quantification of the kinetics of
Rab5 ADP-ribosylation. The fraction of ADP-ribosylated Rab5 as a proportion
of total Rab5 was determined at the indicated time points to 10 min. Best-fit
lines and statistical significance of the data points were calculated by using
GraphPad software (��, P 
 0.01). (C) Percentage of total Rab5 ADP-ribosy-
lated at 120 min and time required to ADP-ribosylate 50% of total Rab5 were
calculated by using the data in panel A, analyzed by GraphPad software, and
displayed in tabular format with the calculated standard errors of the means.
n.o., not observed.
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intracellular trafficking was examined by utilizing intracellular ex-
pression of ExoS(G�A�), which is RhoGAP deficient and ADP-
ribosyltransferase competent. In HeLa cells transfected with wild-
type Rab5 or Rab5(TL), intracellular expression of ExoS(G�A�)
blocked trafficking of EGFR activated by EGF555, trapping the
EGFR at the plasma membrane (Fig. 4A). However, in cells ex-
pressing Rab5(EF) or Rab5(6�) and ExoS(G�A�), EGF colocal-
ized with Rab5-positive vesicles (Fig. 4A), indicating that expres-
sion of Rab5 derivatives that cannot be ADP-ribosylated in the
effector region rescued ExoS blockade of EGFR trafficking. Since
Rab5(EF) alone rescues EGFR trafficking, this suggests the TL
mutations do not play a role in ExoS-mediated trafficking inhibi-
tion. Quantification of the colocalization of EGF and Rab5
showed that expression of Rab5(EF) or Rab5(6�) resulted in
�90% of transfected cells with EGF colocalized with Rab5, similar
to mock-transfected cells (88%), while in cells expressing wild-
type Rab5 or Rab5(TL), the number of cells with colocalized EGF
and Rab5 was significantly reduced to �55% of transfected cells
(Fig. 4B). These experiments show that expression of Rab5 that is
not ADP-ribosylated in the effector region rescues the ability of
ExoS to block EGFR intracellular trafficking.

Rab5(EF) rescues blockade of EGF trafficking induced by
T3SS-delivered ExoS. Next, the effect of Rab5 expression on the
inhibition of EGFR trafficking by T3SS-delivered ExoS was tested.
HeLa cells transfected with wild-type Rab5 or Rab5 derivatives were
intoxicated by PA103(�exoU exoT::Tc) carrying ExoS(G�A�) or

ExoS(G�A�) as an ADPr control. Following the addition of EGF for
30 min, �70% of HeLa cells mock transfected and then intoxicated
with ExoS(G�A�) displayed EGF-EEA1-Rab5 triple-positive vesicles
(Fig. 5A). In comparison, in HeLa cells expressing wild-type Rab5 or
Rab5(TL), T3SS-delivered ExoS(G�A�) reduced EGFR trafficking to
EEA1-Rab5-containing vesicles significantly, with	20% of cells pos-
sessing EGFR-EEA1-Rab5 triple-positive vesicles. As before, expres-
sion of Rab5(EF) or Rab5(6�) rescued the ability of HeLa cells intox-
icated with ExoS(G�A�) to traffic EGFR to EEA1-Rab5-containing
vesicles, with �75% of cells showing EGF-EEA1-Rab5 triple-positive
vesicles (Fig. 5B). Thus, Rab5 that is not ADP-ribosylated in the ef-
fector region rescues the inhibition of EGFR intracellular trafficking
induced by T3SS-delivered ExoS ADPr activity, while the TL residues
play no appreciable role in ExoS trafficking inhibition.

Intracellular trafficking of ExoS is independent of Rab5. To
determine if ExoS requires Rab5 activity for intracellular traffick-
ing to the perinuclear region, HeLa cells were mock transfected or
transfected with ExoS(G�A�)-HA for 20 h to block endocytosis
and then intoxicated by PA103(�exoU exoT::Tc)[pUCP-
ExoS(G�A�)-FLAG] as an indicator for the trafficking of T3SS-
delivered ExoS. Cells were probed for the HA epitope to identify
cells containing ExoS(G�A�) and the FLAG epitope to identify

FIG 4 Rab5(EF) and Rab5(6�) rescue EGF trafficking in HeLa cells express-
ing ExoS(G�A�). (A) EGF trafficking in HeLa cells expressing EGFP-Rab5 or
derivatives and pExoS. HeLa cells were cultured to 70% confluence and trans-
fected with the indicated pEGFP-Rab5 construct. After 20 h, cells were trans-
fected with pExoS. After 6 h, EGF555 was added, and the cells were incubated
for 30 min, when they were processed for immunofluorescence. For merged
images, green indicates Rab5, and red indicates EGF555. (B) Quantification of
the number of transfected cells displaying EGF and Rab5 colocalization. Ap-
proximately 50 EGFP fluorescent cells were scored for EGFR traffic for each
construct in three independent experiments. Columns were compared by one-
way analysis of variance (��, P 	 0.01).

FIG 5 Rab5(EF) and Rab5(6�) rescue EGFR trafficking in cells intoxicated
with T3SS-delivered ExoS. (A) HeLa cells transfected with the indicated
pEGFP-Rab5 construct were intoxicated with PA103(�exoU exoT::Tc)
[pUCP-ExoS(G�A�)]. After 180 min, EGF555 was added for 30 min, when
cells were fixed for immunofluorescence analysis as described in Materials and
Methods. Triple colocalization of EGF, Rab5, and EEA1 appears as white
puncta. (B) Percentage of transfected cells with triple colocalization of EGF-
EEA1-Rab5. Approximately 50 EGFP fluorescent cells from three independent
experiments were scored for each construct. Results were compared by one-
way analysis of variance (���, P 	 0.001).
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cells containing T3SS-delivered ExoS(G�A�). In cells either
mock transfected or expressing ExoS(G�A�), T3SS-delivered
ExoS(G�A�) trafficked to a perinuclear location (Fig. 6A). Quan-
tification of the percentage of cells displaying perinuclear-local-
ized T3SS-delivered ExoS(G�A�) showed no significant differ-
ences between the ExoS(G�A�) and mock-transfected cells (Fig.
6C). Controls showed that the experimental conditions used re-
sulted in blockade of EGFR trafficking in cells expressing
ExoS(G�A�) (data not shown).

A second approach was used to test if Rab5 contributed to
T3SS-delivered ExoS intracellular trafficking. HeLa cells were
transfected with dominant negative Rab5 [Rab5(Ser34Asn)], and
after 20 h, cells were intoxicated with PA103(�exoU exoT::Tc)
[pUCP-ExoS(G�A�)-FLAG]. In cells mock transfected and in
cells expressing dominant negative Rab5, ExoS(G�A�) localized
to the perinuclear region by 1 h postintoxication (Fig. 6B). Cells
mock transfected and cells expressing Rab5(Ser34Asn) showed no
significant difference in the percentage of cells displaying perinu-

clear localization of T3SS-delivered ExoS(G�A�) (Fig. 6D), indi-
cating that ExoS does not require a functional Rab5 signaling
pathway for intracellular trafficking to the perinuclear region.

DISCUSSION

ExoS is an active bacterial toxin, with multiple mechanisms to
modify host cell function, including a RhoGAP activity and an
ADP-ribosyltransferase activity. Previous research has identified
Rab5 as a target of ADP-ribosylation, resulting in inhibition of
fluid-phase and receptor-mediated endocytic pathways. The
mechanism behind this inhibition was previously undefined. The
current study identifies six arginine residues that are ADP-ribosy-
lated by ExoS. While arginines at positions 195 and 197 are ADP-
ribosylated by ExoS, they are lower-affinity targets and do not
appear to play a role in ExoS ADPr-mediated endocytosis in-
hibition. While it was hypothesized that their location near the
prenylation-site CAAX box would result in interference with
prenylation and cellular localization abnormalities, no appar-
ent localization differences have been identified in this study.
ADP-ribosylation of arginines located at positions 81, 91, 110,
and 120 appears to be the mechanism by which ExoS inhibits
endocytosis. Mutation of all four of these residues rescues
ExoS-induced trafficking inhibition in epithelial cells and pre-
vents sequestration of plasma membrane protein receptors in
clathrin-coated vesicles at the plasma membrane. Mutation of
all 6 arginine residues (6�) also rescues EGFR trafficking; how-
ever, mutation of just the EF residues is sufficient to restore
proper trafficking of EGFR, indicating that the EF residues are
the primary residues responsible for ExoS-induced trafficking
inhibition during intoxication. Of note, the point mutations
utilized to characterize Rab5 at Arg81 and Arg91 were Ar-
g¡Lys mutations, since we observed that Rab5(Arg81Ala) and
Rab5(Arg91Ala) did not localize like wild-type Rab5 (not
shown). This is consistent with previous studies that reported
that Rab5(Arg81Ala) is not prenylated and was mislocalized in
cells (48).

The four arginines within the EF region are located within or
are proximal to the switch II region of Rab5. In particular, Arg81
and Arg91 are contained on an �-helix of switch II that is impli-
cated in interactions with downstream effectors, like EEA1 and
Rabaptin5, or RabGEFs, like Rabex5 (49–52). Analysis of Rab5-
effector protein cocrystal structures suggests that ADP-ribosyla-
tion at Arg81 or Arg91 could directly inhibit residue contacts re-
quired for protein-protein interactions, especially those at Rab5
Tyr82 (EEA1, Rabex5, and Rabaptin5), Tyr90 (Rabex5), or Arg91
(EEA1) (49–51). Disruption of these contacts would then result in
loss of Rab5 activation through GEF activity or in an inability to
interact with EEA1 to promote vesicle tethering and fusion (Fig.
1D) (52). ADP-ribosylation of Arg110 or Arg120 may also affect
protein-protein interactions, although less directly, through dis-
placement of the switch I loop or switch II �-helix, altering Rab5
structural organization through steric hindrance or charge repul-
sion from ADP-ribose. Disorder of either switch region structure
results in loss of effector binding (50). An inability to interact with
downstream effectors or nucleotide exchange factors as a result of
ExoS ADP-ribosylation of the effector region arginines is likely the
mechanism behind ExoS inhibition of Rab5 activity, which is re-
quired for phagocytosis of P. aeruginosa (43). However, it is un-
clear whether ExoS ADP-ribosylation blocks GDP-GTP exchange
and Rab5 activation in vivo or merely inhibits the Rab5-EEA1

FIG 6 Intracellular trafficking of T3SS-delivered ExoS does not require func-
tional Rab5. (A) HeLa cells were mock transfected or transfected with
pExoS(G�A�)-HA for 20 h and then intoxicated by PA103(�exoU exoT::Tc)
[pUCP-ExoS(G�A�)-FLAG] at a multiplicity of infection of 16 at 37°C for 1 h.
Cells were fixed and probed for HA (transfected ExoS) and FLAG (T3SS-
delivered ExoS), and the merged image is shown. Red, ExoS(G�A�)-FLAG;
green, ExoS(G�A�)-HA. (B) Expression of a dominant negative Rab5 con-
struct does not block ExoS trafficking to the perinuclear region. HeLa cells
mock transfected or transfected with Rab5(Ser34Asn) for 20 h were intoxi-
cated with PA103(�exoU exoT::Tc)[pUCP-ExoS(G�A�)-FLAG] for 1 h. The
cells were then fixed, permeabilized, and stained for the FLAG epitope. (C)
Percentage of cells displaying perinuclear localization of T3SS-delivered
ExoS(G�A�) in pExoS(G�A�)- or mock-transfected cells. Approximately 100
cells were counted under each transfection condition in four independent
experiments. Columns were compared by unpaired Student’s t test. (D) Per-
centage of cells displaying perinuclear localization of T3SS-delivered
ExoS(G�A�) in pEGFP-Rab5(Ser34Asn)-transfected cells. Approximately
100 cells were counted under each transfection condition in four independent
experiments. Columns were compared by unpaired Student’s t test.
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interaction (28). ADP-ribosylation of the effector region arginines
may contribute to the inability of certain RabGEFs to rescue ExoS
ADPr-induced inhibition of phagocytosis of P. aeruginosa, as the
switch II region is required for interactions with GEF Rabex5,
which was unable to rescue phagocytosis (43, 51).

The observation that ExoS does not ADP-ribosylate sites in
Rab5 homologous to the sites ADP-ribosylated in Ras suggests
that ExoS utilizes a specific mechanism of substrate recognition
and does not simply modify all surface-exposed arginine residues.
While the protein crystal structures of Ras and Rab5 are highly
homologous (root mean square value of 1.71 Å for 160 �-carbon
atoms), the residues ADP-ribosylated are in discrete locations.
This suggests that ExoS may utilize a substrate-targeting mecha-
nism to allow for the greatest inhibitory effect on the eukaryotic
substrate. Additionally, despite the similarities between Ras and
Rab5, the mechanisms of toxin activity are somewhat different.
ExoS ADP-ribosylation of Ras at Arg41 inhibits Ras signal trans-
duction through blocking nucleotide exchange factor binding to
switch I, resulting in Ras inactivation. ADP-ribosylation of Rab5
in the switch II region blocks interactions with downstream effec-
tors, as shown for EEA1 (28), which can prevent vesicle tethering
and CCV fusion with early endosomes. The effects of ExoS ADP-
ribosylation are clearly more varied and intricate than previously
appreciated and suggest that closer examination of ExoS effects on
other small GTPases may be beneficial.

Additionally, the discovery that ExoS does not require active
Rab5 cycling to traffic from the plasma membrane to the perinu-
clear region where most of the cytotoxic effects are initiated is
intriguing. Neither ExoS(G�A�) expression nor expression of
dominant negative Rab5(Ser34Asn) inhibited T3SS-delivered
ExoS trafficking to the perinuclear region. This suggests that ExoS
may be utilizing a unique pathway or compartment to traffic in the
cell, which warrants further evaluation.
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