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effacement, adhesion, and microbial invasion (2–4).

Exoenzyme S (ExoS) ADP-ribosylates multiple low-

molecular-mass G- (LMMG-) proteins in vitro. Identifi-
cation of the in vivo substrate specificity of ExoS has
been hindered by its bacterial contact delivery into
eukaryotic cells and difficulties in identifying ADP-
ribosylated proteins within cells. Two-dimensional
electrophoresis comparisons of substrate modifica-
tions by ExoS in vitro to that following bacterial trans-
location into HT-29 epithelial cells identified Ras, Ral,
and Rab proteins and Rac1 as in vivo substrates of
ExoS ADPRT activity. Cellular fractionation studies
identified a relationship between membrane associa-
tion and efficiency of substrate modification. More-
over, Rac and Cdc42 relocalized to the membrane in
response to ExoS. Comparisons of substrate modifica-
tion to time of exposure to ExoS identified a progres-
sion of substrate modification, with Ras, RalA, and
Rab5 modified first, followed by Rab8 and 11, then
Rab7 and Rac1. The data support that intrinsic prop-
erties of LMMG-proteins and their subcellular local-
ization are determinants of bacterially translocated
ExoS substrate selectivity. © 2002 Elsevier Science (USA)

Key Words: exoenzyme S; ADP-ribosylation; type III
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Exoenzyme S (ExoS) is directly translocated into
eukaryotic cells by the opportunistic pathogen, Pseudo-
monas aeruginosa, through the contact-dependent type
III secretory process (1). Bacterial-eukaryotic cell co-
culture systems that compare the effects of ExoS pro-
ducing and non-ExoS producing isogenic strains have
identified effects of bacterially translocated ExoS on
epithelial cell DNA synthesis, morphology, microvilli
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ExoS has also been associated with anti-phagocytic
effects on macrophage (5) and immune stimulatory
effects on lymphocytes (6). The diverse cellular effects
of ExoS are believed to relate to its bifunctional mode
of action. ExoS includes a GTPase activating (GAP)
activity in its amino-terminus that, in vitro, targets
low-molecular-mass G- (LMMG-) proteins in the Rho
family (7). The carboxy-terminus of ExoS includes an
ADP-ribosyltransferase (ADPRT) activity (8) that, in
vitro, preferentially targets LMMG-proteins in the Ras
and Rab families, including Ras, Rap, Ral, and Rab3, 4,
5, 6, and 7 (9, 10). When GAP or ADPRT mutant forms
of ExoS were used to examine the relative roles of its
two functional domains in the cellular effects of bacte-
rially translocated ExoS, its ADPRT activity was found
to be required for alterations in epithelial cell growth
and morphology, while the direct role of the GAP ac-
tivity was less obvious (11). These results focused at-
tention on substrates targeted by ExoS ADPRT activity
in vivo in determining its cellular mechanism of action.

It is inherently difficult to identify substrates of
ExoS ADPRT activity following bacterial translocation
due to experimental limitations in identifying ADP-
ribosylated proteins within cells. The recognition of a
shift in protein mass following the co-culture of eukary-
otic cells with ExoS producing bacteria provided an
initial indication that Ras was an in vivo target of ExoS
ADPRT activity. The ADP-ribosylation of cellular Ras
by bacterially translocated ExoS was further sup-
ported by two-dimensional electrophoresis (2DE),
which identified alterations in isoelectric point (pI) and
mass consistent with the transfer of an ADP-ribose
moiety, and by intracellular NAD labeling experiments
(12, 13). The ADP-ribosylation of Ras by ExoS was
subsequently found to interfere with the Ras-Raf-1
signaling pathway, identifying a possible cellular
mechanism for the effects of ExoS on DNA synthesis
and cell morphology (13–15). In similar analyses of the
ADP-ribosylation of Rap1 by bacterially translocated
0006-291X/02 $35.00
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ExoS, no modification was detected (12). However, tion of Rac1 as a His-tagged protein, using previously described
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when Rap1 was expressed by transient transfection,
modification was detected (16), confirming the poten-
tial for Rap1 to be ADP-ribosylated by ExoS within the
cell. More recently, RalA was confirmed as an in vivo
substrate of bacterially translocated ExoS ADPRT ac-
tivity, and the cellular activity of RalA was found to be
affected by its ADP-ribosylation by ExoS (17, 18).

To extend an understanding of the cellular mecha-
nism of action of ExoS we have further explored the in
vivo substrate specificity of ExoS ADPRT activity and
examined cellular factors that might contribute to this
specificity. Our studies support that the targeting of
ExoS ADPRT activity for endogenous LMMG-proteins
substrates is influenced by their subcellular localiza-
tion and by the trafficking pattern of ExoS as it is
translocated by the type III secretory process through
the membrane into the cytosol.

MATERIALS AND METHODS

Bacterial Strains and Culture Conditions

P. aeruginosa strains used in these studies were kindly provided
by Dara Frank (Department of Microbiology, Medical College of
Wisconsin, Milwaukee, WI) and include the parental strain 388 (19)
and strain 388DexoS (388DS), an isogenic mutant that lacks produc-
tion of ExoS (20). Strain 388DS complementation studies (3) and
studies of the non-ExoS producing P. aeruginosa strain, PA103 (11),
have been used to confirm ExoS specific effects on cell function.
Bacterial strains were grown for 16 h in ExoS induction medium
(TSBD-N) (19) in preparation for co-culture with eukaryotic cells, as
previously described (2). Bacteria were then diluted, based on cul-
ture OD590, to approximately 107 CFU/ml in tissue culture medium
containing 0.6% bovine serum albumin (Sigma, St. Louis, MO) and
added to eukaryotic cells at a multiplicity of infection (m.o.i.) of 50.

Eukaryotic Cell Culture

HT-29 colon carcinoma cells, obtained from the American Type Cul-
ture Collection (ATCC, Rockville, MD), were maintained as specified by
ATCC at 37°C in 5% CO2–95% air in McCoy’s 5A medium containing
10% fetal bovine serum and 100 U/ml penicillin and 100 mg/ml strep-
tomycin (Gibco-BRL, Gaithersburg, MD) (McCoy’s–FBS). In prepara-
tion for culture with bacteria, HT-29 cells were detached with 0.05%
trypsin–0.53 mM EDTA (Gibco-BRL) (trypsin–EDTA), seeded at 1 3
105 cells/ml and cultured for 48 h, reaching 50–60% confluency. Cells
were then cultured with no bacteria or strain 388 or 388DS in McCoy’s–
0.6% BSA for 2 to 6 h, as indicated, and assayed for modification of
eukaryotic LMMG-proteins. HT-29 cells were selected for these studies
because they maintain many characteristics of normal epithelial cells,
including the ability to form a polarized monolayer (21), supporting
their use as model to understand the in vivo substrate specificity of
ExoS during the P. aeruginosa infectious process.

LMMG-Protein Expression and Purification

H-Ras was produced and purified as previously described (13).
Rac1 cDNA, obtained from the Guthrie cDNA Resource Center
(Guthrie Research Institute, Sayre, PA), was amplified using the
primers, forward 59-GGAATTCCATATGCAGGCCATCAAGTGTG-
TGG-39, and reverse 59-CGCGGATCCTTACAACAGCAGGCATTTT-
CTC-39 and was inserted into pET15b using NdeI and BamHI sites
included in the primers. This allowed the expression and purifica-
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methods (22).

Analysis of in Vivo Targets of ExoS ADPRT Activity
SDS–PAGE analysis of LMMG-protein modification. ADP-ribo-

sylation of endogenous LMMG-proteins was initially assessed based
on an alteration in protein mobility by SDS–PAGE following expo-
sure of HT-29 cells to strain 388 or 388DS. For analysis of Ras
modification, Ras was immunoprecipitated from cell extracts using
monoclonal Y13-259 Ras antibody as previously described (12), re-
solved by SDS 12%–PAGE and transferred to PVDF membranes
(Millipore, Bedford, MA). Ras was detected with mouse anti-H-Ras
LA069 or anti-Pan-Ras LA055 (Quality Biotech, Camden, NJ) and
visualized using enhanced chemiluminescence (Amersham, Arling-
ton Heights, IL) (ECL). For analyses of modification of RalA, Rab4,
Rab5, Rab7, Rab8, Rab11, Rac1, Cdc42, and RhoA, B, C, cells were
lysed in Laemmli electrophoresis buffer (23) and heated at 95°C for
5 min. Proteins were resolved by SDS 12%–PAGE, and detected
using mouse monoclonal antibodies against Rac1, Rab4, Rab8, and
Rab11 (Transduction Laboratories, Lexington, KY), or rabbit poly-
clonal antibodies against Rab5b, Rab7, Cdc42, and RhoA, B, C (Santa
Cruz Biotechnology, Santa Cruz, CA) and visualized by ECL.

Two-dimensional analysis of LMMG-protein modification. For
2DE analysis, HT-29 cells were lysed following exposure to bacteria
in 2DE lysis buffer [8 M urea, 2% Triton X-100, 1% DTT, 1.5%
Pharmalytes (Pharmacia, Piscataway, NJ)] for 30 min on ice. Sam-
ples in 2DE lysis buffer were then used to rehydrate immobilized pH
gradient gel strips (7 cm, pH 3–10; Pharmacia) overnight, or gel
strips were rehydrated in 2DE lysis buffer and samples were cup-
loaded onto strips. Proteins were focused based on pI for 16 to 24 h
at 3500 V (Ras and Rab) or 2000 V (Rac). Strips were then equili-
brated in SDS equilibration buffer (50 mM Tris, pH 6.8, 6 M urea,
30% glycerol, 2% SDS) containing 20 mg/ml DTT for 20 min, followed
by equilibration in SDS equilibration buffer containing 25 mg/ml
iodoacetamide for 20 min. Proteins were resolved in the second
dimension by SDS 12%–PAGE, transferred to PVDF membranes,
and immunoblotted for Rab5, Rab11, Rac1, Cdc42, or Rho A, B, C, as
described above. An internal control (LA059 or LA060 monoclonal
antibody, Quality Biotech) was included with each sample to allow
alignment of specific LMMG-proteins.

Analysis of ADP-Ribosylation of LMMG-Proteins
by ExoS in Vitro

In vitro ExoS ADPRT reactions were performed in 0.2 M Tris
acetate, pH 6.0, containing, 0.2 mM purified His-tagged ExoS (12), 10
mM NAD, 1 mM MgCl2, a source of 14-3-3 (either 0.2 mM 14-3-3j
(Upstate Biotechnology, Lake Placid, NY), 10 ml of wheat germ
extract, or endogenous 14-3-3 in cell extracts) in a 100-ml volume,
and reactions were incubated for 30 or 60 min at 25°C. In vitro
ADPRT reactions of Rac1 or H-Ras included 1 mg of purified protein
loaded with 10 mM GTPgS, according to the procedure of Antonny et
al. (24). In vitro ADPRT reactions of Rab proteins used 50 ml of
HT-29 cell lysate as the source of cellular Rab and included protease
inhibitors [1 mM PMSF, 10 mg/ml, each, leupeptin and aprotinin
(Sigma)]. For SDS–PAGE analyses, reactions were stopped with 43
Laemmli sample buffer and heating at 95°C for 2 min. For 2DE anal-
yses, reactions were equilibrated in 2DE lysis buffer. Samples were
resolved and analyzed for specific LMMG-proteins as described above.

Analysis of ExoS ADPRT Substrate Modification
in Fractionated Cells

Following a 5-h exposure to strains 388 or 388DS, HT-29 cell
monolayers were washed with PBS, detached with trypsin–EDTA,
resuspended in McCoy’s–FBS to inactivate the trypsin, washed once
with PBS, then once with homogenization medium (20 mM Tris–Cl,



pH 7.4, 250 mM sucrose, 1 mM EDTA, and protease inhibitors). Each
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wash was followed by centrifugation at 400g for 5 min. Cell pellets
were resuspended in homogenization medium and homogenized on
ice with 16 strokes of a Potter–Elvehjem homogenizer. The lysate
was centrifuged at 1000g for 10 min to remove unfractionated cells
and nuclei, and the supernatant was removed and centrifuged at
116,000g for 1 h. This resulted in a S100 supernatant (cytosol) and
P100 pellet (membrane) fraction which were assayed for substrate
modification as described above.

Time-Course Analysis of ExoS Substrate Modification

Comparisons of LMMG-protein substrate ADP-ribosylation, rela-
tive to time of exposure to bacteria, were performed in parallel on
samples obtained following a 2-, 3-, 4-, or 5-h coculture period.
Specific LMMG-proteins were assayed for substrate modification by
SDS–PAGE, as described above. To quantify the relative efficiency of
LMMG-protein modification by ExoS, densitometry values of immu-
noblot images were obtained using the NIH image version 1.6 pro-
gram. Percentage-modified protein was calculated relative to total
modified plus unmodified protein.

RESULTS

Modification of Endogenous LMMG-Proteins
by Bacterial Translocation of ExoS

To better understand the mechanism of ExoS effects
on eukaryotic cell function, endogenous LMMG-proteins
were screened for possible ADP-ribosylation by ExoS
based on altered mobility by SDS–PAGE analysis, fol-
lowing exposure of HT-29 cells to ExoS producing bac-
teria. Differences were detected in the shift in molec-
ular mass and the efficiency of modification of the
individual LMMG-proteins (Fig. 1A). Ras, a previously
identified in vivo substrate of ExoS ADPRT activity
(12) was included in these studies for comparison. In
the Rab family, Rab5 showed two shifts in molecular
mass, while a single shift in mass was detected for
Rab7, Rab8 and Rab11, and no shift in mass was de-
tected for Rab4. The two modified forms of Rab5 de-
tected by SDS–PAGE were consistent with two sites of
ADP-ribosylation by ExoS. The single shift in mass
detected for Rab7, Rab8, and Rab11 may relate to one
or more sites of ADP-ribosylation, for Ras, which ex-
hibits a single shift in mass, is known to be ADP-
ribosylated by ExoS at two or three sites (13, 25). The
lack of shift in mass of Rab4 suggests that it differs
from the other Rab proteins in its ability to be ADP-
ribosylated by bacterially translocated ExoS.

Analyses of the Rho family of LMMG-proteins iden-
tified a single shift in the mass of Rac1 following bac-
terial translocation of ExoS, but no alteration in the
mobility of Cdc42 or RhoA, B, C was detected (the Rho
proteins resolving as three distinct bands). The results
suggest that Rac1, but not Cdc42 or RhoA, B, C, can be
ADP-ribosylated by bacterially translocated ExoS.

Together, SDS–PAGE analyses draw attention to
differences in the modification of LMMG-proteins in
the Ras, Rab, and Rho families by bacterially translo-
cated ExoS. Some proteins do not appear to be modified
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by ExoS in vivo, which may, as in the case of RhoC (10),
relate to intrinsic protein properties that preclude
their functioning as substrates of ExoS. Other proteins
exhibit distinctly different shifts in mass upon expo-
sure to ExoS, which could relate to the number or
specific sites of ADP-ribosylation by ExoS in the indi-
vidual proteins. Alternatively, it also remains possible
that ExoS might induce other cellular post-transla-
tional modifications that affect protein mobility.

Comparison of in Vivo and in Vitro Modification
of LMMG-Proteins by ExoS

One approach that lends further support to the pos-
sibility that alterations in LMMG-protein mobility de-

FIG. 1. SDS–PAGE analysis of ADP-ribosylation of LMMG-
proteins in vivo and in vitro. (A, C) In vivo analysis: HT-29 cells were
grown to 50–65% confluency and cocultured with 1 3 107 CFU/ml
388 or 388DS (DS) for 4–5 h. To examine Rab5, Rab7, Rab8, Rab11,
Rac1, Cdc42, and Rho A, B, C modification, cells were lysed in
Laemmli sample buffer and resolved by SDS 12%–PAGE, blotted
onto PVDF membranes and probed with an antibody to the indicated
protein, as described under Materials and Methods. To examine Ras
modification, cells were lysed in TBS-TDS, immunoprecipitated with
Y13-259 (anti-Pan Ras) antibody, then resolved on SDS–PAGE and
probed with H-Ras antibody. Blots were developed using enhanced
chemiluminescence (ECL). (B) In vitro analysis: To compare ADP-
ribosylation of specific proteins by ExoS in vivo to that detected in
vitro, 1 mg of purified protein (Rac1 or H-Ras) or 50 ml of HT-29 cell
extract (Rab proteins) were incubated for 30 or 60 min at 25°C in 0.2
M Tris–acetate, pH 6.0, containing 0.2 mM purified ExoS, 1 mM
MgCl2, 10 mM NAD, and a source of 14-3-3. Reactions were stopped
with 43 Laemmli sample buffer and heating at 95°C, resolved and
analyzed for specific proteins as in A. The mobilities of modified (M)
and unmodified (U) proteins are indicated, and a molecular mass
reference is included. The results are representative of analyses
performed in multiple independent studies.
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tected following exposure to ExoS producing bacteria
relate to the transfer of an ADP-ribose moiety, is the
detection of similar alterations in protein mobility fol-
lowing in vitro ExoS ADPRT reactions. As shown in
Fig. 1B, similar qualitative shifts in the mass of Ras,
Rab, and Rac1 proteins were detected when the indi-
vidual proteins were ADP-ribosylated by purified ExoS
in vitro and compared to that following bacterial trans-
location of ExoS. However, differences were observed
in the efficiency of modification, with Rab7 being more
efficiently modified in vivo, while Rab5, Rab8, Rab11
and Rac1 appeared more efficiently modified in vitro.
The detection of Rab and Rac modification following
ADP-ribosylation by ExoS in vivo and in vitro further
supports that these proteins are substrates of ExoS

FIG. 2. 2DE analysis of LMMG-protein modification by ExoS in
strain 388DS (DS) or 388, HT-29 cells were lysed in 2DE lysis buf
equilibrated in SDS equilibration buffer then separated in the s
membranes, individual LMMG-proteins were probed with protein
bacterial treated cell lysates were identical to that of 388DS treate
proteins by purified ExoS was performed as described in the legend t
by 2DE as described above. Interpretations of the modifications
respective blots. Unmodified (U) and modified (M) proteins are label
are representative of two or more independent analyses.
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ADPRT activity in vivo. However, an inability to de-
termine the molecular basis for differences observed in
the mobility in these proteins, based on SDS–PAGE
analysis, precludes confirmation of this reactivity.

Two-Dimensional Electrophoresis Analysis of the
ADP-Ribosylation of LMMG-Proteins by ExoS

2DE resolves proteins based on mass and pI. This
technique was previously used to confirm the in vivo
ADP-ribosylation of endogenous H-Ras at three sites
by bacterially translocated ExoS (13) (refer to Fig. 2),
which coincided with three sites of H-Ras ADP-ribo-
sylation by ExoS in vitro, at Arg41 (a preferred site),
Arg128 (a secondary site) and Arg135 (an alternative

o and in vitro. (A, C) In vivo: Following a 5-h coculture period with
and lysates were focused on 7-cm, pH 3–10 Immobiline dry strips
nd dimension by SDS 12%–PAGE. Following transfer to PVDF
cific antibodies and visualized as in Fig. 1. 2DE analyses of non-
acteria (not shown). (B) In vitro: ADP-ribosylation of the indicated
ig. 1B. Reactions were equilibrated in 2DE lysis buffer and resolved
each LMMG-protein are diagrammatically represented below the
The mass is indicated at the sides of the panels and pI above. Data
viv
fer
eco
spe
d b
o F
of
ed.



site) (25, 26). To further support that the altered mo- Cellular Localization of in Vivo Substrates
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bility of Rab and Rac1 proteins by bacterially trans-
located ExoS related to the transfer of an ADP-
ribose moiety, the modification of Rab5, Rab11, and
Rac1 by ExoS in vivo and in vitro was compared by
2DE. In addition, RhoA, B, C, and Cdc42 were exam-
ined by 2DE for modification by bacterially translo-
cated ExoS to assess whether the modification of any of
these proteins could be detected by this method of
analysis.

As represented for H-Ras in Fig. 2, LMMG-proteins
often resolve as several spots by 2DE, which reflect
their different post-translational forms (27). In the
analysis of cellular Ras modification by bacterially
translocated ExoS, Ras isoforms were found to shift in
groups, and three shifts in isoform groups were de-
tected for H-Ras (the third, alternative site of modifi-
cation being weak), indicating three sites of ADP-
ribosylation (13). 2DE analyses of cellular Rab5,
Rab11, and Rac1 also found these LMMG-proteins to
focus as several spots or protein bands. Following ex-
posure to ExoS producing bacteria, Rab5 isoforms ex-
hibited an approximate 2 kDa shift in mass, which was
accompanied by 2 shifts in pI of the isoform group of
approximately 0.5 pI units each (Fig. 2A). The shifts in
mass and pI of Rab5 observed in vivo corresponded
closely with that observed following the ADP-ribo-
sylation of cellular Rab5 by purified ExoS in vitro, with
the exception that a third modified form of Rab5 was
detected in vitro (Fig. 2B). The results support that
Rab5 is ADP-ribosylated at two sites by bacterially
translocated ExoS. When Rab11 modification by ExoS
was compared by 2DE, again similar shifts in mass and
pI were detected following exposure to ExoS in vivo
and in vitro, supporting that Rab11 was also a sub-
strate of bacterially translocated ExoS ADPRT activ-
ity. Three shifts in pI of Rab11 of about 0.3 to 0.6 pI
units were detected, consistent with three sites of ADP-
ribosylation of Rab11 by ExoS in vivo. Rac1 was more
difficult to focus by 2DE, focusing as a band, rather
than distinct isoform spots. Following bacterial trans-
location of ExoS, Rac1 exhibited a single shift in mass
(;550 Da), accompanied by a single shift in pI of 0.6 to
0.8 pI units. A similar shift in mass and pI was de-
tected following the ADP-ribosylation of purified Rac1
by purified ExoS in vitro. The interpretation of these
results is that Rac1 is ADP-ribosylated by bacterially
translocated ExoS at one site.

2DE analyses of cellular RhoA, B, C revealed multi-
ple spots and varying molecular masses corresponding
with the three Rho proteins. Multiple cellular isoforms
of Cdc42 were also detected by 2DE. No shifts in mass
or pI were evident in Rho or Cdc42 following exposure
to ExoS producing bacteria, further supporting that
these proteins were not preferred substrates of ExoS
ADPRT activity upon its bacterial translocation.
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of ExoS ADPRT Activity

Differences detected in the ADP-ribosylation of pro-
teins in the Ras, Rab and Rho families by bacterially
translocated ExoS drew attention to the possibility
that factors other than intrinsic protein properties
might be contributing to substrate modification by
ExoS within the cell. Of specific note in this regard was
the lack of ADP-ribosylation of Rab4 in vivo, which was
previously reported to be ADP-ribosylated by ExoS in
vitro (10) and in SLO permeabilized reticulocytes (28).
We similarly detected a shift in the mass of Rab4 by
ExoS based on immunoblot analyses following an in
vitro ADPRT reaction (data not shown). The finding
that Rab4 can function as a substrate of ExoS in vitro,
yet is not ADP-ribosylated by ExoS in vivo, indicates
that cell associated factors influence the availability of
endogenous Rab4 to ADP-ribosylation by bacterially
translocated ExoS. Also, notable was the apparent se-
lective ADP-ribosylation of endogenous Rac1 by bacte-
rially translocated ExoS, but not other Rho family pro-
teins, RhoA, B, C and Cdc42. In our previous studies
we found Ras, which is plasma membrane associated
(29) to be more efficiently modified by ExoS in vivo
than Rap1a (12), which is localized to the endocytic and
lysosomal vesicles (30). Since both Ras and Rap1 are
substrates of ExoS ADPRT activity in vitro, this led to
the notion that cellular localization might contribute to
the targeting specificity of bacterially translocated
ExoS.

To examine the relationship between the efficiency of
LMMG-protein ADP-ribosylation by bacterially trans-
located ExoS and cellular localization, HT-29 cells
were fractionated into an S100, cytosol and P100,
membrane fraction following coculture with ExoS pro-
ducing bacteria. As shown in Fig. 3, LMMG-proteins
were distributed differently between the cytosolic and
membrane fractions, with the most efficient substrate
modification consistently detected in the membrane
fraction. In the Ras family, RalA, previously identified
as an in vivo substrate of ExoS ADPRT activity (17),
preferentially localized to the membrane fraction,
where it was efficiently modified. In the Rab family,
Rab5, like Rab7 and Rab8 (not shown), were somewhat
equally distributed between the cytosolic and mem-
brane fraction, but the most efficient modification by
ExoS was detected in the membrane fraction. Rab4,
primarily a cytosolic protein appeared to further local-
ize to the cytosol in response to ExoS producing bacte-
ria, and was not modified by ExoS. In the Rho family,
Rac and Cdc42, which normally localize to the cytosol,
were found to re-localize to the membrane fraction
when exposed to ExoS producing bacteria, where mod-
ification was detected. Re-localization of RhoA, B, C to
the membrane was not evident in the same fractions,
and Rho remained unmodified. The detection of modi-



plasma membrane. A faint shift in Rab5, which is
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fication of Cdc42 in the P100 membrane was unex-
pected, considering our previous inability to detect
modification of endogenous Cdc42. In direct compari-
sons of Cdc42 and Rac1 in the P100 fraction, a much
smaller portion of Cdc42 was found to be localized to
the membrane and modified. We interpret the inability
to consistently detect Cdc42 modification in vivo to
relate to its less efficient modification and difficulties in
recognizing its modification in the presence of a much
larger portion of unmodified, cytosolic Cdc42.

Time-Course Evaluation of Substrate Modification
by ExoS ADPRT Activity in Vivo

Fractionation studies supported that the efficiency of
LMMG-protein ADP-ribosylation by ExoS related to
the efficiency in which the respective substrates local-
ized to the membrane. The more efficient modification
of membrane associated proteins would be consistent
with the type III mediated translocation of ExoS
through the membrane. To gain further insight into
the trafficking pattern of bacterially translocated ExoS
relative to substrate modification, the efficiency of spe-
cific LMMG-protein ADP-ribosylation was monitored
with increasing time of exposure to ExoS producing
bacteria. As shown in Fig. 4A, Ras and RalA, primarily
plasma membrane proteins, were the first to exhibit
shifts in mass, which occurred after a 3-h exposure to
bacteria. The ADP-ribosylation of Rab proteins corre-
sponded closely with the localization of their respective
endosomal compartments within the cell relative to the

FIG. 3. HT-29 cell fractionation and analysis of the ADP-
ribosylation of LMMG-proteins. HT-29 cells were grown to ;60%
confluency in T75 culture flasks and co-cultured with 107 CFU/ml
388 or 388DS (DS) for 5 h. Following the coculture period, HT-29 cells
were washed, trypsinized, resuspended in homogenization buffer
and disrupted as described under Materials and Methods. Cell mix-
tures were centrifuged at 116,000g for 1 h, resulting in a cytosolic
(S100) and membrane (P100) fraction. Samples of each fraction were
resolved by SDS 12%–PAGE and the indicated proteins detected as
in Fig. 1. The results compare substrate modification from a single
experiment and are representative of results obtained from two or
more independent studies. The mobilities of modified (M) and un-
modified (U) proteins are indicated.
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associated with early endosomes, was detected at 3 h.
Shifts in Rab8 and Rab11, which are associated with
endocytic recycling, were apparent at 4 h. Efficient
modification of Rab7, which is associated with late
endosomes, was not detected until 5 h. Rac1 modifica-
tion was most evident after a longer, 5-h exposure to
bacteria, indicating that its cycling to the membrane in
association with ADP-ribosylation by ExoS required a
longer exposure to bacteria. The efficiency of substrate
modification was quantified and is graphically repre-

FIG. 4. LMMG-protein modification by ExoS relative to time of
exposure to bacteria. HT-29 cells were cocultured with strain 388 or
388DS (DS) for 2–5 h. (A) To examine Ras modification, cells were
lysed in 1 ml TBS-TDS, and Ras was immunoprecipitated and de-
tected as in Fig. 1. To examine the modification of RalA, Rab5, Rab7,
Rab8, Rab11, and Rac1, cells were lysed in 13 Laemmli sample
buffer, and the indicated proteins were resolved and detected as in
Fig. 1. The results compare substrate modification on the same
samples from one experiment, and are representative studies re-
peated three times. Mobilities of modified (M) and unmodified (U)
proteins are indicated. (B) The relative efficiency of LMMG-protein
modification by ExoS was quantified based on densitometry values of
immunoblot images obtained using the NIH image version 1.6 pro-
gram. Percentage-modified protein was calculated relative to total
modified plus unmodified protein.



sented relative to the time of exposure to bacteria in Within the Ras and Rab families, studies described
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Fig. 4B. The comparison shows the hierarchical order
and rate of modification of specific LMMG-proteins,
with all substrates showing a high degree of modifica-
tion after 5 h.

DISCUSSION

The requirement for ExoS ADPRT activity for effects
of bacterially translocated ExoS on epithelial cell
growth and morphology directed attention to the im-
portance of determining the in vivo substrate specific-
ity of ExoS ADPRT activity in understanding the cel-
lular mechanism of action of ExoS. Confirmation of
cellular proteins ADP-ribosylated by bacterially trans-
located ExoS has proven to be technically difficult.
Unlike analyses of phosphorylated proteins, no anti-
bodies are currently available to detect ADP-ribosyl-
ated proteins. In addition, NAD, the source of the ADP-
ribose in the ExoS ADP-ribosylation reaction, is not
internalized by eukaryotic cells, precluding the direct
detection of ADP-ribosylated proteins within cells us-
ing a radiolabeled NAD probe. Alternative approaches
of introducing radiolabeled NAD into cells include al-
tering cell membrane permeability to allow internal-
ization of NAD, or radiolabeling intracellular NAD
pools using radiolabeled adenine or adenosine. The
problem with approaches that alter cell membrane per-
meability is that these alterations would also affect the
internalization of ExoS, thus questioning whether sub-
strate modification resulted from bacterially translo-
cated or diffused ExoS. Analyses using adenine or
adenosine to radiolabel intracellular NAD pools are
also problematic because of their association with high
background labeling and, in turn, inefficient labeling of
specific immunoprecipitated proteins (as evident by
long, ;1 month, exposure times to detect bands in
autoradiographs) (12). Based on these experimental
difficulties, we chose to use 2DE to assess substrate
modification by bacterially translocated ExoS. This
method offers the advantage of not requiring alter-
ations in membrane permeability to detect cellular
substrate modification. Evidence that protein modifi-
cations detected by this method result from the trans-
fer of an ADP-ribose moiety is derived from the iden-
tification of similar alterations in both pI and mass in
comparisons of in vivo and in vitro ExoS ADPRT reac-
tions. The finding that individual proteins exhibited dis-
tinctly different pI and mass modification patterns fol-
lowing their ADP-ribosylation by ExoS provided further
corroboration that the detected modifications did indeed
result from the transfer ADP-ribose moieties, rather than
other cellular posttranslational modifications.

In the process of identifying LMMG-proteins tar-
geted by bacterially translocated ExoS, it became
apparent that cellular factors were influencing the or-
der and efficiency of substrate modification by ExoS.
97
here combined with previous studies (12, 17), identified
endogenous Ras, RalA, Rab5, Rab11, and likely Rab7
and Rab8, but not Rab4 nor Rap1, as in vivo substrates
of bacterially translocated ExoS. In the Rho family,
endogenous Rac1 was identified as an in vivo substrate
of ExoS, with Cdc42 modification being less efficient,
and no modification of RhoA, B, C was detected. In all
instances, membrane localization of the endogenous
proteins was associated with more efficient ADP-
ribosylation by ExoS. The preference for membrane-
associated substrates is consistent with the type III
mediated translocation of ExoS through the eukaryotic
cell membrane and the increased accessibility of sub-
strates in the plasma membrane to ExoS. Previous
studies, however, also found the membrane microenvi-
ronment to enhance the enzymatic efficiency of ExoS
ADPRT activity relative to substrate modification (11).
It therefore remains possible that both increased ac-
cessibility and factors linked to membrane association
might contribute to the more efficient substrate modi-
fication detected in the membrane fraction.

The association between membrane localization and
the efficiency of ADP-ribosylation of LMMG-proteins
by ExoS provided insight into why certain LMMG-
proteins, such as Rab4, were not ADP-ribosylated by
ExoS in vivo. Rab4 was previously identified as an in
vitro substrate of ExoS ADPRT activity based on im-
munoblot analyses (10) (Rucks, unpublished data) and
was found to colocalize with 14-3-3z in endocytic
vesicles (28). Therefore the lack of detectable ADP-
ribosylation of Rab4 by bacterially translocated ExoS
could not be explained by intrinsic protein properties,
or the sequestration of Rab4 from ExoS cofactor within
the cell. Alternatively, cell fractionation studies found
that Rab4 was only weakly membrane associated, and
actually appeared to further localize to the cytosolic
fraction upon exposure to ExoS producing bacteria,
which corresponded with its lack of ADP-ribosylation.
A relationship between substrate localization and mod-
ification in response to ExoS producing bacteria was
also evident in analyses of the ADP-ribosylation of
LMMG-proteins in the Rho family. While Rho family
proteins, RhoA, B, C, Rac1 and Cdc42 reside mostly
within the cytosolic fraction under normal cellular con-
ditions, Rac1 and Cdc42 appeared to re-localize to the
membrane fraction upon exposure to ExoS producing
bacteria, where they were modified (albeit Cdc42 was
modified with low efficiency). Conversely, RhoA, B, C,
which did not relocalize to the membrane, were not
ADP-ribosylated by ExoS. With regard to these Rho
proteins, however, it remains possible that intrinsic
properties might also contribute to their inefficient
ADP-ribosylation by ExoS, as documented for RhoC
(10).

The cytosolic and membrane association of Rab and
Rho family proteins has been found to be linked to their
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bound forms (29). Rab and Rho proteins are main-
tained in the cytosol in the GDP-bound form through
their association with GDI regulator proteins, which
inhibit the dissociation of GDP. The release of GDI
from the GDP-bound protein is coupled with translo-
cation of the LMMG-protein to the membrane and its
conversion to the GTP-bound form. Consistent with the
possibility that GTP-binding by Rab proteins might
contribute to their more efficient ADP-ribosylation by
ExoS in the membrane fraction, Rab5 was found to be
more efficiently ADP-ribosylated in vitro in its GTP
compared to GDP-bound form (31). This same mecha-
nism is not likely to apply to the enhanced modification
of Ras and Ral by ExoS in the membrane fraction, since
no preferential ADP-ribosylation of GTP- or GDP-
bound Ras or Ral has been detected in vitro (13, 26)
(Greene, unpublished observation). In addition, unlike
Rho and Rab proteins, neither Ras nor Ral cycle be-
tween the cytosol and membrane in association with
their GDP- or GTP-bound state (29).

Within the Rho family, the confirmation of Rac1 and
implication of Cdc42 as in vivo substrates of ExoS
ADPRT activity adds an interesting complexity to the
cellular mechanism of ExoS, since both proteins are
also known to be targeted by ExoS GAP activity in vitro
(7). The sequestering of both Rac and Cdc42 at the
membrane following exposure to ExoS producing bac-
teria indicates that ExoS has an effect on the function
of these LMMG-proteins. The effect of ExoS on Rac and
Cdc42 recycling to the cytoplasm may relate to ExoS
associated interference of GTP hydrolysis or the inter-
action of their GDP-bound form with RhoGDI. While
the mechanism for the effects of ExoS ADPRT activity
on Rac or Cdc42 function have not been experimentally
determined, the implications of these findings are that
ExoS GAP and ADPRT activity may have coordinated
effects on the function of Rac and Cdc42.

In comparing the ADP-ribosylation of endogenous
LMMG-proteins by ExoS, it became apparent that not
only the number of sites of ADP-ribosylation varied
among the individual LMMG-proteins, but that dis-
tinct differences were observed in how specific proteins
interpreted the addition of an ADP-ribose moiety.
These differences were apparent in shifts in mass that
range from 500 to 2000 daltons, and shifts in pI that
range from 0.25 to 0.8 pI units per ADP-ribose addi-
tion. Also evident in 2DE analyses were differences in
the number of sites of ADP-ribosylation by ExoS in
individual LMMG-proteins. Studies described here
support that bacterially translocated ExoS can ADP-
ribosylate Rab11 at three sites, Rab5 at two sites, and
Rac1 at one site. While the functional significance of
these differences is unclear, it is known that the ADP-
ribosylation of LMMG-proteins by ExoS can affect
their function. Relative to Ras, the most extensively
characterized in vivo substrate of ExoS ADPRT activ-
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ity, ADP-ribosylation at Arg41 is known to interfere
with GEF catalyzed guanine nucleotide exchange (14)
and associated with the interruption of Ras-Raf1 signal
transduction pathways (13–15). The cellular conse-
quences of ADP-ribosylation of H-Ras at secondary
sites, Arg128 or Arg135, remain unknown. The ADP-
ribosylation RalA at specific residues by bacterially
translocated ExoS has also been shown to interfere
with its activation and downstream signaling (18), con-
firming an effect of ExoS on Ral function. Studies in
Xenopus oocytes found that the ADP-ribosylation of
Rab5 by ExoS interfered with endosome-endosome fu-
sion, and related this to interference of Rab5 interac-
tion with its downstream effector EEA1 using rat
endocytic vesicles (31). Rab5 exists at the plasma mem-
brane and on early endosome membranes in a GTP-
bound form. The more efficient ADP-ribosylation of
GTP-bound Rab5 (31), combined with our detection of
more efficient Rab5 modification in the membrane frac-
tion, are consistent with bacterially translocated ExoS
preferentially modifying membrane associated Rab5-
GTP, which interferes with activated Rab5 signaling
processes.

Table 1 summarizes our current understanding of
LMMG-protein substrate modification by ExoS. While
this list does not recognize all potential in vivo sub-
strates of ExoS ADPRT activity, 2DE proteomic anal-
yses reveal a finite number of protein modifications in
response to ExoS producing bacteria (McGuffie, Vin-
cent, unpublished data). Further analyses of proteins

ExoS ADP-Ribosyltransferase Substrate Modification

Family G-protein

Number of ADPR
modifications

Reference(s)In vitro In vivo

Ras H-Ras 3 3 (13, 26)
N-Ras 1 1 (13)
K-Ras 1 1 (13)
RalA/B .2a 2 (18)
Rap1 2 0b (12, 32)

Rab Rab3 1c ndd (10)
Rab4 1 0 (10, 28)
Rab5 3 2 (28, this study)
Rab6 1 nd (28)
Rab7 1 1 (28, this study)
Rab8 1 1 This study
Rab11 3 3 This study

Rho RhoA,B,C nd 0 (10, this study)
Rac 1 1 This study
Cdc42 nd 1e This study

a J. E. Fraylick, M. J. Riese, T. S. Vincent, J. T. Barbieri, and J. C.
Olson (unpublished).

b Modification detected with transfected protein (16).
c Modified, but number of sites of ADP-ribosylation unknown.
d nd, not determined.
e Inefficient modification detected in membrane fraction.
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tivity identified a hierarchical order of substrate mod-
ification within the cell. Ras and Ral are the first of the
LMMG-proteins to be targeted by ExoS ADPRT activ-
ity, and alterations in their function by ExoS likely
contribute to the effects of ExoS on cell growth. Multi-
ple Rab proteins are targeted next, and alterations in
their function by ExoS could explain effects of ExoS on
microbial invasion and the regeneration of focal adhe-
sion processes. Rac1 and Cdc42 modification requires a
longer exposure to bacteria, and effects on their func-
tion by ExoS would be predicted to contribute to
cytoskeletal alterations. Patterns of substrate modifi-
cation track the translocation of ExoS from the mem-
brane to the cytosol, and are consistent with the detec-
tion of approximately 2-fold higher levels of ExoS
ADPRT activity in the membrane vs cytosolic fraction
(11).

The complex interplay of LMMG-protein signal
transduction pathways affected by ExoS complicates
an understanding of the precise role of each substrate
in the cellular effects of ExoS. Possibly more relevant
to an understanding of the cellular mechanism of ExoS
is the recognition of a progressive pattern of substrate
modification, with the diverse and more severe effects
of bacterially translocated ExoS on cell function relat-
ing to the coordinated effects of ExoS on the function of
many LMMG-proteins. The integral role of the eukary-
otic cell in directing substrate modification by bacterially
translocated ExoS becomes evident in the more efficient
ADP-ribosylation of membrane associated LMMG-pro-
tein substrates. The enhanced ADP-ribosylation of Rho
and Rab family proteins as they recycle to the membrane
also highlights the relationship between cellular activa-
tion and ExoS substrate availability.
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