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This study was initiated to characterize the regulation and secretion of ExoS by Pseudomonas aeruginosa
during contact with eukaryotic cells. The production of ExoS was monitored by a sensitive ADP-ribosyltrans-
ferase activity assay, and specific activities were calculated for supernatant and cell-associated fractions. Time
course analysis indicated that ExoS was produced after a lag period, suggesting that induction of the regulon
is necessary for the expression of detectable amounts of enzyme activity. Under tissue culture growth condi-
tions, ExoS was induced when P. aeruginosa was in contact with Chinese hamster ovary (CHO) cells or after
growth in tissue culture medium with serum. The serum induction of ExoS appeared to result in generalized
type III secretion, while induction by contact with CHO cells appeared to result in polarized type III secretion.
Mutants in the type III secretory system that express a null phenotype for ExoS production in bacteriological
medium produced but did not secrete the enzyme when P. aeruginosa was grown under inducing conditions in
tissue culture medium. These results suggest that both induction and secretion of ExoS may differ when the
bacteria are exposed to different growth environments. The putative type III translocation proteins and
secretion apparatus of P. aeruginosa were required for translocation of bacterial factors that mediate changes
in CHO cell morphology during infection.

Exoenzyme S is an extracellular ADP-ribosyltransferase syn-
thesized by the opportunistic bacterial pathogen Pseudomonas
aeruginosa (18). P. aeruginosa produces exoenzyme S as a high-
molecular-weight aggregate consisting primarily of two immu-
nologically related polypeptides, ExoS (49 kDa) and ExoT (53
kDa), which are encoded by separate but coordinately regu-
lated genes (27, 38). Although ExoS and ExoT share 75%
amino acid identity, ExoT possesses a catalytic defect and
expresses only 0.2% of the ADP-ribosyltransferase activity of
ExoS (38). The ADP-ribosyltransferase activity of exoenzyme
S requires a eukaryotic cofactor termed factor activating exo-
enzyme S (FAS) (4, 7, 14). FAS is a member of the highly
conserved, multifunctional 14-3-3 family of proteins, whose
primary function involves the regulation of eukaryotic enzyme
activities (1). In the presence of FAS, ExoS preferentially
ADP-ribosylates vimentin, several members of the H- and K-
Ras family of small (21- to 25-kDa) GTP-binding proteins,
apolipoprotein A1, and human immunoglobulin G3 (IgG3) (5,
6, 8, 19). The requirement of a eukaryotic cofactor for activity
and the functional importance of in vivo target proteins suggest
that ExoS contributes to pathogenesis by disrupting normal
cellular processes.

The intoxication of eukaryotic cells by ExoS is postulated to
occur by a contact-dependent, type III secretion mechanism
(12, 15, 24, 39, 40). The properties of type III-mediated trans-
location include (i) bacterial and eukaryotic cell contact, (ii)
the introduction of translocation proteins into the eukaryotic
plasma membrane, and (iii) the formation of a pore or channel
through which bacterial effector proteins translocate (23, 25).
The Yersinia type III secretion system and effector proteins
(Yops), which are encoded on a large plasmid, serve as the
prototypical model of type III-mediated intoxication (9). Ele-
gant studies involving immunoprecipitation, immunofluores-

cence, and localization of enzyme activity have shown that the
Yersinia effectors (YopE, YopH, YopM, and YpkA) are deliv-
ered directly into host cells from adherent bacteria (3, 17, 29,
34). Evidence supporting the hypothesis that P. aeruginosa
delivers ExoS by a similar mechanism includes the observa-
tions that (i) secretion of ExoS requires an amino-terminal
sequence that is not cleaved (39), (ii) P. aeruginosa encodes a
series of homologs to the Yersinia type III secretion and trans-
location proteins that are coordinately regulated with ExoS
(39, 40), (iii) ADP-ribosylation of Ras is observed when HT29
colon carcinoma cells are cocultured with ExoS-producing P.
aeruginosa strains but not when purified recombinant ExoS
(rExoS) is applied to cells (24), and (iv) the formation of
neurite outgrowths by PC12 cells is inhibited when these cells
are transfected with plasmid DNA encoding ExoS or when
cocultured with P. aeruginosa producing ExoS (15). Functional
homology between the type III systems of P. aeruginosa and
Yersinia spp. was demonstrated by the translocation of ExoS
from Yersinia strains expressing rExoS from multicopy plas-
mids (12). ExoS translocation was not observed when the yer-
sinia-encoded type III secretion pathway or translocation func-
tions were compromised by a specific mutation (12).

The goal of the present study was to quantitate ExoS pro-
duction when the native organism, P. aeruginosa is in contact
with eukaryotic cells. In this situation, exoS is expressed from a
single chromosomal copy and is subject to native regulatory
and secretory controls. We show that cell-associated bacteria
produce more ExoS per bacterium than supernatant-associ-
ated P. aeruginosa. Two tissue culture conditions induce ExoS
production: growth in the presence of newborn calf serum and
growth in the presence of eukaryotic cells. The regulation of
ExoS synthesis differs for bacteria induced by growth in bac-
teriological medium containing nitrilotriacetic acid (NTA; a
chelator of calcium and zinc ions) versus growth in the pres-
ence of eukaryotic cells or serum. This difference in induction
may reflect changes in the regulation of gene expression that
determine whether the bacterium is poised for generalized or
polarized type III secretion. Invasion of eukaryotic cells is not
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required for ExoS expression. Mutations in the P. aeruginosa
type III secretion or translocation proteins prevent the trans-
location of bacterial products involved in cell morphology
changes.

MATERIALS AND METHODS

Bacterial strains and growth conditions. P. aeruginosa strains were maintained
as bacterial stocks at 280°C in 10% sterile skim milk. Parental P. aeruginosa 388
(2) and type III secretory mutants 388pscC::Tn1 (39), 388pscN::Tn5Tc (31),
388pscC::Tn5Tc (39), and 388DexoS::Tc (21) have been previously described. An
interposon insertion within popD that encodes a putative translocator protein,
PopD, was constructed in P. aeruginosa 388 (388popD::TcV) as described below.
ExoS production was measured from bacterial cultures or infections under sev-
eral growth conditions. For all inoculations P. aeruginosa was initially cultured on
Vogel-Bonner minimal medium plates (37) incubated overnight at 37°C. Under
these conditions ExoS production is undetectable, indicating that the pathway is
off or repressed. To quantitate ExoS production in bacteriological medium,
bacteria were transferred from Vogel-Bonner Minimal Medium to a deferrated
dialysate of trypticase soy broth supplemented with 1% glycerol, 100 mM
monosodium glutamate, and 10 mM NTA and cultivated as previously described
(36). Growth in the presence of NTA maximally induces the exoenzyme S
regulon. To measure the production of ExoS under tissue culture conditions,
bacteria were grown statically in 12-well plates at 37°C under 5% CO2 in tissue
culture medium with 5 or 0% serum. To determine whether serum proteins
adsorbed to the plastic tissue culture wells induced ExoS expression, 1 ml of
complete medium was adsorbed to a well overnight at 37°C in 5% CO2. The well
was washed with phosphate-buffered saline (PBS), and a bacterial inoculum (2 3
106) was added in serum-free tissue culture medium. After a 4-h incubation
period, viable counts were assessed and the soluble fraction was tested for
ADP-ribosyltransferase activity. When P. aeruginosa and CHO cells were cocul-
tivated, ExoS activity was quantitated as described below (see subsequent sections).

Eukaryotic cell culture. CHO cells (ATCC 61-CCL) were cultivated at 37°C in
5% CO2 in Ham’s F-12 nutrient mixture supplemented with 10% newborn calf
serum, 50 U of penicillin and streptomycin per ml, 2 mM L-glutamine, 0.12%
sodium bicarbonate, and 2.5 mM HEPES (complete medium; Life Technologies,
Grand Island, N.Y.). Cells were routinely maintained in T-25 culture flasks
(Corning, Cambridge, Mass.) and passaged at confluence. To measure ExoS
production from cells cultivated under reduced serum conditions, CHO cells
were adapted by sequential passage in CHO III PFM (protein-free medium; Life
Technologies) with progressive reduction in the amount of complete medium
added. The final concentration of serum components in passaged cultures was
0.15%.

CHO cell infection and coculture fractionation. CHO cells were seeded in
12-well tissue culture plates (Falcon, Franklin Lakes, N.J.) and allowed to grow
for 16 to 18 h to obtain 90 to 95% monolayer confluency (4.0 3 105 cells/well).
Culture supernatants were removed, the monolayer was washed once with PBS
(Life Technologies), and the cells were treated for 30 min with 10 mg of cytocha-
lasin D per ml to prevent bacterial uptake. The medium was removed, and 1 ml
of the bacterial inoculum (approximately 2.0 3 106 bacteria) in tissue culture
medium with cytochalasin D was placed into the well. The multiplicity of infec-
tion from experiment to experiment ranged from 5:1 to 12:1 as determined by
measuring the CFU. In initial experiments P. aeruginosa and CHO cells were
cocultured in medium with (5%) or without (0%) serum for a 4-h time course at
37°C in 5% CO2. In subsequent experiments, the amount of ExoS activity was
compared at single 4-h time points.

After appropriate incubation periods, the medium from infected cell cultures
was mixed gently in the well to remove nonadherent or loosely adherent bacteria
and transferred to a microfuge tube. An aliquot was removed for viable counts,
and the remainder was subjected to centrifugation at 12,000 3 g at 4°C for 15
min. A portion of the soluble fraction was stored at 280°C to quantitate ADP-
ribosyltransferase activity (supernatant-associated activity). The CHO cell mono-
layer was washed twice with PBS, and 1 ml of tissue culture medium containing
200 mg of gentamycin (Sigma Chemical Corporation, St. Louis, Mo.), 100 mg of
ciprofloxacin (Bayer Corporation, West Haven, Conn.), and 10 mg of cytocha-
lasin D per ml was placed into the well to reduce the contribution of bacterium-
associated ExoS activity. Incubation was continued for 2 h at 37°C in 5% CO2, a
period which consistently resulted in complete killing of cell-associated P. aerugi-
nosa. The medium was removed, and the cells were washed twice with PBS and
then lysed with 150 ml of distilled water. The contents of the well was removed
with a cell scraper and subjected to centrifugation at 12,000 3 g at 4°C for 15 min.
A portion of the soluble fraction was retained at 280°C to quantitate the
ADP-ribosyltransferase activity (cell-associated activity). Duplicate wells not
treated with antibiotics were used to determine the number of cell-associated
bacteria existing at each time point. All of the experiments were performed in
triplicate.

ExoS enzymatic activity assays. Supernatant and lysate fractions from P.
aeruginosa strains grown in bacteriological medium were assayed for ADP-
ribosyltransferase activity as described previously (16). Infected CHO cell cul-
tures were fractionated into supernatant and cell-associated samples. ExoS ac-
tivity was measured in reaction mixtures (20 ml) containing 10 ml of the coculture

sample, 0.25 M sodium acetate (pH 6.0), 45 mM soybean trypsin inhibitor (SBTI;
target for ADP-ribosylation), 33 mM [32P-adenylate phosphate]NAD (specific
activity, 2 3 105 cpm/pmol; NEN), and 40 nM recombinant FAS. Reaction
mixtures were incubated for 1 h at room temperature and stopped with 6.6 ml of
sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS-PAGE) loading
buffer containing b-mercaptoethanol. The reaction mixtures were boiled for 5
min, and 5 ml was loaded onto SDS-polyacrylamide gels (13.5% acrylamide
separating gels and 4% stacking gels) (22). After being stained with Coomassie
blue, the gels were dried and subjected to autoradiography. Labeled SBTI bands
were removed from dried gels and analyzed by scintillation counting. Data were
normalized to CFU or optical density units at 540 nm (OD540) and reported as
10218 or 10219 moles of ADPRT (ADP-ribose transferred to SBTI) as appro-
priate.

Construction of 388popD::TcV. To test the contribution of the putative trans-
location protein, PopD, on ExoS cell-associated activity we constructed a chro-
mosomal interposon insertion in popD. Portions of the P. aeruginosa pcrGVH-
popBD locus were subcloned into M13mp19. The NotI sites within the locus were
removed by site-specific mutagenesis (Sculptor Kit; Amersham, Buckingham-
shire, United Kingdom) and returned to the allelic replacement vector pNOT19
(33). A partial SspI digest was performed to insert the interposon cartridge
encoding tetracycline resistance (TcV) within the first five amino acids of the
open reading frame encoding popD. The mobilization cartridge from pMOB3
(33) was subcloned into the interposon-containing constructs by using the unique
NotI site of pNOT19. The mobilization cartridge encodes chloramphenicol re-
sistance, mobilization functions for conjugative transfer, and the counter-select-
able marker sacBR. Selection for allelic replacement derivatives of P. aeruginosa
388 and Southern blot analyses were performed as previously described (11). As
assessed by SDS-PAGE and Coomassie staining of extracellular protein profiles,
388popD::TcV secretes parental levels of ExoT, PopN, PcrV, and ExoY. PopD is
not detectable by Western blot analysis, and the expression of PopB, a second
putative translocator protein encoded 59 of popD, is reduced in 388popD::TcV.

Microscopy. CHO cells grown in 12-well tissue culture plates were infected
with parental (388), type III secretion (388pscC::Tn1, 388pscC::Tn5Tc, and
388pscN::Tn5Tc), and translocation (388popD::TcV) mutants of P. aeruginosa.
After 4 h of infection, the CHO cells were fixed in 2% paraformaldehyde in PBS
(EM Sciences, Fort Washington, Pa.). Phase-contrast photographs were ob-
tained with a Diaphot 200 inverted microscope (3300; Nikon).

RESULTS

Growth and production of ExoS by P. aeruginosa during
coculture. ExoS is an ADP-ribosyltransferase that is secreted
from P. aeruginosa by a type III mechanism (39). We wanted to
develop a quantitative system to measure the translocation of
ExoS into eukaryotic cells to begin to dissect the mechanistic
aspects of type III secretion and translocation in P. aeruginosa.
ExoS was chosen as an indicator of translocation because it is
a highly active enzyme providing a sensitive assay for the as-
sessment of activity when P. aeruginosa is or is not in contact
with eukaryotic cells. During the development of the assay
system, we noted that substantial amounts of ExoS activity was
measured from bacteria that remain associated with cells dur-
ing the lysis procedure. These results indicated that the differ-
ence between translocated ExoS activity versus bacterial asso-
ciated activity could not be accurately assessed. To measure
only the amount of translocated ExoS, we prevented the up-
take of bacteria by using cytochalasin D during the infection
process. In addition, we used antibiotics to kill residual bacte-
ria after the coculture period and a lysis procedure (distilled
water) that failed to release ExoS from P. aeruginosa (data not
shown).

Initial experiments were designed to measure ExoS activity
when P. aeruginosa was cocultivated with CHO cells in tissue
culture medium with 5% serum. Activity was normalized to the
number of viable bacteria and measured during a 4-h time
course in the supernatant-associated and CHO cell-associated
fractions. After an initial lag time of approximately 1 h, ExoS
ADP-ribosyltransferase activity accumulated in both cell-asso-
ciated and supernatant fractions (Fig. 1). Statistically higher
levels of activity were measured from the cellular fractions
after 2 h of incubation, and by the end of the incubation period
approximately 10-fold more activity per bacterium was associ-
ated with the cellular fraction than with the supernatant frac-
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tions. At this time point approximately 90% of the bacteria are
found in the supernatant fraction yet approximately 90% of the
total ExoS activity is cell associated. These data suggest that
most of the ExoS activity is translocated into eukaryotic cells
but under these conditions, some activity is released into the
culture medium.

To determine the effect of serum on the expression of ExoS
activity in the coculture system, the infection was performed in
medium in the absence of serum. Under these conditions the
accumulation of ExoS activity was not detected in the super-
natant samples during the entire 4-h incubation period (Fig. 2).
The accumulation of cell-associated activity was slower, but the
total accumulation at 4 h was similar to values obtained with
infections in the presence of serum. These results suggest that
ExoS production can be induced by cellular contact in the
absence of serum components. In addition, when infections
were done in the absence of serum, it appeared that type III
secretion was limited to polarized translocation; ExoS activity
was not detected in the extracellular medium.

Adaptation of CHO cells to reduced serum growth and ExoS
production during cocultivation. The infection of CHO cells in
the absence of serum led to the accumulation of cell-associated
enzyme. The induction of ExoS synthesis, however, could not
be solely attributed to contact with eukaryotic cells since the
CHO cells had been previously propagated in serum contain-
ing medium. Thus, even though the cells were washed before
incubation, serum proteins either associated with the cells or
tissue culture wells could serve to induce ExoS. To address
whether contact with cells was an inducing signal, CHO cells
were sequentially adapted to medium with reduced serum.
After adaptation the cells were passaged for several genera-

tions in reduced serum medium (0.15%). Bacteria emulsified
in serum-free medium were used to infect CHO cells that had
been maintained in 10% serum of CHO cells that were
adapted to the reduced serum medium. ExoS activity was mea-
sured after a standard 4-h coculture. The levels of supernatant-
and cell-associated ExoS activities were not significantly differ-
ent when the two types of infections were compared (Fig. 3). A
60-fold reduction in the presence of serum components with-
out a significant effect on the amount of cell-associated activity
suggested that cellular contact induces ExoS production in P.
aeruginosa.

To address whether serum proteins adsorbed to the tissue
culture well play a role in inducing ExoS production during
coculture, empty wells were filled with medium containing or
lacking serum and allowed to incubate overnight. The wells
were washed once with PBS and incubated with bacteria emul-
sified in serum-free medium for 4 h. A well was also incubated
with bacteria emulsified in medium with 5% serum. ExoS ac-
tivity was not detectable in wells precoated with medium con-
taining serum but was present in wells in which bacteria were
grown in the presence of serum (Fig. 4). These data indicate
that growth in the presence of serum components induces
ExoS production. Serum components nonspecifically adsorbed
to plastic appear to play no role in the induction of ExoS
production.

ExoS synthesis and secretion in type III secretory mutants.
In vitro, maximal ExoS synthesis and secretion by P. aeruginosa
is induced by growth in bacteriological medium in the presence
of NTA. In this study, two additional growth environments
were found to induce ExoS expression; growth in the presence
of CHO cells and growth in the presence of serum. Based on
the high homology exhibited between the type III secretory

FIG. 2. Cell- and supernatant-associated ExoS ADP-ribosyltransferase activ-
ity from infections performed in the absence of serum. Cytochalasin D-treated
CHO cells were infected with P. aeruginosa 388. Fractions consisting of soluble
supernatant material (supernatant-associated activity) and CHO cell lysates
(cell-associated activity) were collected and processed as detailed in Materials
and Methods. ExoS activity is reported as 10219 moles of ADP-ribosyltransferase
activity that is normalized to CFUs and is presented as the mean and standard
deviation of experiments performed in triplicate. ExoS activity in supernatant-
associated fractions was not detected.

FIG. 1. Cell- and supernatant-associated ExoS ADP-ribosyltransferase activ-
ity from infections performed in the presence of serum. Cytochalasin D-treated
CHO cells were infected with P. aeruginosa 388. Fractions consisting of soluble
supernatant material (supernatant-associated activity) and CHO cell lysates
(cell-associated activity) were collected and processed as detailed in Materials
and Methods. ExoS activity is reported as 10219 moles of ADP-ribosyltransferase
activity that is normalized to CFUs and is presented as the mean and standard
deviation of experiments performed in triplicate. The inset of Fig. 1 changes the
scale of the y axis to demonstrate the accumulation of ExoS activity in superna-
tant fractions.
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and translocation components of Yersinia spp. and P. aerugi-
nosa, we predicted that mutations introduced within the P.
aeruginosa secretory loci would abrogate the ability to translo-
cate ExoS. Phenotypic analysis of secretory mutants, however,
indicated that ExoS synthesis was completely repressed (39).
In these experiments ExoS synthesis was induced by growth in
the bacteriological medium containing NTA. To determine
whether ExoS expression was altered when the bacteria were
grown under different inducing conditions, we compared ExoS
production after growth in bacteriological medium in the pres-
ence of NTA and in tissue culture medium in the presence of
serum. ADP-ribosyltransferase activity was measured in both
extracellular and bacterial lysate fractions. In bacteriologic me-
dium ExoS expression was detectable in the parental strain and
in a popD::V insertional mutant (Table 1). The level of ExoS
activity from 388popD::V was consistently lower than the levels
measured in the parental strain, suggesting that PopD may

have a minor regulatory effect on ExoS expression. The ma-
jority of the activity was associated with the extracellular me-
dium (97%), indicating that most of the ExoS is secreted under
these growth conditions (Table 1). ExoS activity was not de-
tectable in either supernatant or lysate fractions when secre-
tory mutants were analyzed after growth in bacteriological
medium (Table 1). These data indicate that when the secretory
apparatus was rendered nonfunctional, ExoS expression is re-
pressed.

A different pattern emerged when the same series of strains
was examined after growth in tissue culture medium with se-
rum as the induction signal. Under these conditions, both the
parental and the popD::V strains synthesized and secreted
ExoS, which appeared to be equally distributed between the
supernatant and lysate fractions (Table 1). Strains defective in
genes encoding secretory components synthesized but ap-
peared not to secrete ExoS; approximately 96% of the total
activity was measured in lysate fractions (Table 1). These re-
sults suggest that the induction signals mediating ExoS expres-
sion may differ depending on the growth conditions. On the
other hand, ExoS repression may also be affected by environ-
mental stimuli.

The role of the type III secretion and translocation proteins
in the delivery of ExoS. To determine the requirement of the
P. aeruginosa type III secretion and translocation proteins in
the expression and localization of ExoS activity, specific mu-
tants were examined in the coculture system. ExoS production
was monitored from parental and mutant strains after cocul-
tivation with CHO cells for 4 h in serum-free medium in the
presence of cytochalasin D. Cell-associated fractions were pre-
pared after antibiotic treatment to eliminate extracellular bac-
teria. After cultivation with CHO cells, similar levels of viable
bacteria were found for each strain (data not shown), indicat-
ing that none of the mutations affected P. aeruginosa replica-
tion under tissue culture conditions. Approximately 15-fold
more ExoS activity was detected in cell-associated fractions

FIG. 4. The effect of adsorbed serum components on ExoS production. Tis-
sue culture wells (in the absence of CHO cells) were left untreated or were
pretreated overnight at 37°C with medium either containing or not containing
newborn calf serum. The wells were washed once with PBS, and a bacterial
inoculum with or without serum was added to each well. After a 4-h incubation
period, the culture was harvested, and ExoS activity was measured in bacterial
lysates (bacterium-associated activity) or in supernatant (supernatant-associated
activity) fractions. The total activity measured is the sum of the bacterium- and
supernatant-associated activities.

FIG. 3. Comparison of ExoS activity from CHO cells propagated in complete
(10% serum) or reduced (0.15%) serum medium. CHO cells were cultured in
complete medium with 10% serum (gray bar) or adapted by sequential passage
in CHO III protein-free medium with progressive reduction in the amount of
complete medium added. The final concentration of serum components that
resulted in consistent CHO cell growth and viability was 0.15%. A bacterial
inoculum was prepared in serum-free medium, and the cocultivation was allowed
to proceed for 4 h. Fractions were prepared, and ExoS ADP-ribosyltransferase
activity was normalized to CFUs as described in Materials and Methods.

TABLE 1. In vitro ADP-ribosyltransferase activities of wild-type
and mutant strains of P. aeruginosa

Strain

Activities (ADPRT/OD540)a in:

Bacteriological mediumb Tissue culture mediumc

Supernatantd Lysatee Supernatant Lysate

388 138.6 6 28.1 3.5 6 1.2 56.0 6 17.7 70.7 6 39.9
388pscC::Tn1 0 0.1 6 0.1 3.7 6 2.1 88.2 6 16.2
388pscC::Tn5Tc 0 0.1 6 0.1 3.2 6 2.9 73.7 6 13.5
388pscN::Tn5Tc 0 0 3.9 6 1.9 105.6 6 7.4
388popD::TcV 58.0 6 7.9 1.6 6 0.3 32.0 6 11.6 35.6 6 12.9

a Values provided are the average and standard deviation for experiments
performed in triplicate and are reported as 10218 moles of ADPRT per OD540.

b Bacterial cultures were grown at 32°C in a deferrated dialysate of trypticase
soy broth as detailed in Materials and Methods.

c Bacterial cultures were grown in the presence of serum at 37°C.
d Activity is measured from the soluble portion of a bacterial culture subjected

to centrifugation.
e Activity measured from the soluble portion of a bacterial extract. Bacteria

were lysed by sonication.
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from infections performed with strain 388 compared to the
cell-associated activity measured from 388pscC::Tn5Tc or
388popD::TcV (Fig. 5). The amount of cell-associated activity
measured in infections with the secretory or translocation mu-
tants may be associated with the presence of dead bacteria in
the sample (containing a stable form of ExoS) and/or the high
sensitivity of the ADP-ribosyltransferase assay. These results
confirm that the P. aeruginosa type III secretion and translo-
cation components are functionally analogous to those of Yer-
sinia spp. (12, 13). Small amounts of supernatant associated
activity were detectable in the medium from infections with
strains 388 and 388popD::TcV but not from 388pscC::Tn5Tc.
These results indicate that PscC is required for secretion and
that PopD functions after secretion.

To control for the passive diffusion of ExoS into cells after
membrane damage or the binding of ExoS to cellular mem-
branes, two additional experiments were performed. CHO
cells were infected with wild-type, type III secretion, or trans-
location mutant bacteria for 4 h, washed, and stained with
trypan blue to detect membrane damage. After the 4-h incu-
bation period there was no difference in trypan blue perme-
ability between uninfected CHO cells and those infected with
wild-type or mutant bacteria suggesting that membrane dam-
age was not occurring at this time point (data not shown). In
another experiment, ExoS was produced by growth of P.
aeruginosa 388 in tissue culture medium with serum (in the
absence of CHO cells). The spent medium was harvested, filter
sterilized, and added to CHO cells alone or to CHO cells
infected with 388DexoS::Tc. Supernatant and cell-associated
fractions were prepared after a 4-h incubation with spent me-
dium containing soluble ExoS. Under these conditions, ExoS
activity was detected in supernatant-associated fractions of
both uninfected and 388DexoS::Tc-infected CHO cells. In con-
trast, activity was not detectable in either cell-associated frac-
tion, indicating that the activity being detected in our assays
does not originate from ExoS bound to CHO cell membranes
(data not shown).

CHO cell morphology changes are associated with type III-
mediated translocation. In coculture experiments we observed
a rounding of the CHO cells at 3.5 to 4.0 h postinfection with

strain 388. Others have reported that the delivery of either
YopE or ExoS from Yersinia spp. into HeLa cells results in the
collapse of the actin cytoskeleton, which was manifested as a
visible rounding of HeLa cells (12, 32). To determine if the P.
aeruginosa secretory or translocation mutants were defective in
translocation, a change in cellular morphology was used as an
independent indicator of effector transfer. CHO cell morphol-
ogy was monitored after infection with strain 388, 388pscC::
Tn5Tc, 388pscC::Tn1, 388pscN::Tn5Tc, or 388popD::TcV. CHO
cells cocultured with strain 388 appeared by phase-contrast
microscopy to be rounded, while cells cocultured with either
secretory-defective (388pscC::Tn1 or 388pscN::Tn5Tc) or
translocation-defective (388popD::TcV) strains were indistin-
guishable from uninfected control cells (Fig. 6). These results
indicate that P. aeruginosa is unable to translocate effectors
that cause changes in cell morphology when the type III secre-
tion or translocation proteins are nonfunctional. In addition,
this experiment indicates that PopD functions as a transloca-
tion protein, since neither type III effector protein production
nor secretion was affected by an insertional mutation in popD
(Table 1). Because more than one effector may be translocated
by P. aeruginosa 388, it is unclear whether the rounding phe-
nomenon is due to ExoS, ExoT, another coordinately regu-
lated and type III secreted protein, or a combination of pro-
teins.

DISCUSSION

The ability of bacteria to deliver proteins into the cytoplasm
of eukaryotic cells by using type III secretion represents a new
mechanism of intoxication. ExoS is the first member of the
family of bacterial ADP-ribosyltransferases for which type III-
mediated translocation has been shown (12, 15, 24, 28). The
focus of this study was to establish a quantitative experimental
system to study the production of ExoS from P. aeruginosa in
contact with eukaryotic cells, where ExoS is expressed from a
single-copy chromosomal gene under native regulatory and
secretory controls. Cocultivation studies in the presence or
absence of serum during infection suggest two patterns of
ExoS production. When infections are performed in the pres-
ence of serum, bacteria can secrete ExoS into the medium and
translocate ExoS into cells, suggesting that serum mediates the
induction from both free and cell-associated bacteria. Similar
results have been obtained when type III secretion substrates
of Salmonella and Shigella strains are monitored under differ-
ent growth conditions (26, 41). In the absence of serum, ExoS
activity was predominantly associated with cellular extracts;
little to no activity was detected in supernatant fractions. We
interpret these results as suggesting that ExoS is translocated
into eukaryotic cells in a polarized fashion during coculture in
the absence of serum but can be both translocated and se-
creted into the medium when P. aeruginosa and CHO cells are
grown in the presence of serum. This conclusion is supported
by further experiments showing that ExoS activity is secreted
into the external medium when P. aeruginosa is grown in se-
rum-containing medium in the absence of cells.

The role of cellular contact in ExoS expression was exam-
ined by adapting CHO cells to a reduced serum medium.
Similar amounts of ExoS activity were measured in superna-
tant and cell-associated fractions when infections were per-
formed with cells pregrown in medium containing 10 or 0.15%
serum. Although our CHO cells could not be fully adapted to
serum-free medium, the reduction of serum by over 60-fold
with no change in the distribution of ExoS activity suggests that
cellular contact is important in the induction of the exoenzyme
S regulon. It should also be noted that the absolute levels of

FIG. 5. Cell- and supernatant-associated ExoS activities of P. aeruginosa
strains. Wild-type (388) or mutant P. aeruginosa strains defective in type III
secretion (pscC::Tn1) or translocation (popD::TcV) were cocultured with cy-
tochalasin D-treated CHO cells for 4 h in serum-free medium. Cellular fractions
were prepared, and ExoS activity was measured and normalized to CFUs as
described in Materials and Methods.
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ExoS activity measured in different experiments vary over a
wide range, making the comparison of absolute activities be-
tween experiments inappropriate. The variation in activity
could be due to several factors associated with the cocultiva-
tion of cells and bacteria. Although there was variation in the
absolute levels of ExoS activity, the general pattern of the
translocation of 90% or more of the activity suggested vectoral
transfer of the enzyme from the bacterium to the cell’s interior.

It is interesting to note that after growth in the presence of
NTA, almost all of the activity is localized extracellularly, with
little activity being associated with the bacterial lysates. In
contrast, after growth in the presence of serum as the induction
factor, ExoS activity appears to be equally distributed between
the extracellular and bacterial compartments in secretion-com-
petent strains. Based on the type III secretory Yersinia model,
this differential distribution of activities may represent the ef-
ficiency of “unplugging” or changing the conformation or as-
sociation of PopN with the secretion pore. This hypothesis
would argue that PopN or YopN cannot stably associate with
the secretion pore during cultivation in medium containing
NTA or low concentrations of calcium.

ExoS production by P. aeruginosa grown in the presence of
NTA also differs from bacteria grown under tissue culture
conditions when data from type III secretory mutants are con-
sidered. The production of ExoS is undetectable when type III
secretory mutants are grown under inducing conditions in bac-
teriological medium (with NTA) but is detectable after growth
with eukaryotic cells or after growth in tissue culture medium
with serum. After growth in tissue culture medium, type III

secretory mutants were unable to release ExoS into the me-
dium, confirming the requirement of the Psc proteins for the
extracellular localization of ExoS. We concluded that induc-
tion or repression of the exoenzyme S regulon in P. aeruginosa
may differ when the bacteria are cultivated under various
growth conditions. In Yersinia spp., Yop production is nega-
tively regulated when the type III apparatus is compromised
due to the retention of a secreted repressor or antiactivator,
LcrQ/YscM1 or YscM2 (30, 35). The mechanism of repression
is unclear but appears to involve transcriptional inhibition.
Sequence analysis to date (10; Pseudomonas Genome Project)
has not resulted in the identification of a homolog to the LcrQ,
YscM1, or YscM2 proteins, indicating that P. aeruginosa may
lack a homologous repressor for the exoenzyme S regulon (10,
39). The production of ExoS in tissue culture by secretory
mutants also argues against a model involving the secretion of
a repressor. Thus, growth in the presence of NTA may repre-
sent a different induction mechanism than growth in the pres-
ence of serum or CHO cells.

Differences in induction may be reflected as stages in patho-
genesis. In the initial stage of pathogenesis, during the coloni-
zation of epithelial surfaces, ExoS and/or other coordinately
regulated and secreted determinants are probably translocated
directly into cells. Effectors translocated into cells are postu-
lated to function by disrupting normal cellular processes to
allow the spread of the bacterium past the epithelial barrier
(25). In acute pneumonia, P. aeruginosa disseminates from
epithelial colonization sites to the pleural fluids, leading to
rapid bacterial replication, bacteremia, and fatal septicemia

FIG. 6. Phase-contrast micrographs of CHO cells infected with parental strain 388 and isogenic mutant strains of P. aeruginosa (popD::TcV, pscC::Tn5Tc,
pscN::Tn5Tc, and pscC::Tn1). CHO cells were left uninfected or were infected for 4 h with various bacterial strains in the absence of serum. Cells were washed, fixed,
and photographed to assess cellular morphology in response to infection.
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(20). Our data suggest that growth in the presence of serum
leads to generalized type III secretion, signaling perhaps a
second stage of pathogenesis where ExoS and perhaps other
secreted proteins are released into the environment. In sup-
port of this notion, Knight et al. have shown that the cofactor
required for ExoS ADP-ribosyltransferase activity is present in
both serum and pleural fluids and that extracellular targets for
ADP-ribosylation exist (human IgG3 and apolipoprotein A1)
(19). The ADP-ribosylation of extracellular targets may or may
not be of significance in the later stages of infection, as type
III-independent toxins (exotoxin A), proteases, and endotoxin
surely contribute to the increased mortality associated with
septicemia.
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