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Abstract

We previously showed that ADP-ribosylation (ADP-r) activity of ExoS, a type Il secreted toxin
of Pseudomonas aeruginosa, enables bacterial replication in corneal and respiratory epithelial
cells and correlates with bacterial trafficking to plasma membrane blebs (bleb-niche formation).
Here, we explored another type 111 secreted toxin, ExoY, for its impact on intracellular trafficking
and survival, and for virulence in vivo using a murine corneal infection model. Chromosomal or
plasmid-mediated expression of exoY in invasive P. aeruginosa (strain PAO1) enabled bacteria to
form and traffic to epithelial membrane blebs in the absence of other known effectors. In contrast,
plasmid expression of any of four adenylate cyclase mutant forms of exoY did not enable bleb-
niche formation, and bacteria localized to perinuclear vacuoles as for effector null mutant controls.
None of the plasmid-complemented bacteria used in this study showed ADP-r activity in the
absence of ExoS and ExoT. In contrast to ADP-r activity of ExoS, bleb-niche formation induced
by ExoY’s adenylate cyclase activity was not accompanied by enhanced intracellular replication.
In vivo results showed that ExoY adenylate cyclase activity promoted P. aeruginosa corneal
virulence in susceptible mice. Together the data show that adenylate cyclase activity of P.
aeruginosa ExoY, similarly to the ADP-r activity of ExoS, can mediate bleb-niche formation in
epithelial cells. While this activity did not promote intracellular replication in vitro, ExoY
conferred increased virulence in vivo in susceptible mice. Mechanisms for bleb-niche formation
and relationships to intracellular replication and virulence in vivo require further investigation for
both ExoS and ExoY.
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1. Introduction

Pseudomonas aeruginosa is a versatile opportunistic pathogen ubiquitously present in water
and soil and is recognized as a leading cause of nosocomial pneumonia, respiratory infection
in cystic fibrosis, burn wound and urinary catheter infections, and ocular infections (e.g.
microbial keratitis) [1-4]. While the pathogenesis of P. aeruginosa infection is complex,
involving multiple virulence mechanisms, many recent studies have shown the importance
of Type 1l Secretion System (T3S) in virulence through the manipulation of mammalian
cell function [5, 6].

For the P. aeruginosa T3S system, four known effector proteins are delivered into host cells
to modify cell function and/or viability; ExoS, ExoT, ExoU, and ExoY. Both ExoS and
ExoT have dual enzymatic activity: N-terminal Rho-GTPase activating protein activity and
C-terminal ADP ribosyl-transferase activity which exert cytopathic effects on host cells [7],
and demonstrated contributions to virulence [8, 9]. The only known activity of ExoY is
adenylate cyclase activity [10]. The virulence contributions are unclear even though ExoY
causes the retraction and rounding of host cells [11, 12], and inhibits epithelial cell invasion
by P. aeruginosa [13]. ExoU is a powerful phospholipase which kills epithelial cells [14,
15], and also contributes to virulence [9, 16, 17], but is not encoded by invasive P.
aeruginosa that survive intracellularly such as strain PAO1 [15, 18].

Recently we reported that strains of P. aeruginosa expressing ExoS, ExoT and ExoY induce
the formation of membrane bleb-niches in epithelial cells correlating with bacterial
intracellular survival and replication [19]. Without these effectors, intracellular bacteria
traffic to perinuclear vacuoles which label with the late endosomal marker LAMP-3, and do
not thrive [19], suggesting a “default” trafficking pathway exists that inhibits P. aeruginosa
replication, from which bacteria must escape to survive and then presumably traffic to bleb-
niches. Subsequently, we showed that the ADP-ribosylation domain of ExoS was sufficient
to enable both bleb-niche formation and intracellular survival [20]. However, we also noted
in that study that mutants in both exoS and exoT (i.e. expressing only ExoY) conferred a low
level capacity to form bleb-niches, particularly if the incubation time was extended [20].

Here, we tested the hypothesis that the adenylate cyclase activity of ExoY could mediate
bleb-niche formation and intracellular survival/replication in epithelial cells, and could
contribute to virulence in vivo in the absence of other known T3S system effectors. The
results showed roles for the adenylate cyclase activity in bleb-niche formation in epithelial
cells in vitro and in virulence in vivo, but not in intracellular survival in cultured epithelial
cells, suggesting that these capacities are not always related.

2. Results

2.1 P. aeruginosa ExoY mediates bleb-niche formation in corneal epithelial cells

Real time phase-contrast microscopy was used to compare bleb-niche formation in cultured
human corneal epithelial cells (hnTCEpi) after 8 h of infection with wild-type P. aeruginosa
strain PAOL1, an isogenic effector null mutant (PAO1AexoSAexoTAexoY), and a double
effector mutant that expresses ExoY, but not ExoS or ExoT (PAO1AexoSAexoTA) (Fig. 1).
Uninfected epithelial cells appeared healthy with small perinuclear vacuoles present in their
cytoplasm (Fig. 1A). As expected from previous studies [19], cells infected with wild-type
P. aeruginosa, displayed numerous membrane bleb-niches containing motile bacteria
swimming at a speed observable in real-time (Fig. 1B). Cells infected with the triple (known
effector-null) mutant or PAO1AexoSAexoY (expresses only ExoT) showed no bleb-niche
formation with bacteria localized to perinuclear vacuoles (Fig. 1C, data not shown,
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respectively). In contrast, cells infected with P. aeruginosa mutants expressing only ExoY
(mutants in both exoS and exoT) showed a combination of the above phenotypes; with some
bacteria localized within perinuclear vacuoles (Fig. 1D), and others demonstrating real time
observable swimming motility in plasma membrane blebs (Fig. 1E). Thus ExoY, in the
absence of ExoS or ExoT, can enable P. aeruginosa to form and traffic to bleb-niches.

2.2 ExoY mediation of bleb-niche formation requires adenylate cyclase activity

The only known enzymatic action of ExoY is adenylate cyclase (AC) activity. To determine
if AC activity is required for ExoY to induce membrane bleb-niche formation, triple effector
mutants of P. aeruginosa (PAO1AexoSAexoTAexaY) each complemented with one of four
different mutants forms of exoY lacking adenylate cyclase activity (pUCPexoY K81M,
pUCPexoY K88I, pUCPexoY D212N and pUCPEXxoY D214N) were compared to mutants
complemented with native adenylate cyclase active exoY (pUCPexaY) (Fig. 2). As expected
numerous bleb-niches were observed in cells infected with bacteria complemented with the
native form of exoY (Fig. 2C, and Fig. 2H, middle panel). In contrast, cells infected with
bacteria expressing adenylate cyclase inactive forms of ExoY did not display bleb niches
containing bacteria (Fig. 2H, middle panel), and intracellular bacteria were found to be in
perinuclear vacuoles, similar to the cells infected with the vector control (Figs. 2D-G, Fig.
2H, right panel). Quantitative differences between exoY-complemented bacteria and exoY-
adenylate cyclase domain mutant-complemented bacteria were significant with regard to
bleb-niche formation (with and without bacteria), and with regard to bacteria-filled
perinuclear vacuole formation (see Fig. 2H). Interestingly, there were also significant
differences between the exoY-domain mutant-complemented bacteria and the triple effector
mutant with regard to empty bleb formation (Fig. 2H, left panel), and perinuclear vacuole
localization (Fig. 2H, right panel). These results show that ExoY-mediated bleb-niche
formation, in the absence of other known T3S effectors, requires adenylate cyclase activity,
without which bacteria traffic to perinuclear vacuoles.

2.3 ExoY, in the absence of other known effectors, does not confer capacity for

intracellular

replication

Previous studies with ExoS showed that ADP-r activity enabled bacteria to replicate
intracellularly not only to form and occupy membrane bleb-niches, suggesting a relationship
between these phenotypes. Having found ExoY can enable bleb-niche formation, the impact
on intracellular survival/replication was next tested. Thus, native exoY was compared to an
empty vector control and an adenylate cyclase mutant form of exoY (exoYK81M) in the
triple effector (exoS/exoT/exoY-) mutant background for intracellular replication rates using
gentamicin survival assays. The results showed similar intracellular survival rates for vector
controls and bacteria expressing ExoY. Thus, ExoY’s adenylate cyclase activity does not
enable intracellular survival despite involvement in bleb-niche formation. Surprisingly, there
was a small but statistically significant intracellular survival advantage for bacteria
expressing the adenylate cyclase mutant form of ExoY compared to the vector control (Fig.
3).

2.4 Plasmid encoded ExoY does not activate bacterial ADP-r activity

It is curious that two effectors (ExoS and ExoY) that do not have any known overlapping
enzymatic activities could each independently enable bacterial bleb-niche formation. A
potential explanation would be if the adenylate cyclase activity of ExoY activated ExoS
independent ADP-r activity, which would then provide a common mechanism. To test that
hypothesis, the P. aeruginosa triple effector mutant (PAO1AexoSAexoTAexoY)
complemented with pUCPexoY or pUCPexoYK81M was tested for ADP-r activity using an
in vitro assay with a Rab5-derived substrate and ExoS positive controls (see methods). No
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ADP-r activity was detected associated with ExoY in the absence of ExoS and ExoT (Fig.
4), suggesting that ADP-r activity was not involved in ExoY-mediated bleb-niche formation.

2.5 The impact of ExoY adenylate cyclase activity in vivo

Having shown that the adenylate cyclase activity of ExoY could enable bleb-niche
formation in corneal epithelial cells without providing an intracellular survival advantage, at
least in cultured cells, experiments tested if adenylate cyclase activity provides an advantage
in pathogenesis in vivo, using an in vivo model involving the same epithelial cell type
(corneal). ExoY was studied plasmid expressed and in the absence of other known effectors.
Thus, virulence of the triple effector mutant of P. aeruginosa PAO1AexoSAexoTAexoY
complemented with pUCPexoY was compared to the mutant complemented with
pUCPexoYK81M in a previously established murine model of bacterial keratitis that allows
bacteria to interact with a healing (susceptible) epithelium [21]. Black Swiss Surfactant
Protein-D (SP-D) knock-out mice were used since the corneal epithelium of these mice have
increased susceptibility to penetration by wild-type P. aeruginosa in vivo [22]. Corneal
disease severity (scores) after 24 h (Fig. 5 A) and 48 h (Fig. 5 B) post-inoculation showed
significantly reduced disease scores for eyes that had been infected with the adenylate
cyclase mutant ExoY as compared to eyes infected with the active form of ExoY (Figs 5 A
and B). This corresponded with significantly reduced bacterial colonization at 48 h for
mutant ExoY compared to adenylate cyclase active ExoY (Fig. 5 C). Thus, the adenylate
cyclase activity of ExoY can contribute to virulence of P. aeruginosa in a susceptible mouse
cornea.

3. Discussion

Our previously published work with P. aeruginosa demonstrated that membrane bleb-niche
formation in epithelial cells and intracellular replication each required the bacterial T3S
system, and that both events were enabled by ExoS in the absence of other known T3S
effectors, which was attributable to ADP-r activity [19, 20]. That result suggested that bleb-
niche formation and the capacity for intracellular survival by P. aeruginosa were
mechanistically related. Here we show that ExoY, a different T3S effector of P. aeruginosa
also enables P. aeruginosa to form membrane bleb-niches in epithelial cells, this time
dependent upon adenylate cyclase activity. ExoY mediated bleb niche formation was not
accompanied by increased replicative capacity. In vivo, the adenylate cyclase activity of
ExoY, in the absence of other effectors, conferred a virulence advantage as demonstrated by
enhanced corneal colonization rates and increased disease severity scores.

There are several potential mechanisms by which ExoY might mediate membrane bleb
formation in epithelial cells. This effector has previously been correlated with actin
cytoskeleton disruption in host cells with associated cell rounding [12, 13]. Thus, ExoY may
disrupt cytoskeleton “anchoring” of the plasma membrane providing membrane “flexibility”
needed for bleb-niche formation. ExoY could also mediate re-organization of host cell
microtubules to cause cell retraction [11], providing an additional potential mechanism for
blebbing. Involvement of the adenylate cyclase domain in ExoY-mediated blebbing suggests
a role for elevated cytosolic cAMP [10]. It is known that ExoY-induced cAMP localizes to a
cytosolic domain distinct from the endogenous cAMP pool located near the plasma
membrane, and that these cAMP pools have opposing effects on endothelial cell junctions
and barrier permeability [23]. Indeed, ExoY-mediated endothelial cell retraction and
hyperpermeability was subsequently linked to cAMP-mediated microtubule dysfunction a
potential mechanism alluded to above [11]. Further studies will be required to elucidate the
details of both ExoY- and ExoS-mediated bleb-niche formation.
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It is puzzling that ExoS and ExoY each enabled membrane bleb-niche formation because
they do not have common enzymatic activities. Experiments were done to rule out the
possibility that the adenylate cyclase activity of ExoY activates ExoS-independent ADP-r
activity. However, the opposite may be true; i.e. when all the effectors are present, the ADP-
r domain of ExoS (or ExoT) activates the adenylate cyclase activity of ExoY to cause
blebbing. These separate activities may also converge downstream at a common induction
pathway in the host cell. Finally, these activities may actually have different effects on cells,
and the blebs that they induce are not the same, despite their similar appearance. That, in
turn, could explain their different effects on bacterial intracellular survival.

Different types of blebbing could be one potential explanation for why ExoS, but not ExoY,
enables intracellular survival. However, membrane bleb-niche formation may not confer
intracellular survival, and ExoS has other actions that enable intracellular growth by the
bacteria. Supporting that possibility, we previously showed that the popB mutant, which
lacks the T3S translocon but can still secrete T3S effectors, can survive and replicate
intracellularly without forming bleb-niches [19]. Another possibility is that ExoY is less
efficient at trafficking bacteria to bleb-niches than ExoS. Indeed, ExoY-expressing bacteria
were found in both perinuclear vacuoles and bleb-niches, while bacteria expressing ExoS
localized more consistently to membrane blebs [20]. However, ExoY may promote
intracellular survival, but adenylate cyclase activity could modulate host cell plasma
membrane permeability to gentamicin (present in the extracellular fluid of our intracellular
survival assays), which would inhibit intracellular replication and mask the effect. Further
research will be needed to better understand the relationship between T3S-mediated
intracellular survival and bleb-niche formation, and the different effects of ExoY and ExoS.

There is a paucity of data regarding ExoY contributions to virulence, and some previous
studies have shown ExoY alone has little or no impact on virulence in vivo [24, 25]. To
enable ExoY a fair opportunity to demonstrate virulence in vivo when expressed without
other effectors, an SP-D gene knockout mouse model was used that has increased epithelial
susceptibility to P. aeruginosa traversal [22]. The infection model used (6 hour heal model)
requires bacteria to interact with the epithelium prior to accessing the vulnerable underlying
stroma where pathological effects leading to visible disease are initiated. The results showed
that the adenylate cyclase domain of ExoY contributed to virulence, manifesting as
increased tissue colonization by bacteria and more severe visible pathological effects as
compared to eyes infected with a mutant form of ExoY lacking adenylate cyclase activity.
Thus, the capacity to form bleb niches in vitro correlated with enhanced virulence in vivo for
this set of mutants. Proving a direct cause and effect relationship between ExoY-mediated
bleb niche formation and ExoY -mediated virulence is more difficult. While we have
observed that bleb-niche formation does occur during P. aeruginosa corneal infection in
vivo (unpublished data), the actual contribution of this phenomenon to virulence still needs
to be established. It is, however, interesting to consider that adenylate cyclase activity of
ExoY increased bacterial colonization and disease in vivo during infection, but did not
confer a survival advantage in infected cells in vitro. This raises the possibility that ExoY-
mediated effects on bacterial trafficking within cells contributes to virulence independently
of an impact on intracellular survival.

The adenylate cyclase mutant form of exoY differed from the vector control lacking exoY in
multiple ways, having induced low levels of empty membrane blebs, enhanced the number
of bacterial filled perinuclear vacuoles present in cells, and also impacting intracellular
survival. In a previous study, we found that an adenylate cyclase mutant form of exoY
impacted cell invasion by P. aeruginosa [13]. Together, these data suggest that ExoY could
have additional activity domains with the potential to impact pathogenesis.
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In conclusion, this study showed that the adenylate cyclase domain of ExoY could mediate
bleb-niche formation in epithelial cells resembling bleb-niche formation by ExoS. In
contrast to ExoS mediated bleb niches, ExoY-mediated bleb niches did not promote
intracellular growth of bacteria and required adenylate cyclase rather than ADP-r activity.
Importantly, the adenylate cyclase activity of ExoY was found to contribute to virulence in
vivo. Mechanistic relationships between bleb-niche formation, intracellular bacterial
localization and survival inside epithelial cells, and virulence in vivo will require further
investigation in order to understand how ExoY and other T3S effectors of P. aeruginosa
initiate disease at epithelial-lined tissue surfaces.

4. Materials and methods

4.1 Bacterial strains and culture conditions

P. aeruginosa strain PAO1 was used. The T3S of this strain expresses three known effectors
(ExoS, ExoT and ExoY). To study ExoY-mediated effects without other effectors, a triple
effector mutant of strain PAO1 (PAO1AexoSAexoTAexoY) was complemented with plasmid
pUCP18 encoding the exoY gene (pUCPexaoY), or the exoY gene with different mutations in
the adenylate cyclase active domain (pUCPexoYK81M, pUCPexoYK88I, pUCPexoYD212N,
or pUCPexoYD214N). These exoY domain mutants were generated using site-directed
mutagenesis as previously described [10], and shown to have no adenylate cyclase activity.
Plasmids and the triple effector mutant were generously provided by Dr. Dare Frank
(Medical College of Wisconsin). The exoYK81M construct was already expressed in
pUCP18 and used in our previous work [13]. However, for this study the remaining mutant
forms of ExoY (K88I, D212N, D214N) were sub cloned from the E. coli plasmid vector
pET16b into P. aeruginosa plasmid pUCP18 using restriction enzymes Rsrll and Sacll.
Some initial experiments also included a chromosomal effector mutant lacking expression of
ExoS and ExoT, but retaining ExoY (PAO1AexoSAexoT). Bacteria were grown overnight at
37°C on Tryptic Soy Agar (TSA) plates supplemented with carbenicillin 400 pg/mL when
needed for selection of plasmid-bearing strains. Inocula were prepared in KGM-2 cell
culture media without antibiotics (OD of 0.1 at A=650 nm, ~1 x 108 cfu/ml) and diluted to 1
x 107 cfu/ml for use in experiments.

4.2 Cell culture

Human telomerase-immortalized corneal epithelial cells (nTCEpi) were used [26], and
cultured using serum-free keratinocyte grown medium (KGM-2) (Lonza, MD). Cells were
subcultured onto 75mm tissue culture flasks with vented caps, grown in 5% CO5 at 37°C
until confluent. Every two days, cells were washed with sterile PBS (Sigma, MO) and media
replaced. One week before each experiment, cells were subcultured onto 22 mm glass cover-
slips placed in non-tissue-culture-treated 6-well plates and grown to ~80% confluence. For
intracellular replication assays, cells were cultured on 12-well tissue culture treated plates.
Cells were incubated in 5% CO, at 37°C during all experiments.

4.3 Quantification of bleb-niches and perinuclear vacuoles by phase-contrast microscopy

Epithelial cells grown on coverslips were washed twice with 2 ml of sterile PBS and
infected with P. aeruginosa or its T3S mutants for 3 h at 37 °C. After that time, cells were
washed twice with sterile PBS and fresh medium containing 200 pg/ml of gentamicin was
added. Coverslips were then placed into an Attofluor Cell Chamber (Molecular Probes)
maintained at 37°C in the presence of the gentamicin-containing media. Cells were viewed
by phase-contrast microscopy (~1000X magnification) for up to 2 h while bacterial
interactions with epithelial cells were documented using real-time movies and still images.
For each experimental variable, images were collected from 20 random fields (minimum 8
cells per field). For each field the following parameters were manually quantified: total
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blebs per field, blebs containing bacteria per field, bacteria-filled perinuclear vacuoles per
field. Each experiment was repeated at least three times.

4.4 Intracellular replication

Intracellular replication assays were performed as described previously [20], but with a
small modification of the time allowed for intracellular replication. After incubation with
bacteria (3 h), cells containing intracellular bacteria were incubated in antibiotic-containing
cell culture medium for 4 h (instead of 5 h reported previously). Intracellular replication was
then expressed as a percentage increase over baseline for each strain, and shown as a mean +
SD from three independent experiments.

4.5 ADP-r activity

A Rab5ACAAXconstruct was expressed in E.coli BL21 (DE3), purified through affinity
chromatography, and used to assess in vitro ADP-ribosylation activity of bacterial culture
supernatants prepared from P. aeruginosa PAO1AexoSAexoTAexoY complemented with
pUCPexoY, or pUCPexoYK81M, or pUCP18. Bacterial culture supernatants prepared from
P. aeruginosa pUCPexoS and purified ExoS were used as positive controls. Assays were
performed as previously described [27, 28]. Briefly, the mixture (20 uL) for each reaction
contained: 10 mM Tris, 20 mM (T1gN2g) NaCl, 2 uM Hisg-RabACAAX, either 20 ng
purified ExoS or PAOL1 cell lysate (1L lysate or 1uL of a 1:10 dilution in T19Nyg buffer),
150 nM FAS, and 40 uM NAD+. Reactions were incubated at room temperature for 1 h,
boiled for 5 min to inactivate enzymatic activity and analyzed by SDS-PAGE and
Coomassie staining.

4.6 In vivo infection model

Female Black Swiss Surfactant Protein-D (SD-D) knock-out mice (age: 15 weeks) were
used. We have recently shown that these mice show increased susceptibility to P.
aeruginosa epithelial traversal in the cornea in vivo [22], and as such provide a model which
could allow the more subtle virulence effects of exoY-complemented T3S mutant bacteria to
be determined. Corneas were inoculated with ~106 cfu of P. aeruginosa suspension after
corneal scarification and 6 h epithelial healing [21]. Disease severity was scored using 16
point system at 24 and 48 h post-inoculation and eyes photographed. Bacterial colonization
was assessed by viable counts from ocular homogenates at 48 h. All procedures were
approved by Animal Care and Use Committee, the University of California, Berkeley.

4.7 Statistical analysis

The Mann-Whitney U-test was used for statistical analysis of bleb-niche quantification and
in vivo studies. ANOVA was used for statistical analysis of intracellular replication with
Fisher PLSD for post-hoc analysis. P values < 0.05 were considered significant.
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Uninfected ExoS, ExoT, ExoY no T3SS effectors

Fig. 1.

Phase-contrast microscopy of human corneal epithelial cells showing the intracellular
localization of P. aeruginosa PAO1 versus various T3SS mutants at 8 h after inoculation
with ~2 x 107 cfu bacteria. (A) Uninfected cells. (B) Wild-type PAO1 (positive control
expressing ExoS, ExoT and ExoY) localized to bleb-niches as expected (arrows). (C) A
negative control mutant lacking all known effectors (PAO1AexoSAexoTAexoY) localized to
perinuclear vacuoles. (D and E) Bacteria expressing only ExoY (PAO1AexoSAexoT)
displayed both phenotypes, i.e. bacteria were found in both perinuclear vacuoles (D) and
bleb-niches (E). Magnification 1000X. Images representative of three independent
experiments.

Microb Pathog. Author manuscript; available in PMC 2012 November 1.



duasnuely Joyiny vVd-HIN 1duosnuey JoyIny vd-HIN

duasnuely Joyiny vd-HIN

Hritonenko et al.

Page 12

D. ExoY K8IM E.ExoY K881 F. ExoY D2[2N G. ExoY D214N

6
po0on7
P ‘m:l,‘-,\’!”r. ml}um
P < 0.0001 PO C__#‘-._\,__A_l
5 ey p ~ 0.0002 A ——
———
—_—— e,
e N ey
= A
2! &
Z
Ha
P
=
-}
o
g p < 0.0001
22 e A
& —
2 e S—
e g
F i
! A Moutants of ExoY w/o Mutants of ExoY w/o Mutants of ExoY w/o
adenylate cyclase activity adenylate cyclase activity adenylate cyclase activity
0 - - - - * /——\ -
- = - " i s " = -
E|Z(B|&| 2| x| 5| 2|B|&|%|x|8|Z|8|[&]| %]z
s|8|X|8|8|s|&|2|x|8|8|&|&g|8||8|8]| &
sl 2l 2% = sl Bl B1lx|*% el 2] 8| %] =
H -] = 2 Z H & « z Z g 5 = Z 2
& 1] o & = = -1 on 1] 61
& & &
! . e
z z -
Total blebs per ficld Bacteria-filled perinuciear vacucles per field

H.

Fig. 2.

Phase-contrast microscopy of human corneal epithelial cells showing the intracellular
localization of a triple effector mutant of P. aeruginosa PAO1 (PAO1AexoSAexoTAexoY)
complemented with ExoY (pUCPexoY) or with four different ExoY adenylate cyclase
domain mutants (pUCPexoYK81M, pUCPexoYK88I, pUCPexoYD212N, or
pUCPexoYD214N) at 8 h after inoculation with ~2 x 107 cfu bacteria. (A) Uninfected cells.
(B) Complementation with pUCP18 (control) caused bacteria to traffic to perinuclear
vacuoles (arrows). (C) Complementation with plasmid-encoded ExoY enabled P.
aeruginosa to traffic to membrane bleb-niches. (D, E, F, G) Complementation with the
adenylate cyclase domain mutants resulted in the loss of bleb-niche formation, and bacteria
trafficking to perinuclear vacuoles (arrows). Magnification 1000X. (H) Quantification of
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empty blebs, bacteria-filled blebs, and bacteria-filled perinuclear vacuoles from experiments
represented in panels C-G. ExoY+ bacteria caused significantly more empty- and bacteria-
filled blebs per field than adenylate cyclase mutant forms of ExoY or the plasmid control,
and did not travel to perinuclear vacuoles.
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Fig. 3.

Intracellular replication of the effector-null mutant PAO1AexoSAexoTAexoY complemented
with pUCPexoY (ExoY), or pUCPexoYK81M (adenylate cyclase mutant) or pUCP18 (vector
plasmid) within human corneal epithelial cells. Cells were incubated with ~106 CFU
bacteria for 3 h, followed by 1 h or 4 h of gentamicin treatment to kill extracellular bacteria.
Plasmid-expressed ExoY did not significantly increase intracellular replication as compared
to the plasmid control (p = 0.197) or adenylate cyclase mutant (p = 0.087). Interestingly, the
increased replication of bacteria expressing the adenylate cyclase mutant form of ExoY
compared to plasmid control was significant (p = 0.03). Data are expressed as the mean
SD % increase in intracellular bacteria over 3 h (i.e. 1 h versus 4 h gentamicin treatments)
for each complemented mutant over 3 independent experiments.
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Fig. 4.

ADP-ribosylation of purified Rab5ACAAX (see methods) after exposure to purified ExoS
with NAD (positive controls) or without NAD (negative controls), or culture supernatants of
PAO1AexoSAexoTAexoY complemented with pUCPexoY, pUCPexoYK81M or pUCP18.
Data are representative of two experiments. Shift in apparent molecular weight (*) indicates
ADP-ribosylated Rab5ACAAX, # indicates unmodified Rab5 CAAX. None of the plasmid-
complemented bacteria used in this study showed ADP-r activity towards this substrate.
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Fig. 5.

Corneal disease severity scores and images at 24 h (A) and 48 h (B) after inoculation with
~108 cfu of PAO1AexoSAexoTAexoY complemented with pUCPexoY or adenylate cyclase
mutant pUCPexoYK81M. Corneas of SP-D (-/-) mice were scarified and allowed to heal for
6 h before inoculation (see methods). Complementation with exoY was associated with
increased disease severity at both time points (A, B) and ocular colonization at 48 h (C)
compared to the adenylate cyclase mutant.
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