OPEN @ ACCESS Freely available online @ PLOS ’ ONE

Pseudomonas aeruginosa Exotoxin Y-Mediated Tau
Hyperphosphorylation Impairs Microtubule Assembly in
Pulmonary Microvascular Endothelial Cells

Ron Balczon'?*, Nutan Prasain®, Cristhiaan Ochoa?*, Jason Prater®>, Bing Zhu?*, Mikhail Alexeyev'?,
Sarah Sayner'?, Dara W. Frank®, Troy Stevens>*>

1 Department of Cell Biology and Neuroscience, University of South Alabama, Mobile, Alabama, United States of America, 2 Center for Lung Biology, University of South
Alabama, Mobile, Alabama, United States of America, 3 Department of Pediatrics, University of Indiana School of Medicine, Indianapolis, Indiana, United States of America,
4 Department of Pharmacology, University of South Alabama, Mobile, Alabama, United States of America, 5 Department of Medicine, University of South Alabama, Mobile,
Alabama, United States of America, 6 Department of Microbiology and Molecular Genetics, Medical College of Wisconsin, Milwaukee, Wisconsin, United States of America

Abstract

Pseudomonas aeruginosa uses a type lll secretion system to introduce the adenylyl and guanylyl cyclase exotoxin Y (ExoY)
into the cytoplasm of endothelial cells. ExoY induces Tau hyperphosphorylation and insolubility, microtubule breakdown,
barrier disruption and edema, although the mechanism(s) responsible for microtubule breakdown remain poorly
understood. Here we investigated both microtubule behavior and centrosome activity to test the hypothesis that ExoY
disrupts microtubule dynamics. Fluorescence microscopy determined that infected pulmonary microvascular endothelial
cells contained fewer microtubules than control cells, and further studies demonstrated that the microtubule-associated
protein Tau was hyperphosphorylated following infection and dissociated from microtubules. Disassembly/reassembly
studies determined that microtubule assembly was disrupted in infected cells, with no detectable effects on either
microtubule disassembly or microtubule nucleation by centrosomes. This effect of ExoY on microtubules was abolished
when the cAMP-dependent kinase phosphorylation site (Ser-214) on Tau was mutated to a non-phosphorylatable form.
These studies identify Tau in microvascular endothelial cells as the target of ExoY in control of microtubule architecture
following pulmonary infection by Pseudomonas aeruginosa and demonstrate that phosphorylation of tau following
infection decreases microtubule assembly.
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Introduction near the membrane relative to levels deeper in the cell, including
anchoring adenylyl cyclases to the plasma membrane [7,9], steric
mhibition of diffusion by intracellular membranes [10-13], and
localization of phosphodiesterases to the cortical area of cells
[14,15]. Proper maintenance of this regional cAMP pool is critical

Cell shape is controlled by interactions between microfilaments,
intermediate filaments and microtubules. In endothelial cells, a
rim of cortical microfilaments stabilizes junctional complexes
responsible for cell-cell and cell-matrix adhesion processes.
Moreover, microfilaments generate an inward tension that is
opposed by microtubules extending toward the cell membrane to
form a tightly adherent monolayer of endothelial cells that allows
regulated movement of water, solutes, macromolecules and cells
between the blood and the underlying tissues [1,2]. Injury or
agents that disrupt the endothelial cytoskeleton lead to decreased
adhesion resulting in the formation of gaps between endothelial
cells, and subsequently tissue edema [3].

cAMP is a secondary messenger that controls integrity of the
endothelial cell barrier. Various signaling ligands lead to the
production of a membrane localized cAMP pool, which is
responsible for stabilizing the membrane-associated actin cyto-
skeleton resulting in strengthening of cell adhesion processes [4-8].
Although cAMP is capable of diffusion within the cytosol, multiple
mechanisms are utilized for maintaining elevated levels of cAMP

for maintaining strength of the endothelial barrier. The essential
nature of cAMP for barrier integrity can be seen by the action of
inflammatory agonists, such as thrombin and bradykinin; these
inflammatory agents activate signal transduction events that result
in decreased levels of membrane-associated cAMP, resulting in
weakened cell adhesion, the formation of gaps between neighbor-
ing endothelial cells, and tissue edema [2,5,16].

Whereas membrane-associated cAMP pools strengthen endo-
thelial cell adhesion, activation of soluble adenylyl cyclases that
elevate cytosolic cAMP decrease cell adhesion forming inter-
endothelial cell gaps, responses demonstrated experimentally by
Sayner et al. [7,17,18] and Prasain etal. [19]. Sayner and
colleagues studied the Pseudomonas aeruginosa exotoxin Y (ExoY)
and a novel chimeric soluble adenylyl cyclase (sSACI/II) that was
not active until it was bound by forskolin. When activated, both
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ExoY and sACI/II increased cAMP within the endothelial cell
cytosol, an effect that led to inter-endothelial cell gap formation
and increased permeability. Subsequent studies by Prasain et al.
utilizing the sACI/II enzyme revealed that production of cAMP
within the cytosolic compartments caused endothelial Tau
phosphorylation and concomitant microtubule breakdown without
inducing actin stress fiber formation. This collection of work
identified microtubules as key targets of soluble adenylyl cyclases.

Just recently Ochoa and colleagues [20] discovered that ExoY
has mixed cyclase activity, possessing the ability to increase cAMP
and ¢cGMP in endothelium. Both of these cyclic nucleotides are
capable of inducing Tau hyperphosphorylation, but Tau appears
to be most sensitive to the cAMP signal. Hyperphoshorylated Tau
becomes insoluble to detergent extraction, an effect that is seen in
tauopathies associated with chronic neurodegenerative diseases
[21,22]. This evidence indicates that ExoY causes an endothelial
tauopathy. Other bacteria, including Bacillus anthracis [23] and
Bordetella  pertussis  [24—26] utilize soluble cyclases as toxins,
suggesting these bacteria may share a common pathogenic
mechanism, that being the hyperphosphorylation and insolubility
of Tau or Tau-like proteins.

Tau hyperphosphorylation prevents its binding to microtubules
resulting in microtubule breakdown [27]. However, microtubules
are dynamic structures, continually changing their organization
and shape. Microtubule growth occurs at the GTP cap of
microtubules; shortening occurs upon loss of the GTP cap [28].
Loss of the GTP cap leads to rapid microtubule shortening
through a process termed a ‘catastrophe’ event. Following a
catastrophe, the rate of reassembly is a critical determinant of
microtubule length. Recurrent catastrophes shorten microtubules
leading to their collective disassembly. It is not presently known
whether ExoY and soluble ACs increase the rate of disassembly, as
in a catastrophe event, or whether they decrease the rate of
reassembly following a catastrophe. Here, we analyze microtubule
assembly/disassembly characteristics and centrosome activity to
test the hypothesis that ExoY activity disrupts microtubule
dynamics in endothelial cells.

Methods

Cell Culture

Rat pulmonary microvascular endothelial cells (PMVECs) were
isolated, characterized, and maintained using methods that have
been reported previously [29]. Animal procedures were in
accordance to NIH Guidelines and procedures were reviewed
and approved by the University of South Alabama Institutional
Animal Care and Use Committee (protocol 278237). Stable
PMVEC transfectants over-expressing hTau S214A were detailed
previously [30].

Growth of P. aeruginosa

Two different strains of P. aeruginosa obtained from Dr. Dara W.
Frank (Medical College of Wisconsin) were used for these studies
[31]. One strain was a wild-type strain that contained an intact
type III secretion system and produced native ExoY (P. aeruginosa
ExoY") while the other strain contained a fully functional type I1I
secretion system but produced non-functional ExoY that was
mutated at amino acid 81 (P. aeruginosa ExoY**"™). P. aeruginosa
were grown on solid Vogel-Bonner minimal agar containing
400 pg/ml carbenicillin. For infection of PMVECs, cells were
scraped into Kreb’s buffer and diluted to an MOT of 20. Ca*" was
added to 2 mM, media were removed from PMVECs, and the
diluted bacteria were added to the cells for at least 3 hours to allow
intoxication of cither ExoY™" or ExoY**'™ to PMVECs [18].
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Immunofluorescence Microscopy

Labeling of cells with anti-alpha-tubulin antibodies (Sigma-
Aldrich, St. Louis, MO) was performed as detailed previously [32].
To analyze effects of ExoY and ExoY®*™ on microtubule
disassembly, PMVECs grown on coverslips were infected with P.
aeruginosa as outlined above, and then the coverslips were placed at
0°C to induce microtubule disassembly. Individual coverslips were
collected at either 0, 1, 2, or 3 minutes post-transfer to cold
temperature, fixed in —20°C MeOH for 6-8 minutes, and labeled
with antitubulin monoclonal antibodies (Sigma-Aldrich, St. Louis,
MO) using methods described previously [32]. To assay effects of
ExoY and ExoY*®*™ on microtubule assembly, cells on coverslips
were infected as detailed previously, and then at 3 hours post-
infection the cells were placed on ice to cause microtubule
disassembly. After complete breakdown of microtubules, the
coverslips were transferred to a 37°C incubator to initiate
microtubule re-growth and individual coverslips were collected
at 0, 4, 8, and 12 minutes post-transfer to 37°C, fixed in —20°C
MeOH, and then labeled with antitubulin antibodies. All
experiments were repeated at least three times.

Tau immunolocalization was performed using the Rabbit-
1 anti-Tau antibody (a generous gift from Dr. LI. Binder,
Northwestern University). For these experiments, cultured
PMVECs were intoxicated with either ExoY" or ExoY*®*'™ as
detailed previously and then the cells were fixed using the
crosslinking reagent ethylene glycol bis(succinimidylsuccinate)
using procedures that were reported previously [34]. Following
rinsing, the cells were blocked with glycine and then incubated
with the Rabbit-1 antibody at a dilution of 1:500. For some
studies, tau and tubulin were co-localized in cells. For these
experiments double-labeling using tau and tubulin antibodies was
performed, images were collected at the same focal plane in the
fluorescein and rhodamine channels, and the images were merged.

Growth of Microtubules from Centrosomes Using
Permeabilized Cells

Cells were infected with P. aeruginosa expressing either ExoY or
ExoY*®*™ and returned to the incubator for 3 hours. The cells
were then placed on ice to disassemble cytoplasmic microtubules
completely, and were permeabilized with a buffer composed of
80 mM PIPES, pH 6.8, 1 mM EGTA, 1 mM MgCl, (PEM
buffer) supplemented with 0.1% Triton X-100. Following rinsing
with PEM buffer to remove all endogenous microtubule proteins
and soluble cytosolic proteins, phosphocellulose-purified rat brain
tubulin (diluted in PEM buffer containing 0.5 mM GTP) was
added to the permeabilized cells, and the preparation was placed
at 37°C for 15 minutes. Microtubules were fixed by the addition of
glutaraldehyde to a final concentration of 2%, and then the
coverslips were processed for antitubulin immunofluorescence
using previously reported procedures [33]. Tubulin was isolated
from rat brains using standard procedures [34].

Immunoblot Analysis

To quantify the levels of assembled microtubules in cells, cells
were infected with P. aeruginosa expressing either ExoY' or
ExoY®®*™ as described above and then the cells were placed on
ice to disassemble microtubules. The cells were then transferred to
a 37°C incubator, and individual 35 mm dishes of cells were
assayed at different times following transfer to 37°C to determine
relative levels of tubulin monomer and polymer present in the cells
using reported procedures [35]. To achieve this, the dishes of cells
were rapidly rinsed with PBS and the buffer was removed. 100 pl
of PEM buffer containing 0.1% Triton X-100 and either 25%
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Figure 1. ExoY activity causes a decrease in microtubules in PMVECs. [A] PMVECs infected with P.aeruginosa expressing either non-
functional K81M mutant ExoY (ExoY*®™,; center) or wild type ExoY (right) were observed following processing for anti-tubulin immunofluorescence
microscopy. Uninfected cells are also shown (left). Bar=10 um. [B] Levels of polymerized tubulin (P) and unpolymerized soluble tubulin (S) were
quantified by immunoblot analysis using antibody against a-tubulin. Extracts obtained from untreated cells (Ctr) and from PMVECs infected with P.
aeruginosa expressing either ExoY*®'™ or ExoY" are shown. The ratio of polymerized tubulin to soluble tubulin was significantly less in cells
containing wild type ExoY" [0.29+0.06 vs. 0.44+0.05 (ExoY*®*™™) and 0.49+0.08 (Ctr); n=5; P<0.05 compared to both ExoY*®*'™ and untreated

control].
doi:10.1371/journal.pone.0074343.g001

glycerol or 0.1 ng/ml taxol was added to each dish to permeabilize
the cells and release tubulin monomers from the cells. After 3
minutes the extraction buffer was removed and the cells were
rinsed with an additional 50 pl of buffer. The rinse buffer was
collected and pooled with the initial extraction solution, and then
150 pl of 2x SDS-PAGE sample buffer was added to the pooled
solution containing the soluble monomeric tubulin. 300 pl of 1x
SDS-PAGE sample buffer then was added to the residual cell
ghosts containing assembled microtubules. The samples were
boiled and equal amounts were loaded onto polyacrylamide gels.
The proteins were resolved, transferred to nitrocellulose, and the
blots were then probed using monoclonal anti-alpha-tubulin
followed by peroxidase-labeled antimouse IgG antibody. The
blots were developed wusing chemiluminescence procedures
[19,32], and the blots were scanned. The microtubule polymer
to soluble tubulin ratio was measured, and the means * S.E. were
calculated. To measure levels of total Tau in cells, immunoblots
were probed with the polyclonal Rabbit-1 anti-Tau antibody.

All immunoblot studies were performed four or five times, blots
were scanned, and mean band intensities were calculated + S.E.
Means were analyzed using ANOVA, and differences were
considered significant when the P value was <0.05.

Tau Co-Pelleting with Microtubules

To assay whether endothelial tau would co-pellet with
microtubules, microtubule pellets were analyzed by immunoblot
analysis using the polyclonal anti-Tau antibody. For these
experiments, PMVECs were either left untreated or were
intoxicated with ExoY' or ExoY®®™ as described previously.
The cells were then homogenized in PEM buffer supplemented
with 0.1 mM GTP, phosphatase inhibitors (Boston BioProducts
#BP-479) and 1 pg/ml each of the protease inhibitors chymos-
tatin, leupeptin, antipain, and pepstatin, and the homogenates
were centrifuged at 100,000 xg at 4°C for 2 hr. The supernatants
were collected and then made 0.5 mM with GTP and 0.5 uM
with taxol, and then they were incubated at 37°C for 30 mins to
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assemble microtubules. The extracts then were overlaid on a
cushion of PEM buffer supplemented with 25% glycerol, GTP,
taxol, phosphatase inhibitors, and protease inhibitors. The
assembled microtubules were collected by centrifugation at
100,000 xg for 40 mins at 30°C, and the pelleted microtubules
were analyzed for the presence of tau using the Rabbit-1 antibody.

Results

ExoY causes the Breakdown of Microtubules

Following infection of PMVECs with P. aeruginosa ExoY™, cell
adhesion processes were disrupted and gaps formed between
adjacent cells [7,18]. To determine whether microtubule cytoskel-
etal alterations could be contributing to the formation of
endothelial gaps, cells infected with P. aeruginosa ExoY' or P.
aeruginosa ExoY*®*™ were analyzed using anti-tubulin immuno-
fluorescence microscopy. As shown in Figure 1, obvious differ-
ences in the microtubule cytoskeleton were noted. Specifically,
fewer microtubules were observed in cells infected with P.
aeruginosa ExoY", and microtubules were rarely observed extending
completely to the cell cortex. In contrast, no obvious effects on
microtubules were detected in cells infected with P. aeruginosa
ExoY®®'™ (Figure 1). The apparent decrease in the number of
microtubules in P. aeruginosa ExoY ' -infected cells was verified by
immunoblot analysis using anti-tubulin antibodies (Figure 1) which
demonstrated less microtubule polymer in P. aeruginosa ExoY*-
infected cells relative to the amount of tubulin polymer in
uninfected control cells or cells infected with P. aeruginosa
ExoY®*™  [0.29+0.06 5. 0.44%+0.05 (ExoY**™) and
0.49+0.08 (Ctr); n=5; P<0.05 compared to both ExoY™*™
and untreated control].

ExoY Disrupts Microtubule Assembly

The decrease in microtubules induced by P. aeruginosa FxoY"
infection could occur as a result of changes in either microtubule
assembly or disassembly behavior. Each of these possibilities was
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investigated individually. Initially, studies were performed to assess
microtubule disassembly in infected cells. For these studies, cells
were infected with P. aeruginosa ExoY" or P. aeruginosa ExoY™®™
for 3 hours. After infection, the rates of microtubule disassembly
were determined. To induce disassembly, the Petri dishes were
placed on ice and individual coverslips were collected at either 0,
1, 2, or 3 minutes after chilling. The cells were then processed for
anti-tubulin  immunofluorescence microscopy. As shown in
Figure 2, no obvious difference was detected in microtubule
disassembly in PMVEC:s infected with either P. aeruginosa ExoY™" or
P. aeruginosa ExoY™®'™ with complete microtubule breakdown
detected in uninfected control and both populations of infected cell
types within two minutes.

Similar types of immunofluorescence studies were performed to
assess whether ExoY affected microtubule assembly behavior
following infection. To assay assembly, cells were placed on ice
mnitially to disassemble microtubules completely, and then were
transferred to 37°C to initiate microtubule re-assembly. Individual
coverslips were collected at 0, 4, 8, and 12 minutes after warming,
fixed, and processed for anti-tubulin immunofluorescence micros-
copy. In contrast to what was observed when assessing microtu-
bule disassembly, microtubule assembly was depressed in cells

K81M

ExoY

Ctr

T=1

T=0

ExoY and Microtubule Assembly

infected with P. aeruginosa ExoY" when compared to control cells
and cells infected with P. aeruginosa ExoY®?™ (Figure 3). These
results were verified by immunoblot analysis (Figure 3), which
demonstrated reduced levels of microtubule polymer in cells
infected with ExoY-expressing bacteria relative to levels in control
and ExoY®®™ intoxicated cells [0.10+0.06 os. 0.36+0.10
(K8IM) and 0.41%0.09 (Ctr); n=4; P<<0.05 compared to both
K81M and untreated cells]. Importantly, tau levels did not change
during the cold treatment in any of the cell populations (Figure 3).
These results demonstrate that the decreased numbers of
microtubules observed in PMVECs following infection with P.
aeruginosa occur, at least in part, as a result of decreased capacity to
assemble microtubules.

ExoY does not Impair Centrosome Nucleation

The decrease in microtubule nucleation observed in Figure 3
could be due either to effects on the centrosome or to effects on
microtubule-associated proteins that modulate microtubule be-
havior. Studies were performed to assess each of these possibilities.
Initially, the microtubule nucleating capacity of centrosomes in
PMVECs was analyzed following infection with P. aeruginosa
ExoY*. For these studies, cells were infected with bacteria,

T=2

Figure 2. ExoY activity does not noticeably affect microtubule disassembly. PMVECs were infected with P. aeruginosa expressing either
ExoY*®™ (upper panels) or wild type ExoY (middle panels). Following infection, cells were either fixed before microtubule disassembly was induced
(left) or at 1 (middle) or 2 minutes (right) after being placed at 0°C. As shown, disassembly was complete in both control (Ctr), ExoY*®™ and ExoY"

expressing cells by 2 minutes after transfer to 0°C. Bar=10 um.
doi:10.1371/journal.pone.0074343.g002
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Figure 3. ExoY activity affects microtubule assembly in PMVECs. PMVECs were infected with P. geruginosa expressing either ExoY*®"™ or
ExoY". Untreated control cells (Ctr) and infected cells were then placed on ice to induce microtubule disassembly. Microtubule re-growth was
initiated by transferring the cells to 37°C. [A.] Individual coverslips were fixed either at the time of transfer (T=0) or at varying times after transfer to
37°C. The coverslips then were labeled with antitubulin antibodies. Cells at 4 and 8 minutes post-transfer are shown; microtubule growth is apparent
by 4 minutes and peripheral microtubules are resolved by 8 minutes in untreated and K81M infected cells. Microtubule re-growth lagged significantly
in cells intoxicated with wt ExoY. Bar=10 um. [B.] Polymerized (P) and soluble unpolymerized (S) tubulin levels were quantified by immunoblot
analysis using antitubulin antibodies. To obtain soluble and polymer fractions, control cells and cells infected with bacteria expressing either
ExoY*®™ or ExoY" were extracted at 8 minutes post-transfer to 37°C. The ratio of polymerized tubulin to soluble tubulin was significantly less in cells
containing wild type ExoY [0.10£0.06 vs. 0.36+0.10 (K81M) and 0.410.09 (Ctr); n =4; P<<0.05 compared to both K81M and untreated cells]. [C.] Tau
levels are unchanged following cold treatment to disassemble microtubules. Cells were treated with cold and then whole extracts were collected
from control cells (Ctr) and from cells that were intoxicated with either ExoY* or ExoY*®'™™. The extracts were then probed for tau levels using

polyclonal anti-tau antibody.
doi:10.1371/journal.pone.0074343.g003

incubated for three hours to permit transfer of ExoY to infected
PMVECs, and then placed on ice to disassemble cellular
microtubules. The cells then were permeabilized to remove
endogenous microtubule proteins and other soluble cellular
proteins. Following rinsing, pure tubulin was added and the
preparations were warmed to 37°C to induce microtubule
assembly. The extracted cells then were fixed and observed. As
shown in Figure 4, no difference in the ability of centrosomes to
initiate microtubule nucleation could be detected when comparing
cells that had been infected with P. aeruginosa ExoY" to control cells
and to cells that had been infected with P. aeruginosa ExoY" '™,
suggesting that the cyclic nucleotides being produced by ExoY
were not targeting the microtubule nucleating sites within the
centrosomes at the early time points tested post-infection.

ExoY Induces Tau Ser-214 Phosphorylation Necessary to
Impair Microtubule Reassembly

Previous studies demonstrated that increased levels of cyclic
nucleotides in the cytosol of endothelial cells can lead to
phosphorylation of the microtubule-associated protein Tau on
Ser-214 [14,17,19,20]. Since Tau hyperphosphorylation causes
dissociation of Tau from microtubules in neuronal cells, studies
were performed to test whether hyperphosphorylation of endo-
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thelial Tau by P. aeruginosa ExoY' -infected cells caused
dissociation of Tau from endothelial microtubules. As shown in
Figure 5, immunoblot analysis demonstrated that Tau dissociated
from microtubules following infection of endothelial cells with P.
aeruginosa ExoY™, with significantly less tau bound to microtubules
in ExoY intoxicated cells relative to the amount bound in control
and K8IM treated cells [0.22+0.09 »s. 0.44%+0.08 (Ctr) and
0.46*0.04 (K81M); n =4; P<<0.05 compared to both K81 M and
untreated cells]. To further investigate the effects of tau
phosphorylation on its ability to bind microtubules, lysates were
collected from control and ExoY' infected PMVECs and
microtubules were assembled in the extracts by the addition of
taxol. Following centrifugation, the pelleted microtubules were
assayed by immunoblot using polyclonal anti-Tau antibody. As
shown in Figure 5, phosphorylated tau was unable to co-pellet
with microtubules assembled from PMVEC: extracts while tau in
control extracts and extracts prepared from cells infected with
ExoY®8!M co-pelleted.

To assay the effects of phosphorylation on tau localization,
immunofluorescence microscopy was performed using ExoY" and
ExoY*®*™ infected endothelial cells. These studies demonstrated
tau arranged in a punctate manner in control cells and in cells
infected with ExoY®8™ (Figure 6). Moreover, tau immunoreac-
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Figure 4. ExoY activity does not noticeably affect microtubule assembly from PMVEC centrosomes. PMVECs were infected with P.

middle panel) or ExoY" (left panel). Untreated cells (Ctr) and infected cells were extracted to remove soluble

proteins and then purified rat brain tubulin was added and microtubule nucleation was initiated by incubating at 37°C for 15 min. The preparations
then were fixed and labeled with antitubulin antibodies. Centrosome nucleation of microtubules is shown by arrows. Bar=10 um.

doi:10.1371/journal.pone.0074343.g004

tivity appeared to be enriched near the nucleus, presumably in the
region of the centrosome where microtubule density is greatest. To
confirm these possibilities, double labeling for tubulin and tau was
performed and the images were merged. As shown in Figure 6,
colocalization of tubulin and tau could be observed in regions
where microtubule density was greatest in control and ExoY™#'™
infected cells. In contrast, tau was randomly dispersed in the
cytoplasm of cells infected with ExoY" (Figure 6).

S Mt S Mt S Mt
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Figure 5. Phosphorylation causes Tau to dissociate from
microtubules. [A.] Untreated cells (Ctr) as well as cells that were
infected with P. aeruginosa expressing either ExoY*®™ or ExoY* were
incubated, and then extracts were prepared and soluble fractions and
cell ghosts containing intact microtubules were collected. Both
microtubule-associated (Mt) and soluble free Tau (S) were assayed by
immunoblot using a pan-Tau antibody. Significantly less tau was
present in cells ghosts prepared from cells intoxicated with ExoY™*
compared to those prepared from either untreated or K81M-intoxicated
cells [0.22+0.09 vs. 0.44+0.08 (Ctr) and 0.46+0.04 (K81M); n=4; P<<0.05
compared to both K81TM and untreated cells]. [B.] Tau co-pellets with
taxol-stabilized microtubules. Extracts were prepared from un-
treated control PMVECs (Ctr) and from cells infected with bacteria
expressing either ExoY™ (middle) or ExoY*®™ (right), microtubules were
assembled by addition of taxol, and then the assembled microtubules
were pelleted through a sucrose cushion. The pelleted microtubules
were then probed by immunoblot using polyclonal anti-tau antibody
(top). The blot was then stripped and re-probed using antitubulin
antibody (bottom).

doi:10.1371/journal.pone.0074343.9g005
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To investigate whether hyperphosphorylation of Tau was
responsible for the change in microtubule assembly behavior
identified following PMVECs infection with P. aeruginosa ExoY™,
the previously described microtubule disassembly and reassembly
studies were repeated using PMVECs stably transfected with a
mutant form of human Tau (hTau) that could not be phosphor-
ylated at Ser-214 (S214A). In cells expressing the non-phosphor-
ylatable S214A mutant h'Tau, ExoY had no effects on microtubule
assembly (Figure 7) and disassembly (not shown) following
infection. Moreover, immunoblot analysis using anti-tubulin
antibody confirmed the immunofluorescence observations by
demonstrating equivalent ratios of microtubule polymer to tubulin
monomer in untreated control, ExoY*- and ExoY®®™ _infected
PMVECs [Figure 7; 0.35*0.8 w»s. 0.38%£0.06 (K8IM) and
0.44%+0.11 (Control); n=>5]. These results demonstrate that
expression of the non-phosphorylatable form of hTau rescued
the microtubule cytoskeleton from effects due to ExoY activity.

Discussion

Pseudomonas aeruginosa is an opportunistic bacterium that causes
acute and chronic pulmonary infections. Characteristic of these
infections is a fulminating pneumonia that includes edema, fluid in
the airways, and migration of various types of inflammatory cells
into the alveolar spaces [36-38]. These observations suggest a
breakdown of the endothelial barrier following infection, and this
possibility has been supported by  vitro experimental studies that
demonstrated pulmonary endothelial barrier disruption following
Pseudomonas infection [18]. The studies reported here demonstrate
that microtubules are disrupted in PMVECs following Pseudomonas
infection and further show that Tau phosphorylation results in
decreased microtubule assembly, a putative cause of endothelial
barrier disruption. That Tau is the principal target of toxin
introduced by Pseudomonas aeruginosa is supported by studies in
which cells types expressing non-phosphorylatable Tau were
analyzed.

Studies by Rich and colleagues [11,13,39] demonstrated that
cells maintain a cAMP gradient from the cortical membrane
region to deeper cytosol areas, with the cortical pool of cAMP
being 10-fold greater than levels in the bulk cytosol. This gradient
of cAMP is essential for maintaining endothelial barrier strength
[5,7,14], and cAMP produced near the plasma membrane
achieves this by stabilizing the cortical actin rim, which is involved
in maintaining junctional adhesion complexes. A similar concept
has been advanced to explain how membrane and soluble
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control and ExoY*®™™

doi:10.1371/journal.pone.0074343.9g006

guanylyl cyclases, in response to atrial natriuretic peptide and
nitric oxide, respectively, distinctly regulate the endothelial cell
barrier [40]. At present, relatively little is known about how cGMP
signals are compartmentalized within endothelium. Regardless,
microtubules extending toward the cell cortex interact with actin
filaments and assist with maintaining cell shape and barrier
integrity; treatments leading to microtubule breakdown result in
cell retraction and barrier disruption [32,41-43]. In this paper,
data demonstrate that the P. aeruginosa toxin ExoY, which is an
adenylyl and guanylyl cyclase molecule lacking membrane
anchoring domains, decreased levels of microtubules in PMVECs
and induced barrier breakdown by generating cyclic nucleotides
within a cytosolic domain. Investigations were performed to
identify potential targets of this cytosolic pool of cAMP and
c¢GMP, and individual studies assayed effects on the activity of the
centrosomes and the microtubule-associated protein Tau. The
centrosome 1s the principal microtubule-nucleating site in cells,
and multiple A-kinase anchoring proteins are localized within the
centrosome complex [44,45]. Studies outlined here directly tested
whether cAMP and/or cGMP produced by ExoY modulated the
microtubule nucleating capacity of centrosomes, and no apparent
change in microtubule nucleating activity was detected at the time
points tested. These observations indicate that the microtubule
nucleating sites localized within the centrosome complex most
likely are not targeted directly to lead to microtubule cytoskeletal
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infected cells. No co-localization was observed in cells intoxicated with ExoY*. Bar=10 um.

disruption following P. aeruginosa infection, at least during the early
stages of cellular response.

Microtubules are dynamic polymers capable of rapid assembly
and disassembly. In cells, rates of assembly and disassembly are
modulated by microtubule-associated proteins and by direct post-
translational modification of tubulin monomers [46,47]. One of
the major microtubule-associated proteins in mammalian neuro-
nal cells is Tau. In neurons, Tau is responsible for bundling axonal
microtubules, and abnormal Tau hyperphosphorylation and
insolubility has been linked to formation of paired helical filaments
in Alzheimer’s disease [48,49] and to other neurological insuffi-
ciencies [50-52]. Previous studies have shown that Ser-214 of Tau
is phosphorylated by cAMP-and/or ¢GMP-dependent kinases
[30,53], and phosphorylation of Tau results in dissociation of Tau
from the microtubule lattice. The i viwo results reported here are
in agreement with these previous @ vitro observations and also
demonstrate that phosphorylation of Tau on Ser-214 can be used
by microvascular endothelial cells for modulating microtubule
dynamics. Moreover, these data indicate the phosphorylation of
Tau occurring as a result of ExoY activity contributes to the
pulmonary pathologies associated with Pseudomonas aeruginosa
infection by disrupting microtubule assembly processes in
PMVEC:s resulting in barrier disruption.

Tau is classically considered to be a neuronal protein, although
the presence of a Tau protein in non-neuronal mammalian cells
has been described [54-57]. However, the function of Tau in non-
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Figure 7. Phosphorylation of tau is essential for disrupted microtubule assembly. Over-expression of a non-phosphorylatable form of Tau
(S214A mutant) rescues PMVECs from effects of ExoY" on microtubule assembly. PMVECs were stably transfected with a cDNA encoding a form of
Tau mutated at the PKA phosphorylation site and then infected with P. aeruginosa encoding either ExoY*®™ or ExoY". Microtubules were
disassembled by incubation on ice, and then microtubule re-assembly was initiated by transferring cells to 37°C. [A.] S214A Tau-expressing control
cells (Ctr) and cells infected with either ExoY*®™ or ExoY' were fixed and labeled with antitubulin antibodies either at the time of transfer to 37°C
(top) or at 8 minutes post-transfer (bottom). Bar =10 um. [B.] Polymerized (P) and soluble unpolymerized (S) tubulin levels were quantified in S214A-
expressing cells at 8 minutes post-transfer to 37°C. Extracts were prepared from control cells (Ctr) and from cells infected with P. aeruginosa
expressing either ExoY*®™ or ExoY*. There was no significant difference in the ratio of microtubule polymer to soluble tubulin when cells infected
with bacteria expressing ExoY" were compared to those expressing ExoY*®™ or uninfected control cells [0.35+0.8 vs. 0.38+0.06 (K81M) and

0.44%+0.11 (Ctr); n=5].
doi:10.1371/journal.pone.0074343.g007

neuronal cells has not been investigated in detail. The studies
reported here demonstrate that Tau and the phosphorylation of
Tau are mechanisms used by PMVECs to modulate microtubule
dynamics and to regulate microtubule stability. Data demonstrate
that PMVEC:s containing elevated levels of phosphor-Tau contain
less tubulin polymer than those with lower levels of phosphorylated
Tau, and the studies reported here further demonstrate that
microtubule assembly is disrupted in cells containing phosphor-
Tau. In contrast, effects on microtubule disassembly by Tau
phosphorylation were not detected in these studies. One possible
explanation is that the methods used were not sensitive enough to
detect effects on disassembly behavior. Alternatively, it has been
demonstrated by Panda etal. [58] that isoforms of Tau
differentially modulate microtubule kinetics, with some forms of
Tau being able to stabilize microtubules against disassembly while
other isoforms have little effect on microtubule disassembly
behavior. Studies using either Tau purified from PMVECs or
real time imaging using fluorescent tubulin will be necessary to
determine whether this non-neuronal Tau modulates microtubule
disassembly behavior.

Our studies have not determined whether it is the cAMP or
cGMP signal, or both, that is responsible for decreasing
microtubule assembly. Data presented here and the work of

PLOS ONE | www.plosone.org

Ochoa et al. [20] suggests Tau hyperphosphorylation and
insolubility is responsible for this observation. While Tau
hyperphosphorylation is necessary to inhibit microtubule assem-
bly, we have not ruled out the possibility that ExoY catalytic
activity itself also impairs microtubule assembly. Microtubules
grow at their GTP cap. Since ExoY possesses guanylyl cyclase
activity, it may consume G'TP in competing with microtubules for
GTP binding. Kinetic analysis of ExoY enzyme activity will be
necessary to better address this possibility.

In summary, P. aeruginosa and other types of bacteria induce
pulmonary endothelial barrier breakdown following infection.
Pscudomonas uses a type III secretion system to transfer a
promiscuous cyclase, ExoY, to the cytoplasm of pulmonary
microvascular endothelial cells during infection processes, and
data presented here demonstrate that the microtubule associated
protein Tau is the target of cyclic nucleotides produced following
infection. Phosphorylation of Tau disrupts microtubules in
PMVECs leading to barrier disruption contributing to the
pathologies associated with Pseudomonas infections. Identification
of molecular targets following Pseudomonas infection could lead to
more rational treatments for these types of infections.

September 2013 | Volume 8 | Issue 9 | e74343



Acknowledgments

We thank Ms. Linn Ayers and Anna Buford, for their contribution to the
development of this work.

References

1.

20.

21.

22.

23.

24.

Dejana E, Spagnuolo R, Bazzoni G (2001) Interendothelial junctions and their
role in the control of angiogenesis, vascular permeability and leukocyte
transmigration. Thromb Haemost. 86: 308-315.

. Dudek SM, Garcia JG (2001) Cytoskeletal regulation of pulmonary vascular

permeability. J Appl Physiol. 91: 1487-1500.

. Ochoa CD, Stevens T (2012) Studies on the cell biology of interendothelial cell

gaps. Am ] Physiol Lung Cell Mol Physiol. 302: 1.275-286.

. Chetham PM, Guldemeester HA, Mons N, Brough GH, Bridges JP, et al. (1997)

Ca(2+)-inhibitable adenylyl cyclase and pulmonary microvascular permeability.
Am ] Physiol. 273: 1.22-30.

. Cioffi DL, Moore TM, Schaack J, Creighton JR, Cooper DM, et al. (2002)

Dominant regulation of interendothelial cell gap formation by calcium-inhibited
type 6 adenylyl cyclase. J Cell Biol. 157: 1267-1278.

. Moore TM, Chetham PM, Kelly JJ, Stevens T (1998) Signal transduction and

regulation of lung endothelial cell permeability. Interaction between calcium and
cAMP. Am J Physiol. 275: L.203-222.

Sayner SL, Alexeyev M, Dessauer CW, Stevens T (2006) Soluble adenylyl
cyclase reveals the significance of ¢cAMP compartmentation on pulmonary
microvascular endothelial cell barrier. Circ Res. 98: 675-681.

Stelzner TJ, Weil JV, O’Brien RF (1989) Role of cyclic adenosine
monophosphate in the induction of endothelial barrier properties. J Cell
Physiol. 139: 157-166.

Stevens T, Nakahashi Y, Cornfield DN, McMurtry IF, Cooper DM, et al. (1995)
Ca(2+)-inhibitable adenylyl cyclase modulates pulmonary artery endothelial cell
cAMP content and barrier function. Proc Natl Acad Sci U S A. 92: 2696-2700.

. Karpen JW, Rich TC (2001) The fourth dimension in cellular signaling. Science

293: 2204-2205.

. Rich TC, Fagan KA, Nakata H, Schaack J, Cooper DM, et al. (2000) Cyclic

nucleotide-gated channels colocalize with adenylyl cyclase in regions of restricted
cAMP diftusion. J Gen Physiol. 116: 147-161.

. Rich TC, Fagan KA, Tse TE, Schaack J, Cooper DM, et al. (2001) A uniform

extracellular stimulus triggers distinct cAMP signals in different compartments of
a simple cell. Proc Natl Acad Sci U S A. 98: 13049-13054.

. Rich TC, Tse TE, Rohan JG, Schaack J, Karpen JW (2001) In vivo assessment

of local phosphodiesterase activity using tailored cyclic nucleotide-gated
channels as cAMP sensors. J Gen Physiol. 118: 63-78.

. Creighton J, Zhu B, Alexeyev M, Stevens T (2008) Spectrin-anchored

phosphodiesterase 4D4 restricts ¢AMP from disrupting microtubules and
inducing endothelial cell gap formation. J Cell Sci. 121: 110-119.

. Willoughby D, Wong W, Schaack J, Scott JD, Cooper DM (2006) An anchored

PKA and PDE4 complex regulates subplasmalemmal cAMP dynamics. EMBO
J. 25: 2051-2061.

. Phillips PG, Lum H, Malik AB, Tsan MF (1989) Phallacidin prevents thrombin-

induced increases in endothelial permeability to albumin. Am J Physiol. 257:
C562-567.

Sayner SL, Balczon R, Frank DW, Cooper DM, Stevens T (2011) Filamin A is a
phosphorylation target of plasma membrane but not cytosolic adenylyl cyclase
activity. Am J Physiol Lung Cell Mol Physiol. 301: L117-124.

Sayner SL, Frank DW, King J, Chen H, VandeWaa J, et al. (2004) Paradoxical
cAMP-induced lung endothelial hyperpermeability revealed by Pseudomonas
aeruginosa ExoY. Circ Res. 95: 196-203.

. Prasain N, Alexeyev M, Balczon R, Stevens T (2009) Soluble adenylyl cyclase-

dependent microtubule disassembly reveals a novel mechanism of endothelial
cell retraction. Am J Physiol Lung Cell Mol Physiol. 297: L.73-83.

Ochoa CD, Alexeyev M, Pastukh V, Balczon R, Stevens T (2012) Pseudomonas
aeruginosa exotoxin Y is a promiscuous cyclase that increases endothelial Tau
phophorylation and permeabiilty: Evidence for an infectious endothelial
tauopathy. J Biol Chem. 287: 25407-25418.

Bouchard M, Suchowersky O (2011) Tauopathies: one disease or many? Can J
Neurol Sci. 38: 547-556.

Querfurth HW, LaFerla FM (2010) Alzheimer’s disease. N Engl J Med. 362:
329-344.

Leppla SH (1982) Anthrax toxin edema factor: a bacterial adenylate cyclase that
increases cyclic AMP concentrations of eukaryotic cells. Proc Natl Acad Sci U S
A. 79: 3162-3166.

Gottle M, Dove S, Kees F, Schlossmann J, Geduhn J, et al. (2010) Cytidylyl and
uridylyl cyclase activity of Bacillus anthracis edema factor and Bordetella
pertussis CyaA. Biochemistry 49: 5494-5503.

. Guo Q, Shen Y, Lee YS, Gibbs CS, Mrksich M, et al. (2005) Structural basis for

the interaction of Bordetella pertussis adenylyl cyclase toxin with calmodulin.

EMBO ]J. 24: 3190-3201.

. Tang WJ, Guo Q (2009) The adenylyl cyclase activity of anthrax edema factor.

Mol Aspects Med. 30: 423-430.

PLOS ONE | www.plosone.org

ExoY and Microtubule Assembly

Author Contributions

Conceived and designed the experiments: RB NP CO SS TS. Performed
the experiments: RB NP JP. Analyzed the data: RB TS. Contributed
reagents/materials/analysis tools: BZ MA SS DWF TS. Wrote the paper:
RB TS.

27.

31.

32.

33.

34.

38.

39.

40.

41.

42.

43.

44.

46.

47.

48.

49.

50.

51.

52.

Matenia D, Mandelkow EM (2009) The tau of MARK: a polarized view of the
cytoskeleton. Trends Biochem Sci. 34: 332-342.

. Dimitrov A, Quesnoit M, Moutel S, Cantaloube I, Pous C, et al. (2008)

Detection of GTP-tubulin conformation in vivo reveals a role for GTP remnants
in microtubule rescues. Science 322: 1353-1356.

Stevens T, Creighton J, Thompson WJ (1999) Control of ¢cAMP in lung
endothelial cell phenotypes. Implications for control of barrier function. Am J
Physiol. 277: L119-126.

. Zhu B, Zhang L, Creighton J, Alexeyev M, Strada S, et al. (2010) Protein kinase

A phosphorylation of tau-serine 214 reorganizes microtubules and disrupts the
endothelial cell barrier. Am J Physiol. 299: 1.493-501.

Yahr TL, Vallis AJ, Hancock MK, Barbieri JT, Frank DW (1998) ExoY, an
adenylate cyclase secreted by the Pseudomonas aeruginosa type III system. Proc
Natl Acad Sci USA. 95: 13899-13904.

Wu S, Chen H, Alexeyev MF, King JA, Moore TM, et al. (2007) Microtubule
motors regulate ISOC activation necessary to increase endothelial cell
permeability. J Biol Chem. 282: 34801-34808.

Li Q, Hansen D, Killilea A, Joshi HC, Palazzo RE, et al. (2001) Kendrin/
pericentrin-B, a centrosome protein with homology to pericentrin that
complexes with PCM-1. J Cell Sci. 114: 797-809.

Balczon R, Schatten G (1983) Microtubule-containing detergent-extracted
cytoskeltons in sea urchin eggs from fertilization through cell division: Anti-
tubulin immunofluorescence microscopy. Cell Motil. 3: 213-226.

Ochoa CD, Stevens T, Balczon R (2011) Cold exposure reveals two populations
of microtubules in pulmonary endothelia. Am ] Physiol Lung Cell Mol Physiol.
300: L132-138.

Garau J, Gomez L (2003) Pseudomonas aeruginosa pneumonia. Curr Opin
Infect Dis. 16: 135-143.

. Kurahashi K, Kajikawa O, Sawa T, Ohara M, Gropper MA, et al. (1999)

Pathogenesis of septic shock in Pseudomonas aeruginosa pneumonia. J Clin
Invest. 104: 743-750.

Wilson R, Dowling RB (1998) Lung infections. 3. Pseudomonas aeruginosa and
other related species. Thorax 53: 213-219.

Feinstein WP, Zhu B, Leavesley SJ, Sayner SL, Rich TC (2012) Assessment of
cellular mechanisms contributing to cAMP compartmentalization in pulmonary
microvascular endothelial cells. Am J Physiol Cell Physiol. 302: C839-852.
Kuebler WM (2011) The Janus-faced regulation of endothelial permeability by
cyclic GMP. Am J Physiol Lung Cell Mol Physiol. 301: L.157-160.

Birukova AA, Birukov KG, Adyshev D, Usatyuk P, Natarajan V, et al. (2005)
Involvement of microtubules and Rho pathway in TGF-betal-induced lung
vascular barrier dysfunction. J Cell Physiol. 204: 934-947.

Birukova AA, Birukov KG, Smurova K, Adyshev D, Kaibuchi K, et al. (2004)
Novel role of microtubules in thrombin-induced endothelial barrier dysfunction.
FASEB J. 18: 1879-1890.

Verin AD, Birukova A, Wang P, Liu F, Becker P, et al. (2001) Microtubule
disassembly increases endothelial cell barrier dysfunction: role of MLC
phosphorylation. Am J Physiol Lung Cell Mol Physiol. 281: L565-574.
Andersen ]S, Wilkinson CJ, Mayor T, Mortensen P, Nigg EA, et al. (2003)
Proteomic characterization of the human centrosome by protein correlation
profiling. Nature 426: 570-574.

. Nogales-Cadenas R, Abascal F, Diez-Perez J, Carazo JM, Pascual-Montano A

(2009) CentrosomeDB: a human centrosomal proteins database. Nucleic Acids
Res. 37(Database issue): D175-180.

Bulinski JC, Richards JE, Piperno G (1988) Posttranslational modifications of
alpha tubulin: detyrosination and acetylation differentiate populations of
interphase microtubules in cultured cells. J Cell Biol. 106: 1213-1220.

Pryer NK, Walker RA, Skeen VP, Bourns BD, Soboeiro MF, et al. (1992) Brain
microtubule-associated proteins modulate microtubule dynamic instability
in vitro. Real-time observations using video microscopy. J Cell Sci. 103: 965
976.

Goedert M (2001) The significance of tau and alpha-synuclein inclusions in
neurodegenerative diseases. Curr Opin Genet Dev. 11: 343-351.

Mandelkow E, Mandelkow EM (1995) Microtubules and microtubule-associated
proteins. Curr Opin Cell Biol. 7: 72-81.

Dawson HN, Cantillana V, Chen L, Vitek MP (2007) The tau N279K exon 10
splicing mutation recapitulates frontotemporal dementia and parkinsonism
linked to chromosome 17 tauopathy in a mouse model. J Neurosci. 27: 9155~
9168.

DeKosky ST, Ikonomovic MD, Gandy S (2010) Traumatic brain injury—
football, warfare, and long-term effects. N Engl ] Med. 363: 1293-1296.
Omalu BI, Bailes J, Hammers JL, Fitzsimmons RP (2010) Chronic traumatic
encephalopathy, suicides and parasuicides in professional American athletes: the
role of the forensic pathologist. Am J Forensic Med Pathol. 31: 130-132.

September 2013 | Volume 8 | Issue 9 | e74343



53.

54.

Zheng-Fischhofer Q), Biernat J, Mandelkow EM, Illenberger S, Godemann R, et
al. (1998) Sequential phosphorylation of Tau by glycogen synthase kinase-3beta
and protein kinase A at Thr212 and Ser214 generates the Alzheimer-specific
epitope of antibody ATI100 and requires a paired-helical-filament-like
conformation. Eur J Biochem. 252: 542-552.

Cleveland DW, Spiegelman BM, Kirschner MW (1979) Conservation of
microtubule associated proteins. Isolation and characterization of tau and the
high molecular weight microtubule associated protein from chicken brain and
from mouse fibroblasts and comparison to the corresponding mammalian brain

proteins. J Biol Chem. 254: 12670-12678.

. Cross D, Vial C, Maccioni RB (1993) A tau-like protein interacts with stress

fibers and microtubules in human and rodent cultured cell lines. J Cell Sci. 105:
51-60.

PLOS ONE | www.plosone.org

10

56.

57.

58.

ExoY and Microtubule Assembly

Henriquez JP, Cross D, Vial C, Maccioni RB (1995) Subpopulations of tau
interact with microtubules and actin filaments in various cell types. Cell Biochem
Funct. 13: 239-250.

LoPresti P, Szuchet S, Papasozomenos SC, Zinkowski RP, Binder LI (1995)
Functional implications for the microtubule-associated protein tau: localization
in oligodendrocytes. Proc Natl Acad Sci USA. 92: 10369-10373.

Panda D, Samuel JC, Massie M, Feinstein SC, Wilson L (2003) Differential
regulation of microtubule dynamics by three- and four-repeat tau: implications
for the onset of neurodegenerative disease. Proc Natl Acad Sci USA. 100: 9548
9553.

September 2013 | Volume 8 | Issue 9 | e74343



