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Background: ExoY induces inter-endothelial gaps, although the mechanisms by which this occurs are poorly understood.
Results: ExoY synthesized cAMP and cGMP, which caused endothelial Tau hyperphosphorylation, accumulation of insoluble
Tau, inter-endothelial cell gaps, and increased permeability.
Conclusion: ExoY is a promiscuous cyclase and an edema factor.
Significance: Acute Pseudomonas infections cause a pathophysiological sequela in endothelium previously recognized only in
chronic neurodegenerative diseases.

Exotoxin Y (ExoY) is a type III secretion system effector found
in� 90% of the Pseudomonas aeruginosa isolates. Although it is
known that ExoY causes inter-endothelial gaps and vascular
leak, the mechanisms by which this occurs are poorly under-
stood. Using both a bacteria-delivered and a codon-optimized
conditionally expressed ExoY, we report that this toxin is a dual
soluble adenylyl and guanylyl cyclase that results in intracellular
cAMP and cGMP accumulation. The enzymatic activity of ExoY
caused phosphorylation of endothelial Tau serine 214, accumu-
lation of insoluble Tau, inter-endothelial cell gap formation,
and increased macromolecular permeability. To discern
whether the cAMP or cGMP signal was responsible for Tau
phosphorylation and barrier disruption, pulmonary microvas-
cular endothelial cells were engineered for the conditional
expression of either wild-type guanylyl cyclase, which synthe-
sizes cGMP, or a mutated guanylyl cyclase, which synthesizes
cAMP. Sodiumnitroprusside stimulation of the cGMP-generat-
ing cyclase resulted in transient Tau serine 214 phosphorylation
and gap formation, whereas stimulation of the cAMP-generat-
ing cyclase induced a robust increase in Tau serine 214 phos-
phorylation, gap formation, and macromolecular permeability.
These results indicate that the cAMP signal is the dominant
stimulus for Tau phosphorylation. Hence, ExoY is a promiscu-
ous cyclase and edema factor that uses cAMP and, to some
extent, cGMP to induce the hyperphosphorylation and insolu-
bility of endothelial Tau. Because hyperphosphorylated and
insoluble Tau are hallmarks in neurodegenerative tauopathies
such as Alzheimer disease, acute Pseudomonas infections cause
a pathophysiological sequela in endothelium previously recog-
nized only in chronic neurodegenerative diseases.

Pulmonary microvascular endothelium forms a highly re-
strictive barrier to allow for proper gas exchange (1–6). Inflam-
matory mediators and vascular permeability-increasing com-
pounds cause retraction of cell borders and inter-endothelial
gaps by reorganizing the endothelial cytoskeleton, cell-cell, and
cell matrix interactions (reviewed in Ref. 7). When this barrier
is disrupted, exudative alveolar edemaoccurs, and gas exchange
is compromised.
In endothelial cells, receptors coupled to adenylyl and gua-

nylyl cyclases generate membrane-limited 3�-5� cyclic adeno-
sinemonophosphate (cAMP) and 3�-5� cyclic guanosinemono-
phosphate (cGMP), respectively, which activate effectors to
stabilize the cortical actin rim, insert adherens junction pro-
teins into the plasma membrane, and strengthen overall inter-
endothelial cell contacts (8–13). Therefore, compounds that
generate subplasmalemmal cAMP and cGMP contribute to the
prevention and reduction of inflammation by averting inter-
endothelial gap formation and the subsequent increase in per-
meability (14–16). In contrast, soluble adenylyl and guanylyl
cyclases that generate cytosolic cAMP and cGMP signals are
endothelial barrier disruptive and thus contribute to inflamma-
tory edema (17–19). Of note, bacteria like Bacillus anthracis
and Pseudomonas aeruginosa promote edema formation by
introducing soluble cyclases into host cells (20, 21).
P. aeruginosa is a leading cause of lung injury, particularly in

critically ill patients that need mechanical ventilation (22).
Importantly, exotoxin Y (ExoY)2 is found in �90% of P. aerugi-
nosa clinical isolates (23). ExoY is a soluble adenylyl cyclase that
is introduced into host cells via the type III secretion systemand
increases the cytoplasmic levels of cAMP (24), mediates the
hyperphosphorylation of endothelial Tau protein (25), impairs
microtubule and microfilament stability3 (26), induces inter-
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endothelial gap formation, and increases vascular permeability
(27, 28).
Recently, Göttle et al. (29) reported that bacterial soluble

cyclases similar to ExoY are capable of synthesizing more than
one cyclic nucleotide simultaneously (i.e. cAMP, cIMP, and
cUMP). This suggested to us that ExoY could also synthesize
other cyclic nucleotides in addition to cAMP and that, if so, this
would have important implications for the understanding of
lung endothelial permeability and the pathophysiology of
P. aeruginosa-mediated acute lung injury. Here, we report that
P. aeruginosa ExoY is sufficient to increase intracellular levels
of both cAMP and cGMP in endothelial cells. We show that
both cytosolic cAMP and, to a lesser degree, cGMPmediate the
hyperphosphorylation of endothelial Tau Ser-214. We also
show that P. aeruginosa ExoY intoxication leads to accumula-
tion of insoluble Tau. Finally, we demonstrate that accumula-
tion of cytosolic cAMP, and not cGMP, leads to large inter-
endothelial gaps and increased permeability in pulmonary
microvascular endothelial cells. Because hyperphosphorylated
and insoluble Tau are hallmarks of neurodegenerative tauopa-
thies such as Alzheimer disease (30, 31), these findings suggest
that acuteP. aeruginosa infections and chronic neurodegenera-
tive diseases share Tau hyperphosphorylation and insolubility
as a common pathophysiological mechanism.

EXPERIMENTAL PROCEDURES

Cell Culture—Pulmonary microvascular endothelial cells
(internal identification: PMVECR1)were obtained from the cell
culture core at the University of South Alabama Center for
Lung Biology. The isolation and characterization of these cells
has been described previously in detail (1, 32, 33). Cells were
cultured in Dulbecco’s modified Eagle’s medium (DMEM)with
10% heat-inactivated fetal bovine serum (catalogue No. 10082,
Invitrogen) and 1% penicillin/streptomycin (catalogue No.
15140, Invitrogen) at 37 °C in 21% oxygen and 5% carbon diox-
ide. Pulmonary artery smoothmuscle cells were the kind gift of
Dr. Celina Gairhe (Department of Pharmacology, University of
SouthAlabama) andwere cultured as described previously (34).
DNA and Viral Constructs—Retrovirus 2641 (rv2641) and

pulmonary microvascular endothelial cells infected with this
virus (MV/2641) were described previously (35). Construction
of the lentiviral vector for doxycycline-inducible C-terminal
fusions to a destabilizing variant of FKBP12 (F36V, E31G,
R71G, and K105E), pMA3174, will be described separately.4
The full-length synthetic gene for P. aeruginosa, exoY, was
codon-optimized commercially for expression in rat cells (rat
codon adaptation index, 0.99) (see supplemental material for
sequence). The termination codon was removed from the full-
length codon-optimized exoY gene by PCR using primers
ExoYRIf (GCGAATTCGCCACCATGAGGATCGACGGC-
CACAG) and ExoYdTerHpa (RGCGTTAACCAGCTCCAC-
CTTCCTCTGGA). pMA3200was constructed by inserting the
full-lengthwild-type codon-optimized exoY genewithout a ter-
mination codon into pMA3174 in-frame with a destabilizing
variant of FKBP-12 (36–38). To codon-optimize for expression

inmammalian cells, themutant (exoYK81M) catalytic domain of
exoY (amino acids 1–207; codon adaptation index � 0.94), was
also generated commercially (BioBasic, Markham, Ontario,
Canada). pMA3228 was generated by replacing the 5�-terminal
EcoRI-BsrGI fragment of the WT exoY gene in pMA3200 with
the corresponding fragment of the gene encoding the codon-
optimized mutant catalytic domain.
cDNAs encoding rat sGC1�3 and sGC1�3 were purchased

fromOpen Biosystems (Huntsville, AL; catalogue No. 7104600
and 7190419). sGC1�3 was modified to introduce a Kozak
sequence at the 5�-end and a Myc tag plus XhoI site at the
3�-end by PCR using primers GC1a3-A-Mlu (FGTCAACGCG-
TGCCACCATGTTCTGCAGGAAGTTCAA) and GC1a3-
B-mycXho (CCTCGAGTCACAGGTCCTCCTCGCTGATG-
AGTTTCTGCTCATCTACCCCTGATGCTTTGC). In the
PCR product, 6 bp at the 5�-terminus were lost due to a PCR/
cloning incident, thus destroying the MluI site. To generate
pMA3379, the cDNA for sGC1�3 was inserted into pMA3211,
a lentiviral vector for doxycycline-inducible expression derived
from pMA2780 (35), from which an extra SalI site near the
3�-LTR was removed. The cDNA for sGC1�3 was modified by
PCR to introduce an EcoRI site plus a Kozak sequence at the
5�-end and to truncate 3�-UTR and introduce a XbaI site at the
3�-end using primers GC1b3-A-Rif (GCGAATTCGCCACCA-
TGTACGGTTTTGTGAACCA) and GC1b3-B-XbaR (GCT-
CTAGATTCAGTTTTCATCCTGGTTTG). To generate
pMA3383 this modified cDNA was inserted into hygromycin
resistance-encoding retroviral vector pMA1662. The mutation
R592Q was introduced into sGC1�3 by overlap extension PCR
(39) using primers GC1a3592QF (GAGTGAAGATGCCCCA-
GTATTGCCTGTTTG) and GC1a3592QR (CAAACAGGCA-
ATACTGGGGCATCTTCACTC). The resulting mutant
cDNA was inserted into pMA3211, thus generating pMA3431.
Mutations E473K and C541D were introduced into sGC1�3
the same way using primers GC1b3D541F (GGATGCCAC-
GGTATGATCTCTTCGGAAATA), GC1b3D541R (TAT-
TTCCGAAGAGATCATACCGTGGCATCC), GC1b3K473F
(CATTTGTTTACAAGGTGAAAACAGTTGGTG), and
GC1b3K473R (CACCAACTGTTTTCACCTTGTAAACAA-
ATG). To generate pMA3411, this double mutant cDNA was
inserted into pMA1662. Retrovirus- and lentivirus-containing
supernatants were produced by CaPO4-mediated transfection
of the Phoenix ampho and HEK293FT cell lines, respectively,
using established protocols (35). Gag, Pol, andEnv functions for
lentiviral constructs were provided in trans by cotransfection of
the vector plasmid with two helper plasmids, psPAX2 and
pMD2.G. In all instances when PCR was employed to amplify
DNA fragments, the fidelity of amplification was confirmed by
sequencing.
Bacterial Strains—P. aeruginosa strains have been described

in detail elsewhere (24, 27). Two strains of P. aeruginosa were
used, one with an active ExoY toxin (PA103 exoUexoT::Tc
pUCPexoY or P. aeruginosa ExoY) and one with an inactive
ExoY exotoxin (PA103�exoUexoT::Tc pUCPexoYK81M or
P. aeruginosa ExoYK81M). Bacteria were taken from frozen
explants, grown overnight on solid agar/carbenicillin (400
�g/ml), and resuspended in PBS to an optical density (OD540)
of 0.25. This was previously determined to equal 2 � 108 bac-

4 I. N. Shokolenko, R. Fayzulin, V. Pastukh, J. Hill, and M. Alexeyev, unpublished
data.
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teria/ml (27). Bacteria were subsequently diluted in PBS to
achieve the desired multiplicity of infection (m.o.i.).
For bacterial infection, endothelial cells were trypsinized

and counted using a Coulter counter (Beckman Coulter) as
reported previously (40). Endothelial cells were grown to 12–24
h post-confluence and then infectedwithP. aeruginosaExoYor
P. aeruginosa ExoYK81M at an m.o.i. of 20:1 and incubated for
up to 6 h at 37 °C in 21% oxygen and 5% carbon dioxide as
described previously (27).
Measurement of 3�-5�-cAMP and 3�-5�-cGMP—Cyclic

nucleotides levels were assessed by standard radioimmunoas-
say (catalogue No. BT-300 for cAMP and BT-340 for cGMP,
Biomedical Technologies, Inc., Stoughton, MA) following the
manufacturer’s protocol. After bacterial infection, endothelial
cells were lysedwith 1 NHCl in the presence of 500�M 3-isobu-
tyl-1-methylxanthine. The reaction was neutralized with 1 N

NaOH. Lysates were stored at �70 °C for further analyses (27).
Pulmonary microvascular endothelial cells were grown to

12–24 h post-confluence. Cells were incubated for up to 6 h at
37 °C and 5% CO2. Cell integrity was determined by the pres-
ence or absence of inter-endothelial cells gaps using phase con-
trast microscopy (Nikon IX70) at the end of this time period.
When required, time lapse microscopy (SPOT Advanced soft-
ware) (27) was also used. For this purpose, cells were main-
tained under environmentally controlled conditions (37 °C, 5%
CO2), and micrographs were taken using a Nikon 80i upright
microscope. NIS-Elements was used to process image
sequences (41).
Antibodies, Immunoblot, Immunoprecipitation, and Den-

sitometry—Cell lysates were generated as described previously
(33). Briefly, cells were rinsed with cold (4 °C) 1� PBS followed
by lysis with radioimmune precipitation assay buffer (catalogue
No. BP-115, Boston Bioproducts, Worcester, MA) with a 1:100
protease inhibitor mixture (catalogue No. P8340, Sigma-Al-
drich) and 1:100 phosphatase inhibitors (phosphatase inhibitor
mixture I (catalogue No. BP-479) and phosphatase inhibitor
mixture II (catalogue No. BP-480), Boston Bioproducts). Cell
lysates were normalized for protein concentration using the
Lowry protein assay kit (procedure P5656, Sigma-Aldrich),
resolved in 4–12% bis-Tris polyacrylamide gels (catalogue No.
NP0321, Invitrogen), and then transferred to 0.2-mm nitrocel-
lulose membranes (catalogue No. 162–0213, Bio-Rad). Mem-
branes were incubated with the appropriate antibodies (phos-
pho-Tau Ser-214 at 1:500, catalogue No. 44-742G, Invitrogen;
pan-Tau (TAU-5) at 1:1000, catalogue No. AT-5004, MBL
International Corp., Woburn, MA; Myc-Tag (9B11) at 1:1000,
catalogue No. 2276, Cell Signaling, Danvers, MA). All antibod-
ies were diluted in 5% bovine serum albumin and incubated
overnight. Membranes were probed with species-appropriate
HRP-conjugated secondary antibody (1:6000 for 1 h at room
temperature) and developed using SuperSignal West Femto
chemiluminescent substrate (catalogue No. 34096, Thermo
Scientific).
For immunoprecipitation (catalogue No 26149, Thermo

Scientific) the manufacturer’s instructions were followed.
P. aeruginosa ExoY�-infected cells were washed with ice-cold
PBS and lysed using Pierce immunoprecipitation lysis buffer
with protease and phosphatase inhibitors (1:100). Protein con-

centration was measured, and 80 �l of cell lysate (�20 �g of
protein) was incubated with 40 �l of phospho-Tau Ser-214
antibody overnight. Samples were eluted and analyzed by
Western blot (see above) using a TAU-5 antibody.
Western blot densitometries were measured using ImageJ

software (National Institutes of Health, Bethesda, MD) by the
method published previously (33). Densitometries are ex-
pressed as area in arbitrary units.
PKA and PKG Inhibition—PKI-(6–22)-amide, a short syn-

thetic PKI-derived peptide (catalogue no. sc-201160, Santa
Cruz Biotechnology, Santa Cruz, CA) (42), and PKGI, a short
synthetic PKG inhibitory peptide (catalogue No. sc-201161,
Santa Cruz Biotechnology) (43), were delivered using the pro-
tein delivery system ChariotTM (catalogue No. 30025, Active
Motif North America, Carlsbad, CA) following the manufac-
turer’s instructions at 1 h prior to Pseudomonas infection.
SodiumNitroprusside (SNP), Doxycycline, and Shield1—SNP

(catalogue No. 228710, Sigma-Aldrich) was diluted following
the manufacturer’s instructions to aliquots of 10 mM. On the
day of treatment, pulmonary microvascular endothelial cells
were washed with 1� PBS and treated with SNP diluted to 100
�M in 1� Tyrode’s buffer. Doxycycline and Shield1 were pur-
chased from Clontech (Mountain View, CA) and used accord-
ing to the manufacturer’s instructions.
Macromolecular Permeability Assays—Endothelial permea-

bility was assayed by measuring the transmonolayer flux to a
FITC-labeled dextran tracer (catalogue No. FD40S, Sigma-Al-
drich) using a modified version of the protocol described by
Lampugnani and Dejana (44). Pulmonary microvascular endo-
thelial cells engineered to conditionally overexpress either
sGC�1-�1 or sGC�Q-�-KD were grown on clear polyester
Transwell insert membranes (catalogue No. 3470, Corning
Inc.) in phenol red-free DMEM (catalogue No. 21063, Invitro-
gen) with 10% heat-inactivated fetal bovine serum and 1% pen-
icillin/streptomycin at 37 °C in 21% oxygen and 5% carbon
dioxide. Twenty-four hours before the experiment day, cells
were treated with doxycycline at 1 �g/ml. On experiment day
(12–24 h post-confluency), cells were incubated with the tracer
and treated with 100 �M SNP for up to 2 h. Fluorescence was
read using the Expectra Max M5 plate reader (Molecular
Devices, Sunnyvale, CA) at emission 485 nm and excitation 539
nm. Data were acquired as fluorescence units with Softmax Pro
V5 (Molecular Devices) and arbitrarily reported as normalized
fluorescence (x/baseline fluorescence).
Sarkosyl Extraction—Purification of Sarkosyl-insoluble Tau

was based on a previously published protocol (45). Briefly, fol-
lowing Pseudomonas infection, endothelial cells were homoge-
nized in a 6� volume of the following (in mM): 50 Tris base, pH
8.0, 274NaCl, 5 KCl, 2 EGTA, and 2 EDTAwith protease inhib-
itor mixture (catalogue No. P8340, Sigma-Aldrich) and phos-
phatase inhibitors (phosphatase inhibitor mixture I, catalogue
No. BP-479, and phosphatase inhibitor mixture II, catalogue
No. BP-480, Boston Bioproducts). The extract (homogenate)
was spun for 15min at 13,000� g, and supernatant was used as
a total fraction. The amount of starting material was adjusted
for protein concentration. The supernatant was then centri-
fuged further at 150,000� g for 15min to separate proteins into
soluble and insoluble (pellet) fractions. A pellet was re-ex-
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tracted and centrifuged at 150,000 � g for 15 min. The pellet
was discarded, and the supernatant was incubated with 1%
Sarkosyl at 37 °C for 1 h and centrifuged at 150,000 � g for 30
min, washed briefly with the same buffer, and centrifuged
again. The pellet (solubilized in Tris-EDTA buffer) contained
Sarkosyl-insoluble Tau.
Statistical Analyses—Data are presented asmean� S.E. Data

were analyzed by one-way ANOVA, two-way ANOVA, and
Bonferroni’s multiple comparisons test as appropriate. A value
of p 	 0.05 was considered statistically significant. GraphPad

Prism 4.0 software (GraphPad Software, Inc., La Jolla, CA) was
used for statistical analysis.

RESULTS

Pseudomonas aeruginosa ExoY Increased Intracellular Levels
of Both cAMPand cGMP—Arecent report resolved that other
bacterial adenylyl cyclase exotoxins similar to ExoY are
capable of simultaneously synthesizing more than one cyclic
nucleotide (29). Therefore, we tested whether ExoY would
increase the levels of cGMP in addition to those of cAMP.

FIGURE 1. P. aeruginosa ExoY is sufficient to increase the intracellular accumulation of cAMP and cGMP. A, schematic representation of ExoYk81M.
B, schematic representation of ExoY. C, mean � S.E. of global cAMP levels in pulmonary microvascular endothelial cells 6 h post-P. aeruginosa ExoY� infection.
D, mean � S.E. of global cGMP levels in pulmonary microvascular endothelial cells 6 h post-P. aeruginosa ExoY� infection. E and F, general maps of vectors used
to deliver codon-optimized ExoY and ExoYK81M. LTR, retroviral/lentiviral long-terminal repeat; HIV RRE, human immunodeficiency virus response element; Ptet,
doxycycline-regulated promoter; FKBP, protein destruction domain (FKBP); PSV40, SV40 promoter; PAC, puromycin resistance gene. G, conditional expression
of codon-optimized ExoYK81M. H, conditional expression of codon-optimized ExoY. I, intracellular cAMP levels of pulmonary microvascular endothelial cells
conditioned to express codon-optimized ExoY-myc-FKBP or ExoYK81M-myc-FKBP 2 h after induction with 2 �M Shield1 and 2 �g/ml doxycycline. J, intracellular
cGMP levels of pulmonary microvascular endothelial cells conditioned to express codon-optimized ExoY-myc-FKBP or ExoYK81M-myc-FKBP 2 h after induction
with 2 �M Shield1 and 2 �g/ml doxycycline. *, p 	 0,001 versus P. aeruginosa ExoYK81M; §, p 	 0.05 versus control. Data represent five independent experiments.
Statistical significance was determined by one-way ANOVA followed by Bonferroni’s multiple comparisons test.
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We found that both cAMP and cGMP increased pulmonary
microvascular endothelial cells infected with the P. aerugi-
nosa ExoY� but not P. aeruginosa ExoYK81M strain (Fig. 1, C
and D). Of note, ExoY� generated roughly 10-fold more
cGMP than cAMP.
To test whether ExoYwas sufficient to increase the cytoplas-

mic levels of both cAMP and cGMP, we engineered pulmonary
microvascular endothelial cells to conditionally express ExoY.
First, we tried to express the full-length exoY gene using an
adenoviral delivery system in pulmonary microvascular endo-
thelial cells, but we could not detect the expression of ExoY
protein. Even though degeneracy is a fundamental attribute of
the genetic code, bacterial genes use codons that are rarely
employed by mammalian cells (37). Suspecting codon mis-
matching, we next engineered pulmonary microvascular endo-
thelial cells to conditionally express a codon-optimized
P. aeruginosa ExoY with a hemagglutinin (HA) tag at the C
terminus (see supplemental material for ExoY codon-opti-
mized sequence). Although the expression of ExoY-HA was
successful (supplemental Fig. S1), we were not able to detect
enzymatic activity. We then tested whether HA orMyc (ExoY-
myc) tags in the C terminus of bacteria-delivered ExoY reduced
ExoY enzymatic activity when compared with wild-type ExoY
and found that ExoY-HA had the least activity, with ExoY-myc
having the most (although intermediate when compared with
the wild type (data not shown)). Thereafter, we conditionally
expressed a codon-optimized P. aeruginosa ExoY with a Myc
tag but detected enough background expression of the trans-
gene to intoxicate the cells, suggesting that enzymatic activity
was present. This result revealed the need to systematically reg-
ulate gene and protein expression.

To control gene and protein expression, we developed a two-
tier control protein expression system to conditionally express
codon-optimized ExoY by combining doxycyline-inducible
gene expression (35) with protein stability regulation by small
molecules (36–38). Two constructs were developed: ExoY-
myc-FKBP (Fig. 1E) and ExoYK81M-myc-FKBP (Fig. 1F). Fol-
lowing induction with both doxycycline and Shield1, we
detected both ExoY-myc-FKBP and ExoYK81M-myc-FKBP at
the predicted molecular mass of �55 kDa (Fig. 1, G and H).
ExoY was catalytically active, as pulmonary microvascular
endothelial cells expressing codon-optimized ExoY-myc-
FKBP, but not cells expressing ExoYK81M-myc-FKBP, accumu-
lated both cAMP and cGMP (Fig. 1, I and J); once again, ExoY
generated more cGMP than cAMP. Hence, ExoY is enzymati-
cally active in the absence of bacteria and in the absence of
intoxication through the type III secretion system; expression
within the host cell is sufficient for ExoY to bind its necessary
cofactor and synthesize cAMP and cGMP.
Pseudomonas aeruginosa ExoY Was Sufficient to Induce

Inter-endothelial Cell Gaps—Consistent with a previous report
from our group (27), pulmonary microvascular endothelial
cells monolayers developed gaps after infection with a
P. aeruginosa strain that expressed an active ExoY toxin
(P. aeruginosa ExoY�), but not when they were infected with
a P. aeruginosa strain that expressed an inactive toxin
(P. aeruginosa ExoYK81M) (Fig. 2, A and B). To determine
whether ExoY, in the absence of bacteria, was sufficient to
induce inter-endothelial gap formation in pulmonary micro-
vascular endothelial cells, we tested the response in cells
engineered to express codon-optimized ExoY-myc-FKBP
and codon-optimized ExoYK81M-myc-FKB. Induction of

FIGURE 2. P. aeruginosa ExoY is sufficient to induce inter-endothelial gap formation. A, pulmonary microvascular endothelial cells 6 h after P. aeruginosa
ExoYK81M infection at m.o.i. 20:1 in serum-free medium. Magnification, �20. No endothelial gap formation was observed. B, pulmonary microvascular endo-
thelial cells 6 h after P. aeruginosa ExoY� infection at m.o.i. 20:1 in serum-free medium. Magnification, �20. Note the disruption of the monolayers. Photograph
are representative of 10 or more experiments. C, pulmonary microvascular endothelial cells that conditionally expressed codon-optimized ExoYK81M-myc-FKBP
2 h after induction with 2 �M Shield1 and 2 �g/ml doxycycline. No inter-endothelial cell gaps were observed. These photographs are representative of five
experiments. D, pulmonary microvascular endothelial cells that conditionally expressed codon-optimized ExoY-myc-FKBP 2 h after induction with 2 �M Shield1
and 2 �g/ml doxycycline. White arrows point to inter-endothelial cell gaps. These photographs are representative of four experiments.
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ExoY, but not ExoYK81M, resulted in inter-endothelial gap for-
mation in parallel with an intracellular accumulation of cAMP
and cGMP (Fig. 2, C and D, and supplemental Movie 1).
Two Isoforms of Tau Are Detected in Pulmonary Microvascu-

lar Endothelial CellsWhenCompared with BrainHomogenates—
Previous studies from our group (25, 46, 47) and others (48)
have resolved that Tau or a Tau-like protein is expressed in
pulmonary microvascular endothelial cells. It is not clear, how-
ever, whether endothelial Tau is similar to those Tau isoforms
found in the central nervous system.We comparedTau expres-
sion in endothelial cells against brain homogenates as well as
pulmonary artery smooth muscle cells using a pan-Tau anti-
body. We found that the pan-Tau antibody revealed multiple
bands in brain homogenates, as expected, with a major band at
�40 kDa. Additionally, we found that pulmonary microvascu-
lar endothelial cells expressed two isoforms found in brain
extracts at �33 and �35 kDa (Fig. 3A). We did not detect Tau
expression in pulmonary artery smooth muscle cells.
These studies and those that follow (see below), as well as the

published literature (25, 46–48), support the notion that endo-
thelial cells express Tau. However, this immunotypification
presently lacks confirmation by comparativemolecular biology
andprotein sequencing. In future studies it will be imperative to
clone and sequence the endothelial Tau.

P. aeruginosa ExoY�, but Not P. aeruginosa ExoYK81M, Infec-
tion Resulted in hyperphosphorylation of Endothelial Tau Ser-
214 in Pulmonary Microvascular Endothelial Cells—To follow
the signaling events downstream to the simultaneous increase in
cyclicnucleotide levels,wemonitored thephosphorylationstateof
endothelial Tau Ser-214. Our laboratory had previously identified
Tau ser-214 as a readout for cytosolic cAMPaccumulation (25, 46,
47). We found that the increased levels of cAMP and cGMP that
paralleled gap formation in P. aeruginosa ExoY�-infected pulmo-
narymicrovascular endothelial cells resulted in increasedTauSer-
214 phosphorylation, whereas cells infected with P. aeruginosa
ExoYK81M did not display increasedTau Ser-214 phosphorylation
(Fig. 3,B andC).Of note, the banddemonstratingTauhyperphos-
phorylation was that resolved at �33 kDa. To confirm that Tau
was in fact being hyperphosphorylated, an immunoprecipitation
experimentwasperformed.TheSer-214antibodywasused topull
down the endothelial Tau, and immunoblots were performed
using thepan-Tauantibody.As shown inFig. 3D, immunoprecipi-
tation experiments demonstrate that the endothelial Tau resolved
at �33 kDa is phosphorylated following ExoY activation.
P. aeruginosa ExoY� Infection Resulted in Increased Levels of

Insoluble Endothelial Tau Ser-214 when Compared with
P. aeruginosa ExoYK81M—Hyperphosphorylation of Tau is a
key event in the development of Alzheimer disease, a neurode-

FIGURE 3. P. aeruginosa ExoY� infection results in the hyperphosphorylation of endothelial Tau Ser-214. A, immunoblot to detect Tau using a pan-Tau
antibody. Pulmonary microvascular endothelial cells (PMVEC) express two isoforms of Tau also found in brain homogenates. Pulmonary artery smooth muscle
cells (PASMC) do not express Tau. B and C, P. aeruginosa ExoY� infection results in Tau Ser-214 hyperphosphorylation when compared with P. aeruginosa
ExoYK81M. Hyperphosphorylation occurs on the band resolved at �33 kDa. D, immunoprecipitation revealed that pan-Tau and Ser-214-specific antibodies
recognize the same product resolved at �33 kDa. Pulmonary microvascular endothelial cells were infected with P. aeruginosa ExoY�, and an immunoprecipi-
tation of cellular extracts was performed with Tau Ser-214-specific antibody and an immunoblot against pan-Tau was performed. E, P. aeruginosa ExoY�

infection results in increased Sarkosyl-insoluble Tau as detected by Ser-214 phospho-antibody.
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generative tauopathy (30). In neurons, hyperphosphorylated
Tau becomes insoluble, and insoluble Tau is unable to interact
with tubulin (49). Consistent with a tauopathy, P. aeruginosa
ExoY�-infected cells accumulated more hyperphosphorylated
Tau Ser-214, which was insoluble after Sarkosyl extraction
when compared with P. aeruginosa ExoYK81M (Fig. 3E). As
shown, the insoluble endothelial cell Tau was resolved at �33
kDa, the same molecular mass resolved in Western analysis.
Hence, whereas ExoY induced Tau hyperphosphorylation and
insolubility, it did not produce Tau aggregates, at least over the
time course tested. To further examine whether hyperphos-
phorylated and aggregated Tau could be resolved, we tested
AT8 and AT100 antibodies. The AT8 antibody recognized
paired helical filamentous Tau doubly phosphorylated at Ser-
202/Thr-205, Ser-199/Ser-202, or Ser-205/Ser-208. The
AT100 antibody recognized the Thr-212/Ser-214 doubly phos-
phorylated Tau. Despite multiple attempts, neither the AT8
nor the AT100 antibody revealed bands in ExoY-inoculated
endothelium (data not shown). These findings suggest ExoY
either does not cause phosphorylation of the residues that are
recognize by AT8 and AT100 (PKA and PKG are not the prin-
cipal kinases targeting these dual phosphorylation sites; see
below), or it does not induce Tau aggregation.
Protein Kinase A and Protein Kinase G Inhibition Indicated

That Both cAMP and cGMPAre Implicated in Tau Hyperphos-
phorylation Caused by P. aeruginosa ExoY—To evaluate the
contribution of cAMP and cGMP to Tau Ser-214 phosphory-
lation in ExoY-intoxicated cells, pulmonary microvascular
endothelial cells were infected with P. aeruginosa ExoY� in the
presence of the PKA inhibitor PKI-(6–22) (42, 50, 51) or the
PKG inhibitor PKGI (52, 53). Treatment of P. aeruginosa
ExoY�-infected cells with PKI-(6–22) inhibited Tau Ser-214
phosphorylation (all versus ExoY alone) (Fig. 4). PKGI treat-
ment modestly reduced Tau Ser-214 phosphorylation (all ver-
sus ExoY alone) (Fig. 4). These observations were confirmed by
pharmacological inhibition using H89 and KT-5823 (supple-
mental Fig. S2). Importantly, PKI-(6–22) and PKGI did not
affect the base-line phosphorylation of Tau Ser-214 (supple-
mental Fig. S3).
Because high levels of cAMP can cross-activate PKG and

high levels of cGMP can cross-activate PKA (54–56), the spe-
cific signaling modules that lead to Tau hyperphosphorylation
in endothelial cells infected with P. aeruginosa ExoY� cannot
be resolved using this bacteria-soluble cyclase. To approach
this problem,we developed pulmonarymicrovascular endothe-
lial cell lines to generate exclusively either cytosolic cAMP or
cGMP in response to SNP (see above and Fig. 4, B and C) (57).
Accumulation of Cytoplasmic cAMP and cGMP Mediated

Tau Ser-214 Hyperphosphorylation—To disentangle the con-
tributions of cAMP and cGMP in the signaling events that lead
to Tau Ser-214 phosphorylation, we developed a pulmonary
microvascular cell line in which sGC was conditionally overex-
pressed to synthesize either cGMP or cAMP in response to 100
�M SNP (Fig. 4, B and C) (57). Three mutations were made to
the wild-type rat sGC (R592Q in the �-subunit and E473K as
well as C541D in the�-subunit) thatmade sGC generate cAMP
exclusively (Fig. 4, D and E). In cells expressing the wild-type
sGC, SNP induced a time-dependent increase in cGMP over a

2-h time course. Tau Ser-214 phosphorylation was induced by
15 min, but this effect was not sustained past the 30-min time
point (Fig. 4F). In themutated sGC, SNP induced a time-depen-
dent increase in cAMP over a 2-h time course. However, in this
instance, Tau Ser-214 phosphorylation was prominently
increased by 15 min, and this effect was observed until the
60-min time point (Fig. 4F). This approach revealed that both
cytosolic cAMP and cGMP can mediate Tau Ser-214 hyper-
phosphorylation. However, the cAMP-dependent Tau phos-
phorylation signal was sustained over time.
SNP Treatment of sGC�-Q/�-KD Mutant Cells, but Not

sGC�-wt/�-wt, Resulted in Large Inter-endothelial Gap For-
mation—After doxycycline induction, sGC�-Q/�-KD mutant
cells developed inter-endothelial gaps over a 2-h period in
response to 100 �M SNP (Fig. 5C and supplemental Movie 2).
sGC�-wt/�-wt cells also developed inter-endothelial gaps;
these gaps, however, were smaller, and some of them resealed
within the 2-h time period (Fig. 5A, and supplementalMovie 3).
SNP Treatment of sGC�-Q/�-KD Mutant Cells, but Not of

sGC�-wt/�-wt, Increased Endothelial Permeability—To evalu-
ate the independent contribution of these cyclic nucleotides to
pulmonary microvascular endothelial permeability, we investi-
gated the transmonolayer flux to a 40-kDa FITC-labeled dex-
tran tracer in response to 100 �M SNP. We found that SNP
treatment increased endothelial permeability in sGC�-Q/
�-KD cells but not in sGC�-wt/�-wt cells, as revealed by the
increase in transcellular dextran flux (Fig. 5, B and D).

DISCUSSION

ExoY is an edema factor that causes endothelial hyperperme-
ability (28, 58). To date, however, the study of ExoY inside
eukaryotic cells has relied solely on bacterial delivery of the
toxin through the type III secretion system. This has limited
the thorough examination of the function and dynamics of the
toxin, as confounding variables such as the contribution of the
type III secretion system to cellular toxicity (59) cannot be elim-
inated using a bacterial delivery system. By generating a two-
tier protein expression system in pulmonary microvascular
endothelial cells to conditionally express a codon-optimized
ExoY toxin, we resolved that ExoY, by itself, is sufficient to
induce inter-endothelial gap formation and that an active ExoY
is enough to elevate intracellular levels of both cAMP and
cGMP. Although astonishing, this last finding is in line with a
recent report by Göttle et al. (29) showing that edema factor
from B. anthracis and CyaA from Bordetella pertussis exhibit
adenylyl, cytidylyl, and uridylyl cyclase activity within the same
catalytic core. Thus, the requirement for ExoY to generatemul-
tiple cyclic nucleotides warrants further study.
The synthesis of cGMPby prokaryotes has been documented

only in Cyanobacteria (60). Therefore, ours is the first report on
the ability of Proteobacteria to synthesize cGMP, albeit via a
type III secretion system exotoxin. In the hallmark description
of ExoY as an adenylyl cyclase, Yahr et al. (24) did not detect
cGMP in a purified ExoY cyclic nucleotide-generating reaction
when GTP was substituted for ATP, although cell extract was
not present in this purified system. These earlier results are in
contrast to our present findings in which ExoY was exposed to
the cytosolic compartment of the cell, where the cofactor exists.
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Indeed, ExoY becomes active only when it binds to an unknown
mammalian cofactor (24); it remains to be seen whether this
cofactor can modify the substrate specificity of ExoY. This idea
is consistent with the recent findings of Göttle et al. (29), who
report that cells display different substrate specificities for
edema factor-induced cyclic nucleotides. Another possibility is
that the ExoY catalytic core is nonspecific for nucleotides and
binds to those that are readily available. In the case of endothe-
lial cells, ATP and GTP are both key physiological substrates.

Both transmembrane and soluble mammalian cyclases dis-
play substrate specificity, yet two to three residue substitutions
in their catalytic cores reverse this specificity (61). The ability
of ExoY, edema factor, and CyaA to synthesize multiple
cyclic nucleotides suggests evolutionary specification in
mammalian enzymes. Several lines of evidence suggest ver-
tical soluble cyclase gene transfer from bacteria to mammals
(62), and reports indicate that both sAC and sGC could have
evolved separately (63). However, Roelofs et al. (64) identi-

FIGURE 4. cAMP and cGMP independently mediate Tau Ser-214 hyperphosphorylation. A, the specific PKA inhibitor PKI-(6 –22) (10 �M) prevented the
increase in Tau Ser-214 phosphorylation promoted by P. aeruginosa ExoY�. PKG inhibition with 10 �M PKGI modestly reduced Tau Ser-214 phosphorylation.
B and C, general maps of vectors used to deliver the �- and �-subunits of rat sGC. These vectors were delivered to endothelial cells already expressing the
advanced Tet-on system as described in Ref. 35. Therefore, these were triple mutant pulmonary microvascular endothelial cells. LTR, retroviral/lentiviral long
terminal repeat; HIV RRE, human immunodeficiency virus response element; Ptet, doxycycline-regulated promoter; �-wt, wild-type �-1 subunit of rat sGC;
PSV40, SV40 promoter; PAC, puromycin resistance gene; MoMuLV, Moloney murine leukemia virus; �, packaging psi; CAG �-wt, wild-type �-1 subunit of rat sGC;
Hyg, hygromycin resistance cassette; �-Q, �-1 R592Q subunit of sGC; �-KD, E473K/C541D subunit of sGC. Black dashed lines show the sequence translated by
ribosome. D, cGMP levels in both sGC �-wt/�-wt and sGC �-Q/�-KD after 24 h of doxycycline induction and 2 h of treatment with 100 �M SNP. E, cAMP levels
in both sGC �-wt/�-wt and sGC �-Q/�-KD after 24 h of doxycycline induction and 2 h of treatment with 100 �M SNP. *, p 	 0.001 versus control. Data represent
four independent experiments. Statistical significance was determined by one-way ANOVA followed by Bonferroni’s multiple comparisons test. F, immunoblot
blot analysis of pulmonary microvascular endothelial cells conditionally overexpressing rat sGC �-Q/�-KD, induced with doxycycline, and treated with 100 �M

SNP. G, densitometries revealed average response from three independent experiments. H, immunoblot blot analysis of pulmonary microvascular endothelial
cells (PMVEC) conditionally overexpressing rat sGC �-wt/�-wt, induced with doxycycline, and treated with 100 �M SNP. I, densitometry confirms a sustained
increase in Tau Ser-214 phosphorylation. Images are representative of three independent experiments. A.U., arbitrary units.
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fied an ortholog of sAC in Dictyostelium that is an sGC,
suggesting, at least in this case, that sGC may have evolved
from sAC. In consequence, one could argue that the nucle-
otide specificity of soluble cyclases is a trait that could have

evolved from bacteria (via eukaryotic microorganisms) to
mammals. Although the evolutionary pressures that deter-
mined the specificity of mammalian soluble cyclases are
unclear, our studies indicate that prokaryotic exotoxin-sol-

FIGURE 4 —continued

FIGURE 5. Intracellular accumulation of cAMP, but not cGMP, results in large inter-endothelial gap formation and increased endothelial permeability.
A, sGC �-wt/�-wt mutant cells induced with doxycycline and treated with 100 �M developed smaller inter-endothelial gaps (see also supplemental Movie 3).
B, doxycycline induction and treatment with 100 �M sGC �-wt/�-wt mutant cells did not increase endothelial cell permeability as measured by macromolecular
flux to a 40-kDa FITC-labeled dextran tracer. n � 7 independent experiments. C, sGC �-Q/�-KD mutant cells induced with doxycycline and treated with 100 �M

SNP developed large inter-endothelial gaps over a 2-h time period (see also supplemental Movie 2). D, doxycycline induction and treatment with 100 �M SNP
in sGC �-Q/�-KD mutant cells increased endothelial cell permeability as measured by macromolecular flux to a 40-kDa FITC-labeled dextran tracer. n � 8
independent experiments. One-way ANOVA was used to assess significance for each condition over the 120-min time course. Two-way ANOVA was used to
make comparisons between treatments. *, p 	 0.05 versus vehicle control; [caret], p 	 0.05 versus base line.
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uble cyclases are not discriminatory enzymes, in stark con-
trast to their mammalian counterparts.
In the past, cAMP and cGMP were considered to have

opposing influences in the regulation of biological processes;
that is, the physiological events that were facilitated by cAMP
were suppressed by cGMP (and vice versa). This is known as the
“Yin Yang hypothesis of biological regulation,” advanced by
Goldberg et al. (65, 66) in the 1970s based upon empirical evi-
dence. Data from the microvascular permeability field clearly
support this idea (67). However, it is now apparent that this
theory is incomplete. New evidence has resolved that cAMP
can either decrease or promote microvascular permeability,
depending on whether it is synthesized at the plasma mem-
brane or cytosolic compartment, respectively. This phenome-
non was first described using ExoY (27) and subsequently con-
firmed using a chimeric mammalian sAC (68, 69). Although
this subplasmalemmal versus cytoplasmic hypothesis was
recently offered to explain the contradictory data on how
cGMP regulates microvascular permeability (19), we were not
able to demonstrate increased permeability with high levels of
cGMP, despite detecting small and transient inter-endothelial
gaps. These observations do not rule out the possibility that
cytoplasmic accumulation of cGMP results in transendothelial
hyperpermeability to compounds of lesser molecular mass (we
used a 40-kDa FITC-labeled dextran) or that cytoplasmic accu-
mulation of cGMP results in endothelial hyperpermeability
under conditions of hydrostatic pressure, especially in response
to ExoY, which generates more cGMP than cAMP. This unre-
solved issue warrants further study. What is clear, however, is
that in ourmodel of equivalent increases in cAMPand cGMP, it
was the cytoplasmic cAMP signal, and not the cytoplasmic
cGMP signal, that resulted in large inter-endothelial gaps that
paralleled an increase in permeability.
The ExoY-generated cyclic nucleotides induce Tau hyper-

phosphorylation, which causes a conformational change in Tau
making it insoluble and unable to interact with microtubules
(70). Tau hyperphosphorylation and insolubility are hallmarks
of neurodegenerative tauopathies such as Alzheimer disease
(71), argyrophilic grain disease, Pick disease, and hereditary
frontotemporal dementias (72, 73). In these conditions, exces-
sive kinase activity, reduced phosphatase activity, or both cause
hyperphosphorylated Tau (30). Although PKA and other
kinases phosphorylate Tau Ser-214 (74), at present what signal
or signals activate these kinases remain unknown, although
infectious causes have been proposed (75–77). We now report
that toxins such as ExoY are sufficient to cause Tau hyperphos-
phorylation and insolubility, at least in endothelial cells, an
effect that leads to endothelial cell retraction.
Insoluble Tau is prone to aggregation. The further process-

ing of aggregated Tau by proteases such as caspase generates
paired helical filaments in neurodegenerative diseases. The
term “tauopathy” has been used to describe any abnormal Tau
behavior, whether referring to hyperphosphorylation and
insolubility or aggregation and paired helical formation (31,
78). Indeed, themere process of hyperphosphorylation causes a
constellation of changes in the physical property of Tau, which
cause dysfunction even before Tau forms aggregates. To this
end, we have described the endothelial cell consequences of

ExoY activity as a tauopathy. ExoY-induced Tau hyperphos-
phorylation was detected specifically on the Ser-214 position, a
phosphorylation site that not only causes microtubule disas-
sembly but also impairs the formation of paired helical fila-
ments (79). Consistent with this idea, we could not detect Tau
aggregates in our studies, perhaps because the Ser-214 site pre-
vented aggregation (79) or perhaps because our studies were
conducted over acute (i.e. hours) and not chronic (i.e. days to
weeks) time periods (80).
Just recently, de Calignon et al. (81) have suggested that

fibrillar Tau is not a cause of apoptosis in neurons. Rather, they
suggest that fibrillar Tau is indicative of surviving neurons.
Hyperphosphorylated Tau may transition from soluble to
insoluble to aggregate forms. However, some evidence suggests
that the mechanisms responsible for Tau phosphorylation and
paired helical filament formation may be altogether different
(82, 83). We propose that ExoY induces Tau hyperphosphory-
lation, generating an insoluble form of the protein that impairs
microtubule growth without the formation of larger aggregates
and paired helical filaments and, as a consequence, causing
endothelial retraction and increased permeability.
Interestingly, several reports have detected a perivascular

accumulation of hyperphosphorylated Tau in brain specimens
from patients with Alzheimer disease (84). In these cases, the
origin of Tau is presumed to be neural, although it is not clear
whether other cells such as endothelium could also be a source.
In neurons, abnormal Tau impairs cognition (30); in endothe-
lium, it increases permeability (47) and may increase the sus-
ceptibility to apoptosis.
In summary, we have documented a new two-tier protein

expression system specially designed to express cytotoxic
proteins.We also report that P. aeruginosa ExoY is a promis-
cuous cyclase that simultaneously synthesizes cAMP and
cGMP; that ExoY is sufficient to cause inter-endothelial cell
gaps; and that both cAMP and cGMP mediate Tau Ser-214
phosphorylation. Furthermore, we show in our model that
cAMP, and not cGMP, mediates increased macromolecular
permeability. Finally, we present the first evidence for an
infectious endothelial tauopathy.
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