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Abstract

Gram positive (G*) infections make up ~50% of all acute lung injury cases which are characterized by extensive permeability
edema secondary to disruption of endothelial cell (EC) barrier integrity. A primary cause of increased permeability are
cholesterol-dependent cytolysins (CDCs) of G*-bacteria, such as pneumolysin (PLY) and listeriolysin-O (LLO) which create
plasma membrane pores, promoting Ca®*-influx and activation of PKCa. In human lung microvascular endothelial cells
(HLMVECQ), pretreatment with the nitric oxide synthase (NOS) inhibitor, ETU reduced the ability of LLO to increase
microvascular cell permeability suggesting an endothelial nitric oxide synthase (eNOS)-dependent mechanism. LLO
stimulated superoxide production from HLMVEC and this was prevented by silencing PKCa or NOS inhibition suggesting a
link between these pathways. Both LLO and PLY stimulated eNOS T495 phosphorylation in a PKC-dependent manner.
Expression of a phosphomimetic T495D eNOS (human isoform) resulted in increased superoxide and diminished nitric oxide
(NO) production. Transduction of HLMVEC with an active form of PKCa resulted in the robust phosphorylation of T495 and
increased peroxynitrite production, indicative of eNOS uncoupling. To determine the mechanisms underlying eNOS
uncoupling, HLMVEC were stimulated with LLO and the amount of hsp90 and caveolin-1 bound to eNOS determined. LLO
stimulated the dissociation of hsp90, and in particular, caveolin-1 from eNOS. Both hsp90 and caveolin-1 have been shown
to influence eNOS uncoupling and a peptide mimicking the scaffolding domain of caveolin-1 blocked the ability of PKCa. to
stimulate eNOS-derived superoxide. Collectively, these results suggest that the G" pore-forming toxins promote increased
EC permeability via activation of PKCa, phosphorylation of eNOS-T495, loss of hsp90 and caveolin-1 binding which
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collectively promote eNOS uncoupling and the production of barrier disruptive superoxide.
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Introduction

Gram positive (G") infections make up ~50% of acute
respiratory distress syndrome (ARDS) cases and Streplococcus
pneumoniae infections account for 45% of all community-acquired
pneumonia (CAP) cases. In individuals over 50 years of age, there
are over 500,000 yearly cases of non-bacteremic pneumococcal
pneumonia and over 25,000 pneumococcal-related deaths that
result in a health care burden exceeding $5 billion dollars[1].
Despite considerable investigation, there are currently no effective
therapeutics for ARDS- and CAP- related pulmonary barrier
dysfunction. These facts provide a strong rationale for more
intensive research into the molecular mechanisms of endothelial
barrier regulation.

PLOS ONE | www.plosone.org

CAP is accompanied by extensive permeability edema, charac-
terized by a disruption in endothelial cell (EC) barrier integrity [2].
Despite the extensive use of potent antibiotics and aggressive
intensive-care support, the mortality rate in CAP remains
unacceptably high [3]. A major complication with these infections
is the endothelial cytotoxicity and edema induced by bacterial
virulence factors. Pneumolysin (PLY, S. pneumoniae) as well as its
family member listeriolysin-O (LLO, Listeria monocytogenes) are
members of the family of cholesterol-dependent pore-forming
cytolysins (CDCs) [4] and are released from G bacteria upon cell
lysis. Bactericidal antibiotics can promote significant release of G*-
toxins and cause extensive and enduring injury even in a sterile
lung. These thiol-sensitive gram positive (G*) virulence factors
oligomerize in the presence of cholesterol to form plasma
membrane pores that not only stimulate calcium entry in various
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cell types but also stimulate phospholipase C and protein kinase C
alpha (PKCa) as we and others have recently shown [5-7]. Listeria
infections are most commonly associated with food-borne diseases
but can result in severe and often fatal pulmonary diseases that are
also characterized by permeability edema [8]. Despite the greater
appreciation of the importance of G* toxins, the mechanisms by
which PLY and LLO induce endothelial barrier disruption are
poorly understood.

The liberation of nitric oxide (NO) from the vascular
endothelium has been well established as an important regulator
of the permeability of the microcirculation. In the lung, numerous
studies have shown that endothelial nitric oxide synthase (eNOS) is
barrier protective [9,10]. However, others have shown a
facilitative role for eNOS in the actions of edemagenic agents
and in eNOS knockout mice the ability of VEGF to induce
microvascular permeability is reduced [11]. These disparate
findings suggest that eNOS can have multiple roles in the
regulation of endothelial permeability and this is influenced by the
amount of NO, vascular bed and agonist [12]. The role of eNOS
in the loss of endothelial barrier function in response to G* toxins
is poorly defined and a goal of the current study.

The activity of eNOS is strongly influenced by a number of
post-translational mechanisms including protein phosphorylation
[13]. eNOS is phosphorylated on at least 7 sites and serine
residues, S615, S633 and S1177 (human isoform) lie within the
two major auto-inhibitory domains of the C-terminus of eNOS
and work collectively to increase enzyme activity [14]. In contrast
to the positive regulatory phosphorylation sites, eNOS 1is
negatively regulated by the phosphorylation of Threonine 495
(T495) [15-17] and endothelial agonists that activate eNOS
induce the dephosphorylation of this site [15-17]. Increased
phosphorylation of T495 (P-T495) is stimulated by activators of
protein kinase C such as PMA and is prevented by inhibitors of
conventional protein kinase C isoforms [15,17]. The mechanism
by which P-T495 modifies eNOS activity is not fully understood
and studies using phospho-mutants of eNOS have shown that the
P-T495 can “uncouple” eNOS, reducing the synthesis of NO and
increasing superoxide production [18]. The production of
superoxide from eNOS reduces NO-dependent signaling in two
ways. Firstly, increased superoxide production comes at the
expense of NO synthesis and secondly, superoxide interacts avidly
with NO in a diffusion limited reaction to form peroxynitrite [27].
Peroxynitrite is a potent oxidant and has biological effects that are
distinct from that of NO (nitration versus S-nitrosylation). The role
of eNOS phosphorylation or uncoupling in response to G* toxins
is not resolved.

Protein: protein interactions have also been well documented in
their ability to regulate eNOS activity. Hsp90 is a molecular
chaperone that binds to numerous client proteins and regulates
protein folding and post-translational activity [19]. The binding of
hsp90 to eNOS has been shown to facilitate NO production and
regulate the fidelity of eNOS synthesis whereby a loss of hsp90
binding can promote the increased synthesis of superoxide [20,21].
Caveolin-1 is another well characterized protein that dynamically
interacts with eNOS [22-24]. In contrast to hsp90, caveolin-1 is a
negative regulator of eNOS activity but it does share a recently
discovered ability to influence eNOS fidelity by sequestering and
inhibiting uncoupled enzyme [25]. The ability of G* toxin-to
regulate eNOS phosphorylation and protein: protein interactions
has not been studied. Therefore, the goal of this study was to
elucidate the mechanisms by which the G* toxins alter endothelial
barrier integrity with a focus on the regulation of eNOS
phosphorylation, protein: protein interactions and enzyme fidelity.

PLOS ONE | www.plosone.org
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Materials and Methods

Cell culture

HLMVEC were 1solated and cultured in-house as described
previously [26] or from commercial sources (Lonza) and grown in
Endothelial Growth Medium-2-Microvessel (EGM-2MV) consist-
ing of defined growth factors and supplemented with additional
FBS up to 5% final concentration (Lonza). Cells were grown at 37
°C in 5% CO2 incubator and used from passage 2—-8. COS-7 cells
were cultured in Dulbecco’s modified Eagle’s medium (Invitrogen,
Carlsbad, CA) containing L-glutamine, penicillin, streptomycin,
and 10% (v/v) fetal bovine serum. Cells were transfected using
Lipofectamine 2000 reagent (Invitrogen) as described previous-

ly[27].).

Antibodies and reagents

Antibodies against phosphorylated PKC substrates, eNOS P-
T495, eNOS P-S1177, PKCo were purchased from Cell
Signaling. GAPDH (Santa Cruz) and eNOS, hsp90 and
caveolin-1 were obtained from BD biosciences. S-ethylisothiourea
(ETU) and G& 6976 were obtained from Sigma-Aldrich.

Bacterial toxins
LPS-free LLO and PLY were expressed and purified from the
wild type L. innocua 6a strain, as described previously[5,28].

Endothelial permeability

Measurements of trans-endothelial resistance (TER) in
HLMVEC, an index of changes in permeability [29], were
performed as described previously [30]. Approximately 60,000
cells were seeded per well in a 8WI10LE array. Media was changed
at 24h and again to serum free media at 48h, prior to the addition
of G* toxins. Resistance was measured using the ECIS Z6 model
and normalized to each well’s value at Oh.Toxins were applied
when the resistance was stable between 1000-1300 ohms at a
frequency of 4000Hz and the capacitance was between 22-29
nanofarads. Cells were preincubated with ETU or Go 6976 for
0.5h prior to the addition of toxins.

Co-immunoprecipitation and Western blotting analysis

Cells were lysed on ice in 20 mM Tris-HCI (pH 7.4), 1% Triton
X-100, 100 mM NaCl, 1 mM Na3VO4, 10 mM NaF, and 1%
protease inhibitor cocktail (Sigma). Soluble extracts were incubat-
ed for 2 h at 4°C with relevant antibodies: anti-eNOS (BD
Biosciences) and a negative isotype control mouse immunoglobulin
(IgG) (Santa Cruz Biotechnology), and complexes precipitated
with protein A/G agarose (Santa Cruz Biotechnology). Western
blotting was performed as described previously using anti-
GAPDH, eNOS, P-T495 eNOS, P-1177 eNOS, phosphorylated
PKC substrate, hsp90 and caveolin-1.

Transient knockdown of PKC gene with siRNA

The siRNA targeting PKCo (siRNA ID: s11094) was obtained
from Applied Biosystems. Validated control and targeting siRINA
were transfected into HLMVEC using siPORTTM Amine
(Applied Biosystems).

Measurement of Nitric Oxide and Peroxynitrite

The accumulation of nitrite in the medium was measured by
NO-specific chemiluminescence (Ionics). Background levels of
nitrite in control transfected cells were subtracted. The formation
of ONOO™ was determined by the ONOO ™ -dependent oxidation
of dihydrorhodamine (DHR) 123 to rhodamine 123 as we have
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previously described [31]. Transfected cells were replated onto
black tissue culture-treated 96-well plates (Thermo Fisher Scien-
tific) at a density of 5 x 104 cells/well. Medium 200 (phenol red-
free) was added containing 5 umol/L DHR 123. After 60-min
incubation at 37°C, the fluorescence of rhodamine 123 was
measured by excitation 485 nm, emission 545 nm using a
POLARstar reader. Results are expressed as % DHR oxidation
compared to control transfected cells.

Measurement of Superoxide

Superoxide generation in intact cells was measured using
electron paramagnetic resonance (EPR) measurements as de-
scribed previously using the spin probe 1-hydroxy-3-methoxycar-
bonyl-2,2,5,5-tetramethylpyrrolidine-HC1 (CMH; Alexis Bio-
chemicals)[32]. HLMVEC were incubated with 20 pl of spin-
trap stock solution consisting of CMH [20 uM in Dulbecco’s PBS
(DPBS) plus 25 uM  desferrioxamine (Calbiochem) and 5 pM
diethyldithiocarbamate (Alexis Biochemicals)] prior to addition of
G" toxins for 45-min at 37°C. Cells were then detached and
pelleted by centrifugation (500 x g). The cell pellet was washed
and suspended in a final volume of 35 pl of DPBS, loaded into a
50-pl capillary tube, and analyzed with a MiniScope MS200 EPR
(Magnettech, Berlin, Germany) at a microwave power of 40 mW
(modulation amplitude of 3,000 mG, and modulation frequency of
100 kHz). The amplitude of EPR spectra were measured using
ANALYSIS software (version 2.02; Magnettech).

Statistical analysis

Data were reported as mean * SE and statistical analyses
performed using Instat software (GraphPad Software Inc., San
Diego, CA) with a two-tailed student’s t-test or ANOVA with a
post-hoc test where appropriate. Differences were considered as
significant at p < 0.05.

Results

The ability of G™-toxins to disrupt endothelial
permeability is dependent on PKC and NO signaling

HLMVEC were cultured to confluence on integrated gold-
plated electrodes and transendothelial electrical resistance (TER)
monitored until a stable plateau was attained. Cells were then
pretreated with inhibitors of nitric oxide synthase (ETU [33],
100 pM, 30 mins) or protein kinase C (G6 6976, 10 uM, 30 mins).
Following the reacquisition of a stable baseline, the G* positive
toxin, LLO (250 ng/ml) was administered in serum free media
and decreases in TER are reflective of increased permeability of
the endothelial cell monolayer [29]. In cells pretreated with ETU
or G6 6976 there was a significant reduction in the ability of LLO
to disrupt the endothelial barrier (FigurelA-B) suggesting
functional roles for PKC and endothelial nitric oxide synthase
(eNOS) in the ability of G* toxins to disrupt the endothelial
barrier.

G*-toxins induce superoxide release from HLMVEC in a
PKC and NOS-dependent manner

Confluent HLMVECs were stimulated with LLO (250 ng/ml)
and superoxide levels measured using EPR with the spin probe
CMH. LLO induced the release of superoxide from HLMVEC
and this ability was absent in cells pretreated with the NOS
inhibitor (ETU, 100 pM) (Figure 2A-B). We next investigated
the role of PKCa in HLMVEC transfected with either control
siRNA (validated commercial control siRNA that does not target
mammalian genes) or siRNA to PKCa. The ability of LLO

PLOS ONE | www.plosone.org
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(250 ng/ml) to promote superoxide release was significantly
reduced in cells in which PKCa was silenced (Figure 2C-D)
indicating that the ability of G* toxins to induce superoxide release
is dependent on both PKCo and eNOS.

G™-toxins stimulate PKCo and eNOS T495
phosphorylation

Confluent HLMVEC were pretreated with the PKC inhibitor
G66976 and then exposed to LLO or PLY for 30 min. Cells were
lysed and Westerns blots performed using antibodies that
recognize the increased phosphorylation of PKC substrates as a
measure of PKC activity. Both LLO and PLY increased the
phosphorylation of PKC-substrates and this was significantly
decreased by the PKC inhibitor Go6976 (Figure 3A-B). In
parallel experiments, we next assessed the ability of LLO and PLY
to increase the phosphorylation of eNOS at T495, a known PKCa
phosphorylation site [17]. Using a selective eNOS T495
phosphorylation state specific antibody, we found that both LLO
and PLY significantly increased eNOS phosphorylation at T495
and this effect was blunted in cells pre-treated with the PKC
inhibitor (Figure 3C-D). There was no significant change in the
basal phosphorylation of eNOS T-495 in the presence of Go6976
(Figure 3E). We next used a genetic approach to selectively
silence PKCo in HLMVEC. HLMVEC were transfected with
human specific PKCa siRNA or a validated control siRNA (as
shown in Figure 2D). Cells were stimulated with PLY and
immunoblotted for PKCoa, phosphorylated PKC substrates, eNOS
phosphorylated at T495, total eNOS and a loading control,
GAPDH. The ability of PLY to promote increased PKC activity
and eNOS T-495 phosphorylation was significantly blunted in
cells where PKCoa was silenced (Figure 4A-D). To verify that
eNOS is a bonafide direct substrate for PKCa, we performed an i
vitro kinase reaction using recombinant PKCa and affinity (ADP-
sepharose) purified eNOS. We found that in the presence of ATP,
eINOS was robustly phosphorylated by PKCa as determined by
the relative levels of phosphorylated P-T495 eNOS to total eNOS
(Figure 4E).

Phosphorylation of T495 eNOS promotes uncoupling

To ascertain the functional consequences of phosphorylation of
T495 on eNOS, we expressed aT495D phosphomimetic form of
eNOS in COS-7 cells and measured the production of superoxide
via EPR and the production of NO using NO-specific chemilu-
minescence relative to that from the wild type (WT) enzyme. The
eNOS T495D phosphomimetic produced significantly higher
amounts of superoxide and reduced amounts of NO compared to
the WT enzyme at equal levels of expression (Figure 5A, B). To
determine whether the increased phosphorylation of T495 on
eNOS can result in enzyme uncoupling we co-transfected eNOS
with an active form of PKCa. The co-expression of WT-eNOS
and myr-PKCoa resulted in robustly increased eNOS P-T495
whereas S1179 phosphorylation was unchanged (Figure 5C,
lower panels). The phosphorylation of T495 was associated with
increased peroxynitrite production as measured using DHR
fluorescence (Figure 5C, upper graph) and a quantitative dot
blot for 3-nitrotyrosine (Figure 5D).

G*-toxins promote the dissociation of hsp90 and
caveolin-1 from eNOS

To determine the mechanism by which G*-toxins elicit eNOS
uncoupling we monitored the relative binding of the eNOS
assoclated proteins, hsp90 and caveolin-1. Both proteins have been
shown to influence superoxide production from eNOS [21,25] and
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Figure 1. Inhibition of either eNOS or Protein Kinase C (PKC) ameliorates endothelial barrier disruption to G'-toxins. Confluent
human lung microvascular endothelial cells (HLMVEC) were pretreated with and without (A) the PKCa inhibitor, Go6976 (1 uM,) or (B) the NOS
inhibitor (ETU, 100 uM) and stimulated with the Gram positive bacterial (G*) toxin, listeriolysin (LLO, 250ng/ml). Changes in trans-endothelial
resistance (TER) were recorded over time. (n=6),* p<<0.05 versus control, # p<<0.05 versus ETU or Go6976.
doi:10.1371/journal.pone.0099823.g001

it is not yet known whether G*-toxins influence their binding to 1-binding can impact the ability of PKCa to induce superoxide
eNOS. The addition of LLO to HLMVEC did not decrease the production from eNOS. COS-7 cells were transfected with eNOS
total cellular levels of eNOS, hsp90 or caveolin-1 (Figure 6A). To and either a control plasmid (RFP) or eNOS and a constitutively
ascertain whether LLO impacts the relative binding of caveolin-1 active PKCol as shown in Figure. 5C and eNOS purified by
and hsp90 to eNOS, eNOS was immunoprecipitated and the affinity chromatography. In witro superoxide production from
levels of bound hsp90 and caveolin-1 determined by Western purified eNOS was monitored by EPR in the presence of
blotting. We found that LLO induced a significant decrease in the calmodulin, calcium and NADPH with and without the
association of eNOS with hsp90 and in particular caveolin-1 caveolin-1 scaffolding domain peptide. The production of
(Figure 6B-D). We next investigated whether the loss of caveolin- superoxide from eNOS that was co-expressed with the active
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presence and absence of ETU (100 uM, representative trace shown in the upper panel, quantification in the lower panel) or (B) HLMVEC transfected
with control or PKCa siRNA (60 nM). Superoxide was detected using the CMH (20 uM) spin probe and EPR. PKCa expression relative to GAPDH in
HLMVEC lysates was determined by Western blot. n=4-5. * p<<0.05 versus control

doi:10.1371/journal.pone.0099823.g002
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doi:10.1371/journal.pone.0099823.g003

form of PKCa was greater than eNOS alone and the PKCo-
stimulated increase in superoxide production was reversed by co-
incubation with the caveolin-1 peptide (Figure 6E).

Collectively, these data suggest that LLO and PLY stimulate
eNOS uncoupling in HLMVEC via the activation of PKCo
Active PKCa stimulates the phosphorylation of eNOS at T495
and together with reduced caveolin-1 and hsp90 binding this leads
to a reduction in enzyme fidelity resulting in greater production of
superoxide and peroxynitrite and a corresponding decrease in the
levels of barrier protective NO (Figure 7).

Discussion

Previous studies have shown that disruption of the pulmonary
endothelial barrier to the G*-toxins, LLO and PLY involves the

PLOS ONE | www.plosone.org

activation of PKC [5,6]. The goal of the current study was to
identify the downstream mechanisms by which PKC promotes
disruption of the microvascular endothelial barrier. In HLMVEC
we found that an inhibitor of nitric oxide synthases prevented the
ability of G'-toxins to decrease transendothelial resistance,
suggesting that eNOS was a crucial mediator of barrier
dysfunction. Given that NO is generally considered to be barrier
protective [10,34-36], we investigated whether G* toxins promote
the synthesis of superoxide, which can also be produced from
uncoupled eNOS. We found that the G* -toxin, LLO promoted
the PKCo and NOS-dependent production of superoxide.
Subsequent studies revealed that the PKC and eNOS-dependent
production of superoxide is connected by the ability of LLO/PLY
to promote the PKC-dependent phosphorylation of eNOS at
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Figure 4. G -bacterial toxins utilize PKCo to stimulate eNOS T-495 phosphorylation. (A) HLMVEC were transfected with control or PKCa
specific siRNA (60 nM), stimulated with PLY (30 ng/ml, 30 min.) the relative degree PKCa, phosphorylated PKC substrates, phosphorylated eNOS
T495, total eNOS and GAPDH determined by Western blot. (B) Relative densitometry of PKCa relative to GAPDH, (C) phosphorylated PKC substrates
(D) phosphorylated eNOS T495 relative to total eNOS. (E) In vitro kinase assay showing the ability of active recombinant PKCa to directly
phosphorylate affinity purified human eNOS at T495. (n=2-5). * p<<0.05 versus control.

doi:10.1371/journal.pone.0099823.g004

T495. To determine whether the phosphorylation of T495 can
account for the increased superoxide production from eNOS we
expressed the phosphomimetic T495D eNOS. Compared to the
WT enzyme, the T495D eNOS produced more superoxide and
less NO at equal levels of expression. Furthermore, an active form
of PKCa stimulated the phosphorylation of T495 on eNOS and
increased the production of peroxynitrite which is formed by the
interaction of NO with superoxide. Lastly, LLO stimulated the
dissociation of caveolin-1 and hsp90 from eNOS, events that have
been shown to increase eNOS-derived superoxide [21,25]. This
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mechanism was confirmed using an @ vitro assay where affinity
purified eNOS co-expressed with active PKCol produced more
superoxide than the WT enzyme alone and the ability of a
caveolin-1 scaffolding domain peptide to reverse the excess
production of superoxide from eNOS co-expressed with PKCor.
Overall our results support the ability of G* toxins to disrupt the
integrity of the HLMVEC barrier via the activation of PKCa,
phosphorylation of T495 eNOS, loss of caveolin-1 and hsp90
binding and disruption of the NO/superoxide balance favoring
the increased production of superoxide.
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Figure 5. The PKCu-dependent phosphorylation of eNOS at T495 results in increased superoxide production. (A) Superoxide release
as determined by EPR and (B) nitric oxide release measured by NO-specific chemiluminescence from COS-7 cells transfected with WT eNOS or the
T495D phosphomimetic. The level of eNOS in transfected cells was determined by Western blot (lower panels). (C) Upper graph, relative production
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doi:10.1371/journal.pone.0099823.g005

The ability of NOS inhibitors to protect against G'-toxin
induced barrier disruption was a surprising observation. The
consensus view 1is that eNOS-derived NO and exogenous NO
protects against increased endothelial permeability in response to a
number of agents including thrombin [34], hyperoxia [36],
oxidants [37], PMA [38] and TxA2 [39] and also has an
important role in maintaining barrier function under basal
conditions [10]. In contrast, reactive oxygen species have been
shown to promote disruption of the endothelial barrier [40-42].
However, it is less well appreciated that nitric oxide synthase
inhibitors can protect against barrier disruption in response to
stimuli that are known to promote superoxide production [43] and
also that oxidants and reactive nitrogen species such as peroxyni-
trite can directly promote endothelial barrier dysfunction[44].
Recent evidence suggests that under the appropriate conditions
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and with certain stimuli, eNOS can produce increased amounts of
superoxide and peroxynitrite at the expense of nitric oxide in a
process termed eNOS uncoupling [45,46].

It has previously been shown that G*-toxins induce superoxide
production in neutrophils that express the NADPH oxidase, Nox2
[47] but whether G*-toxins stimulate superoxide from HLMVEC
has not yet been studied. We found that LLO stimulated
superoxide production in HLMVEC that was both PKCo and
eNOS-dependent. The ability of PKCa to promote eNOS T495
phosphorylation suggested a possible mechanism for eNOS
uncoupling. Previous studies have suggested that phosphorylation
of eNOS at T495 can compromise enzyme fidelity [18].
Consistent with this, we found that a phosphomimetic T495D
eNOS produces greater superoxide and reduced NO and that
activation of PKCa can drive eNOS T495 phosphorylation and
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Figure 6. Gram™ toxin induced dissociation of caveolin-1 mediates the increase in eNOS-derived superoxide production. HLMVEC
were treated with or without LLO (250 ng/ml, 30 min.) and (A) total levels of eNOS, hsp90 and caveolin-1(cav-1) determined by Western blot in cell
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superoxide production from eNOS affinity purified from COS-7 cells co-transfected with eNOS or eNOS with the active form of PKCa (myr-PKCa) in the
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doi:10.1371/journal.pone.0099823.9g006

the increased formation of peroxynitrite. In contrast, Chen et al. production [48]. Reconciling these seemingly disparate findings

showed that the direct i vitro phosphorylation of recombinant are studies showing that changes in protein: protein interactions
eINOS at T495 by PKCa does not result in increased superoxide can influence eNOS fidelity and superoxide production. For
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Figure 7. General overview of mechanisms proposed to regulate barrier function/dysfunction in response to the toxins PLY/LLO.
The G* exotoxins, LLO and PLY trigger the activation of PKCo.. PKCa increases the phosphorylation of eNOS at T495 and decreases the association of

caveolin-1 and hsp90 and alters the balance of NO/superoxide.
doi:10.1371/journal.pone.0099823.g007

example, Pritchard et al. showed that inhibition of the N-terminal
ATP-dependent, protein folding activity of hsp90 and the
subsequent loss of hsp90 binding to eNOS results in eNOS
uncoupling and increased superoxide production [21]. More
recently, Karrupiah et al. have shown that caveolin-1 binds
preferentially to biopterin-deficient eNOS and reduces the amount
of superoxide produced from uncoupled eNOS [25]. In the
current study, we found that G* toxins promote decreased hsp90),
and in particular, caveolin-1 binding to eNOS. The ability of
calcium-mobilizing agonists to promote the dissociation of eNOS
and caveolin-1 has been shown by others [22,23,49]. It should also
be noted that PLY, apart from directly affecting NO generation by
eNOS, can also indirectly affect eNOS function, i. e. by means of
increasing the activity of the eNOS competitor arginase 1[5].

Both LLO and PLY are pore forming toxins that stimulate
calcium entry [5,28,47,50,51] and thus it is likely that elevation of
intracellular calcium and enhanced calcium/calmodulin-binding
to eNOS contributes to the ability of G* toxins to promote the
dissociation of caveolin-1. To determine whether loss of these
proteins mediates the reduction in eNOS fidelity and increased
superoxide production, we measured superoxide production from
eNOS in an i vitro NOS activity assay in the presence and absence
of a caveolin-1 peptide. The caveolin-1 peptide mimics the region
of caveolin-1 that binds to eNOS [24,52] and completely reversed
the increased production of superoxide from eNOS activated by
PKCo, which is consistent with the findings of other studies
[25,48]. Other studies have shown that microvascular permeabil-
ity is increased in caveolin-1 knockout mice along with increased
peroxynitrite and protein nitration and that these effects can be
reversed with inhibition of eNOS and antioxidants[53-53].
Collectively, these results suggest that the loss of eNOS fidelity,
mediated at least in part by decreased caveolin-1 binding, can
promote increased endothelial permeability.

While our study supports a role for PKCa in the phosphory-
lation of eNOS on T495, it should be noted that other PKC
isoforms and kinases can influence the phosphorylation of this site
and this may be dependent on the cell type and stimulus. The
phosphorylation of eNOS at T495 can be mediated by other PKC
isoforms including PKCp [56] and PKCS [57] as well as other
kinases such as AMPK [58] and Rho kinase [59]. It is not yet
known whether LLO or PLY employ other PKC isoforms or
kinases to induce endothelial barrier disruption. However, our
data suggests that silencing PKCoa alone is sufficient to suppress
stimulated increases in superoxide and eNOS T495 phosphory-

References

1. Weycker D, Strutton D, Edelsberg J, Sato R, Jackson LA (2010) Clinical and
economic burden of pneumococcal disease in older US adults. Vaccine 28:
4955-4960.

2. Witzenrath M, Gutbier B, Hocke AC, Schmeck B, Hippenstiel S, et al. (2006)
Role of pneumolysin for the development of acute lung injury in pneumococcal
pneumonia. Crit Care Med 34: 1947-1954.

3. Rubins JB, Charboneau D, Paton JC, Mitchell T], Andrew PW, et al. (1995)
Dual function of pneumolysin in the early pathogenesis of murine pneumococcal
pneumonia. J Clin Invest 95: 142-150.

4. Walker JA, Allen RL, Falmagne P, Johnson MK, Boulnois GJ (1987) Molecular
cloning, characterization, and complete nucleotide sequence of the gene for
pneumolysin, the sulfhydryl-activated toxin of Streptococcus pneumoniae. Infect
Immun 55: 1184-1189.

5. Lucas R, Yang G, Gorshkov BA, Zemskov EA, Sridhar S, et al. (2012) Protein
kinase C-alpha and arginase I mediate pneumolysin-induced pulmonary
endothelial hyperpermeability. Am J Respir Cell Mol Biol 47: 445-453.

PLOS ONE | www.plosone.org

lation. The mechanisms by which PLY and LLO activate PKCo
are not fully elucidated. The ability of G* pore forming toxins to
mobilize calcium is well established [5,28,47,50] and lanthanum
chloride, an a specific inhibitor of calcium entry has been shown to
reduce the barrier-disruptive effects of PLY in HLMVEC. G pore
forming toxins, however, do not act strictly as calcium ionophores
and have been shown to stimulate numerous signaling pathways
including phospholipase PLA2 [60] and PLC [47]. PLY is known
to bind to cell membranes in a cholesterol dependent manner that
induces significant deformation of the membrane and a diverse
population of transmembrane pores of different sizes and ion
conductivity [61,62]. Others have shown that PLY binding can
promote the destabilization of membranes leading to aggregated
vesicles and fusion of liposomes[63]. How this influences PLC and
PKCo activity is not yet known but it is likely that the combination
of altered membrane signaling in combination with robust calcium
entry is sufficient to activate PKCa. The relative ability of the
PKC inhibitor to protect against G*-toxin induced barrier
disruption was much greater than the protection afforded by
suppression of eNOS suggesting the possibility that additional
mechanisms contribute to barrier disruption. In addition to eNOS,
NADPH oxidases have been shown to be downstream targets of
PKC [64-66]. It remains possible, and even likely, that NADPH
oxidase isoforms in the vascular endothelium may be activated by
PKCo in response to G+-toxins. This possibility will be explored in
future studies.

Currently there are no established therapies for permeability
edema associated with infection from G- bacteria. Therefore a
greater understanding of the mechanisms by which the G*-toxins,
PLY and LLO evoke increases in microvascular permeability is a
vital endeavor in the search for more effective therapeutics. Our
study reveals novel roles for PKCo and eNOS uncoupling and
strategies to prevent the loss of eNOS fidelity such as increasing
caveolin-1 or the production of reactive oxygen species may be of
significant benefit in reducing the morbidity and mortality of G*-
induced pneumonia and pulmonary edema.

Author Contributions

Conceived and designed the experiments: DF SB FC JC AV. Performed
the experiments: FC SA CG YW YY SK. Analyzed the data: FC DF SK
SA CG YW AV JC RL SB. Contributed reagents/materials/analysis tools:
DF SB AV SK RL TC. Wrote the paper: FC TC AV JC RL SB DF.

6. Xiong C, Yang G, Kumar S, Aggarwal S, Leustik M, et al. (2010) The lectin-like
domain of TNF protects from listeriolysin-induced hyperpermeability in human
pulmonary microvascular endothelial cells - a crucial role for protein kinase C-
alpha inhibition. Vascul Pharmacol 52: 207-213.

7. Witzenrath M, Gutbier B, Owen JS, Schmeck B, Mitchell T]J, et al. (2007) Role
of platelet-activating factor in pneumolysin-induced acute lung injury. Crit Care
Med 35: 1756-1762.

8. Ananthraman A, Isracl RH, Magnussen CR (1983) Pleural-pulmonary aspects
of Listeria monocytogenes infection. Respiration 44: 153-157.

9. Yamashita T, Kawashima S, Ohashi Y, Ozaki M, Ueyama T, et al. (2000)
Resistance to endotoxin shock in transgenic mice overexpressing endothelial
nitric oxide synthase. Circulation 101: 931-937.

10. Predescu D, Predescu S, Shimizu J, Miyawaki-Shimizu K, Malik AB (2005)
Constitutive eNOS-derived nitric oxide is a determinant of endothelial
junctional integrity. Am J Physiol Lung Cell Mol Physiol 289: L371-381.

July 2014 | Volume 9 | Issue 7 | 99823



26.

27.

28.

30.

31.

32.

34.

35.

36.

37.

38.

. Fukumura D, Gohongi T, Kadambi A, Izumi Y, Ang J, et al. (2001)

Predominant role of endothelial nitric oxide synthase in vascular endothelial
growth factor-induced angiogenesis and vascular permeability. Proc Natl Acad
Sci U S A 98: 2604-2609.

. Duran WN, Breslin JW, Sanchez FA (2010) The NO cascade, eNOS location,

and microvascular permeability. Cardiovasc Res 87: 254-261.

. Qian J, Fulton D (2013) Post-translational regulation of endothelial nitric oxide

synthase in vascular endothelium. Front Physiol 4: 347.

. Church JE, Fulton D (2006) Differences in eNOS activity because of subcellular

localization are dictated by phosphorylation state rather than the local calcium
environment. J Biol Chem 281: 1477-1488.

. Michell BJ, Chen Z, Tiganis T, Stapleton D, Katsis F, et al. (2001) Coordinated

control of endothelial nitric-oxide synthase phosphorylation by protein kinase C

and the cAMP-dependent protein kinase. ] Biol Chem 276: 17625-17628.

. Harris MB, Ju H, Venema V], Liang H, Zou R, et al. (2001) Reciprocal

phosphorylation and regulation of endothelial nitric-oxide synthase in response
to bradykinin stimulation. J Biol Chem 276: 16587-16591. Epub 12001 Feb
16528.

. Fleming I, Fisslthaler B, Dimmeler S, Kemp BE, Busse R (2001) Phosphory-

lation of Thr(495) regulates Ca(2+)/calmodulin-dependent endothelial nitric
oxide synthase activity. Circ Res 88: E68-75.

. Lin MI, Fulton D, Babbitt R, Fleming I, Busse R, et al. (2003) Phosphorylation

of threonine 497 in endothelial nitric-oxide synthase coordinates the coupling of
L-arginine metabolism to efficient nitric oxide production. J Biol Chem 278:
44719-44726. Epub 42003 Sep 44712.

. Taipale M, Jarosz DF, Lindquist S (2010) HSP90 at the hub of protein

homeostasis: emerging mechanistic insights. Nat Rev Mol Cell Biol 11: 515-528.

. Garcia-Cardena G, Fan R, Shah V, Sorrentino R, Cirino G, et al. (1998)

Dynamic activation of endothelial nitric oxide synthase by Hsp90. Nature 392:
821-824.

. Pritchard KA Jr, Ackerman AW, Gross ER, Stepp DW, Shi Y, et al. (2001) Heat

shock protein 90 mediates the balance of nitric oxide and superoxide anion from
endothelial nitric-oxide synthase. J Biol Chem 276: 17621-17624.
Garcia-Cardena G, Fan R, Stern DF, Liu J, Sessa WC (1996) Endothelial nitric
oxide synthase is regulated by tyrosine phosphorylation and interacts with
caveolin-1. J Biol Chem 271: 27237-27240.

. Feron O, Saldana F, Michel JB, Michel T (1998) The endothelial nitric-oxide

synthase-caveolin regulatory cycle. J Biol Chem 273: 3125-3128.

. JuH, Zou R, Venema V], Venema RC (1997) Direct interaction of endothelial

nitric-oxide synthase and caveolin-1 inhibits synthase activity. J Biol Chem 272:
18522-18525.

. Karuppiah K, Druhan LJ, Chen CA, Smith T, Zweier JL, et al. (2011)

Suppression of eNOS-derived superoxide by caveolin-1: a biopterin-dependent
mechanism. Am J Physiol Heart Circ Physiol 301: H903-911.

Catravas JD, Snead C, Dimitropoulou C, Chang AS, Lucas R, et al. (2010)
Harvesting, identification and barrier function of human lung microvascular
endothelial cells. Vascul Pharmacol.

Fulton D, Church JE, Ruan L, Li C, Sood SG, et al. (2005) Src kinase activates
endothelial nitric-oxide synthase by phosphorylating Tyr-83. J Biol Chem 280:
35943-35952.

Xiong C, Yang G, Kumar S, Aggarwal S, Leustik M, et al. (2010) The lectin-like
domain of TNF protects from listeriolysin-induced hyperpermeability in human
pulmonary microvascular endothelial cells - A crucial role for protein kinase C-
alpha inhibition. Vascul Pharmacol.

. Tiruppathi C, Malik AB, Del Vecchio PJ, Keese CR, Giaever I (1992) Electrical

method for detection of endothelial cell shape change in real time: assessment of
endothelial barrier function. Proc Natl Acad Sci U S A 89: 7919-7923.
Chatterjee A, Snead C, Yetik-Anacak G, Antonova G, Zeng J, et al. (2008) Heat
shock protein 90 inhibitors attenuate LPS-induced endothelial hyperperme-
ability. Am J Physiol Lung Cell Mol Physiol 294: L.755-763.

Qian J, Chen F, Kovalenkov Y, Pandey D, Moseley MA, et al. (2012) Nitric
oxide reduces NADPH oxidase 5 (Nox5) activity by reversible S-nitrosylation.
Free Radic Biol Med 52: 1806-1819.

Sud N, Sharma S, Wiseman DA, Harmon C, Kumar S, et al. (2007) Nitric oxide
and superoxide generation from endothelial NOS: modulation by HSP90.
Am J Physiol Lung Cell Mol Physiol 293: L.1444-1453.

Southan GJ, Szabo C, Thiemermann C (1995) Isothioureas: potent inhibitors of
nitric oxide synthases with variable isoform selectivity. Br J Pharmacol 114: 510~
516.

Draijer R, Atsma DE, van der Laarse A, van Hinsbergh VW (1995) cGMP and
nitric oxide modulate thrombin-induced endothelial permeability. Regulation
via different pathways in human aortic and umbilical vein endothelial cells. Circ
Res 76: 199-208.

Kurose I, Wolf R, Grisham MB, Aw TY, Specian RD, et al. (1995)
Microvascular responses to inhibition of nitric oxide production. Role of active
oxidants. Circ Res 76: 30-39.

McElroy MC, Wiener-Kronish JP, Miyazaki H, Sawa T, Modelska K, et al.
(1997) Nitric oxide attenuates lung endothelial injury caused by sublethal
hyperoxia in rats. Am J Physiol 272: 1L631-638.

McQuaid KE, Keenan AK (1997) Endothelial barrier dysfunction and oxidative
stress: roles for nitric oxide? Exp Physiol 82: 369-376.

Sprague RS, Stephenson AH, McMurdo L, Lonigro AJ (1998) Nitric oxide
opposes phorbol ester-induced increases in pulmonary microvascular perme-
ability in dogs. J Pharmacol Exp Ther 284: 443-448.

PLOS ONE | www.plosone.org

39.

40.

41.

42.

43.

44,

46.

47.

48.

50.

51.

53.

54.

56.

57.

58.

59.

60.

61.

62.

63.

64.

Mechanisms of G*-Toxin Induced Barrier Dysfunction

Wright JK, Kim LT, Rogers TE, Nguyen H, Turnage RH (1999) Nitric oxide
and thromboxane A2-mediated pulmonary microvascular dysfunction. Arch
Surg 134: 293-298.

Tanita T, Song C, Kubo H, Hoshikawa Y, Chida M, et al. (1999) Superoxide
anion mediates pulmonary vascular permeability caused by neutrophils in
cardiopulmonary bypass. Surg Today 29: 755-761.

Terada LS, Guidot DM, Leff JA, Willingham IR, Hanley ME, et al. (1992)
Hypoxia injures endothelial cells by increasing endogenous xanthine oxidase
activity. Proc Natl Acad Sci U S A 89: 3362-3366.

Guice KS, Oldham KT, Caty MG, Johnson KJ, Ward PA (1989) Neutrophil-
dependent, oxygen-radical mediated lung injury associated with acute
pancreatitis. Ann Surg 210: 740-747.

Ferro TJ, Gertzberg N, Selden L, Neumann P, Johnson A (1997) Endothelial
barrier dysfunction and p42 oxidation induced by TNF-alpha are mediated by
nitric oxide. Am J Physiol 272: 1.979-988.

Knepler JL Jr, Taher LN, Gupta MP, Patterson C, Pavalko F, et al. (2001)
Peroxynitrite causes endothelial cell monolayer barrier dysfunction. Am J Physiol

Cell Physiol 281: C1064-1075.

. Pritchard KA Jr, Groszek L, Smalley DM, Sessa WC, Wu M, et al. (1995) Native

low-density lipoprotein increases endothelial cell nitric oxide synthase generation
of superoxide anion. Circ Res 77: 510-518.

Forstermann U, Munzel T (2006) Endothelial nitric oxide synthase in vascular
disease: from marvel to menace. Circulation 113: 1708-1714.

Cockeran R, Theron A]J, Steel HC, Matlola NM, Mitchell T], et al. (2001)
Proinflammatory interactions of pneumolysin with human neutrophils. J Infect
Dis 183: 604-611.

Chen CA, Druhan LJ, Varadharaj S, Chen YR, Zweier JL (2008)
Phosphorylation of endothelial nitric-oxide synthase regulates superoxide
generation from the enzyme. J Biol Chem 283: 27038-27047.

9. Feron O, Belhassen L, Kobzik L, Smith TW, Kelly RA, et al. (1996) Endothelial

nitric oxide synthase targeting to caveolae. Specific interactions with caveolin
isoforms in cardiac myocytes and endothelial cells. J Biol Chem 271: 22810~
22814.

Stringaris AK, Geisenhainer J, Bergmann F, Balshusemann C, Lee U, et al.
(2002) Neurotoxicity of pneumolysin, a major pneumococcal virulence factor,
involves calcium influx and depends on activation of p38 mitogen-activated
protein kinase. Neurobiol Dis 11: 355-368.

Repp H, Pamukci Z, Koschinski A, Domann E, Darji A, et al. (2002)
Listeriolysin of Listeria monocytogenes forms Ca2+-permeable pores leading to
intracellular Ca2+ oscillations. Cell Microbiol 4: 483-491.

Garcia-Cardena G, Martasek P, Masters BS, Skidd PM, Couet J, et al. (1997)
Dissecting the interaction between nitric oxide synthase (NOS) and caveolin.
Functional significance of the nos caveolin binding domain in vivo. J Biol Chem
272: 25437-25440.

Schubert W, Frank PG, Woodman SE, Hyogo H, Cohen DE, et al. (2002)
Microvascular hyperpermeability in caveolin-1 (—/—) knock-out mice. Treat-
ment with a specific nitric-oxide synthase inhibitor, L-NAME, restores normal
microvascular permeability in Cav-1 null mice. J Biol Chem 277: 40091-40098.
Cai L, Yi F, Dai Z, Huang X, Zhao YD, et al. (2014) Loss of Caveolin-1 and
Adiponectin Induces Severe Inflammatory Lung Injury following LPS challenge
through Excessive Oxidative/Nitrative Stress. Am J Physiol Lung Cell Mol
Physiol.

. Zhao YY, Zhao YD, Mirza MK, Huang JH, Potula HH, et al. (2009) Persistent

eNOS activation secondary to caveolin-1 deficiency induces pulmonary
hypertension in mice and humans through PKG nitration. J Clin Invest 119:
2009-2018.

Chiasson VL, Quinn MA, Young KJ, Mitchell BM (2011) Protein kinase
Cbetall-mediated phosphorylation of endothelial nitric oxide synthase threonine
495 mediates the endothelial dysfunction induced by FK506 (tacrolimus).
J Pharmacol Exp Ther 337: 718-723.

Sun X, Kumar S, Sharma S, Aggarwal S, Lu Q, et al. (2014) Endothelin-1
Induces a Glycolytic Switch in Pulmonary Arterial Endothelial Cells via the
Mitochondrial Translocation of Endothelial NO Synthase. Am J Respir Cell
Mol Biol.

Chen ZP, Mitchelhill KI, Michell B, Stapleton D, Rodriguez-Crespo 1, et al.
(1999) AMP-activated protein kinase phosphorylation of endothelial NO
synthase. FEBS Lett 443: 285-289.

Sugimoto M, Nakayama M, Goto TM, Amano M, Komori K, et al. (2007) Rho-
kinase phosphorylates eNOS at threonine 495 in endothelial cells. Biochem
Biophys Res Commun 361: 462-467.

Rubins JB, Mitchell TJ, Andrew PW, Niewoehner DE (1994) Pneumolysin
activates phospholipase A in pulmonary artery endothelial cells. Infect Immun
62: 3829-3836.

Tilley SJ, Orlova EV, Gilbert R], Andrew PW, Saibil HR (2005) Structural basis
of pore formation by the bacterial toxin pneumolysin. Cell 121: 247-256.
Iliev Al, Djannatian JR, Nau R, Mitchell TJ, Wouters FS (2007) Cholesterol-
dependent actin remodeling via RhoA and Racl activation by the Streptococcus
pneumoniae toxin pneumolysin. Proc Natl Acad Sci U S A 104: 2897-2902.
Bonev BB, Gilbert RJ, Andrew PW, Byron O, Watts A (2001) Structural analysis
of the protein/lipid complexes associated with pore formation by the bacterial
toxin pneumolysin. J Biol Chem 276: 5714-5719.

Fontayne A, Dang PM, Gougerot-Pocidalo MA, El-Benna J (2002) Phosphor-
ylation of p47phox sites by PKC alpha, beta II, delta, and zeta: effect on binding
to p22phox and on NADPH oxidase activation. Biochemistry 41: 7743-7750.

July 2014 | Volume 9 | Issue 7 | 99823



Mechanisms of G*-Toxin Induced Barrier Dysfunction

65. Nauseef WM, Volpp BD, McCormick S, Leidal KG, Clark RA (1991) Assembly 66. Inoguchi T, Li P, Umeda F, Yu HY, Kakimoto M, et al. (2000) High glucose

of the neutrophil respiratory burst oxidase. Protein kinase C promotes level and free fatty acid stimulate reactive oxygen species production through
cytoskeletal and membrane association of cytosolic oxidase components. J Biol protein kinase C-dependent activation of NAD(P)H oxidase in cultured vascular
Chem 266: 5911-5917. cells. Diabetes 49: 1939-1945.

PLOS ONE | www.plosone.org 12 July 2014 | Volume 9 | Issue 7 | 99823



	Old Dominion University
	ODU Digital Commons
	7-2014

	PKC-Dependent Phosphorylation of eNOS at T495 Regulates eNOS Coupling and Endothelial Barrier Function in Response to G(+) -Toxins
	Feng Chen
	Sanjiv Kumar
	Yanfang Yu
	Saurabh Aggarwal
	Christine Gross
	See next page for additional authors
	Repository Citation
	Original Publication Citation
	Authors


	pone.0099823 1..12

