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Pseudomonas aeruginosa produces N-(3-oxo-dodecanoyl)-L-homoserine lactone (30C12), a crucial signaling molecule that elic-
its diverse biological responses in host cells thought to subvert immune defenses. The mechanism mediating many of these re-
sponses remains unknown. The intracellular lactonase paraoxonase 2 (PON2) hydrolyzes and inactivates 30C12 and is therefore
considered a component of host cells that attenuates 30C12-mediated responses. Here, we demonstrate in cell lines and in pri-
mary human bronchial epithelial cells that 30C12 is rapidly hydrolyzed intracellularly by PON2 to 30C12 acid, which becomes
trapped and accumulates within the cells. Subcellularly, 30C12 acid accumulated within the mitochondria, a compartment
where PON2 is localized. Treatment with 30C12 caused a rapid PON2-dependent cytosolic and mitochondrial pH decrease, cal-
cium release, and phosphorylation of stress signaling kinases. The results indicate a novel, PON2-dependent intracellular acidifi-
cation mechanism by which 30C12 can mediate its biological effects. Thus, PON2 is a central regulator of host cell responses to
30C12, acting to decrease the availability of 30C12 for receptor-mediated effects and acting to promote effects, such as calcium

release and stress signaling, via intracellular acidification.

Pxeudomonas aeruginosa is a common pathogen causing serious
infections in immunocompromised and ill individuals due to
the bacteria’s ability to evade host immune responses and acquire
antibiotic resistance (1). Many Gram-negative bacteria, including
P. aeruginosa, produce acyl-homoserine lactone (AHL) signaling
molecules which regulate the cell density-dependent expression of
virulence factors in a process termed quorum sensing (QS) (1).
The AHL N-(3-oxododecanoyl)-L-homoserine lactone (30C12)
isakey P. aeruginosa QS signal that has been shown to be necessary
for biofilm maturation and full expression of virulence in P.
aeruginosa animal infection models (2-5). Concentrations up to
600 M 30C12 have been measured in P. aeruginosa biofilms in
vitro (6). Concentrations of over 6 uM 30C12 have been detected
in the sputum of individuals with pulmonary P. aeruginosa infec-
tions (7), suggesting active 30C12 signaling in the human disease
as well.

In addition to modulating bacterial gene expression, 30C12
elicits a multitude of biological responses in diverse mammalian
cell types (8). Depending upon the cell type and dose, 30C12 (10
to 100 wM) can induce apoptosis, endoplasmic reticulum (ER)
stress, chemotaxis, and proinflammatory gene expression (8—10).
Conversely, 30C12 inhibited lipopolysaccharide (LPS) induction
of proinflammatory mediators in macrophages, fibroblasts, and
epithelial cells and in vivo by repressing nuclear factor k-light
chain enhancer of activated B-cell (NF-kB) signaling (11). In an-
tigen-stimulated T-lymphocytes, 30C12 inhibits cell prolifera-
tion and production of gamma interferon and interleukin-4 (IL-
4), critical regulators of immunity (8, 12). These diverse responses
suggest that 30C12 acts through multiple, and cell-type-depen-
dent, mechanisms.

Delineating the role of 30C12 in P. aeruginosa pathogenicity is
difficult due to the multitude of often disparate effects it has on
host cells, but also because the mechanisms by which 30C12 me-
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diates these effects are poorly understood. 30C12 does not act
through immune pattern recognition receptors such as Toll-like
receptors and nucleotide binding or oligomerization domain-like
receptors (13). In sinonasal epithelial cells the taste receptor 2
member 38 (T2R38) mediated a rapid Ca®" and NO release by
30C12; however, T2R38 likely only mediates responses in upper
respiratory cell types (14). Due to its lipophilicity, 30C12 rapidly
enters mammalian cells (12). In Caco-2 intestinal epithelial cells,
30C12 was found to alter cell migration, likely via interacting with
the IQ-motif-containing GTPase activating protein (IQGAP1)
and modulating its signaling (15). 30C12 can interact with nu-
clear hormone peroxisome proliferator-activated receptor
(PPAR) transcription factors, resulting in increased cytokine ex-
pression (16, 17). However, such effects are relatively slow, occur-
ring at =6 h after 30C12 treatment. Many effects of 30C12, such
as Ca®" release and kinase activation, occur within 5 min of treat-
ment (13, 18, 19), a timeline preceding any gene expression. The
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mechanism mediating these early effects of 30C12 on host cells
remains to be identified.

The paraoxonase (PON) family of mammalian esterases,
PONI1, PON2, and PONS3, hydrolyze AHLs to their ring-opened
biologically inactive carboxylic acid counterparts (20). PON2 is
expressed intracellularly, is widely found in mammalian tissues
and cell types, and efficiently hydrolyzes 30C12 to 30C12 acid
(20-25). Independent of its hydrolytic activity, PON2 also has
antioxidant activity and can protect cells from endoplasmic retic-
ulum (ER) stress, including ER stress induced by 30C12 (22, 23,
26). Such findings suggest that PON2 may be an important com-
ponent of the innate defense by interfering with bacterial QS and
attenuating 30C12-mediated effects on host cells.

Recently, it was demonstrated that a relatively rapid, =2-h,
induction of cytosolic Ca** and of markers of apoptosis in mouse
embryonic fibroblasts by 30C12 was dependent upon PON2 hy-
drolytic activity (27). Such findings were counterintuitive as
PON?2 was thought to inactive 30C12, and the PON2-dependent
mechanism mediating these bioeffects could not be explained.
Here, we identify a unique mechanism by which PON2 can me-
diate biological effects of 30C12. We demonstrate that 30C12,
which freely partitions into host cell membranes, is very rapidly
hydrolyzed by the membrane-associated PON?2 to its correspond-
ing acid form which, in contrast to the lactone, accumulates in
cells. Through this effect, the 30C12 acid acidifies the cytosol and
mitochondria within minutes and triggers Ca®" liberation and
p38 and elongation initiation factor 2 alpha (elF2a) phosphory-
lation. Thus, PON2 both inactivates the lactone form of 30C12
and promotes 30C12-mediated intracellular acidification and the
ensuing biological responses. Such findings suggest a central role
for the enzyme in modulating bacterial QS and regulating host cell
responses to bacterial homoserine lactone signaling molecules.

MATERIALS AND METHODS

Cells. Generation and culturing of stable EA.hy 926 (EA.hy) cells overex-
pressing PON2 (EA.hy PON2) and the inactive PON2-H114Q mutant
(EA.hy H114Q) and PON2-overexpressing HEK cells have been described
previously (22, 28). Primary human bronchial epithelial cells (HBEC),
human umbilical vein endothelial cells (HUVEC), and primary cell media
and supplement mixes were from PromoCell, and cells were cultured as
recommended by the supplier.

PON2 activity. PON2 30C12 (Sigma-Aldrich) hydrolytic activity
was determined by high-performance liquid chromatography (HPLC)
as previously described (20). Activity is expressed as units per milli-
gram of lysate or purified protein. One unit equals 1 nmol of 30C12
hydrolyzed per min. Recombinant human PON2 was purified as pre-
viously described (29).

Intracellular 30C12 acid determination. Cells were seeded in 24-well
plates and the following day (at approximately 75% confluence) treated
with 0.5 ml of medium containing 30C12 and placed back in the cell
culture incubator. At the times given in Fig. 1, the cells were rinsed with
phosphate-buffered saline (PBS) and lysed with 100 .l of cold acetonitrile
containing 25 wM N-dodecanoyl-L-homoserine lactone as the internal
standard. Lysates were centrifuged for 1 min at 14,000 X g and analyzed by
HPLC as previously described (20). The concentration of 30C12 acid in
each sample was calculated from peak areas using a standard curve
generated from 30C12 acid standards. The 30C12 acid was prepared
by incubating 30C12 in 5 mM NaOH for 2 h. Complete hydrolysis of
30CI2 to the 30C12 acid was confirmed by HPLC analysis. Protein
concentrations of cells were determined by lysis in radioimmunopre-
cipitation assay (RIPA) buffer, sonication, and analysis of lysates using
the bicinchoninic acid (BCA) method (Thermo Scientific).
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For determination of 30C12 acid accumulation within the mitochon-
dria, 5 X 10° cells were suspended in 10 ml of medium with 50 M 30C12
or with vehicle only for 30 min at 37°C. The cells were isolated and washed
with PBS. An enriched mitochondrial fraction pellet was obtained as pre-
viously described (30). The mitochondrial pellet was lysed with 50 pl of
acetonitrile, and 30C12 acid was quantified by HPLC as described above.
No peaks corresponding to the 30C12 acid peak on the HPLC chromato-
gram from the control (vehicle-only) treated cells were present. To con-
trol for any 30C12 acid potentially precipitating out of solution and/or
associating with the mitochondrial fraction in a nonspecific manner, ad-
ditional controls were analyzed in which 50 uM 30C12 acid was added to
the cell homogenate from untreated cells, followed by mitochondrial iso-
lation. In these controls a small amount of 30C12 acid was associated with
the mitochondrial pellets. This background level of 30C12 acid was sub-
tracted from the amount of 30C12 acid measured in the pellets isolated
from 30C12-treated cells. The mitochondrial protein, precipitated after
acetonitrile lysis, was dissolved in 1 M NaOH overnight and quantified
with the BCA method.

Cytosolic pH and Ca”>* measurements. For determination of intra-
cellular pH (pH;) and the cytosolic calcium concentration ([Ca“]c) cells
were seeded in black 96-well Costar plates so that they were 80 to 90%
confluent at the time of assay. Treatments were performed at 37°C. For
pH; determination, cells were loaded with 2 WM 2’,7’-bis-(2-carboxy-
ethyl)-5-(and-6)-carboxyfluorescein-acetoxymethyl ester (BCECF-AM;
Invitrogen) in 100 pl of medium for 40 min, washed, and incubated for 15
min with Hanks’ balanced salt solution containing Ca>* and Mg * (HBSS).
Cells were washed again, treated with 30C12 with or without triazolo
[4,3-a]quinolone (TQ416; ChemDiv) or an equivalent volume of dimethyl
sulfoxide (DMSO) as the control in 100 pl of HBSS, and fluorescence was
measured using a Synergy HT fluorometric plate reader (Bio-Tek) with exci-
tation wavelengths set at 485 nm and 360 nm and emission detected at 528
nm. The calibration of pH; was performed on cells using high-KCl buffers
containing nigericin as previously described (31). Intracellular Ca®" levels
were determined as previously described with minor modifications (22).
Plated cells were loaded with 4 uM Fluo-4 AM (Invitrogen) in medium con-
taining 20 mM HEPES and 2.5 mM probenecid for 45 min and then washed
three times in HBSS. Cells were treated with HBSS containing DMSO (con-
trols), 30C12, or 2,4,6-trimethyl-N- [ 3-(trifluoromethyl) phenyl]benzenesul-
fonamide (m-3M3FBS; EMD Millipore), and fluorescence was measured for
25 min with excitation and emission wavelengths of 480 nm and 530 nm,
respectively.

Confocal microscopy. EA.hy cells were seeded at 1X10* in four-well
slide cover glass I chambers (Greiner Bio-One). The next day, cells were
loaded with 5 pM SNARF-4F 5-(and-6)-carboxylic acid, acetoxymethyl
ester, acetate (SNARF-4F; Invitrogen) and 1 uM Fluo-4 AM in Krebs
buffer (Noxygen) at 37°C for 1 h. After brief washes, chambers were
loaded on a 37°C, 5% CO, incubator device mounted on a confocal Zeiss
LSM710 laser scanning microscope. Upon exposure to 30C12, cells were
immediately imaged with an EC Plan-Neofluar 20X/0.50M27 objective,
with 4.07 s pixel dwell, 54-pm pinhole, and emission wavelengths of 493
to 516 nm (Fluo-4 AM); SNARF-4F was calculated as ratio of acidic (581
to 601 nm)/basic (650 to 738 nm) fluorescence units. Thus, an increased
ratio indicates acidification. Using ZEN2009 software (Zeiss), the fluores-
cence intensities at every time point were recorded for approximately 50
to 100 cells per visible field and transferred to GraphPad Prism software
(GraphPad Software, Inc.) for evaluation and data processing.

Mitochondrial pH (pH,,,) was determined as follows. HEK or EA.hy 926
cells were seeded in LabTek chambers (1.3 X 10° cells/chamber with four
chambers per slide; Sarstedt). The next day, cells were gently washed with
HBSS, stained with 5 uM 5-(and-6)-carboxy SNARF-1 acetoxymethyl ester,
acetate (SNARF-1 AM; Invitrogen) in HBSS for 10 min at 37°C, and then kept
in MICA buffer (145 mM KCl, 1.5 mM CaCl,, 1 mM MgSO,,, 10 mM HEPES,
5.5 mM glucose, adjusted to pH 7.5 with Tris) for 3 h to allow mitochondrial
targeting of SNARF-1. During a further 15-min incubation time, cells were
stained in HBSS with 5 nM DiOC6 (3,3'-dihexyloxacarbocyanine iodide;
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FIG 1 Intracellular 30C12 acid accumulation is PON2 dependent. (A and B) HEK and EA.hy cells were treated for the times shown with 25 wM 30C12, rinsed,
and lysed with acetonitrile, and lysates were analyzed for 30C12 acid by HPLC. (C) HBEC were transfected with scrambled or PON2 siRNA for 3 days and then
treated for 5 min with 25 wM 30C12. Cells were then rinsed and lysed, and lysates were analyzed for 30C12 acid. PON2 activity in scrambled and PON2 siRNA
cell lysates was 16.8 * 2.9 U/mg and 5.2 = 0.9 U/mg, respectively (C). Data are the means of three separate experiments *+ standard deviations. Differences
between the results of the two groups were analyzed using a Student ¢ test. ¥, P < 0.01; #, P < 0.05.

Invitrogen), a cell-permeant, fluorescent dye that accumulates in respiratory-
active mitochondria of live cells when used at low concentrations. We verified
that 5 nM DiOC6 does not stain other organelles (data not shown). Then,
chambers were mounted on the microscope for imaging. Cells were then
treated with 50 pM 30C12 in 500 pl of MICA buffer per chamber, accom-
panied by imaging on a Zeiss LSM710 (Plan/Apochromat 63</1.4 oil differ-
ential interference contrast [DIC] objective; 1-min intervals for 15 min; z-
stacking with 5 to 8 levels per image at 1 airy unit; excitation at 488 and 543
nm; emission at 500 to 520 nm for DiOC6, 580 to 595 nm for acidic SNARF-1,
and 650 to 730 nm for basic SNARF-1). Image] software was used to evaluate
SNAREF-1 ratiometric changes in all single z-stacks for any time point using
DiOCEé staining as a mitochondrial mask in order to collect only mitochon-
drial SNARF-1 signals. Changes in pH,, were calculated after a preceding
calibration with 10 wM nigericin-containing MICA buffers covering a pH
range from 6.8 to 8.1. The treatment of EA.hy 926 cells differed from that of
HEK cells in that the SNARF-1 incubation time was 90 min, which resulted in
nearly complete overlap of SNARF-1 fluorescence with that of mitochondrial
DiOCeé.

Western blotting. All lysates were produced in the presence of Phospho-
Stop phosphatase inhibitor (Roche) and HALT protease inhibitor (Thermo
Scientific). The PON2 antibody and immunoblotting have been previously
described (22). Antibodies against eIF2a/phospho-elF2a (Ser51) and p38
(Thr180/Tyr182) were from Cell Signaling and used as recommended. Anti-
glyceraldehyde-3-phosphate dehydrogenase ([GAPDH] clone 6C5; Santa
Cruz) and mouse-anti-tubulin Ab2 (Dianova) were used at 1:5,000. Antibod-
ies against cytochrome c oxidase IV (COX IV; Novus Biologicals) and histone
3 (Genetex) were used in accordance with the manufacturers’ protocols.
Horseradish peroxidase (HRP)-conjugated secondary antibodies were from
Cell Signaling. Immunocomplexes were visualized and analyzed by Western
blotting using a ChemiDoc XRS imaging system (Bio-Rad) equipped with
QuantityOne, version 4.6.7, software. Phosphorylated proteins were normal-
ized to total levels of the respective protein and/or to the level of tubulin or
GAPDH.

RNA interference (RNAi). Approximately 60% confluent cells were
transfected with 50 nm PON2-specific or scrambled Stealth small inter-
fering RNA (siRNA) (Invitrogen) using either SaintRed (Synvolux) or
Lipofectamine RNAiMax (Invitrogen) transfection reagent according to
the supplier’s instructions. siRNA sequences and methods have been pre-
viously described (32). Stimulation with 30C12 or LPS (Escherichia coli
0111:B4; Sigma) was performed 2.5 to 3 days after treatment since this was
the time point of maximal knockdown. Efficiency was about 50 to 60% in
HUVEC and =80% in all other cells (at protein and activity levels). Levels
of phospho-p38 or phospho-elF2a were normalized to total p38 or elF2a
levels, respectively.

Statistical analysis. Curve-fitting and statistical analysis were per-
formed with GraphPad Prism software.
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RESULTS

PON2 mediates intracellular 30C12 acid accumulation. We
along with others had previously observed that 30C12 acid accu-
mulated inside cells after treatment with 30C12 (13). This sug-
gested that the hydrophobic 30C12 is hydrolyzed inside the cell to
its corresponding ring-opened 30C12 acid, which is much more
polar and likely unable to readily cross cellular membranes. We
therefore measured the rates of intracellular accumulation of
30CI12 acid in human embryonic kidney cells (HEK) and HEK
PONZ2 cells stably transfected with a human PON2-green fluores-
cent protein (GFP) construct. The HEK cells express low basal
levels of PON2, 2.2 * 0.2 U/mg, while the stably transfected HEK
PON2 cells expressed 70.4 = 7.0 U/mg of PON2. When cells were
treated with 30C12, the rate of intracellular 30C12 acid accumu-
lation was much faster in the HEK PON2 cells and began to di-
minish rapidly, within about 4 min (Fig. 1A). This decrease in the
rate of 30C12 acid accumulation could at least partly be due to the
resulting acidification, which would decrease the rate of pH-de-
pendent lactone hydrolysis and the ability of 30C12 to cause in-
activation of PON2 activity (19, 33).

We also compared the rates of intracellular 30C12 acid accu-
mulation in a human endothelial cell line, EA.hy 926, stably trans-
fected with human PON2 (EA.hy PON2) or an inactive PON2-
H114Q mutant (EA.hy H114Q). The PON2 mutant retains its
antioxidant and antiapoptotic functions but does not have 30C12
hydrolytic activity (32). Thus, this mutant controls for effects due
to increased protein expression and any effects of PON2 not asso-
ciated with its hydrolytic activity. We have also previously estab-
lished that PON2 is the only enzyme that hydrolyzes 30C12 in
EA.hy cells (20). The EA.hy H114Q cells have 6.8 * 0.4 U/mg of
PON? activity, due to significant basal levels of PON2, while the
EA.hy PON2 cells have 25.8 = 2.5 U/mg of PON2 activity. The
rate of accumulation of 30C12 acid in the EA.hy PON2 cells was
significantly higher than that in the EA.hy H114Q cells and also
began to diminish rapidly (Fig. 1B).

The contribution of PON2 to 30C12 acid accumulation was
also evaluated in primary human bronchial epithelial cells
(HBEC), cells that come into direct contact with P. aeruginosa
during pulmonary infections. The cells were first transfected for 3
days with PON2 siRNA to decrease PON2 levels or with a scram-
bled siRNA as a control. Upon treatment with 30C12, 30C12 acid
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FIG 3 30C12-mediated intracellular acidification and Ca®" rise are PON2-dependent. Cells were loaded with BCECE-AM to detect cytosolic pH (A to C) or
Fluo-4 AM to detect cytosolic Ca>* rise (D to F); cells were then treated with test compounds, and fluorescence was measured on a microplate reader. HEK and
EA.hy 926 cells were treated with 25 wM 30C12. HBEC (C and F) were transfected with scrambled or PON2 siRNA and 3 days later treated with 50 puM 30C12.
For the experiment shown in panel F, cells were also treated with a 25 uM concentration of the phospholipase C activator m-3M3FBS. PON2 activity levels in
scrambled and PON2 siRNA transfected cell lysates were 15.0 = 2.9 U/mg and 1.6 = 0.7 U/mg, respectively (C and F). Each trace is the mean of three separate
experiments in which the background (DMSO-treated cells) values were subtracted from the values of the stimulus-treated cells. Dashed lines denote the
standard deviations. Differences between the results for the groups were analyzed by a two-way repeated-measures analysis of variance. The pH drop was
significantly lower in the HEK PON2 (P < 0.01), EA.hy H114Q PON2 (P < 0.05), and the scrambled siRNA (P < 0.01) groups than in the respective control
groups in panels A, B and C, respectively. The Ca*" rise was significantly different from that of the control group (D and E) and from that of the PON2 siRNA
30CI12-treated group (F) (P < 0.01).

accumulated rapidly in the HBEC, and this accumulation was sig-
nificantly diminished in the PON2 siRNA-treated cells (Fig. 1C).
30C12 was not detected in any of the cells at any time point (de-
tection limit, 0.5 nmol/mg of cell lysate). These results demon-
strate that rapid intracellular accumulation 30C12 acid largely
depends on hydrolytically active PON2.

30C12 causes a rapid PON2-dependent cytosolic acidifica-
tion and calcium release. The rapid intracellular accumulation of
30CI12 acid suggested a potential corresponding decrease in in-
tracellular pH (pH;). Therefore, we directly visualized the change
in pH; in naive (nontransfected) EA.hy cells after 30C12 treat-
ment by laser scanning confocal microscopy. Because decreased
pH; can induce Ca®* release and because increased cytosolic Ca**

[(Ca*").] isa common response to 30C12 in mammalian cells (8,
34), we also concomitantly measured [Ca**]. fluxes. The cells
were simultaneously loaded with the Ca** indicator Fluo-4 AM
and the ratiometric pH indicator SNARF-4F and treated with
30C12, and time-lapse images were acquired. As shown in Fig. 2A
and B, 30C12 caused a very rapid decrease in cytosolic pH; (as
measured by an increase in SNARF-4F fluorescence) and an
increase in [Ca®*].. Interestingly, the pH; appeared to return to
initial levels within 4 min but then decreased again before
slowly returning to initial levels (Fig. 2B). The decrease in pH;
appeared to just precede the increase in [Ca®"]_, consistent
with a potential intracellular acidification mediating Ca** re-
lease into the cytosol.

FIG 2 30CI12 mediates intracellular acidification and Ca*" rise. (A and B) Naive EA.hy cells were loaded with Fluo-4 AM and SNARF-4F, and fluorescence
intensities were recorded in confocal time-lapse images to monitor intracellular calcium and pH fluxes, respectively, in response to 50 uM 30C12. In panel A,
the green channel (Fluo-4 AM) reports the cytosolic Ca® " rise; the intensity of the blue channel (ratio of acidic/basic SNARF-4F signals) is a measure of cytosolic
acidification. Scale bar, 50 wm (A). Fluorescence intensities for all cells were individually measured, allowing simultaneous determination of changes in pH and
Ca** within the same cell. In panel B, the SNARF-4F ratio before 30C12 stimulation was set at zero. The graph shows the mean from four representative
experiments. (C and D) HBEC loaded with BCECF-AM to detect cytosolic pH values (C) or Fluo-4 AM to detect cytosolic Ca*" rise (D) were treated with
increasing concentrations of 30C12, and fluorescence was measured on a microplate reader. Each trace is the mean of three separate experiments in which the
background (DMSO-treated samples) values were subtracted from the values of the 30C12-treated samples. Dashed lines denote the standard deviations.
Differences between the groups were analyzed by a two-way repeated-measures analysis of variance. The pH drop at 50 pM 30C12 was significantly different
from that at 25 uM 30C12 (C), and the Ca®" increases at 25 pM and 50 uM 30C12 were significantly greater than the background value (P, < 0.01). PMT,
photomultiplier tube; RFU, relative fluorescence units; a.u., arbitrary units.
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FIG 4 30C12-induced activation of p38 and elF2a signaling is PON2 dependent. (A) Primary HUVEC were treated with indicated concentrations of 30C12 for
10 min. Subsequently, levels of total and phosphorylated p38 and elF2a were assessed by Western blotting. Tubulin served as a loading control. (B and C) EA.hy
cells were treated with 30C12 (or LPS) as indicated, followed by immunoblotting against phosphorylated p38 and elF2a. WT, wild type. (D) Quantitative
evaluation * standard errors of the means of p38 and elF2a phosphorylation from four individual experiments as described for panels B and C. (E) The
experiment was similar to that described in panels B and C but used HUVEC that were untreated (naive) or treated with PON2-specific or a control siRNA. (F)
Quantitative evaluation * standard errors of the means of four individual experiments as described in panel E. Values for naive and control siRNA-treated cells
were the same (data not shown). (G) HBEC treated with control or PON2-specific siRNA were incubated with 30C12 as indicated, followed by immunoblotting
for total/phosphorylated p38 and elF2a, PON2, and a-tubulin as described before. (H) Quantification of the average * the range of blots from two individual

experiments as described for panel G. *, P < 0.05; **, P < 0.01.

The ability of 30C12 to cause cytosolic acidification and cal-
cium release was also evaluated with the pH indicator BCECF-AM
and the Ca’" indicator Fluo-4 AM, respectively, in the HBEC.
30C12 caused a rapid and dose-dependent pH; decrease and
[Ca®"]. increase (Fig. 2C and D). The pH; began to recover after
30 min (Fig. 2C) but at lower rate than in the EA.hy cells. The
[Ca**], remained elevated in the HBEC even after 25 min (Fig.
2D). Thus, different cell types react with individual kinetics; how-
ever, the general responses to 30C12 are consistent.

In mouse embryonic fibroblasts, a [Ca®"]. increase with
30C12 treatment was shown to be dependent upon PON2 (27).
We further explored the dependence of the [Ca®"]. increase on
PON2 in our PON2-expressing cell lines as well as in the HBEC
transfected with PON2 siRNA. In addition, we evaluated the
30C12-mediated pH; changes. In the HEK cells 30C12 caused no

3374 iai.asm.org

Infection and Immunity

detectable change in pH; and a slow, minor rise in [Ca**]_ (Fig. 3A
and D). Conversely, in the HEK PON2 cells 30C12 caused a rapid,
almost immediate, decrease in pH; with a concomitant pro-
nounced rise in [Ca®"]. (Fig. 3A and D). Unlike levels in the
HBEC, the pH; and [Ca®"], returned to initial levels relatively
quickly, by 10 to 15 min posttreatment. 30C12 also caused a rapid
decrease in pH; with a concomitant increase in [Ca®"]_ in the
EA.hy H114Q and EA.hy PON?2 cells (Fig. 3B and E). However,
the pH; decrease and the [Ca®"]_ increase in EA.hy PON2 cells
were significantly greater than changes in levels in EA.hy H114Q
cells. Also, the increase in [Ca®"]. was delayed in EA.hy H114Q
cells compared to that in EA.hy PON2 cells. Within each cell type
the extent of intracellular acidification and [Ca®"], flux corre-
sponded closely with the time course of 30C12 acid accumulation
and cellular PON2 levels. The pH; and [Ca**]. changes in the
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EA.hy H114Q and EA.hy PON2 cells were also transient, lasting 20
to 25 min.

Lowering PON2 levels by RNAi in the HBEC nearly eliminated
the 30C12-mediated acidification and [Ca®"]_ rise (Fig. 3C and
F). PON2 had no direct effect on calcium release as treatment of
HBEC with the phospholipase C activator m-3M3FBS, which gen-
erates inositol phosphate and subsequent release of intracellular
calcium stores, resulted in the same [Ca®"]_ increases in both the
PON?2 and scrambled siRNA transfected cells (Fig. 3F). Thus, as
with the cell lines, the 30C12-mediated pH; and [Ca®" ], changes
are dependent upon PON?2 in the primary HBEC.

30C12 causes PON2-dependent phosphorylation of mito-
gen-activated protein kinase (MAPK) p38 and elF2a. p38 and
elF2a are kinases that are activated in response to stressors. Acti-
vated elF2a inhibits protein translation and is a marker of ER
stress, and phosphorylation of both p38 and elF2a is established
as an immediate response to 30C12 (11) (Fig. 4A). Furthermore,
p38 is phosphorylated in response to intracellular acidification
(35). Therefore, we hypothesized that the phosphorylation of
these kinases by 30C12 treatment would be dependent on PON2.
Compared to naive EA hy cells and EA.hy H114Q cells, the EA.hy
PON2 cells exhibited increased p38 and elF2a phosphorylation in
response to 30C12 (Fig. 4B to D). Phosphorylation of p38 by LPS
was the same in the EA.hy naive, H114Q, and PON2 cells, dem-
onstrating that PON2 affects only 30C12-mediated p38 phos-
phorylation (Fig. 4B to D).

To see if such effects were also dependent on PON2 in primary
cells, phosphorylation of p38 and elF2a was investigated in both
primary human umbilical vein endothelial cells (HUVEC) and the
HBEC. Decreasing PON2 levels by RNAi also diminished the
30CI12-mediated p38 and elF2a phosphorylation in the HUVEC
(Fig. 4E and F). Treatment of HBEC with 25 uM 30CI12 for 10
min did not induce p38 or elF2a phosphorylation (Fig. 4G and
H). p38 and elF2a phosphorylation was induced by treating
HBEC with 50 wM 30CI2 for 10 min and with 25 wM and 50 pM
30CI12 for 30 min (Fig. 4G and H). In all treatments that induced
p38 and elF2a phosphorylation, decreasing PON2 levels by RNAi
significantly diminished phosphorylation (Fig. 4G and H). Collec-
tively, the data demonstrate that the 30C12-mediated phosphor-
ylation of p38 and elF2a is dependent upon PON2.

30C12 acid accumulates within the mitochondria. PON2 is
predominantly localized to the inner mitochondrial membrane
and likely facing the lumen in the ER (26, 36, 37). Therefore, we
hypothesized (i) that it is within these organelles where 30C12
acid is predominantly accumulating and (ii) that the pH drop
measured in the cytosol is a reflection of a much greater pH drop
within the ER and/or mitochondria. To demonstrate this princi-
ple, an enriched mitochondrial fraction was isolated from HEK
PON?2 cells after treatment with 30C12 and analyzed for 30C12
acid levels. Western analysis using organelle-specific markers
demonstrated that the isolation method used resulted in prepara-
tions enriched in mitochondria (Fig. 5A). 30C12 acid was present
inside the mitochondrial fraction at 3.9 * 0.6 nmol/mg protein
after treatment of cells for 30 min with 50 wM 30C12 (Fig. 5B).
Visual inspection of the mitochondrial pellets indicated that they
were very small, occupying less than about 0.5 wl in volume. Thus,
the concentration of 30C12 acid inside the enriched mitochon-
dria can be estimated at greater than 220 wM, roughly 4-fold
greater than the concentration of the 30C12 used to treat the cells.
No 30C12 was detected in the enriched mitochondrial fraction.
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FIG 5 30C12 acid accumulates within the mitochondrial fraction of 30C12
treated cells. (A) Levels of PON2, COX IV (mitochondrial marker), and his-
tone 3 (nuclear marker) in whole-cell lysates and isolated mitochondrial frac-
tions from HEK PON?2 cells were estimated by Western analysis. (B) Mito-
chondrial fractions from HEK PON2 cells treated with 50 uM 30C12 were
isolated, lysed, and analyzed for 30C12 acid levels. The error bar represents the
standard deviation of three separate experiments.

While the procedure used to isolate mitochondria results in a
fraction highly enriched in mitochondria, it does not completely
remove lysosomes, peroxisomes, or the Golgi complex (30).
Therefore, to provide confirmatory evidence that 30C12 acid is
accumulating within the mitochondria, we determined if 30C12
could decrease pH specifically within this organelle. EA.hy 926
cells stably overexpressing nonfluorescent PON2-hemagglutinin
(HA) or the empty plasmid (pCDNA3-HA) (22) were loaded with
SNARE-1, a ratiometric pH indicator targeting the mitochondria.
pH,,, was visualized by three-dimensional (3D) multicolor time-
lapse live-cell imaging. To account for mitochondrial movement
and cell morphology changes during imaging, tracking of mito-
chondria through different image layers was established by con-
comitant cell loading with the mitochondrial dye DiOC6. The low
concentration of DiIOC6 (5 nM) did not stain ER membranes, and
the dye perfectly localized with dyes such as MitoTracker-Orange
(data not shown). Using the DiOC6 signal as a mask, SNARF-1
ratios at DiOC6-positive areas, i.e., mitochondria, were quanti-
fied. This enabled estimation of SNARF-1 ratios for all recorded
z-layers at every time point. A calibration curve had been estab-
lished by nigericin-containing buffers at different pH values. As
shown in Fig. 6A and B, 30C12 treatment of control EA.hy 926
cells resulted in an immediate decrease of pH,,, during the first 10
min. More importantly, upon overexpression of PON2, this acid-
ification was significantly enhanced (Fig. 6C). Mitochondrial
acidification in response to 30C12 was also seen in HUVEC and,
to a lower extent, in HEK cells (data not shown). Collectively,
these data demonstrate a general mitochondrial acidification in
response to 30C12 exposure dependent on PON2-mediated acid-
ification.

A small-molecule inhibitor of 30C12-mediated cellular re-
sponses also inhibits PON2. The triazolo[4,3-a]quinolone com-
pound TQ416 was recently identified in a high-throughput screen
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FIG 6 30C12 induces PON2-mediated mitochondrial acidification. (A) EA.hy 926 cells were loaded with the mitochondrial ratiometric pH indicator SNARF-1
(orange/red) and mitochondrial dye DiOC6 (green) as indicated in Materials and Methods. Cells were treated with 30C12 (50 pM). pH,,, changes were observed
in time-lapse 3D confocal imaging for the indicated duration (representative images for 1, 3, 5, 7, 9 min are shown). A change of SNARF-1 ratiometric
fluorescence from orange/red to yellow/green indicates acidification. (B) Quantification of pH,,, changes during 30C12 treatment, with a typical trace for EA.hy
cells. (C) EA.hy 926 cells with PON2 overexpression (red curve) show an increased rate of 30C12-induced pH,,, drop compared to that in control EA.hy (blue;
empty plasmid) or solvent (0.1% methanol)-treated controls (black). Symbols show means * standard errors of the means of 8 to 15 individual experiments

demonstrating the SNARF-1 ratiometric pH

m

as a potent inhibitor of 30C12 effects in cell cultures (38). At a
concentration of 1 WM, TQ416 restored the 30C12-mediated in-
hibition of LPS-induced NF-kB activation and prevented 30C12-
induced (Ca®"), release, phosphorylation of p38, and caspase ac-
tivation (38). This suggested to us that TQ416 may be preventing
these effects of 30C12 via inhibiting PON2 activity. Indeed,
TQ416 was a potent inhibitor of PON2 30C12 hydrolysis (Fig.
7A). TQ416 also potently inhibited 30C12-mediated cytosolic
acidification in EA.hy PON2 cells (Fig. 7B). These findings suggest
that at least some of the inhibitory effects of TQ416 on 30C12’s
biological actions are via inhibition of PON2-dependent 30C12
intracellular acidification. Interestingly, we have thus identified a
likely TQ416 target and the first inhibitor of PON2 activity.

DISCUSSION

30CI12 elicits a spectrum of biological effects in diverse host cell
types, many of which are believed to favor P. aeruginosa persis-
tence. While 30C12 can activate the T2R38 receptor in sinonasal
cells and modulate PPAR receptor activities, the mechanism me-
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response; slopes of linear regression curves differ with a P of 0.004 for naive versus EA.hy PON2 cells. ¢, time.

diating many of 30C12’s effects remains enigmatic (14, 16). Here,
we demonstrate in both cell lines and primary HBEC that the
[Ca**]_increase and phosphorylation of p38 and eIF2a, common
immediate effects of 30C12, are dependent upon intracellular
PON2-mediated hydrolysis of 30C12 to 30C12 acid. The time
course of 30C12 acid accumulation corresponds closely with the
time course of cytosolic acidification and the measured biological
responses. Thus, our data demonstrate a novel mechanism in
which PON2 hydrolyzes 30C12 to its carboxylic acid, which be-
comes trapped within the cell, causing an intracellular acidifica-
tion triggering pH-dependent biological responses. These find-
ings indicate that 30C12 lactone hydrolysis is not always an
inactivation pathway and reveals that, via both 30C12 inactiva-
tion and 30C12-mediated intracellular acidification, PON2 is
likely a central regulator of 30C12 biological functions and im-
munomodulatory responses.

We propose that intracellular acidification is the initial event
mediating our observed biological responses to 30C12. Phos-
phorylation of p38 by 30C12, demonstrated to be dependent on
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FIG 7 TQ416 inhibits PON2 and prevents intracellular acidification by 30C12. Purified recombinant PON2 (A) and HEK PON2 (B) cell lysates were analyzed
for PON2 activity in the presence of increasing concentrations of TQ416. Data are the means of three separate experiments * standard deviations. Differences
between the control (0 M TQ416) and TQ416-treated groups were analyzed using a Student t test (*, P < 0.01). (C) EA.hy PON2 cells were loaded with
BCECF-AM, and decreases in intracellular acidification were determined after treatment with 50 wM 30C12 in the presence of increasing concentrations of
TQ416 as described in Materials and Methods. Each trace is the mean of three separate experiments in which the background (DMSO-treated cells) values were
subtracted from the values of treated cells. Error bars denote the standard deviations. Differences between the results of the groups were analyzed by a two-way
repeated-measures analysis of variance. The pH drop in the TQ416-treated groups was significantly different from that of the group treated with 30C12 only (P <

0.01).

PON2 in this study, is known to be induced by intracellular acid-
ification (35). Many proteins that have critical roles in biological
functions are very sensitive to minute changes in pH (39). There-
fore, cells stringently regulate pH; by employing diverse families of
proton extruders and pumps and a balance of intracellular weak
acids and bases to increase buffering capacity (39). This propen-
sity of cells to maintain pH homeostasis is exemplified in our cell
lines, where cytosolic pH; decreases return to initial levels within
10 to 20 min after 30C12 treatment (Fig. 3D and E).

As PON2 is localized to the mitochondria and ER, we hypoth-
esized that 30C12 acid accumulation and acidification would be
predominantly occurring in these organelles. Indeed, we demon-
strate that 30C12 acid is concentrating in the mitochondrial frac-
tion and that mitochondria undergo a rapid PON2-dependent
acidification after 30C12 treatment. Mitochondria rely on a pro-
ton gradient to drive ATP synthesis and to transport metabolites
and ions across the inner mitochondrial membrane, making this
organelle exquisitely sensitive to pH changes (40). Thus, we hy-
pothesize that acidification within the mitochondria, and possibly
the ER, is the primary event triggering the pH-dependent biolog-
ical responses to 30C12.

Because PON?2 is widely expressed in cells and tissues (21, 25),
most mammalian cells would be expected to hydrolyze 30C12
intracellularly and potentially undergo subsequent acidification.
However, due to the array of pH-regulating mechanisms within
cells, the responses of different cell types to 30C12 acid accumu-
lation would not be expected to be the same (35, 39). We found
that the rate of intracellular 30C12 acid accumulation in the HEK
PONZ2 cells was slightly greater than that in the EA.hy PON2 cells,
yet the pH; drop was less extensive and had a shorter time course
(Fig. 1 and 3). Interestingly, despite the less extensive pH; drop in
the HEK PON2 cells, the maximal increase in [Ca**] . was greater
and occurred earlier than in the EA.hy PON2 cells (Fig. 3). Thus,
compared to the EA.hy PON2 cells, the HEK PON?2 cells appear to
be resistant to cytosolic pH; changes but sensitive to pH;-mediated
(Ca®").induction. Our findings suggest that, in addition to cellu-
lar PON2 levels, the ability of a cell type to regulate pH; and the
sensitivity of its signaling pathways to pH; changes will likely be
critical factors modulating the response to 30C12.
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30C12 has been shown to mediate biological responses in host
cells by several mechanisms. 30C12 activates the G-protein-cou-
pled receptor T2R38 to induce Ca** and nitric oxide synthase in
sinusoidal cells and has been shown to interact with IQGAPI,
affecting cell migration in Caco-2 epithelial cells (15). 30C12 was
shown to bind PPARYy receptors, resulting in modulation of cyto-
kine expression (16, 17). Evidence has also been provided that
direct interaction of 30C12 with the plasma membrane may me-
diate some biological responses (41). PON2 will act to attenuate
signaling through these pathways that are mediated by the lactone
form of 30C12. Conversely, PON2 will promote p38, elF2a, and
Ca’" signaling via intracellular acidification in response to 30C12
exposure. Apoptotic responses to 30C12 in mouse embryo fibro-
blasts were recently shown to depend upon PON2 hydrolytic ac-
tivity (27). Thus, it appears that 30C12-mediated apoptosis is
driven by PON2-dependent intracellular acidification as well al-
though further studies are needed to determine the contribution
of PON2 to 30C12-mediated apoptosis in different cell types.

The overall cellular response to 30C12 will depend upon mul-
tiple factors, including the signaling pathways present in the cell
type, the sensitivity of the cell signaling pathways to 30C12, and
30CI12 exposure duration and concentrations. Given the ubiqui-
tous expression of PON2, simultaneous signaling via PON2-de-
pendent acidification and other receptor-mediated pathways is
likely. A diagram illustrating 30C12 signaling via identified mech-
anisms and PON2’s potential role in modulating the pathways is
shown in Fig. 8. We have previously shown that 25 uM 30C12 is
below saturating concentrations for PON2 and that the rate of
hydrolysis by the enzyme drops considerably below 25 uM 30C12
(20). This, together with our demonstration that a PON2-depen-
dent [Ca®"]_ increase by 30C12 is measurable only at 30C12
concentrations above 10 wM (Fig. 2D), suggests that the PON2-
dependent acidification effects may be appreciably activated only
at 30C12 concentrations above 10 wM. Thus, presuming that
PON?2 is expressed at significant levels, at higher 30C12 concen-
trations, =25 M, intracellular acidification effects may predom-
inate and also modulate receptor-driven effects, whereas as at
lower 30C12 concentrations, =10 wM, the more sensitive recep-
tor-driven effects will predominate. It is clear that the biological
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FIG 8 Scheme depicting the role of PON2 in modifying host cellular responses to 30C12. 30C12 concentrations of 25 uM are below saturating for PON2.
Therefore, the rate of 30C12 hydrolysis by PON2 drops significantly as the substrate falls below 25 uM. At concentrations below 10 wM, the lower rate of 30C12
hydrolysis by PON2 will result in limited effects due to intracellular acidification. Also, below 10 uM 30C12, PON2 would not be as effective at limiting the
availability of 30C12-lactone for receptor-mediated effects. At concentrations of 10 to 25 uM 30C12, both receptor and intracellular acidification effects may
occur, and acidification may significantly modulate receptor-mediated effects. Above 25 wM 30C12, acidification effects would be expected to predominate due
to a rapid and extensive intracellular acidification and reduction of the 30C12-lactone bioavailability.

effects elicited by 30C12 will depend greatly on the signaling path-
ways present in the cell type under evaluation.

The concentration range of 30C12 used in this study, 25 to 50
M, is that which is typically used to evaluate 30C12’s biological
effects. However, the levels of 30C12 that cells are exposed to in
vivo during P. aeruginosa infection are uncertain and a matter of
debate. While concentrations of 30C12 from 1 to 10 uM have
been measured in planktonic cultures, concentrations of ~600
M have been measured in P. aeruginosa biofilms grown in vitro
(6). Concentrations of up to 6.9 WM were recently measured in
sputum samples from subjects with pulmonary P. aeruginosa in-
fections (7). However, the authors of this study indicated that
30C12 concentrations may be higher near sites of P. aeruginosa
colonization due to differing environments within the lung and
colonization densities. Our findings have significant implications
with respect to quantifying the level of 30C12 produced in vivo.
30CI12 has a very high partitioning coefficient of ~1,000:1 in a
lipophilic/aqueous system (6). Thus, consistent with our data and
those of others (12), the 30C12 produced would be expected to
rapidly partition into host cells. Once in the cells, it will be rapidly
hydrolyzed by PON2 to 30C12 acid and become trapped, pre-
cluding detection of the metabolite extracellularly. Furthermore,
P. aeruginosa produces N-acylases with high activity toward
30C12 that will likely contribute to 30C12 elimination (42).
Therefore, due to intracellular sequestration and hydrolysis, me-
tabolism via bacterial enzymes, and dilution into large sputum
volumes, the low-micromolar concentrations of 30C12 measured
in sputum samples from infected subjects are likely a significant
underestimation of concentrations to which host cells are ex-
posed. The rapid partitioning of 30C12 into host cells and intra-
cellular entrapment of 30C12 acid must be considered in future
studies designed to determine the amount of 30C12 produced in
vivo during infection.

In summary, this study demonstrates a novel PON2-depen-
dent mechanism by which 30CI12 elicits biological effects in
mammalian cells. Additionally, we show that this mechanism is
operative in all immortalized and primary cells analyzed in this
study, suggesting that it is generally biologically relevant. The
PON2-mediated intracellular acidification occurs rapidly and
thus likely contributes to many of the previously reported, yet
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unexplained, immediate cellular responses to 30C12. This find-
ing should greatly accelerate the understanding of how P. aerugi-
nosa, as well as other Gram-negative bacteria, utilize AHLs to
modulate host immune responses. In addition, it may reveal novel
therapeutic targets which may be exploited to limit the pathoge-
nicity of P. aeruginosa.
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