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1 | INTRODUCTION

Pseudomonas aeruginosa is a Gram-negative bacterium of the
y-proteobacteria class that is one of the most common causes
of nosocomial infections.'” In cystic fibrosis (CF) patients,
P aeruginosa causes chronic pneumonia.3 “ Due to its multiple
drug resistance, P aeruginosa is difficult to treat. The bacteria
have an intercellular quorum sensing communication system
(QS),5 with QS molecules belonging to the N-acylhomoserine
lactones (AHL) and 2-n-alkyl-4(1H)-quinolones (AQ).*® Both
play a crucial role for the synthesis of many virulence factors,
antibiotic resistance, and biofilm formation in P aerz,tginosa.l’7
The Pseudomonas quinolone signal (PQS), 2-heptyl-3-hydroxy-
4(1H)-quinolone, is the major AQ-type signal 3 (Figure 1). The
precursor of PQS, 2-heptyl-4-(1H)-quinolone (HHQ), also acts
as QS signal.5 PQS has amphiphilic properties and modulates
membrane properties and intracellular packing and trafficking
of antimicrobials and toxins.? Furthermore, PQS controls the
expression of its own biosynthesis gene cluster.”'”

PQS as well as other QS-associated secondary metabo-
lites of P aeruginosa do not only affect the pathogen itself but
also other bacterial and host cells.!! For example, PQS was
demonstrated to repress growth of other bacteria, likely by an
iron-chelating activity.lz'14 A reduction in oxygen consumption
was also observed.'® Effects on eukaryotic hosts include immu-
nomodulatory activities.'®!” In clinical samples of CF patients,
2-heptyl-4-hydroxyquinoline N-oxide (HQNO), another AQ
type molecule produced by P aeruginosa, was identified.>'31?
2-Alkyl-4-hydroxyquinoline N-oxides are known to inhibit the
enzyme activity of mitochondrial and bacterial complex III
(CIII) at the Q; (quinone reduction) site,”*! which results in
the formation of reactive oxygen species (ROS). ROS in mito-
chondria is mainly generated by the activities of the respiratory
complexes I and 1.2 At complex I, superoxide (O,") and
hydrogen peroxide (H,0,) are produced at substrate oxidation
sites.”**> Complex I has two different substrate oxidation sites,
the I site, where NADH binds, and the Iy site, where the elec-
trons are transferred to ubiquinone. Inhibitors of complex I can
be categorized by their effect on ROS formation: while class A
(eg, Piericidin A and Rotenone) increases ROS and class B (eg,
Capsain and Stigmatellin) had no effect on ROS levels.”® I site
inhibitors, eg, diphenyleneiodonium chloride (DPI), lower ROS
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FIGURE 1
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Structural formula of the Pseudomonas quinolone
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levels.?® With reverse electron flow, the effects of the various
inhibitors on ROS production are inverted.”?

A recent study reported that PQS increases ROS levels in
lung epithelial cells,” but the specific target of PQS in epithe-
lial cells was not identified. Here, we tested the hypothesis that
PQS, like HQNO, affects mitochondrial respiration or the activ-
ity of respiratory complexes. Indeed, oxygen consumption mea-
surements and activity assays of respiratory complexes revealed
a strong inhibitory effect of PQS on mitochondrial respiration.
Predominantly, complex I of the respiratory chain in mamma-
lian mitochondria was inhibited but longer incubation times
also affected complex III activity. In concentrations as found in
the sputum of CF patients, PQS did not enhance ROS formation
and suppressed the ROS promoting effect of Rotenone, leading
us to conclude that PQS is a class B inhibitor.

2 | MATERIAL AND METHODS

2.1 | Cell culture

HeLa cells were purchased from the DSMZ (Deutsche
Sammlung von Mikroorganismen und Zellkulturen). A549 cells
were a kind gift of Barbara Kahl, Medizinische Mikrobiologie,
University of Miinster. Cells were cultured in Minimal Essential
Medium Earle’s Salt (MEM™™) containing 5.6 mmol/L glucose
and L-glutamine supplemented with 10% Fetal bovine serum
(FBS), 1% HEPES, and 1% non-essential amino acids (NEAA)
at 37°C and 5% CO,. Cells were passaged at 90%-95% of conflu-
ency. To detach adherent cells for splitting, cells were washed
once with Dulbecco's Phosphate Buffered Saline (PBS) and
Trypsin/EDTA was used. Detached cells were transferred into
new flasks after adding an appropriate volume of culture media.
The day before fluorescence imaging at the confocal laser scan-
ning microscope (cLSM), HeLa wt, and A549 cells, cells were
seeded into 3 cm dishes with an initial cell count of 200.000 cells
per dish (2 d before experiment 100.000 cells/dish). Cells were
counted using a Neubauer chamber. For respiration measure-
ments, cells were seeded into 96-well plates to automatically
determine oxygen consumption rates and extracellular acidifi-
cation rates in an automatic analyzer (Seahorse/Agilent XF°96
Flux Analyzer). The number of cells was adapted (30.000 cells/
well HeLa wt and 50.000 cells/well A549) for the automatic
flux analysis in 96-well plates. Seeded cells were incubated at
37°C and 5% CO, until treatment/analysis. Cells were treated
with 2, 10, or 100 umol/L. PQS, 10 pmol/L. HQNO, 10 pmol/L
HHQ, 1 or 10 pmol/L Rotenone, 10 umol/L. DPI, 300 umol/L
FC, 75 pmol/L DEX (all from Sigma), and DMSO (as solvent
control) in indicated media (acute or for 1 day, indicated). For
induction of reverse electron transfer (RET), cells were cultured
for 1-5 hours in Dulbecco’s Modified Eagle’s Medium (DMEM)
supplemented with 1 mg/mL lipid-rich bovine serum AIbuMAX
(GIBCO) plus 0.5 mmol/L L-carnitine hydrochloride (Sigma).
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2.2 | Oxygen consumption measurements

Oxygen consumption rates (OCR) and extracellular acidi-
fication rates (ECAR) of intact cells were recorded with
the Seahorse XF°96 Extracellular Flux Analyzer (Agilent
Technologies). A total of 30.000 cells were seeded per well of a
96-well XF cell culture microplate 24 hours before the experi-
ment. On the day of measurement, culture media were aspirated
and cells were incubated in assay media at 37°C and 5% CO,
for 1 hour. The Mitochondrial Stress Test™ (Agilent/Seahorse)
was used to determine the basal bioenergetic profile of cells.
Final concentrations of injected compounds were as follows:
1 umol/L oligomycin in port A, 0.5 pmol/L carbonyl cyanide
4-(trifluvoromethoxy)phenylhydrazone (FCCP) (HeLa wt) or
1 umol/L FCCP (A549) in port B, and 0.5 umol/L Rotenone/an-
timycin A in port C. To determine the effects of PQS, cells were
treated with the inhibitor compound as indicated and incubated
in MEM** at 37°C and 5% CO,. DMSO as solvent was used
as a control with a final concentration not higher than 0.05%.
The sensor cartridge was calibrated with 200 uL. XF Calibrant
(Agilent) per well over night at 37°C and environmental CO,.
Basal respiration (in 180 pL per well DMEM, Agilent), maxi-
mal respiration/spare respiratory capacity, proton leak, and
non-mitochondrial respiration were measured in the cell plate
upon injections of compounds from the different ports at 37°C.
For media composition, see supplementary information.

2.3 | Determination of OXPHOS
complexes' activity

The substrate test (Seahorse/Agilent™) is used to determine
specific respiratory complex activities in cells. Therefore,
oxygen consumption rate (OCR) is analyzed after permeabi-
lization of membranes with digitonin and successive addition
of specific substrates and inhibitors for individual OXPHOS
complexes. Digitonin ensures access of substances by bind-
ing to cholesterol and causing formation of membrane pores.
In this assay, complex I substrates, glutamate and malate, and
complex II substrates, succinate and glycerol-3-phosphate
(G-3-P), were added to drive complexes I + II/IV or com-
plexes II/III/IV electron transport and oxygen consumption.
Complex I was inhibited by addition of Rotenone and complex
II by antimycin A. This specific inhibition leads to a reduc-
tion in oxygen consumption in presence of the substrates. To
evaluate only complex IV activity (together with cytochrome
¢), tetramethyl-p-phenylenediamine (TMPD) and ascorbate
were injected. TMPD is an artificial electron donor that trans-
fers electrons directly to cytochrome ¢, which further transfers
electrons to complex IV. Ascorbate was used to continuously
reduce TMPD. Final concentrations of injected compounds
were as follows: 0.5 umol/L Rotenone in port A, 10 mmol/L
Succinate plus 5-10 mmol/L. Glycerol-3-Phosphate in port B,

0.5 umol/LL Antimycin A in port C, and 10 mmol/L Ascorbate
and 100 pmol/L TMPD in port D. After calibration and di-
rectly before the experiment, 180 uL MAS™ assay media
(220 mmol/L Mannitol, 70 mmol/L Sucrose, 10 mmol/L
KH,PO,, 2 mmol/L HEPES, 1 mmol/L EGTA, and 5 mmol/L
MgCl,) supplemented with glutamate, malate, 0.5/1 umol/L
FCCP (HeLa wt/ A549), and 0.0006%/ 0.0012% Digitonin
(HeLa wt/ A549), as well as PQS or other substances where
indicated were added to the cells. Then, oxygen consumption
was measured over time and upon port injections at 37°C. For
media composition, inhibitor, and substrate conditions see
supplementary information.

2.4 | Cloning of MT-HyPer-3

To generate a matrix-targeted HyPer-3, the encoding sequence
was genetically fused to a mitochondrial-targeting sequence
(mts) of the mitochondrial processing peptidase (MPP60) re-
sulting in a MT-HyPer-3. This mts was already successfully
used to target superecliptic pHluorin (sEcGFP) into the mi-
tochondrial matrix.*® To generate MT-HyPer-3, sEcGFP was
cut out from MT-sEcGFP using EcoRI and Notl as restriction
enzymes, and the sequence of HyPer-3 was introduced. The
insert HyPer-3 was generated by PCR with pC1-HyPer-3 as
a template using the following primers: atcggaattcatggaga-
tggcaagccagcag (forward) and gcttgeggecgcettaaaccgectgttt-
taaaacttttaaaacttttatc (reverse). pC1-HyPer-3 was a gift from
Vsevolod Belousov (Addgene plasmid # 42131; http://n2t.
net/addgene:42131; RRID:Addgene_42131). Before liga-
tion, the HyPer-3 PCR product was cut with Notl and EcoRI.

2.5 | Fluorescence imaging

Fluorescence imaging was performed with a TCS SP§ SMD
confocal laser scanning microscope (cLSM, Leica). A 63x
water objective (NA 1.2) was used. Living cells were imaged
at 37°C supplied with 5% CO,. HyD's with GaAsP photo-
cathodes were used as detectors for dual-color recording and
FLIM (fluorescence lifetime imaging microscopy).

2.6 | Insitu ROS detection

In situ staining for superoxide (O27) was performed with
MitoSOX™ Red (Invitrogen). MitoSOX™ is cell perme-
able and accumulates in mitochondria. It is rapidly oxi-
dized by superoxide (but not by different ROS) resulting in
a highly fluorescent product.49 Cells grown on glass cov-
erslips were treated with the compounds of interest for the
indicated times. Before ROS detection, cells were stained
in fresh medium for 30 minutes at 37°C with 2.5 pmol/L
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MitoSOX, washed once with PBS and once with medium,
and then imaged in fresh medium. MitoSOX (ex./em.
maxima: 510/580 nm) was excited with 510 nm and emis-
sion was collected between 530 and 630 nm. In addition,
cells were stained with 1 pg/mL DAPI (ex./em. maxima:
350/470 nm) for 30 minutes at 37°C. DAPI was excited
with 405 nm and emission was collected between 420 and
500 nm. Measurements of DAPI and MitoSOX fluorescence
were performed consecutively.

Hydrogen peroxide (H,0,) was detected with HyPer—S.41
Therefore, cells grown on glass coverslips were transfected
with MT-HyPer-3. HeLa cells were transfected with calcium
phosphate overnight, whereas A 549 were transfected with
jetPRIME® (Polyplus transfection) for 4 hours. Cells were
imaged after 24 (A549) or 48 (HeLa) hours in fresh medium.
To induce oxidative stress and H,O, production, cells express-
ing MT-HyPer-3 were treated with tert-Butylhydroperoxide
(t-BHP; 100 pmol/L, Sigma) for up to 45 minutes. Cells were
imaged at 37°C and 5% CO,. MT-HyPer-3 was excited cor-
responding to the two peaks in the absorption of the cpYFP
chromophore (420 and 500 nm), using a laser diode (ex.
405 nm) and an argon laser (ex. 496 nm). The fluorescence
emission was recorded from 510 to 550 nm. Instead of 420 nm
excitation, we excited at 405 nm. The 405/516 emission cor-
responds to the protonated form of the cpYFP chromophore,
the 500/516 emission to the deprotonated form of the cpYFP
chromophore. Upon exposure to H,O,, the fluorescence exci-
tation spectrum changes thereby shifting the fluorescence in-
tensities after ratiometric excitation at 500 and 420 nm (F500/
F420 ratio).*! Image analysis was done with the Image] open
source software. To measure mitochondrial HyPer-3 signal,
the Otsu filter mask was used as a mask for mitochondria and
the background was set to NaN. For ratiometric measurement,
the signal 500/516 emission was divided by the signal from
405/516 nm. Recording of the fluorescence lifetime of ex-
cited MT-HyPer-3 was performed by Time-Correlated Single
Photon Counting (TCSPC). HyPer was excited at 488 nm
using a pulsed white light laser, pulse rate 40 MHz, and the
emission recorded between 500 and 550 nm. At least, 1000
photons were collected per pixel. As HyPer-3 shows multi-
exponential decay,41 a tri-exponential fitting was used for re-
convolution. The resulting values for the average fluorescence
lifetime were displayed using a false color scale [0.7-2.3 ns].

2.7 | Calibration of HyPer-3 for different
pH values

For calibration, MT-HyPer-3 expressing cells were incubated
in different pH buffers. Therefore, a salt solution (125 mmol/L
KCl, 20 mmol/L. NaCl, 0.5 mmol/L. CaCl,, and 0.5 mmol/L
MgSO,) was supplemented with MES (20 mmol/L, pH 6.5),
BES (20 mmol/L, pH 7.0), or HEPPSO buffer (25 mmol/L,
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pH 7.5 and 8.0) adjusted to the desired pH by 1 mol/L HCI or
NaOH. Cellular equilibration was achieved by addition of FCCP
(10 pmol/L), nigericin (1 umol/L), and oligomycin (5 pug/mL) as
previously reported for calibration of superecliptic leuorin.50

2.8 | Statistics

Data analysis was performed using Origin™. The data are
presented as means in bar charts or in box-and-whisker plots,
with boxes representing the 25th to 75th percentiles. To de-
termine differences between treatment groups, Student t test
or analysis of variance (ANOVA) for single factor (One-
way) were performed with hoc Scheffe test as a post-test
(indicated). Differences were considered to be statistically
significant, if P < .05.

2.9 | Preparation of mitochondria-enriched
fractions from bovine liver

Mitochondria were enriched from bovine liver tissue as de-
scribed by Spinazzi et al.”! Briefly, the tissue was chopped
using a tissue blender, diluted in ice-cold homogenization
buffer (10 mmol/L Tris, 40 mmol/L. KCI, 2 mmol/L. EDTA,
250 mmol/L sucrose, pH 7.4) and further homogenized with a
pre-cooled Potter-type tissue grinder (15 strokes at 800 rpm).
The cell homogenate was centrifuged at 1.000 X g for
10 minutes to remove debris, residual tissue, and intact cells.
The supernatant was collected carefully and centrifuged at
20.000 x g for 25 minutes to yield the mitochondrial-enriched
pellet, which was washed one time with 10 mmol/L Tris (pH
7.6) and pelleted again. Finally, aliquots of the mitochondrial-
enriched suspension were flash frozen in liquid nitrogen and
stored at —80°C. Before usage, mitochondria were subjected
to five cycles of freeze thawing for disruption of membranes.

2.10 | Isolation of mitochondria from
cell culture

Mitochondria wereisolated via the Qproteome Mitochondria
Isolation Kit (Qiagen). Briefly, washed A549 cells were
suspended in Lysis Buffer. Plasma membranes and com-
partmentalized organelles were pelleted by centrifugation.
The resulting pellet was resuspended in Disruption Buffer
and recentrifuged twice. For high-purity preparations, the
mitochondrial pellet was resuspended in Mitochondria
Purification Buffer followed by subsequent density sepa-
ration according to the kit. The high-purity mitochondria
were resuspended in MAS™ assay media with 10 mmol/L
glutamate and 10 mmol/L malate. After staining with
2.5 umol/L MitoSOX for 30 minutes, mitochondria were
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centrifuged (7000 g, 5 minutes), the pellet with mitochon-
dria resuspended in MAS, and plated on a glass coverslip
for imaging at the cLSM (A,. = 559 nm, 4., = 620-
670 nm). Fluorescence signal intensities from mitochondria
in at least 23 focal planes were analyzed with Image] after
background subtraction.

2.11 | ROS production in mitochondrial-
enriched fractions from bovine liver

Inhibitor-induced ROS production was measured for PQS
(10 pmol/L), Rotenone (10 pumol/L), or a combination of
both using the ROS probe hydroethidine (HEt; 40 umol/L).
Increase in red fluorescence (Aq/Aqp: 525 nm/580-625 nm)
from oxidized HEt was followed with the plate reader
Glomax® (Promega) for 30 minutes and the difference in
fluorescence increase in inhibitor-treated samples to the
DMSO control were determined. Assays were carried out
in modified activity buffer (50 mmol/L Tris, 0.3% w/v bo-
vine serum albumin, pH 7.5) and conditions addressing ROS
production by complex I + III/IV (400 umol/LL NADH),
by complex III/IV alone (10 pmol/L Rotenone, 25 ug/mL
diaphorase, and 400 pmol/L. NADH), mitochondrial back-
ground (without respirable substrates), or non-mitochondrial
background (absence of mitochondria) have been applied.

2.12 | Complex I activity in mitochondrial-
enriched fractions from bovine liver

Complex I activity of the mitochondrial suspension was meas-
ured by following reduction in 2,6-dichlorophenol indophe-
nol (DCPIP; 100 umol/L) spectrophotometrically at 600 nm.
Mitochondria were diluted in activity buffer (50 mmol/L Tris,
300 umol/L KCN, 1 umol/L Antimycin A, 0.3% w/v bovine
serum albumin, pH 7.5) and mixed with DCPIP, decylubiqui-
none (DH), PQS, or DMSO as the control. The reaction was
initiated by the addition of NADH (200 umol/L). Reference
samples additionally containing 10 umol/L of the complex I—-
specific inhibitor Rotenone were measured in parallel to deter-
mine only Rotenone-sensitive activity. The substrate kinetics
were fitted best to Equation 1 describing mixed partial inhibi-
tion with competitive and uncompetitive inhibition constants,
K, . and K . The reaction velocity and the maximum velocity
are represented by v and v,,,,, whereas vy is the residual reac-
tion velocity under saturating inhibitor (PQS) concentration
[T]. The concentration of the substrate decylubiquinone and
its Michaelis constant are [S] and K.

L1111
Ki,u

Ko (1442 )51 (1442 (M

. Ki.u

Viax [S1+ Ve

v=

2.13 | ROS development in isolated
mitochondria

Freshly isolated mitochondria from A549 and HeLa cells
(n = 2 biological replicates) were stained with 500 nmol/L
MitoTracker® Green (MTG, Thermo Fisher, M7514) and
2.5 umol/L MitoSOX® in MAS buffer supplemented with gluta-
mate and malate (MAS++) for 30 minutes. After centrifugation
(2000 x g, 5 minutes), the pellet was resuspended in MAS++.
Imaging was performed at a cLSM (Leica SP8 equipped with
a tunable white light laser, a 63x water objective, NA: 1.2; and
two GAsP detectors). Settings: 4., 488 nm, A, 500-525 nm
for MTG; 4, 559 nm, and 4, 620-670 nm for MitoSox.
Fluorescence signals were analyzed with ImagelJ; the mean grey
value for each channel was determined for single mitochondria.

2.14 | Mitophagy test

Cells were seeded on glass coverslips. 100 nmol/LL. MTG
(30 minutes) was added to the culture medium to stain mito-
chondria and determine the mitochondrial area. For determina-
tion of the cell area, a dilution of 1:2000 of the CellMask™
Orange dye (Thermo Fisher, C100045) that stains the plasma
membrane (10 minutes) was used. For recording the MTG fluo-
rescence, MTG was excited with A.,. = 488 nm, the emission
was collected at A, 510-530 nm; settings for the CellMask dye:
Aex =561 nm, 4., = 620-750 nm. To visualize autophagosomes,
cells were transiently transfected with LC3::mCherry and with
a plasmid encoding for the fluorescent protein clover geneti-
cally fused to subunit CoxVIlIa (CoxVIlIla::clover) in complex
IV to visualize mitochondria. HeLa cells stably expressing
Cox8a::clover and LC3::mCherry were imaged as following:
Clover-excitation at A = 488 nm, emission 4 = 510-540 nm;
mCherry: A,, = 561 nm, 4., = 630-700 nm with a cLSM
(Leica SP8, 63x water objective, NA: 1.2; GAsP detectors).

3 | RESULTS AND DISCUSSION

The effect of PQS on mitochondrial activity and respiratory
complexes was tested with human lung epithelial (A549) cells
and cervical cancer cells (HeLLa). A549 cells were chosen as a
cell model, as PQS is secreted into the lungs of patients.l&29
The response of individual complexes to PQS was further an-
alyzed via in vitro experiments using mitochondrial-enriched
fractions from bovine liver and from A549 cells.

3.1 | PQS impairs mitochondrial respiration

We first tested the general effects of PQS on mitochon-
drial respiration by measuring oxygen consumption rates
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FIGURE 2 PQS affects overall respiration of mitochondria in A549 and HeLa cells. A, Cells were analyzed in supplemented DMEM assay
media at 37°C via Agilent/Seahorse XF® 96 Flux Analyzer. Successive addition of specific inhibitors expose oxygen consumption rates (OCR) for
basal respiration, spare respiratory capacity, complex V (CV) activity, proton leak, and non-mitochondrial OCR. B, The simultaneously measured
extracellular acidification rate (ECAR). C, Correlation of the ECAR and OCR for A549. For calculation of the OCR/ECAR ratio, the values from
time point 15 min were taken. Effects of PQS and additionally HQNO and Rotenone were tested. D, Correlation of the ECAR and OCR for HeLa.
E, Respiratory parameters for A549 cells acutely treated with PQS, HQNO, and Rotenone. F, Respiratory parameters for HeLa cells acutely treated
with PQS, HQNO, and Rotenone. N = 3 biological replicates; n = 12 technical replicates. Standard error of the mean (SEM) is shown. Data from

(E) and (F) were analyzed by One-Way ANOVA with post hoc Scheffe test
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(OCR) with intact cells. A mitochondrial stress test with
an automatic flux analyzer (Agilent/Seahorse XF° 96
Flux Analyzer) was conducted to reveal basal respiration,
complex V-dependent oxygen consumption, respiratory
capacity, and proton leak under control conditions and
in the presence of PQS. A549 and HeLa cells showed no
differences in oxygen consumption rates and response to
inhibitors and the uncoupler FCCP (Figure 2A). In parallel
to the OCR, the extracellular acidification rates (ECAR)
were determined under the same conditions. After FCCP
treatment, the ECAR of Hela cells showed a stronger drop
than that of A549 cells (Figure 2B). The OCR/ECAR ratio
indicates the metabolic footprint of cells: high OCR and
ECAR are typical for metabolically highly active cells,
high OCR and low ECAR for cells that mainly rely on oxi-
dative phosphorylation for energy conversion, low OCR
and ECAR for quiescent cells, and low OCR and high
ECAR for highly glycolytic cells. To test possible effects
of PQS on the metabolic state of cells, we compared the
OCR/ECAR ratio (f = 15 minutes) in the absence and pres-
ence of PQS. For comparison, HQNO, a known inhibitor
of respiratory complex III, and Rotenone, an inhibitor of
complex I were tested. As PQS, HQNO, and Rotenone
were dissolved in DMSO, DMSO was added to the me-
dium as a control. In the following experiment, we chose a
PQS concentration of 10 umol/L PQS. However, 2 pmol/L
and 100 pmol/L. were also tested in some of the subse-
quent experiments. For sputum samples of CF patients,
PQS concentrations of up to approximately 2 pumol/L were
reported, however, this probably underestimates in situ
concentrations due to inefficient PQS recovery during or-
ganic extraction.'® HQNO was tested at a concentration
of 10 umol/L, and Rotenone was added in a concentra-
tion of 1 umol/L (later also 10 pmol/L). Without inhibitors,
cells showed high respiratory activity. After the addition
of the inhibitors, mitochondrial respiration significantly
decreased. At the same time, the extracellular acidifica-
tion rate increased suggesting a shift toward glycolysis
and lactate production. The result was similar for all three
inhibitors (Figure 2C-D). Over time, this would probably
result in an accumulation of Krebs cycle intermediates,
which have signaling effect for the rebuilding of the me-
tabolism.'> The stress test conducted in the absence and
presence of PQS, HQNO, and Rotenone revealed a strong
and comparable inhibitory effect on the mitochondrial
respiration under non-inhibited, uncoupled, and inhibited
conditions. Acute treatment with 10 umol/L PQS resulted
in significant reduction in respiration, including basal,
spare respiratory capacity, as well as complex V linked
respiration in both cell lines (Figure 2E-F). In A549 cells,
proton leakage was more affected by the inhibitors than in
HelLa cells. In HeLa cells, in addition, non-ETC processes
that consumed oxygen were reduced indicating secondary

effects of inhibitors. For Rotenone, it is known that it also
affects microtubules assembly, resulting in mitotic arrest,
and eventually cell death, independently of energy-requir-
ing processes.30 It is not clear, though, how this is possibly
related to oxygen-dependent processes. In sum, the effects
of PQS on the respiratory parameters were similar to the
effects of Rotenone, which mainly is a complex I inhibitor
and HQNO, which is a complex III inhibitor. However, the
assay used here to record the inhibitory effect of PQS on
overall respiration does not allow the identification of the
specific inhibitory site at one of the complexes.

3.2 | PQS specifically inhibits complex I
activity in A549 and HeLa cells

To determine the specific inhibitory target(s) of PQS in
the ETC, we tested the effect of PQS (and HQNO as con-
trol) on the activity of specific complexes of the respira-
tory chain. The OCR was monitored after stimulation of
specific complexes in the absence and presence of PQS.
Cells were sown and treated with digitonin to allow for
substrates and inhibitors to access mitochondria. In this
test, lung epithelial cells showed generally higher com-
plex activities than HeLa cells (Figure 3A). First, we vali-
dated the inhibitory effect of HQNO on mitochondria in
A549 and HeLa cells (Figure 3B). HQNO inhibited the
electron flow between complexes [—-II[—-IV and com-
plexes [I-III—=1IV, but did not affect complex IV activity.
These data are in accordance with an inhibitory effect of
HQNO on complex 13! Next, the activities of the res-
piratory complexes were monitored in presence of PQS.
PQS was added directly before the recording (acute treat-
ment) or 24 hours before (long-term treatment). The acute
treatment with 2 and 10 pmol/L PQS led to a strong re-
duction in OCR of the ETC [-III-1IV in A549 and Hela
cells. As no effect was observed for the OCR of the ETC
[I-III-1IV or on complex IV alone, the target of PQS
inhibition clearly is complex I in A549 and HeLa cells.
The relative inhibitory effect of PQS on complex I was
stronger in HeLa cells (Figure 3D). To check whether the
effect of PQS on respiration might be correlated with its
iron-chelating activity, we tested in addition the iron-che-
lator deferoxamine (DFX). However, acute treatment with
75 umol/L DFX did not significantly decrease complex I
activity (Figure 3C,D). Exposure of cells to low concen-
trations of PQS (2 pumol/L) for 24 hours resulted in sig-
nificant inhibition of complex I activity in both cell lines
(Figure 3E,F), supporting the model that complex I is the
primary target. Higher PQS concentrations (10 umol/L)
had a strong inhibitory effect on the ETC of complexes I/
III/IV as well as on II/III/IV. Since complex IV activity
was not significantly affected under those conditions, we
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FIGURE 3 PQS inhibits respiratory complex I and HQNO complex III. Effects of HQNO and PQS on mitochondrial electron transport
chains and complexes. A, Oxygen consumption rates (OCR) of the CI-CIII—-CIV ETC and the CII-CII—-CIV ETC. Medium composition:
glutamate and malate (complex I substrates), FCCP (uncoupler), and digitonin (for mitochondrial permeabilization). Glycerin-3-phosphate

(G-3-P) and succinate were added as substrates for CII, Antimycin A as inhibitor of CIII, and Ascorbate (Asc) and trimethyl pentanediol (TMPD)
to stimulate CIV. B, Acute HQNO (10 umol/L) effects on the OCR of CI—-CIII-CIV, CII-CIHI—-CIV, and CIV, respectively. C, PQS and

DEX effects on CI->CIII-CIV and CII-CIII—-CIV ETC activity in A549 cells (acute treatment). D, Quantification of CI—-CIII—-CIV and
CII-CIHI—=CIV ETC activity in HeLa cells upon acute PQS and DFX addition at indicated concentrations. E, Effect of long-term treatment with
PQS and DFX, respectively, on CI-CIII—CIV and ClI-CII—-CIV ETC activity in A549 cells (F) and in HeLa cells. N = 3 biological replicates;
n > 12 technical replicates. Error: standard error of the mean. Data in (B) were analyzed by Student t test. Data in (C-F) were analyzed by One-Way

ANOVA with post hoc Tukey test
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FIGURE 4 Complex I kinetics in the presence of different PQS concentrations and ROS production in response to inhibitors.

Enriched mitochondria from bovine liver were used in this in vitro assay. A, Activity of complex I at different concentrations of the substrate
decylubiquinone was measured in the presence of O pumol/L (black), 0.1 umol/L (red), 1 umol/L (green), and 10 umol/L (blue) PQS. Symbols and
error bars represent the means and standard deviations of three independent tissue and mitochondria preparations (n = 3), which were used in

two individual experiments each measured in triplicate. B, Complex I inhibition increases mitochondrial ROS levels. Treatment of mitochondria

with complex I inhibitors results in an increase in red HEt fluorescence (RFU, relative fluorescence units) indicating ROS production under
conditions of FET. The bars depict the differences between inhibitor-treated samples and DMSO controls after 30 min of incubation. Concentration
of compounds: NADH (400 umol/L), PQS (10 umol/L, white bars), Rotenone (10 pumol/L black bar), and PQS plus Rotenone (10 pmol/L each,
gray bar). Non-mitochondrial background was measured without mitochondria and the mitochondrial background was measured in the absence

of respirable substrate. Adding 400 pmol/L NADH enabled measurement of complex I + III/IV, whereas the additional presence of Rotenone

(10 pmol/L) and diaphorase (25 pg/mL) bypassed complex I and revealed only complex I1I/IV-mediated ROS production. Bars and errors represent
means and standard deviations of four independent mitochondria preparations (n = 4), which were measured in 8-11 replicates. Significances were

evaluated by One-way ANOVA (¥*, P < .01; n.s., P > .05)

interpret that exposure to 10 umol/L PQS for 24 hours in
addition affected complex III activity. The same effects
were obtained by 24 hours incubation with DFX, the iron-
chelator compound (Figure 3E,F). In sum, we found short-
term effects of PQS mainly on complex I and long-term
(plus high concentration) effects also on complex III.

3.3 | PQS acts in a partially competitive
manner against decylubiquinone in vitro

To specify the mechanism of complex I inhibition by PQS,
we prepared fractions enriched in mitochondria from bovine
liver tissue for in vitro analyses. Kinetics with the substrate
analog decylubiquinone at different PQS concentrations
were measured by following the reduction in 2,6-dichlo-
rophenol indophenol (DCPIP) (Figure 4A), which accepts
electrons from complex I. NADH was used as electron
donor. Analyzing the Michaelis-Menten plots of the rela-
tive reaction velocities revealed that a mixed-type inhibition
according to Equation 1 (see Methods section) fitted the
data best, indicating that PQS partially competes with decy-
lubiquinone, but has at least two binding modes or binding
sites within complex I. An analogous partially competitive
inhibition with regard to ubiquinone was reported for the I,
site inhibitor Piericidin A.** The mixed-inhibition type is
consistent with the notion that several Q-binding sites and

different binding positions of quinone-site inhibitors may
exist within the quinone channel.***® The two inhibition
constants representing the competitive and uncompetitive
components of the inhibition (K;. and K;,) were 0.56 and
0.12 umol/L, respectively. Complex I retained a low resid-
ual activity of 15.8% even at saturating concentrations of
PQS, possibly due to leakage of electrons from prosthetic
groups such as FMN to DCPIP.*

3.4 | PQS promotes ROS generation at
mitochondrial complex I in vitro

To investigate whether in vitro inhibition of complex
I activity by PQS can account for the PQS-induced in-
crease in cellular ROS production, described by Abdalla
et al (2017), a modified biochemical assay in the pres-
ence of the radical-sensitive probe hydroethidine (HEt)
was performed. Mitochondria were isolated from liver and
permeabilized by repeated freezing-thawing cycles. When
the activity of mitochondrial complex I (and subsequent
complexes III/IV) was induced with NADH, the red fluo-
rescence resulting from HEt oxidation products in PQS-
treated samples increased compared with control samples
without PQS, indicating higher ROS values (Figure 4B).
Background measurements, in the absence of respirable
substrates, revealed only a slight increase in HEt oxidation
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induced by PQS. To discriminate between complex I and
complex III/TV derived ROS, control measurements, where
complex III/IV were directly addressed by inhibiting and
bypassing complex I, were performed. The PQS-induced
increase in HEt oxidation by complex III/IV was compa-
rable with the mitochondrial background, therefore com-
plex I inhibited by PQS is the main source for the increased
ROS production in the in vitro setup. Under the conditions
of the assay (forward electron transfer [FET]), the ROS
production induced by PQS was similar to the Rotenone-
induced response (Figure 4B). When both inhibitors, PQS
and Rotenone, were present, the level of HEt oxidation was
almost equal to the level observed with Rotenone only. If
PQS would additionally induce ROS at a complex other
than complex I, increased HEt oxidation would have had to
be observed under these conditions. The absence of such a
cumulative effect strongly suggests an exclusive and maxi-
mal inhibition of complex I.

3.5 | PQS effects on superoxide formation in
live cells

In the following we attempted to determine the effect of
PQS as a complex I inhibitor on ROS production in mito-
chondria of live cells. To determine O, and H,0O, produced
by inhibited complex I we used two sensors: MitoSOX™
Red and HyPer-3. MitoSOX is a matrix-targeted triph-
enylphosphonium cation conjugated to hydroethidine
(HEY). It is reported to respond to superoxide formation by
increased red fluorescence. HyPer-3 is a hydrogen perox-
ide—specific fluorescence sensor composed of a cyclic per-
mutated YFP fused to a natural hydrogen peroxide sensor
from bacteria, OxyR.40 To target it to mitochondria, it was
genetically fused to the mitochondrial-targeting sequence
(MT) of the mitochondrial processing peptidase (MPP).
The response of the hydrogen peroxide sensor can be read
out by ratiometric imaging (intensity based) or by fluores-
cence lifetime recording.41 The fluorescence lifetime de-
creases with increasing hydrogen peroxide levels as shown
by treatment with t-BHP (Figure S1). The intensity-based
ratiometric readout is also pH sensitive, though, while the
fluorescence lifetime of HyPer is pH insensitive between
pH 7.0 and 8.0 (Figure S1D), which is the relevant matrix
pH range.42 Increased hydrogen peroxide levels result in a
decreased fluorescence lifetime.

We determined the effect of PQS on mitochondrial ROS
levels under conditions of FET and RET. For comparison, also
Rotenone as an I site and DPI, an I site inhibitor, were tested.

First, we tested the effect of PQS on hydrogen peroxide pro-
duction. A549 cells expressing the matrix-targeted hydrogen
peroxide sensor mt-HyPer-3 displayed no changes in HyPer-3
fluorescence lifetime and thus no changes in matrix H,O, after
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FIGURE 5 PQS inhibition of complex I does not alter acute
mitochondrial hydrogen peroxide levels in situ. ROS levels were
determined in live cells under FET and RET conditions. A, Matrix
HyPer-3 fluorescence lifetime measurements to monitor H,O, in A549
upon inhibition of complex I by acute treatment with 10 umol/L PQS,
1 umol/L Rotenone, and 10 pmol/L DPI, respectively, under FET.

B, Analysis of matrix HyPer-3 in HeLa upon acute treatment with

10 umol/L PQS, 1 umol/L Rotenone, or 10 umol/L DPI under FET.
C, Analysis of MT-HyPer-3 fluorescence lifetime in A549 cells upon
acute addition of 10 pmol/L PQS, 1 umol/L Rotenone, or 10 umol/L
DPI under RET (1.5 h lipid-rich medium) to monitor changes in
hydrogen peroxide. D, Analysis of MT-HyPer-3 in HeLa upon acute
addition of 10 pmol/L PQS, 1 umol/L Rotenone, or 10 umol/L DPI
under RET (1.5 h lipid-rich medium). E, Acute treatment of MT-
HyPer-3 transfected HeLa cells with 1 umol/L Rotenone as class A
inhibitor only or in combination with 10 umol/L PQS in a competitive
assay. Control: DMSO. F, Fluorescence lifetime images of the
transfected HeLa cells with acute PQS and Rotenone treatment. False
color scale used to depict different lifetimes. Biological replicates

N = 3. Box plot data were analyzed by One-Way ANOVA with post
hoc Scheffe test; *** = P < .001, **= P < .01, *= P < .05, n.s. = non-
significant

treatment with PQS, Rotenone, or diphenyleneiodonium chlo-
ride (DPI) under FET conditions (Figure 5A). In HeLa cells,
the HyPer sensor reported increase in H,O, due to Rotenone
inhibition, PQS had no effect, and DPI treatment resulted in
significant ROS decrease (Figure 5B). Clearly, Rotenone and
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DPI had opposite effects which is in line with the classification
of Rotenone as a class A inhibitor at the I, site and DPI as an
inhibitor at the I site of complex I. To induce reverse electron
transport from succinate to NAD™, cells were grown for several
hours in lipid-rich medium, which is supposed to induce RET.*
As expected, the Iy site inhibitor DPI led to increased H,O,
in A549 under these conditions (Figure 5C), while Rotenone
and PQS had no obvious effect. Again, HeLa cells showed a
different response than A549 cells: Rotenone decreased H,0,
(P < .001), whereas DPI increased H,O, similar as in A549
cells. PQS slightly (P <.01) decreased H,O, under RET condi-
tions (Figure 5D). This behavior indicates that PQS obviously
is not an I site inhibitor, as it has adverse effects than DPI, but
rather is a complex I inhibitor binding to the I site.

Next, MitoSOX was used to record superoxide in A549 and
HeLa cells. Superoxide is the precursor of hydrogen peroxide
in mitochondrial ROS formation. We could not detect any
increase in red fluorescence after PQS treatment (10 umol/L)
in A549 or HeLa cells, suggesting that PQS did not cause
measurable stationary superoxide formation under these con-
ditions. Surprisingly, PQS treatment of A549 cells triggered
a reduction in superoxide levels (Figure 6A, 6), whereas in
HeLa cells PQS (10 umol/L) had no effect on superoxide lev-
els (Figure 6B,D). DMSO was the loading control. When we
used a higher PQS concentration (100 umol/L), the fluores-
cence of MitoSOX increased significantly after 2 hours, in-
dicating oxidative stress, but only in HeLa cells. In the study
by Abdalla et al (2017), increased cellular and mitochondrial
ROS levels upon PQS treatment (40 pg/L = 154 pumol/L,
4 hours) were reported using HEt and MitoSOX. High lev-
els of PQS (100 umol/L), however, had also cytotoxic ef-
fects in A549 cells. HeLa cells were more sensitive, already
10 pmol/L PQS-induced cell death as we could show (Figure
S2). To distinguish intact from dying cells in microscopy
analysis, we used DAPI as a nuclear marker. DAPI only pen-
etrates permeabilized or death cells (Figure 6C,D). Indeed, in

the presence of 100 umol/L PQS, a number of DAPI-positive
cells were found. In these cells, the MitoSOX signal was also
more diffuse with a strong signal in the nucleus indicating
lysis of mitochondria and onset of apoptosis. In the exper-
iments shown here, only intact cells were analyzed for su-
peroxide determination, which might be different from the
analysis performed in the Abdalla et al study.”’

3.6 | PQS neutralizes Rotenone effects on
ROS formation like a B-class inhibitor

As mentioned before, I site inhibitors are classified accord-
ing to their effect on ROS production. At the I site, the
combination of a class B inhibitor with a Class A inhibitor
abolished the ROS production stimulated by the latter.?® To
test, whether PQS could be considered as a class B inhibi-
tor, Rotenone (class A inhibitor) was compared with PQS
effects. PQS was applied in combination with Rotenone.
When A549 cells were treated with Rotenone, the MitoSOX
signal was lower than in the DMSO control as for PQS and
Rotenone in combination (Figure 6E). The lower MitoSOX
fluorescence signal in PQS plus Rotenone-treated cells in-
dicates lower superoxide levels in response to the inhibi-
tors. In HeLa cells, the effect of Rotenone was different:
Rotenone significantly increased superoxide levels. It has to
be mentioned that the effect of Rotenone on ROS production
in cells is not consistent, depending on the ROS defense,”
which is obviously specific in A594 cells.*** To investi-
gate whether Rotenone would in principle increase ROS in
A594 cells, we additionally performed inhibitor treatment
with isolated mitochondria from A549 cells based on obser-
vations that the ROS defense mechanism is often lost during
mitochondrial isolation.” We expected that we could now
measure ROS production.'” In contrast to in cellulo meas-
urements, we found increased ROS production induced by

FIGURE 6 High concentrations of PQS increase mitochondrial superoxide and decrease cell viability. A, Living A549 cells were stained
with DAPI (blue) and the superoxide indicator MitoSOX (red) and treated with PQS (100 pmol/L) or DMSO (0.5%) for 2 h. The depicted
images are the summed signals from Z stacks. B, Living HeLa cells stained with DAPI and MitoSOX, MIP are shown. PQS or DMSO treatment
as indicated. Note that DAPI only stains nuclei of permeabilized cells, which were excluded for MitoSOX analysis. C, MitoSOX fluorescence

under different conditions (mean grey values of single cells, analyzed by ImageJ). Acute and 2 h treatment with 10 pmol/L and 100 umol/L PQS

was analyzed and compared with the according DMSO controls. PQS was solubilized in the respective DMSO concentrations. D, MitoSOX

fluorescence in control and PQS-treated HeLa cells. Acute and 2 h treatment with 10 and 100 umol/L PQS. Mean grey values of single cells were
determined (ImageJ). DMSO controls were not significantly different from a control without DMSO. E, Acute treatment of A549 with DMSO

as control (in this case 0.1% DMSO + 0.5% DMSO), 1 umol/L Rotenone, and 10 umol/L PQS plus 1 pmol/L Rotenone, respectively. F, Acute
treatment of HeLa cells same as (E). Data were analyzed by One-Way ANOVA with post hoc Scheffe test; *** = P < .001, **= P < .01, *=

P < .05. G, Freshly isolated mitochondria from A549 cells were incubated in buffer containing 10 mmol/L glutamate and 10 mmol/L malate,
stained with 2.5 pmol/L MitoSOX, and imaged at the cLSM. Acute treatment with 10 pmol/L PQS, 1 umol/L and 10 umol/L Rotenone, and
combinations was performed. DMSO concentration as vehicle control was 0.05%. MitoSOX fluorescence signals (mean grey values) were analyzed

with ImageJ. H, Freshly isolated mitochondria from HeLa cells were incubated in buffer containing 10 mmol/L glutamate and 10 mmol/L malate,
stained with 2.5 pmol/L MitoSOX and imaged at the cLSM. Treatments and analysis as described in G (but not with 10 pmol/L Rotenone). Data
were analyzed by One-Way ANOVA with post hoc Scheffe test; *** = P < .001, **= P < .01, *= P < .05, n.s. = non-significant, N = 1, more

than 15 cells per condition evaluated. Scale bars: 10 umol/L (A, B)
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1-10 umol/L Rotenone (Figure 6G), similar to that observed
in mitochondria-enriched fractions from the liver (Figure
4B). When PQS (10 pmol/L) and Rotenone (1-10 pmol/L)
were applied together to isolated mitochondria, the meas-
ured ROS value was not higher than in the control. Similar
results were obtained with isolated mitochondria from HeLa
cells. While 1 pmol/L Rotenone increased ROS production,
10 pmol/L PQS alone even decreased ROS production and
additional treatment of 1 pmol/L. Rotenone plus 10 pmol/L
PQS resulted in a lower ROS value than Rotenone alone
(Figure 6H). These results support a ROS-suppressive func-
tion of PQS and are consistent with the mode of action of a
class B inhibitor type of the complex.26

3.7 | PQS treatment does not
stimulate mitophagy

Elevated ROS values can induce mitophagy.46 To inves-
tigate whether PQS treatment would modulate the degree
of mitophagy in HeLa cells, the distribution of the fusion
protein LC3::mCherry after PQS treatment was compared
with the control. During the activation of autophagy path-
ways, 22 amino acids are cleaved from the C-terminus of
LC3 to form LC3-II which selectively localizes in newly
formed autophagosomes. To measure autophagy, the
LC3::mCherry distribution was determined as the SD/mean
ratio. Deviations of the signal (SD) across the cell in relation
to the mean signal intensity are a measure for the locali-
zation of the signal.*’ Quantification of the LC3::mCherry
translocation showed that the average SD/mean ratio in
PQS-treated samples was not statistically significantly dif-
ferent with respect to controls (Figure S3). Thus, acute treat-
ment of PQS (10 pmol/L) did not stimulate mitophagy.

4 | SUMMARY AND CONCLUSION

In this study we showed for the first time the specific in-
hibitory effect of PQS, the Pseudomonas quinolone signal,
on the respiratory complex I in the mitochondria. In vitro
analyses suggest that PQS binds to the I, site of complex
I, and is partially competitive with ubiquinone. When PQS
was added in combination with Rotenone, it suppressed
Rotenone-induced ROS production, which is a feature of
class B inhibitors.?® It is noteworthy that class B inhibitors
also appear to act on complex III, an effect that we have
also observed when higher PQS concentrations were given
over prolonged periods of time (1 day). Future experiments
must show whether the PQS effect on complex III is ac-
tually due only to the effect of a class B inhibitor or is
also related to the iron-chelating effect attributed to PQS."
The observation that inhibition of complex I by Rotenone

did not lead to an increase in mitochondrial ROS in intact
A549 cells (unlike HeLa cells) confirms earlier observa-
tions that A549 cells are less sensitive to ROS-inducing
drug treatment.** In contrast, isolated mitochondria from
A549 cells also showed a ROS increase due to Rotenone
(but not PQS) treatment, confirming the frequent observa-
tion that the cellular ROS defense mechanism may be lost
during mitochondrial isolation.** As described earlier,29
the effect of PQS on cells is concentration dependent, very
high PQS values (100 pmol/L) led to cell death as indicated
by the penetration of DAPI into cells, and significantly in-
creased cellular and nuclear ROS values. In summary, we
conclude that PQS at concentrations as in the sputum range
of CF patients is sufficient to inhibit complex I at the I, site
without stimulating ROS formation.
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