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ARTICLE INFO ABSTRACT

Bacterial pathogens are influenced by signaling molecules including the catecholamines adrenaline and nora-
drenaline which are host-derived hormones and neurotransmitters. Adrenaline and noradrenaline modulate
growth, motility and virulence of bacteria. We show that adrenaline is converted by the pathogen Vibrio cholerae
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NQR @ to adrenochrome in the course of respiration, and demonstrate that superoxide produced by the respiratory,
[S\g:::l(il n: Na™® — translocating NADH:quinone oxidoreductase (NQR) acts as electron acceptor in the oxidative conversion
Adrenochrome of adrenaline to adrenochrome. Adrenochrome stimulates growth of V. cholerae, and triggers specific responses

in V. cholerae and in immune cells. We performed a quantitative proteome analysis of V. cholerae grown in
minimal medium with glucose as carbon source without catecholamines, or with adrenaline, noradrenaline or
adrenochrome. Significant regulation of proteins participating in iron transport and iron homeostasis, in energy
metabolism, and in signaling was observed upon exposure to adrenaline, noradrenaline or adrenochrome. On the
host side, adrenochrome inhibited lipopolysaccharide-triggered formation of TNF-o by THP-1 monocytes,
though to a lesser extent than adrenaline. It is proposed that adrenochrome produced from adrenaline by re-
spiring V. cholerae functions as effector molecule in pathogen-host interaction.

1. Introduction

Vibrio cholerae, the agent of cholera disease, harbours as primary
electrogenic sodium pump, the Na* — translocating NADH:quinone
oxidoreductase (NQR) [1]. This respiratory enzyme has no mammalian
homologue and is broadly spread across pathogenic bacteria, including
Chlamydia trachomatis, Yersinia pestis, Haemophilus influenzae, Klebsiella
pneumoniae, Neisseria gonorrhoeae and Pseudomonas aeruginosa [2,3]. V.
cholerae does not harbor a mitochondrial complex I homologue like
NDH-1, which is known from E. coli. The NQR, crucial for membrane
energization and sodium transport, is considered to be a non-traditional
drug target [4]. Deletion of the NQR leads to metabolic reprogramming
and results in fermentation like metabolism, despite aerobic growth [5].

The NQR couples the exergonic oxidation of NADH with ubiquinone
(Qg) to the endergonic translocation of sodium ions from the cytoplasm
to the periplasm [6,7] and thereby generates a sodium motive force [8]:

NADH + H* + QS + 2Na+cytoplasm — NAD* + QSHZ + 2Na+perlplasm

The three-dimensional structure of the NQR revealed the position of

its redox cofactors (four flavins, two iron centers) in the multisubunit
(NQrA-F) protein complex [1]. Electron transfer from NADH to Qg is
described by the following scheme [8]:

FADquF - 2Fe—ZSquF - FeSquE/D g FMNquC - FMNquB g RBFquB

During in vivo NADH oxidation, the reaction of O, with flavins ex-
posed to the cytoplasmic (FADygr) and the periplasmic (FMNyg,g) side
of the complex, was accompanied with the release of superoxide (0,")
in both compartments [9,10].

The mammalian stress hormones adrenaline (A) and noradrenaline
(NA) are important regulators of host physiology and behaviour,
modulators of the outcome of a bacterial infection and actors in bidir-
ectional communication between the host and its pathogen [11-13]. At
the same time those catecholamines are prone to oxidation [14-16].
Adrenaline oxidation is a stepwise process: first, adrenaline-ortho-
semiquinone is formed, followed by oxidation to adrenaline-ortho-
quinone. After a cyclization to leukoadrenochrome, leukoa-
drenochrome-ortho-semiquinone is formed, which is then oxidized to
adrenochrome (AC). Adrenochrome might rearrange to adrenolutin or
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might be converted to non-soluble adrenomelanine [17]. In total, four
electrons are abstracted from adrenaline to form adrenochrome. This
oxidative conversion is accelerated in the presence of superoxide
[18,19]. The arising oxidation products like adrenochrome were dis-
cussed to play a role in cardiotoxicity [20] or during septic shock [21].
Adrenochrome occurrence was reported after treating a patient suf-
fering from septic shock with adrenaline, and was shown to contribute
to myocardial necrosis [20]. To our knowledge adrenochrome has not
yet been investigated concerning to its role in immune modulation or
bacterial infection.

Adrenaline and noradrenaline modulate growth, motility and viru-
lence of several Gram-negative bacteria including Escherichia coli and
Salmonella enterica [11,22]. Despite growing interest in inter-bacterial
[23] and pathogen-host interaction [24], information about the influ-
ence of human stress hormones on V. cholerae is limited [25]. We
previously reported that adrenaline stimulates growth of V. cholerae in a
serum-based medium. In supernatants from these V. cholerae cells, we
observed partial, oxidative degradation of adrenaline to a compound
which was proposed to represent adrenochrome [25]. The present study
describes the mechanism of adrenochrome formation from adrenaline
by V. cholerae. Superoxide produced by NQR during respiration acts as
electron acceptor for the oxidation of adrenaline to adrenochrome.
Once adrenochrome is formed, it modulates growth and proteome
composition of V. cholerae and impacts TNF-a release of monocytic
cells. We propose that besides adrenaline, adrenochrome acts as an
effector molecule which is sensed by V. cholerae.

2. Material and methods
2.1. Production of V. cholerae membranes and purification of NQR

V. cholerae 0395 N1 [26] and V. cholerae 0395 N1lAngr [27]
membranes were prepared [28] and NQR was purified as described
[1,29,30]. Protein concentration was determined by the bicinchoninic
acid method [31].

2.2. Enzymatic assays

Enzymatic assays were performed at 30 °C in 1 ml reaction buffer
containing 20 mM TrisHCI pH 8, 100 mM NaCl, varying concentrations
of adrenaline or adrenochrome and 5% (w/v) glycerol (for assays with
membranes) or 0.05% DDM (for assays with purified NQR). Silver in-
hibition experiments were performed in 20mM TrisH,SO, pH 8,
100 mM Na,SOy4, 5% (w/v) glycerol and 5-10 uM AgNOs. If indicated,
the pH of the assay buffer was adjusted to 6 or 7 with NaOH in 20 mM
BisTris, or to pH9 with HCl in 20 mM CHES. The reaction was started
with either 0.1 mM NADH, 0.5pug purified NQR or 10-16 ug mem-
branes. If indicated, 75puM ubiquinone-1 was added to the reaction
mixture. For anoxic experiments cuvettes sealed with a septum were
flushed with N, and filled with reaction buffer, which also had been
flushed with N,. Changes in absorbance were monitored at 340 nm
(NADH ey 340 = 6.22mM 'cm™!) and 480nm (adrenochrome
eras0 = 4.02mM ! em 1) [32] using a diode array spectrophotometer
(Hewlett Packard) mounted with a magnetic stirrer.

2.3. Cultivation of V. cholerae

V. cholerae cells were grown on LB agar over night at 37 °C. A single
colony was used to inoculate 5ml LB medium (10gl1~! tryptone,
5g1~ ! yeast extract, 1gl~! NaCl) supplemented with 50 ugml~?!
streptomycin. Cells were grown overnight at 30°C or 37 °C under
shaking (180 rpm, Infors HT Ecotron). The cell pellet, obtained by
centrifugation (3 min, 10,000 g), was washed and resuspended in glu-
cose minimal medium [25] (7 g1~ 1 Na,HPO,, 3 gl™ 1 KH,PO,, 0.5 gl™ 1
NaCl, 18.7 mM NH,Cl, 0.1 mM CaCl,, 0.1 mM MgSO,, 40mg1~ ! each
of methionine, threonine, histidine, leucine and 2 mg 171! thiamine with
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0.2% (w/v) glucose as a carbon source at pH 7.2) to obtain a cell sus-
pension with a normalized ODgqq of 2. This cell suspension was used as
inoculum for the growth experiments described below. Adrenaline,
noradrenaline and adrenochrome (Sigma-Aldrich) contained trace
amounts of Fe as determined by ICP-MS in duplicates, which led to an
increase in the iron concentration of the minimal medium by
6.2 + 0.52nM (adrenaline), 1.02 * 0.04nM (noradrenaline) or
0.49 + 0.09nM (adrenochrome) (n = 3) when compared to medium
without added catecholamines.

The effect of adrenaline (100 uM) or adrenochrome (20-100 uM) on
growth was followed in microtiter plates (1 ml wells) at 37 °C under
shaking in a Tecan F200 pro plate reader at 595 nm. Glucose minimal
medium was inoculated with a starting ODgoo of 0.05.

To follow the fate of adrenaline and adrenochrome during growth of
V. cholerae, 40 ml glucose minimal medium with 0.1 mM adrenaline
was inoculated (ODggp = 0.02 at t = 0) and cells were grown at 30 °C
under shaking in Erlenmeyer flasks. After 24 h cell-free supernatants
were subjected to adrenaline and adrenochrome analysis by LC-MS.

To study the influence of adrenaline (0.1 mM), noradrenaline
(0.1 mM) or adrenochrome (20 uM) on the proteome of the V. cholerae
reference strain (termed WT), 15 ml glucose minimal medium was in-
oculated (ODggo = 0.05 at t = 0), and cells were grown at 37 °C under
shaking in Erlenmeyer flasks. To obtain a reference proteome V. cho-
lerae was grown without added catecholamines or adrenochrome. After
5-6h (ODggo = 0.2-0.3), aliquots were taken and subjected to pro-
teome analysis [5]. For each strain and each condition, three biological
replicates were analyzed.

2.4. Confirmation of adrenaline and adrenochrome by LC-MS

Supernatants from growing cultures or from enzymatic assays were
filtered (0.2 um) and subjected to high performance liquid chromato-
graphy (HPLC) and ultra-high resolution tandem mass spectrometry.
HPLC analysis was performed on an Agilent Technologies 1200 HPLC
system with CatA eluent [25] at 0.6 ml min ! using isocratic flow. UV-
VIS detection at fixed wavelengths (279 nm, 305 nm and 480 nm) and
characteristic retention times allowed identification of fractions con-
taining adrenaline and adrenochrome. HPLC electrospray ionization
(ESI) mass spectrometry (MS) was used for further analysis of adrena-
line and its derivate adrenochrome. The HPLC ESI-MS system consisted
of an Agilent 1260 HPLC including a multiple wave length detector
(Agilent Technologies) coupled to a maXis HD™ - UHR-TOF Mass
Spectrometer (Bruker Daltonics). Please note that the extracted ion
chromatogram is associated with a delay of approx. 30 s with respect to
the UV-trace. Samples (20 pl) were injected onto a reversed-phase
ProntoSIL analysis column (Bischoff, 120-3-C18 AQ, 250 mm X 4 mm
(ID), 3um particle size) equipped with a ProntoSIL: 120-3-C18 AQ,
10mm X 4mm (ID) precolumn. Catecholamine phase A eluent at
pH 4.3 was used as mobile phase [25]. Isocratic elution was performed
at 30°C as follows: flow rate at 300 ulmin~! for 1 min, flow rate at
500 ul min~ ! for 5.8 min, and a total running time of 8.5 min.

For ESI-Q-TOF-MS analysis the electrospray ion source was operated
in positive ionization mode. The capillary voltage was set to 4 kV. The
desolvation gas (nitrogen) was heated to 180°C at a flow rate of
81min~"'. The APCI (Agilent) tuning mix was used for referencing and
the mass resolution was 40,000. Elemental compositions were de-
termined by accurate mass measurements with standard deviations <
7.4ppm. The HPLC-ESI-MS system was controlled by the “Hystar”
software and UV-VIS and MS data were analyzed using the software
“Data Analysis” (Bruker Daltonics).

2.5. Comparative proteome analysis
The proteome analysis was performed as described [5] and modified

as follows: Only proteins identified with at least two peptides and LFQ
(label-free quantification) values in all 3 replicates within one
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condition, were considered for LFQ. Missing LFQ values were replaced
by 22.5, the lowest detected LFQ intensity in the data set. Proteins with
a P-value < 0.5 calculated by analysis of variance (ANOVA) and a ratio
(RF, regulation factor) > = 1.5 between treated samples and control
samples were defined as differentially abundant. For those proteins
with missing values in one condition no regulation factor was calcu-
lated, but changes in protein abundances were indicated as “up” and
“down”. Function assignment of proteins was performed by UniProt
[33], KEGG [34-36] and NCBI databases [37,38]. The mass spectro-
metry proteomics data have been deposited to the ProteomeXchange
Consortium via the PRIDE [39] partner repository with the dataset
identifier PXD009379.

2.6. Manipulation of THP-1 cells and TNF-a detection

Human monocytic THP-1 cells (DSMZ no.: ACC 16) were main-
tained at a cell density of 0.1-1 x 10° cells ml~* in T25/T75 flasks in
90% RPMI supplemented by 10% heat-inactivated fetal calf serum
(FCS) at 37°C and 5% CO,. To assess the effect of adrenaline and
adrenochrome on cytokine production, 5 x 10° THP-1 cells were
seeded per well of a 24-well plate and stimulated with 100 ng ml ™!
lipopolysaccharide (E. coli 011:B4) without addition of any agent or in
the presence of either 1, 10, 100, 103, 10* and 10° nM adrenochrome or
1, 10 and 100 nM adrenaline for 4h at 37°C and 5% CO,. Negative
controls comprised unstimulated THP-1 cells with or without addition
of either 100 nM adrenochrome or 100 nM adrenaline. Subsequently,
the supernatant was collected after centrifugation of the plates at 300 g,
4°C and stored at —20 °C until further processing. Subsequently, all
cells were resuspended in 100 ul 1xPBS. The total numbers of viable
and dead cells were evaluated by staining with Gibco™ Trypan Blue
Solution (Fisher Scientific GmbH) and by cell counting using a
Neubauer-improved counting chamber. Concentration of TNF-a in su-
pernatants was analyzed in triplicates according to manufacturer's re-
commendations by use of the Human TNF-alpha ELISA MAX™ Deluxe
(BioLegend). Statistical analysis were performed with either IBM SPSS
Statistics 24 or GraphPad Prism® 7 (GraphPad Software). For compar-
ison of TNF-a concentration in the supernatant of LPS-stimulated THP-
1 cells treated without agent or with different amounts of adrenaline
and adrenochrome a Friedman-test was performed, taking into account
small sample sizes and replicate-related effects on the maximal mag-
nitude of TNF-a secretion by THP-1 cells. For subsequent post-hoc
testing of stimulated THP-1 cells supplemented with the various
amounts of adrenaline or adrenochrome against the control without
addition of any agent (positive control) Dunn's multiple comparison test
was performed. The half maximal inhibitory concentration (ICso) of
either adrenaline or adrenochrome on the TNF-a secretion of THP-1
cells was assessed separately for every replicate by nonlinear regression
analysis using GraphPad Prism 7. In detail, a nonlinear curve with four-
parameter variable slope was fitted to the obtained TNF-a concentra-
tions (pg/ml, y-coordinate) at particular concentrations of adrenaline
or adrenochrome (nM, x-coordinate) by use of the least squares fit
method and the constraints a) top of curve set to pg/ml TNF-a in po-
sitive control and b) bottom of curve set to 0 pg/ml TNF-a. Gaussian
distribution was confirmed by Shapiro-Wilk normality test of residuals
and homoscedasticity by plotting residuals versus predicted values.
Only ICs, obtained from fitted curves resulting in R> > 0.84 (n = 7
with R? > 0.92, n = 3 with R? = 0.84-0.9) were used for further sta-
tistical comparison of ICso-values between adrenaline and adreno-
chrome by a two-tailed Wilcoxon signed-rank test. To assess a potential
association of the various culture conditions with the number of dead
THP-1 cells in culture, probably displaying an underlying mechanism
for altered TNF-a secretion of THP-1 cells, the data were analyzed with
linear mixed models (LMM, MIXED command, Type III sums of
squares). The restricted maximum likelihood method (REML) was used
for parameter estimation. The intercept, the factors LPS (yes/no) and
type of agent (none/ adrenaline/ adrenochrome), as well as the
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covariate amount of agent (nM) were set as fixed effects. Replicate
(1-5) was set as random effect with a scaled identity (ID) covariance
structure. A natural logarithmic transformation of the number of dead
cells was necessary to meet homoscedasticity and normality, which
were confirmed by plotting residuals versus predicted values and by
quantile-quantile plots of residuals, respectively. The LMM was fol-
lowed by post-hoc multiple testing with Bonferroni correction to com-
pare the number of dead THP-1 cells in culture by addition of no agent,
adrenaline or adrenochrome.

3. Results

3.1. The NQR provides superoxide as electron acceptor for the oxidation of
adrenaline to adrenochrome

We hypothesized that respiratory O, reduction might affect adre-
nochrome formation, and therefore studied the conversion of adrena-
line by membranes from V. cholerae. The respiratory chain of the inner
membrane of V. cholerae starts with a the NADH:quinone oxidor-
eductase (NQR) which transports Na* but not H* [1]. This redox pump
represents the first, energy generating segment of the respiratory chain
of V. cholerae. Besides NQR, V. cholerae possesses a non-electrogenic
NADH dehydrogenase (NDH-2), which permits survival of V. cholerae
mutant devoid of NQR [9]. Quinol, formed by either NQR or NDH-2, is
oxidized by downstream respiratory enzymes under ultimate reduction
of O, to H,O by the terminal oxidase of V. cholerae. We followed
adrenochrome formation from adrenaline using membranes from the V.
cholerae reference strain (WT) exposed to NADH as electron donor. In
the presence of O, (Fig. 1A), increase in absorbance at 480 nm indicated
formation of adrenochrome, as confirmed by UV-VIS spectroscopy
(Fig. 1A, inset) and mass spectrometric analysis of the assay mix at the
end of the reaction (Fig. S1). No adrenochrome formation was observed
without membranes in the presence of NADH, or with membranes from
the V. cholerae mutant devoid of NQR (Fig. 1A). Next, we repeated the
experiments under exclusion of O,. No adrenochrome was formed by
membranes from the reference strain when NADH was added (Fig. 1B).
Taken together, we conclude that adrenochrome formation by V. cho-
lerae membranes requires the NQR, NADH and O,. Further proof that
the NQR is responsible for adrenochrome formation was obtained by
decreasing NQR activity with Ag™ (Fig. 2A). Ag™ irreversibly inhibits
initial NADH oxidation catalyzed by subunit NqrF [40], and at the same
time, adrenochrome formation was clearly diminished. With NADH as
electron donor, mitochondrial complex I is capable of reducing adre-
nochrome instead of ubiquinone, using adrenochrome as an alternative
electron acceptor [41,42]. We tested if membranes from V. cholerae WT
reduce adrenochrome with NADH as electron donor, but found no
evidence for the reduction of adrenochrome by the NQR from V. cho-
lerae (Fig. 1C).

We also asked if noradrenaline might be converted to nora-
drenochrome by V. cholerae membranes oxidizing NADH in the pre-
sence of O,. An increase in absorbance at 480 nm indicated formation of
noradrenochrome, but with a decreased rate when compared to adre-
nochrome formation (Fig. 2B).

Fridovich and coworkers [18] reported that superoxide serves as
electron acceptor for initial oxidation of adrenaline to its semiquinone
radical. The semiquinone is likely to undergo disproportionation. The
disproportionation rate is low at alkaline pH and higher at acidic pH
[19]. Thus, alkaline pH enhances the net formation of ortho-semi-
quinone, as confirmed under our experimental assay conditions (Fig.
S2). To estimate the impact of pH on adrenochrome formation, one
must also consider the pH dependency of electron transfer activity of
NQR, which is highest at pH7.5 to 8 and decreases by around 40% at
pH 6.5 [43]. This will contribute to increased rates of adrenochrome
formation at pH 8 compared to pH 6-7 (Fig. S2A—B). At pH 9 adreno-
lutin rather than adrenochrome is formed (Fig. S2C). However, this
conversion at very alkaline conditions is not a relevant process within
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Fig. 1. Conversion of adrenaline to adrenochrome by
V. cholerae membranes requires NADH, O, and the
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Fig. 2. Inhibition and specificity of catecholamine conversion by V. cholerae
membranes. (A) Membranes (16 pg) with 0.1 mM adrenaline, 0.1 mM NADH
and increasing concentrations of AgNO3 (5 uM, dashed line; 10 uM, dotted line).
Solid line, no AgNO3 added. Reaction was started with membranes, oxidation of
NADH (black traces) and formation of adrenochrome (red traces) were fol-
lowed. (B) Conversion of 0.1 mM adrenaline (red trace) or 0.1 mM nora-
drenaline (green trace) by membranes (10 pg) upon addition of 0.1 mM NADH.

the gastro intestinal tract of the human host. We hypothesized that
superoxide formed by NQR as a side-product during oxidation of NADH
[9,10] represents the catalytic intermediate for the observed NADH-
dependent conversion of adrenaline to adrenochrome by the NQR.
Using purified NQR solubilized in detergent in absence of its terminal
electron acceptor ubiquinone, we confirmed adrenochrome formation
from adrenaline upon addition of NADH in an air-saturated assay
(Fig. 3A). If superoxide dismutase was added after a first pulse of

Upon addition of 0.1 mM NADH and further addition
of 10ug membranes from V. cholerae WT, absor-
bances at 340nm (black) and 480 nm (red) were
recorded.

NADH, a second pulse of NADH did not result in adrenochrome for-
mation (Fig. 3B). In the presence of ubiquinone-1, the rate of NADH
oxidation increased, and adrenochrome formation was accelerated
(Fig. 3D). This was caused by increased superoxide formation caused by
the reaction of ubisemiquinone with O, [44]. Without NADH, NQR did
not catalyze adrenochrome production from adrenaline (Fig. 3C). This
demonstrates that O,” formed by NQR acts as an electron acceptor for
oxidation of adrenaline to adrenochrome. At high (0.5mM) con-
centrations of adrenaline, the ratio of NADH oxidized/adrenochrome
formed reaches 2 (Fig. S3). Under these conditions, in the overall re-
action, two molecules of NADH were oxidized by NQR to yield four
molecules of O, from O,, which acted as single electron acceptors for
the four-electron oxidation of adrenaline to adrenochrome (Fig. 4C).
The ratio of the specific NADH oxidation and adrenochrome formation
activities increased from 2.1 at 500 uM adrenaline to 73.1 at 1uM
adrenaline (Fig. S3). This was largely caused by the dramatic increase
in adrenochrome formation rates from 0.01 pmol min~*mg~! (at 1 uM
adrenaline) to 0.66 pmol min ! mg’1 (at 500 uM adrenaline). At the
same time rates of NADH oxidation increased only 2.2-fold, from
0.61 umol min~* mg ! (at 1 uM) to 1.37 ymol min~'mg~! (at 500 uM
adrenaline). We conclude that under the specified conditions the rate of
adrenochrome formation is not limited by O," production rates of NQR,
but by the concentration of the reactant adrenaline in the non-enzy-
matic oxidation reaction of adrenaline with O,".

3.2. Confirmation of adrenochrome formation by mass spectrometry

The characterization of adrenochrome in the supernatant of V.
cholerae cells grown in presence of adrenaline, and in the reaction mix
containing V. cholerae membranes, was achieved by HPLC-Electrospray
Ionization (ESI) -mass spectrometry (Fig. 4A, B and Fig. S1). The
identities of adrenaline and adrenochrome were confirmed by com-
paring retention times and mass spectra of samples to the reference
compounds adrenaline and adrenochrome (Fig. S5). The derivative
adrenochrome eluted as symmetrical peaks, yet earlier than its pre-
cursor adrenaline. Identification of adrenochrome in the samples was
accomplished by high resolution MS and visualized by an extracted ion
chromatogram (EIC) of the corresponding ions (e.g. [M + Na]* at m/z
202 for adrenochrome). The precise m/z values of the ions were used to
calculate the corresponding elemental composition CxHyNOz for each
metabolite (Fig. S1, Table S1). Protonated adrenaline and adreno-
chrome are partially dissociating in the ion source during electrospray
ionization and easily undergo water loss to form [M + H-H,0]" ions
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Fig. 3. Superoxide-dependent formation of adreno-
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0 10+ A. (C) Scheme for oxidation of adrenaline to adre-
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(m/z 166) having ca. 5-fold higher intensity than the [M + H] " ions
[45]. Only adrenaline forms [M + H]™* ions (m/z 189.09) at appreci-
able abundance. In case of adrenochrome, the Na*-adduct is the
dominating ion [46]. Given that V. cholerae is a strong producer of O,"
[9,10], and that activated macrophages produce superoxide, we can
assume that NQR containing bacteria such as V. cholerae exposed to
adrenaline or noradrenaline, will also be confronted with (nor)adre-
nochrome. This raised the question whether there would be specific
responses of the pathogen and the host towards adrenochrome, ad-
dressed in the following sections.

3.3. Impact of adrenochrome on immune cells

We next compared the effect of adrenaline and adrenochrome on
LPS-induced TNF-a production of the monocytic human cell line THP-1.
Adrenaline is known to modulate the LPS-induced cytokine production
of THP-1 cells via f3-adrenergic receptors [47,48]. When added si-
multaneously with LPS, we found inhibitory effects for both agents;
although to a much lesser extent for adrenochrome compared to adre-
naline (Fig. 5; X%(9) = 31.09, P = 0.0003). Whereas 100 nM adrenaline
already led to a significant reduction of TNF-a production within THP-1
cells compared to the positive control without addition of any agent
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(P < 0.01), at least 10 uM of adrenochrome was needed to obtain the
same effect (Fig. 5A; P = 0.0064 for 100 nM adrenaline, P = 0.0456 for
10 uM adrenochrome, P = 0.0216 for 100 pM adrenochrome, respec-
tively). Accordingly, the half maximal inhibitory concentration (ICso)
for adrenochrome (mean = 15,706 * 6836 nM) was found to be two
to three decades higher compared to the ICsy, of adrenaline
(mean = 21.23 = 3.09nM) (Fig. 5B; Z = —2.023, * P = 0.04). The
differences in inhibition of TNF-a production of THP-1 cells of adre-
naline and adrenochrome thereby did not rely on differences in the
number of dead THP-1 cells in culture. Although linear mixed model
analysis revealed an increasing effect on the number of dead cells
within the culture by addition of adrenaline or adrenochrome (Table
S2; F(2,44) = 3.705, P = 0.033), both agents did not differ in this effect
(Fig. S4).

3.4. Impact of adrenochrome on Vibrio cholerae

As previously shown, V. cholerae also showed improved growth and
motility when exposed to adrenaline in a medium containing native
serum components [25]. In glucose minimal medium, adrenochrome as
well as adrenaline stimulated growth of V. cholerae. The addition of
50 uM adrenochrome, or 100 uM adrenaline, enhanced the final optical
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Fig. 5. Adrenochrome inhibits TNF-a production of

6

10 * THP-1 cells to a lesser extent than adrenaline. THP-1
108 . cells were cultured in the presence of 100 ng/mL LPS
10 and increasing concentrations of A (adrenaline) or

AC (adrenochrome). (A) TNF-a concentration in su-
103 pernatant of LPS-stimulated THP-1 cells with or
102 without different amounts of adrenaline or adreno-

chrome (n =4, mean +/— SEM); Friedman-test
101 without unstimulated controls (X?(9) = 31.09,
- P =0.0003) followed by post-hoc testing against

control without addition of any agent (positive con-
trol) with Dunn's multiple comparison test; asterisks
indicate significant difference from positive control

A AC

with * P < 0.05, ** P < 0.01. (B) Half maximal inhibitory concentration (ICso in nM) of A (adrenaline) or AC (adrenochrome) on TNF-a secretion of LPS-stimulated
THP-1 cells (n = 5, mean + single values), Wilcoxon-test, two-tailed (Z = —2.023, * P = 0.04).
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Fig. 6. Adrenochrome stimulates growth of V. cholerae. V. cholerae was grown
aerobically in glucose-containing minimal medium in replicates (n = 3) of 1 ml.
20-100 uM AC (adrenochrome) or 100 uM A (adrenaline) were added. Mean
values and standard deviations are shown.

density and the growth rate of V. cholerae (Fig. 6) to a similar extent,
whereas addition of 20 uM adrenochrome showed no effect. Highest
growth rates were observed with 100 uM adrenochrome.

We also analyzed the change in proteome of V. cholerae upon ad-
dition of adrenaline (A) or adrenochrome (AC, Table 1). Proteins
changed in abundances upon adrenaline or adrenochrome exposure
participate in iron homeostasis, metabolism, signaling or translational
and transcriptional control (Table 1). The complete data set, including
also the proteins not changed in abundance, has been deposited in the
PRIDE database [39]. Iron is known to form complexes with catecho-
lamines and adrenochrome [49-51] and it was reported that catecho-
lamines enhance iron accessibility for bacteria by eliciting iron from
host-associated chelators found in serum-based media [49,50]. The
glucose minimal medium used here was not supplemented with iron,
and did not contain host-associated chelators. The ferrous iron trans-
porter FeoA (AOAOH3AM36) and FeoB (AOAOH3AFT4), which are lo-
cated in the inner membrane were increased in abundance in V. cho-
lerae upon addition of noradrenaline or adrenochrome, respectively. In
contrast, a ferric iron ABC-transporter (AOAOH3AKY1) showed de-
creased abundance upon exposure to noradrenaline and adrenochrome.
The vibriobactin- and enterobactin- specific ABC transporter ViuA
showed decreased abundance in V. cholerae cells treated with adrena-
line compared to the untreated control. We identified IrgA (Table 1,
A5F9GO0), an outer membrane receptor for the bacterial siderophore
enterobactin [52,53] to be increased in abundance during growth of V.
cholerae in the presence of adrenaline, noradrenaline and adreno-
chrome. Also, VctA (AOAOH3ADQ9), a TonB-dependent iron-side-
rophore transporter was slightly increased in abundance when V. cho-
lerae was treated with adrenaline or noradrenaline. The results
demonstrate that adrenaline, noradrenaline as well as adrenochrome
influence iron acquisition in V. cholerae. Furthermore, we found a set of
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proteins without annotated function, which were changed in abun-
dance upon catecholamine exposure. One of these proteins (ASFOB6)
was increased in abundance in every tested condition (RF +2.0 to
+5.4) and contains a YecI domain. In Helicobacter pylori the peri-
plasmic Yecl protein interacts with isoprenoid quinone and is upregu-
lated under acidic pH and contributes to survival of the acidic stomach
passage [54]. Noteworthy, during oxidation of catecholamine quinone
intermediates are formed, but why this protein showed increased
abundance in presence of adrenaline, adrenochrome and noradrenaline
is not yet understood and needs further investigations. A strong shift in
abundance of an uncharacterized protein (AOAOH3AK32) was also de-
tected in V. cholerae during exposure to adrenaline, noradrenaline and
adrenochrome. It is assumed from sequence information that this pro-
tein is a transport protein and mediates the efflux of not further char-
acterized substances. The protein with highest increase in abundance
(AOAOH3AE12, RF +14.85) was identified during exposure to adre-
naline. It was also increased in abundance during exposure to adreno-
chrome (RF +7.64) and noradrenaline (RF + 4.43). This protein has no
functional annotation and is member of the DUF3316 family. Certain
members of this family are believed to be acyl-CoA synthetases. When
challenged with externally added adrenaline, noradrenaline, or adre-
nochrome, there was a profound response in the proteome profile of V.
cholerae which was in some parts quite similar to the proteome shift of
V. cholerae challenged with 0.35 mM externally added indole [55]. In-
dole represents the core chemical moiety of adrenochrome. Like adre-
nochrome, indole caused downregulation of cheY, metE and hutG as well
as upregulation of VC1722 as shown in a transcriptome study [55].

Diminished abundance of HutG (A5F1X7) and MetE
(AOAOH3AM91) upon treatment with adrenaline and noradrenaline
was also observed. MetE contributes to the synthesis of L-methionine
out of L-homocysteine, whereas HutG contributes to the degradation of
L-histidine to L-glutamate. In contrast irgA showed downregulation by
indole [55], but an upshift in abundance by adrenochrome, adrenaline
and noradrenaline. Our results indicate that adrenochrome and the
signaling molecule indole are perceived by V. cholerae in a comparable
manner, with unknown but obviously related underlying signaling
events.

Adrenaline and noradrenaline act as signaling molecules via specific
adrenergic receptors in eukaryotes or bacteria. In Escherichia coli or
Salmonella enterica, QseC was identified as bacterial, adrenergic re-
ceptor and QseB as a response regulator, controlling transcription of
associated genes like virulence and flagellar genes [56,57]. Halang
et al. discussed the function of a putative histidine kinase in V. cholerae
with 29% identity and 47% similarity to QseC from E. coli [25]. This
putative QseC homologue of V. cholerae was not detected to be changed
in abundance upon treatment compared to the non-treated control.
Neither flagellar proteins, nor virulence proteins were detected to be
changed in abundance during exposure of adrenaline, adrenochrome or
noradrenaline. A LysR-type regulator was decreased in abundance
during exposure to adrenaline and adrenochrome in the wild type.
However, a not further characterized response regulator
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Table 1
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Proteins in- or decreased in abundance upon adrenaline (A), noradrenaline (NA) or adrenochrome (AC) treatment during growth of V. cholerae. A positive regulation
factor (RF) indicates an increase in protein abundance. V. cholerae protein IDs refer to the UniProt database. VC numbers are derived from the V. cholerae El Tor
biotype. Functional assignment is based on UniProt and KEGG database annotation, refined by NCBI-based BLAST results. N.a., not annotated. “Down” or “up”
indicates an increase or decrease in protein abundance, in case where RF for the corresponding protein could not be determined since missing values were replaced

by a constant.

Protein ID VC number Gene name  Assigned function A NA AC
Iron Homeostasis
A5F9G0 VC0475 irgA Iron-regulated outer membrane receptor for ferrienterochelin and colicins, enterobactin receptor protein ~ +3.1 +4 +1.5
AOAOH3ADQ9 n.a. n.a Enterobactin receptor VctA, hemoglobin/transferrin/lactoferrin receptor protein +1.8 +1.8
AOAOH3AM36 VC2078 feoA Ferrous iron transport protein A +2.2
AOAOH3AFT4 VC2077 feoB Ferrous iron transport protein B +1.9
AOAOH3AKY1  VC0610 na. Ferric iron ABC transporter, ATP-binding protein down down
AOAOH3ANYO  VC0779 viuC Vibriobactin and enterobactin ABC transporter, ATP-binding protein down
Metabolism/energy
AOAOH3AM91 VC1704 metE 5-methyltetrahydropteroyltriglutamate-homocysteine methyltransferase -5.1 -28 —4.2
AS5F1X7 VC1204 hutG Formimidoylglutamase -2.6 -19 -19
AOAOH3AFI4 VCA0984 udp L-lactate dehydrogenase -1.7 -3.7
AOAOH3AE36  VCA0615 msrB Peptide methionine sulfoxide reductase -25
AS5F314 VC0384 cysJ Sulfite reductase [NADPH] flavoprotein alpha-component +2.1
AOAOH3AES2  VCA0099 n.a. Oxidoreductase, Gfo/Idh/MocA family +2.0
AOAOH3AEX9  VCA0584 na Putative glutathione S-transferase up up up
AOAOH3AML3  VC2710 spoT Guanosine-3’,5’-bis(Diphosphate) 3’-pyrophosphohydrolase up up
AOAOH3AMY6 VC2613 prkB Phosphoribulokinase up up
A5F697 VC2180 hemA Glutamyl-tRNA reductase up up
AOAOH3AJU8  VC0648 na. Lipoprotein NIpI up up
Signaling
AOAOH3AL68 VC1082 n.a Response regulator +26 +39
AOAOH3ADB6  VCA0068 n.a. Methyl-accepting chemotaxis protein +2.7 +2.2
AOAOH3ADY5 VCA1034 n.a. Methyl-accepting chemotaxis protein up up
AOAOH3AJM9  VCO0076 uspA Universal stress protein up up
AOAOH3AE44  VCA1096 cheY-4 Chemotaxis protein CheY down
AOAOH3ADQ8 VCA1055 n.a. Transcriptional regulator, LysR family down down
Regulation of translation and transcription
QO09HMS8 VCA0198 vchM Cytosine-specific DNA methyltransferase up up up
AS5F5C5 VC2506 rapA RNA polymerase-associated protein RapA/ HepA up up
AOAOH3AGT5  VCA0969 na Pirin family protein up up
AOAOH3AJVO  VC2691 cpxP Putative periplasmic protein CpxP up

Chaperones and folding catalysts
AOAOH3AMZ5 V(1722 na Uncharacterized protein: DNA transformation protein and related proteins +2.4
AOAOH3AKJ1 VC0039 na. Sporulation control - related protein SpoOM +2.2
Uncharacterized proteins with weak functional assignments
A5F0B6 VCAO0539 n.a. UPF0312 protein with Ycel-like domain +5.4 +2.4 +20
AOAOH3AE12  VCA0139 n.a. DUF3316 domain-containing protein +149 +43 +7.6
AOAOH3AK32  VC0913 n.a Putative efflux transporter +6.6 +4.3 +43
AOAOH3ANY3 VC2111 na Putative NAD(P)H-dependent FMN reductase +4.8 +1.8
AOAOH3AHH1 n.a. n.a. Mu-like prophage major head subunit gpT +2.2
AOAOH3AGG2 n.a. n.a. Uncharacterized protein up up
AOAOH3AKC4 VC0163 n.a. Uncharacterized protein up up
AOAOH3AHL3  V(C2552 na. Uncharacterized protein -5.0
AOAOH3AGA3  VCA0631 na. Putative acetyltransferase down

(AOAOH3AL68) was increased in abundance. Also, two chemotaxis
proteins (AOAOH3ADB6 and AOAOH3ADY5) were increased in abun-
dance, whereas the chemotaxis protein CheY (AOAOH3AE44) showed
decreased abundance, but only in presence of adrenochrome. To our
knowledge these chemotaxis and signaling related proteins are working
independently from each other and do not cluster. The comparative
proteome study did not reveal an obvious candidate for specific re-
ceptors or signaling pathways for neither adrenaline, noradrenaline or
adrenochrome in V. cholerae, but these three molecules obviously are
sensed and have an effect on the physiology of the pathogen.

4. Discussion

In the field of microbial endocrinology the influence of host derived
(nor-)adrenaline on gastrointestinal bacteria is intensively studied
[22,49,57]. It was shown, that many Gram-negative bacteria sense
those hormones and respond to them with enhanced growth, virulence,
biofilm formation or attachment. During ingestion and colonization of

484

V. cholerae it is likely that V. cholerae faces those catecholamine hor-
mones. Beside the gastro intestinal (GI) tract, a first site of interaction
between bacteria and catecholamines are dental pulps, where occur-
rence of adrenaline and noradrenaline was described [58]. Interestingly
also phagocytic cells were reported to be a source of catecholamine
release during infection [59]. In the lumen of the human GI tract ca-
techolamine levels were not yet determined, since this is still metho-
dically challenging. Catecholamine concentration in the GI lumen, will
presumably fluctuate wildly, since they are dependent on the distance
to release and the rate of release, which also adapts to stimuli like stress
level. However, within the ileum-lumen of germ-free and specific pa-
thogen-free mice average concentration of 7.5ng/g and 9 ng/g nora-
drenaline and traces of adrenaline were reported, respectively [60]. In
the colon lumen noradrenaline levels were described to be 3.2ng/g
(germ-free mice) and 60.5ng/g (specific pathogen-free mice). Further
NQR-harbouring bacteria may come in contact with catecholamines in
the urinary tract or respiratory tract or during sepsis (e.g. Pseudomonas
aeruginosa, Klebsiella pneumoniae). In human urine up to 80pg



C. Toulouse, et al.

n

pathogen Adrenaline<—
j — 02"\1, 0,
Proteome

regulation
Adrenochrome
v

Fig. 7. Proposed scheme of adrenaline and adrenochrome interaction at the
host pathogen interface. The endocrine hormone adrenaline is converted to
adrenochrome (red) in presence of superoxide (0,7). O, is released either in
respiratory processes of the pathogen (green) or by the immune system of the
host (blue). Adrenaline as well as adrenochrome stimulate pathogen's growth in
metal limited medium and affect the proteome. Adrenaline shows immune
modulative capacity, by strongly inhibiting pro-inflammatory TNF-a produc-
tion of THP-1 cells. Adrenochrome also inhibits monocytic TNF-a production
but less pronounced than adrenaline.
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production

noradrenaline and 20pug adrenaline catecholamines were detected
within 24 h [61]. In blood plasma catecholamine levels are in the lower
nM range for both adrenaline (up to 0.7 nM) and noradrenaline (up to
10nM) [61]. It is reasonable to assume that locally, at the site of release
catecholamines may appear in UM concentrations. In contrast, ca-
techolamine levels might decrease through oxidation.

In this study, we show that oxidation from adrenaline to adreno-
chrome is caused by superoxide derived from the respiratory chain of V.
cholerae. We confirmed the occurrence of adrenochrome by LC-MS, and
showed that the NADH:quinone oxidoreductase from V. cholerae is the
source for superoxide dependent adrenaline oxidation. This observation
raised the question, whether the oxidation product adrenochrome is
sensed by bacterial and host cells and acts in a similar manner to
adrenaline. The proteome of V. cholerae adjusts upon exposure to
adrenaline, adrenochrome and noradrenaline. Adrenaline, adreno-
chrome and noradrenaline share the ability to alter iron homeostasis in
V. cholerae. The catechol group of adrenaline and noradrenaline enables
iron chelation [50] and adrenochrome was also discussed to have these
properties [51]. When exposed to host iron chelating compounds like
lactoferrin or transferrin, catecholamine-iron complexes release the
host-bound iron and make it accessible for bacterial acquisition
[49,50,62,63]. Here we show that V. cholerae enhances its catechol-
siderophore receptor IrgA upon exposure to adrenaline, noradrenaline
or adrenochrome. In E. coli the bacterial catechol-siderophore en-
terobactin is responsible for noradrenaline mediated iron uptake, acting
as competitor for lactoferrin or transferrin and thus facilitating growth
in an iron limited growth medium [62]. Although V. cholerae itself does
not produce enterobactin but vibriobactin, V. cholerae possesses with
IrgA and VctA two receptors for ferric-enterobactin uptake [52,53,64].
Our finding that adrenaline, noradrenaline, or adrenochrome enhances
the abundance of proteins involved in iron homeostasis, in particular
IrgA and Feo, a ferrous iron transporter of the inner membrane in-
dicates that beside adrenaline and noradrenaline, adrenochrome also
acts as an iron chelator delivering iron to the pathogen. Whether the
catecholamine- or adrenochrome-iron complexes directly facilitate iron
uptake, or whether they deliver iron to catechol siderophores like vi-
briobactin, needs to be addressed in the future.

Adrenaline and noradrenaline are suggested to enable inter-
kingdom signaling through bacterial adrenergic receptors like QseBC
and QseEF [56,57]. The abundance of components of signaling and
translational- and transcriptional control is changed upon exposure of
V. cholerae to adrenaline, noradrenaline or adrenochrome. A putative
LysR regulator and a putative response regulator are altered in abun-
dance upon treatment with adrenaline, noradrenaline or adreno-
chrome, although we were not able assign them to a known signaling
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pathway. Regulation of virulence in V. cholerae does not seem to be
affected by adrenaline, adrenochrome or noradrenaline. Conversion of
noradrenaline to 3,4-dihydroxymandleic acid (DHMA) mediates che-
motaxis in E. coli [65,66]. The conversion relies on the enzymes TynA
and FeaB, a monoamine oxidase and aldehyde dehydrogenase and their
transcriptional activator FeaR [66], proteins which V. cholerae does not
harbor. Therefore, metabolic conversion of noradrenaline as observed
in E. coli is unlikely to occur in V. cholerae.

Indole was identified as a signaling molecule in V. cholerae, altering
iron homeostasis and especially biofilm formation [55]. Since adreno-
chrome is structurally similar to indole, and since both agents cause an
overlapping proteome response in V. cholerae, adrenochrome may be
sensed in a comparable manner. How adrenochrome, or indole, achieve
the down-shift of an important metabolic enzyme such as methionine
synthetase needs to be addressed in further studies.

Adrenochrome has not yet been reported to have immune mod-
ulation function, but was discussed to play a role in cardiotoxicity [20]
or during septic shock [21]. In a septic-shock rat model 200-600 nM
adrenochrome were detected in blood plasma after LPS stimulation
[21]. On immune-cell level, adrenaline causes inhibition of LPS-trig-
gered TNF-a production via B-adrenergic receptors [47]. Adreno-
chrome also diminishes TNF-a production in monocytic THP-1 cells,
but to a remarkably lower extent. We hypothesize that the conversion
of adrenaline to adrenochrome may work as molecular sensor in-
dicating the O," occurrence and the need for relative enhancement in
TNF-a production (Fig. 7). Conversion of adrenaline to adrenochrome
depends on O™ which is a result of NQR activity of a pathogen, and of
oxidative burst by macrophages. In comparison to adrenaline, adreno-
chrome exerts reduced inhibitory capacities on TNF-a production in the
presence of LPS, thus promoting inflammation (Fig. 7).

To conclude, our study describes a route for adrenochrome forma-
tion at the pathogen-host interface, and introduces adrenochrome as
novel Dbacterial effector molecule, iron chelator, and
munomodulatory agent.

im-
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